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ABSTRACT

In this study, we demonstrate the enhanced disease resistance and positive immunomodulation of novel pectin
isolated from Spirulina maxima (SmP) in zebrafish model. Zebrafish larvae exposed to SmP had significantly
(p < 0.05) higher cumulative percent survival (CPS) at 25 (44.0%) and 50 pg/mL (67.0%) against Edwardsiella
piscicida compared to the control. However, upon Aeromonas hydrophila challenge, SmP exposed larvae at 50 pug/
mL had slightly higher CPS (33.3%) compared to control group (26.7%). SmP supplemented zebrafish exhibited
the higher CPS against E. piscicida (93.3%) and A. hydrophila (60.0%) during the early stage of post-infection
(< 18 hpi). qQRT-PCR results demonstrated that exposing (larvae) and feeding (adults) of SmP, drive the mod-
ulation of a wide array of immune response genes. In SmP exposed larvae, up-regulation of the antimicrobial
enzyme (lyz: 3.5-fold), mucin (muc5.1: 2.84, muc5.2: 2.11 and muc5.3: 2.40-fold), pro-inflammatory cytokines
(il1pB: 1.79-fold) and anti-oxidants (cat: 2.87 and sod1: 1.82-fold) were identified. In SmP fed adult zebrafish (gut)
showed > 2-fold induced pro-inflammatory cytokine (il1) and chemokines (cxcl18b, ccl34a.4 and ccl34b.4).
Overall results confirmed the positive modulation of innate immune responses in larval stage and it could be the
main reason for developing disease resistance against E. piscicida and A. hydrophila. Thus, non-toxic, natural and
biodegradable SmP could be considered as the potential immunomodulatory agent for sustainable aquaculture.

1. Introduction

immunomodulatory agents is promising prophylactic approach to im-
prove the host immune defense against pathogenic agents [6].

Edwardsiella piscicida [1] and Aeromonas hydrophila [2] are re-
sponsible for causing serious fish diseases “Edwardsiellosis” and “Motile
Aeromonad Septicemia”, respectively. The use of antibiotics and anti-
septic agents are the major disease control strategies being applied in
aquaculture. However, the use of antibiotics and antiseptic agents cause
serious negative impacts such as residual effect, toxicity and develop-
ment of multidrug resistant bacteria [3,4]. Moreover, higher mortality
and slow growth rate during early larval stages are considered as a
major challenge in aquaculture. This is mainly due to incomplete host
defense system in early larval stages to compete with pathogens [5].
Therefore, the use of biodegradable and relatively non-toxic

Pectin is one of the major components of the cell wall of terrestrial
plants and it has a complex macromolecule structure [7]. Pectin iso-
lated from different sources such as citrus, apple pomace has shown
diverse biological functions including prebiotic effect [8], chemo pre-
ventive role in colon cancer [9], control of blood cholesterol [10], and
immunomodulatory responses [11]. Structurally, pectin consists of
various fragments of linear and ramified regions [11]. The linear region
(backbone of pectin) consists of a-1, 4-D-galacturonan units and the
ramified region is represented by different hetero-polysaccharides. The
relationship between pectin and immunomodulatory activity has been
described under different factors such as extraction technique,
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polysaccharide structure and degree of branching [11,12]. Therefore,
identification of pectin from different sources would be able to in-
troduce new pectin types with diversified biological functions.

Spirulina is a blue-green microalga (Cyanobacteria) belongs to fa-
mily Oscillatoriaceae [13]. Gumbo and Nesamvuni [14] have described
the nutritional composition of Spirulina with the presence of bioactive
compounds such as essential amino acids, proteins, fatty acids, minerals
and antioxidants. Also, therapeutic uses of Spirulina have been reported
under antiviral [15], antibacterial, antifungal [16], antioxidant [17],
anti-inflammatory and immune modulatory functions [13] in vitro and
in vivo. The number of studies have been reported on food and medical
benefits of S. platensis and S. maxima [18]. However, relatively few
studies have been documented on the health benefits of S. maxima or its
bioactive agents, which can be applied in the field of aquaculture. Thus,
we isolated and characterized low methoxyl pectin from S. maxima and
it was denoted as SmP. Based on our preliminary data and previous
studies on pectin (extracted from citrus and apple), we hypothesized
that SmP can activate immune responses and develop disease resistance
in fish.

