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Abstract
Streptococcus agalactiae is a major pathogen causing streptococcosis. To prevent and control this bacterial disease, antagonistic
bacteria have become a new research hotspot. This study evaluated the probiotic potential of Bacillus velezensis LF01 strain,
which is antagonistic to S. agalactiae. The active compounds produced by LF01 showed antimicrobial activity against a broad
spectrum of fish pathogens, including S. agalactiae, Streptococcus iniae, Aeromonas hydrophila, Edwardsiella tarda,
Edwardsiella ictaluri, Aeromonas schubertii, Aeromonas veronii, Aeromonas jandaei, and Vibrio harveyi. The antimicrobial
compounds were heat stable, pH stable, UV stable, resistant to proteases, and could be stored for a long time. To evaluate the
probiotic function of LF01 in Nile tilapia, juveniles were divided into three treatment groups: a control group, an interval feeding
group, and a continuous feeding group. Tilapia fed with LF01-supplemented diets (1.0 × 109 CFU/g) showed significantly better
growth performances than those of the control group (P < 0.05). Tilapia fed with LF01-supplemented diets significantly increased
lysozyme (LZY) and superoxide dismutase (SOD) activities. The expression of three immune-related genes (C3, lyzc, andMHC-
IIβ) was higher in the intestine, head kidney, and gill of tilapia from the continuous feeding group than in those from the control
group (P < 0.05). Tilapia fed with LF01-supplemented diets showed remarkably improved survival rates after S. agalactiae
infection, and analysis of their intestinal tract pathogens revealed that the abundance of Edwardsiella and Plesiomonas had
significantly decreased compared with the control group. Our findings demonstrate that LF01 is an effective antagonist against
various fish pathogens and has potential for controlling infections by Streptococcus spp. and other pathogens in tilapia.
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Introduction

Tilapia is one of the main farmed fish in tropical and subtrop-
ical regions worldwide. It has the advantages of palatable fish
meat, fast growth, strong reproductive capacity, and wide

adaptability (Watanabe et al. 2002). China has the largest tila-
pia production worldwide, reaching 1.62 million tons in 2018
(Xu et al 2019).With the increase of tilapia culture density and
the consequent culture environment deterioration, healthy de-
velopment of tilapia aquaculture has been plagued by a series
of diseases. Tilapia streptococcosis caused by Streptococcus
agalactiae has become one of the most important factors lim-
iting the sustainable development of tilapia in the past decade,
especially in China (Li et al. 2013). Additionally, bacterial
diseases in tilapia infected with pathogens such as
Aeromonas sp. (Dong et al. 2017), Aeromonas schubertii
(Liu et al. 2018a), and Edwardsiella tarda (Nagy et al.
2018) can also cause a large number of tilapia deaths, resulting
in huge economic losses.
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At present, there are no safe and effective control
measures for bacterial diseases in tilapia. The use of
chemical drugs can easily lead to resistance of patho-
genic bacteria, making the related diseases more diffi-
cult to control (Currie et al. 2014; Dunstan et al.
2013). Therefore, safe and efficient methods to prevent
and control tilapia bacterial diseases have become key
to the sustainable development of tilapia aquaculture.
Vaccine immunization is an important and effective
method to preven t and cont ro l f i sh d iseases .
However, there is no commercialized vaccine in
China to control tilapia streptococcosis and other bac-
terial diseases.

Probiotics are defined as live microbial adjuncts that
have a beneficial effect on the host. They can improve
water quality, enhance the host’s resistance to patho-
gens, and inhibit the growth/reproduction of harmful
bacteria by decomposing organic matter in the water,
activating the host’s humoral and cellular immunity,
and secreting antagonistic substances to inhibit patho-
gens (Martínez et al. 2012; Zorriehzahra et al. 2016).
Their mechanisms of biological control include trigger-
ing induced systemic resistance, competition for nutri-
ents and space, and the production of active compounds
(Chen et al. 2009; Islam et al. 2012; Torres et al. 2016).
The use of probiotics in the prevention and treatment of
aquatic animal diseases can effectively overcome the
shortcomings of antibiotics such as drug residues and
drug resistance. Recently, screening antagonistic bacteria
with secretion of antagonistic substances has become a
new research hotspot for prevention and control of
aquatic animal bacterial diseases.

Probiotics, including Bacillus and lactic acid bacteria,
are widely applied in aquaculture (Afrilasari et al. 2016;
Sanlar et al. 2017; Wang et al. 2017a). Bacillus
velezensis is an important biological control agent that
is widely used in plant and animal disease control
(Chen et al. 2018; Jiang et al. 2018; Lim et al. 2017;
Yi et al. 2018). However, limited information is avail-
able on the use of B. velezensis to prevent and control fish
diseases in aquaculture. The probiotic strain LF01 (here-
in LF01) was isolated from Nile tilapia (Oreochromis
niloticus) and was identified as B. velezensis based on
physiological and biochemical characteristics and phylo-
genetic analysis in our previous study (Gao et al. 2019).
In the present study, we (i) measured the in vitro antag-
onistic activity of LF01 against several fish pathogenic
bacteria; (ii) extracted and determined the antimicrobial
compounds from LF01, and investigated their tempera-
ture, pH, UV, protease, and storage stability; (iii) eval-
uated the probiotic function of LF01 in Nile tilapia; (iv)
investigated streptococcosis resistance of tilapia after
feeding with LF01.

