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A B S T R A C T

To develop an alternative to conventional antibiotics used in the aquaculture and livestock industries, we em-
ployed Bacillus subtilis, considered a biosafe microorganism, to express the degradable antimicrobial peptide
lactoferricin. An expression plasmid pP43-6LFBII-GFP, in which reporter GFP cDNA was fused downstream of
lactoferricin cDNA driven by an endogenous constitutive P43 promoter was electroporated into B. subtilis, fol-
lowed by regeneration and cultivation. The putative colonies harboring plasmids were primarily screened by
PCR-amplification of lactoferricin cDNA. Four transformants which were stable inheritance of plasmid con-
taining lactoferricin cDNA included strains T1, T4, T7 and T13. Based on Western blot and Southern blot
analyses, we found that transgenic strains T1 and T13 not only highly expressed exogenous recombinant lac-
toferricin, but also exhibited more stable inheritance of plasmids with 931 and 647 copies per cell, respectively.
In the antibacterial in vitro experiment, the bactericidal activity of each microliter of cell lysate from transgenic
strains T1 and T13 (5×108 CFU) for Escherichia coli was equivalent to 56 and 53 ng of Ampicillin dosage,
respectively, while for Staphylococcus epidermidis, the equivalency T1 and T13 was 154 and 130 ng of Ampicillin
dosage, respectively. Equivalencies of bacterial activity for Vibrio parahaemolyticus and Edwardsiella tarda fol-
lowed suit. In the antibacterial in vivo experiment, we oral-in-tube fed tilapia fry (Oreochromis mossambicus X O.
niloticus) with cell lysate from transgenic strain T1 and T13 individually. After 1-h of incubation, we immersed
these treated fish fry in a water tank containing E. tarda (5× 1011 CFU) for a 5-hr bacterial challenge. After one
month cultivation, an average survival rate of 63 and 67% was observed after having fed the fish fry with
transgenic strains T1 and T13, respectively. However, the average survival rate of fish fry fed with B. subtilis WT
strain and transgenic strain T19 without expressing recombinant lactoferricin reached only 5 and 9%, respec-
tively. These data indicate that the survival of fish fry infected by the intestinal pathogen tested could be sig-
nificantly enhanced by feeding transgenic B. subtilis containing antibacterial peptide. Therefore, we suggest that
this strategy could be applied to both aquaculture and livestock industries to (i) reduce the dependency on
conventional antibiotics during seasonal outbreaks and (ii) eliminate the problem of antibiotic resistance.

1. Introduction

Antibiotics have been used worldwide in medicine, agriculture and
aquaculture. However, over the past two decades, increased overuse of
antibiotics may have led to the creation of antibiotic-resistant patho-
gens, calling for the development of effective countermeasures [1].
Overuse of antibiotics may also result in undue influence on hosts.
Reports on their safety during pregnancy are concerning, and the
emergence of resistant strains is on the rise [2,3]. Unlike traditional

antibiotics, natural cationic bovine lactoferrin is a defense peptide that
exists in the host immune system, displaying both anti-microorganism
and immunoregulation properties [4]. Therefore, bovine lactoferrin
could serve as an alternative natural medicine to treat and prevent
infections [5].

Bovine lactoferrin is a transferrin that belongs to a multifunctional
glycoprotein family, consisting of approximately 700 amino acid re-
sidues with a molecular weight of 80 kDa. It is an antimicrobial iron-
binding protein secreted in milk, saliva, tears and pancreatic secretion
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of cattle [4]. Bovine lactoferrin displays an acute function to reduce
inflammatory response and regulate innate immune response to prevent
septic shock and death [6–8]. Mice administered orally with bovine
lactoferrin demonstrated a reduced chance of gastrointestinal infection
[9]. Furthermore, Actor et al. reported that bovine lactoferrin could
activate the host immune system, promoting the production of mature
T-cell precursors and converting them into competent T helper cells to,
in turn, induce B cells to differentiate into functional antigen-presenting
cells [10]. Interestingly, both in vitro and in vivo analyses demonstrated
that bovine lactoferrin can inhibit the growth of bacterial, fungal and
viral pathogens [4,11,12]. The 17–41 amino acid residues at the N-
terminus of bovine lactoferrin constitute a functional domain which
exhibits antimicrobial activity, named lactoferricin [13].

Since lactoferricin is positively charged by Arginine and hydro-
phobic Tryptophan, it has a cationic and amphipathic property.
Therefore, lactoferricin can effectively bind to bacteria, disrupt the
target cell membrane, and alter membrane potential and pH gradients,
resulting in impeding the growth of bacteria and fungi [14,15]. In ad-
dition, lactoferricin can enhance host immunity to prevent fungal in-
fection [16]. Animal studies also demonstrated that lactoferrin in pro-
tecting mice against Candida albicans infection [17]. Interestingly, after
oral administration of lactoferricin, bacterial and parasitic infections
may be reduced and prevented in mice [18,19]. Taken together, it is
well documented that lactoferricin peptide can serve as a highly potent
therapeutic agent to treat and prevent pathogenic infections [20,21].
Bacteria, yeasts, and mammalian cell lines are common biomaterials
used to produce exogenous proteins. To develop recombinant lacto-
ferricin against pathogen-related infections through hosts, a re-
combinant lactoferrin was established via baking yeasts, and it suc-
cessfully exhibited in vitro antimicrobial activity [22]. Similar to this
strategy, a transgenic pig, which expresses recombinant lactoferrin, was
developed, and transgenic milk-fed mice were protected against infec-
tion from gastrointestinal pathogens [23]. However, generation of cell
lines, yeasts and transgenic organisms is time-consuming and costly.
Although Escherichia coli is the most commonly used bacterium to
produce recombinant proteins, it is an environmental pollutant [24].
Therefore, developing an environmental and economical biosafe mi-
croorganism with rapid growth for expression of recombinant lacto-
ferricin remains a challenge.

