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• RAS compartment and organ-specific
characteristics shape the structure of fish
mucosal microbiomes.

• Fish-associated microbiomes are distinct
from communities in the surrounding
RAS compartments.

• A small core of highly abundant species
shared between species constitutes the
gill microbiome.

• Gills of zebrafish and carp contain
Nitrosomonas spp. distinct from RAS
water and biofilter.
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Recirculating aquaculture systems (RAS) are increasingly being used to grow fish, as intensive water reuse reduces
water consumption and environmental impact. RAS use biofilters containing nitrogen-cycling microorganisms that
remove ammonia from the aquaculture water. Knowledge of how RAS microbial communities relate to the fish-
associated microbiome is limited, as is knowledge of fish-associated microbiota in general. Recently, nitrogen-
cycling bacteria have been discovered in zebrafish and carp gills and shown to detoxify ammonia in a manner similar
to the RAS biofilter. Here, we compared RAS water and biofilter microbiomes with fish-associated gut and gill micro-
bial communities in laboratory RAS housing either zebrafish (Danio rerio) or common carp (Cyprinus carpio) using 16S
rRNA gene amplicon sequencing. The phylogeny of ammonia-oxidizing bacteria in the gills and the RAS environment
was investigated in more detail by phylogenetic analysis of the ammonia monooxygenase subunit A (amoA). The loca-
tion fromwhich themicrobiomewas sampled (RAS compartments and gills or gut) had a stronger effect on community
composition than the fish species, but species-specific differences were also observed. We found that carp- and
zebrafish-associated microbiomes were highly distinct from their respective RAS microbiomes, characterized by
lower overall diversity and a small core microbiome consisting of taxa specifically adapted to the respective organ.
The gill microbiome was also defined by a high proportion of unique taxa. Finally, we found that amoA sequences
from the gills were distinct from those from the RAS biofilter and water. Our results showed that the gut and gill
microbiomes of carp and zebrafish share a common and species-specific core microbiome that is distinct from the
microbially-rich RAS environment.
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1. Introduction

Aquaculture is a rapidly growing industry that reached a record output
of 87.5 million tons of aquatic animals for human consumption last year,
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corresponding to a production of aquatic animals in 2020 30% higher than
the average in the 2000s, and >60% above the average in the 1990s (FAO,
2022). The use of recirculating aquaculture systems (RAS) increases the
sustainability of fish production as it reduces land and water use compared
to other forms of aquaculture. RAS also reduces environmental impacts of
aquaculture and decreases the chance of disease outbreaks (Bregnballe,
2010).

To maintain water quality, biofilters are applied to remove waste com-
pounds excreted by the fish. Most fish are ammonotelic and excrete their
nitrogenous waste mainly as ammonia through the gills (Randall and
Wright, 1987; Evans et al., 2005). Thus, biofilters in RAS contain a diverse
microbial community including nitrifying microorganisms in the oxic parts
and anaerobic microorganisms such as denitrifying and anammox bacteria
in the anoxic zones of the biofilter. Together, thesemicroorganisms are able
to remove ammonia via nitrite and nitrate to dinitrogen gas (van Kessel
et al., 2010). Furthermore, RAS also contain microorganisms in the rearing
water or microorganisms that live in associationwith the animals, and each
RAS compartment has its specific microbial community composition
(Rurangwa and Verdegem, 2015). A question specific to RAS is how themi-
crobial communities in the RAS compartments affect (body site-specific)
microbiomes of the fish kept in the system and how the type of fish affects
the microbial community in different RAS compartments. Although water
coming from the biofilter compartment is usually treated with UV light
and/or ozone to prevent growth of potentially pathogenic bacteria,
microorganisms (including biofilter-associated nitrifying bacteria) are still
present throughout the system (Rurangwa and Verdegem, 2015; Minich
et al., 2020).

External mucosal surfaces of fish, like the skin and gills, are in close con-
tact with the surrounding water, but also the gut mucosal microbiome is af-
fected by the microbial community present in the water (Bugten et al.,
2021). Despite these effects, different fish organs (such as gills, skin, gut)
are known to possess specific microbiomes that are distinct from the
water and from one another (Minich et al., 2020; Minich et al., 2021).
This is likely the result of differences in organ physiology and distinct
micro-environments compared to the rearing water (e.g., oxygen and nutri-
ent availability), as well as the presence of specific mucosal immune factors
at different body sites (Salinas, 2015). Fish mucus contains antimicrobial
compounds and antibodies that can selectively inhibit growth of pathogens,
while tolerating or even selecting for commensal or beneficial microorgan-
isms (Gomez et al., 2013; Kelly and Salinas, 2017). The combination of
these factors contributes to a unique composition of each mucosal
microbiome in fish.

While research into themicrobiomes of different fish body sites is grow-
ing, a lot remains to be explored. The body site-specific microbiomes of fish
have been described in several species, although variation in composition
can be significant even within species and under similar rearing conditions
(Legrand et al., 2019). The few comparative studies between different fish
species have revealed interesting patterns in howmucosal microbiomes are
shaped by the environment and by interspecies differences. When gut and
gill microbiomes of wild tropical reef fish species were compared, it was
found that taxonomic relationships between fish affect their respective
microbiome composition, but that there are some microorganisms that
were enriched in specific body sites regardless of fish species' taxonomy
(Pratte et al., 2018). In a similar experiment, Minich et al. (2022) found
that body site was the strongest determinant of microbiome composition
and suggested that anatomical and/or physiological aspects of fish organs
select for certain microbial communities. Both studies were performed in
wild fish, so it remains to be investigated to what extent the RAS environ-
ment influences the fish's microbiome of each body site. In a comparison
between two salmon rearing systems (flow-through and RAS), it was
found that the tank biofilm contributed more to the host microbiome
than the surrounding water and that the microbial composition of different
body sites was affected by the rearing system (Minich et al., 2020). In
zebrafish (Danio rerio, Hamilton), a recent study demonstrated that a switch
in RAS rearing system significantly affected the gut microbiome as well
(Breen et al., 2019).
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Most of the research into the microbiomes of fish has focused on the gut
microbiome, since it plays a key role in digestion and hence growth, which
is of key importance for aquaculture (reviewed in (Llewellyn et al., 2014;
Ghanbari et al., 2015; Tarnecki et al., 2017)). These studies show that the
gut microbiome of different fish species is quite similar in overall composi-
tion. Dominant bacterial groups include Proteobacteria, Fusobacteria,
Firmicutes, Bacteroidetes, Actinobacteria and Verrucomicrobia, and there
is evidence for a core gut microbiome in several species including zebrafish
and common carp (Cyprinus carpio, L.) (Roeselers et al., 2011; van Kessel
et al., 2011; Ghanbari et al., 2015; Tarnecki et al., 2017). In particular,
Cetobacterium somerae (a Fusobacterial species) is common in freshwater
fish gut microbiomes and can produce and probably provide the host
with vitamin B12 (Tsuchiya et al., 2008; Roeselers et al., 2011; van Kessel
et al., 2011). It is likely that there are mutualistic relationships in the gut
of fish, but there is currently little knowledge about the functional roles
of the gut microbiome in fish (Legrand et al., 2019; Perry et al., 2020).

