
HAL Id: hal-03959464
https://hal.inrae.fr/hal-03959464

Submitted on 27 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Molecular programming of the hepatic lipid metabolism
via a parental high carbohydrate and low protein diet in

rainbow trout
Therese Callet, Hongyan Li, Cécile Heraud, Laurence Larroquet, Anthony

Lanuque, Franck Sandres, Frédéric Terrier, Anne Surget, Geneviève Corraze,
Stéphane Panserat, et al.

To cite this version:
Therese Callet, Hongyan Li, Cécile Heraud, Laurence Larroquet, Anthony Lanuque, et al.. Molecular
programming of the hepatic lipid metabolism via a parental high carbohydrate and low protein diet
in rainbow trout. Animal, 2022, 16 (12), pp.100670. �10.1016/j.animal.2022.100670�. �hal-03959464�

https://hal.inrae.fr/hal-03959464
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Animal 16 (2022) 100670
Contents lists available at ScienceDirect

Animal

The international journal of animal biosciences
Molecular programming of the hepatic lipid metabolism via a parental
high carbohydrate and low protein diet in rainbow trout
https://doi.org/10.1016/j.animal.2022.100670
1751-7311/� 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: lucie.marandel@inrae.fr (L. Marandel).

1 These authors contributed equally to this work.
Thérèse Callet a,1, Hongyan Li a,b,c,1, Cécile Heraud a, Laurence Larroquet a, Anthony Lanuque a,
Franck Sandres a, Frédéric Terrier a, Anne Surget a, Geneviève Corraze a, Stéphane Panserat a,
Lucie Marandel a,⇑
a INRAE, Université de Pau et des Pays de l’Adour, E2S UPPA, UMR 1419, Nutrition, Métabolisme, Aquaculture, Saint-Pée-sur-Nivelle, France
b State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China
cKey Laboratory of Tropical and Subtropical Fishery Resource Application and Cultivation, Pearl River Fisheries Research Institute, Chinese Academy of Fishery Sciences,
Guangzhou, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 30 June 2022
Revised 11 October 2022
Accepted 13 October 2022
Available online 20 October 2022

Keywords:
Cholesterol Metabolism
Global DNA Methylation
Long-Chain Polyunsaturated Fatty Acids
Progeny
It is now recognised that parental diets could alter their offspring metabolism, concept known as nutri-
tional programming. For agronomic purposes, it has been previously proposed that programming could
be employed as a strategy to prepare individual for future nutritional challenges. Concerning cultured fish
that belong to high trophic level, plant-derived carbohydrates are a possible substitute for the traditional
protein-rich fishmeal in broodstock diet, lowering thus the dietary protein-to-carbohydrate ratio (HC/LP
nutrition). However, in mammals, numerous studies have previously demonstrated that parental HC/LP
nutrition negatively affects their offspring in the long term. Therefore, the question of possible adaptation
to plant-based diets, via parental nutrition, should be explored. First, the maternal HC/LP nutrition
induced a global DNA hypomethylation in the liver of their offspring. Interestingly at the gene expression
level, the effects brought by the maternal and paternal HC/LP nutrition cumulated in the liver, as indi-
cated by the altered transcriptome. The paternal HC/LP nutrition significantly enhanced cholesterol syn-
thesis at the transcriptomic level. Furthermore, hepatic genes involved in long-chain polyunsaturated
fatty acids were significantly increased by the parental HC/LP nutrition, affecting thus both hepatic
and muscle fatty acid profiles. Overall, the present study demonstrated that lipid metabolism could be
modulated via a parental nutrition in rainbow trout, and that such modulations have consequences on
their progeny phenotypes.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

It is now recognised that parental nutrition could highly affect
offspring metabolism in the long term. In farmed animals, modula-
tion of parental diets has been proposed as a potential strategy to
adapt the metabolism of their progeny and improve their growth.
However, the underlying mechanisms are not yet fully understood
and the effects of parental nutrition on progeny metabolism could
also be unexpected. To question the possible adaptation of progeny
metabolism through broodstock nutrition in aquaculture, the pre-
sent study has investigated the modulation of progeny metabolism
induced by a broodstock plant-derived carbohydrate nutrition in
teleost fish rainbow trout.
Introduction

Dietary stimuli exert at a critical developmental stage may lead
to long-lasting consequences in the morphology, physiology and
metabolism of an individual (Guo et al., 2020), in a gender-specific
manner (Tarrade et al., 2015). This concept is known as nutritional
programming. It has been previously hypothesised that such early
nutritional stimulus could be adaptive, i.e. prepare an individual to
face later nutritional challenges that would match the earlier one
(Gluckman et al., 2016). Following this hypothesis, programming
has been suggested as a potential strategy to modulate metabolic
pathways of agronomical interests, and this is particularly true
for cultured fish species (Hou and Fuiman, 2020).
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In an effort to promote a sustainable expansion of the aquacul-
ture sector, formulations of aquafeed of cultured species have to
evolve rapidly to reduce the use of fishmeal and fish oil (Hua
et al., 2019). Aquafeed formulations have therefore been highly
diversified over the years and new ingredients, less suitable than
the traditional marine-derived ingredients, have to be incorporated
(Jobling, 2012). Thus, several studies have tested to incorporate
novel ingredients in broodstock diet in order to increase their off-
spring ability to use them, in sea bream (Izquierdo et al., 2015;
Turkmen et al., 2017), and in zebrafish (Adam et al., 2018;
Molinari et al., 2020). Nowadays, terrestrial plant ingredients are
the most commonly used ingredients to replace fishmeal and fish
oil for cultured species that belong to high trophic level such as sal-
monids (Tacon and Metian, 2008) but the use of complete plant-
based diet is not yet feasible without negatively impairing growth
performances (Callet et al., 2017).

Nevertheless, the use of programming (via broodstock nutri-
tion) as a strategy to increase the proportion of terrestrial plant
ingredients in salmonids aquafeed should however be carefully
evaluated, and for two main reasons. First, it is not always possible
to match the nutritional challenges that fish will face during their
lifespan with the early nutritional stimulus received because
broodstock and juveniles do not have the same nutritional require-
ments (Jobling, 2012). Second, mechanisms underlying the effects
of nutritional programming are not yet fully understood and stim-
ulus applied during phases with high plasticity could have unex-
pected effects. In mammals, numerous studies have previously
demonstrated that parental nutrition reshapes their offspring epi-
genetic landscape and alters their metabolism (Guo et al., 2020).

The aim of this study was to investigate the effects of program-
ming via broodstock nutrition on the ability of their offspring to
grow with plant-based diets. To do so, offspring born from brood-
stock fed either a control diet formulated with the traditional
protein-rich fishmeal (no carbohydrate diet, ‘‘NC”) or a diet formu-
lated with plant-derived carbohydrates, which is thus a high carbo-
hydrate and low protein diet (namely ‘‘HC/LP” diet) (Callet et al.,
2020), were challenged during 3 months with a complete plant-
based diet, at the juvenile stage. The effects triggered by the paren-
tal nutrition are explored at both the phenotypical (zootechnical
parameters) and at the molecular levels (global DNA methylation
and transcriptomic approach) with a focus on liver as it is the
key organ of intermediary metabolism.
Material and methods