Belonging to the Bacillales order, B. subtilis is a Gram-positive bac-
terium that is commonly found in soil and the gastrointestinal tract of
ruminants and humans. Cells are rod-like in shape with length ranging
from 4 to 10 μm and width from 0.25 to 1.0 μm [25]. This bacterium
was originally named as Vibrio subtilis [26] and then was renamed as B.
subtilis [27]. B. subtilis is considered a facultative anaerobe, yet it was
further reclassified as an obligate aerobe [28]. Similar to other Bacillus
members, B. subtilis can form endospores, enabling it to survive under
extreme environmental conditions for a decade, such as low humanity,
high salt concentration, extreme pH, radiation and chemical solvent
[29]. B. subtilis is a nonpathogenic bacterium and generally recognized
as a safe organism. It can secrete proteases, and it has been widely used
in a variety of animal feed products [30]. Therefore, B. subtilis is an
ideal biomaterial with which to produce recombinant bovine lacto-
ferricin and overcome the drawbacks of other approaches, as noted
above.

B. subtilis has been used as a host cell to express exogenous cellulose
[31], yet the protease originated from it may degrade the exogenous
proteins, resulting in a decrease in overall productivity. Therefore, the
search for improved recombinant lactoferricin expression in B. subtilis
continues, and this might be achieved by using a highly stable ex-
pression vector, potent promoter and optimization of culture medium.
For example, a protease-deficient strain, B. subtilis WB800, has been
created. It lacks proteases, such as phospholipase C, interleukin 3, and
xylanase. Thus, overexpressed exogenous proteins cannot be degraded
[32–35].

In this study, we employed B. subtilis WB800 as a host cell to

produce recombinant bovine lactoferricin through transferred plasmids,
and we demonstrated that the resistance of pathogenic infection of fish
fry could be greatly enhanced by oral administration of this transfor-
mant as a feed supplement.

2. Materials and methods

2.1. Expression plasmid construction

To construct plasmid pP43-6LFBII-GFP to express heterologous
lactoferricin in B. subtilis, we used pHY300PLK (TaKaRa) as a backbone,
which served as a shuttle vector between E. coli and B. subtilis using
genes resistant to ampicillin and tetracycline. The B. subtilis endogenous
P43 promoter, which is a constitutive promoter of the cytidine dea-
minase gene [36], was cloned by using forward primer P43–P-BamHI-F
5′-GGATCCGATTCTTCAAAAGCTTCGTGCATG-3′ and reverse primer
P43–P-SalI-R 5′-GTCGACGTGTACATTCCTCTCTTACCTATAATGGTA
CCG-3′ from genomic DNA extracted from B. subtilis. The PCR-amplified
DNA fragment containing P43 promoter was digested with BamHI and
SalI and then inserted into plasmid pHY300PLK cut with corresponding
restriction sites. Reporter GFP cDNA was fused downstream of a se-
quence containing six tandem repeats of lactoferricin cDNA obtained
from the construct reported by Lin et al. [37] and inserted into the
above plasmid cut with XbaI and HindIII to construct the expression
plasmid pP43-6LFBII-GFP.

2.2. Preparation and gene transfer of B. subtilis competent cells

B. subtilis WB800 strain was obtained from Liew et al. [38]. The
procedure to produce competent cells of B. subtilis followed the protocol
described by Meddeb-Mouelhi et al. [39] and Lu et al. [40], except that
cells were harvested at OD600= 2.3–2.4. For gene transfer, 100 μL of
competent cells were added to 1 μL of plasmid pP43-6LFBII-GFP (50 μg/
mL), chilled on ice for 20min, followed by dispensing this mixture into
a 1-mm cuvette for electroporation. Electroporation was performed in
an electroporator (BIO-RAD GENE PULSER Xcell™, USA) under the
conditions of 2,500 V, 25 μF, 4–5ms and 200Ω. After electroporation,
cells were transferred to a glass tube, which contained 2mL of recovery
medium (0.5M D-Sorbitol, 2.5% LB broth) [40], incubated at 37 °C for
3 h, plated on an LB plate containing tetracycline (20 μg/mL) and then
incubated again at 37 °C for 18 h.

2.3. PCR detection and Western blot analysis

The existence of exogenous DNA in transgenic strains was de-
termined by PCR using 10 μM of forward primer (5′-GGAATCATTGTC
ATTAGTTGGCTGG-3′) and 10 μM of reverse primer (5′-AAGCTTACGA
ACTCTCATCGAAGCGCACATTGAAG-3′). The PCR reaction in a total
volume of 50 μl was performed with the GeneAmp PCR System 9700
(Thermo Fisher Scientific, USA) under a cycle of denaturation at 95 °C
for 30 s, annealing at 60 °C for 30 s and extension at 72 °C for 2min for
35 cycles in total.

