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Core Intestinal Microbiota That Is Resistant to Variation in Diet and
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As global aquaculture fish production continues to expand, an improved understanding of how environmental factors interact
in fish health and production is needed. Significant advances have been made toward economical alternatives to costly fishmealbased diets, such as grain-based formulations, and toward defining the effect of rearing density on fish health and production.
Little research, however, has examined the effects of fishmeal- and grain-based diets in combination with alterations in rearing
density. Moreover, it is unknown whether interactions between rearing density and diet impact the composition of the fish intestinal microbiota, which might in turn impact fish health and production. We fed aquacultured adult rainbow trout (Oncorhynchus mykiss) fishmeal- or grain-based diets, reared them under high- or low-density conditions for 10 months in a single
aquaculture facility, and evaluated individual fish growth, production, fin indices, and intestinal microbiota composition using
16S rRNA gene sequencing. We found that the intestinal microbiotas were dominated by a shared core microbiota consisting of
52 bacterial lineages observed across all individuals, diets, and rearing densities. Variations in diet and rearing density resulted
in only minor changes in intestinal microbiota composition despite significant effects of these variables on fish growth, performance, fillet quality, and welfare. Significant interactions between diet and rearing density were observed only in evaluations of
fin indices and the relative abundance of the bacterial genus Staphylococcus. These results demonstrate that aquacultured rainbow trout can achieve remarkable consistency in intestinal microbiota composition and suggest the possibility of developing
novel aquaculture strategies without overtly altering intestinal microbiota composition.

A

s aquaculture’s contribution to global food fish consumption
continues to increase (1), alternatives to fishmeal as the traditional protein source in aquaculture feeds need to be researched,
refined, and adopted for sustainable industry growth (2, 3). Much
research has focused on all-plant-protein diets and their impact
on fish performance (4), palatability (5), and digestibility (6); water quality (7); intestinal inflammation (8); and the community of
microorganisms residing in the intestine (microbiota) (9). Overall, significant advances have been made in alternative protein diet
formulations in recent years, so that the growth performance of
fish fed grain-based diets has been reported to be comparable to
that of fish fed traditional fishmeal-based diets (7, 10). Limited
research, however, has examined the effects of grain-based feeds in
combination with alterations in fish-rearing density. Provided
that a given aquaculture system’s carrying capacity can support
increases in fish biomass, larger harvests can, in theory, be attained
by increasing the rearing density as fish are raised to market size.
Inappropriately high rearing densities, however, can have negative
effects on fish production and are commonly associated with decreased growth, decreased feed intake, reduced feed efficiency,
and greater fin erosion (11). Whether these density-associated
changes in performance and welfare are consistent when fish are
fed either fishmeal- or grain-based diets remains unclear. Moreover, it remains unknown whether interactions between fish-rearing density and diet composition impact the composition of the
intestinal microbiota. This gap in our knowledge is significant,
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because processes such as intestinal inflammation, dietary energy
harvest, and behavior in other vertebrate species are due in part to
alterations in intestinal microbiota composition (12–19).
A fundamental challenge in host-associated microbial ecology
is determining the extent to which microbial lineages in a given
host are shared among other hosts. Previous studies have shown
that a subset of microbial lineages harbored by an individual host
might also be found in many or all other individual hosts, a concept often referred to as a “core microbiota.” This term can be
variably defined based on the taxonomic level or the degree of
ubiquity and abundance among individual hosts under a given
experimental condition, in a given environment, or in a given host
species (20, 21). Although detection of a core microbiota is
strongly affected by sample number, sampling depth, and many
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Core Microbiota in the Rainbow Trout Intestine

MATERIALS AND METHODS
Experimental treatments, fish performance data collection, and processing attributes. All experiments involving rainbow trout were conducted in compliance with the requirements of the Animal Welfare Act
(9CFR) and were approved by the Freshwater Institute’s Institutional Animal Care and Use Committee.
A flowthrough fish culture system consisting of 12 circular 500-liter
tanks was employed in this study, using water from a spring source with
approximately constant 12.5°C temperature. Eyed rainbow trout eggs
were procured from Troutlodge, Inc. (Sumner, WA); hatched alevins
were then transferred to two of the 12 flowthrough tanks for introduction
to feed. Fishmeal-based starter feed was used for all fish during this acclimation period. When the fish reached approximately 10 g, they were
recombined in one tank and then randomly distributed in equal numbers
to all 12 flowthrough tanks. The fish were subsequently fed either the
experimental fishmeal- or grain-based feed (Table 1) for the remainder of
the study and were reared in one of two density ranges: either 20 to 40
kg/m3 (low density) or 40 to 80 kg/m3 (high density). As the tanks approached the maximum density (40 or 80 kg/m3) for their specific treatment, fish were culled to reduce densities to low-end levels (20 or 40
kg/m3). The diet and density treatments were randomly allocated within
the 12-tank system, so that each of the four diet/density treatment groups
was replicated in three study tanks. Monthly length and weight assessments were made for each tank over the 10-month study to update their
biomass increase and to guide density adjustments. All sampled fish were
first anesthetized (75 mg/liter tricaine methanesulfonate [MS-222; Tricaine-S; Western Chemical Inc., Ferndale, WA]) prior to collection of performance data. Dead animals were removed and recorded daily to assess
cumulative survival. Feed was administered by an in-house-designed
computer-operated program to identical feeders for all 12 experimental
tanks, with feeding events approximately once per hour. Daily feed levels
were determined using standardized feed charts for rainbow trout; however, minor adjustments to daily feeding amounts were occasionally made
based on visual observations of increased appetence or satiation. Overall
thermal growth coefficients (TGC) and feed conversion ratios (FCR) were
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TABLE 1 Nutritional compositions of the fishmeal- and grain-based
experimental diets utilized
Amt (g/kg)
Ingredient
a

