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Abstract

The effects of replacing fishmeal and fish oil with a plant-based diet were studied in juvenile

(10g) and ongrowing (250-350g) rainbow trout from first-feeding. Feed-related differences

in the intestinal and hepatic transcriptome were examined in juveniles after 7 months of

feeding at 7˚C. Based on microarray results obtained for juveniles, the expression of

selected genes related to lipid, cholesterol and energy metabolisms, was assessed by RT-

qPCR in ongrowing trout after 6 additional months of feeding at 17˚C. Plasma glucose and

cholesterol, lipid content and fatty acid profile of whole body were analyzed at both stages.

After 7 months at 7˚C, all juveniles reached the same body weight (10g), while at 13 months

ongrowing fish fed the totally plant-based diet exhibited lower body weight (234 vs 330-

337g). Body lipid content was higher in juveniles fed the totally plant-based diet (13.2 vs

9.4–9.9%), and plasma cholesterol was about 2-times lower in trout fed the plant-based

diets at both stages. Fatty acid profile mirrored that of the respective diet, with low propor-

tions of long-chain n-3 polyunsaturated fatty acids in fish fed plant-based diets. Genes

involved in protein catabolism, carbohydrate metabolism and trafficking were down-regu-

lated in the intestines of juveniles fed the plant-based diets. This was not true for ongrowing

fish. Genes involved in lipid and cholesterol metabolisms were up-regulated in the livers of

fish fed plant-based diets for both stages. In this study, feeding trout a totally plant-based

diet from first-feeding affect a relatively low proportion of metabolism-related genes. In the

longer term, when fish were reared at a higher temperature, only some of these changes

were maintained (i.e. up-regulation of lipid/cholesterol metabolism). Although the plant-

based diets tested in this study had no major deficiencies, small adjustments in the feed-for-

mula are needed to further optimize growth performance while sparing marine resources.
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Introduction

Aquaculture production has increased almost 12-fold [1] over the last three decades and now

provides consumers with a consistent supply of high-quality seafood. This rapid growth in

production has resulted in an increased demand for aqua-feeds. Availability of traditional

aqua-feed ingredients, including fish meal (FM) and fish oil (FO), has not increased with

demand, and today readily available alternative sources of proteins and lipids are required [2].

Many studies have evaluated the effects of replacing FM and FO with plant ingredients, and as

a result, the FM and FO contents of commercial aqua-feeds have decreased in recent years [3].

However, extensive use of plant products has several known disadvantages, particularly with

respect to differences in amino acid (AA), cholesterol and fatty acid (FA) compositions

between plant and marine feed ingredients, as well as the presence of anti-nutritional factors

found in plant feedstuffs [4]. These differences in composition can interfere with feed utiliza-

tion, and certain negative effects are observed with high levels of substitution. For example,

growth performances were reduced in juvenile Atlantic salmon (Salmo salar) fed a diet in

which 80% FM and 70% FO were replaced by plant ingredients [5]. Decreased growth was also

observed in juvenile rainbow trout (Oncorhynchus mykiss) fed a completely plant-based diet,

compared to trout that were fed a diet containing marine ingredients [6]. The authors of these

studies suggested that the lower growth observed was mainly related to the substitution of FM,

rather than the replacement of FO.

The replacement of marine ingredients, and in particular the substitution of FO with plant

ingredients, is known to drastically modify FA composition of the diet. While none of the veg-

etable oils contain n-3 long chain polyunsaturated fatty acids (n-3 LC-PUFAs) such as eicosa-

pentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3), they are rich in

other FAs, mainly 18:0, 18:1, 18:2 n-6 and 18:3 n-3 [7]. The FA composition of fish tissue

changes in response to the FA composition of the diet, as shown in previous studies in which

dietary FM and FO were replaced with plant ingredients [5,8,9].

In addition to traditional measures of the effects of substitution of marine ingredients with

plant sources, (i.e. growth performance and tissue FA composition), recent advances in func-

tional genomics (i.e. gene expression) have provided new opportunities to better understand

the basic molecular pathways involved in the response of fish to new diets [8,10,11]. Determin-

ing the patterns of gene expression through the study of tissue transcriptomes (mRNA expres-

sion) provides extensive information about how dietary ingredients are perceived by fish.

This analysis provides a molecular snapshot of the physiological response of specific tissues

[6,10,12]. The effects of replacing different proportions of FM and/or FO with plant ingredi-

ents on gene expression in fish tissues has been widely studied [5,6,8,13,14,15]. However,

among the studies that focused on the liver, very few investigated the transcriptional effects of

total and simultaneous replacement of marine ingredients with plant sources. Panserat et al.

[6] presented evidence that the replacement of both FM and FO with plant ingredients in the

diet of rainbow trout juveniles induced changes in the hepatic expression of genes involved in

nucleic acid and glucose metabolisms, as well as in the expression of genes involved in lipid

and protein metabolisms. In another study, carried out on European sea bass (Dicentrarchus
labrax) there was stimulation of the lipogenic pathways in the livers of fish fed a totally plant-

based diet [15].

While less studied than the liver, a growing number of reports have examined intestinal

gene expression in fish in response to different levels of dietary replacement of marine ingredi-

ents with plant products [13,16,17,18,19]. A study on the effects of dietary FO replacement by

vegetable oils on the intestinal transcriptome of Atlantic salmon, revealed that lipid and energy

metabolisms were the functional categories most affected by diet [16]. Conversely, in a study
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where Atlantic cod (Gadus morhua) juveniles were fed diets that replaced FO with increasing

proportions of vegetable oils (33% up to 100%), no major diet-induced metabolic changes

were detected in the intestine [18]. In the same study, genes potentially able to alter cellular

proliferation and death or change the structural property of intestinal muscle, were found to

be up-regulated in the intestines of cod fed a diet with vegetable oils [18]. Replacing 30% of

FM with plant ingredients in the diet of Atlantic halibut (Hippoglossus hippoglossus) induced

an up-regulation in the intestinal expression of genes involved in immune responses and in

xenobiotic detoxification, and down-regulation of genes involved in lipid transport, protein

synthesis and cell growth [20]. Substituting 50% FM with plant protein in Atlantic salmon

diet, resulted in changes in the intestinal expression of genes involved in protein and energy

metabolism, as well as in genes involved in cell proliferation and apoptosis [13].

To date, the limited number of studies that have investigated the impact of total and con-

comitant substitution of FM and FO with plant products on the metabolic response of fish tis-

sue have focused their scope to a relatively short- or middle-term experiment [6,15].

The primary objectives of this study were to investigate the diet-induced changes in the

intestinal and hepatic transcriptome of juvenile rainbow trout after 7 months of feeding plant-

based diets from first-feeding and to establish whether these changes would be maintained

when trout are reared at optimum temperature (17˚C) over a longer period (6 additional

months).

Materials and methods

Feeding trial and experimental diets

The experiment was carried out in strict accordance with EU legal frameworks relating to the

protection of animals used for scientific purposes (Directive 2010/63/EU) and according to the

National Guidelines for Animal Care of the French Ministry of Research (Decree N˚ 2001–

464, May 29, 2001). It was approved by the Ethics Committee of INRA (INRA 2002–36, April

14, 2002) and the scientist in charge of the experiment received training and personal authori-

zation (N˚B64 10 003).

The experimental plan of the present study can be divided into two sequential periods:

1st period: from 1st feeding to 7-months and 2nd period: from 7 to 13 months. For clarity,

throughout this manuscript, all 7-month old trout will be defined as “juveniles”, in accordance

with the definition given by Kendall et al. [21] and 13-month old trout will be defined as

“ongrowing fish”.

First period. The first period of the feeding trial took place at the INRA fish facilities of

Lees-Athas (Permit N˚ A64 104 1). At the beginning of the experiment, rainbow trout (O.

mykiss) fry with mean weight of 135 ± 1 mg, were randomly distributed among 12 tanks (310

fish per tank). Throughout the trial, 50-L tanks were used and water flow was set to ensure an

oxygen concentration above 90% saturation. Fish were exposed to natural photoperiod condi-

tion and the water temperature was 7 ± 1˚C. This low water temperature is ideal for trout dur-

ing the first part of their development because it limits the risk of diseases, as is often done in

commercial fish farms [22]. Fish were kept under these rearing conditions for 7 months.

