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Abstract
The long-term effect of a plant (P)-based diet was assessed by proton nuclear magnetic resonance (1H-NMR) metabolomics in rainbow trout fed a marine
fish meal (FM)–fish oil (FO) diet (M), a P-based diet and a control commercial-like diet (C) starting with the first feeding. Growth performances were not
heavily altered by long-term feeding on the P-based diet. An 1H-NMR metabolomic analysis of the feed revealed significantly different soluble chemical
compound profiles between the diets. A set of soluble chemical compounds was found to be specific either to the P-based diet or to the M diet. Pterin, a
biomarker of plant feedstuffs, was identified both in the P-based diet and in the plasma of fish fed the P-based diet. 1H-NMR metabolomic analysis on fish
plasma and liver and muscle tissues at 6 and 48 h post feeding revealed significantly different profiles between the P-based diet and the M diet, while the C
diet showed intermediate results. A higher amino acid content was found in the plasma of fish fed the P-based diet compared with the M diet after 48 h,
suggesting either a delayed delivery of the amino acids or a lower amino acid utilisation in the P-based diet. This was associated with an accumulation of
essential amino acids and the depletion of glutamine in the muscle, together with an accumulation of choline in the liver. Combined with an anticipated
absorption of methionine and lysine supplemented in free form, the present results suggest an imbalanced essential amino acid supply for protein metab-
olism in the muscle and for specific functions of the liver.
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The development of fish farming to meet the requirements of
the aquatic product market(1) is strongly impacted by the
decreasing availability of marine ingredients(2). The design of
new fish feeds based on sources other than fisheries is, thus,

crucial to ensure that aquaculture production will increase
while sustaining breeding performances, product quality, low
impacts on the environment and the acceptability of such
production(3).
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The incorporation of significant quantities of ingredients of
plant origin as a replacement for fishmeal (FM) and fish oil
(FO) into the feed of high-trophic-level fish, such as salmonids
and marine fish, has progressed rapidly. Albeit the growth per-
formances are still not satisfying enough, salmonids can now
be raised experimentally without the need for marine ingredi-
ents(4) and using only plant-based ingredients; this is already
being practised for low-trophic-level fish, such as cyprinids,
cichlids and silurids(3). Investigations into the long-term effects
of plant (P)-based diets have already begun,(5,6) and even if the
growth of fish fed the P-based diet was markedly reduced, such
investigations appear to be a promising way to assess the potential
adaptation of fish nutrition and metabolism to these diets.
Nutritional limits for the total substitution of FM and FO in

marine fish require that minimal quantities of ingredients of
marine origin be maintained, essentially to cover the specific
need of long-chain fatty acids (FAs) of the n-3 series(7,8).
This is not the case in salmonids, although limitations to the
adaptation of the fish to plant-based ingredients are also
observed at different levels, i.e. ingestion, digestion and metab-
olism. Replacing marine oil with a mixture of vegetable oils has
been shown to have no deleterious effect on salmonids,
whether on their growth performance or on product quality,
except an alteration of their nutritional quality. The FA com-
position of lipids in the edible part of fish is generally adjusted
to that of the diet, meaning a lower content of long-chain poly-
unsaturated FA, namely EPA and DHA, as well as a lower
n-3/n-6 FA ratio(9).
The replacement of marine protein sources by plant-based

proteins can be easily managed(10), although the supply of
essential amino acids for protein metabolism must be
fine-tuned(11,12). Plant-based proteins are supplemented with
crystalline amino acids to reach an amino acid composition
close to that of FM. We know, however, that the amino acid
stability, bioavailability and the uptake of supplemented
crystalline amino acid are different from those of intact pro-
tein(13,14). Furthermore, due to the limited potential for carbo-
hydrate utilisation in fish(3), proteins are also preferentially
used to supply energy substrates for priority metabolic path-
ways in fish(15) compared with non-carnivorous mammals
and birds. Thus, the development of alternative fish feeds
has to ensure the adequate supply of amino acids both for
energy metabolism and for protein synthesis.
The metabolic pathways of essential nutrients have thor-

oughly been characterised in main farmed fish species in
order to assess their food requirements(3). However, metabolic
pathways are often studied separately – energy v. nutrient
metabolism or protein v. lipid metabolism – and an integrated
analysis of these different metabolic pathways is rarely
conducted(16). Furthermore, there is a growing interest in a
non-targeted metabolism analysis to decipher the main drivers
of fish metabolism and the potential interconnection between
pathways under non-limiting farming conditions(17). Significant
progress on the impact of P-based diets on nutrition and
metabolism has been achieved by using various targeted and
non-targeted omic approaches such as transcriptomics and
proteomics(4,7,8,18). Metabolomics is a complementary genomic
approach used in human, livestock and bird nutrition(19–21).

This approach has begun to be used in fish to characterise
product quality(22,23), and it is now widely used to assess the
overall metabolic imprint of various environmental stresses
such as hypoxia or environmental contaminants(24,25).
Metabolomics has recently begun to be used in fish nutrition
to analyse the effects of feeding(26,27), the impact of a wild v.
a natural diet(23) and the effects of feed ingredients(28–32),
and more recently, to evaluate the development of new
diets(33–36). The two main metabolomic approaches are proton
nuclear magnetic resonance (1H-NMR) and mass spectrom-
etry, each having their own advantages and technical limita-
tions(37). NMR is not sensitive and selective with only a few
dozens of metabolites detected and identified requiring a sig-
nificant sample size. NMR is nevertheless preferentially used
in fish nutrition due to minimal sample preparation, easy
metabolite identification and good reproducibility(37). On the
other hand, MS permits the detection and identification of
thousands of metabolites, but the interpretation of profiles
with numerous biochemical compounds is not easy. Thus,
this approach is instead used to target specific compounds
and to identify biomarkers of nutrition impairment(27). The
simultaneous analysis of metabolites involved in various meta-
bolic pathways has begun to identify some of the underlying
mechanisms related to changes in metabolism following a diet-
ary manipulation of the fish(33,34). Thus, this powerful and
integrative tool can helpfully be implemented to characterise
the impact of P-based diets on metabolism. However, there
needs to be a focus more on the fish metabolome that
could account for the long-term adaptation of metabol-
ism(37,38) than on food metabolome.
Finally, limiting factors of plant ingredient quality remain in

field conditions related to an imbalance in key nutrients, the sta-
bility of feedstuffs, numerous anti-nutritional factors(39) and spe-
cific contaminants, which could all induce digestion disorders(40)

and impaired metabolism(18). To overcome these difficulties will
require significant progress in feed formulation and the further
characterisation of feed. Analyses of ingredients and feeds are
still based on proximal composition to assess their nutritive
value, and, thus, the metabolomic approach, through a more
detailed and comprehensive molecular analysis, could offer
new perspectives for the development of alternative feeds.
The present study uses 1H-NMR metabolomics to charac-

terise differences in rainbow trout metabolism fed a P-based
diet from the first feeding up to commercial size and that of
those fed a marine FM–FO diet (M) and a commercial-like
diet (C). Integrative 1H-NMR metabolomics was implemented
to further characterise the diet and to assess a metabolic
response at the level of fish plasma, and liver and muscle tis-
sues. The effect on lipid metabolism has already been charac-
terised(41), and this study focuses on the protein and energy
metabolism through the characterisation of the metabolome
in the polar extract of tissues.

Materials and methods

Source of fish

The fish used in this experiment came from a study supported
by the FP7 programme of the European ARRAINA project
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(Advanced Research Initiatives for Nutrition and Aquaculture)
(N_288925). The aim was to study the long-term effects of
diets free of FM and FO from the first feeding onwards(6,41).
Rainbow trout was produced at the INRAE experimental fish
hatchery of Lées Athas (Pyrénées-Atlantiques, France). At the
stage of yolk-sac larvae, the rainbow trout fry was separated
randomly into twelve groups and fed three experimental
diets in quadriplicate for each diet. The fish were reared
from 0.14 g body weight (BW) during 7 months in 50 l tank
(310 fish per tank) in the same experimental farm with a nat-
ural photoperiod and a constant water temperature of 7 ± 1°C.
At an average body weight of 12⋅5 g, the fish were then trans-
ferred to the INRAE experimental fish farm in Donzacq,
Landes, France. Fish within each dietary group were split ran-
domly into three groups (nine groups in total) and fed with the
three experimental diets. They were reared in 200 l tanks (150
fish per tank maximum stocking densities: 26 kg/m3), with a
natural photoperiod and a constant water temperature of 17
± 1°C, for another 8 months until final sampling.