Fish meal
Blood mealb
Soy protein concentratec
Corn gluten meald
Soybean meale
Wheat gluten meale
Wheat flourf
Menhaden oilg
Vitamin premixh
Lysine
Methionine
Taurine
Dicalcium phosphate
Trace mineral premixi
Choline CL
Ascorbic acidj
Astazanthink
Total protein (%)
Total fat (%)

Fishmeal diet

Grain-based diet

312.7
74.7
289.1
251.7
192.4
46.5
284.0
112.0
7.5

1.0
2.0
2.0
41.0
15.1

167.4
7.5
11.1
2.8
5.0
36.5
1.0
2.0
2.0
0.2
47.5
18.0

a

Omega Proteins; Menhaden Special Select; 628 g/kg protein.
IDF Inc.; 832 g/kg protein.
c
Solae; Pro-Fine VF; 693 g/kg crude protein.
d
Cargill; 602.0 g/kg protein.
e
ADM Inc.; 480 g/kg protein.
f
Manildra Milling; 120 g/kg protein.
g
Omega Proteins Inc.
h
United States Fish and Wildlife Service (USFWS) no. 30. Amounts contributed per
kilogram of diet were as follows: vitamin A (as retinol palmitate), 10,000 IU; vitamin
D3, 720 IU; vitamin E (as DL-␣-tocopherol acetate), 530 IU; niacin, 330 mg; calcium
pantothenate, 160 mg; riboflavin, 80 mg; thiamine mononitrate, 50 mg; pyridoxine
hydrochloride, 45 mg; menadione sodium bisulfate, 25 mg; folacin, 13 mg; biotin, 1 mg;
vitamin B12, 30 g.
i
USFWS no. 3. Amounts contributed (mg/kg of diet) were as follows: zinc, 37;
manganese, 10; iodine, 5; copper, 1.
j
Rovimix Stay-C; 35%; DSM Nutritional Products.
k
Carophyl Pink; DSM Nutritional Products.
b

calculated for each tank at the end of the study period, based on the final
performance data, and compared between treatments as follows: TGC ⫽
[(final mean weight1/3 ⫺ initial mean weight1/3)/(days during interval ⫻
mean temperature)] ⫻ 1,000 and FCR ⫽ feedcumulative/biomass gain,
where weight is in grams, length is in millimeters, and temperature is in
°C. At study’s end (312 days posthatch), 5 randomly selected fish were
removed from each tank, euthanized with an overdose (200 mg/liter) of
MS-222, eviscerated, and processed to yield butterfly fillets. The butterfly
fillet is produce when the head, viscera, and vertebral column and ribs
have been removed. The dress yield (percent) (i.e., the head-on gutted
yield) was calculated as follows: eviscerated weight/whole weight ⫻ 100.
The pectoral girdle, belly flaps (approximately 1-cm strips along the ventral midline), and skin were removed from the butterfly fillets. The fillets
were weighed, and the fillet yield (percent) was calculated as follows: fillet
weight/whole weight ⫻ 100.
16S rRNA gene sequencing and analyses. At 312 days posthatch (after
214 days under study treatment protocols), 3 fish/tank (2 or 3 tanks/
treatment combination; 33 fish total) were randomly selected and euthanized with 200 mg/liter MS-222 (Western Chemical Inc., Ferndale, WA),
and uniform 5-cm midintestine segments were carefully resected, flash
frozen in liquid nitrogen, and stored at ⫺80°C. Intestinal samples were
shipped overnight on dry ice to the Core for Applied Genomics and Ecology, University of Nebraska (Lincoln, NE). Total genomic DNA was extracted from intestinal samples using Qiagen (Valencia, CA) Stool Kits.

aem.asm.org 4975

Downloaded from http://aem.asm.org/ on April 17, 2021 by guest

genetic and environmental factors, these factors can be addressed
through careful experimental design. The relatively consistent environmental, dietary, and husbandry parameters inherent in
aquaculture facilities provide attractive opportunities to explore
the potential for a core microbiota in animal hosts. As new strategies for aquaculture enhancements are developed, it will be important to determine whether core microbiotas occur in aquaculture settings and whether such cores are affected by husbandry
variation.
Our current information on the gut microbiota of rainbow
trout (Oncorhynchus mykiss) is derived from analysis of culturable
microorganisms (22–24) and culture-independent studies using
fingerprinting and sequencing of 16S rRNA and other microbial
genes (9, 23, 25–27). These studies have revealed that the rainbow
trout gut microbiota is dominated by the bacterial phyla Proteobacteria and Firmicutes, the same phyla that dominate the intestines of many other fishes (16, 28, 29). In contrast to these methodologies, high-throughput pyrosequencing of 16S rRNA genes
permits unbiased identification of rare, as well as abundant, bacterial members of the gut microbiota at low cost per sequence. The
gut microbiota of aquacultured trout has previously been analyzed by pyrosequencing of the cpn60 gene (9, 30), but not the
more commonly studied 16S rRNA gene. In this study, we tested
whether long-term differences in rearing density and diet, alone
and in combination, lead to alterations in animal performance,
welfare, fillet quality, or gut microbiota using 16S rRNA gene pyrosequencing.

