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Abstract: Probiotics as antibiotic alternatives for preventing and controlling infectious diseases are
a relatively eco-friendly strategy in aquaculture. The bacteriocin-producing probiotic Paenibacillus
ehimensis NPUST1 was isolated from tilapia culture pond water in our previous study. The present
study demonstrated that P. ehimensis NPUST1 produced hydrolytic enzymes, including protease,
amylase, cellulase, xylanase and lipase. The effects of P. ehimensis NPUST1 on zebrafish nutrient
metabolism, growth performance and innate immunity were evaluated by measuring the expression
of indicator genes in zebrafish after feeding P. ehimensis NPUST1 at doses of 106 and 107 CFU/g
for 8 weeks. There was an obvious increase in the hepatic mRNA expression of carbohydrate
metabolism-related genes, including glucokinase, hexokinase 1, glucose-6-phosphatase, and pyruvate
kinase, and growth-related genes, including the growth hormone receptor and insulin-like growth
factor-1. The expression of the innate immune-related genes including interleukin (IL)-1β, IL-6,
IL-15, tumor necrosis factor-α, toll-like receptor (TLR)-1, TLR-4, complement component C3b and
lysozyme were significantly increased in P. ehimensis NPUST1-supplemented fish. A significant
reduction in cumulative mortality was exhibited in P. ehimensis NPUST1-supplemented fish after
infection with Aeromonas hydrophila and Streptococcus iniae. In conclusion, our data suggested that
P. ehimensis NPUST1 supplementation in feed could potentially improve nutrient metabolism and
growth in addition to enhancing innate immunity and disease resistance against A. hydrophila and
S. iniae in zebrafish.

Keywords: probiotic; hydrolytic enzyme; immunomodulation; disease control

1. Introduction

Aquaculture is the fastest growing production sector for animal protein in the world
and plays an important role in supporting the demand for food for human consumption [1].
However, infectious diseases can cause massive mortality, and severe economic loss in fish
farming is considered one of the major issues challenging the sustainable development
of aquaculture. Among infectious diseases, bacterial pathogen-induced diseases exhibit
the greatest incidences in aquaculture because bacteria are capable of multiplying in an
aquatic environment independent of their host. For instance, Aeromonas hydrophila and
Streptococcus iniae are typical pathogens that cause hemorrhagic septicemia and red fin
disease in most freshwater fish species [2,3], and vibriosis caused by Vibrio pathogens
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usually causes massive mortality in animals cultured in marine water [4]. The use of
antibiotics or chemicals is an effective way to prevent disease outbreaks or to support
therapeutic purposes in fish farming. However, the ban on the use of antibiotics and
chemicals in feed additives has become a global consensus due to issues such as the rapid
spread of antibiotic-resistant pathogens in microbial ecosystems and the increased risk
to food safety by residual antibiotic contamination. Thus, it is urgent and important to
develop alternatives to antibiotics for the biocontrol infectious diseases in aquaculture.

Probiotics can confer positive effects on host health and have been considered an
eco-friendly alternative to antibiotics for preventing disease outbreaks in aquaculture [5].
Numerous reviews have shown that the use of probiotics in aquaculture provides multiple
benefits, such as improving nutrient metabolism, growth performance and feed efficiency,
improving the beneficial gut microflora in the gastrointestinal (GI) tract and enhancing
immunity and resistance to pathogen infection [6]. In addition to lactic acid bacteria, the
Bacillus genus is the most commonly used probiotic in aquaculture due to its ability to
produce endospores that are tolerant to the low pH of the GI tract and to produce hy-
drolytic enzymes that improve nutrient utilization and feed efficiency. The Bacillus genus
is also known for its long-term safety in mammalian species. A recent review reported
that potential probiotics isolated for use in fish farming should have criteria including non-
pathogenicity and nonantibiotic resistance in addition to the ability to produce hydrolytic
enzymes and antimicrobial substances [7]. Hydrolytic enzyme-producing probiotics have
been shown to possess beneficial effects on improving nutrient utilization, feed efficiency
and growth performance in fish. For instance, the dietary administration of hydrolytic
enzyme-producing probiotics (enzymes including protease, cellulase, amylase, xylanase
and phytase) of the Bacillus genus can enhance nutrient metabolism, feed efficiency and
growth in tilapia, Labeo rohita, shrimp and zebrafish [8–12].