Diet and experiment design

The experiment was carried out in strict accordance with the
EU legal framework 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 No. 2001-464, 29 May
2001). It was approved by the INRAE ethics committee
(INRA 2002-36, 14 April 2002). The INRAE experimental
facility is certified for animal services under Permit No. A40
2281 by French veterinary services – the competent authority
– while the scientist in charge of the experimentation received
training and a personal authorisation (No. B64 10 003).
Fish were fed from the first feeding up to 15 months with

one of three diets: two experimental diets i.e. a marine (M) and
a P-based diet formulated by UMR NuMeA (France) and
manufactured at the INRAE experimental facility (Donzacq,
Landes, France), and a control C diet from ‘the Cooperative
Le Gouessant’ (Lamballe, Côte d’Armor, France). Each treat-
ment was tested in triplicate.
The ingredients and compositions of the diets are presented

in Table 1 and Supplementary Table S1 of Supplementary
material. The M diet was composed mainly of FM (co-fishery
products – all species) and FO (co-fishery products – sardines).
The P-based diet was composed exclusively of plant ingredients,
i.e. plant protein sources supplemented with lysine and methio-
nine to cover the requirement of these essential amino acids,
and a blend of vegetable oils (50 % rapeseed oil, 30 % linseed
oil and 20 % palm oil) which aimed at providing an overall
amount of FA classes similar to those of FO. The C diet con-
tained a mixture of FM, FO and plant ingredients, with 45 %
of FM and 50 % of FO replaced by plant ingredients. All
diets were isoproteic, isolipidic and isoenergetic (Table 2).
The fish were fed ad libitum throughout the experiment con-

tinuously during the early stages, and then manually fed three,
then two, meals per day. Diet characteristics were maintained
during the experiment, except for pellet size, which was
adjusted according to the stage of the fish. The experimental

diets were sampled to analyse their chemical composition dur-
ing each pellet preparation. Once the pellets reached their final
size (6 mm in diameter), the diets were also sampled at 0, 2
and 4 weeks in order to assess the compositional stability of
the diet. Samples were stored at −20°C until extraction and
analysis by 1H-NMR.

Fish sampling

At the end of the experiment, the fish were starved for 1 day
and then fed one meal of the corresponding experimental diet.
At 6 and 48 h after the meal, fifteen fish per treatment were
randomly sampled (five fish per triplicate group). The fish
were first sedated by immersion in a 2 % benzocaine solution,
measured and weighed. Blood samples were taken from the
caudal vein of each fish by means of a heparinised syringe
and centrifuged in a microtube containing 20 μl of heparin
solution (1 mg/ml) at 2400 g for 10 min, while the plasma
was collected and frozen in liquid nitrogen. Then the fish
were killed by sectioning the spinal cord. The fish were then
dissected to weight the liver and the visceral mass. The liver
was washed in cold saline solution and then dried on wrapped
paper. A sample of the dorsal white muscle was taken after
removal of the skin and the superficial red muscle. The liver

Table 2. Chemical composition of the diet

Ingredients M C P

Dry matter (g/100 g FW) 96⋅3 96⋅0 96⋅3
Crude protein (g/100 g DM) 43⋅9 46⋅4 46⋅1
Crude fat (g/100 g DM) 21⋅8 24⋅2 25⋅0
Energy (kJ/g DM) 24⋅5 23⋅8 25⋅3

FW, fresh weight; DM, dry matter

Table 1. Crude diet composition (g/kg)

Ingredients (g/kg) M C P

FMa 543 300 —

Maize gluten 48 % — 102 180

Wheat gluten — 50 121

Soyabean meal — 63 43

Soyabean, Estrilvo — 35 181

White lupin — 65 50

Dehulled peas — 69 24

Rapeseed 00 meal — 63 98

Whole wheat 301 72 28

FOb 135 80 —

Rapeseed oil — 80 73

Linseed oil — — 74

Palm oil — — 30

Soya lecithin — — 20

L-lysine — 0⋅5 15

L-methionine — — 3

CaHPO4⋅2H2O — — 26

Mix attractantc — — 15

Mineral premixd 10 10 10

Vitamin premixd 10 10 10

a FM origin co-fishery products – all species.
b FO origin co-fishery products – sardine.
c Mix attractant: glucosamine 5 g/kg; taurine 3 g/kg; betaine 3 g/kg; glycine 2 g/kg;

alanine 2 g/kg.
d Mineral premix and vitamin premix compositions are given in Supplementary

Table S1 of Supplementary material.
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and the muscle tissues were directly frozen in liquid nitrogen.
Plasma and tissues were then stored at −80°C until analysis.

Sample preparation

The diet samples were treated according to a protocol usually
applied to plant samples(42). Four replicates of each sampling
date, at 0, 2 and 4 weeks after the last formulation of the
diets, were ground in liquid nitrogen and then freeze-dried.
An ethanolic extraction was performed for each diet at each
stage of sampling (in quadruplicate) by successive extraction
with ethanol–water 80:20, 50:50 and 0:100 (% v/v). Fifty milli-
grams of the diet were mixed in 2 ml of solvent and then left
for 15 min at 80°C before being centrifuged (30 000 g, 10 min,
4°C). The resulting supernatants were collected, combined and
resubmitted to centrifugation (30 000 g, 10 min). The super-
natant was then freeze-dried (Savant SC210A SpeedVac,
Milford, CT, USA) and lyophilised. The extract was dissolved
in 500 μl of deuterated phosphate buffer solution (200 mM,
apparent pH 7⋅4), and the pH was adjusted to an apparent
pH of 7⋅40 ± 0⋅02 when necessary with deuterated KOD
deuterated analog of KOH 0⋅1 M or DCL deuterated analog
of HCL 0⋅1 M solutions, by means of BTpH (Bruker
BioSpin GmbH, Rheinstetten, Germany), before being lyophi-
lised once more. For the 1H-NMR analysis, the hydro-
alcoholic extract was dissolved in 500 μl of deuterated water
(D2O) with 5 μl of sodium trimethylsilyl [2,2,3,3-d4] propion-
ate (TSP; 0⋅5 mM final concentration for chemical shift calibra-
tion), homogenised and centrifuged (14 000 g, 5 min;
Centrifuge A14, Jouan, France), and the supernatant was
transferred to a 5-mm NMR tube (507-PP-7, Wilmad,
Buena Vista Township, NJ, USA) for direct analysis.
Each trout plasma sample was incubated on ice for 2 h to

complete thawing. Immediately before analysis, 300 μl of
plasma were mixed with 300 μl of D2O and then transferred
to a 5-mm NMR tube for direct 1H-NMR analysis.
The liver (approximately 2 g, exactly weighed) and muscle

frozen tissue samples (approximately 2 g, exactly weighed)
were treated using a classical extraction by dichloromethane–
methanol (2:1, v/v), containing 0⋅01 % of butylated hydroxy-
toluene as antioxidant, according to Folch et al.(43). The polar
phase, containing water–methanol-soluble compounds, and
the non-polar phase, containing lipid-soluble compounds,
were separated and stored at −80°C before preparation for
1H-NMR analysis. A calculated volume of polar extracts was
sampled according to the initial weight of the liver or muscle
samples used for extraction and then freeze-dried (Savant
SC210A SpeedVac, Milford, CT, USA). The dried extract
was dissolved in 140 μl of deuterated phosphate buffer solu-
tion (200 mM, apparent pH 7⋅4), 460 μl of D2O and 5 μl of
5 mM TSP solution. After homogenisation and centrifugation
(14 000 g, 5 min; Centrifuge A14, Jouan, France), the super-
natant was transferred to a 5-mm tube for 1H-NMR analysis.

Plasma metabolite assay kit analysis

Plasma glucose (Glucose RTU; BioMérieux, Marcy-l’Etoile,
France), lactate (Lactate-PAP; BioMérieux, Marcy-l’Etoile,

France) and cholesterol (CHOL100; Sobioda, Montbonnot,
France) concentrations were determined by enzymatic analysis
using commercial kits adapted to a micro-plate format, accord-
ing to manufacturer recommendations.

