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Abstract

In this study, we prepared and characterized tkearggin of nano scalg-glucan (NBG) and
investigated the immunomodulatory properties irnraééh larvae. Newly prepared NBG
(average particle size of 465 nm) was fully solublevater. Zebrafish larvae survival rate was
increased against pathogenic bactBdavardsiella tardawhen NBG was added to the water
(500 pg/mL) compared to NBG non-exposed controlsredver, quantitative real time PCR
(gRT-PCR) results showed up-regulation of immumesfional genes including TNé&- IL-18,
B-defensin, lysozyme, IL 10, IL 12 and C-Rel indiog higher survival rate could be due to
stronger immunomodulatory function of NBG (500 pugjmrhus, non-toxic, water soluble and
biodegradable NBG from oats could be considerddepotential immunostimulant for larval

aquaculture.

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

tarda



52

53

54

55

56

57

58

59

60

Graphical abstract

Sonication,
2z 5 min
° “%
i
‘*’%:?

Immune
stimulation

Challenge with E. 2
tarda at 120 hpf

Enhanced survival rate against
E. tarda challenge

«==4{ 48 hpflarvae

O E tarda bacterium

a 120 hpf larvae with e
enhanced immunity J}@




61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

1. Introduction

Immunomodulators or biological response modifi@&RI{Is) are one of the most promising
prophylactic materials in aquaculture due to theitity of modulating the immune system.
Bricknell and Dalmo [1] strongly emphasized the aripnce of immuno-prophylactic measures
for the production of healthy fish larvae to impeahe overall production of adult fish. Use of
immunomodulators has been increased in aquacutigdo several reasons such as continuous
rapid expansion of aquaculture sector and freqdisetse outbreaks [2}-glucan is one of the
most applied natural imunostimulants in aquacultDiéferent types of-glucans are found in
bacteria, yeast, fungi (mushrooms), algae, anchgidie oats, and barley [3,4], and their
molecular structures varied depending on the soli@meinstance, yeastéccharomyces
cerevisiag p-glucan generally consists pD (1—3) and or (34) linked anhydro D glucose
units as back bone afidD (1—6) linked branches, whereas @aglucan (OBG) consists of
unbranched (linear) polysaccharide with«2) and (:»4) p D glucan [5-7]. Thus, the immune
modulatory properties gf-glucan can be varied based on type and degre@aontiing,

solubility, molecular mass, tertiary structure,ypoér charge and solution conformation [8].
Extensive information have been reported relateaiéammunomodulatory effects pfglucan
derived from yeastS. cerevisiagin aguaculture species (Table 1). However, lichitdormation
is available on application of ogtglucan on different fish larval stages, wheredisease
prevention by vaccination is restricted. Effectiges off-glucan immunomodulation depends
highly on its solubility levels, thus, optglucan has considerable advantage compared tofthat
yeast derive@-glucan, which is not fully soluble in water [1Bfloreover, direct exposure §f

glucan in water would be one of the most cost-éffeavay of administration to the larval stages



83  of fish. Additionally, it was reported that globuland smaller sizB-glucan particles have
84  stronger immune activation and thereby higher diseasistant capacity [16].
85 Nano technology is one of the fastest developielgi$iin biomedical applications. However,
86 its potential to the aquaculture has not fullyipétl yet. Nano based materials have been used in
87 aquaculture as antimicrobial agents [17], and dieltyery [18], for detecting pathogens in the
88  water and water purification systems [19]. Hengeglégradable and nano size materials with
89  stronger immune stimulatory properties would b@waehaddition to aquaculture for improving
90 the fish health by replacing the existing convemigproducts. The objective of this study was to
91 prepare nano scale, water soluble, biodegradatdenantoxic-glucan from oats with intention
92 to use as an effective immunomudulator in fishdhaquaculture. Prepared NBG was
93 characterized based on size, and tested for itsimomodulatory potential by investigating the
94  disease resistant capacity agalstardaand immune functional gene responses in zebrafish
95 larvae.
96
97 2. Materials and methods
98 2.1 Synthesis, characterization and fluorescent la&ting of NBG
99  Commercial oatg-glucan (Food Chem, China) was used to preparBlB@. Briefly, oat-
100 glucan (1 g) was dissolved in 100 mL of distilledter containing 1 % Tween 20, 0.01%
101 Sodium deoxycholate (Sigma, USA) and sonicate® fmin using a probe sonicator (Sonic and
102  Material, USA). Sonicatef-glucan was tested for homogeneity, particle sickzeta potential
103 by Zetasizer S-90 Malvern instrument (Malvern, UKMprphology of NBG was analyzed by
104 field emission scanning electron microscope (S-480chi, Japan). DTAF, 5-(4,6-