To analyze the total proteins contained in B. subtilis strains, we
harvested one mL of cells grown at OD600= 1, followed by cen-
trifugation and resuspension in 60 μL 1 X sample buffer (10% SDS, 50%
glycerol, 0.05M DTT, 0.01M EDTA, 0.05% bromophenol blue and
0.125M Tris-HCl, pH 6.8; GeneMark). In total, 20 μL of supernatant
were taken to perform protein analysis using SDS-PAGE on a 12%
polyacrylamide gel to undergo separation at 120V (BIO-RAD Mini-
PROTEAN Tetra System). After electrophoresis, the proteins were
transferred (BIO-RAD Mini-PROTEAN II Cell) to a polyvinyl difluoride
membrane at 100V for 80min, followed by immunoblotting with a
rabbit anti-GFP polyclonal antibody (LTK Bio-Laboratories). The im-
mune-positive bands shown on the membrane were further detected
using the ChemiDoc-it 815 luminometer (Bio-Rad, USA).
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2.4. In vitro bactericidal agar plate assay

After 100ml of LB agar were autoclaved, the dissolved agar was
immediately subjected to a 55 °C water bath. After cool down, the test
pathogen, such as E. coli, S. epidermidis, V. parahaemolyticus or E. tarda,
grown at OD600= 0.5, was separately added into the above unsolidified
LB agar and then dispensed in plates. Each plate was filled with 15ml of
unsolidified LB agar to obtain agar plates having an equal thickness of
agar layer. After these LB agar plates confluent with each pathogen
were completely solidified, several wells with a 5-mm diameter were
generated on each agar plate. Three millimeters of wild-type (WT) and
transgenic strains of B. subtilis grown at OD600= 1 were harvested by
centrifugation, resuspended in 3mL of synthetic gastric juice (150mM
HCl, 15mM KCl) containing 10% pepsin at a working pH of 2.0, and
incubated for 10 h in a 37 °C water bath. After incubation, the solution
pH was readjusted to 7.0, centrifuged again, and the supernatant was
saved. Thereafter, we took 40 μL from supernatant-containing bacterial
extracts and added into each well of the agar plate, followed by mea-
suring the inhibition zone after the agar plate with lawn confluent
bacterial growth was cultured at 37 °C for 12 h. Ampicillin served as a
positive control, and it was also used to obtain a regression equation
based on the size inhibition zone versus the known concentrations.

2.5. In vivo antibacterial activity test

About 1000 outdoor tilapia fry (Oreochromis mossambicus X O. ni-
loticus) with an average body length of 20mm and weight of 0.425 g
were sampled from Fang-Fung fish hatchery farm (Pingtong County,
Taiwan) in August of 2018. These fish fry were adapted in the aquarium
tank with the dimension of 30 X 30×35 cm3 (36 L water) set in an
indoor wet lab for 3 weeks. Then 30 fish fry with an average body
length of 24.5mm and weight of 0.625 g were selected and cultured in
one aquarium tank. The fish samples were divided into four groups for
each experiment. At the first trial, one experimental group of fish fry
was fed with B. subtilis transgenic strain T13, while three groups served
as control groups. One control group was fish fry fed with B. subtilis WT
strain, another control group was fry fed with transgenic strain T19
which was transgenic without expressing recombinant lactoferricin,
and the remainder control group was mock treatment that was fry
immersed in a tank without any pathogen infection for 5 h. At the
second trial, the experimental group was fish fry fed with transgenic
strain T1, while three control groups were as same as those described at
the first trial. Each group was performed in duplicate (two separated
aquarium tanks). Thus, in total, 240 tilapia fry separately cultured in
eight aquarium tanks were used to carry out for each trial in this study.

WT and transgenic strains T1, T13 and T19 of B. subtilis were

cultured in water bath at 37 °C with shaking at 250 rpm/min for 10 h
and measured the index of OD600. When the index of OD600 was near
0.9, we measured the index at 10-min interval until OD600= 1 was
reached. We harvested cells, centrifuged, resuspended in 3mL of syn-
thetic gastric juice containing 10% pepsin (pH 2), and incubated for
10 h at 18–22 °C. Thereafter, fish fry were fed via the oral-in-tube
method with 50 μL of cell extracts prepared from the above treated WT
and transgenic bacterial strains. After oral-in-tube delivery, the treated
fish fry were back cultured in an aquarium tank for 1 h before under-
going the pathogen challenge test.

Pathogenic organisms, such as E. tarda, were cultured until they
reached 5×108 CFU/mL. The fish fry which had been fed with B.
subtilis strains were collected and immersed in a small tank filled with
1000mL of water containing E. tarda (5× 1011 CFU) for 5 h at
22–24 °C. After challenge, these fish fry were conveyed to the original
culture tank (36L). The daily survival rate of each tank was recorded
until fish samples in the control group were all dead, the time when the
experiment was completed.

2.6. Key Resources Table

Type Resources Source Identifer
Antibody

rabbit anti-GFP polyclonal LTK BioLaboratories
Chemical

ampicillin Sigma Cat#A9393
bromophenol blue Sigma Cat#B0126
D-sorbitol Sigma Cat#85529
DTT Sigma Cat#43816
EDTA Sigma Cat#E9884
glycerol J.T.Backer Cat#4043
HCl Aencore Cat#SW081239
tetracycline BioBasicCanada Cat#TB0504
Tris-HCl Sigma Cat#TRIS-RD

3. Results

3.1. Screening B. subtilis transformants harboring the lactoferricin cDNA
fragment

The expected molecular size of recombinant lactoferricin cDNA
fragment after PCR amplification was 1.7 kb (Fig. 1A). The results
showed that no DNA fragment was amplified from the WT control.
However, a DNA fragment with 1.7 kb was found in some extent co-
lonies after we screened from 1100 colonies grown on LB medium. As
expected, the plasmids harbored by most transformants were lost

