
University of Plymouth

PEARL https://pearl.plymouth.ac.uk

Faculty of Science and Engineering School of Biological and Marine Sciences

2018-02-23

The Effect of Dietary Wheat Gluten

Products on Gut Morphology,

Non-Specific Immune Parameters, and

Allochthonous Intestinal Microbial

Population of Juvenile Rainbow Trout

(Oncorhynchus mykiss) Fed with a High

Plant Protein Diet

SW, V

https://pearl.plymouth.ac.uk/handle/10026.1/21392

10.21767/2572-5459.100042

Journal of Animal Research and Nutrition

Scitechnol Biosoft Pvt. Ltd.

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with

publisher policies. Please cite only the published version using the details provided on the item record or

document. In the absence of an open licence (e.g. Creative Commons), permissions for further reuse of content

should be sought from the publisher or author.



The Effect of Dietary Wheat Gluten Products on Gut Morphology, Non-Specific
Immune Parameters, and Allochthonous Intestinal Microbial Population of
Juvenile Rainbow Trout (Oncorhynchus mykiss) Fed with a High Plant Protein
Diet
Voller SW1, Merrifield DL1 and Apper E2*

1Aquaculture and Fish Nutrition Research Group, School of Biological Sciences, CARS, Plymouth University, UK
2Research and Innovation Department, Tereos, ZI et Portuaire, 67390 Marckolsheim, France
*Corresponding author: Apper E, Research and Innovation Department, Tereos, Z.I. et Portuaire, 67390 Marckolsheim, France, Tel:
0033388581611; E-mail: emmanuelle.apper@tereos.com

Received date: January 23, 2018; Accepted date: February 16, 2018; Published date: February 23, 2018

Citation: Voller SW, Merrifield DL, Apper E (2018) The Effect of Dietary Wheat Gluten Products on Gut Morphology, Non-specific Immune
Parameters, and Allochthonous Intestinal Microbial Population of Juvenile Rainbow Trout (Oncorhynchus Mykiss) Fed with a High Plant Protein
Diet. J Anim Res Nutr Vol No 3: Iss no: 1: 4.

Copyright: © 2018 Voller SW, et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Abstract
Background: Diets for Salmonids contain less fishmeal and
more plant (and especially pulse) proteins that can impact
gut microbiota, morphology, and non-specific immune
system. The objective of the study was to investigate if
including 10% of three different types of wheat proteins in a
soy-based diet affects in the same manner gut microbiota,
morphology and non-specific immune parameters of
juvenile rainbow trout.

Methods: Over the course of a 66 day nutrition feed trial,
triplicate tanks of juvenile rainbow trout (31 fish per tank;
initial weight=24.80 ± 0.31 g) were fed three experimental
diets containing 10% inclusions of varying types of wheat
proteins. Wheat protein inclusions, vital (VWG), hydrolysed
(HWG) and a soluble hydrolysed (SWG) were incorporated
into a basal feed at the expense of soy protein concentrate
(SPC diet). Growth performance was monitored throughout
the trial. At the end point intestinal samples were taken for
microbial, molecular and histological analysis.

Findings: Growth performance was unaffected by 10%
dietary inclusions of wheat proteins, especially because
growth already achieved high level with the SPC diet, with a
feed conversion ratio of 0.99. Modulation of the
allochthonous intestinal microbiota at genus level was
observed, with increased proportions of Weissella in the
10% VWG treatment compared to the SPC and SWG
products. Bacillus relative abundance was significant
increased with 10% SWG diet. Leuconostoc was significantly
higher with HWG diet. Transcription level expression of
TNF-α and Heat Shock Protein 70 (HSP 70) was significantly
down-regulated in all wheat protein diets compared to the
SPC treatment. A PCA performed on these parameters
revealed that SPC diet was significantly associated with the
first dimension characterised by high relative abundance of
TNF-α, IL10, TGF-β, Glute ST, IL8 and HSP70; while SWG diet
was negatively associated with the second dimension which

was positively correlated with high relative abundance of
IL8 and HSP70 and negatively correlated with relative
abundance of IL10 and TGF-β. Increased Intra-epithelial
leukocytes (IEL) counts and lamina propria width was
observed with 10% VWG and HWG inclusion.

Conclusions: All types of wheat proteins are promising plant
protein source with the benefits of enhancing growth of
potential beneficial bacteria in the intestine, reducing
intestinal stress and potentially enhancing the non-specific
immune system of rainbow trout fed with a low fishmeal,
high pulse diet.

Keywords: Wheat proteins; Fish; Gut; Microbiota;
Intestinal gene expression

Abbreviations:
VWG: Vital Wheat Gluten; HWG: Hydrolysed Wheat Gluten;

SWG: Soluble Wheat Gluten; HSP70: Heat Shock Protein 70; IEL:
Intra-epithelial leukocytes.

Introduction
As the ever increasing drive for sustainability in the

aquaculture industry continues, there is now greater scrutiny on
alternative protein sources that have the potential to raise the
standard of the industry by reducing fishmeal. As the global
production volume of fishmeal has plateaued at around 6
million tonnes, and with ever increasing cost, research efforts
into alternative protein sources for inclusion into aqua feeds has
greatly increased over the past two decades [1-5]. Advances in
aqua feed formulations have been driven in part by the aqua
feed producers, striving for maximum benefits from a least cost
formulation strategies. Consequently feed ingredient producers
are now actively seeking economically viable and suitable
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protein sources to meet public perception for ethical animal
production [6].