105  dichlorotriazinyl aminofluorescein) is consideredaaconvenient and reliable agent for
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fluorescent labeling of amino-enriched polysacatesi[20]. To track and visualize the NBG
intake by zebrafish larvae, NBG was labeled withABTaccording to method described by
Mccann et al., [21]. Briefly, 25 mg of NBG was sasged in 0.1M borate buffer and mixed with
10 mg of DTAF in 0.1M borate buffer (pH 10.8). Timeture was incubated at room
temperature for 16 h under gentle stirring. Aftesubation, unattached DTAF was removed by
washing with distilled water followed by ethanokpipitation. DTAF labeled NBG was
collected by centrifugation (4000 rpm, at@for 30 min). Final product of NBG was freeze

dried until further use.

2.2 Zebrafish larvae culture and NBG exposure

Wild type zebra fish were purchased from a commaésmuarium, Seoul, South Korea. Fish
were maintained in automated water circulated systat 28 +1 °C with 12/12 h light/dark cycle.
The water conductivity was maintained in 5004Dat all times. The fish were daily fed with
artemia(brine shrimp) 3 times per day at 4% body weilot. thein vivotrials, 2 NBG
concentrations (100 and 500 pg/mL) were prepargtd)esnbryo water containing 60 mg/L
aquarium salt. Embryo water was used as the co@rate the zebrafish embryos were received,
approximately 250 embryos at 2 h post fertilizatfbpf) were transferred into separate beakers,
which contained pre prepared NBG concentrationgerAdonfirming the active condition of
embryo using light microscope, 25 healthy embryesavselected and re-transferred in to 90x22
mm petri dishes containing 10 mL of each NBG solutEmbryos were maintained at 25 °C
with 12/12 light/dark cycle and media were renewatly throughout the experiment. All the
treatments were conducted in triplicates. The letdarvae were separated and maintained in

same NBG solutions for another 3 days. For the ggpeession study, 75 larvae (n=75) of each
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NBG exposed group for at least 100 h (continuousie collected at the age of 120 hpf. Then
they were snap frozen in liquid nitrogen and staed0 °C until further usedontrol larvae
(n=75) without NBG exposure were used as contrmligr To confirm the presence and
localization of NBG in zebrafish digestive traciabvae from each treatment groups were
randomly selected at 48 hpf and transferred intéBTabeled NBG of similar concentrations
(100, and 500 pg/mL). At the age of 5 day posilieation (dpf), DTAF labeled NBG treated
zebrafish larvae were observed, and images weea talkder a camera attached fluorescence

microscope (OLYMPUS IX71 DP70, Japan).

2.3 Immune challenge of NBG exposed zebrafish lareaagainstfish pathogenicE. tarda
Immune challenge experiment was conducted to irgastthe immunomodulatory effect of
NBG on disease resistance capacity of zebrafisiaéaNBG exposed and control larvae at 120
hpf were randomly selected for the challenge expeni (n=30) and pathogerkc tarda(KCTC
12267) was used to challenge fish. Briefly, a @ngllony ofE. tardawas grown in brain heart
infusion broth at 25C with shaking at 160 rpm for 16 h. The overnighiture was then re-
inoculated into 20 mL of fresh brain heart infustmoth (1:100 dilutions) and allowed to grow
until ~ 0.6 OQo The, bacterial culture was pelleted by centrifigga(3500 rpm at 4 °C for 10
min) and re-suspended in x1 phosphate bufferedes@fBS). NBG treated and untreated larvae
were immune challenged by expostBgtardaat 5x16 CFU/mL in larval culture plates. The
mortality was recorded at every 6 h intervals teedaine the survival percentage. The

experiment was conducted in 3 replicates for eggdtrnent.