Throughout the trial, dead fish (if any) were removed daily and weighed. Rates of fish survival

were assessed as a percentage of the initial number of fish which survived. The fish in each

tank were bulk-weighed every 3 weeks in order to check the evolution of body weight as the

experiment progressed.

During this first period of 7 months from the time of first feeding, trout were fed either a

marine M-diet (based on FM and FO), or a commercial-like C-diet (46% of FM and 69% of

FO replaced by plant ingredients), or a totally plant-based V-diet (100% plant proteins and
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vegetable oils) with four tanks of fish provided with each diet. These three experimental diets,

presented in Tables 1 and 2, were the same as those previously described in Lazzarotto et al.

[23] (pellets size: 1–3 mm). Fish were fed by hand, four times per day, until apparent satiation.

Second period. For the second period of the trial, fish were transferred to the INRA

experimental facilities in Donzacq (Permit N˚ A40 2281). On arrival, fish within each dietary

group (e.g. M-, C- or V-fed trout) were split into 3 tanks with 150 trout per tank (9 tanks in

total). The fish were acclimated to the new rearing conditions for two weeks and fed with their

Table 1. Ingredients and composition of the experimental diets.

1st period 2nd period
Diets M C V M C V

Ingredients (%)
Fish meal � 65.2 30.0 0.0 54.3 30.0 0.0

Corn gluten 0.0 13.2 24.0 0.0 10.2 18.0

Soybean meal 48 0.0 6.1 2.0 0.0 6.3 4.3

Wheat gluten 0.0 10.0 22.0 0.0 5.0 12.1

Soy protein concentrate 0.0 10.2 20.0 0.0 3.5 18.1

White lupin 0.0 0.4 2.5 0.0 6.5 5.0

Peas 0.0 4.1 0.0 0.0 6.9 2.4

Rapseed meal 00 0.0 6.2 2.3 0.0 6.3 9.8

Extruded whole wheat 21.1 1.3 0.0 30.1 7.2 2.8

Fish oil �� 11.7 8.1 0.0 13.6 8.0 0.0

Rapeseed oil 0.0 8.1 6.7 0.0 8.0 7.3

Linseed oil 0.0 0.0 6.7 0.0 0.0 7.3

Palm oil 0.0 0.0 3.6 0.0 0.0 3.0

Min.-Vit. premix ��� 2.0 2.0 2.0 2.0 2.0 2.0

Soy lecithin 0.0 0.0 2.0 0.0 0.0 2.0

L-lysine 0.0 0.3 1.5 0.0 0.1 1.5

L-methionine 0.0 0.01 0.3 0.0 0.0 0.3

CaHPO4.2H20 (18% P) 0.0 0.0 2.9 0.0 0.0 2.6

Attractant mix 0.0 0.0 1.5 0.0 0.0 1.5

Composition (% DM)
Dry matter (DM, %) 94.3 95.3 95.5 93.8 95.2 95.0

Crude protein 48.9 53.3 52.9 44.4 46.3 47.2

Crude fat 21.5 22.1 21.8 22.0 24.2 24.5

Starch 20.5 11.5 8.2 20.0 11.5 8.0

Energy (kJ/g DM) 23.0 24.2 24.1 23.9 24.3 25.1

Total sterols 0.70 0.55 0.36 0.68 0.51 0.41

�Origin co-fishery products—all species

�� Origin co-fishery products—sardines

��� Min.-Vit. premix: Mineral premix (g or mg kg−1 diet): calcium carbonate (40% Ca), 2.15 g; magnesium oxide (60% Mg), 1.24 g; ferric citrate, 0.2 g; potassium iodide

(75% I), 0.4 mg; zinc sulphate (36% Zn), 0.4 g; copper sulphate (25% Cu), 0.3 g; manganese sulphate (33% Mn), 0.3 g; dibasic calcium phosphate (20% Ca, 18% P), 5 g;

cobalt sulphate, 2 mg; sodium selenite (30% Se), 3 mg; KCl, 0.9 g; NaCl, 0.4 g (UPAE, INRA).

Vitamin premix (IU or mg kg−1 diet): DL-a tocopherol acetate, 60 IU; sodium menadione bisulphate, 5 mg; retinyl acetate, 15,000 IU; DL-cholecalciferol, 3000 IU;

thiamin, 15 mg; riboflavin, 30 mg; pyridoxine, 15 mg; B12, 0.05 mg; nicotinic acid, 175 mg; folic acid, 500 mg; inositol, 1000 mg; biotin, 2.5 mg; calcium pantothenate,

50 mg; choline chloride, 2000 mg (UPAE, INRA).

M: marine FM-FO-based diet

C: commercial-like FM-FO & plant-based diet

V: experimental 100% plant-based diet

https://doi.org/10.1371/journal.pone.0190730.t001
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respective diets. At the start of the second experimental period, the average weight of fish was

12.5 g. Throughout the trial, 200-L tanks were used (maximum stocking densities: 26 kg/m3)

and the oxygen saturation was greater than 90%. Fish were exposed to natural photoperiod

condition and the water temperature was 17 ± 1˚C. This water temperature corresponds to the

thermal preferendum for growth of rainbow trout [22]. Fish were maintained under these

rearing conditions for 6 months. As it was done during the first period of the trial, dead fish (if

any) were removed daily and weighed. Rates of fish survival were assessed as a percentage of

the initial number of fish that survived. The fish in each tank were bulk-weighed every 3 weeks

in order to check the evolution of body weight as the experiment progressed.

Diets used throughout this second period of the trial contained the same ingredients as

those used for the first period. In order to adapt the formulation to different stages and fish

size, the proportions of these ingredients were slightly different among diets used in the first

and the second part of the trial. Details about the ingredients and composition of the experi-

mental diets are given in Table 1 and the proportions of the main FA in the diets in Table 2.

The pellet size was adapted to fish size and during the second part, ongrowing fish received

4–5 mm diets. Fish were hand-fed twice a day to apparent visual satiety, in order to avoid any

uneaten pellets, and feed distributed was recorded. Feed efficiency (FE) was calculated as fol-

lows: FE = g weight gain/g dry feed given.

Sampling

First period. By the end of the 7-month feeding period, 12 fish were taken from each tank

48 hours after the last meal, euthanized by immersion in a 6% benzocaine solution (anesthetic

overdose), and weighed. Fish were then separated into two pools of 6 fish each, and stored at

-20˚C for whole body lipid content and whole body FA profile analyses.

Table 2. Proportions of the main fatty acids (% of total FA) in experimental diets.

1st period 2nd period
M C V M C V

Fatty acid
SAT 30.8 20.9 18.5 26.6 18.2 17.6

MUFA 33.2 41.9 38.3 28.9 42.9 37.9

18:2 n-6 3.2 12.5 21.5 2.9 12.0 21.4

20:4 n-6 0.7 0.4 0.0 0.8 0.4 0.0

PUFA n-6 4.3 13.1 21.5 4.3 12.8 21.4

18:3 n-3 1.1 4.8 21.3 0.8 4.5 22.7

18:4 n-3 2.1 1.2 0.0 2.3 1.3 0.0

20:5 n-3 11.1 6.7 0.0 14.7 8.3 0.0

22:5 n-3 1.1 0.7 0.0 1.7 1.1 0.0

22:6 n-3 6.7 4.2 0.0 9.9 5.5 0.0

PUFA n-3 23.3 18.1 21.3 30.8 21.4 22.7

M: marine FM-FO-based diet

C: commercial-like FM-FO & plant-based diet

V: experimental 100% plant-based diet

SAT: saturated fatty acids

MUFA: monounsaturated fatty acid

PUFA: polyunsaturated fatty acid

https://doi.org/10.1371/journal.pone.0190730.t002
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An additional 4 fish were collected from each tank. These fish were then anaesthetized

and their blood was drawn from the caudal vein and collected in heparinized syringes and

centrifuged (3 000 g, 5 min). The plasma recovered was immediately frozen and kept at

-20˚C until further analysis. Fish were then euthanized by anesthetic overdose, dissected and

the intestine and liver were sampled for gene expression analysis (e.g. transcriptomic and

RT-qPCR). Samples were immediately frozen in liquid nitrogen and stored at -80˚C until

analysis.

