Submitted 25 August 2020
Accepted 3 November 2020
Published 9 December 2020

Corresponding author
Genciana Terova,
genciana.terova@uninsubria.it

Academic editor
Mohammad Shamsur Rahman

Additional Information and
Declarations can be found on
page 22

DOI 10.7717/peer;j.10430

© Copyright
2020 Huyben et al.

Distributed under
Creative Commons CC-BY 4.0

OPEN ACCESS

Effect of dietary oil from Camelina sativa
on the growth performance, fillet fatty
acid profile and gut microbiome of
gilthead Sea bream (Sparus aurata)

David Huyben'”, Simona Rimoldi’, Chiara Ceccotti’, Daniel Montero®,
Monica Betancor’, Federica Iannini’ and Genciana Terova’

! Department of Animal Biosciences, University of Guelph, Guelph, ON, Canada
?Institute of Aquaculture, Faculty of Natural Sciences,, University of Stirling, Stirling, United Kingdom
? Department of Biotechnology and Life Sciences, University of Insubria, Varese, Italy

*Grupo de Investigacién en Acuicultura (GIA), IU-ECOAQUA, Universidad de Las Palmas de Gran Canaria,
Las Palmas, Canary Islands, Spain

* Institute of Aquaculture, Faculty of Natural Sciences, University of Stirling, Stirling, United Kingdom

ABSTRACT

Background. In the last two decades, research has focused on testing cheaper and
sustainable alternatives to fish oil (FO), such as vegetable oils (VO), in aquafeeds.
However, FO cannot be entirely replaced by VOs due to their lack of omega-3 (n-
3) long-chain polyunsaturated fatty acids (LC-PUFA), particularly eicosapentaenoic
(EPA; 20:5n-3) and docosahexaenoic (DHA; 22:6n-3) acids. The oilseed plant, Camelina
sativa, may have a higher potential to replace FO since it can contains up to 40% of the
omega-3 precursors o-linolenic acid (ALA; 18:3n-3) and linoleic acid (LA; 18:2n-6).
Methods. A 90-day feeding trial was conducted with 600 gilthead sea bream (Sparus
aurata) of 32.92 & 0.31 g mean initial weight fed three diets that replaced 20%, 40%
and 60% of FO with CO and a control diet of FO. Fish were distributed into triplicate
tanks per diet and with 50 fish each in a flow-through open marine system. Growth
performance and fatty acid profiles of the fillet were analysed. The Illumina MiSeq
platform for sequencing of 16S rRNA gene and Mothur pipeline were used to identify
bacteria in the faeces, gut mucosa and diets in addition to metagenomic analysis by
PICRUSL.

Results and Conclusions. The feed conversion rate and specific growth rate were not
affected by diet, although final weight was significantly lower for fish fed the 60% CO
diet. Reduced final weight was attributed to lower levels of EPA and DHA in the CO
ingredient. The lipid profile of fillets were similar between the dietary groups in regards
to total saturated, monounsaturated, PUFA (n-3 and n-6), and the ratio of n-3/n-6.
Levels of EPA and DHA in the fillet reflected the progressive replacement of FO by
CO in the diet and the EPA was significantly lower in fish fed the 60% CO diet, while
ALA was increased. Alpha and beta-diversities of gut bacteria in both the faeces and
mucosa were not affected by any dietary treatment, although a few indicator bacteria,
such as Corynebacterium and Rhodospirillales, were associated with the 60% CO diet.
However, lower abundance of lactic acid bacteria, specifically Lactobacillus, in the gut
of fish fed the 60% CO diet may indicate a potential negative effect on gut microbiota.
PICRUSt analysis revealed similar predictive functions of bacteria in the faeces and
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mucosa, although a higher abundance of Corynebacterium in the mucosa of fish fed 60%
CO diet increased the KEGG pathway of fatty acid synthesis and may act to compensate
for the lack of fatty acids in the diet. In summary, this study demonstrated that up to
40% of FO can be replaced with CO without negative effects on growth performance,
fillet composition and gut microbiota of gilthead sea bream.

Subjects Aquaculture, Fisheries and Fish Science, Food Science and Technology, Microbiology,
Zoology

Keywords Aquaculture, Fish oil, Gut microbiota, Lipid, Metagenome, Next-generation sequenc-
ing, Omega-3, PICRUSt

INTRODUCTION

In the last two decades, research has focused on testing cheaper and sustainable alternatives
to fish oil (FO) in aquafeeds that do not compromise fish growth and the omega-3 content
in the fillet that benefits human health. Numerous vegetable oils (VOs) have been tested
and adopted to reduce FO inclusion in aquafeeds, which can maintain or even enhance
growth performance of farmed fish (Turchini, Trushenski ¢ Glencross, 2019; Kwasek,
Thorne-Lyman & Phillips, 20205 Cottrell et al., 2020). Among these VOs, rapeseed, soybean,
palm and sunflower oils have been frequently used replace FO without negatively affecting
fish growth (Turchini, Torstensen & Ng, 2009; Hixson, Parrish & Anderson, 2014b).

However, only a small proportion of FO can be replaced by VOs due to their lack
in omega-3 (n-3) long-chain polyunsaturated fatty acids (LC-PUFA), particularly
eicosapentaenoic (EPA; 20:5n-3) and docosahexaenoic (DHA; 22:6n-3) acids. On the
other hand, VOs are rich in omega-6 (n-6) and omega-9 (n-9) PUFA, mainly linoleic acid
(LA; 18:2n-6), and oleic acid (OA; 18:1n-9). Therefore, a consequence of high replacement
levels of FO with VOs would be a reduction of EPA and DHA levels in cultured fish tissues
that can eventually, compromise the animal’s health (Turchini, Torstensen ¢ Ng, 2009) and
the nutritional value of fish as food (Karakatsouli, 2012). Omega-3 LC-PUFA typically enter
the human diet through the consumption of oily fish (Ruiz-Lopez et al., 2014b). Therefore,
the challenge for the aquaculture industry is not to simply replace FO with alternative lipid
sources, such as VOs, but to find sources with a the fatty acid profile that mimics that of
pelagic oceanic fish that is typically consumed by farmed fish.

The oilseed plant, Camelina sativa, is a member of the Cruciferae (Brassicaceae)
family and has potential to replace a higher proportion of FO in aquafeeds, which
gives it a competitive advantage over other commercial oilseed crops, e.g., rapeseed and
sunflower oils (Budin, Breene ¢ Putnam, 1995). In particular, C. sativa seeds can produce
oil containing up to 40% of the omega-3 precursors a-linolenic acid (ALA; 18:3n-3) and LA
(Budin, Breene ¢ Putnam, 1995; Eidhin, Burke ¢~ O’Beirne, 2003). The Camelina oil (CO)
also contains high levels of PUFA and MUFA (monounsaturated fatty acids) and high
amounts of antioxidants, e.g., y-tocopherol. Lastly, CO represents a sustainable alternative
to FO in aquafeeds due to its low environmental footprint (Budin, Breene ¢» Putnam, 1995).
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The use of CO from both wild type and transgenic C. sativa plants has been widely
investigated in the last decade in diets for different fish species and at different replacement
levels of FO (Hixson, Parrish ¢ Anderson, 2013; Hixson, Parrish ¢ Anderson, 2014a; Hixson,
Parrish & Anderson, 2014b; Hixson ¢ Parrish, 2014; Haslam et al., 2015; Betancor et al.,
2015b; Betancor et al., 2015a; Betancor et al., 2016a; Betancor et al., 2016b; Betancor et al.,
2018; Toyes-Vargas et al., 2020). Genetically modified C. sativa is capable of producing
EPA or even both EPA and DHA in its seeds due to the insertion of five microalgal
genes codifying for fatty acyl desaturase and elongase that are involved in n-3 LC-PUFA
biosynthesis (Ruiz-Lopez et al., 2014a).

Given the scarce desaturation and elongation capacity of most marine fish species
to produce EPA and DHA starting from ALA, efforts have focused on enhancing the
composition of CO to include these important fatty acids. In comparison to marine fish
species, salmonids usually show greater endogenous capacity to synthesize EPA and DHA
from ALA (Hixson, Parrish & Anderson, 2014b). Historically, marine fish have inhabited
environments and consumed pelagic fish rich in n-3 LC-PUFA, therefore, they have had
no evolutionary pressure to retain the ability to endogenously produce EPA and DHA. In
contrast, phytoplankton in freshwater are characterized by having high levels of LA and
ALA, moderate levels of EPA and low levels of DHA, which has contributed to maintaining
high selective pressures on freshwater fish to produce DHA (Tocher, 2010). High levels of
n-3 LC-PUFA in CO are vital for effective replacement of FO in diets for marine species,
such as sea bream, that cannot endogenously produce DHA and EPA and rely on their
inclusion in the diet.

Alternative ingredients must also be tested for the modulation of fish intestinal
microbiota and ramifications on fish health. Gut microbiota plays an important role in
key functions in fish, including the supply of nutrients, intestinal integrity and interactions
with the immune system (Llewellyn et al., 2014; Ringoet al., 2016). As suggested by Castro
et al. (2019), the different fatty acid composition of VO, with respect to FO, could modify
the lipid composition, function and fluidity of intestinal cell membranes. Consequently,
this could affect bacteria adherence to enterocytes, alter metabolic processes and modify
the intestinal microbiota profile.

Due to advances from DNA sequencing technologies in the last two decades, researchers
can utilize next-generation sequencing (NGS) to investigate the microbes in and on the
outside of fish for both basic and applied applications. Recently, several studies focused
on gut microbiome have been conducted in a wide range of fish species (Rimoldi et al.,
2019; Rimoldi et al., 2020b; Terova et al., 2019; Legrand et al., 2020; Blaufuss et al., 2020;
Pérez-Pascual et al., 2020; Zhao et al., 2020; Panteli et al., 2020). However, despite the large
number of studies, the effects of replacement of FO with novel lipid sources on fish gut
microbiota structure have not been sufficiently examined (Piazzon et al., 2017; Torrecillas
et al., 2017; Castro et al., 2019; Magalhdes et al., 2020). Furthermore, few studies have used
NGS to characterize the gut microbiota of gilthead sea bream (Sparus aurata) in response
to diet (Estruch et al., 2015; Parma et al., 2016; Parma et al., 2020; Piazzon et al., 2017,
Rimoldi et al., 2018; Rimoldi et al., 2020a; Piazzon et al., 2020), and even less have described
the functional profile of gut microbiome in this species (Piazzon et al., 2019; Piazzon et al.,
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2020). Indeed, dietary changes can affect the structure of fish intestine’s associated microbial
community (what’s there?) but, to understand the intrinsic processes that lead to similar
functionality, it is necessary to search the connections between individual microbiota (what
are they doing?) and the corresponding metabolic phenotype.

The aim of the present study was to determine the effects of replacing FO with CO on
the growth performance, fillet fatty acid composition and gut microbiota of gilthead sea
bream. We used advanced nutritional techniques to characterize fatty acid profiles, the NGS
[lumina platform to characterize microbial populations in the gut and the meta-genomic
tool PICRUSt to determine the functional potential of the gut microbiome.

MATERIALS & METHODS

Ethics Statement

Animal handling during the feeding trial complied with the guidelines of the European
Union Council (86/609/EU) and Spanish legislation (RD 53/2013). Bioethical Committee
of the University of Las Palmas de Gran Canaria (OEBA-ULPGC 21/2018R1) approved
protocols used in the present trial.

