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ABSTRACT Successful rearing of fish in hatcheries is critical for conservation, recre-
ational fishing, commercial fishing through wild stock enhancements, and aquacul-
ture production. Flowthrough (FT) hatcheries require more water than recirculating
aquaculture systems (RAS), which enable up to 99% of their water to be recycled,
thus significantly reducing environmental impacts. Here, we evaluated the biological
and physical microbiome interactions of three Atlantic salmon hatcheries (RAS n � 2,
FT n � 1). Gill, skin, and digesta from six juvenile fish along with tank biofilms and
water were sampled from tanks in each of the hatcheries (60 fish across 10 tanks) to
assess the built environment and mucosal microbiota using 16S rRNA gene sequenc-
ing. The water and tank biofilm had more microbial richness than fish mucus, while
skin and digesta from RAS fish had 2 times the richness of FT fish. Body sites each
had unique microbiomes (P � 0.001) and were influenced by hatchery system type
(P � 0.001), with RAS being more similar. A strong association between the tank and
fish microbiome was observed. Water and tank biofilm richness was positively corre-
lated with skin and digesta richness. Strikingly, the gill, skin, and digesta communi-
ties were more similar to that in the origin tank biofilm than those in all other
experimental tanks, suggesting that the tank biofilm has a direct influence on
fish-associated microbial communities. Lastly, microbial diversity and mucous cell
density were positively associated with fish growth and length. The results from this
study provide evidence for a link between the tank microbiome and the fish micro-
biome, with the skin microbiome as an important intermediate.

IMPORTANCE Atlantic salmon, Salmo salar, is the most farmed marine fish world-
wide, with an annual production of 2,248 million metric tons in 2016. Salmon hatch-
eries are increasingly changing from flowthrough toward recirculating aquaculture
system (RAS) design to accommodate more control over production along with im-
proved environmental sustainability due to lower impacts on water consumption. To
date, microbiome studies of hatcheries have focused either on the fish mucosal mi-
crobiota or on the built environment microbiota but have not combined the two to
understand their interactions. Our study evaluates how the water and tank biofilm
microbiota influences the fish microbiota across three mucosal environments (gill,
skin, and digesta). Results from this study highlight how the built environment is a
unique source of microbes to colonize fish mucus and, furthermore, how this can in-
fluence fish health. Further studies can use this knowledge to engineer built envi-
ronments to modulate fish microbiota for beneficial phenotypes.

CitationMinich JJ, Poore GD, Jantawongsri K,
Johnston C, Bowie K, Bowman J, Knight R,
Nowak B, Allen EE. 2020. Microbial ecology of
Atlantic salmon (Salmo salar) hatcheries:
impacts of the built environment on fish
mucosal microbiota. Appl Environ Microbiol
86:e00411-20. https://doi.org/10.1128/AEM
.00411-20.

Editor Shuang-Jiang Liu, Chinese Academy of
Sciences

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Barbara Nowak,
B.Nowak@utas.edu.au, or Eric E. Allen,
eallen@ucsd.edu.

Received 19 February 2020
Accepted 9 April 2020

Accepted manuscript posted online 17
April 2020
Published

MICROBIAL ECOLOGY

crossm

June 2020 Volume 86 Issue 12 e00411-20 aem.asm.org 1Applied and Environmental Microbiology

2 June 2020

 on June 25, 2020 at U
N

IV O
F C

ALIF SAN
 D

IEG
O

http://aem
.asm

.org/
D

ow
nloaded from

 

https://orcid.org/0000-0002-7202-965X
https://orcid.org/0000-0002-3443-3715
https://orcid.org/0000-0002-4528-9333
https://orcid.org/0000-0002-0975-9019
https://orcid.org/0000-0002-0347-643X
https://orcid.org/0000-0002-1229-8794
https://doi.org/10.1128/AEM.00411-20
https://doi.org/10.1128/AEM.00411-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:B.Nowak@utas.edu.au
mailto:eallen@ucsd.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00411-20&domain=pdf&date_stamp=2020-4-17
https://aem.asm.org
http://aem.asm.org/


KEYWORDS 16S, aquaculture, built environment, environmental microbiology,
microbial ecology, microbiome

Aquaculture is the fastest-growing agricultural industry, now producing over 50% of
seafood by volume globally (1). While freshwater systems currently outproduce

marine systems (51.4 million metric tons versus 28.7 million metric tons in 2016), marine
aquaculture has tremendous potential to expand, with estimates of theoretical pro-
duction of 15 billion metric tons (522� increase) (2, 3). One of the primary challenges
to scaling aquaculture production is improving seed quality by increasing survival rates
and strengthening immune development of larvae and juveniles in the hatchery
environment (4). This is challenging particularly as there are an estimated 369 different
species of fish currently grown for commercial aquaculture, with additional species in
experimental production (3). In terms of global aquaculture production, Atlantic
salmon, Salmo salar, ranks first among marine fish and is the 9th largest aquaculture
fish species overall (3). Global growth in Atlantic salmon production has primarily been
driven by technological advancements in automated feeding machines, reduced reli-
ance on fishmeal-based feeds, selective breeding to reduce growout time to market
from 3 years to 1 year (at sea), and in the Northern hemisphere, disease control through
commercial adoption of vaccine development along with biological control of parasite
infection using cleaner fish (5). Note that neither Australia nor New Zealand has issues
with sea lice but, like the Northern hemisphere, both have had issues with amoebic gill
disease (6, 7). Improvements in land-based hatchery technology are further reducing
the environmental footprint of aquaculture by decreasing water and land use (8, 9).
Optimizing hatchery conditions is also important for mariculture, capture fisheries,
recreational fisheries, and conservation, as many government programs rely on ocean
enhancement efforts to replenish wild populations. For example, in 2018, 29 Alaska
salmon hatcheries used for ocean enhancement contributed to 34% of commercial
harvest worth $453 million (10). Understanding the factors for which hatchery-reared
salmon exhibit altered performance compared to wild salmon, including higher growth
rates, lower age to maturity, higher overall survival, lowered lifetime reproductive
success, and increased aggression, including competitiveness, may be important for
improved ocean enhancement (11–13).

