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ARTICLE INFO ABSTRACT

Keywords: Within aquaculture, prebiotics are composed of complex carbohydrate molecules that cannot be digested by the
Traﬂ_scr‘iptﬂmics fish directly but are metabolised by the microbial communities within the host gut, with the desire that “healthy”
Prebiotics bacterial species are promoted with subsequently improved performance of the fish, there are likely some direct
Immune response responses of intestinal cells to these dietary components. The sources and processing of prebiotics, which fall
Immunostimulants . « . . . . . o

p-glucans under the overarching theme of “functional feeds™ are highly varied between species and types of prebiotics
Oligosaccharides administered. How these feeds exert their effect, and the host responses are hard to determine, but new tech-
Nutrigenomics nologies and the development of high-throughput technologies (omics) are enabling the mechanisms and

methods of action to be further understood. The recent advances in the availability of ‘omics’ technologies with
the transition from single gene assays to microarray and RNA-seq in fish health have enabled novel functional
ingredients to be analysed. This review will focus on recent studies on targeted gene expression and ‘omics’
technologies to characterize immune responses. Comparisons between the immunomodulatory effect of different
prebiotics have been made and specific examples of how transcriptomics techniques have been used to identify

immune responses to prebiotics are given.

1. Introduction

The role of food and nutrition is recognised as a key factor in health
and disease prevention through the maintenance of a fully functioning
intestinal system and associated local and systemic immune system. This
is especially true for aquaculture where health management is a central
theme of a sustainable and economic industry. In recent decades, the
development of fish feeds has shown dramatic changes, with diets being
designed to meet the basal nutritional requirements of the fish but also
aid in the prevention of diseases [1,2]. Globally 598 species are
commercially farmed in aquaculture, with 379 species of finfish, some of
which are new to aquaculture for which nutritional requirements are
relatively unknown with diets for these being constructed on limited
knowledge [3,4]. The rapid growth of the aquaculture industry, globally
5.8% per year from 2000 to 2016 [3], has required new protein and oil
sources to be identified and used, with many aquaculture diets having

changed for almost 90% marine sourced protein and oils to currently
12-15% marine derived ingredients [5,6]. Many farmed teleosts such as
Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss), sea
bass (Dicentrarchus labrax) and gilthead sea bream (Sparus aurata) are
carnivorous and naturally have a diet high in marine proteins and oils,
but availability and costs of marine ingredients have driven changes to
terrestrial rich feeds which began during the late 1990s and have
continued to the present day [7,8]. These diets bring a new set of
challenges for fish physiology and health. Plant proteins are often
deficient in essential amino acids (lysine and methionine), with this
shortfall being compensated for by using mixtures of plant protein
concentrates and crystalline amino acids [9,10]. The essential marine
fatty acids: eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), are not found in vegetable oils and lead to further unknown
impacts on fish health [11]. Other important issues with plant rich diets
are reduced palatability and the presence of antinutritional factors [12].
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Although these new diets match the requirements for farmed fish, the
mechanisms by which these impact on health and immune capacity
remains poorly understood, especially in relation to plant based in-
gredients, as such there is a need for further research into the nutrition
health interface for aquaculture species. There are new questions
regarding intestinal health, and how these diets can impact systemic
responses and disease resistance.

1.1. Functional feeds

To improve fish feed further, additional factors can be added to the
feeds that can be beneficial to fish health, both to improve physiology
and growth, and to enhance the fish’s immune capacity and disease
resistance. Optimal gut health and function are central to overall fish
welfare, as such these functional feed additives must provide additional
benefits beyond direct nutritional requirements [13,14]. Functional
feeds are foods that deliver additional or enhanced benefits over and above
their basic nutritional value and normally include prebiotics, probiotics,
micronutrients, and immunostimulants that are used to enrich the feed,
tailored to a specific issue or life stage. Prebiotics are nondigestible
carbohydrates such as mannanoligosaccharides (MOS), fructose oligo-
saccharides (FOS), and p-glucans extracted from microbes and yeast cell
wall [15]. These prebiotics are used to promote the development of a
healthy intestinal microbiome, promoting beneficial bacterial species,
and preventing pathogenic and harmful bacteria from becoming estab-
lished. There may also be direct effects on the intestinal epithelium and
immune responses [16]. For example, MOS has a range of effects: im-
mune modulator, blocking pathogen colonisation, and improvement of
intestinal morphology [17]. Probiotic diets contain living microbes
(probiotic organisms) such as Lactobacillus buchneri which are regarded
as desirable intestinal bacterial [18]. Probiotics have also been shown to
aid in the prevention of diseases and stress, improve water quality and
enhance immunity although the mode of action is still scarcely known
[19]. Functional feeds may also contain specific metabolites (nucleo-
tides), or specific micronutrients (such as Zinc and Selenium). Nucleo-
tides have an important role in normal intestinal functions including
growth, metabolism, immune function, and tissue repair [20]. Dietary
nucleotides have been shown to increase the efficacy of alternative
protein utilization especially during stressful conditions where the de
novo pathway of nucleotide synthesis becomes limiting [21]. The addi-
tion of minerals such as Zinc and Selenium can have beneficial effects on
viral responses in fish as they act as cofactors for many important en-
zymes [22,23]. In aquaculture functional feeds are usually administered
for a short period (weeks rather than months), which usually coincides
with a stressful event such as sea water transfer in Atlantic salmon,
coinciding with vaccination. Functional feed additives are believed to
exert their actions locally upon the gut barrier, microbiome, immune
and some metabolic functions [16].

Disease outbreaks in aquaculture often occur when fish are stressed,
suggesting a link between hormonal and nutrient status in host defences,
additionally recovery from infection is also highly variable with fish
being able to clear pathogens at different rates. Functional feeds can be
used at key life-history stages to improve health status. Essential aqua-
culture management procedures: such as handling, transport of fish,
transfer of salmon to saltwater cages and other physical treatments can
lead to higher mortality rates [24]. These events are likely to increase
stress, respiratory processes, and impact immune function [25]. These
changes in the physiological processes are likely to impair resistance to
pathogens and any improvement that can be added by functional feeds
can reduce not only mortalities but reduce recovery time and use of
chemotherapeutic treatments [26]. The ability of fish’s immune system
to protect against disease and cope with stress is dependent on their
nutritional status.
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1.2. Teleost immune system

The teleost immune system is split into two distinct components: the
innate immune system and the adaptive immune system. The innate
immune system acts as the first line of defence against pathogens and is
comprised of physical barriers as well as cellular and humoral responses.
The adaptive immune system is dependent upon cellular and humoral
responses but is characterised by specific antigen recognition that drives
a secondary pathogenic-specific response and immune memory [27].
Whilst they act in different ways, the adaptive and innate immune sys-
tems interact heavily with each other through the cross talk between
cells and molecules involved in the immune response. Human studies
show nutrition has a major role in well-functioning innate and adaptive
responses with negative outcomes during nutritional deficiencies [28].
These deficiencies lead to modulations in cell-mediated immunity,
phagocyte function, the complement system, cytokine production,
mucosal secretory antibody response, and affinity.

Like higher vertebrates (tetrapods), fish have a set of lymphoid or-
gans with the main haemopoietic tissues being the head kidney. The
head kidney, thymus, and spleen are the key immune organs in fish, but
of great importance in fish are the mucosa-associated lymphoid tissues
(MALTs) which have large populations of leucocytes present in these
tissues and are highly immunologically active tissues [29]. There are
four different types of MALTs in fish: skin, gills, gut, and the
nasopharynx.

1.3. Gut-associated lymphoid tissue

The gut-associated lymphoid tissue (GALT) is central to how fish
respond to the direct and indirect (via microbial communities) effects of
functional feeds. The gut is constantly exposed to the external envi-
ronment, through the uptake of food, and as such GALT is a fundamental
interface between the host and the environment [30,31]. GALT is a key
component of the fish immune defences and can interfere with patho-
gens by acting as a physical barrier or through the presence of antimi-
crobial peptides and antibodies in the mucus [32,33]. The interface
consists of a rich and diverse microbial community that is maintained in
homeostasis moderated by immunological surveillance. Mucosal B cells
play a key role in this homeostasis through secreting immunoglobulins
[34]. The gut is rich in both passive beneficial microflora and pathogens;
it is coated in a layer of mucus that separates the epithelial cells and the
microflora. The mucosal surface is a major surface barrier containing a
large variety of secretory immunoglobulins, leucocytes, antimicrobial
peptides, and other innate immune components [35]. These leucocytes
and dendritic cells present in the mucosal surface can identify immu-
nostimulatory molecules from prebiotics or their metabolites; short
chain fatty acids (SCFAs), binding to them at pathogen associated mo-
lecular patterns and present these antigens to trigger further immune
responses.