Materials and methods

Strains and culture condition

The B. velezensis strain LF01 was isolated from tilapia and
stored at our laboratory. This strain has been deposited in the
GuangdongMicrobial Culture Center (GDMCC) with deposit
number 60344. Nine fish pathogenic bacteria including
S. agalactiae (WC1535, GenBank accession No.
CP016501.2) (Zhang et al. 2019), Streptococcus iniae
(Sn03), Aeromonas hydrophila (Ca1701), Edwardsiella tarda
(GD1701), Edwardsiella ictaluri (Pef1401), Aeromonas
schubertii (WL1707), Aeromonas veronii (Ci1361),
Aeromonas jandaei (Ip121), and Vibrio harveyi (JZL1401)
were isolated from diseased fish. Strains WC1535, Sn03,
and GD1701 were isolated from diseased tilapia, while
WL1707, Ca1701, Pef1401, Ci1361, Ip121, and JZL1401
were isolated from diseased snakehead fish (Channa argus),
crucian carp (Carassius auratus), Pelteobagrus fulvidraco,
grass carp (Ctenopharyngodon idellus), Ictalurus punetaus,
andMicropterus salmoides, respectively. LF01 and fish path-
ogens were grown in brain heart infusion (BHI) liquid/agar
medium at 30 °C.

Extraction of antimicrobial compounds

As described by Chen et al. (2010), LF01 was cultured in BHI
broth at 30 °C for 48 h, and then cells were separated by
centrifugation (7500 r/min) for 20 min at 4 °C. The antimicro-
bial compounds were precipitated by adding HCl (1 mol/L) to
the supernatant with a final pH of 2. The antimicrobial com-
pounds in precipitates were collected by centrifugation (7500
r/min for 20 min), dissolved in 100 mL sterile phosphate-
buffered saline (PBS, pH 7.4), and filtered through a
0.22-μm micro-filter (Life, USA) to obtain cell-free extracts.
The extracts were divided into 1.5-mL centrifuge tubes and
stored at − 80 °C until use.

Stability and activity of the antimicrobial compounds

Well diffusion agar assay (WDAA) was used to determine the
antibacterial activity of active compounds produced by LF01
as the previously described (Ambas et al. 2015; Didinen et al.
2018). Briefly, nine fish pathogens were cultured in BHI broth
at 30 °C, and then each of them was adjusted to 107 CFU/mL
in BHI broth, and 100 μL of each bacterium were streaked on
BHI agar plates. Plates were dried for 10 min and a well
(6 mm in diameter) was made in the center of each plate.
Finally, 60 μL cell-free extracts were added into each well,
and the plates were incubated overnight at 30 °C. The extracts’
antibacterial activity was determined based on the inhibition
zone after 24 h of incubation at 30 °C. The experiments were
performed at least three times.
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Thermal, acid-base, proteinase, UV (ultraviolet rays), and
storage stability were also determined. The extracts were treat-
ed at temperatures of 30, 40, 50, 60, 70, 80, 90, 100, and 121
°C for 30 min in triplicate to determine the thermal stability;
adjusted to pH 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0,
and 12.0 with 1 mol/L HCl or 1 mol/L NaOH in triplicate,
stored at 4 °C overnight, and re-adjusted to pH 7.0 to deter-
mine the acid-base stability; added the final concentration of 1
mg/mL proteinase K/pepsin/trypsin, and put in a 37 °C water
bath for 1 h (the control with the same volume of PBS) to
determine proteinase stability; treated at UV for 5, 10, 15,
and 20 min in triplicate to estimate UV stability; and stored
at different temperatures (25, 4, − 20, and − 80 °C) for 1, 2, 4,
6, and 8 weeks to assess storage stability. Afterward, antibac-
terial activities against S. agalactiae and A. hydrophila of the
crude extracts treated under different conditions were deter-
mined by WDAA method.

Time-kill assay

To further evaluate the antimicrobial characteristics of the ac-
tive compounds, time-kill experiments were performed as pre-
viously described (Sopirala et al. 2010). The LF01 was
fermented in 1 L BHI liquid and the supernatant was obtained
by centrifugation. The crude extracts were precipitated by
adding HCl and then centrifuged to collect them according
to “Extraction of antimicrobial compounds.” The crude ex-
tracts were dissolved in 100 mL sterile BHI broth and filtered
through 0.22-μm micro-filter (Life, USA) to obtain 10-fold
concentration of cell-free extracts. The logarithmic-phase
S. agalactiae WC1535 strain was added (in triplicate) into
the 10-fold concentrated cell-free extract medium and BHI
broth (as control) to adjust the final concentrations of
WC1535 strain to 2.5 × 105 CFU/mL. Finally, the medium
was incubated for 12 h with shaking at 30 °C. Aliquots were
removed at 0, 1, 2, 3, 4, 6, 8, 10, and 12 h post incubation,
serially diluted and plated on BHI agar for enumeration of
viable colonies. The cell concentration of the control group
was monitored by measuring the optical density of cultures at
a wavelength of 600 nm (OD600).