Salmon are reared in two primary types of freshwater hatchery systems, flowthrough
(FT), which requires continuous new water, and recirculating aquaculture systems
(RAS), where up to 99% of the water is recycled. FT hatcheries, however, take in and
release relatively large volumes of water, usually from natural surface waters, and
require water treatment and settlement systems. The RAS have the potential to
significantly reduce freshwater requirements and thereby lower environmental im-
pacts. Some producers are concerned about switching to RAS over traditional flow-
through (FT) systems due to potential negative effects on fish health. Since RAS utilize
microbes for biofiltration, this overall enrichment in microbes in a system may influence
fish growout (14–16). Atlantic salmon hatcheries are primarily built near freshwater
inputs such as streams or rivers whereby water is filtered and either continually
flowed through the tanks at approximately 300% daily or used to replenish the RAS
tanks at 2 to 7% daily. During the freshwater stage in both hatchery systems, juvenile
salmon, parr, are reared in circular tanks ranging from 3 m to 10 m in diameter and 2
to 5 m in depth made from fiberglass, concrete, or other materials and equipped with
oxygen injectors (aerators). This period is crucial for salmon survival, as disease out-
breaks can cause costly die-offs in the system. Compared to FT systems, enclosed RAS
have the benefit of requiring 93% less water from the environment and a 26 to 38%
reduction in eutrophication potential to the environment (17, 18) but can also be more
costly in energy use (24 to 40% higher) (9). Because RAS are enclosed batch systems,
biosecurity is theoretically improved, as conditions can be regulated and controlled
much more easily than in FT systems. In addition, the feed conversion ratio (FCR) can
be lower in an RAS due to the ability to control variables such as temperature and
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salinity (17). RAS may enable establishment of stable, slow-growing bacterial commu-
nities in the hatchery systems, which has been shown to improve survival rates in cod
(19). Other studies, however, have suggested that water quality (higher recirculating
microbial loads, accumulation of metabolites, or accumulation of heavy metals from
feeds) in RAS was detrimental for larvae survival and/or growth of common carp (20),
sea bass (21), and Nile tilapia (22). For postsmolt Atlantic salmon reared in an RAS, both
salinity (12, 22, and 32 parts per thousand [ppt]) and time (3, 4.5, and 7 months)
influenced microbial communities of the water column, while the tank biofilm (which
differed from the water column) remained stable (23). Since microbial communities are
indicated as an important factor in RAS water quality, and thereby fish health, it is
important to understand how microbiomes of both the built environment along with
the fish mucus are influenced in RAS versus FT systems.

The importance of the mucus microbiome, the collection of microbial eukaryotes,
bacteria, archaea, and viruses inhabiting a mucosal body site, to animal health has been
well documented and shown to reduce pathogen growth and colonization through
mechanisms such as competitive exclusion (24, 25), production of antimicrobial com-
pounds (25, 26), and microenvironment control to reduce pathogen growth and
colonization (27, 28). Mucosal environments, including the gill (29), skin (30), and gut
(31), serve as important physical barriers for disease and are critical components of the
immune response. The skin and gut microbiomes of Atlantic salmon are unique, differ
by life stage (parr, smolt, and adult), and differ depending upon rearing environment
(wild versus hatchery) (32–34). Furthermore, water has been shown to primarily influ-
ence the skin community (34), which is further exemplified during migration from
freshwater to saltwater (33). Atlantic salmon gut microbial assemblages are primarily
driven by the life stage rather than the environment (35, 36) in the wild, which has been
hypothesized to be due to changes in diet along with increased consumption of water
during the marine stage (37). The hatchery built environment is a unique microbial
habitat which has largely remained unexplored (38, 39). Understanding the relationship
between the built environment of the hatchery along with the mucosal microbiome of
the fish may be important for predicting and improving fish health.

The purpose of this study was to evaluate how hatchery type (FT versus RAS)
influences the microbial community of fish mucus and, subsequently, fish health. This
study comprehensively evaluates the gill, skin, and gut microbiome of Atlantic salmon.
We further combined histological analyses of mucosal sites to connect microbial
changes to mucus health.

RESULTS
Microbiome sample success. A total of 60 fish were sampled from three unique

hatcheries, one flowthrough (FT) and two recirculating aquaculture systems (RAS).
Within the hatcheries, a total of 6 fish were sampled from each of 10 unique tanks (3
tanks per hatchery). To evaluate their health status, fish were examined for histopatho-
logical measurements within the gill, skin, and gastrointestinal tract. In addition, the
mucosal microbiome of three body sites (gill, skin, and digesta) was sampled across all
60 fish along with environmental controls, including the tank water and tank-associated
biofilms. After calculating sample cutoff measures and rarefying to 1,000 reads, a total
of 185 samples (out of 201) passed quality assurance/quality control (QA/QC), resulting
in a total of 6,197 total unique suboperational taxonomic units (sOTUs) (see Fig. S1 in
the supplemental material). This rarefaction depth maximized sample size while pro-
viding sufficient coverage to accurately describe microbial community structure. Fail-
ures were not associated with any particular hatchery system (success rate: 72/78 RAS
1, 56/60 RAS 2, 56/60 FT) or body site (success rate: 56/60 gill, 58/60 skin, 55/60 digesta).
A total of 37 microbial phyla were represented in the data set, including one archaea
(Euryarchaeota) and one eukaryote (Apicomplexa) (Fig. 1). Digesta samples generally
had higher levels of Cyanobacteria, Firmicutes, Actinobacteria, and Fusobacteria, whereas
the skin and gill were enriched with Bacteroidetes, Verrucomicrobia, and Acidobacteria.
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Across all body sites and built environment samples, Proteobacteria was most domi-
nant.

Microbiome driven by body site, hatchery, and then tank. Statistical analyses of
community composition (beta diversity) revealed that body site along with hatchery
system and variation among tanks were all significant drivers of community composi-
tion, with body site being the strongest driver (P � 0.001, R2 � 0.127 unweighted
UniFrac; P � 0.001, R2 � 0.340 weighted UniFrac; Adonis) (Table 1). Furthermore, when
stratifying for each body site (gill, skin, and gut), microbial communities were signifi-
cantly influenced by both hatchery location and across individual tanks using both
unweighted and weighted UniFrac (Table 1).

Microbial diversity differs according to sample type, with water samples having the
highest richness (P � 0.0015, Kruskal-Wallis test [KW] � 17.52; Kruskal-Wallis, Benjamini
Hochberg false-discovery rate [FDR] � 0.05) and phylogenetic diversity (P � 0.0021,
KW � 16.79; Kruskal-Wallis, Benjamini Hochberg FDR � 0.05) (Fig. 2a and b). When only

FIG 1 Microbial phyla (37) present in the study, including bacteria. *, archaea; **, one microbial eukaryote.

