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which has potential applications in the harsh biochemical 
industry.
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Introduction

Lipases are a complex and crucially important group 
of enzymes that have been found in various organisms, 
including animals, plants, and microorganisms. However, 
only lipases expressed in microbial hosts by genetic engi-
neering technology have commercial value, e.g., in the pro-
duction of foods, oils, fats, chiral compounds, leather, cos-
metics, and biodiesel (Miroliaei and Nemat-Gorgani 2002). 
Despite the great interest in the applications of lipases in 
various industries, the high costs and harsh industrial con-
ditions, such as time-consuming purification processes, and 
elevated catalysis temperatures, often restrict their use as 
biocatalysts (Snellman et al. 2002). Enzymes from hyper-
thermophiles are promising candidates, suitable for harsh 
industrial processes, because of their high intrinsic thermal 
and chemical stability (Gomes and Steiner 2004); indeed, 
these enzymes have been proven to be stable at high tem-
peratures and in the presence of organic solvents (Chan-
drayan et al. 2008; Masomian et al. 2013).

Enzyme immobilization is an important method for 
increasing enzyme enantioselectivity, stability, and recy-
clability (Chandrayan et al. 2008). Common methods for 
achieving enzyme immobilization include adsorption or 
covalent attachment to solid materials, and entrapment in 
organic or inorganic polymers or microemulsions (Costas 
et al. 2008). However, during the time-consuming immobi-
lization procedures, recovery of enzyme activity is reduced, 
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pH stability showed that spore surface-displayed Tm1350 
retained 81 or 70 % of its original activity after 8 h of incu-
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than the retained activity of the non-immobilized Tm1350 
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and the associated costs are substantial (Roessl et al. 2010). 
Moreover, enzymes displayed on the surface of living 
cells also exhibit various problems associated with mem-
brane permeability or crossing, which prevents the display 
of multimeric large enzymes due to the general transport 
mechanism of target proteins across the cell membrane 
and cell wall. Furthermore, industrial applications of the 
enzyme are still limited by harsh industrial processes, 
which result in the rupture of living cells (Kim et al. 2005).

Recently, enzymes displayed on the surface of Bacil-
lus subtilis spore have drawn widely attention. This is due 
to several factors: firstly, the spore displays high stabil-
ity and robust resistance to heat, radiation, and chemicals 
in a harsh environment (Nicholson et al. 2000). Secondly, 
the B. subtilis spore is assembled by various coat proteins 
expressed in the mother cell, thereby eliminating transport 
steps that block the display of multimeric large enzyme, for 
example, Escherichia coli β-galactosidase, a multimeric 
protein, has been displayed on the surface of the B. subtilis 
spore (Kwon et al. 2007). Thirdly, the spore can be easily 
separated from the vegetative cell by centrifugation. Since 
B. subtilis is generally recognized as safe bioresources and 
are used as food additives and in oral bacteriotherapy and 
bacterioprophylaxis (Green et al. 1999). Display systems 
using CotB, CotC, and CotG as anchoring motifs have 
been widely used for developing an oral vaccine (Isticato 
et al. 2001; Mauriello et al. 2004; Duc et al. 2007), but less 
for studying the enzymology (Wang et al. 2011; Qu et al. 
2014).

Our previous unpublished studies demonstrate that the 
lipase Tm1350 from Thermotoga maritima MSB8 is a ther-
mophilic, alkali tolerant, and methanol-activated lipase. In 
the current work, the lipase Tm1350 displayed on the B. 
subtilis spore coat with CotB as an anchoring motif was 
reported, the results showed that the thermal stability, pH 
stability, and reusability ratio of the Tm1350 displayed 
on the spore surface were all higher than those of its non-
immobilized Tm1350. These data indicated that display 
of the enzyme on the B. subtilis spore surface may be an 
effective approach for enzyme immobilization and has 
significant potential application in the harsh biochemical 
industry.