Wong et al.
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identified based on comparison to retention times of standard FAMEs
(Supelco quantitative standard FAME 37; Sigma-Aldrich, St. Louis, MO,
USA). Peak area counts were computed by an integrator using the Star GC
workstation version 6 software (Varian Inc.) and reported as percent fatty
acid.
To determine pesticide and polychlorinated biphenyl (PCB) levels, at
study’s end, 3 fish were randomly selected from each of the 6 high-density
tanks, euthanized with MS-222, and filleted. These 18 fillet samples were
sent fresh on ice to Northeast Analytical Inc. (Schenectady, NY), where
they were processed, homogenized, and analyzed. The Soxhlet extraction
method (EPA Method 3540C) was employed for all fillet samples; analysis
for organochlorine pesticides was performed by EPA Method 8081. Analysis for PCB congeners was performed by Comprehensive Quantitative
Congener Specific PCB Method (Northeast Analytical Inc. Standard Operating Procedure NE133_02); a total of 209 PCB congeners were quantified. The pesticides quantified included aldrin, alpha-chlordane, alphabenzene hexachloride (BHC), beta-BHC, chlordane, delta-BHC, dieldrin,
endosulfan I, endosulfan II, endosulfan sulfate, endrin, endrin aldehyde,
endrin ketone, gammachlordane, gamma-BHC, heptachlor, heptachlor
epoxide, hexachlorobenzene, methoxychlor, p,p=-DDD (dichlorodiphenyldichloroethane), p,p=-DDE (dichlorodiphenyldichloroethylene),
p,p=-DDT (dichlorodiphenyltrichloroethane), and toxaphene.
Histopathology evaluations. At study’s end, the 5 fish per tank randomly selected for processing attribute assessment also had standardized
3-cm sections of the posterior intestine removed and fixed in 10% neutral
buffered formalin (3.7% formaldehyde). The fixed samples were sent to
the Washington Animal Disease Diagnostic Laboratory (Pullman, WA)
for histopathology evaluation. A 0- to 5-point grading scale was developed
to quantify the extent and severity of intestinal inflammation, with 0 representing normal healthy tissue and 5 denoting severe inflammation with
loss of mucosal integrity across most or all of the tissue evaluated. All
animals displayed at least minimal inflammation, and severe inflammation (i.e., a score of 4) was observed in only one fish from the low-density,
fishmeal diet group.
Statistical analysis. Measurements of final fish performance, health,
and yield were assessed for treatment effects using multivariable ANOVA,
with diet, density, and diet-density interaction as independent variables.
Contaminant data were analyzed with ANOVA for diet effects only. An
alpha level of 0.05 was used to determine statistical significance. Relative
abundances of bacterial taxa were considered significant by LEfSe (35)
analysis if the Kruskal-Wallis test yielded an alpha value of ⬍0.05, the
pairwise Wilcoxon test yielded an alpha value of ⬍0.05, and the logarithmic LDA effect score reached 2.0. LEfSe results were confirmed if two-way
ANOVA yielded a P value of ⬍0.05. Relative abundances of core OTUs
were normalized by log10 transformation (41) prior to determining statistical significance using pairwise Student’s t tests and a 5% false-discovery rate.
Nucleotide sequence accession number. The 16S rRNA gene sequence data have been submitted to MG-RAST under accession number
4509015.3 (http://metagenomics.anl.gov/linkin.cgi?metagenome⫽45090
15.3).

RESULTS

Rainbow trout intestines possess a large core microbiota that
persists following long-term alteration in rearing density and
diet. We sought to define the effects of diet composition and rearing density on the rainbow trout intestinal microbiota through
16S rRNA gene sequencing. Fish were raised together under identical conditions and fed a fishmeal-based diet until they averaged
approximately 10 g, and then they were randomly distributed to
flowthrough tanks and reared at high or low density and fed either
fishmeal- or grain-based diets for 214 days. Genomic DNA was
extracted from the midintestines of these animals, and their respective bacterial communities were evaluated using 454 pyrose-
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From the resulting DNA, the V1-V3 region of bacterial 16S rRNA genes
was amplified using F8 and R518 primers tagged with the A and B Roche
454 Titanium sequencing adapters. The F8 primers were modified to contain an 8-base barcode unique to each sample (see Table S1 in the supplemental material). Pyrosequencing was performed by pooling all samples
in a single region of a 2-region Titanium PicoTitre plate. Sequence data
were filtered and analyzed with QIIME (31) using default parameters with
the following exceptions: we removed sequences with ⱖ50 consecutive
bases possessing an average quality score of ⬍25 or with lengths of ⬍150
or ⬎1,000 bases. Sequences were then grouped by trout sample based on
their barcodes; we used the QIIME denoiser algorithm (32) to denoise the
sequences. The denoised sequences were binned by the UCLUST method
into operational taxonomic units (OTUs) using a threshold of 97% or
higher sequence identity. Representative sequences from each OTU were
then aligned to the Greengenes core set (version gg_otus_4feb2011/taxonomies/greengenes_tax_rdp_train.txt) using PyNast (33). The representative sequences from each OTU were also taxonomically classified
using the RDP Classifier program (34). Consensus lineages were assigned
at each taxonomic level if ⱖ90% of the sequences in the OTU agreed with
the classification. We also used the QIIME ChimeraSlayer algorithm to
identify and exclude from subsequent analysis any OTUs with chimeric
representative sequences. Additionally, OTUs assigned to the phylum Cyanobacteria were considered potential plant chloroplast contaminants
and removed from the analysis. After the above filtering steps, a total of
185,216 high-quality bacterial 16S rRNA gene sequences remained for
analysis. OTUs and their consensus lineages are tabulated in Table S4 in
the supplemental material. To determine the relative abundance of each
bacterial taxon, OTUs were binned according to their consensus lineages
(see Table S3 in the supplemental material). To assess the degree of dissimilarity between the gut microbiotas of different samples, we conducted
weighted and unweighted UniFrac analyses using 1,345 sequences from
each sample. UniFrac distance matrices were graphically represented using principal-coordinates analysis (PCoA). Additionally, we calculated
nonphylogenetic distances between samples by performing binary Jaccard
analyses. To determine the bacterial diversity within individuals, we calculated Chao1, Shannon diversity index, and phylogenetic-distance values for each sample (see Table S2 in the supplemental material). LEfSe
software (35) was used to identify discriminatory bacterial groups between conditions using sequences that had been taxonomically classified
with RDP Classifier in QIIME. Taxa identified as discriminatory between
two conditions were further subjected to two-way analysis of variance
(ANOVA), followed by Bonferroni posttest using GraphPad Prism software. All analyses were performed using default parameters.
Fin quality assessments. During the final sampling event, 25 fish from
each tank were anesthetized and measured for fork length. Then, using
digital microcalipers, the maximum length (i.e., the longest ray) of the
following fins was measured to the nearest 0.1 mm: left and right pectoral,
left and right pelvic, dorsal, ventral, and the top and bottom poles of the
caudal fin. Fin indices (36) for all eight measured fins or fin components
were then calculated by dividing their individual lengths by the fork
length.
Fillet quality and contaminant analyses. Fillet samples collected for
processing attribute evaluation were sent to West Virginia University
(Morgantown, WV) for the following assessments: cook yield, instrumental texture, proximate composition, and fatty acid profiles. Standard laboratory methods were used to determine the fillet cook yield and texture
(37). Analyses of fillet moisture, fat, protein, and ash were performed
according to AOAC-approved methods (38). Total lipids were extracted
from muscle according to the method of Bligh and Dyer (39). Fatty acid
analysis was performed on powdered muscle and minced visceral adipose
tissue. Fatty acids were methylated using the method described by Fritshe
and Johnston (40). Nonadecanoic acid (19:0) was used as an internal
standard. Fatty acid methyl esters (FAMEs) were quantified using a Varian
CP-3800 Gas Chromatograph (Varian Analytical Instruments, Walnut
Creek, CA, USA) equipped with a flame ionization detector. FAMEs were
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FIG 1 16S rRNA gene sequences reveal similarities between intestinal microbiotas of rainbow trout raised under different diet and density conditions. Shown
are relative abundances of bacterial classes in each sample. The labels under each column are sample names corresponding to individual fish. Numerical suffixes
indicate the tank number, numerical prefixes identify biological replicates drawn from a given tank, and the letter B acts as a delimiter to separate the tank number
from the fish number. The legend includes only taxa constituting 0.005% or more of at least one sample. For each treatment condition, samples were taken from
2 or 3 different tanks, and 3 biological samples were analyzed per tank.