The aim of the present study was to determine the effect of the
immunomodulatory role of pectin extracted from S. maxima against two
fish pathogenic bacteria, E. piscicida and A. hydrophila in zebrafish
(Danio rerio) model. Thus, pectin exposed (water immersion) larvae and
pectin supplemented adult zebrafish (oral administration) were tested
for immune protection with E. piscicida and A. hydrophila. Additionally,
the antioxidant capacity of SmP was evaluated in larvae under E. pis-
cicida challenge. Moreover, transcriptional analysis of immune response
genes was conducted in SmP exposed larvae and SmP supplemented
adult fish.

2. Materials and methods
2.1. Preparation and characterization of SmP

S. maxima based SmP was provided by Jeju Marine Research
Institute, Korea Institute of Ocean Science and Technology (KIOST),
Jeju Special Self-Governing Province 63349, Republic of Korea. Briefly,
SmP (100 mg) was dissolved in deionized water (100 mL) and physi-
cochemical characters such as particle size, zeta potential, morphology,
and toxicity were analyzed. Particle size and zeta potential of SmP were
measured by Zetasizer® Nano-ZS (Malvern instruments, Malvern, UK).
The morphology of SmP was determined by field emission scanning
electron microscopy (FE-SEM) (S-4800, Hitachi, Japan).

2.2. Zebrafish husbandry and exposure of SmP to embryo

Wild-type (AB) adult zebrafish were maintained in an automated
water circulation system under 14h light: 10h dark photoperiod at
28 °C. After mating fish (~4 months old), embryos at 1h post fertili-
zation (1 hpf) stage were collected and rinsed with embryonic water.
Viability of newly fertilized embryos was checked under the stereo
microscope (Nikon, SMZ1000, Japan), prior to use for the experiments.
First, embryos at 1-2 hpf stage were exposed to different concentrations
of SmP (0-500 pg/mL) for 96 h to determine the toxicity level. After the
determination of the non-toxic concentrations, embryos were exposed
at 25 and 50 pg/mL of SmP to find out the effects of SmP on hatching
process, disease resistance, detoxification of reactive oxygen species
(ROS) and immunomodulation. Briefly, SmP exposure trial was con-
sisted with three groups 1) control (0 SmP), 2) 25 and 3) 50 pg/mL of
SmP exposed larvae. For testing the hatching effect of SmP, an ex-
periment was conducted with 3 groups consisted of triplicates (10
embryos/replicate) in 6 well plates using 10 mL of embryo water. For
the respective treatment groups, sterilized SmP (1 mg/mL stock solu-
tion) was added until final concentrations become 25 and 50 pg/mL.
The control group was maintained in embryo water (10 mL). All the
treatments and control embryos were incubated at 28 °C. The effects of
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SmP on embryos hatching were compared with the control group and
the hatchability percentage (%) was determined at 48, 55 and 60 hpf.
For analyzing the expression of immune response genes in larvae, SmP
exposed (25 and 50 pg/mL) and control larvae were maintained in 3
groups as described above. To minimize the effect of early hatching on
gene expression analysis, hatched larvae in control and SmP treated
groups were selected separately at 55 to 60 hpf. At the 5 days (~120
hpf), total of 120 larvae from each group were collected in 3 replicates
(40 larvae/replicate), snap frozen in liquid nitrogen and stored at
—80 °C until RNA isolation. All experiments with zebrafish were con-
ducted in accordance with the approved guidelines and regulations of
the Animal Ethics Committee of Chungnam National University (CNU-
00866).

2.3. Preparation of SmP supplemented diet, feeding and growth
performance of zebrafish

To investigate the disease resistance and immunomodulatory effects
of SmP in adult zebrafish, SmP supplemented diet (SmP 4%) was pre-
pared using commercial feed. SmP supplemented diet was prepared by
extruding after mixing of SmP (4%) with commercial feed (Dry basis).
Control feed was prepared using commercial feed (100%) and both
final products were oven dried (50 °C) for 12 h. The feeding trial was
consisted with two groups, 1) control (commercial fish feed) and 2)
SmP supplemented diet. Briefly, zebrafish (n = 140; mean weight
255 mg) were divided into four 20 L tanks to maintain two replicates
per group. Prior to feeding trial, fish were acclimatized for one week.
The prepared SmP supplemented and control diets were fed 3 times at
4% of body weight daily for 6 weeks. The daily feed intake was cal-
culated based on the average body weight (4% of body weight) of each
group. After 6 weeks of the feeding trial, the growth performance was
calculated according to the following formulas: weight gain = W2 (g)-
W1 (g); Specific growth rate (SGR) = 100 (InW2-lnW1)/t, feed con-
version ratio (FCR) = feed fed (g)/weight gain (g); where W1 is the
initial weight, W2 is the final weight, and t is time duration of feeding
trial. After feeding was terminated, 9 fish from each group (3 re-
plicates/group) were randomly taken, and gut tissue was aseptically
isolated. Collected gut tissues were snap frozen in liquid nitrogen, and
then stored at —80 °C until RNA isolation. Remained fish (at 6 week)
were used to challenge with E. piscicida and A. hydrophila.