Experimental design

To assess the effects of programming via parental nutrition in
fish, juveniles rainbow trout (Oncorhynchus mykiss) produced from
broodstock with different nutritional histories were challenged
during a 3-month nutritional trial. Briefly, two-year-old female
and male rainbow trout were fed either a control diet formulated
with fishmeal (0% carbohydrate and 63.89% protein, namely ‘‘no
carbohydrate diet”, ‘‘NC”) or a diet formulated with plant-derived
carbohydrates (35.30% carbohydrate and 42.96% protein, namely
‘‘high carbohydrate – low protein” diet, ‘‘HC/LP”). Concerning
female broodstock, the feeding trial lasted from the resumption
of feeding after their first spawning (December) to the next spawn-
ing period in November. Concerning male broodstock, the feeding
trial lasted from December to April, as a high mortality induced by
a Saprolegnia infection in males fed the HC/LP diet occurred in
April. From April to the next spawning period (November), all
the males were fed the NC diet (Fig. 1 and see Callet et al.,
(2020)). At spawning, ova produced by female broodstock of simi-
lar body mass from the NC and HC/LP condition were fertilised
2

with sperms from the NC and HC/LP males. Thus, four groups of
offspring were obtained, including the NN (females NC �males
NC), NH (females NC �males HC/LP), HN (females HC/LP �males
NC), and HH (females HC/LP �males HC/LP) conditions. Since the
first feeding (January), the offspring were fed with the commercial
diet for seven months (Callet et al., 2021a). Then, 360 healthy off-
spring juveniles (initial BW: NN 82.89 ± 4.22 g, NH 92.22 ± 1.56 g,
HN 86.22 ± 2.35 g, and HH 85.78 ± 1.60 g) were randomly selected
and equally distributed into 12 tanks and fed with a complete
plant-based diet for 12 weeks. Tanks were randomly distributed
in the experimental facilities and named without any indication
of the offspring’s condition. This diet was formulated with terres-
trial plant products only and was devoid of marine ingredients
(Table 1). It was produced in the INRAE facility (Donzacq, France)
as extruded pellets (BC45 BisVis Clextral�, France). The feeding
trial was conducted from mid-July to mid-October, in a flow-
through rearing system supplied with natural spring water at
17 ± 1 �C. Fish were fed three times per day to apparent satiation.
The refused feed was removed from each tank, dried and weighed
in order to carefully track the quantities of consumed feed for each
tank.

Sampling

Six hours after the last feeding, fish were anaesthetised with
benzocaine (30 mg/l) and killed in a benzocaine bath at 60 mg/l.
Before the beginning of the feeding trial (mid-July), six fish per
condition were sampled, weighted, and stored at �20 �C for bio-
chemical composition analysis. At the end of trial (mid-October),
nine fish per condition (n = three fish per tank) were randomly
sampled for biochemical composition analysis and nine additional
fish (n = three fish per tank) were randomly sampled for further
analyses. For the latter, fish were lengthwise measured and
weighted. The digestive tract along with perivisceral tissues and
the liver were removed and weighted in order to estimate the vis-
cerosomatic index (VSI) and the hepatosomatic index (HSI) as fol-
lows: VSI (%) = 100 � viscera weight/Final BW and HSI (%)
= 100 � liver weight/Final BW. The blood was removed from the
caudal vein via heparinised syringes and centrifuged at 3 000g
for 5 min (n = 9). Plasma was then recovered and stored at
�20 �C until further analysis. The liver, the muscle and the diges-
tive tract with the perivisceral tissues (for biochemical composi-
tion only) were removed on ice, immediately frozen in liquid
nitrogen and stored at �80 �C. Zootechnical parameters were cal-
culated as follows: Weight gain (WG,%) = 100 * (Final BW – Initial
BW)/Initial BW; Feeding rate (FR, %BW/d) = 100 � dry feed
intake/(days � (Initial BW + Final BW)/2); Feed efficiency (FE, %)
= (100 � fresh BW gain) /dry feed intake; Protein retention effi-
ciency (PRE, %) = (100 � body retained protein)/protein intake;
Lipid retention efficiency (LRE, %) = (100 � body retained lipid)/
lipid intake.

Chemical composition

Proximate compositions of the feeds, whole body fish, liver,
muscle, and digestive tract with perivisceral tissues were analysed
as follows (n = 9 per condition): DM was determined by oven dry-
ing to constant weight at 105 �C; ash was determined via combus-
tion in a muffle furnace at 600 �C to a constant weight; CP
(N � 6.25) was determined by the Kjeldahl method after acid
digestion. Crude lipid in the diet and whole body were determined
by petroleum ether extraction (Soxthern method), while the total
lipid content in the liver and the muscle were determined using
dichloromethane/methanol (2:1, v/v), according to Folch et al.
(1957). Determination of the hepatic glycogen and glucose content
were performed from lyophilised liver. Glycogen content was



Fig. 1. Experimental design. Female and male rainbow trout broodstock were fed with either the NC diet (no carbohydrates) or the HC/LP (high carbohydrates/low protein)
diet. Cross-fertilisations were carried out to obtain four groups of offspring: NN, NH, HN and HH. Offspring were then fed with a commercial diet (blue arrows) until July. To
assess the effect of the parental HC/LP nutrition, offspring were then challenged during three months with a complete plant-based diet (green arrows). Abbreviations: HC: high
carbohydrate; LP: low protein, NN: offspring born from broodstock fed the control diet (No Carbohydrate); NH: offspring born from broodstock females fed the control diet and
broodstock males fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition); HN: offspring born from broodstock females fed the diet
formulated with plant-derived carbohydrates ((high carbohydrate and low protein nutrition) and broodstock males fed the control diet; HH: offspring born from broodstock fed the
diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition).

Table 1
Formulation and chemical composition of the experimental diet (rainbow trout).

Components Values

Ingredients (%)
Pregelatinised starch 17.9
Dicalcium Phosphate 2.1
Choline chloride 60% 0.3
Fava bean protein concentrate 5
Peas protein concentrate
Wheat gluten 11
Corn gluten 15
Mix of vegetable oils (rapeseed, linseed, palm) 14
Soy-lecithine 1
L-lysine 0.7
L-methionine 0.5
Premix, INRAe1 3.8
Roasted guar meal 4
Soybean meal 7

Proximate composition
DM (% diet) 97.59
CP (% DM) 45.37
Crude lipid (% DM) 17.71
Gross energy (kJ/g DM) 24.38
Ash (% DM) 5.94
Carbohydrates (% DM) 17.79

1 Mineral premix (g or mg/kg diet): calcium carbonate (40% Ca), 2.15 g; magne-
sium 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 (INRAe); Vitamin pre
mix (IU or mg/kg diet): DL-a tocopherol acetate, 60 IU; sodium menadione bisul-
phate, 5 mg; retinyl acetate, 15 000 IU; DL-cholecalciferol, 3.000 IU; thiamin,
15 mg; riboflavin, 30 mg; pyridoxine, 15 mg; B12, 0.05 mg; nicotinic acid, 175 mg;
folic acid, 500 mg; inositol, 1 000 mg; biotin, 2.5 mg; calcium pantothenate, 50 mg;
choline chloride, 2 000 mg (INRAe).
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determined following the hydrolysis method described by Good
et al. (1933). Samples were ground in HCl (1 mol/l), and aliquots
were made for two separate parts (n = 9 per condition). As previ-
3

ously explained by Lazzarotto et al (2015), for the free glucose
measurement, one of the aliquot samples was detected using the
AmpliteTM Fluorimetric Glucose Quantitation Kit (AAT Bioquest�,
Inc., USA) after centrifuged at 10 000g for 10 min. For the glycogen
measurement, the other part of the ground tissue was boiled at
100 �C for 2.5 h, adjusted to neutralisation by KOH (5 mol/l, VWR,
USA), and determined using the same kits as above according to
the manufacturer’s instructions. Finally, glycogen content was
evaluated by subtracting the free glucose content. In order to ana-
lyse fatty acid (FA) profile in the muscle and in the liver, fatty acid
methyl esters (FAMEs) were prepared by acid catalysed trans-
methylation, using boron trifluoride according to Shantha and
Ackman (1990). In order to have enough material for the analysis,
FAMEs extracted from the liver were pooled (n = three per condi-
tion). FAMEs were then analysed in a Varian 3900 gas chro-
matograph equipped with a fused silica DB Wax capillary column
(30 m � 0.25 mm internal diameter, film thickness 0.25 lm; JW
Alltech, France). Injection volume was one ll, using helium as car-
rier gas (1 ml/min). The temperatures of the injector and the flame
ionisation detector were 260 �C and 250 �C, respectively. The ther-
mal 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 Var-
ian Star Chromatography Software (Star Software, version 5). The
results for individual FA were expressed as percentage of total
identified FA methyl esters (Lazzarotto et al., 2015).
Plasma metabolites