Animals

A feeding trial was conducted using 600 gilthead sea bream (Sparus aurata) (32.92 + 0.31
g mean initial weight; 12.15 4 0.37 cm mean initial length), at the Parque Cientifico-
Tecnoldgico Marino (PCTM) of the University of Las Palmas de Gran Canaria (Telde,
Canary Island, Spain). Fish were purchased from a commercial fish hatchery (Spain).
Fish were acclimatized for 4 weeks to dissolved oxygen levels between 6.6-6.1 ppm and
water temperatures between 18.2-20.2 °C. Gilthead sea bream were randomly allocated to
twelve fiberglass, circular tanks of 250 L. Three tanks per diet were used with 50 fish each
in a marine flow-through system with natural photoperiod (12L/12D). Fish were fed to
apparent satiation 3 times per day, 6 days per week for 90 days.

Diets and feeding trial

Four isonitrogenous, isolipidic, and isocaloric diets were formulated: Diet 1, control
diet (100% FO); Diet 2 (20% CO, 80% FO); Diet 3 (40% CO, 60% FO); and Diet 4
(60% CO, 40% FO) (Table 1). The CO used in the trial was not derived from genetically
modified Camelina sativa since the use of transgenic plants in aquafeed is not allowed
in Italy. Naturalleva, VRM S.r.1 (Cologna Veneta, Italy), manufactured the diets. Non-
defatted fishmeal was employed as the major protein source to ensure essential fatty acid
requirements of gilthead sea bream. The mash of each diet was extruded to a 3.0 mm pellet
using a single-screw extruder (X-165,Wenger USA) before vacuum coating (La Meccanica
vacuum coater, Italy). The vacuum coating process was divided into 4 phases: blend oil
addition, air removal (200 mbar), mixing, and slow back to atmospheric pressure (1 min
time).
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Table 1 Main ingredients and proximate composition of the experimental feeds.

Diets
Feed ingredients (%) 1 (ctrl) 2 3 4
Fish meal 19.4 19.4 19.4 19.4
Soybean meal 10.1 10.1 10.1 10.1
Guar germ meal 12.7 12.7 12.7 12.7
Wheat 14.5 14.5 14.5 14.5
Corn gluten 18.6 18.6 18.6 18.6
Soy protein concentrate 3.8 3.8 3.8 3.8
Fish oil 15.3 12.4 9.3 6.0
Camelina oil 0.0 2.9 6.0 9.3
Vitamins and minerals*" 5.6 5.6 5.6 5.6
Proximate composition (g/100 g dry matter)
Protein 43 43 43 43
Lipid 21 21 21 21
Ash 6.5 6.5 6.5 6.5
Fiber 1.4 1.4 1.4 1.4
NSP 20.6 20.6 20.6 20.6
Moisture 7.5 7.5 7.5 7.5
Notes.

*Vitamin premix (IU or mg/kg diet): DL-a tocopherol acetate 60 IU; sodium menadione bisulphate 5 mg; retinyl acetate 15,000
1U; DL-cholecalciferol 3000 IU; thiamine 15 mg; riboflavin 30 mg; pyridoxine 15 mg; vitamin B12 0.05 mg; nicotinic acid 175
mg; folic acid 500 mg; inositol 1,000 mg; biotin 2.5 mg; calcium pantothenate 50 mg.

®Mineral premix (g or mg/kg of diet) bi-calcium phosphate 500 g, calcium carbonate 215 g, sodium salt 40 g, potassium chlo-
ride 90 g, magnesium chloride 124 g, magnesium carbonate 124 g, iron sulphate 20 g, zinc sulphate 4 g, copper sulphate 3 g,
potassium iodide 4 mg, cobalt sulphate 20 mg, manganese sulphate 3 g, sodium fluoride 1 g.

*NSP, Non Starch Polysaccharide

Lipid and fatty acid methyl esters (FAME) analysis of feeds and fish
fillets

Approximately 0.07-0.1 g of finely grinded feed and 0.2 g of fillet were weighted and
extracted to determine the total lipid content. All samples were analyzed in triplicate. A
mixture of chloroform/methanol (2:1 v/v) with 0.01% BHT (butylated hydroxytoluene)
was added to each sample, which was then homogenized using an Ultra-turrax (T25 Digital
Ultra-turrax, IKA®, Germany). Lipid quantity was determined by a gravimetrical method
followed by filtration using anhydrous sodium sulphate and evaporation to dryness under
a nitrogen atmosphere (Folch, Lees ¢ Sloane Stanley, 1957). The methylation of fatty acids
was carried out following Christie’s method (William ¢ Xianlin). A methanol solution
containing 1% sulphuric acid was used followed by an incubation of the sample at 50 °C
for 16 h. Then, the methylated fatty acids were separated by gas chromatography (GC-14A;
Shimadzu) (Izquierdo et al., 1992) equipped with a Supelcowax 10 capillary GC column (30
m x 0.32 mm ID, 0.25 pm film thickness), quantified by flame ionizator detector (FID)
and identified by comparison to external standards (EPA 28, Nippai, Ltd. Tokyo, Japan).
Helium was used as a carrier gas and the injection volume was set at 1 ul. The following
thermal conditions were used to discriminate each fatty acid: an initial temperature of
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170 °C for 2 min and then increased to 220 °C at a rate of 2 °C min~! for 15 min. The
temperature of the injector and the flame ionization detector was 250 °C.

Fish intestine and feed sampling for microbiota analyses

At the end of the feeding trial, nine fish per diet were euthanized with an overdose of clove
oil, dissected and intestinal content/faeces (36 samples) and mucosa (36 samples) were
collected in order to analyse the luminal and mucosa-associated microbiota, respectively,
as described by Terova et al. (2019) and Rimoldi et al. (2019). Both faeces and mucosa
samples were stored in Xpedition Lysis/Stabilization Solution (Zymo Research) at room
temperature up to 48 h until bacterial DNA extraction. Additionally, four aliquots of 200
mg from each extruded diets were collected and stored at 1 °C for the microbiota analysis.

Bacterial DNA extraction

Bacterial DNA extraction was carried out at the University of Insubria, Varese, Italy,
following the protocol described in details by Rimoldi et al. (2020b). Specifically, the
bacterial DNA was extracted from 4 samples of each feed, 9 samples of intestinal
content/feaces and 9 samples of intestinal mucosa per dietary group (88 samples in total)
using the DNeasy PowerSoil Kit (Qiagen, Italy) and homogenized using a TissueLyser II
(Qiagen, Italy) set at 25 Hz for 2 min. The extracted DNA was spectrophotometrically
quantified and stored at minus 20 °C until the molecular analysis were performed.

16S lllumina library construction and High-throughput sequencing
The metagenomics analysis was carried out at the University of Stirling. The v4 region of
the 16S rRNA was amplified by PCR. The reaction mix consisted of 2 .l template (5 ng of
DNA), 1.25 ul (10 uM) of each forward primer (515F; GTGYCAGCMGCCGCGGTAA)
and reverse primer (806R; GGACTACNVGGGTWTCTAAT) (Caporaso et al., 2011) with
[lumina adapter,12.5 pL of 2x NEBNext Ultra IT Q5 Master Mix (New England Biolabs
Ltd., Hitchin, UK), and nuclease free water to final volume of 25 pl. The PCR conditions
were as follows: 98 °C for 60 s followed by 30 cycles of 98 °C for 10 s, 53 °C for 10 s and
65 °C for 45 s with a final step of 65 °C for 5 min. A 1% agarose gel alongside negative
controls (nuclease free water) confirmed the presence of each amplicon band. Axygen
AxyPrep Mag PCR clean up kit (Corning Inc., Corning, NY, USA) was used to purify
samples using magnetic beads (0.8:1 ratio) and two washes of 70% EtOH, according to
the manufacturer’s instructions. Tris 10 mM (Qiagen Ltd.) was used to elute the sample
and a second PCR was performed with the above conditions, except only for 10 cycles
and the primers were tagged with 8 bp unique indices from the Nextera XT DNA Library
Preparation kit (Illumina Inc., Cambridge, UK). Axygen magnetic beads (Corning Inc.)
and a Quibit 2.0 fluorimeter (Thermo Fisher Scientific) were used to purify and quantify
the samples, which were then diluted to 10 nM with Tris buffer and pooled at equimolar
concentrations. The amplicon library was sequenced on the Illumina MiSeq platform at
the University of Stirling (Stirling, UK) with a MiSeq Reagent kit v2 of 500 cycles (Illumina
Inc.).
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16S amplicon sequencing data analysis

Mothur version 1.42.3 (Schloss et al., 2009) was used to analyse the 16S rRNA sequences
according to the MiSeq SOP (https://www.mothur.org/wiki/MiSeq_SOP) (Kozich et al.,
2013). Filtered sequences were between 250-300 bp, <8 consecutive bp and were within the
v4 region. The SILVA reference database version 123 (Quast et al., 2013) and VSEARCH
(Rognes et al., 2016) were used to align the sequences and remove chimeras. The RDP
Bayesian Classifier trainset version 16.0 at a cut-off of 80% (Cole et al., 2014) was used and
taxon resembling chloroplasts, mitochondria, unknowns, archaea and eukaryotes were
removed. In addition, Undibacterium (genus level) was removed since it comprised 95% of
OTUs in the blank samples and it is a known laboratory contaminant (Salter et al., 2014).
Sequences were clustered to the genus level (0.03) and subsampled (normalised) to 10,171
sequences per samples. Seven mucosa samples were not included (two MO0, three M20, one
M40 and one M60) since mitochondria were >50% of sequences, which meant there were
too few sequences per sample. The raw 16S rRNA sequence reads were deposited in the
Sequence Read Archive of NCBI and made publicly available under BioProject Accession
number PRINA657669.

16S PICRUSt metagenome analysis

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt) was used to generate predictive pathways based on Greengenes classified OTU
table (version 13.8.99) (DeSantis et al., 2006) and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) database (Kanehisa & Goto, 2000) according to the PICRUSt tutorial
(https://github.com/LangilleLab/microbiome_helper/wiki/PICRUSt- tutorial) (Langille et
al., 2013). The OTU copy number was normalised across samples and extended error plots
were made using Statistical Analysis of Taxonomic and Functional Profiles (STAMP) with
Welch’s two-sided T -test with 95% confidence intervals (Parks et al., 2014).

Statistics
Data were reported by means and standard deviation. The lipid profile was measured on a
sample size of nine fish per diet (n =9). Percentage data were subjected to arcsin square root
transformation before statistical analysis. Data were tested for normality and homogeneity
of variances Shapiro—Wilk’s and Levene’s test, respectively. Differences between groups
were analysed by one-way ANOVA followed by a Tukey’s post hoc test. When the data
were not normally distributed, the Kruskal-Wallis’s test was performed followed by Dunn’s
post hoc test. All analyses were performed with Past3 software (Hammer et al., 2001).
With regard to microbiota analysis, normal distribution and homogeneity of each
dataset were determined using Shapiro—Wilk and Levene tests in Rstudio (RCT, 2019).
If needed, data were normalized by log, square-root or arcsine transformation. One-way
Analysis of Variance (ANOVA) was used to determine the effect of diet, sample type and
gut section on growth performance, fatty acid and alpha diversity of gut bacteria. P-values
between treatments were determined using Least Square Means (Ismeans) with Tukey
adjustment for multiple comparisons. Alpha diversity was based on Good’s coverage,
observed species, Shannon diversity (non-parametric) and Chao-1 richness indices.
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Beta-diversity was analysed using a Bray—Curtis distance matrix (sqrt-transformed) and
significance of treatments were determined using Analysis of Similarity (ANOSIM) with
the adonis function (vegan package) in R (Oksanen et al., 2014) and plotted using 2D
non-metric multidimensional scaling (NMDS). Linear discriminant analysis Effect Size
(LefSe) was used to identify OTUs that explain differences between treatments using
Kruskal-Wallis tests and a Linear Discriminant Analysis (LDA) threshold of 3.0 (Segata et
al., 2011). P-values below 0.05 were considered significant.