2.4. Immune challenge of larvae and adult zebrafish against E. piscicida
and A. hydrophila

2.4.1. Preparation of E. piscicida and A. hydrophila

Lab strains of E. piscicida and A. hydrophila were seeded onto Brain
Heart Infusion (BHI) and Tryptic Soy Agar (TSA) plates, respectively,
and plates were incubated overnight at 25 °C. A single colony from each
plate was inoculated in to respective broth (4 mL) and incubated in
shaker (180rpm) at 25°C for overnight. Then exponentially grown
cultures were centrifuged at 3500 rpm at 4 °C for 10 min and bacterial
pellets were harvested, washed twice with ice cold Phosphate Buffer
Saline (PBS).

2.4.2. Exposure and intraperitonial (i.p.) injection of bacteria

To investigate the effect of SmP on disease resistance capacity,
larvae were exposed to SmP for 5 days and adult zebrafish were fed
with SmP supplemented diet for 6 weeks followed by bacteria challenge
of E. piscicida and A. hydrophila. Briefly, the experiment was conducted
using SmP exposed (25 and 50pg/mL) and control larvae which
maintained until 120 hpf (as described in 2.2). The control group was
maintained under the same condition without SmP exposure. Prior to
the bacteria challenge (120 hpf stage), all SmP exposed and control
larvae were kept under heat stress (at 34 °C for 2 h) for facilitating the
infection process. In larvae bacteria challenge, E. piscicida
(5 X 10’ CFU/mL) and A. hydrophila (3.3 x 107 CFU/mL) were
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introduced into larvae culturing plates separately. The bacteria chal-
lenge of adult zebrafish was performed by intraperitoneal (i.p.) injec-
tion (20 uL) of E. piscicida (3.6 x 10° cells/fish) and of A. hydrophila
(1.56 x 10° cells/fish). After the challenge, larvae and fish were
maintained at 28 °C and mortality was recorded to determine the cu-
mulative percentage survival (CPS).

2.4.3. Determination of ROS level in larvae with SmP exposure and bacteria
challenge

To determine the effect of SmP on ROS production under bacteria
challenge, larvae were stained using fluorescent dye, 2’7’dichloro-di-
hydro-fluorescein diacetate (H,DCFDA) as described by Lackmann
et al., [19]. Larvae were exposed to SmP as described previously (2.2)
and then challenged with E. piscicida (2.4.2). Three groups of larvae
were prepared namely, control (E. piscicida challenge without SmP
exposure), SmP pre-exposed at 25 and 50 ug/mL with E. piscicida
challenge. At 36 h post infection (hpi), nine larvae were selected from
control and each treatment groups to quantify the ROS levels. H,O5
(5mM) exposed larvae were used as a positive control. ROS detector,
H,DCFDA (Sigma-Aldrich) stock solution (1 mg/mL) was prepared
using dimethyl sulfoxide (DMSO), and larvae were exposed to
H,DCFDA (5pg/mL) for 30 min in dark at 28 °C. Excess dye was re-
moved following the 3-4 times of washing steps. Images of the in-
tracellular ROS levels were monitored by microscopy (Nikon SMZ1000,
Japan) equipped with fluorescence filter (HIGHTSEA, USA). Quantita-
tive ROS was analyzed by Image J software (Image J, version 1.6, USA).