Plasma glucose, free fatty acids (FFAs), cholesterol and triglyc-
erides concentrations were analysed using different kits (Glucose
RTU, Fujifilm Wako, Sobioda, CHOD-PAP, Sobioda and PAP 150 bio-
Merieux, Marcy l’Etoile, France). The assays were carried out
according to the manufacturer’s instructions.
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RNA extraction, microarrays, cDNA labelling, hybridisation and
quantitative PCR

Total RNA was extracted from the frozen liver using Trizol�

reagent (Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s instructions. Microarray analyses were performed
on an Agilent-based microarray platform Rainbow Trout specific
with 8 X 60 K probes per slide. For each condition, six RNA samples
were selected thanks to their RNA integrity number. 150 ng of total
RNA was first amplified, then labelled with Cy3-dye and finally
hybridised on a sub-array, as described in Callet et al. (2021a).
Slides were then washed and scanned (Agilent DNA Microarray
Scanner, Agilent Technologies, Massy, France) using the standard
parameters for a gene expression 8 � 60 K oligoarray (3 lm and
20 bits). Data were then obtained with the Agilent Feature Extrac-
tion software (10.7.1.1) and are available in the GEO database (ID:
GSE184632). In order to further analyse gene mRNA level, 1 lg of
the total RNA was reverse-transcribed into cDNA in duplicate using
the SuperScript III RNase H-Reverse Transcriptase kit (Invitrogen,
Carlsbad, CA, United States) with random primers (Promega,
Charbonnieres-les-Bains, France). All of the quantitative real-time
PCR (qPCR) assays were carried out in the Roche Lightcycler 480
system (Roche Diagnostics, Neuilly-sur-Seine, France). Two ll of
diluted cDNA (2 ll cDNA diluted in 150 ll of water) was mixed
with 3 ll of Light cycler 480 SYBR R Green I Master mix and diluted
to obtain a final volume of 6 ll. Forward and reverse primers were
used at a final concentration of 400 nM (Supplementary Table S1).
Thermal cycling was initiated with an incubation at 95 �C for
10 min. Forty-five steps of PCR were performed, each one consist-
ing of heating at 95 �C for 15 s for denaturing, and at 60 �C for 10 s
for annealing and a third extension step at 72 �C for 15 s. Melting
curves were systematically monitored (with a gradient of
0.5 �C/10 s from 55 �C to 94 �C) to confirm the specificity of the
amplification reaction. Each PCR assay was run with replicate (du-
plicate of reverse transcription and PCR amplification), and nega-
tive controls were included. qPCR efficiency was measured by the
slope of a standard curve using serial dilutions of cDNA (five dilu-
tions of a pool of all conditions from D20 to D380, in triplicates).
The relative expressions of genes assessed by qPCR were calculated
by a mathematical method based on the real-time qPCR efficien-
cies, using a geometric mean from three reference genes (actb,
eef1a, and 18s) for the normalisation (Callet et al., 2021b).

DNA extraction and global DNA methylation analysis

DNA extraction was performed on frozen liver tissues. The sam-
ples were digested for 1 h at 57 �C in 800 ll of guanidine thio-
cyanate buffer (pH = 8; guanidine thiocyanate 1 M, EDTA 0.5 M,
Tris Base 100 mM, 5% Tween 20, and 0.5% Triton X-100) supple-
mented with 10 ll of proteinase K (20 mg/ml; P6556, Sigma-
Aldrich) and antioxidant mixture (8 ll of desferoxamine, 32 ll of
histidine, and 8 ll of reduced glutathione). 800 ll of chloroform-
alcohol isoamyl (24/1, v/v) and antioxidant mixture were added
to each sample, and samples were placed on a rotating wheel
(for 15 min at room temperature) and then centrifuged at 1 000g
(for 15 min at room temperature). The upper phase was recovered,
and 73.3 ll of NaCl (5 M) and 866 ll of 100% ice-cold ethanol were
added. Samples were mixed by inversion and kept at �20 �C for at
least 15 min and centrifuged at 10 000g (at 4 �C for 15 min). The
pellets were washed in 1 ml of 70% ice-cold ethanol and cen-
trifuged at 10 000g (at 4 �C for 15 min). Finally, the pellets were
dried (45 �C for 10 min) and suspended in DNase-free water. The
concentration and integrity of total DNA were measured by the
NanoDrop (Thermo Fisher, USA) and agarose gel, respectively.

DNA samples were treated with RNase Cocktail (Invitrogen,
Carlsbad, CA, United States) to remove RNA according to the
4

manufacturer’s procedure. Then, 1 lg of DNA was degraded into
nucleosides with DNA Degradase Plus (Zymo Research, USA)
according to the manufacturer’s procedure. HPLC-UV analyses
were conducted using a Waters� Alliance System (2695 separation
module) coupled with a Waters 2487 dual k Absorbance Detector
(Milford, MA, USA) based on the protocol of Kovatsi et al. (2012)
with modifications described herein. Chromatographic separation
was performed on a Luna C8 (5 lm, 150 * 4.6 mm) (Phenomenex,
Torrance, CA, USA). The mobile phase was composed as follows:
solvent A: 10 mM potassium phosphate buffer, pH = 3.7 ± 0.02, sol-
vent B: 100% methanol. Linear gradient elution was employed as
follows: 0–8.5 min, 98% A; 8.5–11.8 min, 97% A; 11.8–18.9 min,
73% A; 18.9–21.2 min, 65% A; 21.2–30 min, 98% A. The temperature
of the column oven was 30 �C. The wavelength of UV detection was
277 nm. The standards of 20-Deoxycytidine (dC), 5-Methyl-20-
deoxycytidine (5-mdC), 5-Hydroxymethyl-20-deoxycytidine (5-
hmdC), 5-Formyl- 20-deoxycytidine (5-fdC) and 5-Carboethoxy-20

deoxycytidine (5-cadC) were made using products from Berry
and associates Inc (USA) (Liu et al., 2022). The in vivo global levels
of 5-mC, 5-hmC, 5-fC, and 5-caC were calculated as the percentage
of each individual’s molar quantity divided by the total molar
quantity of all the detected cytosine forms.

Sex determination

Extracted DNAwas used to run PCR in order to amplify the mas-
ter sex-determining gene, sdY gene (Yano et al., 2012). One ll of
DNA was mixed with 1.25 ll of each primer at 10 lM (forward:
CCCAGCACTGTTTTCTTGTCTCA; reverse: CTGTTGAAGAGCATCA-
CAGGGTC), 1 ll dNTP mixture (Ozyme, 4 � 10 mM), and 5 l of 5�
PCR Buffer (Promega) with 0.125 ll of Taq DNA Polymerase (Pro-
mega, 5 U/ll) in a total volume of 25 ll. Thermal cycling consisted
of denaturation for 20 s at 94 �C followed by 35 cycles of 94 �C for
20 s, 59 �C for 20 s, and 72 �C for 20 s, with a final extension of
5 min at 72 �C. PCR products were electrophoresed on a 2% agarose
gel in a 1.5� TAE buffer, stained with SYBRSafe, to reveal the pres-
ence or absence of sdY.