Other mucosal microbiomes of fish have received comparatively little
attention so far, even though these mucosal surfaces are equally important
as a barrier against pathogens, and are distinct in their functions and ecol-
ogy from the gut microbiome (Salinas, 2015; Kelly and Salinas, 2017;
Legrand et al., 2019). Themicrobiomes of these organs likely are important
tofish health (for example through the competitive exclusion of pathogenic
species) and since themore external microbiomes of the skin and gills are in
close contact with the surroundingwater, it has been shown in some species
that they are relatively more influenced by the RAS environment than the
gut microbiome (Kelly and Salinas, 2017; Minich et al., 2021; Sehnal
et al., 2021). In particular, the gills are an interesting mucosal surface to
study, as the organ combines multiple vital functions such as gas exchange,
osmoregulation, and nitrogen excretion (Evans et al., 2005; Sehnal et al.,
2021; Lai et al., 2022). In addition, it is apparent that the gills are also an
immunologically active tissue (Salinas, 2015). Data on the composition of
teleost gill microbiomes have shown that Proteobacteria are the dominant
phylum in most fish species (Lowrey et al., 2015; Legrand et al., 2018;
Pratte et al., 2018). In addition, it was found that the gill microbiome was
less diverse than the water microbial community (Pratte et al., 2018;
Minich et al., 2021; Sehnal et al., 2021). Several factors were shown to in-
fluence gill microbiome composition, including health status, diet, and
rearing system (Legrand et al., 2018; Pratte et al., 2018; Minich et al.,
2020). However, research on the gill microbiome is rare and systematic
comparisons of different fish species and between the gill and surrounding
environment are limited (Sehnal et al., 2021).

In line with their key role in nitrogen excretion, fish gills present a suit-
able habitat for nitrogen-cycle microorganisms, in particular ammonia-
oxidizing bacteria (AOB). The presence of these bacteria has been reported
in several fish species, including zebrafish, common carp and Atlantic
salmon from RAS systems, as well as sea cage cultured yellowtail kingfish
and wild red snapper (Lutjanus campechanus, Poey) (Tarnecki et al., 2016;
van Kessel et al., 2016; Legrand et al., 2018; Minich et al., 2020; Lorgen-
Ritchie et al., 2022). In zebrafish and common carp, ammonia-oxidizing
and denitrifying bacteria were found to act in concert and convert ammonia
via nitrite or nitrate into dinitrogen gas (van Kessel et al., 2016; Mes et al.,
2023). Interestingly, the phylogeny of these gill-associated AOB was found
to be distinct from those present in the surrounding water. However, it re-
mains unclear how abundant these nitrogen cycle bacteria are in zebrafish
and common carp and howwidespread this symbiotic relationship between
nitrogen-cycling bacteria and fish is.

Overall, there is a lack of detailed knowledge on the extent to which
RAS biofilter and water microbiomes affect the body site specific
microbiomes of fish. In this study, we used 16S rRNA gene amplicon se-
quencing to compare the gill and gut microbiomes of zebrafish and com-
mon carp reared in a laboratory RAS with the microbiomes of their
respective rearing water and RAS biofilter. We have chosen these two re-
lated fish species because carp are relevant for aquaculture whereas
zebrafish are often used as model organisms in scientific research and
both species harbor ammonia oxidizing bacteria in their gills (van Kessel
et al., 2016; Mes et al., 2023). In addition, we examined the presence of
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the marker gene for ammonia-oxidizing bacteria (amoA) in the gills and
guts of both fish species, as well as in the rearing water and RAS biofilter.
We hypothesized that the overall diversity of themicrobiome in the rearing
water and RAS biofilter would be higher than that of the fish-associated
microbiome, and that body site and RAS location (rearing water or
biofilter) would have a greater effect on microbiome composition than
host species. We also hypothesized that the gill and gut microbiomes of
both fish species would contain microorganisms adapted to the specific
conditions of their respective organs, and thus that distinct ammonia-
oxidizing Nitrosomonas-like bacteria would be present in the gills and RAS.

2. Materials and methods

2.1. Animals and recirculating systems

Common carp (obtained from Wageningen University) and zebrafish
(cultured at Radboud University Nijmegen) were kept in recirculating sys-
tems at the Radboud University under standard husbandry conditions. No
mortality was observed for at least 6 (carp) and 3 months (zebrafish).
Carp were kept in groups of 20 individuals (12–15 cm, � 15 g) in a 200-L
tank with tap water (pH 7.5–8.0) at 16 °C with 14 h light and 10 h dark cy-
cles. The water was recirculated through a moving bed filter (120 L,
Kaldness rings, surface area 800 m2/m3) fixed bed biofilter
(60 × 65 × 85 cm, surface area 190 m2/m3), with subsequent UV treat-
ment. Carp were fed twice per day with pelleted feed (Stella 2p, Skretting
Nutreco, Amersfoort, The Netherlands; 47 % protein, 16 % fat, 2.6 %
fibre, 6.1 % ash, 9.0 g/kg phosphorus) at ration sizes of 4 % of their
body mass.

