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Functional feeds marginally alter immune 
expression and microbiota of Atlantic salmon 
(Salmo salar) gut, gill, and skin mucosa 
though evidence of tissue-specific signatures 
and host–microbe coadaptation remain
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Abstract 

Background: Mucosal surfaces of fish provide cardinal defense against environmental pathogens and toxins, yet 
these external mucosae are also responsible for maintaining and regulating beneficial microbiota. To better our 
understanding of interactions between host, diet, and microbiota in finfish and how those interactions may vary 
across mucosal tissue, we used an integrative approach to characterize and compare immune biomarkers and 
microbiota across three mucosal tissues (skin, gill, and gut) in Atlantic salmon receiving a control diet or diets sup-
plemented with mannan-oligosaccharides, coconut oil, or both. Dietary impacts on mucosal immunity were further 
evaluated by experimental ectoparasitic sea lice (Lepeophtheirus salmonis) challenge.

Results: Fish grew to a final size of 646.5 g ± 35.8 during the 12-week trial, with no dietary effects on growth or 
sea lice resistance. Bacterial richness differed among the three tissues with the highest richness detected in the gill, 
followed by skin, then gut, although dietary effects on richness were only detected within skin and gill. Shannon 
diversity was reduced in the gut compared to skin and gill but was not influenced by diet. Microbiota communities 
clustered separately by tissue, with dietary impacts on phylogenetic composition only detected in the skin, although 
skin and gill communities showed greater overlap compared to the gut according to overall composition, differential 
abundance, and covariance networks. Inferred metagenomic functions revealed preliminary evidence for tissue-
specific host–microbiota coadaptation, as putative microbiota functions showed ties to the physiology of each tissue. 
Immune gene expression profiles displayed tissue-specific signatures, yet dietary effects were also detected within 
each tissue and peripheral blood leukocytes. Procrustes analysis comparing sample-matched multivariate variation 
in microbiota composition to that of immune expression profiles indicated a highly significant correlation between 
datasets.

Conclusions: Diets supplemented with functional ingredients, namely mannan-oligosaccharide, coconut oil, or a 
both, resulted in no difference in Atlantic salmon growth or resistance to sea lice infection. However, at the molecu-
lar level, functional ingredients caused physiologically relevant changes to mucosal microbiota and host immune 
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Background
Mucosal surfaces lie at the interface between organism 
and environment and serve as the first line of defense 
against pathogens, pollutants, and other stressors. The 
importance of mucosal tissues has generated substan-
tial research interest and concurrent scientific discov-
ery related to teleost mucosal immunity over the last 
two decades. We now know the complexity of the sys-
temic immune system pales in comparison to mucosal 
immune systems, which can be subdivided into distinct 
mucosa-associated lymphoid tissues (MALT). Generally, 
among teleost fish the MALT includes the gut-associated 
lymphoid tissue (GALT), skin-associated lymphoid tis-
sue (SALT) and gill-associated lymphoid tissue (GiALT) 
[71]. These MALT represent tissue-specific centers 
from which the immune system regulates environmen-
tal microorganisms through both innate and adaptive 
immune effectors. The innate arm of mucosal immunity 
is the first response against microbial invasion, particu-
larly in fish. Innate mucosal immunity includes host 
secretions that directly interact with microbes such as 
mucins, antimicrobial peptides, enzymes, and comple-
ment components,phagocytic cells that engulf pathogens; 
as well as pathogen recognition receptors (PRR) and local 
cytokine signaling that regulates local inflammation 
[28]. Mucosal adaptive immune responses are primar-
ily achieved by secreted or membrane bound mucosal 
immunoglobulins (IgT/IgM) generated by local B-cells 
and plasmoblasts, as well as CD4 + (T-helper −  TH), 
CD8 + (cytotoxic-T −  TC), and FOXP3 + (regulatory-
T −  TReg) T-cells [69]. The adaptive immune system 
further relies on cell-to-cell communication through 
the major-histocompatibility complexes (MHC-I and 
MHC-II) to regulate and signal these adaptive responses. 
Together, these systems are responsible for providing 
an immunological barrier against pathogens from the 
external environment, which is particularly important in 
aquatic animals due to the intimate interaction with envi-
ronmental microbes [16, 69].

Mucosal immune tissues of fish are not only respon-
sible for preventing pathogenic invasion but must also 
interact with and attempt to govern the microbiota, or 
commensal and beneficial microbes that continuously 
inhabit all mucosal surfaces. Research on the mucosal 
microbiota of fish has flourished in the last decade 
and expanded our understanding of the importance 

and diversity of physiological impacts that mucosal 
microbes have on their host. Evidence from axenic and 
gnotobiotic zebrafish models suggest microbiota serve 
a critical role in priming and maintaining the develop-
ment and activity of the teleost immune system [71]. 
To date, most research on fish mucosal microbiota has 
been focused on gut microbiota, with the gut microbes 
of over 150 teleost species characterized by next- gen-
eration sequencing, across a range of environmental 
conditions [60]. Despite early focus on gut microbiota, 
the skin, gill, and even nasopharyngeal microbiomes of 
fish are now receiving more attention, though the func-
tional attributes of these microbiota and their interac-
tions with the host remain greatly understudied [44].

As the first line of immunological defense, it is not 
surprising that many of the most financially burden-
some diseases affecting aquaculture production begin 
as acute perturbations to one or more of the mucosal 
tissues. For example, commercial aquaculture must 
push towards increasing amounts of terrestrial plant-
based ingredients in diets to replace fishmeal and fish 
oil for industry growth to remain financially and envi-
ronmentally feasible [57],however, at high levels these 
ingredients induce inflammatory enteritis in the gut 
mucosa and dysregulate gut microbiota, particularly in 
high-value carnivorous finfish [38]. In addition, patho-
gens, including those which cause infectious salmon 
anemia, enteric red mouth (i.e., yersiniosis), amoe-
bic gill disease, and white-spot disease (Ichthyophthi-
riasis), are all known to initiate virulence at the site of 
the gill mucosa [39]. Furthermore, ectoparasitic infec-
tions such as those from sea lice (Lepeophtherius and 
Caligus), which represent the largest disease-related 
production-cost impacting Atlantic salmon aquacul-
ture [6], as well as Ichthyophthirius and numerous bac-
terial pathogens (i.e., Aeromonas, Flavobacterium, and 
Vibrio) are known to afflict the skin mucosa of aquacul-
ture finfish [2]. Improving our understanding of finfish 
mucosal health and the interaction with microbiota has 
the potential to not only increase our ability to better 
manage such disease outbreaks but may also help pre-
vent disease in some instances by improving our abil-
ity to generate practical and efficacious supplements or 
mucosal vaccinations that can be easily delivered orally 
or via bath immersion [1].

expression. Putative tissue-specific metagenomic functions and the high correlation between expression profiles and 
microbiota composition suggest host and microbiota are interdependent and coadapted in a tissue-specific manner.

Keywords: Host–microbiota interactions, Functional feeds, Mannan-oligosaccharides, Coconut oil, Immune 
regulation, Gene expression, Fish microbiome, Atlantic salmon, Sea lice
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Functional feed ingredients are commonly tested in 
aquaculture as a means of improving mucosal health in 
fish. In the context of aquaculture, functional feeds are 
defined as dietary supplements that enhance growth, 
health, and physiological performance when adminis-
tered above basal dietary requirements and can include 
micro-nutrients, immune stimulants, specific lipid 
sources, or pre-, pro-, and synbiotics [50]. Mannan-oli-
gosaccharides (MOS), complex carbohydrate molecules 
derived from yeast cell walls, are commonly used as func-
tional ingredients, and are thought to serve both prebi-
otic and immune stimulant functions. Known benefits of 
MOS supplementation include superior histomorphol-
ogy following dietary or pathogenic perturbation of the 
intestine [76–78, 30 43], skin [43] or gill [84], increased 
production and altered proteome of skin mucus [68, 
53], and modulation of gut microbiota [18, 19]. Mecha-
nisms involved in these outcomes are thought to be pre-
dominantly based in the ability of MOS molecules to (1) 
stimulate PRR leading to downstream alterations in local 
and systemic immunity, (2) bind to and neutralize some 
enteric pathogens, and (3) serve as a preferred fermenta-
ble prebiotic carbohydrate to nourish specific microbiota 
[43].

Specific oil sources have also received attention as func-
tional ingredients in aquaculture. Differences in fatty acid 
profiles among various dietary lipid sources are known 
to influence (1) cell membrane structure, function, and 
fluidity, (2) the production of immunologically active 
eicosanoids (i.e., prostaglandins, thromboxanes, and leu-
kotrienes), (3) oxidative stress, and (4) energy metabo-
lism [75]. Oil sources high in medium-chain fatty-acids 
(MCFA), those with a chain length of 6–12 carbons, have 
also received interest as novel dietary energy sources 
because of the ease with which MCFA can undergo beta-
oxidation to produce energy [48], while some MCFA 
have also been shown to have more functional attributes 
as well. Coconut oil is a lipid source with high levels of 
saturated MCFA, particularly lauric (C12:0,40–50% and 
caprylic acid (C8:0; 5–10%. In-vitro assessment of lauric 
and caprylic acid have shown them to have antimicro-
bial [35] and antiparasitic properties [32], respectively. 
Nevertheless, the in-vivo effects of high levels of dietary 
coconut oil and its associated MCFA profile on fish 
mucosal health have yet to be fully explored.