RESULTS

Fish growth performance

There were no significant differences in the mean initial weights between the feeding groups
(Table 2). After 90 days of feeding, fish fed with diets 2 and 3 in which CO, replaced 20%
and 40% of FO, respectively, showed the same growth as the control fish fed with 100%
FO. The growth of fish fed with diet 4 in which CO replaced 60% of FO was similar to
fish fed diets 1 and 3, but significantly lower (p < 0.05) in comparison fish fed diet 2. No
significant differences between groups were detected for FCR (Feed Conversion Rate) and
SGR (Specific Growth Rate).

All the experimental feeds were well accepted (no palatability issues) by gilthead sea
bream that grew well, almost tripling their initial weight at the end of the feeding trial.
Moreover, no mortality was observed during the 90 days of experiment (final survival =
100% in all dietary treatments).

Lipid content and FAME profile of fillets

The lipid profile of gilthead sea bream fillets were similar between the four dietary groups
in regards to total saturated (SFA), monounsaturated (MUFA), PUFA (n-3 and n-6) and
the ratio of n—3/n— 6 (Table 3). For a few individual fatty acids, levels differed between
the dietary groups, especially in fish fed diet 4 (60% CO). In particular, the highest level of
EPA (20:5n-3) was recorded in fish fed with 0% CO (diet 1), whereas fish fed with 60%
CO (diet 4) showed the lowest level (Table 3). The highest level of 18:3n-3 (a-linolenic
acid) was found in fish fed the 60% CO diet and corresponded to a high level in the
CO diet (Table 4). Moreover, the 60% CO-fed fish showed the highest level of linoleic
acid (18:2n-6) in contrast to the level detected in the 0% CO-fed fish (13.94 £ 1.27

vs 9.39 &£ 1.19; p < 0.01). Similarly, the 40% CO-fed fish (diet 3) showed significantly
higher level of 18:2n-6 than the 0% CO-fed fish (11.40 £ 3.63 vs 9.39 &+ 1.19; p < 0.05)
(Table 3).

The content of three MUFA, namely C14:1n-7; C18:1n-7; and C18:1n-9 were
significantly different between diet groups. The 20% CO-fed fish showed the highest
level of C14:1n-7 compared to 40% CO-fed fish (0.24 4= 0.18 vs 0.05 £ 0.08; p < 0.01), but
no differences were found in 0% and 60% CO-fed fish. With regard to C18:1n-7, fish fed
0% CO had higher content of this fatty acid in the fillet compared to 40 and 60% CO-fed
fish (3.19 £ 0.34 vs 2.46 &+ 0.38 and 2.32 % 0.19; p < 0.01), but similar levels compared to
20% CO-fed fish (3.19 = 0.34 vs 2.81 £ 0.61). The 20% and 60%-fed fish had higher levels

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 8/30


https://peerj.com
http://dx.doi.org/10.7717/peerj.10430

Peer

Table 2 Effect of Camelina oil on gilthead sea bream growth performance. Values are presented as
means (£std. dev). Superscript letters indicate statistical significance between dietary groups. The signifi-
cance was determined using a One-Way ANOVA and a Tukey Test with a p value < 0.05.

Diet Initial weight Final weight SGR (% - day™") FCR

1 32.80 £ 1.97 87.88 & 12.93% 0.98 £ 0.07 1.25 4+ 0.08
2 32.81 +2.01 89.27 + 14.89° 1.00 &+ 0.04 1.24 4+ 0.08
3 33.02 £ 2.15 85.02 + 11.94% 0.95 + 0.02 1.33 + 0.06
4 33.19 £+ 2.06 83.86 & 11.65" 0.94 4+ 0.03 1.36 £ 0.12

of C18:1n-9 compared to 20% CO-fed fish (22.89 =+ 2.30 and 20.89 4 2.40 vs 19.58 £ 6.72;
p < 0.01), but similar levels as 40% CO-fed fish.

Alpha-diversity of bacteria in the gut and diet

After filtering sequences, the Illumina MiSeq generated 2.7 million sequences for a library
of 82 samples (32,721 reads per sample) and was further subsampled to 10,171 sequences
per sample. Alpha-diversity of bacteria in the faeces (F0, F20, F40, F60) was not significantly
different between diets in terms of number of OTUs (p = 0.940), Shannon (p =0.926) and
Chaol (p=0.780) indices (Figs. 1A—1C). For mucosa (M0, M20, M40, M60), there were
no differences between diets for the above indices (p =0.535, 0.521 and 0.930) and the
same was found for diet (D0, D20, D40, D60) (p =0.760, 0.234 and 0.791). Between each
sample type, there were significant differences in terms of number of OTUs (p = 0.030)
(Fig. 1A), Shannon (p=0.003) (Fig. 1B) and Choal (p <0.001) (Fig. 1C). All three types
of sample were different for number of OTUs, Shannon and Chaol (p < 0.05), except
Shannon diversity was similar between mucosa and diet (p = 0.874).

Beta-diversity of bacteria in the gut and diet

ANOSIM analysis revealed that the composition of bacteria was significantly different
between sample types (faeces vs mucosa, p < 0.001), but it was not modulated by diet
neither in faeces nor in mucosa samples (p > 0.05). The non-metric multidimensional
scaling (NMDS) confirmed the statistical analysis as shown in Fig. 2. At the phyla level,
Firmicutes and Proteobacteria were the most dominant with a relative abundance up to 94%
in faeces, 92% in mucosa and 95% in diet (Fig. 3). The ratio of Firmicutes:Proteobacteria was
highest in the diets and lowest in the mucosa. Actinobacteria, Bacteroidetes, Spirochaetes
and other bacteria made up the small remainder. At the genus level, Lactobacillus was
the most dominant with up to 60% in faeces, 47% in mucosa and 77% in diets (Fig. 4).
Photobacterium, Vibrio, Enterovibrio, Corynebacterium, Brevinema and other bacteria made
up the remainder.

In regards to specific indicator OTUs, there were differences between dietary treatments
based on LEfSe analysis. In faeces, genera of Peptostreptococcus, Vagococcus and Massilia
increased in fish fed diets with 60% replacement with CO (Table 5). Lactobacillus was most
associated with the 0% CO diet. In mucosa, there were more OTUs associated with diet
type. Increased abundance of Corynebacterium, Rubrobacter, Ruegeria, Acetobacter and
Enhydrobacter was found in fish fed diets with 60% replacement with CO (Table 6). Several
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Table 3 Lipid content and fatty acid profile (percentage of total fatty acids) of fish fillets.

Fish dietary groups ANOVA Kruskal-Wallis
p-value p-value
1 (0%CO) 2 (20%CO) 3 (40%CO) 4 (60%CO)
Lipid content (% wet weight) 5.64 + 1.74 5.70 & 1.37 472 +1.80 418 £0.98 0.09
Cl14:0 2.65 £ 1.09 2.86 £ 1.52 1.81 £0.78 1.88 £0.43 0.12
C15:0 0.38 £ 0.26° 0.39 £ 0.14* 0.29 % 0.09" 0.35 4 0.19% <0.001
C16:0 14.66 % 4.00 13.86 & 6.43 11.86 & 5.01 11.92 4 2.84 0.65
Cl17:0 0.51 £0.13 0.60 £ 0.29 0.55 £ 0.31 0.41 £0.15 0.25
C18:0 431 £0.91 4,06 £ 1.12 3.42 4 1.43 4.33 4 0.47 0.63
C20:0 0.45+0.18 0.86 + 1.34 0.36 £ 0.26 0.78 £ 1.14 0.50
Total saturated 22.97 4 5.54 22.63 & 5.15 18.29 4 4.48 19.67 & 4.49 0.99
Cl4:1n—7 0.17 £ 0.148 0.24 £ 0.18* 0.05 % 0.08" 0.14 £ 0.1748 0.006
Cl4:1n—5 0.31 £0.18 0.44 % 0.40 0.32 +0.33 0.29 £ 0.26 0.82
Cl5:1n—5 0.14 £0.14 0.43 £ 0.41 0.39 +0.53 0.18 +0.22 0.06
Cl6:1n—7 4.98 + 1.47 4.84 +1.96 3.50 + 1.35 3.30 + 0.85 0.06
Cl18:1n—5 0.33 +£0.24 0.41 £ 0.32 0.50 # 0.52 0.32+£0.26 0.78
Cl18:1n—7 3.19 4 0.34% 2.81 £ 0.614¢ 2.46 £ 0.385¢ 2.32 40.195¢ <0.001
C18:1n—9 22.89 4 2.304% 19.58 4 6.72%8 18.41 4 5.8148° 20.89 = 2.404® <0.001
C20:1n—9 0.40 £0.17 0.33 £0.20 0.53 £ 0.54 0.37 £0.23 0.57
C20:1n—7 1.64 4 0.38 1.31 £0.63 1.38 £ 0.34 1.55 £ 0.36 0.39
C22:1n—11 1.43 £0.67 1.54 £ 1.03 1.24 £0.80 0.97 £0.32 0.22
C22:1n—9 0.66 £ 0.31 0.62 £ 0.19 0.59 % 0.42 0.67 £ 0.28 0.87
Total monoenes 36.14 + 6.68 32.55 4 5.69 29.37 4 5.32 31.00 & 6.08 0.97
Cl18:2n—6 9.39 £ 1.19% 9.21 £ 2.985® 11.40 + 3.6345 13.94 £ 1.274® <0.001
C18:3n—6 0.00 + 0.0052° 0.00 % 0.005° 0.29 4 0.2548 0.70 4 0.39% <0.001
C20:2n—6 0.44 +0.22 0.83 + 1.07 0.43 £ 0.30 0.51 £0.20 0.38
C20:3n—6 0.50 £ 0.26 0.81 +1.23 0.38 £ 0.30 0.42 £ 0.30 0.53
C20:4n—6 0.95 +0.21 0.63 £ 0.31 0.78 £ 0.18 0.69 £ 0.14 0.05
C22:5n—6 0.73 £ 0.46 1.35 £ 1.66 0.39 +0.28 0.51 £ 0.47 0.13
Total n-6 PUFA 12.01 & 3.63 12.83 & 3.49 13.67 & 4.47 16.77 & 5.46 0.63
Cl16:3n—3 0.21 £0.17 0.41 £ 0.32 0.49 + 0.54 0.26 +0.22 0.37
Cl6:4n—3 0.51 £0.12 0.60 % 0.35 0.59 + 0.47 0.50 £ 0.31 0.61
Cl18:3n—3 1.73 4 0.25" 4.33 £ 1.145C 8.57 + 2.86°C 12.16 & 1.794¢ <0.001
Cl18:4n—3 1.04 £0.25 1.06 £ 0.39 1.06 £ 0.22 1.10 £0.29 0.99
C20:3n—3 0.2540.16" 0.39 & 0.19% 0.48 £ 0.17% 0.60 & 0.33" 0.01
C20:4n—3 1.01 £0.73 0.78 £ 0.20 0.73 £ 0.23 0.73 £0.21 0.55
C20:5n—3 6.86 & 1.79° 5.57 & 1.68° 5.34 + 1.11% 425 +0.97 0.006
C22:5n—3 2.61 £ 1.06 2.99 + 1.81 2.44 £ 0.72 1.92 £0.42 0.31
C22:6n—3 8.96 + 3.62 7.09 £ 3.51 7.44 + 1.46 6.40 + 1.75 0.33

(continued on next page)
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Table 3 (continued)

Fish dietary groups ANOVA Kruskal-Wallis
p-value p-value
1 (0%CO) 2 (20%CO) 3 (40%CO) 4 (60%CO)
Total n-3 PUFA 23.18 £ 3.16 2322 +£2.54 27.14 £3.24 27.92 £3.92 0.98
Total PUFA 35.19 £ 3.24 36.05 + 2.84 40.81 £ 3.64 44.69 £ 4.44 0.98
EPA + DHA 15.82 £5.27 12.66 £ 5.15 13.09 £2.01 10.91 £ 2.66 0.10
n—3/n—6 ratio 1.93 £ 0.48 1.81 £0.48 1.99 £ 0.55 1.66 £ 0.32 0.35

Notes.
Data expressed as means & SD (n=9).