Zebrafish were kept in groups of 30 individuals (3.5 cm, � 250 mg) in
4 L tanks with tap water (pH 7.7–8.2; 27 °C; 14 h light, 10 h dark). The
water was recirculated through a separate fixed-bed biofilter
(106 × 43 × 4 cm, surface area 190 m2/m3) and UV-treated after
biofiltration. Zebrafish were fed Gemma Micro 300 Zf (5 % of their body
mass daily; Nutreco N.V., Amersfoort, The Netherlands; 59 % protein,
14 % fat, 0.2 % fibre, 14 % ash, 1.3 g/kg phosphorus), with addition of
in-house reared live Artemia once a day.

2.2. Sample collection

Biomass for DNA extraction (5 samples each)was collected from the RAS
biofilter, rearing water, gut content, and gill tissue of both fish species. Filter
biomass was collected at the top, middle and bottom of the filter by taking
50 mL filter suspension with a syringe and left to settle to the bottom of
the syringe (30min, RT). Settled biomasswas transferred to 2-mL Eppendorf
tubes and centrifuged for 5 min at maximum velocity. Supernatant was re-
moved and the pelleted biomass was frozen at−20 °C until DNA extraction.
For eachwater sample, 1 L systemwaterwas collected from the inflowof the
fish tank and filtered through a 0.22 μmmixed cellulose ester filter (Merck
Millipore, Burlington, MA, USA) using a vacuum pump. Fish were eutha-
nized by terminal anesthesia (overdose of buffered MS-222, pH 7.6)
followed by spinal transection. The gut of each fish was removed, and the
content was squeezed out using tweezers and collected in sterile 2-mL
Eppendorf or 15-mL Greiner tubes. Gill arches of the same fish were re-
moved aseptically and treatedwith a de-enrichment protocol to remove eu-
karyotic DNA directly after sampling as described elsewhere (Bruggeling
et al., 2021). All samples were stored at−20 °C until further use.

2.3. DNA extraction

DNA was extracted from all samples using a cetyltrimethylammonium
bromide (CTAB) method (Zhou et al., 1996). Briefly, samples were incu-
bated in extraction buffer containing 10 mg/ mL proteinase K at 37 °C for
30 min, followed by 10 % SDS addition and incubation for 2 h at 65 °C.
DNA was isolated by chloroform:isoamyl alcohol (24:1 v/v) extraction
and isopropanol precipitation, followed by resuspension in MilliQ water.
RNA was removed by addition of 0.5 μL RNase A (10 mg/mL) and
3

incubating at 37 °C for 30 min. Then, DNA was re-extracted using phe-
nol/chloroform extraction and precipitation in 70 % (v/v) ethanol. For
the filtered water samples, the first incubation in extraction buffer was car-
ried out by placing the filter in a 5-cm Petri dish. After this step, the buffer
was collected in a 2-mL Eppendorf tube and the rest of the protocol was
followed as described above. DNA integrity and quality were checked on
a 1 % agarose gel and by Nanodrop analysis. Samples with sufficient
DNA concentrations (>10 ng μL−1) were used for 16S rRNA gene amplicon
sequencing and amoA PCRs.

2.4. 16S rRNA gene amplicon sequencing and analysis

Sequencing librarieswere constructedwith theHerculase II FusionDNA
Polymerase Nextera XT Index Kit V2 (Macrogen, Seoul, South Korea).
Amplicon sequencing of the V3–V4 region of the bacterial 16S rRNA gene
amplified with primers Bac341F (CCTACGGGNGGCWGCAG) (Herlemann
et al., 2011) and Bac806R (GGACTACHVGGGTWTCTAAT) (Caporaso
et al., 2011) was performed by Macrogen (Seoul, South Korea) using the
Illumina platform (Illumina MiSeq, 2 × 300 bp). The number of samples
per species, sample types successfully sequenced, and the respective aver-
age number of reads obtained are summarized in Supplementary
Table S1. All biofilter samples and 9 out of 10 water samples contained suf-
ficient DNA for amplification and sequencing. For the fish-associated
microbiomes, 1 carp and 4 zebrafish gill, and 2 zebrafish gut samples did
not pass the quality control step because the number of reads was too
low. The remaining samples yielded an average of≥55,000 reads after se-
quencing and were used for sequence analysis.

Sequence analysis was performed in R version 4.4.1. Raw reads were
processed using the DADA2 pipeline (Callahan et al., 2016). Forward and
reverse reads were quality-trimmed and primers were removed using
DADA2 when also performing quality trimming, using the TrimLeft func-
tion, with length adjusted for 341F and 806R primers, after which the
DADA2 algorithm was used to infer amplicon sequencing variants (ASVs)
from the processed forward and reverse reads separately using the pooled
samples. The forward and reverse ASVs were thenmerged (minimum over-
lap of 12 bases) to obtain the full-length amplicon ASVs. Chimeric ASVs
were removed using the consensus-based chimera removal tool of
DADA2, after which the taxonomic assignment of valid ASVs was deter-
mined using the naïve Bayesian classifier method with the SILVA SSU
rRNA database (version 138) as training dataset (Quast et al., 2012). In
total, 6662 ASVs were inferred after processing with DADA2. The inferred
ASVs were aligned using the Multiple Alignment using Fast Fourier Trans-
form (MAFFT) program and a neighbor-joining tree was calculated in
MEGA X version 10.1.7 (Kumar et al., 2018; Madeira et al., 2019).

