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This study evaluated the prebiotic potential of cello-oligosaccharides (COS) produced from birch (Betula pen-
dula), an under-utilised lignocellulosic source from the forestry industry, on growth performance, mucosal im-
munity, gut microbiota composition, and antioxidant capacity of juvenile rainbow trout (Oncorhynchus mykiss).
In a 45-day trial, the fish were fed with diets containing 0%, 0.1%, 0.5% and 1.5% COS, while a diet containing
fructo-oligosaccharides (0.5% FOS) was used as a positive control. Fish fed with the 0.5% and 1.5% COS diets
showed significantly (P < 0.05) higher abundance of Ruminococcaceae, Bacillaceae and Lactobacillaceae, in the
faecal microbiota. The COS diets also induced higher antioxidant capacity in the gut and serum, but there were
no treatment effects (P > 0.05) on growth of rainbow trout. Gene expression analysis of the intestine showed
significant elevation (P < 0.05) in expression of complement (c¢3 and c-type lectin) and receptor (tir2) genes of the
innate immune system in COS-fed fish. However, for cytokine and adaptive immune genes, no significant dif-
ferences (P > 0.05) in gene transcripts were observed between the COS/FOS diets with the control diet. These
results suggest that dietary cello-oligosaccharides can be a useful feed supplement for rainbow trout, which can
modulate intestinal microbial communities, innate immune response and antioxidant capacity of the host.

1. Introduction

With stagnation in capture fisheries over recent decades, aquaculture
is key to fulfilling the United Nation’s sustainable development goals.
Global aquaculture, which is projected to produce 109 million tonnes of
fish by 2030 (FAO, 2022), has increasingly shifted to intensive and
super-intensive culture systems. However, intensification of cultivation
is often accompanied by a vicious cycle of frequent disease outbreaks
that disrupt production chains and lead to significant economic losses.
The common response of producers to disease outbreaks is indiscrimi-
nate use of unsustainable antimicrobial drugs or antibiotics, which in-
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turn cause detrimental environmental consequences. It also poses a
direct or indirect threat to human health through the development of
drug-resistant pathogens (Schar et al., 2021).

To overcome these issues, sustainable prophylactic strategies based
on the use of probiotics (beneficial bacteria), prebiotics (dietary sup-
plements that nurtures beneficial bacteria) and/or synbiotics (syner-
gistic mixture of dietary supplements and beneficial bacteria) are being
investigated, and are reported to have beneficial effects on growth,
metabolism and health of cultured fish (Song et al., 2014; Montalban-
Arques et al., 2015; Hoseinifar et al., 2015; Ringg and Song, 2016;
Huynh et al., 2017). Prebiotics consisting of short-chain functional
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oligosaccharides show promise as dietary supplements that can nurture
beneficial microorganisms in the host intestine and confer health ben-
efits (Zhou et al., 2007; Li et al., 2009; Wang et al., 2010; Zhang et al.,
2012; Sang et al., 2014; Li et al., 2018; Hoseinifar et al., 2020). Reported
health benefits of supplementing fish diets with functional oligosac-
charides include disease resistance via modulated gut microbiota and
improved gut physiology (Mussatto and Mancilha, 2007; Qiang et al.,
2009; Sinha et al., 2011; Akrami et al., 2013); enhancement of growth
and metabolic activity (Ortiz et al., 2013; Zhang et al., 2014); and
orchestration of protective immune responses (Nayak, 2010; Guerreiro
et al., 2016; Wang et al., 2018).

Short-chain oligosaccharide-based prebiotics can withstand hydro-
lysis by the host’s digestive enzymes and act as a substrate or nutrient
source for fermentation by selective microorganisms in the fish gut,
thereby favouring colonisation by specific intestinal bacteria. These
prebiotic-augmented bacteria are believed to have a direct or indirect
effect on the immune system and on overall health of the fish (Grisdale-
Helland et al., 2008; Nawaz et al., 2018). Among the oligosaccharides,
fructo-oligosaccharides (FOS) are the most studied prebiotic used as a
nutritional supplement for fish. They show high potential for improve-
ment of growth performance, modulation of gut microbiota composition
and enhancement of non-specific immunity to pathogenic bacterial
infection in several non-salmonid fish species (Soleimani et al., 2012;
Akrami et al., 2013; Zhang et al., 2014; Wang and Li, 2020). However in
salmonid fish species, such as Atlantic salmon (Grisdale-Helland et al.,
2008) and rainbow trout (Ortiz et al., 2013), evaluation of FOS effi-
ciency has been confined mainly to their beneficial effect on growth
performance and feed utilisation. Comprehensive investigation of the
impact of FOS supplementation on other health aspects, such as immune
responses, antioxidant capacity and modulation of gut microbiota would
provide a deeper understanding of the effects of this prebiotic on
salmonids.

Apart from FOS, oligosaccharides that originate from cellulose,
namely cello-oligosaccharides (COS), have also been shown to have
great potential as a prebiotic in higher vertebrates, such as cattle, pigs
and humans, with beneficial effects on host digestion and intestinal
ecology (Satouchi et al., 1996; Otsuka et al., 2004; Song et al., 2013;
Uyeno et al., 2013; Zhong et al., 2020). However, the impact of COS as a
prebiotic has not yet been evaluated in fish.

Structurally, cello-oligosaccharides are linear, non-digestible oligo-
saccharides composed of 3-10 short-chain p-(1, 4) glucopyranose units
produced by controlled enzymatic hydrolysis of cellulose (Karnaouri
et al., 2018, 2019a; Barbosa et al., 2020). In addition to oligosaccha-
rides, the cellulose-derived disaccharide cellobiose is also reported to
have high prebiotic potential (Karnaouri et al., 2018; Pokusaeva et al.,
2011). Cellobiose and cello-oligosaccharides are produced from ligno-
cellulosic biomass, including currently under-utilised agricultural by-
products and forest residues. This abundant resource can be used for
sustainable preparation of high value-added prebiotic, thus contributing
to the circular economy. Given their potential health benefits, as
demonstrated in higher animals, and their ability to promote growth of
lactic acid bacteria (LAB) in vitro (Kontula et al., 1998; Karnaouri et al.,
2018), use of cellobiose and cello-oligosaccharides as a feed additive
could therefore be a viable and novel option in prebiotic-based strategies
for aquaculture.