2.4 gRT-PCR analysis of immune genes of zebrafisarvae upon NBG exposure



152  Total RNA was isolated from 40 larvae of NBG trebéed control samples using Trizol reagent
153  (Invitrogen) according to the manufacturer’s praio€oncentration and purity of RNA were
154  determined using a UV-spectrophotometer (BioRadA)JBurified total RNA (2.5 pg) was

155  used to synthesize the first strand cDNA using E8oript™ first-strand cDNA synthesis kit

156  (TaKaRa, Japan) following the manufacturer's irettoms. cDNA samples were diluted 40 x
157  and they were stored at -20 °C for qRT-PCR analyigsconfirm the immunomodulatory effects
158  of NBG, transcriptional regulation of selected immadunctional genes were analyzed by qRT-
159  PCR assay using a Thermal Cycler Dice Real Timée8y$TaKaRa, Japan). The selected genes
160  and specific primers used for this study is ligtethe table 2, and these genes were selected
161 based on previous literature related to gene egjmestudies of zebrafish embryo or larvée.
162  actin gene was selected as an internal control. TheLIt@gction was carried out in triplicates
163  consisting 3 puL of cDNA (1:40 dilution), 5 pL o 2SYBR premix (TaKaRa, Japan), 1 pL of
164  each primer (10 pmol/uL). The thermal reaction wmatided single cycle of 95 °C for 30 sec,
165 followed by 40 cycles of 95 °C for 5 sec, 58 °C 26rsec, and 72 °C for 20 sec. To affirm the
166  melting curve in order to evaluate a specific PC&dpct was amplified, a cycle of 95 °C for 15
167 sec, 60 °C for 30 sec and 95 °C 15 sec was exeatiettl of the reaction. Finally, triplicate Ct
168  values for respective reactions were subjectedwakimethod [22] to calculate the expression
169 fold. Data are expressed as the expression fadivel(normalized) to that gfactin. Fold units
170  were calculated dividing the normalized expressialnes of the treatment by the normalized
171  expression values of the control.
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2.5 Statistical analysis

All the statistical data analysis was performechg<riginPro (OriginLab Corporation 2015)
and one way analysis of variance (ANOVA) followedTukey’s test was conducted for the
mean comparison. The differences were consideatidtatally significant at p <0.05 and data

were presented as mean * standard error of mean.

3. Results and discussion

Present study describes small size, non-toxic aatbve NBG derived from oats that
enhances disease resistance capacity in zebrafiskel against fish pathogertictarda
Activation of innate immune responses via up-regutaof immune genes could be one of the
main roles of NBG, for observed strong diseasestasce in larvae.

Bricknell and Dalmo [1] emphasized that use of imwatimulants as dietary
supplements in fish larval aquaculture could enbdhe protective innate immune defense in
developing fish until their adaptive immune systisrfully functioned. Sasson et al., [23]
pointed out that reduction of particle size intooacale could improve the solubility, mobility
and efficacy of bioactive agents over larger pbaticTherefore, we aimed to develop nano size
B-glucan from oats as an immunomodulatory and dietapplement to be used in larval
aquaculture. To confirm the nano size of the nesylythesized NBG, physio-chemical
characteristics were studied. NBG solution showkxver sedimentation rate with slow rate of
aggregation, and particles remain in suspensiogelocompared to the normf&iglucans of oats
(data not shown). Formation pfglucan nano particles was detected by the peaG@ahm using
UV-vis spectroscopy (Supplementary fig. 1). SEMIgsia showed the morphology of NBG

particles, however, most of the particles had stawels of aggregation (Fig. 1A). Zetasizer
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analysis result displayed the narrow particle sizé&ribution of NBG with average size of
465 nm (Fig. 1 B), and Zeta potential of NBG wa3.62mV. Formation of smaller size
B-glucan particles and lower sedimentation couldileto depolymerization via the
breakage of glyosidic bonds result from zonicasneported in previous studies [24].
Oyaebide et al., [25] have performed an experimatht zebrafish larvae to investigate
the immustimulatory efficacy of polysaccharide, anggested that intake pfglucan by
larvae was high between day 4 and 5 post expostizarescent DTAF labeled NBG
(Fig. 1C) was localized in the gut of zebrafistvéae at day 5 post exposure (120 hpf).
Moreover, higher fluorescence intensity was obsgimentestinal tract at 500 pg/mL
(Fig.1D) than 100 pg/mL (Fig. 1E). Additionally, vebserved that exposure of NBG up
to 5000 pug/mL to 120 hpf larvae for 24 h did notkenany toxic effects to zebrafish
larvae (data not shown).