2.5. Ammonia monooxygenase subunit A PCRs

A functional gene-targeted PCR and sequencing approach was used to
test for the presence of ammonia-oxidizing bacteria. We performed PCRs
with primers targeting the ammonia monooxygenase subunit A (amoA)
gene (Rotthauwe et al., 1997) to identify the presence of betaproteobacterial
ammonia oxidizers. Obtained PCR products were purified using the
GeneJET PCR cleanup kit (Thermo Fisher Scientific, Wilmington, USA)
and ligated into the pGEM-T Easy vector (Invitrogen, Carlsbad, USA).
Chemical competent Escherichia coli were transformed with the plasmids,
which were subsequently isolated using the GeneJET Plasmid miniprep
kit (Thermo Fisher Scientific,Wilmington, USA) and sequenced (Sanger se-
quencing, Baseclear N.V., Leiden, the Netherlands). Sequences were
aligned with reference sequences using MUSCLE and a maximum-
likelihood tree was calculated in MEGA X (version 10.1.7) (Edgar, 2004;
Kumar et al., 2018).

2.6. Statistics

Statistical analyses were performed using the ‘phyloseq’ and
‘microbiome’ R packages (McMurdie and Holmes, 2013; Lahti et al.,
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2017). ASVs that were present in less than three samples in total or could
not be unambiguously assigned to any phylumwere removed. Alpha diver-
sitymeasures (Shannon diversity and Chao1 richness)were calculated from
the untransformed ASV counts per sample. The effect of sample type and
fish species on alpha diversity of the microbiomes was tested with a two-
way analysis of variance (ANOVA; Graphpad prism 9.1, La Jolla, USA).

The differences in microbiome composition (beta diversity) between
the samples were tested as well. Weighted Unifrac distances were calcu-
lated using log-transformed abundance data and a principal coordinate
analysis was used to plot the calculated beta diversities. The R package
‘vegan’ was used to determine if the microbiomes were statistically differ-
ent between sample type and species. A PERMANOVA analysis was per-
formed with the adonis function with sample type and species as variables
and 999 permutations (Oksanen et al., 2013).

The ‘ALDEx2’ package was used to identify differentially abundant mi-
croorganisms between groups (Fernandes et al., 2014). The analysis was
based on a general linearized model with sample type (biofilter, water,
gill, or gut) as factor, with ASVs clustered on the genus level as input.
Data from carp and zebrafish systems were analyzed separately since a sig-
nificant effect of species on beta diversity was found using the adonis func-
tion. Differentially abundant genera (FDR-corrected p value <0.05) with an
effect size (>1) were distinguished in gill and gut samples.

ASVs forming the core microbiome of the gill and gut samples of both
fish species were identified using the filtered ASV table, in which the
cross-species core microbiome was defined as ASVs that were present in
all gill or gut samples and the species-specific core microbiomes were de-
fined as ASVs that were present in all gill or gut samples of either carp or
zebrafish. Species-specific unique ASVs in each sample type were identified
using the psvenn function of the ‘MicEco’ package, with a prevalence frac-
tion of 0.5 (present in at least half of the samples of that type) (Russel,
2021). ASVs in the Venn diagram that were unique to each sample type
with a relative abundance of >0.1 % were used for defining the unique
microbiome of each sample type.

3. Results and discussion

In order to characterize and compare RAS- and animal-associated
microbiomes in two fish species, we performed 16S rRNA gene amplicon
sequencing on samples obtained from carp and zebrafish gills and guts, as
well as from each species' RAS biofilter and water. We found that the gill
and gut harbor microbiomes that are distinct from the RAS-associated mi-
crobial communities. Biofilter and water microbiomes were highly diverse
and rich in bacterial taxa, while gill and gut microbiomes were character-
ized by a smaller number of bacterial taxa and small but relatively abundant
Fig. 1. Alpha diversity of zebrafish and carp RAS- and fish-associated microbiota. A) Cha
one sequenced sample, with bars indicating median values. Significance of species and
significant effect on Chao1 diversity index values (F (3, 29) = 23.84, p < 0.001). B) S
type. Each dot corresponds to one sequenced sample, with bars indicating median valu
followed by multiple comparison testing. Sample type had a significant effect on th
interaction effect observed between sample type and species (F (3, 29) = 112.0, p <
between sample types are indicated using different letters, with upper-case letters used
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cross-species core microbiomes as well as additional species-specific core
microbiota. AmoA sequences obtained from the gills of carp and zebrafish
were closely related to another, but distinct from those present in the sur-
rounding water and biofilter.

3.1. RAS-associated microbiomes are more diverse than fish-associated
microbiomes

We calculated the Chao1 and Shannon diversity measures of each sam-
ple type to estimate the overall community richness and diversity based on
the inferred ASVs (Fig. 1). The RAS-associated microbiomes in both carp
and zebrafish systems had a significantly higher ASV richness (Chao1
index; F (3, 29) = 23.84, p < 0.001), while the Shannon diversity index
was also significantly affected by sample type (F (3, 29) = 112.0,
p< 0.001), with the biofilter samples having the highest Shannon diversity,
followed by the water samples. Fish species did not affect Shannon diver-
sity, although a significant interaction effect was seen between species
and sample type (F (3, 29) = 5.683, p = 0.0035). The gill and gut of
each species had the lowest alpha diversity and there was no significant dif-
ference between the zebrafish and carp-associated microbiota. As hypothe-
sized, fish-associated microbiomes had a lower number of ASVs than the
surrounding water and biofilter. This difference has been observed in
other fish species as well, for both gills and gut (Pratte et al., 2018;
Minich et al., 2020; Bugten et al., 2021; Sehnal et al., 2021). More gener-
ally, host-association was found to be one of the most important factors
influencing microbial richness (Earth microbiome project dataset
(Thompson et al., 2017)). Our data confirm this finding for laboratory
RAS ecosystems as well. A potential explanation for this reduced diversity
is the effect of mucosal immunity on the microbiome composition in
these fish-associated samples, which selects for commensal or symbiotic
microorganisms (Salinas, 2015; Kelly and Salinas, 2017).

