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Summary 

The use of environmental DNA (eDNA) as a monitoring tool is indispensable in microbial ecology 

studies and pathogen surveillance programs, particularly in aquaculture. eDNA is generally defined as 

DNA extracted from environmental samples and has revolutionized the sampling and characterization 

of microbial communities. However, our understanding of microbial functional composition and 

interactions within complex ecosystems remains limited, with major knowledge gaps. Advances in 

molecular technology have shifted microbiological studies from lab-based to natural-population studies. 

Nonetheless, identifying the environmental drivers that shape natural microbial populations is often 

challenging, making the detection of key drivers difficult or even impossible. 

This dissertation explores and assesses the potential of eDNA as a monitoring and biosecurity tool 

in recirculating aquaculture systems (RAS). The advantage of studying microbial communities within RAS 

lies in their semi-closed, compartmentalized, and controlled nature while still maintaining a semi-

natural environment. This allows for an examination of the pressures that influence these communities 

beyond basic lab-based community interactions. Additionally, the simplified microbial community 

composition within RAS facilitates the identification of interactions and key drivers, making RAS an ideal 

candidate for studying microbiome-governed systems with direct implications for animal health. 

Chapter 1 provides a comprehensive analysis of various molecular parameters, such as primer 

selection and sequencing methods used to characterize microbial communities in two commercial RAS 

perch farms. A comparison was made between the performances of different sequencing approaches, 

including three types of 16S short amplicon sequencing, PacBio long-read amplicon sequencing, and 

amplification-free shotgun metagenomics. The results revealed that the choice of 16S rRNA primers and 

the length of amplicons affected certain values, such as diversity measures, the number of assigned 

taxa, or the differentiation of amplicon sequence variants (ASVs). However, these factors had no 

significant impact on the spatio-temporal patterns observed between sample types, farms, and time 

points. This suggests that 16S rRNA sequencing is adequate for community studies. These findings 

demonstrate that adopting a tiered sequencing approach offers a viable strategy for gathering extensive 

information about microbial communities, thereby facilitating essential research on community 

evolution dynamics. Nonetheless, in scenarios where specific target species or applied questions are 

the focus, employing single-method approaches, such as quantitative real-time PCR, has proven to be 

more practical and cost-effective. Notably, both methods have the potential to improve farm 

management practices. 

Chapter 2 presents a comprehensive analysis of the spatiotemporal dynamics of bacteria across the 

six RAS farms, encompassing both freshwater and brackish systems. This investigation yielded valuable 

insights into the influence of salinity on microbial community structure, highlighting a distinct separation 



between salt-adapted and freshwater species. Moreover, discernible patterns emerged between circuits 

in a farm that reared animals at different stages of life. These findings suggest that environmental factors 

such as stocking density, nutrient load, and management practices also play a significant role in shaping 

microbial communities. Additionally, this study identified various pathogens, including several with 

zoonotic potential, posing risks to both farmed animals and personnel. Consequently, this discovery 

emphasizes the necessity for rigorous pathogen monitoring and the implementation of safe working 

procedures. In summary, shotgun metagenomics proved to be a powerful tool for exploring spatio-

temporal patterns and detecting pathogens within recirculating aquaculture systems. These findings 

contribute valuable knowledge to the field and underscore the importance of microbial communities 

for the sustainability of such systems. 

Chapter 3 compares the efficacy of lyophilization and oven-drying as drying methods and assesses 

the shelf life of dried quantitative polymerase chain reaction (qPCR) reactions targeting two aquatic 

pathogens, Aphanomyces astaci, the causative agent of crayfish plague and Gyrodactylus salaris, known 

as salmon fluke, which affects wild and aquaculture populations. This study demonstrated the feasibility 

of preparing dried qPCR reactions for the detection of aquatic pathogens, making them suitable for field-

based pathogen surveillance programs. 

Chapter 4 highlights the various molecular tools available for pathogen surveillance in aquaculture. 

Given the threats posed by pathogen spread and disease emergence to social, economic, and food 

security, this chapter raises awareness among aquaculture managers regarding existing molecular 

solutions. 

Chapter 5 provides an explanation of the nuances of DNA extraction for researchers new to eDNA 

with limited molecular training. This chapter clarifies the purpose and impact of common DNA 

extraction steps, enabling researchers to combine and optimize protocols according to their specific 

requirements. 
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I. Introduction 

I.1 What is aquaculture?  

Aquaculture, an age-old tradition of cultivating aquatic plants and animals for human consumption, 

has a rich history dating back to approximately 4,000 years in ancient China. The earliest written texts 

on koi (Cyprinus rubrofuscus) cultivation in pond-based systems originated during this period (Rabanal, 

1988). During Roman times, fish farming was prevalent across Europe (Marzano, 2018), and recent 

research on landforms in the Bolivian Amazon has revealed pre-Hispanic (1595–1635 AD) fish weirs 

(Erickson, 2000). Throughout these historical periods, aquaculture has remained a subsistence practice 

with low intensity. 

In the late 20th century, aquaculture practices underwent a significant transition from small-scale 

farming to large-scale commercial industries. Until the 1970s, aquaculture accounted for a relatively 

small proportion of the total seafood output, producing only a few million tons annually, whereas 

capture fisheries dominated with an output of nearly 40 million tons. However, in recent decades, the 

aquaculture sector has experienced remarkable growth (Figure 1A), and in 2020 reached a record high 

of 20.2 million tons (FAO, 2022). This notable growth can be ascribed to the increasing global demand 

for fish and other aquatic animals, the stagnation of capture fisheries, and advancements in cultivation 

technology. As a result of rapid growth, aquaculture has emerged as the fastest-growing animal food-

producing sector, surpassing capture fisheries as a primary source of aquatic protein (FAO, 2022).  

Within the European Union, the primary emphasis in aquaculture centers on specific categories of 

aquatic life forms. To illustrate, marine fish production encompasses Atlantic salmon, Salmo salar 

(26.90%), Gilthead seabream, Sparus aurata (9.91%), European seabass, Dicentrarchus labrax (9.86%), 

and Atlantic bluefin tuna, Thunnus thynnus (6.1%). Conversely, freshwater fish aquaculture is primarily 

characterized by the breeding of rainbow trout, Oncorhynchus mykiss (12.99%), and common carp, 

Cyprinus carpio (3.00%). Concurrently, mollusk-focused aquaculture involves the cultivation of Pacific 

cupped oyster, Magallana gigas (8.90%), Blue mussel, Mytilus edulis (4.70%), Mediterranean mussel, 

Mytilus galloprovincialis (3.97%), and the Japanese carpet shell, Ruditapes pilippinarium (2.92%) 

(European Commission, 2021).  

Notably, even though they do not feature in the top 10, the rearing of Eurasian perch (Perca fluvitilis) 

and zander (Sander lucioperca) are emerging contenders in freshwater aquaculture. For instance, the 

combined production of these two species reached approximately 1400 metric tons, equivalent to a 

value of roughly 8.5 million EUR. This marks nearly a threefold increase since the year 2000, when the 

production stood at approximately 490 metric tons (FAO, 2019), underscoring the promising market 



potential for these species. Furthermore, promoting the cultivation of these species will contribute to 

the diversification of European freshwater aquaculture, all the while catering to the demand for 

premium aquatic protein. 

The success of aquaculture can be attributed to its versatility and adaptability. Aquaculture is 

conducted in diverse environments, including coastal, marine, and inland settings. It encompasses a 

wide range of production systems, from low-intensity ponds and cages to sophisticated recirculating and 

flow-through systems. Moreover, the diversity of cultivated species in aquaculture far exceeds that in 

livestock farming. In 2017 alone, over 400 species were farmed, including finfish, mollusks, crustaceans, 

and algae (FAO, 2020; Stentiford et al., 2022). This remarkable range of species demonstrates the 

dynamic nature of aquaculture and its capacity to cater to diverse consumer preferences and market 

demand. 

 

 

Figure 1: Capture fisheries versus aquaculture production and forecasts. Based on data presented in the 2018 

FAO State of World Fisheries and Aquaculture Production report, a comprehensive analysis was conducted to 

compare the trends in capture fisheries and aquaculture production, categorized into inland and marine waters, 

spanning the period from 1950 to 2020. Furthermore, future projections were shown to estimate the anticipated 

output for capture fisheries and aquaculture from 2020 to 2050, revealing a consistent upward trajectory for 

aquaculture production. 

 

The continuous expansion of aquaculture has yielded substantial socioeconomic and ecological 

benefits. Societally, aquaculture has emerged as a vital contributor to global initiatives aimed at 

enhancing nutrient and food security by providing affordable aquatic protein sources to regions that 

previously lacked access. Moreover, its economic growth potential can trigger transformative effects in 

coastal and rural areas, fostering economic prosperity (Blaalid, 2020). Ecologically, aquaculture is widely 

regarded as a positive force that offers numerous advantages. These include amplified production 



through technological advancements that ensure food security (Midtlyng et al., 2011), reduced 

dependence on agricultural and wild fishery inputs for feed by cultivating non-feed organisms such as 

mussels, and improved water quality in areas where extractive organisms are present. Extractive species 

can be primary producers, such as algae or seaweed, that transform inorganic nutrients into organic 

biomass, or secondary producers that use organic material from the water column (e.g., shellfish) or 

seafloor (e.g., sea cucumbers) as food. Such improvements have been associated with enhanced 

biodiversity at neighboring sites (Gentry et al., 2020; Mehrani et al., 2020). Additionally, aquaculture 

practices exhibit greater feed conversion efficiency and occupy a smaller spatial footprint than capture 

fisheries (Jennings et al., 2016; Lester et al., 2018) and land-based agriculture (Froehlich et al., 2018).  

Nonetheless, the rapid growth of the aquaculture sector has raised concerns regarding social and 

environmental issues. Socially, the sector faces considerable challenges, with economic interests often 

overshadowing its social and cultural considerations. Institutional and sectoral issues have contributed 

to inequitable outcomes in aquaculture expansion, resulting in an uneven distribution of benefits, loss 

of livelihoods, and instances of human rights abuses, such as indications of bonded labor (Nakamura et 

al., 2018) and unacceptable working conditions (Brugere et al., 2023). Furthermore, gender disparities 

prevail globally, impeding equal participation and benefit-sharing in the aquaculture value chain. Gender 

biases manifest differently across countries; for instance, certain countries such as Myanmar exhibit 

biased gender and social norms that confer greater control and use of household assets to men as the 

primary income providers. Similarly, in Bangladesh, male dominance in decision-making processes 

pertaining to aquaculture releases valuable inputs from women. African countries also witness limited 

access to loans and technical skills training for women owing to collateral requirements, impeding their 

involvement in the aquaculture sector (Adam & Njogu, 2023; Brugere et al., 2023). Finally, the existing 

constraints on accessing environmentally sustainable aquafeeds extend beyond considerations of 

nutrition and environmental impact. They also encompass economic and socio-cultural aspects related 

to the availability of these feeds and the implementation of policies aimed at ensuring quality assurance  

(D’Abramo, 2021). These examples underscore the slow progress toward achieving equality and fairness 

within the aquaculture industry. 

Aquaculture practices, if not carefully developed and managed, can have significant negative 

environmental impacts, particularly when prioritizing economic gains over social and environmental 

considerations. One example is the financially driven shrimp-farming industry in Asia, which has led to 

extensive mangrove deforestation and degradation. For instance, Sri Lanka experienced a displacement 

of 36% of its mangroves between 1992 and 2012 because of shrimp farming activities, which were later 

abandoned (Huxham, 2015). Other ecological consequences include nutrient accumulation, which can 

deteriorate water quality and potentially trigger algal blooms or create hypoxic to anoxic dead zones 

(Nichols & Hogan, 2022). The widespread use of wild fish as feed for aquaculture stocks (Naylor et al., 



2000), the potential spillover of pathogens from aquaculture facilities to natural environments 

(Bouwmeester et al., 2021), and the introduction of non-native species either through farm, escapees 

or intentional co-introduction with aquaculture stock (Ju et al., 2020) are additional challenges 

associated with aquaculture practices. 

Addressing these challenges is crucial for the sustainable development of aquaculture and its 

alignment with the United Nations’ Sustainable Development Goals (Krause et al., 2020; Troell et al., 

2023). One approach to achieving sustainability is the adoption of recirculating aquaculture systems. 

These semi-closed systems minimize environmental impacts by reducing water requirements and waste 

production and by preventing spillover into natural environments, thus ensuring greater environmental 

compatibility (e.g., reduced water usage and waste generation) (Boyd et al., 2020; Stentiford et al., 

2020). Implementing recirculating aquaculture practices aligns aquaculture with the principles of 

sustainable development and contributes to the achievement of UN Sustainable Development Goals 

(United Nations, 2016). 

I.1.1 Recirculating aquaculture 

Recirculating aquaculture systems (RAS) are artificial structures used for inland aquaculture, 

primarily for the cultivation of shrimp and finfish. These semi-closed systems offer numerous advantages 

over open water systems. They are typically located indoors or in sheltered areas, allowing for control 

over water parameters and protection from environmental factors. RAS operate on an almost closed 

circuit (Figure 2), reducing the impact of seasonal variations and enabling stricter implementation of 

biosecurity measures. The adoption of recirculating aquaculture has witnessed rapid global growth, 

especially in regions with unsuitable environmental conditions, stringent regulations for wastewater 

discharge, and limited land and water resources (Martins et al., 2010; Espinal & Matulić, 2019). 

The concept of RAS originated in Japan in the 1950s but gained substantial attention in the 1970s. 

Initially developed for warm freshwater species such as channel catfish, striped bass, and tilapia, RAS 

underwent a revival in the 1980s. During this period, the standardization of terminology, units of 

measurement, and water quality reporting was established. This progress has paved the way for 

technical improvements that enhance the viability of RAS. Currently, RAS systems are highly versatile 

and can be adapted to cultivate a wide range of aquatic species, including freshwater, brackish, marine, 

and cold-water species. They are employed for various purposes, such as rearing juvenile marine and 

salmonid fish, breeding broodstocks, and farming rare exotic species in closed systems to prevent the 

genetic contamination of local populations (Ahmed & Turchini, 2021). 

RAS are technologically intensive and incur higher overhead costs than traditional aquaculture 

methods. These systems rely on machinery to maintain optimal water parameters, including heaters for 

temperature control, pumps for water movement and aeration, and drum filters to remove large waste 



particles (Figure 2). Some RAS facilities have incorporated automatic feeding systems to ensure precise 

and timely feeding. The adoption of high-tech machinery incurs substantial initial investments and 

requires ongoing expenses for energy consumption and maintenance. 

Moreover, microbial communities play a crucial role in RAS by contributing to water purification and 

nutrient cycling. The biofilter, a compartment that provides a large surface area for the growth of 

beneficial nitrifying microorganisms, is where biological filtration is performed. Microorganisms within 

the biofilter convert toxic metabolic byproducts such as ammonia and nitrite into less harmful nitrates. 

Maintaining suitable water quality is paramount for RAS managers as it directly affects the health of 

cultured organisms. Consequently, a significant number of microbial studies within RAS have focused on 

investigating biofilter microbial communities (Bagchi et al., 2014; Bartelme et al., 2017, 2019; Hüpeden 

et al., 2020; Y. Ma et al., 2021). 

 

 
Figure 2: Example of recirculating aquaculture system (RAS) setup. The design behind an RAS is that water 

continuously recirculates between the compartments. For example, after leaving the rearing tank, the water is 

directed to the drum filter, where solid particles, including food remnants and organic waste, are effectively 

separated and eliminated. The filtered water then proceeds to the biofilter, where specialized microorganisms 

actively degrade organic substances and facilitate various biochemical cycles, such as nitrification. To ensure 

optimal conditions for the cultured organisms, the water is subsequently oxygenated, heated to the appropriate 

temperature, and subjected to ultraviolet (UV) light treatment, effectively sterilizing it. Finally, the treated water 

is reintroduced into the rearing tank to complete recirculation. 

I.1.1.1 Microorganisms of RAS 
Microbial communities within recirculating aquaculture systems (RAS) consist of both beneficial and 

pathogenic species (Austin & Austin, 2016). These communities comprise a diverse range of 

microorganisms that can have both positive and negative impacts on system efficiency, metabolic rates, 

and animal health.  

On the one hand, beneficial species such as nitrifying bacteria play a crucial role in maintaining 

water quality through the completion of the nitrification cycle (Figure 3, Table 1). Biofilters, specifically 

designed to maximize surface area, harbor high concentrations of nitrifying bacteria. Ammonia-oxidizing 

bacteria (AOB), such as the freshwater genera Nitrosomonas and Nitrosospira (Purkhold et al., 2000) 



and marine water genus Nitrosococcus (Woese et al., 1985), complete the first part of the nitrification 

cycle by breaking down ammonia. Nitrite-oxidizing bacteria (NOB), represented by members of the 

phyla Nitrospinota, Nitrospirtota, Pseudomonadota, and Chloroflexota (Schreier et al., 2010), complete 

the second part of the nitrification cycle by breaking down nitrites into nitrates.  However, it was recently 

discovered that complete nitrification could be accomplished by comammox bacteria (Figure 1.3) 

(Daims et al., 2015; van Kessel et al., 2015), overturning our understanding of nitrification cycling. 

Comammox bacteria have been identified in various aquatic systems, including marine (Bartelme et al., 

2017), brackish RAS (Blancheton et al., 2013; Rurangwa & Verdegem, 2015), freshwater aquaponic 

systems (Heise et al., 2021), and wastewater treatment plants (Maddela et al., 2022).  

Additionally, beneficial heterotrophic bacteria provide a wide range of services, both at the system 

level and for animal health. They contribute to water quality (Bossier & Ekasari, 2017) by decomposing 

organic matter and removing nitrogen, thereby mitigating the potential negative impacts of sub-par 

water qualities. Additionally, they occupy available niches, preventing the establishment and 

proliferation of pathogenic bacteria (Blancheton et al., 2013). Heterotrophic bacteria play a significant 

role in digestion, morphological development, disease prevention, and as dietary components for 

detritivores in aquaculture species such as shrimp, tilapia, and carp (Hagopian & Riley, 1998; Ebeling et 

al., 2006). Some commonly occurring heterotrophic genera in RAS biofiltration include Pseudomonas, 

Paracoccus, and Comamonas (Schreier et al., 2010). 

On the other hand, a wide range of pathogenic organisms, including bacteria, fungi, fungi-like 

organisms, and viruses (Table 2), can also be found in RAS. Opportunistic bacteria are the primary 

causative agents of disease outbreaks in aquaculture (Boutin et al., 2013). The occurrence of such 

outbreaks is contingent on the fulfillment of three conditions: (1) the presence of a virulent pathogen, 

(2) a susceptible host that may be experiencing stress or immunosuppression, and (3) unfavorable 

environmental conditions (Derome et al., 2016). Common bacterial pathogens in fish farming include 

Aeromonas salmonicida, Vibrio anguillarum, Aliivibrio salmonicidia, and Yersinia ruckeri, which are 

responsible for furunculosis, vibriosis, cold-water vibriosis, and red-mouth disease, respectively 

(Blancheton et al., 2013). Common fungal or fungal-like pathogens encountered in aquaculture, species 

belonging to the genera Saprolegnia (Pavić et al., 2022) and Branchiomyces (Mondal et al., 2023) are 

commonly observed. These fungi are categorized as secondary tissue invaders and primarily affect hosts 

that have experienced traumatic injuries or primary infections or are under stress due to suboptimal 

environmental conditions (Sarkar et al., 2022). Whereas viral hemorrhagic septicemia (VHS) is one of 

the most fatal viral diseases in the farmed rainbow trout (Onocrhynchus mykiss), with an estimated 

annual loss exceeding 40 million pounds (LaPatra et al., 2016). 

Overall, microorganisms are a fundamental aspect of RAS. The presence of beneficial species is vital 

for water quality, animal health, and operation success. Unfortunately, pathogens are also part of the 



microbial communities, and maintaining a completely pathogen-free system is difficult, if not 

impossible. Therefore, proactive and preventive measures should be implemented to foster stable 

community and pathogen-reduced communities.  

I.1.1.2 Introduction and spatial distribution of microorganisms 
The introduction and spatial distribution of microorganisms in RAS play a pivotal role in operational 

success. These microorganisms can originate from a variety of sources, both natural and anthropogenic, 

including intake water, air, farmed animals, feed, equipment, and even personnel or visitors, as 

documented in previous studies (Blancheton et al., 2013).  

Once introduced, the spatial distribution of these microbes within the RAS environment is not 

homogenous. Microbial populations tend to establish themselves throughout the various components 

of the RAS (Rurangwa & Verdegem, 2015), including the water column, biofilters, and the surfaces of 

equipment and infrastructure, based on suitable conditions and available resources. For instance, 

nitrifying bacteria, essential for ammonia conversion in RAS, often find their niche within the biofilters, 

where they form biofilms to efficiently process ammonia and nitrite (Hüpeden et al., 2020).  

Intentional managerial endeavors are also undertaken to regulate and manipulate these microbial 

communities. For instance, microbial solutions containing predetermined species may be introduced to 

guide colonization and enhance system performance. For example, biofilter start kits can be applied to 

aid the establishment of nitrifying species, thus allowing for a faster start-up time.  

Understanding and manipulating the introduction and spatial distribution of microbes in RAS is 

crucial for maintaining water quality, optimizing nutrient cycling, and ensuring animal health (El-

Saadony et al., 2021) while also mitigating potential pathogenic risks. Effective management of these 

microbial communities is central to the sustainable and efficient operation of RAS in aquaculture 

systems (Rurangwa & Verdegem, 2015; Hüpeden et al., 2020). 

I.1.2 Aquaculture conclusion 

In summary, aquaculture holds significant potential for meeting the growing demand for seafood, 

reducing pressure on wild fisheries, and driving economic development. However, it faces substantial 

challenges related to environmental impact, feed sustainability, and disease management. Addressing 

these challenges, along with the implementation of effective prevention and control measures (Chapter 

4), is essential for ensuring responsible and sustainable growth of the aquaculture sector, in alignment 

with the United Nations Sustainable Development Goals. 



Figure 3: Nitrification and denitrification processes. Nitrification occurs under aerobic conditions and involves the 

conversion of ammonia (NH3) to nitrate (NO3
 −), as illustrated in orange. Conversely, denitrification occurs under 

anaerobic conditions and converts nitrate (NO3 −) into nitrogen gas (N2), as illustrated in blue. The figure also 

highlights the relevant genes associated with different steps of ammonia conversion.  



Table 1: Overview of nitrification and denitrification processes, subprocesses, and organisms involved. The 

table outlines the main sub-processes involved in nitrification, commamox, denitrification, anammox, and the 

organisms responsible for these processes. Adapted from Preena (2021). 