Fish and experimental set-up

Juvenile tilapias (average weight approximately 4.0 g) were
obtained from the National Tilapia Seed Farm (Guangzhou
City, Guangdong Province, China). After being transferred
to the laboratory, fish were acclimated to the experimental
conditions (30 °C) in 600-L aquaria (1.3 × 0.8 × 0.6 m, L ×
W × H) equipped with an air pump and fed with the basal diet
for 2 weeks before the experiment started.

Juveniles were randomly divided into 6 aquaria with water
flowing evenly (600 L volume with 300 fish per aquarium)
and assigned to three treatments: two aquaria with
nonsupplemented control diets, four aquaria with LF01-
supplemented diets at 1.0 × 109 CFU/g (Yi et al. 2018), in-
cluding interval (two aquaria, fed with LF01 at 3-week inter-
vals) and continuous (two aquaria, continuously fed with
LF01) feeding groups. Fish were fed to apparent satiation
twice daily (09:00 and 18:00) with floating micro-pellets at a
rate of 3% body weight for 9 weeks. During the experimental
period, the fish culturing conditions were as follows: water
temperature 28.5 ± 1.5 °C, pH 7.0 ± 0.3, dissolved oxygen =
6.1 ± 0.5 mg/L, NH4+-N < 0.5 mg/L, and NO2-N < 0.05 mg/
L. In order to maintain the water quality, approximately 20%
of the water volume in each aquarium was exchanged with
flowing water every day (Srisapoome and Areechon 2017).
The control, interval, and continuous groups were defined as
CK, JG, and LX, respectively.

Growth performance

At the end of the 9th week of feeding trial, fish were starved
for 24 h before sampling. Forty fish in each group were indi-
vidually weighed to evaluate the weight gain and specific
growth rate. The spleen index (9 fish per group) assay was
performed in triplicate. The growth parameters, spleen index,
and survival rate (on the 6th and 9th week) were calculated
with the following formulae:

Weight gain rate WGR%ð Þ ¼ final weight−initial weightð Þ=initial weight � 100
Specific growth rate SGR;%=dð Þ lnfinal weight−lninitial weightð Þ=days½ � � 100

Survival rate SR;%ð Þ ¼ No:of fish remaining at the end of the experiment=No:of fish at the beginning of the experimentð Þ � 100
Spleen index ¼ spleen weight=body weightð Þ � 100

Challenge test

On the 6th and 9th week of the experiment, 45 fish from each
group were equally and randomly divided into three 200-L
water glass tanks (N = 15, each group). Each fish in each

group was intraperitoneally injected with WC1535 strain at
a dose of 3.0 × 108 CFU/mL (Mian et al. 2009). Each group
was performed in triplicate. The mortality and clinical signs
such as swimming, appetite, and fish surface color were mon-
itored daily in each tank for up to 7 days. The biocontrol
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ability of LF01 against S. agalactiae was evaluated by the
relative percent survival (RPS) using the formula:

RPS %ð Þ ¼ 1−
%mortality of feeding group
%mortality of control group

� �
� 100

Nonspecific immune-related enzymes activities
and biochemical indices

Six fish were taken randomly from each group at the end of
the experiment (9 weeks) and anesthetized with MS-222 (eth-
yl 3-aminobenzoate methanesulfonate, Shanghai Macklin
Biochemical Co., Ltd.) at the dose of 40 mg/L. Blood samples
were collected by caudal venipuncture using syringes. The
serum was isolated by centrifugation, and it was used for
determining the lysozyme (LZY), superoxide dismutase
(SOD), alkaline phosphatase (AKP), total proteins (TP), albu-
min (ALB), and globulin (GLO). The measurements of LZY
and SOD were performed with commercial assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions. The other
indices were assayed by enzymic procedures utilizing an au-
tomatic biochemical analyzer (Hitachi 7600, Tokyo, Japan).

RNA extraction and real-time quantitative PCR

The intestine, head kidney, and gill were sampled on the 6th
and 9th week to analyze gene expression, including the
immune-related genes such as lyzc (C-type lysozyme gene),
complement C3, and MHC-IIβ (major histocompatibility
complex class IIβ gene). Total RNA was extracted from the
intestine, head kidney, and gill using TRIzol reagent (Life,
USA). Total RNA purity and concentration were measured
using electrophoresis on 1.0% agarose gels and a micro-
volume spectrophotometer (OSE-260, Tiangen Biotech,
Beijing, China) at an absorbance ratio of 260/280 nm. The
total RNA was treated with DNase-I (Takara, Japan) to re-
move genomic DNA. Then, the extracted total RNA was
reverse-transcribed to cDNA using the PrimeScript™ RT re-
agent Kit (Perfect Real Time, Takara) according to the manu-
facturer’s instructions.

