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β-glucan is considered as an effective immunostimulant because of its binding capacity to different receptors on leukocytes leading to the stimulation of immune responses including bactericidal activity, cytokine productivity, and survival fit ability at cellular levels. In response to immune cell surface receptors, β-glucan stimulates to release cytokines and chemokines. It has been found that these signaling proteins eventually stimulate the immunocompetent cells in fish such as monocytes, macrophages, and neutrophils for killing pathogens by phagocytosis, oxidative burst, and cytotoxic killing activities. They also procreate immunological memories and specific antibodies through activation of T and B lymphocytes. Researchers have proved that β-glucan can modulate some important biochemical (serum hemoglobin, serum protein, and total hemocyte count) and immunological (lysozyme activity, phagocytic activity, oxidative burst activity, and phenoloxidase activity) properties providing more competent immune profile for treating fish and aquatic organisms. β-glucan-supplemented fish showed limited sensitivity of genes involved in acute inflammatory reactions. Findings have shown that β-glucan exerts a positive impact on fish and aquatic organisms’ immunity, enhancing their disease resistance by increasing functional and decreasing deleterious responses. This review focuses on the basic bump of β-glucan on fish and shellfish immunity and recent information on the uses of β-glucan in progressive aquaculture.
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Introduction

Different studies in fishes have proven β-glucan as a potent immunostimulant for improving the immunity of cultured fish against disease and stress (Figueras et al., 1998; Kawakami et al., 1998; Meena et al., 2013; Yamamoto et al., 2018a; Yamamoto et al., 2018b; Yamamoto et al., 2020). The immunostimulatory properties of β-glucans were first identified in mammals resulting in an increased resistance to infectious pathogens (Di Luzio, 1985). However, in recent years, special attention has been given on the use of β-glucan in stimulating the recovery potential of immunocompromised fish and aquatic organisms. Many studies have proven the significant effect of β-glucan on fish growth and survival (Cook et al., 2003; Misra et al., 2006), protective resistance to specific pathogen (Welker et al., 2007; Sealey et al., 2008), and adjuvant effect on increased antibody production (Selvaraj et al., 2005; Kamilya et al., 2006). The introductory section of this article aims to provide an elaborate discussion on β-glucan sources, their distinguishing properties, and the scope of using it in aquaculture.

Many fungi possess β-glucans in their cell wall, which has important immunomodulatory properties (Brown et al., 2003). The cell walls of many cereal plants (barley, oat, etc.) are accordingly flourished with β-glucans (Volman et al., 2008). The yeast species Saccharomyces cerevisiae cell wall comprises 50%–55% β (1/3) glucan and 10%–15% β-(1/6) glucan of the total polysaccharides (Figure 1) (Lesage and Bussey, 2006). Mushroom species Lentinus edodes, Grifola frondosa, and Ganoderma lucidum are reliable sources of good-quality β-glucans having therapeutic significance (Wasser and Weis, 1999). Laminaria sp., the members of brown seaweed, may also be better sources of β-glucan. They are extensively cultivated for commercial extraction of laminaran, fucoidan, alginate, etc. (Rioux et al., 2007). The pathogenic fungus Pneumocystis carinii holds cell wall β-glucan responsible for the secretion of pro-inflammatory signaling proteins (cytokines and chemokines) (Lebron et al., 2003). Cell wall composition of Cryptococcus neoformans demonstrates β-glucan as an essential structural element of this morbific mold (Reese et al., 2007). The ascomycetes member Sclerotinia sclerotiorum retains reactive β-glucan in their cell wall components (Borchers et al., 2004). The cell walls of some non-pathogenic bacteria of the Rhizobiaceae family are also composed of β-glucan (McIntosh et al., 2005).




Figure 1 | Molecular structure of a typical yeast β-glucan.



β-glucan is an indigestible constituent (fiber substance) that makes up the cell wall of cereal plants (Figure 2) (e.g., oat, barley, etc.) DeVries (2003). β-glucan is a starch-less polysaccharide with recurrent units of glucose monomers united by (1/3)-β-D-glycosidic linkages and very often arranged with β (1/6)-linked side chains of non-identical presentation (Buckeridge et al., 2004). The most convenient forms of β-glucans are those composed of glucose monomers linked by β (1/3) glycosidic bonds (Goodridge et al., 2009; Meena et al., 2013). Glucans may be branched in several ways depending on their sources. The yeast and fungal glucans share β (1/3, 1/6) glycosidic bonds that are usually highly branched (Figure 1). Yeast’s β-glucans consist of β (1/3)-linked backbones and β (1/6)-linked side chains (Zlatkovic et al., 2003). Algal β-glucan laminaran has a skeleton of β (1/3) glucopyranosyl units with β (1/6) branching (Zvyagintseva et al., 1999). In nature, cereals’ (oat, barley, and rye) β-glucans contain β (1/3, 1/4)-joined links (Figure 2), whereas mushrooms contain higher amounts of β (1/3, 1/6)-joined links (Volman et al., 2008). Some oat β-glucans are linear, unbranched polysaccharides, furnished with 70% 1/4-O-linked bondages and 30% 1/3-O-linked bondages between their β-D-glucopyranosyl units (Butt et al., 2008). On the contrary, bacterial β-glucan (curdlan) is unbranched with only (1/3)-β-D-linkages between its glycopyranosyl molecules (Johansson et al., 2008).