Considering the need for alternative strategies in fish health man-
agement, together with the great potential effect and high availability of
cellobiose and cello-oligosaccharides, the aim of this study was to test
their use as a supplement in fish diets. A mixture of cello-
oligosaccharides and cellobiose (referred as COS) obtained from enzy-
matic hydrolysis of birch (Betula pendula) was added as a potential
prebiotic supplement to the feed of rainbow trout (Oncorhynchus
mykiss), and thereby its effects on fish growth performance, intestinal
microbiota, antioxidant capacity and immune activity were investi-
gated. In addition, a feed containing FOS was used as a positive control
for comparative assessment of FOS- and COS-mediated prebiotic effects
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on various health aspects in rainbow trout.
2. Materials and methods
2.1. Ethics statement

The fish experiments were carried out in the Aquatic Facility at the
Centre for Veterinary Medicine and Animal Science, Swedish University
of Agricultural Sciences, (Uppsala, Sweden). Full compliance with laws
and regulations on procedures and experiments on live animals in
Sweden, which are overseen by the Swedish Board of Agriculture
(Registration number: 5.8.18-16,347/2017) was ensured.

2.2. Fish husbandry

A total of 225 juvenile rainbow trout (30.5 + 10.2 g) purchased from
Vilstena Fiskodling AB, Fjardhundra, Sweden, were randomly distrib-
uted between 15 experimental tanks (water capacity 200 L) with n =15
fish/tank. Each tank was equipped with belt collectors (Hglland tekno-
logi, Sandnes, Norway) for waste feed and faeces, and with a partial
water recirculation system, where tank water was replaced by fresh
municipal water at a rate of 3 L min~". Rearing conditions followed a
12:12 h-light cycle (08:00-20:00 h), with temperature 11 + 1 °C and
dissolved oxygen level 8 + 2 mg/L (measured by HQ40D Portable Multi
Meter, Hach, Loveland, CO, USA) during the whole experiment. Before
the start of the experiment, the fish were acclimatised to the experi-
mental conditions for two weeks, during which they were fed a com-
mercial diet (EFICO Enviro 920 Advance, Biomar, Denmark), twice per
day at 2% of body weight.

2.3. Diet preparation

Feed was prepared by cold pelleting (Singh et al., 2021) at the Feed
Technology Laboratory, Swedish University of Agricultural Sciences.
Lignocellulose-derived COS was prepared by enzymatic hydrolysis of
organosolv-pretreated birchwood using the commercially available
enzyme mixture Celluclast® (Sigma-Aldrich, USA), according to a pre-
viously described protocol (Karnaouri et al., 2019b). The resulting
powder contained 13.5% cellobiose on a dry weight (dw) basis and a
negligible level of glucose (<0.1%). The FOS (Sigma-Aldrich, USA) used
in the experiment was procured commercially. Using the COS and FOS
prebiotics, five experimental diets were prepared: A control diet without
inclusion of any prebiotic compounds; a positive control diet with 0.5%
(w/w) inclusion of FOS; and three diets with different inclusion rates (w/
w) of COS (COS 0.1%, COS 0.5%, COS 1.5%).

2.4. Proximate composition analysis

Following preparation, samples of the five experimental diets were
freeze-dried, milled and stored at —20 °C for proximate composition
analysis. To determine dry matter content of both feed and feed waste,
samples were dried in a hot-air oven for 16 h at 103 °C and then cooled
in a desiccator before weighing. All experimental feeds were analysed
for crude protein content (nitrogen, N x 6.25) by the Kjeldahl method
(Nordic Committee on Food, 1976), using a 2020 Digester (with Cu as
catalyst) and 2400 Kjeltec Analyser unit (FOSS Analytical A/S, Hillerod,
Denmark). Crude lipid content was analysed according to the Official
Journal of the European Communities (1984), using a Soxhlet extraction
unit (1047 Hydrolysing Unit, Soxtec System HT 1043, FOSS Analytical
A/S). Neutral detergent fibre (NDF) was measured based on the method
described by Chai and Udén (1998), using a 100% neutral detergent
solution, with amylase and sulphite used for reduction of starch and
protein. Gross energy (GE) content was determined in an isoperibol
bomb calorimeter (Parr 6300, Parr Instrument Company, Moline, IL,
USA). Dry matter content and ash content were determined according to
standard methods (AOAC, 1995). Feed ingredient composition and
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Table 1

Feed ingredient composition and proximate composition of the control diet and
experimental diets containing fructo-oligosaccharides (FOS 0.5%) and cello-
oligosaccharides (COS 0.1%, COS 0.5%, COS 1.5%). Bold figure represents the
variation of ingredients in different experimental diets.
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Table 3

Alpha diversity index (Shannon Simpson, Chao-1) of the gut microbiota of
rainbow trout fed the control diet and experimental diets containing fructo-
oligosaccharides (FOS 0.5%) and cello-oligosaccharides (COS 0.1%, COS
0.5%, COS 1.5%).