Materials and methods

Chemicals and antiserum

The genomic DNA of T. maritima was obtained from 
Professor Weilan Shao at Jiangsu University. The high-
copy-number shuttle vector pLJ was provided by Ming-
ming Yan from Northwest A&F University. Restriction 

enzymes, PrimeSTAR HS DNA polymerase, and DNA 
ligase were all purchased from TaKaRa Biotechnology 
(Dalian, China). The p-nitrophenyl esters were obtained 
from Sigma (St. Louis, USA). All chemicals were of ana-
lytical grade.

Expression and purification of the recombinant 
Tm1350 protein were performed as follows: The gene 
tm1350 was cloned into the prokaryotic expression vec-
tor pET28a (+), and transformed into BL21 (DE3). The 
recombinant protein was then expressed by induction 
with isopropyl β-d-1-thiogalactopyranoside (IPTG) at a 
final concentration of 0.1 mM. After induction for 5 h at 
37 °C, cells were harvested by centrifugation. The har-
vested cells were resuspended in buffer (50 mM Tris–
HCl, pH 8.0, 50 mM NaCl), and disrupted by sonica-
tion. The disrupted cells were centrifuged at 8000×g for 
10 min at 4 °C, and the supernatant was then loaded on 
a nickel column (GenScript, Nanjing, China). Three bed 
volumes of binding buffer (100 mM NaH2PO4, 10 mM 
Tris–HCl, pH 8.0) were added to the nickel column, fol-
lowed by the addition of three bed volumes of wash buffer 
(100 mM NaH2PO4, 10 mM Tris–HCl, 10 mM imidazole, 
pH 8.0) to the nickel column. The recombinant enzymes 
were eluted with the elution buffer (100 mM NaH2PO4, 
10 mM Tris–HCl, 100 mM imidazole, pH 8.0), and then 
dialyzed in buffer A (50 mM PBS, pH 7.5) overnight to 
remove imidazole before concentration using a microfilter 
(Micro-con YM-10, Millipore Corp; Bedford, MA, USA). 
To confirm that Tm1350 was expressed on the B. subtilis 
spore surface, rat antiserum against recombinant Tm1350 
protein was prepared by immunization of rats with puri-
fied recombinant Tm1350 protein following emulsifica-
tion in Freund’s adjuvant in accordance with the Hand-
book of Animal Experiments (Sambrook et al. 1989). Rat 
antiserum was prepared in the Laboratory Animal Centre 
of Jiangsu University, China.

Plasmids and strain construction

To display Tm1350 on the surface of B. subtilis DB403 
spores, an E. coli–B. subtilis shuttle vector (pHS-cotB-
Tm1350) was constructed, based on the plasmid pLJ 
(Yang et al. 2006). The recombinant plasmid backbone 
pHS was amplified to remove the promoter of the malt-
ose utilization operon (Pglv-inframe) using pLJ as a tem-
plate, with Phs-F and Phs-R as primers. The amplified 
sequence was digested with EcoRI and then self-looped 
with T4 DNA ligase. A 1196-bp fragment, which con-
tained the promoter region (PcotB) and the 927-bp DNA 
fragment encoding the first 304 amino acids of CotB 
(GenBank: CAB07789.1) and a flexible linker (Gly–Gly-
Gly–Gly-Ser), was amplified from the chromosomal DNA 
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of B. subtilis with Pcotb-F and Pcotb-R, and ligated into 
pHS cloning vector to generate the plasmid pHS-cotB. 
The flexible linker (Gly–Gly-Gly–Gly-Ser) was inserted 
between the C terminus of CotB, and the N terminus of 
the displayed enzyme, which is beneficial to promote 
the formation of the correct conformation of enzyme. 
The gene tm1350 was PCR amplified using the T. mar-
itima genome as a template with two primers: Ptm-F2 and 
Ptm-R2. The gene was then digested with SpeI and XbaI 
and inserted into SpeI–XbaI-digested pHS-cotB plasmid. 
The recombinant plasmid was called pHS-cotB-Tm1350 
(Table 1).

