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ARTICLE INFO ABSTRACT

Keywords: Zebrafish (Danio rerio) are an excellent model for assessing the beneficial effects of probiotics before applying
Bacillus amyloliquefaciens them in aquaculture. This study evaluated the effects on zebrafish of dietary supplementation with the probiotic
Zebrafish Bacillus amyloliquefaciens R8, which heterologously expresses xylanase from rumen fungi. Nutrient metabolism,
Xylanase

hepatic oxidative stress, and innate immunity against pathogen infections were investigated. Treated zebrafish
received feed supplemented with B. amyloliquefaciens R8 for 30 days and then were compared to zebrafish that
were fed a control diet. The treated fish showed significant increases in xylanase activity in the intestines. The
livers of the treated fish showed increased mRNA expressions of glycolysis-related genes of hexokinase, gluco-
kinase, glucose-6-phosphatase, and pyruvate kinase; and higher enzyme activities of 3-hydroxyacyl-coenzyme A
dehydrogenase and citrate synthase which are associated with fatty acid B-oxidation and mitochondrial in-
tegrity. The livers of treated fish also showed decreased mRNA expressions of oxidative stress-related genes
(SOD, Gpx, NOS2, and Hsp70) and an apoptotic gene (p53), as well as increased expression of an anti-apoptotic
gene (bcl-2). The probiotics-treated fish had increased expression of innate immune-related genes (IL-1f, IL-6, IL-
21, TNF-a, and TLR-1, -3, and -4). Following challenge with Aeromonas hydrophila and Streptococcus agalactiae,
treated fish showed increased a higher survival rate than control fish. Overall, results showed that the admin-
istration of xylanase-expressing B. amyloliquefaciens R8 can potentially improve nutrient metabolism and hepatic
stress tolerance, and enhance immunity and disease resistance against A. hydrophila and S. agalactiae in zebra-
fish.

Oxidative stress
Innate immunity

1. Introduction

Problems with diseases result in huge economic losses in aqua-
culture and have become one of the major issues impeding its devel-
opment. The diseases with the greatest incidences in fish and shellfish
species are caused by microbial pathogens. For example, Aeromonas
hydrophila is a typical pathogen that causes red fin disease and he-
morrhagic septicemia in most freshwater fish species [1]. Gram-positive
Streptococcus agalactiae primarily results in meningoencephalitis and
hemorrhagic septicemia, which produce high mortality in many marine
and freshwater fish species [2]. Antimicrobial agents such as antibiotics
and disinfectants are commonly used in aquaculture to prevent disease

outbreaks. However, the abuse of antimicrobial agents in aquaculture
has caused severe issues, such as the rapid spread of antibiotic-resistant
pathogens in microbial ecosystems, damage to the natural environment,
residual antibiotics in fish products, risks to human health, and reduced
fish immunity due to the effects on the gastrointestinal (GI) microflora
[3,4]. Thus, alternative biocontrol strategies are required for the sus-
tainable development of aquaculture and to address these issues.
Probiotics are a relatively environmentally friendly approach as an
alternative to the use of antimicrobial chemicals to prevent diseases in
aquaculture. Probiotics are microorganisms that confer beneficial ef-
fects on a host when supplied in adequate amounts. Multiple ad-
vantages of using probiotics in aquaculture have been reviewed in
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several reports. Such advantages include providing nutrients and pro-
moting enzymatic digestion, which improve the feed efficiency and
enhance growth; stimulating beneficial microflora in the GI tract;
competing for adhesion sites with harmful bacteria to inhibit the
growth of pathogenic microorganisms; and enhancing the immune
defense against pathogen infections [5]. For example, a combination of
the probiotics Bacillus subtilis, Lactobacillus casein, and Candida utilis
provided a degradation enzyme to detoxify mycotoxins in feed [6]. The
administration of the probiotics Rhodotorula benthica D30 and Bacillus
amyloliquefaciens enhanced hydrolytic enzymes such as protease, cel-
lulose, or xylanase in fish to hydrolyze indigestible components and
increase feed efficiencies [7-9]. Dietary supplementation with the
probiotic Shewanella putrefaciens significantly increased the messenger
RNA expressions of innate immune response genes in Senegalese sole
(Solea senegalensis) [10]. Dietary administration of the probiotic B. li-
cheniformis also improved mucus and serum immune parameters and
reduced the rate of A. hydrophila infections in tilapia (Oreochromis
mossambicus) [11]. Besides lactic acid-producing bacteria, spore-
forming Bacillus spp. are the most widely used probiotics in the aqua-
culture industry due to the advantages of long-lasting resistance to
environmental stress. Furthermore, their role in enhancing immunity
against pathogens has been well studied [12-14]. B. amyloliquefaciens,
which is closely related to B. subtilis, is a potent biocontrol agent against
a variety of pathogens and secretes diverse digestion enzymes, such as
a-amylase and proteases. However, studies investigating B. amyloli-
quefaciens as a probiotic in aquatic hosts are still rare. Recent reports
demonstrated that feeding Nile tilapia (Oreochromis niloticus) with B.
amyloliquefaciens improved their growth performance and increased
their immunity against Yersinia ruckeri and Clostridium perfringens [15].
Dietary supplementation of the probiotic B. amyloliquefaciens 54A im-
proved the health status and resistance against Edwardsiella ictaluri in-
fection in striped catfish (Pangasianodon hypophthalmus) [16]. Feeding
Catla (Catla catla) with B. amyloliquefaciens FPTB16 improved their
systemic and mucosal immune responses and their defense against Edw.
tarda infection [17]. Those studies demonstrated the value of applying
B. amyloliquefaciens in aquaculture.

Xylanases produced by microorganisms are important hydrolytic
enzymes that are capable of cleaving the -1,4 backbone of the poly-
saccharide xylan, which is the major hemicellulosic constituent found
in cell walls of plants. It has attracted attention as a candidate for im-
proving the efficiency of feed utilization and degrading non-starch
polysaccharides in feed ingredients of plant origin [18,19]. Further-
more, xylose and xylooligosaccharides (XOSs) derived from xylanase-
degraded xylan can be used as functional foods or feed additives. In the
livestock industry, dietary supplementation of a plant-derived diet
containing xylanase was demonstrated to provide beneficial effects of
improving feed digestibility, ruminal fermentation, energy utilization,
and growth performance in cows, pigs, and goats [20-22]. In poultry
farming, xylanase supplementation was shown to improve the utiliza-
tion of nutrients in a wheat-based diet and to significantly increase the
growth performance of chickens [23,24]. Reports have shown that the
use of XOSs as a prebiotic feed supplement in aquaculture increases
digestive enzyme activities in the intestines and enhances the growth
performance and innate immune parameters in different fish species,
including crucian carp (Carassius auratus gibelio), Caspian white fish
(Rutilus frisii kutum), and European seabass (Dicentrarchus labrax)
[25-28]. Those reports suggest that using xylanase or XOSs derived
from xylanase with plant-derived feed may be an efficient strategy for
improving nutrient utilization and immunity in aquaculture. Although
potential applications of xylanase have been examined in different in-
dustries, less information is available on the use of xylanase in aqua-
culture. The reason for this limitation may be the cost burden of pur-
ified xylanase supplementation of diets. Thus, it is necessary to develop
an efficient strategy for the economically sustainable application of
xylanase in aquaculture.