3.2. Microbial composition differs between RAS- and fish-associated
microbiomes in both species

Besides the differences in diversity between RAS- and fish-associated
microbiomes, their composition was also markedly different. Based on
the Weighted UniFrac distances between samples, each sample type from
the RAS system formed separate clusters (Fig. 2). In line with our hypothe-
sis that sample type has a stronger effect on microbiome composition than
host species, we found that a significant effect of the sample type that ex-
plained themajority (58.5%) of the observed variance inmicrobial compo-
sition (F = 28.9, p < 0.001, r2 = 0.58; Table S2). Host species explained a
smaller proportion of variance (F=11.57, p< 0.001, r2=0.078; Table S2),
o1 index (ASV richness) of alpha diversity per sample type. Each dot corresponds to
sample type in the systems was tested using a two-way ANOVA. Sample type had a
hannon diversity index (ASV richness and evenness) of alpha diversity per sample
es. Significance of the species and sample type was tested using a two-way ANOVA
e Shannon diversity index (F (3, 29) = 5.683, p = 0.0035), with an additional
0.001). Carp and zebrafish samples were tested separately. Significant differences
for carp samples and lower-case letters for zebrafish samples.



Fig. 2. Ordination plot of carp and zebrafish RAS- and fish-associated microbiomes. Weighted UniFrac distances were calculated from log-transformed abundance data to
achieve homogeneity of variance between sample types. Colors indicate the sample types and species are distinguished by symbol. Significance of both factors was tested
using a PERMANOVA test. Sample type and species significantly affected weighted UniFrac distances (F = 28.9, r2 = 0.58, p < 0.001 and F = 11.57, r2 = 0.078,
p < 0.001, respectively).

W. Mes et al. Science of the Total Environment 896 (2023) 165212
which indicates that despite a large overall similarity between carp and
zebrafish systems in the RAS- and fish-associated microbiomes, species-
specific differences in microbiome composition remain. This strong effect
of sample type is commonly seen in fish and aquaculture microbiome re-
search. For the RAS environment, it was found that each compartment pro-
vides a specific biotope with a specific microbial community (reviewed by
Rurangwa and Verdegem (2015)) and the same principle has been found to
apply in several fish-associated microbiomes (Lowrey et al., 2015; Legrand
et al., 2018; Minich et al., 2022).

RAS biofilter samples from carp and zebrafish systems had a similar
composition (Fig. 2) and were characterized by a high abundance of
Proteobacteria, Chloroflexi, and Nitrospirota, with zebrafish biofilters
also containing Planctomycetes (Fig. 3). In accordance with their function
in metabolizing nitrogenous compounds, Nitrosomonadaceae ASVs were
abundant in both carp and zebrafish biofilter samples (9.6 % and 3.5 % rel-
ative abundance, respectively) and Nitrospira ASVs comprised an even
Fig. 3. Phylum-level composition of carp and zebrafish RAS- and fish-associated
microbiomes. Major phylum level groupings are shown (>5 % relative abundance
in any individual sample), with phyla below this value classified as ‘Other’ and
with Proteobacteria split further to class level. A) Relative abundances of major
phyla present in carp system compartments. B) Relative abundances of major
phyla present in zebrafish system compartments. Abundances of phyla are shown
as percentages of the total number of 16S rRNA gene copies recovered.
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larger share of the total community (36% and 18% relative abundance, re-
spectively). No other known nitrifying microorganisms were found in the
biofilter samples based on 16S rRNA gene sequencing, which indicates
that Nitrosomonadaceae and Nitrospira are the key nitrifiers in our labora-
tory RAS. This is in line with other research on RAS biofilters, where
these taxa are often the main nitrifiers present (Moschos et al., 2022).
Many Nitrospira ASVs clustered most closely to known comammox species
withinNitrospira lineage II (Fig. S1), which is an interesting finding that de-
serves further research, as it would be informative to know how abundant
comammox Nitrospira are in RAS compared to canonical nitrite-oxidizing
Nitrospira and other ammonia-oxidizing microorganisms. In a study focus-
ing on RAS biofilter microbiomes, comammox Nitrospira were in fact the
dominant nitrifier type (Bartelme et al., 2017) and they were previously
isolated from a carp RAS biofilter (van Kessel et al., 2015).

The water in the two systems contained different microbial com-
munities, but on phylum level both were dominated by Alpha- and
Gammaproteobacteria, together with Bacteroidota. The RAS water
microbiome showed overlap with the biofilter microbiomes. A similar pat-
tern was seen in salmon RAS, where the water samples were closest in com-
position to the biofilter (Schmidt et al., 2016). Since the water is in contact
with the biofiltermicrobiome continuously, this is likely affecting itsmicro-
bial composition, as observed in other RAS microbiome research (Moschos
et al., 2022). The observed dissimilarity of thewater and biofilter can be ex-
plained by the RAS layout: the biofilter is physically separated from the fish
tanks and has microorganisms growing in biofilms on carrier material, and
thewater is treatedwithUV radiation before it enters the rearing tanks. The
different conditions prevalent in the water and biofilter can lead to a diver-
gence in community composition over time (Blancheton et al., 2013).

The gut microbiome composition of zebrafish and carp was similar on
phylum level and was characterized by a dominance of Fusobacteriota
and to a lesser extent Gammaproteobacteria and Bacteroidota (Fig. 3).
This result is also in line with previous studies that have found a high de-
gree of overlap between the gut microbiomes of different freshwater fish
species (Sullam et al., 2012; Tarnecki et al., 2017). The similarity between
the RAS-associated and gut microbiome was limited in our data. In
zebrafish, it was found that a change in RAS rearing water caused changes
in the gut microbiome (Breen et al., 2019), which can be contradictory to
the limited overlap we observe in our laboratory RAS. However, in Atlantic
salmon reared in RAS, an effect of the rearing water on the gut microbiome
was found despite limited overlap between the water and gut microbiomes
(Bugten et al., 2021). It would thus be worthwhile to investigate how the
laboratory RAS environment induces changes in fish-associated
microbiomes, even if the overall similarity is low.