quencing of the V1-V3 region of 16S rRNA genes (3 fish/tank; 2 or
3 tanks/condition; 5,612 ⫾ 2,671 sequences/fish). We binned the
resulting 185,216 16S rRNA gene sequences into 3,376 OTUs defined by 97% pairwise sequence identity and then classified the
taxonomy of each OTU. We found that the relative diversities (see
Table S2 in the supplemental material) and abundances of bacterial classes (Fig. 1) in the intestine were strikingly similar in most
individuals across different diet and rearing density conditions.
All bacterial communities were dominated by the classes Bacilli
(48.6% ⫾ 9.3% of sequences per sample), Alphaproteobacteria
(21.8% ⫾ 5.8%), Gammaproteobacteria (17.1% ⫾ 7.6%), Betaproteobacteria (3.8% ⫾ 2.0%), and Clostridia (2.2% ⫾ 1.3%). This
strong similarity among all samples at the class level raised the
possibility that the rainbow trout intestines harbored a shared set
of OTUs or a core gut microbiota.
To determine the extent to which OTUs were shared across
individuals and treatment groups, we first identified the OTUs
present in every individual within a given treatment group (operationally defined here as a “treatment core”) and then evaluated
the overlap between different treatment cores to identify those
OTUs shared among all sequenced individuals (operationally defined here as the “shared core”) (Fig. 2A). Surprisingly, we found
that the majority of OTUs within each treatment core was shared
among all four conditions, yielding a shared core of 52 OTUs. This
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large shared core contained greater than half of the OTUs that
appear in each treatment core (Fig. 2A) and constituted 81.6% of
all sequences in this study (Fig. 2B). In agreement with the overall
abundances of bacterial taxa (Fig. 1), we found that the shared
core is composed primarily of the bacterial classes Bacilli, Alphaproteobacteria, and Gammaproteobacteria (Fig. 2B). As expected
from the similarity in overall bacterial composition between samples (Fig. 1), treatment cores were not markedly different from
each other or from the shared core (Fig. 2C to F; see Fig. S1 in the
supplemental material). Additionally, sequences in OTUs within
the shared core constituted 81.8% to 89.8% of all sequences in
each treatment group (Fig. 2C to F). These results indicate that the
tested variations in diet and rearing density did not exert large,
long-term alterations on the gut microbiota of rainbow trout.
Variations in diet and rearing density cause minor changes
to the rainbow trout gut bacterial community. We next sought to
determine whether variations in diet and rearing density evoked
any consistent alterations in gut bacterial community composition. Although treatment cores were highly similar to each other
and to the shared core (Fig. 2B to F), we did identify OTUs within
each treatment core that were not observed in the shared core
(operationally defined here as the “treatment accessory cores”)
(Fig. 2G to J). OTUs within each treatment accessory core constituted a small fraction of the sequences within their respective
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FIG 2 Core microbiotas shared between rainbow trout raised under different diet and density conditions. (A) Numbers of OTUs (97% sequence identity) shared
by all individuals within each specific treatment condition (treatment cores) and within all treatment conditions (shared core). The numbers indicate the OTUs
shared by overlapping circles. Of the 3,376 OTUs identified in this study, 52 comprised the shared core, and an additional 87 OTUs were included in one or more
treatment cores. (B) Composition of the shared core microbiota (the 52 OTUs present in all individuals) for all treatment conditions. The relative abundances
of the bacterial classes present are shown in the chart legend; the numbers in parentheses following the legend labels denote the number of OTUs in the core
microbiota belonging to the corresponding bacterial class. (C to F) Compositions of the treatment core microbiotas for each of the four treatment groups. The
relative abundances of the bacterial classes present are shown in the chart legend; the numbers in parentheses following the legend labels denote the number of
OTUs in the core microbiota belonging to the corresponding bacterial class. The text below the pie charts shows the contribution of the core microbiota to the
entire microbiota of trout under each treatment condition. (G to J) Compositions of the accessory core microbiotas for each treatment condition (i.e., OTUs
present in each individual under a given treatment condition but not in each individual under all treatment conditions). The relative abundances of the bacterial
classes present are shown in the chart legend; the numbers in parentheses following the legend labels denote the number of OTUs in the core microbiota
belonging to the corresponding bacterial class. The text below the pie charts shows the contribution of the accessory core microbiota to the treatment core
microbiota of trout under each treatment condition. (See Tables S5 to S13 in the supplemental material.)