Preparation of spores

The transformation of pHS-cotB and pHS-cotB-Tm1350 
into B. subtilis DB403 was operated by the two-step (GM 
I, GM II) method (Nicholson and Setlow 1990). B. subti-
lis DB403 was cultivated in Difco sporulation medium 
(DSM). After cultivation in DSM at 37 °C for 36 h, the 
spores of B. subtilis DB403, which harbored recombinant 
plasmids, were harvested by centrifugation and resus-
pended in 0.1 M phosphate sodium buffer (pH 7.0). The 
purification of spore was carried out as described without 
phenylmethylsulfonyl fluoride (PMSF) (Xu et al. 2011).

Western blot analysis

The expression of CotB-Tm1350 was confirmed by Western 
blotting with specific rat antiserum obtained in immunized 
rats. The specificity of the antiserum was determined using 
prokaryotically expressed recombinant Tm1350 protein as 
the antigen. Spore coat protein was extracted from purified 
spore suspension by sodium dodecyl sulfate (SDS)-dithio-
threitol (DTT) treatment at 65 °C for 10 min (Nicholson and 
Setlow 1990). Western blot analysis was performed using 
standard protocols (Isticato et al. 2001), and horseradish 
peroxidase (HRP)–goat anti-mouse IgG (TaKaRa, Dalian, 
China) was used for immunodetection of the fusion protein. 
An enhanced HRP-DAB chromogenic substrate color kit 
(Tiangen, Beijing, China) was used for the color reaction 
according to the manufacturer’s instructions.

Enzymatic activity assay

Analysis of optical density (OD) at 405 nm was used for 
determination of enzyme activity with p-nitrophenyl esters 
as substrate (Winkler and Stuckmann 1979). The standard 
reaction mixture, consisting of 50 mM sodium phosphate 
(pH 8.0) and the purified spore suspension, was pre-incu-
bated at 70 °C for 10 min. The reaction was then initiated 

Table 1  Plasmid strains and primers sequences

F forward, R reverse

Strain, plasmid and primer sequences Description Reference or restriction site

Strain

 E. coli DH5α and BL21 Type strain Gene Copoeia

 Bacillus subtilis DB403 His npr R2 npr E18 aprA Bacillus Genetic Stock Center (BGSC)

 Bacillus subtilis 168 Type strain BGSC

Plasmid

 pLJ High-copy-number E. coli–B. subtilis shuttle vector Yang et al. (2006)

 pHS pLJ backbone tapped out the lactose-induced regulatory 
sequence (Pglv-inframe)

This study

 pHS-cotB pHS with gene cotB This study

 pHS-cotB-Tm1350 pHS-cotG with gene Tm1350 This study

Primer sequences

 Phs-F 5′-CCGGAATTCACTGAGCGTCAGACC
C CGTA-3′

EcoRI

 Phs-R 5′-CCGGAATTCCTGCAGCCCGGGGGA
T-3′

EcoRI

 PcotB-F 5′-TAGCCCGGGACGGATTAGGCCGTT
TGTCC-3′

Xma I

 PcotB-R 5′-CGGACTAGTTGAACCCCCACCTCC
GTAGGGATGATTGAT-3′

Spe IUnderline: linker

 Ptm1350-F 5′-CGGACTAGTATGAGAATGAACATC
CAGAAACACG-3′

Spe I

 Ptm1350-R 5′-TGCTCTAGATTATTTCCCTCCAGAT
TTTTCAGAAC-3′

Xba I
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after addition of p-nitrophenyl butyrate (pNP-C4) at a final 
concentration of 2 mM. After incubation at 70 °C for 2 min, 
the enzyme reaction mixture was centrifuged at 10,000×g 
for 30 s at room temperature. Enzyme activity was meas-
ured by UV absorption at 405 nm. One unit of enzyme 
activity was defined as the amount of enzyme releasing 
1 μmol of p-nitrophenyl per minute under the above con-
ditions. The extinction coefficient (ε405) for pNP-C4 was 
16,540 M−1 cm−1. The number of spores was calculated by 
counting directly on the LB, solid medium through the serial 
dilution. The concentration of the collected recombinant 
spores was 6 × 108 spore/ml. The volume of the reaction 
solution was 0.5 mL, and the concentration of the recombi-
nant spores in reaction solution was 1 × 108 spore/ml.