The multiple benefits of probiotics in aquaculture have inspired
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investigations on the isolation of probiotics, and potential applications
in diverse fish species are rapidly being developed. However, directly
evaluating the functions of a potential probiotic for use in food fish
usually requires a large culture space and high costs. Zebrafish provide
an excellent animal model to validate the functions of probiotics for
aquaculture studies [29]. This study evaluated the effects of the pro-
biotic B. amyloliquefaciens R8 on the health status of zebrafish. Bacillus
amyloliquefaciens R8 expresses the xylanase gene from rumen fungi. The
effects on the expression of genes which are associated with hepatic
metabolism of nutrients, hepatic stress, and immune status were eval-
uated. The influence on disease resistance against A. hydrophila and S.
agalactiae was also evaluated. The results could provide reference va-
lues for practical applications of the probiotic B. amyloliquefaciens R8 in
aquaculture.

2. Materials and methods
2.1. Fish and pathogen strains

Three-month old zebrafish (Danio rerio) AB strain (around 3.8 cm in
length and weighing 0.48 g) were purchased from the Taiwan Zebrafish
Core Facility at Academia Sinica (Taipei, Taiwan). The fish were raised
in the aquatic laboratory animal facility of National Pingtung
University of Science and Technology, which is accredited by the
Association for Assessment and Accreditation of Laboratory Animal
Care. The zebrafish were maintained in a 90-L aquarium at 28 °C with a
controlled light cycle (14h of light/10h of dark) and fed daily with
commercial diet (MeM Prime, BERNAQUA, Olen, Belgium). The ex-
periments were performed in compliance with Taiwan animal welfare
regulations. The probiotic B. amyloliquefaciens R8 carries the pNZR8
plasmid, which heterologously expresses the xylanase R8 gene from
rumen fungi by a lacA promoter [30]. Sources of the pathogens A.
hydrophila and S. agalactiae are described in a previous report [31]. All
bacteria were stored in 20% glycerol at —20 °C until use.

2.2. Probiotic preparation and administration

A 0.5-mL aliquot of B. amyloliquefaciens or B. amyloliquefaciens R8
from the glycerol stock was cultured in 50 mL of tryptic soy broth (TSB)
(Difco, Kansas City, MO, USA) in an incubation shaker at 37 °C and
175 rpm for 16 h to obtain a seed culture. The seed culture was then
added to a 5-L bioreactor (Winpact FS-02, Taoyuan, Taiwan) containing
3L of TSB medium and cultured for 24 h at 37 °C. The culture broth was
centrifuged at 6000 X g for 15minat 4°C to pelletize the cells. The
pellets were collected and washed three times with phosphate-buffered
saline (PBS), and then the suspended bacterial sample was freeze-dried
to a powder for use in preparing a diet containing B. amyloliquefaciens
or B. amyloliquefaciens R8. The number of viable bacterial cells in the
powder was determined by serial dilutions and plate counting on TSB
agar plates. The immunomodulatory functions of the probiotic bac-
terium B. amyloliquefaciens supplemented in the diet at levels of
10° colony-forming units (CFU) g~' were reported in Nile tilapia
[7,15]. Thus an appropriate amount of probiotic powder was added to
the basal diet to obtain 2 x 10° CFUg™! of B. amyloliquefaciens or B.
amyloliquefaciens R8 in the present study. The ingredients and prox-
imate composition of the experimental diets are given in Table 1. Adult
zebrafish were randomly divided into three groups of 20 fish each, and
the experiments were conducted in triplicate. Fish were fed twice daily
with the basal diet at an amount equivalent to 2% of their body weight
(control group) or the basal diet containing B. amyloliquefaciens (Amy
group) or B. amyloliquefaciens R8 (Amy-R8 group) for 1 month. After 1
month of cultivation, expressions of genes related to metabolism, oxi-
dative stress, and the innate immune response were evaluated along
with the enzyme activities of 3-hydroxyacyl-coenzyme A (CoA) dehy-
drogenase (3-HAD) and citrate synthase (CS). A pathogen challenge test
was also conducted.
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Table 1 Table 2
Ingredients used and proximate composition of the formulated diets (g kg ™). Primers used for mRNA quantification by real-time PCR.
Ingredients Base diet B. amyloliquefaciens B. amyloliquefaciens R8 Gene name Primer sequence (5'— 3') Accession
(Control) 2 x 10° CFU (Amy) 2 x 10° CFU (Amy-R8) number
Probiotics 0 0.95 0.87 Glycolysis-related genes
Fish meal 50 50 50 Glucokinase (GK) GCTGTGAAGTCGGCATGATA BC122359
Soybean meal 360 360 360 CTTCAACCAGCTCCACCTTAC
Wheat middling 110 110 110 Hexokinase 1 (HK1) ACTTTGGGTGCAATCCTGAC BC067330
Rice bran 250 250 250 AGACGACGCACTGTTTTGTG
Soybean oil 60 60 60 Glucose-6-phosphatase TCACAGCGTTGCTTTCAATC BC164161
a-starch 30 30 30 (G6Pase) AACCCAGAAACATCCACAGC
Cellulose 111 111 111 Pyruvate kinase, liver TCCTGGAGCATCTGTGTCTG BC152219
Skim milk 10 9.05 9.13 isoform (PK-L) GTCTGGCGATGTTCATTCCT
Mineral mixture” 16 16 16 Immune-related genes
Vitamin mixture® 3 3 3 Interleukin-1( (IL-1B) TGGACTTCGCAGCACAAAATG AY340959
Total 1000 1000 1000 CACTTCACGCTCTTGGATGA
Crude protein” 227.1 229.6 232.2 Interleukin-6 (IL-6) TCAACTTCTCCAGCGTGATG JIN698962
Crude lipid" 85.3 84.3 85.1 TCTTTCCCTCTTTTCCTCCTG
Moisture” 95.4 94.6 96.3 Interleukin-21 (IL-21) CATCGAGGAACAACGGTGTACA NM_
Ash” 121.3 123.3 122.8 CACGAGCACAGCAAAGCAAT 001128574
Tumor necrosis factor-a AAGGAGAGTTGCCTTTACCG BC165066
2 Mineral mixture (mg kg~ ' of mixture) and vitamin mixture (mg kg ™' of (TNF-a) ATTGCCCTGGGTCTTATGC
mixture) provided by the Shinta Feed Company, Pingtung. Lysozyme CGTGGATGTCCTCGTGTGAAG NM_139180
> The proximate composition of experimental diets was determined based on . CCAATGGAGAATCCCTCAAA
the analysis of AOAC method (AOAC 1997). Toll-like receptor-1 (TLRI) ~ CAGAGCGAATGGTGCCACTAT AY389444
GTGGCAGAGGCTCCAGAAGA
Toll-like receptor-3 (TLR3) TGGAGCATCACAGGGATAAAGA AY616582
2.3. Evaluation of xylanase activity in vitro and in vivo TGATGCCCATGCCTGTAAGA
Toll-like receptor-4a TTTCAGATGCCACATCAGA EU551724
To evaluate the activity of xylanase in vitro, 0.7 g of the unmodified (TLR4a) TCCACAAGAACAAGCCTTTG
basal diet or basal diet containing B. amyloliquefaciens or B. amyloli- Oxidative stress and apoptosis-related genes
: : Superoxide dismutase 1 GTCGTCTGGCTTGTGGAGTG Y12236
quefaciens R8 was dissolved in 10 mL of sterile water and incubated at (SoD1) TGTCAGCGGGCTAGTGCTT
28 °C. After 7 days of cultivation, the solution was centrifuged at 12,000 Glutathione peroxidase 1a ~ GCTTTGAGGCACAACAGTCA AY216589
x g for 15minat 4 °C, and the supernatant was used to measure xyla- (Gpx1a) TCTCCCATAAGGGACACAGG
nase activity. To evaluate xylanase activity in vivo, the intestines of Nitric oxide synthase 2a GGAGATGCAAGGTCAGCTTC AY324390
. . . . (NOS2a) GGCAAAGCTCAGTGACTTCC
zebrafish fed the different diets for 1 month were collected in 1.5-mL Heat-shock protein AAGCGACGAAGGATGCAGGAG AFO06007
microcentrifuge tubes containing 1 mL of sterile water. After vigorous (HSP70) CACGTTGCGCTCTGAGGATT
vortexing and centrifugation at 12,000 x g for 15min at 4 °C, the su- Tumor protein 53 (p53) GGGCAATCAGCGAGCAAA AF365873
pernatant was used to measure xylanase activity. Xylanase activity was ) ACTGACCTTCCTGAGTCTCCA
evaluated by determining the amounts of reduced sugars released from B-cell leukemia/ AGGAAAATGGAGGTTGGGATG AY695820
. > - X lymphoma 2 (Bcl-2) TGTTAGGTATGAAAACGGGTGGA
xylan according to DNS method described in a previous report [7]. Elongation factor 1a (EF-  AACAGCTGATCGTTGGAGTCAA  AY422992