Experimental diet

Control FOS COoS COS COS
0.5% 0.1% 0.5% 1.5%

Ingredient (g kg™")
Fish meal 330.0 330.0 330.0 330.0 330.0
Soy protein 1300 1300 130.0 130.0 130.0

concentrate
Wheat gluten 160.0 160.0 160.0 160.0 160.0
Wheat meal 135.0 130.0 134.0 130.0 120.0
Fish oil 110.0 110.0 110.0 110.0 110.0
Rapeseed oil 40.0 40.0 40.0 40.0 40.0
Vitamin mineral 10.5 10.5 10.5 105 105

premix
Monocalcium

10.0 10.0 10.0 10.0 10.0

phosphate
Methyl cellulose 10.0 10.0 10.0 10.0 10.0
Gelatin 60.0 60.0 60.0 60.0 60.0
0.5% FOS - 5.0 - - -
0.1% COS - - 1.0 - -
0.5% COS - - - 5.0 -
1.5% COS - - - - 15.0

Proximate composition (g kg~ dry weight)

Dry matter (DM) 94.1 93.8 93.8 93.6 93.6
Ash 8.2 8.5 8.2 8.1 8.7
Crude lipids 19.4 19.3 19.0 19.1 19.0
Crude protein 52.1 50.9 52.0 51.9 52.1
Crude fibre 0.79 0.78 0.79 0.76 0.77
Nel.ltral detergent 20 29 20 20 26
fibre
Gross energy (MJ/kg)  21.7 21.5 21.5 21.6 21.5
Table 2

Growth parameters of rainbow trout fed the control diet and experimental diets
containing fructo-oligosaccharides (FOS 0.5%), and cello-oligosaccharides (COS
0.1%, COS 0.5%, COS 1.5%) for 45 days.

Experimental Growth parameter
group WG (%) SGR FCR Survival
(%)

Control 131.8 + 1.77 + 0.09 0.65 £+ 0.01 100
10.9

FOS 0.5% 137.9 £ 9.5 1.85 + 0.08 0.68 + 0.04 100

COS 0.1% 144.3 = 1.89 + 0.09 0.65 + 0.02 100
11.6

COS 0.5% 123.9 + 8.8 1.72 + 0.08 0.75 £+ 0.09 100

COS 1.5% 142.7 + 1.87 £ 0.09 0.66 + 0.04 100
11.8
P value: P value: P value: -
0.648 0.639 0.607

Values shown are mean =+ SE.

WG (%) = Weight gain percentage; SGR = Specific growth rate; FCR = Feed
conversion ratio.

One-way ANOVA was performed for each parameter and P-values are included
in the respective column.

proximate composition of the five diets are shown in Table 1.

2.5. Experimental design and feeding

The five experimental diets (Control, FOS 0.5%, COS 0.1%, COS
0.5%, COS 1.5%) were randomly assigned to three tanks each, with n =
15 fish per tank and a total of 45 fish per treatment. Fish were fed twice a
day for 45 days with the respective experimental diet, at a rate of 1.5%
of total tank biomass. The feed was distributed by an automatic belt
feeder (Hglland teknologi, Sandnes, Norway).

Experimental group Alpha diversity index

Shannon Simpson Chao-1
Control 2.68 + 0.13 0.78 £ 0.01 429.9 + 46.6
FOS 0.5% 2.63 £ 0.20 0.80 £ 0.02 387.8 £ 61.8
COS 0.1% 3.06 £0.21 0.83 £ 0.02 474.2 + 62.8
COS 0.5% 2.87 £0.18 0.81 + 0.03 435.4 +41.2
COS 1.5% 2.99 +0.15 0.83 £ 0.03 523.0 + 45.4

P value = 0.445 P value = 0.652 P value = 0.295

Values shown are mean =+ SE.
One-way ANOVA was performed for each index and P-values are included in the
respective column.

_

Component 2 (25.89%)

Component 1 (32.16%)

Fig. 1. Principal component analysis (PCA) plot of gut microbial communities
in rainbow trout fed different experimental diets: Control (@), FOS 0.5% (e),

COS 0.1% (#), COS 0.5% (®) and COS 1.5% (@) (FOS = fructo-oligosaccha-
rides, COS = cello-oligosaccharides).

2.6. Sampling

Initial and final body weight of fish from each treatment was
measured at the start and end of the feeding trial, respectively, for
determination of growth parameters. Sampling for analysis of fish
serum, intestinal tissues and digesta was carried out at the end of the 45-
day experimental period. Prior to sampling, nine fish per treatment (3
fish/tank) were randomly selected and anesthetised using tricaine
methane sulphonate (MS-222; 300 mg/L, Western Chemical Inc., Fer-
dale, WA, USA). Blood was collected from the caudal vein of three fish
from each treatment (1 fish/tank/treatment) using a non-heparinised
syringe, held at 22 °C for 30 min for clotting, followed by centrifuga-
tion at 2000 xgat 4 °C for 15 min. The serum was collected and stored at
—80 °C until use for antioxidant enzyme activity assay. Following blood
collection, all nine euthanised fish from each treatment were swabbed
with ethanol under a fume hood and aseptically dissected out from the
ventral side. The hindgut of each fish was dissected from the ileocaecal
valve to 0.5 cm above the anus and faeces were collected in cryotubes,
snap-frozen in liquid nitrogen and then stored at —80 °C until DNA
extraction for microbiota analysis. After collection of faeces, the distal
segment of the six intestinal samples per treatment (2 fish/tank) were
collected and stored in RNAprotect Tissue Reagent (Qiagen, Germany)
for 24 h at 4 °C and then stored at —20 °C until RNA extraction for gene
expression analysis.

2.7. Growth parameter analysis

From the initial and final body weight data, the growth parameters
weight gain (WG %), feed conversion rate (FCR), specific growth rate
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Table 4

Results of similarity analysis of gut microbiota of rainbow trout fed the control
diet and experimental diets containing fructo-oligosaccharides (FOS 0.5%) and
cello-oligosaccharides (COS 0.1%, COS 0.5%, COS 1.5%).