treatment cores (3.7% to 5.3%), but comparison of treatment
accessory cores revealed distinct differences between diet and
rearing density treatments. Although the relative abundances of
bacterial classes were similar in both high-density accessory cores,
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we observed a relative increase in Clostridia abundance and diversity in the accessory core of the fishmeal high-density treatment
(Fig. 2G and I; see Fig. S1 in the supplemental material). In contrast, we observed pronounced differences between the two low-
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B

A

P1 - Percent variation explained 52.07%

P3 - Percent variation explained 7.82%

C

D
Unweighted UniFrac PCoA - P3 vs P2
P2 - Percent variation explained 7.01%

P2 - Percent variation explained 7.01%

Unweighted UniFrac PCoA - P1 vs P2

P1 - Percent variation explained 8.23%

P3 - Percent variation explained 5.88%

Symbol Legend for A-D
Fishmeal, high density
Fishmeal, low density
Grain-based, high density
Grain-based, low density

E
Average Binary-Jaccard Distance:

F-HD

F-HD

F-LD

G-HD

G-LD

0.48

0.69

0.69

0.70

0.56

0.70

0.71

0.48-0.57

0.55

0.69

0.58-0.67

0.55

0.68-0.77

F-LD
G-HD
G-LD

Color Legend

FIG 3 Beta diversity estimates of the rainbow trout intestinal microbiota. (A to D) Use of UniFrac to measure phylogenetic distances between the gut microbiotas
of individual trout from all treatment groups. (A and B) Weighted UniFrac PCoA plotted against the PC1 versus PC2 axes (A) and the PC2 versus PC3 axes (B).
(C and D) Unweighted UniFrac PCoA plotted against the PC1 versus PC2 axes (C) and the PC2 versus PC3 axes (D). (E) Average binary Jaccard (nonphylogenetic) distances between the gut microbiotas of individuals in the same treatment group and between individuals from different treatment groups. F-HD,
fishmeal, high density; F-LD, fishmeal, low density; G-HD, grain based, high density; G-LD, grain based, low density.

density accessory cores compared to each other and to the highdensity accessory cores. For example, the grain-based low-density
accessory core displayed marked increases in the abundance and
diversity of the class Bacilli compared to other accessory cores
(Fig. 2J; see Fig. S1 in the supplemental material). These results
suggest that the tested variations in diet and rearing density are
sufficient to induce specific alterations in the diversity and proportional abundance of relatively rare members of the gut microbiota.
We next sought to determine whether the different diet-by-
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rearing-density treatments were sufficient to evoke alterations in
the overall composition of gut bacterial communities. To do so,
we compared diversities between samples from different treatment groups (i.e., beta diversity). PCoA of weighted UniFrac distances (an evaluation of community structure) showed that samples clustered together, regardless of diet or rearing density (Fig.
3A and B) and consistent with our observation of a large shared
core microbiota. In contrast, PCoA of unweighted UniFrac distances (an evaluation of community membership that does not
consider abundances) showed slight clustering of samples from
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Fishmeal-based diet
Grain-based diet

A

Lactobacillaceae

B

diet: P<0.0001
density: n.s.
interaction: n.s.

Lactobacillus
diet: P<0.0001
density: n.s.
interaction: n.s.

***

***
***

C

Streptococcaceae

***

D

diet: n.s.
density: n.s.
interaction: n.s.

Streptococcus
diet: P<0.0001
density: n.s.
interaction: P<0.05

*
***
***

E

Staphylococcaceae

F

diet: P<0.01
density: n.s.
interaction: n.s.

diet: P<0.01
density: n.s.
interaction: n.s.

*

G

Clostridiales
diet: P<0.05
density: n.s.
interaction: n.s.

Staphylococcus

*

H

Clostridia
diet: P<0.05
density: n.s.
interaction: n.s.