2.4. Evaluation of 3-HAD and CS enzyme activities in the liver

The activities of 3-HAD and CS were measured as previously de-
scribed with minor modifications [32]. Briefly, the livers of the fish
were separated and homogenized for 2min in 1mL of PBS buffer
(140 mM NaCl, 2.7mM KCl, 10mM Na,HPO4,12H,0, and 1.8 mM
KH,POy4; pH 7.3) using a homogenizer (T10 basic, IKA, Staufen, Ger-
many). Cellular debris was removed by centrifugation at 1000 x g for
5min, and then the supernatant was diluted five times with PBS buffer
for use as follows in assays to assess the enzyme activity of 3-HAD. A
100-uL sample was added to 800 pL of reaction buffer (125 mM trie-
thanolamine, 0.5625mM NADH, and 6.25mM EDTA; pH 7.0) in a
cuvette (light path, 1 cm; Chrom Technology, Taipei, Taiwan). The
cuvette was incubated at 30 °C for 5 min, and the reaction was initiated
by adding 100 pL of 1 mM acetoacetyl-CoA. The 3-HAD enzyme activity
was measured by the consumption of NADH at a wavelength of 340 nm
for 5min using a spectrophotometer (GENESYS 10S UV-Vis, Thermo
Fisher Scientific, Waltham, MA, USA). To examine the activity of CS,
supernatant samples described above were diluted ten times with
100 mM Tris-HCI buffer (pH 8.0) and used in assays as follows. A 100-
uL assay sample was added to 800 puL of reaction buffer (0.125mM
dithionitrobenzoic acid, 0.375 mM acetyl-CoA, and 125 mM Tris-HCI)
in a cuvette (light path, 1 cm). The cuvette was incubated at 30 °C for
5min, and the reaction was initiated by adding 100 uL of 5mM ox-
aloacetate. The CS enzyme activity was determined by the production
of thionitrobenzoic acid at 412 nm for 5 min using a spectrophotometer.

412

1a) TTGATGTATGCGCTGACTTCCT

2.5. Real-time quantitative polymerase chain reaction (PCR)

Zebrafish from the control, Amy, and Amy-R8 groups were sampled,
and total RNA was isolated from the liver or whole body of fish. A
quantitative (Q)PCR was used to determine expression levels of genes
related to hepatic glucose metabolism, oxidative stress, apoptosis, the
immune response, and elongation factor (EF)-1a. Expression of the EF-1a
gene was used as an internal control. The specific PCR primers are listed
in Table 2. A real-time PCR was performed using SYBR Green PCR re-
agents and an Applied Biosystems StepOnePlus Real-Time PCR system
(Foster city, CA, USA). The cycling profile was as follows: 60 °C for
2min; 95 °C for 10 min; and 40 cycles of denaturing at 95 °C for 15s,
annealing and primer extension at 60 °C for 1 min. Equal quantities of
total RNA from three fish were mixed and examined in triplicate for
each condition. Relative expression levels of each group were normal-
ized to EF-1a and expressed as the mean = standard error (SE).

2.6. Challenge test

Aeromonas hydrophila and S. agalactiae were separately cultured in
TSB at 28 °C for 24 h. Bacterial cells were collected by centrifugation at
6100 xg for 15minat 4°C and then resuspended in an appropriate
volume of PBS buffer (140mM NaCl, 2.7mM KCl, 10mM
Na,HPO412H,0, and 1.8 mM KH,PO,; pH 7.3). A bacterial challenge
experiment was carried out in triplicate by intraperitoneally (IP)
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injecting 10 pL of diluted A. hydrophila or S. agalactiae into zebrafish at
a concentration of 10° CFU per fish. Experimental zebrafish (15 fish per
tank) were kept in a tank containing 10 L of fresh water at 28 °C. There
were four groups for each challenge test (negative control, control,
Amy, and Amy-R8 groups). Fish fed the control diet and injected with
pathogens or with PBS buffer were respectively used as the positive and
negative controls. Each group was tested in triplicate. Challenged fish
were observed daily, and mortalities were recorded for 7 days.

2.7. Statistical analysis

Relative expression levels of each group were normalized to ef-1a
and expressed as the means * SE. Student's t-test was used to statis-
tically analyze and compare groups. Multiple-group comparisons were
examined using a one-way analysis of variance (ANOVA), and Tukey's
test was used to evaluate significant differences between groups.
Differences were defined as significant at p < 0.05.

3. Results

3.1. Administration of probiotics enhances gene expressions and enzyme
activities which are involved in glucose and fatty acid metabolism in
zebrafish

Before evaluating the effect of the probiotics on zebrafish metabo-
lism, the in vitro and in vivo xylanase activities of B. amyloliquefaciens R8
were measured. The level of XOSs hydrolyzed from xylan by xylanase
was determined by a DNS assay. In vitro incubation of the basal diet
containing B. amyloliquefaciens R8 showed significantly increased XOS
levels compared to the control and Amy diets (Fig. 1A). Similarly, the
XOS level in the intestines of zebrafish fed the Amy-R8 diet was sig-
nificantly higher than in those of zebrafish fed the control and Amy
diets (Fig. 1B). The XOS level was higher in intestines of zebrafish fed
the Amy diet group than that of fish fed the control diet, but the dif-
ference was not significant. Genes and enzyme activities involved in
glycolysis and mitochondrial fatty acid oxidation were determined to
evaluate the nutrient metabolism in zebrafish. A real-time PCR was
used to determine mRNA levels of hepatic glycolytic enzymes, such as
glucokinase (GK), hexokinase-1 (HK1), glucose-6-phosphatase
(G6Pase), and pyruvate kinase (PK-L). Relative mRNA levels of GK, HK1
and G6Pase were significantly increased in zebrafish in the Amy and
Amy-R8 groups compared to the control group. Although relative
mRNA levels of HK1 and G6Pase did not significantly differ between
fish in the Amy and Amy-R8 groups, higher levels of mRNA expression
were detected in the Amy-R8 group. Moreover, PK-L expression was
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significantly higher in the Amy-R8 group compared to the Amy and
control groups (Fig. 2). Activities of 3-HAD and CS were higher in the
Amy and Amy-R8 groups than in the control group. Moreover, 3-HAD
activity was significantly higher in the Amy-R8 group than in the Amy
group (Fig. 3).