Genus Species Group Disease or symptoms Reported hosts References 

Acinetobacter  Bacteria acinetobacter disease Atlantic salmon, channel catfish Austin & Austin, 2016 

Aeromonas allosaccharophila Bacteria Aeromonas septicemia shrimp, farmed fish Austin & Austin, 2016 

Aeromonas bestiarum Bacteria acute hemorrhagic septicemia or 

chronic skin ulcers 

fish Austin & Austin, 2016 

Aeromonas caviae Bacteria Aeromonas septicemia fish Austin & Austin, 2016 

Aeromonas hydrophila Bacteria motile Aeromonas septicemia freshwater fish Austin & Austin, 2016 

Irshath et al., 2023 

Aeromonas jandaei Bacteria Aeromonas septicemia rainbow trout, gizzard shad Austin & Austin, 2016 

Aeromonas salmonicida Bacteria furunculosis farmed fish Austin & Austin, 2016 

Irshath et al., 2023 

Aeromonas sobria Bacteria Aeromonas septicemia farmed fish, striped bass, channel 
catfish, eel 

Austin & Austin, 2016 

Aeromonas veronii Bacteria Aeromonas septicemia freshwater fish Austin & Austin, 2016 

Aliivibrio salmonicida Bacteria cold-water vibriosis wild and farmed Atlantic salmon Austin & Austin, 2016 

Aliivibrio logei Bacteria skin lesions Atlantic salmon Austin & Austin, 2016 

Aliivibrio wodanis Bacteria winter ulcer disease Atlantic salmon Austin & Austin, 2016 

Bacillus cereus Bacteria branchio-necrosis carp, striped bass Austin & Austin, 2016 

Bacillus mycoides Bacteria ulceration channel catfish Austin & Austin, 2016 

Bacillus subtilis Bacteria branchio-necrosis carp Austin & Austin, 2016 

Candidatus arthromitus bacteria disease outbreaks eels, yellowtail, Atlantic 

salmon, Chilean salmon 

Austin & Austin, 2016 

Carnobacterium maltaromaticum Bacteria pseudokidney disease, 

meningoencephalitis 

lake whitefish, trout, salmon Austin & Austin, 2016 

Chryseobacerium piscicola Bacteria skin and muscle ulceration Atlantic salmon, rainbow trout Ilardi et al., 2009 

Chryseobacterium balustinum Bacteria Flavobacteriosis marine fish Austin & Austin, 2016 

Clostrid botulinum Bacteria botulism, visceral toxicosis salmonids, channel catfish Austin & Austin, 2016 

Corynebacterium aquaticum Bacteria exophthalmia striped bass Austin & Austin, 2016 

Cytophaga rosea Bacteria gill disease salmonids Austin & Austin, 2016 



Edwardsiella tarda Bacteria red pest disease marine fish, rainbow 

trout, Japanese yellowtail, 

grey mullet 

Austin & Austin, 2016 

Irshath et al., 2023 

Eubacterium tarantellae Bacteria eubacterial meningitis striped mullet Austin & Austin, 2016 

Flavobacterium branchiophilum Bacteria bacterial gill disease salmonid, 

freshwater fish 

Austin & Austin, 2016 

Flavobacterium columnare Bacteria columnaris disease tilapia, Atlantic 

salmon, rainbow trout 

Austin & Austin, 2016 

Irshath et al., 2023 

Flavobacterium psychrophilum Bacteria bacterial coldwater disease culture freshwater fish species Austin & Austin, 2016 

Irshath et al., 2023 

Flavobacterium hydatis Bacteria gill disease salmonids Austin & Austin, 2016 

Flavobacterium johnsoniae Bacteria gill disease, skin disease carp, rainbow trout, 

barramundi, longfin eel 

Austin & Austin, 2016 

Flavobacterium oncorhynchi Bacteria bacterial gill disease salmonids Austin & Austin, 2016 

Flavobacterium succinicans Bacteria bacterial gill disease rainbow trout Austin & Austin, 2016 

Francisella philomiragia Bacteria francisellosis rainbow trout Austin & Austin, 2016 

Francisella noatunensis Bacteria francisellosis, visceral granulomatosis tilapia, striped bass, 

Atlantic salmon, 

Atlantic cod, three-line 

grunt 

Austin & Austin, 2016 

Hafnia alvei Bacteria hemorrhagic septicemia rainbow trout, cherry salmon Austin & Austin, 2016 

Hahella chejuensis Bacteria red egg disease tilapia Austin & Austin, 2016 

Janthinobacterium lividum Bacteria anemia rainbow trout Austin & Austin, 2016 

Klebsiella pneumoniae Bacteria fin and tail disease rainbow trout Austin & Austin, 2016 

Lactococcus garvieae Bacteria vascular endothelium, streptococcicosis farmed fish, coho salmon, 
rainbow trout 

Shahin et al., 2022 

Irshath et al., 2023 

Lactococcus piscium Bacteria lactobacillosis, pseudokidney disease rainbow trout Austin & Austin, 2016 

Micrococcus leteus Bacteria micrococcosis rainbow trout Austin & Austin, 2016 



Moritella marina Bacteria winter ulcer disease Scottish farmed salmon Austin & Austin, 2016 

Moritella viscosa Bacteria winter ulcer disease Atlantic salmon Austin & Austin, 2016 

Irshath et al., 2023 

Mycobacterium marinum Bacteria necrotizing granuloma like 

tuberculosis 

rainbow trout Austin & Austin, 2016 

Irshath et al., 2023 

Mycobacterium  Bacteria fish tuberculosis (mycobacteriosis) fish Austin & Austin, 2016 

Nocardia  Bacteria nocardiosis fish Austin & Austin, 2016 

Pasteurella skyensis Bacteria disease outbreaks rainbow trout Austin & Austin, 2016 

Photobacterium damselae Bacteria disease outbreaks shrimp and farmed fish Austin & Austin, 2016 

Matanza & Osorio, 

2020 

Piscirickettsia salmonis Bacteria coho salmon syndrome, salmonid 

rickettsial, septicemia 

salmon, sea bass Austin & Austin, 2016 

Irshath et al., 2023 

Pseudomonas anguilliseptica Bacteria red spot, winter disease rainbow trout, cod, eel, black 

spot sea bream 

Austin & Austin, 2016 

Irshath et al., 2023 

Pseudomonas fluorescens Bacteria generalized septicemia fish Austin & Austin, 2016 

Pseudomonas luteloa Bacteria generalized septicemia rainbow trout Austin & Austin, 2016 

Pseudomonas pseudoalcaligenes Bacteria skin ulceration rainbow trout Austin & Austin, 2016 

Pseudomonas putida Bacteria hemorrhagic ascites, ulceration rainbow trout Austin & Austin, 2016 

Renibacterium salmoninarum Bacteria bacterial kidney disease salmonid fish Austin & Austin, 2016 

Rickettsia  Bacteria red mark syndrome, strawberry 

disease 

rainbow trout Austin & Austin, 2016 

Serratia liquefaciens Bacteria septicemia Arctic charr, 

Atlantic salmon 

Austin & Austin, 2016 

Sporocytophaga  Bacteria saltwater columnaris salmonids Austin & Austin, 2016 

Staphylococcus aureus Bacteria eye disease, jaundice catfish, silver carp Austin & Austin, 2016 

Streptobacillus moniliformis Bacteria disease outbreaks sole, brill, and turbot Austin & Austin, 2016 

Streptococcus parauberis Bacteria streptococcosis fish and shellfish Austin & Austin, 2016 



Irshath et al., 2023 

Streptococcus phocae Bacteria haemorrphages fish Austin & Austin, 2016 

Streptococcus dysgalactiae Bacteria streptococcosis Amur sturgeon, 

amberjack, Nile 

tilapia, yellowtail 

Austin & Austin, 2016 

Streptococcus agalactiae Bacteria meningoencephalitis carp, grouper, 

rainbow trout, silver 

pomfret, tilapia 

Austin & Austin, 2016 

Streptococcus ictalurid Bacteria streptococcosis channel catfish Austin & Austin, 2016 

Streptococcus iIniae Bacteria acute septicemia, 

meningoencephalitis, streptococcicosis 

freshwater and 

marine fish 

Austin & Austin, 2016 

Streptococcus phocae Bacteria Streptococcosis Atlantic salmon Austin & Austin, 2016 

Tenacibaculum soleae Bacteria disease outbreaks carp, Mexican 

golden trout 

Austin & Austin, 2016 

Tenacibaculum ovolyticum Bacteria larval and egg mortalities halibut Austin & Austin, 2016 

Vagococcus salmoninrum Bacteria lactobacillosis, pseudokidney disease, 

peritonitis, septicemia 

Atlantic salmon, 

brown trout, rainbow 

trout 

Austin & Austin, 2016 

Vibrio alginolyticus Bacteria Zoea syndrome, septic hepatopancreatic 

necrosis, shell 

disease 

coastal fish, shrimp Austin & Austin, 2016 

Vibrio anguillarum Bacteria shell disease, zoonotic pathogen 

causes septicemia, vibriosis 

shrimp, marine fish Austin & Austin, 2016 

Irshath et al., 2023 

Vibrio campbellii Bacteria Zoea syndrome, septicnecrosis, 

earth mortality syndrome 

shrimp Austin & Austin, 2016 

Vibrio cholerae Bacteria zoonotic pathogen causes 

septicemia, ascites disease 

eel, catfish Austin & Austin, 2016 

Vibrio cincinnatiensis Bacteria zoonotic pathogen causes Atlantic salmon Austin & Austin, 2016 



septicemia 

Vibrio fluvialis Bacteria zoonotic pathogen causes 

septicemia, shell disease 

shrimp, marine fish Austin & Austin, 2016 

Vibrio furnissii Bacteria zoonotic pathogen causes septicemia wild and farmed fish, mollusks, 

and crustaceans, eel 

Austin & Austin, 2016 

Vibrio harveyi bacteria luminescent vibriosis, early mortality 

syndrome, acute hepatopancreatic 

necrosis, zoonotic causes septicemia, eye 

disease (blindness) 

shrimp, marine fish Austin & Austin, 2016 

Vibrio logei Bacteria luminescent vibriosis shrimp Austin & Austin, 2016 

Vibrio mediterranei Bacteria luminescent vibriosis shrimp Austin & Austin, 2016 

Vibrio metschnikovii Bacteria zoonotic pathogen causes 

septicemia 

olive flounder, farmed fish Austin & Austin, 2016 

Vibrio mimicus Bacteria Zoea syndrome, septic necrosis, shell 

disease 

shrimp, grass carp, 

yellow catfish 

Austin & Austin, 2016 

Vibrio nigripulchritudo Bacteria summer syndrome in grow out shrimp Austin & Austin, 2016 

Vibrio ordalii Bacteria zoonotic pathogen causes 

septicemia 

shrimp and marine fish Austin & Austin, 2016 

Vibrio orientalis Bacteria luminescent vibriosis shrimp Austin & Austin, 2016 

Vibrio owensii Bacteria early mortality syndrome shrimp Austin & Austin, 2016 

Vibrio panaeicida Bacteria summer syndrome in grow out shrimp Austin & Austin, 2016 

Vibrio parahaemolyticus Bacteria early mortality syndrome, Zoea 

syndrome, zoonotic septic necrosis, shell 

disease 

shrimp, kelp grouper Austin & Austin, 2016 

Vibrio splendidus Bacteria shell disease, luminescent vibriosis shrimp Austin & Austin, 2016 

Vibrio vulnificus Bacteria zoonotic septic necrosis, shell 

disease 

shrimp and marine 

fish 

Austin & Austin, 2016 

Weissella ceti Bacteria wieissellosis rainbow trout Austin & Austin, 2016 



Yersinia ruckeri Bacteria enteric redmouth disease, salmonid 

blood spot 

salmonid fish Austin & Austin, 2016 

Irshath et al., 2023 

Iridovirus  DNA virus shrimp hemocyte iridescent virus white leg shrimp, grouper, 

farmed fish 

Crane & Hyatt, 2011 

Ranavirus  DNA virus lethargic and erratic swimming 

patterns 

fish Crane & Hyatt, 2011 

Lymphocystivirus  DNA virus tumor-like growth fish Crane & Hyatt, 2011 

Megalocytivirus  DNA virus systemic infections wild and farmed freshwater and 

marine fish 

Crane & Hyatt, 2011 

Cyprinivirus  DNA virus hemorrhagic disease freshwater eels Crane & Hyatt, 2011 

Aphonomyces invadans Fungi epizootic ulcerative syndrome rainbow trout Sarkar et al., 2022 

Aphonomyces euteiches Fungi epizootic ulcerative syndrome rainbow trout Sarkar et al., 2022 

Aspergillus flavus Fungi aspergillosis spotted snakehead Sarkar et al., 2022 

Aspergillus fumigatus Fungi aspergillosis spotted snakehead Sarkar et al., 2022 

Aspergillus niger Fungi aspergillosis spotted snakehead Sarkar et al., 2022 

Cladosporium sphaerospermum Fungi greenish fungal growth with a chalky 

white mat, kidney damage 

red snapper Sarkar et al., 2022 

Exophiala angulospora Fungi lesions that lead to a loss of body 

fluid 

Atlantic cod Gozlan et al., 2014 

Fusarium oxysporum Fungi mycosis Nile tilapia, carp, eel, 

catfish, barb 

Sarkar et al., 2022 

Fusarium solani Fungi mycosis Nile tilapia, carp, 

eel, catfish, barb 

Sarkar et al., 2022 

Mucor circinelloides Fungi disoriented swimming, lethargy, 

imbalance, and nonulcerative dermal 

masses 

yellow catfish Gozlan et al., 2014 

Ochroconis humicola Fungi dark pigmented patches marine fish Gozlan et al., 2014 

Penicillium corylophilum Fungi erratic behavior, anemia, skin red snapper Gozlan et al., 2014 



patches 

Phoma herbarum Fungi abnormal swimming behavior, 

exophthalmia, multiple rounded areas 

of muscle softening, protruded 

hemorrhagic vents, and abdominal 

swelling 

catfish, chinook 

salmon, Nile tilapia 

Gozlan et al., 2014 

Saprolegnia diclina Fungi saprolegniosis rainbow trout, freshwater fish, 

and crustaceans 

Sarkar et al., 2022 

Saprolegnia parasitica Fungi saprolegniosis rainbow trout, freshwater fish, 

and crustaceans 

Sarkar et al., 2022 

Saprolegnia salmonis Fungi saprolegniosis rainbow trout, 

freshwater fish and 

crustaceans 

Sarkar et al., 2022 

Sphareothecum destruens Fungi the rosette agent; causes high rates of 

morbidity and mortality 

freshwater fish Gozlan et al., 2014 

Achlya bisexualis Oomycetes cotton-like growth of mycelia flathead grey mullet Gozlan et al., 2014 

Achlya klebsiana Oomycetes cotton wool-like lesions causing skin 

destruction 

Nile tilapia, catfish Gozlan et al., 2014 

Achlya americana Oomycetes cotton wool-like lesions causing skin 

destruction 

whitefish Gozlan et al., 2014 

Achlya oblongata Oomycetes cotton wool-like lesions causing skin 

destruction 

whitefish Gozlan et al., 2014 

Achlya ambisexualis Oomycetes cotton wool-like lesions causing skin 

destruction 

rainbow trout Gozlan et al., 2014 

Aphanomyces parasiticus Oomycetes ulcerative syndrome whitefish Gozlan et al., 2014 

Aphanomyces frigidophilus Oomycetes ulcerative syndrome whitefish, brown 

trout 

Gozlan et al., 2014 

Aphanomyces invadans Oomycetes ulcerative syndrome various fish species Gozlan et al., 2014 



Alphanodavirus  RNA virus covert mortality nodavirus shrimp Leong, 2008 

Alphavirus  RNA virus sleeping disease salmonid fish Bruno et al., 2006 

Isavirus salmon isavirus RNA virus infectious salmon anaemia virus Atlantic salmon Bruno et al., 2006 

Novirhabdovirus oncorhynchus 2 

novirhabdovirus 

RNA virus viral hemorrhagic septicemia virus rainbow trout, turbot, 

flounder 

Bruno et al., 2006 

Novirhabdovirus oncorhynchus 1 

novirhabdovirus 

RNA virus infectious hematopoietic necrosis 

virus 

sockeye salmon, rainbow trout Bruno et al., 2006 

Tilapinevirus tilapia tilapinevirus RNA virus tilapia lake virus tilapia Bruno et al., 2006 

Vesiculovirus  RNA virus blister-like lesions various freshwater fish Bruno et al., 2006 

Table 2: Overview of the identified aquatic pathogens based on taxonomic groups. The table provides a compilation of the reported pathogens found in both wild and 

aquaculture organisms. Pathogens are grouped based on their respective taxonomic groups. The reported disease or symptoms associated with each pathogen is provided. 

Please note that this table serves as a general overview and does not include an exhaustive list of all the reported pathogens or potential hosts



I.2 What is Environmental DNA? 

Environmental DNA (eDNA) denotes the genetic material obtained from environmental samples 

encompassing soil, water, or air. The concept of utilizing genetic material from such samples was 

initially introduced by Pace et al. (1986), who proposed that DNA extracted from the environment could 

be used to investigate the natural diversity of microorganisms. Initially, DNA extracted from 

environmental samples was described using terms such as "DNA isolated from environmental samples" 

(Somerville et al., 1989) or referred to the specific targeted organism, for example, "bacterial DNA" 

(Steffan et al., 1988) or "microbial DNA" (Paul & Myers, 1982). It was not until 1987 that Orgam et al. 

(1987) coined the term "environmental DNA." 

The value of environmental DNA has been recognized in various scientific disciplines. Since the late 

20th century, eDNA has been widely employed in microbial research, including parasitology  (Bass et 

al., 2015) and microbial restoration ecology (Tessler et al., 2023). More recently, eDNA studies have 

expanded to encompass macrobial species such as amphibians  (Ficetola et al., 2008) and fish (Sagova-

Mareckova et al., 2021). However, microbial and macrobial eDNA fields have diverged in their 

definitions of eDNA. Microbial studies typically collect bulk samples containing intact organisms that 

are subsequently lysed to extract DNA. In contrast, macrobial studies view eDNA as DNA released or 

shed by macroorganisms obtained from environmental samples rather than whole organisms. This 

difference in perspective has led to an ideological shift between the two fields. 

To address the ambiguity surrounding the terminology, there was a call to clarify the definition of 

"eDNA." In response, Taberlet et al. (2012) proposed the following definition: "DNA that can be 

extracted from environmental samples without first isolating any target organisms." This definition 

offers the advantage of not assuming the state of the sampled DNA (extracellular or intracellular, tissue 

fragments, gametes, etc.) and is not restricted to a specific taxonomic group. However, debate on what 

constitutes eDNA has persisted. In 2020, Pawlowski et al. (2020) suggested that the generic definition 

of eDNA, as originally formulated, should be employed, encompassing the DNA of all organisms present 

in environmental samples, including microbial, meiofaunal, and macrobial taxa. However, a two-tier 

approach for documenting the type of eDNA sample should be used, involving 1) the environmental 

origin of the sample (e.g., soil and water) and 2) the targeted taxonomic group (e.g., microbial). This 

metadata documentation is crucial for reader comprehension and future comparative studies.  

As of 2023, two definitions of eDNA continue to be used in ecological studies: sensu lato, which is 

often used in global biodiversity surveys to analyze microbial, meiofauna, and macrofauna 

communities, and sensu stricto, which often refers to the extracellular DNA of macrobial organisms for 

conservation biology to monitor invasive and/or endangered species, as well as in ecology studies to 

survey biodiversity patterns ( Pawlowski et al. (2020) for an in-depth explanation of the two). 

In the context of this dissertation, the term eDNA is used according to the overarching definition 



put forth by Taberlet et al. (2012), which states that eDNA encompasses all DNA that can be extracted 

from environmental samples. Furthermore, the two-tier approach recommended by Pawlowski et al. 

(2020) specifies the types of samples collected, and the targeted taxa were adopted and implemented. 

I.2.1 How is eDNA collected and sequenced? 

Comprehensive analysis of eDNA samples necessitates the implementation of a diverse set of 

protocols throughout the workflow, encompassing DNA capture, extraction, PCR amplification, 

sequencing, and data analysis (Figure 4). The initial step of eDNA analysis involves the collection of an 

environmental sample of interest. Common methods for aquatic sample capture include filtration, 

swabbing, and, more recently, passive collection techniques (Kirtane et al., 2020). Subsequently, DNA 

is extracted and purified to eliminate unwanted cellular components and potential inhibitors that may 

impede downstream processes. Various methods can be used for DNA extraction, each offering distinct 

advantages and disadvantages (Chapter 5). Following the successful extraction of genomic DNA, the 

DNA is ready for sequencing. However, the choice of the sequencing approach relies on the specific 

objectives of the project. If the aim is species-specific identification, DNA barcoding techniques (Hebert 

et al., 2003) can be employed to target specific genomic regions for classification. In contrast, if the 

objective is to assess the community composition, then community-based technology can be used, 

such as metabarcoding or shotgun metagenomics.  

Figure 4: General flow of 

eDNA processing. 1) Sample 

collection: eDNA is captured 

via filtering or swabbing; 2) 

DNA extraction: DNA is 

extracted via column-based 

kits, phenol-chloroform, or 

silica beads; 3) DNA 

amplification and sequencing: 

DNA can be amplified with 

species-specific primers and 

sequenced with PCR-based 

technology or amplified with universal primers and sequenced with next- or third-generation sequencers; 4) 

Bioinformatics: metabarcoding approaches produce data that must be filtered through a bioinformatics pipeline 

to clean up the sequencing reads; and 5) taxonomic identification: the classification of present organisms within 

a sample. 

I.2.2 How is eDNA sequenced? 

Environmental DNA (eDNA) analysis can be conducted through the utilization of a diverse array of 

sequencing methodologies. These encompass barcoding, metabarcoding, and shotgun metagenomics, 



each representing distinct sequencing approaches aimed at the taxonomic classification of species. In 

the barcoding approach, species-specific primers are employed to facilitate the identification of either 

a single species or, in the case of multiplexing, a select few species when multiple primers are 

simultaneously employed. 

Metabarcoding, on the other hand, extends the concept of barcoding by enabling the concurrent 

identification of numerous taxa within a single clade from a given environmental sample. This approach 

allows for a broader taxonomic scope and a comprehensive assessment of biodiversity within a specific 

group of organisms. 

Metabarcoding, on the other hand, extends the concept of barcoding by enabling the concurrent 

identification of numerous taxa within a single clade from a given environmental sample. This approach 

allows for a broader taxonomic scope and a comprehensive assessment of biodiversity within a specific 

group of organisms. 

I.2.2.1 Barcoding 
DNA barcoding is a method of specimen identification using short, standardized fragments of DNA.   

This method utilizes species-specific assays to determine the presence or absence of a particular 

species within a sample (Hebert et al., 2003) and is commonly employed for bacteria monitoring 

(Nguyen et al., 2018; Lewin et al., 2020). However, if assays are not properly designed, off-target 

binding (i.e., primer binding to regions outside the intended target) to closely related species may 

occur, leading to false positives. Primer design for barcoding can be challenging and time-consuming; 

however, once designed, these primers can be used in any molecular laboratory to generate and 

interpret data (Lutz et al., 2020). 

DNA barcoding sequencing relies primarily on PCR-based technology, which can be conducted in a 

conventional molecular laboratory or with field-portable devices (Chapter 4). This flexibility makes 

barcoding methods particularly suitable for biomonitoring programs aimed at monitoring opportunistic 

bacteria (Rieder et al., 2023), invasive species (Lutz et al., 2020; Bruce et al., 2021), or rare/elusive 

species (Rees et al., 2014). Traditional lab equipment includes polymerase chain reaction (PCR), 

quantitative PCR (qPCR), and, more recently, digital droplet PCR (ddPCR), all of which exhibit high 

sensitivity. However, qPCR and ddPCR methods offer advantages over traditional PCR as they eliminate 

the need for post-PCR procedures, such as gel analysis, provide quantitative data that are essential for 

assessing abundance, and can detect genes down to a few copy numbers (Orioles et al., 2022). In recent 

years, portable qPCR machines have been developed, eliminating the need for expensive infrastructure 

and equipment (Chapter 4). The portable qPCR device Biomeme Franklin has proven to be a valuable 

tool in monitoring programs for detecting Flavobacterium psychrophilum in a mesocolumn study 

(Nguyen et al., 2018) and Aphanomyces astaci in Norwegian waterways (Sundell & Haukaas, 2023). 