The epithelial layer of cells that lie underneath the mucus includes
epithelial cells, goblet cells, endocrine cells, and the immune cells which
form a monolayer [36]. At an immunological level GALT is composed of
two main populations: (1) Lamina Propria Leucocytes (LPL), which in-
cludes resident granulocytes, lymphocytes, macrophages (M1 and M2),
plasma cells, T cells (CD4™) and B cells (IgT+ and IgM+), (2) Intra-
epithelial leucocytes (IEL), which include T cells (CD8™) and B cells
(IgT+ and IgM+) located among the epithelial cells [37,38]. M1 and M2
macrophages play important roles in the innate immune response with
M1 detecting PAMPs whilst M2 are triggered by Th2 cytokines and have
roles in anti-inflammatory pathways [39]. IgT + B cells are the domi-
nant phenotype in the gut and are thought to play a key role in pathogen
recognition within the intestine [34]. The presence of CD4™ cells in the
LPL are regulated by mucosal dendritic cells and microbiota signalling
which can cause these cells to turn into T-regulatory cells. Treg and
Th17 cells have important roles in mucosal immunity with inflamma-
tory and anti-inflammatory pathways being regulated [40]. Alongside
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Table 1
Fish studies using transcriptomic technologies to characterize immunological responses to -glucans.
Fish Species Omics Dietary Manipulation Source/ Disease Comparison and Sampling Tissue Analysed Main findings Reference
Technology Conformity Challenge
Rainbow Trout qPCR Intraperitoneal injection Laminaran, - In vivo stimulation with 20 mg/kg Head kidney, IL1p1, IL1p2, IL6, C3-1, C3-2 1. [99]
(Oncorhynchus with p-glucans and LPS Pronova, Norway p-glucan or 6 mg/kg LPS dissolved in PBS.  spleen, and liver C3-2, C3-3|
mykiss) $ 1,3 d-glucan After 48hrs fish were bled and samples
collected. In-vitro stimulation of head
kidney macrophages stimulated with 10
mg/kg of LPS or p-glucans
Gilthead Sea qPCR Supplementation with Laminarina - Control vs p-glucan (0.1%) vs pdp11 (10°  Head kidney 1 IgM for all diets after 1 week. [73]
Bream (Sparus 1,3/1,6 p-glucans and digitata, cfu) vs p-glucans (0.1%) + pdp11 (10° Upregulation of IFNy and IL1f in weeks 1 and
aurata) Shewanella putrefaciens Sigma, cfu) for four weeks 4 but only f-glucans week 4 was significant
$1,3/1,6 glucans
Rainbow Trout qPCR Supplementation with Angel Yeast Co., Aeromonas Control vs 0.05% p-glucans, 0.1% Head kidney Survival rates increased significantly in those ~ [74]
(Oncorhynchus p-glucans China salmonicida p-glucans, 0.2% p-glucans for 6 weeks diets containing p-glucans. T-SOD, POD,
mykiss) $ 1,3 glucan CAT, LYZ activities and RNA expression were
increased to higher levels and reached them
quicker in the p-glucan diets compared to the
control. 0.2% provided the optimal
concentration. tHSP70 in the infected with
p-glucans.
Rainbow Trout qPCR Supplementation with Macrogard — $ 1,3/  Aeromonas Control vs 0.1% MG vs 0.2%MG vs 0.5% Gills, spleen, kidney =~ Spleen showed changes in gene expression in [70]
(Oncorhynchus Macrogard (B-glucans) 1,6 glucans hydrophilia MG for 5 weeks both healthy and bacterial challenged fish:
mykiss) MGO2 diet showed t TNFa-1, IL-1, COX-2
and TGFp after 15 and 30 days and 1 IL-10
after 15 days.1 IL-15 & TGF-f in MGO5 diets.
Only occasional effects were noticed in gill
and kidney.
Zebrafish (Danio qPCR Supplementation with Zymozan, Sigma svev Control vs stimulation with SVCV Zebrafish fibroblast ~ Enhanced response to SVCV (higher [94]
rerio) p-glucans p 1,3 glucan infection vs SVCV + p-glucans (10 pg/ml  (ZF4) Cells and in- responsiveness and protection), 1 IFN related
24hr prior to infection) vivo experiments genes: gig2, tlr2, ifnphil and the
on mortality inflammatory cytokines: illb, il6, il8, il10
and tnfa transcripts which were observed
after 48hrs but declined over 2 weeks.
Rainbow Trout qPCR Supplementation with Angel Yeast Co., Aeromonas Control vs 0.05% p-glucans, 0.1% Head kidney or Survival rates were significantly higher in [71]
(Oncorhynchus p-glucans China salmonicida p-glucans, 0.2% p-glucans for 6 weeks spleen 0.1% and 0.2% 6 dpi. Head kidney: ttnfa,
mykiss) f 1,3 glucan il1b, ighm (after 42 days of administration),
cxcl8 and ighm (Upregulated in response to the
infection 0.2% significantly 1 by 6 dpi).
toncymkdab, C3, tmek and myd88 post
infection. Spleen: 1 tlrm5, tlr5s, tmek, myd88
(All increased with p-glucan administration,
further increased after infection)
Rainbow Trout qPCR Supplementation with Skretting VHSV Control vs Protec for 5 weeks Kidney, gut, and 1IgM, IgT, IgD, MX and IFN-y in fish fed the [69]
(Oncorhynchus Protec™ (B-glucans, gills Protec diet 6dpi with VHSV. IgM, IgT and IgD
mykiss) Vitamin C, Vitamin E and were all increased before infection.
zinc)
Common Carp RNA-seq Stimulated with 25 pg/ Curdlan, C7821, - Control vs Curdlan vs Macrogard Head kidney RNA sequencing showed 528 DEGs with [67]
ml of Curdlan or Sigma Aldrich macrophages Curdlan and 781 DEGs using Macrogard of

Macrogard

$ 1,3 glucan,
Macrogard, Zilor
$1,3/1,6 glucans

which 85% and 80% were upregulated,
respectively. CLR pathway activation/
upregulation of downstream targets. CLEC4C
and SCLRA represent the best genes for
future studies as potential f-glucan
receptors.

(continued on next page)
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Table 1 (continued)

Fish Species Omics Dietary Manipulation Source/ Disease Comparison and Sampling Tissue Analysed Main findings Reference
Technology Conformity Challenge
Caspian Trout qPCR Supplementation with 3 Angel Yeast Co., - Basal diet vs basal diet +p-glucan vs basal ~ Head kidney TNFa 1, IL1p and IL8 1 [72]
(Salmo trutta g/kg p-glucans, 4 g/kg China diet + MOS vs basal diet + L. plantarum IL1p greatest increase by 8.75-fold in fish
caspius) MOS and Lactobacillus $ 1,3 glucan vs basal diet +p-glucan + L. plantarum vs supplemented with only p-glucans. bpLp and
plantarum basal diet + MOS + L. plantarum vs basal bp significantly enhanced the relative IL-8
diet + MOS +p-glucan vs basal diet + mRNA expression in the head kidney 12.75
MOS -+p-glucan + L. plantarum over 8 and 1.9-fold, respectively.
weeks
Rainbow Trout RNA-seq Supplementation with Angel Yeast Co., Aeromonas Control vs 0.2% p-glucans Spleen In CG vs BG, 378 and 406 DEG were [77]
(Oncorhynchus 0.2% p-glucans China salmonicida identified on 4 and 6 dpi respectively. 46
mykiss) f 1,3 glucan DEGs were common enriching in GO terms:
compliment activation, inflammatory
response, and metabolic process. Kegg
analysis revealed DEGs were involved in
immune or metabolic signalling pathways
such as complement and coagulation
cascades, NFkB, TLR signalling pathways,
antigen processing and presentation and
platelet activation.
15 random DEGs such as fgg, fgb, f5, c9, ¢3,
c5, tir5, and myd88, were analysed using
qPCR in CG vs BG on 4 dpi and 6 dpi with a
correlation coefficient of 0.93
Rainbow Trout qPCR Stimulated with 50 pg/ Soluble B-glucan Aeromonas Control vs SBG vs M/Control vs SBG + A. RTS11 and RTS11 cells were more responsive than [95]
(Oncorhynchus ml of soluble p-glucans (95% purity), salmonicida salmonicida vs M + A. salmonicida/ RTgutGC cells RTgutGC to B-glucans. M glucans was able to
mykiss) (SBG) or particulate particulate subsp. tolerance tests using multiple exposure of cause 1 of TNFa, IL6, IL8 & IL1p in RTS11 at
p-glucans (M) B-glucan (60% salmonicida M or LPS all concentrations, only IL6, IL8 and IL15
purity) CECT4237 were upregulated in the highest
Biotec BetaGlucans concentration in RTgutGC. SBG didn’t have
AS (Norway) an effect on RTS11 or RTgutGC.

Supplementation of p-glucans and
inactivated A.salmonicida caused a larger
response than those treated with just

A. salmonicida. Stimulation with M p-glucans
had only minor tolerance effects against

A. Salmonicida.
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these immune cells, epithelial cells, goblet cells, and endocrine cells
work together to produce and regulate gut immune responses [41].
GALT is the first immunological component that is exposed to the
functional feed components, and the microbial changes associated with
the feed additives, with potential direct impacts on the lamina propria
leucocytes and the intraepithelial leucocytes.

1.4. Nutrigenomic approaches for aquaculture

Functional feeds impact the local and systemic immune system, but
the different processes that this involves are not resolved. Nutrigenomics
integrates nutritional sciences and genomics; incorporating the appli-
cation of high throughput technologies (Omics) such as transcriptomics,
proteomics, and metabolomics to investigate the effects of nutrition on
health [42].

Recent advances of high throughput sequencing of farmed fish spe-
cies have allowed the development of transcriptomics and proteomics to
be used in fish nutrition studies [40]. Microarrays were developed for
many farmed fish species including Atlantic salmon [43-45] and
rainbow trout [46] that used available cDNA sequences, and although
new insights to the transcriptional responses were generated, they were
constrained by genes that were present on the array. In recent years with
many more whole genomes now completed for farmed fish whole
transcriptome analysis by RNA-seq is becoming the method of choice for
transcriptomic experiments in many labs. The whole genome of over
198 assembled species of fish is now present on NCBI and is assembled at
chromosome level which includes most aquaculture fish species [47]
with a further 800 available currently as scaffolds or contigs. This
massive increase in genomic resources facilitates the study of complex
interactions involved in the biological processes that regulate fish
health, nutritional responses, host genetics, and symbiotic microbiota
[48]. To understand the mechanisms fully, a multifactorial approach
needs to be used that considers a variety of “omic” approaches including
transcriptomics and proteomics, providing a much clearer picture of
both the local and systemic effects of supplementation with different
additives [49].

Historically feeding trials have been used as the primary method for
the testing of novel aquafeeds with whole tissue histology, performance-
based metrics, and transcriptomics/proteomics. To complement whole
fish/tissue examination there are benefits of using either primary cul-
tures of cells or established cell lines to examine the effects of functional
feed ingredients directly on distinct cell types. Such approaches enable a
deeper understanding of molecular mechanisms on cellular function
[50]. There are several cell lines developed for salmonid fish, including
intestinal derived (RTgutGC) [51], gill (RTgill-W1) [52], and the mon-
ocyte/macrophage cell line RTS11 [53], the use of fish cell lines is
reviewed by Collet, Collins, and Lester, [54]. However, the phenotype of
these cells is likely to have changed considerably from their original
tissues and the choice of cell lines needs consideration for specific ex-
periments, even the RTgutGC cells are unlikely to reflect the complex
nature of the intestine with multiple cells phenotypes present. Primary
cell culture models are also under development and when appropriate
may be used alongside feeding trials and give a better reflection of re-
sponses due to multiple cell types and if the cell phenotype has been
impacted by dietary components. The primary cells may be used as an
assay to test the effect of functional feeds on cells before testing on fish
[55-57]. These models would characterize the response of specific cell
types whilst tissues of interest can also be taken to understand the sys-
temic response to different stimuli.

This review will highlight the use of high-throughput technologies
and targeted gene expression to investigate the mechanisms underlying
the use of prebiotics and their effects on the immune response in
aquaculture. The use of transcriptomics in functional feed studies en-
ables specific pathways that are being modulated to be identified and
subsequently, the effectiveness of different additives can be illustrated.
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2. Targeted gene expression and transcriptomic responses to
prebiotic feeds

The method by which prebiotics exert beneficial changes on the host
immune system as a result many studies have used targeted gene
expression (QPCR) or transcriptomics to identify this mechanism. Pre-
biotics are digested by bacteria resulting in increases in the levels of
short-chain fatty acids (SCFAs) or immunostimulatory molecules. Bac-
teria such as Bifidobacterium and Lactobacillus are often termed benefi-
cial bacteria and are targets for enrichment by functional feeds [58]. The
increase in beneficial bacteria enables them to outcompete pathogenic
bacteria [59]. Additionally, some prebiotics can act as immunostimu-
lants through binding to host cellular receptors in the epithelium and
induce an immune response directly, leading to an increase in the in-
flammatory response or complement pathways [60].