Statistical analyses

All of the statistical analyses were performed with the R soft-
ware (v3.1.0). Results were expressed as the mean of all repli-
cates ± the SE of the mean (SEM). Final body mass and length
(n = 9) were analysed with linear model, using the ‘‘lme400 packages
from the R software, with a significance threshold set at P-
value = 0.05. Because sexual maturation had begun at the time of
the sampling (gonado-somatic index and sex of the sampled fish
are presented in Supplementary Table S2) and that the existence
of potential effect of sexual dimorphism on metabolism has been
previously described in fish (Robison et al., 2008), the effect of
the sex was first tested. The maternal HC/LP nutrition, the paternal
HC/LP nutrition and the interaction between those two last vari-
ables were then tested, with the tank treated as a random effect.
The interaction between the sex of the fish and parental nutrition
could not be tested as only females were sampled in the HH condi-
tion (see Supplementary Table S2). The best model was then cho-
sen thanks to the Akaike Information Criterion (AIC). The
distribution of residual errors were examined to check for the nor-
mality. In case of significant interaction between the maternal and
the paternal nutrition, a Tukey posthoc comparison was done sub-
sequently to decipher which condition significantly differ from the
others. Tissue biochemical compositions (n = 9), muscle FA profiles
(n = 9), hepatic global DNA methylation (n = 9) and hepatic gene
mRNA levels (n = 6) were analysed with linear models, similarly
as described for the final body mass and the length. An arcsine
transformation was performed before statistical analyses on pro-
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portions and relative mRNA levels were first transformed with a
logarithmic transformation. Concerning feed intakes (n = 3 tanks/-
condition), feed efficiencies (n = 3), nutrient retention (n = 3),
whole body composition (n = 6) and hepatic FA profiles (n = 3),
Wilcoxon tests were performed to estimate the effects of the pater-
nal nutrition than the effects of the maternal nutrition. To detect
the combined effect of paternal and maternal nutrition (namely
parental effect), a Kruskal–Wallis non-parametric test was con-
ducted on all these variables. A Tukey’s posthoc analysis was fol-
lowed in case of significance. Data from the microarray analysis
were transformed with a logarithmic transformation, scale nor-
malised and analysed using the package Limma (Ritchie et al.,
2015). In order to find the differentially expressed genes resulting
from the maternal, paternal, and both maternal and paternal nutri-
tional history (namely parental effect), transcriptomes of HN, NH,
and HH liver were successively compared with the transcriptomes
of the control NN fish. For these three comparisons, Limma t-tests
were performed, with a correction for multiple tests (cut-off P-
value = 0.05 after a Benjamini-Hochberg correction), taking the
sex of the fish into account.

Results

Zootechnical performances

At the end of the trial, fishweighted 342.6 ± 59.8 g andmeasured
274.3 ± 15.2 mm. Male offspring were significantly heavier and
longer than female ones (+15.2% and + 4.2%, respectively), but no
significant differences were observed among the four conditions
(Table 2). In addition, no significant differences were observed in
theweight gain (WG)whereas the feeding rate (FR)was significantly
increased in the offspring of sires fed theHC/LP diet (+7.72%). In con-
trast, no significant differences in feed efficiency (FE) were detected
Table 2
Effects of the parental HC/LP nutrition on zootechnical performances and biochemical com

Item NN NH HN

Body mass (g) (n = 9) 322.44 ± 60.41 357.67 ± 53.39 378.33
Length (mm) (n = 9) 270.22 ± 14.22 280.22 ± 19.22 279.78

NN NH HN

Zootechnical performances (n = 3)
Feeding rate1 (% BW/d) 1.29 ± 0.05a 1.42 ± 0.05b 1.34 ± 0
Feed efficiency2 (%) 84.08 ± 6.92 80.51 ± 6.16 95.54 ±
Weight gain3 (%) 242.75 ± 9.88 251.57 ± 27.64 271.07

Nutrient retention (n = 3)
Protein retention efficiency4 (%) 32.13 ± 2.04 30.97 ± 2.41 36.42 ±
Lipid retention efficiency5 (%) 61.91 ± 7.60 66.35 ± 3.31 72.84 ±

Whole body composition (n = 6)
Protein (%DM) 16.93 ± 0.18 16.99 ± 0.16 16.94 ±
Lipid (%DM) 13.33 ± 0.48a 14.59 ± 0.54b 13.20 ±
Moisture (%) 67.78 ± 0.42b 66.32 ± 0.37a 67.86 ±
Ash (%DM) 2.03 ± 0.08 2.01 ± 0.06 2.01 ± 0

Data are presented as means ± SEM. Final body mass and length were analysed by a linear
and the maternal nutrition effects. A Kruskal–Wallis non-parametric test, followed by a p
parental nutrition. Means with different lowercase letters in the same line are consider
Abbreviations: HC: high carbohydrate; LP: low protein, NN: offspring born from brood
females fed the control diet and broodstock males fed the diet formulated with plant-d
born from broodstock females fed the diet formulated with plant-derived carbohydrates (
diet; HH: offspring born from broodstock fed the diet formulated with plant-derived ca
final BW.

1 Feeding rate (FR, %BW/d) = 100 � dry feed intake/(days � (IBW + FBW)/2);
2 Feed efficiency (FE, %) = (100 � fresh BW gain) /dry feed intake;
3 Weight gain (WG, %) = 100 � (FBW - IBW)/IBW;
4 Protein retention efficiency (PRE, %) = (100 � body retained protein)/protein intake;
5 Lipid retention efficiency (LRE, %) = (100 � body retained lipid)/lipid intake.
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in the offspring (Table 2). While no significant differences were
detected on protein retention efficiency (PRE), the lipid retention
efficiency (LRE) was slightly increased in the offspring of dams fed
the HC/LP diet (P-value = 0.055).

Biochemical composition of tissues

Whole body
No significant differences on whole body protein and ash con-

tents were detected in the offspring after the challenge (Table 2).
However, the whole lipid content was significantly higher in the
offspring of sires fed the HC/LP diet (P-value = 0.006).

Plasma
Six hours after the last feeding, no significant differences in glu-

cose, FFA and cholesterol plasmatic levels were detected among
theoffspring.Nevertheless, the triglyceridesplasmatic levels tended
to be increased in the offspring of dams fed the HC/LP diet (Table 3).

Liver
No significant differenceswere found in the biochemical compo-

sition of liver (protein, lipid, free glucose, glycogen) among the four
conditions (P-value > 0.05). The hepatic lipid contents were only
slightly decreased in male fish in comparison to the female ones,
regardless of their parental nutritional history (Table 3). The hepatic
fatty acid profiles of the offspring are presented in Supplementary
Table S3. Interestingly, the levels of 16:0, 20:3n-6 and 22:5n-3were
significantly increased in the offspring of dams fed the HC/LP diet.
More particularly, HH fish had a significantly higher level of hepatic
20:3n-6 thanNNones.While the levels of 16:1 and18:1were signif-
icantly decreased in the offspring of sires fed the HC/LP diet, the
levels of 20:0, 20:1, 20:2n-6, 20:3n-3 and20:4n-3were significantly
increased (Supplementary Table S3 and Fig. 2(a)).
position, in rainbow trout.