Growth and tissue parameter calculations

The condition factor was calculated using the BW (g)/body
length (mm)3 formula. Somatic indices were also calculated:
the hepatosomatic index (HSI) was calculated using liver
weight (g)/BW (g) %, and the viscerosomatic index (VSI)
was calculated using digestive tract weight (g)/BW (g) %.

1H-NMR spectra acquisition and processing

1H-NMR analyses were performed on a 500-MHz Avance III
spectrometer (Bruker, Wissembourg, France) fitted with an
ATMA BBI 5-mm Bruker probe at 300 K flushed with nitro-
gen and a BACS120 autosampler. Acquisition parameters were
adapted from Kullgreen et al.(26) and Gatesoupe et al.(44) using
a Carr-Purcell-Meiboom-Gill CPMG – relaxation editing pulse
sequence with presaturation (cpmgpr) for plasma – and from
Moing et al.(42) using a quantitative single pulse sequence (zg)
for tissue extracts. The acquisition conditions of plasma and
extracts (diet, liver and muscle) are summarised in Table 3.
To optimise NMR acquisitions, automated tuning and match-
ing, locking, shimming (TopShim) and 90° hard pulse calibra-
tion (pulsecal) were performed for each sample. A Fourier
transformation was applied to the signal after zero-filling
(64k) for extracts and apodization (LB 0⋅3 Hz) for extract
and plasma spectra. The resulting spectra were manually
phased with TopSpin (v. 3⋅0, Bruker).
For plasma, diet and tissue extracts, chemical shift calibra-

tion, baseline correction, peak realignment, non-uniform buck-
eting and signal-to-noise ratio were determined using the
NMRProcFlow web tool (www.nmrprocflow.org)(45). Each
spectral region of interest was determined manually, using
either the intelligent bucketing module or the variable size

Table 3. 1H-NMR analytical protocols

Sample

NMR parameters DietLiverMuscle Plasma

Temperature 27°C 27°C

Sequencea Standard zg CPMG cpmgpr1db

Pulse angle 90 90

Number of dummy

scans

0 8

Number of scans 64 64

Number of

time-domain

points

32 K 64 K

Relaxation delay 15 s 2 s

Acquisition time 2⋅73 s 5⋅46 s

Additional

parameters

Spin-echo delay 500

μsNumber of loops: 150

Experiment duration 19 min 9 min 10 s

Acquisition Quantitative Semi-quantitative

a Bruker denomination.
b Presaturation of water signal.
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bucketing module of the NMRProcFlow for each dataset. For
plasma spectra, this was performed within the 8⋅7–0⋅1 ppm
region, and 212 spectral regions were determined for the initial
analysis of time after-feeding effect, and then 398 spectral
regions were determined for the analysis of the diet effect at
each time after feeding, excluding the residual signals of
water, lipids and lipoprotein resonances. The spectral regions
were named according to the following example: B5_1811
for a spectral region centred on 5⋅1811 ppm. Total sum nor-
malization was applied to minimise minor differences due to
the total plasma metabolite concentration and/or variation
in acquisition conditions among samples. The determination
of spectral regions for tissue extract 1H-NMR spectra was
also performed as described above in diet (n 74), in liver tissue
(n 252) and in muscle tissue (n 268) using the NMRProcFlow
with the exclusion of the residual water area. The data were
then standardised and normalised to the total intensity of
the spectra.
Compounds were identified by comparing the spectra of

individual compounds – analysed under the same conditions
of preparation (solvent and/or pH) – to those available in
the home database, the NMR HMDB (www.hmdb.ca),
BMRB (http://www.bmrb.wisc.edu/metabolomics/) and
Chenomx (Chenomx Metabolite Reference Libraries, www.
chenomx.com) databases, and based on data from the litera-
ture(24,26) and their annotation status according to MSI
Metabolomic Standards Initiative (46). For a selection of meta-
bolites, identification was confirmed by spiking commercially
available reference compounds on representative samples
and by the acquisition of 2D 1H-NMR spectra on a selection
of samples. Patterns of resonance that could not be identified
were named according to the following example: unkDD6.15,
meaning the unknown doublet of a doublet pattern of reso-
nances centred on 6⋅15 ppm.
For the diet 1H-NMR spectra, resonance groups were

selected and integrated using the NMRProcFlow(45), then the
absolute concentration of each compound was calculated
using the electronic reference (TopSpin ERETIC2 module),
and the calibration of signals with glucose (2⋅5–100 mM) and
glutamate (2⋅5–30 mM) standard curves. The concentration
in mol/l was then converted to g/l and transformed into a
content by dividing it by the amount of lyophilised powder
used for extraction. The content of each organic or amino
acid was expressed as g of the acid form per weight unit.
The content of NMR unknown compounds was calculated,
hypothesising that the observed resonance corresponded to
one proton and using an arbitrary molecular weight of 100 Da.

Data reduction and statistical analyses of spectra

The size of fish sampling (n 15) was selected to permit a
potential 20 % dropout for fish outliers (maturing male) or
for abnormal spectral distribution (liver and muscle). The
resulting sample size (n 11 per treatment) is sufficient to detect
a minimum 20 % difference between diets with a 95 % confi-
dence for NMR variables. Statistical analyses were performed
using BioStatFlow (v. 2⋅8, www.biostatflow.org). Multivariate
principal component analyses (PCAs) were performed on

normalised data to visualise the discrimination between treat-
ments and diets and to identify the compounds or spectral
regions related to the discrimination. Supervised analysis
such as ANOVA were performed on raw data to assess the
significance of the differences observed between diets and,
when relevant, MANOVA to assess the combined effect of
other factors (a duration of storage for diet and time after
feeding for plasma), as well as their interactions. A statistical
threshold level of 5 % was retained. Data are presented as
mean values with their standard deviation.

Results

Fish characteristics

The BW and the body length of fish fed a P-based diet were
significantly lower than those of fish fed a M diet and a C diet
(Table 4), but the condition factor was not significantly differ-
ent between the diets (data not shown). The relative weight of
the liver (HSI) was significantly higher in fish fed the M diet
than in those fed the P-based diet and the C diet. The gut rela-
tive weight (VSI) was significantly higher in fish fed the C diet
than in those fed the two other diets.

Contrasted 1H-NMR quantitative profiling of diets

1H-NMR spectra annotations of water–ethanol diet extracts
made it possible to identify thirty-six soluble compounds
(Fig. 1; Table 5) comprising amino acids and derivatives,
sugars, organic acids, nucleosides, alkaloids and vitamin pre-
cursors. Thirty-one patterns of resonances remain unknown
(Supplementary Table S2 of Supplementary material).
The 1H-NMR profiles differed based on the diets. Some sig-

nals related to alanine, lysine, methionine, betaine, glycine,
sucrose and stachyose were more specific to the P-based
diet. In the 6–9 ppm range, signals corresponding to anserine,
adenosine, xanthine and hypoxanthine were more specific to
the M diet and the C diet. The signals corresponding to pterin
and biopterin were very specific to the P-based diet.
The PCA, performed on the main identified and unknown

compound contents determined by 1H-NMR, demonstrated a

Table 4. Characteristics of rainbow trout fed three different diets from the

first feeding: marine M, plant-based P and commercial C diets (mean (SD)

n 30)

Marine (M)

Commercial

(C)

Plant-based

(P)

ANOVA on

diet effect

Total BW (g) 350 (37)a 359 (36)a 263 (52)b **

Total body

length BL

(mm)

287 (11)a 283 (12)a 259 (17)b **

HSILiver

weight/

100 g BW

1⋅22 (0⋅16)a 0⋅94 (0⋅11)b 0⋅89 (0⋅18)b ***

VSIGut

weight/

100 g BW

8⋅23 (1⋅37)b 9⋅00 (1⋅63)a 8⋅14 (2⋅16)b *

This is the whole set of experimental fish sampled at 6 and 48 h after the meal.