TABLE 1Multivariate Adonis statistical testing of drivers of microbial beta diversityb

Sample typea Metadata name

Combined Gill Skin Gut

R2 P R2 P R2 P R2 P

Unw UniFrac
Body site Sample_type 0.127 0.001 Nan Nan Nan Nan Nan Nan
Hatchery system ylk_tank_system 0.062 0.001 0.124 0.001 0.172 0.001 0.091 0.001
Tank no. ylk_sbt_tank_no. 0.110 0.001 0.268 0.001 0.294 0.001 0.284 0.001

W UniFrac
Body site Sample_type 0.340 0.001 Nan Nan Nan Nan Nan Nan
Hatchery system ylk_tank_system 0.053 0.001 0.231 0.001 0.229 0.001 0.084 0.031
Tank no. ylk_sbt_tank_no. 0.119 0.002 0.423 0.001 0.388 0.001 0.433 0.001

aUnw UniFrac, unweighted UniFrac; W UniFrac, weighted normalized UniFrac.
bNan, not applicable.
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fish mucus samples were compared, the gill had less richness than the skin and digesta
(P � 0.0056, KW � 10.37; Kruskal-Wallis, Benjamini Hochberg FDR � 0.05) and lower
phylogenetic diversity than the skin (P � 0.0279, KW � 7.16; Kruskal-Wallis, Benjamini
Hochberg FDR � 0.05). Microbial composition as assessed using unweighted UniFrac
distances was primarily driven by sample type, followed by hatchery system, with
samples from the RAS generally being more similar than the FT hatchery (Table 1, Fig.
2c and d). In addition, water and biofilm samples were highly distinguishable between
the hatchery systems, particularly RAS versus FT, and clustered more closely to gill and
skin samples, indicating that gill and skin microbiomes were more closely related to the
built environment.

Impacts of hatchery type on fish and built environment microbiome. We next
assessed how facility type influenced the microbiome of both the fish body sites and
the built environment. The microbial richness of skin, digesta, tank biofilm, and tank
water was generally higher in the RAS than in the FT system (Fig. 3a). When comparing
only fish body sites, both skin (P � 0.0001, KW � 21.16; Kruskal-Wallis, Benjamini
Hochberg FDR � 0.05) and digesta (P � 0.0058, KW � 10.29; Kruskal-Wallis, Benjamini
Hochberg FDR � 0.05) richness was significantly different across hatcheries, with RAS
having approximately 2 times more sOTUs associated with skin and digesta than FT

FIG 2 Microbial ecology (16S rRNA) of three tanks each from three hatchery systems (water and tank biofilm) and Atlantic salmon gill mucus, skin mucus, and
digesta. (a and b) Alpha diversity measures of (a) total richness and (b) Faith’s phylogenetic diversity evaluated with a nonparametric Kruskal-Wallis test with
a Benjamini-Hochberg FDR of 0.05. (c and d) Beta diversity measures of unweighted UniFrac distances colored by (c) sample type and by (d) hatchery system.
**, P � 0.01.
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systems (Fig. 3b). Post hoc multiple-comparison tests demonstrated that for skin, both
RAS1 and RAS2 richnesses were greater than FT richness, whereas for digesta, only
RAS1 was higher than FT (Fig. 3b). Compositionally, the microbial communities were
significantly different across hatcheries for all samples combined (Table 1). When
microbial communities of specific body sites, such as gill, skin, and digesta, were
analyzed, a hatchery-specific microbiome was still observed (Fig. 3c to e). The hatchery-

FIG 3 Interhatchery effects on microbial ecology of the built environment and fish body sites. (a) Richness (total observed sOTUs) distributions per each tank
across body sites, tank biofilm, and water column from the three types of hatcheries, RAS1, RAS2, and FT. (b) Tank replicates are combined per hatchery to
enable multiple-group statistical analysis of richness comparisons (Kruskal-Wallis). (c to g) Beta diversity distributions depicted through principal-coordinate
analysis (PCoA) plots of unweighted UniFrac distances across tanks for each unique environment as follows: (c) salmon gill, (d) salmon skin, (e) salmon digesta,
(f) tank water, and (g) tank biofilm. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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specific microbiome was also prevalent in the water column and tank biofilm (Fig. 3f
and g). On closer observation, tank biofilm, tank water, and fish skin samples from the
RAS were more similar compositionally than those from the FT system (Fig. 3, Fig. S2,
Fig. S3), with RAS1 also having unique communities apart from RAS2.

Microenvironment “tank effect” drivers of the microbiome. Next, we directly
evaluated the relationship between the environmental microbiome of the tank water
and tank biofilm with the fish mucus. For each individual tank, the microbial richness
of the biofilm (Fig. 4a) and that of the tank water (Fig. 4b) were compared to the
richness of fish within that tank for the three body sites gill, skin, and digesta. Both skin
and digesta richnesses were positively correlated with tank biofilm richness (skin
P � 0.0001, R2 � 0.2835; digesta P � 0.002, R2 � 0.2042) and water richness
(skin P � 0.0014, R2 � 0.2336; digesta P � 0.0264, R2 � 0.1296). This indicates that the
skin and gut microbial communities interact with the built environment more than the
gill microbial community does. In addition, just skin and just digesta were compared,
the R2 values for the tank biofilm were higher than those for tank water, indicating that
tank biofilms have a slightly stronger impact than tank water on fish mucus richness (or
vice versa) (Fig. 4a and b). Since hatchery environmental microbes seemed to influence
fish mucus microbes and unique microbial populations exist across hatcheries and
within tank replicates within a hatchery, we hypothesized that within a tank, fish mucus
microbial composition should be more similar to the biofilm and water of that tank
than to those of tanks from other hatcheries. Here, we report that the gill (P � 0.0022,
Mann-Whitney U test � 4,816), skin (P � 0.0001, Mann-Whitney U test � 3,318), and
digesta (P � 0.02, Mann-Whitney U test � 5,051) of the fish are more similar to the tank
biofilm of origin than to tanks from other hatcheries (Fig. 4c), whereas for tank water,
this only is true for the gill (P � 0.0014, Mann-Whitney U test � 3,516) and skin
(P � 0.0051, Mann-Whitney U test � 4,087) (Fig. 4d). Based on beta diversity distances,
we tested whether certain body sites are more similar to the tank biofilm or water than
others. Both gill and skin are more similar to the tank biofilm (P � 0.0001, KW � 66.72;
Kruskal-Wallis, Benjamini Hochberg FDR � 0.05) and tank water (P � 0.0001,
KW � 61.55; Kruskal-Wallis, Benjamini Hochberg FDR � 0.05) than digesta (Fig. 4e).