3.2. Administration of probiotics modulates expression of genes which
involved in hepatic stress and apoptosis in zebrafish

The hepatic expression profile was evaluated for zebrafish genes
related to oxidative stress, such as superoxide dismutase (SOD), glu-
tathione peroxidase 1a (Gpxla), nitric oxide synthase 2a (NOS2a), and
heat shock protein 70 (Hsp70). There were significantly lower gene ex-
pressions of SOD, Gpxla, and NOS2 in the Amy-R8 group than in the
Amy and control groups. Moreover, expressions of these genes were
also significantly lower in the Amy group than in the control group
(Fig. 4A-C). Expressions of Hsp70 in the Amy and Amy-R8 groups were
significantly lower than that in the control group, but there was no
significant difference between the Amy and Amy-R8 groups (Fig. 4D).
The reduction in expression of oxidative stress-related genes as a result
of B. amyloliquefaciens and B. amyloliquefaciens R8 administration is also
supported by lower expressions of genes involved in apoptotic pro-
cesses. Expressions of the anti-apoptotic signaling B-cell leukemia/lym-
phoma 2 (Bcl-2) gene in the livers of zebrafish fed the Amy and Amy-R8
diets were significantly higher than that of fish fed the control diet.
Moreover, Bcl-2 expression in the Amy-R8 group was significantly
higher than that in the Amy group (Fig. 4E). In contrast, the proa-
poptotic tumor protein p53 (tp53) gene was significantly downregulated
in the livers of zebrafish fed the Amy and Amy-R8 diets, and its ex-
pression in zebrafish fed the Amy-R8 diet was significantly lower than
that in fish fed the Amy diet (Fig. 4F).

3.3. Dietary supplementation with probiotics enhances immune-related gene
expressions

To determine whether the high level of XOSs derived from xylanase
activity of B. amyloliquefaciens R8 can effectively enhance innate im-
mune responses, expressions of cytokine genes in the whole body were
evaluated after 1 month of dietary supplementation with the Amy and
Amy-R8 diets. Expressions of interleukin (IL)-1f, IL-6, toll-like receptor
(TLR)-1, and TLR-3 from the whole body of fish in the Amy and Amy-R8
groups were significantly higher than those in the control group, and
there were no significant differences between the Amy and Amy-R8
groups. Expression levels of the IL-21, TNF-a, and lysozyme genes in the
whole body of zebrafish supplemented with the Amy and Amy-R8 diets
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Fig. 2. Relative expression levels of hepatic metabolism genes involved in glycolysis in zebrafish supplemented with basal diet (control), basal diet containing B.
amyloliquefaciens (Amy), and basal diet containing B. amyloliquefaciens R8 (Amy R8) for 1 month: (A) glucokinase (GK), (B) hexokinase 1 (HK1), (C) glucose-6-
phosphatase (G6Pase), and (D) pyruvate kinase isoform from the livers (PK-L). The data are presented as the mean *+ S.E. from six individual samples (n = 6). Bars
with different superscripts are significantly different (p < 0.05).
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Fig. 3. Enzyme activity levels of (A) 3-HAD and (B) CS determined by spectrophotometry. The data are presented as the mean *+ S.E. from six individual samples
(n = 6). Values with different letters indicate a significant difference (p < 0.05).

for 2 months were higher than in zebrafish fed the control diet. TLR-1, and TLR-3 in the Amy and Amy-R8 groups suggest that the
Moreover, there were significant differences in IL-21, TNF-a, and lyso- heterologous expression of xylanase in B. amyloliquefaciens enhanced
zyme gene expressions between the Amy and Amy-R8 groups. The the immune response in zebrafish.

mRNA expression of TLR-4 in the Amy-R8 group was significantly

higher than those in the control and Amy groups (Fig. 5). Significant

increases in the cytokine genes of IL-1f, IL-6, IL-21, TNF-a, lysozyme,
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3.4. Dietary supplementation of probiotics enhanced defense against A.
hydrophila and S. agalactiae in zebrafish

To determine the effect of the probiotic on disease resistance against
bacterial infection, we measured survival rates of zebrafish fed the Amy
and Amy-R8 diets after being challenged with the Gram-negative A.
hydrophila and Gram-positive S. agalactiae. As shown in Fig. 6, the
survival rate of zebrafish at 7 days post-infection was 100% for the
group injected with PBS buffer. However, survival rates in the control
group injected with A. hydrophila or S. agalactiae were dramatically

reduced during the first 4 days post-infection, and then were respec-
tively maintained at 10% =+ 0.0% and 30% * 10% to 7 days post-
infection (Fig. 6). Survival rates in zebrafish in the Amy and Amy-R8
groups were significantly higher than that in fish fed the control diet.
Survival rates of the Amy and Amy-R8 groups at 7 days post-infection
with A. hydrophila were 36.7% =+ 5.8% and 56.7% =+ 5.8%, respec-
tively (Fig. 6A). Respective survival rates of the Amy and Amy-R8
groups at 7 days post-infection with S. agalactiae were 66.7% = 5.8%
and 73.3% = 5.8% (Fig. 6B). Survival rates for fish supplemented with
Amy and Amy-R8 showed no significant difference at 7 days post-
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Fig. 5. Relative expression levels of immuno-related genes in zebrafish supplemented with basal diet (control), basal diet containing B. amyloliquefaciens (Amy), and
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Fig. 6. Survival rates of zebrafish challenged with (A) A. hydrophila, and (B) S.
agalactiae. The daily survival rate of each group was measured in triplicate and
is presented as the mean =+ standard deviation (SD). Different superscripts
represent significant differences (p < 0.05).

infection with Str. agalactiae. The significant increase in survival sug-
gests that supplementation with B. amyloliquefaciens and B. amyloli-
quefaciens R8 enhanced resistance against A. hydrophila and S. aga-
lactiae infection in zebrafish.