Species of Paenibacillus are gram-positive and endospore-forming bacteria that were
originally categorized in the Bacillus genus because their morphological and physiological
characteristics are quite similar to those of Bacillus subtilis. However, in 1993, Ash et al. [13]
reclassified Paenibacillus as a new genus based on a phylogenetic analysis of 16S rRNA
sequences and the characterization of its phenotypic characteristics. Recently, a review
determined that the Paenibacillus genus can produce a variety of bacteriocins that can
potentially be applied as antimicrobial agents in medicine against human pathogens and
in agriculture for controlling plant pathogens [14]. However, there are few investigations
on the application of bacteriocin-producing Paenibacillus species as biocontrol agents for
disease control in aquaculture. In addition to bacteriocin, Paenibacillus species also exhibited
the ability to produce hydrolytic enzymes and play roles in pathogen defense. For instance,
amylase, cellulase, protease and lipase produced from P. polymyxa exhibited antagonistic ac-
tivity against fish pathogens [15]. Chitinase and β-1,3-glucanase produced from P. ehimensis
IB-X-b can degrade the cell walls of fungal mycelia, which are composed of β-1,3-glucan,
chitin, cellulose and protein [16]. Our previous study isolated the bacteriocin-producing
probiotic Paenibacillus ehimensis NPUST1 from a water sample of tilapia culture pools and
demonstrated that dietary supplementation with P. ehimensis NPUST1 can improve feed
efficiency, enhance growth and promote innate immunity against pathogen infection in Nile
tilapia [17]. The present study evaluated the ability of the probiotic to produce hydrolytic
enzymes and investigated the effect of the probiotic on nutrient metabolism, immunity and
disease resistance in zebrafish.

2. Materials and Methods
2.1. Experimental Animals and Bacterial Strains

The adult zebrafish AB strain was obtained from the Taiwan Zebrafish Core Facility
at Academia Sinica (Taipei, Taiwan). The fish were domesticated for 1 week in a 90 L
aquarium at 28 ◦C with a controlled light cycle (14 h of light/10 h of dark) in the aquatic
laboratory animal facility of the National Pingtung University of Science and Technology,
which is accredited by the Association for Assessment and Accreditation of Laboratory
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Animals Care (AAALAC). The fish were fed commercial pellet feed twice daily at 2% body
weight (MeM Prime, BERNAQUA, Olen, Belgium). The protocols for fish experiments were
implemented according to local animal welfare regulations and approved (approval No.
NPUST-105-067) by the Institutional Animal Care and Use Committee (IACUC) of NPUST.
The probiotic P. ehimensis NPUST1 isolated from tilapia culture pools was as described in
a previous report [17,18]. The pathogens A. hydrophila and S. iniae isolated from diseased
tilapia were described in reports [18,19]. All bacteria were cultured in tryptic soy broth
(TSB) medium at 28 ◦C overnight and stored in 20% glycerol at −20 ◦C until use.

2.2. Assay of Hydrolytic Enzymes and Antibiotic Susceptibility to Probiotics

The extracellular protease, amylase, cellulase, xylanase and lipase activities of pro-
biotic P. ehimensis NPUST1 were assayed by an agar-well diffusion test as described in
a previous report [8]. Bacteria were cultured in a 250 mL flask containing 50 mL of TSB
medium at 28 ◦C for 12 h. Briefly, 10 µL of culture broth was added individually on the
surface of differential agar plates and let stand until the added samples were dry. After in-
cubating at 28 ◦C for 24 h, the plates were washed with sterile water to remove the colonies
and then stained with a specific dye. For the protease activity assay, bacterial protease
activity was observed as wells surrounded by clear zones that presented on an enriched
nutrient agar plate containing 0.5% skimmed milk. For the amylase activity assay, bacterial
amylase activity was observed as wells surrounded by clear zones that presented on 0.2%
starch-enriched nutrient agar plates after staining with 5% iodine solution. For the cellulase
and xylanase activity assays, bacterial cellulase and xylanase activities were observed as
wells surrounded by clear zones that presented on 0.5% carboxymethyl cellulose (CMC)
and 1% xylan-enriched nutrient agar plates after staining with 0.4% Congo red solution,
respectively. For the lipase activity assay, bacterial lipase activity was observed as wells
surrounded by a clear zone that presented on the enriched nutrient agar plate containing
1% glyceryl tributyrate and 1% Tween 80. Bacillus amyloliquefaciens R8, which demonstrated
protease, amylase, cellulase, xylanase and lipase activities, was used as a positive control.
Escherichia coli DH5α, without tested enzyme activities, was used as a negative control. The
antibiotic susceptibility of the probiotic was determined by overlaying antibiotic-containing
disks on the TSB agar that was previously seeded with approximately 1 × 106 CFU/mL
of the probiotic P. ehimensis NPUST1. The tested antibiotics included ampicillin (20 µg),
amoxicillin (20 µg), doxycycline (50 µg), erythromycin (50 µg), furazolidone (2 µg), flume-
quine (20 µg), ormetoprim (50 µg), oxytetracycline (50 µg), chloramphenicol (80 µg) and
kanamycin (10 µg). The antibiotic susceptibility phenotypes of P. ehimensis NPUST1 were
evaluated by the appearance of inhibition zones on agar plates after incubation at 28 ◦C for
24 h.