E. tarda,is a Gram negative bacterium belongs to the faBrilterobacteriaceaand
highly pathogenic to wide range of culture fishtsas carp, tilapia, eel, catfish, mullet, salmon,
trout and olive flounder as well as to the amphbjaeptiles and humans [26-28]. It is essential
to examine the efficacy of immunostimulants agathstrdalike serioudish pathogens to
enhance the disease resistance of fish larvaeefdnier immunomodulatory function of newly
synthesized NBG was investigated based on thewalmadte of immune challenged fish larvae
againstE. tarda NBG exposed zebrafish larvae had significantghber survival rate compared
to control group againg. tardachallenge (Fig. 2). Observed immune stimulant progs of
synthesized NBG correlates with several previoudiss offf-glucans of different origins. For
instance, zebrafish larvae mortality was decreagezhf glucan exposed for 5 days before

Vibrio anguillarumchallenge compared to un-exposed group [25].
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When consider the early life stages of fish, tihet #2-3days of larvae after hatching
basically depends on the innate immune system [@%eneral, the effectiveness of the
immunostimulants highly depends on the target cettesgnizing the immunostimulants as
potential risk molecules followed by triggering tthefense pathways [1]. For further
understanding of the effects of NBG on the innatsunity of fish larvae, we examined the
expression levels of 8 immune functional geneslorafish. Lysozyme [30] arfgtdefensin [31]
are the major antimicrobial components in firselof host defense, whereas TNRnd IL-13
are key pro-inflammatory cytokines [32], mainly guzed by activated macropahges in different
immune activation pathways [33]. Oyarbide et ahved induced mRNA transcriptional
responses of TNE; lysozyme, myeloperoxidase, and transferrin, iating activated innate
immunity after 6 days exposure [piglucan (50-150 pg/mL) in 144 hpf stage of zebhafegsvae,
by conducting similar experiment by exposing thieraésh larvae to conventiongdglucan [25].
Although, B-glucan exposure levels and durations were noepgyfmatch with our
experimental design, qRT-PCR results of the presteity clearly demonstrated the significant
(P<0.05) up-regulation of TNE; (42.2-fold), IL-18 (2.2-fold), IL 10 (72.1- fold), IL 12(193.9-
fold), B-defensin (4.9-fold), lysozyme (50.70-fold) and €HR2.4-Fold) genes at the highest
exposure level of NBG (500 pg/mL), suggesting MBG can activate the innate immune
responses in zebrafish larvae (Fig. 3). Howevds, émenes, namely TNEk{2.9-fold), IL 10
(3.7- fold), IL 12 (5.3- fold) and lysozyme (3.1lip showed up-regulation at 100 pg/mL NBG
exposure and this notable differences in expressiammune genes could be the result of NBG
concentration that used and the particle amowttdispersed in the water. Availability of
dispersed NBG particles could be lower in 100 pgthdn 500 pg/mL, thus the lower

concentration (100 pg/mL) could result in lower iomme modulatory effects. This indicates that
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observed immune enhancing properties could beeatdiesult of NBG, which exhibits ability to
trigger the innate immune system. However, aparhfour observations, previous reports show
inconsistent effects ¢f-glucans on immune modulatory genes especiallyhercytokines (TNF-
a, IL-1B, IL10, and 1L12) suggesting the complexity and shallowness of the current
knowledge related to the immune modulation propsentif3-glucans [30]. In conclusion our
synthesized NBG shows strong disease resistanegitapgainst pathogente. tardaand able

to increase the transcript levels of key genesluaebin immune responses in zebrafish larvae.
Altogether, these findings demonstrate that NBAdbe a promising immunostimulant for the

larval stages of fish, which has potential to usaquaculture industry.
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358 Table 1: Selected studies of yeast and pafsicans as immunomodulators for early stagessof fi