The effect of temperature was determined by enzyme 
activity assays at various temperatures ranging from 30 to 
90 °C in 50 mM sodium phosphate buffer (pH 8.0) with 
pNP-C4 as substrate. The thermostability of the spore 
surface-displayed Tm1350 was examined by incubation 
of the purified spore suspension in 50 mM sodium phos-
phate buffer (pH 8.0) at three different temperatures (60, 
70, and 80 °C) for different time intervals ranging from 0 
to 8 h. The effect of pH on enzyme activity was determined 
in various buffers ranging from pH 4 to pH 9 at 70 °C. 
Buffers included 50 mM sodium citrate (pH 4.0), sodium 
acetate (pH 4.0–6.0), sodium phosphate (pH 6.0–8.0), and 
Tris–HCl (pH 8.0–9.0). The temperature was constantly 
maintained at 70 °C. The pH stability of the spore surface-
displayed Tm1350 was examined by pre-incubating the 
purified spore suspension in three different buffers (pH 8.0, 
9.0, or 10.0) at 70 °C for different times ranging from 0 to 
8 h. Samples were dispensed out at different time intervals 
during incubation, and centrifuged at 10,000×g for 30 s at 
room temperature. The relative activity was then quickly 
determined and calculated by defining the respective orig-
inal activity as 100 %. Residual activities were measured 
by standard assay as described above. In order to eliminate 
the influence of the background hydrolysis of the substrate 
under different conditions, the following controls were 
applied: (1) the compounds of the corresponding reaction 
mixture and the reaction conditions were the same and (2) 
the DB403 spore without the surface-displayed Tm1350 
was used instead of the recombinant DB403 spore.

The spores could be easily purified by centrifugation; 
therefore, the reusability of the surface-displayed pro-
tein was measured by determining the activity of centri-
fuged recombinant spores. All reactions were conducted 
under the optimal catalytic condition (70 °C, pH 8.0) with 
2 mM pNP-C4 as the substrate. After one reaction cycle, 
the spores were isolated by centrifugation at 4000×g for 
2 min, and reused for five cycles. The relative activity was 
calculated by defining the activity of the first reaction as 
100 %.

To further confirm that Tm1350 was expressed on the 
B. subtilis spore surface, the activity of spore surface-
displayed Tm1350 was determined following different 
treatments with pNP-C4 as the substrate. The untreated 
surface-displayed Tm1350 and DB403 (pHS-cotB) spores 
were used as controls. Purified recombinant spores were 
suspended in phosphate buffer (pH 8.0) containing 0.1 % 
trypsin, proteinase K, bromelain, and 1 mM PMSF for 1 h 
at 37 °C. To eliminate the influence of background hydroly-
sis of the substrate under different conditions, the follow-
ing controls were applied: (1) the compounds of the cor-
responding reaction mixture and the reaction conditions 
were the same and (2) the isopyknic phosphate buffer (pH 
8.0) was used without the spores. The activity of untreated 
surface-displayed Tm1350 was defined as 100 %. All 
tests were carried out in triplicate, and three independent 
experiments were preformed. The data are expressed as 
mean ± standard deviation.

In order to determine the effects of immobilization, the 
thermostability and alkaline tolerance of free Tm1350 were 
determined as described above for detection of the activity 
of surface-displayed Tm1350.

Results

Construction of the shuttle vector pHS‑cotB‑Tm1350

The expression vector (pHS-cotB-Tm1350) was con-
structed on the foundation of the plasmid pLJ (E. coli–B. 
subtilis shuttle vector) (Fig. 1). A flexible linker (Gly–Gly-
Gly–Gly-Ser) was inserted between the C terminus of the 
anchoring motif of CotB with the termination codon elimi-
nated and the N terminus of the displayed enzyme Tm1350. 
The relative flexibility of the short peptide allows substan-
tial movement of structural domains, which is important for 
preventing the disturbance of domain functions. The short 
peptide is beneficial to promote the formation of the correct 
conformation of enzyme (Wriggers et al. 2005). Each tar-
get gene was amplified by PCR with specifically designed 
primers to ensure precise construction of recombinant plas-
mids, which were sequenced to ensure that no unintended 
mutation had occurred.