2.3. Feed Preparation and Feeding Experiment

The preparation of experimental diets was carried out according to a protocol de-
scribed in a previous report [12]. Briefly, the culture broth of P. ehimensis NPUST1b was
centrifuged at 6000× g for 15 min at 4 ◦C to harvest the cell pellet. The pellet was washed
three times with phosphate-buffered saline (PBS) and then suspended in sterile water. The
number of viable bacterial cells in the suspended solution was determined using a serial
dilution and plate counting on TSB agar plates. An appropriate amount of suspended
solution was added to the basal diet to obtain a diet containing 106 colony-forming units
(CFU)/g and 107 CFU/g of P. ehimensis NPUST1. The ingredients of the basal diet were
described in a previous report [12]. The proximate compositions of the basal diets were
approximately 39.1% crude protein, 7.6% crude lipid, 11.8% ash and 9.2% moisture, as
determined according to the method of the Association of Official Analytical Chemists
(AOAC) [20]. The zebrafish (approximately 4.2 ± 0.02 cm in average body length and
body weight 0.61 ± 0.04 g) were randomly divided into three groups including one control
group and two experimental groups, E1 and E2. The fish in the control group were fed a
basal diet. The fish in the E1 and E2 groups were fed a basal diet containing 106 CFU/g
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and 107 CFU/g of P. ehimensis NPUST1, respectively. Thirty fish per group were cultured
in a 10 L tank at 28 ◦C, and each experiment was conducted in triplicate. The fish in the
control, E1 and E2 groups were fed twice daily at 1% of body weight. The tanks were
cleaned by siphoning the water daily, and the uneaten food was collected 1 h after feeding.
After 8 weeks of feeding, the digestive enzyme activities, the expression levels of indicator
genes associated with nutrition metabolism, the innate immunity and challenge tests were
evaluated. The viability of probiotic cells in the diet was monitored by performing plate
counting of the TSB agar plates every week during the feeding trial.

2.4. Determination of Digestive Enzymes in Intestines

The intestine tissues were sampled from six fish and homogenized in 1 mL of chilled
phosphate-buffered saline (PBS; pH 7.4) using a homogenizer (Pro 200, PRO Scientific,
Oxford, CT, USA). The buffer was centrifuged at 1000× g for 10 min at 4 ◦C to remove cell
lysates, and then the supernatant was appropriately diluted in the PBS buffer to determine
the protein concentration and assess hydrolytic enzyme activities. The protein content was
measured with the Bradford method using bovine serum albumin (BSA) as a standard [21].
The protocol for determining protease, amylase, cellulase and xylanase activities was
modified from that described in a previous report [22].

2.4.1. Protease Activity Assay

A 200 µL aliquot of supernatant from the fish intestines was mixed with 1.0 mL
of a 0.7% (w/v) casein solution in 2.0 mL microcentrifuge tubes and incubated at 37 ◦C
for 15 min. Subsequently, the reaction was terminated by adding 0.5 mL of a 110 mM
trichloroacetic acid (TCA) solution and incubating for 20 min at 37 ◦C. The mixture solution
was centrifuged at 12,000× g for 15 min at 4 ◦C to collect the supernatant. One milliliter of
supernatant was mixed with 0.5 mL of Folin, 0.5 mM Ciolcalteau’s reagent and 2.5 mL of
500 mM Na2CO3 in a 10 mL tube and incubated at 37 ◦C for 30 min. Tyrosine was used
as a standard to establish a standard curve by measuring the absorbance at 440 nm with a
spectrophotometer (CT-2700, Chrom Tech, Taipei, Taiwan). One protease activity unit was
defined as the amount of enzyme that releases 1 µmol of tyrosine per minute.

2.4.2. Amylase Activity Assay

A 200 µL aliquot of enzyme supernatant was mixed with 200 µL of a 1% starch solution
and incubated at 37 ◦C for 30 min, and then 0.5 mL of 3,5-dinitrosalicylic acid (DNS) reagent
was added to the mixture in a 10 mL glass tube and incubated in boiling water for 5 min.
After cooling to ambient temperature, the absorbance of the solution was determined at
540 nm with a spectrophotometer. Glucose was used as a standard to establish a calibration
curve. One amylase activity unit was defined as the amount of enzyme that released 1
µmol of reducing sugar per minute.

2.4.3. Cellulase Activity Assay

A 200 µL aliquot of enzyme supernatant was mixed with 0.2 mL of 0.1 M citrate buffer
containing 1% carboxymethyl cellulose (CMC) in a 10 mL glass tube and then incubated
at 50 ◦C for 30 min. Subsequently, 1 mL of the DNS reagent was added and incubated
in a boiling water bath for 10 min. After cooling to ambient temperature, 0.5 mL of 40%
KNaC4H4O6 was added, and the mixture was allowed to cool to ambient temperature.
Glucose generated from the CMC substrate by cellulase activity was measured at 540 nm
with a spectrophotometer. One unit of cellulase activity was defined as the amount of
enzyme that released 1 µmol of glucose per minute.