I.2.2.2 Metabarcoding 
Metabarcoding is an amplicon sequencing technology that enables simultaneous sequencing and 

identification of numerous taxa within a sample (Taberlet, et al., 2012). This approach harnesses the 

capabilities of "universal" primers and DNA sequencing technologies to amplify sequence-specific DNA 

regions known as "barcodes." These barcodes are short DNA segments that are unique to a particular 

clade but possess sufficient variability for taxonomic classification. For instance, the 16S rRNA gene is 

commonly sequenced for bacterial classification, whereas the internal transcribed spacer (ITS) region 

is widely used to analyze fungal diversity. The resulting sequencing data generates millions of reads, 

which are subsequently filtered using a bioinformatics pipeline. Depending on the pipeline employed, 

this process yields either an operational taxonomic unit (OTUs) table (Blaxter et al., 2005) or an 

amplicon sequence variant (ASVs) table (Callahan et al., 2016). These tables serve as the basis for 

subsequent analyses of the community composition and diversity. Metabarcoding has revolutionized 

biodiversity monitoring and research by providing a powerful tool for assessing and comprehending 

the genetic diversity of complex ecosystems as well as enabling the classification of non-culturable 

microbial species. 

I.2.2.3 Shotgun metagenomics 
Shotgun metagenomics, a primer-free sequencing method, has emerged as a powerful technique 

for analyzing the genetic material of complex microbial communities. This approach has significantly 

contributed to our understanding of microbial composition in diverse environments, ranging from soil 

(Chen et al., 2022) and natural water bodies (Zhao et al., 2023) to artificial water-based systems (i.e., 

RAS) communities (Rieder et al., 2023) (Chapter 3). Unlike targeted approaches, shotgun 

metagenomics involves sequencing DNA fragments from the entire microbial community, e.g., bacteria, 

archaea, and viruses. Through computational reconstruction, sequencing reads are assembled to 

provide a comprehensive overview of the microbial community, including its genetic content, 

community structure, and diversity. Moreover, functional analysis (Chen et al., 2022) can be performed 

to identify genes and pathways associated with specific functions such as nutrient cycling, metabolism, 

and pathogenicity. This type of data provides insight into ecosystem processes, microbial interactions, 

and disease mechanisms. 

Despite the numerous advantages offered by shotgun metagenomic sequencing, several 

limitations should be acknowledged. One prominent challenge is the substantial volume of data 

generated during sequencing, which necessitates substantial computational resources for data storage, 

processing, and analysis. These resources are often institutional or company-based and may not be 

readily accessible to the broader public. Furthermore, the complex nature of metagenomic data makes 

it difficult to accurately reconstruct genomes, particularly in scenarios with high microbial diversity, 

where identifying rare species becomes challenging. Additionally, low signal-to-noise ratios can 



interfere with the precise differentiation of genetically similar species (Pust & Tümmler, 2021). Lastly, 

the presence of host DNA or contaminants in the sample can complicate the analysis and interpretation 

of results, necessitating the careful implementation of bioinformatics strategies  (Liu et al., 2021) to 

effectively remove unwanted reads and minimize bias in downstream analyses. 

I.2.3 eDNA conclusion 

In summary, the integration of eDNA and sequencing technologies has resulted in a revolutionary 

transformation in the field of molecular ecology. This combination has empowered researchers to 

explore microbial communities with unprecedented depth and scalability, thereby surpassing the 

limitations of traditional laboratory-based studies. Using these technologies, novel species have been 

discovered, intricate microbial interactions have been unraveled, and valuable insights into the 

functional capabilities of microbial communities have been gained. These advancements have been 

observed in diverse ecosystems spanning natural environments (Chevallereau et al., 2022; Yonathan et 

al., 2022) and engineered artificial systems (Maddela et al., 2022; Rieder et al., 2023). Furthermore, 

strategic integration of multiple sequencing methods can optimize the extraction of maximal 

information while minimizing costs (Rieder et al., 2023). While challenges persist, continuous 

technological advancements and software development are anticipated to overcome these hurdles. By 

harnessing the full potential of eDNA and sequencing technologies, our understanding of microbial 

ecology can be profoundly advanced. 

I.3  What are the applications of eDNA in recirculating aquaculture systems?  

The application of eDNA methods has significantly advanced our understanding of microbial 

ecology and the presence of pathogens in recirculating aquaculture systems (RAS). Although the 

application of eDNA microbial ecology in RAS is still in its early stages, previous investigations have shed 

light on several crucial aspects essential for sustainable management practices. Many studies have 

focused on exploring and expanding our understanding of microbial communities in relation to system 

and animal health (Almeida et al., 2021; Rieder et al., 2023) as well as highlighting the efficacy of eDNA 

as a powerful tool for the early detection of pathogens (Bastos Gomes et al., 2017; Bohara et al., 2022). 

The increasing integration of RAS into aquaculture practices further emphasizes the need for continued 

microbial ecology studies, as they play a vital role in deepening our knowledge of microorganisms 

within these systems. 

The emergence of eDNA and advancements in sequencing techniques have revolutionized 

microbial ecology. These technological breakthroughs offer a comprehensive and high-resolution 

perspective of the entire microbial community. In the past, the study of biodiversity and ecological 

dynamics in recirculating aquaculture systems (RAS) was restricted to culturable organisms, providing 

an incomplete picture. However, by analyzing eDNA samples, researchers can now obtain a holistic 



understanding of the microbial diversity, community structure, and functional potential within 

aquaculture systems. Previous studies have shown the distinctiveness of various aspects, including (1) 

the differentiation between water and biofilm communities (Rud et al., 2017; Rieder et al., 2023), (2) 

the spatial distribution of communities (Bartelme et al., 2019; Rieder et al., 2023), and (3) the provision 

of functional services, such as nutrient recycling (Hüpeden et al., 2020). By employing eDNA studies, 

targeted management strategies (Rurangwa & Verdegem, 2015; Bentzon-Tilia et al., 2016) can be 

developed, leading to optimized system designs that promote the growth of beneficial species while 

preventing the establishment of pathogenic organisms. 

Environmental DNA has emerged as a valuable tool for monitoring and early detection of 

pathogens, aligning with the 3Rs goals of Replacement, Reduction, and Refinement in animal research. 

Routine collection and analysis of eDNA data can serve as an effective early warning system, eliminating 

the need for animal sacrifice in routine monitoring and promoting ethical practices while enhancing 

profitability. One notable advantage of eDNA is its flexibility in terms of sequencing platforms, each 

offering different levels of information (Rieder et al., 2023). Currently, barcoding is widely recognized 

as the gold standard for pathogen surveillance. These methods exhibit high versatility, allowing for both 

laboratory- and field-based processing (Chapter 4). Field-based studies can use lyophilized assays 

(Rieder et al., 2022) in conjunction with low-tech lateral flow strips, portable devices (Bastos Gomes et 

al., 2017; Biomeme, 2022), or high-tech automatic samplers for continuous monitoring, making them 

suitable for farms with varying budgets. Metabarcoding methods provide a community-level 

perspective (Rieder et al., 2023), enabling the detection of shifts in community structure that can serve 

as indicators of potential disease outbreaks (Peters et al., 2018), particularly when combined with 

water quality data (Nguyen et al., 2018). In contrast, metagenomic data offer valuable insights into the 

interactions between pathogens and their hosts (Amarasiri et al., 2021), elucidating the underlying 

mechanisms of pathogenicity, host specificity, and immune responses. These insights will contribute to 

the development of targeted therapies and vaccines, ultimately advancing the prevention and 

treatment of infectious diseases. 

  



I.3.1 Application of eDNA sampling in RAS conclusion 

In conclusion, the utilization of eDNA has significantly advanced our understanding of molecular 

ecology in aquaculture, offering a non-invasive, comprehensive, and high-resolution approach to 

studying microbial communities, exploring ecological interactions, and monitoring pathogens. The 

application of eDNA in research within RAS has already yielded valuable insights and will continue to 

enhance our understanding of the intricate dynamics within these systems. However, future 

investigations should prioritize the study of microbial interactions and functional services, particularly 

in the context of predictive modeling that can inform managers about the responses of these 

communities to environmental disturbances. By incorporating advanced knowledge and predictive 

models, scientists and managers can fully leverage eDNA data to develop effective and actionable 

microbial management strategies. 

In conclusion, the utilization of eDNA has significantly advanced our understanding of molecular 

ecology in aquaculture, offering a non-invasive, comprehensive, and high-resolution approach to 

studying microbial communities, exploring ecological interactions, and monitoring pathogens. The 

application of eDNA in research within RAS has already yielded valuable insights and will continue to 

enhance our understanding of the intricate dynamics within these systems. However, future 

investigations should prioritize the study of microbial interactions and functional services, particularly 

in the context of predictive modeling that can inform managers about the responses of these 

communities to environmental disturbances. By incorporating advanced knowledge and predictive 

models, scientists and managers can fully leverage eDNA data to develop effective and actionable 

microbial management strategies. 
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Abstract 

Background  Microbial communities in recirculating aquaculture systems (RAS) play a role in system success, nutrient 
cycling, and water quality. Considering the increasing socio-economic role of fish farming, e.g., regarding food secu‑
rity, an in-depth understanding of aquaculture microbial communities is also relevant from a management perspec‑
tive, especially regarding the growth, development, and welfare of the farmed animal. However, the current data on 
the composition of microbial communities within RAS is patchy, which is partly attributable to diverging method 
choices that render comparative analyses challenging. Therefore, there is a need for accurate, standardized, and user-
friendly methods to study microbial communities in aquaculture systems.

Results  We compared sequencing approach performances (3 types of 16S short amplicon sequencing, PacBio 
long-read amplicon sequencing, and amplification-free shotgun metagenomics) in the characterization of micro‑
bial communities in two commercial RAS fish farms. Results showed that 16S primer choice and amplicon length 
affect some values (e.g., diversity measures, number of assigned taxa or distinguishing ASVs) but have no impact on 
spatio-temporal patterns between sample types, farms and time points. This implies that 16S rRNA approaches are 
adequate for community studies. The long-read amplicons underperformed regarding the quantitative resolution of 
spatio-temporal patterns but were suited to identify functional services, e.g., nitrification cycling and the detection 
of pathogens. Finally, shotgun metagenomics extended the picture to fungi, viruses, and bacteriophages, opening 
avenues for exploring inter-domain interactions. All sequencing datasets agreed on major prokaryotic players, such as 
Actinobacteriota, Bacteroidota, Nitrospirota, and Proteobacteria.

Conclusion  The different sequencing approaches yielded overlapping and highly complementary results, with each 
contributing unique data not obtainable with the other approaches. We conclude that a tiered approach constitutes 
a strategy for obtaining the maximum amount of information on aquaculture microbial communities and can inform 
basic research on community evolution dynamics. For specific and/or applied questions, single-method approaches 
are more practical and cost-effective and could lead to better farm management practices.

Keywords  16S rRNA gene, Amplicon sequencing, Shotgun metagenomics, DADA2, ASVs, MiSeq, PacBio, Short-reads, 
Long-reads
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Introduction
Recirculating aquaculture systems (RAS) are a valuable 
alternative to the limited sustainable capacity of capture 
fisheries. They are discussed as a long-term sustainable 
offset for capture fisheries [1] and a means to meet the 
nutritional demand for high-quality animal protein. RAS 
cultivate freshwater species such as rainbow trout (Onco-
rhynchus mykiss), pike-perch (Stizostedion lucioperca), 
Arctic char (Salvelinus alpinus), and sturgeon (order Aci-
penseriformes) [2] and range from small privately-owned 
enterprises to industrial-sized corporations. The indoor, 
closed-circuit design of RAS provides independence 
from seasonal conditions, allows for biosecurity meas-
ures, and reduces the product-to-market distance when 
situated inland [3].

Microbial communities in RAS play a crucial role in 
overall system success, nutrient cycling, water qual-
ity, and animal health [1, 4–12]. These communities are 
often actively maintained in the biofilter section of the 
system, which is designed to maximize the surface area 
with sand, granulated active carbon, or synthetic carrier 
material. Biofilter microbial communities perform vari-
ous services, such as removing toxic metabolic products 
(e.g., ammonia, nitrite, nitrate, sulfide, and sulfate) and 
organic waste. Some prominent representatives of the 
oxidizing ammonia genera found in RAS biofilters are 
Nitrosomonas, Nitrosospharea, and Nitrosospira [13], as 
well as ammonia-oxidizing archaea and Nitrotoga species 
[14, 15].

Conversely, pathogenic components of microbial com-
munities in RAS constitute a significant challenge for 
the fish farm industry. Fish-related disease outbreaks 
threaten the livelihood of farmers and food security [16] 
and incur an estimated $6 billion loss yearly [17] due to 
stock loss. Also, water-associated off-flavoring bacte-
rial groups may adversely impact the quality of the final 
product [13]. Different management approaches, such as 
cleaning and disinfection regimes, aim to reduce oppor-
tunistic pathogen species such as Aeromonas or Fla-
vobacterium [18] but could potentially open niches for 
pathogenic species and promote undifferentiated micro-
bial growth.

Managing microbial communities in RAS is not 
straightforward and poses complex challenges. It has 
been proposed that monitoring and targeted manipu-
lation of RAS microbial communities, based on a thor-
ough characterization of interactions and community 
dynamics, may improve aquaculture management strat-
egies [19–21]. However, RAS microbial research lags 
behind compared to other microbe-dependent indus-
tries, such as wastewater treatment. Furthermore, the 
interactions between different compartments, manage-
ment operations, microbial community structure, and 

how community assemblages differ across facilities are 
only beginning to be understood [1]. Previous microbial 
studies have analyzed the biofilter communities in RAS 
farming lumpfish (Cyclopterus lumpus L.) [8], Atlantic 
salmon (Salmo salar), Pacific white shrimp (Litopenaeus 
vannamei), half-smooth tongue sole (Cynoglossus semi-
laevis) and turbot (Scopthalmus maximus) [22], but have 
not investigated other RAS compartments. Furthermore, 
inter-study comparisons are  problematic because non-
standardized protocols (e.g., DNA extraction, amplifica-
tion, or taxonomic assignment) impact the results and 
conclusion [23–27]. Lastly, global studies are scarce [28], 
so the characterization of RAS microbial community pat-
terns and keystone taxa remains incomplete.

In recent years, next-generation sequencing technology 
has led to various methods by which microbiomes can be 
studied. Three commonly used methods are short- and 
long-read sequencing, targeting the 16S gene, and shot-
gun metagenomics, which targets all sequences within a 
sample. Short-amplicon sequencing requires primers that 
may target one or multiple variable regions of the genes. 
The major drawback of short-amplicon sequencing is 
the lack of resolution required for species identification. 
Also, primer choice can introduce biases for or against 
certain taxonomic groups [9, 23, 29]. Long-amplicon 
sequencing targets all variable regions of the 16S gene, 
thus increasing resolution for species identification and 
eliminating primer choice biases. Unfortunately, both 
short- and long-amplicon 16S sequencing mainly tar-
get bacteria and omit other microbes, such as fungi and 
archaea. Shotgun metagenomics, a primer-free method, 
targets all  sequences within a sample, allowing for the 
identification of all organisms present at a sufficient fre-
quency. However, low signal-to-noise ratios may interfere 
with the species-level differentiation of genetically simi-
lar species. Recent studies have started combining differ-
ent sequencing approaches to reduce sequencing costs, 
increase resolution, and gain broader knowledge than 
any singular method could provide [30, 31].

This study investigates the effect of sampling and anal-
ysis strategies on the inference of microbial community 
composition in RAS. We collected samples from two 
freshwater RAS to compare the ability of four primer sets, 
a primer-free approach, and three sequencing approaches 
(Fig. 1) to identify key microbial dynamics and improve 
future sampling and methods decisions. First, we show 
that primer-specific results at early analysis steps do not 
lead to distinct biological conclusions. Second, we dem-
onstrate that 16S short-read sequencing is sufficient to 
detect spatio-temporal developments and dynamics in 
the context of a RAS system. Finally, we evaluate the abil-
ity of the different sequencing approaches to describe the 
spatio-temporal patterns and identity of microbials in 
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different compartments of RAS, followed by a discussion 
of the distinct value of each sequencing approach for dif-
ferent research questions and farm management.

Materials and methods
Sampling sites
The study includes two commercial-size Swiss RAS 
farms (A and B) with distinct ownership and opera-
tional management procedures. Farm A breeds perch 
(Perca fluviatilis), raising offspring from egg to approx-
imately 15  g and features several life-stage-specific 
circuits with independent filtration systems. Fish are 
moved to the next circuit when they reach a certain 
cutoff weight. Fish of approximately 10–15 g are raised 
in 13.2 m3 tanks at a stocking density of around 30 kg/
m3. After each batch, a stringent disinfection regimen 
is applied. First, the biofilter is disconnected from the 
circuit to protect the microbial community from disin-
fection solutions. Next, the tanks are emptied, followed 
by a four-step cleaning regimen, (1) a high-power jet 
wash with hot water, (2) brushing down the tank walls 
and floor with soap, (3) a static acid–base treatment of 
the tanks and pipes with neutralizing steps in between, 
and (4) spraying the tanks with alcohol. Finally, the 

tanks are dried entirely before refilling and restocking 
the next batch of fish. Farm A uses multiple feed brands 
depending on the life stage of the fish (Bernaqua, Bio-
Mar, and Alltech Coppens).

Farm B is situated > 100  km from Farm A in a differ-
ent catchment. Farm B raises two fish species: perch, 
obtained from Farm A at around 15  g, and pike-perch 
(Sander lucioperca), obtained at the fingerling stage from 
another provider. Both species are raised to slaughter 
weight within a single circuit in concrete tanks (120 m3). 
The stocking density varies between 30 and 60  kg/
m3 based on the size of the fish. Cleaning regimens are 
applied once a tank is emptied. However, there is no 
strict cleaning disinfection timeline because of grad-
ing and moving the fish into new tanks, which might 
already be occupied. The disinfection protocol consists 
of (1) washing the  empty tank with high-pressure hot 
water  and (2)  spraying Virkon S as a disinfection solu-
tion, followed by  refilling with water and stocking with 
the next batch of fish. Farm B feeds with Alltech Coppens 
Supreme  pellets of varying sizes according to fish size. 
Both farms use agitated biofilters with floating plastic 
biofilter carriers to supply the necessary surface area to 

DADA2, Silva v138Illumina MiSeq
Read length: 2x300 PE

SB Analyzer, AthenaPacBio Shoreline StrainID

Purelink Microbiome Kit
Qiagen PowerWater Kit

Phenol-Chloroform

Consistent DNA quality / quantityTank waterTank biofilm

120 ml
0.22 um cellulose filterfoam swab

Biofilter water

Tank Biofilter

Farm B

C - DNA extraction

D - Approaches E - Sequencing F -  Analysis

A - Sample types B - Sampling locations
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Bracken, KrakenIllumina Shotgun Metagenomics

Amplicon
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PacBio
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Read length: 2x150 PE
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515F_806F “Earth”
341F_805R “MiSeq”

Fig. 1  Study design and experimental steps. A Three types of samples were taken. Tank biofilm was collected by rubbing a foam swab against 
the sidewall of a tank. Tank and biofilter water was collected by filtering 120 ml of water through a 0.22 um cellulose filter. B Samples were taken 
at two farms, A and B. In farm A, all three sample types were collected. In farm B, sampling focused on tank biofilm. C Three DNA extraction 
methods were compared. The Purelink Microbiome Kit outperformed other DNA extraction methods in quality, quantity, and consistent yield. D 
Two amplicon approaches (short and long reads) and an amplification-free shotgun approach were used. E Short amplicons were sequenced 
on an Illumina MiSeq with a v3 2 × 300PE kit. Long amplicons were sequenced with the PacBio Shoreline StrainID kit, producing an average read 
length of 2500 bp. Shotgun sequencing was performed with a 2 × 150PE Illumina kit. F Illumina MiSeq sequencing data were processed with the 
DADA2 pipeline, and ASVs were blasted against the SILVA v138 database for taxonomic assignment. PacBio long-read data was processed with the 
SBAnalyzer program and taxonomically assigned using Athena. Shotgun metagenomics sequencing data were processed with an in-house pipeline 
that uses the Kraken-Bracken method
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foster microbial communities. Farm identities and loca-
tions are confidential.

Sample types
Three sample types were collected: tank biofilm, tank 
water, and biofilter water (Fig.  1A). First, biofilm sam-
ples were collected with a sterile, single-use foam swab 
(Merck—product was discontinued) by rubbing one 
side of the swab back and forth approximately ten times 
across a ~ 10 × 10  cm area of the tank wall about 6  cm 
below surface water level and repeating the procedure 
on the same area with the other side of the swab. After 
swabbing, the swab was placed into a 2  ml Eppendorf 
tube, the stick was broken off, and the closed 2 ml tube 
was stored on ice. Biofilm replicates were taken with an 
approximately 2  cm gap between them. Next, using a 
sterile 500  ml plastic beaker, 500  ml of water were col-
lected from the same tank as the tank biofilm sample, fol-
lowed by on-site filtering of 120 ml of water using a 60 ml 
sterile, single-use syringe (Faust) and a 0.22  um mixed 
cellulose filter (Millipore, Merck) contained in a What-
man 47  mm plastic filter holder (Whatman, Merck). 
Replicates were taken from the same beaker, thoroughly 
mixing the water before the replicate was sampled. After 
filtration, the filters were placed in a 2 ml Eppendorf tube 
and stored on ice. Finally, biofilter water samples were 
collected, with a new sterile beaker, in the same way and 
from the same circuit as tank water and biofilm sam-
ples. All samples were transported back to the Institute 
for Fish and Wildlife Health, University Bern, on ice and 
stored at − 80 °C until further processing.

Sampling scheme
The sampling scheme aimed to maximize insights into 
differences and similarities between replicates, sample 
types, time points, analysis methods, within-farm com-
partments, and farms. In Farm A, two sampling events 
on different dates occurred in the circuit that houses 
12–15  g perch. The first sampling event took place on 
June 25th, 2020 and consisted of collecting tank wall bio-
film (samples 4–6), tank water from the same tank as the 
biofilm (samples 7–9), and biofilter water from the same 
circuit (samples 10–12). The sampling took place less 
than a week after the last tank cleaning. A second sam-
pling took place on November 4th, 2020 and involved the 
collection of tank wall biofilm (samples 1–3), from a sec-
ond tank within the same circuit, several weeks after the 
last cleaning of the tank. In farm B, sampling took place 
on November 23rd, 2020, that consisted of collecting 
tank wall biofilm from two tanks (samples 13–15 (tank 1) 
and 16–18 (tank 2)). Negative control samples were col-
lected for the June 25th, 2020, sampling event but were 
not sequenced. The negative water control was filtered 

the same way as the on-site water samples, using distilled 
water instead of system water. The negative swab sample 
consisted of unpacking a swab on-site and placing it into 
a 2 ml tube without swabbing a surface. An overview of 
all samples is provided in Additional file 1.

DNA extraction
Three DNA extraction methods were tested on pre-trial 
water and swab samples for optimal and consistent DNA 
yield and quality (Fig. 1C) because suboptimal lysis con-
ditions can introduce stochastic bias against gram-posi-
tive bacteria, which have a thick, difficult-to-lysis outer 
wall. Tests included (1) the Purelink Microbiome DNA 
Purification Kit (Thermofisher), which is optimized for 
microorganism lysis, (2) the DNeasy PowerWater Kit 
(Qiagen), which is optimized for the isolation of genomic 
DNA from filtered water samples, and (3) phenol–chlo-
roform extraction, which has been shown to produce 
high DNA yield from environmental samples [32]. The 
PowerWater kit produced inconsistent yields (results not 
shown), whereas the Phenol–Chloroform approach pro-
duced higher DNA yield but was contaminated by phe-
nol carry-over, resulting in low DNA purity. The Purelink 
Microbiome kit consistently produced the highest quality 
and yield and was subsequently used for the study. Before 
extraction, frozen filters were crushed in a 2 ml Eppen-
dorf tube with sterile 1000  ml pipette tips, increasing 
exposure to the lysis buffer. Bead-beating was performed 
in a TissueLyser set to full speed for 10 min per the man-
ufacturer’s instructions.