In what follows, an integrative approach was taken to 
compare host-microbiota interactions across the skin, 
gut, and gill microbiota of Atlantic salmon (Salmo salar) 
while also exploring the concurrent impacts of diets sup-
plemented with functional ingredients: (1) a control 
(Control), (2) 1% (10  g  kg-1) mannan oligosaccharides 
supplementation (MOS), (3) a 96% lipid replacement 
with coconut oil (CoconutOil), or (4) a combination of 

the two (CocoMOS). The aim was to compare and iden-
tify differences in tissue-specific host mucosal immune 
expression and mucosal microbiota composition and 
function, while also highlighting dietary influences on 
the same endpoints and finally measuring the culmina-
tion of these effects with an experimental salmon louse 
(Lepeophtheirus salmonis) challenge.

Results
Growth performance
Water quality of the natural inflowing water was in 
acceptable ranges for the duration of the study and tem-
perature ranged from 19˚C at the beginning of the study 
to 11˚C at the conclusion (Additional file  1: Figure S1). 
At the conclusion of the 12-week trial, fish weighed 
646.5  g ± 35.8 (mean ± SD), with 288.2  g ± 38.3 of 
growth over the trial. No difference in weight gain was 
detected by dietary treatment (ANOVA, p = 0.4014). 
Fish grew 311.85 ± 38.16, 278.52 ± 25.34, 280.47 ± 35.26, 
282.12 ± 49.95 for the Control, MOS, CoconutOil, and 
CocoMOS groups, respectively.

Microbiota analysis
Following post-clustering ASV curation and removal of 
mitochondria and chloroplast reads, 3,087 unique ASV 
were identified across the 226 samples in the full data-
set (8 diet, 3 water, 72 gill, 71 gut, and 72 skin sample). 
Samples below the acceptable sequencing depth (> 20,000 
reads) were removed (4 gut and 3 gill), with the remaining 
209 mucosa-associated samples (69 gill, 68 gut, 72 skin) 
having 50,1434 ± 23,196 (mean ± SD) ASV assigned reads 
 sample−1. After removal of spurious ASV (relative abun-
dance < 1  e−5), 2,378 unique ASV were detected among 
the mucosa-associated sampled. Triplicate positive con-
trol microbial community samples showed the workflow 
to accurately identify bacterial taxonomy at genus or spe-
cies level, with only a few reads in one positive control 
being assigned to the genus Allivibrio (< 0.001%) which 
was not included in the positive community but was 
highly abundant among experimental samples. In addi-
tion, positive control data showed good concordance 
with theoretical relative abundance (Additional file  1: 
Figure S2A). Negative controls yielded few 16S rRNA 
gene sequence reads (2,845 ± 1,452; mean ± SD) com-
pared to experimental samples (Additional file 1: Figure 
S2B) suggesting background contamination did not influ-
ence data analysis.

Alpha diversity
Rarefaction analysis indicated all samples were 
sequenced deeply enough to reach an asymptote in bac-
terial richness (Additional file  1: Figure S3). In terms 
of alpha diversity, both observed ASV richness and 
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Shannon diversity, were calculated by individual before 
removing outliers using Tukey’s method (> 1.5 * IQR). 
Both richness and diversity were tested by two-way 
ANOVA using a linear mixed effects model fit to tissue, 
diet, and tissue-diet interaction, while controlling for 
random tank effects nested within diet. Results showed 
both microbiota richness and diversity to be highly dif-
ferent across mucosal tissues (p ≤ 0.001), with a pair-
wise Tukey’s post-hoc showing the gut microbiota to 
have significantly (p < 0.001) less microbial richness and 
diversity than the exterior microbiota of the gill and skin, 
while the gill showed even greater richness than the skin 
(p = 0.018). Diet was not found to have a global effect 
on richness (p = 0.428) or diversity (p = 0.893), although 
tissue by diet interaction effects were detected on rich-
ness (p = 0.002) (Fig.  1A, B). Due to interaction effects, 
dietary effects on alpha diversity were further evaluated 
using one-way ANOVA to independently test for dietary 
effects within tissues, with significant effects detected 
in the skin (p = 0.002) and gill (p = 0.048). In the skin, a 
Dunnett’s post-hoc identified MOS (p = 0.005) and Coco-
nutOil (p < 0.001) as significantly reducing microbiota 
richness compared to the control, while in the gill only 
the MOS diet showed a significant reduction in richness 
(p = 0.016). Interestingly, the dietary treatments were not 
shown to influence gut richness (p = 0.246) or diversity in 
any tissue (p > 0.053).

Beta diversity
Comparisons of overall microbial communities among 
samples were made by first calculating phylogenetically 
informed weighted (wUniFrac) and unweighted Uni-
Frac (uwUniFrac) sample distances. Multivariate disper-
sion (homogeneity of variance) was tested individually 
by tissue and diet, with tissue groups identified as hav-
ing unequal dispersion in both wUniFrac and uwUniFrac 
(p < 0.001) (Fig. 1C, D). According to abundance weighted 
distances, the gut microbiota showed notable variance 
(Fig.  1C), while presences-absence distance showed the 
greatest variance among the skin samples. Beta disper-
sion was not influenced by diet (p ≥ 0.710). Adonis2   [58] 
was used to perform a PERMANOVA to test main effects 
of diet, tissue, and interaction effects, while account-
ing for nested tank-effects, using 999 permutations. Tis-
sue showed highly significant effects (p ≤ 0.001) on both 
weighted and unweighted UniFrac distances (Fig.  1C, 
D), while no global dietary or interaction effects were 
detected. Pairwise-PERMANOVA [31] ran between 
the three tissues detected highly significant differences 
among all pairwise tissue comparisons using both dis-
tance metrics (Fig.  1C, D; FDR-corrected p ≤ 0.001). 
Tissue specific influences of diet on beta diversity were 
further tested by running a PERMANOVA separately on 

each tissue by modeling the effects of diet, while control-
ling for tank-effects. Only the skin microbiota showed 
within tissue dietary effects with significant differences 
detected in both weighted (p = 0.039) and unweighted 
(p = 0.002) UniFrac distances. Although, pairwise dietary 
differences in skin microbiota were only detected using 
unweighted metrics, as MOS (p = 0.042) and CoconutOil 
(p = 0.024) diets showed multivariate centroid deviation 
compared to control samples.

Microbiota composition and differential abundance
Bacteria from 32 different phylum were detected in the 
study, with the top five most abundant phyla being Pro-
teobacteria, Bacteroidetes, Firmicutes, Actinobacteria, 
and Verrucomicrobia for the gut, gill, diet, and water 
samples (Additional file  1; Figure S4). In the skin sam-
ples the same phyla were present, however, Patescibacte-
ria replaced Verrucomicrobia as the fifth most abundant 
phyla. At the phylum level, taxonomic composition was 
similar among all sample types (Additional file 1: Figure 
S4). In the diet samples, 265 unique ASV were detected, 
while 637 unique ASV were detected in water samples. A 
total of 448, 1,818, and 1,604 unique ASV were detected 
in the gut, skin, and gill mucosa, respectively (Additional 
file 1: Figure S4). The gill and skin mucosa had the great-
est overlap in microbial composition with nearly 600 
shared ASV, and these two tissues also shared over 450 
ASV with the water microbiota (Additional file  1: Fig-
ure S4). Surprisingly, the gut mucosal microbiota shared 
more ASV with the gill than any other sample type, 
including diets (Additional file 1: Figure S4).

Differential abundance (DA) testing at the ASV level 
was first used to determine whether the abundance of 
bacteria could discriminate between mucosal tissue 
(Fig.  2A). Fifty-nine ASV were identified as DA (FDR-
corrected p ≤ 0.05; |log2 fold-change|≥ 1.0) between 
the gut and gill, 50 ASV between the gut and skin, and 
only one between the skin and gill microbiota. Of the DA 
ASV identified between the skin vs. gut and gill vs. gut, 
34 of those were common, and the one ASV identified 
as DA between skin vs. gill was not differentially abun-
dant among other tissues comparisons (Additional file 1: 
Figure S5). Dietary influences on microbiota abundance 
were then tested within each tissue as well, with the gill 
mucosal microbiota showing the only significant within 
tissue dietary differential abundance. In the gill, the MOS 
diet was found to increase the abundance of a single ASV 
in the genus Geobacillus (Fig. 2A) in comparison to the 
control diet.