Different capital and small letters within row show significant differences among diets at p < 0.01 and p < 0.05, respectively.
Statistical differences were determined by one-way ANOVA with Tukey’s comparison test and by Kruskal-Wallis with Dunn’s test.

genera in the phylum of Proteobacteria, such as Psychrobacter, were associated with the
mucosa of fish fed the control diet (0% CO).

Metagenome predictive pathways of gut bacteria

No effect of replacing FO with 60% CO was found on the predictive pathways of
bacteria from the faeces or mucosa (Figs. 5A-5C and 6A—6C). Metabolism accounted
for 51% of the pathways, followed by genetic and environmental information processing.
Metabolism of amino acids and carbohydrates contributed the most to the predictive
pathways and to a lesser extent the metabolism of vitamins, energy and lipid. Within lipid
metabolism, lipid biosynthesis proteins accounted for 0.8% of total pathways followed by
fatty acid biosynthesis and metabolism of glycerophospholipid, fatty acids, glycerolipid
and unsaturated fatty acids (Figs. 5C and 6C). Although not significant, metabolism of
unsaturated fatty acids, arachidonic acid (20:4n-6) and alpha-linolenic acid (18:3n-3)
were higher in fish fed 60% CO in both faecal and mucosal bacterial metagenome.
Specifically, fish fed the 60% CO diet had an increased abundance of K11533 pathway (fatty
acid synthase) attributed to Corynebacterium in the gut mucosa (Fig. 7). No significant
differences were found in terms of metagenomic pathways between transient and resident
intestinal communities. Of note, PICRUSt software is optimized for mammalian samples,
consequently these results only reflect the metabolic potential of gut microbial communities
in gilthead sea bream.

DISCUSSION

Reduced final weight of gilthead sea bream fed 60% CO (Table 2) demonstrated that this
level of dietary inclusion is too high, although diets that replace 40% of FO with CO are
feasible without negative effects on growth. This result contradicts a previous study on
the same species where full replacement of FO by CO did not elicit differences in growth
(Betancor et al., 2016a). In this previous study, the experimental diets were rich in fishmeal
(FM; i.e., 49%), which may have compensated for the low levels of LC-PUFA in the diet.
On the contrary, full replacement of FO with CO did not negatively affect growth of
rainbow trout (Oncorhynchus mykiss) after 12-weeks (Hixson, Parrish ¢ Anderson, 2014a).
However, in another study by the same authors (Hixson, Parrish ¢ Anderson, 2014b), the
growth performance of Atlantic cod (family Gadidae), but not that of Atlantic salmon
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Table 4 Fatty acid compositions of the oils and experimental diets (% of total fatty acid detected).

Diets

Fatty acid FO (010) 0%CO 20%CO 40%CO 60%CO
C14:0 6,82 0,04 6,20 5,28 4,00 2,84
C15:0 0,48 0,00 0,42 0,37 0,28 0,21
C16:0 16,55 5,94 19,40 18,00 15,40 12,90
C17:0 0,06 0,01 0,26 0,24 0,20 0,16
C18:0 3,47 2,69 3,60 3,95 4,07 4,21
C20:0 0,41 0,87 0,38 0,38 0,37 0,37
Total saturated 27,79 9,55 30,26 28,22 24,32 20,69
Cl4:1n—-5 0,03 0,00 trace trace trace trace
Cl15:1n—5 0,00 0,00 0,03 0,00 0,01 0,02
Cl6:1n—5 1,11 0,13 7,70 6,70 5,12 3,60
C18:1n—9 15,36 16,46 19,00 16,80 17,30 18,40
C18:1n—7 0,92 0,20 2,62 2,54 2,52 2,02
Cl18:1n—5 ND ND 0,17 0,23 0,12 0,08
C20:1n—7 ND ND 1,97 0,91 1,72 1,47
C20:1n—5 ND ND 0,28 0,20 0,18 0,13
C20:1n—9 3,43 9,05 2,00 1,97 1,80 1,70
C22:1n—11 2,47 0,77 1,76 1,61 1,23 0,97
C22:1n—9 0,59 1,38 0,60 1,41 0,32 0,29
Total monoenes 23,91 27,99 36,13 32,37 30,32 28,68
Cl18:2n—6 3,78 21,32 7,90 9,70 12,90 16,00
C18:3n—6 0,26 0.02 0,52 0,45 0,34 0,27
C20:2n—6 0,36 1,45 0,35 0,25 0,19 0,15
C20:3n—6 0,16 0,63 0,10 0,09 0,07 trace
C20:4n—6 0,83 0,00 0,80 0,71 0,54 0,38
Total n-6 PUFA 23,21 6,24 9,67 11,20 14,04 16,80
Cl16:3n—3 ND ND 0,14 0,24 0,11 0,06
Cl6:4n—3 ND ND 0,54 1,28 0,67 0,74
C18:3n—3 1,68 37,01 1,99 8,90 17,20 24,20
Cl18:4n—3 2,22 0,01 2,17 1,87 1,43 0,98
C20:3n—3 0,03 0,03 0,12 0,13 0,13 0,13
C20:4n—3 0,52 0,00 0,53 0,51 0,30 0,30
C20:5n—3 12,92 0,00 13,00 11,40 8,60 5,80
C22:5n—3 1,65 0,00 1,34 1,24 0,93 0,64
C22:6n—3 9,16 0,00 6,70 5,90 4,50 3,12
Total n-3 PUFA 27,87 37,72 26,53 31,47 33,87 35,97
Total PUFA 51,08 43,96 36,20 42,67 47,91 52,77
EPA + DHA 22,08 0,00 19,70 17,30 13,10 8,92
n3/n6 ratio 5.53 1.70 2,74 2,81 2,41 2,14

Notes.

Diets: 0% CO, control diet based on fish oil and without camelina oil (CO); 20% CO, diet contained 20% of camelina oil; 40%

CO, diet contained 40% of camelina oil; 60% CO, diet contained 60% of camelina oil.
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Figure 1 Alpha-diversity of OTUs based on (A) No. of OTUs, (B) Shannon, and (C) Chaol indices
from the faeces/digesta (F), mucosa (M) and diets (D) of gilthead sea bream where fish oil was replaced
with 0, 20, 40 and 60% camelina oil.

Full-size Gal DOI: 10.7717/peer;j.10430/fig-1
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Figure 2 Non-metric multidimensional scaling (NMDS) plot of OTUs (genus level) from the faeces/di-
gesta (F), mucosa (M) and diets (D) of gilthead sea bream where fish oil was replaced with 0, 20, 40 and

60% camelina oil.
Full-size Gal DOI: 10.7717/peer;j.10430/fig-2
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Figure 3 Percentage of OTUs (phyla level) from the faeces/digesta (F), mucosa (M) and diets (D) of
gilthead sea bream where fish oil was replaced with 0, 20, 40 and 60% camelina oil.
Full-size Gal DOI: 10.7717/peer;j.10430/fig-3
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Figure 4 Percentage of OTUs (genus level) from the faeces/digesta (F), mucosa (M) and diets (D) of
gilthead sea bream where fish oil was replaced with 0, 20, 40 and 60% camelina oil.
Full-size &) DOI: 10.7717/peerj.10430/fig-4

Table 5 Indicator OTUs identified by LEfSe. OTUs found in the faeces of S. aurata (n = 9) fed diets that replaced FO with 0% CO (Ctrl) and 60%
CO.

Phyla Order OTU %CO Diet LDA P-value
Firmicutes Bacillales Cerasibacillus 0 3.27 0.003
Clostridiales Peptostreptococcus 60 3.40 <0.001
Lactobacillales Lactobacillus 0 4.87 0.010
Pediococcus 0 3.78 0.007
Vagococcus 60 3.16 0.001
Proteobacteria Burkholderiales Massilia 60 3.43 <0.001

(Salmo salar) and rainbow trout (family Salmonidae), was negatively affected when fed
diets that replaced 100% of FO with CO. As attested by Turchini, Torstensen ¢» Ng (2009),
a successful replacement of FO with terrestrial plant oil may be more readily achieved
for fatty fish, such as salmonids, that have a higher and larger variety of fatty acids in
their tissues than in lean fish, such as Atlantic cod (Gadus morhua), European sea bass
(Dicentrarchus labrax ), and gilthead sea bream.

In regards to transgenic CO, a study by Betancor et al. (2015b) fed post-smolt Atlantic
salmon for 7-weeks with one of three experimental diets containing either FO, wild-type
CO or transgenic CO as sole lipid source and showed contrasting results compared to
our study. Atlantic salmon fed both wild and transgenic CO diets had similar final weight
compared to salmon fed the FO diet. In a lean species such as European sea bass, the use
of a high EPA+DHA genetically modified-Camelina sativa oil has instead been shown to
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Table 6 Indicator OTUs identified by LEfSe. OTUS found in the intestinal mucosa of gilthead sea bream (n = 9) fed diets that replaced fish oil

with camelina oil (CO).

Phyla Order OTU %CO Diet LDA P-value
Actinobacteria Corynebacteriales Corynebacterium 60 3.82 <0.001
Rubrobacterales Rubrobacter 60 3.19 0.027
Firmicutes Bacillales Exiguobacterium 0 3.32 0.011
Proteobacteria Alteromonadales Idiomarina 0 3.84 0.001
Cellvibrionales Haliea 0 3.05 0.005
Oceanospirillales Halomonas 0 3.98 <0.001
Kangiella 0 3.04 0.021
Pseudomonadales Psychrobacter 0 4.26 <0.001
Rhodobacterales Loktanella 0 3.34 0.029
Ruegeria 60 3.52 0.008
Rhodospirillales Acetobacter 60 3.83 <0.001
Enhydrobacter 60 3.92 0.009
Salinisphaerales Salinisphaera 0 3.08 0.004

promote adequate growth even at moderate dietary inclusion of FM (i.e., 25%) (Betancor
et al., 2021). In the present study, FM was included at 19.4%, with no differences observed
in growth with a 40% substitution of FO by CO. Other studies in the same species, did
not find an effect on growth or feed utilization when FO was replaced up to 75% with
VO at FM levels between 15-20% (Sdnchez-Moya et al., 2020). The poorest growth in fish
fed with 60% CO could be due to the presence of glucosinolates, which are responsible
for the bitter or sharp taste of many cruciferous vegetables (Clarke, 2010) and are known
to be prevalent in CO (Berhow et al., 2013). Indeed, poor palatability has been observed
when using 100% CO substitution in European sea bass during the first two months of the
experimental trial (Betancor et al., 2021).