2.4.4. Xylanase Activity Assay

A total of 100 µL of enzyme supernatant was mixed with 100 µL of 1% xylan (X-4252,
Sigma, St. Louis, MO, USA) substrate solution in a 2 mL microcentrifuge tube and incubated
at 55 ◦C for 10 min. Subsequently, 0.2 mL of the DNS reagent was added and heated to
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100 ◦C for 10 min. After cooling to ambient temperature, 1 mL of deionized water was
added to the mixture to terminate the reaction. After centrifugation at 12,000× g for 1 min,
the absorbance of the supernatant was measured at 540 nm using a UV-Vis microplate reader
(Multiskan Sky, Thermo Fisher Scientific, Waltham, MA, USA). One xylanase activity unit
was defined as the amount of enzyme that released 1 mmol of reducing sugars per minute.

2.4.5. Lipase Activity Assay

A 10 µL aliquot of enzyme supernatant was mixed with 190 µL of 25 mM p-nitrophenyl
butyrate, which was dissolved in a sodium phosphate buffer (pH 7.0), in a 96-well mi-
croplate and incubated at 37 ◦C for 30 min. The absorbance of the supernatant was
measured at 405 nm using a UV-Vis microplate reader. p-Nitrophenol (p-NP) was used as
a standard to establish a calibration curve. One unit of lipase activity was defined as the
amount of enzyme that released 1 µmol of p-NP per minute.

2.5. Determination of Gene Expression by Real Time Quantitative Polymerase Chain Reaction
(Real Time Q-PCR)

The liver tissue and whole-body samples were separately obtained from six zebrafish
and used to extract total RNA using the TriPure isolation reagent (Roche, Mannheim,
Germany) according to the manufacturer’s protocol. The expression of genes related to
glucose metabolism, growth and innate immune responses was determined with real-time
q-PCR (Applied Biosystems StepOnePlus, Foster City, CA, USA) using SYBR Green PCR
reagents. The specific primers used for detecting genes are listed in Table 1. The expression
of the EF-1α gene was used as the internal control. The condition of real-time Q-PCR
followed that described in a previous report [12]. The relative expression level of each gene
was normalized to that of EF-1α and expressed as the mean ± standard error (SE).

Table 1. Primer sequences used in this study.

Gene Name Primer Sequence
(5′ → 3′)

Amplicon Size
(bp) Accession Number

Nutrient metabolism and growth-related genes

Glucokinase
(GK)

ATGACCGGCACAGCTGAAAT
100 BC122359ATCCCAGCGGTAGCTTCTTG

Hexokinase 1
(HK1)

ACTTTGGGTGCAATCCTGAC
97 BC067330AGACGACGCACTGTTTTGTG

Glucose-6-phosphatase
(G6Pase)

ACGCTGTTCCTGCTGTCATTC
100 BC164161TGCACCATTTCTGGGCTTTC

Pyruvate kinase
(PK-L)

TCCTGGAGCATCTGTGTCTG
104 BC152219GTCTGGCGATGTTCATTCCT

Growth hormone receptor
(GHR)

TGAGTCGTTCAGGGTTGCACTT
100 NM_001083578GAAGCTGGTACACCAGACTCA

Insulin-like growth factor-1
(IGF-1)

AGTGTACCATGCGCTGTCTC
100 NM_131825CAGCGTCTCCGGCCCCGCCT

Immune-related genes

Interleukin-1β
(IL-1β)

TGGACTTCGCAGCACAAAATG
147 AY340959CACTTCACGCTCTTGGATGA

Interleukin-6
(IL-6)

TCAACTTCTCCAGCGTGATG
73 JN698962TCTTTCCCTCTTTTCCTCCTG
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Table 1. Cont.

Gene Name Primer Sequence
(5′ → 3′)

Amplicon Size
(bp) Accession Number

Interleukin-15
(IL-15)

ATGTCATTGGAACTCAGAGGTTTG
100 BC162843CTGTTCTGGATGTCCTGCTTGA

Tumor necrosis factor-α
(TNF-α)

AAGGAGAGTTGCCTTTACCG
152 BC165066ATTGCCCTGGGTCTTATGC

Toll-like receptor-1
(TLR-1)

CAGAGCGAATGGTGCCACTAT
97 AY163838GTGGCAGAGGCTCCAGAAGA

Toll-like receptor-4
(TLR-4)

TTTCAGATGCCACATCAGA
150 EU551724TCCACAAGAACAAGCCTTTG

Lysozyme CGTGGATGTCCTCGTGTGAAG
100 NM_139180CCAATGGAGAATCCCTCAAA

Complement component
C3b

CGTCTCCGTACACCATCCATT
100 NM_131243GGCGTCTCATCAGGATTTGTTAC

Elongation factor-1α
(EF-1α)