Network analysis
Because DA analysis identified nearly no impact of 
diet on microbial abundance within tissues, network 
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reconstruction was conducted at the tissue level by 
combining data from all dietary treatments to detect 
tissue-specific patterns of microbial co-association and 

site-specific keystone bacteria (Fig.  2B–D). Central-
ity analysis was conducted to quantify connectivity of 
nodes within networks and multiple network centrality 

Fig. 1 Microbiota composition detected across mucosal tissues of Atlantic salmon fed diets supplemented with functional ingredients. Fish 
received a control diet (Control), a 1% mannan oligosaccharide supplementation (MOS), a 96% lipid replacement using coconut oil (CoconutOil) or 
a combination of the two treatments (CocoMOS). Alpha diversity was tested by two-way ANOVA with tissue showing global effects on richness (A) 
and Shannon diversity (B). Due to tissue-diet interactions, dietary effects on richness and diversity within each tissue were also tested by one-way 
ANOVA and Dunnett’s post-hoc (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). Beta diversity is displayed by tissue using principal co-ordinates analysis 
(PCoA) of weighted (C) and unweighted (D) UniFrac distances with statistical values taken from PERMANOVA. Within tissue dietary effects on 
microbiota composition were only detected in the skin according to both weighted (p = 0.039) and unweighted UniFrac (E). Pairwise PERMANOVA 
showed the MOS and Coconut oil diets to significantly altering communities relative to the control in unweighted UniFrac (E)



Page 6 of 20Bledsoe et al. Animal Microbiome            (2022) 4:20 

measures were tested on each network, with the most 
informative metric determined using the package 
CINNA [3]. Laplacian centrality, which showed high cor-
relation with degree centrality (cor ≥ 0.962), was identi-
fied as the most effective centrality measure, and was 
used to plot, analyze, and compare microbial networks 
(Fig. 2B–D). The gut microbiota network (Fig. 2B) indi-
cated 614 covariance associations between ASV, with 600 

positive associations (97.7%). The gill (Fig. 2C) and skin 
(Fig. 2D) networks showed much higher degrees of con-
nectivity, with 9,973 and 7,904 network edges, of which 
8,646 (86.7%) and 6,941 (87.8%) were positive, respec-
tively. The top 50 keystone species were identified from 
the tissue specific networks by ranking ASV (nodes) 
by Laplacian centrality (Additional file  2: Table  S1-S3). 
In order, the top five ASV in terms of centrality in the 

Fig. 2 Keystone microbiota of Atlantic salmon associated with mucosal tissues and dietary treatments according to differential abundance testing 
and network analysis. A log2-fold-change plot (A) shows the results of pairwise differential abundance (DA) conducted between tissues, while 
controlling for diet using DESeq2 (FDR corrected q ≤ 0.05 and log2-fold change|≥ 1). Within tissue dietary effects were also tested, with only one 
dietary DA ASV identified (Gill: Control v. MOS) (A). Bacterial genera are listed on the y-axis, points are colored by phylum, and shape identifies the 
pairwise treatment comparison for which the ASV showed DA. Positive fold-changes indicate an increased abundance in the first group in the 
comparison, and vice versa. Microbiota networks (B–D) depict the top 50 most connected ASV (nodes) according to sparse inverse co-variance 
networks reconstructed from the gut (B), gill (C), and skin (D) microbiota datasets. Network nodes are colored by phylum, while node size is 
positively correlated with Laplacian centrality, and edges are colored by positive (green) and negative (red) covariance relationships
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gut were assigned to Shingomonas (ASV1717), Shin-
gobacterium (ASV664), and Pseudomonas fluorescens 
(ASV1727), Facklamia (ASV209) and Facklamia tabaci-
nasalis (ASV 47) (Fig.  2B); Escherichia/Shigella (ASV3), 
Hyphomonas (ASV1354), Brevibacterium (ASV1330), f_
Rhodobacteraceae (ASV2263) and an unclassified c_Bac-
teroidia (ASV762) in the gill (Fig.  2C); and Escherichia/
Shigella (ASV3), Shewanella (ASV2373), o_Gammapro-
teobacteria_Incertae_Sedis (ASV94), Chromohalobacter 
(ASV91) and Halomonas (ASV132) in the skin (Fig. 2D).

Functional predictions
When metagenomic functions from the ASV detected 
in the three mucosal tissues were inferred using PIC-
RUSt2 [20], a total of 6,884 KEGG orthologs (KO) were 
detected, with 1,104 KO showing significant differences 
by tissue (FDR-corrected p < 0.01; Effect-size > 0.5) (Addi-
tional file 2: Table S4). Inferred KEGG Enzyme Commis-
sion (EC) functions showed 362 differential metagenomic 
functions across tissues out of the 2,179 total inferred 
EC codes (Additional file 2: Table S5). Statistical testing 

of functional MetaCyc pathways identified 60 out of 404 
inferred pathways to be significantly different across the 
gut, skin, and gill microbiota (Fig.  3; Additional file  2: 
Table S6).

Host gene expression
Half of the tanks included in the microbiota analysis 
were also processed for host gene expression analysis (3 
tanks  treatment−1), with RT-qPCR analysis conducted 
on all three tissues (gill, gut, and skin). Peripheral blood 
leukocytes (PBL) were also obtained for gene expression 
analysis following hypotonic lysis [33] of whole blood 
samples collected from each fish at the time of sampling 
to evaluate dietary effects on systemic-adaptive immune 
genes. Gene expression was analyzed under a Bayesian 
framework using soft-normalization priors based on ref-
erence genes in the MCMCqPCR package [51], and out-
lier samples were detected and removed based on global 
models for a set of systemic-adaptive or mucosal-innate 
genes. The final systemic-adaptive gene set included 140 
samples (36 gill, 35 gut, 34 skin, 35 PBL samples), while 

Fig. 3 Pairwise tissue-specific differences in inferred metagenomic pathways for Atlantic salmon mucosal microbiota. Metagenomic functions were 
inferred using PICRUSt2. Pathway abundance was compared across tissues using a Kruskal Wallis test followed by a Tukey’s post-hoc with BH-FDR 
corrections. Significant differences in pathways abundance were considered at p < 0.01 and effect size > 0.5. Out of 404 inferred MetaCyc pathways, 
60 showed significant differences across tissue, with only a subset of those shown here. A full list of all differentially abundant inferred metagenomic 
functions and pathways can be found in Additional file 2: Supplemental Table S4-S6. REDCITCYC—reductive TCA cycle; NADSYN—NAD synthesis; 
ASPASN-PWY—superpathway of L-aspartate and L- asparagine; FERMENTATION-PWY—mixed acid fermentation; PWY3781—aerobic respiration I; 
DENITRIFICATION-PWY—nitrate reduction I; MET-SAM-PWY—superpathway of S-adenosyl-L-methionine biosynthesis; GLUCOSE1METAB-PWY—
glucose and glucose-1-phosphate degradation
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mucosal-innate gene set included 105 samples (36 gill, 35 
gut, and 34 skin samples). Tissue-specific differences in 
gene expression were detected for all genes assayed apart 
from membrane Toll-like receptor 5 (mTLR5), which 
showed high levels of intra-tissue variability (Fig. 4A, B). 
Within a tissue, all pairwise dietary treatment compari-
sons were also tested for significance with BH-FDR cor-
rection. Within the PBL, the CocoMOS diet group had 
significantly reduced expression of CD4 compared to all 

other diets. Dietary effects on expression of FOXP3 were 
detected in the gut (Control vs. CocoMOS and Coco-
nutOil vs. CocoMOS) and skin (Control vs. Coconu-
tOil). Expression of the mucosal immunoglobulin (IgT) 
showed dietary effects in the gut (Control vs. CoconutOil 
and CocoMOS vs. CoconutOil), gill (Control vs. MOS, 
Control vs. CoconutOil, CoconutOil vs. CocoMOS, and 
MOS vs. CocoMOS), and PBL (Control vs. Coconu-
tOil and CoconutOil vs. CocoMOS). Gill expression of 

Fig. 4 Immune gene expression across mucosal tissues of Atlantic salmon fed diets supplemented with functional ingredients. A set of 
systemic-adaptive-immunity genes (A, C) were assayed in the gut, gill, skin and peripheral blood lymphocytes (PBL), while a set of mucosal-innate 
immunity markers (B, D) were assayed in the three mucosal tissues. Transcript abundances, shown on a log scale, were inferred from a global 
Bayesian model using efficiency corrected qPCR data (A, B). Dashed lines show a significant pairwise difference between tissues among fish 
receiving the control diet (FDR corrected p ≤ 0.05), while significant pairwise differences in expression between two or more dietary treatments 
within a specific tissue is denoted by *. Principal components analysis plots (C, D) show the multivariate sample ordinations based on the 
systemic-adaptive-immunity genes (C) and mucosal-innate-immunity genes, with overlaid eigenvector loadings indicating the contribution of each 
gene
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MHC2 was influenced by diet (Control vs. CoconutOil). 
Expression of IL10 at the gut (Control vs. MOS and MOS 
vs. CoconutOil), gill (Control vs. CocoMOS, MOS vs. 
CoconutOil, and. MOS vs. CocoMOS), and skin (MOS 
vs. CoconutOil) showed dietary effects, however, IL10 
expression in the gut was near the lower limit of detec-
tion for the assay and may be less reliable. Dietary effects 
of IL17A expression were detected in the gut with a sig-
nificant difference between Control and MOS diets. In 
the gut, expression of mannose binding lectin type-C 
(MBLc) was significantly reduced by each diet in compar-
ison to the control diet.