To understand how microbial communities differ across hatchery types, we com-
pared the beta diversity within sample types from the three hatcheries. We hypothe-
sized that microbial communities from the RAS facilities would have more similar
microbial communities compared to the FT and tested this across the various sample
types. For unweighted UniFrac distances, tank biofilm (P � 0.0129, KW � 7.938; Kruskal-
Wallis, Benjamini Hochberg FDR � 0.05; multiple comparisons of FT-RAS1 versus
RAS1-RAS2 P � 0.0288, FT-RAS2 versus RAS1-RAS2 P � 0.0073) and skin communities
(P � 0.0001, KW � 333.2; Kruskal-Wallis, Benjamini Hochberg FDR � 0.05; multiple
comparisons of FT-RAS1 versus RAS1-RAS2 P � 0.0001, FT-RAS2 versus RAS1-RAS2
P � 0.0001) are more similar between RAS hatcheries compared to the FT hatchery (Fig.
S3a). For weighted UniFrac distances (Fig. S3b), tank biofilm (P � 0.0002, KW � 12.86;
Kruskal-Wallis, Benjamini Hochberg FDR � 0.05; multiple comparisons of FT-RAS1
versus RAS1-RAS2 P � 0.0037, FT-RAS2 versus RAS1-RAS2 P � 0.0008), skin (P � 0.0001,
KW � 48.22; Kruskal-Wallis, Benjamini Hochberg FDR � 0.05), and gill (P � 0.0001,
KW � 44.8; Kruskal-Wallis, Benjamini Hochberg FDR � 0.05) showed greater similarity
between the RAS systems than between the FT system and either RAS system.
Although water was not statistically significant, the trend is strong and similar to tank
biofilm, suggesting that sample dropout and lower replication may be the reason it did
not demonstrate significance. Since the skin microbiome was the most influenced body
site on the fish, we calculated the differentially abundant sOTUs (n � 65) between the
RAS and FT systems (Fig. S3c). Of the 65 differentially abundant skin sOTUs, 44 were
present in the water or tank biofilm communities, while 17 were only found on the skin
(Fig. S3d). Skin microbes that were associated with RAS included Saprospirales, Cytopha-
gales, Sphingobacteriales, Verrucomicrobia, and Methylophilales (Methylotenera sp.),
whereas the FT was enriched in Pseudomonas, Pseudomonadales, and Enterobacteriales
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FIG 4 Relationship between the built environment and the fish mucosal microbiome. (a and b) Correlation between (a) tank biofilm
richness and fish mucus richness along with (b) tank water richness and fish mucus (linear regression). (c and d) Beta diversity

(Continued on next page)
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(Fig. S3e). Additionally, Aeromonadales were highly enriched in the fecal detritus in the
FT hatchery, while many of the FT-associated microbes were not found in the detritus,
suggesting that they are indeed water or biofilm specific.

Microbiome associations with fish health. Upon establishing a direct relationship
between the microbiome of the hatchery environment, we next assessed how fish
health is related to these changes. Broad mucosal histopathology was performed on
eight endpoint measures across the gill (Fig. S4), skin (Fig. S5), and gastrointestinal (GI) tract
(Fig. S6). Fish histology across the GI tract, gill, and skin mucosal surfaces differed across
hatcheries (GI fold height: P� 0.0037, KW� 13.73; GI mucosa thickness: P� 0.001, KW �

13.73; GI fold width: not significant [NS]; GI muscularis thickness: P� 0.0001, KW� 27.9, GI
goblet cells: P � 0.0001, KW � 24.83; gill mucous cell density: P � 0.0001, KW � 36.4;
skin mucous cell density: P � 0.0001, KW � 33.51; Kruskal-Wallis, Benjamini Hochberg
FDR � 0.05) (Fig. 5a). In all but one measure, a heightened score was demonstrated in
RAS compared to the FT system for the fish sampled, with RAS1 being slightly higher
than RAS2. Furthermore, we tested if the microbiome of the fish was driven by these
histology scores and found that for unweighted UniFrac measures, where rare taxa are
more heavily weighted in a phylogenetic context, the skin microbiome was significantly
associated with mucous cell numbers in the gill (Adonis: P � 0.025) and skin commu-
nities (Adonis: P � 0.006 and P � 0.003), while the gut microbiome was also associated
with mucous cell numbers in the skin (Adonis: P � 0.015) (Table 2). When weighted
UniFrac, which looks primarily at relative abundances of sOTUs in a phylogenetic
context, was analyzed, gill and skin microbial communities were associated with GI
mucous cell numbers (Adonis: gill P � 0.026, skin P � 0.014), while the gut microbiome
was associated with mucous cell numbers in the skin (Adonis: P � 0.002) (Table 2).

To further evaluate how the microbiome may be related to fish health and growth,
we subsampled our data set assessing only fish reared in the RAS facility from tanks 4,
6, and 9 (RAS1) and 12, 16, and 18 (RAS2). First, we compared three alpha diversity
measures (richness, Shannon’s evenness, and Faith’s phylogenetic diversity [PD]) to
mucosal cell density (in gill, skin, and digesta) along with fish growth phenotypes of
condition factor, mass, and length using linear regression (Table S1). Note that all
variables were normally distributed as verified using an Anderson-Darling test (40).
Mucosal cell density in the skin (Fig. 5b) and GI tract (Fig. 5c) was positively associated
with fork length and mass. Skin Shannon diversity was positively associated with fork
length (P � 0.019, R2 � 0.155, m [slope] � 13.22) and mass (P � 0.031, R2 � 0.133,
m � 23.6) (Fig. 5d). For digesta microbiome samples, both Shannon diversity (Fig. 5e)
and
Faith’s PD were positively associated with fork length (Shannon diversity: P � 0.016,
R2 � 0.168, m � 4.42; Faith’s PD: P � 0.024, R2 � 0.149, m � 1.038) and mass (Shannon
diversity: P � 0.024, R2 � 0.15, m � 7.993; Faith’s PD: P � 0.033, R2 � 0.134, m � 1.883)
as well (Table S1).

In addition to alpha diversity measures, we tested if community composition at the
genera level for gill, skin, and digesta could predict salmon fork length and mass.
Testing via principal variance component analysis (PVCA) confirmed the presence of
nontrivial (�5% of total variance) tank-specific effects, regardless of relative abundance
or compositionally coherent centered log-ratio (CLR) transformed data formats. Using
Voom-SNM, a previously applied supervised method for removing technical variation in
microbiome data sets, we then demonstrated sharp removal of tank-specific effects
from the fish microbiomes while maintaining substantial biological variation between
fish body sites (Fig. S7) (see Materials and Methods for details).