Second period. By the end of the experiment, 5 fish per tank were sampled 48 hours after

the last meal, euthanized by immersion in a 6% benzocaine solution, pooled and stored at

-20˚C for whole body lipid content and whole body FA profile analyses.

For an additional 5 fish per tank, blood was removed from the caudal vein and plasma was

recovered as previously described. Fish were then euthanized by anesthetic overdose, dissected

and the intestine and liver were sampled for gene expression analysis (RT-qPCR). Samples

were immediately frozen in liquid nitrogen and stored at -80˚C until analysis.

Chemical analysis of the diets

Feeds were ground before determination of proximate composition according to standard

procedures [24]. The chemical composition of the diets was analyzed as follows: dry matter

(DM) after drying at 105˚C for 24 h, lipid content by petroleum ether extraction (Soxtherm,

Gerhardt, Konigswinter, Germany), protein content (N× 6.25) by the Kjeldahl method after

acid digestion, gross energy in an adiabatic bomb calorimeter (IKA, Heitersheim Gribheimer,

Germany), and starch by enzymatic method [25].

Total sterols in diets were measured according to the Liebermann-Burchard method [26].

Plasma metabolite analysis

Plasma glucose (Glucose RTU, BioMérieux, Marcy-l’Etoile, France) and cholesterol

(CHOL100, Sobioda) levels were determined using commercial kits adapted to a micro-plate

format, according to the recommendations of the manufacturer.

Lipid and fatty acid analysis

Whole body fish from each tank were pooled and ground. Total lipids were extracted after

homogenization in dichloromethane/methanol (2:1, v/v), with 0.01% butylated hydroxytolu-

ene (BHT) as an antioxidant, using an Ultra-Turrax (IKA-Werke, Germany) tissue disrupter

and quantified gravimetrically [27]. Fatty acid methyl esters (FAME) were prepared from

diet and fish lipid extracts according to Shantha & Ackman [28]. FAMEs were then analyzed

in a Varian 3900 gas chromatograph equipped with a fused silica DB Wax capillary column

(30m x 0.25 mm internal diameter, film thickness 0.25 μm; JW Alltech, France). Injection

volume was 1 μl, using helium as carrier gas (1 ml/min). The temperatures of the injector

and the flame ionization detector were 260˚C and 250˚C, respectively. The thermal gradient

was as follows: 100–180˚C at 8˚C/min, 180–220˚C at 4˚C/min and a constant temperature of

220˚C for 20 min. Fatty acids were identified with reference to a known standard mixture

(Sigma, St Louis, MO, USA) and peaks were integrated using Varian Star Chromatography

Software (Star Software, version 5). Individual FAs were expressed as a percentage of total

FAME identified.

Amounts of EPA+DHA (g fish-1) were calculated taking into account, for each tank, mean

body lipid content (g fish-1) and the percentages of EPA and DHA in body lipids. Values were

expressed as mean per dietary treatment.
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RNA isolation

Among all of the collected tissue, intestine (mid-gut) and liver samples were chosen by select-

ing the fish with a body weight closest to the mean body weight per tank. Total RNA was

extracted from individual intestines (mid gut) and from the livers of juveniles (n = 2 per tank,

n = 8 per dietary treatment) and ongrowing fish (n = 2 per tank, n = 6 per dietary treatment).

Prior to extraction, samples were homogenized using Precellys24 (Bertin Technologies,

Montigny-le-Bretonneux, France) in 2 ml tubes containing TRIzol1 reagent (Invitrogen,

Carlsbad, CA) and 2.8 millimeter ceramic beads, 2 × 10 s, separated by 15 s off, at 5,000 rpm.

The extraction of total RNA was then performed according to the manufacturer’s recommen-

dations. The quantities of extracted RNA were analyzed using a spectrophotometer (ND-1000,

Nanodrop). The quality of extracted RNA was assessed on the basis of RNA Integrity Number

(RIN) using a Bioanalyzer (Agilent Technologies, Kista, Sweden).

Microarray hybridization and analysis

The microarray analysis was performed on juveniles at the end of the first period of the trial.

Samples of RNA from individual intestines (mid gut) and from the livers of juveniles (8 indi-

vidual samples per diet), were analyzed using a custom-commercial 8X60K oligoarray (Agilent

Technologies, Massy, France; Gene Expression Omnibus (GEO) Accession No. GPL15840).

Cy3-labelled experimental cRNA samples were generated using the Agilent “One-Color

Microarray-based Gene Expression Analysis” (Low Input Quick Amp Labeling-LIQA) kit, as

previously described in detail [29]. Cy3-labelled cRNA sample yield (>0.825μg cRNA) and

specific activity (>6pmol of Cy3/μg of cRNA) were verified using a NanoDrop ND-1000.

Forty-eight samples (two tissues x three dietary treatments x eight replicates) were processed.

For each reaction, 600ng of Cy3-cRNA were fragmented and hybridized on a sub-array, fol-

lowing the LIQA kit (Agilent) instructions. The hybridization reactions were allowed to run

for 17h in a rotating hybridization oven (65˚C) prior to washing according to the manufactur-

er’s instructions. Samples were randomized, preventing those from the same dietary treatment

from being overrepresented in a particular batch in order to avoid unintentional biases. Slides

were scanned with an Agilent Scanner (Agilent DNA Microarray Scanner, Agilent technolo-

gies, Massy, France) using the standard parameters for an 8x60K gene expression oligoarray

(3μm– 20 bits). Data were then obtained with the Agilent Feature Extraction software

(10.7.1.1) according to an appropriate gene expression (GE) protocol (GE1_107_Sep09). The

data set was deposited in NCBI’s GEO (GSE84985).

Real Time q-PCR (RT-qPCR)

For each experimental condition, six samples of intestine (mid gut) and liver from individual

juveniles and ongrowing fish were used as biological replicates for RT-qPCR analysis. In juve-

niles the six samples were chosen based on the best RIN obtained (RIN�9.0).

In addition to validating differentially expressed genes obtained from the microarray analy-

sis, we also analyzed the expression of additional candidate genes related to lipid metabolism

in the livers (Elovl5 and HMGCR) and intestines (Δ-6desaturase, Elovl2 and Elovl5) of juveniles,

because they were found to be affected by dietary replacement of FO by vegetable oils in many

other studies [6,8,15,29,30].

The same genes were also studied in the intestines (mid gut) and livers of ongrowing fish

(six samples per tissue per experimental condition). Primer design was performed using

Primer 3 software. Specific primer pairs were designed with an overlapping intron when possi-

ble, using known trout sequences in nucleotide databases (GeneBank and INRA-Sigenae).
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Database Accession Numbers and the sequences of forward and reverse primers used for each

gene are provided in Table 3.

For the RT-qPCR, total RNA (1μg) was reverse-transcribed to cDNA with the SuperScript

III RNase H reverse transcriptase kit (Invitrogen, Carlsbad, CA, USA) using oligo dT Primers.

Real-time PCR was performed in the iCycler iQ TM (BIO-RAD, Hercules, CA, USA). Quanti-

tative PCR analyses for gene expression were performed on 10μl of the RT reaction mixture

using the iQ TM SYBR 1 Green Supermix (BIO-RAD, Hercules, CA, USA). The total volume

of the PCR reaction was 25μl containing 200nM of each primer. Thermal cycling was initiated

with incubation at 95˚C (90s) for hot-start iTaq TM DNA polymerase activation.