AACAGCTGATCGTTGGAGTCAA
100 AY422992TTGATGTATGCGCTGACTTCCT

2.6. Challenge Experiment

A. hydrophila and S. iniae were separately cultured in TSB and incubated at 28 ◦C
overnight. Bacterial cells were collected by centrifugation at 6100× g for 15 min at 4 ◦C and
resuspended in the appropriate volumes of PBS to adjust the cell concentration. The 7-day
median lethal dose (LD50) was determined by intraperitoneal (IP) injection of serial doses of
A. hydrophila and S. iniae separately (105, 106, 107 and 108 CFU/fish) into 10 fish. At the end
of the feeding trial, 15 fish from each group were administered 20 µL of diluted A. hydrophila
or S. iniae solution by IP injection at a LD50 (1.0 × 106 CFU per fish for A. hydrophi and
1.0 × 105 CFU per fish for S. iniae). The bacterial challenge test was conducted in triplicates.
The injected zebrafish were maintained in a tank (15 fish per tank) containing 10 L of fresh
water at 28 ◦C. The fish fed the basal diet and injected with pathogens or with PBS were
used as the positive and negative control group, respectively. The cumulative mortality in
each group was recorded for 7 days post-infection.

2.7. Statistical Analysis

Significant differences in the relative gene expression levels for each group were
analyzed statistically using one-way ANOVA and Tukey’s multiple comparison tests. A
probability value of less than 0.05 (p < 0.05) was considered significant. Cumulative
mortality in the challenge experiment was analyzed using the Kaplan—Meier method. The
data analysis was performed using SAS software (SAS Institute, Cary, NC, USA).

3. Results
3.1. Characterization of Hydrolytic Enzymes and Antibiotic Susceptibility of P. ehimensis NPUST1

The potential probiotic P. ehimensis NPUST1 with bacteriocin activity isolated from
a tilapia culture pool was investigated in our previous study [17]. In the present study,
the activities of hydrolytic enzymes produced from the probiotic P. ehimensis NPUST1
were evaluated using an agar-well diffusion test. The results revealed that the probiotic
P. ehimensis NPUST1 can secrete protease, amylase, cellulase, xylanase and lipase (Figure 1).
Moreover, the antibiotic susceptibility of the probiotic P. ehimensis NPUST1 was evaluated
using a disc diffusion test. The tested antibiotics showed an inhibition zone against
P. ehimensis NPUST1, suggesting that P. ehimensis NPUST1 lacks antibiotic resistance against
the tested antibiotics (Figure 2).
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agar plate after cultivation for 24 h. (a) Protease activity; (b) lipase activity; (c) amylase activity;
(d) cellulase activity and (e) xylanase activity. P. ehimensis NPUST1 was used as the experimental
group (EP); Escherichia coli DH5α was used as the negative control (NC); Bacillus amyloliquefaciens R8
was used as the positive control (PC).
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3.2. Dietary Supplementation with P. ehimensis NPUST1 Enhances Digestive Enzyme Activities
and Induces the Expression of Genes Involved in Glucose Metabolism and Growth

To evaluate the efficacy of dietary supplementation with P. ehimensis NPUST1 on
nutrient metabolism and growth in fish, digestive enzyme activities, hepatic nutrient
metabolism and growth-related genes were determined after feeding the P. ehimensis
NPUST1-supplemented diet for 8 weeks. As shown in Table 2, the activity of the digestive
enzymes protease, cellulase, xylanase and lipase of the fish in the E1 and E2 groups were
significantly increased compared with those of the fish in the control group. The amylase
activity in the gut of the fish in the E2 group was significantly higher than that of the fish
in the control and E2 groups. The effect of P. ehimensis NPUST1 on nutrient metabolism
and growth at the molecular level was also evaluated by determining the hepatic GK, HK1,
G6Pase, PK-L, GHR and IGF-1 gene expression. The results showed a significant increase
in GK and HK1 mRNA expression for the fish in the E1 and E2 groups compared to the
fish in the control group. The results showed that the zebrafish in the E1 and E2 groups
produced 1.85- and 2.44-fold and 1.95- and 3.3-fold higher mRNA expression levels of
GK and HK1 compared to the zebrafish in the control group, respectively. Moreover, the
relative expression level of HK1 exhibited a significant difference between the E1 and E2
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groups (Figure 3a,b). The relative mRNA expression level of G6Pase was significantly
higher for the fish in the E2 group compared to the fish in the control and E1 groups
(Figure 3c). Specifically, zebrafish in the E2 group had a 2.35-fold higher mRNA expression
level of G6Pase than the zebrafish in the control group. An obvious increase in hepatic
PK-L expression was exhibited in the fish of the E1 group compared to that in the fish of the
control group. Moreover, although there was no significant difference in PK-L expression
between the E2 and control groups, a higher mRNA expression level of PK-L was detected
in the fish of the E2 group than in the fish of the control group (Figure 3d). A significant
increase in the GHR and IGF-1 mRNA expression levels were shown in the fish of the E1
and E2 groups compared to the fish of the control. The expression levels of GHR and IGF-1
in the zebrafish of the E1 and E2 groups were 1.71- and 2.48-fold and 2.0- and 2.07-fold
higher than those in the zebrafish of the control group, respectively. However, there was no
significant difference in GHR and IGF-1 mRNA expression in fish between the E1 and E2
groups (Figure 3e,f).