Wheat proteins, namely vital and hydrolyzed wheat gluten,
high protein products from the removal of starch from cereal
grains are promising proteins, receiving some attention as a
partial replacer for fishmeal [7-9]. Such studies have revealed no
detrimental effects of the protein source on growth
performance with inclusion levels up to 30% in fishmeal-based
diets. Throughout the literature there is a paucity of information
on the effect of wheat proteins on gut health and the intestinal
microbiota, which are recognized to contribute to mucosal
barrier function, producing antimicrobial substances as well as
providing physical site competition and protecting the host from
potential pathogens [10]. Wheat proteins are rich in glutamine
which is a major energy source for rapidly proliferating cells, and
involved in many other vital functions, like oxidative stress or
gluconeogenesis. Thus, it can be hypothesized that addition of
wheat proteins may be beneficial for gut. No comparison
between the different types of wheat proteins on gut
morphology, non-specific immune parameters, and microbiota
has been undertaken, while the availability of amino-acids and
especially of glutamine may be different. The objectives of this
study were thus to assess the impacts of three varying types of
wheat proteins, vital wheat gluten and two types of hydrolyzed
wheat gluten on the growth performance and intestinal health
of juvenile rainbow trout fed low fishmeal and high soy protein
concentrate diets. We hypothesized that wheat proteins might

improve gut microbiota and non-specific immune parameters
compared to the control diet and that these effects might be
greater with hydrolyzed wheat proteins.

Materials and Methods
Trial has been performed in agreement with the guidelines of

the Directive 2010/63/EU.

Experimental diets
Four experimental diets low in fishmeal content were

formulated insuring all minimum nutritional requirements were
met for rainbow trout (Table 1). Three wheat protein products,
vital wheat gluten (VWG, Amytex®, Tereos Starch and
Sweeteners Europe, France) and 2 different hydrolyzed wheat
gluten (HWG, Solpro508®, and SWG, Meripro810®; Tereos Starch
and Sweeteners Europe, France) were included at 10% to a basal
formulation (SPC) at the expense of soy protein concentrate
(Table 1). According to the specifications of the producer, the
peptide size distribution in the HWG (% of SDS buffer soluble
protein) was: F1 N 779.6 kDa, 0.8%; 779.6 kDa N F2 N 96.7 kDa,
3.8%; 96.7 kDa N F3 N 58.1 kDa, 2.2%; 58.1 kDa N F4 N 20.5 kDa,
19.7%; 20.5 kDa N F5 N 6.2 kDa, 62.3%; 6.2 kDa N F6 N 0.47 kDa,
11.2%. SWG was obtained from HWG, after removal of the last
insoluble protein fraction. Diets were produced and cold pressed
at the University of Plymouth, Devon, UK.

Table1: Dietary formulation and proximate composition (%).

Diets

 SPC 10% VWG 10% HWG 10% SWG

Ingredient (g /Kg)     

Herring meal7 10 10 10 10

Soya protein concentrate1 52 39.62 38.77 38.49

Soyabean meal8 10 10 10 10

Hydrolysed wheat gluten3 - - 10 -

Vital wheat gluten4 - 10 - -

Soluble wheat gluten5 - - - 10

Corn starch6 7.63 10.65 10.89 11.33

Fish oil2 16.49 15.98 16.55 16.46

L-Lysine HCl6 1.85 1.72 1.76 1.69

Calcium carbonate9 1 1 1 1

Vitamin mineral premix10 0.5 0.5 0.5 0.5

CMC-Binder6 0.5 0.5 0.5 0.5

Antioxidant mix11 0.03 0.03 0.03 0.03

Proximate composition (%)

Moisture 4.36 4.33 4.14 3.96

Protein 48.04 48.51 48.41 49.08
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Lipid 19.56 19.47 19.51 19.55

Ash 6.11 5.45 4.49 4.38

Energy (MJ/Kg) 22.55 22.06 22.7 22.81

1SPC60 (BioMar, DK); 2Epanoil (Seven Seas, UK); 3Solpro508® (Tereos, FR); 4Amytex®(Tereos, FR); 5Meripro810®(Tereos, FR); 7LT94 Herring meal (CC Moore, UK);
6(sigma Aldrich, UK); 8HP 100 (Hamlet, DK); 9(Fisher Scientific, USA); 10PNP Fish: Ash 78.7%, Ca 12.1%, Mg 1.56%, P 0.52%, Cu 0.25 g/kg, Vit. A 1.0 μg/kg, Vit D3 0.1
μg/kg, Vit. E 7 g/kg (Premier Nutrition, UK); 11Ethoxyquin 0.075 gKg-1, BHT 0.05 gKg-1, Natural tocopherols 0.2 gKg-1 (Premier Pet Nutrition, UK).

Experimental design
Four hundred and sixty five rainbow trout were graded and

randomly distribute into 12, 120 L fibreglass tanks (31 fish per
tank; initial average body weight=24.80 ± 0.31 g) in a 7,000 litre
closed recirculation system at the Aquatic Animal Nutrition and
Health Research Facility at the University of Plymouth. Dietary
treatments were randomly attributed to triplicate tanks and fed
at a rate of 1.5-2.5% of biomass per day in equal rations at
09:00, 13:00 and 17:00 over the course of a 66 day nutritional
feed trial. Feed was adjusted daily on a predicted FCR of 1.2,
based on initial biomass weights, and subsequent bi-weekly tank
biomass weighing data. Rainbow trout were maintained at 15 ±
1°C with a 12:12 L:D photoperiod. pH was maintained at 7.0 ±
0.5 and dissolved oxygen >85% saturation.