Multivariate analyses of gene expression profiles
Principle components analysis (PCA) using single-value 
decomposition was conducted to visualize the multivari-
ate relationship between samples from various tissues 
and dietary treatments. The PCA showed good separa-
tion by tissue with some clustering by dietary treatment 
within tissues as well for both the systemic-adaptive and 
mucosal-innate immune gene sets, with loading vec-
tors indicating genes involved in multivariate separa-
tion (Fig. 4C, D). Normalized qPCR data were then used 
to calculate sample-wise Manhattan distance matrices 
for multivariate analyses of gene expression profiles of 
systemic-adaptive and mucosal-innate immunity gene 
sets. Dispersion by tissue (p = 0.117) and diet (p = 0.826) 
was homogeneous for the systemic-adaptive immunity 
gene set, although multivariate dispersion was found to 
vary by tissue (p = 0.001), but not diet (p = 0.459) in the 
mucosal-/innate-immunity gene set. Multivariate analy-
sis of both systemic-adaptive and mucosal-innate gene 
expression profiles showed highly significant effects of 
tissue (p = 0.001), diet (p ≤ 0.032), and tissue-diet inter-
action (p = 0.001) according to PERMANOVA. Pairwise-
PERMANOVA indicated a highly significant difference 
in expression profiles (p ≤ 0.001) between each tissue 
according to both gene sets, though no pairwise differ-
ences in multivariate expression profiles were detected 
according to dietary treatments (p ≥ 0.57).

Host–microbiota interaction
To assess associations between host gene expression and 
microbiota communities, symmetrical Procrustes analy-
sis was used to compare multivariate sample ordinations 
based on tissue-specific host immune gene expression 
profiles (Manhattan distances) to sample-matched ordi-
nations of microbiota phylogenetic composition (Uni-
Frac distances) (Fig.  5). Because of the reduced sample 
size in the gene expression dataset and the independ-
ent removal of outliers in each dataset, the qPCR and 
microbiota data were trimmed to include only gut, gill, 
and skin samples present in both datasets (35 gill, 33 gut, 

34 skin samples). Procrustes analysis showed multivari-
ate sample-sample variance in microbiota composition to 
be highly correlated (p < 0.001) with sample ordinations 
of host gene expression profiles using both the mucosal-
innate and systemic-adaptive (Fig. 5C, D) gene sets. The 
mucosal-innate gene set showed slightly higher levels of 
correlation with both abundance-weighted  (m2 = 0.383, 
cor = 0.785, p = 0.001) and -unweighted  (m2 = 0.271, 
cor = 0.854, p = 0.001) microbiota composition (Fig.  5A, 
B). Although, the systemic-adaptive dataset showed a 
similar level of multivariate congruency with wUni-
Frac  (m2 = 0.424, cor = 0.759, p = 0.001) and uwUniFrac 
 (m2 = 0.286, cor = 0.845, p = 0.001) microbiota ordina-
tions (Fig.  5C, D). Residuals from Procrustes analyses 
indicated that, compared to the gill and skin, gut samples 
consistently had the greatest disconcordance between 
host immune expression and microbiota ordinations 
(Fig. 5).

Sea lice challenge
A sea lice challenge with infective L. salmonis copepo-
dids, following the diet trial, yielded mild levels of infec-
tion (18.9 ± 9.8 lice  fish−1; mean ± SD) in line with sea 
lice counts from previous experimental challenges [43]. 
Functional feeds showed no effect on sea lice resistance 
in triplicate common garden challenges. When corrected 
for diet-trial tank and challenge tank effects, right-side 
sea lice density (0.27 ± 0.17,mean ± SD) and lice surface-
area−1 (0.028 ± 0.017) showed no significant difference 
by dietary treatment (ANOVA; p = 0.614 and p = 0.610, 
respectively).

Discussion
The supplementation of functional feed ingredients in 
aquaculture is often touted as a means to improve fish 
growth performance and overall health, however, previ-
ous studies on the use of functional feeds in fish often 
yield inconsistent finding. In our study, 1% dietary 
MOS supplementation did not affect fish growth or sea 
lice resistance. A similar study also showed 1–2% MOS 
supplementation in adult Atlantic salmon to have no 
effect on salmon louse susceptibility, although, growth, 
feed efficiency, and resistance to soybean-meal induced 
intestinal enteritis were improved [67]. Conversely, a 
recent trial (44 days) evaluating 0.4% MOS supplemen-
tation in Atlantic salmon found no significant impact 
on growth performance [43], yet salmon louse counts 
were reduced. Contradictory results on phenotypic 
responses to MOS (i.e., growth and sea lice resistance) 
are likely explained by differences in fish species, life-
history, and age, ingredient dose, form, and duration, as 
well as husbandry practices and environmental condi-
tions, all of which confound comparisons across studies 
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[76]. Additionally, the coconut oil diet in our study, 
alone or in concert with MOS supplementation, did not 
affect fish growth or sea lice resistance either. One of 
the only other in vivo studies evaluating high levels of 
dietary coconut oil inclusion in salmonid diets showed 
coconut oil to also have no effect on growth rates or 
feed efficiency in rainbow trout (Oncorhynchus mykiss) 
[48]. While dietary effects on fish growth were not sig-
nificant, all diets supplemented with functional ingredi-
ents yielded numerically lower growth than the control 
diet. This may be partially explained by energetic costs 
associated with immunomodulatory effects, as our 
evaluation of central and peripheral immune expres-
sion and mucosal microbiota of the gut, gill, and skin 
revealed multiple dietary effects at the molecular level.

Dietary effects of functional ingredients on mucosal 
microbiota
In this study, an array of microbial-ecology metrics 
related to the gill, gut, and skin microbiota were tested 
for dietary effects to better understand impacts of func-
tional feeds on the physiology of mucosal tissues of 
Atlantic salmon. We showed the MOS diet to reduce 
bacterial richness in the skin and gill microbiome of 
Atlantic salmon (Fig. 1A). In rainbow trout, Dimitroglou 
et  al. [19] showed MOS to reduce gut microbial spe-
cies richness, yet in gilthead sea bream (Sparus aurata) 
the ingredient increased bacterial richness and diver-
sity when combined with fishmeal-based diets and had 
no effect when combined with soybean-meal based diet 
[18]. In our study, the MOS diet also shifted the overall 

Fig. 5 Multivariate Procrustes analysis comparing microbiota composition to host immune gene expression profiles across mucosal tissues of 
Atlantic salmon. Principal co-ordinates analysis (PCoA) sample ordinations of abundance-weighted (A, C) and unweighted (B, D) microbiota 
phylogenetic composition (UniFrac) (arrows) were mapped to sample ordinations based on host mucosal-innate (A, B) or systemic-adaptive 
immune (C, D) gene expression profiles (points) taken from the same set of samples. Longer lines between a sample gene expression eigenvalue 
(points) and its concurrent microbiota eigenvalue (arrows) indicates greater discordance between datasets for that sample. Inset violin plots display 
the distribution of Procrustes residuals by tissue for each plot. Significant correlations (p < 0.001, 999 permutations) were detected in all comparisons
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bacterial communities of the skin compared to the con-
trol (Fig.  1E). A similar diet related shift in skin micro-
biota was detected in wild coral reef fish, which was 
proposed to be due to dietary impacts on skin mucus and 
metabolite production [13], effects which have also been 
documented in Atlantic salmon receiving MOS supple-
mentation [43, 53]. Furthermore, in our study the MOS 
diet was responsible for the only dietary impact on tissue-
specific microbiota abundance, significantly increasing 
the abundance of a single ASV in the genus Geobacillus 
(Fig.  2). Geobacillus was recently detected as differen-
tially abundant in the gut microbiome of rainbow trout, 
where it was significantly reduced by a soybean-meal 
based diet compared to a traditional fishmeal diet [7]; 
however, this genus of bacteria is typically thermophilic 
and may therefore be transient non-functional bacteria 
within the cold-water rearing environment of salmonids.

Like the effects seen from the MOS diet, the coconut 
oil diet in our study also reduced the bacterial richness 
and shifted the overall microbial communities of the skin 
relative to control groups (Fig. 1). To date, no compara-
ble study has evaluated in-vivo impacts of high inclusion 
of coconut oil on microbiota, yet the in-vitro antimicro-
bial effects of fatty acids found at high concentrations 
in this lipid source (i.e., lauric and caprylic acid) could 
partially explain the reduction in skin microbiota rich-
ness. Although, following this mechanism of action, one 
would expect to see effects on the gut microbiota as well, 
which were absent in this study. In fact, the lack of die-
tary impacts overall on the gut microbiota was somewhat 
surprising in this study. Most studies evaluating func-
tional feed effects on the microbiome are relegated to 
the gut and are conducted in juvenile fish fed the ingre-
dient over short periods, while our study involved sub-
adult fish (358.3 ± 17.8  g initial weight) sampled after a 
twelve-week feeding trial. The homeostatic microbiome 
of larger, older fish is likely more stable [8] and therefore 
less susceptible to the modulation by functional ingre-
dients that have been observed in juvenile fish [18, 29]. 
Moreover, Gajardo et  al. [26] showed the digesta-asso-
ciated microbiota of Atlantic salmon to be significantly 
more diverse and susceptible to dietary alterations than 
the mucosa-associated gut microbiota. This may explain 
the lower richness detected in the gut in our study, as 
well as the lack of dietary effects in our mucosa-associ-
ated gut microbiota samples. The dietary combination of 
functional ingredients in this study (CocoMOS) showed 
no significant effects on any microbiota metrics across 
all tissues assayed, despite the two ingredients affecting 
skin richness and composition when fed independently. 
This suggests interactions between these two ingredients 
is not additive, and certainly more microbiota research 

on interaction effects of functional dietary ingredients is 
needed.