Table 2. Intestinal digestive enzyme activities and hepatic metabolic enzyme activities of zebrafish
after being fed a diet containing 106 or 107 CFU/g P. ehimensis NPUST1 for 8 weeks.

Digestive Enzymes Activities
(U/mg Protein) Control E1 E2

Amylase 0.46 ± 0.631 b 0.68 ± 0.137 b 1.38 ± 0.212 a

Cellulase 0.11 ± 0.003 b 0.48 ± 0.023 a 0.54 ± 0.021 a

Lipase 0.32 ± 0.023 b 0.92 ± 0.083 a 0.89 ± 0.113 a

Protease 0.68 ± 0.081 b 1.72 ± 0.221 a 1.65 ± 0.192 a

Xylanase 0.19 ± 0.004 b 0.77 ± 0.038 a 0.92 ± 0.146 a

Data are presented as the mean ± S.D. from 6 fishes per group. Different superscripts in the same rows represent
significant differences (p < 0.05, one-way ANOVA, Tukey’s multiple comparisons test).

3.3. Fish Supplemented with P. ehimensis NPUST1 Modulate the Expression of Innate Immunity
Response Genes

The expression of cytokine genes was used as an indicator to evaluate the immunomod-
ulatory function of P. ehimensis NPUST1 in the fish. The mRNA expressions of IL-1β, TNFα,
C3b and lysozyme in the whole body were significantly increased in the fish of the E1
and E2 groups compared to that in the fish of the control group. The expression levels of
IL-1β, TNFα, C3b and lysozyme in the fish of the E1 and E2 groups were 3.3-, 2.1-, 4.7-
and 5.3-fold and 5.71-, 4.0-, 9.43- and 8.05-fold higher than those in the fish of the control
group, respectively. Moreover, the expression levels of IL-1β, TNFα, C3b and lysozyme
in the fish of the E2 group were significantly higher than that in the fish of the E1 group
(Figure 4a,d,g,h). The expression level of TLR-4 was significantly increased in the fish of
the E1 and E2 groups compared to that of the fish in the control group; however, there
was no significant difference between the fish in the E1 and E2 groups (Figure 4f). The
expression levels of TLR-4 in the fish of the E1 and E2 groups were 3.6- and 3.2-fold higher
than those in the fish of the control group, respectively. The expression levels of IL-6, IL-15
and TLR-1 were significantly increased in the fish of the E1 group compared to that in the
fish of the control and E2 groups. Moreover, the expression of IL-6, IL-15 and TLR-1 in
the fish of the E2 group was also significantly higher than that in the fish of the control
group (Figure 4b,c,e). In summary, the results suggested that the fish fed a P. ehimensis
NPUST1-supplemented diet were subjected to immunomodulatory actions. Moreover,
increased immune cytokine gene expression was commonly exhibited in the fish of the E1
and E2 groups, suggesting that a dose of 106 CFU/g P. ehimensis NPUST1 was sufficient to
enhance innate immunity.
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Figure 3. Relative mRNA expression levels of glucose metabolism genes in the livers of zebrafish
fed the basal diet (control), the basal diet containing 106 CFU/g (E1) or the basal diet containing
107 CFU/g (E2) P. ehimensis NPUST1 for 8 weeks. (a) Glucokinase (GK); (b) hexokinase 1 (HK1),
(c) gluco-6-phosphatase (G6Pase); (d) liver type pyruvate kinase (PK-L); (e) growth hormone receptor
(GHR) and (f) insulin-like growth factor-I (IGF-1). The data are presented as the mean ± S.D. from
six individual samples (n = 6). Bars with different superscripts are significantly different (p < 0.05).
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Figure 4. Quantitative PCR analysis of immune-related expression in zebrafish fed the basal diet
(control), the basal diet containing 106 (E1) or the basal diet containing 107 (E2) CFU/g P. ehimensis
NPUST1 for 8 weeks. Expression of IL-1β (a), IL-6 (b), IL-15 (c), TNFα (d), TLR-1 (e), TLR-4 (f),
C3b (g) and lysozyme (h) in the whole body. The results represent the mean ± S.D. of six fish per
group. Bars with different superscripts are significantly different (p < 0.05, one-way ANOVA, Tukey’s
multiple comparisons test).

