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Introduction. Between 2010 and 2030, aquaculture is expected to grow by
62 %, meeting over two-thirds of the global demand for fish and shellfish [1].
Around 100 million people depend on this sector for their livelihoods, highlighting
its socio-economic importance [2]. In addition to its role in ensuring food security
and reducing poverty — in line with the UN's 2030 Sustainable Development
Goals — aquaculture also provides ecosystem services such as wastewater
treatment and habitat restoration [1]. However, these benefits depend on
sustainable practices. Poor management can deplete water resources, intensify
overfishing, Iintroduce Iinvasive species and accelerate antimicrobial
resistance [3]. The rapid expansion of aquaculture must be matched by robust
environmental and health safeguards to ensure long-term viability.

A major barrier to growth is the prevalence of aquatic diseases, exacerbated
by global trade, climate change and intensification of farming systems [4]. High-
density farming promotes the evolution of pathogens and outbreaks, often
leading to the heavy use of antibiotics and disinfectants. Yet overuse of these
substances weakens immune systems and fosters resistant bacteria, posing risks
to both animal and human health [5]. Residual antibiotics in fish meat and
environmental contamination further compound these issues [1]. This highlights
the need for integrated health management strategies that reduce reliance on
chemicals while safeguarding productivity.

Maintaining fish health under intensive conditions remains a persistent
challenge. Elevated stocking densities increase stress and disease susceptibility.
With the use of antibiotics now restricted or banned in many regions, alternative
immune-boosting approaches are essential [1]. One promising solution is the use
of B-glucans, which are natural immunostimulants that have been tested in fish
for decades. They are safe, effective and environmentally friendly, offering a
viable path towards sustainable aquaculture health management [6].

Historical overview and mechanistic background. The -glucan
molecule was first described in 1946 by Dimler et al., who isolated D-glucosan
(1,4)(1,6)-B-glucan from starch [7]. Nearly two decades later, Wooles and
DiLuzio [8] provided compelling evidence of its immunomodulatory properties.
Their study in the journal Science showed that B-glucan injections in mice
enhanced phagocytic activity and boosted both primary and secondary immune
responses. This discovery paved the way for decades of research confirming the
broad immunostimulatory potential of B-glucans across species [9].

Subsequent studies have demonstrated the positive effects of B-glucans on
Immune responses in various species, including mammals such as humans, dogs,
pigs, cattle, horses, and sheep; birds such as chickens; amphibians such as frogs;
fish; and invertebrates such as shrimp, crabs, and insects including bees and
Drosophila [9]. These findings underscore the evolutionary conservation of
B-glucan recognition mechanisms.

Their cross-species efficacy is linked to conserved immune pathways,
particularly those involving pathogen-associated molecular patterns (PAMPs).
In this context, fish, being the earliest vertebrates with adaptive immunity, offer a
unique opportunity to study the interface between innate and adaptive
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responses [5]. This makes fish an excellent model for investigating B-glucan-
mediated immune activation and its implications for aquaculture, particularly in
the development of functional feeds and sustainable health strategies.

B-Glucans in aquaculture: structure, function and application.
B-glucans are polysaccharides composed of B-D-glucose units linked together in
a specific order. They are found in the cell walls of bacteria, fungi, microalgae,
and cereals (Fig. 1). Their structure, typically a 3-1,3-linked backbone with (3-1,6
branches, varies by source. This influences their molecular mass, solubility, and
physiological effects. These structural differences are key to their biological
activity [6, 9.

Sources of beta-glucans, types of bonds, and main
bioactive effects in the context of aquaculture

Fungi Cereals
Saccharomyces cerevisiae, Oats, barley
Lentinula edodes
Grifola frondosa m
Strong immunostimulation, activation Prebiotic effects, improved gut health,
of macrophages, cytokine production, nutrient absorption, modulation of gut
enhanced disease resistance microbiota
Oe Microalgae Bacteria
¥ Chlorella, Phaeoodactylum A exopolysaccharides
O O from certain strains
(o]
: 7_’ : ; - I e
Antioxidant, antiviral,immunomodulatory Immunostimulation, pathogen resistance,
potential potential anti-Inflammatory effects
Emerging source: may offer novel functional Less studied; promising for development
benefits and sustainable production of novel functional feeds

Fig. 1. Sources of beta-glucans (fungi, cereals, microalgae and bacteria), chemical
structures and bioactive effects in the context of aquaculture.