We hypothesized that dietary CO alters the intestinal microbiota and its metabolic
pathways. The NGS of gut microbiota in gilthead sea bream has been performed previously
in a few studies and in general, the results agree with our findings. For instance, the
replacement of marine with vegetable ingredients, i.e., vegetal meal (VM) and/or VO, in
the gilthead sea bream diet did not influence the overall alpha-diversity of gut bacteria
in previous studies by Estruch et al. (2015), Parma et al. (2016) and Castro et al. (2019).
However, unlike our results, almost 2-fold higher alpha-diversity values (e.g., No. OTUs,
Shannon and Choal) were found in the hindgut of gilthead sea bream in these previous
studies (Estruch et al., 2015; Parma et al., 2016). This could be explained by the different
age of fish used in the present study since there is evidence that alpha-diversity decreases
with age in fish (Llewellyn et al., 2016; Heys et al., 2020). Rimoldi et al. (2018) found no
differences in the alpha-diversity of gut bacteria in gilthead sea bream of similar size
compared to the current study. No significant differences in richness and diversity of gut
bacteria was found in the study of Piazzon et al. (2020) that fed a control or a plant-based
diet to three groups of genetically selected gilthead sea bream families. Equally, dietary
levels of FM, FO or their combination did not affect faeces and mucosa species richness or

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 16/30


https://peerj.com
http://dx.doi.org/10.7717/peerj.10430

Peer

2 = F0 = F60 95% confidence intervals
Cellular Processes and Signaling B )—O—:— 0.398
Genetic Information Processing Py k T i 0.464
Cellular Processes B [ — 0.582
Poorly Characterized B —o— 0.697 %
Organismal Systems | HH 0.767 3
Human Diseases | —t— 0.831
Environmental Information Processing B3 t + { 0.864
Metabolism o ! 0.961
L 1
0.0 513 -20 -15 -1.0 -05 00 0.5 1.0 15 2.0 25
Mean proportion (%) Difference in mean proportions (%)
b) ) )
= Fo =3 Fe0 95% confidence intervals
Energy Metabolism BV l—O—;—! 0.329
Metabolism of Other Amino Acids B oA 0.540
Carbohydrate Metabolism b r { 0.544
Amino Acid Metabolism ! O— | 0572 3
Metabolism of Cofactors and Vitamins B —_—0— 0.603 g
Nucleotide Metabolism B3 —_—— 0.638
Lipid Metabolism B3 —— 0.847
Glycan Biosynthesis and Metabolism B o 0.938
!
0.0 11.5 -1.0 -0.5 0.0 0.5 1.0 15
Mean proportion (%) Difference in mean proportions (%)
o
= F0 3 Fe0 95% confidence intervals
Arachidonic acid metabolism § |—(‘.:H 0.277
Steroid hormone biosynthesis | (] 0.289
Fatty acid elongation in mitochondria | o] 0.300
Biosynthesis of unsaturated fatty acids B —— 0.314
alpha-Linolenic acid metabolism § HaH 0.424
Glycerolipid metabolism F—og %—:O—| 0.445
Primary bile acid biosynthesis E |—|O—| 0.467
Secondary bile acid biosynthesis § o 0.472
Linoleic acid metabolism B —_—— 0.537 3
Fatty acid biosynthesis Fm——————eug L g i 0.550 g
Sphingolipid metabolism B o 0.585
Lipid metabolism_Unclassified B O 0.642
Fatty acid metabolism | o— | 0.647
Glycerophospholipid metabolism BPVFrerrr] )—:O—I 0.657
Ether lipid metabalism | =} 0.743
Lipid biosynthesis proteins Py 0 0.797
Steroid biosynthesis | [s] 0.891
Synthesis and degradation of ketone bodies B9 —— 0.919
. [
0.0 0.8 -0.25-0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20
Mean proportion (%) Difference in mean proportions (%)

Figure 5 STAMP plots of predicted functional metagenomic pathways (PICRUSt) of OTUs in fae-
ces/digesta (F) of gilthead sea bream where fish oil was replaced with 0 and 60% camelina oil under
KEGG Levels 1 (A), 2 (B) and 3 (C).

Full-size &l DOI: 10.7717/peerj.10430/fig-5

Shannon-Weaver diversity index in European sea bass (Torrecillas et al., 2017). Conversely,
a recent analysis of gut microbial community in gilthead sea bream fed a diet with high VM
and VO level has highlighted a significant increase of microbiota biodiversity compared to
control fish fed a FM/FO based-diet (Parma et al., 2020). In the same fish species, Piazzon
and colleagues (2017) reported instead that 58% and 84% of substitution of dietary FO
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Figure 6 STAMP plots of predicted functional metagenomic pathways (PICRUSt) of OTUs in mucosa
(M) of gilthead sea bream where fish oil was replaced with 0 and 60% camelina oil under KEGG Levels 1
(A), 2 (B) and 3 (C).

Full-size & DOI: 10.7717/peer;j.10430/fig-6

by VO lowered autochthonous gut microbiota diversity leading to a dominance of the
Photobacterium genus.

It is interesting to note the lower alpha-diversity found in the mucosa in comparison to
the faeces samples. This agrees with previous studies in salmonid fish that have reported
a higher biodiversity and richness of bacterial species hosted by intestinal lumen in
comparison to the gut mucosa (Gajardo et al., 2016; Huyben et al., 2018; Rimoldi et al.,
2019; Terova et al., 2019). In European sea bass, autochthonous microbiota was instead
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Figure 7 Contribution of bacterial OTUs to the abundance of K11533 (fatty acid synthase) in the fae-
ces (F) and mucosa (M) of gilthead sea bream fed 0, 20, 40 and 60% CO.
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characterized by higher species richness than allochthonous (transient) microbiota (Rimoldi
et al., 2020b).

Previous NGS studies on gilthead sea bream have found similar gut microbial profile
dominated by Firmicutes and to a lesser extent by Proteobacteria, Actinobacteria
and Bacteroidetes phyla, and by Lactobacillus, Photobacterium, Corynebacterium and
Propionibacterium genera (Estruch et al., 2015; Parma et al., 2016; Parma et al., 2020). In
the present study, Proteobacteria and Firmicutes were the dominant phyla in both, faeces
and mucosa samples regardless of the diet, as previously reported in gilthead sea bream
and other fish species (Estruch et al., 2015; Parma et al., 2016; Parma et al., 2020; Piazzon
etal., 2017; Rimoldi et al., 2018; Rimoldi et al., 2019; Rimoldi et al., 2020a; Rimoldi et al.,
2020b; Terova et al., 2019; Magalhdes et al., 2020). Beta diversity analysis showed that
neither resident nor transient intestinal communities were affected by dietary treatment.
In contrast, a clear distinguished microbial profile was found in the faeces of gilthead sea
bream fed a diet with a total replacement of FO with VO (Castro et al., 2019).

At the genus/family taxa level, LEfSe analysis revealed that fish fed 60% CO diet showed
a higher abundance of Corynebacterium in the gut mucosa, indicating a possible association
of this taxon with the 60% CO diet. The same bacterial genus increased in gut mucosa
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of slow-growth gilthead sea bream fed with a plant-based diet (Piazzon et al., 2020). This
genus contributed to higher predictive pathways of fatty acid synthesis, since it, along
with other genera belonging to Actinobacteria and Firmicutes phyla (e.g., Lactobacillus),
is capable of producing short-chain fatty acids, such as acetate and butyrate, which act as
an energy source and stimulate enterocytes proliferation in fish (Kihara ¢» Sakata, 1997,
Asaduzzaman et al., 2018). In European sea bass the genera Clostridium, Corynebacterium
and Staphylococcus were only identified in fish fed with low FM/FO levels (Torrecillas et
al., 2017). In the gut of Arctic charr, dietary marine-derived oil reduced viable counts of
Corynebacterium in comparison to fish fed soybean and linseed oils (Ringo et al., 2002). In
contrast, a study by Estruch et al. (2015) showed that Corynebacterium in the hindgut of
gilthead sea bream remained the same when FM was replaced with VM. Therefore, either
these results indicate that high inclusion of CO may change the mucosal environment
that benefits the colonisation of Corynebacterium, or fish may select Corynebacterium to
produce fatty acids to compensate for fish oil replacement in the diet. A study in Atlantic
salmon, showed that most bacteria in the gut are transient with no evidence of adaptation
to host environment (Heys et al., 2020), thus suggesting that Corynebacterium may have
been selected by the host based on the demand for fatty acids.

Reduced weight gain in fish fed the 60% CO diet may be associated with a reduced
abundance of Lactobacillus in the gut, which were instead enriched in fish fed control diet
0% CO. Lactobacillus is a lactic acid bacterium (LAB; Lactobacillales order) often used
as a probiotic in aquafeeds and therefore, considered favourable due to its properties to
stimulate and enhance gut development, digestive function, mucosal tolerance, immune
response and disease resistance in fish (Merrifield et al., 2010; Ringpet al., 2018). Indeed,
a higher Firmicutes:Proteobacteria ratio is generally regarded as beneficial because it is
positively correlated to the abundance of LAB. The high abundance of Firmicutes (32-68%)
found in the gut agrees with most of the previous studies on gilthead sea bream (Estruch
et al., 2015; Parma et al., 2016; Rimoldi et al., 2018). Only Piazzon et al. (2017) found a low
percentage of Firmicutes (1-28%) in the gut of gilthead sea bream and these authors
suggested Firmicutes may be more transient than the other phyla.

The predictive function of the gut microbiome of fish has only been investigated in a
small handful of studies (Lyons et al., 2017; Wei et al., 2018; Yang et al., 2019; Piazzon et al.,
2019; Qiao et al., 20205 Piazzon et al., 2020) and to our knowledge this is one of the first
investigations of gilthead sea bream. The absence of significant effects of diet or gut section
indicate that replacing FO with CO did not drastically alter the composition and function
of microbes in the gut. It also reveals that the function of allochthonous (transient) and
autochthonous (resident) bacteria are similar and analysing each gut section separately
may not be necessary.

In regards to metabolic pathways, the predictive functions of gut microbes in the present
studies agree with previous findings that they are mainly associated with the metabolism
of carbohydrates, amino acids, energy and to a lesser extent lipids (Liu et al., 2016; Dehler,
Secombes & Martin, 2017; Lyons et al., 2017; Wei et al., 2018; Yildirimer ¢ Brown, 2018).
Actinobacteria, such as Corynebacterium and Gordonia (Fig. 7), dominated the pathway of
fatty acid synthase, which have low abundances in the gut but may be key contributors to
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lipid metabolism. In Arctic charr, feeding VOs increased viable counts of Corynebacterium
in comparison to fish fed marine-derived oils (Ringo ef al., 2002). A similar result was
found in the present study especially with regard to the mucosa of fish fed with 60%
CO diet. High VO diets may increase the abundance of fatty acid producing bacteria

to compensate for the lack of fatty acids in the diet. Piazzon et al. (2020) found striking
changes in the metabolic capacity of intestinal bacteria of gilthead sea bream in response to
plant-based diets. In particular, 59, 84 and 15 pathways were found to be changed in fast
growth, intermediate growth, and slow growth sea bream families, respectively. Among
them, pathways related to infection, inflammation or immune activation, were the most
influenced by diet and genetic selection. However, it should be noted that these results are
only functional predictions and the deep shotgun sequencing of all bacterial genomes is
preferred (Langille et al., 2013). Indeed, recently Sun, Jones ¢ Fodor (2020) reported that
the utility of PICRUS is likely limited outside of human samples and that the development
of tools for gene prediction specific to different non-human samples is needed. However,
it is also true that the use of this meta-genomic tool represents the only available strategy
to determine metabolic capacities of non-human microbiomes. For this reason, we only
focused on the metabolic pathways instead of the disease related pathways. Functional
metagenomics data should be validated or complemented with empirical approaches, such
as sequencing the bacterial transcriptome, to give a more detailed description of metabolic
pathways that are actually active in the gut microbial community.