Dietary effects of functional ingredients on immune 
expression
We compared expression of seven systemic-adaptive 
immune genes (Fig. 4A) and eight mucosal-innate genes 
(Fig.  4B) to evaluate the influence of functional feeds 
on Atlantic salmon immune regulation and response. 
Here, the MOS diet was shown to primarily alter expres-
sion of genes involved in innate immune pathways, with 
the MOS diet only significantly altering one adaptive 
immune gene (IgT) in the gill. The MOS diet reduced 
expression of inflammation regulating cytokines (IL10 
and IL17a), as well as mannose-binding lectin protein c 
(MBLc) in the intestine. A similar dose (0.6%) of MOS 
fed to European sea bass (Dicentrarchus labrax) was also 
shown to alter expression of cytokines involved in regula-
tion of intestinal inflammation (IL10, TNFα, and COX-2) 
[78]. Furthermore, it was somewhat surprising that man-
nose binding lectin protein c (MBLc) expression in our 
study was reduced in the gut by all dietary treatments. As 
a binding lectin produced by epithelial cells, MBLc func-
tions as an opsonin in the lectin-complement pathways 
and is known to interact with mannose on the surface 
of various microbes. The addition of a 1% yeast-derived 
mannan supplement to the MOS and CocoMOS diets 
was expected to increase MBLc expression in the gut 
due to an increase in target antigen, although the oppo-
site pattern was observed (Fig.  4B). In a mouse model, 
a one-week of daily gavage with alpha-mannoside satu-
rated and down-regulated intestinal MBL, leading to a 
reduced ability to respond to a fungal pathogen challenge 
[14], however the MOS in that study was administered 
at much higher concentration and short periods than 
the present study. This may suggest the MOS treatment 
diets in this study attenuated intestinal MBLc expression 
after chronic activation of the lectin complement path-
way, although this alone would not explain the reduced 
expression of intestinal MBLc caused by the CoconutOil 
diet as well (Fig. 4B).

Unlike the gene expression effects of the MOS diet, 
the coconut oil replacement diet appeared to mainly 
alter adaptive immune mechanisms and induced more 
changes in gene expression than the other dietary treat-
ments (Fig. 4). The coconut oil diet reduced expression of 
a  TReg marker (FOXP3) in the skin, altered expression of 
the B-cell mucosal antibody (IgT) in the gut, gill and PBL, 
and reduced expression a of biomarker for professional 
antigen presenting cells (MHC2) in the gill (Fig.  4A). 
The only effect of the coconut oil diet on innate immune 
expression was a reduction in MBLc expression in the 
gut, which was true for all functional dietary treatments 
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(Fig. 4B). Despite the lack of a comparable study in fish, 
a recent study supplementing broiler chicken diets with 
various lipid sources showed coconut oil to alter serum 
IgG and IgM concentrations relative to fish oil [4]. Taken 
with the results of the present study, this may suggest 
coconut oil has immunomodulatory effects on adaptive-
humoral immune responses, though more evidence is 
needed to confirm these effects.

Tissue‑specific signatures in microbiota
While analyzing microbiota metrics across gill, gut, and 
skin tissue, clear signatures of each mucosal tissue were 
identified and differences between tissues greatly out-
weighed the within-tissue dietary effects observed on the 
microbiota in the present study. A recent study charac-
terizing the skin, gill, and digesta microbiota of Atlan-
tic salmon reared under different hatchery conditions 
(recirculating vs. flow-through) also showed the three 
microbiomes to be significantly different in composition, 
irrelevant of rearing environment [55]. Additionally, that 
study found that when reared in a flow-through system, 
as was done in our study, the microbial richness of Atlan-
tic salmon was highest in the gill, followed by the digesta, 
and finally the skin of Atlantic salmon. In our study, 
the number of unique ASV, as well as average bacterial 
richness was significantly different between all mucosal 
tissues, with the highest richness detected in the gill, fol-
lowed by the skin, and the gut (Fig. 1A; Additional file 1: 
Figure S4E). In addition, Shannon diversity was reduced 
in the gut, compared to the skin and gill (Fig.  1B). The 
lack of a significant difference between skin and gill 
diversity, despite a significant difference in richness, sug-
gests evenness was reduced among the gill microbiota 
compared to the skin, as Shannon diversity index is a 
quantitative measure of ASV richness, that also considers 
the evenness of ASV abundances.

Also in agreement with Minich and colleagues’ previ-
ous report [55], our results indicate the bacterial com-
munity structure of the gut, gill, and skin mucosa is 
significantly different from one another according to 
quantitative (Fig.  1C) and presence-absence UniFrac 
distances (Fig.  1D). Although, we also showed the gill 
and skin communities to be much more similar to one 
another, compared to the mucosal gut microbiota, 
in terms of alpha diversity (Fig.  1A, B), beta diversity 
(Fig.  1C, D), differential abundance (Fig.  2A), network 
structure (Fig.  2C, D), as well as inferred metagenomic 
function (Fig.  3). Legrand et  al. [45] similarly found 
appreciable overlap between the gill and skin micro-
biota, despite also detecting tissue-specific signatures, 
in yellowtail kingfish (Seriola lalandi), where 85% of the 
detected microbiota were shared between those two tis-
sues. Here, an ASV in the genus Corynebacterium was 

the only bacteria identified as significantly more abun-
dant in the gill than in the other two tissues (Fig. 2A). The 
abundance of this genus was recently identified as the 
most predicative gut microbiota metric for detecting sea-
sonal dietary shifts in wild three-spine stickleback (Gas-
terosteus aculeatus) [24], although, Corynebacterium is 
also found in the skin and gill microbiome of yellowtail 
and where its abundance was positively correlated with 
health [45].

According to tissue-specific microbiota networks, an 
ASV (ASV3) in the genus Escherichia/Shigella had the 
highest degree of connectivity within the gill and skin 
microbiota and was among the fifty most highly con-
nected ASV in the gut network as well (Fig. 3; Additional 
file 2: Table S1-3). Microbes from the genera Shigella and 
Escherichia are difficult to discriminate by 16S rRNA 
gene amplicon phylotyping, hints the combined anno-
tation, though both are enteric pathobionts commonly 
detected in animal microbiomes. While showing a high 
degree of network connectivity, this Escherichia/Shigella 
node had predominantly negative covariance interactions 
with other ASV, which has been observed in networks 
constructed from the human gut microbiome as well 
[86]. In addition, it should be noted that two keystone 
genera highlighted by differentially abundance analysis 
and microbiota networks (i.e., Aliivibrio and Escheri-
chia/Shigella) were also detected in our negative control 
samples (Additional file 1: Figure S2B). However, highly 
abundant contaminates in on-plate negative-controls 
often originated from well-to-well contamination from 
abundant templates in adjacent biological samples [54] 
and Escherichia/Shigella and Aliivibrio are both known 
to be core microbiota of Atlantic salmon [17], suggesting 
the findings related to those genera are accurate.

Tissue‑specific signatures in immune expression
Differential gene expression analysis of a set of adaptive 
immune cell biomarkers was used to identify tissue-
specific signatures in immune regulation by compar-
ing tissue expression profiles within the control-diet 
groups (Fig. 4). According to expression levels, CD4 +  TH 
cells were more abundant or transcriptionally active 
in all mucosal tissues compared to that of the circulat-
ing PBL, while CD8 + transcripts derived from  Tc cells 
were more abundant in the gut and PBL compared to 
the skin and gill (Fig.  4A). The PBL showed the high-
est levels of expression for immunoglobulins (IgT and 
IgM), suggestive of transcriptionally active circulating 
plasma B-cells. As an analog to the mammalian mucosal 
antibody IgA, IgT is responsible for adaptive humoral 
regulation of pathogens and commensal microbiota on 
mucosal surfaces of fish, while IgM immune responses 
are typically highest in circulating sera [82]. As such, the 
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relatively high expression of IgT in the PBL was surpris-
ing (Fig. 4A). Although Hu et al. [33] also identified high 
levels of IgT expression in rainbow trout PBL while opti-
mizing the PBL isolation technique used here, which is 
likely explained by this sample type being enriched with 
peripheral lymphocytes. The expression of the major his-
tocompatibility complexes (MHC1 and MHC2) in this 
study also showed tissue specific differences, with the 
highest expression of both MHC biomarkers, in order, 
being the gut, gill, skin, then PBL (Fig. 4). Furthermore, 
the expression of these important antigen presenting 
peptides appears to be tightly regulated, as the within-
treatment variance observed for these gene was minimal 
compared to the other genes assayed.

