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Abstract The current experiment was conducted to construct
recombinant Bacillus subtilis WB600 expressing Eimeria
tenella 3-1E protein to investigate the oral immunization pro-
tective effects against E. tenella. The merozoite surface anti-
gen 3-1E gene of E. tenella was introduced into the pBS-H1
expression vector with a novel signal peptide sequence. After
the electro-transformation, the expression of objective protein
inB. subtilis WB600was detected byWestern blot. The results
showed that the recombinant B. subtilis strain with the ability
of high-level secretion of 3-1E was constructed successfully.
Seven-day-old broiler chickens were orally vaccinated with
B. subtilis WB600 harboring 3-1E (B.S-pBS-H1-3-1E) or
B. subtilisWB600 with empty plasmid (B.S-pBS-H1) 10 days
prior to challenge with sporulated E. tenella oocysts. The re-
sults showed the recombinant B. subtilis strain with the ability
of high-level secretion of 3-1E was constructed successfully.
Vaccination with B.S-pBS-H1-3-1E strain significantly in-
creased the anti-coccidial index and reduced cecal lesion
scores compared with the positive control group (chickens
were challenged with sporulated E. tenella oocysts without

oral administration of B.S-pBS-H1-3-1E strain) and B.S-pBS-
H1 group. Ceca mucosal sIgA, secretion, and IL-2, IL-12,
IFN-γ, and IL-10 level after challenge were greater in the
B.S-pBS-H1-3-1E group than in the positive control group.
Taken together, these results indicated that B. subtilis
WB600 harboring 3-1E protein induces protective immunity
against E. tenella.
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Introduction

Coccidiosis is a widespread intestinal tract infectious disease
caused by at least seven Eimeria species in poultry industry
(Jang et al. 2010). Eimeria tenella is one of the most patho-
genic and serious, in terms of the distribution, outbreak fre-
quency, and economic losses (McDougald and Reid 1991;
Abi-Ghanem et al. 2008). Currently, the main methods to
control the disease are drugs and live vaccines. However, be-
cause of increasing problems with prolonged drug usage and
high cost of vaccines, there is an urgent need for more effec-
tive and safer alternative strategies for control of coccidiosis
(Dalloul et al. 2006; Williams 2006; Lee et al. 2007). Many
secreted or membrane-bound proteins of Eimeria involved in
the interaction with the host immune system are considered as
candidates for immunological interventions (Ma et al. 2013).
3-1E antigen is a 20-kDa protein of Eimeria that is highly
immunogenic and conserved, inducing partial protection
against avian coccidiosis (Lillehoj and Lillehoj 2000).
Therefore, it can be used as vaccine candidate.

Genetically engineering live vector vaccine expressing dif-
ferent target antigens via mucosal routes has successfully in-
duced protective immunity against a variety of infectious
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disease including avian coccidiosis. However, due to transit of
strain through the mammalian gastrointestinal tract and low
antigen loads particularly after deliver via mucosal routes, the
limited immunogenicity of both spores and cells has been
questioned (Song et al. 2000; Min et al. 2001; Lee et al.
2010a). Recently, several heterologous antigens have been
successfully adapted to Bacillus subtilis as vectors eliciting
both systemic and secreted antibody, as well as cellular im-
mune response to the passenger antigens following oral or
parenteral administration to organism (Paccez et al. 2006,
2007; Fu et al. 2008; Luiz et al. 2008; Lee et al. 2010b).

B. subtilis has been explored as a tool for expression and
delivery of antigen proteins due to the superior capacity of
secreting proteins, lacking pathogenicity, propagating quickly,
forming spores, and stimulating the immune system (Fu et al.
2008, 2011; Tseng et al. 2009).

A study has been designed to construct a recombinant
B. subtilis expression vector with a processing-efficient signal
peptide sequence to achieve high-level secretion of 3-1E in
B. subtilis. Subsequently, another trial was taken to evaluate
immunogenicity and protective effects of this recombinant
B. subtilis strain against E. tenella in broiler chickens after
oral vaccination.