Thirty-five steps of PCR were performed, each consisting of a heating step at 95˚C (20s) for

denaturing, and at 59˚C 30s for annealing and extension. Melting curves were systematically

monitored following the final PCR cycle (with a gradient of 0.5˚C/10s from 55˚C to 94˚C) to

ensure that only one fragment was amplified. Samples without reverse transcriptase and sam-

ples without RNA were run for each reaction as negative controls. Expression of two reference

genes, e.g. elongation factor-1α (EF1-α) and beta actin (β-actin), was quantified for both tissue

types in samples from juveniles and ongrowing fish. mRNA levels for all target genes studied

in the liver were initially normalized with the housekeeping gene EF1-α, previously used as a

reference gene in salmonids [31], and the expression levels were calculated according to

threshold cycle (ΔΔCt). However, because none of the two reference genes tested for the intes-

tine were stable for all experimental groups, mRNA levels of target genes studied were normal-

ized following the method proposed by Matz et al.[32]. Moreover, to validate this analytical

choice, we also tested the data of liver gene expression and compared them with the data

obtained through the “classic” method (housekeeping-gene normalization). Since the results

obtained with these two approaches were the same, we concluded that our chosen methodol-

ogy was appropriate. In order to compare gene expression levels in the two types of tissue stud-

ied, we normalized data on mRNA levels for all target genes studied in both the intestine and

Table 3. Primer sequences of genes selected for analysis by RT-q PCR.

Gene Primer 5’-3’ (FW) Primer 5’-3’ (RV) Annealing temperature, °C
CTSZ GGAGCCCTTCATCAACCACA TTGTTGGTCCACTGCCTGTT 60

CTSS TTTGCCTCATTGCGTGTTCC GTCTTTCATCAGCTGGCCCT 60

FAAH TCCCTGTCTCCACGGTAACA AACAGCCTCTCCACCTCTCT 60

CYP51A1 CCCGTTGTCAGCTTTACCA GCATTGAGATCTTCGTTCTTGC 60

HMGCR GAACGGTGAATGTGCTGTGT GACCATTTGGGAGCTTGTGT 60

DHCR7 GTAACCCACCAGACCCAAGA CCTCTCCTATGCAGCCAAAC 60

MDH2 TTGACATTGCCCACACACCT AGATCATCACGGGTCATGCC 60

COX5B AGATCACTGCCACGACACTATG CTTTCCTTTCTTCAGTGCCTGC 60

COX7A2L CCCTTGATGTGGACTGGCAA GAGGCTTCACACCGAGTACA 60

Elovl2 TGTGGTTTCCCCGTTGGATGCC ACAGAGTGGCCATTTGGGCG 59

Elovl5 GAACAGCTTCATCCATGTCC TGACTGCACATATCGTCTGG 59

Δ6-desaturase AGGGTGCCTCTGCTAACTGG TGGTGTTGGTGATGGTAGGG 59

Reference genes
EF1α TCCTCTTGGTCGTTTCGCTG ACCCGAGGGACATCCTGTG 59

β-actin GATGGGCCAGAAAGACAGCTA TCGTCCCAGTTGGTGACGAT 59

CTSZ, cathepsin Z; CTSS, cathepsin S; FAAH, fatty acid amide hydrolase; CYP51A1, cytochrome P450, family 51, subfamily A, polypeptide 1; HMGCR, 3-hydroxy-

3-methylglutaryl-CoA reductase; DHCR7, 7-dehydrocholesterol reductase; MDH2, malate dehydrogenase 2, NAD (mitochondrial); COX5B, cytochrome c oxidase,

subunit Vb; COX7A2L, cytochrome c oxidase, subunit VIIa polypeptide 2 like; Elovl2, polyunsaturated fatty acid elongase 2; Elovl5, polyunsaturated fatty acid elongase

5; Δ6-desaturase, delta-6-desaturase; EF1α, eukaryotic translation initiation factor 1 alpha 1; β-actin, beta actin.

https://doi.org/10.1371/journal.pone.0190730.t003
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the liver following the method proposed by Matz et al. [32]. The results were analyzed using

the MCMC.qpcr R-package that implements a generalized linear mixed model analysis of RT-

qPCR data, based on the lognormal-Poisson model.

Statistical analysis and data mining

Tanks were used as the experimental unit for data on growth, body lipid content and fatty acid

profile. Individual fish were the experimental unit for data on plasma parameters and gene

expression, since no tank-related effect was observed during the experiment. Data for biomet-

ric parameters, lipid content and fatty acids are presented as mean ± standard deviation (SD).

Data were analyzed statistically using the R software (version 2.14.0) and the Rcmdr package.

The normality and the homogeneity of variance of the variables were tested with Shapiro-

Wilk’s and Levene’s tests, respectively. When both conditions were satisfied, a one-way

ANOVA (p-value<0.05) was performed to assess the effects of the diets. The variables with

non-parametric distribution (some fatty acids) were normalized with an arcsin transforma-

tion. If the criteria (normality and homogeneity) were still not met, a non-parametric test was

used for the analysis.

Data from microarray analyses were normalized and analyzed statistically using GeneSpring

software (12.6, Agilent). Data were scale-normalized using the median value of each array to

identify genes differentially expressed between conditions. Differentially expressed genes were

obtained by one-way ANOVA (diet, p-value<0.05). For all genes found to be differentially

expressed, GO ontologies were obtained using the Expression Analysis Systematic Explorer

(EASE) software, version 2.0 [33]. Significant GO enrichment was tested using EASE software,

with Benjamini-Hochberg correction (score<0.05). Data from RT-qPCR were analyzed by

one-way ANOVA (diet, p-value<0.05) followed by a Tukey’s post hoc test (p-value<0.05).

Results

Survival and growth

Survival and body weight data for juveniles and ongrowing fish are presented in Figs 1 and 2,

respectively. At the end of the first period of the trial (7 months after the first feeding time),

significantly lower survival rates were observed in the V-fed group compared to groups fed

the C- and M-diets (65% vs 95%), mainly due to the high mortality recorded for the V-fed

group during the first twelve weeks. During the second period of the trial, no significant

Fig 1. Survival during the first (on the left) and the second period (on the right) of the feeding trial. Data are

expressed as mean ± standard deviation. Fish survival is expressed as % of survivors in relation to the initial number of

fish in each tank, at each experimental period. �, statistically significant differences between V- vs C- and M-fed fish

(one-way ANOVA, p<0.05).

https://doi.org/10.1371/journal.pone.0190730.g001
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differences were found in survival rates (96–98% throughout the period) irrespective of the

dietary treatment.

Despite the slower growth recorded for the V-fed fish during the first twelve weeks (Fig 2),

at the end of the first period of the trial (7 months) mean body weight was not significantly dif-

ferent between the three groups (10 ± 1g).

At the end of the second period of the trial (13 months) significantly lower body weights

were recorded for fish fed the V-diet (234 ± 7g) compared to the M-fed (330 ± 25g) and the C-

fed (337 ± 17g) groups. No significant differences in body weight were found between the C-

and M-fed groups (Fig 2). Lower but not statistically different (p = 0.11) values of feed effi-

ciency (FE = g weight gain/g dry feed given) were observed with the V-diet (1.04 ± 0.06) when

compared to the M-(1.19 ± 0.13) and C-fed fish (1.22 ± 0.07).

Plasma metabolites

Plasma metabolites were measured 48h after feeding in juveniles (7-month feeding trial) and

ongrowing fish (13-month feeding trial). Plasma glucose levels were not significantly different

between dietary treatments, in juveniles or in ongrowing fish (Fig 3). Significantly lower

Fig 2. Body weight of rainbow trout during the first (on the left) and the second period (on the right) of the

feeding trial. Data are expressed as mean ± standard deviation. Fish were bulk weighed every 3 weeks during the

whole duration of the feeding trial. �, statistically significant differences between V- vs C- and M-fed fish (one-way

ANOVA, p<0.05).

https://doi.org/10.1371/journal.pone.0190730.g002

Fig 3. Plasma metabolites in juveniles and ongrowing fish (g/L). Data are means ± standard deviation (n = 16

individuals /dietary treatment for juveniles; n = 15 individuals/dietary treatment for ongrowing fish). Differences

between diets were analyzed by one-way ANOVA, followed by Tukey’s test. Values that do not share a common letter

are significantly different (p<0.05), with lower and upper case letters indicating differences between dietary groups

within juveniles and ongrowing fish, respectively.

https://doi.org/10.1371/journal.pone.0190730.g003
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plasma cholesterol levels were found in both juveniles and ongrowing fish fed the plant-based

diets when compared to the M-fed group (Fig 3).