Determination of CotB‑Tm1350 expression on the B. 
subtilis spore surface

The specificity of the rat antiserum against Tm1350 pro-
tein was determined by Western blot analysis using total 
protein from E. coli (pET-28a-Tm1350) expressing recom-
binant Tm1350 protein antigens (Fig. 2a). Because the 
molecular mass calculated from the predicted amino acid 
sequence was 32.3 kDa, the results of Western blot analysis 
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suggested that the rat antiserum had high specificity against 
the Tm1350 protein.

The expression of CotB-Tm1350 was confirmed by 
Western blotting with the previously prepared rat antise-
rum (Fig. 2b). A band around 70 kDa was detected in the 

extracts from recombinant spores, while no similar band 
was detected in the control lane; this 70 kDa was consist-
ent with the expected molecular weight of CotB-Tm1350 
(66 kDa). These data indicated that the fusion protein 
CotB-Tm1350 was expressed on the surface of recom-
binant spores. The activity of spore surface-displayed 
Tm1350 under different treatments was determined using 
pNP-C4 as the substrate (Fig. 3). The activities of purified 
recombinant spores treated with 0.1 % trypsin, protein-
ase K, bromelain, and 1 mM PMSF were 23, 31, 52, and 
46 %, respectively. The DB403 (pHS-CotB) spores demon-
strated significantly lower activity (11 %) compared to that 
of untreated DB403 (pHS-CotB-Tm1350) spores (100 %). 
Recombinant spores subjected to different treatments had 
lower activity than did intact spores, which were close to 
the activity of the untreated DB403 (pHS-CotB) spores. 
This result indicated that Tm1350 was located on the sur-
face of spores.

Effect of temperature on enzyme activity and stability

The optimum temperature of the spore surface-dis-
played Tm1350 was tested at various temperatures, 
ranging from 30 to 90 °C, in 50 mM sodium phosphate 
buffer (pH 8.0) (Fig. 4a). The optimum temperature of 
Tm1350 was 80 °C, at which Tm1350 exhibited specific 
activity (2.53 × 10−8 U/spore) similar to that at 70 °C 
(2.42 × 10−8 U/spore, 95.5 % of the maximum specific 
activity), consistent with the optimal growth temperature 
of T. Maritima (approximately 80 °C).The thermostabil-
ity of the spore surface-displayed Tm1350 was detected 

Fig. 1  Map of the expression vector pHS-cotB-Tm1350. ORI+, 
ORI− and Rep represent the single-strand replication origin, the dou-
ble strand origin and replication protein in B. subtilis, respectively. 
CoEI and Cm represent E. coli CoEI replicon and chloramphenicol-
resistance marker, respectively. CotB a B. subtilis spore coat protein 
encoding gene containing the promoter of cotB. Tm1350, lipases pro-
tein encoding gene

Fig. 2  Western blot analysis: 
a The specificity of the rat 
antiserum against Tm1350 
protein. M protein marks; lane 
1 protein expressed with the 
empty pET-28a plasmid vector; 
lane 2 crude cell extract E. 
coli expressing recombinant 
Tm1350 protein; b The recom-
binant spores expressing CotB-
Tm1350 fusion proteins. M 
molecular mass standards; Lane 
1 proteins extracted from spores 
of B. subtilis DB403 (pHS-
cotB); lane 2 proteins extracted 
from purified recombinant 
spores (pHS-CotB-Tm1350)
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at three different temperatures (60, 70, and 80 °C) by 
measuring the residual activity with increasing incuba-
tion times of up to 8 h (Fig. 4b). The spore surface-dis-
played Tm1350 retained 81, 84, and 30 % of its original 
activity after 8 h of incubation at pH 8.0 and at 60, 70, 
and 80 °C, respectively, while non-immobilized Tm1350 
retained only 66, 65, and 22 %, respectively, of its origi-
nal activity under the same conditions (Fig. 6a). The 
thermostability data showed that Tm1350 displayed on 
the spore surface was more stable at 70 °C, even after 
incubation for 8 h and retained 55 % of its original activ-
ity at 80 °C, after 1 h incubation. These data indicated 
that the enzyme may be denatured following prolonged 
incubation under high temperatures. To further char-
acterize the spore surface-displayed enzyme, we chose 
70 °C as the experimental temperature in subsequent 
analyses.