3.4. Dietary Supplementation with P. ehimensis NPUST1 Enhances Disease Resistance against
Pathogen Infections

To investigate whether the immunomodulatory function of dietary P. ehimensis NPUST1
could reflect an efficacy in disease resistance, the cumulative mortality of fish was evaluated
using a challenge test with A. hydrophila and S. iniae pathogens. As shown in Figure 3, the
cumulative mortality was maintained at 0% for the group injected with saline for 7 days
post-infection. Conversely, the cumulative mortality in the control group injected with
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A. hydrophila and S. iniae obviously increased during the first 3 days post-infection and then
remained at 78 ± 4.8% and 81 ± 4.8%, respectively, until 7 days post-infection.

Notably, the cumulative mortality was 56 ± 4.8% and 53 ± 5.8% for the fish of the
E1 and E2 groups challenged with A. hydrophila, respectively, which was lower than the
cumulative mortality for the fish of the control group. Similarly, the cumulative mortality
obviously declined in the fish of the E1 and E2 groups after the challenge with S. iniae,
which was 61 ± 4.8% and 55 ± 4.8% for the fish of the E1 and E2 groups, respectively.
There was no significant difference in cumulative mortality between the E1 and E2 groups
(Figure 5). These results suggested that the fish fed a P. ehimensis NPUST1-supplemented
diet exhibited disease resistance against A. hydrophila and S. iniae infection, and a dose
of 106 CFU/g P. ehimensis NPUST1 was sufficient to achieve protective defense against
disease infection.
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Figure 5. Cumulative mortality of zebrafish challenged with (a) Aeromonas hydrophila and (b) Strepto-
coccus iniae after being fed the basal diet (control), the basal diet containing 106 (E1) or the basal diet
containing 107 (E2) CFU/g P. ehimensis NPUST1 for 8 weeks. Data are presented as the mean ± S.E.
from triplicates of each group. The cumulative mortality in the E1 and E2 groups was significantly
higher than that in the control group based on the Kaplan–Meier method (p < 0.05).
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4. Discussion

Probiotics have been shown to exhibit multiple benefits to fish such as growth pro-
motion, improvement of feed efficiency and gut microbiota, and disease resistance. Thus,
probiotics are popular alternatives to antibiotics or chemicals for biocontrol in aquaculture.
To date, several studies describing the screening and evaluation of bacteria as potential
probiotics for aquaculture have been reported [23,24]; however, the safety assessment of the
probiotic candidates is generally limited. Probiotic isolates harboring antibiotic-resistance
genes can have negative environmental impacts and potentially cause the spread of multi-
drug resistant pathogens by horizontal gene transfer. A recent review of genetic analyses
found that multiple probiotics used in the aquaculture industry are antibiotic-resistant
bacteria, suggesting that safety assessment for commercial probiotics is needed [25]. The
present study showed that the probiotic P. ehimensis NPUST1 was susceptible to the tested
antibiotics, suggesting that its use in aquaculture is relatively safe.

In general, the interaction between probiotics and hosts is considered species-specific
or strain-specific; thus, in vivo validation of probiotic efficacy is needed. Zebrafish are an
excellent animal model for aquaculture research [26]. The present study demonstrated
that the probiotic P. ehimensis NPUST1 can produce protease, amylase, lipase, cellulase and
xylanase using the agar-well diffusion test. The efficacy of the hydrolytic enzyme-producing
(enzymes including protease, amylase, cellulase, xylanase) probiotic P. ehimensis NPUST1
on the nutrition metabolism and healthy status of zebrafish was evaluated. The results
showed that intestinal amylase, cellulase, lipase, protease and xylanase were significantly
higher in P. ehimensis NPUST1-supplemented fish, potentially suggesting that P. ehimensis
NPUST1 could localize to the zebrafish intestine and evoke digestive enzymes. Plant-
derived feedstuffs are commonly used as protein sources to partially replace fish meal in
aquaculture; however, indigestible non-starch polysaccharides (NPSs) in plant ingredients
are considered the main antinutritional factor for feed utilization. Supplementation of
hydrolytic enzymes or elevation of digestive enzymes is an efficient approach to solve NPS
issues and enhance growth performance and feed efficiency in aquaculture. Reports have
shown that dietary supplementation with hydrolytic enzyme-producing probiotics could
significantly evoke digestive enzymes or improve growth performance and feed efficiency
in Nile tilapia [8,22], zebrafish [12,18], whiteleg shrimp (Litopenaeus vannamei) [27], olive
flounder (Paralichthys olivaceus) [28] and golden pompano [29]. It is difficult to evaluate
the growth performance and feed efficiency of adult zebrafish because their size almost
reaches the maximum limitation (4~5 cm). However, the expression levels of growth- or
nutrient metabolism-related genes can be used as indicators of their growth performance
and feed efficiency. The liver acts critical roles in growth hormone (GH) regulation of
somatic growth and the control of nutrient metabolism. Hepatic IGF-1 secretion and
release into the circulatory system, triggered by the GH receptor (GHR) receiving GH
ligand, is a major regulatory mechanism that stimulates somatic growth. The increased
expression of GHR and IGF-1 in probiotic-supplemented fish indicated that P. ehimensis
NPUST1 can stimulate growth performance. GK, HK-1 and PK-L are critical enzymes
for regulating the metabolic rate of glycolysis. Hepatic G6Pase is an important enzyme
that hydrolyzes glycogen to provide glucose as energy during glycogenolysis. Recently,
Nguyen et al. [30] demonstrated that dietary supplementation with probiotics significantly
increased growth, nutrient metabolism and glycolysis based on metabolite analysis by
mass spectrometry. Significant increases in glycolysis-related gene expression, such as GK,
HK-1, PK-L and G6Pase, were observed in Bacillus amyloliquefaciens- and Chromobacterium
aquaticum-supplemented fish, which also suggests that dietary supplementation with
probiotics can enhance carbohydrate metabolism in fish [12,18]. The present study showed
that increased the expression of GK, HK-1, PK-L and G6Pase in zebrafish fed P. ehimensis
NPUST1 also supports this conclusion.