ANOVA on diet effect: ***P < 0⋅001; **P < 0⋅01; *P < 0⋅05). Data with different letters

are significantly different (Student’s t test).
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clear discrimination between the three diets on the first two
PCs (89 % of the total variability; Fig. 2). The main PC1 dif-
ferences (69 % of total variability) were related to the M and
P-based diets, C showing intermediate results, and secondary
differences were observed on PC2 (20 % of the total variabil-
ity) between the P and M diets, on the one hand, and the C
diet, on the other hand. Differences due to diet storage for
2 weeks or 1 month were relatively low and non-significant,
although such differences related to the PC2 axis seemed to
be higher in the C and the P-based diets than in the M diet.
The main identified compounds (Table 6) as well as

unknown compounds (Supplementary Table S2 of
Supplementary material) were quantified with putative 100
g/mol for unknown compounds. Sugars –stachyose and
sucrose – were present at a very high content (>9⋅8 g/kg of
dry matter (DM) and >4⋅6 g/kg DM, respectively, in the P

and C diets compared with the M diet approximately 1 g/kg
DM), as well as lysine (>10 g/kg DM in the P-based diet).
Other compounds were also present at a high content
(>1 g/kg DM): choline, taurine and lactate in all three diets;
anserine, creatine, glutamate, alanine and hypoxanthine in
the M diet; and alanine, glycine, lysine, methionine and betaine
in the P-based diet. Some compounds, such as raffinose, were
detected only in the M diet at a relatively high content of >1 g/
kg DM. On the contrary, two other compounds – pterin and
biopterin – were detected only in the P-based diet at a low
content.
The differences between the M and the P-based diets were

highly significant (P < 0⋅001) for most of the compound con-
tent, except for tryptophan (Table 6). The content of creatine,
anserine, adenosine, xanthine, hypoxanthine, niacinamide and
various unknown compounds (unkS2.74, unkS3.03, unkS3.23,

Fig. 1. (a) Representative 500 MHz 1D 1H-NMR spectra of ethanolic extracts of C, P-based and M diets and (b) representative expanded spectra of the (δ 9⋅2–5⋅7
ppm) range. Legend: 1 LEU; 2 ILEU; 3 VAL; 4: lactate; 5 ALA; 6 LYS; 7 acetate; 8 MET; 9 GLU; 10 succinate; 11 citrate; 12 creatine; 13 unkS3.04; 14 choline; 15

betaine; 16: taurine; 17 GLY; 18: sucrose; 19: stachyose; 20: raffinose; 21: uracil; 22 adenosine; 23 unkDD6.15; 24 unkD6.48; 25 fumarate; 26: TYR; 27 tyramine; 28

anserine; 29 HIS; 30 PHE; 31 TRP; 32 unk D7.68; 33 unkS7.76; 34 xanthine; 35 hypoxanthine; 36 formate; 37 pterin; 38 unkD8.59; 39 niacinamide; 40 biopterin; 41

trigonelline (see Table 5).
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unkS7.76, unkS7.87 and unkS8.59; Supplementary Table S2 of
Supplementary material) was significantly higher in both the M
diet and the C diet than in the P-based diet, whereas the con-
tent of histidine and various unknown compounds (unkS2.86,
unkD5.17, unkD5.20, unkD6.48; unkD7.15 and unkD7.68)
was significantly higher in both the P-based and the C diets
than in the M diet. The C diet generally showed intermediate
results between the M and the P-based diets, except for the
content of stachyose, sucrose, choline, xanthine and several
unknown compounds (unkS5.89, unkS5.91, unkS5.93,
unkS5.92, unkD7.15and unkS7.86), which was lower in the
C diet than in the other two diets.
Lysine and methionine were added to the P-based diet to

compensate for the imbalanced amino acid composition of
plant-based proteins. The ratio between the contents of

compounds measured by 1H-NMR in the diet and the content
in the diet was calculated. The ratios were, respectively, of 0⋅73
and 0⋅68 for lysine and methionine. Other compounds were
added to the P-based diet as a mix attractant. Only four of
these compounds – taurine, betaine, glycine and alanine –
were detected and quantified with a recovery ratio of 0⋅96,
0⋅72, 0⋅75 and 1⋅32, respectively.

Significant differences in a classical set of circulating
metabolites in plasma

Glucose, lactate and cholesterol concentrations in plasma were
not significantly different between 6 and 48 h after feeding.
Glucose concentrations were significantly higher in the M
diet than in the P-based diet and the C diet (Fig. 3) at 48 h

Table 5. Cumulative list of annotated compounds in the 1H-NMR spectra of hydro-alcoholic extracts of the three diet pellets

Compound

Resonances used for quantification

(chemical shift in ppm) and multiplicity Other chemical shifts (ppm) and multiplicity

MSI

status

Amino acids and derivatives

Tryptophan 7⋅73 (d) 7⋅54 (d); 7⋅28 (t); 7⋅2 (t) 1

Phenylalanine 7⋅43 (m) 7⋅39 (m); 7⋅35 (m); 3⋅14 (dd) 1

Tyrosine 7⋅2 (d); 6⋅91 (1/2d) 6⋅91 (d) 1

Histidine 7⋅02 (d) 6⋅99 (d); 8⋅02 (d) with anserine 2

Lysine 1⋅74 (m) 7⋅92 (m); 3⋅76 (t); 3⋅03 (t); 1⋅49 (m) 1

Glycine 3⋅56 (s) 1

Glutamic acid 2⋅35 (4/6 m) 2⋅35 (m); 2⋅14 (m); 2⋅07 (m) 1

Methionine 2⋅64 (1/3 t) 2⋅64 (t); 2⋅20 (m); 2⋅14 (m); 2⋅14 (s) 1

Alanine 1⋅49 (d) 3⋅79 (q) 1

Valine 1⋅05 (d) 3⋅62 (d); 2⋅28 (m); 0⋅99 (d) 1

Isoleucine 1⋅01 (1/2d) 1⋅01 (d); 0⋅94 (t) 1

Leucine 0⋅97 (3/4t) 1⋅72 (m); 0⋅97 (t) 1

Anserine 4⋅48 (dd) 8⋅02 (s); 7⋅00(s); 3⋅74 (s); 3⋅2 (m); 1

Taurine 3⋅43 (t) 3⋅27 (t) 1

Creatine 3⋅93 (s); 3⋅04 (s) 1

Betaine (trimethylglycine) 3⋅90 (s) 3⋅27 (s) 1

Carbohydrates

Glucose 5⋅24 (1/2d); 4⋅65 (d 1/2) 5⋅24 (d); 4⋅65 (d) 1

Stachyose 5⋅00 (m) 5⋅44 (d); 4⋅24 (d); 4⋅15 (dd); 3⋅68 (s) 1

Sucrose 5⋅42 (d) 4⋅22 (d); 4⋅06 (t); 3⋅82 (m); 3⋅77 (t); 3⋅68 (s); 3⋅57 (dd); 3⋅48 (t) 1

Raffinose 5⋅00 (m) 5⋅44 (d); 4⋅24 (d); 4⋅15 (dd); 3⋅68 (d) 1

Organic acids

Formate 8⋅47 (s) 1

Fumarate 6⋅52 (s) 1

Malate 4⋅3 (1/2 dd) 4⋅3 (dd); 2⋅67 (dd); 2⋅37 (dd) 1

Lactate 4⋅11 (q) 1⋅33 (d) 1

Citrate 2⋅61 (dd) 2

Succinate 2⋅41 (s) 1

Acetate 1⋅92 (s) 1

Nucleoside/nucleobases

Hypoxanthine 8⋅20 (s) 8⋅21 (s) 1

Xanthine 7⋅89 (s) 1

Uracil 5⋅8 (d) 7⋅54 (d) 2

Adenosine 6⋅10 (d) 8⋅35 (s); 8⋅24 (s) 2

Vitamin, vitamin precursor,

alkaloid and other

compounds

Choline 3⋅21 (s) 4⋅07 (m); 3⋅53 (m) 1

Trigonelline 9⋅135 (s); 8⋅84 (m)3⋅21 (s) 9⋅135 (s); 8⋅84 (m); 8⋅09 (t); 4⋅44 (s)4⋅07 (m); 3⋅53 (m) 1

Pterin 8⋅72 (d); 8⋅54 (d) 9⋅135 (s); 8⋅84 (m); 8⋅54 (d); 8⋅09 (t); 4⋅44 (s) 2

Biopterin 8⋅76 (s)8⋅72 (d) 8⋅54 (d) 2

Niacinamide 8⋅94 (d) 8⋅71 (dd); 7⋅60 (dd) 1

Tyramine 7⋅22 (d); 6⋅91 (d); 8⋅94 (d) 8⋅71 (dd); 7⋅60 (dd); 2⋅93 (t) 2

s, singlet; d, doublet; dd, doublet of doublets; t, triplet; q, quadruplet; m, multiplet (not solved). MSI status from Sumner et al.(40): 1 refers to an identified compound; 2 refers to a

putatively annotated compound.
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after feeding, whereas the concentration of cholesterol in the
M diet was significantly higher than that in the P-based diet
at both 6 and 48 h after feeding. Lactate concentration was
not significantly different between diets.

