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Abstract 31 

In this study, we prepared and characterized the oats origin of nano scale β-glucan (NBG) and 32 

investigated the immunomodulatory properties in zebrafish larvae. Newly prepared NBG 33 

(average particle size of 465 nm) was fully soluble in water. Zebrafish larvae survival rate was 34 

increased against pathogenic bacteria Edwardsiella tarda, when NBG was added to the water 35 

(500 µg/mL) compared to NBG non-exposed controls. Moreover, quantitative real time PCR 36 

(qRT-PCR) results showed up-regulation of immune functional genes including TNF-α, IL-1β, 37 

β-defensin, lysozyme, IL 10, IL 12  and C-Rel indicating higher survival rate could be due to 38 

stronger immunomodulatory function of NBG (500 µg/mL). Thus, non-toxic, water soluble and 39 

biodegradable NBG from oats could be considered as the potential immunostimulant for larval 40 

aquaculture. 41 

 42 

Keywords: Nano-scale beta glucan (NBG); immunostimulant, bio-degradable; Edwardsiella 43 

tarda 44 
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1. Introduction 61 

Immunomodulators or biological response modifiers (BRMs) are one of the most promising 62 

prophylactic materials in aquaculture due to their ability of modulating the immune system. 63 

Bricknell and Dalmo [1] strongly emphasized the importance of immuno-prophylactic measures 64 

for the production of healthy fish larvae to improve the overall production of adult fish.  Use of 65 

immunomodulators has been increased in aquaculture due to several reasons such as continuous 66 

rapid expansion of aquaculture sector and frequent disease outbreaks [2]. β-glucan is one of the 67 

most applied natural imunostimulants in aquaculture. Different types of β-glucans are found in 68 

bacteria, yeast, fungi (mushrooms), algae, and grains like oats, and barley [3,4], and their 69 

molecular structures varied depending on the source. For instance, yeast (Saccharomyces 70 

cerevisiae) β-glucan generally consists of β D (1→3) and or (1→4) linked anhydro D glucose 71 

units as back bone and β D (1→6) linked branches, whereas oat β-glucan (OBG) consists of 72 

unbranched (linear) polysaccharide with (1→3) and (1→4) β D glucan [5-7]. Thus, the immune 73 

modulatory properties of β-glucan can be varied based on type and degree of branching, 74 

solubility, molecular mass, tertiary structure, polymer charge and solution conformation [8]. 75 

Extensive information have been reported related to the immunomodulatory effects of β-glucan 76 

derived from yeast (S. cerevisiae) in aquaculture species (Table 1). However, limited information 77 

is available on application of oat β-glucan on different fish larval stages, where the disease 78 

prevention by vaccination is restricted. Effectiveness of β-glucan immunomodulation depends 79 

highly on its solubility levels, thus, oat β-glucan has considerable advantage compared to that of 80 

yeast derived β-glucan, which is not fully soluble in water [15]. Moreover, direct exposure of β-81 

glucan in water would be one of the most cost-effective way of administration to the larval stages 82 
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of fish. Additionally, it was reported that globular and smaller size β-glucan particles have 83 

stronger immune activation and thereby higher disease resistant capacity [16].  84 

Nano technology is one of the fastest developing fields in biomedical applications. However, 85 

its potential to the aquaculture has not fully utilized yet. Nano based materials have been used in 86 

aquaculture as antimicrobial agents [17], and drug delivery [18], for detecting pathogens in the 87 

water and water purification systems [19]. Hence, biodegradable and nano size materials with 88 

stronger immune stimulatory properties would be a novel addition to aquaculture for improving 89 

the fish health by replacing the existing conventional products. The objective of this study was to 90 

prepare nano scale, water soluble, biodegradable, and nontoxic β-glucan from oats with intention 91 

to use as an effective immunomudulator in fish larval aquaculture. Prepared NBG was 92 

characterized based on size, and tested for its immunomodulatory potential by investigating the 93 

disease resistant capacity against E. tarda and immune functional gene responses in zebrafish 94 

larvae.  95 

   96 

2. Materials and methods  97 

2.1 Synthesis, characterization and fluorescent labeling of NBG 98 

Commercial oats β-glucan (Food Chem, China) was used to prepare the NBG. Briefly, oats β-99 

glucan (1 g) was dissolved in 100 mL of distilled water containing 1 % Tween 20, 0.01%  100 