Figure 2 | Molecular structure of a typical cereal β-glucan.



Larger (molecular weight > 5 kDa and < 200 kDa) sizes of β-glucans have regulatory effects on the host immune system (Bagni et al., 2005). They boost up the host’s non-specific defense mechanism and instigate leukocytes triggering their phagocytic and anti-pathogenic reactions through production of pro-active oxygen species (superoxide anions, hydrogen peroxide, hydroxyl radical, hypochlorous acid, etc.) and nitrogen intermediates (nitrite, amides, and nitrogen dioxide) (Lee et al., 2002). The variations in molecular weight, shape, and structure of β-glucans have an impact on their immune performances (Akramiene et al., 2007; Meena et al., 2013; Chu, 2014). Lines of evidence demonstrate that specific physicochemical properties, for example, molecular structure, solution strength, molecular weight, and net charge of β-glucan, play a vital role in determining the magnitude of β-glucan binding to macrophage receptor(s) and how it modulates the immune responses (Mueller et al., 2000). Researchers have found that insoluble (1/3, 1/6) β-glucans have higher biological involvement than that of its soluble β (1/3, 1/4) counterparts (Ooi and Liu, 2000). Indigestible β-glucans may lead to an alteration in the population of gut microbiota (Swennen et al., 2006). β-glucans are capable of modulating biological immune responses (Miura et al., 1996). β-glucan modulates immune cells but never overstimulates, which is key to the safety of this product (Gatlin and Li, 2004).

The provision of β-glucans, either dietary or supplementary injection, stimulates the recovery potential of immunosuppressed cells in teleost fishes (e.g., Atlantic salmon and rainbow trout) against infectious diseases under ordinary habitat condition (Petit and Wiegertjes, 2016). Most of the traditional antibiotics are banned due to the potential exposure of antibiotic-resistant bacteria, their residual effects on aquatic habitat, and suppressing repercussion on aquatic organisms’ immune system (FAO, 2002). Moreover, antibiotics may disrupt growth and feed efficiency by declining gut microbes and reducing amino acid utilization by the host animal (Rawles et al., 1997). These adverse effects can successfully be overcome by exploring the prebiotic nature of β-glucan (Meena et al., 2013). Thus, the immunomodulating effects of β-glucan can be characterized into (1) prebiotic effects of β-glucan as indirect immunomodulation in terms of fermentation of β-glucan by naïve bacteria and changes in microbial composition as well as the shift in the production of short chain fatty acid (SCFA) metabolites in the gastrointestinal tract (GIT) of fish, and (2) immunity enhancement of host by β-glucan as the direct immunomodulation in terms of receptor-mediated recognition in GIT of fish (Petit et al., 2022).

The production of fish fry is often hampered up to 10% in the aquaculture sector by high mortality rates due to infectious diseases. The delivery of β-glucan as a dietary supplement to larval fish can have a considerable effect in improving the animals’ innate defenses (Bricknell and Dalmo, 2005). A considerable amount of protective resistance has been achieved with the β-glucan adjuvanted vaccine in rainbow trout (Onchorynchus mykiss) (Siwicki et al., 2004), catla (Catla catla) (Kamilya et al., 2006), and sea bass (Dicentrarchus labrax) (Bonaldo et al., 2007). Thus, the potential of adjuvanticity of β-glucan can also be explored for vaccination of fish in commercial aquaculture.