2.5. RNA isolation, cDNA synthesis and qRT-PCR analysis

The total RNA was isolated from 40 larvae per replicate (3 replicates/
group) and gut tissue (pool of 3 gut tissues/replicate) using TRIzol®
(Invitrogen, CA) according to the manufacturer's instructions. The RNA
concentration was quantified using NanoDrop One (Thermo Scientific,
USA). The first strand cDNA was synthesized using 2.5 pg of total RNA by
Prime Script™ first-strand cDNA synthesis kit (TaKaRa®, Japan) according
to manufactures protocol. cDNA samples were diluted 40x, and stored at
—20°C. In order to analyze the mRNA expression, specific primers were
designed based on the selected immune response genes as shown in
Table 1. Briefly, it includes toll-like receptors (tr2, tir4b and tir5b), tran-
scriptional factor (c-rel), pro and anti-inflammatory (il1f, tnfa, il6 and
il10), chemokines (cxcl8a, cxcl18b, ccl34a.4 and ccl34b.4), anti-microbial
(byz, muc2.1, muc5.1, muc5.2 and muc5.3), heat shock protein (hsp70) and
antioxidant enzymes (cat and sod1). The qRT-PCR was performed using
Thermal Cycler Dice Real Time System (TaKaRa, Japan) and the reaction
mixture was contained 3 pL ¢cDNA template, 1 uL (10 uM) of each gene
specific primer and 5pL. THUNDERBIRD® SYBR® qPCR mix (Toyobo,
Japan). The relative mRNA expression level was determined by 2744%
method [20] and zebrafish (3-actin was used as a house keeping gene. Fold
change was calculated by dividing the average relative expression (fold) of
SmP treatment by that of the respective control.

2.6. Statistical analysis

All the statistical data analysis was performed using GraphPad
Prism software version 5 (GraphPad Software Inc. USA) and one-way
analysis of variance (ANOVA). Tukey's test was applied for the mean
comparison. The differences were considered as significant atp < 0.05
and data were presented as mean *+ SD for triplicate.

3. Results
3.1. Physicochemical properties and toxicity of SmP
Physicochemical characterization and toxicity of SmP were eval-

uated to ensure the properties of the tested sample. SmP was moder-
ately soluble in water (1 mg/mL) and showed a slightly basic pH (8.2).
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Average particle size and zeta potential were determined as 202 nm and
—29.2mV, respectively (data not shown). SEM analysis results con-
firmed that SmP particles were aggregated with irregular shapes
(Fig. 1A). Toxicity of SmP was examined only at higher exposure con-
centrations (=400 ug/mL) in larvae and its LDs, was determined as
330 ug/mL (Fig. 1B).

3.2. SmP exposure induced the hatching of embryos

We examined the effect of SmP exposure on the hatching process of
zebrafish embryos at lower concentrations (25 and 50 ug/mL) at dif-
ferent time intervals (48, 55 and 60 hpf). SmP exposed embryos hat-
ched early compared to control embryos (Fig. 2). Hatching % was
significantly higher (p < 0.05) in 25 (20%) and 50 pg/mL (36%) of
SmP exposed larvae at 48 hpf than control group (7%). With the time
hatching % was increased significantly (p < 0.05) in both SmP ex-
posed 25 (62%) and 50 pg/mL (76%) compared to control (28%) at 55
hpf. The hatchability % was its maximum (~100%) at 60 hpf for all the
groups and hatched larvae had no visual toxicity or deformities.

3.3. SmP exposed larvae displayed greater disease resistance and low ROS
levels under bacteria challenge

Upon E. piscicida challenge, at 96 hpi, SmP exposed larvae had
significantly (p < 0.05) higher CPS of 44 (25 ug/mL) and 67% (50 ug/
mL) compared to control (0%) group (Fig. 3A). However, after A. hy-
drophila challenge, CPS was 26.67, 26.67 and 33.33% in control, SmP at
25pug/mL and 50 pg/mlL, respectively. The CPS values were slightly
higher in SmP exposed larvae, but not significantly (p > 0.05) different
among groups (Fig. 3B). High levels of ROS can increase the cellular
redox state towards the oxidative stress followed by oxidation of mo-
lecules such as lipids, DNA, proteins, and as a result, oxidative stress
generates cell death, pathological and disease conditions. To investigate
whether SmP could reduce the oxidative stress under bacteria (E. pis-
cicida) exposure, the level of ROS was measured in larvae. As expected,
the highest ROS level (215%) was observed in H,O, treated larvae
(positive control) compared to the control group (100%) with no SmP
exposure. Interestingly, ROS level was gradually decreased in con-
centration dependent manner in SmP exposed larvae with 79 (25 pg/
mL) and 67% (50 pg/mL) (Fig. 4). Overall results confirmed that SmP
can reduce the oxidative stress caused by E. piscicida, and thereby it
increases CPS in SmP exposed larvae.