Sodium deoxycholate (Sigma, USA) and sonicated for 5 min using a probe sonicator (Sonic and 101 

Material, USA). Sonicated β-glucan was tested for homogeneity, particle size and zeta potential 102 

by Zetasizer S-90 Malvern instrument (Malvern, UK). Morphology of NBG was analyzed by 103 

field emission scanning electron microscope (S-4800, Hitachi, Japan). DTAF, 5-(4,6-104 

dichlorotriazinyl aminofluorescein) is considered as a convenient and reliable agent for 105 
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fluorescent labeling of amino-enriched polysaccharides [20]. To track and visualize the NBG 106 

intake by zebrafish larvae, NBG was labeled with DTAF according to method described by 107 

Mccann et al., [21]. Briefly, 25 mg of NBG was suspended in 0.1M borate buffer and mixed with 108 

10 mg of DTAF in 0.1M borate buffer (pH 10.8). The mixture was incubated at room 109 

temperature for 16 h under gentle stirring. After incubation, unattached DTAF was removed by 110 

washing with distilled water followed by ethanol precipitation. DTAF labeled NBG was 111 

collected by centrifugation (4000 rpm, at 4 oC for 30 min). Final product of NBG was freeze 112 

dried until further use.  113 

 114 

2.2 Zebrafish larvae culture and NBG exposure 115 

Wild type zebra fish were purchased from a commercial aquarium, Seoul, South Korea. Fish 116 

were maintained in automated water circulated systems at 28 ±1 °C with 12/12 h light/dark cycle. 117 

The water conductivity was maintained in 500±50 µS at all times. The fish were daily fed with 118 

artemia (brine shrimp) 3 times per day at 4% body weight. For the in vivo trials, 2 NBG 119 

concentrations (100 and 500 µg/mL) were prepared using embryo water containing 60 mg/L 120 

aquarium salt. Embryo water was used as the control. Once the zebrafish embryos were received, 121 

approximately 250 embryos at 2 h post fertilization (hpf) were transferred into separate beakers, 122 

which contained pre prepared NBG concentrations. After confirming the active condition of 123 

embryo using light microscope, 25 healthy embryos were selected and re-transferred in to 90×22 124 

mm petri dishes containing 10 mL of each NBG solution. Embryos were maintained at 25 °C 125 

with 12/12 light/dark cycle and media were renewed daily throughout the experiment. All the 126 

treatments were conducted in triplicates. The hatched larvae were separated and maintained in 127 

same NBG solutions for another 3 days. For the gene expression study, 75 larvae (n=75) of each 128 
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NBG exposed group for at least 100 h (continuously) were collected at the age of 120 hpf. Then 129 

they were snap frozen in liquid nitrogen and stored at -80 °C until further used. Control larvae 130 

(n=75) without NBG exposure were used as control group. To confirm the presence and 131 

localization of NBG in zebrafish digestive tract, 5 larvae from each treatment groups were 132 

randomly selected at 48 hpf and transferred into DTAF labeled NBG of similar concentrations 133 

(100, and 500 µg/mL). At the age of 5 day post fertilization (dpf), DTAF labeled NBG treated 134 

zebrafish larvae were observed, and images were taken under a camera attached fluorescence 135 

microscope (OLYMPUS IX71 DP70, Japan). 136 

 137 

2.3 Immune challenge of NBG exposed zebrafish larvae against fish pathogenic E. tarda  138 

Immune challenge experiment was conducted to investigate the immunomodulatory effect of 139 