Immunity Improving Mechanisms of β-Glucan

The innate immune system comprises different integrants including physical barriers (skin, epithelial cell surfaces, and mucus itself), phagocytic cells (monocytes, macrophages, and neutrophils), antibacterial enzymes and peptides [lysozymes, phospholipase (A2), defensins, cathelicidins, transferrin, etc.], inflammation responsive serum proteins (complement, C-reactive protein, lectins, and ficolins), cells that produce cytokines and inflammatory mediators (macrophages, mast cells, and natural-cytotoxic cells), and their surface receptors [toll-like receptors (TLRs) and other pattern recognition receptors (PRRs)]. These components initiate the enzyme cascade system to establish the first-line defense system by eliminating or destroying pathogens (Kumagai and Akira, 2010). The first line of defense identifies pathogens or immunostimulants by decoding the generic properties of their macromolecules (carbohydrates, lipids, nucleic acids, and proteins), the pathogen-associated molecular patterns (PAMPs) (Akira and Hemmi, 2003). This first line of defense has evolved receptors, PRRs, capable of pointing out and encountering pathogens via their PAMPs (Brown and Gordon, 2003). Microorganisms or their toxins or bioactive ingredients are identified by PRRs when first encountering the immune cells and mechanisms of the baseline defense (Medzhitov, 2007). The innate immune defenses are non-specific, predominantly respond to pathogens in a customary way, and destroy them by an inclusive manner (Alberts et al., 2002). Thus, these non-specific defenses can also be triggered by damage-associated (injured or abnormal cells’ mediated) molecular patterns (DAMPs) (Matzinger, 2002). Following the initial responses to a specific pathogenic infection, the invading organism acquires an immunological memory (pathogen-specific receptor) and leads to a more specific reaction (specific antibody production through genetic recombination) to succeeding the infection by the previous one (Figure 3). This secondary response is known as adaptive immunity. Like the inherent immune defense, the acquired immunity comprises both humoral immunity complements and cell-mediated immunity complements (Alberts et al., 2002). Humoral components are soluble proteins of the plasma and body fluids. The molecules include transferrin, interferons, lytic enzymes, macroglobulin, natural antibodies, proteins of the classical and alternative pathways, and proteins under the group cytokines and chemokines (Rodrigues et al., 2020). A study in seabream (Sparus aurata) fed a diet supplemented with yeast cell showed humoral immune response (antibody production and specific defense) (Cuesta et al., 2004). Teleostean B cells are reported to produce immunoglobulin M (IgM), immunoglobulin D (IgD), and immunoglobulin T (IgT) (Danilova et al., 2005; Solem and Stenvik, 2006). Glucans are generally believed to be associated with a first-line defense mechanism by binding to specific receptors on major phagocytic cells and other components of the inherent immune system (Mueller et al., 2000). Different cell surface receptors contain lectins, scavenger receptors (SRs), transmembrane proteins on monocytes/macrophages, natural cytotoxic cells (NCC), and other lymphocyte subcomponents binding various types of β-glucan (Brown and Gordon, 2003). A variety of glucan binding sites on macrophages have been identified, but their mechanism of modulating an innate immune system is not fully clear.




Figure 3 | Mechanism of modulating the fish immune system by β-glucan.



The first step of β-glucan–macrophage complex formation is binding to specific receptors present on the immune cell surface (Figure 3). Complement receptor type 3 (CR3) (Vetvicka et al., 1996), lactosylceramide moiety (Zimmerman et al., 1998), dectin-1 (C-type lectin) (Rice et al., 2002), and carboxymethylated (CM) SRs (Vereschagin et al., 1998) have been considered to be major glucan binding sites on macrophages and other immunocompetent cells. Receptor-bound β-glucan may mediate the production of inflammatory cytokines (interleukins, interferons, lymphokines, and tumor necrosis factor) and chemokines (CC, CXC, C, and CX3C). These signaling proteins are believed to aggravate phagocytic activity and microbial killing efficiency of immune cells through oxidative burst and natural cytotoxic liquidation (Brown et al., 2003; Misra et al., 2006). Presently, instead of dectin-1 and CR3, attention has been given to toll-like receptor 2 (TLR-2) inducing important roles in innate immunity. Glucan instigates different cell types (macrophages, neutrophils, and T lymphocytes) to mediate its stimulatory signals by forming bondage to TLR-2 associating other cell membrane receptors (Aizawa et al., 2018). The process may first induce membrane receptors and then form subsequent complexation with TLR homologues. TLR homologues have been identified in Atlantic salmon and puffer fish. The homologues have also been described in zebrafish, flounder, and goldfish (Rodrigues et al., 2020).

CR3 (type ι membrane protein, an integrin dimer) consists of αMβ2 CD11b⁄CD18 (Cluster of differentiation 18) and is manifested exclusively by myeloid cells (evolved from progenitor cells and target oriented stem cells) comprising monocytes/macrophages, neutrophils, and NCCs (Blystone and Brown, 1999). They are frequently characterized by dendritic cells (DCs) and antigen-presenting cells having a central role in adaptive immune response (Banchereau and Steinman, 1998), present on the cell surfaces of skin, nose, lungs, stomach, and intestines. CR3 has multiple types of ligands (a molecule that binds to another molecule) inclined to bind with different fungal, parasitic, and microbial cells, and also encrypted with some complementary sites for inducing glycoprotein complex (fibrinogen), coagulation factors, and intercellular adhesion molecule-1 (ICAM-1). CR3, in association with complement component iC3b, phagocytizes complement-opsonized foreign particles (Blystone and Brown, 1999). Some studies suggest that CR3 may persuade the assemblage of low-affinity receptors and their binding to the interlinking protein filaments (cytoskeleton) of various microorganisms. Particular propensity to co-receptors proves that CR3 has distinguished binding capacity (5 × 10-8 M) to β-glucan and the domain is distinct from the iC3b binding site. Lectin domain is also involved in CR3 assemblage with urokinase plasminogen activator receptor (uPAR), an autogenous surface receptor, for binding to certain microbial carbohydrates that do not contain β-glucan (Xia and Ross, 1999). A recent study reveals that antibodies responsive to CR3 or lactosylceramide hamper β-glucan particle fixing to human neutrophils. Thus, CR3 generated signaling requires β-glucan-mediated interaction of CR3 with lactosylceramide-linked lyn-kinase. The finding suggests that CR3 may act as a co-receptor with lactosylceramide in binding β-glucan (Nakayama et al., 2008). A study on zebrafish genome revealed that two genes related to CR3 proved the indirect existence of the receptor in fish (Petit et al., 2019).Lactosylceramide (a glycosphingolipid), which consists of an aquaphobic ceramide (waxy lipid) and an aquaphile sugar moiety (a portion of a complex molecule), is found in microdomains (lipid rafts) on the cytomembranes of immune cells. Lactosylceramide (LacCer)’s ability to interact with (1/3)-β-D-glucans is first recognized through biochemical reaction of distinct human leukocyte membrane constituents (Zimmerman et al., 1998). The reaction between glycosphingolipid and β-glucans promotes cellular responses, the release of cytokines, and the release of MIP-2 (macrophage inflammatory protein-2) and TNF (tumor necrosis factor) (Evans et al., 2005). These signaling proteins initiate the respiratory oxidative burst and anti-microbial activities of leukocytes (Wakshull et al., 1999).