Whole body lipids and FA profile

At the end of the first period of the trial, significantly higher lipid contents (Table 4) were

found in the whole body of juveniles fed the V-diet (+23%), compared to those fed the M- or

the C-diets. No significant differences were recorded in ongrowing fish (15–16% body lipids)

(Table 4).

The whole body fatty acid composition of juveniles and ongrowing fish (Table 4) reflected

that of the respective diets (Table 2). Lower percentages of saturated fatty acids (SAT) were

found in fish fed the plant-based diets (C and V), compared to M-fed fish. Levels of monoun-

saturated fatty acids (MUFA) were higher in fish fed the C- and V-diets compared to those fed

the M-diets. Trout fed the V-diets exhibited the highest levels of n-6 PUFA, mainly due to the

Table 4. Total lipid whole body content (% of fresh weight) and proportions (% of total FA) of the main fatty acids in juveniles and ongrowing fish.

Diets M C V

Mean SD Mean SD Mean SD p-value
Juveniles

Lipids (%) 9.40b 0.38 9.94b 1.52 13.20a 0.88 <0.01
SAT 24.7a 0.4 18.2b 0.5 16.5c 1.1 <0.001
MUFA 34.1c 0.3 42.8a 0.1 39.1b 0.6 <0.001
18:2 n-6 3.5c 0.2 12.6b 0.2 18.7a 0.4 <0.001
20:4 n-6 0.8 0.02 0.5 0.04 0.5 0.05 <0.001
PUFA n-6 4.9c 0.2 14.3b 0.2 22.4a 0.5 <0.001
18:3 n-3 1.0c 0 3.8b 0.1 11.3a 0.3 <0.001
18:4 n-3 1.6b 0.1 1.1b 0.0 5.5a 0.5 <0.001
20:5 n-3 8.3a 0.2 4.2b 0.1 1.0c 0.1 <0.001
22:5 n-3 2.1a 0.8 1.1b 0.1 0.2c 0.0 <0.001
22:6 n-3 14.5a 0.4 9.4b 0.2 2.2c 0.2 <0.001
PUFA n-3 29.1a 0.8 20.7b 0.2 21.1b 1.1 <0.001

Ongrowing

Lipids (%) 15.1 1.1 16.2 0.8 15.2 0.9 ns
SAT 30.7a 0.5 22.5b 0.5 18.0c 0.1 <0.001
MUFA 31.3c 0.7 43.1a 0.3 38.2b 0.3 <0.001
18:2 n-6 3.0c 0.1 11.8b 0.3 19.3a 0.2 <0.001
20:4 n-6 0.7a 0.0 0.4c 0.0 0.5b 0.0 <0.001
PUFA n-6 4.5c 0.1 13.2b 0.3 20.8a 0.2 <0.001
18:3 n-3 0.8c 0.0 3.5b 0.1 13.2a 0.2 <0.001
18:4 n-3 1.5b 0.0 0.8c 0.0 4.0a 0.0 <0.001
20:5 n-3 8.9a 0.4 4.0b 0.1 0.8c 0.0 <0.001
22:5 n-3 2.5a 0.2 1.3b 0.0 0.2c 0.0 <0.001
22:6 n-3 10.4a 0.6 6.5b 0.2 1.9c 0.3 <0.001
PUFA n-3 25.8a 1.2 17.2c 0.3 20.8b 0.3 <0.001

M, marine FM-FO-based diet; C, commercial-like FM-FO & plant-based diet; V, experimental 100% plant-based diet; SAT, saturated fatty acid; MUFA,

monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; ns, not significant. Statistical differences were determined by one-way ANOVA followed by Tukey’s HSD

comparison test. Mean values that do not share a common letter are significantly different (p<0.05). Juveniles: n = 4; ongrowing fish: n = 3.

https://doi.org/10.1371/journal.pone.0190730.t004
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high percentages of 18:2 n-6. The arachidonic acid (ARA, 20:4 n-6) levels were higher in fish

fed the M-diet, compared to those fed the C- and the V-diets. 18:3 n-3 levels were higher in

fish fed diets containing plant ingredients (V>C>M), whereas lower n-3 LC-PUFA percent-

ages (1% EPA and 2% DHA) were found in fish fed the V-diets than in fish fed the C-or M-

diets.

Amounts of EPA and DHA expressed per g fish-1 (Table 5) were lower in body lipids when

plant ingredients were included in the diet (M>C>V). Amounts of EPA + DHA were higher

in ongrowing fish than in juveniles, irrespective of the dietary treatment.

Microarray analysis in juveniles

Intestinal transcriptome. Analysis by one-way ANOVA of the intestinal transcriptome

of juvenile rainbow trout showed that 143 genes were significantly differentially expressed in

response to the dietary treatments. Of these, 45 had an assigned gene annotation (S1 Table).

The GO enrichment analysis (EASE score <0.05) highlighted changes in expression of genes

involved in biological processes (62%), molecular function (25%) and cellular component

(13%) as shown in Fig 4a.

Concerning biological processes (Table 6, Fig 4a), seven genes involved in protein degrada-

tion (16% of annotated genes) were found to be down-regulated in the intestine of fish fed the

plant-based diets, with a more pronounced down-regulation in the C-fed group. The same

down-regulation trend was observed for seven genes involved in carbohydrate metabolism

(16% of annotated genes). The GO enrichment also indicated down-regulation of four genes

involved in the immune response and apoptotic process (8% of annotated genes), as well as

two genes involved in fatty acid catabolism (4% of annotated genes) in fish fed the plant-based

diets, compared to those fed the M-diet. One gene involved in transcription and activation

processes (2% of annotated genes) was up-regulated in fish fed the C-diet, compared to fish

fed the other two experimental diets.

GO analysis of genes from the molecular function and cellular component categories

showed an overall down-regulation in response to the C-diet when compared to M- and V-fed

fish (S1 Table).

Hepatic transcriptome. The one-way ANOVA revealed that 53 genes were differentially

expressed in the liver in response to the dietary treatments. Of these, only 22 had an assigned

gene annotation (S2 Table). The GO enrichment analysis (EASE score<0.05) highlighted

changes in expression of genes involved in biological processes (45%, Fig 4b and Table 7). Of

these, the pathways most affected by the dietary treatments were lipid/cholesterol metabolism

Table 5. Amounts of EPA + DHA (g fish-1) at different developmental stages in response to the experimental diet.

EPA + DHA

Juveniles Ongrowing fish
Diets Mean SD Mean SD

Diet-M 0.20a 0.01 8.9A 1.12

Diet-C 0.08b 0.004 5.4B 0.37

Diet-V 0.01c 0.002 0.9C 0.07

EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; M, marine FM-FO-based diet; C, commercial-like FM-FO

& plant-based diet; V, experimental 100% plant-based diet. Statistical differences were determined by one-way

ANOVA followed by Tukey’s HSD comparison test. Mean values that do not share a common letter are significantly

different (p<0.001), with lower and upper case letters indicating differences between dietary groups within juveniles

and ongrowing fish, respectively. Juveniles: n = 4; ongrowing fish: n = 3.

https://doi.org/10.1371/journal.pone.0190730.t005

Response of rainbow trout to long-term feeding plant-based diets

PLOS ONE | https://doi.org/10.1371/journal.pone.0190730 January 24, 2018 12 / 25

https://doi.org/10.1371/journal.pone.0190730.t005
https://doi.org/10.1371/journal.pone.0190730


(4 genes, 18% of annotated genes), energy pathways (4 genes, 18% of annotated genes) and

electron transport (2 genes, 9% of annotated genes). Among the genes related to lipid metabo-

lism, we observed up-regulation of those involved in LC-PUFA bioconversion and cholesterol

biosynthesis with the V-diet compared to the other treatment groups. Genes involved in

energy pathways were also up-regulated in fish fed the V-diet as well as the two genes involved

in electron transport. Differential regulation in response to the diet was observed for genes

belonging to the GO molecular function category (46% of enriched genes, Fig 4b) with, nota-

bly, global up-regulation of genes involved in macromolecule biosynthesis with the V-diet

compared to the other two experimental groups (V>M>C; S2 Table). Diet also affected the

expression of two genes belonging to the GO cellular components category (9% of enriched

genes, Fig 4b and S2 Table).