NBG on disease resistance capacity of zebrafish larvae. NBG exposed and control larvae at 120 140 

hpf were randomly selected for the challenge experiment (n=30) and pathogenic E. tarda (KCTC 141 

12267) was used to challenge fish. Briefly, a single colony of E. tarda was grown in brain heart 142 

infusion broth at 25 oC with shaking at 160 rpm for 16 h. The overnight culture was then re-143 

inoculated into 20 mL of fresh brain heart infusion broth (1:100 dilutions) and allowed to grow 144 

until ~ 0.6 OD600. The, bacterial culture was pelleted by centrifugation (3500 rpm at 4 °C for 10 145 

min) and re-suspended in ×1 phosphate buffered saline (PBS). NBG treated and untreated larvae 146 

were immune challenged by exposing E. tarda at 5×108 CFU/mL in larval culture plates. The 147 

mortality was recorded at every 6 h intervals to determine the survival percentage. The 148 

experiment was conducted in 3 replicates for each treatment. 149 

 150 

2.4 qRT-PCR analysis of immune genes of zebrafish larvae upon NBG exposure 151 
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Total RNA was isolated from 40 larvae of NBG treated and control samples using Trizol reagent 152 

(Invitrogen) according to the manufacturer’s protocol. Concentration and purity of RNA were 153 

determined using a UV-spectrophotometer (BioRad, USA). Purified total RNA (2.5 µg) was 154 

used to synthesize the first strand cDNA using PrimeScriptTM first-strand cDNA synthesis kit 155 

(TaKaRa, Japan) following the manufacturer's instructions. cDNA samples were diluted 40 × 156 

and they were stored at -20 °C for qRT-PCR analysis. To confirm the immunomodulatory effects 157 

of NBG, transcriptional regulation of selected immune functional genes were analyzed by qRT-158 

PCR assay using a Thermal Cycler Dice Real Time System (TaKaRa, Japan). The selected genes 159 

and specific primers used for this study is listed in the table 2, and these genes were selected 160 

based on previous literature related to gene expression studies of zebrafish embryo or larvae. β-161 

actin gene was selected as an internal control. The 10 µL reaction was carried out in triplicates 162 

consisting 3 µL of cDNA (1:40 dilution), 5 µL of 2 × SYBR premix (TaKaRa, Japan), 1 µL of 163 

each primer (10 pmol/µL). The thermal reaction was included single cycle of 95 °C for 30 sec, 164 

followed by 40 cycles of 95 °C for 5 sec, 58 °C for 20 sec, and 72 °C for 20 sec. To affirm the 165 

melting curve in order to evaluate a specific PCR product was amplified, a cycle of 95 °C for 15 166 

sec, 60 °C for 30 sec and 95 °C 15 sec was executed at end of the reaction. Finally, triplicate Ct 167 

values for respective reactions were subjected to Livak method [22] to calculate the expression 168 

fold. Data are expressed as the expression fold relative (normalized) to that of β-actin. Fold units 169 

were calculated dividing the normalized expression values of the treatment by the normalized 170 

expression values of the control.  171 

 172 

 173 

 174 
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2.5 Statistical analysis  175 

All the statistical data analysis was performed using OriginPro (OriginLab Corporation 2015) 176 

and one way analysis of variance (ANOVA) followed by Tukey’s test was conducted for the 177 

mean comparison. The differences were considered statistically significant at p <0.05 and data 178 

were presented as mean ± standard error of mean.  179 

 180 

3. Results and discussion 181 

Present study describes small size, non-toxic and bioactive NBG derived from oats that 182 

enhances disease resistance capacity in zebrafish larvae against fish pathogenic E. tarda. 183 