HH P-values

sex maternal paternal parental

± 58.99 316.11 ± 52.46 0.03 – – –
± 11.58 266.89 ± 12.14 0.04 – – –

HH P-values
maternal paternal parental

.01a 1.43 ± 0.01b 0.69 0.02 0.13
2.91 86.19 ± 1.07 0.15 0.15 0.22
± 14.00 254.20 ± 7.91 0.34 1.00 0.67

1.04 33.29 ± 0.85 0.20 0.20 0.32
2.02 73.39 ± 1.68 0.06 1.00 0.29

0.16 17.11 ± 0.22 1.00 0.42 0.89
0.32a 14.54 ± 0.20b 1.00 0.01 0.06
0.49b 66.30 ± 0.17a 0.87 0.00 0.04
.11 2.01 ± 0.09 1.00 1.00 1.00

model. The other parameters were analysed withWilcoxon tests to test the paternal
osthoc Tukey test in the case of a significant interaction, was performed to test the

ed significantly different (P-values < 0.05).
stock fed the control diet (No Carbohydrate); NH: offspring born from broodstock
erived carbohydrates (high carbohydrate and low protein nutrition); HN: offspring
(high carbohydrate and low protein nutrition) and broodstock males fed the control
rbohydrates (high carbohydrate and low protein nutrition); IBW: initial BW; FBW:



Table 3
Effects of the parental HC/LP nutrition on tissue biochemical composition, in rainbow trout.

Item NN NH HN HH P-values
sex maternal paternal parental

Plasmatic parameters
Glucose (g/l) 1.13 ± 0.3 1.11 ± 0.12 1.00 ± 0.19 1.00 ± 0.17 - - - -
FFA (mmol/l) 0.25 ± 0.06 0.26 ± 0.04 0.26 ± 0.04 0.26 ± 0.05 - - - -
Cholesterol (g/l) 2.27 ± 0.67 2.21 ± 0.76 2.58 ± 0.42 2.23 ± 0.3 - - - -
Triglycerides (g/l) 3.78 ± 1.21 2.72 ± 1.29 4.99 ± 2.32 4.22 ± 2.14 0.37 0.10 - -

Hepatic tissue
HSI (%) 1.00 ± 0.15 0.91 ± 0.11 0.94 ± 0.13 0.95 ± 0.1 - - - -
Protein (% DM) 13.00 ± 1.2 13.12 ± 0.71 13.81 ± 2.85 13.6 ± 0.69 - - - -
Lipid (% DM) 4.08 ± 0.3 4.48 ± 0.57 4.03 ± 0.41 4.29 ± 0.39 0.05 - -
Free glucose (mg/g) 33.09 ± 6.23 32.07 ± 6.5 30.12 ± 6.39 28.87 ± 3.84 - - - -
Glycogen (mg/g) 282.76 ± 111.19 250.42 ± 107.76 312.6 ± 75.1 326.63 ± 80.24 - - - -

Muscle tissue
Protein (% DM) 20.39 ± 0.54 20.62 ± 0.57 20.55 ± 0.48 20.25 ± 0.46 - - - -
Lipid (% DM) 6.14 ± 1.03 5.32 ± 1.2 6.37 ± 1.17 5.03 ± 0.65 0.09 0.88 0.06 -

Digestive Tract
VSI 11.58 ± 0.52 10.63 ± 0.57 12.86 ± 0.68 10.37 ± 0.34 0.02 - - -
Protein (% DM) 6.93 ± 1.68 6.36 ± 1.09 7.47 ± 1.75 7.27 ± 1.02 - - - -
Lipid (% DM) 48.28 ± 7.47a 55.68 ± 4.19b 52.23 ± 6.06ab 51.74 ± 5.81ab 0.06 0.90 0.27 0.02

Data are presented as means ± SEM and analysed by a linear model, followed by a posthoc Tukey test in the case of a significant interaction. Means with different lowercase
letters in the same line are considered significantly different (P-values < 0.05).
Abbreviations: HC: high carbohydrate; LP: low protein, NN: offspring born from broodstock fed the control diet (No Carbohydrate); NH: offspring born from broodstock
females fed the control diet and broodstock males fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition); HN: offspring
born from broodstock females fed the diet formulated with plant-derived carbohydrates ((high carbohydrate and low protein nutrition) and broodstock males fed the control
diet; HH: offspring born from broodstock fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition); FFA: free fatty acid; HSI:
hepatosomatic index; VSI: viscerosomatic index.
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Muscle
Whereas, no significant differences were found in the muscle

protein content among the four conditions (P-value > 0.05), the
muscle lipid content was slightly decreased in the offspring of sires
fed the HC/LP diet (Table 3). The muscle fatty acid profiles of the
offspring are presented in Supplementary Table S4. First, the fatty
acid profiles of male fish significantly differ from the female ones.
Of interest, they had a significantly lower 20:4n-6, 20:4n-3 and
22:6n-3 levels than female ones but they had a higher 18:2n-6,
22:2n-6 and 18:3n-3 levels. The levels of 20:0, 20:1, 20:2n-6,
22:2n-6 and 22:5n-6 were significantly lower in the offspring of
dams fed the HC/LP diet. In contrary, the levels of 18:3n-6,
20:3n-6, 16:4n-3, 18:4n-3 and 20:4n-3 were significantly
increased in those same fish. Finally, the proportions of 20:3n-3
and 20:4n-3 were significantly increased in the offspring of sires
fed the HC/LP diet.

Perivisceral tissues
Male fish had a significantly lower VSI in comparison to female

ones, regardless of their parental nutrition history (Table 3). No sig-
nificant differences were detected in the protein content among
the four conditions. NH fish had a significantly higher lipid content
in the digestive tract than NN ones (Table 3).

Hepatic global DNA methylation

The hepatic abundance of cytosine was significantly higher in
the offspring of dams fed the HC/LP diet. On the opposite, the hep-
atic abundance of 5-mdC was significantly decreased in the off-
spring of dams fed the HC/LP diet. The hepatic 5-hmdC levels
were significantly higher in the NN fish in comparison to the other.
Finally, neither 5-fdC nor 5-cadC was detected in the liver (Fig. 3).

Results of transcriptomic analyses

No probes were found differentially expressed between HN and
NN. Only 3 probes were found differentially expressed between NH
and NN. Finally, 294 probes were found differentially expressed
6

between HH and NN fish in liver (Supplementary Table S5). More-
over, the differentially expressed genes were highly related to lipid
and cholesterol metabolism. Thus, qPCR analysis was further con-
ducted to confirmmolecular events involved in lipid metabolism in
the liver (Table 4).
mRNA levels of genes involved in cholesterol metabolism
The mRNA levels of hmgcra, cyp51a, cyp51b, dhcr7b and abca1a

were on average increased in female offspring. The mRNA levels of
srebp2a, hmgcs1, mvdaa, mvdab, dhcr7 and cyp51a1 were signifi-
cantly increased in the offspring of sires fed the HC/LP diet (P-
value > 0.05 and P-value = 0.08 for cyp51a1). The offspring of dams
fed the HC/LP diet displayed a higher mvdaa mRNA levels and a
lower idi1 mRNA level than offspring of dams fed the NC diet.
Finally, HN fish had a significantly lower dhcr7 mRNA level than
the others. Concerning the cholesterol elimination and transporta-
tion, HH fish had a significantly higher lxrab mRNA level than HN
fish. No significant differences were detected in the transcriptional
expression of the other gene studied; expect for abcg8 and osb-
pl3ab. The abcg8 mRNA level was significantly increased in the off-
spring of the dams fed the HC/LP diet. The osbpl3ab mRNA level
was significantly increased in the offspring of the sires fed the
HC/LP diet (Table 4).
mRNA levels of genes involved in lipid metabolism
First, the mRNA levels of srebp1c, acly (global), fasnb and g6pd