RT-qPCR

The intestinal and hepatic expression of genes tested by RT-qPCR is shown in Figs 5 and 6,

respectively.

Intestinal gene expression. The expression of selected genes was measured by RT-qPCR

in order to validate microarray results in juveniles. A good match between RT-qPCR and

microarray results was found for most of the genes tested (Cathepsin-S, CTSS; 6-Phospho-

fructo-2-Kinase/Fructose-2,6-Biphosphatase 3, PFKFB3; Fatty Acid Amide Hydrolase, FAAH;
Fatty Acid Elongase 5, Elovl5).

For genes involved in protein metabolism, higher levels of expression of CTSZwere found

in ongrowing fish fed the plant-based diets (p-value<0.05) compared to those fed the M-diet,

Fig 4. a-b. Intestinal (a) and hepatic (b) transcriptome: proportions of different GO-categories represented by

differentially expressed genes obtained by a one-way ANOVA (factor: diet, FDR 0.05).

https://doi.org/10.1371/journal.pone.0190730.g004
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while there was no significant difference between dietary groups in juveniles. In terms of car-

bohydrate metabolism, PFKFB3 was down-regulated in juveniles with the inclusion of plant

ingredients in the diet (M�C�V), while up-regulation was observed in C- and V-fed ongrow-

ing fish. For immune response, CTSSwas down-regulated in fish fed the V-diet compared to

those fed the C-diet at the end of the first period of the feeding trial (V<C). Different diet-

induced effects were observed in ongrowing fish, with the CTSS expression level enhanced in

both C- and V-fed fish compared to those fed the M-diet (V = C>M). With regards to fatty

acid catabolism in juveniles, we observed significantly lower expression of FAAH in the C-fed

group compared to the M-fed group and intermediate levels for the V-fed fish. Enhanced

Table 6. Impact of dietary treatments on the intestinal transcriptome of juveniles related to the expression of genes involved in GO biological processes.

Fold Change (FC) Significance
p-valueProbe Name Gene Symbol Description C vs M V vs M V vs C

Protein catabolism
TC99247 CTSH cathepsin H - 5.1 - 2.6 + 2.0 0.035
CUST_68_PI425708691 CTSL2 cathepsin L2 - 11.1 - 4.0 + 2.8 0.041
CUST_24029_PI425536763 CTSZ cathepsin Z - 5.7 - 2.9 + 2.0 0.013
TC106655 DPP7 dipeptidyl-peptidase 7 - 2.2 - 2.1 + 1.0 0.036
CUST_20321_PI425536763 FOLH1 folate hydrolase - 3.9 - 1.8 + 2.2 0.041
TC110997 LGMN Legumain - 9.0 - 4.5 + 2.0 0.041
CUST_25677_PI425536763 ENPEP glutamyl aminopeptidase (aminopeptidase A) - 13.8 - 1.9 + 7.2 0.041
Carbohydrate metabolism
CUST_21158_PI425536763 MAN2B1 mannosidase, alpha, class 2B, member 1 - 7.1 - 5.4 + 1.3 0.012
CUST_17398_PI425536763 FUCA1 fucosidase, alpha-L- 1, tissue - 4.4 - 2.8 + 1.5 0.035
CUST_12758_PI425536763 FUCA2 fucosidase, alpha-L- 2, plasma - 8.3 - 3.8 + 2.2 0.025
TC114862 GLB1 galactosidase, beta 1 - 11.4 - 3.5 + 3.3 0.016
TC104967 NAGA N-acetyl galactosaminidase, alpha - 11.2 - 3.8 + 3.0 0.042
TC108468 NEU1 neuraminidase 1 - 25.8 - 7.2 + 3.6 0.025
TC123951 PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 - 2.8 - 3.0 + 1.1 0.042
Immune response/apoptotic process
CUST_8157_PI425536763 CTSS cathepsin S - 11.0 - 3.8 + 2.9 0.041
CUST_14242_PI425536763 MPO Myeloperoxidase -1.5 - 4.9 - 3.3 0.035
CUST_7188_PI425536763 BAD BCL2-associated agonist of cell death - 2.3 - 1.3 + 1.8 0.045
TC104795 MAP3K7 mitogen-activated protein kinase kinase kinase 7 - 1.1 - 1.5 + 1.6 0.049
Fatty acid catabolism
TC94736 CPT1A carnitine palmitoyltransferase 1A (liver) +1.4 +1.0 -1.4 0.045
TC121737 FAAH fatty acid amide hydrolase -18.6 -3.0 +6.2 0.041
Transcription and activation
TC125816 PQBP1 polyglutamine binding protein 1 +1.3 -1.1 -1.4 0.042
Miscellaneous
CUST_17716_PI425536763 MXD4 max dimerization protein 4 -1.7 -1.6 +1.1 0.025
CUST_1243_PI425536763 POLR2F polymerase (RNA) II (DNA directed) polypeptide F 1.4 -1.1 -1.5 0.039
TC118891 PRPSAP2 phosphoribosyl pyrophosphate synthetase-associated protein 2 +1.4 -1.0 -1.4 0.025
CUST_9923_PI425536763 TTC4 tetratricopeptide repeat domain 4 +1.8 +1.5 -1.2 0.039
CUST_6882_PI425536763 RENBP renin binding protein -4.4 -2.5 +1.8 0.036
TC95545 ASAH1 N-acylsphingosine amidohydrolase 1 -2.6 -1.9 +1.4 0.041
CUST_15445_PI425536763 ASH2L ash2 (absent, small, or homeotic)-like -2.2 -1.7 +1.3 0.049

Genes tested by RT-q PCR are in bold.

https://doi.org/10.1371/journal.pone.0190730.t006
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expression of FAAH was observed in ongrowing fish fed the plant-based diets, compared to

those fed the M-diet. No statistically significant differences were observed between groups in

the expression levels of Elovl5, for juveniles and ongrowing fish. For Elovl2, we observed the

highest levels of expression in V-fed fish, while the lowest levels were observed for the C-fed

group. Up-regulation of Elovl2 was found in both C- and V-fed groups of ongrowing fish com-

pared to fish fed the M-diet. Up-regulation of Δ6-desaturase was observed in V-fed juveniles

and in both C-and V-fed ongrowing fish compared to fish fed the M-diet.

Hepatic gene expression. The RT-qPCR performed on the livers of juveniles confirmed

the microarray results for genes involved in fatty acid bioconversion (Elovl2) and cholesterol

biosynthesis (lanosterol 14-alpha demethylase, CYP51A1; 7-dehydrocholesterol reductase,

DHCR7). Among the genes involved in fatty acid bioconversion, Elovl2 and Δ6-desaturase
were found to be up-regulated in V-fed juveniles and ongrowing fish when compared to the

other experimental groups. No statistically significant diet-induced effect was observed in the

expression levels of Elovl5 for both juvenile and ongrowing fish. Up-regulation of CYP51A1,

DHCR7 and HMGCR (3-hydroxy-3-methyl-glutaryl-CoA reductase) was found in juveniles

fed the V-diet compared to the C- and M-fed fish, and the same expression pattern was

observed in ongrowing fish (V>C = M).