Comparison of innate immunity biomarkers across the 
three mucosal tissues, identified further tissue-specific 
signatures. Alkaline phosphatase, a class of isoenzymes 
involved in a range of cellular, digestive, and immuno-
logical roles, is typically found in highest concentrations 
in the blood originating from hepatic cells, though, ALP 
is also found in mucosal tissue where it serves a role in 
inflammation, innate defense, and wound healing [22]. In 
our study, ALP expression was significantly reduced in 
the gut compared to the gill and skin, although intesti-
nal ALP expression has been shown to be more focused 
to the proximal intestine [41], potentially explaining the 
low level of expression detected here in the distal intes-
tine. Additionally, Johnston et  al. [36] isolated ALP iso-
enzymes from various tissues of Atlantic salmon and 
showed intestinal ALP to have a significantly different 
electrophoretic mobility than that of the gonads, bone, 
kidney, and liver. Therefore, it is possible the intestinal 
ALP isoenzyme is expressed as a transcript not targeted 
by the ALP primers used in our present study (Additional 
file 2: Table S7), highlighting the need for further deline-
ation of isoenzymes and paralogous genes in Atlantic 
salmon [41]. Complement factor 3 (C3) showed signifi-
cantly higher expression in the skin compared to the gut 
and gill in our study (Fig. 4B, D), which slightly diverges 
from results of Løvoll et al. [47], who showed C3 expres-
sion in adult Atlantic salmon to be highest in the liver, 
followed by the heart, gonads, muscle, intestine, skin, 
kidney, pylorus, spleen, and finally gill. Furthermore, we 
showed MBLc expression to be significantly reduced in 
the gill compared to the gut and skin in Atlantic salmon. 
Similarly, previous work in channel catfish (Ictalarus 
punctatus) showed the liver to be the tissue with by far 
the highest levels of MBLc expression, as well as low 
levels of expression in the intestine, and no detectable 
expression in the gills [61].

In terms of the cytokine signaling, interleukin 10 
(IL10), IL17a, and IL1β expression levels were compared 
to assess regulation of inflammation across the mucosal 

tissues (Fig.  4B, D). Expression of the immunosuppres-
sive and often anti-inflammatory cytokine IL10 was sig-
nificantly different among all the tissues in our study, 
with highest expression being in the skin followed by 
gill, while gut IL10 expression was at the limit of detec-
tion (Fig.  4B). This finding is in line with Marjara et  al. 
(2012), who also found IL10 expression in the gut to be at 
or below the limit of detection in Atlantic salmon. Con-
versely, expression of IL17a, a proinflammatory marker 
produced by  TH17 cells with putative roles in the clear-
ance of pathogens and autoimmune responses, was also 
highest in the skin in our study. Furthermore, proinflam-
matory IL1β was significantly different among all tissues, 
with gill showing the highest expression and the gut the 
lowest. The proinflammatory cytokines, IL1β and IL17A, 
at least in mammals, are thought to be released follow-
ing pathogen detection, while more anti-inflammatory 
responses, such as those resulting from TGFβ, IL8, or 
IL10, are thought to be activated following interactions 
with commensal microbes [28]. Viewing our data through 
this paradigm may suggest that the higher levels of IL10 
expression in the skin and gill provides greater immuno-
logical tolerance of the more dynamic external mucosal 
microbiomes as compared to the more intimately regu-
lated intralumenal environment of the gut. These differ-
ences in immune regulation across mucosal tissues may 
then at least partially explain the higher microbiota rich-
ness and Shannon diversity, as well as susceptibility to 
diet induced shifts in ASV abundance or overall micro-
biota composition, which were observed in the gill and 
skin samples in our study compared to the gut (Figs. 1, 2). 
These findings give insights into host regulation of, and 
response to, mucosal microbiota, though further research 
is needed to gain a more wholistic understanding of how 
these interactions influence mucosal physiology in fish.

Host–microbiota interaction
A phylogenetic alignment based functional predic-
tion algorithm tied to a database containing over 
20,000 full length 16S rRNA gene-to-genome mappings 
(PICRUSt2) was implemented in this study to infer 
metagenomic functional potential of the tissue-specific 
microbiota. Differential abundance testing of inferred 
metagenomic functions was used to highlight trends in 
putative metagenomic functionality across the gut, gill, 
and skin to foster future hypotheses regarding the func-
tional significance of these mucosal microbiomes on the 
physiology of host tissues. Of the inferred metagenomic 
KO, EC, and higher-level metabolic pathways, 16.0, 16.6, 
14.9%, respectively, were detected as differentially abun-
dant across tissues in our analysis. In many cases func-
tions showed microbial adaptations in tissue-specific 
sites that would likely provide utility to the host. As an 
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example, gills are the primary site of nitrogen excretion 
in most fish, and here the gill microbiome was shown 
to possess a greater abundance of genes involved in the 
denitrification pathways compared to microbes found in 
the gut (Fig. 3). In agreement, microbes known for their 
ability to oxidize ammonia, nitrite, and nitrate have pre-
viously been detected in the Atlantic salmon skin, gill, 
and digesta microbiomes [55]. Although, in both cases, 
it is possible those denitrifying microbes are not highly 
adapted to fish mucosa and are detected on mucosal 
tissues as transient environmental microbes from the 
aquatic environment. Additionally, the gut microbiota 
were shown here to have a greater ability to conduct 
anaerobic mixed acid fermentation, while the exterior 
mucosal sites (gill and skin) were populated with micro-
biota with a higher prevalence of genes related to aerobic 
respiration (Fig.  3). The abundance of the fermentation 
pathway in the gut would suggest those bacteria are gen-
erating short chain fatty acids as fermentation byprod-
ucts, which are known to serve as an energy source for 
host enterocytes, as well as being involved in enteroen-
docrine signaling that modulates cellular proliferation, 
inflammation, and metabolism [9]. Furthermore, we 
identified metabolic pathways related to carbohydrate 
and amino acid metabolism that were predicted to be 
more abundant among gut microbes, which could aid 
in digestion and metabolic transformation of nutrients 
consumed by the host (Fig.  4D, G). Similarly, a study 
comparing the predicted metagenomic function of gut 
microbiota from 20 marine species also showed fish 
gut microbes to putatively possess significant metabolic 
pathways related to nutrient metabolism that varied with 
the trophic level of their host [34]. These inferred func-
tions highlight the potential for tissue-specific signatures 
in metagenomic functions and the potential metabolic 
roles microbiota play on host physiology. However, accu-
rate inference of metagenomic function from V3-V4 16S 
rRNA gene amplicons is limited by an inability to distin-
guish species or strain level functionality and by inher-
ent biases related to reference databases, which are often 
dominated with entries related to human-associated 
microbes and lack good representation of environment-
specific functionality of aquatic microbes [20]. There-
fore, despite our conservative statistical thresholds for 
declaring differential abundance of metagenomic func-
tion (FDR adjust p < 0.01 and effect size > 0.5), it still 
must be noted that the identification of robust signa-
tures of differential metagenomic function using inferred 
data can be error-prone [20]. Therefore, the trends in 
inferred metagenomic function observed in this study 
require further validation using untargeted metagen-
omic data. As an example, shotgun metagenomic data 
recently was used by two separate groups to generate 

metagenomic-assembled-genomes (MAGs) from salmo-
nid gut microbiota and allowed for genome level char-
acterization of novel salmonid-associated Mycoplasma 
species [12, 66], which have previously been detected, 
somewhat inexplicably, as dominate microbes in the gut 
of salmonids using 16S rRNA amplicon data, including 
our study (Fig. 2B, ASV 301). The MAGs from these two 
studies revealed these previously ambiguous salmonid-
associated Mycoplasma species lacked virulence factors 
but were highly adapted to an intracellular niche within 
the salmonid gut due to their metabolic dependence on 
host nutrients, while also providing useful metabolic 
pathways to their host (i.e., chitin degradation, argi-
nine and riboflavin biosynthesis, ammonia detoxifica-
tion, etc.) [12, 66]. One group took these methods even 
further to show that functional feed ingredients (i.e., 
probiotic—Pediococcus acidilactici; symbiotic—P. acidi-
lactici + galacto-oligosaccharides) specifically reduced 
the relative abundance and functional significance of 
these Mycoplasma gut microbiota, which yielded sig-
nificant alterations to the fecal metabolome [65]. This 
highlights the utility of such data in advancing our under-
standing of host microbiota interactions in fish and in 
order for us to gain the knowledge necessary to control 
and modulate microbiota in a way that provides optimal 
outcomes in aquaculture more studies using untargeted 
metagenomic approaches are needed to complement the 
growing body of 16 rRNA gene marker microbiota stud-
ies related to aquaculture species.