2.1. Molecular responses of the host caused by the supplementation of
p-glucans

B-glucans are naturally occurring polysaccharides that are found in
the cell walls of certain plants, and fungi [61]. p-glucans are polymers of
repeating units of glucose linked by glycosidic bonds and are charac-
terised as being branched or unbranched, long, or short, and insoluble or
soluble [62]. p-glucans have been extensively used in aquaculture feeds
as they induce both the cellular and humoral immune responses in in-
testinal epithelial tissues [63,64]. p-glucans modulate immune function
through increased respiratory burst, lysozyme action, activation of
leucocytes, and stimulate inflammatory mediators and promote both
antibacterial and antiviral activity in fish [61,65,66]. Irrespective of the
administration route, either through diet, injections, or immersion,
B-glucan administration generates a short-lived immune stimulatory
effect and can result in increased resistance to both viral and bacterial
infections [67]. The direct effects of B-glucans are thought to act as
pathogen-associated molecular patterns (PAMPs) and are recognised by
pattern recognition receptors (PRRs) present on macrophages [66].
Examination of f-glucan interaction with immune cells suggests toll-like
receptor 2 (TLR2) may be involved in sensing as well as through a C type
lectin receptor homolog of the mammalian Dectin-1 [67,68]. The
binding of the dectin-1 homolog to f-glucans is thought to lead to the
activation of NF-xB leading to the inflammatory profile seen when
stimulated by p-glucans. p-glucans are being used in commercial diets
alongside other vitamins and minerals as part of a combination of
different additives to stimulate fish health, these diets being now widely
used especially during periods of stress or potential infection and
recovery.

Numerous studies have used targeted gene expression to identify the
response to f-glucans. Functional feeds such as the Protec™ diet
(Skretting) contain several nutritional supplements; p-glucans, vitamin
E, vitamin C and zinc, and have been shown to stimulate the immune
response in rainbow trout where fish fed this diet had increased
immunoglobulin levels (IgT, IgM, IgD) before infection with viral hae-
morrhagic septicaemia virus [69] (Table 1). Six days post-infection fish
fed the functional feed diet showed increased survival rates and upre-
gulation of both immunoglobulins and anti-viral immune genes: IgM,
IgT, IgD, MX, and IFN-y as determined by real-time PCR in comparison to
those fish fed the control diet.

Rainbow trout juveniles fed a commercial Macrogard® (Biorigin)
supplemented feed showed increased transcription of proinflammatory
cytokines (TNFa-1, IL-1p, COX-2, and TGEFp) after 15 and 30 days and
anti-inflammatory cytokine IL-10 after 15 days in head kidney and gill
[70] in the spleen of both healthy and fish challenged with A. hydrophilia
(Table 1). With the response varying between the inclusion of the sup-
plementation (1 and 2%). The effects of p-glucans in the spleen were also
seen in all three diets, with 2% supplementation giving the best results,
1% supplementation only exhibited differential immune response after
stimulation with A. hydrophilia. A similar response was observed
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following a 42-day feeding trial using different levels f-glucan by a study
by Ji et al., [71] where immune gene expression following Aeromonas
salmonicida was increased in those fish fed the p-glucan (Angel Yeast Co.,
China) at up to 6 days post-infection in the spleen (tlrm5, tlr5s, tmek,
myd88) and head kidney (Table 1). In this trial, increased survival to
pathogen challenge was significantly greater at 0.2% inclusion
compared to 0.1%, 0.05%, or a control diet. Similar responses in Caspian
Trout (Salmo trutta) [72], and in gilthead sea bream [73], also showed
improved bacterial survival after infection (Table 1).

The immunostimulatory effects of p-glucans have been demonstrated
frequently although the detailed mechanisms of action are not fully
understood [61]. Several reports indicate f-glucans enhance transcrip-
tion of inflammatory cytokines in a variety of fish [70,72-74] (Table 1).
The immune response observed can be considered tissue-dependent
with the head kidney and spleen showing upregulation of inflamma-
tory cytokines in trout but in carp, the intestines have shown down-
regulation [70,75]. These differences could reflect tissue-specific
responses or other experimental interactions with the microbiome that
need further explored.

Whole transcriptome analysis for the effects of p-glucans on fish was
carried out using an early microarray platform containing 1800 defined
genes from salmonid fish (SFA2.0 immunochip) [76] where rainbow
trout were fed a diet enriched with lentinan (a f-glucan from mushroom)
followed by an immune challenge by injection of LPS to drive a proin-
flammatory response. Those fish fed the p-glucan diet showed a reduced
number inflammatory response compared to fish fed a control diet,
which may have helped prevent tissue damage, but general responses of
immune genes showed that fish fed both diets had key defence genes
activated, but this paper did show how the examination of large
numbers of genes helped interpret the responses to the feeds.

Several more recent studies have used RNA-seq to identify the
pathways which p-glucans alter by characterising distinct transcriptomic
changes. The two key species that have been examined are the rainbow
trout [77] and the Carp [67], where both common responses are
observed but also species differences (Table 1). The trout experiment
[77] was based on a 0.2% inclusion of p-glucans for 42 days, followed by
an Aeromonas salmonicida challenge, the spleen being chosen as the key
tissue for analysis at 4- and 6-days post-infection (dpi) to examine how
the diets impacted the early pathogen response. At 4 dpi and 6 dpi 378
and 594 differentially expressed genes (DEGs) were identified respec-
tively between control and p-glucan fed fish to establish how the dietary
treatment impacted the post-infection transcriptional response DEGs
were further analysed for enrichment of gene sets for functional analysis
by both gene ontology (GO) and KEGG pathway analysis. These showed
clear enrichment for processes involved in both immune function and
metabolism between the fish on different diets. Complement proteins
“complement and coagulation” were clearly increased to a greater
extent at 4 dpi between diets but the effect was still observed at 6 dpi.
Overall, 4 key pathways were identified by the gene set enrichment that
was believed to be driven by p-glucans impacting the immune response,
these were the complement and coagulation, PI3K-AKT signalling
pathway, platelet activation, and T-cell receptor signalling. Several
other immune groups were altered to a different magnitude, but re-
sponses were generally in the same direction.

The trout fed p-glucan enriched diet showed higher complement
response transcriptionally than those on control diet at both 4 and 6 dpi
[77]. The complement pathway is central in the innate immune response
to eradicate foreign antigens and promote inflammation. C1q and C3 are
involved in the activation of the classical and alternative complement
cascades, respectively, and C5, C7, and C9 are involved in producing the
membrane attack complex.

Toll-like receptor (TRL5) and its related signalling pathway with
myd88 and relb also increased in expression in the fish fed p glucan,
suggesting p-glucans impact both the TLR and NFkB signalling path-
ways, possibly through crosstalk between the complement cascade and
the TLR signalling pathways [77]. There was also evidence of increased
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T-cell activation, potentially related to increased binding of antigens to
the MHC class I for presentation to T cells or dendritic cells. The impact
of the p glucan on these immune pathways indicates dietary modulation
is influencing the response to the pathogen, but the experimental model
does not indicate if the main effect is on pre-infection changes or how
the fish mount their immune response. Of interest, the RNA-seq
approach was able to identify other metabolic pathways including the
P13k-AKT signalling pathway and the mTOR signalling pathway sug-
gesting changes in protein and energy metabolism. Additionally, apoli-
poproteins A-I, B-100, and C-I were higher expressed in the §-glucan
group following infection confirming a role in cholesterol and fatty acid
metabolism during infection. Previous research using microarrays
indicated that Aeromonas salmonicida infections in Turbot [78] and
Salmon [79] also resulted in upregulation of apolipoproteins and the
role of these metabolic pathways during inflammation.

To define the mechanisms by which p-glucans directly impact im-
mune cells, carp primary head kidney macrophages were directly
stimulated with two different p-glucans followed by whole tran-
scriptome analysis by RNA-seq [67] (Table 1). The two p-glucans used
here were curdlan, a polymer made up of 1-3 p-glucan or Macrogard®,
and cells were stimulated for 6 h. The transcriptional analysis shows
there were 528 DEGs with Curdlan and 781 DEGs using Macrogard® of
which 85% and 80% were upregulated, respectively. Analysis using GO
enrichment and KEGG analysis showed concordant expression patterns.
The DEG datasets annotated to zebrafish KEGG pathways showed 92 and
112 pathways for curdlan and Macrogard® respectively. Four pathways
were significantly over-represented in both DEG datasets;
cytokine-cytokine receptor interaction, apoptosis, NOD-like receptor
signalling pathway, and ECM-receptor interaction, with a further nine
unique pathways significantly over-represented in the Macro-
gard®-DEGs; phagosome, lysosome, herpes simplex infection, Toll-like
receptor signalling pathway, VEGF signalling pathway, arachidonic
acid metabolism, phosphatidylinositol signalling system, and the adi-
pocytokine signalling pathway. These findings confirmed that $-glucan
can regulate the CLR pathway for both curdlan and Macrogard®. C-type
lectins are a superfamily of proteins that are expressed on the extra-
cellular matrix or secreted as soluble molecules. C-type lectins can bind
to a broad number of ligands including mannose and galactose carbo-
hydrates on both self and non-self and as such play a role in several
different cellular processes, homeostasis, immunity, antigen presenta-
tion. Furthermore, several DEGs were identified with a C-type lectin
domain suggesting that f-glucans may bind to C-type lectins and trigger
subsequent signalling for an immunological response. The candidate
genes containing a WxH-motif in the CTLD were further examined
concerning the abundance of transcript and expression regulation upon
stimulation with p-glucans and finally conservation of synteny with the
mammalian NK cell receptor cluster. Based upon these criteria the
CLEC4C and SCLRA genes were proposed as targets for further research
to identify which receptor binds to p-glucans through sugar-binding
assays.

2.2. Molecular responses of the host caused by the supplementation of
oligosaccharides

A second key group of prebiotics used as functional feeds in aqua-
culture includes the oligosaccharides which include Man-
nanoligosaccharides (MOS), Fructooligosaccharides (FOS),
Galactooligosaccharides (GOS), and inulin as key components. They are
complex carbohydrates made from repeating units of sugars and are
usually found in yeast (Saccharomyces cerevisiae) or plant cell walls [80].
Like B-glucans the direct and indirect effects of the oligosaccharides are
far from fully understood but the responses may depend upon the sugars
that make up the oligosaccharide.