Group R- pP- Dissimilarity ASVs
comparison value value (%)
Ruminococcaceae,
CO(;I tsl';l -FOS 0.053 0.193 56.66 Mycoplasma penetrans,
70 Brevinema
Photobacterium
Control - COS ;
O(;l ;; —0.020 0.537 51.79 Mycoplasma penetrans,
0 Brevinema
Ruminococcaceae
Control - COS ’
051;; 0115  0.048 59.16 Photobacterium,
e Mycoplasma penetrans
Ruminococcaceae
Control - COS ’
Of;lf/’ 0.06 0171  59.03 Photobacterium,
7 Mesomycoplasma moatsii
FOS 0.5% - 0.135 0.073  53.06 PMhoc[z())bl(clziizun;etmns
COS 0.1% : : - yeopasma p ’
Brevinema
Ruminococcaceae
FOS 0.5% — . !
COS 0.5% 0.296 0.003 59.16 Brevinema, Mycoplasma
penetrans
Ruminococcaceae.
FOS 0.5% — ’
? 0.222 0.022 59.51 Mycoplasma penetrans,
COS 1.5% .
Photobacterium
Ruminococcaceae.
o 3
€08 0.1% 0.205 0.015 54.41 Photobacterium,
COS 0.5%
Mycoplasma penetrans
Ruminococcaceae.
1% — ’
COCSO‘; . ;0/ 0.162  0.034 56.39 Photobacterium,
=7 Mycoplasma penetrans
Ruminococcaceae.
COS 0.5% — : ’
COS 1.5% —0.035 0.673 53.29 Photobacterium,

Mesomycoplasma moatsii

Analysis of similarity (ANOSIM) based on Bray Curtis index followed by Bon-
ferroni correction was performed to calculate R and P value. Overall average
dissimilarity (%) and amplicon sequence variants (ASVs) contributing to
dissimilarity were estimated by similarity of percent analysis (SIMPER) using
Bray-Curtis dissimilarity index.

(SGR) and survival percentage (Survival %) were calculated, using the
following equations:

WG (%) = [Final weight (g)-Initial weight (g) | /Initial weight (g) x 100
FCR = Feed intake (g)/Weight gain (g)
SGR = [In(Final weight)—In(Initial weight) |/Time (days) x 100

Survival (%) = [Number of fish at end/Number of fish at start] x 100

2.8. Gut microbiota analysis

2.8.1. Extraction of DNA

Faeces samples (20-100 mg) were transferred to sterile cryotubes
containing 1 mL of InhibitEX buffer (Qiagen, Germany) and 0.5 g silica
beads (0.1 mm diameter). The samples were homogenised in a Precellys
Evolution homogeniser (Bertin Technologies, France), in two bouts at
6000 rpm for 1 min, with a 5-min interval on ice (to avoid heating). DNA
was then isolated from the homogenised samples using a QIAamp Fast
DNA Stool Mini Kit (Qiagen, Germany) according to the manufacturer’s
protocol.

2.8.2. Sequencing and DNA library preparation

PCR (polymerase chain reaction) amplicons from the V4 region of
16S rRNA genes were generated using specific target primers (515F and
806R). An additional PCR step was then applied to attach sample spe-
cific barcodes. All PCR reactions were carried out using Phusion® High-
Fidelity PCR Master Mix with GC Buffer (New England Biolabs, USA).
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Successful PCR amplification was confirmed by agarose (2%) gel elec-
trophoresis. The bar-coded PCR products from the different samples
were then mixed into equimolar concentrations. The samples were
detected by 2% agarose gel electrophoresis and the target bands were
recovered using QIAquick Gel Extraction Kit (Qiagen, Germany). The
DNA library was constructed using a NEBNext® Ultra™ II DNA Library
Prep Kit (New England Biolabs, USA), and the constructed library was
quantified using a Qubit fluorometer and qPCR. After quality analysis,
the library was sequenced using NovaSeq6000 at Novogene, United
Kingdom.

2.8.3. Bioinformatic analysis of sequence data

Paired-end reads were assigned to each sample, based on their
unique barcodes. The barcode sequence and primer sequence were
truncated, and then FLASH (v1.2.11, http://ccb.jhu.edu/softwa
re/FLASH/) was used to merge the reads to get raw tags (Magoc and
Salzberg, 2011). Fastp v0.20.1 software (Chen et al., 2018) was used for
quality control of raw tags, from which high-quality clean tags were
obtained. Finally, Vsearch v2.3.4 software (Rognes et al., 2016) was
used to blast the clean tags against the database to detect and remove
chimeras and obtain the final data, namely effective tags. For the
effective tags, the DADA2 package in QIIME2 software was used to
obtain Amplicon Sequence Variants (ASVs) and a featured table. The
Classify-sklearn moduler in QIIME2 software was then used to compare
the ASVs with the database, to obtain the species annotation of each ASV
(Bokulich et al., 2018; Bolyen et al., 2019). Sequences classified as
chloroplasts and mitochondria were filtered out from the dataset prior to
calculation of relative abundance. Microbiota analyses were performed
on relative abundance data from the ASV table. The sequences have
been submitted to the Sequence Read Archive, under Bioproject acces-
sion number PRJINA868155.

2.9. Serum antioxidant activity

Total antioxidant activity (T-AOC) and the activity of the specific
antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx) and malondialdehyde (MDA) content in
the experimental serum samples were measured by colorimetric assay,
using the respective Antioxidant Assay Kit (Elabscience Biotechnology
Inc., Houston, TX, USA) according to the manufacturer’s protocol
(Catalogue No: E-BC-K136-M, E-BC-K019-M, E-BC-K031-M, E-BC-K096-
M, E-BC-K025-M, respectively). All biochemical indices were deter-
mined in duplicate.