Growth performance
Throughout the course of the feeding trial, tank biomass was

in bulk weighted bi-weekly, and prior to end point sampling to
allow the calculation of growth by fish weight, feed conversion
ratio (FCR), protein efficiency ratio (PER), specific growth rate
(SGR), K factor, and survival. FCR was calculated as FCR=g dietary
intake × (g weight gain)−1. PER was calculated as PER=g dietary
crude protein intake × (g weight gain)−1. SGR was calculated as
SGR (%body weight gain/day)=[(Logn Final fish weight-Logn
Initial fish weight)/Time Interval] × 100. K factor was calculated
by the following formula: K=10NW/L3; wherein N=5; W is the
weight of the fish in grams (g), L is the length of the fish in
millimetres (mm), measured from the tip of the snout to the
rear edge of the fork at the centre of the tail fin.

DNA extraction and PCR
At the conclusion of the 66 day feed trial, two fish per tank

(n=6 per treatment) were euthanised by overdose
(200 mg l-1 water for 10 min) of tricaine methane sulphonate
(MS222; Pharmaq, Fordingbridge, UK) followed by destruction of
the brain. Digesta samples were removed under aseptic
conditions for posterior allochthonous intestinal microbiota
analysis as described by Merrifield et al. [11] and stored at -20°C.
DNA extraction occurred on 100 mg digesta samples using the
PowerFecal™ DNA isolation kit (Cambio, Cambridge, UK) with the
addition of a lysis step prior to the manufacturers protocol.

PCR amplification was achieved utilising the reverse 338R (5’-
GCW GCC WCC CGT AGG WGT-3’) and forward 27F (5’-AGA GTT
TGA TCM TGG CTC AG-3’) primers, diluted to 50 pmol µl-1
(Eurofins MWG, Ebersberg, Germany). 30 µl reactions were
carried out utilising the following reagents: 15 µl MyTaq™

(Bioline, London, UK), 1 µl 338R and 1 µl 27F primer, 9 µl

molecular grade water and 4 µl DNA templates. The PCR
conditions comprised an initial denaturing period of 7 minutes
at 94°C, followed by 10 touchdown cycles of 30 sec at 94°C, 30
sec at 62°C (reducing by 1°C per cycle) and 30 sec at 72°C. This
was then followed by a further 25 cycles 94°C for 30 sec, 53°C for
30 sec, 72°C for 30 sec and a final extension of 72°C for 7
minutes.

PCR products were purified using Agencourt AMPure XP
(Beckman Coulter, Ca, USA) and quantified with a Qubit® 2.0
Fluorometer (Invitrogen, Ca, USA). Amplicons fragment
concentrations were then assessed using an Ion Library
Quantitation Kit (Life Technologies™, USA) and then adjusted to
26 pM. Amplicons were attached to Ion Sphere Particles using
Ion PGM Template OT2 200 kits (Life Technologies™, USA)
according to the manufacturer’s standard protocol. Multiplex
sequencing was carried out with Ion Xpress Barcode Adapters
(1-16 Kit; Life Technologies™) on a 316™ chip (Life
Technologies™) on an Ion Torrent Personal Genome Machine
(Life Technologies™). Sequences were binned by sample and
filtered to remove low quality reads within the PGM software.
Data were exported as FastQ files.

Taxonomic analysis of sequence reads was conducted with
FASTX-Toolkit (Hannon Lab, USA) after the removal of low quality
scores (Q score<20). De-noising and analysis of sequences were
conducted with QIIME. OTU mapping was performed utilising
the default pipeline of QIIME with USEARH removing chimeras
(putative erroneous reads). Greengenes database was used for
the assignment of taxonomic classification of OTUs utilising the
RDP classifier, which clustered the sequences at 97% similarity
with a 0.80 confidence threshold. Multiple alignments of the
representative sequences for each OTU were created using
PyNAST with a minimum sequence length of 150 base pairs (bp)
and 97% identification. Utilising the 16S microbial Nucleotide
BLAST-NCBI database, highest homologous species or genera
were identified (>98% similarity at 150 bp).

Gene expression

RNA extraction and cDNA synthesis

Two fish per tank (n=6 per treatment) were sampled for gene
expression analysis. Total RNA extraction from 100 mg posterior
intestine was conducted using TRIzol (Invitrogen, Carlsbad, CA,
USA). RNA purity and concentration was assessed using a
NanoDrop™ spectrophotometer (NanoDrop Technologies,
Wilmigton, USA) and stored at -20°C prior to use. Total RNA was
treated with TURBO DNA-free™ (Thermon Fisher Scientific, Ma,
USA). cDNA synthesis was carried out utilising iScript cDNA
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Synthesis Kit (Bio-Rad CA, USA), with 1 mg RNA template in a 20
µl reaction. cDNA was stored at -20°C until analysis.

Quantitative real time PCR

PCRs were performed in an iQ5 iCycler thermal cycler (Bio-
Rad) following the SYBR green methodologies. qPCR reactions
were carried utilising 7.5 µl reactions. Reagents utilized in
triplicate reactions per dilution were as follows: 2 μl of diluted
(1:10) cDNA, 3.75 μl 2X concentrated iQ™ SYBR Green Supermix
(Bio-Rad), (SYBR Green was the fluorescent intercalating agent),
0.225 μl of forward and reverse primers (0.45 μl total at 0.3 μM
concentration) and 1.3 μl of DEPC treated H20 (Thermo fisher

scientific). Thermal cycling conditions were as follows: 10 min at
95°C, 40 cycles of 15 sec at 95°C, 60 sec at 60 °C (58°C for
primers with 58°C annealing temperatures) with fluorescence
recorded at the end of each cycle. Reactions and quality control
measures were carried out in accordance with the MIQE
guidelines. Additional melt curve (dissociation curve) analysis
was carried out to ensure single peaks in all cases. β actin and
elongation factor 1α were utilized as housekeeping genes.
Primers for genes were designed utilizing Primer3web v.4.0.0
(www.Primer3.ut.ee) and ordered from Eurofins MWG Operon’s
oligo synthesis service (Ebersberg, Germany). Specific genes of
interest and primers utilised can be found in Table 2.