MOS are composed of glucose and mannose subunits originating
from the cell walls in yeast. MOS can be recognised by the host via the
mannan-binding receptor, a key pattern recognition receptor in
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Table 2
Fish studies using transcriptomic technologies to characterize immunological responses to Oligosaccharides.
Fish Species Omics Dietary Manipulation Source Disease Comparison and Sampling Tissue Main findings Reference
Technology Challenge Analysed
Atlantic salmon Microarray Supplementation with several BioMar, UK - Control diet vs Fish Liver and Supplemented diet reduced expression of genes ~ [13]
(Salmo salar) additives: including nucleotides, supplemented over 16 weeks muscle encoding proteins involved in adaptive and
mannooligosaccharides, innate immune responses
fructooliogsaccharides, vitamin C and
vitamin E
Rainbow trout qPCR Supplementation with immunogen ICC Co, USA Aeromonas Control vs 2 g/kg Immunogen ~ Head 1 TNFa, lysozyme |HSP70 [100]
(Oncorhynchus hydrophila supplementation for 5 weeks kidneys 1 survival to A.hydrophila with immunogen
mykiss) supplementation (64.44% vs 24.44%)
European sea bass ~ qPCR Supplementation with cMOS Actigen®, Alltech, Inc., - Control vs 1.6 g/kg cMOS Liver and Ig, MHC-II, TCRf and caspase 3 (1) [84]
(Dicentrarchus USA supplementation for 8 weeks posterior COX2, CD4", CD8a+, MHC-I, Caspase 9, IL10,
labrax) intestine IL1B, IL8, IL6 and TNFa (<)
TGFp (1.
Rainbow trout RNA-seq Supplementation with MOS and Ewos® - Control vs 0.6% MOS vs 0.5% Anteriorand  Fish fed MOS, 1 of genes related to mucosa [87]
(Oncorhynchus Saccharomyces cerevisiae S. Cerevisiae vs 0.6% MOS posterior structure and stability and ECM functioning. |
mykiss) +0.5% S. Cerevisiae intestine of some immune related transcripts, perforin
precursor and immunoglobulin lambda chain. 1
of some complement genes and other innate
chemokines, Component factor D, and IL-6 signal
transducer.
Zebrafish (Danio qPCR Supplementation with varying Vivinal-GOS®, - Control vs 0.5%, 1%, 2% GOS Whole body 1 and 2% GOS supplementation caused increase [101]
rerio) concentrations of Friesland foods Domo supplementation for 8 weeks with heads in total immunoglobulin levels. IL1p was not
galactooligosaccharide (GOS) Company, The or fins affected by supplementation. TNFa 1 in 0.5 and
Netherlands 1%. Lyz 1 in all diets
Rainbow trout qPCR Supplementation with MOS, p-glucans, Active MOS extracted LPS RTgutGC cell line was RTgutGC MOS 1 albumin permeation, IL1p, IL6, IL8, [14]
(Oncorhynchus nucleotides from yeast, Biorigin, stimulated with 1 mg/ml LPS, cell line TNFa, and TGFb expression, but | ROS
mykiss) Sao Paulo, Brazil/Beta- 10 mg/ml nucleotides, 20 mg/ production, cell proliferation and MYD88
glucans, G5011, Sigma, ml MOS and 2 mg/ml expression. Nucleotides and p-glucans 1 IL13
Norway p-glucans andIL8. LPS tIL1p, IL6, IL8 and TNFa but had no
effect on ROS. Barrier function related genes, all
treatments up regulated the expression of cldn3
and suppressed cdhl levels. Beta-glucans
increased TEER levels and F-actin content.
Rainbow trout qPCR Supplementation containing multi- MsYF, Lallemand SAS, - Control diet vs diet containing ~ Posterior 1 TLR2, IL1R1, IRAK4, and TOLLIP2 after 4 [85]
(Oncorhynchus strain yeast fraction product Blagnac, France MsYF (1.5 g/kg of feed) Intestine weeks
mykiss) (continuous) vs MsYF (2 week 1 IL1p, IFNy and IL12 after 8 weeks in fish fed

rotations with the control diet)

continuously
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Table 3
Fish studies using transcriptomic technologies to characterize immunological responses to Glucoinsolates.
Fish Omics Dietary Source Disease Comparison and Sampling Tissue Main findings Reference
Species Technology Manipulation Challenge Analysed
Atlantic Microarray Supplementation GL’s, Lepeophtheirus Control vs 3.61% Skin Atlantic salmon fed [92]
salmon and qPCR with Glucosinolates ~ EWOS, salmonis Glucosinolates (Low dose) glucosinolates had significantly |
(Salmo Norway supplemented vs 13% lice load. Microarray analysis
salar) Glucosinolates (High dose) showed induction of over 50 IFN
supplemented for 31-35 related genes. After infection
days genes 1 included type 1 pro-
inflammatory factors,
antimicrobial and acute phase
proteins, extracellular matrix
remodelling proteases and iron
homeostasis regulators in fish fed
glucosinolates.
Atlantic Microarray Supplementation GL’s, Lepeophtheirus Control vs 3.61% Liver, DEGs were highest in the liver [93]
salmon and qPCR with glucosinolates EWOS, salmonis Glucosinolates (Low dose) muscle (232), followed by the distal
(Salmo Norway supplemented vs 13% kidney kidney (188) and the muscle
salar) Glucosinolates (High dose) (156). Extreme GLs dose caused a

supplemented for 31-35
days

decrease in hepatic fat deposition
and growth which suggested

tissue remodelling and reduction
of cellular proliferation in the
skeletal muscle and liver.
Prevalent activation of phase 2
detoxification genes in all diets.
Increased iron sequestration from
blood and modulation of iron
metabolism both prior to and
during lice infection.

identifying foreign antigens [58]. The mannan-binding receptor and its
homologs, Ladderlectin, are c-type lectins that detect carbohydrate
structures on the surface of microorganisms and pathogens [81]. The
mannose-binding receptors are endocytic receptors expressed on the
surface of a variety of leucocytes allowing for the uptake of antigens,
through endocytosis potentially resulting in the innate immune response
and complement pathways being activated. The mannose receptor has
an important role in several different immune functions: phagocytosis,
antigen processing and presentation, cell migration, and intracellular
signalling. The mannose-binding receptor has been studied in a variety
of important aquaculture species from Sea Bream, Cod, and Salmonids
[81-83]. MOS binds to the mannose-binding lectin resulting in immu-
nomodulation and activation of the complement system in functional
feeds as a prebiotic.

There have been many trials where targeted gene expression has
been used to examine changes in gene expression in different tissue
types after the addition of MOS to the diets in farmed fish and this is
summarized in Table 2. In a sea bass trial using a diet containing MOS vs
commercial fish feed for 8 weeks, the immune responses in both the liver
and posterior intestine were altered [84]. MHCII, TCRp, and caspase 3
expression were increased suggesting MOS was driving a
pro-inflammatory response and increasing antigen presentation. A study
in rainbow trout using feed containing multi-strain yeast fraction
product (S. cerevisiae and C. jardinii) vs commercial feed for 8 weeks
showed significant modulation of the mucosal immune response [85]
(Table 2). The mucosal immune response showed significant increases in
tlr2, ilirl, irak4, and tollip2 after 4 weeks, and in the inflammatory
response genes, il1p, ifny, and il12 after 8 weeks in the fish fed contin-
uously. This suggests yeast fractions, which contain MOS and other ol-
igosaccharides, could modulate the mucosal immune response through
the toll-like receptor 2 signalling pathway leading to increased antigen
presentation to mucosa-associated lymphoid tissue. A study by Agboola
et al., [86], into salmon fry, using various yeasts (Cyberlindnera jadinii,
Blastobotrys adeninivorans, and Wickerhamomyces anomalus) showed that
the functionality of the yeast in lessening enteritis was dependent on the
processing method and the type of yeast, with both C. jadinii and
W. anomalus exhibiting encouraging effects in gut health.
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Several studies have used transcriptomics (microarray or RNA-seq)
to further examine the fish response to oligosaccharides. A trial using
a feed containing MOS, FOS, nucleotides, and vitamins in Atlantic
Salmon compared to a control diet over 16 weeks on the gene expression
in liver and muscle suggested a general decrease in immune-related
genes in the liver of the fish, with several binding lectins, MHCII, pros-
taglandin D synthase and complement C4 were all reduced in expression in
the fish fed the functional feed [13] (Table 2). The data from this trial
suggested that fish fed the functional feed were able to decrease certain
aspects of the immune response allowing the fish to enhance perfor-
mance indicators such as growth and metabolism whilst maintaining the
ability to upregulate the immune response when challenged with a
pathogen.

Rainbow trout kept at either high or low density were examined for
the intestinal transcriptomic response to functional feeds by RNA-seq,
here one of the diets was a MOS diet chosen as the prebiotic [87].
Although density had a major effect on gene expression responses
several genes related to mucosal structure, stability, and the extracel-
lular matrix with the upregulation of tenascin precursor and fibronectin.
Fish fed MOS in the low-density group showed some immune transcripts
were upregulated including MHCII beta chain precursor whilst other
immune transcripts such as immunoglobulin lambda chain, and the
perforin precursor were down-regulated. When gene set enrichment was
examined for the fish fed MOS at high or low density it was hard to
identify processes in common, suggesting a complex interaction. At
low-density stocking, the MOS increased genes in the PI3K-Akt signal-
ling and Ras signalling, but HIF-1 signalling, leukocyte transendothelial
transport, and cell adhesion pathways were decreased, however in high
density few pathways were found significantly enriched with PI3K-Akt
signalling being the only increased common pathway kept at low den-
sity. These were interesting observations as revealed by the high
throughput transcriptomics which suggested that trout maintained at
higher stocking density caused the suppression of immune-related
transcripts in those fish fed a normal diet that was counteracted when
fed the functional feed diets.

FOS are comprised of linear chains of fructose molecules, linked by p
(2-1) glycosidic bonds and range between 2 and 60 molecules in length
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[88]. FOS are digested to short-chain carboxylic acids, 1-lactate, and
other metabolites by intestinal bacteria. There is also emerging evidence
FOS can directly modulate the immune response through interaction
with host receptors. For example, in humans, FOS interacts with TLR2,
on the surface membrane of macrophages, leucocytes, and dendritic
cells [89]. Subsequent activation of the immune response can be trig-
gered through the activation of the signal transduction pathway with the
activation pattern dependent on the length of the fructan molecules.
The other oligosaccharides GOS, and inulin have been shown to
modulate immune transcripts, but often these trials have been carried
out in combination with probiotics [90], to date no high throughput
transcriptomics have been carried out singularly on these functional
feed components, but further research is needed for these molecules.