FIG 4 Bacterial taxa identified as discriminatory between experimental conditions. Bacterial taxa identified by LEfSe as discriminatory between experimental conditions were subjected to 2-way ANOVA and Bonferroni posttests.
The taxa that were confirmed as significant by 2-way ANOVA are shown (with
the exception of panel C). The data are plotted as mean percent relative abundance ⫾ standard error of the mean (SEM), with the ANOVA P value summary for diet, density, and interaction between diet and density shown above
each graph. The asterisks indicate significant differences between low-density
and high-density samples under the same diet conditions identified by Bonferroni posttest (*, P ⬍ 0.05; ***, P ⬎ 0.001). (See Tables S14 to S19 in the
supplemental material.)
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the same treatment group (Fig. 3C and D). In accord with this,
binary Jaccard analysis (a nonphylogenetic measure of community similarity) revealed that microbial communities from individual samples within the same treatment group were more similar to each other than to those from other treatment groups
(Fig. 3E).
We next determined whether the similarity of gut bacterial
communities within each treatment group is associated with differential abundances of specific bacterial taxa using LEfSe software (35), followed by 2-way ANOVA. This analysis identified
several taxa within the phylum Firmicutes that were significantly
discriminatory for diet type. The relative abundance of the family
Lactobacillaceae and its included genus Lactobacillus were significantly enriched in fish fed a grain-based diet under both density
conditions (Fig. 4A and B). Although there was no significant
effect of diet on the relative abundance of the family Streptococcaceae, the included genus Streptococcus was enriched in fish fed a
grain-based diet and was the only taxon to display a significant
interaction between diet and density conditions (Fig. 4C and D).
The relative abundances of the family Staphylococcaceae and its
included genus Staphylococcus were significantly enriched in fish
fed a grain-based diet, with the major effect being observed under
low-density conditions (Fig. 4E and F). In contrast, the relative
abundances of the family Clostridiales and its included genus Clostridia were significantly affected by diet, with a trend toward increased relative abundance in fishmeal-fed animals (Fig. 4G and
H). Together, these results indicate that the tested diet and rearingdensity combinations caused consistent alterations in a limited number of bacterial community members and that differences between
treatments were sufficient to create treatment-specific bacterial community profiles in these animals.
Long-term alteration in diet and rearing density do not impact intestinal histopathology. Because grain-based diets have
previously been associated with intestinal inflammation in fish
(42, 43), we next sought to determine if alterations in diet and
rearing density were sufficient to alter intestinal histopathology.
All animals displayed at least a minimal level of intestinal inflammation, but intestinal inflammation was not affected by treatment
(P ⬎ 0.05) (see Table S20 in the supplemental material). These
data suggest that the tested diets and rearing densities were not
sufficient to significantly alter the severity of intestinal inflammation.
Rainbow trout performance, survival, and fin condition are
significantly affected by diet and rearing density. Additionally,
we determined if variations in diet and rearing conditions impacted fish performance and health. By study’s end, statistically
significant differences in fish weights were detected, with higher
weights being observed in fishmeal diet groups relative to grainbased-diet groups. Rearing density, however, did not significantly
affect the final fish weight (Table 2 and Fig. 5). Despite lower final
weights, however, fish fed grain-based diets were better able to
utilize dietary energy for growth, as indicated by the significantly
greater feed efficiency (i.e., lower feed conversion rates) in these
groups (Table 2). Again, no significant association between density and feed conversion was determined. Survival was generally
high (⬎96%) among all treatment groups; however, significantly
higher survival was observed in grain-based-diet treatment
groups (Table 2).
Because fin erosion is an established indicator of fish welfare
under culture conditions (44, 45), we measured fin indices (i.e.,
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TABLE 2 Fish performance and processing and fillet quality attributes
for each diet/density treatment group at study’s end
Value (mean ⫾ standard error)
Fishmeal diet

Grain-based diet

High
density

Low
density

High
density

Low
density

Fish performance
Final wt (g)a
Survival (%)a
FCR (overall)a
TGC (overall)

925 ⫾ 12
96.4 ⫾ 0.5
1.18 ⫾ 0.02
2.46 ⫾ 0.04

807 ⫾ 26
97.1 ⫾ 0.7
1.15 ⫾ 0.03
2.45 ⫾ 0.04

663 ⫾ 40
97.9 ⫾ 0.2
1.02 ⫾ 0.06
2.42 ⫾ 0.07

691 ⫾ 46
97.6 ⫾ 0.5
1.10 ⫾ 0.01
2.33 ⫾ 0.08

Processing attributes
Dress yield (%)a
Fillet index (%)

86.1 ⫾ 0.4
49.8 ⫾ 0.5

85.4 ⫾ 0.5
49.7 ⫾ 0.6

87.7 ⫾ 0.4
50.3 ⫾ 0.3

88.9 ⫾ 0.4
50.8 ⫾ 0.5

Fillet attributes
Cook yield (%)
Texture (Kramer g/g wt)b

84.3 ⫾ 0.6
340 ⫾ 20

84.8 ⫾ 0.5
334 ⫾ 18

85.0 ⫾ 0.4
316 ⫾ 11

84.4 ⫾ 0.5
344 ⫾ 11

Proximate analysis
Moisture (%)
Fat (%)
Protein (%)a
Ash (%)

70.6 ⫾ 0.3
8.8 ⫾ 0.4
20.2 ⫾ 0.2
1.2 ⫾ 0.0

70.4 ⫾ 0.2
8.7 ⫾ 0.3
20.4 ⫾ 0.1
1.3 ⫾ 0.0

70.4 ⫾ 0.2
9.1 0⫾.3
20.6 ⫾ 0.1
1.3 ⫾ 0.0

70.8 ⫾ 0.3
8.8 ⫾ 0.4
20.7 ⫾ 0.1
1.3 ⫾ 0.0

0.75 ⫾ 0.23
3.41 ⫾ 0.13
11.3 ⫾ 0.65
15.5 ⫾ 0.68

0.84 ⫾ 0.19
3.05 ⫾ 0.17
10.3 ⫾ 0.44
14.1 ⫾ 0.34

0.86 ⫾ 0.27
2.10 ⫾ 0.09
8.92 ⫾ 0.23
11.9 ⫾ 0.31

1.18 ⫾ 0.04
2.19 ⫾ 0.07
10.0 ⫾ 0.77
13.8 ⫾ 0.57

1.13 ⫾ 0.17
9.65 ⫾ 0.24

1.01 ⫾ 0.26
9.55 ⫾ 0.20

1.00 ⫾ 0.24
13.2 ⫾ 0.24

1.13 ⫾ 0.16
13.7 ⫾ 0.14

10.8 ⫾ 0.13

10.6 ⫾ 0.25

14.2 ⫾ 0.16

14.8 ⫾ 0.23

Fatty acids (mg/g tissue)
Omega-3
ALA (C18:3n3)
EPA (C20:5n3)a
DHA (C22:6n3)a
Total omega-3a
Omega-6
DGLA (C20:3n6)
Eicosadienoic acid
(C20:2n6)a
Total omega-6a
a

Parameter showed a statistically significant difference between diet treatment groups
using ANOVA (P ⬍ 0.05); no statistical differences were determined between density
treatment groups, and no statistical interactions between treatments were detected.
b
Kramer shear force is a measure of sample firmness. Samples are sheared by blades
and force-deformation curves, from which the Kramer values are derived, are obtained.