FIG 4 Legend (Continued)
measures to test similarity (unweighted UniFrac) of fish mucus to (c) tank biofilm and (d) tank water. Pairwise comparisons of
similarities within a tank versus similarities to other tanks from across hatcheries with the Mann-Whitney test. (e) Overall fish
mucosal similarities compared to tank biofilm and water indicate that gill and skin are more similar to the environment than digesta
(Kruskal-Wallis). *, P � 0.05; **, P � 0.01; ****, P � 0.0001.
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FIG 5 Relationship between microbiome, mucosal cell density (immune cells), and size. (a) Histopathology analysis including gut morphom-
etry and mucous cell counts from skin and gill of the fish from one flowthrough (FT) and two RAS hatcheries (RAS 1 and RAS 2 hatchery

(Continued on next page)
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Downstream random forest machine learning using leave-one-out cross-validation
revealed that Voom-SNM-corrected data accurately predicted fish length and mass
solely using digesta (Fig. S7a and b), skin (Fig. S7c and d), or gill microbiomes (Fig. S7e
and f) (regressing observed versus predicted values; Pearson’s R � 0 and P � 0.05).
Examining the Voom-SNM-based models further, we found that fish digesta micro-
biomes best predicted fish length and mass (Fig. S7). Taxa ranked by feature impor-
tance (see Materials and Methods) are available in the supplemental material (Table S2).
Together, these data suggest the potential value of evaluating fish microbiomes to
predict fish health and allude to the benefit of microbiome modulation as a way
to possibly enhance fish growth, although interventional studies will be needed to
confirm this.

Prevalence of RAS-associated microbes in hatchery tanks. RAS utilize microbes
to recycle and remove nitrogenous waste products generated from uneaten feed, fish
feces, and other organic waste. We identified and quantified the types and relative
abundances of these bacteria and archaea in this system to understand if known
RAS-associated microbes were playing a role in colonization within fish mucus or the
environment (Fig. 6a). The only known RAS-associated ammonia-oxidizing bacterium
(AOB) found in the system was the family Nitrosomonadaceae, which was present in all
of the hatcheries and sample types (Fig. 6b to e) and slightly enriched in the tank
biofilm community (Fig. 6f). Nitrite-oxidizing bacteria (NOB), primarily the family Nitro-
spiraceae and Nitrospira spp., were generally in higher relative abundances in the RAS
environmental components, including the water and biofilm (Fig. 6e and f), along with
the skin, digesta, and gill (Nitrospiraceae only), indicating a possible transfer event (Fig.
6b to d). Note that for digesta samples, no NOB organisms were detected in any of the
FT-reared fish. Among denitrifiers, Rhodobacter spp. and Hydrogenophaga spp. were
enriched across all hatcheries and sample types, with Rhodobacter spp. showing higher
relative abundances in some FT systems. For heterotrophic denitrifiers, Pseudomonas
spp. were the most dominant and, specifically, were approximately 20 to 100 times
higher in the FT water and tank biofilms than in the RAS (Fig. 6e and f). In addition to
being enriched in the environment, Pseudomonas spp. were also consistently higher in
the gill, skin, and digesta of fish reared in the FT system compared to RAS (Fig. 6b to
d). Lastly, two methanogens were detected, albeit at very low frequencies and only in
the tank biofilm (a Methanocorpusculum sp.) and the digesta (a Methanosphaera sp.)
from the RAS.

FIG 5 Legend (Continued)
systems). Hatchery systems were compared using a nonparametric Kruskal-Wallis test. Skin mucous cell counts shown as both per length of
epidermis section and per surface area or the epidermis. All fish sampled were clinically normal. (b and c) Comparison of RAS-reared fish
(tanks 4, 6, 9, 12, 16, and 18) (b) skin, and (c) GI mucous cell counts to length and mass (positive correlation, linear regression). (d and e)
Comparison of (d) skin and (e) digesta microbiome alpha diversity “Shannon evenness” to length and mass (positive correlation, linear
regression). **, P � 0.01; ****, P � 0.0001.

TABLE 2Multivariate statistical testing of effects of microbiome on fish health metrics (continuous variables), Adonis 999 permutationsa

Parameter Metadata name

Unweighted UniFrac Weighted UniFrac

Gill Skin Gut Gill Skin Gut

R2 P R2 P R2 P R2 P R2 P R2 P

Fish length host_height x 0.726 x 0.106 0.569 x 0.116 x 0.051 x 0.873
Fish mass host_weight x 1.000 x 1.000 1.000 x 1.000 x 1.000 x 1.000
Fish K factor sal_k_factor x 1.000 x 1.000 1.000 x 1.000 x 1.000 x 1.000
Gut histology (fold ht) sal_histo_gi_fold_height x 1.000 x 1.000 1.000 x 1.000 x 1.000 x 1.000
Gut histology (mucosa thickness) sal_histo_gi_mucosa_thickness x 1.000 x 1.000 1.000 x 1.000 x 1.000 x 1.000
Gut histology (fold width) sal_histo_gi_fold_width x 1.000 x 1.000 1.000 x 1.000 x 1.000 x 1.000
Gut histology (muscularis thickness) sal_histo_gi_muscularis_thickness x 1.000 x 1.000 1.000 x 1.000 x 1.000 x 1.000
Gut histology (no. of goblet cells) sal_histo_gi_goblet_cells x 0.148 x 0.073 0.666 0.936 0.026 0.946 0.014 x 0.294
Gill histology (mucous cells per 0.2 mm2) sal_histo_gill_mucous_cell_num_gill x 0.081 0.749 0.025 0.056 x 0.203 x 0.378 x 0.131
Skin histology (mucous cells per 0.2 mm2) sal_histo_skin_mucous_cell_num_skin x 0.459 0.905 0.006 0.915 0.015 x 0.369 x 0.142 0.970 0.002
Skin histology (mucous cells per mm2) sal_histo_skin_mucous_cells_permm2_skin x 0.424 0.905 0.003 0.915 0.015 x 0.360 x 0.154 0.970 0.002
ax, not reported.
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DISCUSSION

The mucosal environment is paramount for fish health, as it is the first line of
defense against pathogen invasion. Fish mucus contains various immune components,
such as lysozymes, immunoglobins, lectins, crinotoxins, and antimicrobial peptides (41).
Specifically, a healthy mucosal environment protects against infection through several
endogenous mechanisms, including mucus production, immune components such
as lysozymes, antimicrobial peptides, immunoglobulins, and exogenous mechanisms
through establishment of a healthy microbiome. In this study, we investigated the
means by which the mucosal environment of Atlantic salmon is influenced by the
rearing environment. We evaluated three unique hatcheries utilizing two rearing
methodologies, recirculating aquaculture systems (RAS) and flowthrough (FT) systems.