2.10. Quantification of stress-mediated and immune genes in intestinal
tissue samples

2.10.1. RNA isolation and cDNA synthesis

Intestinal tissue samples (30 mg each) were added to RNase-free
bead beating tubes containing 1-3 mm corundum, 3 mm steel beads
and 600 pL of Buffer RLT Plus (Qiagen, Germany). The samples were
homogenised twice at 6000 rpm for 30 s, using a Precellys Evolution
homogeniser (Bertin Technologies, France). RNA extraction was carried
out using the RNeasy Plus Mini kit (Qiagen, Germany) according to the
manufacturer’s protocol. The concentration and purity of the extracted
RNA were measured using NanoDrop ND-1000 (NanoDrop Technologies
Montchanin, USA). RNA quality (RIN) was determined using the Agilent
Tapestation 4150 (Agilent Technologies, Germany). Genomic DNA
contamination was removed by treating 1.2 pg of each RNA sample with
RQ1 RNase-Free DNase (Promega, USA). Complementary DNA (cDNA)
was synthesised using the GoScript™ Reverse Transcriptase (Promega,
USA), following the manufacturer’s protocol. The cDNA reaction was
split so that 0.2 pg RNA was used for control without reverse tran-
scriptase (—RT control). The cDNA samples were diluted at 1:5 ratio
using nuclease-free water and stored at —20 °C until use.
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Fig. 2. Gut microbial composition in rainbow trout fed different experimental diets for 45 days: Control, FOS 0.5%, COS 0.1%, COS 0.5% and COS 1.5% (FOS =
fructo-oligosaccharides, COS = cello-oligosaccharides). Microbial abundance at (A) phylum, (B) family and (C) genus level. Taxa showing significant differences (P <

0.05) are indicated by asterisks (*).
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Fig. 3. Comparison of gut microbial community abundance at family level in rainbow trout fed different experimental diets for 45 days: Control, FOS 0.5%, COS
0.1%, COS 0.5% and COS 1.5% (FOS = fructo-oligosaccharides, COS = cello-oligosaccharides). Box and whisker plots of abundance of (A) Brevinemataceae, (B)
Ruminococcaceae, (C) Chitinobacteraceae, (D) Bacillaceae and (E) Lactobacillaceae, where the line inside each box represents the median value. Significant dif-
ferences (P < 0.05) between the experimental groups are indicated by asterisks (*). Outliers in the different groups are indicated by coloured dots.

2.10.2. Gene expression by qgPCR

All specific primers for qPCR of the targeted and reference genes
were designed using Primer3 software or selected from previously
published studies (Tsujita et al., 2004; Lgvoll et al., 2011; Ballesteros
et al., 2012, 2014; Tacchi et al., 2015; Johansson et al., 2016; Dupuy
et al., 2019; Huyben et al., 2019; Mehrabi et al., 2019; Rawling et al.,
2021). For details, see Table S1 in Supplementary File 1. In all experi-
mental samples, qPCR amplification of two reference genes [beta actin
(f-actin) and ribosomal protein S20 (rsp20)], three oxidative stress-
mediated genes (sod, cat and gpx) and 11 mucosal immune-related
genes [interleukin-1beta (il-1f), tumour necrosis factor-alpha (tnf-a),
interleukin-10 (il-10), transforming growth factor-beta (tgf-$), mucin-2
(muc-2), immunoglobulin tau heavy chain (igt), cluster of differentia-
tion 4 (cd4), complement factor 3 (c3), c-type lectin, toll-like receptor 2
(tIr2) and toll-like receptor 5 (tIr5)] was carried out in a CFX96 Touch
PCR machine (Bio-Rad, California, USA) using Quantitect SYBR Green
(Qiagen, Germany). Each reaction was prepared in duplicate to a total
volume of 25 pL per reaction with the reaction mixture consisting of
12.5 pL Quantitect SYBR Green (2x), 1.25 pL forward primer, 1.25 pL
reverse primer, 8 pL nuclease-free water and 2 pL cDNA samples as a
template. The thermal profile used for qPCR amplification consisted of
an initial cycle of denaturation at 95 °C for 15 min, followed by 39 cycles
of 95 °C for 15 s, annealing at gene-specific annealing temperature (T,)
for 30 s and extension at 72 °C for 30 s. The thermal cycle ended with
melt curve analysis to verify the PCR product. The relative expression of
each stress-mediated and immune-responsive gene was normalised with
the two selected reference genes and calibrated with respect to the
control samples. The efficiency of f-actin (M value: 0.28, Stability: 1.26)
and rsp20 (M value: 0.17, Stability: 1.77) was calculated using the CFX
software. The AACt value of each sample was determined by subtracting
the average ACt value of the control from the ACt of the test sample.
Relative quantification or the fold change in expression for each gene

compared with the control was thus expressed as 2722¢t (Livak and
Schmittgen, 2001).

2.11. Statistical analysis

To identify significant differences between the microbiota data
(ASVs) and diets, Kruskal Wallis analysis was conducted on ASVs with
mean abundance >1% in the dataset, followed by Dunn test for post hoc
analysis using GraphPad PRISM 9.3.1. Principal component analysis
(PCA) was used to investigate potential differences between the diets,
followed by one-way analysis of similarity (ANOSIM) based on Bray-
Curtis dissimilarity index and then Bonferroni correction to statisti-
cally confirm clustering using Paleontological Statistics Software
version 3.25 (PAST). Similarity percentage analysis (SIMPER) based on
Bray-Curtis dissimilarity index was performed to identify the dominant
taxa using PAST. The data obtained on growth parameters, antioxidant
enzyme activity and gene expression were subjected to one-way
ANOVA, followed by Tukey’s comparison test using GraphPad PRISM
9.3.1 for pair-wise comparisons of the different diets. The significance
level was set at P < 0.05. In addition, for the gene expression ANOVA
values, which showed a distinct trend (P < 0.1), an unpaired t-test was
conducted for pair-wise comparison between prebiotic (FOS and COS)
and control diets.