The gill microbiome of both fish species was distinct from the RAS-
associated and gut microbiomes and is dominated by Gammaproteobacteria
in carp gills (up to 90 % of all sequences) and by Alphaproteobacteria in



W. Mes et al. Science of the Total Environment 896 (2023) 165212
zebrafish gills (Fig. 3). This is in line with research on the gill microbiome
(Legrand et al., 2019; Sehnal et al., 2021). The microbial composition on a
lower taxonomic level is close to other freshwater teleost species (Slinger
et al., 2021; Wu et al., 2021), indicating that similar factors are shaping
the gill microbiome of freshwater fish species. Tarnecki et al. (2017) showed
that salinity is a key factor in shaping the gut microbiome of different fish
species, and it would be interesting to determine if salinity also affects the
gill microbiome of fish. It is possible that the differences in gill physiology
between freshwater and marine fish in terms of osmoregulation and nitro-
gen excretion (Hwang et al., 2011; Wright and Wood, 2012) lead to a dis-
tinct gill microbiome and this warrants further study.

3.3. Fish-associated microbiomes have an abundant core that is partly shared
between species

We investigated the gill and gut microbiomes of both fish species to de-
termine genes-level bacterial taxa specifically enriched in these tissues, and
the cross-species as well as species-specific core microbiomes. First, we de-
termined differential abundance of bacterial genera for each sample type.
In the carp and zebrafish RAS, 187 out of 455 and 103 out of 443 genera,
respectively, were differentially abundant between sample types
(Benjamini-Hochberg corrected p < 0.05). Most of these genera were
enriched in the RAS-associated habitats, but a smaller number of genera
had a significantly higher abundance in host-associated microbiomes
(Table 1). For carp, 7 and 9 genera were specifically enriched in the gill
and gut, respectively. For zebrafish, 11 genera were enriched in the gill
compared to all other samples, but only 2 in the gut.

The gut microbiome of both fish species was characterized by a signifi-
cant enrichment in Cetobacterium and Aeromonas genera. The cross-species
core gut microbiome consists of 26 ASVs: 8 ASVs assigned to Cetobacterium,
4 Aeromonas, 3 Bacteroidales, 3 Rhizobiales, 2 Crenobacter, 2 Plesiomonas
and 1 ASV of each of Pseudomonas, Shewanella, Sphingomonas and Vibrio.
Cetobacterium and Aeromonas have been reported before in common carp
and zebrafish gut samples (Roeselers et al., 2011; van Kessel et al., 2011;
Table 1
Differentially abundant genera in carp and zebrafish gill and gut samples. Differen-
tially abundant genera were identified with the ALDEx2 generalized linear model
and Kruskal-Wallis tests. The family to which each genus belongs is also given. Cut-
offs used for differential abundance were an FDR-corrected p value < 0.05 and an
effect size >1.

Carp Zebrafish

Family Genus Family Genus

Gill
Burkholderiales_ISa 2013Ark19ib Xanthobacteraceae Bradyrhizobium
Burkholderiales_ISa Ca_Branchiomonasb Comamonadaceae Variovorax
Xanthobacteraceae Bradyrhizobium Corynebacteriaceae Corynebacterium
Comamonadaceae Limnohabitans Staphylococcaceae Staphylococcus
Sphingomonadaceae Sphingomonas Rhizobiaceae Phyllobacterium
Rhizobiaceae Phyllobacterium Rhodobacteraceae Paracoccus
Comamonadaceae Variovorax Moraxellaceae Enhydrobacter

Sphingomonadaceae Stakelamab

Sphingomonadaceae Sphingomonas
Propionibacteriaceae Cutibacterium

Beijerinckiaceae
Methylobacterium-
Methylorubrum

Gut
Fusobacteriaceae Cetobacterium Fusobacteriaceae Cetobacterium
Aeromonadaceae Aeromonas Aeromonadaceae Aeromonas
Shewanellaceae Shewanella
Chromobacteriaceae Crenobacter
Erysipelotrichaceae Dielma
Vibrionaceae Vibrio
Erysipelotrichaceae ZOR0006
Pasteurellaceae Rodentibacterb

Bacteroidaceae Bacteroides

a IS: Incertae sedis.
b This genus is only found in the microbiome of this body site and species.
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Meng et al., 2021). Cetobacterium somerae is commonly observed in other
fish species, was shown to produce vitamin B12, and is therefore considered
a beneficial member of the gutmicrobiome (Tsuchiya et al., 2008; Roeselers
et al., 2011). The carp-specific core gut microbiome comprised 32 ASVs,
predominantly Cetobacterium, Firmicutes and the gammaproteobacterial
genera Aeromonas, Burkholderiales and Vibrio. The zebrafish-specific core
gut microbiome consisted of 49 ASVs, with similar taxa represented as in
the carp-specific core microbiome. The core gut microbiomes represented
99 % and 98 % of all bacterial reads in carp and zebrafish, respectively,
while approximately half of the total ASVs were observed in only one gut
sample for both species.

In the gills of both fish species, Bradyrhizobium, Sphingomonas,
Phyllobacterium andVariovoraxwere significantly higher in abundance com-
pared to other sample types. Interestingly, these taxa also make up the ma-
jority of the cross-species core gill microbiome on ASV level, which further
included oneMethylobacterium ASV (Table 2). This shared core microbiome
is small in number of ASVs, but the high congruence of enriched taxa in the
gills is notable. In particular, the existence of a cross-species gill microbiome
shared between two separate RAS suggests that some microorganisms are
suited to colonize the fish gill habitat effectively regardless of the fish spe-
cies. Since the carp and zebrafish RAS were physically separated, direct
transmission between fish cannot explain this shared microbiome. It is
likely that these microorganisms originate from the water, where these
ASVs were also detected, albeit in low abundances. Systematic comparisons
of the gill microbiomes of multiple species are rare and are often performed
withwild fish or animals kept in co-culture (Pratte et al., 2018; Kuang et al.,
2020), so it remains to be determined if this pattern is conserved in other
RAS gill microbiomes. While the functions of the identified shared core
taxa are currently unknown, they may be involved in protecting the muco-
sal surfaces against pathogens. For example, Sphingomonas abundance was
found to be inversely correlated to potentially pathogenic Vibrio species in
the skin of European seabass (Dicentrarchus labrax, L.) (Rosado et al.,
2021). Since Sphingomonas is one of the few bacterial genera to produce
sphingolipids, and since symbiont-derived sphingolipids were found to
modulate gill mucosal immunity in rainbow trout (Oncorhynchus mykiss,
Walbaum), it would be interesting to study the involvement of these mole-
cules in the establishment of symbiotic relationships with other fish species
(Sepahi et al., 2016).Methylobacterium species had a similar inverse correla-
tion with the opportunistic pathogen Flavobacterium psychrophilum in brook
charr (Salvelinus fontinalis) skin microbiomes and also co-occurred together
with Sphingomonas in healthy but not in stressed fish (Boutin et al., 2013;
Boutin et al., 2014).