Fig. 1. Using PCR to detect the existence of
plasmid containing lactoferricin cDNA in trans-
formed B. subtilis. (A) Schematic map of plasmid
pP43-6LFBII-GFP, in which the coding region of
6LFBII-GFP was driven by P43 constitutive pro-
moter; 6LFBII represented six tandem repeat of
cDNAs coding for six copies of recombinant lacto-
ferricin, but two lactoferricin cDNAs were separated
by one pepsin cutting site; GFP cDNA was a reporter
gene and served as a positive control (PC); and
AmpR and TetR represent Ampicillin and
Tetracycline resistance genes, respectively. Primer
pairs used to amplify the recombinant lactoferricin
cDNA fragment were shown by short arrows. (B)
The amplified PCR products were analyzed on
agarose gel electrophoresis, as indicated by arrow-
head, after DNAs were extracted from B. subtilis
wild-type (WT) and transgenic strains T7, T13, T1

and T4, as indicated. In a parallel experiment, the PCR amplification of DNA extracted from the transgenic strain without adding templates served as a negative
control (NC).
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gradually after several passages. Eventually, we obtained four B. subtilis
transgenic strains T7, T13, T1 and T4 (Fig. 1B), in which the plasmids
were transmitted in a stable manner.

3.2. Copy number of plasmid-containing transgenic B. subtilis strain

A 700-bp GFP fragment tagged with DIG served as a probe to hy-
bridize the plasmid DNAs extracted from transgenic strains T1 and T13.
A 100 ng DNA containing 1.43×1010 copies, 200 ng DNA containing
2.86×1010 copies and 400 ng DNA containing 5.71× 1010 copies of
plasmid pP43-6LFBII-GFP served as positive control (Fig. 2A). These

three plasmid DNA concentrations exhibited the signal intensity units of
148, 171 and 198, respectively (Fig. 2B). No signal was detected from
the plasmid-containing B. subtilis WT strain, suggesting that DIG-tagged
GFP was a highly specific probe (Fig. 2A). We, therefore, extracted
plasmids from 62.5, 125 and 250 μl of cultured transgenic B. subtilis T1
strain (4.2× 108 CFU/ml) and T13 strain (3×108 CFU/ml) and per-
formed dot blot analysis (Fig. 2A). As a result, the signal intensity of
units 149, 190 and 233 was displayed in transgenic T1 strain, respec-
tively, while signal intensity of units 124, 162 and 209 was displayed in
strain T13, respectively (Fig. 2B). A regression equation y = 0.1621x +
134.5 (R2= 0.9794) was obtained by calculating the ratio between the

Fig. 2. Using dot blot analysis to determine the
copy number of plasmid harbored by B. subtilis
transgenic strains T1 and T13. (A) Three known
amounts and copy numbers of plasmid pP43-6LFBII-
GFP (100 ng, 1.43X1010 copies; 200 ng, 2.86X1010

copies and 400 ng, 5.71X1010 copies) were dotted
on a nitrocellulose paper to serve as a positive
control (PC) and then plotted as a standard curve to
indicate the relationship between copy number of
plasmid DNA and signal intensity shown on the ni-
trocellulose paper. Plasmids extracted from 62.5,
125 and 250 μl cell cultures of B. subtilis wild-type
(WT) strain (6.3X108 CFU/ml) served as a negative
control (NC). Plasmids extracted from the same
three volumes of cell cultures of transgenic strains
T1 (4.2X108 CFU/ml) and T13 (3X108 CFU/ml)
were separately dotted on the same paper to de-
termine the copy number of plasmid DNA based on
comparing the relative signal intensity of known
positive control. (B) Signal intensity unit was de-
termined by VisionWorks® Life Science Software
and presented by a histogram plot. (C) Based on the
standard curve, the linear regression equation and
R2 were obtained. Thus, the copy number of plasmid
pP43-6LFBII-GFP harbored by 125 μl of transgenic
strains T1 and T13 was calculated.
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signal intensity of dot plot analysis and the amount (ng) of plasmid
pP43-6LFBII-GFP (Fig. 2C). Based on these results, plasmid pP43-
6LFBII-GFP from a volume of 125 μl of T1 and T13 strains was
equivalent to 342 and 170 ng of the positive control, respectively, in-
dicating that plasmids extracted from T1 (5.25×107 CFU) and T13
(3.75×107 CFU) contained 4.89×1010 and 2.43× 1010 copies, re-
spectively. Therefore, the copy number of plasmids containing trans-
genic B. subtilis T1 and T13 strains was calculated as 931 and 647 copies
per cell, respectively.

3.3. Recombinant lactoferricin was produced in transformed strains

As shown in Fig. 3, no detectable band was recognized by antibody
against GFP from the WT strain of B. subtilis (Fig. 3, lane WT). In
contrast, a major positive hybridization band with approximate mole-
cular mass of 40 kDa was detected in transgenic B. subtilis T13 and T1
strains (Fig. 3, lanes T13 and T1, as indicated by arrowhead), sug-
gesting that the exogenous lactoferricin-GFP recombinant protein was
expressed in transgenic strains T13 and T1. Nevertheless, we noticed
that a minor positive band with 30 kDa was also shown on the gel
(Fig. 3, lanes T13 and T1, as indicated by arrow), suggesting that the
GFP reporter might somehow exist in the transformants.