3.4. Growth performances and disease resistance of SmP supplemented
zebrafish

Growth performances of adult zebrafish after six weeks of SmP
supplementation were summarized (S. Table 1). SmP (4%) supple-
mented adult zebrafish exhibited slightly reduced body weight than the
control group, however it was not statistically significant (p < 0.05).
Additionally, FCR was increased in SmP fed adults due to lower weight
gain compared to control fish. Moreover, SGR (Sup. Table 1) was not
changed considerably. Adult zebrafish were challenged with E. piscicida
and A. hydrophila after oral administration of SmP for six weeks to find
out the effects of SmP on disease resistance as an immunomodulatory
agent. Under E. piscicida challenge, a slightly high CPS survival rate was
observed during 0-24 hpi in the SmP fed group than the control group
(Fig. 5A). On the other hand, A. hydrophila challenged zebrafish showed
slightly high CPS throughout the examined period (Fig. 5B). Moreover,
there was no significant difference (p > 0.05) of CPS between the E.
piscicida and A. hydrophila challenge.

3.5. Immune responses of larvae and adults upon SmP administration

To understand the immune activation of larvae and adults by ex-
posure and feeding of SmP, twenty genes were selected under different
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Table 1

Description of primers used in this study.
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Gene Accession number Primer name Primer sequence (5’-3")
Toll like receptor 2 (tr2) NM_212812.1 tlr-2-F TCTCCGTCTTGGTTTCAC
tlr-2-R GGTCCCACAGTTGAGTATG
Toll like receptor 4 (tlr4b) AY388400.1 tlr-4-F GGAATAATGGGCAGCCGTAAG
tir-4-R AGCGACACCAACTATCAATG
Toll like receptor 5 (tlr5b) BC163185.1 tlr-5-F GAAACATTCACCCTGGCACA
tlr-5-R CTACAACCAGCACCACCAGAATG
c-rel AY163837 c-rel-F ACTACAGCTCCCAACAGCCTCAAA
c-rel-R AAACTGGTAGCCCGTTGCTAGTGA
Interleukin-1f (il18) AY340959.1 il-1B-F TCAAACCCCAATCCACAGAG
il-1B-R TCACTTCACGCTCTTGGATG
Tumor necrosis factor- a (tnfa) AY427649 tnf- a-F AGAAGGAGAGTTGCCTTTACCGCT
tnf- a-R AACACCCTCCATACACCCGACTTT
Interleukin-6 (il6) JN698962.1 il-6-F TCAACTTCTCCAGCGTGATG
il-6-R TCTTTCCCTCTTTTCCTCCTG
Interleukin-10 (il10) AY887900.1 il-10-F CCCTATGGATGTCACGTCATG
il-10-R CATATCCCGCTTGAGTTCCTG
Chemokine ligand 8a (cxcl8a) XM_009306855.2 cxcl-8a-F CTTCCCTCCAAGCCCACAC
cxcl-8a-R GATCCGGGCATTCATGG
Chemokine ligand 18b (cxcl18b) NM_001115060 cxcl-18b-F CTGCTGCTGCCGGTAGTTTA
cxcl-18b-R TCAACTTTGTCGCAGTTTGG
CC-chemokine (ccl34a.4) BC162421.1 ccl-34 a.4-F TGCAGCTCAACCAGAAGATG
ccl-34 a.4-R CTTTGACGCATGGAGGATTT
Chemokines CCL-C24 (ccl34b.4) NP_001108521 ccl-34b.4-F TCGAGTTGGAGTAACATGTG
ccl-34b.4-R GTACCTTTCCTTCTCTGCGTAG
Lysozyme-C (lyz) AF402599 lyz ¢-F AAGCAGGTTTAAGACCCACCGAGT
lyz c-R AAGTCTGAACAGGCCACTTTGCAC
Mucin 2.1 (muc2.1) NC_007136.7 muc 2.1-F AATATGCCTTGCGGAACAAC
muc 2.1-R GTGCTGAGGTTGCAGAATGA
Mucin 5.1 (muc5.1) XM_009297795.1 muc 5.1-F TGGCAACTTGGCTGATGATA
muc 5.1-R TCGTCACACGGACCAGTAGA
Mucin 5.2 (muc5.2) XM_009297793.1 muc 5.2-F GGTGTCTGTTCCGATCAATC
muc 5.2-R TCATCCTTGTCGCCATTGTA
Mucin 5.3 (muc5.3) muc 5.3-F GGGGAAAACTACACCAGCAA
muc 5.3-R TGTGAATTCTGTGCCAGAGC
Heat shock protein (hsp70.1) AB062116.1 hsp70-F CATGGTCCTGGTGAAGATGAA
hsp70-R GTCTGTGGGACTCGTTGAAATA
Catalase (cat) NM_130912.2 cat-F CCAAGGTCTGGTCCCATAAAG
cat-R GCTCAACCTCCGCGAAATA
Super oxide dismutase (sod1) NM_131294.1 sod-F AGGTGACTGGTGAAATTACTGG
sod-R GTCTCACACTATCGGTTGGC
B actin AF025305 B actin- F AATCTTGCGGTATCCACGAGACCA
B actin- R TCTCCTTCTGCATCCTGTCAGCAA
B
100
80
S 60
&
3
Z 40
=
20 I
0 . :
0 50 100 250 500