4. Discussion

Bacillus amyloliquefaciens is a popular probiotic species that confers
benefits such as growth enhancement and disease resistance in aqua-
culture according to recent reports [15-17]. Heterologous expressions
of functional genes are an efficient approach to strengthen probiotic
functions in aquaculture. In the present study, metabolic and im-
munomodulatory parameters were evaluated with the potential pro-
biotic B. amyloliquefaciens R8, which is a recombinant expressing xy-
lanase from rumen fungi. The results showed high levels of XOSs in the
Amy-R8 group, suggesting that zebrafish fed a diet containing B. amy-
loliquefaciens R8 exhibited high xylanase activity that resulted in higher
levels of XOSs in the intestines. The use of XOSs as a prebiotic sup-
plement in feed was reported to improve the growth, feed efficiency,
and health status of fish. However, there are few investigations on the
effects of XOSs on the molecular level of nutrient metabolism. The liver
is an important metabolic organ, and its metabolic activity is tightly
controlled by nutrient metabolism. HK, GK, and PK are rate-limiting
enzymes that are involved in regulating glycolysis. G6Pase is an enzyme
mainly found in the liver and plays an important role in providing
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glucose during glycogenolysis. Recently, Guerrriro et al. reported that
using XOSs as a prebiotic supplemented in feed increased glucose me-
tabolism in European sea bass (D. labrax) [33]. Results of molecular
expressions of glycolytic genes, such as HK1, GK, G6Pase, and PK-1, in
zebrafish fed the Amy-R8 diet also support this conclusion. CS is a key
enzyme in the mitochondrial Krebs cycle that catalyzes the condensa-
tion reaction of acetyl-CoA and oxaloacetate to form citrate, and its
activity is often used as a biomarker of intact mitochondria [34]. 3-HAD
is a key enzyme involved in the B-oxidation of mitochondrial fatty acids
and catalyzes the reduction of 3-hydroxyacyl-CoA to 3-oxoacyl-CoA.
Reports show that dietary supplementation with XOSs can improve
lipid metabolism in European sea bass (D. labrax) and common carp
(Cyprinus carpio), demonstrating the function of prebiotic XOSs in sti-
mulating fatty acid metabolism [33,35]. Consistently, the induced en-
zyme activities of 3-HAD and CS suggested higher mitochondrial in-
tegrity and lipid P-oxidation in zebrafish fed the Amy-R8 diet.
Therefore, the results suggest that supplementation with B. amyloli-
quefaciens R8 possibly increases the utilization of XOSs and enhances
liver glucose and lipid metabolism.

This study investigated the effects of the dietary administration of B.
amyloliquefaciens R8 on hepatic oxidative stress and apoptosis in zeb-
rafish. Oxidative stress is defined as a state in which there is an im-
balance of oxidants and antioxidants in cells, resulting in DNA damage,
protein denaturation, lipid peroxidation, and apoptosis. Increasing
numbers of reports have demonstrated that probiotics can reduce oxi-
dative stress in fish [36-38]. Superoxide anions (O, ) and nitric oxide
(NO) kill invading pathogens in phagocytes. In macrophages, NO is
synthesized by inducible NO synthase (iNOS, NOS2) from L-arginine
and oxygen, but O, is thought to be produced mainly by NADPH
oxidase. Expressions of hepatic superoxide dismutase (SOD) and glu-
tathione peroxidase (Gpx) are induced in response to oxidative stress to
convert O, into HyO,, which is then converted into water and oxygen.
Hsp70 plays a vital role in general cellular protection and homeostasis
in all living organisms. The induced expression of Hsp70 mRNA was
observed in response to diverse stresses in fish. Thus, Hsp70 gene ex-
pression is used as a sensitive biomarker for monitoring the physical
status and aquatic environments of fish. Significantly lower expression
levels of hepatic SOD, Gpx1a, NOS2a, and Hsp70 genes in zebrafish fed
the Amy and Amy-R8 diets suggest that dietary supplementation with
B. amyloliquefaciens or B. amyloliquefaciens R8 can possibly reduce
oxidative stress levels in zebrafish. Reports indicated that oxidative
stress can directly induce DNA damage and cell apoptosis [39]. How-
ever, the effects of probiotics on the pathways of oxidative stress and
cell apoptosis in aquatic species are not well studied. So far, only one
study observed decreases in oxidative stress and apoptotic-related genes
such as tp53 in zebrafish given the probiotic Lactobacillus rhamnosus
[40]. In the present study, the decreased mRNA expression level of (p53
and increased expression level of the antiapoptotic bcl2 gene in the liver
of zebrafish in the Amy and Amy-R8 groups elucidated that zebrafish
supplemented with B. amyloliquefaciens and B. amyloliquefaciens R8 can
potentially prevent hepatic apoptosis in fish. Moreover, expression le-
vels of hepatic SOD, Gpx1a, NOS2a, bcl2, and tp53 significantly differed
between fish in the Amy and Amy-R8 groups, suggesting that increased
xylanase or XOSs in fish intestines can reduce oxidative stress and
apoptosis in fish. To the best of our knowledge, the present study is the
first report to demonstrate that dietary supplementation with a xyla-
nase-expressing probiotic or increased XOSs exhibit antioxidative stress
and antiapoptotic functions in fish.

Modulation of innate immunity is one of the major benefits that
probiotics confer on fish. Increasing evidence has demonstrated that B.
amyloliquefaciens can enhance the innate immunity of fish against dis-
ease infection. Reports demonstrated beneficial effects of dietary B.
amyloliquefaciens supplementation in increasing the survival rate of
Labeo rohu (L. rohita) challenged with Aer. hydrophila [41]; in striped
catfish (P. hypophthalmus) challenged with E. ictaluri [16]; in catla (C.
catla) challenged with E. tarda [17]; and in Nile tilapia challenged with
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A. hydrophila, Y. ruckeri, and C. perfringens type D [7,15]. Likewise, in
the present study, survival rates of zebrafish challenged with A. hy-
drophila and S. agalactiae were higher in the Amy and Amy-R8 groups
compared to the control group. This suggests that the probiotics B.
amyloliquefaciens and B. amyloliquefaciens R8 enhanced innate im-
munity against pathogenic infections. Cytokines released from innate
immune cells play key roles in regulating immune responses. Thus, we
evaluated expressions of cytokines and immune-related genes in zeb-
rafish after administering B. amyloliquefaciens and B. amyloliquefaciens
R8. Results showed significant increases in gene expression levels of IL-
1B, IL-6, IL-21, and TNF-a in the Amy and Amy-R8 groups compared to
the control group. Moreover, expressions of IL-21 and TNF-a exhibited
significant differences between the Amy and Amy-R8 groups. These
results are consistent with those of other reports on the use of probiotic
Bacillus spp. in fish, in which expressions of cytokine genes were found
to have significantly increased after the dietary administration of B.
subtilis [42-44]. Furthermore, a recent report demonstrated that Nile
tilapia (O. niloticus) supplemented with dietary B. amyloliquefaciens
exhibited increased expression levels of IL-1 and TNF-a in the kidneys
[15]. Cytokines produced from activated macrophages and monocytes
modulate systemic or local immune responses to infection and im-
munological challenge. Dietary supplementation with B. amyloliquefa-
ciens and B. amyloliquefaciens R8 induced cytokine expressions in zeb-
rafish, which suggests that the probiotics exhibited an
immunomodulatory function in fish. Lysozyme is a cornerstone of host
immunity that cleaves to peptidoglycans of bacterial cell walls. In ad-
dition to its antimicrobial activity, recent evidence showed that lyso-
zyme activates phagocytosis and a response of the complement system
to infection [45].