Materials and methods

Bacterial strains and growth conditions

B. subtilis WB600 (△nprE △aprE △epr △bpf △mpr △nprB)
was used in all experiments. WB600 was routinely grown in
Luria-Bertani (LB) medium (1 % tryptone, 0.5 % yeast ex-
tract, and 1%NaCl, pH 7.5). To express the protein, wild-type
and recombinant B. subtilis strains were grown in LB contain-
ing kanamycin(10 μlg/ml) in Erlenmeyer flasks. Sporulation
of the B. subtilis strain was induced in Difco sporulation me-
dia (DSM) using the exhaustion method as preciously de-
scribed (Nicholson and Setlow 1990).

Recombinant plasmids construction

About 0.1 g (×107) sporulated oocysts of E. tenella were
grinded to sporozoites in mortar on ice. Oocyst purification,
sporulation, and excystation were done as Chapman and
Shirley (2003) described. Total RNAwas extracted from spor-
ulated oocysts of E. tenella using TRIzol reagent (Invitrogen,
USA) according to the manufacturer’s protocol.

The recombinant plasmid pBS-H1-3-1E was constructed
according to the procedure of previously constructed
B. subtilis expression systems in our Lab (Fu et al. 2008).
The complete E. tenella 3-1E open reading frame (GenBank
accession number EF069437) was amplified with the follow-
ing primers: 5P31E-BS(5′-ggcCTGCAGCGATGGGTGAAG

AGGCTGATACT-3′), 3P31E-BS(5′-ggcAAGCTTAGTGAT
GGTGATGGTGATGGAAGCCGCCCTGGTACAGGT-3′)
(the restriction sites are in italics and the six-His-tag codons
are underlined; the specific primers used for PCR amplifica-
tion were synthesized by Invitrogen Biotechnology Co., Ltd.),
and the fragment was inserted into the pBS-H1 vector which
was constructed as described in Fu et al. (2008) to generate
recombinant plasmid pBS-H1-3-1E.

Competent cells of B. subtilisWB600 were transformed by
electroporation (Xue et al. 1999) with the pBS-H1-3-1E and
an empty vector pBS-H1 (control). After restriction analysis
and nucleotide sequencing, the positive plasmids were veri-
fied, and the single colonies of transformants were incubated
in Luria-Bertani (LB) broth at 37 °C for 8, 12, 16, 20, and 24 h
to investigate the optimum expression time.

Detection of the expression of 3-1E protein in B. subtilis
WB600

The recombinant B. subtilisWB600 strain harboring B.S-pBS-
H1 and B.S-pBS-H1-3-1E plasmid were harvested and centri-
fuged at 5000×g and 4 °C for 10 min. The supernatant was
resuspended in SDS-PAGE loading buffer and analyzed on
15 % SDS-polyacrylamide gels. The sorted proteins were
transferred to nitrocellulose membranes, which were incubat-



replicates in each (n=15) group and reared in an electrically
heated battery and fed with coccidiostat-free, non-medicated
broiler ration, and water ad libitum. The basal diet (Table 1) is
formulated according to the nutrient requirements for broilers
as recommended by the NRC (1994). All experiments related
to animals were conducted according to guidelines of Animal
Care Committee of Animal Science College, Zhejiang
University.

The wild-type strains of E. tenella oocysts isolated in
Haining’s Hatchery, Chia Tai Broiler chicken farm,
Zhejiang, China, were used in the present study. Oocysts were
resuspended in phosphate buffered saline (PBS pH 7.2) sepa-
rated using centrifugation (5000g, 10 min) and washed three
times with PBS. Then, oocysts were incubated in 2.5 % po-
tassium dichromate at 28 °C. Sporulated oocysts were stored
in 2.5 % potassium dichromate at 4 °C, and oocysts numbers
were calculated using a hemocytometer prior to experimental
infections.