Table 2: Primer information used for real-time PCR analysis.

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) Amplicon
size (bp) Acc. No E-

value
Annealing
temp

β actin ACTGGGACGACATGGAGAAG CCACCCTCAGCTCGTTGTAG 57 AJ438158.1 2 60

EF1-α AGGCTCCATCTTGGCTTCTC GGGACCAGACTCGTCGTACT 76 AF498320.1 2.1 60

IL-8 CGGAGAGCAGACGTATTGGTAA GAGCTGGGAGGGAACATCTC 58 HG917307.1 1.9 60

TNF- α TGGGTGTGAGTGACATCGTTAT AGACCCTCAGCATCTGGTACT 87 HE717002.1 2.1 60

Glute-ST CCTTCTCATTGGCTGACGTTAT GCCGTAGACAGCCCAAAG 70 NM_001160559.1 2 58

IL-10 GCTGGACGAAGGGATTCTACA GCACCGTGTCGAGATAGAACTT 89 NM_001245099.1 2.1 60

TGF-β TGCCTTGTGATTGTGGGAAAC CCTCAGCTTGTTCATCCCTGAT 68 AJ007836.1 2.1 60

HSP70 TTGGCCGCAGGTTTGATGAT CTTCAAAGGGCCAATGCTTCAT 60 K02550.1 2.1 60

Data were analyzed utilizing the iQ5 optical system software
version 2.0 (Bio- Rad) containing Genex Macro iQ5 Conversion
and genex Macro iQ5 files. The spreadsheet calculations are
based on the algorithms of Vandesompele et al. [12] and the
GeNorm manual (http://medgen.ugent.be/~jvdesomp/
genorm/). Delta CT levels were normalized with a normalization
factor (NF), generated from the two housekeeping genes in
GeNorm, to produce a normalized expression level (NEL) per
gene. The formulae utilized were as follows: ΔCT=primer
efficiency^ (CT value-minimum CT value observed in gene or
interest). NEL=ΔCT/NF. Descriptive statistics and NELs per
treatment per gene were then analyzed utilizing RStudio
(available at https: //www.rstudio.com/products/rstudio/
download2/), and pairwise comparisons were carried out
utilizing permutation tests. Significance was accepted as P<0.05.

Scanning electron microscopy
The posterior intestines of two fish per tank (n=6 per

treatment) were sampled for scanning electron microscopy.
After washing in 1% S-methyl-L-cysteine, phosphate buffered
saline and fixation in 2.5% glutaraldehyde in pH 7.2, 0.1 M
sodium cacodylate buffer samples were removed from the
fixative and rinsed twice in 0.1 M sodium cacodylate buffer by
immersion for 15 minutes, twice. Post washing, samples were
alcohol dehydrated through graded ethanol and then critical
point dried (Emitech K850, Kent, UK) utilizing ethanol as the
intermediate fluid and CO2 as the transitional fluid. Dried
samples were gold sputter coated (Emitech K550, Kent, UK) after

being mounted on aluminium stubs using fine silver paint (Ag in
methyl isobutylkelone). Electron micrographs were taken with a
JSM 6610 LV (Jeol, Tokyo, Japan) SEM, and analyzed for
qualitative gross structure damage and tissue necrosis.

Microvilli density (arbitrary units; AU) was calculated utilising
ImageJ 1.45. Electron micrographs of microvilli taken at X20, 000
magnifications were threshold adjusted to a consistent point,
and a ratio of background (gaps between microvilli) and
foreground (microvilli) was calculated, achieving a density unit.

Histology
Light microscopy of the posterior intestine was carried out on

two fish per tank (n=6 per treatment) after 24 hours starvation.
Samples were fixed in 10% formalin for 24 hours and stored in
70% ethanol. Samples were dehydrated through a graded
ethanol series and embedded in paraffin wax utilizing a Leica
EG1150H tissue processor. Samples were sectioned at 5 μm
utilizing a microtome (Leica RM2235) and stained with both
haematoxylin and eosin (HandE) and periodic acid-Schiff with
Alcian Blue (PAS).ks, UK). Images were captured utilizing a Leica
DMIRB microscope mounted with an Olympus E410 digital SLR
camera. Image analysis was carried out with the aid of Image J
1.45 (National Institutes of Health, USA). Goblet cells and
intraepithelial leukocytes (IELs) were counted along measured
entire intestinal folds as cells per 100 μm.
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Statistical analysis
Data are presented as means ± standard deviation (SD), unless

otherwise stated. Statistical analyses were carried out using
Minitab 16 (Minitab 16 statistical software, Minitab Inc. State
college Pennsylvania, USA). Growth performance data was
analysed utilising ANOVA and Tukey’s post hoc test. Significance
was accepted at P<0.05.

Alpha diversity matrices, Chao1 and Shannon’s diversity index
for high throughput sequencing results were calculated through
QIIME, and rarefied OTU tables to calculate Good’s coverage,
assessing sampling depth coverage via observed genera. Inter-
sample beta diversity analyses (metrics) were calculated using
weighted unique fraction metric (UniFrac) distances and Bray-
Curtis similarity. Statistical analysis was applied to sequences
representing>0.1% of any treatment. Non parametric Kruskal-
Wallis was followed with the post-hoc Tukey-Kramer test,

performed using STAMP v2 0.8. Significance was accepted at P ≤
0.05. A principal component analysis was carried out using R
software (R. software, library FactoMineR; [13]) for gene
expression parameters. The diet was added into the analysis as a
supplementary qualitative variable.