(global) were on average significantly increased in female offspring
(Table 4). mRNA levels of both acsf2a and acsf2d were significantly
decreased in the offspring of dams fed the HC/LP diet (Table 4).
With respect to the hepatic lipogenesis, no significant differences
were observed on the mRNA levels of genes involved in this path-
way (srebp, acly, aca and fasn); except for acaab. Offspring of sires
fed the HC/LP diet displayed a lower acaab mRNA level. Offspring
of dams fed the HC/LP diet displayed a higher g6pdb mRNA level
(Table 4). Regarding the fatty acid b-oxidation process (Table 4),
hadh, cpt1a, acox1 (global) mRNA levels were on average increased
in female offspring. Moreover, mRNA level of cpt1a tended to
decrease in the offspring of the sires fed the HC/LP diet. No signif-



Fig. 2. Effect of the parental HC/LP nutrition on metabolism of polyunsaturated fatty acid biosynthesis, in rainbow trout. Biosynthetic pathways of long-chain
polyunsaturated fatty acids (according to Monroig et al., 2011), along with (a) the hepatic proportion of fatty acids affected by the maternal HC/LP nutrition (20:3n-6 and
22:5n-3) or by the paternal HC/LP nutrition (20:2n-6, 20:3n-3 and 20:4n-3), (b) and the RNA levels of fads2b and fads6b of the offspring from the four conditions (NN, NH, HN
and HH) after the 3-month complete plant-based diet challenge. The latter are coding for enzymes having a Delta5 and Delta6 desaturase activity.Abbreviations: HC: high
carbohydrate; LP: low protein, NN: offspring born from broodstock fed the control diet (No Carbohydrate); NH: offspring born from broodstock females fed the control diet
and broodstock males fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition); HN: offspring born from broodstock females
fed the diet formulated with plant-derived carbohydrates ((high carbohydrate and low protein nutrition) and broodstock males fed the control diet; HH: offspring born from
broodstock fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition).
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icant differences were observed on the mRNA levels of the other
genes involved in this fatty oxidation-related pathway (hadh, acox).

mRNA levels of genes involved in long-chain polyunsaturated fatty
acid biogenesis

Regarding the polyunsaturated fatty acid biogenesis process in
the liver, scdbc, fads6b, fads2a, fads2c and elovl5amRNA levels were
7

on average increased in female offspring (Fig. 2(B)). fads2b mRNA
level sharply increased in the offspring of dams fed the HC/LP diet
and fads2c mRNA level decreased in the offspring of sires fed the
HC/LP diet. Interestingly, the HH fish showed markedly a higher
level of fads6b than in the NN condition. No significant differences
were found in the mRNA levels of genes coding for elongases
(Table 4).



Fig. 3. Effect of the parental HC/LP nutrition on their offspring hepatic epigenetic landscape, in rainbow trout. Hepatic proportion of cytosine (C) and two intermediates of
DNA methylation (5-mC and 5-hmC) in offspring from the four conditions (NN, NH, HN and HH) after the 3-month complete plant-based diet challenge. Abbreviations: HC:
high carbohydrate; LP: low protein, NN: offspring born from broodstock fed the control diet (No Carbohydrate); NH: offspring born from broodstock females fed the control
diet and broodstock males fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition); HN: offspring born from broodstock
females fed the diet formulated with plant-derived carbohydrates ((high carbohydrate and low protein nutrition) and broodstock males fed the control diet; HH: offspring
born from broodstock fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition).
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Discussion

In farmed animals, nutritional programming has been proposed
as a potential strategy to modulate individual’s metabolism with
the aim of adapting them to face nutritional challenges (Hou
et al., 2020). In aquafeed for higher trophic level teleost fish, fish-
meal and fish oil need to be further replaced by plant terrestrial
ingredients (Tacon and Metian, 2008). Concerning broodstock
aquafeed, plant-derived carbohydrate is a possible substitute for
the traditional protein-rich fishmeal (Washburn et al., 1990;
Callet et al., 2020), triggering thus the diminution of the dietary
protein-to-carbohydrate ratio (parental HC/LP diet). However, in
mammals, numerous studies have previously demonstrated that
HC/LP parental nutrition affect various metabolic pathways of their
offspring in the long term, including the lipid metabolism (Lucas
et al., 1993; Guo et al., 2020). The question of a possible adaptation,
that is the possibility of improving the ability of the offspring to
grow on plant-based diets, remains open and needs to be explored.

A global hepatic hypomethylation triggered by the maternal high
carbohydrate and low protein nutrition

The maternal HC/LP nutrition modulated the global DNA
methylation landscape in the liver of their offspring challenged
with a complete plant-based diet, as a diminution in both 5-
methylcytosine (5-mC, i.e. hypomethylation) and 5-
hydroxymethylcytosine (5-hmC) proportions was detected.
Although the mechanisms underlying the transmission of DNA
methylation modifications from parent to offspring are still to be
discovered (Jiang et al., 2013; Wang and Bhandari, 2020), these
results confirm the importance of addressing DNA methylation in
studies focused on programming events. In addition, if affected
genomic regions cannot be determined by global analysis of DNA
methylation, changes identified in this parameter give an idea of
the global genomic stability. Indeed, a decrease in global methyla-
tion levels is in favour of an opening of the chromatin which can in
turn favour the expression of up-to-now repressed genes but also
in certain cases lead to chromatin breakdown that can be deleteri-
ous to cells and more generally to the organism.
8

Interestingly, before the first feeding, the maternal HC-LP nutri-
tion have also induced a decrease of 5-mC proportion in their pro-
geny (whole fry) (Callet et al., 2021a). Therefore, the DNA
methylation modifications persist over time (at least in the liver)
and this, whatever the diet given, as the maternal HC/LP nutrition
also triggered a decrease of both 5-mC and 5-hmC proportions in
the liver of unchallenged offspring (personal and unpublished
data). Such persistence of epigenetic modifications could be sur-
prising as DNA methylation is a dynamic process, sensitive to envi-
ronmental cues, but it has been previously demonstrated that
some DNA methylation modifications that occurred during devel-
opment have been retained over time in mammals (Murgatroyd
et al., 2009; Cardenas et al., 2017). Finally, it is also recognised that
those DNA methylation modifications, at both CpG and non-CpG
sites, could alter gene expression (Fuso and Lucarelli, 2019). While
5-mC is indeed long recognised as a modification affecting chro-
matin stability and thereby gene expression, it is only more
recently that studies in mammals have demonstrated that 5-hmC
plays an active role in regulating gene expression in liver in mam-
mals (Lin et al., 2017). In the present study, the modification of the
global methylation landscape was indeed combined with the alter-
ation of hepatic transcriptomes in the offspring. However, other
epigenetic marks may have been affected by the parental nutrition
and be at play, as offspring whose sires and dams were fed the HC/
LP diet were the most affected (Supplementary Table S5), whereas
DNA hypomethylation was induced by the maternal nutrition his-
tory regardless of the sire diet.

A parental high carbohydrate and low protein nutrition altered hepatic
lipid metabolism in their offspring

Among pathways affected in the offspring fed a complete plant-
based diet via a parental HC/LP nutrition in trout, the lipid metabo-
lism stands out, as indicated by both the molecular data (hepatic
gene expression reported by microarray and qPCR data) and the
phenotypes induced (whole body lipid content, muscle and hepatic
FA profiles). Interestingly, the parental nutrition caused changes
similar to those triggered by a direct complete plant-based feeding
(Panserat et al., 2019), as detailed below.