the length of the longest ray of each rayed fin relative to the fork
length) as a means of evaluating fish welfare. Although no major
fin erosion was noted qualitatively on any of the sampled fish, fin
indices were significantly higher in grain-based-diet treatment
groups for all measured fins (Table 3), indicating healthier fins
overall in these groups. Statistical interaction between diet and
density was observed when modeling these main effects and their
associations with indices for the pectoral (left and right), dorsal,
and pelvic (left and right) fins. In these cases, the overall trend was
an increase in the fin index when fish were fed grain-based diets
but a decrease in the fin index associated with the increased-density treatment. Together, these data show that the tested alterations in diet and rearing density were sufficient to independently
and interactively modify rainbow trout health and performance.
Rainbow trout diet and rearing density alter processing attributes and product quality. Fish from the grain-based-diet
treatment groups had significantly greater dress yield than fish
from the fishmeal diet groups (Table 2). There was a small but
statistically significantly higher percentage of protein in fillets
from fish fed a grain-based diet, and these fish also contained
significantly higher fillet levels of eicosadienoic acid and total
omega-6 fatty acids. However, fish fed fishmeal-based feed had
fillets with significantly higher levels of EPA, DHA, and total omega-3 fatty acids. No statistical differences were noted between
treatment groups for fillet contaminants (see Table S21 in the
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FIG 5 Average rainbow trout weights for the duration of the experiment. The
data points represent means of 20 to 60 trout sampled at each monthly growth
performance assessment up to 312 days posthatch. The error bars represent
standard errors.

supplemental material). Among all pesticides examined, only
DDE and PCBs were detected. Levels of DDE and total PCBs in
both treatment groups were very low, and as measured, would be
of little or no concern to human health (the maximum DDE levels
detected were ⬎750 times lower than FDA limits [5 ppm] for the
edible portions of fish; PCB levels were ⬎250 times lower than
FDA limits [2 ppm] for food fish). No density effects (P ⬍ 0.05)
were noted for any of the processing and product quality parameters investigated (Table 2). These results indicate that the tested
variations in diet, not rearing density, had a marked impact on
yield and nutrient content.
DISCUSSION

Diet composition and rearing density have been identified as environmental factors that can impact the health and physiology of
rainbow trout. Furthermore, the diet type is known to impact the
composition of the intestinal microbiota in a variety of animal
species. The study reported here is the first to test whether diet and
rearing density interact in rainbow trout to impact the gut micro-

TABLE 3 Indices of rainbow trout fins in each treatment group
Index (mean ⫾ standard error)
Fishmeal diet

Grain-based diet

Fin

High density

Low density

High density

Low density

Pectoral (left)a,b
Pectoral (right)a,b
Dorsala,b
Pelvic (left)a,b
Pelvic (right)a,b
Ventrala
Caudal (upper)a
Caudal (lower)a

0.104 ⫾ 0.002
0.106 ⫾ 0.001
0.088 ⫾ 0.003
0.088 ⫾ 0.001
0.097 ⫾ 0.001
0.097 ⫾ 0.001
0.105 ⫾ 0.001
0.103 ⫾ 0.002

0.108 ⫾ 0.001
0.107 ⫾ 0.001
0.088 ⫾ 0.005
0.088 ⫾ 0.001
0.097 ⫾ 0.001
0.099 ⫾ 0.002
0.109 ⫾ 0.002
0.105 ⫾ 0.001

0.114 ⫾ 0.001
0.115 ⫾ 0.001
0.091 ⫾ 0.003
0.090 ⫾ 0.003
0.102 ⫾ 0.001
0.102 ⫾ 0.001
0.109 ⫾ 0.001
0.109 ⫾ 0.001

0.117 ⫾ 0.002
0.118 ⫾ 0.002
0.095 ⫾ 0.004
0.096 ⫾ 0.003
0.104 ⫾ 0.001
0.104 0⫾ 0. 02
0.113 ⫾ 0.001
0.112 ⫾ 0.002