Results

Growth performance
Growth performance; FCR, SGR, mean fish weight, PER, K

factor and survival are presented in Table 3. Rainbow trout
accepted all treatments and showed a good growth
performance, with FCR’s ranging from 0.97 ± 0.07 in the 10%
VWG diet to 1.10 ± 0.08 in the 10% SWG diet. FCR, SGR, PER,
final average body weight, K factor and survival were unaffected
by diets.

Table 3: Growth performance of rainbow trout post 66 day feed trial.

 SPC 10% VWG 10% HWG 10% SWG

FCR 0.99 ± 0.03 0.97 ± 0.07 1.07 ± 0.06 1.10 ± 0.08

SGR (%) 1.65 ± 0.08 1.69 ± 0.11 1.59 ± 0.04 1.60 ± 0.06

Final fish weight (g) 70.24 ± 3.05 72.89 ± 6.62 70.50 ± 2.61 68.10 ± 1.77

Protein efficiency ratio PER 2.10 ± 0.05 2.13 ± 0.14 1.91 ± 0.10 1.89 ± 0.14

K factor 1.409 ± 0.06 1.421 ± 0.05 1.406 ± 0.12 1.387 ± 0.07

Survival (%) 95.83 ± 1.80 95.83 ± 1.80 89.58 ± 7.22 88.54 ± 11.83

High-throughput sequencing
Post trimming and quality control 1,156,465 reads were

retained for downstream analysis, identifying 1,064 distinct
OTU’s. Alpha refraction analysis of goods coverage reveals
estimations of>0.989 for the total species present per sample.
Refraction of Goods coverage plateaued after approx. 5,000
reads per sample (Figure 1), suggesting that the bacterial
communities were fully sampled and data are representative of
the population. Alpha diversity parameters can be found in Table
4. Phylogenetic distances were significantly different between
SWG and VWG, those obtained for SPC and HWG being
intermediate. PCOA analysis revealed two main clusters. The
first cluster consisting of the HWG and SWG diets and the
second cluster of the VWG and the SPC diets. Two samples, 10%
HWG replicate #6 and 10% SWG replicate #6, are distinct from
both clusters.

Figure 1: Alpha refraction curves of Goods coverage
representing % of total species present within a sample as a
function of the sequencing effort.

Table 4: High throughput sequencing alpha diversity parameters, goods coverage estimations by treatment and phylogenetic
distance of the allochthonous bacterial communities in the posterior intestine of rainbow trout post 66 day feeding trial

Treatment Goods coverage Observed species Chao1 index Shannon index Phylogenetic distance

SPC 0.993 ± 0.001 627.33 ± 93.87 811.84 ± 71.64 5.24 ± 0.78 22.78 ± 3.11ab

10% VWG 0.993 ± 0.02 688.66 ± 93.87 844.53 ± 81.86 5.82 ± 0.66 24.42 ± 3.22a
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10% HWG 0.989 ± 0.004 567.16 ± 93.87 742.67 ± 88.7 5.64 ± 1.26 20.7 ± 2.91ab

10% SWG 0.99 ± 0.002 555.16 ± 93.87 747.06 ± 62.01 5.54 ± 0.67 19.67 ± 1.19b

The Firmicutes accounted for 76.17% of the total read
sequences of all treatments (Figure 2). The Bacteroidetes were
the next most dominant phyla (11.16%), followed by the
Fusobacteria (4.32%), Proteobacteria (4.08%), Actinobacteria
(1.50%), reads from the kingdom bacteria (phyla unknown)
(1.50%), and the Chloroflexi (0.82%). Other phyla present in the
sample-set, each with less than 0.2% of the total reads per
phyla, combined accounted for 0.45%. Reads associated with the
“kingdom:bacteria”, but of unknown phyla, accounted for an
elevated percentage of the treatment reads of fish fed the 10%
HWG (7.27% ± 6.61) compared to all other diets. The proportion
of all other phyla was unaffected by dietary treatment Table 5.

It can however be noticed that the relative abundance of
Firmicutes was numerically lower with SWG and HWG diets. The
sequence distribution data a genus level is displayed in Figure 3.
The most abundant genus was Enterococcus, representing
46.52% of the total reads. Bacteroides represented the next
most abundant genus (7.65%) followed by Bacillus (6.66%),
order: Bacteroidales (genus unknown) (3.49%), Weissella
(3.43%), Cetobacterium (3.36%), family: Ruminococcaceae
(genus unknown) (2.21%), Peptostreptococcus (1.99%) and
Macrococcus (1.60%). The remaining genera present represent
<1.5% of total reads.

Figure 2: Allochthonous bacterial communities in the posterior intestine of rainbow trout post 66 day feeding with experimental
diets. Data are represented as bacterial phyla percentage. Data excludes phyla with less than 0.2% of the total reads.
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Figure 3: Allochthonous bacterial communities in the posterior intestine of rainbow trout post 66 day feeding with experimental
diets. Data are represented as bacterial Genus percentage. Data excludes genera with less than 0.2% of the total reads.

Table 5: Allochthonous bacterial communities in the posterior intestine of rainbow trout post 66 day feeding with experimental
diets. Data are represented as phyla and genus percentage means ± SD. Data excludes phyla and genus with less than 0.2% of the
total reads. Kruskal-Wallis with post hoc Tukey-Kramer. Significance accepted at P<0.05.