Table 4
Effects of the parental HC/LP nutrition on mRNA levels of genes involved in lipid metabolism, in rainbow trout.

NN NH HN HH P-values

Item sex maternal paternal parental

Cholesterol biosynthesis
srebp2a 1.03 ± 0.55 1.22 ± 0.26 0.78 ± 0.28 1.29 ± 0.26 0.07 0.94 0.06 –
srebp2b 1.00 ± 0.42 1.04 ± 0.19 0.89 ± 0.30 1.28 ± 0.19 0.10 – – –
hmgcs1 0.82 ± 0.70 1.79 ± 0.88 0.72 ± 0.31 1.91 ± 0.93 0.12 0.54 0.02 –
Hmgcra 1.10 ± 0.91 1.38 ± 0.52 0.87 ± 0.69 1.52 ± 0.69 0.03 – – –
Hmgcrb 1.50 ± 0.62 0.96 ± 0.4 1.00 ± 0.54 1.13 ± 0.77 – – – –
Mvdaa 0.68 ± 0.59 1.25 ± 0.4 0.87 ± 0.49 2.47 ± 1.27 0.25 0.03 0.00 –
Mvdab 0.70 ± 0.36 2.25 ± 2.06 0.58 ± 0.31 1.62 ± 0.80 0.20 0.82 0.01 –
idi1 1.50 ± 0.91 1.94 ± 1.07 0.94 ± 0.81 0.81 ± 0.53 0.09 0.05 – –
cyp51a 0.83 ± 0.77 1.78 ± 0.87 0.74 ± 0.55 2.28 ± 1.35 0.00 0.43 0.08 –
cyp51b 1.13 ± 0.67 1.17 ± 0.54 0.97 ± 0.68 1.19 ± 0.28 0.02 – – –
dhcr7a 1.10 ± 0.30b 1.24 ± 0.31b 0.82 ± 0.39a 1.19 ± 0.32b 0.48 0.07 0.01 0.02
dhcr7b 1.20 ± 0.43 1.17 ± 0.51 0.92 ± 0.73 1.21 ± 0.40 0.00 – – –

Cholesterol elimination
Lxraa 1.52 ± 0.75 0.64 ± 0.45 1.62 ± 1.15 1.45 ± 0.72 0.64 0.14 0.17 –
Lxrab 1.16 ± 0.31a 0.97 ± 0.25a 0.86 ± 0.20a 1.15 ± 0.17a 0.31 0.98 0.78 0.03
abcg5 1.10 ± 0.42 0.82 ± 0.56 1.10 ± 0.32 1.38 ± 0.46 – – – –
abcg8 1.00 ± 0.41 1.00 ± 0.48 1.16 ± 0.48 1.21 ± 0.31 0.07 0.05 0.15 –
abca1a 1.10 ± 0.65 1.64 ± 1.11 0.91 ± 0.55 1.48 ± 0.76 0.00 – – –
abca1b 1.09 ± 0.61 1.39 ± 0.71 0.98 ± 0.29 1.02 ± 0.51 – – – –

Cholesterol esterification
acat1 1.09 ± 0.44 1.00 ± 0.29 1.02 ± 0.18 1.05 ± 0.28 – – – –
acat2 0.94 ± 0.29 1.04 ± 0.26 1.06 ± 0.27 1.10 ± 0.13 – – – –

Lipid metabolism
acsf2a 1.34 ± 0.24 1.19 ± 0.67 1.06 ± 0.16 0.71 ± 0.18 0.44 0.04 0.03 –
acsf2b 1.10 ± 0.47 1.20 ± 0.40 0.96 ± 0.43 1.02 ± 0.42 – – – –
acsf2c 1.05 ± 0.33 1.05 ± 0.40 1.03 ± 0.22 1.01 ± 0.16 – – – –
Acsfd 1.08 ± 0.30 1.22 ± 0.45 0.93 ± 0.16 0.92 ± 0.17 0.47 0.05 – –

Lipogenesis de novo
srebf1 1.27 ± 0.36 0.78 ± 0.55 1.13 ± 0.48 1.33 ± 0.51 – – – –
srebp1c 1.28 ± 0.35 0.78 ± 0.54 1.16 ± 0.59 1.19 ± 0.35 0.04 0.26 0.12 –
acly ± global 1.33 ± 0.59 1.12 ± 1.51 1.39 ± 0.98 1.09 ± 0.41 0.00 – – –
Aclyb 1.27 ± 0.57 1.16 ± 1.45 1.39 ± 0.78 0.99 ± 0.36 – – – –
aca-aa 0.96 ± 1.15 2.71 ± 2.94 1.81 ± 1.34 2.32 ± 2.82 – – – –
aca-ab 2.00 ± 0.99 1.04 ± 1.20 2.01 ± 2.25 1.07 ± 0.82 0.09 0.62 0.02 –
aca-ba 0.74 ± 0.33 1.18 ± 0.68 1.23 ± 0.52 1.47 ± 0.77 – – – –
aca-bb 1.37 ± 0.71 1.04 ± 0.62 1.53 ± 2.2 1.35 ± 0.90 – – – –
Fasna 1.71 ± 0.93 1.03 ± 1.81 2.06 ± 1.99 1.59 ± 0.83 0.16 0.20 0.14 –
Fasnb 1.92 ± 1.37 1.26 ± 2.08 1.64 ± 1.34 1.41 ± 0.60 0.07 – – –
fasn ± global 1.66 ± 0.82 1.05 ± 1.76 1.97 ± 2.02 1.57 ± 0.74 0.10 0.22 0.16 –
g6pd ± global 1.20 ± 0.28 0.92 ± 0.51 1.11 ± 0.71 1.08 ± 0.28 0.00 0.43 0.10
g6pdb 0.85 ± 0.32 0.93 ± 0.40 1.13 ± 0.45 1.47 ± 0.54 0.89 0.06 – –

b-oxydation
Hadh 0.98 ± 0.41 0.90 ± 0.32 1.27 ± 0.23 1.06 ± 0.26 0.00 – – –
cpt1a 1.28 ± 0.49 0.91 ± 0.36 0.93 ± 0.42 1.18 ± 0.24 0.00 0.27 0.06 –
acox1a 1.08 ± 0.17 1.03 ± 0.28 0.88 ± 0.27 1.12 ± 0.21 0.07 0.83 0.69 0.09
acox1 ± global 1.12 ± 0.26 1.04 ± 0.26 0.91 ± 0.26 1.05 ± 0.19 0.03 – – –
acox3 1.06 ± 0.21 1.01 ± 0.22 1.00 ± 0.20 1.01 ± 0.20 – – – –