1H-NMR profiling of plasma relevant to both post-prandial
changes and long-term diet effects

The 1H-NMR plasma spectra using a ‘water presaturation’
sequence showed generally broad resonances of the circulating
macromolecules (lipids and lipoproteins); thus, a ‘cpmg’
sequence was used to attenuate the signal of these macromo-
lecules and to highlight small metabolite molecules.
Twenty-seven circulating compounds were detected, including
main amino acids, sugars, organic acids, vitamins, nucleotide
and nucleosides, while residual signals of lipids and lipopro-
teins were still observed (Supplementary Fig. S1 and
Table S3 of Supplementary material).
Each spectrum was segmented into 212 variable spectral

regions on which putative specific compounds were assigned
according to the annotation. The PCA demonstrated a signifi-
cant discrimination of plasma profiles between 6 and 48 h
after the last meal (in Fig. 4(a), PC1 represents 32 % of the
total variability). The compounds related to post-prandial dif-
ferences are the essential amino acids, such as methionine,
phenylalanine and tyrosine, which were higher at 6 h post
feeding, and glucose and non-essential amino acids, such as
alanine, which were higher at 48 h post feeding (Fig. 4(b)).
The status of branched-chain amino acids on this first PCA
axis was, however, contrasted, with leucine showing higher
values at 6 h post feeding and valine showing higher values
at 48 h post feeding. The PCA did not show a significant

discrimination between the fish fed different diets on the
first two axes (cumulated 44 % of the total variability),
although the third axis (PC3 9 % of the total variability;
Supplementary Fig. S2A of Supplementary material) suggested
a discrimination between the fish fed the P-based diet and
those fed the M diet, while the fish fed the C diet showed
intermediate results. These differences were due to higher
scores of creatine, dimethylamine and serine in the M diet
and higher scores of glucose, lysine, leucine, inositol and pterin
in the P-based diet (Supplementary Fig. S2B of Supplementary
material).
Due to highly significant interactions between diet and time

after feeding for most of the spectral regions (54 % of the
whole set of spectral regions), a separate analysis was per-
formed at 6 h post feeding and 48 h post feeding. At 6 h
after feeding, the PCA (Fig. 5(a)) showed significant profile
discriminations between the fish fed different experimental
diets, particularly on the second principal axis (12⋅6 %).
Volcano plot analyses (Fig. 5(c)) show a few compounds with
a higher content in the fish fed the M diet, such as dimethyla-
mine and creatine, while the content of numerous compounds
was significantly higher in the fish fed the P-based diet, such
as glucose, lysine, methionine, inositol, pterin and various
unknown compounds (Tables 7; Supplementary Table S4 of
Supplementary material). At 48 h after feeding, the PCA
(Fig. 5(b)) did not show a significant discrimination between
the fish fed different diets, although the fish fed the M diet
and those fed the P-based diet seemed to be on opposite
sides of the first principal axis (25⋅6 %). The volcano plot ana-
lysis (Fig. 5(d)) shows numerous compounds with content that
was significantly higher in fish fed the P-based diet, such as
inositol, alanine, lysine, valine, isoleucine, leucine, pterin and

Fig. 2. PCA on compound contents determined by 1H-NMR spectra of polar extracts of experimental diets. Scores of the three diets, M, C and P-based, sampled at 0

(circle), 2 weeks (triangle) and 1 month (square) after the last formulation.
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various unknown compounds, while only a few compounds had
a significantly higher content in fish fed the M diet, such as glu-
tamine and glucose (Tables 7; Supplementary Table S4 of
Supplementary material). The significant interactions between
post-feeding time and diet were related mainly to glucose, inosi-
tol, glutamine, alanine, methionine, valine, lysine, phenylalanine,
tyrosine and various unknown compounds.

1H-NMR liver tissue analysis

The 1H-NMR spectra of aqueous polar extracts in liver made
it possible to identify eighteen water–methanol-soluble com-
pounds, including main amino acids (phenylalanine, trypto-
phan, histidine, lysine, isoleucine, leucine, valine, glutamic
acid, glutamine, alanine and taurine), carbohydrates (glucose
and mannose), organic acids (lactate and acetate), peptides
and amino acid derivatives (anserine and phosphocreatine),
vitamin precursors and derivatives (niacinamide, choline and
betaine) and nucleoside (inosine) (Supplementary Fig. S3 and
Table S5 of Supplementary material). Some compounds
were difficult to identify because their NMR signals

overlapped each other, and this is the case for the arginine sig-
nal that overlapped the choline signal.
The whole spectrum was segmented in 252 variable spectral

regions on which putative specific compounds were assigned
according to the annotation. The PCA showed a clear discrim-
ination between the fish fed different experimental diets (in
Fig. 6(a), PC1 represents 26 % of the variability). The volcano
plot analysis (Fig. 6(b)) shows that numerous spectral regions
contributed to the differences observed between the fish fed
the M diet and those fed the P-based diet.
The relative quantification of the more representative spectral

regions (Table 8; Supplementary Table S6 of Supplementary
material) revealed at least twenty-four signals significantly
higher in the M diet and forty-three signals significantly higher
in the P-based diet. The compounds more specifically related
to the M diet were glutamine, mannose and uridine derivatives,
while some signals were related to a mixture of compounds
and numerous signals were not associated with any com-
pounds. Some of the latter were observed in a relatively high
content in liver tissue (unkS3.91, unkD3.79 unkS3.43 and
unkD1.32). The compounds specifically related to the

Table 6. Compound contents (μg/g DM) in diet polar extracts

Diet (contents in μg/g DM)
ANOVA

Compounds M C P-based on diet effect

Sugars Glucose 168 (34)c 255 (40)b 415 (60)a ***

Stachyose 0c 13 451 (374)a 9836 (189)b ***

Sucrose 1105 (27)b 4724 (175)a 4683 (118)a ***

Raffinose 1103 (142) 0 0 det. only in M
Amino acids and Phenylalanine 187 (10)c 241 (10)b 390 (9)a ***

metabolites Tyrosine 76 (1)a 57 (0)c 69 (14)b ***

Glycine 358 (14)b 172 (11)c 1506 (87)a ***

Lysine 566 (48)c 845 (62)b 10 921 (157)a ***

Methionine 0 0 2029 (55)a ***

Glutamate 1014 (41)a 719 (42)b 140 (20)c ***

Alanine 1053 (35)b 728 (21)c 1984 (62)a ***

Valine 341 (9)a 269 (6)b 193 (4)c ***

Isoleucine 177 (8)a 141 (5)b 134 (4)c ***

Leucine 244 (14)b 219 (14)c 261 (18)a ***

Tryptophan 75 (11) 70 (12) 78 (7) NS

Histidine 0 315 (14)b 564 (18)a ***

Taurine 3291 (42)a 1862 (34)c 2885 (70)b ***

Anserine 1067 (58)a 739 (93)b 147 ((44)c ***

Betaine 574 (25)b 294 (20)c 2170 (58)a ***

Creatine 1793 (39)a 1134 (25)b 0 ***

Tyramine 19 (5)c 34 (3)b 59 (6)a ***

Organic acids Formate 66 (7)c 88 (7)b 148 (15)a ***

Acetate 827 (69)a 501 (180)b 317 (40)c ***

Lactate 1656 (33) 1644 (178) 1516 (141) *

Fumarate 40 (2)b 47 (3)a 19 (3)c ***

Malate 156 (11)C 377 (28)b 523 (12)a ***

Succinate 517 (17)a 360 (10)b 153 (3)c ***

Vitamins, Pterin 0 0 262 (14)a ***

precursors and Biopterin 0 0 501 (54)a ***

metabolites Choline 1054 (39)b 1179 (51)a 1012 (37)b ***

Trigonelline 0 65 (5)a 32 (6)b ***

Niacinamide 47 (3)a 44 (4)a 28 (4)b ***

Nucleosides Xanthine 428 (40)b 535 (51)a 164 (10)c ***

nucleobases Hypoxanthine 983 (23)a 667 (12)b 53 (6)c ***

Uracile 114 (6)b 84 (5)c 164 (10)a ***

Adenosine 596 (24)a 371 (19)b 0 ***

The number 0 is not detectable (mean (SD); n 12).