To further characterize the gill-associated microbiomes of both species,
we investigated the ASVs that were unique to the gill (Fig. 4, Table S3) and
the species-specific core ASVs. Both carp and zebrafish gill microbiomes
contained a high proportion of unique ASVs: over half of the ASVs found
in gill samples are unique to this tissue, which was considerably higher
than for gut samples. For carp gills, the unique ASVs were mostly
Burkholderiales related toCa. Branchiomonas andCa. Ichtyocystis and con-
stituted the majority of the species-specific core which further consisted of
Cetobacterium and 1 Parachlamydiaceae ASV. The Parachlamydiaceae and
Ca. Branchiomonas and Ca. Ichthyocystis ASVs are intracellular bacteria
that are associated with gill diseases (Toenshoff et al., 2012; Stride et al.,
2014; Seth-Smith et al., 2016; Gjessing et al., 2021). Our carp did not
show signs of disease on the gills, so this finding is surprising. The high
abundance of these potentially pathogenic species has been reported for
other healthy fish before (Mitchell et al., 2013; Brown et al., 2019). The
carp core gill microbiome (shared and carp-specific) accounted for a large
majority (96 %) of gill 16S rRNA sequence reads, while the majority of
ASVs (75 %) were found in single carp gill samples only and constituted
merely ~2.5 % of all sequences. Unique zebrafish gill ASVs were from the
genera Paracoccus, Enhydrobacter and Sphingomonas and the zebrafish-
specific core gill microbiome consisted of 3 Sphingomonas, 2 Rhizobiales,
2 Actinobacteria, 1 Paracoccus and 1 Enhydrobacter ASVs. Together, the
shared and zebrafish-specific gill core microbiome accounted for 79 % of
all sequence reads, while the large majority of ASVs (80 %) was only



Table 2
Core ASVs of carp and zebrafish gill microbiomes. ASVs were defined as cross-species core ASVs when identified in all gill samples of both species and as species-specific core
ASVs when found in all gill samples of one species.

Cross-species core

ASV_2 Alphaproteobacteria_Sphingomonadales_Sphingomonadaceae_Sphingomonas
ASV_5 Alphaproteobacteria_Rhizobiales_Xanthobacteraceae_Bradyrhizobium
ASV_6 Alphaproteobacteria_Rhizobiales_Beijerinckiaceae_Methylobacterium
ASV_14 Alphaproteobacteria_Rhizobiales_Rhizobiaceae_Phyllobacterium
ASV_22 Alphaproteobacteria_Rhizobiales_Xanthobacteraceae_Bradyrhizobium
ASV_59 Gammaproteobacteria_Burkholderiales_Comamonadaceae_Variovorax
ASV_359 Alphaproteobacteria_Sphingomonadales_Sphingomonadaceae_Sphingomonas
ASV_532 Alphaproteobacteria_Sphingomonadales_Sphingomonadaceae_Sphingomonas

Carp-specific core ASVs Zebrafish-specific core ASVs

ASV_1 Gammaproteobacteria_Burkholderiales_Burkholderiales_Incertae_Sedis_2013Ark19i ASV_184 Alphaproteobacteria_Rhodobacterales_Rhodobacteraceae_Paracoccus
ASV_3 Fusobacteria_Fusobacteriales_Fusobacteriaceae_Cetobacterium ASV_216 Gammaproteobacteria_Pseudomonadales_Moraxellaceae_Enhydrobacter
ASV_7 Chlamydiae_Chlamydiales_Parachlamydiaceae_NA ASV_469 Alphaproteobacteria_Sphingomonadales_Sphingomonadaceae_Sphingomonas
ASV_56 Gammaproteobacteria_Burkholderiales_Comamonadaceae_Limnohabitans ASV_732 Actinobacteria_Propionibacteriales_Propionibacteriaceae_Cutibacterium
ASV_133 Gammaproteobacteria_Burkholderiales_Burkholderiales_Incertae_Sedis_Ca_Branchiomonas ASV_920 Alphaproteobacteria_Rhizobiales_Xanthobacteraceae_Bradyrhizobium
ASV_445 Gammaproteobacteria_Burkholderiales_Burkholderiales_Incertae_Sedis_2013Ark19i ASV_951 Alphaproteobacteria_Rhizobiales_Xanthobacteraceae_Bradyrhizobium
ASV_477 Gammaproteobacteria_Burkholderiales_Burkholderiales_Incertae_Sedis_2013Ark19i ASV_1142 Actinobacteria_Corynebacteriales_Corynebacteriaceae_Corynebacterium
ASV_3097 Gammaproteobacteria_Burkholderiales_Burkholderiales_Incertae_Sedis_2013Ark19i ASV_1645 Alphaproteobacteria_Sphingomonadales_Sphingomonadaceae_Sphingomonas
ASV_4869 Gammaproteobacteria_Burkholderiales_Burkholderiales_Incertae_Sedis_2013Ark19i ASV_3563 Alphaproteobacteria_Sphingomonadales_Sphingomonadaceae_Stakelama
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found in single gill samples and accounted for 10 % of all amplicons. Thus,
the core microbiome constitutes the majority of bacteria present in both
fish species' gills.