2.3. Molecular responses of the host caused by the supplementation of
glucosinolates

Glucosinolates (GL’s) are secondary metabolites, and phytochemi-
cals and belong to a group of diverse compounds that are used by the
Brassicaceae family of plants to detract from being eaten. GLs are broken
down, by the enzyme myrosinase which hydrolyses GLs into iso-
thiocyanates. Isothiocyanates can exert beneficial effects on the heath of
invertebrates leading to an increase in the antioxidant, detoxifying and
pro-inflammatory response type 1 pathways. GLs can be considered as
prebiotics and may have the potential to reduce parasitic sea lice (L.
salmonis) burden on Atlantic Salmon. Sea lice secrete a variety of com-
pounds into the host which causes the immunosuppression of type 1
inflammatory responses as well as type 2 inflammatory responses in
salmonids as demonstrated by qPCR [91]. Fish that elicit higher type 1
responses during the early stages of infection in the skin are negatively
correlated to the number of infective stage lice [92]. The immunosup-
pression of Type-1 proinflammatory responses could be counteracted by
the addition of glucosinolates to functional feeds to promote type-1 re-
sponses in salmonids leading to a decrease in the levels of sea lice
infection.

The impact of dietary GL on the skin transcriptome and sea lice
attachment was examined by microarray after 31 days of feeding either
3.6% or 13% GL inclusion to diet vs a control diet [92] (Table 3).
Microarray analysis revealed that over 50 known IFN response related
genes before infection with lice in fish fed the high-density GL, many of
these genes are involved with the innate antiviral response. Both groups
showed large gene expression differences following the lice challenge,
with significant differences between the fish fed the different diets.
gqPCR validation confirmed an increase in the expression of several
groups of proinflammatory cytokines, chemokines, and effectors
including IL17A, IFNy, and LECT2. Fish fed GLs had significantly
decreased lice load by 25% in the low-level GL group and 17% in the
higher GL group. After infection with sea lice, upregulated genes
included type 1 pro-inflammatory factors, antimicrobial and
acute-phase proteins, extracellular matrix remodelling proteases and
iron homeostasis regulators in fish fed glucosinolates at both dosages.
Fish fed the control diet after infection showed higher expression of
genes involved in lipid and glucose metabolism and muscle contraction.

Further research by Skugor et al., [93], examined the impact of GLs
in the muscle, kidney, and liver transcriptome (again by microarray) of
Atlantic salmon in response to lice infection (Table 3). In this experi-
ment, a 13% GL supplemented diet was compared to a control diet. The
scale of GL-induced expression changes between tissues was similar and
with some differences between tissues identified through DEGs; DEGs
were highest in the liver (232), followed by the distal kidney (188) and
the muscle (156). Microarray data on the liver showed that pathways
linked to chromatin organisation regulation and DNA replication and
repair compromised a large part of the DEGs. Increased expression was
shown in genes relating to the negative regulation of cell proliferation;
cullin 1b, btgl, abracl, whilst genes related to DNA replication and
mitosis were downregulated, securin, condensin complex subunit 3 and
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cyclins G2/mitotic-specific cyclin-B1 and cyclin-A2. Upregulation was also
seen in genes involved in iron uptake; hepcidin-1 and cytochrome-b which
led to lower levels of iron in the plasma, with components of the cyto-
solic iron-sulphur protein assembly being downregulated, cytosolic
iron-sulphur protein assembly protein ciao 1. Suppression of some dietary
immune genes was observed in the extreme glucosinolate diets, whilst 4
complement genes were upregulated in the liver; complement factor H
precursor, properdin P Factor 2 and 3, and complement C1g-like protein 4.
Analysis of the distal kidney showed there was modulation of immune
responses with IFN-y being upregulated. The kidney showed upregula-
tion of the anti-fibrotic responses after overexposure to glucosinolates,
alongside upregulation of the detoxifying pathways and antioxidant
pathways. Upregulation of molecules that regulates the WNT-signalling
pathway was also seen with TGFf-1 and wnt5b both being upregulated to
prevent renal fibrosis. Whilst the muscle tissue showed responses
regarding proapoptotic and inhibitory effects on proliferation due to the
upregulation of actin-related protein 2/3 complex subunit 1B, Bax, and
androgen-induced proliferation inhibitor. The results from both trials
suggest that GLs incorporated in the diet can modulate the gut immune
factors resulting in a systemic response through the complement system
and pro-inflammatory type 1 which may be beneficial in parasite
prevention.

2.4. Direct responses to prebiotics as revealed by in-vitro cell culture
experiments

Recent approaches to testing functional feeds use cells rather than
tissues to identify if functional feeds have specific effects on immune,
epithelial, or fibroblast cells. An experiment by Medina-Gali et al., [94]
showed that the addition of 10 pg/ml of pB-glucans could be used to
stimulate Zebrafish Fibroblast (ZF4) cells alongside stimulation with
spring viremia of carp virus (SVCV) virus (Table 1). These fibroblasts
showed that with stimulation there was an enhanced response to SVCV
with the interferon-related genes: gig2, tir2, ifnphil, and the inflamma-
tory cytokines IL-1f, IL-6, IL-8, IL-10, and TNFa transcripts were also
upregulated after 48hrs post-infection. In parallel experiments in-vivo
zebrafish mortality was reduced after being primed with p-glucans with
73% surviving compared to 33% in the control group.

A recent study by Camino Ordas et al., [95] has shown that in-vitro
stimulation of a macrophage like cell line RTS11 and RTgutGC cells with
B-glucans and A. salmonicida separately induced a pro-inflammatory
response (Table 1). RTS11 cells showed a significant upregulation
when stimulated with 60 pg/ml of M p-glucan (particulate $-glucan with
~60% purity) in proinflammatory genes (TNFa, IL1p, IL6, IL8, COX2A,
hepcidin, and VCAM) compared to the untreated cells. When stimulated
with both f-glucans and A. salmonicida, the RTS11 cells showed a sig-
nificant upregulation in these proinflammatory genes than compared to
these stimuli alone in RTS11 cells. Whilst only IL1p and IL8 showed
significant increases in the RTgutGC cell line when stimulated with both
B-glucans and A. salmonicida compared to these stimuli individually.

Further in-vitro experiments have examined targeted gene expres-
sion responses of RTgutGC cell line stimulated with MOS which upre-
gulates albumin permeation, il1b, il6, il8, tnfa, and tgfb expression and
decrease ROS production, cell proliferation, and myd88 expression [14]
(Table 1).

3. General conclusions and future perspectives

This review has shown that recent advances in transcriptomics have
facilitated the understanding of the immune response to prebiotics in
salmonid fish. The differential effects of prebiotics have been high-
lighted with varying responses between species and functional feed
additives. Prebiotic supplementation in functional feeds demonstrates a
unique method by which the proinflammatory response can be modu-
lated and can further be used in functional feeds to reduce stress caused
to animals. Although there has been significant research on the impact of
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functional feeds on the immune response, the mechanisms by which
these occur are still poorly understood, especially in the gut, as such
there is a need for further research into the direct immune response at
the nutrition-health interface.

Salmonid cell lines offer a quick and non-invasive method of exam-
ining direct immune responses to functional feed ingredients which also
addresses the 3Rs in reducing whole animal experiments. Studies by
Wang et al. [14], and Camino-Ordas et al., [95] have demonstrated the
effectiveness of using the RTgutGC and RTS11 as a quick, non-invasive
alternative to a feeding trial whilst still demonstrating the potency of
prebiotics to modulate the immune response. However, whilst cell lines
may reduce the need to use whole fish, the number of cell lines available
is limited and the phenotype of these cells is likely to have changed from
their original in-vivo state, especially in the intestine with the complex
nature and multiple cell types present. Another cell culture alternative is
using primary cell cultures to look at the immune response whilst
maintaining the phenotypes and different cell types that are seen in the
host. Gut-associated lymphoid tissues (GALT) leucocytes have been
extracted and have shown to be a good health screen to PAMPs in pre-
vious studies by Attaya et al., [56] but their role as a viable alternative to
traditional feeding trial methods is yet to be seen. Head kidney macro-
phages have also been used by Petit et al., [67], alongside RNA-seq
experiments which showed the direct immune response to Macro-
gard®, a compound made up of f-glucans showed that the complement
pathway was upregulated in response, and CLEC4C and SCLRA repre-
sent the best genes for future studies as potential p-glucan receptors.
These insights into the direct response to immune challenges and
functional diets demonstrate the unique ability of cell culture alterna-
tives to the standard feeding trial approach in isolating the direct im-
mune response to prebiotics.

A study by Penaranda et al., [96], demonstrated the potential of
explants from Gilthead Seabream to identify the immune responses in
the gut to bacterial pathogens and prior effects of feeding with fishmeal
or plant protein diets. This study demonstrated that gut explants from
the Gilthead Seabream (Sparus aurata, L.) were used to determine
mucosal sensitivity to two bacterial pathogens: Vibrio alginolyticus and
Photobacterium damselae subsp. Piscicida triggering an immune and in-
flammatory response. Both bacteria caused a high positive correlation
between the pro-inflammatory genes encoding interleukin 1p, inter-
leukin 6, and cyclooxygenase 2. This study represents a potential unique
method for testing other functional feed ingredients.

Multiplex PCR allows for simultaneous quantification of multiple
transcripts and can rapidly speed up targeted qPCR analysis. A study by
Caballero-Solares et al., [97], developed two multiplex PCR panels to
target 40 genes incorporating 3 control genes and biomarkers that cover
growth, metabolism (srebp 1, elovl2), oxidative stress (txna, prdx1b), and
inflammation (pgds, 5 loxa), which were used to examine three different
diets (Marine ingredients, animal by-products and vegetable oil, and a
plant protein and vegetable oil). The study demonstrates the potential
method of detecting immunomodulation by prebiotics if panels can be
designed to identify a pro-inflammatory or complement response.

Advances in transcriptomics have meant that single nuclei can now
be extracted to illustrate the transcriptomic and immunological profile
of Atlantic Salmon Gill [98]. The method of single nuclei RNA-seq could
lead to identifying the direct response of different immune cell types to
different functional feed additives during a feeding trial and lead to the
understanding of how prebiotics alter the immune response to infections
particularly in response to different tissue types (see Fig. 1).

Fig. 2 illustrates the potential methods of experimental approach
using transcriptomics to identify immunomodulatory effects of func-
tional feeds to be able to reduce the 3 R s and categorise the direct
immune response to prebiotics in the future. Lastly, future studies into
the impacts on the microbiota both before and after supplementation
with prebiotics alongside ‘omics technologies may provide a unique
insight into the roles of specific bacteria that provide a symbiotic rela-
tionship with prebiotics. This data would be beneficial to identify
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specific metabolic, inflammatory, and immunological pathways that are
modulated by the microbiome and functional feed interface.

Funding

This work was supported by the University of Aberdeen and Skret-
ting Ltd.

CRediT authorship contribution statement

D. Porter: Writing — original draft, designed and wrote the original
manuscript draft. D. Peggs: Conceptualization, helped conceptualiza-
tion and edited the manuscript. C. McGurk: Conceptualization, helped
conceptualization and edited the manuscript. S.A.M. Martin: Concep-
tualization, Supervision, Writing — review & editing, conceptualizated
the manuscript, supervised the writing and edited the manuscript.

References

[1

—

National Research Council, Nutrient Requirements of Fish and Shrimp, The
National Academies Press, Washington DC, 2011, https://doi.org/10.17226/
13039.