Sequencing
Short amplicon
The performance of four amplicon-based 16S-target-
ing approaches was compared regarding amplification, 
read quality, and taxonomic and biological conclusions 
(Fig.  1D). Three amplicons designed for short-read Illu-
mina sequencing included 16S variable regions V4 (prim-
ers 515F + 806R, hereafter referenced as "Earth"; [33]), 
V3-4 (primers 341F + 805R, hereafter referenced as 
"Miseq"; [34], and V1-3 (primers 27F [35] + 534R [36]; 
hereafter referenced as "27F_534R"; Table 1). One ampli-
con designed for long-read PacBio sequencing with the 
Shoreline StrainID kit included 16S, ITS, and 600  bp 
of the 23S gene [37]; Table  1). The Shoreline Complete 
StrainID kit uses a patented StrainID primer set.

Optimal amplification conditions suitable for all 
three short amplicons were determined by gradient 
PCR and reducing cycle number as much as possi-
ble. The PCR included 12.5 µl of KAPA HiFi HotStart 
Ready Mix (Roche, Switzerland), 5  µl of each primer 
(0.2  µM stock concentration), and 12.5  ng of DNA 
plus water to a total volume of 25 ul. PCR cycling 
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numbers (14, 16, 18, 20, 22, and 25) were tested at 
annealing temperatures between 54 and 58  °C for all 
three primer pairs. Based on agarose gel electropho-
resis evaluations of amplification success, the follow-
ing protocol was derived: initial denaturation at 95  °C 
for 3  min, 20 cycles (denaturation at 95  °C for 30  s, 
annealing at 55 °C for 30 s, and extension at 72 °C for 
20 s), and final elongation at 72 °C for 5 min. In addi-
tion to all samples, four positive controls (Zymobiom-
ics microbial community standard (Zymo Research)) 
were amplified with this protocol. In addition, samples 
19–21 were introduced at this step and are technical 
PCR-level replicates of sample 2 amplified with Earth 
primers. Notably, sample 19 yielded no sequencing 
data.

The preparation of 16S rRNA gene amplicons for the 
Illumina MiSeq System was designed and performed 
at the Next Generation Sequencing Platform, Uni-
versity of Bern, according to the "16S Metagenomic 
Sequencing Library Preparation" protocol (Illumina, 
art #15,044,223 Rev. B). The quantity and quality of the 
cleaned amplicons were assessed using a Thermo Fisher 
Scientific Qubit 4.0 fluorometer with the Qubit dsDNA 
HS Assay Kit (Thermo Fisher Scientific, Q32854) and 
an Agilent Fragment Analyzer (Agilent) with an HS 
NGS Fragment Kit (Agilent, DNF-474), respectively. 
Next, the index PCR step was performed as in the 
protocol except using IDT for Illumina DNA/RNA 
UD Indexes Set A (Illumina, 20,027,213), MyFi Mix 
(BIOLINE, BIO-25050) and the inclusion of a no tem-
plate control (NTC). Then the amplicon libraries were 
assessed for quantity and quality, as described above, 
using fluorometry and capillary electrophoresis. The 
remainder of the protocol was followed, except that 
the library pool was spiked with 10% PhiX Control v3 
(Illumina, FC-110-3001) to compensate for reduced 
sequence diversity. Finally, the library was sequenced 
at 2 × 300 bp using a MiSeq Reagent Kit v3, 600 cycles 
(Illumina, MS-102-3003) on the MiSeq sequenc-
ing instrument. The run was assessed using Illumina 
Sequencing Analysis Viewer 2.4.7. We used Illumina 
bcl2fastq conversion software v2.20 to demultiplex the 
library samples and convert generated base call files 
into FASTQ files. Short-read sequencing, before filter-
ing, resulted in a total of 4,808,910 (27F_534R, samples 
only), 4,816,559 (Earth, samples only), and 5,149,263 
(MiSeq, samples only) reads. Read numbers at all filter-
ing steps are available in Additional file 1.

Raw data from Illumina amplicon sequencing were 
uploaded to the SRA NBI databank. Project ID and 
accession codes are documented in the “Availability of 
data and material” section.

Long amplicon
Long amplicon PacBio sequencing was performed at 
the Next Generation Sequencing Platform, University 
of Bern. The quantity and quality of the extracted DNA 
were assessed using a Thermo Fisher Scientific Qubit 
4.0 fluorometer with the Qubit dsDNA HS Assay Kit 
(Thermo Fisher Scientific, Q32854) and an Agilent Femto 
Pulse system with an Ultra Sensitivity NGS kit (Agilent, 
FP‑1101), respectively. The DNA was then amplified 
using dual-unique barcoded primers targeting 16S-ITS-
23S, using the StrainID kit from Shoreline Biome using 
strain ID Set Z, Barcodes T1-T16 (Shoreline Biome, 
STRAIN-Z-SLB). This approach involves a single-step 
PCR, consisting of primers containing the barcode and 
target-specific primer, generating amplicons ready for 
SMRTbell template prep and subsequent sequencing 
on the PacBio Sequel System. The protocol from input 
DNA to SMRT sequencing was followed according to 
the Shoreline Wave for PacBio Technical Manual, follow-
ing all parameters for the Strain ID workflow. As well as 
the input DNA of interest, a no template control (NTC), 
and two community controls (ZymoBIOMICS Microbial 
Community DNA Standard and ZymoBIOMICS Micro-
bial Community DNA Standard II (Log Distribution) 
(Zymo Research, D6305 and D6311, respectively) were 
included. The generated library was SMRT sequenced 
using a Sequel binding plate 3.0 and a sequel sequenc-
ing plate 3.0 with a 10 h movie time on a PacBio Sequel 
system on their own SMRT cell 1 M v3. The library was 
loaded at 9  pM and generated 15  Gb and 284,296 HiFi 
reads.

Raw data from PacBio amplicon sequencing were 
uploaded to the SRA NBI databank.

Shotgun metagenomics
Illumina shotgun metagenomics sequencing was per-
formed at the Next Generation Sequencing Platform, 
University of Bern. The extracted DNA was assessed 
for quantity, purity, and length using a Thermo Fisher 
Scientific Qubit 4.0 fluorometer with the Qubit dsDNA 
HS Assay Kit (Thermo Fisher Scientific, Q32854), a 
DeNovix DS-11 FX spectrophotometer, and an Agilent 
FEMTO Pulse System with a Genomic DNA 165 kb Kit 
(Agilent, FP-1002-0275), respectively. Sequencing librar-
ies were made using an Illumina DNA Prep Library Kit 
(Illumina, 20,018,705) in combination with IDT for Illu-
mina DNA/RNA UD Indexes Set B, Tagmentation (Illu-
mina, 20,027,214) according to the Illumina DNA Prep 
Reference Guide (Illumina, 10,000,000,254 16v09). Six 
PCR cycles were employed to amplify 30  ng of tage-
mented DNA. Pooled DNA libraries were sequenced 
paired-end on a NovaSeq 6000 SP Reagent Kit v1.5 (300 
cycles; Illumina, 20,028,400) on an Illumina NovaSeq 



Page 7 of 21Rieder et al. Environmental Microbiome            (2023) 18:8 	

6000 instrument. The run produced, on average, 159 
million reads/sample. The quality of the sequencing run 
was assessed using Illumina Sequencing Analysis Viewer 
(Illumina version 2.4.7) and all base call files were demul-
tiplexed and converted into FASTQ files using Illumina 
bcl2fastq conversion software v2.20.

Raw data from Illumina shotgun metagenomics 
sequencing were uploaded to the SRA NBI databank.

Read processing
Short amplicon
Illumina short-reads were processed with the DADA2 v. 
1.14.1 (Divisive Amplicon Denoising Algorithm  2) [38] 
pipeline. The DADA2 pipeline includes the inspection 
of read quality, quality filtering and trimming of reads, 
dereplication and error rate learning, sample inference 
for the determination of true sequence variants, merg-
ing of reads, construction of sequence table, removal of 
chimeric reads, and taxonomic assignment. Each primer 
dataset (Earth, MiSeq, 27F_534R) was first run indepen-
dently through the DADA2 pipeline, then the Earth and 
MiSeq fastq files were combined into one file, which was 
processed with DADA2 (“Combined dataset”). Primers 
were removed with the DADA2 trimLeft function: trim-
Left = c(19, 20) for Earth primers, trimLeft = c(17, 21) 
for MiSeq primers, and trimLeft = c(20, 17) for primer 
pair 27F_534R. Base pairs with a quality score below 30 
at the end of the read were removed using the DADA2 
trimRight function: trimRight = c(10, 90) for Earth and 
MiSeq primers and trimRight = c(30, 100) for primer 
pair 27F_534R, based on visual inspection of the quality 
plots (Additional file 1). All other filterAndTrim param-
eters were set at the default values. The DADA2 function 
mergePairs was applied in the individual and combined 
datasets to align the denoised forward reads with the 
reverse complement of the corresponding denoised 
reverse reads, producing a merged "contig" sequence. By 
DADA2 defaults, merged sequenced are only output if 
the forward and reverse reads overlap by at least 12  bp 
and are identical in the overlapped region. Unfortunately, 
for primer pair 27F_534R, after the removal of bp with 
a quality score less than 30 merging the noised forward 
reads and the reverse complement of the corresponding 
denoised reverse read was not possible as too many base-
pairs were removed. For the remove bimera denova step, 
the minfoldParentOverAbundance parameter was set to 
5 for individual datasets and 8 for the combined data-
set. The naïve Bayesian classifier method was used for all 
datasets, with the default minboot = 50 (bootstrap confi-
dence values: Additional file 2).

After DADA2 filtering, the datasets retained the fol-
lowing amount of reads 3,195,326 (66.4% average) for 
the 27F_534R dataset, 4,044,627 (average 83.8%) for the 

Earth dataset, 4,212,750 (81.7%) for the MiSeq dataset, 
and 8,344,294 (81.5%) (per primer: Earth: 4,128,007 and 
MiSeq: 4,216,287) for the Combined dataset (Additional 
file 1). Reads from the technical samples (20 and 21) and 
mock communities were removed from the total amount 
of reads reported above.

Individual datasets were used to quantify individual 
primer pair read quality, while the Combined dataset was 
used to quantify alpha and beta diversity, technical repli-
cation reproducibility, MDS analysis, and enriched ASVs. 
Sequencing quality was analyzed using the percentage 
of reads with a Phred score equal to or larger than 30 
for each sample type and primer. Microbial taxonomic 
alpha-diversity (intra-sample) was calculated using Rich-
ness and Shannon indices as implemented in the R pack-
age phylsoseq [39]. Species beta-diversity (inter-sample) 
was estimated using the Bray–Curtis dissimilarity met-
ric, while the dissimilarity between groups was visually 
assessed with multidimensional scaling (MDS) plots.

Long amplicon
PacBio Shoreline long reads were demultiplexed without 
primer trimming, palindromes were removed, and reads 
with lengths smaller than 200 base pairs were filtered out 
using the SBAnalyzer software (Shoreline Biome).

Shotgun metagenomics
Illumina shotgun metagenomics reads were high quality, 
requiring no filtering.

Taxonomic assignment
Short amplicon
Short-read data was assigned to taxonomic units with 
the SILVA v.138 gene reference database. After DADA2 
processing, the Earth dataset contained 10,941 ASVs, 
with 196 ASVs assigned to the mock community sample 
and 3 ASVs assigned to both the mock community and 
samples. Of the 10,742 ASVs found within the samples, 
10,501 were assigned to Bacteria, 14 to Archaea, 57 to 
Eukaryota, and 170 could not be assigned. For the MiSeq 
dataset, 6102 ASVs remained, with 20 ASVs assigned 
to the mock community and 2 ASVs assigned to both 
the mock community and samples. Of the 6080 ASVs 
found within samples, 6095 were assigned Bacteria, 2 to 
Archaea, 2 to Eukaryota, and 3 could not be assigned. 
For the combined dataset, 18,072 ASVs remained, with 
236 ASVs assigned to the mock community and 3 ASVs 
assigned to both the mock community sample and sam-
ples. Of the 17,833 ASVs found within the sample, 17,822 
were assigned to Bacteria, 16 to Archaea, 61 to Eukary-
ota, and 173 could not be assigned (Additional file 2).
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Sample data were managed using the R package phy-
loseq (v1.30.0) (McMurdie and Holmes, 2013), and plots 
were generated using the R package ggplot2 (v.2.2.1) [40].

Long amplicon
Long read data were taxonomically assigned with the 
Athena database v2.2, resulting in 99.3% of reads suc-
cessfully classified (196,749 reads). An abundance table, a 
taxonomic classification list for each species, and a list of 
samples assigned to each read were created (Additional 
file 3). The initial goal was to compare output after run-
ning short- and long-reads through the DADA2 pipeline. 
However, the low read depths of the samples due to the 
mock community sample vastly outnumbering the sam-
ples during sequencing made this approach no longer 
possible. Therefore, the abundance table was analyzed 
manually for the spatial distribution of species.

Shotgun metagenomics
The raw reads of the metagenomics samples were classi-
fied according to their taxonomy using kraken2 [41]. This 
software classifies reads according to their best match-
ing location in the taxonomic tree. Bracken was used 
to estimate the species abundance [42], using the tax-
onomy labels assigned by kraken2 to estimate the num-
ber of reads originating from each species present in the 
sample.

Data analysis
Short amplicon
Read quality was assessed based on the percentage of 
reads with a Phred score greater than 30 for each primer.

Microbial taxonomic alpha-diversity (intra-sample) 
was evaluated with the Richness and Shannon indices 
implemented in the microbiome R package [43]. Spe-
cies beta-diversity (inter-sample) was estimated with 
Bray–Curtis distances, using the ordinate function in the 
phyloseq package, to understand similarities and differ-
ences in community composition independent of primer 
choice, within-farm compartments, farm identity, and 
time point in the production cycle. The dissimilarity 
between samples was assessed by multidimensional scal-
ing (MDS).

Community composition was analyzed between prim-
ers, replicates, sample types, and farms by comparing 
the relative abundance of the top 9 phyla, all other phyla 
(Other), and not assigned (NA).

ASV enrichments were analyzed with a PERMANOVA 
non-parametric multivariate test using the adonis func-
tion in the R package vegan (v.2.5.7) [44] to deter-
mine which ASVs were significantly enriched between 
tank samples of farm A and between farms. The top 20 
enriched ASVs coefficients were plotted.

All analyses were completed in RStudio 1.4.1717 [45].

Long amplicon
The ten most abundant species were identified for each 
sample type per farm based on the total number of reads 
after both replicate reads were summed together. Abun-
dance was compiled and plotted for these species to 
understand spatial and abundance distribution across 
sample types and farms. Markedly, some replicates 
have less than ten dots because the top species was only 
detected in one replicate.

Shotgun metagenomics
Phyla with at least 0.5% or more of the total reads were 
retained to analyze the overall community composition. 
A Sankey plot using the R network3D v.0.4 package [46] 
was plotted to compare the community composition 
across the domains. In addition, relative abundance bar 
graphs were plotted to quantify community composition 
variance at the replicate, sample type, and within-farm 
compartments.

All figures were prepared for publication using Adobe 
Illustrator 2021.

Results
We used a tiered sequencing approach to analyze RAS 
microbial communities. Therefore, the results obtained 
from each sequencing dataset cannot be compared 
directly but complimentarily. Combining the datasets 
offers a more profound knowledge of the RAS than any 
one sequence approach could accomplish.

Short amplicon
Read quality
The overall read quality was satisfactory, with Earth, 
MiSeq, and 27F_534R primers producing Phred scores 
≥ 30 for 89.3%, 86.6%, and 78.5% of reads, respectively 
(Fig. 2A). However, the lower read quality and the longer 
amplicon length of primer pair 27F_534R led to diffi-
culties merging the forward and reverse reads using the 
merge function. Therefore, we decided to remove this 
primer from downstream analyses as it could not be pro-
cessed in the same fashion as the other two primers.

Taxonomic assignment
Regarding taxonomic assignment, Earth and MiSeq 
amplicons performed similarly at a higher-level classifi-
cation (e.g., phylum, order) but diverged at a lower-level 
classification (e.g., ASV). The Earth dataset identified 
37 phyla, whereas the MiSeq dataset identified 34 phyla. 
However, the MiSeq dataset assigned 99 more genera 
at the genus level than the Earth dataset (470 vs. 371, 
respectively) (Additional file  2). Although the MiSeq 
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primers could identify more taxa, Earth primers resulted 
in higher alpha diversity, both for richness (Earth: ranged: 
1070–2240 compared to MiSeq: ranged 441–1962) and 
Shannon diversity (Earth: ranged: 6.12–7.32 compared 
to MiSeq: ranged 3.83–6.18) (Fig. 2C; Additional file 3). 
Within farm A, alpha richness was highest in biofilter 
water (Earth average: 2166 and MiSeq average: 1504), 
followed by tank water (Earth average: 1934 and MiSeq 
average: 1477) and tank biofilm, which was influenced 
by the age of the biofilm (Earth average: young 1135 vs. 
mature 1497 and MiSeq average: young 465 vs. mature 
829). Within farm B, the tank biofilm average richness 
was similar between the two tanks (Earth: tank1 1793 
vs. tank2 1805, MiSeq: tank1 1665 vs. tank2 1815). The 
Shannon diversity between sample types within farm 
A mirrored the pattern of richness, with biofilter water 
having the highest average diversity (Earth: 7.28, MiSeq: 

5.88), followed by tank water (Earth: 7.07, MiSeq: 5.42), 
and the different aged biofilm samples (Earth: young 
6.21 vs. mature 6.72, MiSeq: young 3.98 vs. mature 4.83). 
Farm B’s tank biofilm samples had similar average Shan-
non diversity values (Earth: tank1 6.91 vs. tank2 7.10, 
MiSeq: tank1 5.59 vs. tank2 6.08) (Additional file 3).

Community patterns
Amplicon choice did not affect the composition of the 
microbial community at higher taxonomic levels. Com-
munity composition for distinct sample types, replicates, 
and the derived spatio-temporal patterns were very 
similar between the two amplicons (Figs.  2D and 3A, 
B). Subtle biases for/against specific phyla (e.g., Chloro-
flexi, favored by Earth; Myxococcota and Plantomycetota, 
favored by MiSeq; Fig.  2D) did not affect the inferred 
overall community structure, which was virtually 
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identical for both amplicons according to MDS analyses 
(Fig. 3A and B).

As revealed by the MDS analysis, multiple factors influ-
ence the community patterns, with environmental farm 
conditions being the primary driver (Fig.  3C), followed 
by sample type (Fig.  3A and B). Sample types featured 
distinct community compositions, but the same sample 

types did not necessarily cluster together (e.g., tank and 
biofilter water vs. biofilm). For example, farm B’s tank 
biofilm was more similar to farm A’s biofilter water than 
farm A’s tank biofilm samples. Biofilm age also drove dif-
ferences between community richness and dominating 
genera (Figs. 2D and 3D), with the young vs. mature bio-
film consisting of 108 vs. 152 genera (Earth) or 126 vs. 
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190 genera (MiSeq), respectively. Upon further inspec-
tion, farm B’s tank biofilm included 288 and 356 genera, 
whereas farm A’s tank biofilm included 166 and 462 gen-
era for Earth and MiSeq, respectively (Additional file 4).

Enriched ASVs
The differential enrichment of specific ASVs further 
drove the differences between communities and ampli-
cons. Both primers agreed on differential enrichment of   
Chryseobacterium and Hydrogenophaga in Farm A tank 
water,  but they disagreed regarding  the biofilm sam-
ples,  with differential enrichment of Rhizobiaceae and 
Ideonella (MiSeq) vs. Comamonadaceae and Sphaero-
tilus (Earth) (Fig. 4). Considering the close clustering of 
these samples in morphospace (Fig. 3) these results could 
explain the taxa driving this separation. When compar-
ing biofilm from farm A and farm B, ASVs differentially 
enriched in farm A were affiliated with Rhizobiaceae 
and Ideonella (MiSeq) and Rhizobiales and Sphaero-
tilus (Earth), while ASVs affiliated with members of 
Aeromonas and Flectobacillus (MiSeq and Earth) were 
differentially enriched in farm B (Fig. 4). Notably, Earth 
and MiSeq datasets agreed about the presence of taxo-
nomic groups harboring pathogens, e.g., Chryseobac-
terium, Flavobacterium, and Aeromonas. These results 
show that at the level of ASVs, biases are introduced by 
primer choice.

Long amplicon
The low number of reads obtained from the long-read 
amplicon approach (a consequence of harsh lysis con-
ditions and over-sequencing of the mock commu-
nity standard) prohibited overall community statistics 
approaches. Nevertheless, taxonomic conclusions of bio-
logical interest could be derived from the 10,041 reads 
obtained, which resulted in the identification of 204 spe-
cies (Additional file 5).

Similar to the short-read data, species-level data 
obtained with long-reads emphasize the unique features 
of farms and, to a lesser extent, compartments (Fig.  5). 
Seventeen of the top enriched species were affiliated 
with biofilm samples. However, only five were shared 
between farms, including Sphaerotilus natans, a bacte-
rium responsible for bulking, Streptococcus thermophiles, 

a commonly used probiotic bacterium, and Nitrospira 
defluvii, a bacterium that aids nitrification. Twelve spe-
cies were exclusively detected in farm A, and four were 
specific to farm B. Within farm A, many of the species 
were detected in at least two compartments, except 
Thermomonas sp. SY21 and Haliscomenobacter hydro-
sissis that were detected in all compartments. However, 
Lysobacter tolerans and Paracoccus aminovorans were 
found explicitly in farm A’s biofilm. The two water-type 
samples (biofilter and tank) from the same circuit fea-
tured similarities and differences when inspecting the 
top enriched species, with Flavobacterium aquatile, Pro-
pionibacterium freudenreichii, and Limnohabitans sp. 
63ED37-2 detected in tank water, and Corynebacterium 
casei, C. variable, Nitrospira defluvii, and Brevibacterium 
yomogidense detected in biofilter water. Finally, in farm 
B’s biofilm, Aeromonas hydrophila, a common secondary 
invader known to cause a broad spectrum of infections, 
was also differentially enriched.

Shotgun metagenomics
The shotgun metagenomics data corroborated ampli-
con findings and extended the picture beyond prokary-
otes (75.55%) and included eukaryotes (23.97%), archaea 
(0.24%), and viruses (0.24%) (Additional file  6). Focus-
ing on phyla with at least 0.5% or more of the total 
reads, a dataset comprising 96.34% of all reads identified 
ten phyla. Three-fourths (75.26%) of these reads were 
assigned to prokaryotic phyla, indicating that competi-
tion with eukaryotic reads was not an issue (Fig.  6A). 
Shotgun sequencing agreed with the patterns detected 
by amplicon sequencing. The top phyla were Proteo-
bacteria (54.72% of total reads), Actinobacteria (9.47% 
of total reads), and Bacteroidetes (8.05% of total reads) 
(Fig.  6A) for all samples (Fig.  6B). The eukaryote phyla 
comprised Arthropoda (10.29%), with fish  food and spi-
der colonies as the most likely source; Chordata (8.04%), 
with the farmed European perch (Perca flavescens) as the 
source;  and Ascomycota (sac fungi); and Streptophyta 
(green algae and plants) (Additional file 6).