Concentration (ug/mL)

Fig. 1. Morphology of SmP particles and its toxicity on zebrafish larvae. (A) FE-SEM image showing the nano scale SmP particles. (B) Mortality of zebrafish larvae

exposed to SmP (0-500 pg/mL).

immune functional categories namely, toll like receptor, transcription
factor, pro and anti-inflammatory, chemokine, anti-microbial, heat
shock protein, and antioxidants/enzyme. qQRT-PCR analysis was con-
ducted in SmP exposed larvae for 5 days and in the gut of SmP
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supplemented adult zebrafish (Fig. 6). In SmP exposed larvae five genes
were induced (> 1.5-fold) at lower concentration (25 pg/mL), and they
were tlr5b (2.72-fold), lyz (2.69-fold), muc5.2 (1.64-fold), cat (1.73-
fold) and sodl (1.78-fold). When larvae exposed at higher SmP
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Fig. 2. Effect of SmP exposure on hatching of zebrafish embryos. Graph in-
dicates the hatching percentage at 25 and 50 pg/mL of SmP exposure with
respective control. Values are mean = SD of triplicates and representative of
two independent experiments; *p < 0.05, **p < 0.01.

concentration (50 pug/mL), eight genes were induced (> 1.5-fold),
which were namely tIr5b (3.57-fold), il13 (1.79-fold), lyz (3.50-fold),
muc5.1 (2.84-fold), muc5.2 (2.11-fold), muc5.3 (2.40-fold), cat (2.87-
fold) and sod1 (1.82-fold). Interestingly, all five genes which induced at
25 pug/mL were further induced at 50 ug/mL. In contrast, none of the
selected pro and anti-inflammatory (tnfa, il6 and il10) and chemokine
genes (cxcl8a, cxcl18b, ccl34a.4, and ccl34b.4) were induced in SmP
exposed larvae. In the gut of SmP fed zebrafish, a total of twelve genes
showed over 1.5-fold up regulation. Those induced genes were c-rel
(2.52-fold), il1B (2.07-fold), tnfa (1.89-fold), lyz (3.12-fold), cxcl8a
(1.99-fold), cxcl18b (2.62-fold), ccl34a.4 (3.0-fold), ccl34b.4 (3.34-fold),
muc5.1 (3.26-fold), muc5.3 (7.48-fold), cat (4.61-fold) and sod1 (4.40-
fold). Among all the tested genes, muc5.3 showed the highest level of
induction (7.48-fold) in the gut. Interestingly, total six genes (il18, lyz,
muc5.1, much.3, cat and sod1) were induced (> 1.5-fold) in both SmP
treated larvae (25 ug/mL) and gut of the adult zebrafish.
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4. Discussion

Among the natural polymers, pectin is widely considered as bio-
compatible, biodegradable and non-toxic polysaccharide [21]. Biolo-
gical activity of pectic polysaccharides is mainly related to its physi-
cochemical properties (particle size, net charge, solubility, etc.),
structure and additional modifications as well as applied dose. There-
fore, we first determined the particle properties and toxicity of SmP
using zebrafish embryos. Isolated SmP had nano size particle size
(202 nm), negative charge (—29.2mV) and irregular shape. Jiao et al.
[22], described nanoparticles have unique physical and chemical
properties which enable them to transport and deliver to the target
tissue. Furthermore, nanoparticles are able to interact with the immune
system for modulating its function. Therefore, we suggest SmP isolated
from S. maxima may have specific biological functions including im-
munomodulation due to its nano size and negative charge. Before the
immunomodulation of larvae, we determined the toxicity of SmP by
exposing zebrafish eggs. LDso of SmP was determined as 330 pg/mL for
zebrafish embryos after 96 h post exposure and then non-toxic doses
(25 and 50 pg/mL) of SmP were selected based on zero mortality and
absent of visual morphological defects in either embryo or larvae.
Toxicity of pectin has not been investigated with fish larvae to compare
our results, however, in vitro cytotoxicity results revealed that high
methoxylated pectin nanoparticles prepared from citrus have ICso up to
18.8 mg/mL against HepG2 cells [23].