Taxon SPC 10% VWG 10% HWG 10% SWG

Phyla     

Actinobacteria 1.32 ± 0.65 1.78 ± 1.59 1.12 ± 0.73 0.59 ± 0.18

Bacteroidetes 17.7 ± 14.92 10.59 ± 10.9 4.54 ± 6.2 23.56 ± 22.07

Chloroflexi 0.11 ± 0.05 0.13 ± 0.06 0.12 ± 0.09 0.1 ± 0

Firmicutes 76.62 ± 15.29 80.63 ± 10.89 66.27 ± 27.97 69.52 ± 24.25

Fusobacteria 1.66 ± 0.52 1.77 ± 0.22 13.63 ± 25.13 2.49 ± 0.55

kingdom - Bacteria 0.3 ± 0.12b 1.59 ± 1.92b 7.27 ± 6.61a 0.77 ± 0.87b

Proteobacteria 2 ± 1.25 3.05 ± 2.1 6.05 ± 6.45 2.56 ± 1.87

Genus     

Ardenscatena 0.08 ± 0.02 0.09 ± 0.01 0.11 ± 0.09 0.1 ± 0

Bacillus 5.73 ± 3.97b 11 ± 8.05b 2.37 ± 1.16b 25.02 ± 12.28a

Bacteroides 12.1 ± 10.17 7.23 ± 7.39 3.02 ± 4.2 16.24 ± 15.12

Bradyrhizobium 0.41 ± 0.69 0.37 ± 0.34 0.25 ± 0.11 0.19 ± 0.11
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Cetobacterium 1.24 ± 0.39 1.48 ± 0.19 13.28 ± 25.14 1.74 ± 0.3

Class - Alphaproteobacteria 0 0 ± 0 0.01 ± 0.01 0.01 ± 0.01

Class - Bacilli 0.29 ± 0.11b 0.14 ± 0.03b 0.4 ± 0.27ab 0.91 ± 0.65a

Enterococcus 54.54 ± 21.08a 38.79 ± 19.03ab 13.74 ± 5.12b 16.65 ± 6.38b

Facklamia 0.45 ± 0.47 0.44 ± 0.35 0.88 ± 0.63 0.22 ± 0.08

Family - Bacillaceae 0.73 ± 0.5b 1.12 ± 0.74b 0.28 ± 0.06b 5.57 ± 2.68a

Family - Enterobacteriaceae 0.26 ± 0.23 0.14 ± 0.12 0.17 ± 0.22 0.52 ± 0.73

Family - Enterococcaceae 1.39 ± 0.59 1.08 ± 0.7 0.39 ± 0.14 0.41 ± 0.16

Family - Leuconostocaceae 0.05 ± 0.05 0.07 ± 0.03 0.11 ± 0.08 0.03 ± 0.01

Family - Propionibacteriaceae 0.03 ± 0.01 0.11 ± 0.07 0.17 ± 0.18 0.06 ± 0.01

Family - Ruminococcaceae 0.36 ± 0.09b 2.38 ± 2.92ab 12.42 ± 11.96a 1.5 ± 2.09b

Family - Streptococcaceae 0.21 ± 0.15 0.98 ± 0.72 0.79 ± 0.67 0.28 ± 0.16

Fusobacterium 0.29 ± 0.24 0.16 ± 0.09 0.16 ± 0.1 0.59 ± 0.82

Gallicola 0.53 ± 0.63 0.34 ± 0.12 0.42 ± 0.23 0.33 ± 0.08

Kingdom - Bacteria 0.3 ± 0.12b 1.59 ± 1.92ab 7.28 ± 6.62a 0.77 ± 0.88b

Lactobacillus 0.96 ± 0.75 2.17 ± 1.42 2.36 ± 1.87 0.75 ± 0.3

Lactococcus 0.15 ± 0.1 0.15 ± 0.1 0.61 ± 0.66 0.13 ± 0.04

Leuconostoc 0.42 ± 0.2b 1.36 ± 0.78b 7.68 ± 6.68a 0.5 ± 0.13b

Macrococcus 1.26 ± 0.56b 0.52 ± 0.09b 2.6 ± 2.38b 8.23 ± 5.6a

Order - Bacillales 1.32 ± 0.87b 1 ± 0.49b 1.06 ± 0.87b 3.31 ± 1.44a

Order - Clostridiales 0.02 ± 0 0.05 ± 0.03 0.15 ± 0.15 0.03 ± 0.01

Order - Rhizobiales 0.14 ± 0.11 0.43 ± 0.71 0.7 ± 1.33 0.12 ± 0.07

Peptostreptococcus 2.78 ± 4.17 0.62 ± 0.19 1.28 ± 1.51 0.61 ± 0.14

Photobacterium 0.08 ± 0.03 0.09 ± 0.02 0.13 ± 0.03 0.1 ± 0.02

Phylum - Firmicutes 0.21 ± 0.07 0.35 ± 0.07 1.33 ± 1.5 0.61 ± 0.73

Psychrilyobacter 0.09 ± 0.04 0.1 ± 0.02 0.14 ± 0.04 0.1 ± 0.02

Rummeliibacillus 0.19 ± 0.06b 3.03 ± 2.3a 0.19 ± 0.05b 0.26 ± 0.1b

Staphylococcus 0.92 ± 0.81 0.41 ± 0.17 0.92 ± 0.91 0.77 ± 0.37

Weissella 1.06 ± 0.54b 11.75 ± 6.26a 9.4 ± 8.55ab 0.99 ± 0.27b

Enterococcus, the most abundant genus as a percentage of
total reads was significantly (P<0.05) elevated in the 10% VWG
and SPC fed fish (38.79% ± 19.03 and 54.54% ± 21.08,
respectively) compared to the 10% HWG and 10% SWG fed fish
(13.74% ± 5.12 and 16.65% ± 6.38 respectively; Table 6). Bacillus
was more abundant in the 10% SWG diet; while Leuconostoc
was more abundant in the HWG diet than in the other diets
(P<0.05). Weissella was more abundant in the 10% VWG and
intermediate with HWG.