In addition to our putative evidence of functional 
coadaptation of microbiota in a tissue-specific manner 
that is beneficial to the host, we also used symmetri-
cal Procrustes analysis to determine whether host-gene 
expression profiles and microbiota composition were 
correlated across mucosal tissues. Procrustes analysis is 
a method similar to a Mantel test that evaluates correla-
tions between two multivariate datasets by scaling and 
rotating sample ordinations to minimize intra-sample 
multivariate residuals between the two datasets, which 
has been used previously in a similar manner to evalu-
ate correlations between host gene expression and micro-
biota composition in zebra finches (Taeniopygia guttata) 
from different environments [79] or humans with differ-
ent diseases [63]. Here we mapped multi-tissue multi-
variate PCoA ordinations of host gene expression profiles 
(adaptive or innate gene set Manhattan distances) to 
PCoA ordinations based on microbiota composition of 
those same samples (weighted or unweighted UniFrac 
distances) and used Monte Carlo label permutations 
to statistically test the goodness-of-fit  (m2) between 
the two datasets (Fig.  5). Highly significant correlations 
were detected between all host gene expression and 
mucosal microbiota datasets in our study, suggesting 
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host gene expression and mucosal microbiota composi-
tion covary across mucosal tissues of Atlantic salmon 
(Fig. 5). Although, similar to results seen by van Veelen 
et  al. [79] immune expression showed slightly higher 
goodness-of-fit with presence-absence based microbiota 
metrics (Fig.  5B, D) indicating host immune expression 
may be more dependent on the occurrence of microbes 
rather than their abundance. Furthermore, consistent dif-
ferences in Procrustes residuals by tissue (Fig. 5), as well 
as the tissue-specific differences discussed above, imply 
host-microbiota interactions and coadaptation slightly 
vary across the mucosal tissues. While these findings 
suggest host gene expression and microbiota are interde-
pendent across mucosal tissues of Atlantic salmon, disen-
tangling top-down effects (i.e., host expression regulating 
microbiota composition) from bottom-up effects (i.e., 
microbiota shifts altering host expression) will require 
additional experiments involving manipulations of host 
expression and experimentally altered microbiota com-
munities. Together, these findings have applied implica-
tions on the supplementation of aquaculture diets with 
functional feed ingredients, while also advancing our 
basic understanding of host-microbiota-diet interac-
tions in fish and how those interactions vary by mucosal 
tissues.

Methods
Experimental diets and fish husbandry
A twelve-week feeding trial was performed at the USDA-
ARS National Cold Water Marine Aquaculture Center 
(NCWMAC, Franklin, ME, USA). Four experimental 
diets were produced at the Bozeman Fish Technology 
Center (Bozeman, MT, USA) using commercial extru-
sion technology. A control diet (Control) was formulated 
to match the NCWMAC post- smolt base diet. A man-
nan-oligosaccharide diet (MOS) was made consisting of 
the control diet with wheat-flour replaced by BioMOS 
(Alltech; Lexington, KY, USA) to achieve a 1% (10 g kg-1) 
inclusion. A third diet was formulated to replace 96% of 
the lipids (4% fish oil) in the control diet with coconut oil 
(CoconutOil) and the fourth diet was a combination of 
the MOS and Coco treatments (CocoMOS). The trial was 
conducted in a twenty-four-tank system supplied with 
flow-through natural seawater. Each dietary treatment 
was administered to six replicate tanks. Twenty individu-
ally tagged Atlantic salmon with an average initial weight 
of 358.3 g ± 17.8 (mean ± SD) were randomly stocked to 
each tank.

All fish were allowed to acclimate to the system for one 
month while receiving the control diet. Photoperiod fol-
lowed natural cycles (Aug.–Nov.) and seawater pumped 
from an adjacent bay (Taunton Bay, Franklin, ME, USA) 
followed ambient temperatures (Additional file 1; Figure 

S1). Water quality, salinity (31.1 ppt ± 0.7; mean ± SD), 
and temperature were monitored weekly and maintained 
within acceptable ranges for the duration of the study. 
Fish were fed using automatic feeders controlled by a 
continuous dynamic function to supply 110% of maxi-
mum expected daily consumption. Growth was assessed 
at six- and twelve-weeks using bulk tank weights.

Sample collection
At the conclusion of the twelve-week feeding trial, sam-
ples were collected from three fish  tank−1 (n = 18  diet−1) 
twelve hours post-prandially. Fish were euthanized with 
tricaine methanesulfonate following AMVA recom-
mendations [42]. Whole blood was collected by cau-
dal venipuncture using a heparinized syringe and held 
on ice until further processed. Microbiota communi-
ties of the gut, gill, and skin were sampled using What-
man OmniSwabs® (GE Healthcare; Chicago, IL, USA). 
Skin microbiota was sampled by swabbing the left side 
of fish along the lateral line, between the operculum and 
caudal peduncle. Gill samples were collected by swab-
bing between gill arches. Gut microbiota samples were 
collected by swabbing the mucosa of the distal intesti-
nal tract following careful excision of the intestinal tract 
and removal of feces. Dietary microbiota samples were 
collected by homogenizing each treatment diet using 
mortar and pestle and water microbiota was collected by 
filtering 1 L of inflow water through a 0.2 µm Supor filter 
(Pall Corporation; Port Washington, NY, USA). Diet and 
water microbiota samples were collected in triplicate. All 
microbiota samples were flash frozen in liquid nitrogen 
and stored at − 80  °C until further processed. Host tis-
sue was concurrently sampled from each mucosal site for 
gene expression analysis. Skin tissue samples consisted of 
a 2 cm2 section of skin excised from between the dorsal 
fin and lateral line on the left side of the fish. Gill tissue 
was sampled from the second gill arch on the left side 
of the fish and a 2–3  cm section of distal intestine was 
taken 3 cm anterior of the cloaca to serve as the gut tis-
sue sample. All tissue samples were preserved in RNAl-
ater® (Thermo Fisher Scientific; Waltham, MA, USA) and 
stored at − 80 °C until processed.

Isolation of peripheral blood leukocytes (PBL)
Whole blood was processed to isolate circulating periph-
eral blood lymphocytes and leukocytes (PBL) through 
hypotonic lysis and removal of erythrocytes follow-
ing methods first described by Crippen et  al. [15] and 
improved by Hu et  al. [33]. Briefly, hypotonic lysis 
was initiated by 1:10 dilution of blood with prechilled 
ultrapure water for 20  s before returning the solution 
to isotonicity with 10X Dulbecco’s Phosphate Buffered 
Saline (DPBS). Cellular debris of the lysed red blood 
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cells was allowed to settle for 10 min before filtering the 
supernatant through 70  µm cell strainers. The resulting 
supernatant was centrifuged at 200 × g for 5 min at 4 °C 
to pellet the PBL. Cells were gently washed twice with 
1 × DPBS, prior to storing in RNAlater®. All reagents 
used in PBL isolation were pre- sterilized (autoclaved and 
0.2  µm filtered) to reduce the risk of contaminants that 
may stimulate or change PBL expression profiles during 
sample processing.

16S rRNA gene library preparation
Microbiota swabs and positive control microbial com-
munity samples (ZymoBIOMICS Microbial Commu-
nity Standard, Zymo Research, Irvine, CA, USA) were 
homogenized with 0.7  mm garnet beads using a Tis-
sueLyser (Qiagen; Hilden, Germany, EU) prior to isolat-
ing DNA using a QIAmp 96 PowerFecal QIAcube HT 
Kit and QIAcube HT (Qiagen) liquid handler following 
manufacturer recommended procedures. DNA purity 
and concentration were assessed on a Nanodrop 2000 
(Thermo Fisher Scientific) and due to low purity among 
some samples, as suggested by 260/230 spectropho-
tometric ratios, all samples were cleaned and concen-
trated using a gDNA Clean and Concentrate Kit (Zymo 
Research). Raw DNA samples were normalized by fluo-
rometry (Quant-iT PicoGreen dsDNA kit; Thermo Fisher 
Scientific) and used as template for preparation of V3-V4 
16S rRNA gene sequencing libraries following a strategy 
similar to that detailed by Fadrosh et al. [21] using 341F 
and 785R primers [37]. The 16S rRNA gene amplicons 
were prepared by duplicate 25µL PCR reactions consist-
ing of 30 cycles of PCR using Phusion HiFi Hot Start II 
Mastermix (Thermo Fisher Scientific), target-specific 
primers (500 nM each, Ta = 60 °C) and 10 ng of template 
DNA. No-template amplification negative controls were 
included with each plate, with DNA template replaced 
with molecular grade water.

Duplicate PCR products were pooled by sample and 
confirmed by electrophoresis on 2% agarose gel prior to 
purification with DNA purification beads (0,8X; Mag-
Bio; Gaithersburg, MD, USA). Resulting PCR products 
were diluted two-fold prior to adding 1 µL as template 
for eight cycles of PCR in 50 µL reactions with 200 nM 
custom barcode-indexes (Ta = 72  °C). Resulting librar-
ies were again confirmed by electrophoresis and purified 
with magnetics beads (0.8X) prior to equimolar pooling 
according to fluorometry (Quant-iT PicoGreen dsDNA 
kit; Thermo Fisher Scientific). All negative control sam-
ples produced libraries with a final concentration below 
1 ng µL−1, yet 5 µL of each NTC library were spiked into 
the final sequencing library to further assess potential 
background contamination. The final pool was analyzed 
on a DNA 1000 chip (Agilent Technologies; Santa Clara, 

CA, USA) to confirm library size and final quantification 
was done using a Kapa qPCR Illumina Quantification Kit 
(Roche; Indianapolis, IN, USA). Sequencing was done 
in-house at the Hagerman Fish Culture Experiment Sta-
tion on a full MiSeq (Illumina) 600-cycle v3 sequencing. 
Sequencing required spiking-in three custom sequencing 
primers (BAMF-CS1, BMF-CS2, BAMF-CS2rc) which 
were modified by the University of Idaho Genomics 
Resources Core to match the thermocycling parameters 
of an Illumina MiSeq by incorporation of locked-nucleic 
acids.