3.4. Bactericidal activity against freshwater pathogens of recombinant
lactoferricin produced by transgenic B. subtilis strains

As shown in Fig. 4A, no inhibition zone was observed in the cell
extracts from WT strain and negative control groups (T19) added into
the wells on agar plate with lawn confluent growth of pathogenic E.
coli. However, an inhibition zone with diameters of 5.27 ± 0.20,
4.95 ± 0.17, 4.08 ± 0.07, and 5.17 ± 0.29mm occurred in trans-
genic strains T1, T4, T7 and T13, respectively. Based on the size of the
inhibition zone shown on the known concentrations of Ampicillin (2, 3
and 4 μg) (Fig. 4B), a regression equation of y = 1.422x + 2.0767
(R2=0.9979) was obtained (Fig. 4C). Therefore, we calculated that the
bactericidal efficacy of 40 μl cell lysates from transgenic T1, T4, T7 and

T13 strains (3×108 CFU/ml) was equivalent to 2.24, 2.02, 1.41 and
2.13 μg of Ampicillin dosage, respectively. In other words, the bacter-
icidal efficacy against E. coli of transgenic strain T1, T4, T7 and T13 at
the above concentration was 56, 51, 36 and 53 ng of Ampicillin per μl,
respectively.

Regarding of bactericidal activity against S. epidermidis, no inhibi-
tion zone was observed in cell extracts from either the WT strain or the
T19 strain which was transgenic without expressing recombinant lac-
toferricin, and thus served as negative controls in agar diffusion assay
(Fig. 4D). In contrast, cell extracts from the transgenic B. subtilis T13
exhibited an inhibition zone with a diameter of 6.16 ± 0.18mm. In a
parallel experiment, we found that an inhibition zone was not gener-
ated in cell extracts from T1 and T13 strains without first being treated
with synthetic gastric juice, as indicated by T1' and T13', respectively,
suggesting that the biological activity displayed in a single recombinant
lactoferricin needs to be cleaved by pepsin to release it from a complex
of six recombinant lactoferricin. This result was consistent with the
gene construct we designed, in which six genes coding for six lacto-
ferricin were interrupted by five pepsin cutting sites.

Based on the size of inhibition zone, as shown on the known con-
centrations of Ampicillin, a regression equation of y = 0.3812x +
4.165 (R2= 0.9733) was obtained (Fig. 4F). Therefore, we calculated
that the bactericidal efficacy of the 40 μl cell lysate from strain T1 and
T13 (3× 108 CFU/ml) was equivalent to 6.18 and 5.23 μg of the Am-
picillin dosage. In other words, the bactericidal efficacy against S. epi-
dermidis of 1 μL from cell extracts produced by 3× 105 CFU transgenic
B. subtilis from strain T1 and T13 were equivalent to that of 154 and
130 ng Ampicillin, respectively.

3.5. Bactericidal activity against marine pathogens of recombinant
lactoferricin produced by transgenic B. subtilis strain

Since marine pathogen V. parahaemolyticus is better able to resist
Ampicillin, we used Tetracycline instead. As shown in Fig. 4G and H, no
inhibition zone was observed in cell extracts from WT and a negative
control transgenic strain T19 (control) in the agar diffusion assay,
suggesting that WT and strain T19 (two negative controls) displayed no
bactericidal activity against V. parahaemolyticus. In contrast, the cell
extracts from transgenic B. subtilis T13 strain exhibited an inhibition
zone with a diameter of 7.31 ± 0.15mm. Similarly, an inhibition zone
was not generated in cell extracts from strain T13 strain without syn-
thetic gastric juice treatment, suggesting, again, that the biological
activity displayed in a single recombinant lactoferricin needs to be
cleaved from a six-fused recombinant lactoferricin by pepsin.

Based on the size of inhibition zone, as shown on the known con-
centrations of Tetracycline, a regression equation of y = 2.882x +
4.3007 (R2= 0.9234) was obtained (Fig. 4I). Therefore, we calculated
that the bactericidal efficacy of the 40 μl cell lysate from strain T13
(3×108 CFU/ml) was equivalent to 1.04 μg of the Tetracycline dosage.
In other words, the bactericidal efficacy against V. parahaemolyticus of
1 μL from cell extracts produced by 3×105 CFU transgenic B. subtilis
T13 strain was equivalent that of 26 ng of Tetracycline.

As shown in Fig. 4J and K, no inhibition zone was observed in cell
extracts from WT and a negative control transgenic strain T19 (control)
in the agar diffusion assay, suggesting that WT and transgenic strain
T19 (two negative controls) displayed no bactericidal activity against
euryhaline pathogen E. tarda. In contrast, the cell extracts from strain
T13 exhibited an inhibition zone with a diameter of 9.03 ± 0.15mm.
Similarly, no inhibition zone was generated in cell extracts from strain
T13 without synthetic gastric juice treatment, suggesting yet again that
the biological activity displayed in a single recombinant lactoferrincin
needs to be cleaved by pepsin.