Experimental design and immunizing procedure

The unchallenged unimmunized control group (CK1, nega-
tive control) and challenged unimmunized control group
(CK2, positive control) were fed with basal diet, After accli-
matization, 7-day-old chickens of the B.S-pBS-H1 and B.S-
pBS-H1-3-1E



mucosa secretory IgA (sIgA) were measured according to
manufacturer’s instructions (ADL, Atlantic Diagnostic
Laboratories, Bensalem, PA, USA) by an indirect double an-
tibody sandwich ELISA. Briefly, 96-well microtiter plate was
coated overnight with 100 μl/well (10 μg/ml) recombinant
coccidial antigen 3-1E in carbonate buffer (pH 9.6) at 4 °C.
The plates were washed with PBS containing 0.05 % Tween-
20 (PBST), wells blocked with blocking buffer for 1 h at
37 °C, and washed again. Samples (100 μl) were added and
incubated for 1 h at 37 °C with continuous gentle shaking.
After four washes with PBST, plates were incubated for 2 h at
37 °Cwith 100μl/well of HRP-conjugated rabbit anti-chicken
IgA (Sigma). After washing, the substrate solution was added
(100 µL/well). After incubation for 20 min at 37 °C, the reac-
tion was stopped by addition of 0.5 N sulfuric acid. An auto-
mated microtiter plate reader monitored reaction at 450 nm.

Statistical analysis

Data analysis was carried out using SPSS 15.0 for windows
(SPSS Inc., Chicago, IL, USA) and expressed as mean±SD.
Means were compared using one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range tests. Statistical
significance between two groups was calculated at P<0.05.

Results

High-level expression and secretion of 3-1E protein
in B. subtilis WB600

The presence ofE. tenella 3-1E inB. subtiliswas analyzed. As
shown in Fig. 1a, There was obviously a specific band at the
position equivalent to a molecular mass of 20 kDa by SDS-
PAGE. A similar band of the expected size, 20 kDa (Fig. 1b),
was observed from the cell-free supernatant of the recombi-
nant B. subtilis (B.S-pBS-H1-3-1E) by Western blot. On ex-
trapolation of BandScan, the amount of 3-1E protein accumu-
lated by B. subtilis cell reached a maximum level (c. 623 mg/l)
in crude culture supernatant after 24 h of cultivation and
remained at a relatively stable level for further incubation
(data not shown). MALDI-TOF MS and MS/MS analysis
showed the distinct band contained sequences that matched
E. tenella 3-1E protein (protein MW 18,512, protein score C.
I. % 98.628, Table S1).

Protective effects of B.S-pBS-H1-3-1E spore
against E. tenella challenge

No dead chickens were found in any group after E. tenella chal-
lenge. Average body weight gain, relative body weight gain (%),
oocyst decrease ratio, oocysts per gram (OPG), mean lesion
scores, and anti-coccidial index (ACI) were described in

Table 2. Chickens in the infected unimmunized group had
significantly lower average body weight gain and ACI, higher
OPG, mean lesion scores than those in the uninfected unimmu-
nized and B.S-pBS-H1-3-1E group (P<0.05). Significantly OPG
and oocyst decrease ratio were observed in the B.S-pBS-H1
group compared with infected unimmunized group. No signifi-
cant difference in ACI between infected unimmunized and B.S-
pBS-H1 groups was recorded. Chickens orally immunized with
B.S-pBS-H1-3-1E spores showed significantly higher average
weight gains and the ACI (189.2), higher OPG, and mean lesion
scores than those of infected chickens that were non-immunized
or immunized with B.S-pBS-H1 (P<0.05).