Among lower abundance phyla (0.50–0.08% of reads), 
16 additional taxa, from a virus group to eukaryotic 
groups, were detected. The virus group was Uroviricota, 

(See figure on next page.)
Fig. 4  Taxonomic units unique for specific primers and/or compartmens according to 16S sequencing. Permanova coefficients indicate which ASVs 
are most characteristic for (but not necessarily most abundant in) a particular compartment. Uppercase captions indicate the lowest classified order 
(O = Order, F = Family, G = Genus). Taxonomic units containing aquaculture pathogens are marked with an asterisk. Primer pair differences (different 
emerge at the ASV level. We found that water and biofilm samples from the same farm and circuit differ in differentially enriched ASVs, which is 
vital for understanding taxa diversity and functional services within different sample types. Notably, both primers could identify pathogenic groups 
within the farms, e.g., Chryseobacterium, Flavobacterium, and Aeromonas
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a dsDNA-tailed bacteriophages virus. Four out of the 
six low-abundance  bacteria phyla were also detected in 
other platform datasets. For instance, Verrucomicro-
biota, Acidobacteriota, and Chloroflexi were detected in 
the MiSeq and PacBio datasets, and Gemmatimonadota 
was detected only in the PacBio dataset (Additional File 
6). In addition, Euryarchaeota, a methane-producing 
archaean, was detected. The eukaryotes included inverte-
brates such as Mollusca (mollusks), Echinodermata (star-
fish, sea cucumber and urchins, etc.), Cnidaria (jellyfish, 
sea anemones, etc.), Nematoda (roundworms), and Plat-
yhelminthes (flatworms). Additionally, Basidiomycota 
(fungus), Chlorophyta (green algae), and Apicomplexa 
(protozoan) were detected (Additional file 6).

As expected, pathogenic species were detected at 
even lower read abundance levels. The ten most abun-
dant  pathogenic bacteria included Flavobacterium psy-
chrophilum (0.071%), Aeromonas veronii (0.031%), A. 
hydrophila (0.029%), F. branchiophilum (0.026%), F. 
columnare (0.015%), A. caviae (0.014%), A. salmonicida 
(0.005%), Vibrio vulnificus (0.004%), V. parahaemolyticus 
(0.004%), and A. jandaei (0.003%) (Additional file 6). The 

PacBio data for farm A’s tank water samples also identi-
fied A. hydrophila, A. salmonicida, and A. veronii.

Discussion
Microbial communities are the drivers and determinants 
of a successful RAS, but their composition, interactions, 
and spatio-temporal dynamics are often unknown. Tar-
geted research in RAS is required to shed light on how 
these communities form, interact and provide services. 
On the one hand, such knowledge will lead to better 
management, innovative RAS design, and procedures 
to manipulate communities. On the other hand, such 
research will extend our understanding of the rules gov-
erning community ecology and evolution beyond con-
trolled lab systems. In this paper, we compare the distinct 
layers and types of information obtained by distinct 
methodological approaches from short-read to shotgun 
metagenomics. We demonstrate that each method can 
present a cost-effective technique to monitor particular 
aspects of microbial communities within RAS.
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Primers, pipelines, and platforms
Variations in protocols concerning primers and amplifi-
cation, sequencing platforms, quality filtering, and clus-
tering parameters affect conclusions in microbial ecology. 
For example, primer bias will occur in any study that 
includes an amplification step. Understanding how these 
biases affect biological conclusions is essential, especially 
in a dynamic field such as aquaculture, where no con-
sensus has been reached concerning methods. However, 
aquaculture microbiome research widely employs 16S 
rRNA sequencing as a cost-effective method for survey-
ing microbial communities [1, 7, 10, 47, 48]. Primer selec-
tion for short-read sequencing is potentially the most 
influential step during aquaculture microbial community 
analysis, as primers directly select for or against specific 
groups based on the targeted 16S v-region [23, 27, 29, 49, 
50].

In our study, primer pair 27F_534R underperformed, 
an unexpected result as this primer pair was success-
fully used with active sludge collected from a wastewater 
treatment plant [23]. We attribute this to our approach 
of co-sequencing all amplicons. Shorter fragments 
sequence more efficiently, and 27F_534R amplicons were 
likely out-competed by the shorter MiSeq and Earth 

amplicons [51]. This would explain the decrease in both 
read numbers and read quality with increasing amplicon 
size (Earth > MiSeq > 27F_534R; Fig.  2A). Therefore, the 
27F_534R amplicon, which in theory would offer higher 
taxonomic resolution due to its increased length [9, 
52], could still be adequate for future RAS samples, but 
should not be combined with shorter fragments during 
sequencing.

Minor differences in ASV richness between Earth and 
MiSeq primers did not impact the spatio-temporal pat-
terns and biological conclusion, even though primer 
bias was detectable at higher taxonomic resolution 
(Fig. 4). This implies that community studies can poten-
tially  be compared at higher taxonomic levels even 
when different 16S rRNA primers were used. However, 
the significance of biases at high taxonomic resolution 
is somewhat uncertain, particularly since previous find-
ings with the same primers differ at the family level. For 
example, Earth primers have been reported to under-
estimate the abundance of Chloroflexi and Actinobacte-
ria in active sludge [23], while in our study, Chloroflexi 
appeared to be overrepresented with the Earth primers, 
while Actinobacteria was similarly represented by both 
primers (Fig. 2D).
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In summary,  our results suggest that short-read 
sequencing is adequate for exploring the spatio-temporal 
dynamics and community composition at higher taxo-
nomic levels. Because of its low cost, ease of implemen-
tation and the availability of well-validated pipelines, 16S 
rRNA sequencing remains a powerful approach. It has 
the potential as a monitoring tool in larger-scale RAS 
farms that incorporate research and design projects into 
their annual budgets.

Long-read sequencing approaches are recommended 
to improve taxonomic resolution [53–56] and are desir-
able in a context where species-specific pathogen identi-
fication is relevant. A current drawback is that long-read 
methods require a large amount of high-quality starting 
material, thus making them unsuitable for environmen-
tal studies that often have low DNA yield [57] and high 
levels of amplification inhibitors. Also, including a mock 
community, as recommended for normalization [25], 
can compromise sequencing depth. The methodologi-
cal requirements associated with environmental samples 
containing gram-positive bacteria, i.e., harsh lysis con-
ditions, compromised our long-read approach that was 
further impaired when paired with high-quality com-
munity standards during sequencing. When aiming for 
high-quality long DNA fragments for long-read sequenc-
ing, lysis methods and the inclusion  of mock standards 
require thorough  optimization. We conclude that the 
taxonomic resolution of the PacBio approach is beneficial 
in exploring functional services and species identifica-
tion, especially pathogenic ones. However, the approach 
might not be optimal for a large-scale spatio-temporal 
study that requires quantitative results and may suffer 
from challenges in DNA quantity or quality.

In contrast to the aforementioned short- and long-read 
approaches, amplification-free shotgun metagenomics 
are not impeded by primer bias. In addition, genome-
wide information, read count and genome size can be 
used to calculate biogenomic mass—a proxy for biomass 
[58]. Species-independent functional profiling based 
on the presence or absence of genes is another benefit 
of metagenome data. Finally, shotgun metagenomics 
sequences all genetic information rather than just one 
taxon. RAS microbial ecosystems also harbor archaea 
[18], fungi [59, 60], and viruses [61], which all interact, 
compete for resources, and aid or deleteriously impact 
the system. Therefore, shotgun metagenomics represents 
the most thorough approach for characterizing RAS 
microbial communities.

In our study, most reads obtained by shotgun metagen-
omics were of microbial identity, but additional rel-
evant taxa (especially viruses, archaea, and fungi) were 
detected (Additional file  6), confirming the effective-
ness of the approach to provide a wholistic picture. 

Importantly, the metagenomics data mirrored the ampli-
con data, confirming the validity of the three sequenc-
ing approaches to reach relevant biological conclusions 
at higher taxonomic levels. The similarity in community 
patterns also supports our previous conclusion that the 
impact of primer bias in amplicon approaches is neg-
ligible at higher taxonomic levels of analysis. Shotgun 
approaches are, therefore, highly promising and could 
be further functionalized by stepping toward an RNA-
focused metatranscriptomic approach [62, 63].

The selection of a suited bioinformatics pipeline for 
analyzing sequencing data is a critical step in microbial 
studies. Currently, six bioinformatics pipelines are com-
monly used for 16S rRNA gene amplicon data analy-
sis [64], and all have the potential to introduce bias 
through sequencing errors [65]. DADA2 is an increas-
ingly used pipeline that shows high sensitivity, can differ-
entiate sequences at single-base resolution, and clusters 
sequences into ASVs [64]. ASVs are advantageous over 
OTUs because they represent true sample sequence 
variants, unlike OTUs that are derived from traditional 
clustering, which can be prone to sequencing errors and 
biases based on the algorithm used or the fixed identity 
threshold value. A large body of literature on aquaculture 
microbiomes works with operational taxonomic units 
(OTUs). However, aquaculture studies using ASVs are on 
the rise, including studies on host-microbiome interac-
tions [66], microbial dynamics in RAS [10], and micro-
bial dysbiosis during a Tenacibaculosis outbreak [67] that 
could provide relevant data for meta-analysis studies.

Our results support several conclusions on method 
choice with transfer potential to other studies. First, 
primer bias does not compromise higher-level spatio-
temporal conclusions of 16S approaches as long as a 
sufficient number of high-quality reads are obtained. 
Importantly, relative differences in community compo-
sition between data obtained with different primers can 
safely be compared, whereas we recommend avoiding 
comparing absolute statistics of microbial communi-
ties analyzed with different primers or lower taxonomic 
levels. Second, the requirements and challenges of long-
read approaches complicate quantitative spatio-temporal 
community analyses but have value in species-level iden-
tification. Lastly, our results agree with other studies on 
the benefits of hybrid sequencing approaches [68–71]. 
The combination of three different sequencing methods 
yielded an in-depth overview of spatio-temporal dynam-
ics and species-level information that would otherwise 
have been difficult to obtain.

Community composition
Combining three different sequencing approaches allows 
for an in-depth assessment of microbial communities, 
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including potential functional aspects. The dominating 
phyla in both the short-read amplicon (Fig. 2D) and the 
shotgun approach (Fig.  6) were Bacteroidetes and Pro-
teobacteria, which agrees with previous short-read RAS 
studies (marine RAS: [7, 10, 12, 72]; freshwater RAS: 
[47]). Bacteroidetes contain species that are specialized 
in the degradation of complex polymers and the cycling 
of carbon and protein-rich substance [73, 74] and tend to 
be attached to particles or surfaces [7]. For example, Fla-
vobacteria, a class in Bacteroidetes, were recently discov-
ered to play a major role in nitrous oxidation–reduction, 
the final step of denitrification [75]. Proteobacteria are 
a diverse phylum containing nitrifying and denitrifying 
genera [18], which play a major role in nutrient recycling 
and remineralization of organic matter [76–78], essential 
steps for the operation of RAS.

A key finding of this study is the strong impact of the 
sample site and sample type on results and conclusions, 
as seen across the different datasets. Differences between 
biofilm and water samples have been reported before, 
e.g., for a sole RAS [10], a flow-through lumpfish farm 
[8], and an Atlantic salmon RAS [6], albeit only at higher 
taxonomic resolution. We show that overall community 
composition and species presence/absence differ not only 
between biofilm and water, but also between different 
compartments of the  same circuit and between  biofilm 
successional stages. Within the MiSeq data, differentially 
enriched ASVs were detected between the tank water 
and biofilm. The tank water differentially enriched ASVs 
belong to the genera Chryseobacterium, Flavobacterium, 
and Hydrogenophaga. Chryseobacterium [79] and Fla-
vobacterium [81, 82] include opportunistic pathogens 
that impact fish health, resulting in devastating losses 
in wild and farmed fish stock worldwide. Furthermore, 
Chryseobacterium species are suspected of playing a 
role in spoilage [82] and being multidrug-resistant [83], 
which is a danger to both animals and humans. Differ-
entially enriched ASVs in tank biofilm were Rhizobiales, 
Ideonella, Comamonada, and Sphaerotilus, which are 
involved in nutrient recycling processes or water qual-
ity. Notably is Ideonella, a small genus group composed 
of four species, with one species, Ideonella sakaien-
sis, capable of degrading PET, a polymer widely used in 
food containers, bottles, and synthetic fibers [84]. Since 
plastics are used in RAS for biofilter media (e.g., biofil-
ter carriers), the presence of a potentially plastic-degrad-
ing species has implications for replacement and repair 
costs. The PacBio data showed that certain species were 
compartment-specific. For example, Lysobacter toler-
ans only occurred in the tank biofilm samples. They are 
capable of producing peptides that can damage the cell 
walls or membranes of other microbes and are regarded 

as an untapped source for producing novel antibiotics 
[85]. Species only found in the tank water included Fla-
vobacterium aquatile, a species typically found in waters 
containing a high percentage of calcium carbonate—a 
characteristic of many Swiss waterways [86]—and Pro-
pionibacterium freudenreichii, an essential bacteria in 
the production of Emmental cheese, a Swiss cheese [87]. 
This type of information is essential for managers when 
choosing the type of sample to take for monitoring and 
diagnostic purposes and at the same time is promising 
regarding the use of RAS as models for spatiotemporal 
community dynamics.

Another key result is the major impact of community 
maturation state on biofilm community results. The bio-
film succession process entails a non-random process 
controlled by attachment events, movement, and cel-
lular interactions that induce the non-random spatial 
organization of biofilms [88]. As biofilms develop, they 
increase in volume and surface area, creating gradients 
of conditions that open niches, e.g., for anaerobic species 
[89]. This additional habitat  complexity increases spe-
cies richness and functional services, such as degrading 
organic compounds, cycling of nutrients, or preventing 
the establishment of pathogenic species through niche 
exclusion. At the same time, biofilms may act as a patho-
gen haven and/or reservoir [90]. For example, Aeromonas 
hydrophila (found in farm B, Additional files 5 and 6) 
can form thick layers that allow them to evade disinfec-
tion or antibiotic treatments [82, 91] while enabling the 
spread of antimicrobial resistance genes [92]—an area we 
are excited to explore with future shotgun metagenomics 
data.

In aquaculture management, biofilms are regularly 
removed during cleaning procedures, leaving them in a 
continuous state of recolonization. The impact of the 
removal and the resulting successional processes on eco-
logical functions and animal health in RAS is unknown, 
but frequent disruption may potentially open up niches 
to pathogenic species while preventing the establishment 
of beneficial slow colonizers. A study by Rampadarath 
et al. [93] showed that within the first 24 h of biofilm for-
mation, Proteobacteria microbials were the most domi-
nant, followed by Firmicutes, Bacteroidetes, Chloroflexi, 
Actinobacteria, and Verrucomicrobia. Some of the most 
prominent bacterial fish pathogens are distributed across 
the phyla Proteobacteria and Bacteroidetes, which are 
early colonizers. In our data, we find the beneficial Nitro-
spira defluvii only in mature samples (farm A: biofilter 
water and farm B: tank biofilm), suggesting that these 
species are late colonizers and that frequent biofilm 
removal could prevent their establishment and negatively 
impact denitrification.
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We look forward to further disentangling the impact of 
frequent disruption and recolonization processes on bio-
film communities and identifying factors promoting the 
establishment of healthy communities after a disruption. 
Identifying key steps towards colonization with beneficial 
communities could reduce start-up and operation costs 
[1], prevent the establishment of pathogens [94], and lead 
to healthier stock [95].

Finally, community patterns between farms are sug-
gestive of an "island-biogeography" effect, where distinct 
communities develop in largely isolated habitats. Other 
aquaculture facilities studies have reported such effects 
[1, 96]. The long-read data clearly distinguishes farm 
communities (Fig.  5), with Haliscomenobacter hydrossis 
(i.e., causes bulking) [97] and Streptococcus thermophiles 
only being present in farm A. Furthermore, the between-
farm biofilm communities only had three species in com-
mon: Sphaerotilus natans, another bulking species [98], 
Streptococcus thermophilus, and Flavobacterium terri-
gena. In the present case, the conclusion is that farm con-
ditions such as design, management styles, source water, 
environmental parameters (e.g., temperature, salinity 
[99], pH) in addition to farmed species, fish feed, and 
nutrient concentrations [10, 103], combined with sto-
chastic assembly processes of dispersal and colonization 
[100], supersede the continued exchange of microbial 
communities through the regular delivery of juveniles 
from farm A to farm B.

Disease and health
Understanding the potential pathogenic risks within a 
RAS is vital from the perspective of economic success but 
also to preserve animal health and wellbeing. The emer-
gence and spread of pathogens accompany the current 
growth and rapid progress of aquaculture. Aquaculture 
disease outbreaks can be catastrophic to the industry, 
causing an estimated worldwide loss of more than US$6.0 
billion per annum [101].

The shotgun metagenomics approach detected vari-
ous pathogenic species in farm A that pose a risk to fish 
health and can ultimately result in disease outbreaks 
(Additional files 5 and 6). Flavobacterium psychrophilum 
(0.09% of total reads), the causative agent for bacterial 
coldwater disease, and Aeromonas veronii (0.04% of total 
reads), causing freshwater fish sepsis and ulcer syndrome, 
were the most abundant pathogens detected. Interest-
ingly, these species are not typically associated with 
perch but with freshwater salmonid fish, such as rainbow 
trout (Oncorhynchus mykiss). However, a potential risk in 
animal farming is the emergence of spillovers and strains 
with altered host specificities. In addition, ubiquitous 

pathogens known to infect a wide range of freshwater 
fish, including perch, were detected across both systems 
at lower abundances and predominantly in tank water, 
including Flavobacterium branchiophilum, the causative 
agent of bacterial gill disease; Aeromonas hydrophila, the 
causative agent of motile aeromonas septicaemia; and 
Flavobacterium columnare, the causative agent of colum-
naris disease.

The development of nonpharmaceutical controls for 
pathogens in animal farming is vital for animal and pub-
lic health. Antibiotic resistance poses one of the greatest 
human health and sustainability challenges of the 21st 
century [102]. Antibiotics have fostered the emergence 
of resistance genes and the promotion of horizontal gene 
transfer and mutagenesis in aquatic bacteria [103]. One 
proposed alternative method is bacteriophage therapy, 
which uses naturally-occurring bacteriophages to tar-
get specific bacteria species or strains of bacteria, such 
as Ackermannviridiae sp. or Myoviridae sp. Both phage 
groups were present in the studied farms (Additional 
file 6). However, phage therapy is still in its infancy, with 
only a handful of successful phage therapies for the 150 
different bacterial pathogens of farmed and wild fish (e.g., 
A. hydrophila in loaches, F. columnare in catfish, and F. 
psychrophilum in rainbow trout) [104]. Our results show 
the potential of shotgun genomics to support the devel-
opment of additional innovative phage therapies or other 
pathway-based disruptive measures.

Conclusion
Our results show that microbial communities in RAS are 
highly dynamic and site-specific despite the permanent 
circulation of water throughout the system. Additionally, 
management routines create a state of continuous suc-
cession and recolonization, especially for  biofilm com-
munities. Finally, commonly used 16S primers can detect 
spatio-temporal development and dynamics across RAS 
compartments, sample types, and farms, but cannot pro-
vide the resolution required for species or strain identi-
fication, which is critical knowledge for RAS managers.

The results presented here contribute to quantify-
ing the microbial community and dynamic and complex 
interactions in RAS. Further research of microbial com-
munities in aquaculture is necessary to harvest the full 
power of these micro-  —but mighty—organisms dur-
ing farm management (e.g., during biofilter start-up or 
disease prevention), to extract basic biological princi-
ples (e.g., the link between environmental stressors and 
microbiome dysbiosis), and to clarify medically relevant 
interactions (e.g., between host-microbiome-environ-
ment interaction and disease development).



Page 18 of 21Rieder et al. Environmental Microbiome            (2023) 18:8 

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40793-​023-​00459-z.

Additional file 1. Information regarding samples, primers used for ampli‑
fication, and reads per samples.

Additional file 2. Information regarding ASVs for each dataset and the 
assigned taxa.

Additional file 3. Information regarding the alpha values for each dataset.

Additional file 4. Information regarding taxa identified during the differ‑
ent maturation stages of biofilm.

Additional file 5. Information regarding taxa identified with the PacBio 
sequencing data.

Additional file 6. Information regarding taxa identified with the Illumina 
shotgun metagenomics data.

Acknowledgements
We want to acknowledge and express our gratitude towards the following 
people and institutions: Pamela Nicholson and the team of the University of 
Bern NGS Platform for library prep and sequencing, the SIB group of Remy 
Bruggmann for hosting the IBU cluster and providing access to sequencing 
analysis tools, participating farms for help with sample and data collection and 
feedback on the manuscript, Loïc Marrec for participation in funding acquisi‑
tion, and James Ord and Heike Schmidt-Posthaus for valuable feedback on the 
manuscript.

Author contributions
All authors conceived and designed the analysis, CB and IAK acquired funding 
with the help of JR and AK, JR collected the data, JR and AK performed the 
data analysis, all authors performed data interpretation, JR wrote the manu‑
script draft, and all authors edited and reviewed the manuscript.

Funding
Swiss National Science Foundation (SNSF) Grant No.: #315230_204838/1 
awarded to IAK and CB.

Availability of data and materials
The datasets supporting the conclusions of this article are available in 
the SRA NBI databank: Illumina short-amplicon: project ID: PRJNA757614; 
accession codes between SRR18029926–SRR18029932 and SRR18029942–
SRR18029955). PacBio long-amplicon: project ID: PRJNA757614; accession 
codes between SRR18029933-SRR18029941; and Illumina Metagenomics: pro‑
ject ID: PRJNA757614; accession codes between SRR20005812–SRR20005817.

Code availability
Code used to analyze data is available at 10.5281/zenodo.7553703. The abun‑
dance table output of the Shoreline PacBio sequencing is included within the 
article and its supplemental files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Infectious Diseases and Pathobiology, Vetsuisse Faculty, 
Institute for Fish and Wildlife Health, University of Bern, Länggasstrasse 122, 
3001 Bern, Switzerland. 2 Division of Theoretical Ecology and Evolution, Insti‑
tute of Ecology and Evolution, University of Bern, Baltzerstrasse 6, 3012 Bern, 

Switzerland. 3 Swiss Institute of Bioinformatics, Quartier Sorge - Batiment 
Amphipole, 1015 Lausanne, Switzerland. 

Received: 1 July 2022   Accepted: 2 January 2023

References
	 1.	 Bartelme RP, Smith MC, Sepulveda-Villet OJ, Newton RJ. Component 

microenvironments and system biogeography structure microorgan‑
ism distributions in recirculating aquaculture and aquaponic systems. 
MSphere. 2019. https://​doi.​org/​10.​1128/​msphe​re.​00143-​19.

	 2.	 Dalsgaard J, Lund I, Thorarinsdottir R, Drengstig A, Arvonen K, Pedersen 
PB. Farming different species in RAS in Nordic countries: current status 
and future perspectives. Aquac Eng. 2013;53:2–13. https://​doi.​org/​10.​
1016/j.​aquae​ng.​2012.​11.​008.

	 3.	 Martins CIM, Eding EH, Verdegem MCJ, Heinsbroek LTN, Schneider O, 
Blancheton JP, d’Orbcastel ER, Verreth JAJ. New developments in recir‑
culating aquaculture systems in Europe: a perspective on environmen‑
tal sustainability. Aquac Eng. 2010;43:83–93. https://​doi.​org/​10.​1016/j.​
aquae​ng.​2010.​09.​002.

	 4.	 Boutin S, Bernatchez L, Audet C, N. Derôme, network analysis highlights 
complex interactions between pathogen, host and commensal micro‑
biota. PLoS ONE. 2013;8:e84772. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00847​72.

	 5.	 Rurangwa E, Verdegem MCJ. Microorganisms in recirculating aqua‑
culture systems and their management. Rev Aquac. 2015;7:117–30. 
https://​doi.​org/​10.​1111/​raq.​12057.

	 6.	 Bakke I, Åm AL, Kolarevic J, Ytrestøyl T, Vadstein O, Attramadal KJK, 
Terjesen BF. Microbial community dynamics in semi-commercial RAS 
for production of Atlantic salmon post-smolts at different salinities. 
Aquac Eng. 2017;78:42–9. https://​doi.​org/​10.​1016/j.​aquae​ng.​2016.​10.​
002.

	 7.	 Rud I, Kolarevic J, Holan AB, Berget I, Calabrese S, Terjesen BF. Deep-
sequencing of the bacterial microbiota in commercial-scale recir‑
culating and semi-closed aquaculture systems for Atlantic salmon 
post-smolt production. Aquac Eng. 2017;78:50–62. https://​doi.​org/​10.​
1016/j.​aquae​ng.​2016.​10.​003.