The present results showed that zebrafish fed B. amyloliquefaciens
and B. amyloliquefaciens R8 exhibited significant increases in expres-
sions of lysozyme genes compared to zebrafish fed the control diet.
Similar results were also observed in tilapia fed B. amyloliquefaciens and
B. licheniformis, and in catfish fed B. aerius and B. pumilus [11,15,16,46].
Recent reports indicated that seabass (D. labrax) given dietary XOSs
showed enhanced innate immunity and increased lysozyme production
against A. hydrophila infection [26,47]. In the present study, the Amy-
R8 group had higher expression of lysozyme than the Amy group. This
suggests that the immunostimulatory function of xylanase from B.
amyloliquefaciens R8 in zebrafish may act through the effects of XOSs
digested from plant ingredients in the feed.

Pattern recognition receptors (PRRs) such as TLRs recognize widely
conserved motifs of pathogens and are crucial for activating immune
responses against pathogen infections. TLR1 recognizes peptidoglycans
and lipoproteins in concert with TLR2 with a specificity for Gram-po-
sitive bacteria. TLR4 is well-known for recognizing lipopolysaccharide
(LPS), which is a component present in the outer membranes of gram-
negative bacteria. Activation of the TRL4 signaling pathway leads to the
activation of nuclear factor (NF)-xB and induces the production of
proinflammatory cytokines. Although the in vitro effects of probiotics on
expressions of TLRs have been widely studied, there are fewer in vivo
studies on fish. Recently, Abid et al. demonstrated that the dietary
administration of the synbiotics Pediococcus acidilactici and short-chain
fructooligosaccharides stimulated innate immune responses and
modulated TLR3 expression in the intestines of Atlantic salmon (Salmo
salar) [48]. The present results showed increased expressions of TLR1
and TLR4 in zebrafish in the Amy-R8 group. This suggests that dietary
supplementation with B. amyloliquefaciens R8 can enhance immunity
against Gram-negative and -positive pathogen infections. TLR3 plays a
critical role in innate immunity against viral infections by recognizing
double-stranded RNA and inducing the production of type I interferons.
Recently, Chai et al. demonstrated that dietary supplementation with
the probiotic Bacillus PC465 can enhance the innate immunity in white
shrimp (Litopenaeus vannamei) against infection with white spot syn-
drome virus [49]. The increased expression of TLR3 in the Amy and
Amy-R8 groups suggests that dietary supplementation with B.
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amyloliquefaciens and B. amyloliquefaciens R8 may have functions
against viral infection, but further investigations are required.

In conclusion, the results provide new insights into the beneficial
effects of xylanase-expressing B. amyloliquefaciens R8 on improving
hepatic glucose and lipid metabolism, and reducing oxidative stress and
cell death in a zebrafish model. Furthermore, the probiotic modulated
the innate immune responses against A. hydrophila and S. agalactiae
infections. The results showed enhanced effects of the combination of
heterologous xylanase and B. amyloliquefaciens, suggesting that B.
amyloliquefaciens R8 can be used as a probiotic and has benefits in
aquaculture.

Acknowledgments

This study was supported by a grant from the Ministry of Science
and Technology (MOST 106-2313-B-020-007) of Taiwan.

References

[1] J. Bebak, B. Wagner, B. Burnes, T. Hanson, Farm size, seining practices, and salt use:
risk factors for Aeromonas hydrophila outbreaks in farm-raised catfish, Alabama,
USA, Prev. Vet. Med. 118 (2015) 161-168.

R. Duremdez, A. Al-Marzouk, J.A. Qasem, A. Al-Harbi, H. Gharabally, Isolation of
Streptococcus agalactiae from cultured silver pomfret, Pampus argenteus (Euphrasen),
in Kuwait, J. Fish. Dis. 27 (2004) 307-310.

Y. Liu, Z. Zhou, N. Wu, Y. Tao, L. Xu, Y. Cao, et al., Gibel carp Carassius auratus gut
microbiota after oral administration of trimethoprim/sulfamethoxazole, Dis. Aquat.
Org. 99 (2012) 207-213.

J. Romero, C.G. Feijoo, Navarrete. P. Antibiotics in Aquaculture -use, Abuse and
Alternatives, INTECH Open Access Publisher, 2012.

N. Akhter, B. Wu, A.M. Memon, M. Mohsin, Probiotics and prebiotics associated
with aquaculture: a review, Fish Shellfish Immunol. 45 (2015) 733-741.

W. Huang, J. Chang, P. Wang, C. Liu, Q. Yin, Q. Zhu, et al., Effect of the combined
compound probiotics with mycotoxin-degradation enzyme on detoxifying aflatoxin
B1 and zearalenone, J. Toxicol. Sci. 43 (2018) 377-385.

F. Saputra, Y.L. Shiu, Y.C. Chen, A.W. Puspitasari, R.H. Danata, C.H. Liu, et al.,
Dietary supplementation with xylanase-expressing B. amyloliquefaciens R8 improves
growth performance and enhances immunity against Aeromonas hydrophila in Nile
tilapia (Oreochromis niloticus), Fish Shellfish Immunol. 58 (2016) 397-405.

J.H. Wang, L.Q. Zhao, J.F. Liu, H. Wang, S. Xiao, Effect of potential probiotic
Rhodotorula benthica D30 on the growth performance, digestive enzyme activity and
immunity in juvenile sea cucumber Apostichopus japonicus, Fish Shellfish Immunol.
43 (2015) 330-336.

A. Ullah, A. Zuberi, M. Ahmad, A. Bashir Shah, N. Younus, S. Ullah, et al., Dietary
administration of the commercially available probiotics enhanced the survival,
growth, and innate immune responses in Mori (Cirrhinus mrigala) in a natural
earthen polyculture system, Fish Shellfish Immunol. 72 (2018) 266-272.

J. Jurado, A. Villasanta-Gonzalez, S.T. Tapia-Paniagua, M.C. Balebona, I. Garcia de
la Banda, M.A. Morinigo, et al., Dietary administration of the probiotic Shewanella
putrefaciens Pdp11 promotes transcriptional changes of genes involved in growth
and immunity in Solea senegalensis larvae, Fish Shellfish Immunol. 77 (2018)
350-363.

N. Gobi, B. Vaseeharan, J.C. Chen, R. Rekha, S. Vijayakumar, M. Anjugam, et al.,
Dietary supplementation of probiotic Bacillus licheniformis Dahbl improves growth
performance, mucus and serum immune parameters, antioxidant enzyme activity as
well as resistance against Aeromonas hydrophila in tilapia Oreochromis mossambicus,
Fish Shellfish Immunol. 74 (2018) 501-508.

M.K. Iwashita, I.B. Nakandakare, J.S. Terhune, T. Wood, M.J. Ranzani-Paiva,
Dietary supplementation with Bacillus subtilis, Saccharomyces cerevisiae and
Aspergillus oryzae enhance immunity and disease resistance against Aeromonas hy-
drophila and Streptococcus iniae infection in juvenile tilapia Oreochromis niloticus,
Fish Shellfish Immunol. 43 (2015) 60-66.

C.H. Liu, C.H. Chiu, S.W. Wang, W. Cheng, Dietary administration of the probiotic,
Bacillus subtilis E20, enhances the growth, innate immune responses, and disease
resistance of the grouper, Epinephelus coioides, Fish Shellfish Immunol. 33 (2012)
699-706.

Y.Z. Sun, H.L. Yang, R.L. Ma, W.Y. Lin, Probiotic applications of two dominant gut
Bacillus strains with antagonistic activity improved the growth performance and
immune responses of grouper Epinephelus coioides, Fish Shellfish Immunol. 29
(2010) 803-809.