In aquaculture, they are commonly used as feed additives to enhance
immunity, improve disease resistance and support growth. They stimulate
immune cells such as macrophages and neutrophils, thereby strengthening both
innate and adaptive responses against parasites, viruses and bacteria. They also
promote gut health by supporting beneficial microbiota, lowering intestinal pH and
reducing harmful metabolites. These combined effects contribute to better feed
efficiency and sustainability [1, 6, 9].

B-glucans are potent stimulators of cellular and humoral immunity in
mammals, invertebrates and fish. They are best known for enhancing
phagocytosis by granulocytes, macrophages and dendritic cells (DCs), which
play a key role in host defence. During microbial degradation, pathogen-
associated molecular patterns (PAMPs) activate antigen-presenting cells and
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naive T cells, triggering inflammatory responses via receptor binding and
intracellular signaling [6, 9].

The initial step in the interaction between B-glucans and immune cells
involves binding to pattern recognition receptors (PRRs) on the cell membrane.
Key receptors include TLR-2, dectin-1, CR3 (CD11b/CD18), lactosylceramide
and scavenger receptors [10-12]. CR3, a multifunctional receptor found on
myeloid cells, mediates $-glucan binding and activates the Syk pathway, resulting
in CR3-dependent cytotoxicity (CR3-DCC) [13, 14].

Dectin-1, another major receptor, is critical for antifungal immunity and
cytokine regulation. It promotes IL-12 production and IFN-y secretion by NK
cells [15, 16]. Recently, attention has shifted to Toll-like receptors (TLRs),
particularly TLR-2, which interact with B-glucans such as curdlan to modulate
immune responses, including the suppression of RANKL expression [17].

The immune response depends on B-glucan solubility and structure.
Insoluble forms cluster dectin-1 receptors, displacing inhibitory molecules such
as CD148 and CD45, and initiating signalling cascades [18]. Some B-glucans
bind to both dectin-1 and TLRs, forming receptor complexes that fine-tune
immune activation. Dectin-1 cooperates with TLRs 2, 4 or 6, and the biological
outcome varies with receptor combinations and glucan solubility [19].

In addition to classical immune activation, B-glucans influence immune
checkpoints. They reduce the expression of the c-Maf transcription factor in M2
macrophages and shift monocyte populations towards the classical 'patrolling'
types that regulate tumour metastasis [20]. There is emerging evidence to
suggest the involvement of the PD-1 signalling pathway, which expands the
therapeutic potential of B-glucans to include cancer immunotherapy.

Although the exact mechanisms of B-glucan activity in fish are not yet fully
elucidated, they appear broadly similar to those in mammals due to the
evolutionary conservation of innate immunity. In salmon macrophages and
catfish neutrophils, complement protein C3 and lectins — likely C-type lectin
receptors (CLRs) — have been identified as B-glucan recognition molecules [21].
Gene expression studies in carp suggest that B-glucans activate signaling
pathways typical of the CLR family [22].

In addition, TLR homologues have been identified in several fish species,
including salmon, =zebrafish, and flounder [23], indicating a conserved
TLR-mediated recognition mechanism. However, no direct dectin-1 homologue
has been confirmed in teleost genomes. While carp possess over 200 genes
encoding C-type lectin domains, none have been definitively linked to B-glucan
binding [22]. Still, B-glucans like curdlan — known to bind dectin-1 in mammals —
trigger similar immmune responses in fish, suggesting the presence of functionally
analogous receptors.

There is also indirect evidence for CR3-like receptors in fish macrophages.
Although their molecular identity remains unclear, zebrafish genomes contain
candidate genes with similar domain structures, supporting the idea of conserved
B-glucan-binding PRRs in fish [22]. This highlights the evolutionary continuity of
innate immune recognition and the potential for B-glucans to modulate fish
immunity via multiple receptor pathways.

In addition to binding to receptors, B-glucans modulate the expression of
immune-related genes and signalling proteins, thereby influencing both innate
and adaptive responses. In the macrophages of salmon and trout, exposure to
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B-glucans was found to upregulate cytokines such as IL-1B, IL-6 and TNF-q,
though not complement C3 [24]. Similar effects were observed in tilapia
plasma [25].