Y. Zhang, R. Lu, C. Qin, G. Nie, Precision nutritional regulation and aquaculture,
Aquaculture Reports 18 (2020), 100496.

FAO, The State of World Fisheries and Aquaculture 2020, Sustainability in
Action, 2020. Rome.

A.O. Teles, A. Couto, P. Enes, H. Peres, Dietary protein requirements of fish — a
meta-analysis, Rev. Aquacult. 12 (3) (2019) 1445-1477.

R.L. Naylor, R.W. Hardy, A.H. Buschmann, S.R. Bush, L. Cao, D.H. Klinger, D.
C. Little, J. Lubchenco, S.E. Shumway, M. Troell, A 20-year retrospective review
of global aquaculture, Nature 591 (7851) (2021) 551-563.

J.A. Napier, R.P. Haslam, R. Olsen, D.R. Tocher, M.B. Betancor, Agriculture can
help aquaculture become greener, Nature Food 1 (11) (2020) 680-683.

M. Jobling, Fish nutrition research: past, present and future, Aquacult. Int. 24 (3)
(2015) 767-786.

T.S. Aas, T. Ytrestgyl, T. Asgérd, Utilization of feed resources in the production of
Atlantic salmon (Salmo salar) in Norway: an update for 2016, Aquaculture
Reports 15 (2019), 100216.

Y. Wei, B. Li, H. Xu, M. Liang, Effects of lysine and leucine in free and different
dipeptide forms on the growth, amino acid profile and transcription of intestinal
peptide, and amino acid transporters in turbot (Scophthalmus maximus), Fish
Physiol. Biochem. 46 (5) (2020) 1795-1807.

C.D. Powell, M.A.K. Chowdhury, D.P. Bureau, Assessing the bioavailability of L-
methionine and a methionine hydroxy analogue (MHA-Ca) compared to DL-
methionine in Rainbow Trout (Oncorhynchus mykiss), Aquacult. Res. 48 (1)
(2015) 332-346.

D. Tocher, B. Glencross, Lipids and fatty acids, Dietary Nutrients, Additives, and
Fish Health (2015) 47-94.

E. Krdl, A. Douglas, D.R. Tocher, V.O. Crampton, J.R. Speakman, C.J. Secombes,
S.A.M. Martin, Differential responses of the gut transcriptome to plant protein
diets in farmed Atlantic salmon, BMC Genom. 17 (1) (2016).

L. Tacchi, R. Bickerdike, A. Douglas, C.J. Secombes, S.A.M. Martin,
Transcriptomic responses to functional feeds in Atlantic salmon (Salmo salar),
Fish Shellfish Immunol. 31 (5) (2011) 704-715.

J. Wang, P. Lei, A.A.A. Gamil, L. Lagos, Y. Yue, K. Schirmer, L.T. Mydland,

M. @verland, A. Krogdahl, T.M. Kortner, Rainbow trout (Oncorhynchus mykiss)
intestinal epithelial cells as a model for studying gut immune function and effects
of functional feed ingredients, Front. Immunol. 10 (2019).

D.L. Merrifield, E. Ringg, Aquaculture Nutrition: Gut Health, Probiotics and
Prebiotics, Wiley-Blackwell, 2014.

E. Ringg, R. Erik Olsen, J.L. Gonzalez Vecino, S. Wadsworth, Use of
immunostimulants and nucleotides in aquaculture: a review, J. Mar. Sci. 2 (1)
(2012) 104.

S. Torrecillas, D. Montero, M. Izquierdo, Improved health and growth of fish fed
mannan oligosaccharides: potential mode of action, Fish Shellfish Immunol. 36
(2) (2014) 525-544.

A. Vazirzadeh, H. Roosta, H. Masoumi, A. Farhadi, A. Jeffs, Long-term effects of
three probiotics, singular or combined, on serum innate immune parameters and
expressions of cytokine genes in Rainbow Trout during grow-out, Fish Shellfish
Immunol. 98 (2020) 748-757.

K.N. Hasan, G. Banerjee, Recent studies on probiotics as beneficial mediator in
aquaculture: a review, The Journal of Basic and Applied Zoology 81 (1) (2020).
A. Gil, Modulation of the immune response mediated by dietary nucleotides, Eur.
J. Clin. Nutr. 56 (S3) (2002) S1-S4.

M.S. Hossain, S. Koshio, P. Kestemont, Recent advances of nucleotide nutrition
research in aquaculture: a review, Rev. Aquacult. 12 (2) (2019) 1028-1053.
M.N. Pohl, T. Wang, T. Pohl, J. Sweetman, S.A.M. Martin, C.J. Secombes, Four
selenoprotein P genes exist in salmonids: analysis of their origin and expression
following Se supplementation and bacterial infection, PLoS One 13 (12) (2018),
e€0209381.

[2

=

[3]
[4]

(5]

(6]
[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]


https://doi.org/10.17226/13039
https://doi.org/10.17226/13039
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref2
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref2
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref3
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref3
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref4
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref4
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref5
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref5
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref5
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref6
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref6
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref7
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref7
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref8
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref8
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref8
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref9
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref9
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref9
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref9
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref10
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref10
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref10
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref10
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref11
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref11
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref12
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref12
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref12
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref13
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref13
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref13
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref14
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref14
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref14
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref14
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref15
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref15
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref16
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref16
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref16
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref17
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref17
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref17
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref18
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref18
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref18
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref18
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref19
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref19
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref20
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref20
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref21
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref21
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref22
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref22
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref22
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref22

D. Porter et al.

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

M.S. Silva, S. Krockel, P.A. Jesu Prabhu, W. Koppe, R. @rnsrud, R. Waagbg,

P. Araujo, H. Amlund, Apparent availability of zinc, selenium and manganese as
inorganic metal salts or organic forms in plant-based diets for Atlantic salmon
(Salmo salar), Aquaculture 503 (2019) 562-570.

B. Hjeltnes, G. Borng, M.D. Jansen, A. Haukaas, C. Walde, The Health Situation in
Norwegian Aquaculture 2016, Norwegian Veterinary Institute, 2017, p. 127.
J.C. Balasch, L. Tort, Netting the stress responses in fish, Front. Endocrinol. 10
(2019).

L. Vargas-Chacoff, J.L.P. Munoz, C. Hawes, R. Oyarztn, J.P. Pontigo, J. Saravia,
M.P. Gonzalez, F.J. Morera, B.S. Labbé, C. Bertran, O. Mardones, J. Pino,

S. Wadsworth, Atlantic salmon (Salmo salar) and Coho salmon (Oncorhynchus
kisutch) display differential metabolic changes in response to infestation by the
ectoparasite Caligus rogercresseyi, Aquaculture 464 (2016) 469-479.

S. Magadan, O.J. Sunyer, P. Boudinot, Unique Features of Fish Immune
Repertoires: Particularities of Adaptive Immunity within the Largest Group of
Vertebrates. Results and Problems in Cell Differentiation, 2015, pp. 235-264.
A. Lercher, H. Baazim, A. Bergthaler, Systemic immunometabolism: challenges
and opportunities, Immunity 53 (3) (2020) 496-509.

Z. Xu, F. Takizawa, E. Casadei, Y. Shibasaki, Y. Ding, T.J.C. Sauters, Y. Yu,

1. Salinas, O.J. Sunyer, Specialization of mucosal immunoglobulins in pathogen
control and microbiota homeostasis occurred early in vertebrate evolution,
Science Immunology 5 (44) (2020).

M. Grosell, A.P. Farrell, C.J. Brauner, in: M. Grosell, A.P. Farrell, C.J. Brauner
(Eds.), Fish Physiology Volume 30: the Multifunctional Gut of Fish, first ed.,
Elsevier Science, 2011 (Fish Physiology).

A. Lopez Nadal, W. Ikeda-Ohtsubo, D. Sipkema, D. Peggs, C. McGurk,

M. Forlenza, G.F. Wiegertjes, S. Brugman, Feed, microbiota, and gut immunity:
using the zebrafish model to understand fish health, Front. Immunol. 11 (2020).
1. Salinas, R.D. Miller, Comparative phylogeny of the mucosa-associated
lymphoid tissue, Mucosal Immunol. (2015) 145-159.

S. Dong, L. Ding, J. Cao, X. Liu, H. Xu, K. Meng, Y. Yu, Q. Wang, Z. Xu, Viral-
Infected change of the digestive tract microbiota associated with mucosal
immunity in teleost fish, Front. Immunol. 10 (2019).

D. Parra, T. Korytar, F. Takizawa, J.O. Sunyer, B cells and their role in the teleost
gut, Dev. Comp. Immunol. 64 (2016) 150-166.

J.H.W.M. Rombout, G. Yang, V. Kiron, Adaptive immune responses at mucosal
surfaces of teleost fish, Fish Shellfish Immunol. 40 (2) (2014) 634-643.

M. Minghetti, C. Drieschner, N. Bramaz, H. Schug, K. Schirmer, A fish intestinal
epithelial barrier model established from the Rainbow Trout (Oncorhynchus
mykiss) cell line, RTgutGC, Cell Biol. Toxicol. 33 (6) (2017) 539-555.

G.F. Wiegertjes, A.S. Wentzel, H.P. Spaink, P.M. Elks, L.R. Fink, Polarization of
immune responses in fish: the ‘macrophages first” point of view, Mol. Immunol.
69 (2016) 146-156.

1. Salinas, The mucosal immune system of teleost fish, Biology 4 (3) (2015)
525-539.

L. Grayfer, B. Kerimoglu, A. Yaparla, J.W. Hodgkinson, J. Xie, M. Belosevic,
Mechanisms of fish macrophage antimicrobial immunity, Front. Immunol. 9
(2018).

S.A.M. Martin, E. Krdl, Nutrigenomics and immune function in fish: new insights
from omics technologies, Dev. Comp. Immunol. 75 (2017) 86-98.

D. Parra, F.E. Reyes-Lopez, L. Tort, Mucosal immunity and B cells in teleosts:
effect of vaccination and stress, Front. Immunol. 6 (2015).

M.R. Noori-Daloii, A. Nejatizadeh, Nutritional Transcriptomics. Genomics,
Proteomics and Metabolomics in Nutraceuticals and Functional Foods, 2015,
pp. 545-556.

K.R. Von Schalburg, M.L. Rise, G.A. Cooper, G.D. Brown, A.R. Gibbs, C.C. Nelson,
W.S. Davidson, B.F. Koop, Fish and chips: various methodologies demonstrate
utility of a 16,006-gene salmonid microarray, BMC Genom. 6 (1) (2005).

A. Krasnov, G. Timmerhaus, S. Afanasyev, S.M. Jgrgensen, Development and
assessment of oligonucleotide microarrays for Atlantic salmon (Salmo salar L.),
Comp. Biochem. Physiol. Genom. Proteonomics 6 (1) (2011) 31-38.