3. Results and discussion
3.1. Fish growth performance

The growth performance of rainbow trout fed diets supplemented
with FOS (0.5%) and COS (0.1%, 0.5% and 1.5%) and those fed the

control diet are presented in Table 2. No significant (P > 0.05) differ-
ences were observed for any of the three growth parameters studied (WG
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(C) Lactobacillus, (D) Deefgea and (E) Shewanella, where the line inside each box represents the median value. Significant differences between the experimental groups
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Fig. 5. Relative expression of oxidative stress-related genes in intestine tissue of rainbow trout fed different experimental diets for 45 days: Control, FOS 0.5%, COS
0.1%, COS 0.5% and COS 1.5% (FOS = fructo-oligosaccharides, COS = cello-oligosaccharides). Expression levels of each gene in the experimental groups were
compared with those in the control. Relative expression levels of (A) sod, (B) cat, and (C) gpx, plotted as individual and mean (n = 6) fold change in gene transcript
level. Significant differences among the diets (one-way ANOVA) are indicated by P value (P < 0.05) and pairwise comparison between COS- and FOS- diets with the

control (unpaired t-test) are indicated by asterisks (*P < 0.05).

%, SGR, FCR), for the prebiotic-supplemented diets compared with the
control. This lack of significant difference in growth performance in fish
fed the COS and FOS diets supports previous findings on
oligosaccharide-supplemented diets in Gulf sturgeon (Pryor et al.,
2003), turbot (Mahious et al., 2006), hybrid tilapia (Genc et al., 2007),
Atlantic salmon (Grisdale-Helland et al., 2008), common carp (Hosei-
nifar et al., 2016) and sea bream (Guerreiro et al., 2016). All those
studies observed no effect of oligosaccharide-based prebiotics on growth
of the respective host fish. In the present study, there were no adverse
health effects of inclusion of COS during the 45-day feeding trial, as
indicated by the 100% survival rate in the fish fed the COS diets.

3.2. Microbial alpha and beta diversity

After removal of the ASVs for mitochondria, chloroplasts and unas-
signed taxa, a total of 2.4 million effective reads, with an average of
54,011 reads per intestinal sample, were obtained from the sample set.
These sequences were divided into 3799 effective ASVs. Analysis of the
alpha diversity of gut bacteria in fish fed different experimental diets
showed that the COS and FOS diets had no significant influence (P >
0.05) on Shannon, Simpson and Chao-1 index of gut microbiota
(Table 3). Previous studies on dietary supplementation with non-starch
polysaccharides in rainbow trout (Zhou et al., 2022), short-chain FOS in
sea bream (Guerreiro et al., 2016), and pectin and xylan in yellow catfish
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Table 5

Antioxidant activity in serum of rainbow trout fed the control diet and experi-
mental diets containing fructo-oligosaccharides (FOS 0.5%) and -cello-
oligosaccharides (COS 0.1%, COS 0.5%, COS 1.5%).

Antioxidant activity

Experimental T-AOC SOD (U/ CAT (U/ GPx (U/ MDA
diet (U/mL) mL) mL) mL) (pmol/L)
Control 54+13 202+ 47.1 + 274.4 + 57+ 1.6
5.22 2.1 54.4
FOS 0.5% 4.4+08 491+ 38.9 + 288.1 + 14.3 +
4.5° 3.9 65.3 47
COS 0.1% 6.9+1.4 445+ 57.8 + 328.5 + 7.9 +3.3
7.4 2.9 73.9
COS 0.5% 63+14 529+ 39.3+ 364.3 + 10.9 +
5.7° 9.2 84.7 4.8
COS 1.5% 68+11 377+ 39.4 + 1327 + 19.5 +
35" 1.2 36.9 6.1
P value: P value: P value: P value: P value:
0.581 0.012 0.319 0.198 0.262

Values shown are mean =+ SE.

One-way ANOVA was performed for each parameter and P-values are included
in the respective column. Values within lines with different superscript letters
are significantly different (P < 0.05).

(Zhang, 2014) also found limited or non-significant effects on microbial
alpha diversity in the respective host species. Thus, it can be suggested
that alpha diversity, which is commonly used as a tool in microbiota
studies, is more closely related to fish species and less to prebiotic
supplements in the diet. The PCA plot showed a clear distinction in
overall gut microbial composition in COS 1.5% treated fish compared
with fish in the control and FOS 0.5% treatments (Fig. 1). Moreover, the
ANOSIM cluster analysis showed significant differences in control vs.
COS 0.5% (P = 0.048), FOS 0.5% vs. COS 0.5% (P = 0.003), FOS 0.5%
vs. COS 1.5% (P = 0.022), COS 0.1% vs. COS 0.5% (P = 0.015) and COS
0.1% vs COS 0.5% (P = 0.034) (Table 4). The SIMPER results showed
that Ruminococcaceae, Photobacterium, Mycoplasma penetrans, and Bre-
vinema were the top four ASVs contributing to the significant differences
in microbial beta diversity observed for the experimental diets.

3.3. Gut microbiota and effect of COS- and FOS- supplemented diets on
specific taxa

Gut microbiota composition in the samples was dominated by three
phyla, Firmicutes (35-52%), Proteobacteria (25-39%), and Cyanobac-
teria (11-17%) (Fig. 2A). This is consistent with observations in previ-
ous studies (Singh et al., 2021; Foysal and Gupta, 2022; Zhou et al.,
2022), confirming the high relative abundance of these phyla in fish gut
microbiota. At the family level, Vibrionaceae (16-26%), Mycoplasma-
taceae (14-22%), and Ruminococcaceae (9-24%) were the three most
common ASVs (Fig. 2B). At the genus level, Photobacterium (14-22%)
was found to be the most abundant ASV, followed by Mycoplasma
(16-26%), Brevinema (7-17%), and Streptococcus (5-8%) (Fig. 2C). The
dominance of Photobacterium (belonging to the Vibrionaceae) in the gut
microbiota reflects the role of this genus in host fish’s digestion (Ray
et al., 2012; Wang et al., 2018).