Dectin-1 (type ιι membrane receptor) predominantly binds protein ligands (Brown et al., 2003) and is considered to be the prominent β-glucan binding receptor in mammals (Dennehy and Brown, 2007; Petit et al., 2019). Dectin-1 is assessed as a β-glucan receptor (βGR) for its particular (opsonin-independent) β-glucan binding affinity (Brown et al., 2003). It consists of a recognition domain (lectin-like carbohydrate) with a short stalk [C-terminal C-type lectin or C-type lectin receptor (CLR)] and a cytoplasmic tail (consists of 40 amino acids, with an amino terminal intracellular tail), and therefore has the ability to recognize carbohydrate having β (1/3) and/or β (1/6) glycosidic bondages (Dennehy and Brown, 2007). Dendritic cells and a subpopulation of T lymphocytes are reported to lower the expression level of C-type lectin (Taylor et al., 2002). This membrane protein can be detected by flow cytometry on a subcomponent of B and T lymphocytes, though its function on these cells is not well-defined (Willment et al., 2001). However, other lines of evidence reveal that Dectin-1, in association with toll-like receptor 2 (TLR-2), results in pro-inflammatory reaction to mycobacterial contamination (Yadav and Schorey, 2006). For structural resemblance, C-type lectin has higher affinity to β-glucans having (1/3)-β-D-glucopyranosyl backbones (Adam et al., 2008). Dectin-1, as a response to antigens, recruits a variety of macrophages, DCs, and neutrophils responsible for the production of inflammatory mediators and signaling proteins (cytokines, chemokines, etc.). These antigen-presenting substances are believed to accelerate phagocytosis, oxidative burst, and neutrophil degranulation into the phagosomes of immune cells. An investigation on Candida albicans, P. carinii, and Aspergillus fumigatus has proven that βGR is capable of recognizing β-glucan resembling compounds (e.g., zymosan and curdlan) and defying fungal infections in mouse (Taylor et al., 2007; Werner et al., 2009). In fish genomes, there is no clear homologue of Dectin-1 identified so far (Petit et al., 2019). However, Dectin-1 homologues have yet been identified as β-glucan pattern recognition receptors on salmon macrophages and catfish neutrophils (Magnadottir, 2006). A receptor associated with dectin-1 activation through the CLR signaling pathway is reported to mediate the immunostimulatory functions of β-glucan in common carp macrophages (Petit et al., 2019). In a recent study, Petit et al. (2022) reported that β-glucans such as curdlan and MacroGard can be fermented and produced three dominant SCFAs such as acetate, butyrate, and propionate through the production of nitric oxide and expressions of several cytokines (interleukin-1b, -6, -10, and TNF-α) in vitro using head kidney leukocytes of common carp. Moreover, the researchers confirmed the fermentation of MacroGard (β-glucan) by specific bacteria and immunomodulation by β-glucan through the production of SCFAs in the GIT of common carp in vivo.

Scavenger receptors are a superfamily of cell surface receptors having the properties of recognizing and binding to diverse ligands (Patten and Shetty, 2018). These ligands usually include low-density lipoproteins (LDL), apoptotic cells (pyknotic cells due to apoptosis), phospholipids (lecithin and phosphatidylcholine), proteoglycans (testican and versican), and carbohydrates (mainly polysaccharides) (Murphy and Weaver, 2017). This wide recognition range allows scavenger receptors to play a vital role in homeostasis (equilibrium among biological functions), apoptosis, inflammatory disorders, and pathogen removal (PrabhuDas et al., 2017).