In contrast to the results observed with the microarray approach, no statistically significant

differences were observed for genes involved in energy pathways (Malate Dehydrogenase

2-NAD, MDH2) and electron transport (Cytochrome C Oxidase Subunit Vb, COX5B; Cyto-

chrome C Oxidase Subunit VIIa Polypeptide 2 Like, COX7A2L) in juveniles or in ongrowing

fish.

Discussion

In the context of sustainable aquaculture, replacing FM and FO with less expensive alternatives

and more readily available products such as vegetable sources in farmed fish feeds is becoming

common practice [4]. Such dietary replacement is known to affect the metabolic response of

Table 7. Impact of dietary treatments on the hepatic transcriptome of juveniles related to the expression of genes involved in GO biological processes.

Fold Change (FC) Significance
p-valueProbe name Gene Symbol Description C vs M V vs M V vs C

Lipids/Cholesterol Metabolism
CUST_14393_PI425536763 Elovl2 polyunsaturated fatty acid elongase + 1.4 + 2.6 + 1.8 0.049
TC130473 CYP51A1 cytochrome P450, family 51, subfamily A, polypeptide 1 + 2.3 + 4.1 + 1.8 0.046
TC130143 DHCR7 7-dehydrocholesterol reductase + 2.3 + 3.8 + 1.6 0.049
CUST_9914_PI425536763 TM7SF2 transmembrane 7 superfamily member 2 + 2.6 + 5.7 + 1.8 0.030
Energy pathways
CUST_21841_PI425536763 ATP5B ATP synthase, H+ transporting mitochondrial F1 complex, beta subunit - 1.0 + 1.5 + 1.5 0.030
CUST_20841_PI425536763 ATP5C1 ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide

1

+1.1 + 1.4 + 1.3 0.040

CUST_11055_PI425536763 MDH2 malate dehydrogenase 2, NAD (mitochondrial) +1.0 + 1.7 + 1.7 0.030
TC114386 UQCRC1 ubiquinol-cytochrome c reductase core protein I -1.0 + 1.7 + 1.7 0.030
Electron Transport
TC105004 COX5B cytochrome c oxidase subunit Vb -1.2 +1.4 + 1.6 0.038
TC99046 COX7A2L cytochrome c oxidase subunit VIIa polypeptide 2 like -1.2 +1.5 + 1.9 0.027

Genes tested by RT-q PCR are in bold.

https://doi.org/10.1371/journal.pone.0190730.t007
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fish at different levels, including gene expression. However, the long-term effects of plant-

based diets still remain poorly documented.

The primary objective of this study was to establish the long-term effects (7 and 13 months)

of feeding rainbow trout a diet that substituted FM and FO with increased levels of plant ingre-

dients, and to document the persistence of these changes over time. To assess these effects at

the molecular level, we used a microarray approach combined with RT-qPCR analysis on

selected genes.

The relatively low number of genes found to be differentially expressed in intestine and

liver of juveniles in response to our experimental diets, in addition to the relatively low overall

fold changes (FC) obtained, suggested that diet-induced modifications were minimal. In the

following discussion, we focus on the main processes highlighted by the enrichment analysis,

particularly with respect to genes involved in metabolism-related biological processes.

Fig 5. Intestinal gene expression in juveniles and ongrowing fish (RT-qPCR). Data are mean ± S.D. (n = 6

individuals/treatment). Differences between diets were analyzed by one-way ANOVA, followed by Tukey’s test. Values

that do not share a common letter are significantly different (p<0.05), with lower and upper case letters indicating

differences between dietary groups within juveniles and ongrowing fish, respectively.

https://doi.org/10.1371/journal.pone.0190730.g005
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Plant-based diets: Effects on growth and survival

Fish survival was affected by the V-diet only during the first twelve weeks after the first feeding.

This result can reflect the fact that the early developmental stages for fish are critical, as they

undergo important morphological and physiological changes during this time [34]. At the end

of this first rearing period (7-month feeding at 7˚C), no significant difference in body weight

was observed between groups and these results are in accordance with a previous study which

demonstrated the remarkable ability of rainbow trout to survive and grow on a totally plant-

based diet, completely devoid of marine ingredients [35]. Nevertheless, at the end of the fol-

lowing six months of feeding at 17˚C, we observed differences in growth, with fish fed the V-

diet displaying the lowest body weight. Low rearing water temperature is known to depress

growth in salmonids, whereas at elevated water temperatures growth performance tends to be

Fig 6. Hepatic gene expression in juveniles and ongrowing fish (RT-qPCR). Data are mean ± S.D. (n = 6

individuals/treatment). Differences between diets were analyzed by one-way ANOVA, followed by Tukey’s test. Values

that do not share a common letter are significantly different (p<0.05), with lower and upper case letters indicating

differences between dietary groups within juveniles and ongrowing fish, respectively.

https://doi.org/10.1371/journal.pone.0190730.g006
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enhanced [36,37]. In the present study, the absence of differences at the end of the 7˚C-feeding

period is most likely linked to the low water temperature. Indeed, when M- and C-fed fish

were reared at 17˚C and could reach their optimum growth performance, a negative effect of

the totally plant-based diet became visible. This result supports findings from previous studies

which showed lower growth performance in fish fed diets containing different levels of plant

ingredients, mainly linked to reduction in feed intake and/or feed efficiency [5,6,9,38,39]. In

our study, lower values for feed efficiency were observed in ongrowing fish fed the V-diet,

compared to the M- and C-fed fish. Although not statistically significant, this decrease in FE

could explain the lower body weights of V-fed fish observed at the end of the second rearing

period.

Gene expression changes in the intestine

The intestine plays a key role in the digestion and absorption of nutrients and is very sensitive

to dietary changes as shown by the modifications induced in intermediary metabolism, apo-

ptosis and immune function in response to the inclusion of plant ingredients in aquafeeds

[13,16]. Our transcriptomic analysis of the intestines of juveniles revealed a differential regula-

tion of a certain number of cathepsins involved in protein catabolism (i.e. CTSZ,CTSH) and

apoptotic processes/immunology (i.e. CTSS). Cathepsins are lysosomal cysteine proteases,

which have important metabolic roles in the maintenance of cellular homeostasis in organisms

[40,41,42]. In a previous study where Atlantic salmon were fed a diet where FM was replaced

by plant ingredients, the authors found up-regulation of CTSZ and other cathepsins [13].

These results were associated with a high protein turnover because, in addition to the up-regu-

lation of cathepsins involved in protein degradation, the authors also found a simultaneous

increase in the expression of genes involved in protein synthesis [13]. These findings are in

contrast to what we observed in juveniles fed the V-diet, but are in complete agreement with

the enhanced expression of CTSZwe found in ongrowing rainbow trout fed the C- and V-

diets, compared to M-fed group. This supports the hypothesis of a high turnover in the intes-

tines of fish fed plant-based diets. Cathepsins contribute also to the presentation of endosomal

antigens [43]. Among these, cathepsin-S (CTSS), a lysosomal cysteine endopeptidase belonging

to the papaine family, regulates immunity, antigen presentation and processing in fish [44,45].

In the present study, CTSSwas down-regulated in the intestine of V-fed juveniles, compared

to the M-fed group, while an opposite effect was observed in ongrowing fish suggesting that

plant ingredients affect the immune response in rainbow trout, as previously demonstrated in

Atlantic salmon and gilthead sea bream [46,47].

The pathway for fatty acid catabolism was also highly affected by dietary replacement as

shown by changes in FAAH expression. FAAH is a membrane-associated protein that is local-

ized in internal membranes, such as the endoplasmic reticulum, in which it is active. In a study

on mammals, FAAH was shown to be involved in the regulation of intestinal motility, playing

a role in the physiological balance of the intestine [48]. In our study, the up-regulation of

FAAH observed in ongrowing fish fed the C- and V-diets suggest an increase in intestinal

motility when trout are fed plant-based diets over a long term period at a relatively high water

temperature. These results indicated an impairment of the intestinal physiological balance and

are in accordance with the alterations in nutrient absorption and digestion previously observed

in salmonids fed plant-based diets [10,49]. However, further investigations are needed to

improve our understanding of the biological and physiological roles of FAAH in the intestine

of fish.