L. Tacchi, C.J. Secombes, R. Bickerdike, M.A. Adler, C. Venegas, H. Takle, S.A.
M. Martin, Transcriptomic and physiological responses to fishmeal substitution
with plant proteins in formulated feed in farmed Atlantic salmon (Salmo salar),
BMC Genom. 13 (1) (2012) 363.

R. Castro, L. Jouneau, L. Tacchi, D.J. Macqueen, A. Alzaid, C.J. Secombes, S.A.
M. Martin, P. Boudinot, Disparate developmental patterns of immune responses
to bacterial and viral infections in fish, Sci. Rep. 5 (1) (2015).

R.D. Houston, T.P. Bean, D.J. Macqueen, M.K. Gundappa, Y.H. Jin, T.L. Jenkins,
S.L.C. Selly, S.A.M. Martin, J.R. Stevens, E.M. Santos, A. Davie, D. Robledo,
Harnessing genomics to fast-track genetic improvement in aquaculture, Nat. Rev.
Genet. 21 (7) (2020) 389-409.

H.-Z. Sun, L.L. Guan, Feedomics: promises for food security with sustainable food
animal production, Trac. Trends Anal. Chem. 107 (2018) 130-141.

S.A.M. Martin, C.E. Dehler, E. Krdl, Transcriptomic responses in the fish intestine,
Dev. Comp. Immunol. 64 (2016) 103-117.

R. Lulijwa, A.C. Alfaro, F. Merien, J. Meyer, T. Young, Advances in salmonid fish
immunology: a review of methods and techniques for lymphoid tissue and
peripheral blood leucocyte isolation and application, Fish Shellfish Immunol. 95
(2019) 44-80.

A. Kawano, C. Haiduk, K. Schirmer, R. Hanner, L.E.J. Lee, B. Dixon, N.C. Bols,
Development of a Rainbow Trout intestinal epithelial cell line and its response to
lipopolysaccharide, Aquacult. Nutr. 17 (2) (2011) e241-e252.

L.E.J. Lee, V.R. Dayeh, K. Schirmer, N.C. Bols, Applications and potential uses of
fish gill cell lines: examples with RTgill-W1, Vitro Anim. Cell Dev. Biol. 45 (3-4)
(2009) 127-134.

46

[53]

[54]

[55]

[56]

[57]

[58]

[591]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Fish and Shellfish Immunology 127 (2022) 35-47

R.C. Ganassin, N.C. Bols, Development of a monocyte/macrophage-like cell line,
RTS11, from Rainbow Trout spleen, Fish Shellfish Immunol. 8 (6) (1998)
457-476.

B. Collet, C. Collins, K. Lester, Engineered cell lines for fish health research, Dev.
Comp. Immunol. 80 (2018) 34-40.

L. Salinas, J. Meseguer, M.A. Esteban, Assessment of different protocols for the
isolation and purification of gut associated lymphoid cells from the gilthead
seabream (Sparus aurata L.), Biol. Proced. Online 9 (1) (2007) 43-55.

A. Attaya, T. Wang, J. Zou, T. Herath, A. Adams, C.J. Secombes, S. Yoon, Gene
expression analysis of isolated salmonid GALT leucocytes in response to PAMPs
and recombinant cytokines, Fish Shellfish Immunol. 80 (2018) 426-436.

A. Attaya, C.J. Secombes, T. Wang, Effective isolation of GALT cells: insights into
the intestine immune response of Rainbow Trout (Oncorhynchus mykiss) to
different bacterin vaccine preparations, Fish Shellfish Immunol. 105 (2020)
378-392.

E. Ringg, R.E. Olsen, T.Q. Gifstad, R.A. Dalmo, H. Amlund, G.-I. Hemre, A.

M. Bakke, Prebiotics in aquaculture: a review, Aquacult. Nutr. 16 (2) (2010)
117-136.

E. Ringg, S.H. Hoseinifar, K. Ghosh, H.V. Doan, B.R. Beck, S.K. Song, Lactic acid
bacteria in finfish—an update, Front. Microbiol. 9 (2018).

A. Nawaz, A. Bakhsh Javaid, S. Irshad, S.H. Hoseinifar, H. Xiong, The
functionality of prebiotics as immunostimulant: evidences from trials on
terrestrial and aquatic animals, Fish Shellfish Immunol. 76 (2018) 272-278.
D.K. Meena, P. Das, S. Kumar, S.C. Mandal, A.K. Prusty, S.K. Singh, M.S. Akhtar,
B.K. Behera, K. Kumar, A.K. Pal, S.C. Mukherjee, Beta-glucan: an ideal
immunostimulant in aquaculture (a review), Fish Physiol. Biochem. 39 (3) (2012)
431-457.

J. Petit, G.F. Wiegertjes, Long-lived effects of administering -glucans: indications
for trained immunity in fish, Dev. Comp. Immunol. 64 (2016) 93-102.

D.L. Merrifield, A. Dimitroglou, A. Foey, S. Davies, R.T.M. Baker, J. Bagwald,
M. Castex, E. Ringg, The current status and future focus of probiotic and prebiotic
applications for salmonids, Aquaculture 302 (1-2) (2010) 1-18.

J. Skov, P.W. Kania, L. Holten-Andersen, B. Fouz, K. Buchmann,
Immunomodulatory effects of dietary f-1,3-glucan from Euglena gracilis in
Rainbow Trout (Oncorhynchus mykiss) immersion vaccinated against Yersinia
ruckeri, Fish Shellfish Immunol. 33 (1) (2012) 111-120.

F.E. Rodriguez, B. Valenzuela, A. Farias, A.M. Sandino, M. Imarai, p-1,3/1,6-
Glucan-supplemented diets antagonize immune inhibitory effects of hypoxia and
enhance the immune response to a model vaccine, Fish Shellfish Immunol. 59
(2016) 36-45.

R.A. Dalmo, J. Bggwald, B-glucans as conductors of immune symphonies, Fish
Shellfish Immunol. 25 (4) (2008) 384-396.

J. Petit, E.C. Bailey, R.T. Wheeler, C.A.F. de Oliveira, M. Forlenza, G.

F. Wiegertjes, Studies into p-glucan recognition in fish suggests a key role for the
C-type lectin pathway, Front. Immunol. 10 (2019).

D. Pietretti, G.F. Wiegertjes, Ligand specificities of Toll-like receptors in fish:
indications from infection studies, Dev. Comp. Immunol. 43 (2) (2014) 205-222.
E. Leal, M.C. Ordas, I. Soleto, C. Zarza, C. McGurk, C. Tafalla, Functional nutrition
modulates the early immune response against viral haemorrhagic septicaemia
virus (VHSV) in Rainbow Trout, Fish Shellfish Immunol. 94 (2019) 769-779.

J. Douxfils, C. Fierro-Castro, S.N.M. Mandiki, W. Emile, L. Tort, P. Kestemont,
Dietary f-glucans differentially modulate immune and stress-related gene
expression in lymphoid organs from healthy and Aeromonas hydrophila-infected
Rainbow Trout (Oncorhynchus mykiss), Fish Shellfish Immunol. 63 (2017)
285-296.

L. Ji, S. Fu, G. Sun, X. Li, Y. Liu, Dietary f-glucan modulate haematological
parameters, cytokines and gene expression in TLR and ERK pathways of Rainbow
Trout (Oncorhynchus mykiss) during infection by Aeromonas salmonicida,
Aquacult. Res. 51 (3) (2019) 906-917.

M.J. Jami, A. Abedian Kenari, H. Paknejad, M. Mohseni, Effects of dietary
f-glucan, mannan oligosaccharide, Lactobacillus plantarum and their
combinations on growth performance, immunity and immune related gene
expression of Caspian trout, Salmo trutta caspius (Kessler, 1877), Fish Shellfish
Immunol. 91 (2019) 202-208.

L.T. Guzman-Villanueva, D. Tovar-Ramirez, E. Gisbert, H. Cordero, F.

A. Guardiola, A. Cuesta, J. Meseguer, F. Ascencio-Valle, M.A. Esteban, Dietary
administration of $-1,3/1,6-glucan and probiotic strain Shewanella putrefaciens,
single or combined, on gilthead seabream growth, immune responses and gene
expression, Fish Shellfish Immunol. 39 (1) (2014) 34-41.

L. Ji, G. Sun, J. Li, Y. Wang, Y. Du, X. Li, Y. Liu, Effect of dietary p-glucan on
growth, survival and regulation of immune processes in Rainbow Trout
(Oncorhynchus mykiss) Infected by Aeromonas salmonicida, Fish Shellfish
Immunol. 64 (2017) 56-67.

A. Falco, P. Frost, J. Miest, N. Pionnier, L. Irnazarow, D. Hoole, Reduced
inflammatory response to Aeromonas salmonicida infection in common carp
(Cyprinus carpio L.) fed with f-glucan supplements, Fish Shellfish Immunol. 32
(6) (2012) 1051-1057.

B. Djordjevic, S. Skugor, S.M. Jgrgensen, M. @verland, L.T. Mydland, A. Krasnov,
Modulation of splenic immune responses to bacterial lipopolysaccharide in
Rainbow Trout (Oncorhynchus mykiss) fed lentinan, a beta-glucan from
mushroom Lentinula edodes, Fish Shellfish Immunol. 26 (2) (2009) 201-209.

L. Ji, G. Sun, X. Li, Y. Liu, Comparative transcriptome analysis reveals the
mechanism of p-glucan in protecting Rainbow Trout (Oncorhynchus mykiss) from
Aeromonas salmonicida infection, Fish Shellfish Immunol. 98 (2020) 87-99.