Uses of β-Glucan in Aquaculture

Purified β (1/3, 1/6) glucan has been increasingly used as an immunostimulant (biologically active compounds) and/or an adjuvant (substances enhancing immune response) to improve the fish immune system (Petit and Wiegertjes, 2016; Filho et al., 2019). The most useful bioactive ingredient used in aquaculture is β-glucan extracted from yeasts, mushrooms, seaweeds, and cereal plants (Bagni et al., 2005). Researchers have proven that β-glucans increase fish resistance to infectious diseases primarily by boosting their non-specific defense mechanisms. Some studies in fish have demonstrated evidence of developing the specific defense as well (Siwicki et al., 2004). The biological extracts (Lentinan, Laminaran, and Schizophyllan) and/or therapeutic chemicals (Levamisole, MacroGard, EcoActiva, Ergosan, and VitaStim) trigger the immune cells or non-specific cytotoxic cells for microbial killing through phagocytosis and/or oxidative burst (Sakai, 1999). Among the frequently trialed immunostimulants, only a few are considered suitable for preventive measure in aquaculture (Siwicki et al., 1998). Major reports that have been made on the immunomodulatory effects of β-glucans in aquaculture are related to yeast, fungi, and macro algal extracts having molecular weights ranging from 5 kDa (kelp, Laminaria digitata) to 200 kDa (yeast, Saccharomyces cerevisae) (Bagni et al., 2005). Many experiments have been conducted on different fish species to determine the effects of purified β (1/3, 1/6) glucan on their immune responses (Table 1). Researchers have found that β-glucan from different sources, despite their similarity in structures, molecular weights, and solution strength, can differ significantly. Even the same β-glucan administered through different routes responds in varying magnitude (Chen and Seviour, 2007).


Table 1 | Some research findings on the uses of β-glucan in aquaculture.







Lysozyme Activity, Oxidative Burst, and Phagocytosis

Misra et al. (2006) found that rohu fish (Labeo rohita) fed a diet containing 250 mg of β-glucan/kg showed maximum level of immune activities (serum bactericidal activity, lysozyme activity, complement activity, and phagocytic activity) after 42 days of feeding while the indices started increasing from the 28th day of the experiment. Superoxide anion and lymphokine production made a remarkable change in their volume. The magnitude of the activities started to decrease after 42 days, maintaining a peak at a dose of 250 mg of β-glucan kg-1 diet. In another investigation, Pal et al. (2007) reported similar results in rohu (L. rohita) fish. They evidenced that the ingestion of pelleted feed containing the yeast (S. cerevisiae) cell wall preparation (5 g/kg feed) increased the volume of reactive oxidative radicals and nitrogen intermediates (nitrite). Lymphocyte proliferation and phagocytic activity were also enhanced during the experimental feeding. These four parameters reached a peak in treated fish on day 10 and continued until day 20 with a significant difference on day 15 compared to the control group. Paulsen et al. (2001) found that head kidney macrophages of Atlantic salmon (Salmo salar), supplemented with yeast β-glucan, increased extracellular lysozyme production five times higher than control after 6 days of cell incubation. The optimum concentration for linear dose-dependent curve was between 1 and 250 µg/ml. The stimulated cells showed enhanced lysozyme gene (lysozyme mRNA) transcription responsible for escalated lysozyme secretion. Chang et al. (2013) observed that the orange-spotted grouper (Epinephelus coioides) fed mushroom β-glucan at 1 g and 2 g per kg diet had significantly higher lysozyme and complement activities against Vibrio alginolyticus. The activities started to increase from day 6 and continued up to day 30. On the contrary, phagocytic activity started to increase from day 9 and respiratory burst activity started to increase from day 12. In comparison to the control fish, the minimum level of incorporation (0.5 g/kg diet) of β-glucan also brought a significant change in these parameters after feeding for 15 days. El-boshy et al. (2010) observed similar responses in Nile tilapia when fed a diet supplemented with whole yeast (S. cerevisiae, 10 g/kg diet), β-glucan (0.1%), and laminaran (0.1%). β-glucan-treated Nile tilapia showed elevated phagocytic activity, phagocytic index, bactericidal activity, and total lymphocyte count when challenged with Aeromonas hydrophila for 21 days.

Bagni et al. (2000) conducted a similar research to assess the effect of an immunostimulant on sea bass (D. labrax) fed a diet supplemented with β-glucan (2%), ascorbic acid (500 ppm), and α-tocopherol (500 ppm). After 40 weeks of feeding (diets fed at 2% of body weight for 14 days with 3 months interval), the treated fish showed increased lysozyme activity (672 mg/ml) compared to the control group (455 mg/ml). Plasma complement activity was also found to be significantly high (868 ± 157 units/ml) in the treated group. Bagni et al. (2005) also conducted another research on sea bass where the fish were fed with alginic acid (0.5%) and MacroGard (0.1%) for 30 days. The experiment showed elevated serum lysozyme and complement activity, which returned to the control level after 45 days from the start of the trial. Some immune parameters (lysozyme activities and bactericidal activities) of the treated fish were found to be significantly higher at week 4 compared to week 6. In a separate study, Cuesta et al. (2007) injected whole yeast (S. cerevisiae, a single peritoneal injection of 107 cells ml-1) preparation to gilthead seabream (S. aurata) to assess the effect. The study showed increased respiratory burst and cytotoxic activity in peritoneal exudate leukocytes. The competent cells (monocytes and macrophages) started to increase their number after 24-h post-injection and reached the significant level after 48 to 72 h post-injection. A similar experiment was conducted by Cook et al. (2003) on snapper fish (Pagrus auratus) fed a diet containing EcoActiva (β-glucan-based immunostimulant) and showed increased macrophage respiratory burst activity through in vitro superoxide anion production on day 28 at 12°CC. Up to day 84, there was a higher burst activity but with no significant difference compared to the control. Castro et al. (1999) conducted a relevant experiment to assess the in vitro effect of MacroGard and Fibosel on respiratory burst activity of turbot (Psetta maxima) and gilthead seabream (S. aurata) where head kidney phagocytes were pre-incubated with β-glucan for 1, 3, and 6 h. MacroGard and Fibosel induced maximum responses when the cells were pre-incubated for 2 h with β-glucan (50–100 µg ml-1). However, the activity started to decrease with higher β-glucan concentration becoming significantly low at 500 µg ml-1. In contrast, Sealey et al. (2008) found no significant dietary effect on lysozyme and TNF-α mRNA expression when rainbow trout was fed a high amount barley β-glucan and commercial β-glucan (MacroGard, 2 g/kg diet).