ANOVA significance of diet effect: ***P < 0⋅001; **P < 0⋅01; *P < 0⋅05.
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P-based diet were glucose, threonine, isoleucine, tryptophan,
glutamate, uracile, inosine, putrescine, formate and ethanol,
and there were numerous signals for which no associated com-
pounds were identified. Some of these unknown compounds
were shown to be in a relatively high content in liver tissue
such as unkS3.42 and unkS3.27.

1H-NMR muscle tissue analysis

The 1H-NMR spectra of polar aqueous extracts of muscle tis-
sue made it possible to detect sixteen water–methanol-soluble
compounds identical to those detected in the liver tissue

(mannose and ethanol were not detected in muscle tissue)
(Supplementary Fig. S4 and Table S4 of Supplementary
material).
The whole spectra were segmented in 268 variable spectral

regions on which putative specific compounds were assigned
according to the annotation. The PCA showed a clear discrim-
ination between diets (in Fig. 7(a), PC1 represents 32 % of the
variability). Numerous spectral regions contributed to differ-
ences between the fish fed the M diet and those fed the
P-based diet, as indicated on the volcano plot figure (Fig. 7(b)).
The quantification of the more representative spectral

regions (Table 9; Supplementary Table S6 of Supplementary
material) revealed at least forty-two signals significantly higher
in fish fed the M diet and seventy-eight signals significantly
higher in fish fed the P-based diet. Signals more specifically
related to fish fed the M diet were assigned to the following
compounds: niacinamide, choline and uridine derivatives.
One strong signal was associated with a mixture of com-
pounds (choline, anserine, taurine, betaine and histidine) and
was difficult to solve, although it could be associated mainly
with taurine. Numerous signals had no associated compounds,
and some of these were detected only in the M diet
(unkD9.14, unkD8.86 and unkD5.45) at low levels. Signals
specifically related to fish fed the P-based diet were attributed
to the following compounds: histidine, threonine, lysine,
leucine, valine, isoleucine, glutamate, taurine, creatine, lactate
and inosine, and there were also numerous signals for which
no associated compounds were identified. A few of these
unidentified compounds were in a relatively high content in
muscle tissue (unkM3.79).

Interconnections between metabolites in plasma, and liver
and muscle tissues

The global PCA on 1H-NMR profiles of plasma, and liver and
muscle tissues at 48 h post feeding showed a clear discrimin-
ation of the fish fed different diets, particularly between
those fed the M diet and those fed the P-based diet (Fig. 8).
The differences in signals related to amino acid accumulations
in the plasma of fish fed the P-based diet at 48 h post feeding
were correlated with signals associated with amino acid accu-
mulations in muscle tissue. The differences in signals related
to plasma glucose in the fish fed the M diet were correlated
with signals associated with the presence of glucose in the
liver and of niacinamide in muscle tissue.

Discussion

This study was performed on rainbow trout whose growth
performance, after having been fed a full P-based diet for
15 months, was relatively good, although it was still signifi-
cantly lower than that of the control fish fed the FM/FO
diet (M) and the reference C diet. The growth reduction due
to the P-based diet was observed since the first feeding
stage but was still effective in the on-growing stage of the pre-
sent study(41).
The plant ingredients were supplemented with specific

compounds, such as lysine and methionine, to re-equilibrate

Fig. 3. Concentration (g/l) determined by assay kits of selected metabolites

(a) glucose, (b) lactate and (c) cholesterol in plasma at 6 and 48 h after feeding

in rainbow trout fed either a M diet, a P-based diet or a C diet. Mean and stand-

ard deviation: n 15. Data affected by different letters were significantly different

(two factors: MANOVA analysis and Student’s t test; P < 0⋅05 for pairwise com-

parison), knowing that the time effect and the interaction with diet effect were

not significant.

10

journals.cambridge.org/jns
ht

tp
s:

//
do

i.o
rg

/1
0.

10
17

/jn
s.

20
21

.3
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1017/jns.2021.3


Fig. 4. Multidimensional PCA of 1H-NMR spectra (‘CPMG’ sequence) of plasma segmented into 212 variable size spectral regions: (a) representation on the first two

PC axes of the scores of plasma of individuals fish fed a M diet (triangle), a P-based diet (circle) and a C diet (diamond) either 6 h post feeding (straight line) or 48 h

post feeding (dotted line) n 15 per treatment and (b) representation of the main significant spectral regions involved in the PC1-axis differences related to time after

feeding.

Fig. 5. Multidimensional PCA of 1H-NMR spectra (CPMG sequence) of plasma segmented in 388 spectral regions. (a) Score plot on the first two principal compo-

nents of individual rainbow trout at 6 h after feeding on a M diet (triangle), a P-based diet (circle) and a C diet (diamond) n 15 per treatment. (b) Score plot on the first

two principal components of individual rainbow trout at 48 h after feeding on a M diet (triangle), a P-based diet (circle) and a C diet (diamond) n 15 per treatment.

(c) Volcano plot representations of the differences at 6 h between M and P-based diets with the M diet used as a reference. (d) Volcano plot representation of the

differences at 48 h between M and P-based diets with the M diet used as a reference. Circle, significantly higher signal (P < 0⋅05); triangle, significantly lower signal

(P < 0⋅05); dash, non-significant differences. Each bucket was assigned to a given metabolite compound or a group of metabolite compounds, except for unidentified

signals: unkS2.18 (singlet at 2⋅18), unkT3.99 (triplet at 3⋅99 ppm), unkD1.008 (doublet at 1⋅008 ppm) and unkM (multiplet of resonances).
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essential amino acid profile. The differences in the growth per-
formance of the P-based diet is often related to reduce feed
intake(4,7). To mitigate such a negative effect, a set of selected
compounds comprising glucosamine, taurine and betaine, a
priori not found in plant-based ingredients, complemented
with glycine and alanine was also intentionally added to
mimic the expected composition in the M diet(6). Betaine
and glucosamine are known to feed attractants and growth-
promoting compounds in fish(47,48). Furthermore, some of

these compounds have specific biological functions such as
preserving tissue osmotic pressure for taurine(49) and contrib-
uting to C1 metabolism for betaine(50). Taurine is now consid-
ered as an essential nutrient, especially in species that could not
synthesise taurine(51). Thus, the adequate supplementation
with specific compounds most likely contributes to the rela-
tively good performances of fish fed with the P-based
diet(41) offering optimum condition to assess the long-term
effects of the P-based diet.
The objective of this study was to characterise feeds and fish

metabolic response by NMR metabolomic approaches in order
to explain the differences observed in the growth performance.
Metabolomic approaches in plasma and tissues helped to identify
which tissues and which metabolic pathways were mainly altered
in fish fed the P-based diet and how this could be used for mak-
ing further improvements to the alternative diets.

Soluble compounds in experimental feeds as putative diet
biomarkers

Although 1H-NMR analyses are often used to characterise
food and feed ingredients(52) and to assess fish product quality
and origin(53), they have only just started to be implemented on
fish feed(38,54,55). The alcoholic extracts of the diets contained
a rich and complex mixture of soluble compounds representa-
tive of free soluble compounds originally present in marine
products and plant products. Some compounds constitute
markers of feedstuffs and ingredients of the diet. Creatine,
anserine, niacinamide and adenosine detected only in M and
C diets are known to be present in FM(56,57). These com-
pounds were also detected in the plasma of fish fed M and
C diets as well as dimethylamine. Secondary amines, dimethy-
lamine and trimethylamine, which are specific to marine
resources fish and seafood(49,54,58), have been specifically
detected in the plasma of fish fed an FM-based diet(59).
Some other compounds, such as sugar compounds, trigonel-
line and biopterin, are specific to plant-based ingredients.
Indeed, the P-based and the C showed large quantities of
sugar sucrose and stachyose. Stachyose is suspected to be
involved in the gut enteritis related to soyabean meal ingestion,
but in the present conditions, it did not induce any differences
in the growth of fish fed with the C diet compared with the M
diet. Further investigations are required to conclude on the
effect of this oligosaccharide in gut alteration(60).
Two compounds, identified as pterin and biopterin, specific

to plants(61) were detected only in the P-based diet and in the
plasma of fish fed the P-based diet. The metabolic effects of
pterin and biopterin are not known, contrary to those of
folic acid, an analogue(62). Pterin found in plants is supposed
to be distinct from biopterin and neopterin, which are metabo-
lites of guanosine found in animals and particularly in fish,
where they contribute to skin pigmentation(57). Pterin detected
in plasma could, thus, be considered as a specific biomarker of
the P experimental diet. Other unknown compounds detected
only in the plasma of fish fed P-based diet are also putative
biomarkers of plant feedstuffs, as they get to be revealed by
means of metabolomic approaches(38,50).