Real-time qPCRwas performed with TransStart Top Green
qPCR SuperMix (TransGen Biotech, AQ141, Beijing, China)
in a LightCycler® 96 Real Time PCR System (Roche, Basel,
Switzerland). Primers are listed in Table 1 and the β-actin gene
was used as an internal reference gene. The reaction was con-
ducted in a total volume of 20 μL, containing 0.4 μL of for-
ward and reverse primers, 1.0 μL cDNA template, 10 μL
TransStart Top Green qPCR SuperMix (2×), and 8.2 μL
RNase/DNase-free water. The relative mRNA expression
levels of three target genes were calculated by using the
2-ΔΔCT method (Livak and Schmittgen 2001) and normalized
with β-actin gene.

Illumina high-throughput sequencing of barcoded
16S rRNA genes and bioinformatics statistical
analyses

After 9 weeks of experiment, 9 fish were collected from each
group (i.e., CK, JG, and LX) and euthanized with overdose of
MS-222. The foregut, midgut, and hindgut from the 9 fish in
each group were dissected and pooled together (3 fish per
pool). Bacterial DNA was extracted from the gut using the
Hipure Soil DNA Mini Kit (Magen, Guangzhou, China) ac-
cording to the manufacturer’s instructions, and stored at − 80
°C until use.

Next-generation sequencing library preparations and
Illumina MiSeq sequencing were conducted at IGEbio, Inc.
(Guangzhou, China). V4 hypervariable regions of prokaryotic
16S rDNAwere selected for generating amplicons and subse-
quent taxonomy analysis (Wang et al. 2017b). The V4 hyper-
variable regions were PCR-amplified from the microbial ge-
nomic DNA using primers 515F (5′-GTCTCGTGGGCTCG
GAGATGTGTATAAGAGACAGGTG(C/T)CAGC(A/C)
GCCGCGGTAA-3′) and 806R (5′-TCGTCGGCAGCGTC
AGATGTGTATAAGAGACAGG(A/G/C/T)(A/C/G)

GGGT(A/T)TCTAA-3′). The PCR conditions were 94 °C
for 4 min, followed by 21 cycles of 94 °C for 30 s, 58 °C for
30 s (annealing) and 72 °C for 30 s (elongation), and then 72
°C for 5 min (extension). Thirty nanograms of each purified
PCR product were subjected to Illumina-based high-through-
put sequencing (IGEbio, Inc, Guangzhou, China). The

Table 1 Primers used for real-time quantitative PCR

Genes Primer sequences (5′-3′) Annealing temperature Accession number Reference

C-type lysozyme lyzc-F: AAGGGAAGCAGCAGCAGTTGTG
lyzc-R: CGTCCATGCCGTTAGCCTTGAG

65 °C XM_003460550.2 Qiang et al. 2016

Complement C3 C3-F: CCGTCGCCCACTACAACA
C3-R: CGGGAAGTCCACGCAATA

63 °C XM-005458683.4 This study

MHC-IIβ MHC-IIβ-F: TGGGGAAGTTTGTTGGAT
MHC-IIβ-R: TGATTTAGACAGAGGGTTGC

52 °C JF713026.1 This study

β-actin actin-F: CAGGGAGAAGATGACCCAGA
actin-R: CAGGGCATAACCCTAGTAGA

60 °C XM-003443127.5 This study
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IlluminaMiSeq raw data has been submitted to GenBank, and
the BioSample accessions: KDDM00000000.

Operational taxonomic units (OTUs) were clustered with a
97% similarity cutoff using QIIME bioinformatics pipeline,
and chimeric sequences were identified and removed using
UCHIME. Reads that were observed less than 2 times and
reads with length < 150 bp were discarded. The remaining
sequences were used in the final analysis. The phylogenetic
affiliation of each 16S rDNA gene sequence was analyzed by
RDPClassifier (version 2.2) against the SILVA database using
a confidence threshold of 0.8. The taxonomic richness and
diversity estimators were determined in each library.
Rarefaction curves were created to determine whether se-
quencing depth was sufficient to cover the expected number
of OTUs. Principal component analysis (PCA) and nonmetric
multidimensional scaling (NMDS) were used to distinguish
different microbial communities among different groups.

Statistical analysis

Experiments including antimicrobial activity, growth perfor-
mance, immune parameters, expression levels of immune-
related genes, and diversity of intestinal microbiota were per-
formed in triplicate. Data were expressed as means ± SD
(standard deviation) of three replicates. One-way analysis of
variance (ANOVA) and Duncan’s multiple range tests were
conducted using SPSS version 21.0 statistical software (SPSS,
Inc., Chicago, IL, USA) to determine the significant differ-
ences (P < 0.05).