Effect of pH on enzyme activity and stability

The optimum pH of the spore surface-displayed Tm1350 
was determined in various buffers with pH values rang-
ing from pH 4 to pH 9 at 70 °C (Fig. 5a). The surface-dis-
played Tm1350 had maximal activity in sodium phosphate 

buffer (pH 9.0, 50 mM), and the specific activity reached 
2.54 × 10−8 U/spore which could be defined as 100 %. 
The specific activity reached 2.42 × 10−8 U/spore at pH 
8.0 and 70 °C. The alkali resistance of the spore surface-
displayed Tm1350 was detected at three different pH val-
ues (8.0, 9.0, and 10.0) with increase in incubation times 
up to 8 h by measuring the residual activity (Fig. 5b). Most 
of the activity of Tm1350 was maintained at 70 °C within 
2 h in pH 8.0 buffer. The spore surface-displayed Tm1350 
retained 81, 70, and 24 % of its original activity after 8 h 
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of incubation at pH 8, 9, and 10, while non-immobilized 
Tm1350 retained only 62 and 52 % of its original activity 
at pH 8 and pH 9, respectively. No activity was observed 
after 8 h of incubation at pH 10 (Fig. 6b).

Specific activity and reusability of spore 
surface‑displayed Tm1350

Under optimal temperature and pH conditions (70 °C, pH 8.0), 
the activity of the spore surface-displayed Tm1350 was deter-
mined using pNP-C4 as the substrate. The concentration of the 

recombinant spores was 108 spore/mL. The specific activity 
reached 2.42 × 10−8 U/spore. Our unpublished data showed 
that the activity of the purified recombinant lipase expressed 
in E. coli (pET-28a-Tm1350) was 64.26 U/mg. This suggested 
that 26.6 mL of spore liquid would be necessary to yield the 
activity of the purified recombinant lipase (1 mg). The reus-
ability of the surface-displayed Tm1350 was measured by 
determining the activity of centrifuged recombinant spores 
with pNP-C4 as the substrate (Fig. 7). The recombinant spores 
could be used for up to three reaction cycles without any signif-
icant decrease in activity. After five reaction cycles, centrifuged 
recombinant spores retained 62 % of their original activity.
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Discussion

Mesophilic enzymes are often not well suited for the 
harsh reaction conditions required in industrial processes 
due to lack of enzyme stability at high temperatures and 
in the presence of organic solvents (Demirjian et al. 
2001). Enzymes from extremophilic microorganisms 
have a great impact on the field of biocatalysis, since they 
generally display high intrinsic thermal and chemical sta-
bility (Snellman et al. 2002). T. maritima is a hyperther-
mophilic bacterium that grows optimally at 80 °C, which 
makes it a potential source for thermostable enzymes. 
Some carboxylic ester hydrolases from T. maritima have 
been identified and characterized (Levisson et al. 2009). 
In unpublished studies, we characterized a new lipase 
(Tm1350) from T. Maritima. Our data showed that this 
enzyme was more stable at high temperatures, under 
alkaline conditions, and in some organic solvents such as 
methanol. These data suggested that the lipase Tm1350 
has great potential for applications in the biochemical 
industry. In order to produce an enzyme that is useful for 
industrialization production, we displayed Tm1350 on 
the surface of B. subtilis spore using CotB as the anchor-
ing motif and investigated the catalytic capability of the 
spore surface-displayed Tm1350 using p-NP-butyrate as 
a substrate.