Our results indicate that despite the close proximity to microbiologi-
cally rich surroundings, the gill and gut microbiome of carp and zebrafish
remain distinct from the RAS-associated microbiomes. In the case of the
gut microbiome, this pattern has been observed in zebrafish and other spe-
cies (Breen et al., 2019; Bugten et al., 2021). Contrastingly, studies that
have focused on the effects of the RAS environment on external microbiota
are scarce, with to our knowledge only Atlantic salmon and yellowtail king-
fish RAS having been investigated (Minich et al., 2020;Minich et al., 2021).
The effects of the RAS environment on the fish-associatedmicrobiomes can
potentially vary over time, differ between species, and depend on operating
conditions of the system (Fossmark et al., 2020; Bugten et al., 2021; Lorgen-
Ritchie et al., 2022). Since we only examined a single RAS setup for each
species and a single point in time, the temporal dynamics of the RAS
microbiome remain unknown. While there was little direct overlap in mi-
crobial composition between the RAS microbiome and fish-associated
microbiomes in our study, a number of highly abundant core gill and gut
microbiota members were be detected throughout the system. This raises
Fig. 4.Unique and shared ASVs in RAS- and fish-associated microbiomes of carp and zeb
for carp (A) and zebrafish (B) systems separately. Shared ASVs had to be present in at l
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the possibility that the RAS environment contains rare members that are
adapted to colonize fishmicrobiomes, or alternatively that thefishmicrobi-
ota are able to spread microorganisms into the RAS ecosystem and vice
versa. Furthermore, the ASVs unique to the gill and gut microbiome of
fish are interesting targets to study for alternative transmissionmechanisms
other than via the water.

3.4. Gills of carp and zebrafish possess a distinct population of ammonia-
oxidizing bacteria

As both the RAS biofilter and fish-associated microbiomes are potential
habitats for ammonia-oxidizing bacteria, we assessed the diversity of
ammonia-oxidizing bacteria based on the marker gene amoA. From both
carp and zebrafish gills, we obtained amoA sequences that were closely re-
lated to Nitrosomonas eutropha, whereas the filter and water samples
contained distinct amoA sequences (Fig. 5). Thus, it can be concluded that
gill-associated Nitrosomonas species form a distinct group from those
found in either tank water or RAS biofilters. Interestingly, the amoA se-
quences obtained from carp and zebrafish gills form amonophyletic cluster
togetherwith previously published sequences derived from gills (vanKessel
rafish. Venn diagrams indicate the set of ASVs found in each respective microbiome
east half of the samples of the type.



Fig. 5.Maximum likelihood tree of ammoniamonooxygenase subunit A (amoA) gene sequences obtained fromRAS,water and gill microbiomes. amoA sequences obtained in
this study are colored according to the source of the sequence,with biofilter samples in red, water samples in blue and gill samples in green and are printed in bold. Previously
published gill-associated amoA sequences are also printed in bold. Bootstrap values are given for all nodes in the tree. Methyloprofundus pmoA (LC616792) was used as
outgroup for the tree.
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et al., 2016). As this research was performed in the same facility but more
than six years prior to our study, there seems to be a stable association of
gill-associated Nitrosomonas and both fish species studied. As these specific
Nitrosomonas species were not observed in the RAS environment, it is un-
likely that the presence of these ammonia oxidizers infish gills is dependent
on their presence in the biofilter. Since the bacteria were found in multiple
individual fish, it raises questions about the transmission of these gill-
specific Nitrosomonas between fish if they are not originating from the
RAS environment.

In contrast to amoA, no Nitrosomonas 16S rRNA gene sequences were
obtained from the gills, which makes quantification and comparison of
these bacteria to other fish gill microbiomes impossible. Samples from
carp and zebrafish contained ASVs classified as Nitrosomonadaceae, but
thesewere closely related to other Betaproteobacteria (Usitatibacter rugosus,
99.53 % similarity andHydrogenophilus, 93 % similarity, respectively). Nei-
ther RAS had high abundances of Nitrosomonas ASVs in the water and
biofilter samples, but ASVs within the closely related genus of Nitrosospira
were more abundant. It is possible that the applied de-enrichment protocol
did not remove host DNA sufficiently or removed bacterial DNA aswell. Al-
ternatively, it may have been the case that PCR-inhibitory compounds were
still present in the sample, which lead to lower observedmicrobial diversity
as reported in a recent study in fish gills (Clokie et al., 2022). In that study,
the authors proposed to improve gill microbiome sampling by using filter
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swabs instead of whole tissue, which might allow quantification of the
16S rRNA sequence abundance of the gill-specific Nitrosomonas and
would be an interesting option for follow-up research.

While Nitrosomonas-like 16S rRNA gene sequences have been found in
the gills of multiple other fish species (Tarnecki et al., 2016; Legrand
et al., 2018; Minich et al., 2020), further evidence for their nitrogen-
cycling role as indicated by the presence of amoA sequences is currently
lacking in the literature. Application of alternative methods to 16S rRNA
amplicon sequencing, such as PCRs for nitrogen cycle marker genes or
more advanced sequencing methods (shotgun metagenomic sequencing)
will further our understanding of the symbiosis of nitrogen cycle bacteria
with teleostean fish and lead to a more functional understanding of the
gill microbiome.

4. Conclusion

In summary, we examined the gill and gut microbiomes of carp and
zebrafish reared in RAS and compared the composition of these
microbiomes with the microbial community of the circulating water and
biofilters. We found that the fish-associated microbiomes were character-
ized by lower overall richness and a different composition than the RAS
microbiomes. Community composition was largely determined by the
environment, but a smaller effect of fish species was apparent for each
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microbiome. Carp and zebrafish largely shared their core gill and gut
microbiomes,which consisted of a small number of abundant ASVs. Finally,
our investigation of ammonia-oxidizing bacteria revealed that gill-
associated Nitrosomonas-like bacteria formed a distinct group from the
ammonia-oxidizers present in the surrounding water and biofilter samples.
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