359
Type of g glucan Fish species Administration Immunomodulatory Reference
mode effects
Yeast §. cerevisiae g glucan Turbot Oral/feed Enhancement of survival rate [9]
B -1,3/1,6-glucans (Scophthalmus maximus
Yeast G. cerevisiae p glucan Atlantic cod Oral/feed No significant enhancement in survival
B -1,3/1,6-glucans (Gadus morhup or growth rate [10]
B-(1—3, 1-6)-glucan of marine Atlantic cod Oral/feed Enhancement of survival rate
origin (Chaetoceros muillexi (Gadus morhup Increased growth rate
Yeast S. cerevisiae p glucan Blue-fin porgy Oral/feed Improvement in the growth rate [11]
B -1,3/1,6-glucans (Sparidentex hasja Enhanced lysozyme activity, bacterial
agglutining and haemagglutining
B- glucan of barley origin Climbing per¢Anabas Immersion Enhanced innate immune response and  [12]
testudineups disease resistance agaiAsromonas
hydrophila
Yeast S. cerevisiae p glucan Rainbow trout Oral/feed Enhanced survival rate [13]
B -1,3/1,6-glucans (Oncorhynchus mykiss Reduced feed conversion rate
Enhanced specific growth rate
Yeast S. cerevisiae p glucan Common dentex Oral/feed Enhanced survival rate [14]
B -1,3/1,6-glucans (Dentex dentex
360
361
362
363
364
365
366
367
368
369
370
371
372
373

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

375 used in this study.
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376

377

378

379

380

381

Gene and accession number | Primer name Primer sequence (5'-3")
TNF- o-F AGAAGGAGAGTTGCCTTTACCGCT
TNF-a. (AF025305)
TNF-a-R AACACCCTCCATACACCCGACTTT
IL-1 B-F ACGTCATCATCGCCCTGAACAGAA
IL-1 B (AY427649)
IL-1 B-R TGTAAGACGGCACTGAATCCACCA
IL- 10-F CCCTATGGATGTCACGTCATG
Interleukin-10 (AY887900.1)
IL- 10-R CATATCCCGCTTGAGTTCCTG
. ) IL- 12-F CTCAGGGAAACAGGATTACGG
Interleukin-12 p40 subunit
(AB183002.1)
IL- 12-R GATCTTCCTAAAGCTCCACTGG
. DEFB1- F TGTGCAAGTCTCAGTGGTGTTTGC
B Defensin like 1
(NM_001081553)
DEFB1- R TTTGCCACAGCCTAATGGTCCGAA

Lysosyme (AF402599)

Lysosyme C-F

AAGCAGGTTTAAGACCCACCGAGT

Lysosyme C-R

AAGTCTGAACAGGCCACTTTGCAC

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

C-Rel-R AAACTGGTAGCCCGTTGCTAGTGA

B actin-F AATCTTGCGGTATCCACGAGACCA
B actin (AF025305)

B actin-R TCTCCTTCTGCATCCTGTCAGCAA

Figure legends
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401

Figure 1. Characterization and labeling of NBG (A) FE-SEMame showing the NBG particles
(B) Size distribution by intensity of synthesize8@® showing the average particle size 465 nm
(C) DTAF labeled NBG under fluorescence microscipeMerged image of fluorescence
microscopic and light microscopic images of DTABdied NBG (100 pg/mL) ingested larvae
(E) Merged image of fluorescence microscopic agiIlmicroscopic images of DTAF labeled

NBG (500 pg/mL) ingested larvae.

Figure 2. Average survival percentage (%) of zebrafish lar@gposed to NBG. Zebrafish
embryos are exposed to different NBG concentratfon$00 and 500 pg/mL) and challenged
with E. tarda(CFU 5x16) at 120 hpf. The symbols represent the mean sairvéte of the 3
replicates and the error bars indicate the stanelaad of the means. The data points bearing

different letters were statistically different fgiven time points (p < 0.05).

Figure 3. Transcriptional analysis of selected immune fuoral genes upon continuous NBG
treatment (100 and 500 pg/mL) relative to the adrgroup (untreated) at 120 hpf. The asterisk

mark was used to indicate statistical significacapared to non-treated control (p < 0.05).
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Supplementary Fig 1.

UV spectrum of NBG. The absorption band of the N&@ution (in 0.5 NaOH) was observed at
280 nm, which was ascribed to carbonyl groups.
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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 genesin zebrafish larvae.
> Non-toxic and biodegradable nano size beta glucan from oats would be a better

immunostimulant for larval aguaculture.