K.M. Selim, R.M. Reda, Improvement of immunity and disease resistance in the Nile
tilapia, Oreochromis niloticus, by dietary supplementation with Bacillus amylolique-
faciens, Fish Shellfish Immunol. 44 (2015) 496-503.

H.T. Truong Thy, N.N. Tri, O.M. Quy, R. Fotedar, K. Kannika, S. Unajak, et al.,
Effects of the dietary supplementation of mixed probiotic spores of Bacillus amylo-
liquefaciens 54A, and Bacillus pumilus 47B on growth, innate immunity and stress
responses of striped catfish (Pangasianodon hypophthalmus), Fish Shellfish Immunol.
60 (2017) 391-399.

A. Das, K. Nakhro, S. Chowdhury, D. Kamilya, Effects of potential probiotic Bacillus
amyloliquefaciens FPTB16 on systemic and cutaneous mucosal immune responses

[2]

[3]

[4]
[5]

[6]

[71

[8]

9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]


http://refhub.elsevier.com/S1050-4648(18)30766-6/sref1
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref1
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref1
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref2
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref2
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref2
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref3
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref3
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref3
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref4
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref4
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref5
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref5
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref6
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref6
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref6
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref7
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref7
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref7
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref7
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref8
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref8
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref8
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref8
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref9
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref9
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref9
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref9
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref10
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref10
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref10
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref10
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref10
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref11
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref11
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref11
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref11
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref11
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref12
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref12
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref12
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref12
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref12
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref13
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref13
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref13
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref13
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref14
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref14
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref14
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref14
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref15
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref15
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref15
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref16
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref16
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref16
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref16
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref16
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref17
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref17

Y.-S.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Lin et al.

and disease resistance of catla (Catla catla), Fish Shellfish Immunol. 35 (2013)
1547-1553.

R.M. Maasa, M.C.J. Verdegema, Y. Dersjant-Lib, J.W. Schramaa, The effect of
phytase, xylanase and their combination on growth performance and nutrient uti-
lization in Nile tilapia, Aquaculture 487 (2018) 7-14.

T.T. Jiang, L. Feng, Y. Liu, W.D. Jiang, J. Jiang, S.H. Li, et al., Effects of exogenous
xylanase supplementation in plant protein-enriched diets on growth performance,
intestinal enzyme activities and microflora of juvenile Jian carp (Cyprinus carpio
var, Jian) Aquaculture Nutrition 20 (2014) 632-645.

B. Refat, D.A. Christensen, J.J. McKinnon, W. Yang, A.D. Beattie, T.A. McAllister,
et al., Effect of fibrolytic enzymes on lactational performance, feeding behavior, and
digestibility in high-producing dairy cows fed a barley silage-based diet, J. Dairy
Sci. 101 (2018) 7971-7979.

AK. Agyekum, J.S. Sands, A. Regassa, E. Kiarie, D. Weihrauch, W.K. Kim, et al.,
Effect of supplementing a fibrous diet with a xylanase and beta-glucanase blend on
growth performance, intestinal glucose uptake, and transport-associated gene ex-
pression in growing pigs, J. Anim. Sci. 93 (2015) 3483-3493.

Q. Lu, J. Jiao, S. Tang, Z. He, C. Zhou, X. Han, et al., Effects of dietary cellulase and
xylanase addition on digestion, rumen fermentation and methane emission in
growing goats, Arch. Anim. Nutr. 69 (2015) 251-266.

G. Gonzalez-Ortiz, D. Sola-Oriol, M. Martinez-Mora, J.F. Perez, M.R. Bedford,
Response of broiler chickens fed wheat-based diets to xylanase supplementation,
Poultry Sci. 96 (2017) 2776-2785.

E. Kiarie, M.C. Walsh, L.F. Romero, S. Arent, V. Ravindran, Nutrient and fiber
utilization responses of supplemental xylanase in broiler chickens fed wheat based
diets are independent of the adaptation period to test diets, Poultry Sci. 96 (2017)
3239-3245.

S.H. Hoseinifar, M. Sharifian, M.J. Vesaghi, M. Khalili, M.A. Esteban, The effects of
dietary xylooligosaccharide on mucosal parameters, intestinal microbiota and
morphology and growth performance of Caspian white fish (Rutilus frisii kutum) fry,
Fish Shellfish Immunol. 39 (2014) 231-236.

R. Azeredo, M. Machado, E. Kreuz, S. Wuertz, A. Oliva-Teles, P. Enes, et al., The
European seabass (Dicentrarchus labrax) innate immunity and gut health are
modulated by dietary plant-protein inclusion and prebiotic supplementation, Fish
Shellfish Immunol. 60 (2017) 78-87.

A. Nawaz, A. Bakhsh Javaid, S. Irshad, S.H. Hoseinifar, H. Xiong, The functionality
of prebiotics as immunostimulant: evidences from trials on terrestrial and aquatic
animals, Fish Shellfish Immunol. 76 (2018) 272-278.

B. Xu, Y. Wang, J. Li, Q. Lin, Effect of prebiotic xylooligosaccharides on growth
performances and digestive enzyme activities of allogynogenetic crucian carp
(Carassius auratus gibelio), Fish Physiol. Biochem. 35 (2009) 351-357.

M. Lee-Estevez, E. Figueroa, J. Cosson, S.E. Short, I. Valdebenito,

P. Ulloa-Rodriguez, et al., Zebrafish as a useful model for immunological research
with potential applications in aquaculture, Rev. Aquacult. 10 (2016) 213-223.
H.L. Cheng, C.Y. Hu, S.H. Lin, J.Y. Wang, J.R. Liu, Y.C. Chen, Characterization of
two truncated forms of xylanase recombinantly expressed by Lactobacillus reuteri
with an introduced rumen fungal xylanase gene, Enzym. Microb. Technol. 64-65
(2014) 6-10.

E.N. Faikoh, Y.H. Hong, S.Y. Hu, Liposome-encapsulated cinnamaldehyde enhances
zebrafish (Danio rerio) immunity and survival when challenged with Vibrio vulnificus
and Streptococcus agalactiae, Fish Shellfish Immunol. 38 (2014) 15-24.

S. Meguro, T. Hasumura, T. Hase, Body fat accumulation in zebrafish is induced by
a diet rich in fat and reduced by supplementation with green tea extract, PLoS One
10 (2015) e0120142.

1. Guerreiro, A. Oliva-Teles, P. Enes, Improved glucose and lipid metabolism in
European sea bass (Dicentrarchus labrax) fed short-chain fructooligosaccharides and
xylooligosaccharides, Aquaculture 441 (2015) 57-63.

J. Finsterer, S. Zarrouk-Mahjoub, Biomarkers for detecting mitochondrial disorders,

419

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Fish and Shellfish Immunology 86 (2019) 410419

J. Clin. Med. 7 (2018).

K.P. Abasubong, X.F. Li, D.D. Zhang, E.T. Jia, Y.X. Yang, C. Xu, et al., Dietary
Supplementation of Xylooligosaccharides Benefits the Growth Performance and
Lipid Metabolism of Common Carp (Cyprinus carpio) Fed High-fat Diets Aquaculture
Nutrition, (2018).