Effects of the COS- and FOS-supplemented diets on abundance in
microbial community were also seen at family and genus level, with the
bacterial families Brevinemataceae (P = 0.020), Ruminococcaceae (P =
0.018), Chitinobacteraceae (P = 0.039), Bacillaceae (P = 0.001), and
Lactobacillaceae (P = 0.044) differing significantly between the diets
(Fig. 3). The relative abundance of Brevinemataceae (Fig. 3A) and
Chitinobacteraceae (Fig. 3C) was highest for the FOS 0.5% diet and
lowest for the COS 0.5% diet. Likewise, the genus Brevinema (P = 0.02)
(Fig. 4A) and Deefgea (P = 0.04) (Fig. 4D), both belonging to the Bre-
vinemataceae, showed significantly higher relative abundance in the gut
of fish fed the FOS 0.5% diet than fish fed all three COS-supplemented
diets. This dominance could be explained by the fact that members of
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the Brevinemataceae (Lyons et al., 2017) and Chitinobacteraceae
(Molinari et al., 2007; Sichert et al., 2020) are capable of degrading
complex carbohydrates such as FOS, which comprise of heterogeneous
mixture of oligosaccharides containing mainly p-(2-1) glycosidic bond,
whereas the COS product used in the present study, consisted mainly of
cello-oligosaccharides with -(1-4) glycosidic bonds and might not be
preferred by these two bacterial families. In contrast, Ruminococcaceae
which are associated with production of short-chain fatty acids by
fermentation of ingestible carbohydrates such as resistant starch or di-
etary fibre (Walker et al., 2011; Ze et al., 2013; Rimoldi et al., 2020), was
found to be the most abundant family in the gut of fish fed the COS 0.5%
diet (Fig. 3B). Moreover, the relative abundances of Bacillaceae (P =
0.001) (Fig. 3D) and the underlying genera Bacillus (Fig. 4B) was highest
in COS 0.5%, followed by COS 1.5%, COS 0.1%, FOS 0.5% and lowest in
the control. While the relative abundance of Lactobacillaceae (P =
0.001) (Fig. 3E) and Lactobacillus (Fig. 4C), was highest for COS 1.5%,
followed by COS 0.5%. Higher abundance of Bacillaceae and Lactoba-
cillaceae in the diets with COS compared with FOS is in agreement with
findings in a study by Ortiz et al. (2013). They observed that FOS
fermentation in the gut of rainbow trout did not affect short-chain fatty
acid and/or lactic acid production, resulting in lower abundance of
lactic acid bacteria (LAB). A study by Karnaouri et al. (2019a),
demonstrated that birch- and spruce-derived cellobiose-rich hydroly-
sates supported the growth of two Lactobacillus probiotic strains in vitro.
Thus, the present study indicates COS as a preferential prebiotic for LAB
as compared to FOS. Further, the y-proteobacterial strain Shewanella,
which is reported to be a natural resident with beneficial characteristics
in the salmonid gut (Navarrete et al., 2010; Garcia de la Banda et al.,
2012), showed high abundance in the gut of fish fed the COS 0.1% and
control diets, but the abundance was lower in fish fed with the COS
0.5%, COS 1.5% and FOS 0.5% diets (Fig. 4E).

3.4. Effects of COS and FOS incorporated diets on antioxidant capacity

Besides microbiota analysis, in the present study the effects of COS
and FOS diets on the antioxidant capacity of rainbow trout were eval-
uated using comparative mRNA expression profiling of three important
oxidative stress-related genes (sod, cat and gpx) in the distal intestine
tissue (Fig. 5). Their downstream impact on enzyme activity in the blood
serum was also analysed (Table 5). Overall, the expression profile of the
cat (Fig. 5B) and gpx (Fig. 5C) genes showed non-significant differences
at mRNA transcript level in the diets with prebiotic compared with the
control. However, dietary inclusion of COS and FOS significantly (P <
0.05) improved the expression level of the sod gene compared with the
control (Fig. 5A). It is important to note that the expression patterns of
individual fish within each treatment showed wide variation for all three
genes, with 2-3 fish displaying higher transcript values than the
respective mean level. The apparent differences in antioxidant activity
in individual fish are unclear and merit further study.

In agreement with the gene expression data, the enzymatic assays
also demonstrated significant enhancement (P < 0.05) of SOD enzyme
activity in the diets with prebiotic compared with the control, and no
such significant differences were observed for CAT enzymes. However,
GPx enzyme activity showed significant differences in the pairwise
comparison between the diets Likewise, experimental diet did not have
any significant impact on T-AOC or MDA level in the serum. Previous
studies have demonstrated that the antioxidant capacity in serum and
intestine of fish species depends on the type and dose of the dietary
supplement used. One study found that inclusion of 8% insoluble cel-
lulose (iNSP) had no effect on antioxidant activity, but at 16% soluble
cellulose (sNSP) and 28% iNSP, antioxidant capacity (SOD and CAT
levels) was lowered and MDA levels were elevated (Deng et al., 2021).
Another study examining sNSP and mucosal health observed that the
higher level of sNSP tested (>9%) lowered the antioxidant activity of
SOD and CAT in the intestine of juvenile largemouth bass (Liu et al.,
2022). In contrast, a study on blunt snout bream found enhanced
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Fig. 6. Relative expression of immune-related genes in intestine tissue of rainbow trout fed different experimental diets for 45 days: Control, FOS 0.5%, COS 0.1%,
COS 0.5% and COS 1.5% (FOS = fructo-oligosaccharides, COS = cello-oligosaccharides). Expression levels of each gene in the experimental groups were compared
with those in the control. Relative expression levels of (A) il-15, (B) tnf-a, (C) tgf-B, (D) il-10, (E) muc-2, (F) tlr2, (G) dr5, (H) c3, (I) c-type lectin, (J) igt and (K) cd4,
plotted as individual and mean (n = 6) fold change in gene transcript level. Significant differences among the diets (one-way ANOVA) are indicated by P value (P <
0.05) and pairwise comparison between COS- and FOS- diets with the control (unpaired t-test) are indicated by asterisks (*P < 0.05; **P < 0.01, ***P < 0.001).
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activity of SOD, CAT and GPx, and low levels of MDA, when the fish
were fed a diet supplemented with a lower level (0.8%) of FOS (Zhang
et al., 2014). Similarly, Ren et al. (2020) observed that dietary inclusion
of mannan oligosaccharides (MOS), even at low levels (0.3-2%), suc-
cessfully enhanced T-AOC and SOD levels in the serum of juvenile
hybrid grouper fish; whereas, Hoseinifar et al. (2017) demonstrated
significant increase in the SOD level in galactooligosaccharide (GOS),
FOS and inulin treated Cyprinus carpio. Therefore, it can be concluded
that certain prebiotics influence the antioxidant capacity of the host fish,
but the correlation depends on a range of other factors that need to be
further investigated. Nevertheless, the results in the present study
indicated that COS is a suitable prebiotic candidate for rainbow trout,
since it was able to reduce the level of oxidative stress and enhance the
antioxidant capacity of the host fish, even at relatively low
concentrations.