Activation of innate immune responses via up-regulation of immune genes could be one of the 184 

main roles of NBG, for observed strong disease resistance in larvae.  185 

Bricknell and Dalmo [1] emphasized that use of immunostimulants as dietary 186 

supplements in fish larval aquaculture could enhance the protective innate immune defense in 187 

developing fish until their adaptive immune system is fully functioned. Sasson et al., [23] 188 

pointed out that reduction of particle size into nano-scale could improve the solubility, mobility 189 

and efficacy of bioactive agents over larger particles. Therefore, we aimed to develop nano size 190 

β-glucan from oats as an immunomodulatory and dietary supplement to be used in larval 191 

aquaculture. To confirm the nano size of the newly synthesized NBG, physio-chemical 192 

characteristics were studied. NBG solution showed a lower sedimentation rate with slow rate of 193 

aggregation, and particles remain in suspension longer compared to the normal β-glucans of oats 194 

(data not shown). Formation of β-glucan nano particles was detected by the peak at 260 nm using 195 

UV-vis spectroscopy (Supplementary fig. 1). SEM analysis showed the morphology of NBG 196 

particles, however, most of the particles had some levels of aggregation (Fig. 1A). Zetasizer 197 
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analysis result displayed the narrow particle size distribution of NBG with average size of 198 

465 nm (Fig. 1 B), and Zeta potential of NBG was -23.6 mV. Formation of smaller size 199 

β-glucan particles and lower sedimentation could be due to depolymerization via the 200 

breakage of glyosidic bonds result from zonication as reported in previous studies [24]. 201 

Oyaebide et al., [25] have performed an experiment with zebrafish larvae to investigate 202 

the immustimulatory efficacy of polysaccharide, and suggested that intake of β-glucan by 203 

larvae was high between day 4 and 5 post exposure.  Fluorescent DTAF labeled NBG 204 

(Fig. 1C) was localized in the gut of zebrafish larvae at day 5 post exposure (120 hpf).  205 

Moreover, higher fluorescence intensity was observed in intestinal tract at 500 µg/mL 206 

(Fig.1D) than 100 µg/mL (Fig. 1E). Additionally, we observed that exposure of NBG up 207 

to 5000 µg/mL to 120 hpf larvae for 24 h did not make any toxic effects to zebrafish 208 

larvae (data not shown).    209 

E. tarda, is a Gram negative bacterium belongs to the family Enterobacteriaceae and  210 

highly pathogenic to wide range of culture fish such as carp, tilapia, eel, catfish, mullet, salmon, 211 

trout and olive flounder as well as to the amphibians, reptiles and humans [26-28]. It is essential 212 

to examine the efficacy of immunostimulants against E. tarda like serious fish pathogens to 213 

enhance the disease resistance of fish larvae. Therefore, immunomodulatory function of newly 214 

synthesized NBG was investigated based on the survival rate of immune challenged fish larvae 215 

against E. tarda. NBG exposed zebrafish larvae had significantly higher survival rate compared 216 

to control group against E. tarda challenge (Fig. 2). Observed immune stimulant properties of 217 

synthesized NBG correlates with several previous studies of β-glucans of different origins. For 218 

instance, zebrafish larvae mortality was decreased when β glucan exposed for 5 days before 219 

Vibrio anguillarum challenge compared to un-exposed group [25].  220 
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When consider the early life stages of fish, the first 2-3days of larvae after hatching 221 

basically depends on the innate immune system [29]. In general, the effectiveness of the 222 

immunostimulants highly depends on the target cells recognizing the immunostimulants as 223 

potential risk molecules followed by triggering the defense pathways [1]. For further 224 

understanding of the effects of NBG on the innate immunity of fish larvae, we examined the 225 

expression levels of 8 immune functional genes in zebrafish. Lysozyme [30] and β-defensin [31] 226 

are the major antimicrobial components in first line of host defense, whereas TNF-α and IL-1β 227 

are key pro-inflammatory cytokines [32], mainly produced by activated macropahges in different 228 

immune activation pathways [33]. Oyarbide et al, showed induced mRNA transcriptional 229 

responses of TNF-α, lysozyme, myeloperoxidase, and transferrin, indicating activated innate 230 

immunity after 6 days exposure of β-glucan (50-150 µg/mL) in 144 hpf stage of zebrafish larvae, 231 

by conducting similar experiment by exposing the zebrafish larvae to conventional β-glucan [25]. 232 