The introduction of plant ingredients in the diet also affects the metabolism of carbohy-

drates and in this study we observed an overall down-regulation of several genes encoding
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enzymes related to sugar digestion, such as fucosidase isoforms and mannosidase. These

results are in accordance with the down-regulation of genes involved in sugar degradation

observed in Atlantic salmon in response to dietary inclusion of plant ingredients [10]. Previous

studies in fish have consistently demonstrated an effect of dietary plant ingredients on the

hepatic expression of genes involved in glycolysis, the major route of glucose catabolism

[6,50]. PFKFB3 is a powerful activator of 6-phosphofructo-1-kinase, the rate-limiting enzyme

of glycolysis [51]. In our study, the down-regulation of PFKFB3 in C- and V-fed groups may

have been linked to the lower levels of dietary starch in the C- and V-diets (11.5 and 8% DM

respectively), compared to that of the M-diet (20.5% DM). Interestingly, we observed a differ-

ent expression profile for this gene in ongrowing fish, with enhanced expression of PFKFB3 in

C- and V-fed fish. These results may suggest either an adaptation of rainbow trout to plant-

based diets during the feeding trial, or a temperature effect, reflecting a greater capacity to uti-

lize starch at higher water temperatures as previously shown in this species [52] and also in sea

bream [53].

Gene expression changes in the liver

The liver is arguably the most important metabolically active tissue that responds to circulating

dietary nutrients absorbed through the intestine. Concerning sterol metabolism, the up-regula-

tion of CYP51A1 and DHCR7, in fish fed the V-diet is in agreement with previous studies

which showed higher expression levels of genes involved in cholesterol biosynthesis in Atlantic

salmon [8] and rainbow trout [6] fed plant-based diets. In addition, the expression of HMGCR,

a rate-limiting step in sterol biosynthesis, was significantly increased with the V-diet in juve-

niles and ongrowing trout, confirming our previous findings [29]. The absence of dietary cho-

lesterol input in fish fed the V-diet might explain the up-regulation observed in the cholesterol

biosynthetic pathway. Indeed, cholesterol is present in FM and FO, while plant ingredients,

such as vegetable oils, are rich in phytosterols [49,54], which can interfere with cholesterol

metabolism. The significant hypocholesterolemic effect observed in the present study is in line

with the results of previous studies with different dietary replacement levels of FM [55,56] or

FO [57] in several fish species. Together, the molecular and physiological results of the present

study suggest that rainbow trout copes with the absence of dietary cholesterol supply by

increasing the expression of genes involved in the cholesterol biosynthesis irrespective of the

developmental stage or rearing conditions.

The introduction of plant ingredients in the diets for juveniles enhanced expression of genes

involved in energy pathways such as oxidative phosphorylation (ATP5B and ATP5C1) and a

key mitochondrial component of the Krebs cycle (MDH2). These results are in contrast to

those reported in the livers of trout fed vegetable oils [14]. However, for MDH2 RT-qPCR vali-

dation failed to confirm this expression pattern. Similarly, the differences in the expression of

two genes involved in electron transport (COX5B and COX7A2L) found in the microarray anal-

ysis (p = 0.038 and p = 0.027, respectively), were not confirmed by RT-qPCR in either juveniles

or ongrowing fish. For all three genes, the FC detected by microarray analysis was relatively

small (FC<2). The FC is known to be one of the factors contributing to the variation in results

obtained by microarray versus qPCR. Generally speaking, lower correlations were reported for

genes exhibiting FC lower than 2. For example, Morey et al. [58] reported a 1.4 FC as the cutoff

below which microarray and qPCR data begin to lose correlation. The lack of differences in

gene expression between groups we observed by RT-qPCR analysis may therefore be related to

the small FC we recorded. Moreover, a total match between the microarray and the RT-qPCR

results should not be expected due to limitations associated with RT-qPCR primers, which do

not always exactly match the probe on the array, as previously observed in a study on Atlantic
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salmon liver [59]. Due to the genome duplication (4G) that occurred in salmonids [60], tran-

scriptomic and gene expression studies are often more challenging than in other species due to

the presence of duplicated and highly similar genes whose transcripts might be differentially

regulated. The transcriptional effects observed in response to the dietary introduction of plant

ingredients are therefore sometimes difficult to confirm when they are weak.

Gene expression changes in both intestine and liver

Liver and intestine are known to be important actors in FA bioconversion in fish. Previous

studies investigating the gene expression response of fish after dietary replacement of FO by

vegetable oils have shown that, irrespective of the fish species and the oil used, LC-PUFA syn-

thesis pathway is stimulated in these tissues [8,16,30,59,61]. In accordance with these results

we observed in our study an up-regulation of polyunsaturated fatty acid elongase-2 (Elovl2) in

the intestines and livers of juveniles and ongrowing fish fed the V-diet. In order to corroborate

our results, we also investigated the expression of two other genes (Δ6-desaturase and Elovl5)

that have key roles in fatty acid bioconversion [62,63]. The up-regulation of Δ6-desaturase we

found in intestine and liver of V-fed fish support the results of several studies in different fish

species [64]. Moreover, they are consistent with the increased activity of the LC-PUFA path-

way observed in rainbow trout hepatocytes and enterocytes in response to vegetable oils-based

diets [64,65]. In addition, the increase in the quantities of EPA+DHA (g fish-1) we found from

juveniles to ongrowing V-fed fish provides further evidence that rainbow trout have the capac-

ity to synthesize LC-PUFA from dietary precursors. Indeed, with the V-diet, EPA and DHA

intake was zero right from the first feeding and therefore all the EPA and DHA recovered in

body lipids come from neo-synthesis.

On the other hand, intestinal and hepatic expression of Elovl5 did not significantly change

in response to diet for juveniles or for ongrowing fish. These results are somewhat surprising,

given the importance of this enzyme in LC-PUFA biosynthesis [66]. Still, it is known that both

Elovl5 and Elovl2 have roles in the elongation of C18 into longer C-chains and that Elovl5 does

not have the capacity to elongate beyond C22 [67]. Given the crucial importance of DHA in

fish, it can be hypothesized that the higher expression of Elovl2 in fish fed the V-diet is linked

to a preference given to the biosynthesis of DHA, rather than to EPA. Moreover, it has been

shown that EPA can also represent a substrate for DHA production [68]. This increased bio-

synthesis of DHA is confirmed by the higher percentages of DHA (2% of total FA) we found

in whole body juveniles and ongrowing fish, compared to EPA (1% of total FA). However, as

previously demonstrated [69], the enhancement of LC-PUFA biosynthesis was not enough to

compensate for the lack of provision of dietary n-3 LC-PUFAs. This was reflected in the whole

body FA profile, which mirrored the composition of the different diets. Consequently, lower

proportions of EPA and DHA were found in body lipids of juveniles and ongrowing fish fed

the V-diet compared to those fed the other two diets.

Conclusions

This study shows a slight effect of a totally plant-based diet on metabolism of rainbow trout

fed such a diet from first feeding onwards. This result is supported by the relatively low pro-

portion of differentially expressed metabolism-related genes in the intestine and liver tran-

scriptomes of juveniles. The present work largely confirms the results of previous studies

performed over a shorter feeding period, especially with regards to changes in the expression

of genes involved in the bioconversion of cholesterol and fatty acids. Our study shows that die-

tary-induced molecular and biochemical changes in lipid metabolism were maintained in the

long term. In contrast, for several genes involved in protein catabolism, immunity and fatty
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acid catabolism we observed a differential regulation that could be related to the different

developmental stages and/or to the differences in rearing temperature. We also characterize

new molecular actors affected by the nutritional stress induced in the fish intestine by intro-

ducing plant ingredients in diets for rainbow trout, especially for genes involved in intestinal

motility. Our results provide a framework for the development of new plant-based feeds to fur-

ther reduce the reliance of aquaculture on marine fishery resources.
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