Microbiota analyses
To ensure the highest accuracy and reliability of micro-
biota richness and diversity metrics, a recommended 
workflow for amplicon data processing [25] was followed 
to correct and remove any PCR- and sequencing-biases. 
First, DADA2 [10] was employed for error-correction 
and processing of raw reads into bacterial amplicon 
sequence variants (ASV). Reads were truncated (For-
ward—275  bp, Reverse—215  bp, quality filtered (2 
expected errors, error-corrected, and merged (min over-
lap = 20 bp; merged length ≥ 400 bp. Chimeric sequences 
were removed, and taxonomy was applied against the 
Silva nr_v132 rRNA database [64]. ASV were then fur-
ther clustered by sequence similarity using BLASTn 
[11] and post-clustering curation was conducting using 
LULU [25] with default parameters to produce the final 
ASV table. Decipher [80] was used for ASV alignment, 
prior to construction of a phylogenetic tree using a GTR 
model with the R-package phagorn [72]. Singletons, spu-
rious ASV with a mean relative abundance below  1E−5, 
or those assigned to the order Chloroplast, or the family 
Mitochondria were filtered from the dataset prior to sta-
tistical analysis. Phyloseq [52] and vegan [58] were used 
for all data transformations and calculation of ecological 
indices.

Differential abundance (DA) testing was done using 
DESeq2 [46] to identify DA by tissue, while control-
ling for dietary effects. Tissue-specific dietary effects on 
microbiota abundance were identified through pairwise 
comparison of dietary treatments to the control group, 
within each tissue. All DA testing was conducted with 
a significance threshold of FDR-corrected p ≤ 0.05 and 
absolute log2-fold change ≥ 1.0, following fold-change 
shrinkage according to apeglm  [85, 86].

Metagenomic functional potential of microbiota were 
inferred as KEGG orthologs (KO), KEGG Enzyme Com-
mission codes (EC) and MetaCyc metabolic pathways 
using PICRUSt2. Microbiota functions were plotted 
and analyzed using STAMP [59] to compare the func-
tional potential of the microbes present on the three 
mucosal sites using a Kruskal Wallis H test followed by a 
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Tukey–Kramer post-hoc test. Functions were considered 
significantly different when FDR corrected p-values were 
less than 0.01 and effect size was greater than 0.5.

Network reconstruction was conducted on tissue spe-
cific datasets (gut, gill, and skin) to evaluate microbial 
co-association patterns by mucosal site and identify site-
specific keystone taxa. To reduce sparsity, individual 
datasets were filtered to remove ASV that accounted for 
less than 0.0001% relative abundance. Compositional 
data transformation and inference of sparse inverse 
covariance networks was conducted using SPIEC-EASI 
[40]. Network centrality metrics were tested for accu-
racy in describing network structure using the R package 
CINNA.

RNA extraction and gene expression analysis
Gut, gill, and skin tissue, as well as PBL, were thawed and 
removed from RNALater. RNA was isolated using the 
RNeasy 96 HT RNA Isolation Kit (Qiagen) automated 
on the QiacubeHT. Concentrations and quality of RNA 
were assessed by NanoDrop 2000 (260/280 ≥ 1.8 and 
260/230 ≥ 1.5). Samples below the acceptable thresh-
olds were cleaned using a GeneJet RNA Clean-up Kit 
(Thermo Fisher Scientific). Twelve samples of each tis-
sue were randomly selected for analysis on an RNA 6000 
Nano chip (Agilent Technologies) to confirm RNA integ-
rity (RIN ≥ 7.2). Removal of gDNA and reverse transcrip-
tion were conducted in triplicate 20 µL reactions with 
1000 ng of input RNA each using the iScript gDNA Clear 
cDNA Synthesis Kit (Bio-Rad Laboratories; Hercules, 
CA, USA) on a T100 thermocycler (Bio-Rad Labora-
tories). Primers for RT-qPCR analysis were taken from 
previously published literature where possible [5, 56, 70, 
73, 74, 83], after confirming specificity in-silico, while 
other primers were designed using NCBI accessions and 
Primer-BLAST [81] (Additional file 2: Table S7). Primer 
sets were validated by running products on a 2% aga-
rose gel to confirm specificity and size of intended tar-
get. Efficiency of each primer set was estimated on each 
tissue using duplicate six series five-fold serial dilutions 
of pooled sample cDNA standards. Each assay was con-
ducted in duplicate 10 µL reactions with 1 µL of neat 
cDNA, 300 nM forward and reverse primer, and SsoAd-
vanced Universal Sybr Green Supermix (Bio-Rad Labora-
tories). The qPCR assays were run on a CFX96 (Bio-Rad 
Laboratories) for 35 cycles following recommended 
cycling parameters (Ta = 60 °C). Melt curve analysis was 
conducted to verify assay specificity.

Elongation factor 1 alpha (EF-1∞ ), hypoxanthine-
guanin phosphoribosyl transferase 1 (HPRT1), and 
RNA polymerase 2 subunit (RPABC2) served as ref-
erence genes with stability confirmed by the refer-
ence gene selection tool onboard the CFX96 (Bio-Rad 

Laboratories). Raw Ct values were efficiency cor-
rected and normalized against the geometric mean of 
the reference genes using soft normalization priors in 
MCMC.qPCR [51]. Gene expression data were ana-
lyzed separately with a set of systemic-adaptive-immu-
nity related genes assayed in the gut, skin, gill and PBL 
samples, and another set of mucosal-innate-immunity 
related genes analyzed across the three mucosal tis-
sues only. The two gene sets were analyzed separately 
following the same procedures. Efficiency corrected Ct 
values for all genes were modeled using fixed effects of 
tissue, diet, and tissue-diet interaction, while control-
ling for random effects of tank and individual sample 
under a single Bayesian model. Outlier detection was 
done using the full model, with samples two standard 
deviations from the global sample-mean removed. Four 
samples were dropped from the systemic-adaptive gene 
set (1 gut, 1 PBL, and 2 skin samples) and three samples 
were dropped from the mucosal-innate gene set (1 gut 
and 2 skin samples). Gene-wise p-values from contrasts 
of interest were extracted from the model and adjusted 
for multiple comparison (FDR adjusted, p ≤ 0.05).

Sea lice challenge
Following the diet trial, five fish per tank were trans-
ferred to common-garden tanks in a recirculating aqua-
culture system for challenge with sea lice (Salmon louse, 
Lepeophtheirus salmonis). Three common garden chal-
lenges were conducted with fish from multiple tanks of 
each dietary treatment equally represented in each chal-
lenge (40 fish  challenge−1). Challenges followed the pro-
tocol outlined in Peterson et al. [62]. Briefly, a static bath 
challenge was conducted at a density of 100 infective 
copepods  fish−1, with water supply returned after 4  h. 
Infections lasted 10–14  days prior to counting of infec-
tive sea lice and calculating right-side lice density [27]. 
In addition, surface-area  (cm2) was estimated using the 
formula provided by Frederick et al. [23] to calculate lice 
surface-area−1. Lice density and lice surface-area−1 were 
tested for differences due to dietary treatment by one-
way ANOVA, while controlling for diet-trial tank and 
sea-lice challenge replicate.
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Additional file 1: Figure S1. Water temperatures observed in the flow-
through seawater rearing system throughout the trial; The Figure S2. 
Relative abundance of bacteria detected in positive and negative internal 
microbiota controls. ZymoBIOMICS® Microbial Community Standard 
(Zymo Research) was included at the DNA extraction step of the workflow 
to measure phylogenetic coverage and quantitative accuracy (A). On-
plate no-template amplification negative controls were included with 
each PCR1 plate and yield very low concentration libraries (2,963 ± 1,462 
reads; mean ± SD) (B); Figure S3. Rarefaction curve of species richness 
from samples collected from mucosal tissues of Atlantic salmon;Figure 
S4. Microbiota composition by sample type. Phylum level microbiota 
composition across dietary treatment are listed for the skin (A), gill (B), and 
gut (C) mucosa of Atlantic salmon, as well as the environmental samples 
(water and diet) (D). An upset plot (E) shows the total number of ASV 
observed by sample type as well as the overlap (Shared ASV) between 
sample types; Figure S5. Venn diagram showing overlap in differentially 
abundant microbiota ASV across pairwise tissue comparisons

Additional file 2: Table S1. Top 50 keystone gut microbiota identified 
through network analysis; Table S2. Top 50 keystone gill microbiota iden-
tified through network analysis; Table S3. Top 50 keystone skin microbiota 
identified through network analysis; Table S4. Differentially abundant 
inferred metagenomic KEGG Orthologs (KO) across mucosal tissues; 
Table S5. Differentially abundant inferred metagenomic KEGG Enzyme 
Commission (EC) codes across mucosal tissues; Table S6. Differentially 
abundant inferred metagenomic MetaCyc pathways across mucosal 
tissues; Table S7. Primer sequences used for RT-qPCR. Primers with listed 
references were taken from previously published literature, after confirm-
ing specificity in-silico, and all other primers were designed using NCBI 
Primer-BLAST with the listed accession as the target. NCBI accessions are 
taken from RefSeq where possible, with those accessions denoted by * 
coming from GenBank.
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