A. Millan, A. Gémez-Tato, B.G. Pardo, C. Fernandez, C. Bouza, M. Vera, J.

A. Alvarez-Dios, S. Cabaleiro, J. Lamas, M.L. Lemos, P. Martinez, Gene expression


http://refhub.elsevier.com/S1050-4648(22)00304-7/sref23
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref23
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref23
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref23
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref24
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref24
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref25
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref25
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref26
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref26
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref26
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref26
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref26
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref27
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref27
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref27
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref28
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref28
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref29
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref29
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref29
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref29
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref30
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref30
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref30
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref31
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref31
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref31
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref32
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref32
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref33
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref33
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref33
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref34
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref34
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref35
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref35
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref36
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref36
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref36
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref37
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref37
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref37
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref38
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref38
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref39
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref39
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref39
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref40
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref40
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref41
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref41
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref42
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref42
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref42
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref43
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref43
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref43
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref44
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref44
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref44
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref45
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref45
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref45
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref45
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref46
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref46
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref46
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref47
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref47
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref47
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref47
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref48
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref48
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref49
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref49
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref50
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref50
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref50
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref50
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref51
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref51
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref51
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref52
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref52
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref52
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref53
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref53
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref53
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref54
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref54
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref55
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref55
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref55
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref56
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref56
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref56
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref57
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref57
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref57
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref57
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref58
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref58
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref58
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref59
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref59
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref60
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref60
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref60
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref61
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref61
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref61
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref61
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref62
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref62
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref63
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref63
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref63
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref64
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref64
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref64
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref64
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref65
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref65
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref65
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref65
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref66
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref66
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref67
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref67
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref67
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref68
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref68
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref69
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref69
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref69
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref70
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref70
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref70
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref70
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref70
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref71
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref71
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref71
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref71
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref72
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref72
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref72
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref72
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref72
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref73
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref73
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref73
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref73
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref73
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref74
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref74
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref74
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref74
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref75
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref75
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref75
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref75
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref76
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref76
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref76
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref76
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref77
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref77
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref77
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref78
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref78

D. Porter et al.

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

profiles of the spleen, liver, and head kidney in turbot (Scophthalmus maximus)
along the infection process with Aeromonas salmonicida using an immune-
enriched oligo-microarray, Mar. Biotechnol. 13 (6) (2011) 1099-1114.

S.A.M. Martin, A. Douglas, D.F. Houlihan, C.J. Secombes, Starvation alters the
liver transcriptome of the innate immune response in Atlantic salmon (Salmo
salar), BMC Genom. 11 (1) (2010) 418.

G. Micallef, P. Cash, J.M.O. Fernandes, B. Rajan, J.W. Tinsley, R. Bickerdike, S.A.
M. Martin, A.S. Bowman, Dietary yeast cell wall extract alters the proteome of the
skin mucous barrier in atlantic salmon (Salmo salar): increased abundance and
expression of a calreticulin-like protein, PLoS One 12 (1) (2017), e0169075.

K. Nikolakopoulou, LK. Zarkadis, Molecular cloning and characterisation of two
homologues of mannose-binding lectin in rainbow trout, Fish Shellfish Immunol.
21 (3) (2006) 305-314.

A. Rodriguez, M.A. Esteban, J. Meseguer, A mannose-receptor is possibly
involved in the phagocytosis of Saccharomyces cerevisiae by seabream (Sparus
aurata L.) leucocytes, Fish Shellfish Immunol. 14 (5) (2003) 375-388.

K.K. Sgrensen, O.K. Tollersrud, G. Evjen, B. Smedsrgd, Mannose-receptor-
mediated clearance of lysosomal a-mannosidase in scavenger endothelium of cod
endocardium, Comp. Biochem. Physiol. Mol. Integr. Physiol. 129 (2-3) (2001)
615-630.

S. Torrecillas, D. Montero, M.J. Caballero, L. Robaina, M.J. Zamorano,

J. Sweetman, M. Izquierdo, Effects of dietary concentrated mannan
oligosaccharides supplementation on growth, gut mucosal immune system and
liver lipid metabolism of European sea bass (Dicentrarchus labrax) juveniles, Fish
Shellfish Immunol. 42 (2) (2015) 508-516.

M. Rawling, E. Leclercq, A. Foey, M. Castex, D.L. Merrifield, A novel dietary
multi-strain yeast fraction modulates intestinal toll-like-receptor signalling and
mucosal responses of Rainbow Trout (Oncorhynchus mykiss), PLoS One 16 (1)
(2021), €0245021.

J.0. Agboola, M. Schiavone, M. @verland, B. Morales-Lange, L. Lagos, M.

@. Arntzen, D. Lapena, V.G.H. Eijsink, S.J. Horn, L.T. Mydland, J.M. Francois,
L. Mercado, J.@. Hansen, Impact of down-stream processing on functional
properties of yeasts and the implications on gut health of Atlantic salmon (Salmo
salar), Sci. Rep. 11 (1) (2021).

A.T. Gongalves, V. Valenzuela-Munoz, C. Gallardo-Escérate, Intestinal
transcriptome modulation by functional diets in Rainbow Trout: a high-
throughput sequencing appraisal to highlight GALT immunomodulation, Fish
Shellfish Immunol. 64 (2017) 325-338.

M. Sabater-Molina, E. Larqué, F. Torrella, S. Zamora, Dietary
fructooligosaccharides and potential benefits on health, J. Physiol. Biochem. 65
(3) (2009) 315-328.

L. Vogt, U. Ramasamy, D. Meyer, G. Pullens, K. Venema, M.M. Faas, H.A. Schols,
P. de Vos, Immune modulation by different types of f2—1-fructans is toll-like
receptor dependent, PLoS One 8 (7) (2013), e68367.

A. Abid, S.J. Davies, P. Waines, M. Emery, M. Castex, G. Gioacchini, O. Carnevali,
R. Bickerdike, J. Romero, D.L. Merrifield, Dietary synbiotic application modulates

47

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Fish and Shellfish Immunology 127 (2022) 35-47

Atlantic salmon (Salmo salar) intestinal microbial communities and intestinal
immunity, Fish Shellfish Immunol. 35 (6) (2013) 1948-1956.

S. Skugor, K.A. Glover, F. Nilsen, A. Krasnov, Local and systemic gene expression
responses of Atlantic salmon (Salmo salar L.) to infection with the salmon louse
(Lepeophtheirus salmonis), BMC Genom. 9 (2008) 498, 2008.

H.J. Holm, S. Wadsworth, A. Bjelland, A. Krasnov, @. Evensen, S. Skugor, Dietary
phytochemicals modulate skin gene expression profiles and result in reduced lice
counts after experimental infection in Atlantic salmon, Parasites Vectors 9 (1)
(2016).

S. Skugor, H.J. Holm, A.K. Bjelland, J. Pino, @. Evensen, A. Krasnov,

S. Wadsworth, Nutrigenomic effects of glucosinolates on liver, muscle and distal
kidney in parasite-free and salmon louse infected Atlantic salmon, Parasites
Vectors 9 (1) (2016).

R. Medina-Gali, M. Ortega-Villaizan, L. Mercado, B. Novoa, J. Coll, L. Perez, Beta-
glucan enhances the response to SVCV infection in zebrafish, Dev. Comp.
Immunol. 84 (2018) 307-314.

M.C. Ordas, L. Gonzalez-Torres, P. Arense, R. Heavyside, C. Zarza, C. Tafalla,
Analysis of immunostimulatory responses and immune tolerance to f-glucans in
rainbow trout cell lines, Aquaculture 541 (2021), 736805.

D. Penaranda, C. Bauerl, A. Tomas-Vidal, M. Jover-Cerda, G. Estruch, G.

P. Martinez, S.M. Llorens, Intestinal explant cultures from gilthead seabream
(sparus aurata, L.) allowed the determination of mucosal sensitivity to bacterial
pathogens and the impact of a plant protein diet, Int. J. Mol. Sci. 21 (20) (2020)
7584.

A. Caballero-Solares, X. Xue, B.M. Cleveland, M.B. Foroutani, C.C. Parrish, R.
G. Taylor, M.L. Rise, Diet-induced physiological responses in the liver of atlantic
salmon (Salmo salar) inferred using multiplex PCR platforms, Mar. Biotechnol. 22
(4) (2020) 511-525.

A.C. West, Y. Mizoro, S.H. Wood, L.M. Ince, M. Iversen, E.H. Jgrgensen, T. Nome,
S.R. Sandve, S.A.M. Martin, A.S.I. Loudon, D.G. Hazlerigg, Inmunologic profiling
of the atlantic salmon gill by single nuclei transcriptomics, Front. Immunol. 12
(2021).

M. Lgvoll, U. Fischer, G. Mathisen, J. Bsgwald, M. Ototake, R. Dalmo, The C3
subtypes are differentially regulated after immunostimulation in Rainbow Trout,
but head kidney macrophages do not contribute to C3 transcription, Vet.
Immunol. Immunopathol. 117 (3-4) (2007) 284-295.

P.Y. Ahmadi, H. Farahmand, H.K. Miandare, A. Mirvaghefi, S.H. Hoseinifar, The
effects of dietary Immunogen® on innate immune response, immune related
genes expression and disease resistance of Rainbow Trout (Oncorhynchus
mykiss), Fish Shellfish Immunol. 37 (2) (2014) 209-214.

S. Yousefi, S.H. Hoseinifar, H. Paknejad, A. Hajimoradloo, The effects of dietary
supplement of galactooligosaccharide on innate immunity, immune related genes
expression and growth performance in zebrafish (Danio rerio), Fish Shellfish
Immunol. 73 (2018) 192-196.


http://refhub.elsevier.com/S1050-4648(22)00304-7/sref78
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref78
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref78
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref79
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref79
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref79
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref80
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref80
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref80
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref80
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref81
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref81
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref81
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref82
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref82
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref82
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref83
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref83
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref83
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref83
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref84
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref84
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref84
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref84
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref84
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref85
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref85
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref85
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref85
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref86
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref86
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref86
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref86
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref86
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref87
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref87
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref87
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref87
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref88
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref88
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref88
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref89
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref89
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref89
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref90
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref90
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref90
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref90
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref91
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref91
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref91
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref92
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref92
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref92
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref92
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref93
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref93
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref93
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref93
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref94
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref94
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref94
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref95
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref95
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref95
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref96
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref96
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref96
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref96
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref96
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref97
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref97
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref97
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref97
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref98
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref98
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref98
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref98
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref99
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref99
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref99
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref99
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref100
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref100
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref100
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref100
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref101
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref101
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref101
http://refhub.elsevier.com/S1050-4648(22)00304-7/sref101

	Immune responses to prebiotics in farmed salmonid fish: How transcriptomic approaches help interpret responses
	1 Introduction
	1.1 Functional feeds
	1.2 Teleost immune system
	1.3 Gut-associated lymphoid tissue
	1.4 Nutrigenomic approaches for aquaculture

	2 Targeted gene expression and transcriptomic responses to prebiotic feeds
	2.1 Molecular responses of the host caused by the supplementation of β-glucans
	2.2 Molecular responses of the host caused by the supplementation of oligosaccharides
	2.3 Molecular responses of the host caused by the supplementation of glucosinolates
	2.4 Direct responses to prebiotics as revealed by in-vitro cell culture experiments

	3 General conclusions and future perspectives
	Funding
	CRediT authorship contribution statement
	References