In both the biosecure RAS and FT hatchery environments, Atlantic salmon have
unique microbial communities on their gill, skin, and digesta. Body sites were the

FIG 6 Distribution of RAS-associated microbes in Salmon hatcheries. (a) RAS are designed to recycle nitrogenous waste, primarily from uneaten feed and fish
feces, using a series of nitrification and denitrification steps through microbial filters. The primary microbes involved in these processes and detected in the
systems (AOB [ammonia-oxidizing bacteria], NOB [nitrite-oxidizing bacteria], and denitrification) are listed. (b to f) The distributions of these RAS-associated
microbes are listed as mean relative counts per 1,000 according to each hatchery type (FT, orange; RAS 1, purple; RAS 2, yellow) across each particular sample
type, i.e., (b) gill, (c) skin, (d) digesta, (e) tank water, and (f) tank biofilm.
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strongest predictor of microbial community composition. In comparison to other taxa,
the most enriched genus within the gill samples was Limnohabitans, while the skin
harbored Pseudomonas, Acinetobacter, and Rhodobacter. Further research to identify
the spatial structure of microbial communities within the gill and skin is needed (42,
43). Taxon coverage was more even in the gut, with Leuconostoc and Acinetobacter
genera being slightly more enriched. In the Northern Atlantic salmon, Mycoplasma was
enriched in wild adults but less prominent in juveniles. We observed very few Myco-
plasma in our hatchery-reared juvenile fish digesta samples, suggesting that Myco-
plasma exposure and colonization of the gut may occur during growout only (35). Aside
from body sites, hatchery type was the next biggest driver of community composition.

These fish-associated mucosal microbiomes along with the tank and biofilm com-
munities are further differentiated across hatchery systems by comparing RAS versus FT
systems. RAS are known to harbor their own unique microbial communities in the
biofilter but also within the hatchery system where fish are reared (16). Previous studies,
however, have not looked at the built environment microbiomes simultaneously with
the fish mucosal microbiomes.

For these hatchery systems, alpha diversity is higher in RAS compared to FT
hatcheries for the following sample types: skin, digesta, tank water, and tank biofilm
microbiomes. Fish skin and digesta richness is further positively associated with both
tank biofilm and tank water richness, suggesting an influence of the environment
microbiota on fish-associated microbiota, with the biofilm association being the stron-
gest. Along with the association between alpha diversity, the built environment was
linked to the fish mucous through beta diversity. Fish mucosal sites were more
phylogenetically similar to both water and biofilms within their own tank compared to
tanks from other hatcheries, indicating a microenvironmental effect. Skin microbiomes
have been implicated as important for maintaining fish health, and thus, understanding
any potential negative implications or drivers of dysbiosis is important for fish welfare
(28, 44). One caveat of our study was that all sample types were obtained using swabs
rather than biopsies. In trout, the epithelia of the skin can host up to 27% of the total
microbial diversity (53 out of 199 genera) (42). An advantage of collecting microbiomes
with a swab is that animal lives can be spared. Future work should be focused on
describing impacts of swabbing versus biopsies for microbial community sampling.
Tank biofilms can be challenging to monitor and control. Further research should focus
on how manipulating tank surfaces through materials science and engineering could
be used to promote fish health. Our study uncovers an important link between the built
environment of the hatchery and the fish mucus. Hatchery types differ in their con-
struction and operation. Thus, understanding the differences is important to realizing
potential impacts to the microbiome.

RAS are becoming popular for growing salmon smolts and offer many benefits,
including minimized water use and waste generation along with improving survival
rates of fish during transfer to net pens (45–48). Waste water is purified by processing
through one of two main types of biofilters (fixed film or single sludge) which utilize a
variety of bacteria and archaea (49, 50). The biofilters primarily comprise heterotrophs
and chemoautotrophs that transform and detoxify ammonia and nitrate species (51).
The common ammonia-oxidizing archaea and bacteria found in these systems include
Nitrosopumilus (archaeon), Nitrosomonas, Nitrosococcus, and Nitrosospira (16). In our
study, only ammonia-oxidizing bacteria within the family Nitrosomonadaceae were
present, and they were highest in the RAS tank and water systems as well as in
RAS-reared fish gill, skin, and digesta. Following ammonia oxidation, Nitrospira and
Nitrobacter are the primary bacteria responsible for nitrite oxidation in RAS biofilters
(16). Bacterial sOTUs from Nitrospira spp. and unclassified sOTUs within the family
Nitrospiraceae were in higher relative abundance in the RAS hatcheries for tank water,
tank biofilm, skin, and digesta and moderately abuntant in the gill. In the final step of
nitrogen recycling, denitrification is carried out by both autotrophs and heterotrophs.
The primary autotrophic bacteria associated with denitrification in RAS include Thio-
microspira, Thiothrix, Rhodobacter, and Hydrogenophaga (16). Both Rhodobacter and
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Hydrogenophaga were found in the hatcheries although in similar relative abundances
across the FT and RAS hatcheries in both the tank environment and fish mucus. The
primary heterotrophic microbes associated with denitrification in RAS include Pseu-
domonas, Paracoccus, and Comamonas spp. (16). All three were abundant in the
hatcheries, with Pseudomonas being the highest of the three and generally higher in
the flowthrough hatchery than in the RAS. In conclusion, various RAS-associated
microbes which are responsible for nitrogen cycling, particularly nitrification, in the
biofilters were present in our study and higher in the RAS built environment along with
RAS-reared fish mucus, suggesting that these microbes are not being solely seques-
tered in the biofilter but are also are circulated through the fish tanks and may be
colonizing fish mucus.

When excess organic matter, including fish feed and fish feces, accumulates in an
RAS tank, the heterotrophs can quickly bloom and outcompete nitrifying microbes (16).
This overgrowth and imbalance may contribute negatively to flesh flavor. Future
studies are needed to understand which microbes and what metabolic pathways may
be responsible for these effects (52). While most hatcheries are used for producing seed
to then transfer to ocean growout cages, complete salmon production cycles in
land-based RAS are becoming more common. Furthermore, both FT systems and RAS
may be colonized by various microbial inputs from the air, water, fish feed, fish flesh,
technicians, and biofilter type. Thus, understanding the contributions of each in a
system will be important for both future experimental designs and for fish health (14).