Although, β-glucan exposure levels and durations were not perfectly match with our 233 

experimental design, qRT-PCR results of the present study clearly demonstrated the significant 234 

(P<0.05) up-regulation of TNF-α, (42.2-fold), IL-1β (2.2-fold), IL 10 (72.1- fold), IL 12(193.9- 235 

fold), β-defensin (4.9-fold), lysozyme (50.70-fold) and C-Rel (2.4-Fold) genes at the highest 236 

exposure level of NBG (500 µg/mL), suggesting that NBG can activate the innate immune 237 

responses in zebrafish larvae (Fig. 3). However, only 4 genes, namely TNF-α (2.9-fold), IL 10 238 

(3.7- fold), IL 12 (5.3- fold) and lysozyme (3.1-fold) showed up-regulation at 100 µg/mL NBG 239 

exposure and this notable differences in expression of immune genes could be the result of NBG 240 

concentration that  used and the particle amount that dispersed in the water. Availability of 241 

dispersed NBG particles could be lower in 100 µg/mL than 500 µg/mL, thus the lower 242 

concentration (100 µg/mL) could result in lower immune modulatory effects. This indicates that 243 
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observed immune enhancing properties could be a direct result of NBG, which exhibits ability to 244 

trigger the innate immune system. However, apart from our observations, previous reports show 245 

inconsistent effects of β-glucans on immune modulatory genes especially on the cytokines (TNF-246 

α, IL-1β, IL10, and IL12) suggesting the complexity and the shallowness of the current 247 

knowledge related to the immune modulation properties of β-glucans [30].  In conclusion our 248 

synthesized NBG shows strong disease resistance capacity against pathogenic E. tarda and able 249 

to increase the transcript levels of key genes involved in immune responses in zebrafish larvae. 250 

Altogether, these findings demonstrate that NBG could be a promising immunostimulant for the 251 

larval stages of fish, which has potential to use in aquaculture industry.  252 
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Table 1:  Selected studies of yeast and oats β-glucans as immunomodulators for early stages of fish. 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

Table 2. Description of the selected immune functional genes of zebrafish and specific primers 374 

used in this study. 375 

Type of  β glucan Fish species Administration  
mode 

Immunomodulatory  
effects 

Reference 

Yeast (S. cerevisiae)  β glucan 
β -1,3/1,6-glucans 

Turbot 
(Scophthalmus maximus) 

Oral/feed Enhancement of survival rate [9] 

Yeast (S. cerevisiae)  β glucan 
β -1,3/1,6-glucans 

Atlantic cod  
(Gadus morhua) 
 

Oral/feed No significant enhancement in survival 
or growth rate 

 
[10] 

β-(1→3, 1→6)-glucan of marine 
origin (Chaetoceros mülleri) 

Atlantic cod  
(Gadus morhua) 
 

Oral/feed Enhancement of survival rate  
Increased growth rate 

Yeast (S. cerevisiae)  β glucan 
β -1,3/1,6-glucans 

Blue-fin porgy 
(Sparidentex hasta) 

Oral/feed Improvement in the growth rate 
Enhanced lysozyme activity, bacterial 
agglutining and haemagglutining 
 

[11] 

β- glucan of barley origin Climbing perch (Anabas 
testudineus) 

Immersion Enhanced innate immune response and 
disease resistance against Aeromonas 
hydrophila 

[12] 

Yeast (S. cerevisiae)  β glucan 
β -1,3/1,6-glucans 

Rainbow trout 
(Oncorhynchus mykiss) 

Oral/feed Enhanced survival rate 
Reduced feed conversion rate 
Enhanced specific growth rate  
 

[13] 