CONCLUSIONS

This study demonstrated that diets can replace up to 40% of fish oil with CO without
negative effects on growth performance, fillet fatty acid profile and gut microbiome of
gilthead sea bream. Final weight and fillet EPA were significantly reduced in fish fed the
60% CO diet. Alpha and beta-diversities of gut bacteria both in the faeces and mucosa
were not affected by any dietary treatment, although a few indicator bacteria, such as
Corynebacterium and Rhodospirillales, were associated with the 60% CO diet. This study
highlighted the difference in alpha-diversity between sample type, which was highest in
the feeds and lowest in the gut mucosa. Reduced growth of fish fed 60% CO diet may
be due to the lack of EPA and DHA in the CO and a reduction in lactic acid bacteria,
specifically Lactobacillus, in the feaces and gut mucosa. Feed conversion was not affected by
CO inclusion, thus reduced growth was not due to reduced digestibility but rather driven
by nutrient demand, e.g., n-3 PUFA. Metagenomic analysis revealed similar predictive
function of the gut microbes, although a higher abundance of Corynebacterium in the
mucosa of fish fed 60% CO diet increased the KEGG pathway of fatty acid synthesis and
may act to compensate for the lack of fatty acids in the diet. These results indicate that 40%
of FO can be replaced with CO in diets for gilthead sea bream and demonstrates that CO
can be an alternative oil ingredient in aquafeeds.

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 21/30


https://peerj.com
http://dx.doi.org/10.7717/peerj.10430

Peer

ACKNOWLEDGEMENTS

Special thanks to molecular lab staff at the Aquaculture Institute of the University of Stirling
for their assistance with the Illumina MiSeq platform.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by two Trans National Access Grants —AquaExcel 2020 (No.
AE020014 and No. AE120007) and by the EU Horizon 2020 AquaIMPACT (No. 818367).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Trans National Access Grants —AquaExcel 2020: AE020014, AE120007.
EU Horizon 2020 AqualMPACT: 818367.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e David Huyben performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper, and approved the final draft.

e Simona Rimoldi analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.

e Chiara Ceccotti performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

e Daniel Montero performed the experiments, authored or reviewed drafts of the paper,
and approved the final draft.

e Monica Betancor analyzed the data, authored or reviewed drafts of the paper, and
approved the final draft.

e Federica Iannini analyzed the data, prepared figures and/or tables, and approved the
final draft.

e Genciana Terova conceived and designed the experiments, prepared figures and/or
tables, authored or reviewed drafts of the paper, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Bioethical Committee of the University of Las Palmas de Gran Canaria (OEBA-
ULPGC 21/2018R1) approved protocols used in the present experiment.

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 22/30


https://peerj.com
http://dx.doi.org/10.7717/peerj.10430

Peer

DNA Availability

The following information was supplied regarding the deposition of DNA sequences:
The raw 16S rRNA sequence reads are available in the Sequence Read Archive:

PRJNA657669.

Data Deposition
The following information was supplied regarding data availability:
The raw data are available as Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10430#supplemental-information.

REFERENCES

Asaduzzaman M, Iehata S, Akter S, Kader MA, Ghosh SK, Khan MNA, Abol-Munafi
AB. 2018. Effects of host gut-derived probiotic bacteria on gut morphology, micro-
biota composition and volatile short chain fatty acids production of Malaysian Mah-
seer Tor tambroides. Aquaculture Reports 9:53—61 DOI 10.1016/j.aqrep.2017.12.003.

Berhow MA, Polat U, Glinski JA, Glensk M, Vaughn SF, Isbell T, Ayala-Diaz I, Marek
L, Gardner C. 2013. Optimized analysis and quantification of glucosinolates from
Camelina sativa seeds by reverse-phase liquid chromatography. Industrial Crops and
Products 43:119-125 DOI 10.1016/j.indcrop.2012.07.018.

Betancor MB, Li K, Bucerzan VS, Sprague M, Sayanova O, Usher S, Han L, Noram-
buena F, Torrissen O, Napier JA, Tocher DR, Olsen RE. 2018. Oil from transgenic
Camelina sativa containing over 25% n-3 long-chain PUFA as the major lipid source
in feed for Atlantic salmon (Salmo salar). British Journal of Nutrition 119:1378-1392
DOI 10.1017/S0007114518001125.

Betancor MB, MacEwan A, Sprague M, Gong X, Montero D, Han L, Napier JA,
Norambuena F, Izquierdo M, Tocher DR. 2021. Oil from transgenic Camelina
sativa as a source of EPA and DHA in feed for European sea bass (Dicentrarchus
labrax L.). Aquaculture 530:735759 DOI 10.1016/j.aquaculture.2020.735759.

Betancor MB, Sprague M, Montero D, Usher S, Sayanova O, Campbell PJ, Napier JA,
Caballero MJ, Izquierdo M, Tocher DR. 2016a. Replacement of Marine Fish Oil
with de novo Omega-3 Oils from Transgenic Camelina sativa in Feeds for Gilthead
Sea Bream (Sparus aurata L.). Lipids 51:1171-1191 DOI 10.1007/s11745-016-4191-4.

Betancor MB, Sprague M, Sayanova O, Usher S, Campbell PJ, Napier JA, Ca-
ballero MJ, Tocher DR. 2015a. Evaluation of a high-EPA oil from transgenic
Camelina sativa in feeds for Atlantic salmon (Salmo salar L.): effects on tissue
fatty acid composition, histology and gene expression. Aquaculture 444:1-12
DOI 10.1016/j.aquaculture.2015.03.020.

Betancor MB, Sprague M, Sayanova O, Usher S, Metochis C, Campbell PJ, Napier JA,
Tocher DR. 2016b. Nutritional evaluation of an EPA-DHA Oil from transgenic

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 23/30


https://peerj.com
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA657669
http://dx.doi.org/10.7717/peerj.10430#supplemental-information
http://dx.doi.org/10.7717/peerj.10430#supplemental-information
http://dx.doi.org/10.7717/peerj.10430#supplemental-information
http://dx.doi.org/10.1016/j.aqrep.2017.12.003
http://dx.doi.org/10.1016/j.indcrop.2012.07.018
http://dx.doi.org/10.1017/S0007114518001125
http://dx.doi.org/10.1016/j.aquaculture.2020.735759
http://dx.doi.org/10.1007/s11745-016-4191-4
http://dx.doi.org/10.1016/j.aquaculture.2015.03.020
http://dx.doi.org/10.7717/peerj.10430

Peer

camelina sativa in feeds for post-smolt Atlantic Salmon (Salmo salar L.). PLOS ONE
11:0159934 DOI 10.1371/journal.pone.0159934.

Betancor MB, Sprague M, Usher S, Sayanova O, Campbell PJ, Napier JA, Tocher DR.
2015b. A nutritionally-enhanced oil from transgenic Camelina sativa effectively
replaces fish oil as a source of eicosapentaenoic acid for fish. Scientific Reports 5:8104
DOI 10.1038/srep08104.

Blaufuss PC, Bledsoe JW, Gaylord TG, Sealey WM, Overturf KE, Powell MS. 2020.
Selection on a plant-based diet reveals changes in oral tolerance, microbiota
and growth in rainbow trout (Oncorhynchus mykiss) when fed a high soy diet.
Aquaculture 525:735287 DOI 10.1016/j.aquaculture.2020.735287.

Budin JT, Breene WM, Putnam DH. 1995. Some compositional properties of camelina
(camelina sativa L. Crantz) seeds and oils. Journal of the American Oil Chemists’
Society 72:309-315 DOI 10.1007/BF02541088.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh
PJ, Fierer N, Knight R. 2011. Global patterns of 16S rRNA diversity at a depth of
millions of sequences per sample. Proceedings of the National Academy of Sciences of
the United States of America 108:4516—4522 DOI 10.1073/pnas.1000080107.

Castro C, Couto A, Didgenes AF, Corraze G, Panserat S, Serra CR, Oliva-Teles A. 2019.
Vegetable oil and carbohydrate-rich diets marginally affected intestine histomor-
phology, digestive enzymes activities, and gut microbiota of gilthead sea bream juve-
niles. Fish Physiology and Biochemistry 45:681-695 DOI 10.1007/s10695-018-0579-9.

Clarke DB. 2010. Glucosinolates, structures and analysis in food. Analytical Methods
2:310-325 DOI 10.1039/b9ay00280d.

Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT, Porras-Alfaro
A, Kuske CR, Tiedje JM. 2014. Ribosomal Database Project: data and tools for
high throughput rRNA analysis. Nucleic Acids Research 42(D1):D633-D642
DOI 10.1093/nar/gkt1244.

Cottrell RS, Blanchard JL, Halpern BS, Metian M, Froehlich HE. 2020. Global adoption
of novel aquaculture feeds could substantially reduce forage fish demand by 2030.
Nature Food 1:301-308 DOI 10.1038/s43016-020-0078-x.

Dehler CE, Secombes CJ, Martin SAM. 2017. Seawater transfer alters the intestinal
microbiota profiles of Atlantic salmon (Salmo salar L.). Scientific Reports 7:1-11
DOI 10.1038/541598-017-13249-8.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T, Dalevi
D, Hu P, Andersen GL. 2006. Greengenes, a chimera-checked 16S rRNA gene
database and workbench compatible with ARB. Applied and Environmental Micro-
biology 72:5069-5072 DOI 10.1128/AEM.03006-05.

Eidhin DN, Burke J, O’Beirne D. 2003. Oxidative Stability of w3-rich camelina oil and
camelina oil-based spread compared with plant and fish oils and sunflower spread.
Journal of Food Science 68:345-353 DOI 10.1111/}.1365-2621.2003.tb14163.x.

Estruch G, Collado MC, Penaranda DS, Tomas Vidal A, Jover Cerda M, Pérez
Martinez G, Martinez-Llorens S, Moreau CS. 2015. Impact of fishmeal replacement

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 24/30


https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0159934
http://dx.doi.org/10.1038/srep08104
http://dx.doi.org/10.1016/j.aquaculture.2020.735287
http://dx.doi.org/10.1007/BF02541088
http://dx.doi.org/10.1073/pnas.1000080107
http://dx.doi.org/10.1007/s10695-018-0579-9
http://dx.doi.org/10.1039/b9ay00280d
http://dx.doi.org/10.1093/nar/gkt1244
http://dx.doi.org/10.1038/s43016-020-0078-x
http://dx.doi.org/10.1038/s41598-017-13249-8
http://dx.doi.org/10.1128/AEM.03006-05
http://dx.doi.org/10.1111/j.1365-2621.2003.tb14163.x
http://dx.doi.org/10.7717/peerj.10430

Peer

in diets for gilthead sea bream (Sparus aurata) on the gastrointestinal micro-
biota determined by pyrosequencing the 16S rRNA gene. PLOS ONE 10:1-22
DOI 10.1371/journal.pone.0136389.

Folch J, Lees M, Sloane Stanley GH. 1957. A simple method for the isolation and
purification of total lipides from animal tissues. Journal of Biological Chemistry
226(1):497-509.

Gajardo K, Rodiles A, Kortner TM, Krogdahl A, Bakke AM, Merrifield DL, Serum
H. 2016. A high-resolution map of the gut microbiota in Atlantic salmon (Salmo
salar): a basis for comparative gut microbial research. Scientific Reports 6:30893
DOI 10.1038/srep30893.

Hammer DAT, Ryan PD, Hammer @, Harper DAT. 2001. Past: paleontological statistics
software package for education and data analysis. Palaeontologia Electronica 4(1):4.