Cytokine levels in cecal mucosa

As shown in Fig. 2, at 17 days, immunized with B. subtilis
WB600 with empty plasmid (B.S-pBS-H1) had significantly
elevated IL-2, Th2 key cytokines IL-4 regulatory cytokines,
anti-inflammatory IL-10, and the pro-inflammatory cytokine
IL-6 levels compared with any other groups (P<0.05). Th1
signature cytokine IFN-γ level in B.S-pBS-H1-3-1E and B.S-
pBS-H1 strains were significantly lower than in the CK1
(P<0.05). Interestingly, B.S-pBS-H1-3-1E strain significantly
decreased the anti-inflammatory cytokines IL-4 level and in-
creased the production of IL-12 (P<0.05).

As shown in Fig. 2, in response to B. subtilis WB600 har-
boring 3-1E protein, the higher IL-2 level in chickens was
observed at 24 days post infection (P<0.05). B.S-pBS-H1-3-
1E significantly increased IL-10 and IL-12 levels compared
with the CK2 and B.S-pBS-H1 group.Moreover, B.S-pBS-H1-
3-1E strain could stimulate IFN-γ secretion compared with
the CK2 group (P<0.05).

Effect of oral administration of B.S-pBS-H1-3-1E strain
on cecal mucosa secretory IgA responses

As indicated in Fig. 3, before infection, the 3-1E-specific sIgA
concentration was significantly increased (P<0.05) in the B.S-
pBS-H1 and B.S-pBS-H1-3-1E group compared with the CK1
group. By contrast, B.S-pBS-H1 strain was more effective in
enhancing 3-1E-reactive sIgA levels compared with B.S-pBS-
H1-3-1E strain (P<0.05).

Following infection with E. tenella, immunized with
B. subtilis WB600 harboring 3-1E protein increased sIgA in
cecal mucosa levels compared with other groups (P<0.05;
Fig. 3). However, there was no difference between group im-
munized with B.S-pBS-H1 and infected unimmunized group.

Discussion

3-1E antigen was presented on the outer surface of both spo-
rozoites and merozoites in Eimeria life cycle. Vaccination
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with the recombinant Eimeria 3-1E protein could significantly
affect both the cellular-mediated and mucosa-associated im-
mune responses to live Eimeria species (Jang et al. 2011).
E. tenella sporozoite/merozoites antigen was originally
expressed in Escherichia coli (Subramanian et al. 2008; Jang
et al. 2010; Zhao et al. 2011), but use of B. subtilis to express
3-1E protein has not been reported before. A potential advan-
tage of B. subtilis spores as vaccine vehicles is that bacterial
spores are naturally resistant to different environmental stress-
es, such as extremely heat and pH. In addition, B. subtilis has
an immense capacity for secreting proteins and is also readily
adaptable to genetic manipulation (Ferreira et al. 2005).
Secretory form of lipase (Heydari et al. 2013), envelope pro-
tein VP28, the most abundant exposed protein in the WSSV
envelope (Fu et al. 2008) were successfully expressed in
B. subtilis. Paccez et al. (2007) have reported that B. subtilis
vaccine strains encoding the B subunit of the heat-labile toxin
(LTB) could elicit both systemic IgG and secreted IgA re-
sponse to LTB inmice (Paccez et al. 2007). In this experiment,
the recombinant B. subtilis expressing 3-1E gene was con-
structed successfully. Western blot and MALDI-TOF mass

spectrometer result confirmed the 3-1E protein. The mass
matches the theoretical value (Fig. 1b, Table S1).

Challenge at a dose of 5.0×104 sporulated E. tenella oo-
cysts could cause apparent intestinal damage and induce
growth depression, which is consistent with the observations
made by Ma et al. (2013). The findings of the present study
showed that oral immunization with B.S-pBS-H1-3-1E strain
offered more protection against homologous infection, as
demonstrated by increased average body weight gain, reduced
oocyst decrease ratio (63.70 %), higher ACI, and lower aver-
age lesion scores. These results could be explained by the fact
that secretion of the encoded antigen did result in significant
induction of 3-1E-specific immune responses, which could
effectively block the invasion of sporozoites or merozoites
into the intestinal epithelial cells to reduce the damage of
chicken gut tissue (Ma et al. 2011). However, the protective
efficacy against E. tenella challenge recorded in chickens
immunized with oral vaccine B.S-pBS-H1-3-1E was lower
than previous reported vaccines based on 3-1E antigen
including DNA vaccine (Min et al. 2001) and plant vaccine
(Sathish et al. 2012). A possible explanation for this
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Fig. 1 SDS-PAGE and western blot analysis of secreted 3-1E in the
culture supernatant of recombinant B. subtilis WB600 strain. a SDS-
PAGE analysis, lane M, molecular mass marker, lanes 1–2, B.S-pBS-H1
supernatant cultures at 24 h (negative control); lanes 3–4, B.S-pBS-H1-3-
1E supernatant cultures at 24 h. b Western blot analysis, lanes 1–5,