Adjuvanted Effect and Antibody Titer

Researchers have proven that β-glucan can be used as a vaccine adjuvant. Siwicki et al. (2004) conducted an investigation on rainbow trout (Oncorhynchus mykiss) fed diets containing β (1/3, 1/6) glucan (MacroGard) at a dose of 0.5% before immunization with anti-Yersinia ruckeri vaccine. The fish produced higher specific antibody secreting cells (ASC) and specific immunoglobulin levels in blood serum compared to control (provided vaccine only). The highest levels of specific antibody titers and highest number of ASCs were observed between 21 and 28 days after immunization (Table 1). Similar research was conducted by Sahoo and Mukherjee (2001) feeding 0.1% β (1/3) glucan to rohu fish (L. rohita). The fish raised some non-specific and specific immunity indices and resistance against Aeromonas hydrophila challenge compared to control fish. A remarkable rise (4.25 times higher than control group) in bacterial agglutination titer was shown by the glucan-fed fish group while the Aflatoxin B1-injected fish group showed a 10 times lower titer than the control group. The titer of the Aflatoxin-treated fish group was restored to the control level when they were supplemented with β (1/3) glucan in their diet. The serum bactericidal activity, the phagocytic ratio, and the leukocyte numbers were also significantly higher in glucan-fed fish. Selvaraj et al. (2005) obtained similar results in common carp (Cyprinus carpio) injected with β-glucan (100, 500, and 1,000 µg/fish). The treated fish showed a significant increase in total leukocyte counts and enhanced the proportion of neutrophils and monocytes. The fish pre-injected with β-glucan showed adjuvanted effect and ensured higher amount of antibody titers against vaccination with Aeromonas hydrophila. On the other hand, Parmar et al. (2012) conducted an experiment to assess the effect of brewer’s yeast on immune response and resistance of giant freshwater prawn, Macrobrachium rosenbergii, to white muscle disease. The prawns supplemented with 1% brewer’s yeast in their diet showed significantly higher (p < 0.05) phenoloxidase activity compared to the control. Significantly higher total hemocyte count (7.81 × 106 cells/ml) was also observed by this group. However, superoxide anion production differed significantly (p < 0.05) among the treatment groups, highest in prawns provided with 2% brewer’s yeast. Dawood et al. (2015) found a significant combined effect on immunity (lysozyme activity, serum bactericidal activity, and complement activity) when red sea bream (Pagrus major) was treated with heat-killed Lactobacillus plantarum (0.025%) and β-glucan (0.1%). Bonaldo et al. (2007) vaccinated sea bass (D. labrax) with Vibrio anguillarum and the medium dose (500 ppm β-glucan) group showed the highest antibody titers at the second week. Sealey et al. (2008) found that rainbow trout fed with a higher amount of barley β-glucan displayed higher antibody titers following vaccination with infectious hematopoietic necrosis virus (IHNV) than the fish fed commercial β-glucan, MacroGard. In contrast, some researchers found no adjuvanted effect of β-glucan parallel to fish vaccination. Welker et al. (2007) did not observe any rise in antibody titers in channel catfish when challenged with Edwardsiella ictaluri for 21 days.