Yamagami [24] described that hatching of fish embryos is a se-
quential process which breakdown the egg envelope (chorion) and al-
lows embryos to leave from it. The hatching process is directly regu-
lated by hatching gland cells, which produce the hatching enzyme.
Furthermore, it was described that there are some other processors such
as formation and hardening of the fish envelope which can indirectly
related to hatching. Several studies discussed about the hatching delay
of fish embryos with the exposure to metal nanoparticles and agro-
chemicals [25,26]. Moreover, temperature is an external factor for
regulating hatching process. Okunsebor et al. [27], reported sig-
nificantly higher hatching % in Heterobranchus bidorsalis embryos at
28°C and 30°C compared to 26 °C. In this study, we noticed early
hatching of SmP exposed embryos in a concentration dependent
manner. Furthermore, mRNA expression of hatching enzyme also in-
duced in SmP exposed embryos. Hence, it can be suggested that SmP
may enhance the production of hatching enzyme in the hatching gland
cells. Practically, if all the embryos are hatched at specific time point
without any growth deformities, it could be much advantageous and
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Fig. 3. Disease resistance of SmP exposed zebrafish larvae upon E. piscicida and A. hydrophila challenge. CSP of (A) E. piscicida and (B) A. hydrophila until 96 hpi.
Values are mean + SD of the triplicates. Significance difference (Kaplan-Meier, Wilcoxon p < 0.001) between SmP exposed versus control were marked with *** in

graph A.
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Fig. 4. ROS production after SmP exposure to zebrafish larvae. The data represent relative fluorescence intensity of E. piscicida induced ROS generation. Quantified
ROS were normalized to control (as 100%). Respective bright field and fluorescence images were control: A-1, A-1’; SmP (25 pg/mL): A-2, A-2’; SmP (50 pg/mL): A-3,
A-3’ and H,05 (5 mM): A-4, A-4’. The bar chart shows (mean =+ SD) the quantified fluorescence (%) from three independent experiments (n = 9, *p < 0.05).

easier for culturing all the larvae at uniform growth stage for breeding
purpose and/or for using them, for experimental purposes. Other than
that early hatching is also important for rapid transition from innate to
adaptive immunity by activating the complement genes along the de-
velopment stages [28]. According to our main objective, we examined
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the effect of SmP on immune gene activation and disease resistant ca-
pacity of zebrafish. However, effect of early hatching on maturation of
adaptive immune components was not analyzed since it may not the
direct effect of SmP. Moreover, SmP exposed and control larvae were
separated during a specific period 55-60 hpf and maintained till
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Fig. 5. Disease resistance of SmP supplemented zebrafish upon E. piscicida and A. hydrophila challenge. Fish were injected (i.p.) with 20 pL of (A) E. piscicida
(3.6 x 107 cells/fish) and (B) A. hydrophila (1.56 x 10° cells/fish). Values are not significantly different (p > 0.05) in both challenge experiments compared to

respective control group.
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Fig. 6. Transcriptional response of immune

Larvae Adult
SmP oral genes in zebrafish larvae exposed to SmP (25 and
Gene category Gene name b S administration 50 pg/mL) for 5 days and SmP supplemented
25 pg/mL 50 ue/mL 4% (4%) adt.ﬂts- for 6 weeks'. Values are mean =+ ?D
pg/ pg/ ) of the triplicates. Asterisk marks are used to in-
tr2 1.05£0.15  1.11+0.03 0.48+0.09 <0.5 dicate statistical significance compared to SmP
Toll like receptors tirdb 1.03+0.02 0.08+0.31 0.5-0.79 treated vs non-treated control (one way ANOVA,
tlr5b _ *p < 0.05, **p < 0.01). Basal level, upregu-
Transcription factors c-rel 1 lated and down regulated expressions are con-
iip 1.01-12 s.idered as 1, > 1.21 and < 0.79-folds, respec-
Pro and anti-inflammatory infs 0:68-0.17 I e
il6 0.62+0.08  0.72+0.24 0.51+0.36
il10 1.16+0.06 0.07+0.01
cxcl8a 0.61+0.02
. cxcll8b 1.19+0.16
Chemokines ccl3dad
ccl34b.4 1.06+0.06
lyz
muc?2.1 1.07£0.16  0.65+0.17 1.18+0.47
Anti-microbial genes muc5.1
muc5.2 0.46+0.21
muc5.3
Heat shock protein hsp70 0.67+0.03 0.42+0.62
. cat
Antioxidant enzymes sodl

sampling at 120 hpf to minimize any effect related to early hatching as
secondary impact on immune responses.