Haslam RP, Usher S, Sayanova O, Napier JA, Betancor MB, Tocher DR. 2015. The
supply of fish oil to aquaculture: a role for transgenic oilseed crops? World Agricul-
ture. Available at http://www.world-agriculture.net/ article/ the-supply- of-fish-oil-to-
aquaculture-a-role-for-transgenic-oilseed- crops.

Heys C, Cheaib B, Busetti A, Kazlauskaite R, Maier L, Sloan WT, Ijaz UZ, Kaufmann
J, McGinnity P, Llewellyn MS. 2020. Neutral processes dominate microbial
community assembly in Atlantic Salmon, Salmo salar. Applied and Environmental
Microbiology 86(8):€02283-19 DOI 10.1128/AEM.02283-19.

Hixson SM, Parrish CC. 2014. Substitution of fish oil with camelina oil and inclusion
of camelina meal in diets fed to Atlantic cod (Gadus morhua) and their effects on
growth, tissue lipid classes, and fatty acids1. Journal of Animal Science 92:1055-1067
DOI 10.2527/jas.2013-7146.

Hixson SM, Parrish CC, Anderson DM. 2013. Effect of replacement of fish oil with
camelina (Camelina sativa) oil on growth, lipid class and fatty acid composition
of farmed juvenile Atlantic cod (Gadus morhua). Fish Physiology and Biochemistry
39:1441-1456 DOI 10.1007/510695-013-9798-2.

Hixson SM, Parrish CC, Anderson DM. 2014a. Changes in tissue lipid and fatty acid
composition of farmed rainbow trout in response to dietary camelina oil as a
replacement of fish oil. Lipids 49:97-111 DOI 10.1007/s11745-013-3862-7.

Hixson SM, Parrish CC, Anderson DM. 2014b. Full substitution of fish oil with camelina
(Camelina sativa) oil, with partial substitution of fish meal with camelina meal, in
diets for farmed Atlantic salmon (Salmo salar) and its effect on tissue lipids and
sensory quality. Food Chemistry 157:51-61 DOI 10.1016/j.foodchem.2014.02.026.

Huyben D, Sun L, Moccia R, Kiessling A, Dicksved J, Lundh T. 2018. Dietary live yeast
and increased water temperature influence the gut microbiota of rainbow trout.
Journal of Applied Microbiology 124:1377-1392 DOI 10.1111/jam.13738.

Izquierdo MS, Arakawa T, Takeuchi T, Haroun R, Watanabe T. 1992. Effect of n-

3 HUFA levels in Artemia on growth of larval Japanese flounder (Paralichthys
olivaceus). Aquaculture 105:73—82 DOI 10.1016/0044-8486(92)90163-F.

Kanehisa M, Goto S. 2000. KEGG: Kyoto Encyclopedia of Genes and Genomes Available
at https:// www.genome.jp/ kegg/ .

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 25/30


https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0136389
http://dx.doi.org/10.1038/srep30893
http://www.world-agriculture.net/article/the-supply-of-fish-oil-to-aquaculture-a-role-for-transgenic-oilseed-crops
http://www.world-agriculture.net/article/the-supply-of-fish-oil-to-aquaculture-a-role-for-transgenic-oilseed-crops
http://dx.doi.org/10.1128/AEM.02283-19
http://dx.doi.org/10.2527/jas.2013-7146
http://dx.doi.org/10.1007/s10695-013-9798-2
http://dx.doi.org/10.1007/s11745-013-3862-7
http://dx.doi.org/10.1016/j.foodchem.2014.02.026
http://dx.doi.org/10.1111/jam.13738
http://dx.doi.org/10.1016/0044-8486(92)90163-F
https://www.genome.jp/kegg/
http://dx.doi.org/10.7717/peerj.10430

Peer

Karakatsouli N. 2012. An overview of the use of fatty acids in fish farming research
during the last decade, with particular emphasis on fish quality. Journal of the World
Aquaculture Society 43:291-320 DOI 10.1111/j.1749-7345.2012.00565.

Kihara M, Sakata T. 1997. Fermentation of dietary carbohydrates to short-chain fatty
acids by gut microbes and its influence on intestinal morphology of a detritivorous
teleost tilapia (Oreochromis niloticus). Comparative Biochemistry and Physiology - A
Physiology 118:1201-1207 DOI 10.1016/50300-9629(97)00052-2.

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. 2013. Development of
a dual-index sequencing strategy and curation pipeline for analyzing amplicon se-
quence data on the miseq illumina sequencing platform. Applied and Environmental
Microbiology 79:5112-5120 DOT 10.1128/AEM.01043-13.

Kwasek K, Thorne-Lyman AL, Phillips M. 2020. Can human nutrition be improved
through better fish feeding practices? a review paper. Critical Reviews in Food Science
and Nutrition 60(22):3822-3835 DOI 10.1080/10408398.2019.1708698.

Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, Clemente
JC, Burkepile DE, Thurber RLVega, Knight R, Beiko RG, Huttenhower C. 2013.
Predictive functional profiling of microbial communities using 16S rRNA marker
gene sequences. Nature Biotechnology 31:814-821 DOI 10.1038/nbt.2676.

Legrand TPRA, Wynne JW, Weyrich LS, Oxley APA. 2020. A microbial sea of possibil-
ities: current knowledge and prospects for an improved understanding of the fish
microbiome. Reviews in Aquaculture 12:1101-1134 DOI 10.1111/raq.12375.

Liu H, Guo X, Gooneratne R, Lai R, Zeng C, Zhan F, Wang W. 2016. The gut micro-
biome and degradation enzyme activity of wild freshwater fishes influenced by their
trophic levels. Scientific Reports 6:1-12 DOT 10.1038/srep24340.

Llewellyn MS, Boutin S, Hoseinifar SH, Derome N. 2014. Teleost microbiomes: the state
of the art in their characterization, manipulation and importance in aquaculture and
fisheries. Frontiers in Microbiology 5:207 DOI 10.3389/fmicb.2014.00207.

Llewellyn MS, McGinnity P, Dionne M, Letourneau J, Thonier F, Carvalho GR, Creer
S, Derome N. 2016. The biogeography of the atlantic salmon (Salmo salar) gut
microbiome. ISME Journal 10:1280-1284 DOI 10.1038/ismej.2015.189.

Lyons PP, Turnbull JF, Dawson KA, Crumlish M. 2017. Phylogenetic and functional
characterization of the distal intestinal microbiome of rainbow trout Oncorhynchus
mykiss from both farm and aquarium settings. Journal of Applied Microbiology
122:347-363 DOI 10.1111/jam.13347.

Magalhaes R, Guerreiro I, Santos RA, Coutinho F, Couto A, Serra CR, Olsen RE, Peres
H, Oliva-Teles A. 2020. Oxidative status and intestinal health of gilthead sea bream
(Sparus aurata) juveniles fed diets with different ARA/EPA/DHA ratios. Scientific
Reports 10:1-13 DOI 10.1038/s41598-020-70716-5.

Merrifield DL, Dimitroglou A, Foey A, Davies SJ, Baker RTM, Bagwald ], Castex M,
Ringg E. 2010. The current status and future focus of probiotic and prebiotic appli-
cations for salmonids. Aquaculture 302:1-18 DOI 10.1016/j.aquaculture.2010.02.007.

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 26/30


https://peerj.com
http://dx.doi.org/10.1111/j.1749-7345.2012.00565
http://dx.doi.org/10.1016/S0300-9629(97)00052-2
http://dx.doi.org/10.1128/AEM.01043-13
http://dx.doi.org/10.1080/10408398.2019.1708698
http://dx.doi.org/10.1038/nbt.2676
http://dx.doi.org/10.1111/raq.12375
http://dx.doi.org/10.1038/srep24340
http://dx.doi.org/10.3389/fmicb.2014.00207
http://dx.doi.org/10.1038/ismej.2015.189
http://dx.doi.org/10.1111/jam.13347
http://dx.doi.org/10.1038/s41598-020-70716-5
http://dx.doi.org/10.1016/j.aquaculture.2010.02.007
http://dx.doi.org/10.7717/peerj.10430

Peer

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, Simpson GL,
Solymos P, Stevens MHH, Wagner H. 2014. Vegan: Community Ecology Package. R
Package Version 2.2-0. Available at http:// CRAN.Rproject.org/ package=vegan.

Panteli N, Mastoraki M, Nikouli E, Lazarina M, Antonopoulou E, Kormas KA. 2020.
Imprinting statistically sound conclusions for gut microbiota in comparative animal
studies: a case study with diet and teleost fishes. Comparative Biochemistry and Physi-
ology - Part D: Genomics and Proteomics 36:100738 DOI 10.1016/j.cbd.2020.100738.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. 2014. Genome analysis STAMP:
statistical analysis of taxonomic and functional profiles. 30:3123-3124
DOI 10.1093/bioinformatics/btu494.

Parma L, Candela M, Soverini M, Turroni S, Consolandi C, Brigidi P, Mandrioli L,
Sirri R, Fontanillas R, Gatta PP, Bonaldo A. 2016. Next-generation sequencing
characterization of the gut bacterial community of gilthead sea bream (Sparus
aurata, L.) fed low fishmeal based diets with increasing soybean meal levels. Animal
Feed Science and Technology 222:204-216 DOI 10.1016/j.anifeedsci.2016.10.022.

Parma L, Pelusio NF, Gisbert E, Esteban MA, D’Amico F, Soverini M, Candela M,
Dondi F, Gatta PP, Bonaldo A. 2020. Effects of rearing density on growth, digestive
conditions, welfare indicators and gut bacterial community of gilthead sea bream
(Sparus aurata, L. 1758) fed different fishmeal and fish oil dietary levels. Aquaculture
518734854 DOI 10.1016/j.aquaculture.2019.734854.

Pérez-Pascual D, Estellé ], Dutto G, Rodde C, Bernardet J-F, Marchand Y, Duchaud E,
Przybyla C, Ghigo J-M. 2020. Growth performance and adaptability of European
Sea Bass (Dicentrarchus labrax) gut microbiota to alternative diets free of fish
products. Microorganisms 8:1346 DOI 10.3390/microorganisms8091346.

Piazzon MC, Calduch-Giner JA, Fouz B, Estensoro I, Simé-Mirabet P, Puyalto M,
Karalazos V, Palenzuela O, Sitja-Bobadilla A, Pérez-Sanchez J. 2017. Under
control: how a dietary additive can restore the gut microbiome and proteomic
profile, and improve disease resilience in a marine teleostean fish fed vegetable diets.
Microbiome 5(1):164 DOI 10.1186/s40168-017-0390-3.

Piazzon MC, Naya-Catala F, Perera F, et al. 2020. Genetic selection for growth drives
differences in intestinal microbiota composition and parasite disease resistance in
gilthead sea bream. Microbiome. 168 DOI 10.1186/s40168-020-00922-w.

Piazzon MC, Naya-Catala F, Sim4-Mirabet P, Picard-Sanchez A, Roig FJ, Calduch-
Giner JA, Sitja-Bobadilla A, Pérez-Sanchez J. 2019. Sex, age, and bacteria: how the
intestinal microbiota is modulated in a protandrous hermaphrodite fish. Frontiers in
Microbiology 10:2512 DOI 10.3389/fmicb.2019.02512.