Based on the size of inhibition zone shown on the known con-
centrations of Ampicillin, a regression equation of y = 0.84x + 7.9233
(R2= 0.9998) was obtained (Fig. 4L). Therefore, we calculated that the
bactericidal efficacy of an 80 μl cell lysate from strain T13

Fig. 3. Western blot analysis of proteins extracted from B. subtilis. Total
proteins extracted from wild-type (WT) and transgenic strains T13 and T1 were
separated on an SDS-PAGE, followed by Western blot analysis. The polyclonal
antibody against GFP was used to detect recombinant lactoferricin fused with
GFP reporter. Proteins extracted from B. subtilis WT strain served as a negative
control. The recombinant protein lactoferricin fused with GFP (40 kDa) pro-
duced by transgenic strains was detected, as indicated by arrowhead. The pure
GFP (30 kDa) served as a positive control (PC), as indicated by arrow.
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Fig. 4. Using an agar well diffusion assay to study the
bactericidal efficacy of recombinant lactoferricin pro-
duced by B. subtilis transgenic strains against pathogens
growth. The bactericidal activity of recombinant lactoferricin
contained in the proteins extracted from five B. subtilis trans-
genic strains (T1, T4, T7, T13 and T19) were added into the
well on agar plate with lawn confluent bacterial growth, such
as E. coli, S. epidermidis, V. parahaemolyticus and E. tarda, as
indicated. Three known concentrations of Ampicillin (Amp) or
Tetracycline (Tet) were loaded on agar plate served as standard
to define the relationship between bactericidal efficacy and size
of inhibition zone (A, D, G, J). The extracts from wild-type
strain (WT) and transgenic strain T19 (control) without ex-
pressing lactoferricin served as negative controls. Another ne-
gative control groups were T1′ and T13′, in which the extracts
were obtained from lactoferricin-expressing transgenic strain
T1 and T13 without synthetic gastric juice treatment (D, G, J).
The experiment groups were the extracts from each transgenic
strain expressing lactoferricin, as indicated, treated with syn-
thetic gastric juice. Diameter size (mm) of each inhibition zone
was measured and presented on a histogram plot (B, E, H, K).
Data were averaged from six independent trials (n=6). Based
on the standard curve, the linear regression equation and R2

were obtained (C, F, I, L).
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(3× 108 CFU/ml) was equivalent to 1.32 μg of the Ampicillin dosage.
In other words, bactericidal efficacy against E. tarda of 1 μL from cell
extracts produced by 3× 105 CFU transgenic B. subtilis strain T13 was
equivalent to that of 33 ng of Ampicillin.

3.6. Fish fry fed with transgenic B. subtilis strain can prevent from pathogen
infection

As shown in Fig. 5A, the average survival rate was not significantly
different between E. tarda-infected tilapia fry fed B. subtilis WT strain
and those fed the transgenic T19 strain which did not express lacto-
ferricin. Nevertheless, non-infected tilapia cultured in freshwater
served as mock group, in which fish fry were alive and healthy after
immersion in water without pathogen for 5 h. However, the average
survival rate of E. tarda-infected tilapia fry fed with the transgenic
lactoferricin-expressing T13 strain was much higher than that of E.
tarda-infected tilapia fry fed with WT strain, specifically, 67 versus 5%
after infection for 23 days. We also noticed that all dead fish were

suffering gastrointestinal symptoms of infection by E. tarda such as
inflammation, internal bleeding and erosion of the entire abdominal
cavity (Fig. 6).

Similar to the result shown in Fig. 5B, the rapid reduction of sur-
vival rate was observed in E. tarda-infected tilapia fry fed with B. subtilis
WT and T19 strains (control groups). A total of 48% of fish samples
remained at day 6 and 32% at day 9 post-infection, while the survival
rate of E. tarda-infected tilapia fry fed with another transgenic T1 strain
decreased slowly and remained at 63% until the end of the experiment.
The average survival rate of E. tarda-infected tilapia fry fed the trans-
genic lactoferricin-expressing T1 strain was much higher than that of E.
tarda-infected tilapia fry fed the WT strain, such as 63 versus 5% for 32
days after infection. Collectively, these results suggest that feeding ti-
lapia fry lactoferricin-expressing transgenic strains mitigates the mor-
tality caused by the symptoms of gastrointestinal disease during E. tarda
infection, in turn resulting in the increase of survival rate by 58–62%, as
compared with control groups.

Fig. 5. Using in vivo study to determine the
effect of bactericidal activity directed by
recombinant lactoferricin produced by vivo
strains to defend against pathogen infection
of fish fry. study to determine the effect of
bactericidal activity directed by re-
combinant lactoferricin produced by B.
subtilis strains to defend against pathogen
infection of fish fry. Tilapia fry fed with wild-
type (WT) strain and transgenic strains T1, T13
and T19 were challenged with E. tarda.
Transgenic T1 and T13 strains were trans-
formed cells expressing recombinant lacto-
ferricin, while WT strain and transgenic strain
T19 which was a transformed cell containing
exogenous DNA without expressing lacto-
ferricin served as negative control groups.
Tilapia fry immersed in freshwater without
contaning E. tarda served as a mock group.
Sample size for each assessment group was 30.
The cumulative survival rate was recorded
every three days since tilapia larvae (n=30)
were fed with B. subtilis, followed by immersion
of water containing E. tarda. Data were pre-
sented as an average from two independent
trials. (A) Transgenic strains T13 and T19, WT
and mock groups; and (B) Transgenic strains
T1, T19, WT and mock groups.
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4. Discussion

4.1. Stability of circular plasmids harbored by B. subtilis transformants

Plasmid pP43-6LFBII-GFP, which was used to perform gene transfer
into B. subtilis host cells through electrophoresis, was prepared in cir-
cular form. We found no evidence showing that the plasmids harbored

in all transgenic strains screened in this study were inserted into the
chromosome of host cells (Fig. 7). This suggested that heterologous
plasmids extant in B. subtilis were in extrachromosomal circular form
with a copy number of 647–931 per cell. However, we did find that
transgenic strain T19 was PCR-positive, but Western blot-negative, in-
dicating, in turn, that some transformants could not express re-
combinant lactoferricin. We reasoned that T19 might have modified, or
partially deleted, the lactoferricin cDNA segment of the transferred
plasmid pP43-6LFBII-GFP, resulting in failed production of lacto-
ferricin. Therefore, it is absolutely necessary to use Western blot ana-
lysis to further check whether the target protein is produced by trans-
formants.