Growth and Survival

Skjermo et al. (2006) conducted an experiment on Atlantic cod (Gadus morhua) fed algal (Chaetoceros mulleri) glucan chrysolaminaran (0.5 g/L rotifer culture), commercial β-glucan (MacroGard), and M-alginate to test the larval response. The stimulants were fed through rotifers and weaning from the supplemented diet was started on day 17 or 18 after hatching. The larvae fed C. mulleri glucan had higher survival and higher body weight at day 30. A similar experiment was also conducted by Misra et al. (2006) on rohu (L. rohita) fish to evaluate the effect of different doses of glucan on immunity, growth, and survival against Aeromonas hydrophila and Edwardsiella tarda. Doses between 250-500 mg β-glucan kg-1 diets showed better specific growth rate and food conversion ratio. Another study was conducted by Piaget et al. (2007) for six days post-hatch larvae of flounder (Paralicthys adspersus) to assess the effect of β-glucan and mannan oligosaccharide (applied first five days of the experiment at 5, 10, & 15 mg L-1 culture water) on larval growth and survival. A histological study of intestinal epithelium suggested that combined effect of β-glucan and mannan oligosaccharide enhanced monocytes expression. The immunostimulants had positive impact on the growth and survival of the larvae when provided with 5 mg L-l culture water. Dawood et al. (2015) tested red sea bream (Pagrus major) treated with heat-killed Lactobacillus plantarum (0.025%) and β-glucan (0.1%). The stimulants had significant combined effects on growth (feed intake, digestibility, growth rate, protein efficiency ratio, and plasma protein level). Kumari and Sahoo (2006) carried out a 30 day long investigation to assess the effect of lactoferrin (100 mg/kg feed), β (1/3) glucan (0.1%), levamisole (50 mg/kg feed) and vitamin C (500 mg/kg feed) on the immune function of Asian catfish (Clarias batrachus) vaccinated with formalin killed A. hydrophila. The study proved the stimulants efficient for inducing immunity against the bacteria and the immunosuppressant (the cyclophosphamide) injected peritoneally at a dose of 200 mg kg-1 body weight. These four substances significantly increased survival rates in both immunosuppressed and healthy vaccinated and non-vaccinated fish compared to their corresponding controls. On the contrary, channel catfish (Ictalurus punctatus) fed yeast subcomponents did not show a significant increase in survival percentage, though 5%–17.5% elevated survival was ensured in treated fish compared to the control ones (Welker et al., 2007). Sealey et al. (2008) conducted an investigation for 9 weeks on rainbow trout (O. mykiss) against three barley genotypes (with different amounts of β-glucan) regarding its growth and disease resistance. The high β-glucan barley diets (52 g/kg, 82 g/kg diet) had no significant effect on growth and feed conversion ratio compared to the lower amount of barley diet (38 g/kg diet) and the control diet (wheat supplemented).



Conclusion and Future Outlook

β-glucan alone and/or coupled with other bioactive compounds (alginic acid, lactoferrin, mannan oligosaccharide, etc.) can be an effective immunostimulant. It may also be effective in improving specific immunity in fish for pursuing adjuvanticity. More than 3,000 papers have reported the effectiveness of β-glucan in improving fish immunity, but the detailed knowledge of the receptors involved in recognizing β-glucans and their downstream signaling mechanism is yet to be clarified in teleosts (Rodrigues et al., 2020). The β-glucans often differ in their activities. From thousands of published papers, it has been evidenced that β-glucans from different sources having similarities in structures, molecular weights, and solution strength can differ remarkably. Even the same β-glucan administering through immersion, dietary inclusion, or supplementary injection can respond in different ways (Chen and Seviour, 2007). For this, it is challenging to make a consensus on β-glucan sources, doses, and duration for an individual fish species.
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(Atractosteus tropicus)

Silver catfish
(Rhamdia quelen)

Giant freshwater prawn
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chrysops x M. saxatilis)

Red drum (Sciaenops
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Marron (Cherax tenuimenus)
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(Anabas testudineus)

Rainbow trout
(Oncorhynchus mykiss)
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(Ctenopharyngodon idella)

Golden mahseer
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(Oncorhynchus mykiss)
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(Oncorhynchus mykiss)

Sea bass

Seabream
Sparus aurata
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punctatus)
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B-1,3/1,6 glucan paramylon
(PML) and Vitamin C (vit. C)
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Gilthead seabream (Sparus
aurata)
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1 mg/fish with
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weight
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1.0%,
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dose of
0.5,2,and 5 mg
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100 pl to each
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1,000 mg kg diet

1 ml at a dose of
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mg/L" water

1g/kg feed
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0.1 g/kg feed
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each fish at 100
pg mit
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100, 250, and 500
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56
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0.5 g/L for 500,000 30
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100, 500, and
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(peritoneal injection)
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mg/kg diet
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1,2,10,and 20 g/
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0.1%
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0.2%

Brewer’s yeast B-glucan (BYG)

Yeast -glucan

(vam

Lyophilized whole yeast
(Saccharomyces cerevisae)

Yeast f-glucan
Lipopolysaccharide

p-1,3 glucan
(MacroGard)

p-1,3 glucan
extracted from
Schizophyllum commune

98

40

44

84
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10

1,2, and 5 g yeast/28

kg diet

1-250 pg/ml
10-250 pg/ml

2%

2 g/kg diet

6

280

40

Increased resistance to Moritella viscosa
and infectious salmon anemia virus.
Improved the protective effect (relative
percentage survival at 60% mortality) of
vaccine against the pathogens.
Significantly improved the fish immune
status.

Improved the level of protection and
decreased mortality rate while challenged
with Aeromonas hydrophila.

No significant effect on weight gain and
disease resistance of fish; increased
macrophage extracellular superoxide
anion at 200 mg/kg diet

Improved growth, intestinal morphology,
stress resistance, and immunity on fish
crowding stress

Chymotrypsin activity increased at dose
1.0% and 1.5%

No adverse effects on other digestive
enzymes.

Higher dose showed significantly higher
complement activity.

Specific resistance against Aeromonas
hydrophila raised.

Lowest dose increased microvilli length
and number of goblet cells.

Higher doses showed negative effects
on gut morphology.

Both doses showed significantly higher
lysozyme activity.

Higher phagocytic and oxidative burst
activity recorded.