	 8.	 Roalkvam I, Drønen K, Dahle H, Wergeland HI. Microbial communities 
in a flow-through fish farm for lumpfish (Cyclopterus lumpus L.) during 
healthy rearing conditions. Front Microbiol. 2019. https://​doi.​org/​10.​
3389/​fmicb.​2019.​01594.

	 9.	 Gołębiewski M, Tretyn A. Generating amplicon reads for microbial com‑
munity assessment with next-generation sequencing. J Appl Microbiol. 
2020;128:330–54. https://​doi.​org/​10.​1111/​jam.​14380.

	 10.	 Almeida DB, Magalhães C, Sousa Z, Borges MT, Silva E, Blanquet I, 
Mucha AP. Microbial community dynamics in a hatchery recirculating 
aquaculture system (RAS) of sole (Solea senegalensis). Aquac. 2021. 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2021.​736592.

	 11.	 Infante-Villamil S, Huerlimann R, Jerry DR. Microbiome diversity and 
dysbiosis in aquaculture. Rev Aquac. 2021;13:1077–96. https://​doi.​org/​
10.​1111/​raq.​12513.

	 12.	 Ma Y, Du X, Liu Y, Zhang T, Wang Y, Zhang S. Characterization of the 
bacterial communities associated with biofilters in two full-scale 
recirculating aquaculture systems. J Oceanol Limnol. 2021;39:1143–50. 
https://​doi.​org/​10.​1007/​s00343-​020-​0120-8.

	 13.	 Moschos S, Kormas KA, Karayanni H. Prokaryotic diversity in marine and 
freshwater recirculating aquaculture systems. Rev Aquac. 2022. https://​
doi.​org/​10.​1111/​RAQ.​12677.

	 14.	 Bagchi S, Vlaeminck SE, Sauder LA, Mosquera M, Neufeld JD, Boon N, 
Poulain A. Temporal and spatial stability of ammonia-oxidizing archaea 
and bacteria in aquarium biofilters. PLoS ONE. 2014;9:e113515. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01135​15.

	 15.	 Hüpeden J, Wegen S, Off S, Lücker S, Bedarf Y, Daims H, Kühn C, Spieck 
E. Relative abundance of Nitrotoga spp. in a biofilter of a cold-freshwa‑
ter aquaculture plant appears to be stimulated by slightly acidic pH. 
Appl Environ Microbiol. 2016;82:1838–45. https://​doi.​org/​10.​1128/​AEM.​
03163-​15.

	 16.	 FAO. The impact of disasters and crises on agriculture and food security: 
2021. 2021. https://​doi.​org/​10.​4060/​cb367​3en.

https://doi.org/10.1186/s40793-023-00459-z
https://doi.org/10.1186/s40793-023-00459-z
https://doi.org/10.1128/msphere.00143-19
https://doi.org/10.1016/j.aquaeng.2012.11.008
https://doi.org/10.1016/j.aquaeng.2012.11.008
https://doi.org/10.1016/j.aquaeng.2010.09.002
https://doi.org/10.1016/j.aquaeng.2010.09.002
https://doi.org/10.1371/journal.pone.0084772
https://doi.org/10.1371/journal.pone.0084772
https://doi.org/10.1111/raq.12057
https://doi.org/10.1016/j.aquaeng.2016.10.002
https://doi.org/10.1016/j.aquaeng.2016.10.002
https://doi.org/10.1016/j.aquaeng.2016.10.003
https://doi.org/10.1016/j.aquaeng.2016.10.003
https://doi.org/10.3389/fmicb.2019.01594
https://doi.org/10.3389/fmicb.2019.01594
https://doi.org/10.1111/jam.14380
https://doi.org/10.1016/j.aquaculture.2021.736592
https://doi.org/10.1111/raq.12513
https://doi.org/10.1111/raq.12513
https://doi.org/10.1007/s00343-020-0120-8
https://doi.org/10.1111/RAQ.12677
https://doi.org/10.1111/RAQ.12677
https://doi.org/10.1371/journal.pone.0113515
https://doi.org/10.1371/journal.pone.0113515
https://doi.org/10.1128/AEM.03163-15
https://doi.org/10.1128/AEM.03163-15
https://doi.org/10.4060/cb3673en


Page 19 of 21Rieder et al. Environmental Microbiome            (2023) 18:8 	

	 17.	 Assefa A, Abunna F. Maintenance of fish health in aquaculture: review 
of epidemiological approaches for prevention and control of infectious 
disease of fish. Vet Med Int. 2018. https://​doi.​org/​10.​1155/​2018/​54324​
97.

	 18.	 Schreier HJ, Mirzoyan N, Saito K. Microbial diversity of biological filters in 
recirculating aquaculture systems. Curr Opin Biotechnol. 2010;21:318–
25. https://​doi.​org/​10.​1016/j.​copbio.​2010.​03.​011.

	 19.	 Bentzon-Tilia M, Sonnenschein EC, Gram L. Monitoring and manag‑
ing microbes in aquaculture—Towards a sustainable industry. Microb 
Biotechnol. 2016;9:576–84. https://​doi.​org/​10.​1111/​1751-​7915.​12392.

	 20.	 Derome N, Filteau M. A continuously changing selective context on 
microbial communities associated with fish, from egg to fork. Evol Appl. 
2020;13:1298–319. https://​doi.​org/​10.​1111/​eva.​13027.

	 21.	 Yaylacı EU. Isolation and characterization of Bacillus spp. from 
aquaculture cage water and its inhibitory effect against selected 
Vibrio spp. Arch Microbiol. 2022;204:26. https://​doi.​org/​10.​1007/​
s00203-​021-​02657-0.

	 22.	 Huang Z, Wan R, Song X, Liu Y, Hallerman E, Dong D, Zhai J, Zhang H, 
Sun L. Metagenomic analysis shows diverse, distinct bacterial com‑
munities in biofilters among different marine recirculating aquacul‑
ture systems. Aquac Int. 2016;24:1393–408. https://​doi.​org/​10.​1007/​
s10499-​016-​9997-9.

	 23.	 Albertsen M, Karst SM, Ziegler AS, Kirkegaard RH, Nielsen PH. Back 
to basics—the influence of DNA extraction and primer choice on 
phylogenetic analysis of activated sludge communities. PLoS ONE. 
2015;10:31–42. https://​doi.​org/​10.​1371/​journ​al.​pone.​01327​83.

	 24.	 Park S-C, Won S. Evaluation of 16S rRNA databases for taxonomic 
assignments using a mock community. Genomics Inform. 2018;16:e24. 
https://​doi.​org/​10.​5808/​gi.​2018.​16.4.​e24.

	 25.	 Pollock J, Glendinning L, Wisedchanwet T, Watson M. The madness 
of microbiome: attempting to find consensus “best practice” for 16S 
microbiome studies. Appl Environ Microbiol. 2018. https://​doi.​org/​10.​
1128/​AEM.​02627-​17.

	 26.	 Wasimuddin K, Schlaeppi F, Ronchi SL, Leib M, Erb A. Ramette, evalu‑
ation of primer pairs for microbiome profiling from soils to humans 
within the one health framework. Mol Ecol Resour. 2020;20:1558–71. 
https://​doi.​org/​10.​1111/​1755-​0998.​13215.

	 27.	 Fadeev E, Cardozo-Mino MG, Rapp JZ, Bienhold C, Salter I, Salman-Car‑
valho V, Molari M, Tegetmeyer HE, Buttigieg PL, Boetius A. Comparison 
of two 16S rRNA primers (V3–V4 and V4–V5) for studies of arctic 
microbial communities. Front Microbiol. 2021;12:283. https://​doi.​org/​
10.​3389/​fmicb.​2021.​637526.

	 28.	 Delmont TO, Simonet P, Vogel TM. Describing microbial communi‑
ties and performing global comparisons in the omic era. ISME J. 
2012;6:1625–8. https://​doi.​org/​10.​1038/​ismej.​2012.​55.

	 29.	 Darwish N, Shao J, Schreier LL, Proszkowiec-Weglarz M. Choice of 16S 
ribosomal RNA primers affects the microbiome analysis in chicken ceca. 
Sci Rep. 2021;11:1–15. https://​doi.​org/​10.​1038/​s41598-​021-​91387-w.

	 30.	 Torma G, Tombácz D, Csabai Z, Moldován N, Mészáros I, Zádori Z, 
Boldogkői Z. Combined short and long-read sequencing reveals a com‑
plex transcriptomic architecture of African swine fever virus. Viruses. 
2021. https://​doi.​org/​10.​3390/​V1304​0579.

	 31.	 Berbers B, Saltykova A, Garcia-Graells C, Philipp P, Arella F, Marchal K, 
Winand R, Vanneste K, Roosens NHC, De Keersmaecker SCJ. Combin‑
ing short and long read sequencing to characterize antimicrobial 
resistance genes on plasmids applied to an unauthorized genetically 
modified Bacillus. Sci Reports. 2020;10:1–13. https://​doi.​org/​10.​1038/​
s41598-​020-​61158-0.

	 32.	 Deiner K, Walser JC, Mächler E, Altermatt F. Choice of capture and 
extraction methods affect detection of freshwater biodiversity from 
environmental DNA. Biol Conserv. 2015;183:53–63. https://​doi.​org/​10.​
1016/j.​biocon.​2014.​11.​018.

	 33.	 Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, 
Owens SM, Betley J, Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G, 
Knight R. Ultra-high-throughput microbial community analysis on the 
Illumina HiSeq and MiSeq platforms. ISME J. 2012;6:1621–4. https://​doi.​
org/​10.​1038/​ismej.​2012.8.

	 34.	 Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, Glöckner 
FO. Evaluation of general 16S ribosomal RNA gene PCR primers for clas‑
sical and next-generation sequencing-based diversity studies. Nucleic 
Acids Res. 2013;41:e1–e1. https://​doi.​org/​10.​1093/​nar/​gks808.

	 35.	 Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S ribosomal DNA 
amplification for phylogenetic study. J Bacteriol. 1991;173:697–703. 
https://​doi.​org/​10.​1128/​jb.​173.2.​697-​703.​1991.

	 36.	 Muyzer SHAT, Wawer GC, Muyzer G, Hottentrager S, Teske A, Wawer C. 
Denaturing gradient gel electrophoresis of {PCR}-amplified 16S {rDNA}: 
a new approach to analyze the genetic diversity of mixed. In: Molecular 
microbial ecology manual. Dordrecht: Kluwer Academic Publishing; 
1996. p. 1–23.

	 37.	 Graf J, Ledala N, Caimano MJ, Jackson E, Gratalo D, Fasulo D, Driscoll MD, 
Coleman S, Matson AP. High-resolution differentiation of enteric bacte‑
ria in premature infant fecal microbiomes using a novel rRNA amplicon. 
MBio. 2021;12:1–18. https://​doi.​org/​10.​1128/​mBio.​03656-​20.

	 38.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: High-resolution sample inference from Illumina amplicon data. 
Nat Methods. 2016;13:581–3. https://​doi.​org/​10.​1038/​nmeth.​3869.

	 39.	 McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS ONE. 
2013;8:e61217. https://​doi.​org/​10.​1371/​journ​al.​pone.​00612​17.

	 40.	 Valero-Mora PM. ggplot2: elegant graphics for data analysis. J Stat 
Softw. 2010. https://​doi.​org/​10.​18637/​jss.​v035.​b01.

	 41.	 Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence clas‑
sification using exact alignments. Genome Biol. 2014. https://​doi.​org/​
10.​1186/​GB-​2014-​15-3-​R46.

	 42.	 Lu J, Breitwieser FP, Thielen P, Salzberg SL. Bracken: estimating species 
abundance in metagenomics data. PeerJ Comput Sci. 2017;2017:e104. 
https://​doi.​org/​10.​7717/​PEERJ-​CS.​104/​SUPP-5.

	 43.	 Lahti L, Sudarshan S. Tools for microbiom analysis in R. 2012. https://​doi.​
org/​10.​18129/​B9.​bioc.​micro​biome.

	 44.	 Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, Mcglinn D, 
Minchin PR, O’hara RB, Simpson GL, Solymos P, Henry M, Stevens H, 
Szoecs E, Maintainer HW. Package “vegan” title community ecology 
package version 2.5-7. 2020.

	 45.	 RStudio Team. RStudio: integrated development environment for R. 
RStudio Integr Dev Environ R. (2019). http://​www.​rstud​io.​com/.

	 46.	 Allaire J, Gandrud C, Russell K, Yetman C. NetworkD3: D3 javascript 
network graphs from r—google scholar. (2017). https://​schol​ar.​google.​
com/​schol​ar?​clust​er=​33124​30288​36906​6286&​hl=​en&​oi=​schol​arr. 
Accessed 7 Jun 2022.

	 47.	 Bartelme RP, McLellan SL, Newton RJ. Freshwater recirculating aqua‑
culture system operations drive biofilter bacterial community shifts 
around a stable nitrifying consortium of ammonia-oxidizing archaea 
and comammox Nitrospira. Front Microbiol. 2017;8:101. https://​doi.​org/​
10.​3389/​fmicb.​2017.​00101.

	 48.	 Fu S, Wang Q, Wang R, Zhang Y, Lan R, He F, Yang Q. Horizontal transfer 
of antibiotic resistance genes within the bacterial communities in 
aquacultural environment. Sci Total Environ. 2022;820:153286. https://​
doi.​org/​10.​1016/J.​SCITO​TENV.​2022.​153286.

	 49.	 Ghyselinck J, Pfeiffer S, Heylen K, Sessitsch A, De Vos P. The effect of 
primer choice and short read sequences on the outcome of 16S rRNA 
gene based diversity studies. PLoS ONE. 2013;8:e71360. https://​doi.​org/​
10.​1371/​journ​al.​pone.​00713​60.

	 50.	 Scibetta S, Schena L, Abdelfattah A, Pangallo S, Cacciola SO. Selection 
and experimental evaluation of universal primers to study the fungal 
microbiome of higher plants. Phytobiomes J. 2018;2:225–36. https://​
doi.​org/​10.​1094/​PBIOM​ES-​02-​18-​0009-R.

	 51.	 Illumina. Is it possible to pool different library types in the same 
sequencing run? 2022. https://​suppo​rt.​illum​ina.​com/​bulle​tins/​2020/​07/​
is-​it-​possi​ble-​to-​pool-​diffe​rent-​libra​ry-​types-​in-​the-​same-​seque.​html. 
Accessed 31 Aug 2022.

	 52.	 Johnson JS, Spakowicz DJ, Hong BY, Petersen LM, Demkowicz P, Chen 
L, Leopold SR, Hanson BM, Agresta HO, Gerstein M, Sodergren E, Wein‑
stock GM. Evaluation of 16S rRNA gene sequencing for species and 
strain-level microbiome analysis. Nat Commun. 2019. https://​doi.​org/​
10.​1038/​s41467-​019-​13036-1.

	 53.	 Pootakham W, Mhuantong W, Yoocha T, Putchim L, Sonthirod C, 
Naktang C, Thongtham N, Tangphatsornruang S. High resolution profil‑
ing of coral-associated bacterial communities using full-length 16S 
rRNA sequence data from PacBio SMRT sequencing system. Sci Rep. 
2017;7:1–14. https://​doi.​org/​10.​1038/​s41598-​017-​03139-4.

	 54.	 Klemetsen T, Willassen NP, Karlsen CR. Full-length 16S rRNA gene clas‑
sification of Atlantic salmon bacteria and effects of using different 16S 

https://doi.org/10.1155/2018/5432497
https://doi.org/10.1155/2018/5432497
https://doi.org/10.1016/j.copbio.2010.03.011
https://doi.org/10.1111/1751-7915.12392
https://doi.org/10.1111/eva.13027
https://doi.org/10.1007/s00203-021-02657-0
https://doi.org/10.1007/s00203-021-02657-0
https://doi.org/10.1007/s10499-016-9997-9
https://doi.org/10.1007/s10499-016-9997-9
https://doi.org/10.1371/journal.pone.0132783
https://doi.org/10.5808/gi.2018.16.4.e24
https://doi.org/10.1128/AEM.02627-17
https://doi.org/10.1128/AEM.02627-17
https://doi.org/10.1111/1755-0998.13215
https://doi.org/10.3389/fmicb.2021.637526
https://doi.org/10.3389/fmicb.2021.637526
https://doi.org/10.1038/ismej.2012.55
https://doi.org/10.1038/s41598-021-91387-w
https://doi.org/10.3390/V13040579
https://doi.org/10.1038/s41598-020-61158-0
https://doi.org/10.1038/s41598-020-61158-0
https://doi.org/10.1016/j.biocon.2014.11.018
https://doi.org/10.1016/j.biocon.2014.11.018
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1128/mBio.03656-20
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.18637/jss.v035.b01
https://doi.org/10.1186/GB-2014-15-3-R46
https://doi.org/10.1186/GB-2014-15-3-R46
https://doi.org/10.7717/PEERJ-CS.104/SUPP-5
https://doi.org/10.18129/B9.bioc.microbiome
https://doi.org/10.18129/B9.bioc.microbiome
http://www.rstudio.com/
https://scholar.google.com/scholar?cluster=3312430288369066286&hl=en&oi=scholarr
https://scholar.google.com/scholar?cluster=3312430288369066286&hl=en&oi=scholarr
https://doi.org/10.3389/fmicb.2017.00101
https://doi.org/10.3389/fmicb.2017.00101
https://doi.org/10.1016/J.SCITOTENV.2022.153286
https://doi.org/10.1016/J.SCITOTENV.2022.153286
https://doi.org/10.1371/journal.pone.0071360
https://doi.org/10.1371/journal.pone.0071360
https://doi.org/10.1094/PBIOMES-02-18-0009-R
https://doi.org/10.1094/PBIOMES-02-18-0009-R
https://support.illumina.com/bulletins/2020/07/is-it-possible-to-pool-different-library-types-in-the-same-seque.html
https://support.illumina.com/bulletins/2020/07/is-it-possible-to-pool-different-library-types-in-the-same-seque.html
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1038/s41598-017-03139-4


Page 20 of 21Rieder et al. Environmental Microbiome            (2023) 18:8 

variable regions on community structure analysis. MicrobiologyOpen. 
2019;8:e898–e898. https://​doi.​org/​10.​1002/​mbo3.​898.

	 55.	 Nguinkal JA, Brunner RM, Verleih M, Rebl A, de los Ríos-Pérez L, Schäfer 
N, Hadlich F, Stüeken M, Wittenburg D, Goldammer T. The first highly 
contiguous genome assembly of pikeperch (Sander lucioperca), an 
emerging aquaculture species in Europe. Genes. 2019;10:708. https://​
doi.​org/​10.​3390/​GENES​10090​708.

	 56.	 Tedersoo L, Albertsen M, Anslan S, Callahan B. Perspectives and benefits 
of high-throughput long-read sequencing in microbial ecology. Appl 
Environ Microbiol. 2021;87:1–19. https://​doi.​org/​10.​1128/​AEM.​00626-​21.

	 57.	 Hunter ME, Ferrante JA, Meigs-Friend G, Ulmer A. Improving eDNA 
yield and inhibitor reduction through increased water volumes and 
multi-filter isolation techniques. Sci Rep. 2019. https://​doi.​org/​10.​1038/​
s41598-​019-​40977-w.

	 58.	 Gaffney V, Fitch S, Bates M, Ware RL, Kinnaird T, Gearey B, Hill T, Telford R, 
Batt C, Stern B, Whittaker J, Davies S, Ben Sharada M, Everett R, Cribdon 
R, Kistler L, Harris S, Kearney K, Walker J, Muru M, Hamilton D, Law M, 
Finlay A, Bates R, Allaby RG. Multi-proxy characterisation of the storegga 
tsunami and its impact on the early holocene landscapes of the South‑
ern North Sea. Geosci. 2020;10:1–19. https://​doi.​org/​10.​3390/​GEOSC​
IENCE​S1007​0270.

	 59.	 Gozlan RE, Marshall WL, Lilje O, Jessop CN, Gleason FH, Andreou D. Cur‑
rent ecological understanding of fungal-like pathogens of fish: What 
lies beneath? Front Microbiol. 2014;5:62. https://​doi.​org/​10.​3389/​FMICB.​
2014.​00062/​BIBTEX.

	 60.	 Dincturk E, Tanrikul TT, Culha ST. Fungal and bacterial co-infection 
of sea bass (Dicentrarchus labrax, Linnaeus 1758) in a recirculating 
aquaculture system: saprolegnia parasitica and aeromonas hydrophila. 
Aquat Sci Eng. 2018;33:67–71. https://​doi.​org/​10.​26650/​ASE20​1811.

	 61.	 Kibenge FS. Emerging viruses in aquaculture. Curr Opin Virol. 
2019;34:97–103. https://​doi.​org/​10.​1016/J.​COVIRO.​2018.​12.​008.

	 62.	 Shakya M, Lo CC, Chain PSG. Advances and challenges in metatran‑
scriptomic analysis. Front Genet. 2019;10:904. https://​doi.​org/​10.​3389/​
FGENE.​2019.​00904/​BIBTEX.

	 63.	 Hempel CA, Wright N, Harvie J, Hleap JS, Adamowicz SJ, Steinke D. 
Metagenomics vs. total RNA sequencing: most accurate data-pro‑
cessing tools, microbial identification accuracy, and implications for 
freshwater assessments. BioRxiv. 2022;06(03):494701. https://​doi.​org/​10.​
1101/​2022.​06.​03.​494701.

	 64.	 Prodan A, Tremaroli V, Brolin H, Zwinderman AH, Nieuwdorp M, Levin 
E. Comparing bioinformatic pipelines for microbial 16S rRNA amplicon 
sequencing. PLoS ONE. 2020;15:e0227434. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02274​34.

	 65.	 Bharti R, Grimm DG. Current challenges and best-practice protocols for 
microbiome analysis. Brief Bioinform. 2021;22:178–93. https://​doi.​org/​
10.​1093/​bib/​bbz155.

	 66.	 Rosado D, Pérez-Losada M, Severino R, Cable J, Xavier R. Characteriza‑
tion of the skin and gill microbiomes of the farmed seabass (Dicentrar-
chus labrax) and seabream (Sparus aurata). Aquaculture. 2019;500:57–
64. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2018.​09.​063.

	 67.	 Wynne JW, Thakur KK, Slinger J, Samsing F, Milligan B, Powell JFF, McKin‑
non A, Nekouei O, New D, Richmond Z, Gardner I, Siah A. Microbiome 
profiling reveals a microbial dysbiosis during a natural outbreak of 
tenacibaculosis (yellow mouth) in Atlantic Salmon. Front Microbiol. 
2020;11:586387. https://​doi.​org/​10.​3389/​fmicb.​2020.​586387.

	 68.	 Lorch JM, Palmer JM, Lindner DL, Ballmann AE, George KG, Griffin 
K, Knowles S, Huckabee JR, Haman KH, Anderson CD, Becker PA, 
Buchanan JB, Foster JT, Blehert DS. First detection of bat white-nose 
syndrome in western North America. MSphere. 2016. https://​doi.​org/​10.​
1128/​msphe​re.​00148-​16.

	 69.	 Fuks G, Elgart M, Amir A, Zeisel A, Turnbaugh PJ, Soen Y, Shental N. 
Combining 16S rRNA gene variable regions enables high-resolution 
microbial community profiling. Microbiome. 2018;6:17. https://​doi.​org/​
10.​1186/​s40168-​017-​0396-x.

	 70.	 Bertrand D, Shaw J, Kalathiyappan M, Ng AHQ, Kumar MS, Li C, Dvor‑
nicic M, Soldo JP, Koh JY, Tong C, Ng OT, Barkham T, Young B, Marimuthu 
K, Chng KR, Sikic M, Nagarajan N. Hybrid metagenomic assembly 
enables high-resolution analysis of resistance determinants and mobile 
elements in human microbiomes. Nat Biotechnol. 2019;37:937–44. 
https://​doi.​org/​10.​1038/​s41587-​019-​0191-2.