Gene expression
The relative expressions of the pro-inflammatory cytokine

IL-8, the anti-inflammatory cytokine IL-10, and Glute-ST were
unaffected by dietary treatment (Figure 4). The immune-

regulatory cytokine TGF-β tended to be lower with VWG and
HWG than with SPC and SWG (P=0.109). The pro-inflammatory
cytokine TNF-α and HSP70 expression were significantly down-
regulated in all wheat gluten treatments compared to the SPC
diet (P=0.045 and P<0.001 respectively; Figure 4). Furthermore,
the PCA revealed that the three main axes allowed explaining
around 83.8% of the variance. The relative abundance of TNF-α,
IL10, TGF-β, Glute ST, IL8 and HSP70 were characterized the first
dimension (Table 6). This dimension was significantly associated
with SPC diet (P=0.008; Figure 5). The second dimension was
positively correlated with the relative abundance of IL8 and
HSP70; while negatively with the relative abundance of IL10 and
TGF-β. The dimension was negatively associated with the SWG
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diet (P=0.03; Table 6). The third dimension was positively
correlated with the relative abundance of Glute ST.

Table 6: Three first dimensions of the principal component analysis performed on gene expression parameters.

 Correlation coefficient P-value % cumulative variance

Dimension 1   

44.6

TNF-α 0.82 <0.001

IL10 0.81 <0.001

TGF-β 0.76 <0.001

Glute ST 0.57 0.009

IL8 0.49 0.027

HSP70 0.46 0.041

Qualitative: SPC diet Estimate: 1.62 0.008

Dimension 2   

69.2

IL8 0.71 <0.001

HSP70 0.59 0.007

IL10 -0.51 0.023

TGF-β -0.56 0.01

Qualitative: SWG Estimate : -1.01 0.031

Dimension 3   
83.8

Glute ST 0.76 <0.001

 Correlation coefficient P-value % cumulative variance

Dimension 1   

44.6

TNF-α 0.82 <0.001

IL10 0.81 <0.001

TGF-β 0.76 <0.001

Glute ST 0.57 0.009

IL8 0.49 0.027

HSP70 0.46 0.041

Qualitative: SPC diet Estimate: 1.62 0.008

Dimension 2   

69.2

IL8 0.71 <0.001

HSP70 0.59 0.007

IL10 -0.51 0.023

TGF-β -0.56 0.01

Qualitative: SWG Estimate : -1.01 0.031

Dimension 3   
83.8

Glute ST 0.76 <0.001
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Figure 4: Relative mRNA abundance of IL-10, IL-8, TGF β, TNF
α, Glute ST and HSP70 in the posterior intestine of rainbow
trout post 66 day feed trial. Superscript letters denote
significant difference (P <0.05) between treatments. n=6 per
treatment. Data are means ± SE.

Figure 5: Results of principal component analysis a performed
on the gene expression parameters. (a) Variables factor map.
(b) Individual factor map.

Intestinal histology

Electronic microscopy

Scanning electron micrographs of the posterior intestine of
the rainbow trout revealed no qualitative effects induced by the

inclusion of wheat gluten in the experimental diets compared to
the SPC treatment (Figure 6). Gross structure qualitative analysis
showed evenly shaped and distributed enterocytes with no signs
of necrosis or gross damage. Microvilli form and distribution
looked uniform across treatments with densely packed
microvilli, with no sign of patchy or damaged areas. Quantitative
analysis of microvilli density (arbitrary units) was also unaffected
by the dietary regimes fed to experimental fish, despite
numerical trends (Figure 7).

Figure 6: Scanning electron micrographs of the posterior
intestine of rainbow trout fed experimental diets; SPC (A),
10% VWG (B), 10% SWG (C) and 10% HWG (D) for 66 days.
Scale bars=1 µm.

Figure 7: Threshold analysis of scanning electron micrographs
of posterior intestine micro villi density of rainbow trout. Data
are means ± SE.

Light microscopy

Goblet cell counts conducted on the PAS stained sections
revealed no significant difference (P>0.05; Figure 8) between
treatments. Intraepithelial leukocytes, per 100 um-1, were
significantly higher in the 10% VWG and 10% HWG treatments
(0.45 ± 0.03 and 0.44 ± 0.03, respectively) compared to the SPC
treatment (0.34 ± 0.02) (P<0.05). Significant difference between
treatments was also observed in lamina propria width being
higher in VWG and HWG-fed fish compared to those fed SPC diet
(Table 7).
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Figure 8: Light micrographs of the posterior intestine of rainbow trout fed SPC (A and B), 10% VWG (C and D), 10% SWG (E and F)
and 10% HWG (G and H) treatments for 66 days. H and E staining (A,C,E,G,) and PAS staining (B,D,F,H,). Scale bars=100 µm.

Table 7: Histological parameters of the posterior intestine of rainbow trout fed experimental diet for 66 days. Data are means ± SE.
significance indicated by superscript letters accepted at P<0.05.
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 SPC 10% VWG 10% HWG 10% SWG

Goblet cells (100 µm-1) 1.41 ± 0.06 1.49 ± 0.05 1.57 ± 0.07 1.33 ± 0.05

Intraepithelial leukocytes (100 µm-1) 0.34 ± 0.02b 0.45 ± 0.03a 0.44 ± 0.03a 0.38 ± 0.03ab

Lamina propria width (µm) 9.48 ± 0.41a 11.83 ± 0.44b 11.03 ± 0.36b 10.29 ± 0.35ab