Table 7. Significant effects of diet (M v. P-based) on semi-quantitative

assessment of representative annotated spectral regions or bucket of

the 1H-NMR spectra of plasma at 6 and 48 h after feeding

Bucket

Metabolite resonance

annotation

Significance

diet

6 h M > P-Based diet

B1_753 unk + leucine + lysinea ***

B2_732 Dimethylamine ***

B3_044 Creatine +

phosphocreatine

***

B3_270 unk + TMAO + betaine +

inositol + Glucose

***

B3_936 Creatine ***

B4_068 Inositol ***

6 h P-based diet > M

B1_447 Lysine + unk ***

B1_459 Lysine + 13C lactic acid+

unk

***

B1_681; B1_694; B1_702;

B1_694

Lysine + leucine ***

B2_436; B2_444; B2_421;

B2_460; B2_468;

B2_479

Glutamine ***

B3_607 Valine + inositol ***

B3_628; B4_060; B4_068 Inositol ***

B3_763 Glucose + alanine +

glutamine

***

B6_906; B6_888, B7_207 Tyrosine ***

B8_549; B8_721 Pterin ***

48 h M > P-Based diet

B1_753 unk + leucine + lysinea ***

B2_436; B2_444 Glutamine ***

B3_270 unk + TMAO + betaine +

inositol + glucose

***

B3_483; B3_488; B5_216;

B5_248

Glucose ***

48 h P-based diet > M

B0_966 Leucine + isoleucine + unk

(M diet)

***

B0_966; B0_976 Leucine ***

B0_987; B0_999; B1_037;

B1_052

Valine ***

B1_009; B1_021 Isoleucine ***

B1_447 Lysine + unk ***

B1_681; B1_694; B1_702;

B1_714

Lysine + leucine ***

B1_914 Lysine ***

B3_628; B4_058; B4_066;

B4_076

Inositol ***

B3_607 Valine + inositol ***

B3_676 Ethanol ***

B3_796; B3_808 Alanine ***

B5_186 unk sugar mannose like ***

B8_549; B8_721 Pterin ***

unk, resonance(s) from unknown metabolite(s) (an un-annotated bucket with signifi-

cant effects of diet is listed in Supplementary Table S4 of Supplementary material).

ANOVA on diet effect (n 15): ***P < 0⋅001; **P < 0⋅01;*P < 0⋅05.
a unk + leucine + lysine diet C and M; leucine + lysine diet P.
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The combined metabolomic analysis of the diet and the
plasma, thus, appears to be promising tools to identify a set
of plant-based soluble compounds presumably accounting
for known and suspected alterations or stimulation in the
ingestion and digestion of the P-based diet.

Delay in amino acid absorption and imbalanced supply of
essential amino acids to tissues in fish fed the P-based diet

The substitution of marine feedstuffs by plant-based feed-
stuffs, particularly plant-based protein feedstuffs, is generally
associated with limitations in fish digestion and metabolism(39).
These limits are thought to be attributed to the physical and
chemical characteristics of plant-based feedstuffs with regard
to specific anti-nutritional factors(39). Our data strongly sup-
port this hypothesis.
On the one hand, the metabolite plasma profile at 6 h post

feeding is mainly influenced by the diet. It depends essentially
on diet composition reflecting both food metabolome com-
bined with the efficiency of the digestion and absorption
processes of the last meal. This was illustrated by the status
of lysine and methionine, which were supplemented in their
free form in the P-based diet. These two purified amino
acids are absorbed before the bolus of amino acids from intact
protein digestion(13,14), and this was attested in the present
work by their higher plasma content at 6 h post feeding and
a significant interaction between post-feeding time and diet.
On the other hand, the plasma profile at 48 h post feeding,

equivalent in fish to a short fasting period, is mainly influenced
by fish metabolism and, thus, reflects rather the fish metabo-
lome. Moreover, there could be still an influence of the diet, as
at the end of the trial, only a single meal was distributed, and
this could slow down the transit. The higher concentration and
accumulation of compounds – mainly amino acids – in the
plasma of fish fed the P-based diet observed at 48 h post feed-
ing compared with those fed the M diet could, thus, be the
result of a delay in the delivery of these essential nutrients in
the fish fed the P-based diet compared with those fed the
M diet. These results are in accordance with previous studies
performed using classical analytical approaches in rainbow
trout(63–65). The late accumulation of amino acids is suspected
to be induced by the physical matrix of plant-based feedstuffs,
which reduced amino acid availability and delayed their deliv-
ery. Indeed, this could induce a reduced metabolism, either
due to an imbalance in amino acid supply to tissues or due

Fig. 6. Multidimensional PCA of 1H-NMR spectra of liver aqueous polar extracts segmented in 341 spectral regions. (a) Representation of the scores on the two

first principal components of rainbow trout 48 h after feeding on a M diet (triangle n 10), a P-based diet (circle n 11) and a C diet (diamond n 9). (b) Volcano plot

representation of the differences of the signals of spectral regions between M and P-based diets with the M diet used as a reference. Circle, significantly higher signal

(P < 0⋅05); triangle, significantly lower signal (P < 0⋅05); dash, non-significant differences.

Table 8. Significant effects of diet (M v. P-based) on semi-quantitative

assessment of representative spectral regions or bucket of the 1H-NMR

spectra of a hydro-alcoholic extract of liver in rainbow trout

Bucket

Metabolite

resonance

annotation

Significance

diet

M>P-based diet

B2_445; B2_478; B2_487 Glutamine ***

B3_587 unk +mannose +

threonine

***

B3_774 Glucose +

mannose

***

B4_312 unk + uridine ***

B8_267 Niacinamide **

P-based diet >M

B0_928 Isoleucine *

B1_216 Ethanol **

B1_350 Threonine + lactic

acid

***

B1_802 Putrescine *

B3_390 Glucose *

B2_391 unkS2.39 +

glutamate

***

B8_46 Formic acid ***

B3_255; B3_390; B3_557;

B3_566; B3_920

Glucose ***

B4_073 unk + choline ***

B4_285; B4_294; B4_303;

B4_438; B4_448; B4_453;

B4_462; B6_105; B6_124;

B8_361

Inosine ***

B4_776; B4_787; B4_798 Inosine **

B5_804; B5_824; B7_548;

B7_563

Uracile ***

B7_310 unk + tryptophan ***

B8_940 Niacinamide **

ANOVA on the diet effect (for M diet, n 10; for P-based diet, n 11): ***P < 0⋅001;
**P < 0⋅01; *P < 0⋅05.
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to the non-synchronicity of amino acid supply with other
energy substrate supplies. This hypothesis has begun to be for-
malised in human nutrition through the concept of ‘fast’ and
‘slow’ proteins that account for differences in the digestive
and metabolic efficiency of meat v. plant-based protein, espe-
cially in elderly people(66). This concept needs to be taken into
consideration in fish nutrition for the development of

alternative diets such as the P-based diets but also of new
ingredients (micro-algae, insects, etc.). Alternatively, the higher
concentration of amino acids in plasma could also result in an
accumulation of amino acids in tissues, as was observed in
muscle tissue, suggesting an alteration in amino acid utilisation.
Thus, the early delivery of supplemented essential amino

acid in fish fed the P-based diet, associated with the delay

Fig. 7. Multidimensional PCA of 1H-NMR spectra of muscle tissue aqueous polar extracts segmented in 276 spectral regions. (a) Representation of the scores on the

first two principal components of rainbow trout 48 h after feeding on a M diet (triangle n 10), a P-based diet (circle n 11) and a C diet (diamond n 9). (b) Volcano plot

representation of the differences of the signals of spectral regions between M and P-based diets with the M diet used as a reference. Circle, significantly higher signal

(P < 0⋅05); triangle, significantly lower signal (P < 0⋅05); dash, non-significant differences.