These transcriptional changes can occur rapidly. Short-term immersion
(four 45-minute sessions per week) increased the expression of IL-18, TNF-aq,
IL-6, IL-10 and TGF-B, sometimes following a single exposure [26]. In carp
infected with haemorrhagic virus, p-glucan pre-treatment elevated MX antiviral
gene expression during the early stages of infection [27]. Similarly, in cod
challenged with Vibrio anguillarum, B-glucan immersion increased IL-1 and IL-
10 expression in intestinal tissues. The addition of mannan-oligosaccharides
further increased IL-8 and IFN-y levels, suggesting a synergistic effect [28].
B-glucan exposure has also led to the discovery of new immune genes. In carp,
two B-defensins and mucin-related genes were upregulated following treatment
[29]. In fish infected with Aeromonas salmonicida, dietary B-glucans reduced pro-
inflammatory cytokines, suggesting an anti-inflammatory effect during
infection [30]. Long-term (25-day) supplementation in carp significantly increased
the expression of INOS, Bcl-2, Nemo, caspase-9 and p38 MAPK — genes linked
to apoptosis and cell survival [31]. These findings suggest that B-glucans activate
immune signalling and regulate apoptosis and oxidative stress, thereby
enhancing immune resilience. Despite these insights, our genomic understanding
of B-glucan action remains limited. Comprehensive transcriptomic and proteomic
studies are essential to uncover receptor diversity, signalling pathways, and
innate—adaptive immune cross-talk in teleost fish.

Broader physiological and practical relevance of B-glucans in fish
aquaculture. Beyond immune stimulation, B-glucans influence a wide array of
physiological processes. For example, in a 60-day study with rainbow trout
(Oncorhynchus mykiss), proteomic analysis revealed changes in muscle protein
expression, which could explain the improved growth and feed efficiency
observed in the supplemented groups [32].

The benefits of B-glucans extend to nutritional and stress-mitigating effects.
In Nile tilapia (Oreochromis niloticus), for example, B-glucans counteracted
deltamethrin toxicity by normalising cortisol levels and reversing disturbances to
inflammatory genes [33]. In Pangasianodon hypophthalmus, supplementation
reduced mortality due to cold stress [34], while in O. mossambicus, it enhanced
cellular, humoral and antioxidant defences in response to ammonia stress [395].

These results suggest that B-glucans act as pleiotropic modulators,
affecting immunity, metabolism, and oxidative balance. Their mechanisms likely
involve receptor signalling and indirect regulation of stress hormones, possibly
via the neuroendocrine—immune axis (Fig. 2). Although data on fish are limited,
studies on mammals show that cytokines and neuropeptides interact with the
hypothalamic—pituitary—adrenal (HPA) axis, thereby influencing the release of
hormones and immune activity [9]. This opens up a promising avenue for future
research in teleost fish, focusing on how B-glucans may support neuroendocrine
regulation and enhance resilience under aquaculture stressors.
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BROAD PHYSIOLOGICAL AND PRACTICAL
RELEVANCE OF B-GLUCANS IN FISH AQUACULTURE
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Fig. 2. Broader physiological and practical relevance of g-glucans in fish aquaculture

Recent immunological findings suggest that B-glucans may induce the long-
term reprogramming of innate immune cells, a process known as 'trained
immunity' [36]. Unlike the traditional view of innate immunity as memoryless,
trained immunity meets three criteria: (i) protection after primary exposure without
T or B cell involvement; (ii) enhanced non-specific resistance; and (iii) mediation
by macrophages, NK cells and other innate effectors [37]. A well-known example
of this is the non-specific protection provided by BCG vaccination, which activates
macrophages and improves resistance to unrelated pathogens [38]. Similar
memory-like responses have been observed in plants [39] and invertebrates [40],
despite the absence of adaptive lymphocytes in these organisms. Given the
evolutionary position of teleost fish as early vertebrates, it is plausible that
comparable mechanisms exist in fish [36].

Evidence is accumulating. In brook trout (Salvelinus fontinalis), for example,
macrophages showed enhanced phagocytic activity up to 33 days after exposure
to Mycobacterium butyricum [41]. Similarly, BCG vaccination in Japanese
flounder and amberjack has been shown to induce cross-protection against
unrelated pathogens, with increased cytokine expression and serum bacteriolytic
activity [42]. One particularly compelling study in Rag-knockout zebrafish, which
lack adaptive immunity, showed that prior exposure to Edwardsiella ictaluri
provided protection against a lethal challenge. Transferring kidney leukocytes
from exposed fish protected naive Iindividuals, indicating innate immune
memory [43]. These findings suggest that trained immunity may operate in
teleosts, but further research is needed to confirm its prevalence and clarify the
role of macrophages as central mediators [36].