Immunomodulation can secure a high survival rate in the larval
stage of fish until they develop the adaptive immune system com-
pletely. One of the main constraints of aquaculture is high mortality
during the larval stage [29]. Ringo et al. [30] described that fish larvae
primarily rely on non-specific immune responses. Immunostimulants
develop high disease resistance by enhancing the non-specific immune
responses, and thereby more stable growth could be achieved especially
in larvae [6]. In the present study, disease resistance of larvae was
assessed by bacteria challenge after immunomodulation with SmP.
Results demonstrated that CPS was increased in larvae upon 25 and
50 ug/mL SmP exposure against E. piscicida infection at 96 hpi. Ad-
ditionally, A. hydrophila challenged larvae also showed increased CPS
except for 48 and 96 hpi than the control. Collectively, our data suggest
that both concentrations (25 and 50 ug/mL) were effective in devel-
oping diseases resistance against E. piscicida and A. hydrophila, and
difference CPS pattern could be due to exposure doses and variation of
virulence factors of bacteria species.

Moreover, we can confirm that the efficacy of SmP as an im-
munomodulatory agent in larvae culture is dose dependent.
Furthermore, pectin acts as an antioxidant [31], and it involves to de-
toxify the ROS for protecting animals from oxidative stresses. In the
present study, ROS level was suppressed in SmP exposed larvae in a
dose dependent manner after E. piscicida challenge. Therefore, it could
be suggested that the antioxidant activity of SmP promotes the reduc-
tion of bacteria induced oxidative stress, which may lead to have high
disease resistance. However, the immunomodulatory effect of SmP was
not high in adults as shown in larvae, which may be due to low feeding
dose in the diet (SmP 4%) or short administration period (six weeks).
Vidal et al. [32] have summarized the responses of fish to various diets
supplemented with immunostimulants from plants, herbs, algae and
pathogen associated molecular patterns (PAMPs). Moreover, they sug-
gested an understanding of possible pathways related to immune
functions in fish is difficult without having gene expression profiles
under the standard administration of immunostimulants with optimized
doses. Well-known immunostimulants such as p-glucan, lipopoly-
saccharide (LPS) and peptidoglycans have been widely tested in fish
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[33-35]. Popov and Ovodov [11] have stated the immune reactivity of
pectin determines differences in the structure of the branched region.
As an example, pectin pocess immunostimulatory effects, when it has
less than 75% galacturonic acid residues, ramified region, rhamnoga-
lacturonan (RG-I), and apiogalacturonan regions. Very recently, Doan
et al. [36] have shown the enhanced serum immunological responses
(lysozyme and serum peroxidase) and disease resistance (against
Streptococcus agalactiae) of orange peels derived pectin in Nile tilapia. In
this study, immune responses were analyzed at different growth stages
(larvae and adult) and two modes of administrations (exposure and
oral). Based on upregulated pattern recognition receptor (tlr5b), and
antibacterial genes (lyz, muc5.1, muc5.2, and muc5.3), we confirm the
activation of innate immune responses in larvae by SmP. Moreover,
transcription factor (c-rel), interleukin (il1f3), chemokines (cxcl18b,
ccl34a.4, and ccl34b.4), anti-microbial genes (lyz, muc5.1 and muc5.3),
and antioxidant enzymes (cat and sodl) were upregulated in adult
zebrafish, representing that innate immune responses could be modu-
lated by SmP. Considering the above facts, we further confirm that
disease resistance might have attributed to immune modulatory prop-
erties of SmP. Collectively, it could be suggested that SmP has an im-
munomodulatory function, which could activate gut immune responses
directly or indirectly.

As a summary, SmP enhances the early hatching of zebrafish em-
bryos, suggesting that S. maxima pectin could be developed as a
hatching enhancer to obtain larvae at a specific stage. We demonstrated
SmP exposure to larvae can have a beneficial immune stimulatory effect
than the adults with high disease resistance when fish were challenged
with E. piscicida than A, hydrophila. Therefore, SmP has the potential to
be used in aquaculture as an immunostimulant or as non-toxic dietary
supplements at any life stages of the fish, especially during the larval
stage.
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