Discussion
Due to the low price and large  plant proteins have

been and will probably  being the main choice to
replace  However plant proteins are diverse, can exhibit
high levels of  factors or supply inadequate
amounts of nutrients, notably amino acids. For salmonids, a
number of studies have shown that a large  of

 could be replaced by plant ingredients without
deleterious  while other reported that replacing 
resulted in decreased growth performance [14]. Low palatability
of plant-proteins is considered as a major constraint leading to
lower feed intake. Furthermore, independently to the  on
feed intake, high levels of plant proteins can reduce the feed

  towards a  or metabolic problem.
Studies with salmonids showed that plant-proteins as soybean
meal [11], and pea protein concentrate [15] may provoke
morphological changes and  in the distal 
Overall, there is a poor understanding of the physiological

 of  to  plant proteins; and further
 are required to  feed 

Juvenile rainbow trout fed low  and high soy-protein
diets performed well throughout the trial, with FCR’s values
lower than 1 meaning that juvenile rainbow trout showed a
good growth performance and feed  with high level of
plant proteins. FCR and SGR values are in agreement or even

 than those obtained [16] who used solvent extracted
 meal from 0 to 61% inclusion rate at the expense of

 in diets for juvenile rainbow trout with an  body
weight gain of 39 g at temperature of 16°C [17]. Obtained SGR of
1.66 in rainbow trout having an  body weight of 38.5 g and
fed diets with 27%  8% soybean meal and 45% of co-
extruded product of rapeseed and peas. Our study 
that juvenile rainbow trout can grow well when feeding diets
containing only 10% 

Wheat proteins inclusions had no   on FCR,
SGR, PER.  data suggested that wheat gluten is a good
protein source for salmonids, and more widely for carnivorous

 at  stages of the life, reared in salted or fresh water.
Good growth performance has been observed when using
wheat gluten as a replacement of both  meal in 
salmon (Salmo salar) [18] and plant based proteins in rainbow
trout [19].  vital wheat gluten was used in

 with potato protein concentrate in diets containing
26.5%  for rainbow trout  52.2 g at the
beginning and reared in fresh water at 13.4°C [19]. They tested

 inclusion rates of both potato protein concentrate and
wheat gluten and observed no   in growth
performance compared to the  diet. Improved
weight gain has been reported in rainbow trout with wheat

gluten replacement of  and soy-protein with 
amino-acid  [20]. Overall, these data suggest
high  values of vital wheat gluten.

No  between the wheat proteins types have been
obtained on growth performance. Only few studies evaluated
the  of HWG, and no study aimed at comparing the

 of the wheat protein type i.e., vital or hydrolyzed, in 
Storebakken et al. [8] observed improved protein apparent

  for HWG compared to  diet.
Furthermore, decreased FCR’s have been observed in juvenile
hybrid sturgeon (Acipenser schrenckii ♀ × Huso dauricus ♂) fed
with 5% HWG in replacement to soy-protein concentrate [21];
while an  of 6% HWG in diets of juvenile barramundi
(Lates calcarifer) resulted in  feed  [9]; 
that HWG is a good protein source. In the current study, we
failed to highlight   between the wheat
protein types on growth performance. The  of

 by VWG or HWG in weaning pig diets did not  pig
growth up to 5 weeks  weaning.  VWG and
HWG diets had higher apparent  maybe as a result
of a reduced  physiological impact of weaning on the
enteric mucosa. However, there were no  in

 performance that might be  to the
enhanced protein solubility of the HWG [22]. In another study
performed on broilers [23], FCR was  higher with a
HWG diet than with a VWG,  a  availability of
amino-acid with  One  of the absence
of  in our study could be the  performance of all
treatments including the SPC and VWG treatments, with a FCR
lower than 1 that might have masked a possible  
of HWG or SWG inclusions.

 of wheat proteins on gut microbiota
Gut microbiota of  has been  to evaluate how

the inclusion of wheat proteins in high soy-protein diets may
impact microbial  Alpha  analysis of
Good’s coverage reveals  of >98.9%,  of a
fully sampled microbiome. The sequence  data reads
of 16S rRNA was dominated by the Firmicutes at phylum level,

 for 76.17% of the total read sequences of all
treatments, in line with the  of  et al. [24]
when increasing plant protein source inclusions. The
Bacteroidetes were the second most dominant phylum
(11.16%), followed by the Fusobacteria (4.32%), Proteobacteria
(4.08%),  (1.50%) and  (0.82%). The

 of  phyla was  by dietary
treatment and have previously been described as part of the
commensal  bacteria of  [25-30].
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Bacillus
Bacillus reads

B. coagulans B. coagulans has
Cyprinus

carpio Ctenopharyngodon idella Cyprinus carpio koi,
Weissella was

Weissella

Weissella
Weissella

confusa W. confusa

W. confusa

hypothesis.

 of wheat proteins on gut 
immune parameters and on gut morphology

Salmo
salar

vs.

Lates calcarifer

A. schrenckii ♀ H. dauricus ♂

Weissella
confusa

Weissella
confusa

(Lates calcarifer

concentrate.
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Conclusion
In conclusion, wheat gluten products can be included at a 10%

in soy-based diets to replace fishmeal. All wheat protein types
provided adequate growth performance with the added benefits
of enhancing the growth of population of beneficial bacterial
genera in the posterior intestine, reducing expression of
different markers of intestinal stress and potentially enhancing
the non-specific innate immune system of rainbow trout. HWG
and SWG seem to modulate gut microbiota in a different way
than SPC and VWG diets. To the author’s knowledge there is no
previous literature on the effect of different wheat gluten
products on the localized intestinal immunity of fish in low
fishmeal high pulse diet. Wheat proteins are added-value
proteins for alleviating possible negative effects of pulse
proteins on gut health and microbiota. Further investigations are
needed to clarify the effect of wheat proteins in commercial
trout diets. Other experiments in a more challenging
environment or with fish deleterious immune conditions are
also needed to evaluate the benefits of wheat proteins on gut
microbiota, morphology and non-specific immune parameters in
deleterious conditions as an immune or a temperature
challenge.
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