When we detected the cell extracts from transgenic strain T7,
Western blot analysis showed many different sizes of GFP bands be-
tween 25 and 48 kDa (Fig. 8). Although they produced recombinant
lactoferricin, this target protein could have been unstable by partial
degradation for some unknown reasons. However, a single GFP-positive
band with a molecular weight of 40 kDa, corresponding to that of re-
combinant lactoferricin fused with GFP reporter, was detected in the
cell extracts from transgenic strains T1 and T13 (Fig. 3), suggesting that
the recombinant lactoferricin expressed in these two transformants was
more stable since heterologous proteins were not at all, or just slightly,

Fig. 6. Anatomical examination of the digestive
tract of fish fry. After in vivo antibacterial activity
test, the morphologies of survival and dead tilapia
fry samples were examined from (A) lateral and (B)
ventral view. Unlike survival healthy fish fry,
symptoms such as swollen abdomen and internal
bleeding were externally observed in the dead fish
fry infected with pathogen E. tarda. After abdominal
dissection, (C) the E. tarda-infected survival fish fry
exhibited a normal intestine and liver in the ab-
dominal cavity; while (D) the E. tarda-infected dead
fish fry exhibited erosive bleeding symptom, re-
sulting in the intestine and liver were hardly dis-
tinguished in the digestive tract.

Fig. 7. Detection of the transferred plasmids within the total DNAs ex-
tracted from transgenic strain T13. The total DNAs, including genome and
plasmid DNAs, were extracted from wild-type (WT) and T13 strains to de-
termine the status of plasmids transferred in host cells of B. subtilis. The
Southern pattern of extracted DNA samples without treated with restriction
enzyme (−) was compared with that of extracted DNA samples cut with HindIII
(+). Plasmid pP43-6LFBII-GFP cut with HindIII served as positive control. No
positive signal with a molecular weight higher than pP43-6LFBII-GFP, sug-
gesting that the plasmids containing lactoferricin cDNA transferred into B.
subtilis transgenic strain T13 might not be integrated into the genome of host
cells. Rather, the extant plasmids in transgenic strain were in an independent
genetic element manner in the cytoplasm.

Fig. 8. Using Western blot analysis to detect the recombinant lactoferricin
fused with GFP reporter produced by B. subtilis transgenic strain T7. The
total proteins extracted from wild-type (WT) and transgenic strain T7 were
performed Western blot analysis to detect the production of recombinant lac-
toferricin fused GFP using antibody against GFP. The purified GFP protein
produced by E. coli served as a positive control. No positive signal was detected
in the B. subtilis wild type strain. In contrast, several GFP-positive bands ranging
from 25 to 48 kDa were observed in the proteins extracted from transgenic
strain T7.
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cleaved by endogenous enzyme of host cells. Therefore, large-scale
screening to find stable transgenic strains among B. subtilis transfor-
mants is also indispensable for further study and industrial applications.

We then extracted plasmids from transgenic strains T1 and T13.
These strains were not only those with the highest expression of foreign
lactoferricin with no degradation, but also the most stable inheritance
of harbored plasmids until the 22nd passage when we subcultured co-
lonies every three or four weeks. The line of evidence suggested that T1
and T13 are two transformants exhibiting more stable inheritance of the
transferred plasmids. Unexpectedly, we found that the plasmids har-
bored by T1 and T13 only consisted of three tandem repeats of lacto-
ferricin cDNA, which is a truncated form of six tandem repeats of lac-
toferricin cDNA in the original plasmid pP43-6LFBII-GFP used to
perform electrophoresis. Yet, no transformants having stable and high
expression of lactoferricin, but containing six copies of lactoferricin
cDNA, were found. Based on these results, we speculate that three co-
pies of lactoferricin cDNA in the construct might have been the optimal
gene dosage for B. subtilis WB800 to produce exogenous antibacterial
peptide, such as lactoferricin, which does not reach a quantitative level
sufficient to cause toxic effect on recipients.

4.2. Oral administration of transgenic strains could prevent fish fry from
pathogenic infection

Since transgenic B. subtilis strains T1 and T13 not only possessed a
relatively better bactericidal efficacy against E. coli but also they con-
tained a considering stable inheritance of plasmids, they were further
used for in vivo tests. It was hypothesized in this work that tandem
repeats of recombinant lactoferricin produced by transgenic strains
passing through the gastrointestinal tract of tilapia might be cleaved
and released functional lactoferricin that would kill the intestinal pa-
thogen, in turn decreasing the mortality rate of pathogen-infected fish.
Indeed, this hypothesis was strongly supported by the in vivo anti-
bacterial activity experiment performed in this study. It has been re-
ported that E. tarda invades and then proliferates in the intestine of
tilapia through oral infection. After infection in the digestive tract of the
fish, it may continuously enter liver via the hepatic portal vein or in-
vades kidneys and other tissues via systemic circulation, causing lesions
and necrosis of organs such as liver and kidney [41]. E. tarda may also
invade adjacent torso tissues to cause ulcers and perforations. The in-
fected tilapia eventually floats on the water surface from swelling of the
abdominal cavity. In this study, these symptoms of E. tarda were exactly
phenocopied in the control tilapia fry immersed in the water tank
containing E. tarda WT strain, causing an average mortality rate of 95%
(120 fry in total). In contrast, average mortality rates of 37 and 33%
were observed in the fry groups fed with the transgenic B. subtilis T1
and T13 strains (Fig. 5), respectively, for one month after E. tarda in-
fection, significantly improving the average survival rate. Meanwhile,
the mock control group immersed in the water tank for 5 h without
pathogen challenge, the similarity of effect made it possible to rule out
that the mortality of fish fry may result from immersion stress. There-
fore, in this study, we have demonstrated that oral administration of
transgenic B. subtilis producing recombinant lactoferricin could effec-
tively protect fish fry from infection of E. tarda.