Results

Antimicrobial activity and stability

The crude extracts produced by LF01 excellently inhibited the
growth of nine species of fish pathogens, and the inhibition
effect showed the following decreasing order: A. hydrophila >
S. iniae > E. tarda and A. jandae > A. schubertii >
S. agalactiae, E. ictaluri, and A. veronii > V. harveyi (Fig.
1). Overall, the crude extracts inhibited Gram-negative fish
pathogens better than Gram-positive pathogens. Moreover,
the crude extracts significantly inhibited four common patho-
gens of tilapia in China (i.e., A. hydrophila, S. agalactiae,
S. iniae, and E. tarda).

The antimicrobial compounds showed high thermal stabil-
ity. The inhibition zone diameter was smaller (13.5 ± 0.3 mm)
after treatment at 121 °C for 30min than in the positive control
(19.5 ± 0.5 mm). The extracts were resistant to enzyme diges-
tion and UV radiation, as their activity showed no significant
differences after treatment with proteases and decreased only
slightly when exposed to the UV radiation for 10 min at a
distance of 30 cm (Table 2). Additionally, the extracts still

maintained high inhibition activity at pH 2 or 12, the relative
antimicrobial activities were still as high as 84.16–88.12% and
85.58–88.46% for S. agalactiae and A. hydrophila,
respectively.

In addition, the inhibitory activities of antimicrobial com-
pounds at 25 °C and 4 °C showed a decrease with storage
time, and the decrease was significantly larger at 25 °C than
at 4 °C (P < 0.05). By the 8th week, the activity of antimicro-
bial compounds stored at 25 °C nearly disappeared (data not
shown), and the inhibition zone diameter was less than 10
mm. However, high inhibitory activity still remained at the
same time when stored at 4 °C. Furthermore, microbial com-
pounds maintained high activity at − 20 and − 80 °C for a long
time (> 8 weeks), indicating that they are resistant to low-
temperature storage. Briefly, the antagonist substances toler-
ated well the temperature, UV, and acid-base stress, and were
not sensitive to proteases, confirming that they were not
proteins.

Time-kill assays

The time-kill curve of antimicrobial compounds against
S. agalactiae was opposite to that in BHI broth (Fig. 2). In
the case of S. agalactiae WC1535, the amount of viable
WC1535 strain in antimicrobial compounds decreased by at
least 2 log decades during the first 3 h of exposure, and no
viable bacteria could be detected after 6-h incubation in the
active compounds group. In BHI broth, after incubation for 0–
6 h, S. agalactiae was in the growth lag phase and entered the
log phase after 6 h with rapid proliferation. The result revealed
that LF01 antimicrobial compounds could inhibit or kill this
S. agalactiae strain.

Growth performance and survival rate

Effects of different feeding times on growth and survival rate
of tilapia are presented in Table S1. The final weight, weight
gain, spleen index, and specific growth rate of individuals fed
with the probiotics diet in LX were significantly higher than
those in CK after 9 weeks of feeding (P < 0.05), whereas no
significant differences were observed between JG and LX at
the same period (P > 0.05). Additionally, there was no signif-
icant difference in the survival rate between control and the
treatment groups during the experimental period.

Resistance against S. agalactiae

The challenge test indicated that LF01-supplemented diet sig-
nificantly enhanced tilapia resistance against S. agalactiae in-
fection compared with the control diet (Fig. 3). After 6 weeks,
tilapia exhibited a survival rate of 11.11%, 59.88%, and
64.44% in CK, JG, and LX groups, respectively. The RPSs
of JG and LX were 54.87% and 60.71%, respectively, and
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significantly different between them. After 9 weeks, the fish
fed with diets containing LF01 exhibited a survival rate of
70.83% and 79.17% in JG and LX groups, respectively, with
an RPS of 58.82% and 70.59%, respectively. More important-
ly, the RPS of tilapia in LX was significantly higher than that
of tilapia in JG (P < 0.05), suggesting that continuous feeding
with LF01 could significantly improve disease resistance of
tilapia compared with interval feeding. These results revealed
that tilapia fed with an LF01 dietary supplement showed an
improved resistance to streptococcosis.

Nonspecific immune-related enzymes activities
and biochemical indices

The nonspecific immune-related enzyme activities and bio-
chemical indices of tilapia are shown in Fig. 4. There was
no significant difference in AKP, TP, ALB, and GLO among
different groups at the end of trial (P > 0.05). However, there
were significant differences in LZY and SOD between
probiotic-fed group and the control group (P < 0.05). In addi-
tion, SOD in LX was significantly higher than that in JG (P <
0.05), whereas no significant differences in LZY were ob-
served between JG and LX groups (P > 0.05).