No effects on heterotrophic aerobic
intestinal bacteria

No effects on allochthonus lactic acid
bacteria

Increased intestinal microvilli length and
desity

Immune modulation by activating C-type
lectin receptor (CLR), proteins similar to
Dectin-1, production of short-chain fatty
acids (SCFAs), fermentation of B-glucan
by naive bacteria in intestine

Medium doses showed highest
phenoloxidase activity, highest survival
(70%), and hemocyte count (7.8 x 108
cells/ml).

Highest dose produced highest
superoxide anion.

All three doses showed increased cellular
and humoral immunity.

B-glucan-mercuric chloride group
showed enhanced phagocytic and
lymphocytic activity.

Mannan oligosaccharide, 2 g/kg feed
slightly enhanced feed efficiency ratio
(10%) and growth rate (8%).

B-glucan, 1 g/kg feed reduced
significantly the frequency of salmon lice
infestation by 28%.

Synergistic positive effects of PML and
vit C by enhancement of immunologcal
responses

No significant effect on production
performance of fish; increased hemolytic
activity in fish fed 100 and 200 mg/kg
diet

B-glucan (0.1%-0.2%) increased
hemocyte and granular cell counts
Survival and yield improved at 0.1%
B-glucan supplemented diet.

Increased lysozyme and bactericidal
activity.

Raised superoxide anion activity

The highest dose showed least mortality
against Aeromonas hydrophila for 5
days.

Showed less sensitivity of genes involved
in acute inflammatory reactions
Superoxide dismutase activity and
catalase activities of erythrocyte were
higher

Dietary B-glucan (0.5%-1.0%) improved
thermal tolerance, immune responses,
and disease resistance in fish

All three concentrations reduced
Aeromonas hydrophila-induced
mortality.

The highest dose reduced the mortality
and increased the percentage of
myelomonocytic cells.

The highest dose showed better SGR%/
day, FCR, and PER.

Diets supplemented with 1 and 2 g kg
inactive yeast cell increased hemocyte
and granular cell count

The higher doses (except 0.05 mg ml')
increased oxidative burst activity.
B-glucan treated clam’s hemolymph
hindered the growth of bacteria.

No significant dietary effect on growth
and feed conversion ratio.

No significant effect on lysozyme and
TNF mRNA expression.

Showed higher antibody titre against
infectious hematopoietic necrosis virsus
following vaccination.

No effects on growth performance;
increased lysozyme activity, Ig
proportion, immunity, and disease
resistance

The lowest dose increased respiratory
burst activity of head kidney
macrophages

Increased macrophage mononcyte
numbers after 48 h.

Raised acidophilic granulocyte to higher
level after 4 h post injection.

Increased respiratory burst activity
Oxidative radical and nitrite production
raised to peak.

Raised lymphocytes count on day 10.
The lowest dose showed higher survival
and growth.

Promoted monocytes expression in
intestinal epithelium.

No effect on growth performance or
immune function against infection by
Edwardsiella ictaluri.

Survival rate increased to 17.5% more.
Proliferation of leukocytes and antibody
production was higher in glucan
adjuvanted vaccine.

Lactoferin adjuvanted fish did not show
any significant change.

Raised antibody titre against Aeromonas
hydrophila

B-glucan was the most effective followed
by levamisole, lactoferrin and vitamin C.
The medium dose raised leukocyte
count, phagocytic ratio, lysozyme
activity, complement activity, and serum
bactericidal activity.

The medium and highest dose also
resulted in better feed conversion ratio
and specific growth rate.

Increased neutrophil degranulation in
non-stressed fish.

Prevented a decrease in acute stressed
fish.

Returned to non-stressed level in
chronically stressed fish.
Chrysolaminaran and M-alginate showed
higher survival

MacroGard had no significant effect on
larval survival.

Had significant effect on serum
complement activity on day 15.

Lysozyme activity and heat shock protein
concentration in gill and liver raised on
day 30.

Leukocyte, macrophage, and monocyte
counts were higher.

Raised interleukin 1 mRNA and antibody
titer against Aeromonas hydrophila
Had no boost up response against
Streptococcus iniae.

Had no effect on percent mortality

and relative percent survival.

Increased the number of specific
antibody secreting cells and
immunoglobulin titer against Yersinia
ruckeri.

The dose 10 g kg™ had significantly
higher survival.

The highest three doses raised
hemocyte count, superoxide anion, and
phenoloxidase activity.

Increased respiratory burst activity

on day 28 at temperature 12°CC and
continued up to day 84.

Lysozyme activity increased after 4
weeks for fks-1.

Raised respiratory burst activity and
natural cytotoxicity

Showed elevated phenoloxidase activity
during in vitro trial.

The phenoloxidase activity increased
with the purity of B-glucan, yeast YGT >
BYG> BWC.

Had no effect on serum complement
titer.

Phagocytic, oxidative burst,
myeloperoxidase, and natural cytotoxic
activities were enhanced

Showed dose-dependent lysozyme
activity of head-kidney macrophages.
Yeast B-glucan had five times more
increment.

Bacterial lipopolysaccharide had six
times more increment.

Enhanced lysozyme and alternative
complement activity.

Serum protein content or albumin/
globulin ratio did not vary significantly.
Showed higher survival.

Enhanced phagocytic acitivity and
superoxide anion production.
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