Table 9. Significant effects of diet (M v. P-based) on semi-quantitative assessment of representative spectral regions or bucket of the 1H-NMR spectra of a

hydro-alcoholic extract of muscle in rainbow trout

Bucket Metabolite resonance annotation

Significance

diet

M>P-based diet

B3_2250 Choline + anserine + taurine + betaine +

histidine + unk

***

B3_5253; B3_5356; B4_0635; B4_0690a Choline ***

B7_5894; B7_6039; B7_6120; B7_6242; B8_7136; B8_7199; B8_7250; B8_7323;

B8_9420; B8_9526

Niacinamide ***

P-based diet >M

B0_9268; B0_9445; B0_9592; B1_0026; B1_0123 Isoleucine **& ***

B0_9531; B0_9786 Leucine ***

B0_9856; B0_9933; B1_0245; B1_0407; B2_3088; B3_6127 Valine *& ** & ***

B1_3117; B1_3538; B4_0979; B4_1119; B4_1269; B4_1459 Lactic acid *

B1_4512; B1_4655 13C lactic acid

B1_6944; B1_7107 Leucine + unk ***

B1_8731; B1_8889 Lysine + unk ***

B1_9244 Acetate ***

B1_9660; B1_9913 Glutamate + unk ***

B2_0087; B2_0237; B2_0385; B2_0488 Glumatate ***

B2_0563; B2_3557; B2_3707; B4_1674 Glutamate + unk ** & **

B2_0711; B2_0845; B2_0986; B2_1097; B2_3258; B2_3390; B2.4073b Glumatate ***

B3_0570 Creatine + P-creatine *

B3_4242; B3_4403; B3_4539 Taurine **

B3_5630 Glucose **

B3_6127 unk + valine *

B3_9967; B4_0049; B4_0121 Histidine ***

B4_2769; B4_2846; B4_4367; B4_4488; B4_4591 Inosine ** & ***

B6_9027; B6_9150 Tyrosine * & **

B7_1465; B8_1235 Histidine + anserine ***

ANOVA on the diet effect (M: n 10; P: n 11): ***P < 0⋅001; **P < 0⋅01; *P < 0⋅05.
a B4_0690 = choline +ϵ 13C creatine.
b B2.4073 = unkS2.39 + glutamate.
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observed in the delivery of amino acids from the digestion of
plant-based protein, would induce an imbalanced supply of
essential amino acids to the tissues.

Minimised but targeted contribution of liver to whole-body
metabolism

Liver is orchestrating the delivery of metabolites to other
tissues, but, in the present study, its contribution seems to
be minimal if one considers the faint diet separation between
diets in this tissue. It means that liver metabolism was slightly
affected by P-based diet diet compared with plasma and mus-
cle even taking into account that at 48 h post feeding, the con-
tribution of liver to metabolite exchanges could be largely
reduced.
The increased status of choline in liver and the corre-

sponding decrease in the muscle tissue of fish fed the
P-based diet should be considered. Choline is a precursor
of phospholipid metabolism, and we found in a previous
study that the metabolisms of lipid and cholesterol are stimu-
lated in the liver of fish fed the P-based diet(41). On the other
hand, choline and related compounds are well known to con-
tribute to one-carbon metabolism in interaction with methio-
nine metabolism. It has been demonstrated in fish that the
sub-deficiency of methionine requires an increased supply
of choline to maintain methionine status(67). Choline and
its metabolites are specifically affected in other fish species
fed P-based diet diets(54,68). Betaine (trimethylglycine),
dimethylglycine and serine are intermediate metabolites of
the choline metabolic pathway, where they act as –CH3 and
–CH2OH donors, particularly for methionine synthesis(69).
Furthermore, early absorption of free-form methionine prob-
ably stimulates its use as a methyl donor in the liver. This will
contribute to the preservation of choline but could, however,
induce, a further deficiency of methionine in other tissues
such as muscle.

Long term adaptation of muscle tissue to unbalanced supplies
of amino acids

The adaptation of fish to long term feeding with only plant-
based ingredients has been demonstrated in salmonids(5,6,18)

and several marine fish(7), but growth performances are generally
lower than with marine ingredients. Muscle metabolism would,
thus, be specifically affected by a P-based diet and in the present
study, muscle demonstrated a better discrimination of the
P-based diet with the M and C diets than in plasma and liver.
The main differences observed in muscle tissue at 48 h after
feeding were an accumulation of essential amino acids in the
fish fed the P-based diet. This suggests an amino acid imbalance
for protein synthesis due to the limited supply of certain essential
amino acids to muscle tissue. Changes observed in muscle tissue
were related to other differences observed, i.e. a delay in amino
acid release in fish plasma fed the P-based diet and an imbal-
anced supply of essential amino acids observed in plasma and
liver tissue due to the early absorption of methionine and lysine
in fish fed the P-based diet. These results clearly show that both
an overall balanced supply of essential amino acids and the syn-
chronic delivery of all essential amino acids to muscle tissue are
crucial for protein turnover and muscle growth.

Further alterations in energy and vitamin status

The P-based diet also induced alterations in energy metabol-
ism. It is noteworthy that glucose levels are not significantly
different at 6 and 48 h after feeding, and this could be due
to the fact that all diets comprise a significant amount of starch
ingredients. Due to the low utilisation of dietary glucose, it is
generally observed that plasma glucose can be maintained at
high levels during post-prandial time, even 12–24 h after the
last feeding in rainbow trout fed either M or P-based
diet(18,40). All diets contained high levels of starch, and, thus,
the differences observed in plasma glucose at 48 h between
M and P-based diets could not be attributed simply to the

Fig. 8. Multidimensional PCA analysis of 1H-NMR spectra of plasma, liver and muscle polar extracts. (a) Representation of the scores on the first two principal com-

ponents of rainbow trout 48 h after feeding on a M diet (triangle n 10), a P-based diet (circle n 11) and a C diet (diamond n 9). (b) Representation of the main sig-

nificant spectral regions involved in the PC1-axis differences.
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plant-based ingredients. Furthermore, the same reduction in
plasma glucose was observed in cobia fed experimental diets
with an increased substitution of FM (25 and 75 %) by plant-
based protein(32). Specific changes in the liver metabolism of
fish fed a P-based diet have also been observed using tran-
scriptomic and proteomic approaches. These changes concern
mainly the intermediary metabolism, through lipid and carbo-
hydrate metabolism interactions for neoglucogenesis, and lipid
and protein metabolism interactions for the control of protein
catabolism(4,7). In our analysis of liver tissue, 48 h after feed-
ing, the main differences concerned glucose, inosine and
even ethanol, which were found to be higher in the liver of
fish fed the P-based diet. This is consistent with an alteration
of the liver’s energy metabolism towards neoglucogenesis
from amino acids, as demonstrated in previous transcriptomic
studies(4,7). Furthermore, the lower content of glutamine in the
liver of fish fed the P-based diet could also account for a
higher contribution of amino acids to the energy metabolism.
The accumulation of amino acids observed in fish plasma fed
the P-based diet could lead to their use to produce energy sub-
strate in the liver, particularly through glutamate as an entry
point into the TCA cycle. Finally, the creatine and the niacina-
mide status of muscle were altered in fish fed the P-based diet.
This has already been observed for creatine in fish fed a
P-based diet(30,36) but had not yet been demonstrated for nia-
cinamide, a vitamin B metabolite involved in the NAD synthe-
sis. The global analysis showed that the main differences
observed in plasma, liver and muscle energy status, and
those observed in liver choline cycle and muscle protein
metabolism were connected. Thus, these alterations in energy
metabolism could account for the adaptation of fish metabol-
ism to an imbalanced and delayed supply of nutrients.

Conclusions

This study shows the great interest of implementing metabolo-
mic approaches on biological fluids and tissues in order to
assess the long-term effects of P-based diets on rainbow
trout metabolism. Metabolomics helps to draw a coherent pic-
ture on the concomitant alterations of amino acid metabolism
by feeding P-based diets: (i) an early supply of free-form lysine
and methionine, (ii) an accumulation of amino acids in fish fed
a P-based diet observed at the plasma level, (iii) an alteration of
choline-related metabolites for –CH3 supply to the liver and
(iv) an imbalance in amino acids for protein synthesis in mus-
cle tissue. This constitutes relevant targets for future research
on protein digestion, amino acid metabolism and protein
metabolism that should be considered to improve P-based
diets for rainbow trout and farmed fish in general.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/jns.2021.3.
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