3.5. Effects of COS- and FOS-supplemented diets on immune gene
expression in the intestine

The effects of the COS and FOS diets on relative expression of various
classes of immune-related genes in the distal intestinal tissue of rainbow
trout were also investigated (Fig. 6). The intestine is the main region
where digestion and absorption of feed nutrients take place, while it also
acts as an important immune organ for fish (Xu et al., 2021). Thus,
determining the expression profile of different genes in the intestinal
mucosa can help in determining the health of the intestine, and of the
fish as a whole. The distal intestine was selected for analysis in the study
because enterocytes in this region are more capable of antigen sensing
and uptake, due to the presence of irregular microvilli and high pino-
cytotic activity (Rombout et al., 2011).

Dietary inclusion of FOS and COS had no effect (P > 0.05) on
expression of pro-inflammatory cytokines il-15 (Fig. 6A) or tnf-a
(Fig. 6B) or the anti-inflammatory tgf-§ gene (Fig. 6C). The anti-
inflammatory cytokine il-10 gene transcript showed numerically, but
not significantly, higher expression (~1.5- to 5.5-fold upregulation) in
fish fed with COS and FOS diets compared with control fish (Fig. 6D).
This might be attributable to the low inclusion level of COS and FOS not
affecting the physical layer of the gut mucosa or causing fluctuation in
gut microbiota. This is similar to previous observations that reported
regulation of pro- and anti-inflammatory cytokines in the intestine is
directly related to the inclusion level of dietary NSP or cellulose (Liu
et al., 2022; Zhang et al., 2019). Further, our results showed no signif-
icant difference (P > 0.05) in expression of the muc-2 gene (precursor for
mucin secretion) in COS- and FOS-fed fish compared with the control
(Fig. 6E), indicating normal intestinal mucosa and absence of inflam-
matory reaction in fish with prebiotic-supplemented diets.

Beside cytokines, the expression profile of other genes involved in
the innate and adaptive immune systems in the different treatment
groups was also investigated. In fish, innate immune receptors such as
toll-like receptors (tlrs) play an important function in recognising bac-
terial pathogen-associated molecular patterns (PAMPs), which in turn
leads to antigen processing and presentation by the adaptive immune
system (Rebl et al., 2010). In this study, tIr2 (which recognises bacterial
lipopolysaccharides) and tlr5 (which recognises bacterial flagellin)
showed numerically higher expression (~2- to 5-fold upregulation) in
the prebiotic-treated fish compared with the control fish. Although, this
difference in gene expression was not statistically significant (P > 0.05),
likely due to wide variation in the expression pattern seen for individual
fish within each diet (Fig. 6F-G), but a statistical trend (P < 0.1) was
observed for tir2 gene. Apart from receptors, the complement cascade
constitutes an integral part of the teleost innate immune defence (Boshra
et al.,, 2006). There was significant (P < 0.05) upregulation of c3
(Fig. 6H) gene transcript in COS-fed fish compared with the control,
indicating greater efficiency of COS as an innate immune stimulator in
rainbow trout. Meanwhile, the non-significant transcript level of c3 gene
in FOS fish compared with the control contradicts findings for FOS-
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treated blunt snout bream, where the level showed distinct enhance-
ment (Zhang et al., 2014). The c-type lectin (Fig. 6I) gene showed distinct
elevation in the COS diets; however, only a statistical trend (P < 0.1)
could be observed from the transcript expression.

Moreover, the igt (Fig. 6J) and cd4 (Fig. 6K) gene transcripts did not
differ significantly (P > 0.05) in expression between the prebiotic-fed
and the control fish. Similarly, in a previous study dietary NSP had no
effect on igt gene expression in the intestine of largemouth bass (Liu
et al., 2022). This difference in expression pattern between innate and
adaptive genes can be traced back directly to the immunological toler-
ance and pathogenicity of the prebiotic-mediated gut microbial popu-
lation, where beneficial bacteria help in stimulating the non-specific
innate immune system. However, due to lack of detection of ASVs for
pathogenic bacteria, the host cell does not recognise the pathogenic
antigen and might have curtails the CD4"-T-cell-mediated antigen
processing and B-cell proliferation for immunoglobulin (igt) production.

4. Conclusions

This study provided important new baseline data on COS as a po-
tential functional feed in rainbow trout. The results demonstrated higher
abundance of bacterial families related to production of short-chain
fatty acids (Ruminococcaceae, Bacillaceae, Lactobacillaceae), which
should be quantified in future studies to confirm its prebiotic potential.
The results also demonstrated improved antioxidant capacity and higher
immunomodulatory effect owing to upregulation in complement (c3 and
c-type lectin) and receptor (tlr2) genes of the innate immune system. This
indicates that dietary COS can be of biological significance for rainbow
trout and can modulate the overall health status of the fish. However,
due to the low levels of dietary COS tested in the present study, the
immunomodulatory and prebiotic properties may have been under-
estimated. Thus, tests on higher inclusion levels of COS are needed to
identify its maximum functionality.
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