Yeast (S. cerevisiae)  β glucan 
β -1,3/1,6-glucans 

Common dentex 
 (Dentex dentex) 

Oral/feed Enhanced survival rate [14] 
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Gene and accession number  Primer name Primer sequence (5'-3') 

TNF-α (AF025305) 
TNF- α-F AGAAGGAGAGTTGCCTTTACCGCT 

TNF- α-R AACACCCTCCATACACCCGACTTT 

IL-1 β (AY427649) 
IL-1 β-F ACGTCATCATCGCCCTGAACAGAA 

IL-1 β-R TGTAAGACGGCACTGAATCCACCA 

Interleukin-10 (AY887900.1) 
IL- 10-F CCCTATGGATGTCACGTCATG 

IL- 10-R CATATCCCGCTTGAGTTCCTG 

Interleukin-12 p40 subunit 
(AB183002.1)  

IL- 12-F CTCAGGGAAACAGGATTACGG 

IL- 12-R GATCTTCCTAAAGCTCCACTGG 

β Defensin like 1 
(NM_001081553) 

DEFB1- F TGTGCAAGTCTCAGTGGTGTTTGC 

DEFB1- R TTTGCCACAGCCTAATGGTCCGAA 

Lysosyme (AF402599) 
Lysosyme C-F AAGCAGGTTTAAGACCCACCGAGT 

Lysosyme C-R AAGTCTGAACAGGCCACTTTGCAC 

C-Rel (AY163837) 
C-Rel-F ACTACAGCTCCCAACAGCCTCAAA 

C-Rel-R AAACTGGTAGCCCGTTGCTAGTGA 

β actin (AF025305) 
β actin-F AATCTTGCGGTATCCACGAGACCA 

β actin-R TCTCCTTCTGCATCCTGTCAGCAA 

 376 

 377 

 378 

 379 

 380 

Figure legends  381 
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Figure 1. Characterization and labeling of NBG (A) FE-SEM image showing the NBG particles 382 

(B) Size distribution by intensity of synthesized NBG showing the average particle size 465 nm 383 

(C) DTAF labeled NBG under fluorescence microscope (D) Merged image of fluorescence 384 

microscopic and light microscopic images of DTAF labeled NBG (100 µg/mL) ingested larvae 385 

(E) Merged image of fluorescence microscopic and light microscopic images of DTAF labeled 386 

NBG (500 µg/mL) ingested larvae. 387 

 388 

Figure 2. Average survival percentage (%) of zebrafish larvae exposed to NBG. Zebrafish 389 

embryos are exposed to different NBG concentrations (0, 100 and 500 µg/mL) and challenged 390 

with E. tarda (CFU 5x108) at 120 hpf. The symbols represent the mean survival rate of the 3 391 

replicates and the error bars indicate the standard error of the means. The data points bearing 392 

different letters were statistically different for given time points (p < 0.05). 393 

 394 

Figure 3. Transcriptional analysis of selected immune functional genes upon continuous NBG 395 

treatment (100 and 500 µg/mL) relative to the control group (untreated) at 120 hpf. The asterisk 396 

mark was used to indicate statistical significance compared to non-treated control (p < 0.05). 397 

 398 

 399 

 400 

 401 
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 402 

Fig. 1.  403 
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 411 

Fig. 2. 412 

 413 
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 416 

Fig. 3. 417 
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 423 

Supplementary Fig 1.  424 

UV spectrum of NBG. The absorption band of the NBG solution (in 0.5 NaOH) was observed at 425 

280 nm, which was ascribed to carbonyl groups. 426 

 427 

 428 

 429 
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Highlights 

> Nano size beta glucan of oats origin can enhance the diseases resistance in zebrafish 

larvae. 

>Nano size beta glucan up-regulates the immune functional genes in zebrafish larvae.  

> Non-toxic and biodegradable nano size beta glucan from oats would be a better 

immunostimulant for larval aquaculture. 

 

 