The expression patterns of immune-related genes

The expression levels of immune-related genes including lyzc,
C3, and MHC-IIβ in intestine, head kidney, and gill of tilapia
are shown in Fig. 5. In the intestine, the relative expression
levels of the three genes were significantly higher in JG and
LX groups than in CK (P < 0.05). In the head kidney, the
expression levels of C3 and lyzc were significantly higher in

JG and LX than in CK (P < 0.05). After 6 weeks, there was no
significant difference in the expression level of MHC-IIβ be-
tween LX and CK groups, whereas the expression level of
MHC-IIβ was significantly higher in JG than in CK. In the
gill, the expression levels of C3, lyzc, and MHC-IIβ were
significantly higher in JG and LX than in CK. These results
revealed that feeding LF01 significantly increased the expres-
sion of immune-related genes in tilapia.

Diversities and changes of microbial communities

Good’s coverage estimators for all groups were > 0.99, indi-
cating that sufficient sampling depth was achieved for each
sample. According to the species richness of OTUs in the
sample, diversity, richness, and coverage estimations were
calculated for all data sets. The Chao index and number of
OTUs are estimators of phylotype richness, and the Shannon
and Simpson indices of diversity reflect both the richness and
community evenness. After 6 weeks, JG showed a higher
richness (OTUs, 8649 and Chao1, 15,808) and diversity
(Shannon = 6.117; Simpson = 0.963) than LX and CK (P <
0.05), suggesting that interval feeding could give rise to a
higher level of biodiversity than the other treatments
(Table S2). PCA showed that the samples in each group were
closely clustered but there was a long distance among the three
groups, especially at the end of the experiment, indicating that
the species composition was different among groups. These
results revealed that feeding LF01 could obviously affect the
intestinal flora structure of tilapia (Fig. S1).

The information on classification and abundance of the
OTU list per intestine sample was sorted at the phylum level
(Fig. S2). After 6 weeks of feeding, CK group was dominated

Fig. 1 Antibacterial activity of the active compounds extracted from
LF01 strain. Antagonistic effect of the active compounds (a). The
antimicrobial ability of the active compounds against fish pathogens

(b). WC1535, S. agalactiae ; Sn03, S. iniae; Ca1701, A. hydrophila;
GD1701, E. tarda; Pef1401, E. ictaluri; WL1707, A. schubertii;
Ci1361, A. veronii; Ip121, A. jandaei; JZL1401, V. harveyi
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by Planctomycetes (35.42 %), while JG and LX were dominat-
ed by Fusobacteria, with 41.41% and 38.88% abundance, re-
spectively (Table S3). After 9 weeks of feeding, Fusobacteria
dominated in CK (64.97%) and JG (29.71%), whereas LX was
dominated by Verrucomicrobia (30.47 %) and the abundance
of Fusobacteria was lower than in the other groups (17.37 %)
(Table S3). These results revealed that continuous feeding with
LF01 could reduce the proportion of Fusobacteria in the intes-
tinal tract. At the genus level,Cetobacteriumwere significantly

less abundant in JG and LX than in CK after 9 weeks, and
Candidatus Xiphinematobacterwere extremely more abundant
in LX than in CK (Fig. 6).

In addition, the proportions of Edwardsiella in the intestinal
tracts of tilapia in JG (0.01%) and LX (0.22%) were signifi-
cantly lower than that of tilapia in CK (2.33%) (P < 0.05) (Fig.
6). Plesiomonas abundance in the intestinal tracts of tilapia was
also significantly lower in LX (0.70%) than in CK (2.69%) and
JG (2.74%), whereas no significant difference was observed

Table 2 Effects of heat, pH,
enzymes, UV radiation, and
storage time on antimicrobial
compounds activity of
LF01 strain

Treatment Condition Relative activitya Relative activityb

WC1535 (%) Ca1701 (%)

Thermal stability 20 °C (control) 100 100

30 °C, 30 min 100 100

40 °C, 30 min 100 100

50 °C, 30 min 99.15 100

60 °C, 30 min 95.73 99.20

70 °C, 30 min 88.03 92.80

80 °C, 30 min 84.62 87.20

90 °C, 30 min 83.76 83.20

100 °C, 30 min 79.49 77.60

121 °C, 30 min 69.23 69.60

pH stability pH 7 (control) 100 100

pH 2 88.12 88.46

pH 3 87.13 93.27

pH 4 88.12 94.23

pH 5 96.04 95.19

pH 6 99.01 97.50

pH 7 100 100

pH 8 100 99.04

pH 9 93.07 97.12

pH 10 91.09 94.23

pH 11 90.10 89.42

pH 12 84.16 85.58

Sensitivity to ezymes Control 100 100

proteinase K 100 98.47

pepsin 100 99.24

trypsin 100 100

UV stability Control 100 100

UV-5 min 100 94

UV-10 min 98.58 92.94

UV-15 min 94.33 92.35

UV-20 min 92.91 90.59

Storage stability (4 °C) control 100 100

1 week 100 100

2 weeks 95.28 91.91

4 weeks 82.11 79.87

6 weeks 81.36 78.99

8 weeks 77.12 75.86

a,bActivity relative to control
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between CK and JG (P > 0.05) (Fig. 6). The results indicated
that feeding a diet containing B. velezensis LF01 could lead to
the accumulation of more beneficial microorganisms in the
intestinal tract of tilapia, while inhibiting the growth of poten-
tially pathogenic Edwardsiella and Plesiomonas.