Immunostimulatory potential of B-glucans in aquaculture. Of the
various immunostimulants tested in aquaculture, B-glucans have proven to be the
most consistently effective and practical [44]. The benefits of B-glucans, including
enhanced survival, immune activation and disease resistance, have been
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confirmed across numerous species, including Oncorhynchus mykiss, Salmo
salar, Cyprinus carpio, Oreochromis niloticus and Danio rerio [6].

In carp, for example, B-glucans administered via injection, bathing or
feeding increased survival by stimulating superoxide production, IL-1 secretion
and antibody formation [45]. In trout, treated macrophages exhibited stronger
bactericidal activity against A. salmonicida [46], and radiolabelling studies
confirmed the intestinal uptake and systemic clearance of B-glucan particles [47].

B-glucans also act as vaccine adjuvants, enhancing antibody titres and
cytokine responses in salmon vaccinated against vibriosis and yersiniosis [48—
50]. Co-supplementation with vitamins C and E has also been shown to further
improve macrophage function [51]. However, outcomes vary depending on
dosage, delivery method, and glucan structure. Notably, only B-(1,3/1,6)-glucans
provided significant protection against A. hydrophila, highlighting the need for
structural standardisation.

Beyond bacterial infections, B-glucans exhibit antiviral effects, reducing
mortality from viral haemorrhagic septicaemia, and antiparasitic activity, lowering
the prevalence of Ichthyophthirius and Dactylogyrus in trout and snappers [6].
These findings confirm their ability to modulate both innate and adaptive immunity
for broad-spectrum protection. Despite extensive research, optimal application
strategies regarding structure, dosage and delivery remain to be standardised.
Nevertheless, the combined immunostimulatory, antioxidant and stress-buffering
effects of B-glucans make them one of the most promising tools for enhancing
the health and resilience of fish in intensive aquaculture.

Conclusions. Aquaculture is one of the fastest-growing food production
sectors and plays a pivotal role in ensuring global food security and sustainable
livelihoods. However, the intensification of production has also led to an increase
in the frequency and severity of infectious diseases, highlighting the urgent need
for effective and environmentally friendly immunostimulants. Of the various
alternatives explored, B-glucans have emerged as the most reliable and versatile
natural compounds capable of enhancing disease resistance, growth
performance and stress resilience in fish.

Their immunomodulatory effects, mediated through pattern recognition
receptors such as CR3, TLRs, and C-type lectins, promote both innate and
adaptive immune responses. B-glucans also modulate gene expression linked to
cytokine production, apoptosis, and oxidative stress regulation, resulting in
improved overall fish health. Furthermore, their pleiotropic benefits extend
beyond immunity to include metabolic balance, gut homeostasis, and
neuroendocrine stress adaptation.

Despite substantial evidence supporting their efficacy, further
standardisation of B-glucan sources, structures, and delivery methods is required
to ensure consistent outcomes across aquaculture species. Advanced
transcriptomic, proteomic and metabolomic analyses are essential for elucidating
receptor diversity and the signalling pathways involved in 3-glucan-mediated
immunity. Thus, B-glucans are key to the development of sustainable and
antibiotic-free aquaculture, in line with global efforts to improve fish welfare,
protect the environment, and ensure food safety.
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R-FMIOKAHN AK NPUPOOHI IMYHOCTUMYNATOPU B AKBAKYIbTYPI
(ornapos.a)

FanuHa TkaueHko, Hatania Kyprantok
IHemumym 6ionoeil, lNomopcbkull yHieepcumem y CnyrncbKy
eyn. Apyuuwiescbkozo, 22B, Cnyncek, MNonbwa, 76-200
https://ror.org/00h8narb8