The built environment microbiome may originally be colonized by animal excre-
ment, including mucus, along with environmental sources such as water. The sustained
built environment microbiome is a result of the new animal host deposition of cellular
material but can also propagate based on host-associated animal matter. Furthermore,
the built environment community can then influence the microbial communities of
animal hosts residing there. Understanding the extent to which the animal’s micro-
biome can be influenced by its surroundings and then associated with a phenotype
such as fish health or development will be important for experimental design where
microbiome readout is a standard measure. This is commonly referred to as the “cage
effect” and has primarily been demonstrated in mouse studies where animals which
share the same cage have more similar fecal samples, likely due to coprophagy (53, 54).
The cage effect can explain up to 31% of the variation in mouse feces compared to only
19% resolved by host genetics (55). For this reason, our experimental design included
three separate tanks per treatment group (hatchery) along with multiple fish biological
replicates per tank. Our experiment offers an explanation for an observed tank effect in
fish. The tank effect, which has been observed in at least one other species of fish (56),
is driven partially by the water and tank biofilm and influences primarily the fish skin
and digesta. Since aquariums use a variety of material types to culture fish, it will be
important for future studies to evaluate how biofilm formation changes with respect to
tank material type (e.g., concrete, polyvinyl chloride [PVC], high-density polyethylene
[HDPE], fiberglass, etc.).

Quantifying fish health can be a challenging and expensive endeavor which does
not often easily scale for large hatchery operations. Here, we used histology as a
measure of mucosal health across the gastrointestinal tract, gill, and skin. Elevated skin
mucous cell numbers are generally reflective of healthy fish, whereas depleted mucosal
cells may indicate a recent mucosal discharge due to stress or disease (57, 58). Mucosal
cell numbers can also be influenced by the sampling location on the fish body, sex, diet,
and age or developmental stage; thus, care must be taken when interpreting results
(59–61). In our study, skin and gill mucosal cell numbers were elevated in both RAS
compared to the FT system, suggesting that RAS fish may have been healthier or less
stressed. Furthermore, these elevated skin mucous cell numbers positively correlated
with microbial richness and phylogenetic diversity on the skin and were associated with
changes in microbial composition. For the gastrointestinal tract, the fold height,
mucosa thickness, muscularis thickness, and mucous cell number were higher in fish
reared in the RAS compared to the FT hatchery. Overall, the RAS-reared fish had a more
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complex GI tract compared to fish reared in flowthrough systems. Vertebrate gut
microbiomes are often driven by diet, habitat, and age (62). Since diet and age were
controlled for in this study, we hypothesize that differences in microbial communities
in the tank water column and biofilm are driving gut microbiome differences by
drinking or grazing. The microbiome is essential for development and differentiation of
mucous cells. For example, a germfree model of zebrafish showed reduced numbers of
mucous cells in their intestines (63). For each unique mucosal site, distinct microbial
communities were present and differentiated between the RAS and FT systems. Dif-
ferences in GI communities between RAS and open water systems are likely reflective
of variable microbial exposure in their environment (64). Atlantic salmon reared in an
RAS which were infected by Aeromonas salmonicida also had differentiated gut micro-
biomes compared to healthy fish (65). By demonstrating how the environmental
microbiome is influenced by hatchery design, which in turn influences the fish mucosal
microbiome and subsequent health, our study demonstrates the utility of developing
environmental and/or fish microbiome sampling as a potential fish tank health indica-
tor. Future studies should evaluate more tanks and include metrics such as survival rate,
growth rate, and body composition analysis to determine how the environmental
microbiome may drive fish performance in the hatchery setting.

MATERIALS AND METHODS
A total of 60 clinically normal, juvenile Atlantic salmon were sampled for this study. Six fish were

randomly sampled from each of ten tanks across three freshwater hatcheries within a 4-day span (14
August 2018 to 17 August 2018). All hatcheries were operated by the same company, Tassal, and fish
were fed Skretting Nutra at a 1.3 to 1.5 “specific feeding rate.” As a control for comparing the ponding
effect of RAS for FT, one RAS hatchery had an additional tank sampled (which had the same ponding date
as FT), while others each had three tanks sampled. “Ponding” refers to when fish are first transferred from
incubation trays to a tank. Fish were collected and euthanized with AQUI-S anesthetic by husbandry
technicians according to label instructions. Biometrics, including total length, mass, and condition factor,
were measured. Tank conditions, such as water temperature, salinity, and diameter, were recorded and
can be found in the Qiita metadata (66). For each of the 60 fish, microbiome samples of the gill, skin, and
gut were collected for a total of 180 fish microbiome samples. For each of the 10 tanks, a water
microbiome sample and tank side microbiome sample were collected for a total of 20 samples. All fish
were collected as part of standard welfare practices by the company and according to the University of
Tasmania Animal Ethics Committee (A0017497).

Histology. Samples of gills, skin, and intestine, fixed in 10% buffered formalin, were trimmed,
processed using standard protocols for histology, and embedded in paraffin. Sections of 4 �m were cut,
and one section was used for each fish. Briefly, the sections were stained with alcian blue-periodic
acid-Schiff stain (AB/PAS) at pH 2.5 to quantify mucous cells in the gills per interlamellar unit (ILU) under
a bright-field light microscope (DM1000; Leica, Hamburg, Germany) (67, 68). Mucous cells were counted
using established methods, and the results were normalized per area (59). For the gastrointestinal tract,
morphometric measurements of the fold height, mucosa thickness, fold width, and muscularis thickness,
were done as previously described (69). Intestine sections stained with hematoxylin and eosin (H&E) were
analyzed using Image-Pro Premier software. Ten intestinal folds from one section from each region were
included in the analysis.

Fish and hatchery microbiome processing. For each of the ten tanks, six fish were collected
individually using hand nets and placed directly into a sterile sampling bucket and anesthetized using
AQUI-S. The mucosal microbiome was sampled as follows: gill by swabbing the second gill arch on the
left lateral side, skin by swabbing a 2 cm by 2 cm area posterior of the operculum on the left lateral side
under the dorsal fin, and digesta by massaging the GI until a fecal pellet emerged. Swabs were then
placed directly into a 2-ml PowerSoil tube and frozen at –20°C. In addition to biological samples, two
environmental samples were taken per tank—a 2 cm by 2 cm swab of the inside of the tank just below
the water line (biofilm) and a 400-�l bulk water sample from the tank. In total, three body sites across
60 fish (180 samples) and two environmental samples across 10 tanks (20 samples) were collected and
processed for microbiome analysis. In addition, 21 technical controls were included.