Discussion

The use of antibiotics as growth promoters has been restricted
in the European Union since 2006 (Castanon 2007). Thus,
natural and safe feed additives have been considered as sub-
stitutes for antibiotics due to their positive effects on animal
growth and their disease prevention and control abilities
(Dimitroglou et al. 2011; Millet and Maertens 2011). Many
bacterial antagonists to microbial pathogens belong to the ge-
nus Bacillus, and the number of important antagonists is in-
creasing rapidly (Grady et al. 2019).Bacillus spp. offer several
advantages for protection from pathogen infections owing to
their ability to form endospores and the broad spectrum

activity of their antibiotics. B. velezensis is a newly species
of Bacillus named by Ruiz-García in 2005 (Ruiz-García et al.
2005). As an antagonistic probiotic bacterium, it has been
reported in the prevention and control of bacterial and fungal
diseases in plants, mammals, and aquatic animals. For exam-
ple, B. velezensis JW strain was isolated from common carp
with antimicrobial activity against a broad range of fish path-
ogenic bacteria (Yi et al. 2018). Additionally, tilapia fed with
B. velezensis H3.1 showed beneficial effects on innate immu-
nity, protection against infection, and growth performance
(Doan et al. 2018). In this study, LF01 had a high capacity
to inhibit nine species of fish pathogens. Subsequently, we
determined the stability of LF01 active compounds and eval-
uated its potential value as a feed additive.

The antimicrobial compounds of LF01 purified by hydro-
chloric acid treatment had the ability to antagonize several fish
pathogens and, based on the time-kill assays, the number of
S. agalactiae strains decreased significantly after adding anti-
microbial compounds compared with the control group. In
addition, they have the ability to tolerate the acid, alkali, UV

Fig. 2 Growth curves of
S. agalactiaeWC1535 strain
cultured in BHI broth with and
without the crude extracts. The
cell-free extracts group was
monitored according to the
enumeration of viable colonies,
whereas the control group was
measured by the OD600 using the
spectrophotometer. Time-kill
assays were independently
performed 3 times. Mean values
of the triplicate measurements
from a single experiment are
plotted

Fig. 3 Cumulative mortality rate
(a) and relative percent survival
(b) of tilapia in different
treatments. Different superscript
lowercase letters indicate
significant differences among the
groups at the same time
(P < 0.05)
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radiation, and proteases digestion, as well as being resistant to
high temperature. Similar to results of this study, the active
peptide produced by Bacillus amyloliquefaciens 6256 could
tolerate the treatment of temperature, pH, protease K,
and trypsin, and caused a sharp decline in the viable
count for both Gram-positive and Gram-negative bacteria
within a short time at a concentration of 2× minimum inhibi-
tory concentration (MIC) (Prasad et al. 2018; Zhang et al.
2018). Our results suggested that LF01 inhibited the growth
of fish pathogenic bacteria (or killed them) by producing an-
tagonistic substances.

Bacillus spp. have previously been reported to improve
growth and control disease in farmed fish (Gao et al. 2018;
Liu et al. 2018b; Meidong et al. 2018). In this study, tilapia
fed with added LF01 at a dose of 1.0 × 109 CFU/g in feed
had significantly higher final weight, weight gain rate, spleen
index, and specific growth rate than the control group at the end
of the experiment. Furthermore, they could resist S. agalactiae
infection according to the challenge test. The results were con-
sistent with previous reports about probiotic dietary

Fig. 5 Gene expression levels of lyzc (a–c), complement C3 (d–f), and
MHC-IIβ (g–i) in the intestine, head kidney, and gill of tilapia after 6-
week and 9-week treatments. Data are expressed as the mean fold

changes (means ± SD, n = 3) from the 0-day group. Different
superscript lowercase letters represent significant differences among the
groups at the same time (P < 0.05)

Fig. 4 Nonspecific immune-related enzyme activities and biochemical
indices of tilapia after being fed with a B. velezensis LF01 dietary
supplement at 1.0 × 109 CFU/g for 9 weeks. Different superscript
lowercase letters in the same index indicate significant differences
among the groups (P < 0.05)
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supplementation enhancing fish growth performance and dis-
ease resistance (Abarike et al. 2018; Hoseinifar et al. 2015; Tan
et al. 2019; Wang et al. 2017a; Xia et al. 2018) and suggested
that B. velezensis LF01 could be effective to promote the
growth of tilapia, improve feed utilization rate, and increase
resistance to streptococcosis.