Axsakynbmypa € O0OHiet0 3 2anysell ceimogozo supobHuuymea npodykmie XxapyysaHHs, Wo
3pocmae Halbinbw QuHamiyHO, npome iHmeHcugikaujs cilbCbkoaocrnodapcbKux npakmuk npusgena 4o
36inbuleHHs1 sunadkie po3rnoscrtodxeHHs 3axeoptogaHb, MNOBUWEHHS pieHSI cmpecy y supouwlygaHux pub
ma 3pocmaHHs 3anexHocmi eid 3acmocyeaHHs aHmubiomukie. Lli euknuku nidKkpecnioromb HazaalbHy
nompeby & cmilikux, ekonoaiyHo OesneyHux ma 6ion0aidyHO eghekmusHUX anbmepHamueax 0Ons
ynpaeniHHsa 30opog’am & cucmeMax eupobHuumea akeakynbmypu. Memoro uyvozo oensdy 6ys
KOMMNeKcHUl aHanis nomeHUjany 6UKOpucmaHHa 8 akeaKynbmypi [B-entokaHie fK  MpupoOHUX
Kopmosux 0obagok, WO cmumynolome iMyHimem, 3 ocobnueuM akuyeHmoMm Ha Mexariamax ix Oif,
¢isionoeiyHi eghekmu ma nApakmuyHe 3acmocyeaHHS & [HmeHcueHomy pubHuuymsei. Memodu
OocnidxeHb eKkmoYanu Kpumu4Hull aHanisa ma cuHmes OaHux eKcriepuMeHmarnbHux docnidxeHb ma
oenadosux cmamel, onybnikogaHUX Yy MIXHapPOOHUX peueH308aHUX XypHanax, 3 aKyeHmoMm Ha
MoneKkynapHi, KnimuHHi ma opeaaHismosi peaxuji pub Ha eeedeHHs B-aniokaHie. byno cucmemamuyHo
oujHeHo QOani wWodo cmpykmypu [B-anoKarie, peuenmopHo20 po3sfisHagaHHs, IMyHHUX cuaHanbHUX
wnsaxie ma  byHKUjoHanbHUX pesynbmamie. Pe3ynbmamu aHanisy nokasyromps, Wwo B-amoKkaHu
cymmeeo nocunoroms epodxeHi ma adanmueHi iMyHHI peakUi y pub wnaxom akmuseayji maxkpochbaaie,
Helimpogbinie ma [HWUX IMyHHUX eqheKmopHUX KNimuH 4Yepes peuenmopu po3rnizHagaHHs
namepHis, ekmovaroyu nekmuru muny C, peuenmopu, noe’a3aHi 3 KomnnemeHmom, ma Toll-nodi6Hi
peuenmopu. Ix eeedenHs npuseodumb B0 MideULIEHHS (hazouumapHol akmueHocmi, 8UPOBNEHHS
yumokiHie ma noninwerHHa cmilkocmi 0o baxkmepianbHUX, 6ipYCHUX ma napa3umapHux iHebexyjl.
Okpim  imyHomModynauii, B-antokaHu no3umMueHo ennugaomb Ha noKasHukKu  pocmy,
aHmuokcuBaHmHy 30amricmpb, 300po8’s KuleyHuKka ma cmilikicmb 00 cmpecy & yMogax [HMEeHCUBHUX
mexHonoaill eupowysaHHs akeakynbmypu. [IpoaHanisoeani OaHi makox cei@yamb npo [HOYKYO
Gog20CcmpoK08o20 hYHKUIOHaNbHO20 NepernpoapaMyeaHHs KnimuH epodxXeHo20 iMyHimemy, eidomMoz0 sk
mpeHosaHull IMyHimem, Wo MOoXe crpusmu mpusanoMmy HecreyugiyuHoMmy 3axucmy xocmucmux pub.
BucHoeku: B-antokaHu € o0HUM 3 HalinepcrnekmueHiwux npupodHUX iMyHocmumynamopie éns cmainoao
supoulysaHHs akeakynbmypu 6e3 eukopucmarHs aHmubiomukie. [lpome eapiamuericmb Oxepen
B- aniokaHie, Ix MonekynapHux cmpykmyp, 0o3ysaHb ma Memodie docmasneHHs 3anuulaembcs
KpumuyHuMm  obmexeHHaMm. [ns onmumizauii  Ix  3acmocyeaHHsi ma [108HO20  3'fiCYy8aHHS
iMYyHO-eHOOKpUHHUX e3aemolili 8 opaaHiami pub HeobxiOHO nposecmu nodanbuly cmaHdapmu3sayjlo ma
noanubneHi mpaHcKpunmoMHi, npomeomHi ma MmemabonomHi docniOKeHHS.

Knroyoei cnoea: B-anokaHu, akeakynbmypa, iMyHimem pub, iMmyHocmumynsaujsi, cOyHKUjOHaNbHI
Kopmu, cmitikicmb 8o xeopob, cmaine aupobHULMEO
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