Fin showed statistically significant differences between diet treatment groups (P ⬍
0.05); no statistical differences were determined between the density treatment groups.
b
Fin showed statistically significant interaction (P ⬍ 0.05) between diet and density
treatments.
a
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limitations of the respective culture-based and culture-independent methods utilized in these studies.
To provide a more robust frame of reference for interpreting
our observations, we compared our results with the only other
published study that used deep sequencing to evaluate gut microbiota composition in aquacultured rainbow trout (30). This previous study by Desai and colleagues differed from ours in several
ways, including the specific intestinal region analyzed (luminal
contents of the distal intestine versus the whole midintestine in
our study), the bacterial gene targeted for deep sequencing (cpn60
versus 16S rRNA gene in our study), the source of tank water
(recirculating versus flowthrough in our study), and other aspects
of animal husbandry. We detected no bacterial species or genera
that were present in all animals across both studies; however,
many of the genera within the shared core that we report here were
frequently detected in the animals analyzed by Desai and colleagues. Of the 52 OTUs that comprise the shared core in our
study, 44 were confidently assigned to one of 26 genera by RDP
Classifier. Of those 26 genera, 8 (Weissella, Acidovorax, Citrobacter, Aeromonas, Enterococcus, Lactococcus, Pseudomonas, and Klebsiella) were observed by Desai and colleagues in at least half of the
trout sampled in their study, and they observed an additional 10
genera (Erwinia, Leuconostoc, Escherichia/Shigella, Streptococcus,
Veillonella, Acinetobacter, Bacillus, Sphingomonas, Chryseobacterium, and Pantoea) in at least one animal (30). This suggests that
the shared core microbiota observed in our study is not a “true”
core microbiota possessed by all rainbow trout. Although we have
operationally defined the core microbiota as those OTUs possessed by 100% of the samples in a group, others have suggested
that the criteria for core microbiota can be relaxed to include
OTUs present in less than 100% of samples or deeper taxonomic
levels (21, 58). Using this relaxed definition, the frequent detection of several bacterial genera in rainbow trout from diverse populations and locations suggests that these genera may be members
of a true core microbiota shared by many or all aquacultured
rainbow trout. Additional studies are needed to directly compare
individual animals from different aquaculture facilities and wild
fish to determine whether a true core microbiota exists in rainbow
trout and to determine how variations in husbandry techniques
and animal provenance impact the composition of the gut microbiota in rainbow trout.
Despite the dominance of the shared core we observed, analysis
of the accessory core microbiotas—the set of OTUs present in all
individuals in at least one experimental group but not in the
shared core—revealed several significant differences between experimental conditions. For example, fish fed a grain-based diet
were enriched for the genera Lactobacillus and Streptococcus compared to those fed a fishmeal-based diet. The relative abundance of
the genus Streptococcus was the only one in the study to display a
significant statistical interaction between diet and density, where
the effect of diet was greater in fish raised at high density. Moreover, the relative abundance of one Streptococcus OTU—the only
OTU in the shared core microbiota with a statistically significant
variation among treatment groups—was increased in both groups
fed the grain-based diet (see Fig. S3 in the supplemental material).
The genera Lactobacillus and Streptococcus contain species that are
used as probiotics in mammals and fish (58, 59). These diet-dependent differences in the gut microbial community structure raise
the possibility that minority members may contribute to the physio-
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biota composition, health, and fish performance metrics. Our results reveal consistent effects of diet composition on fish growth
and product quality and novel interactions between diet and rearing density on fish welfare. Despite these marked changes in fish
health and yield, the tested alterations in diet and rearing density
were not sufficient to significantly alter an unexpectedly large core
microbiota in the intestines of aquacultured rainbow trout. As
discussed below, these results have important implications for
aquaculture of rainbow trout and other finfish, as well as for our
understanding of vertebrate gut microbial ecology.
Characterization of the microbial lineages ubiquitous in any habitat is an important step toward understanding the determinants of
microbiota membership and the respective roles of its members and
for developing effective approaches for managing and manipulating
that microbial ecosystem. Deep sequencing of 16S rRNA genes from
the intestines of humans, mice, and zebrafish sampled from different
populations and geographic locations have suggested that very few
bacterial OTUs are common among all individuals from a given host
species and that they represent a minor portion of the overall community membership (20, 28, 46). In contrast, we found that all of the
individual aquacultured rainbow trout analyzed in this study possessed very similar intestinal bacterial communities dominated by a
large shared core microbiota comprised of 52 OTUs. Moreover, the
relative abundances of most of these shared OTUs were largely unaffected by tested alterations in diet or rearing density. Since the sequencing depth of this study was not sufficient to saturate diversity in
any sample (see Fig. S2 in the supplemental material), the size of this
shared core microbiota may be even larger than our data indicate.
The factors underlying the large size of this shared core gut
microbiota remain unknown and represent an important subject
for future research. The aquacultured trout studied here were
raised under identical husbandry conditions prior to the start of
the experimental manipulations, and it is possible that early colonization events are strong determinants of bacterial community
composition, greatly dampening the impact of the experimental
manipulations. It is also possible that the large core microbiota
might be due to rearing these animals in flowthrough tanks without water recirculation, likely limiting environmental variation
among tanks and individuals during the experimental manipulations. Importantly, the aquacultured trout analyzed here were obtained from a single commercial supplier and raised in a single
aquaculture facility, thereby limiting the environmental and host
genetic variation and increasing the likelihood of similar microbiota membership. Previous studies have suggested that gut microbiota compositions can vary markedly among domesticated zebrafish and mice from different vivarium facilities (28, 47–49). We
therefore expect that comparisons of gut microbiota from rainbow trout obtained from different aquaculture facilities or caught
in the wild would reveal a smaller shared core microbiota than that
reported here. Previous evaluations of gut microbiota composition in wild rainbow trout identified many of the bacterial genera
that we observed in the shared core in this study (e.g., Aeromonas,
Acinetobacter, Escherichia, Pseudomonas, Streptococcus, and Enterococcus) (50). These and many other genera observed within the
shared core reported here have also been identified in cultureindependent and culture-based evaluations of gut microbiota
composition in aquacultured trout and other salmonids (9, 22, 30,
52–57). However, these previous reports did not identify these
genera in all animals within the respective studies. This could be
due at least in part to the limited sampling depths and the inherent
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logical differences, such as growth rate, that we observed between fish
raised on the fishmeal-based versus the grain-based diet.
Early studies report an association between alternative protein
diets and decreased fish growth (60–62), likely in response to intestinal inflammation brought about by dietary antinutritional
factors (38, 60). Subsequent research has demonstrated improved
performance with newer plant-based diet formulations (7, 10, 63)
with reduced antinutritional factors (64). We did not detect differences in intestinal inflammation between treatment groups,
and furthermore, the grain-based-feed treatment groups, despite
slower growth, had better feed conversion than groups fed a fishmeal-based diet. Fin condition is an indicator of fish welfare (65),
but its etiology is a complex, multifactorial process (66). We found
that fin indices were significantly better in the grain-based-diet
treatment groups. Barrows and Lellis (67) suggest an association
between fin health and elements within the protein and/or mineral fraction(s) of diets; however, in our study, it is difficult to
identify specific dietary components’ impacts on fin condition.
Lower fin indices were found in the high-density treatment
groups, as has been previously noted by others (41, 68–70), underscoring the importance of maintaining an appropriate density
range.
In summary, we find that variations in rearing density and diet
composition within the context of a single aquaculture facility are
sufficient to interactively alter rainbow trout growth, performance, fillet quality, and welfare. However, these tested variations
in rainbow trout husbandry had only minor effects on the gut
microbiota composition and did not markedly alter a surprisingly
large core microbiota shared among all animals in the study. Although the shared core microbiota we observed in this cohort of
aquacultured rainbow trout may not be a “true” core microbiota
shared among all aquacultured or wild rainbow trout, our results
do reveal that rainbow trout gut microbiota composition can
achieve remarkable consistency within the context of a single
aquaculture facility. This should encourage additional research
and implementation of alternative diets and husbandry practices
for trout production by reducing concerns over the potential impact on the structure and function of the gut microbiota.
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