DNA extraction was performed at the University of Tasmania, Hobart, Australia, using the Earth
Microbiome Project protocols (earthmicrobiome.org), specifically using the manual single-tube MoBio
PowerSoil kit to reduce well-to-well contamination (70). A total of 21 positive controls of a microbial
isolate (replicates of 10-fold serial dilutions) were processed alongside the samples and then used to
determine sample success rate by calculating the sample exclusion criteria based on read counts
described in the Katharoseq method (38). Samples were processed in triplicate 5-�l PCRs (71) using the
16S v4 515/806 primers (72, 73) and then pooled at equal volume according to the Katharoseq method
(38). The final amplicon pool was processed using the Qiagen PCR cleanup kit following EMP protocols
and sequenced on a MiSeq 2 � 250-bp run (74). Sequencing runs were processed in Qiita (66) using
Qiime2 commands (75) and can be found on Qiita study ID 12227, analysis 22399 (ENA accession number
ERP120036). Samples were trimmed to 150 bp and then processed through the Deblur (76) pipeline,
which generates unique, single sOTUs. To determine which samples had been sequenced successfully,
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the Katharoseq method (38), developed for low-biomass sequencing, was applied. The cutoff value for
composition of a sample aligning to the target within the positive controls was 90%. In this case, the
cutoff value was 405 reads, but we rarified it to 1,000 reads to have a higher depth of sequencing. This
coincides with other studies demonstrating sufficient rarefaction depths of 1,250 reads per sample for
the American Gut Project and 600 to 1,600 sequences per sample for trout mucus (42, 77). Within Qiita,
samples which did not have histology metadata were excluded.

Statistical analysis. Alpha diversity was calculated using richness (total observed unique sOTUs) and
Faith’s phylogenetic diversity. Differences between body sites and environmental variables were tested
using the nonparametric Kruskal-Wallis test with a Benjamini Hochberg FDR of 0.05 (78, 79). Correlations
between the richness of environmental variables (tank and biofilm) and salmon body site were calculated
using linear regression. For beta diversity, we used weighted and unweighted UniFrac (80, 81). Multi-
variate statistical testing of both continuous and categorical variables was performed using Adonis
within Qiime (82). Pairwise statistical comparisons of beta diversity measures were calculated using the
Mann-Whitney test, while multiple comparisons were conducted using the Kruskal-Wallis test. To identify
correlations between histological measures and specific microbes, a nonparametric Spearman correlation
was calculated for the entire data set using the Calour analysis tool (83).

Analysis and correction of tank “batch” effects for downstream machine learning. With the
possibility of fish microbiome differences being influenced by experimental technical variation, specifi-
cally due to tank-driven effects, we estimated the amount of “signal” in the data set across fish body site
and tank number using principal variance-component analysis (PVCA) (84, 85). The mathematical basis
for PVCA was previously described by the National Institute of Environmental Health Sciences (NIEHS)
(86), and we set the one tunable parameter to 75%, based on their recommendation of 60 to 90%. Briefly,
this procedure reduces the dimensionality of the data by principal-component analysis and then
partitions the amount of variance attributed to variables in the data set via variance-component analysis.
Input data were either relative abundances of genera-level taxonomies or centered log-ratio transformed
(CLR) data of the raw genera-level counts after adding a small pseudocount of 0.5 (87).

After observing a nontrivial amount of signal in the data set (�5% of variance) attributed to
tank-specific effects among fish microbiomes, we employed a pipeline called Voom-SNM, which was
previously utilized by our lab to correct for technical batch effects in microbiome data while maintaining
signal from biological variables (88). Briefly, the Voom algorithm (89) transformed genera-level counts to
approximately normally distributed, log-count per million (log-cpm) data by modeling the data’s
heteroskedasticity, accounting for the sample library size, and applying quantile normalization; then,
supervised normalization via the SNM algorithm (90) removed tank-specific effects (i.e., tank number)
while preserving expected biological effects (i.e., swabbed body site). The Voom and SNM model
matrices were equivalent and built using “body site” as the target biological variable (n � 3; i.e., digesta,
gill, skin) due to expected biological differences between them, for which signal should be preserved
during the SNM; conversely, the tank number was modeled as the technical covariate to be mitigated
during SNM. PVCA was run after Voom-SNM correction to ensure removal of tank number-driven effects.

Machine learning, performance estimation, and feature extraction. We employed machine
learning as a way to predict fish health, specifically measured as fish length (in millimeters) and fish mass
(in grams). Samples from each body site were divided into subsets (e.g., digesta-only samples) and then
utilized for leave-one-out cross-validation (LOOCV) modeling. Random forest (RF) machine learning
models were trained, automatically tuned, and evaluated using the R programming language (https://
www.r-project.org/), randomForest package (91), and Caret package (92). No further preprocessing was
performed prior to machine learning; moreover, RF models used 500 trees and were tuned to minimize
the root mean squared error (RMSE) by varying the number of features randomly sampled at each node
in a tree (“mtry”; available options by default in Caret package: mtry � 2, 33, 555). After iteratively leaving
out one sample, building a model on remaining samples, and then testing on the left-out sample, model
regression performance was estimated by evaluating Pearson’s R, R2, and the mean absolute error (MAE)
on the predictions versus the actual values. Additionally, a linear regression and two-sided hypothesis
test of the slope between the observed (y axis) and predicted (x axis) values (see reference 93 for choice
of axes) were also calculated (inset on plots). Machine learning models that led to positive (Pearson’s
R � 0), strong (P � 0.05) correlations between the observed and predicted values were deemed to be
good predictors of fish health. Models and underlying data that failed to fit the data well (i.e., Pearson’s
R � 0 or P � 0.05) were deemed to be poor predictors of fish health. Lastly, taxonomy features were
extracted from the tuned models using the importance() function in the randomForest package and
ranked by the percent increase in mean squared error when each taxon was omitted from the model.
These were saved as CSV files for Voom-SNM-based models, which were solely significant at predicting
fish health, and are provided in Table S2.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 5.5 MB.
SUPPLEMENTAL FILE 2, CSV file, 0.1 MB.
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