AL Zaineldin, S. Hegazi, S. Koshio, M. Ishikawa, A. Bakr, A.M.S. El-Keredy, et al.,
Bacillus subtilis as probiotic candidate for red sea bream: growth performance,
oxidative status, and immune response traits, Fish Shellfish Immunol. 79 (2018)
303-312.

S. Dossou, S. Koshio, M. Ishikawa, S. Yokoyama, M.A.O. Dawood, M.F. El Basuini,
et al., Growth performance, blood health, antioxidant status and immune response
in red sea bream (Pagrus major) fed Aspergillus oryzae fermented rapeseed meal (RM-
Koji), Fish Shellfish Immunol. 75 (2018) 253-262.

M.A.O. Dawood, S. Koshio, M. Ishikawa, M. El-Sabagh, M.A. Esteban, A.1. Zaineldin,
Probiotics as an environment-friendly approach to enhance red sea bream, Pagrus
major growth, immune response and oxidative status, Fish Shellfish Immunol. 57
(2016) 170-178.

M. Zhang, M. Li, R. Wang, Y. Qian, Effects of acute ammonia toxicity on oxidative
stress, immune response and apoptosis of juvenile yellow catfish Pelteobagrus ful-
vidraco and the mitigation of exogenous taurine, Fish Shellfish Immunol. 79 (2018)
313-320.

G. Gioacchini, E. Giorgini, I. Olivotto, F. Maradonna, D.L. Merrifield, O. Carnevali,
The influence of probiotics on zebrafish Danio rerio innate immunity and hepatic
stress, Zebrafish 11 (2014) 98-106.

A. Nandi, G. Banerjee, S.K. Dan, K. Ghosh, A.K. Ray, Evaluation of in vivo probiotic
efficiency of Bacillus amyloliquefaciens in Labeo rohita challenged by pathogenic
strain of Aeromonas hydrophila MTCC 1739, Probiotics Antimicrob. Proteins 10
(2018) 391-398.

Y. Tang, L. Han, X. Chen, M. Xie, W. Kong, Z. Wu, Dietary supplementation of
probiotic Bacillus subtilis affects antioxidant defenses and immune response in Grass
carp under Aeromonas hydrophila challenge, Probiotics Antimicrob. Proteins (2018),
https://doi.org/10.1007/s12602-018-9409-8.

S.S. Giri, S.S. Sen, C. Chi, H.J. Kim, S. Yun, S.C. Park, et al., Effects of intracellular
products of Bacillus subtilis VSG1 and Lactobacillus plantarum VSG3 on cytokine
responses in the head kidney macrophages of Labeo rohita, Fish Shellfish Immunol.
47 (2015) 954-961.

S.S. Giri, S.S. Sen, C. Chi, H.J. Kim, S. Yun, S.C. Park, et al., Effect of cellular
products of potential probiotic bacteria on the immune response of Labeo rohita
and susceptibility to Aeromonas hydrophila infection, Fish Shellfish Immunol. 46
(2015) 716-722.

S.A. Ragland, A.K. Criss, From bacterial killing to immune modulation: recent in-
sights into the functions of lysozyme, PLoS Pathog. 13 (2017) e1006512.

R. Meidong, K. Khotchanalekha, S. Doolgindachbaporn, T. Nagasawa, M. Nakao,
K. Sakai, et al., Evaluation of probiotic Bacillus aerius B81e isolated from healthy
hybrid catfish on growth, disease resistance and innate immunity of Pla-mong
Pangasius bocourti, Fish Shellfish Immunol. 73 (2018) 1-10.

B.E. Abdelmalek, D. Driss, F. Kallel, M. Guargouri, H. Missaoui, S.E. Chaabouni,
et al., Effect of xylan oligosaccharides generated from corncobs on food accept-
ability, growth performance, haematology and immunological parameters of
Dicentrarchus labrax fingerlings, Fish Physiol. Biochem. 41 (2015) 1587-1596.

A. Abid, S.J. Davies, P. Waines, M. Emery, M. Castex, G. Gioacchini, et al., Dietary
synbiotic application modulates Atlantic salmon (Salmo salar) intestinal microbial
communities and intestinal immunity, Fish Shellfish Immunol. 35 (2013)
1948-1956.

P.C. Chai, X.L. Song, G.F. Chen, H. Xu, J. Huang, Dietary supplementation of pro-
biotic Bacillus PC465 isolated from the gut of Fenneropenaeus chinensis improves
the health status and resistance of Litopenaeus vannamei against white spot syn-
drome virus, Fish Shellfish Immunol. 54 (2016) 602-611.


http://refhub.elsevier.com/S1050-4648(18)30766-6/sref17
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref17
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref18
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref18
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref18
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref19
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref19
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref19
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref19
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref20
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref20
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref20
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref20
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref21
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref21
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref21
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref21
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref22
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref22
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref22
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref23
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref23
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref23
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref24
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref24
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref24
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref24
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref25
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref25
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref25
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref25
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref26
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref26
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref26
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref26
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref27
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref27
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref27
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref28
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref28
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref28
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref29
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref29
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref29
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref30
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref30
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref30
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref30
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref31
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref31
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref31
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref32
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref32
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref32
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref33
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref33
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref33
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref34
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref34
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref35
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref35
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref35
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref35
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref36
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref36
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref36
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref36
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref37
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref37
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref37
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref37
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref38
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref38
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref38
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref38
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref39
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref39
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref39
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref39
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref40
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref40
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref40
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref41
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref41
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref41
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref41
https://doi.org/10.1007/s12602-018-9409-8
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref43
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref43
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref43
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref43
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref44
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref44
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref44
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref44
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref45
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref45
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref46
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref46
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref46
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref46
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref47
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref47
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref47
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref47
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref48
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref48
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref48
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref48
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref49
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref49
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref49
http://refhub.elsevier.com/S1050-4648(18)30766-6/sref49

	Dietary administration of Bacillus amyloliquefaciens R8 reduces hepatic oxidative stress and enhances nutrient metabolism and immunity against Aeromonas hydrophila and Streptococcus agalactiae in zebrafish (Danio rerio)
	Introduction
	Materials and methods
	Fish and pathogen strains
	Probiotic preparation and administration
	Evaluation of xylanase activity in vitro and in vivo
	Evaluation of 3-HAD and CS enzyme activities in the liver
	Real-time quantitative polymerase chain reaction (PCR)
	Challenge test
	Statistical analysis

	Results
	Administration of probiotics enhances gene expressions and enzyme activities which are involved in glucose and fatty acid metabolism in zebrafish
	Administration of probiotics modulates expression of genes which involved in hepatic stress and apoptosis in zebrafish
	Dietary supplementation with probiotics enhances immune-related gene expressions
	Dietary supplementation of probiotics enhanced defense against A. hydrophila and S. agalactiae in zebrafish

	Discussion
	Acknowledgments
	References