	 71.	 Brown CL, Keenum IM, Dai D, Zhang L, Vikesland PJ, Pruden A. Critical 
evaluation of short, long, and hybrid assembly for contextual analysis of 
antibiotic resistance genes in complex environmental metagenomes. 
Sci Rep. 2021;11:1–12. https://​doi.​org/​10.​1038/​s41598-​021-​83081-8.

	 72.	 Brailo M, Schreier HJ, McDonald R, Maršić-Lučić J, Gavrilović A, Pećarević 
M, Jug-Dujaković J. Bacterial community analysis of marine recirculating 
aquaculture system bioreactors for complete nitrogen removal estab‑
lished from a commercial inoculum. Aquaculture. 2019;503:198–206. 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2018.​12.​078.

	 73.	 Inoue JI, Oshima K, Suda W, Sakamoto M, Iino T, Noda S, Hongoh Y, 
Hattori M, Ohkuma M. Distribution and evolution of nitrogen fixation 
genes in the phylum bacteroidetes. Microbes Environ. 2015;30:44–50. 
https://​doi.​org/​10.​1264/​jsme2.​ME141​42.

	 74.	 Shi X, Ng KK, Li X-R, Ng HY. Investigation of intertidal wetland sediment 
as a novel inoculation source for anaerobic saline wastewater treat‑
ment. Environ Sci Technol. 2015. https://​doi.​org/​10.​1021/​acs.​est.​5b005​
46.

	 75.	 Kuypers M, Marchant H, Kartal B. The microbial nitrogen-cycling net‑
work. Nat Rev Microbiol. 2018;16:263–76. https://​doi.​org/​10.​1038/​nrmic​
ro.​2018.9.

	 76.	 Kirchman DL. The ecology of Cytophaga–Flavobacteria in aquatic 
environments. FEMS Microbiol Ecol. 2002;39:91–100. https://​doi.​org/​10.​
1111/J.​1574-​6941.​2002.​TB009​10.X.

	 77.	 Zehr JP, Jenkins BD, Short SM, Steward GF. Nitrogenase gene diversity 
and microbial community structure: a cross-system comparison. Envi‑
ron Microbiol. 2003. https://​doi.​org/​10.​1046/j.​1462-​2920.​2003.​00451.x.

	 78.	 Tsoy OV, Ravcheev DA, Čuklina J, Gelfand MS. Nitrogen fixation and 
molecular oxygen: comparative genomic reconstruction of transcrip‑
tion regulation in alphaproteobacteria. Front Microbiol. 2016;7:1343. 
https://​doi.​org/​10.​3389/​fmicb.​2016.​01343.

	 79.	 De Alexandre Sebastião F, et al. Identification of Chryseobacterium spp. 
isolated from clinically affected fish in California, USA. Dis Aquat Organ. 
2019;136(3):227–34. https://​doi.​org/​10.​3354/​DAO03​409.

	 80.	 Dalsgaard I, Madsen L. Bacterial pathogens in rainbow trout, Oncorhyn-
chus mykiss (Walbaum), reared at Danish freshwater farms. J Fish Dis. 
2000;23:199–209. https://​doi.​org/​10.​1046/j.​1365-​2761.​2000.​00242.x.

	 81.	 Loch TP, Faisal M. Emerging flavobacterial infections in fish: a review. J 
Adv Res. 2015;6:283–300. https://​doi.​org/​10.​1016/j.​jare.​2014.​10.​009.

	 82.	 Michel C, Matte-Tailliez B, Kerouault B, Bernardet J. Resistance pattern 
and assessment of phenicol agents’ minimum inhibitory concentra‑
tion in multiple drug resistant Chryseobacterium isolates from fish and 
aquatic habitats. J Appl Microbiol. 2005. https://​doi.​org/​10.​1111/j.​1365-​
2672.​2005.​02592.x.

	 83.	 Bernardet JF, Hugo C, Bruun BRITA, et al. Genus VII. chryseobacterium 
Vandamme et al. 1994. Bergey’s Manual Syst Bacteriol. 2011;4:180–96.

	 84.	 Palm GJ, Reisky L, Böttcher D, Müller H, Michels EAP, Walczak MC, Berndt 
L, Weiss MS, Bornscheuer UT, Weber G. Structure of the plastic-degrad‑
ing Ideonella sakaiensis MHETase bound to a substrate. Nat Commun. 
2019;10:1–10. https://​doi.​org/​10.​1038/​s41467-​019-​09326-3.

	 85.	 Panthee S, Hamamoto H, Paudel A, Sekimizu K. Lysobacter species: a 
potential source of novel antibiotics. Arch Microbiol. 2016;198:839–45. 
https://​doi.​org/​10.​1007/​S00203-​016-​1278-5/​FIGUR​ES/4.

	 86.	 Müller B, Meyer JS, Gächter R. Alkalinity regulation in calcium carbon‑
ate-buffered lakes. Limnol Oceanogr. 2016;61:341–52. https://​doi.​org/​
10.​1002/​LNO.​10213.

	 87.	 de Rodovalho VR, Rodrigues DLN, Jan G, Le Loir Y, de Azevedo VAC, 
Guédon E. Propionibacterium freudenreichii: general characteristics 
and probiotic traits. Prebiotics Probiotics Food Heal. 2021. https://​doi.​
org/​10.​5772/​INTEC​HOPEN.​97560.

	 88.	 Grinberg M, Orevi T, Kashtan N. Bacterial surface colonization, prefer‑
ential attachment and fitness under periodic stress. PLOS Comput Biol. 
2019;15:e1006815. https://​doi.​org/​10.​1371/​JOURN​AL.​PCBI.​10068​15.

	 89.	 Suarez C, Piculell M, Modin O, Langenheder S, Persson F, Hermansson 
M. Thickness determines microbial community structure and function 
in nitrifying biofilms via deterministic assembly. Sci Rep. 2019;9:1–10. 
https://​doi.​org/​10.​1038/​s41598-​019-​41542-1.

	 90.	 Flemming HC, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg 
S. Biofilms: an emergent form of bacterial life. Nat Rev Microbiol. 
2016;14:563–75. https://​doi.​org/​10.​1038/​nrmic​ro.​2016.​94.

	 91.	 Cai W, De La Fuente L, Arias CR. Biofilm formation by the fish pathogen 
flavobacterium columnare: development and parameters affecting 

https://doi.org/10.1002/mbo3.898
https://doi.org/10.3390/GENES10090708
https://doi.org/10.3390/GENES10090708
https://doi.org/10.1128/AEM.00626-21
https://doi.org/10.1038/s41598-019-40977-w
https://doi.org/10.1038/s41598-019-40977-w
https://doi.org/10.3390/GEOSCIENCES10070270
https://doi.org/10.3390/GEOSCIENCES10070270
https://doi.org/10.3389/FMICB.2014.00062/BIBTEX
https://doi.org/10.3389/FMICB.2014.00062/BIBTEX
https://doi.org/10.26650/ASE201811
https://doi.org/10.1016/J.COVIRO.2018.12.008
https://doi.org/10.3389/FGENE.2019.00904/BIBTEX
https://doi.org/10.3389/FGENE.2019.00904/BIBTEX
https://doi.org/10.1101/2022.06.03.494701
https://doi.org/10.1101/2022.06.03.494701
https://doi.org/10.1371/journal.pone.0227434
https://doi.org/10.1371/journal.pone.0227434
https://doi.org/10.1093/bib/bbz155
https://doi.org/10.1093/bib/bbz155
https://doi.org/10.1016/j.aquaculture.2018.09.063
https://doi.org/10.3389/fmicb.2020.586387
https://doi.org/10.1128/msphere.00148-16
https://doi.org/10.1128/msphere.00148-16
https://doi.org/10.1186/s40168-017-0396-x
https://doi.org/10.1186/s40168-017-0396-x
https://doi.org/10.1038/s41587-019-0191-2
https://doi.org/10.1038/s41598-021-83081-8
https://doi.org/10.1016/j.aquaculture.2018.12.078
https://doi.org/10.1264/jsme2.ME14142
https://doi.org/10.1021/acs.est.5b00546
https://doi.org/10.1021/acs.est.5b00546
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1111/J.1574-6941.2002.TB00910.X
https://doi.org/10.1111/J.1574-6941.2002.TB00910.X
https://doi.org/10.1046/j.1462-2920.2003.00451.x
https://doi.org/10.3389/fmicb.2016.01343
https://doi.org/10.3354/DAO03409
https://doi.org/10.1046/j.1365-2761.2000.00242.x
https://doi.org/10.1016/j.jare.2014.10.009
https://doi.org/10.1111/j.1365-2672.2005.02592.x
https://doi.org/10.1111/j.1365-2672.2005.02592.x
https://doi.org/10.1038/s41467-019-09326-3
https://doi.org/10.1007/S00203-016-1278-5/FIGURES/4
https://doi.org/10.1002/LNO.10213
https://doi.org/10.1002/LNO.10213
https://doi.org/10.5772/INTECHOPEN.97560
https://doi.org/10.5772/INTECHOPEN.97560
https://doi.org/10.1371/JOURNAL.PCBI.1006815
https://doi.org/10.1038/s41598-019-41542-1
https://doi.org/10.1038/nrmicro.2016.94


Page 21 of 21Rieder et al. Environmental Microbiome            (2023) 18:8 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

surface attachment. Appl Environ Microbiol. 2013;79:5633–42. https://​
doi.​org/​10.​1128/​AEM.​01192-​13.

	 92.	 Stratev D, Odeyemi OA. Antimicrobial resistance of Aeromonas 
hydrophila isolated from different food sources: a mini-review. J Infect 
Public Health. 2016;9:535–44. https://​doi.​org/​10.​1016/J.​JIPH.​2015.​10.​
006.

	 93.	 Rampadarath S, Bandhoa K, Puchooa D, Jeewon R, Bal S. Early bacterial 
biofilm colonizers in the coastal waters of mauritius. Electron J Biotech‑
nol. 2017;29:13–21. https://​doi.​org/​10.​1016/J.​EJBT.​2017.​06.​006.

	 94.	 Derome N, Gauthier J, Boutin S, Llewellyn M. Bacterial opportunistic 
pathogens of fish. Cham: Springer; 2016. p. 81–108. https://​doi.​org/​10.​
1007/​978-3-​319-​28170-4_4.

	 95.	 Attramadal KJK, Truong TMH, Bakke I, Skjermo J, Olsen Y, Vadstein O. 
RAS and microbial maturation as tools for K-selection of microbial com‑
munities improve survival in cod larvae. Aquaculture. 2014;432:483–90. 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2014.​05.​052.

	 96.	 Schmidt V, Amaral-Zettler L, Davidson J, Summerfelt S, Good C. Influ‑
ence of fishmeal-free diets on microbial communities in atlantic salmon 
(Salmo salar) recirculation aquaculture systems. Appl Environ Microbiol. 
2016;82:4470–81. https://​doi.​org/​10.​1128/​AEM.​00902-​16/​SUPPL_​FILE/​
ZAM99​91172​49SO1.​PDF.

	 97.	 Cao C, Lou I. Analysis of environmental variables on population 
dynamic change of Haliscomenobacter hydrossis, the bulking causative 
filament in Macau wastewater treatment plant. Desalin Water Treat. 
2016;57:7182–95. https://​doi.​org/​10.​1080/​19443​994.​2015.​10148​57.

	 98.	 Ferreira R, Amado R, Padrão J, Ferreira V, Dias NM, Melo LDR, Santos 
SB, Nicolau A. The first sequenced Sphaerotilus natans bacteriophage-
characterization and potential to control its filamentous bacterium 
host. FEMS Microbiol Ecol. 2021;97:29. https://​doi.​org/​10.​1093/​femsec/​
fiab0​29.

	 99.	 Duarte LN, Coelho FJRC, Cleary DFR, Bonifácio D, Martins P, Gomes 
NCM. Bacterial and microeukaryotic plankton communities in a 
semi-intensive aquaculture system of sea bass (Dicentrarchus labrax): a 
seasonal survey. Aquaculture. 2019;503:59–69. https://​doi.​org/​10.​1016/j.​
aquac​ulture.​2018.​12.​066.

	100.	 Zhou J, Ning D. Stochastic community assembly: Does it matter in 
microbial ecology? Microbiol Mol Biol Rev. 2017;81:1–32. https://​doi.​
org/​10.​1128/​mmbr.​00002-​17.

	101.	 Mishra SS, Das R, Swain P. Status of fish diseases in aquaculture and 
assessment of economic loss due to disease. Today & Tomorrow’s Print‑
ers and Publishers, New Delhi, India; 2019. p. 183–198.

	102.	 WHO. Antimicrobial resistance. Antimicrob Resist. 2021. https://​www.​
who.​int/​news-​room/​fact-​sheets/​detail/​antim​icrob​ial-​resis​tance. 
Accessed 20 Jun 2022.

	103.	 Nogueira T, Botelho A. Metagenomics and other omics approaches 
to bacterial communities and antimicrobial resistance assessment in 
aquacultures. 2021;10. /pmc/articles/PMC8300701/ . Accessed 10 Jun 
2022.

	104.	 Richards GP. Bacteriophage remediation of bacterial patho‑
gens in aquaculture: a review of the technology. Bacteriophage. 
2014;4:e975540. https://​doi.​org/​10.​4161/​21597​081.​2014.​975540.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1128/AEM.01192-13
https://doi.org/10.1128/AEM.01192-13
https://doi.org/10.1016/J.JIPH.2015.10.006
https://doi.org/10.1016/J.JIPH.2015.10.006
https://doi.org/10.1016/J.EJBT.2017.06.006
https://doi.org/10.1007/978-3-319-28170-4_4
https://doi.org/10.1007/978-3-319-28170-4_4
https://doi.org/10.1016/j.aquaculture.2014.05.052
https://doi.org/10.1128/AEM.00902-16/SUPPL_FILE/ZAM999117249SO1.PDF
https://doi.org/10.1128/AEM.00902-16/SUPPL_FILE/ZAM999117249SO1.PDF
https://doi.org/10.1080/19443994.2015.1014857
https://doi.org/10.1093/femsec/fiab029
https://doi.org/10.1093/femsec/fiab029
https://doi.org/10.1016/j.aquaculture.2018.12.066
https://doi.org/10.1016/j.aquaculture.2018.12.066
https://doi.org/10.1128/mmbr.00002-17
https://doi.org/10.1128/mmbr.00002-17
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://doi.org/10.4161/21597081.2014.975540


I. CHAPTER 2:  

The characterization of fresh and brackish water microbial communities within six recirculating 
aquaculture systems (RAS) across Switzerland using a shotgun metagenomics approach  
Jessica Rieder, Adamandia Kapopoulou, Claudia Bank & Irene Adrian-Kalchhauser  
 
 
Keywords: shotgun metagenomics, recircula�ng aquaculture, freshwater, brackish water, perch, 
zander, shrimp, animal health  



I.1 Abstract 
Recircula�ng aquaculture systems have emerged as a promising solu�on for sustainable animal 

protein produc�on, characterized by reduced water and carbon footprint. The success of RAS depends 

on the vital roles of the microbial organisms. However, our understanding of large-scale paterns of 

microbial dynamics and their impact on system efficiency and animal health remains limited. To address 

this knowledge gap, we conducted a comprehensive three-month experiment involving six RAS farms 

in Switzerland specializing in perch, zander, and shrimp produc�on. 

The objec�ve of our study was to inves�gate microbial community diversity and dynamics, 

pathogen occurrence, and metabolic func�ons within RAS. Within each farm, sampling was conducted 

at various loca�ons, including tanks, biofilters, and drum filters, as well as within different circuits of 

each farm when feasible. This sampling scheme, which encompassed different salini�es, life stages, 

produc�on events, and management styles, allowed for the capture of the impacts of environmental 

condi�ons, recoloniza�on phases, and disease outbreaks. 

We sequenced 496 environmental samples across different matrices (biofilm, biofilter carriers, and 

water) using a shotgun metagenomic sequencing approach. The resul�ng dataset comprised an 

average of 43 million reads per sample. Our findings underscore the significant influence of 

environmental factors, such as salinity, farm condi�ons, cul�vated animal species, and sample types, 

on shaping bacterial communi�es within the RAS. Salinity has emerged as a primary driving factor, 

evident from the dis�nct separa�on between brackish and freshwater species. This finding highlights 

the evolu�onary adapta�on of bacterial species to environments with different salini�es. Moreover, 

our results reveal dis�nct spa�otemporal paterns observed among farms, circuits, and compartments, 

indica�ng the stochas�c nature of community establishment within the RAS. These paterns reflect the 

dynamic and complex nature of microbial communi�es within RAS, which are influenced by various 

factors that shape their composi�on and structure. However, the stochas�c nature of these paterns 

makes it challenging to iden�fy predic�ve measures based on observed trends. 

Our findings provide crucial insights for aquaculture managers by offering valuable informa�on on 

op�mal RAS management prac�ces during homeostasis and disease events. These findings contribute 

to our understanding of the microbial ecology in RAS and have prac�cal implica�ons for enhancing 

system efficiency, promo�ng animal health, and suppor�ng sustainable aquaculture prac�ces. 

 

  



I.2 Introduction 
Aquaculture is a rapidly expanding sector in the global food industry, contribu�ng over 52% of the 

total harvest weight of aqua�c animals for human consump�on (FAO, 2022). This sector exhibits high 

diversity in terms of farmed species, with more than 400 species of animals cul�vated (Sten�ford et 

al., 2020) across various produc�on systems, water environments, and geographic loca�ons. 

Commonly cul�vated species include freshwater species such as �lapia, ca�ishes, and marine species, 

including salmonids (e.g., Atlan�c salmon, coho salmon, and chinook salmon) and shrimp.  

Recircula�ng aquaculture is gaining prominence as a sustainable alterna�ve to capture fisheries 

and is predicted to become the dominant method for future aquaculture produc�on (Ahmed & 

Turchini, 2021). This approach offers several advantages, including a semi-closed loop design, known 

as a recircula�ng aquaculture system (RAS), which enhances biosecurity measures and reduces the 

water footprint due to efficient water reuse through mechanical filtra�on, biological filtra�on, and 

disinfec�on measures, year-round produc�on independent of seasonal condi�ons, and the ability to 

be situated inland, thereby minimizing product-to-market distance (Mar�ns et al., 2010; Ahmed & 

Turchini, 2021). RAS are also versa�le systems engineered to mimic the ecology of natural systems for 

rearing various farmed organisms such as finfish, shrimp, shellfish, and algae.  

Microbial communi�es within the RAS play cri�cal roles in maintaining system health and stability, 

including nutrient cycling, water quality maintenance, and animal health (Rud et al., 2017; Roalkvam 

et al., 2019; Infante-Villamil et al., 2021; Rieder et al., 2023). These communi�es are o�en ac�vely 

maintained in the biofilter, a compartment engineered to maximize the surface area for the 

establishment and growth of nitrifying species. Throughout the rest of the farm, resident species that 

naturally establish and are o�en dis�nguished by sample matrices, such as biofilms vs. water 

communi�es (Bakke et al., 2017; Almeida et al., 2021; Rieder et al., 2023). Varia�on between the 

community composi�on of biofilms and water results in the provision of different func�onal services. 

However, the presence of pathogenic species within the microbial communi�es of RAS presents 

significant challenges to the aquaculture sector. Disease outbreaks can nega�vely impact the 

sustainability and growth of the industry, leading to substan�al economic losses es�mated at USD 6 

billion annually (Sten�ford et al., 2012). These organisms are primarily opportunis�c pathogens that 

are widely distributed. However, some species also have zoono�c poten�al, posing a serious risk to 

aquaculture personnel. Among the commonly detected bacterial pathogens in freshwater RAS are 

Aeromonas spp., Flavobacteria spp., Photobacterium damsela, Plesiomonas shigelloides, and 

Shewanella putrefaciens. Addi�onally, while Vibrio spp., the causa�ve agent of vibriosis, can occur in 

freshwater RAS, they are more commonly found in marine RAS (Aus�n & Aus�n, 2007). Regarding the 

zoono�c species, Bacillus cereus, Shigella spp., Vibrio spp., and Photobacterium damsela pose 

significant risks to humans. Disinfec�on and treatment measures are inherently risky, including the 



unintended removal of healthy bacteria (Rieder et al., 2023), which may create niches for other 

pathogenic species or promote uncontrolled microbial growth and the emergence of resistant strains. 

Aquaculture managers recognize the importance of maintaining a healthy microbiome in 

aquaculture systems and acknowledge the poten�al risks associated with imbalanced microbial 

communi�es, such as elevated ammonia levels or disease outbreaks (Smith et al., 2012). However, 

effec�ve management of microbial communi�es within the RAS is challenging owing to the influence 

of external and internal factors, including water quality and complex microbial interac�ons. Adding to 

this complexity, most microbial ecology studies in this context are primarily descrip�ve (Prosser, 2020), 

lacking direct applicability to prac�cal management approaches. Finally, many microbial studies in RAS 

predominantly rely on 16S rRNA sequencing, which restricts the detec�on of microorganisms and limits 

a comprehensive understanding of the en�re microbial community. Therefore, a more holis�c 

sequencing approach is required to unravel the complexi�es of microbial communi�es and facilitate 

informed decision-making in aquaculture management.  

Although not rou�nely used, shotgun metagenomics is a promising method for analyzing complex 

genomes present in environmental samples. This approach offers several advantages over 16S 

metabarcoding sequencing, including the simultaneous sequencing of organisms across all major 

domains, explora�on of metabolic func�onal pathways, and the poten�al for the discovery of new 

species/strains. However, the applica�on of metagenomics in aquaculture is s�ll limited, partly because 

of challenges such as high cost and data storage and processing issues (Mar�nez-Porchas & Vargas-

Albores, 2017; Rieder et al., 2023). Future research should consider a �er-sequencing approach (Rieder 

et al., 2023) that combines metabarcoding and metagenomic data, as it offers a cost-effec�ve solu�on 

while maximizing the informa�on obtained, which could result in improved management decisions, 

more effec�ve treatment plans, and poten�al detec�on of new species or strains. 

This study inves�gates the spa�otemporal dynamics of microbial communi�es in six Swiss RAS 

farms using a shotgun metagenomics methodology. The sampling strategy includes two freshwater RAS 

farms dedicated to perch cul�va�on, one freshwater RAS farm cul�va�ng perch and zander, two 

freshwater RAS farms exclusively cul�va�ng zander, and one brackish-water RAS farm focused on 

shrimp produc�on. We explore the influence of various environmental factors, management prac�ces, 

and spa�al and temporal variables on the composi�on and dynamics of microbial communi�es within 

these RAS farms. First, we show that salinity parameters strongly determine community composi�on, 

with dis�nct communi�es being detected between brackish and freshwater farms. We also showed 

that these communi�es are further influenced by management styles, different life stages of farmed 

animals, and cleaning/disinfec�on procedures. Second, we demonstrate that shotgun metagenomic 

sequencing is sufficient to detect spa�otemporal developments and dynamics in RAS, highligh�ng the 

heterogeneous distribu�on of species in RAS. We also highlight the detected pathogens and discuss 



their implica�ons on both animal and farm personnel health.  

I.3 Material and Methods 
I.3.1 Sampling sites 

This study encompasses six commercial-scale RAS farms in Switzerland, denoted as farms A–F. 

These farms differ in terms of their loca�ons and opera�onal management prac�ces. Specifically, farm 

A raises both perch (Perca fluviatilis) and zander (Sander lucioperca); farms B and C focus exclusively 

on the cul�va�on of perch, while two other farms, E and F, exclusively cul�vate zander in freshwater 

RAS. Finally, Farm D specializes in shrimp cul�va�on, specifically whiteleg shrimp (Penaeus vannamei), 

using a brackish water system. All farms use agitated biofilters containing floa�ng plas�c biofilter 

carriers, which provide adequate surface area to support and promote the growth of beneficial 

microbial communi�es. 