Moreover, the B. subtilis transgenic T1 and T13 strains we generated
could potentially be applied to the aquaculture and livestock industries
because these strains can be directly mixed in feedstuff as a food sup-
plement. Alternatively, these transgenic strains can be freeze dried and
combined with other materials to form a novel antimicrobial animal
feed. Oral administration of this antimicrobial feedstuff can also im-
prove the defense capability of host organisms against pathogen in-
fection in the gastrointestinal tract, leading to the increase of survival
rate and reducing the costs.

4.3. The application of recombinant lactoferricin could reduce the use of
antibiotics

To reduce infection from such common euryhaline pathogen E.
tarda and marine pathogen V. paraheamolyticus, in large-scale produc-
tion settings, various antibiotics must be used to prevent cultured fish
and farm animals from being infected. However, long-term treatment of
antibiotics may cause the bacterial pathogens to gain resistance.
Therefore, new antibiotics, or multiple antibiotics, must be used to
inhibit the growth of these antibiotic-resistant mutant microorganisms.
Moreover, even if nonpathogenic microorganisms develop antibiotic-
resistant genes, existing resistance determinants can spread to other
microbes, eventually infecting other organisms, or even humans [42].
The agar-well diffusion assay employed in this study demonstrated that
the extracts from the transgenic strains containing the pepsin cleaved-
recombinant lactoferricin could inhibit the growth of E. coli, S. epi-
dermidis, V. parahaemolyticus and E. tarda, indicating that this re-
combinant protein is a broad-spectrum antibiotic agent. This evidence
was supported by Lin et al. [37] who demonstrated that the anti-
microbial resistance of E. tarda infected-fish can be improved by feeding
zebrafish eggs containing lactoferricin. Thus, it could be used in both
aquaculture and livestock industries as a supplement to reduce the
dependence on conventional antibiotics, particularly during seasonal
outbreaks.

Hardi et al. [43] reported that the antibacterial and im-
munostimulant abilities of plant extracts were able to prevent from
Aeromonas hydrophila and Pseudomonas fluorescens infection on tilapia
(O. niloticus Linn). Deepika et al. [44] found that the combination of
phenolic compounds including flavonoids and antibiotics can be used as
a possible synergistic antimicrobial modulator against multi-drug re-
sistant pathogens. Moreover, Amphan et al. [45] established an optimal
feeding dosage of β-glucan for tilapia to increase disease resistance.
Obviously, the large-scale preparation of plant extract, phenolic com-
pounds or β-glucan to prevent tilapia from pathogens infection is te-
dious and costly. In contrast, it is relatively easier and more economic
to prepare this biosafe microorganism B. subtilis in large-scale. Speci-
fically, the extraction of recombinant lactoferricin produced by B.
subtilis is absolutely not necessary since the intact cells of transgenic
strain can be directly added into fish meal as a supplementary feedstuff
to prevent fish from pathogen infection.

Most importantly, lactoferricin is an environmentally safe bacter-
icidal agent since it is a biodegradable peptide that can be easily de-
composed. Also, it does not accumulate in the environment, thus re-
ducing the frequency of resistance in microbes and the amount of
antibiotics used in fish pond and animal farms. Additionally,
Situmorang et al. [46] established a tilapia larvae model system used as
a research tool to illustrate the effects and modes-of-action of probio-
tics. In this study, the Bacillus species is considered not only as a safe
microorganism but also as a probiotic microbe since administration of
Bacillus species as a food supplement can enhance immune response
[47,48] and growth rate [47] in fish. It has been also reported zebrafish
fed with lactoferrin supplements could improve its immune activity
against E. tarda [49]. Recently, the application of probiotic Bacillus
species is overwhelming in aquaculture industry [50]. Therefore, we
conclude that the transgenic strains derived from B. subtilis generated in
this study might be more versatile and highly potentially useful in in-
dustry applications.

5. Conclusion

After gene transfer of Bacillus subtilis, considered a safe micro-
organism, large-scale screening of putative transformants was per-
formed. Two transgenic strains T1 and T13, which not only enabled to
express the exogenous recombinant antimicrobial peptide, but also
exhibited stable inheritance of plasmids, were confirmed. In the anti-
bacterial in vitro experiment, the bactericidal activities of transgenic
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strains equivalent to conventional antibiotics for common fish patho-
gens such as E. coli, S. epidermidis, V. parahaemolyticus and E. tarda were
determined. In the antibacterial in vivo experiment, we also demon-
strated that the survival rate of fish fry infected by the intestinal pa-
thogen tested could be greatly enhanced by feeding transgenic strains
T1 and T13 separately.
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