B. subtilis WB600 (pBS-H1-3-1E) supernatant cultures at 8, 12, 16, 20,
and 24 h, respectively. Lane 6, B. subtilis WB600 (pBS-H1) supernatant
cultures at 24 h (negative control). Twenty microliters of supernatant
cultures loaded per lane

Table 2 Protective effects of the constructed B.S-pBS-H1-3-1E strain against experimental infection of E. tenella chickens

Items Average body
weight gains (g)

Relative body
weight gains (%)

Oocyst
production (×106)

Lesion decrease
ratio (%)

Mean lesion
scores

Anti-coccidial
index (ACI)

Unchallenged control 208.0±12.73a 100.0a 0.00d 100a 0.00c 206.4±4.72a

Challenged control 131.6±12.17c 63.3±5.85c 4.50±0.03a 0d 2.4±0.24a 159.3±8.46c

B.S-pBS-H1 134.2±9.03c 64.5±4.34c 2.47±0.03b 45.17±0.77c 2.2±0.20a 164.7±6.96c

B.S-pBS-H1-3-1E 165.0±8.76b 79.3±4.21b 1.63±0.12c 63.70±2.68b 1.0±0.00b 189.2±1.13b

The values represent mean±SD. Significant difference (P<0.05) between numbers with different lowercase letters. No significant difference (P>0.05)
between numbers with the same letter. Average lesion score in cecum of chickens was investigated at 24 days of age. Unchallenged control=unchal-
lenged unimmunized group, challenged control=challenged unimmunized group
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investigation might be that partial degradation of the
expressed protein may result in reduced immunogenicity be-
fore reaching the intestine following oral immunization.
Future studies on the improvements in the performance of

B. subtilis-based vaccine vehicle involving immunogenicity
should be pursued.

The antigen load of a vaccine vehicle, especially live car-
rier, is a key factor affecting immunogenicity particularly fol-
lowing delivery via the oral route. As robust life forms,
B. subtilis spores could resist to the gastrointestinal environ-
ment, colonize, and conduct the entire life cycle within the
animal gastrointestinal tract before being excreted (Fu et al.
2008). Mucosal vaccination via the oral or ocular routes nor-
mally favors the generation of neutralizing sIgA antibodies
and protective cell-mediated immune responses (Wang et al.
2004). In this study, our results demonstrated that before in-
fection, chickens in B.S-pBS-H1 group also showed higher
sIgA level. B. subtilis WB600 as live carrier possibly exert
their probiotic action to enhance immune protection. Post in-
fection, we observed that orally vaccination with the recom-
binant B. subtilis WB600 harboring 3-1E protein strain in-
duced significantly cecal mucosa sIgA response compared to

Fig. 2 Cytokines level in cecal mucosa of IL-2, IL-4, IL-6, IL-10, IL-12,
and INF-γ were calculated at 17 and 24 days. Each bar represents the
mean±SD value (N=15). Significant difference (P<0.05) between

numbers with different letters. No significant difference (P>0.05)
between numbers with the same letter

Fig. 3 Secretory IgA of cecal mucosa responses was determined by
ELISA at 17 days of age and 24 days of age of chickens. Each bar
represents the mean±SD value (N=15). Values with different letters
differ within time point at P<0.05
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