Humoral components including serum and mucus-
related immune substances (i.e., LZY, SOD, AKP, TP,
GLO, proteases, and antiproteases) play an important
role in host defense against pathogenic bacteria (Munir et al.
2016). LZYis an important defense molecule of the fish innate
immune system because it can degrade peptidoglycan of the
bacterial cell wall leading to rapid killing of Gram-positive
organisms (Saurabh and Sahoo 2008). AKP is one of the most
important enzymes for the growth and survival of organisms.
It participates in the transmembrane transport of substances,
ion secrection, protein synthesis, cartilage calcification, and
immune defense (Sharma et al. 2014). Additionally, SOD, as
an antioxidant enzyme, protects the host from oxidative stress.
In this study, the activity of LZYand SOD in serum of tilapia
was significantly increased by dietary supplementation with
LF01, while AKP activity showed no significant change.
According to previous reports, the activities of LZY and
SOD in tilapia were enhanced by feeding with probiotics, such
as Bacillus subtilis HAINUP40 (Liu et al. 2017), Bacillus
licheniformis Dahb1 (Gobi et al. 2018), Rummeliibacillus
stabekisii (Tan et al. 2019), and probiotics containing
B. subtilis and B. licheniformis (Abarike et al. 2018).
Additionally, serum proteins, albumin, and globulin play im-
portant roles in immune responses. Increases in serum protein,
albumin, and globulin levels are thought to be associated with
a stronger innate immune response in fish (Wiegertjes et al.
1996). However, there was no significant difference in total
proteins, albumin, and globulin among treatments during the
experiment. The serum LZY and SOD activities of tilapia
increased significantly after 9-week dietary supplementation

with LF01, which may be associated with the stronger micro-
bial killing capacity of its macrophages (Giri et al. 2013) and
higherBacillus antigen-stimulated secretion of antioxidant en-
zymes and antioxidants (Zhang et al. 2013). These results
showed that dietary supplementation with LF01 could im-
prove the humoral immune factors of tilapia, such as LZY
and SOD activity.

In this study, the anti-S. agalactiae effect of LF01 was
remarkable. More importantly, tilapia fed with LF01 supple-
ment showed obvious resistance to streptococcosis and RPSs
ranging from 54.87 to 70.59%. Probiotics are able to modulate
host immunity by stimulating the expression of innate immu-
nity genes. Our study suggested that the expression levels of
C3, lyzc, and MHC-IIβ were significantly upregulated in tila-
pia fed with LF01 compared with the control group. Similar
results have been observed in tilapia, with a significant in-
crease in lyzc expression in the intestines and the head kidney
of tilapia fed with diets including B. subtilis and
B. licheniformis (Abarike et al. 2018). According to previous
reports, LZY and C3 play important roles in protecting fish
from microbial invasion and other environmental stressors,
and are widely distributed in many tissues (Bao et al. 2005;
Saurabh and Sahoo 2008). Furthermore, major histocompati-
bility complex (MHC) class II molecules play important roles
in the immune system of vertebrates (Zhou et al. 2013).
Therefore, our results revealed that dietary LF01 significantly
enhanced the expression of innate immunity genes, which
may be attributable to the activation of nonspecific immune
defense system in tilapia.

The intestinal tract is a complex system that plays an im-
portant role not only in digestion, absorption, and osmoregu-
lation, but also in the defense against pathogens. Bacillus can
affect the richness and diversity of commensal microbiota
(Luis-Villaseñor et al. 2011). The dominant intestinal micro-
bial community of sea cucumber can be modulated by
B. subtilis 2-1, which can decrease the abundance and number

Fig. 6 Hierarchically clustered
heatmap analysis based on the
abundance of the top 20 dominant
microbes at the genus level
in gut samples
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of species of genus Vibrio, while increasing Psychrobacter
and Bacillus genera abundance (Zhao et al. 2018). Our study
revealed no significant difference in intestinal flora diversity
between tilapia fed with or without LF01 after 9 weeks.
However, tilapia in the interval feeding group, fed with
LF01-supplement diet, did show the highest increase in diver-
sity index at week 6. Interestingly, the number of fish patho-
gens Edwardsiella and Plesiomonas in the intestinal tract of
tilapia fed with LF01 was significantly reduced, indicating
that the opportunistic pathogens of the indigenous intestinal
microbiota may be reduced by the probiotics supplement.
There have been reports of Edwardsiella in O. niloticus
(Nagy et al. 2018) and Scophthalmus maximus (Xiao et al.
2010), and Plesiomonas in tilapia (Yilmaz 2019) that con-
firmed Edwardsiella and Plesiomonas as pathogens.
Although adding LF01 did not increase the abundance of
Bacillus in tilapia intestine, putative pathogens such as
Edwardsiella and Plesiomonas were significantly reduced.
These results indicated that feeding tilapia with LF01 did not
change the diversity of intestinal flora, but could reduce the
abundance of certain pathogenic bacteria.

In conclusion, B. velezensis LF01 strain can antagonize
various fish pathogenic bacteria by producing antimicrobial
compounds and its active compounds were heat stable, pH
stable, UV stable, and not sensitive to protease. Feeding tilapia
with LF01 supplement diet significantly improved their
growth and caused immune response stimulation, resistance
to S. agalactiae infection, and a decrease of opportunistic
pathogens in the intestinal tract. Therefore, LF01 can be used
as a biocontrol agent to improve growth performance and
diseases control in tilapia aquaculture.
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