The most commonly purported benefit of probiotics is modulating immunity and
improving the health status of the host to defend against infections. Few studies have
investigated the effect of P. ehimensis NPUST1 on immune modulation. However, some
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Bacillus species, which are similar probiotics, have shown enhanced immunity against
pathogenic infections in many fish. For instance, several reports have demonstrated the
beneficial effects of administering probiotics of Bacillus spp. on reducing the mortality of
Rhynchocypris lagowskii challenged with A. hydrophila [31], European sea bass (Dicentrarchus
labrax) challenged with Vibrio anguillarum [32], Nile tilapia challenged with S. agalcotiae [33],
and juvenile olive flounder (Paralichthys olivaceus) challenged with Edwardsiella tarda [34].
In addition, a recent report demonstrated that dietary supplementation with P. ehimensis
NPUST1 increased the cumulative survival of Nile tilapia challenged with A. hydropjila
and S. iniae [17]. In this study, the cumulative mortality of zebrafish challenged with
A. hydrophila and S. iniae was lower for fish in the E1 and E2 groups than in the control
group, suggesting that the probiotic P. ehimensis NPUST1 can enhance innate immunity
against pathogenic infections. Cytokines, immunomodulating molecules released from
immune cells such as macrophages and lymphocytes, mediate local or systemic immune
responses in the host to infection and immunological pressure. Probiotics have been shown
to augment fish innate immunity by releasing cytokines from immune cells to activate
immune responses against infection. The present study showed a significant increase in
the gene expression levels of IL-1β, IL-6, TNF-a, TLR-4, C3b and lysozyme in P. ehimensis
NPUST1-supplemented fish compared to those of the fish in the control group. Moreover,
IL-1β, TNF-α, C3b and lysozyme levels exhibited significant differences between the fish
of the E1 and E2 groups. The results of the present study are consistent with those of other
studies, which showed that cytokine genes are significantly increased by administration
of the probiotic Bacillus spp. in olive flounder (Paralichthys olivaceus) [28], Crucian carp
(Carassius auratus) [35], Nile tilapia (O. niloticus) [36] and Labeo rohita [37]. Moreover, a
recent study showed that dietary supplementation with P. ehimensis NPUST1 can enhance
immunity and increase the expression of IL-1β and TNF-α in the kidney and spleen of
Nile tilapia [17]. Serum lysozyme is a cornerstone of host immunity that kills pathogens
by splitting the peptidoglycan layers of bacterial cells. Moreover, the degradation and
lysis of peptidoglycan by lysozyme action have been shown to activate the complement
system and pattern recognition receptors (PPRs) in the host against infections [38]. TLR-1
and TLR-4 are typical PPRs that recognize lipoprotein and lipopolysaccharides, which are
components present in the outer membranes of gram-positive and gram-negative bacteria,
respectively. Although the expression of TLRs as indicators has been investigated in a
wide variety of immunostimulant treatments, there are still few studies on the effects of
probiotics on TLR expression in fish. The present study showed a significant increase in
TLR-1 and TLR-4 expression in zebrafish in the P. ehimensis NPUST1-supplemented groups,
suggesting that dietary supplementation with P. ehimensis NPUST1 can enhance immunity
against gram-negative and gram-positive pathogen infections.

5. Conclusions

In conclusion, in the present study, a potential probiotic P. ehimensis NPUST1 with
extracellular digestive enzyme activity (protease, amylase, cellulase, and xylanase) was
isolated. Zebrafish fed a P. ehimensis NPUST1-supplemented diet exhibited increased
expression of indicator genes associated with nutrient metabolism, growth performance
and the innate immune response. In addition, the P. ehimensis NPUST1-supplemented diet
enhanced resistance to infection with A. hydrophila and S. iniae. The present study showed
several beneficial effects of P. ehimensis NPUST1, suggesting that P. ehimensis NPUST1 could
be developed as a probiotic for use in aquaculture.
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