I.3.1.1 Farm A 
Farm A is an individual-circuit RAS located in the Canton Bern region of Switzerland, which obtains 

water from the Lötschbert-Basistunnel. This farm cul�vates two fish species: perch (obtained from 

Farm B) and zander (acquired at the fingerling stage from another supplier). Upon arrival, the imported 

15 g perch are ini�ally placed in 20 cm3 tanks, with a stocking density ranging from 42-72 kg/m3 (Figure 

1A), for approximately 1.5 months. In the larger, growing-out tanks (120 m3), perch and zander are 

raised at a stocking density of 30-60 kg/m3, un�l they reach the desired slaughter weight (Figure 1A). 

Farm A does not follow a strict �meline for cleaning and disinfec�on, as fish are o�en moved into 

already occupied tanks. However, when the tanks are empty, they undergo the following disinfec�on 

protocol: first, tanks are disconnected from the circuit to protect the microbial community in the 

biofilter; second, they are washed with high-pressure hot water and subsequently sprayed with Virkon 

S, a disinfec�on solu�on, over the tank walls and botom; and finally, they are washed with freshwater 

to remove Virkon S. A�er disinfec�on steps are completed, the tanks are stocked with a new batch of 

fish. 

Farm A feeds with various fish feeds for the different species and sized fish, such as Alltech Coppens 

Start Premium 1.5 mm, Star Alevin 2.0 mm), and Perca 3-4.5 mm. The farm uses an automa�c feeding 

system for the feeding process. 

I.3.1.2 Farm B  
Farm B is a freshwater mul�-circuit RAS located in the Canton Vaud region of Switzerland. The farm 

sources its water from the municipal drinking system and specializes in breeding perch from eggs to 

approximately 15 g. The farm transfers fish between circuits based on set cut-off weights. The first two 

circuits accommodate perch ranging from 0.5 to 5 g, housed in 4.64 m3 tanks with a stocking density 

ranging from 0.5 to 30 kg/m3 (Figure 1B). The third circuit houses perch weighing 10 and 15 g in 13.2 



m3 tanks, with a stocking density of approximately 30 kg/m3. 

Farm B follows a rigorous disinfec�on regimen applied a�er each stocking batch. Tanks are 

disconnected from the circuit to protect the microbial community in the biofilter. The tanks are emp�ed 

and subjected to a four-step cleaning process, which involves a high-power jet wash using hot water 

and brushing the tank walls and floor with soap. Subsequently, the farm performs a sta�c acid-base 

treatment on the tanks and pipes, with neutralizing steps in between. Finally, the tanks are sprayed 

with alcohol and le� to air-dry for several days before the next batch of fish is stocked.  

Farm B feeds with mul�ple feed brands, determined by the age and size of the fish. These brands 

include Bernaqua, BioMar, and Alltech Coppens. 

I.3.1.3 Farm C  
Farm C is a freshwater mul�-circuit RAS located in the Canton Valais region of Switzerland. The farm 

sources its water from the Lötschberg catchment and focuses on raising imported 15 g of perch 

obtained from farm B to slaughter weight. Fish are transferred through independent circuits of varying 

tank sizes based on their weight. 

Circuits 1 and 2 are reserved for perch between 15 and 35 g, where they are raised in 25 m3 tanks 

with a stocking density ranging from 38 to 87 kg/m3 (Figure 1C). In circuit 4, fish weighing between 130 

and 200 g are grown in 130 m3 tanks, with a stocking density ranging from 51 to 78 kg/m3.  

Farm C follows a strict disinfec�on protocol. Tanks are disconnected from the circuit and then 

treated with Steinfels Foam C disinfectant for 15 minutes, rinsed with high-pressure cold water, and 

air-dried – �me permi�ng - before the next batch is stocked.  

Farm C feeds with mul�ple grain sizes of Alltech Star Alevin Star Supreme food, selec�ng the 

appropriate size based on the age of the fish, ranging from 2.0 mm to 4.5 mm. 

I.3.1.4 Farm D 
Farm D is a single-circuit brackish water RAS located in the Canton St. Gallen region of Switzerland. 

This farm cul�vates vannamei shrimp (Penaeus vannamei). The farm sources its water from Lake 

Constance and adds salt to a salinity level of 25-28 ppt (parts per thousand) to create an appropriate 

brackish-water environment.  

During the sampling period, shrimp were imported from the United States 24 days post-hatching 

and reared un�l they reached slaughter weight (180 days post-hatching) at an approximate stocking 

density of 1 kg/m3 (Figure 1D). The farm raises shrimp in one tank for the en�re growing-out process.  

Farm D implements weekly proac�ve disinfec�on measures by adding Wofasteril to the water at a 

ra�o of 3.2 L per 150 m3 as a preventa�ve measure.  

The daily feeding regime includes Copen Deluxe 2.0 as their primary food source. In addi�on, the 

farm introduced probio�cs into the system. This includes using rice bran at a rate of 6 L per week for 

150 m3 of water and yellow cap and green cap probio�cs, both provided at a rate of 15 g per week for 



150 m3 of water. 

I.3.1.5 Farm E 
Farm E is a freshwater mul�-circuit RAS situated in the Canton Valais region of Switzerland. The 

farm sources water from the Schreendbach spring. Established in August 2020, it farms zander, star�ng 

from fingerling size (approximately 10 g) and raising them un�l they reach the desired slaughter weight, 

for example, 800 g, which takes approximately 1.5 years. The farm receives the fingerlings from the 

Lyss breeding facility. 

The zander fish at farm E are housed in a series of interconnected tanks with a volume of 140 m3 

at a stocking density of 51-59 kg/m3 (Figure 1E). The water flow follows a linear patern, with clean 

water entering tank 1 and exi�ng tank 4, where it returns to the filtra�on system for condi�oning. 

Farm E does not have a specific daily or weekly cleaning rou�ne in place as it employs a “low 

disturbance” policy.  

Farm E feeds Aller Aqua  

I.3.1.6 Farm F 
Farm F is a freshwater farm opera�ng as a single-circuit system in the Canton Basel region of 

Switzerland. The farm sources water from the Baselbieter Quellwasser. Zander fry (20 - 50 g) are 

obtained from FTN AquaArt AG, an indoor aquaculture and stock fish farming company in Switzerland. 

The fries are reared un�l they reach the desired slaughter weight of approximately 800 g. 

The zander are raised in tanks with a depth of 0.8 m and maintained at a stocking density of 45 

kg/m3 (Figure 1F). Periodically, the fish undergo grading based on their length and, if necessary, are 

moved to a new tank.  

Preven�ve measures to maintain water quality and health include adding 6 kg of salt daily to the 

water, resul�ng in salinity levels ranging from 0.1 to 0.2 ppt. Furthermore, a 1,200 W UV light was 

installed between the first and second sampling events for addi�onal disinfec�on measures. 

Farm F feeds Le Goussant Turbot. 

 



Figure 1: Diagram illustra�ng the sampling sites and types of samples collected from each farm. The 
compartments filled in blue represent water sampling, the compartments outlined in green represent biofilm 
sampling, and the brown star within the biofilter compartment indicate the collection of biofilter carriers. (A) 
Single-circuit perch and zander RAS. The sampling scheme consisted of collecting biofilm and water samples from 
tanks, drum filters, biofilters, and biofilter carriers. (B) Multi-circuit perch RAS. The sampling scheme consisted of 
biofilm and water samples from tanks, drum filters (only circuits 1 and 2), biofilters, and biofilter carriers across 
the circuits unless denoted differently. (C) Multi-circuit perch RAS. The sampling scheme consisted of biofilm and 
water samples from the tanks (circuits 1 and 3), drum filters (circuits 1 and 3), biofilters (all three circuits), and 
biofilter carriers (all three circuits). Additionally, within circuit 1, biofilm and water samples were collected from 
the UV compartment. (D) Single-circuit shrimp RAS. Sampling consisted of a distinct scheme, which involved the 
collection of biofilm and water from tanks, UV, biofilter, and before denitrification, as well as after denitrification 
of water and biofilm samples from the tank outflow pipe. (E and F) Single-circuit zander RAS. The sampling scheme 
consisted of collecting biofilm and water samples from tanks, drum filters, biofilters, and biofilter carriers. Please 
note that the schematic representation is not drawn to scale and serves as a simplified illustration to protect the 
confidentiality of farms. 

I.3.2 Sample types 

Various sample matrices were collected to analyze the varia�on in community composi�on among 

biofilms, biofilter carriers, and water. In addi�on, biofilm and water samples were collected from 

various compartments within the farm. The following samples were collected from the different 

compartments: tank biofilm and water, drum filter biofilm and water, biofilter biofilm, water and 

carriers, UV biofilm and water, tank ou�low pipe biofilm, before denitrifica�on biofilm and water, and 

a�er denitrifica�on water (Figure 2). 

We used sterile, single-use foam swabs (Whatman FTA) to collect the biofilm samples. The swab 

was rubbed back and forth approximately ten �mes on each side across a designated area of 



approximately 10x10 cm, situated approximately 6 cm below the surface water level. An addi�onal 

biofilm sample was obtained near the botom of the tank wall. Following swabbing, we placed the swab 

into a 2 ml Eppendorf tube; the s�ck was detached, and the sealed tube was stored on ice. Three 

biofilm replicates were collected, with an approximate 2 cm gap between each replicate. Subsequent 

sampling was conducted from different areas of the tanks or compartments to ensure no overlap of 

the sampling area. 

We collected water samples using sterile 250 ml polypropylene botles (Thermo Scien�fic, 

Nalgene). We filtered 180 ml of water from each botle through a 0.22 um mixed cellulose filter 

(Millipore, Merck) housed in a Whatman 47 mm plas�c filter holder (Whatman, Merck). Subsequently, 

we placed the filters in a 2 ml Eppendorf tube and stored them on ice. 

Furthermore, the biofilter carriers were collected, placed in individual sterile zip-lock bags, and 

stored on ice. 

All samples were transported to the Ins�tute for Fish and Wildlife Health, University of Bern, and 

maintained at low temperatures using ice. They were stored at -20°C un�l further processing. 

I.3.3 Sampling scheme 

We developed a sampling design to capture comprehensive insights into temporal varia�ons, 

differences, and similari�es within and between farms and their compartments (Figure 1). 

We conducted six biweekly sampling events commencing in October 2021 in farms A, B, and C. In 

farm A, we collected the following RAS compartments and sample types during sampling days 1, 29, 

and 57 (sampling events 1, 3, and 5), biofilm (surface and botom), and water samples from four tanks 

(one zander tank, three perch tanks), a drum filter, and a biofilter, along with biofilter carriers. During 

sampling days 16 and 74 (sampling events 2 and 6), all previously men�oned samples were collected, 

except for tanks that house the imported fries, which were not opera�onal at those �mes. 

In farm B, samples were collected from three independent circuits. During sampling days 18, 46, 

60, and 88 (sampling events 1, 3, 4, and 6), we collected the following samples from circuit 1: biofilm 

(surface) and water from two tanks, the drum filter, and the biofilter; in circuit 2, biofilm (surface and  



 
Figure 2: Overview of sampling events, samples collected, and disease outbreaks. We implemented a sampling 
scheme across multiple farms, compartments, and time points to investigate the spatiotemporal dynamics of the 
microbial communities. Farms A-C were sampled bi-weekly over six weeks to examine the microbial communities 
within these semi-interconnected farms. At the same time, farms D-F were sampled twice. The numbers above 
each column indicate the circuits sampled within each farm. In farm A, the asterisk denotes the tank that 
specifically cultivated the zander. The red ovals indicate the occurrence of a disease outbreak. 

botom) from two tanks, surface biofilm from the drum filter and biofilter, and water from all sampled 

loca�ons. In circuit 3, the sampling was similar to that of circuit 2, except that we collected no drum-

filter samples. In addi�on, we collected biofilter carriers from all three circuits. We followed a similar 

sampling scheme on sampling days 32 (sampling event 2) and 75 (sampling event 5), except that we 

collected no tank samples from circuit 2 because it was inac�ve during the sampling period. 

Furthermore, on sampling day 75, we sampled only one tank from circuit 3, as it was undergoing a 

system-wide shut down for maintenance. 

In farm C, we sampled three independent circuits. During sampling day 25 (sampling event 1), 

within circuit 1, biofilm (surface and botom) and water samples were collected from two tanks, the 

drum filter, UV compartment, and biofilter, along with biofilter carriers. In circuit 3, the same samples 

were collected except for the UV samples, as UV treatment was not applied in this compartment. On 

sampling day 39 (sampling event 2), the tank, UV, and drum filter sampling remained the same as on 

sampling day 25. Biofilter water was collected from circuits 1 and 3, whereas biofilter biofilms and 

carriers were collected from circuits 2 and 3. For sampling days 53 and 71 (sampling events 3 and 4), 



the only change occurred in the biofilter sampling, with biofilm and water samples collected from 

circuits 2 and 3. Finally, sampling days 80 and 95 (sampling events 5 and 6) encompassed all 

compartments in all three circuits, and all types of samples were collected. 

We completed two sampling events at farms D, E, and F. In farm D, for both sampling events, biofilm 

samples were collected from the tank walls (surface and botom) tank ou�low pipe before 

denitrifica�on, biofilter, and a�er UV treatment. Water samples were collected from the tanks a�er 

denitrifica�on, biofiltra�on, and UV treatment. We also collected biofilter carriers. In farms E and F, for 

both sampling events, biofilm (surface and botom) and water samples were collected from two tanks, 

the drum filter and biofilter. Addi�onally, we collected biofilter carriers. 

I.3.4 DNA extraction 

DNA extrac�on was performed using the Purelink Microbiome DNA Purifica�on Kit (Thermo 

Fisher), which is specifically designed to efficiently lyse microorganisms. The manufacturer's protocol 

was modified to op�mize the lysis step. Ini�ally, the silica beads supplied with the kit were transferred 

to a 5 ml Eppendorf tube, allowing a larger sample surface area to be exposed during bead bea�ng. 

Subsequently, we transferred the samples to a 5 ml tube containing the beads. To facilitate lysis, 1,500 

µL of lysis buffer and 100 µL of lysis enhancer were added to the samples, which were incubated for 3 

h at 65°C and 600 rpm using a thermoshaker (He�ch). Bead bea�ng was performed for 15 min at the 

maximum speed on a Genie 2 vortex mixer equipped with a horizontal tube adaptor. Following bead-

bea�ng, the samples were centrifuged at 3,900 × g for 5 min, and 500 µL of the supernatant was 

carefully transferred to a clean 1.5 µl Eppendorf tube. The subsequent extrac�on steps were performed 

according to the manufacturer's instruc�ons. 

I.3.5 Sequencing  

We conducted shotgun metagenomic sequencing at the Next Genera�on Sequencing Pla�orm, 

University of Bern. Before sequencing, the quan�ty, purity, and length of the extracted DNA were 

evaluated. Quan�fica�on was performed using a fluorometer (Thermo Fisher Scien�fic Qubit 4.0) and 

the Qubit dsDNA HS Assay Kit. We performed purity assessment using a DeNovix DS-11 FX 

spectrophotometer. At the same �me, we determined the length of the DNA fragments using the 

Agilent FEMTO Pulse System with the Genomic DNA 165 kb Kit from Agilent. 

Sequencing libraries were prepared using the Illumina DNA Prep, Tagmenta�on Library Kit M in 

combina�on with IDT for Illumina DNA/RNA UD Indexes Sets A-D, following the guidelines outlined in 

the Illumina DNA Prep Reference Guide. A notable modifica�on to the protocol involves the use of a 

�ered PCR cycle approach for targeted DNA amplifica�on. This approach allows for a minimum number 

of PCR cycles, reducing the poten�al for amplifica�on bias. The number of PCR cycles used varied based 

on the DNA yield of each sample, ranging from 5 to 17 cycles, to have a sufficient quan�ty to amplify 



30ng of tagemented DNA.  

The resul�ng DNA libraries were assessed for quality using a Thermo Fisher Scien�fic Qubit 4.0 

fluorometer and an Agilent Fragment Analyzer with an HS NGS Fragment Kit. A total of 496 DNA 

libraries were pooled in an equimolar fashion, resul�ng in two pools, one with 252 libraries and the 

other with 244 libraries. Paired-end sequencing was performed using two iSeq 100 i1 Reagent v2 300-

cycle kits on an Illumina iSeq 100 instrument. Following the iSeq 100 sequencing runs, the library pools 

were reassessed, and rebalancing was performed as necessary. The libraries were then subjected to 

paired-end sequencing using two NovaSeq 6000 S4 Reagent Kits v1.5 300-cycle kits on an Illumina 

NovaSeq 6000 instrument. On average, each sample yielded approximately 43 million reads. The 

quality of the sequencing run was assessed using Illumina Sequencing Analysis Viewer (version 2.4.7), 

and the resul�ng base call files were demul�plexed and converted into FASTQ files using Illumina 

bcl2fastq conversion so�ware (version 2.20). 

I.3.6 Read processing 

We used a reference-based pipeline to analyze the shotgun metagenomic data. The raw read 

quality using FastQC so�ware (v0.11.7). Notably, the raw reads exhibited high quality across the board, 

thus necessita�ng no trimming or filtering procedure. 

I.3.7 Taxonomic assignment 

MetaPhlAN, a computa�onal so�ware that uses marker genes, was used to profile the composi�on 

of microbial communi�es, specifically bacteria, at the species level. The advantage of this so�ware is 

that it allows for unambiguous taxonomic assignments and accurately es�mates organismal rela�ve 

abundances (Blanco-Míguez et al., 2023). 

I.3.8 Data analysis  

Community composi�on was analyzed across farms, compartments, sample types, and �me points 

by comparing species with more than 10% rela�ve abundance within a sample. For example, if present 

≥ 10% within a sample, it was retained; otherwise, it was assigned to the “Other” category.  

Using the no-cutoff dataset, we assessed alpha diversity using the Richness and Shannon diversity 

indices. Alpha diversity was analyzed by comparing different sample types from each compartment 

within a farm. Richness refers to the direct count of all species present, whereas the Shannon diversity 

index is the sum of the propor�on of each species rela�ve to the total number of species in the 

community; therefore, it accounts for both abundance and evenness.  

We assessed beta diversity to inves�gate similari�es and dissimilari�es in community composi�on 

among all farms, within-farm compartments, sample types, and �me points (Tuomisto, 2010). This 

study quan�fied beta diversity using the Bray-Cur�s dissimilarity metric, which provides a non-

phylogene�c approach. A�er compu�ng the distances or dissimilari�es between samples based on 



their bacterial community composi�ons, a non-metric mul�dimensional scaling (NMDS) approach was 

employed to ordinate the data. The NMDS analysis allows for the visualiza�on of complex rela�onships 

and paterns in the data.  

Alpha and beta diversity quan�fica�ons and computa�ons were performed using the metaMDS 

func�on in the vegan package in R (Oksanen et al., 2020).  

All figures were ploted in R and prepared for publica�on using the Adobe Illustrator 2021 so�ware. 

I.4 Results 
We used an in-depth metagenomic sequencing approach to analyze RAS microbial communi�es. 

We directly compared samples to explore the spa�otemporal paterns of microbial communi�es across 

different RAS farms that vary in environmental condi�ons such as salinity, management styles, and 

farmed animals.  

I.4.1 Taxonomic assignment 

Taxonomic assignment analysis led to the iden�fica�on of 693 species in the 496 samples. We 

classified these species without applying any cut-off or removing the nega�ve controls. However, when 

a threshold of 1% was applied, only 256 unique species were classified. By examining different sample 

types with the same 1% cut-off, the number of uniquely detected species was as follows: species in 

biofilm samples (Nsamples = 264), 46 species in chip samples (Nsamples = 42), and 151 species in water 

samples (Nsamples = 186). Considering all sample types, we detected 416 unique species across the 492 

samples. Notably, 17 species across the four nega�ve control samples overlapped with the species 

detected in the samples. 

I.4.2 Alpha diversity 

We assessed two alpha diversity indices, namely the observed species and the Shannon index. 

Richness analysis revealed variability among sample types collected from different compartments 

within a farm. Generally, water samples exhibited higher alpha richness than the tank biofilms and 

biofilter carriers. Drum filter water demonstrated the highest richness in farms A, B, E, and F (62.0, 

59.5, 60.5, and 63.0, respec�vely). However, this was not the case in farm C, where tank water had the 

highest richness (41.5), or in farm D, where the pre-denitrifica�on compartment yielded the highest 

richness, 72.5. However, the biofilter carriers consistently yielded the lowest richness across all the 

farms. We observed a notable observa�on in the drum filter of farm B within circuit 2, where richness 

was o�en reduced when the tanks were shut down between rearing stocks (Figure 2C).  

The Shannon diversity results mirror those of richness in that we detected dis�nct varia�ons among 

sample types collected from different compartments within a farm. The highest diversity was observed 

in drum filter water samples, with farms A and E exhibi�ng median values of 2.19 and 2.23, respec�vely. 



In farm B, tank water displayed the highest diversity, with a median value of 2.46. Similarly, the highest 

diversity was observed in farm F in the biofilter water samples, with a median value of 2.26. Finally, 

farm D exhibited the highest diversity in the denitrifica�on biofilm samples, with a median value of 

2.46. 

I.4.3 Community composition patterns across farms 

Community composi�on displayed substan�al spa�otemporal varia�ons across farms, 

compartments, salinity levels, and sample types. Notably, salinity concentra�on emerged as the 

primary factor along axis 1 of the NMDS plot, differen�a�ng brackish water communi�es from 

freshwater communi�es (Figure 4A), indica�ng a robust adapta�on to varying salinity concentra�ons. 

Moreover, despite the similar water quality and farmed animals, each freshwater farm exhibited a 

dis�nct composi�on, as seen along axis 2 (Figure 4B), underscoring the influence of general farm 

condi�ons on community structure. Addi�onally, sample type played a crucial role in shaping 

community composi�on, as water and biofilm communi�es exhibited dis�nct composi�ons (Figures 4C 

– 4H), with only a limited number of species detected in water and biofilms. Finally, the impact of 

management decisions on community composi�on is evident in Figure 4F, which illustrates the shi� in 

water communi�es following the installa�on of a UV light during the two sampling events. 

Across freshwater farms, certain species were always present despite different water sources and 

low salinity shi�s, such as in farm E, highligh�ng their remarkable adaptability to diverse water 

condi�ons (Figures 5 – 7, 9, 10). The species detected across all freshwater farms included 

Gemmatimonas aurantiaca, a bacterium involved in phosphorus cycling, and Nitrosomonas ureae, a 

bacterium involved in nitrogen cycling. However, across the three core farms of the study (A, B, and C), 

Chlorobi bacterium OLB7, which contributes to nitrogen cycling; Sphaerotilus natans, known to cause 

sludge bulking; and Cytophagaceae bacterium BCCC1, Acidovorax sp. GW101 3H11 and Flectobacillus 

sp. BAB 3569 was consistently iden�fied in the present study. Nitrospira defluvii, a nitrogen-cycling 

bacterium, was consistently detected across farms B, C, E, and F. In contrast, Devosia sp 66 22, a 

bacterium with bioremedia�on poten�al, was found in the microbial communi�es of farms A, B, C, and 

F.  

 



 



 
 
Figure 3: Alpha diversity was assessed using the Richness and Shannon indices to compare sample types 
across compartments within a farm. Richness is shown in the left columns (panels: A, C, E, G, I, and K). In farms 
A, B, D, E, and F, the water samples featured the highest richness, followed by biofilm and biofilter carriers. In 
farm C (panel E), the drum filter biofilm displayed the highest richness, followed by water. Diversity is shown in 
the right columns (panels: B, D, F, H, J, and L). Overall, the patterns were similar to those of richness.  
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