Qiao G, Chen P, Sun Q, Zhang M, Zhang]J, Li Z, Li Q. 2020. Poly-8-hydroxybutyrate
(PHB) in bioflocs alters intestinal microbial community structure, immune-
related gene expression and early Cyprinid herpesvirus 2 replication in gibel
carp (Carassius auratus gibelio). Fish and Shellfish Immunology 97:72-82
DOI 10.1016/j.£51.2019.12.045.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glockner
FO. 2013. The SILVA ribosomal RNA gene database project: improved data

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 27/30


https://peerj.com
http://CRAN.Rproject.org/package=vegan
http://dx.doi.org/10.1016/j.cbd.2020.100738
http://dx.doi.org/10.1093/bioinformatics/btu494
http://dx.doi.org/10.1016/j.anifeedsci.2016.10.022
http://dx.doi.org/10.1016/j.aquaculture.2019.734854
http://dx.doi.org/10.3390/microorganisms8091346
http://dx.doi.org/10.1186/s40168-017-0390-3
http://dx.doi.org/10.1186/s40168-020-00922-w
http://dx.doi.org/10.3389/fmicb.2019.02512
http://dx.doi.org/10.1016/j.fsi.2019.12.045
http://dx.doi.org/10.7717/peerj.10430

Peer

processing and web-based tools. Nucleic Acids Research 41(D1):D590-D596
DOI 10.1093/nar/gks1219.

RCT RCT. 2019. R: a language and environment for statistical computing. Available
at https:// www.gbif.org/ tool/ 81287/ r-a-language- and- environment- for- statistical-
computing (accessed on 31 July 2020).

Rimoldi S, Gini E, Iannini F, Gasco L, Terova G. 2019. The effects of dietary insect meal
from Hermetia illucens prepupae on autochthonous gut microbiota of rainbow trout
(Oncorhynchus mykiss). Animals 9(4):143 DOI 10.3390/ani9040143.

Rimoldi S, Gini E, Koch JFA, Iannini F, Brambilla F, Terova G. 2020a. Effects of
hydrolyzed fish protein and autolyzed yeast as substitutes of fishmeal in the gilthead
sea bream (Sparus aurata) diet, on fish intestinal microbiome. BMC Veterinary
Research 16:1-13 DOI 10.1186/s12917-020-02335-1.

Rimoldi S, Gliozheni E, Ascione C, Gini E, Terova G. 2018. Effect of a specific com-
position of short- and medium-chain fatty acid 1-Monoglycerides on growth
performances and gut microbiota of gilthead sea bream (Sparus aurata). Peer]
6:¢5355 DOI 10.7717/peerj.5355.

Rimoldi S, Torrecillas S, Montero D, Gini E, Makol A, Victoria Valdenegro V,
Izquierdo M, Terova G. 2020b. Assessment of dietary supplementation with
galactomannan oligosaccharides and phytogenics on gut microbiota of European
sea bass (Dicentrarchus Labrax) fed low fishmeal and fish oil based diet. PLOS ONE
15:€0231494 DOI 10.1371/journal.pone.0231494.

Ringo E, Hoseinifar SH, Ghosh K, Van Doan H, Beck BR, Song SK. 2018. Lactic acid
bacteria in finfish-an update. Frontiers in Microbiology 9:1-37
DOI 10.3389/fmicb.2018.01818.

Ringo E, Lodemel JB, Myklebust R, Jensen L, Lund V, Mayhew TM, Olsen RE.

2002. The effects of soybean, linseed and marine oils on aerobic gut micro-
biota of Arctic charr Salvelinus alpinus L. before and after challenge with
Aeromonas salmonicida ssp. salmonicida. Aquaculture Research 33:591-606
DOI 10.1046/j.1365-2109.2002.00697.

Ringe E, Zhou Z, Vecino JLG, Wadsworth S, Romero J, Krogdahl A, Olsen RE,
Dimitroglou A, Foey A, Davies S, Owen M, Lauzon HL, Martinsen LL, Schryver
PDe, Bossier P, Sperstad S, Merrifield DL. 2016. Effect of dietary components on
the gut microbiota of aquatic animals. A never-ending story? Aquaculture Nutrition
22:219-282 DOI 10.1111/anu.12346.

Rognes T, Flouri T, Nichols B, Quince C, Mahé F. 2016. VSEARCH: a versatile open
source tool for metagenomics. Peer] 4:2584 DOI 10.7717/peerj.2584.

Ruiz-Lopez N, Haslam RP, Napier JA, Sayanova O. 2014a. Successful high-level accu-
mulation of fish oil omega-3 long-chain polyunsaturated fatty acids in a transgenic
oilseed crop. Plant Journal 77:198-208 DOT 10.1111/tpj.12378.

Ruiz-Lopez N, Usher S, Sayanova OV, Napier JA, Haslam RP. 2014b. Modify-
ing the lipid content and composition of plant seeds: engineering the pro-
duction of LC-PUFA. Applied Microbiology and Biotechnology 99:143—154
DOI 10.1007/s00253-014-6217-2.

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 28/30


https://peerj.com
http://dx.doi.org/10.1093/nar/gks1219
https://www.gbif.org/tool/81287/r-a-language-and-environment-for-statistical-computing
https://www.gbif.org/tool/81287/r-a-language-and-environment-for-statistical-computing
http://dx.doi.org/10.3390/ani9040143
http://dx.doi.org/10.1186/s12917-020-02335-1
http://dx.doi.org/10.7717/peerj.5355
http://dx.doi.org/10.1371/journal.pone.0231494
http://dx.doi.org/10.3389/fmicb.2018.01818
http://dx.doi.org/10.1046/j.1365-2109.2002.00697
http://dx.doi.org/10.1111/anu.12346
http://dx.doi.org/10.7717/peerj.2584
http://dx.doi.org/10.1111/tpj.12378
http://dx.doi.org/10.1007/s00253-014-6217-2
http://dx.doi.org/10.7717/peerj.10430

Peer

Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, Turner P, Parkhill
J, Loman NJ, Walker AW. 2014. Reagent and laboratory contamination can
critically impact sequence-based microbiome analyses. BMC Biology 12:87
DOI 10.1186/s12915-014-0087.

Sanchez-Moya A, Garcia-Meilan I, Riera-Heredia N, Vélez EJ, Lutfi E, Fontanillas R,
Gutiérrez J, Capilla E, Navarro I. 2020. Effects of different dietary vegetable oils on
growth and intestinal performance, lipid metabolism and flesh quality in gilthead sea
bream. Aquaculture 519:734881 DOI 10.1016/j.aquaculture.2019.734881.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski
RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B, Thallinger GG,

Horn DJVan, Weber CF. 2009. Introducing mothur: open-source, platform-
independent, community-supported software for describing and comparing
microbial communities. Applied and Environmental Microbiology 75:7537-7541
DOI 10.1128/AEM.01541-09.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Huttenhower C.
2011. Metagenomic biomarker discovery and explanation. Genome Biology 12:R60
DOI 10.1186/gb-2011-12-6-160.

Sun S, Jones RB, Fodor AA. 2020. Inference-based accuracy of metagenome prediction
tools varies across sample types and functional categories. Microbiome 8:46
DOI10.1186/s40168-020-00815-y.

Terova G, Rimoldi S, Ascione C, Gini E, Ceccotti C, Gasco L. 2019. Rainbow trout
(Oncorhynchus mykiss) gut microbiota is modulated by insect meal from Hermetia
illucens prepupae in the diet. Reviews in Fish Biology and Fisheries 29:465-486
DOI10.1007/s11160-019-09558.

Tocher DR. 2010. Fatty acid requirements in ontogeny of marine and freshwater fish.
Aquaculture Research 41:717-732 DOI 10.1111/j.1365-2109.2008.02150.x.

Torrecillas S, Mompel D, Caballero MJ, Montero D, Merrifield D, Rodiles A,
Robaina L, Zamorano MJ, Karalazos V, Kaushik S, Izquierdo M. 2017. Ef-
fect of fishmeal and fish oil replacement by vegetable meals and oils on gut
health of European sea bass (Dicentrarchus labrax). Aquaculture 468:386—398
DOI 10.1016/j.aquaculture.2016.11.005.

Toyes-Vargas EA, Parrish CC, Viana MT, Carreén-Palau L, Magallon-Servin P,
Magallén-Barajas FJ. 2020. Replacement of fish oil with camelina (Camelina sativa)
oil in diets for juvenile tilapia (var. GIFT Oreochromis niloticus) and its effect on
growth, feed utilization and muscle lipid composition. Aquaculture 523:735177
DOI 10.1016/j.aquaculture.2020.735177.

Turchini GM, Torstensen BE, Ng WK. 2009. Fish oil replacement in finfish nutrition.
Reviews in Aquaculture 1:10-57 DOI 10.1111/j.1753-5131.2008.01001.

Turchini GM, Trushenski JT, Glencross BD. 2019. Thoughts for the future of aqua-
culture nutrition: realigning perspectives to reflect contemporary issues related
to judicious use of marine resources in aquafeeds. North American Journal of
Aquaculture 81:13-39 DOI 10.1002/naaq.10067.

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 29/30


https://peerj.com
http://dx.doi.org/10.1186/s12915-014-0087
http://dx.doi.org/10.1016/j.aquaculture.2019.734881
http://dx.doi.org/10.1128/AEM.01541-09
http://dx.doi.org/10.1186/gb-2011-12-6-r60
http://dx.doi.org/10.1186/s40168-020-00815-y
http://dx.doi.org/10.1007/s11160-019-09558
http://dx.doi.org/10.1111/j.1365-2109.2008.02150.x
http://dx.doi.org/10.1016/j.aquaculture.2016.11.005
http://dx.doi.org/10.1016/j.aquaculture.2020.735177
http://dx.doi.org/10.1111/j.1753-5131.2008.01001
http://dx.doi.org/10.1002/naaq.10067
http://dx.doi.org/10.7717/peerj.10430

Peer

Wei ], Guo X, Liu H, Chen Y, Wang W. 2018. The variation profile of intestinal mi-
crobiota in blunt snout bream (Megalobrama amblycephala) during feeding habit
transition. BMC Microbiology 18:99 DOI 10.1186/512866-018-1246-0.

William WG, Xianlin H. Lipid analysis 4th edition. Available at https:// www.elsevier.
com/books/ lipid-analysis/ christie/ 978-0-9552512-4-5 (accessed on 31 July 2020).

Yang G, Jian SQ, Cao H, Wen C, Hu B, Peng M, Peng L, Yuan J, Liang L. 2019.
Changes in microbiota along the intestine of grass carp (Ctenopharyngodon idella):
community, interspecific interactions, and functions. Aquaculture 498:151-161
DOI 10.1016/j.aquaculture.2018.08.062.

Yildirimer CC, Brown KH. 2018. Intestinal microbiota lipid metabolism varies across
rainbow trout (Oncorhynchus mykiss ) phylogeographic divide. Journal of Applied
Microbiology 125:1614-1625 DOT 10.1111/jam.14059.

Zhao R, Symonds JE, Walker SP, Steiner K, Carter CG, Bowman JP, Nowak BF.
2020. Salinity and fish age affect the gut microbiota of farmed Chinook salmon
(Oncorhynchus tshawytscha). Aquaculture 528:735539
DOI 10.1016/j.aquaculture.2020.735539.

Huyben et al. (2020), PeerJ, DOI 10.7717/peerj.10430 30/30


https://peerj.com
http://dx.doi.org/10.1186/s12866-018-1246-0
https://www.elsevier.com/books/lipid-analysis/christie/978-0-9552512-4-5
https://www.elsevier.com/books/lipid-analysis/christie/978-0-9552512-4-5
http://dx.doi.org/10.1016/j.aquaculture.2018.08.062
http://dx.doi.org/10.1111/jam.14059
http://dx.doi.org/10.1016/j.aquaculture.2020.735539
http://dx.doi.org/10.7717/peerj.10430