Polyunsaturated FA biosynthesis
Scdba 1.63 ± 0.96 1.15 ± 1.00 2.02 ± 1.91 1.52 ± 0.65 – – – –
Scdbb 1.01 ± 0.30 0.94 ± 1.06 1.35 ± 1.24 1.71 ± 0.81 0.10 0.15 – –
Scdbc 1.15 ± 0.64 1.16 ± 0.50 1.13 ± 0.96 1.11 ± 0.48 0.00 0.32 0.06 0.11
scdbd 1.42 ± 0.84 1.04 ± 1.42 1.29 ± 1.36 2.11 ± 1.84 0.14 0.16
fads6a 1.79 ± 1.22 1.42 ± 1.20 0.78 ± 0.47 1.57 ± 0.63 – – – –
fads6b 1.24 ± 0.75 0.97 ± 0.47 0.71 ± 0.44 2.13 ± 0.59 0.01 0.11 – –
fads2a 1.27 ± 0.51 0.98 ± 0.56 0.92 ± 0.31 1.19 ± 0.30 <0.0001 0.30 0.11 –
fads2b 0.88 ± 0.56 0.85 ± 0.48 1.07 ± 0.38 2.18 ± 1.23 0.14 0.00 – –
fads2c 1.32 ± 0.36 0.90 ± 0.22 1.12 ± 0.42 0.90 ± 0.32 0.01 0.67 0.01 –
elovl2b 1.23 ± 0.79 1.08 ± 0.27 1.15 ± 0.74 0.98 ± 0.34 – – – –
elovl2 ± global 1.19 ± 0.71 1.06 ± 0.32 1.18 ± 0.73 1.03 ± 0.44 – – – –
elovl5a 1.27 ± 0.72 1.12 ± 0.52 0.89 ± 0.55 1.28 ± 0.35 0.00 – – –
elovl5b 0.95 ± 0.19 1.09 ± 0.39 0.96 ± 0.30 1.19 ± 0.36 0.12 – – –

Data are presented as means ± SEM and analysed by a linear model, followed by a posthoc Tukey test in the case of a significant interaction. Means with different lowercase
letters in the same line are considered significantly different (P-values < 0.05).
Abbreviations: HC: high carbohydrate; LP: low protein, NN: offspring born from broodstock fed the control diet (No Carbohydrate); NH: offspring born from broodstock
females fed the control diet and broodstock males fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition); HN: offspring
born from broodstock females fed the diet formulated with plant-derived carbohydrates ((high carbohydrate and low protein nutrition) and broodstock males fed the control
diet; HH: offspring born from broodstock fed the diet formulated with plant-derived carbohydrates (high carbohydrate and low protein nutrition); FA: fatty acid.
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Increase in whole body adiposity
The use of diets formulated with terrestrial plant products and

completely devoid of fish oil and fishmeal typically increase
9

salmonids’ overall adiposity (Torstensen et al., 2011). We demon-
strated here that the decrease of fishmeal in the parental diet (i.e.
HC/LP nutrition) has induced a similar phenotype in their offspring,
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which was probably due to an increase in perivisceral fat rather
than in muscle tissues. As the expression of genes related to de
novo lipogenesis (except for acaab) and b-oxidation were not
affected in the liver, such phenotype could emerge either from
an augmentation of lipid retention and accumulation or an
enhancement of de novo lipogenesis directly in perivisceral tissue,
known to be an active site for lipogenesis (Bou et al., 2016). Inter-
estingly, female offspring of sires fed a HC/LP (i.e. NH females) have
accumulated 22.4% more fat in perivisceral tissues when they were
fed with a commercial diet (Callet et al., 2021a). From these results,
it appears that parental HC/LP nutrition induces this phenotype
regardless of the given diet and constitutes therefore a constant
outcome of the programming with parental HC/LP nutrition in
trout. Nevertheless, in the present study, although the interaction
between parental nutrition and offspring sex cannot be assessed
(see statistical parts), males were more strongly affected than
female offspring when fed a complete plant-based diet (+28.9%
and 34.2% peri- visceral fat in NH and HN male offspring, respec-
tively). The strong influence of the sex in programming in mam-
mals has already been described (Gabory et al., 2009) and these
results further demonstrate its importance in fish species, high-
lighting thus the importance of taking into account this parameter
in programming studies.

Enhancement of the cholesterol metabolism at the molecular level
The paternal HC/LP nutrition in trout has also enhanced the typ-

ical increase of cholesterol biosynthesis observed when trout are
directly fed a complete plant-based diet, which contains only plant
sterols and lacks cholesterol (Zhu et al., 2018). The paternal HC/LP
nutrition has indeed induced an increase in the hepatic cholesterol
biosynthesis at the transcriptomic level, as seen by the augmenta-
tion of srebp2mRNA level, a master regulator of cholesterol biosyn-
thesis (Horton et al., 2002), along with the mRNA levels of the
downstream actors of this pathway. The parental HC/LP nutrition
has also slightly affected the mRNA levels of lxrab in the HN and
HH offspring. LXRa is one isoform of the LXRs family that plays a
role in lipid sensing and avoids thus overload of cholesterol
(Chawla et al., 2001). However, no specific patterns were identified
in the expression of genes involved in cholesterol esterification and
excretion (Zhu et al., 2018). These results suggest that the choles-
terol excretion and esterification pathways were not affected by
neither the maternal nor the paternal HC/LP nutrition, which is
consistent with the unchanged plasmatic cholesterol levels
observed.

Interestingly, similar inductions of cholesterol biosynthesis are
typically observed in offspring of male rats fed a LP diet (Carone
et al., 2010). It has been previously suggested that parental nutri-
tion could induce constant effects across species (Langley-Evans,
2009). However, in the present study, the male broodstock have
been affected by a Saprolegnia infection as previously described
(Callet et al., 2020). Therefore, it could not be excluded that sires
have been selected during the trial, and it is not possible to deci-
pher if the effect observed is triggered by the selection or by the
HC/LP nutrition.

Enhancement of the long-chain poly unsaturated fatty acid
biosynthesis

Vegetable oils are abundant in linoleic acid (LA, 18:2n-6) and a-
linolenic acid (ALA,18:3n-3), but lack long-chain (LC) PUFA. Fresh-
water fish, such as rainbow trout, have the ability to convert ALA
and LA; and the partial or total replacement of dietary fish oil
and fishmeal by plant ingredients stimulates the process of desat-
uration of polyunsaturated fatty acids (Panserat et al., 2019; Geay
et al., 2011). As for the other pathways described in above para-
graphs, the parental HC/LP nutrition has increased the hepatic
PUFA biogenesis of their offspring, as seen by the augmentation
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of fads6b and fads2b hepatic mRNA levels, genes catalysing the
rate-limiting step of fatty acid desaturation process in many fish
species (Perera et al., 2020). The hepatic unsaturated FA profiles
were subsequently affected and the proportion of the intermedi-
ates and products of the desaturation pathway (20:2n-6, 20:3n-6,
20:3n-3 and 22:5n-3) were significantly increased in the liver.

In gilthead sea bream, manipulation of broodstock nutrition,
but with a different stimulus (vegetable oils), also shaped the
expression of genes involved in PUFA biosynthesis and more par-
ticularly enhanced the gene expression of hepatic fads6 in their
progeny (Izquierdo et al., 2015; Perera et al., 2020; Xu et al.,
2020). Together, these results confirm that the desaturation path-
way could be modulated by broodstock nutrition in agronomical
high-value species. Such modulation could be of great relevance
for the aquaculture sector. Indeed, due to the reduction of marine
ingredients in aquafeed, EPA (20:5n-3) and DHA (22:6n-3) quanti-
ties decreased over the years in salmonids, while they have impor-
tant nutritional values for human consumers (Sprague et al., 2016).

Unfortunately, in the present study, the effect of parental HC/LP
nutrition was restricted to the liver and the parental nutrition did
not lead to an increase of EPA, or DHA in fish flesh. Nevertheless, n-
3 LC-PUFA plays also important physiological roles for fish and in
particular, dietary n-3 LC-PUFA has been shown to enhance the
immune system in fish (Montero and Izquierdo, 2010). Their
higher synthesis via a parental HC/LP nutrition might therefore
present some advantage to improve the health of their progeny.
At the same time, transcriptomic analyses revealed that the paren-
tal HC/LP nutrition have altered the expression of some genes
involved in immunity in their offspring but only challenges to test
their resistance to different pathogens could confirm the advantage
of such results.
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