The structure of the B. subtilis spore consists of three 
concentric compartments separated by two membranes 
(Kim and Schumann 2009). A spore coat encases the spore 
and helps protect it from noxious environmental agents; 
this spore coat is composed of about 70 different proteins, 
some of which have been studied in detail (Henriques and 
Moran 2000; Kim et al. 2006). CotB was shown to be 
abundantly expressed and externally exposed on the surface 
of the spore. Additionally, CotB was the first spore coat 
protein to be used for anchoring heterologous proteins on 
the spore surface as anchoring motifs (Isticato et al. 2001; 
Imamura et al. 2010). Moreover, CotC, CotG, CotX, CotE, 
and OxdD are used as anchoring motifs in the spore display 
system, but the majority of which were used for vaccina-
tion and immunogenicity, while a few were used for enzy-
mology (Demirjian et al. 2001; Potot et al. 2010; Xu et al. 
2011; Qu et al. 2014). Hinc et al., compared the ability of 
the anchoring motifs CotB, CotC, and CotG for display-
ing UreA, and showed that CotG yielded results similar to 
those of CotC, which was shown to allow higher efficiency 
of expression, whereas its passenger protein was not dis-
played outside the spore. However, the passenger protein 
of CotB was exposed on the spore surface; thus, CotB was 
considered as an appropriate carrier for the display of het-
erologous proteins (Hinc et al. 2010). To the best of our 
knowledge, the current study is the first to describe the 
display of lipase on the surface of B. subtilis spores using 
CotB as the anchoring motif.

The target gene was inserted into the chromosomal 
DNA of B. subtilis by double crossover using a recombi-
nant integrative plasmid and an amylase-inactivated mutant 
that is generally used in the spore surface display system 
was produced (Potot et al. 2010; Wang et al. 2011). How-
ever, this method has some disadvantages, such as com-
plex operation, low success rate of conversion, and low 
expression levels. While shuttle vectors have been shown 
to overcome these shortcomings, few have been used in 
spore surface display systems (Xu et al. 2011; Qu et al. 
2014). The construction of the high-copy-number E. coli–
B. subtilis shuttle vector pEB03 was based on the high-
copy-number vector pGJ103 and used for displaying the 
enzyme on the spore surface, showing that the activity of 
the enzyme was much higher using pEB03 as the expres-
sion vector than that obtained using the low-copy-number 
pHP13 as the expression vector (Xu et al. 2011). In this 
study, we constructed an E. coli–B. subtilis shuttle vector 
(pHS-cotB-Tm1350), based on the high-copy-number plas-
mid pLJ, which was also based on the vector pGJ103 (Yang 
et al. 2006). A 66 kDa fusion protein, CotB-Tm1350, was 
successfully displayed on the spore surface of B. subtilis 
DB403 and was confirmed by Western blot analysis using 
a previously prepared rat antiserum and by detection of 
enzyme activities.
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Fig. 7  Reuse of the spore-displayed Tm1350. All reactions were con-
ducted at 70 °C, pH 8.0 for 2 min with 2 mM pNP-C4 as the sub-
strates. The standard reaction mixture was pre-incubated for 10 min, 
then the first reaction was started after p-nitrophenyl butyrate (pNP-
C4) was added. After incubated at 70 °C for 2 min, the enzyme 
reaction mixture was centrifuged at 4000×g for 2 min at 4 °C, then 
quickly determined. The spores were cleaned using PBS (pH 8), then 
recovered to conduct the second reaction by centrifugation at 4000×g 
for 2 min at 4 °C. The relative activity was calculated by defining the 
activity of first reaction as 100 %. All tests were implemented in trip-
licates from 3 independent experiments, and the data were expressed 
as mean ± deviations
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In our previous studies, we achieved expression, puri-
fication, and identification of free Tm1350. The opti-
mum reaction temperature of the spore surface-displayed 
Tm1350 was similar to that non-immobilized Tm1350. 
In contrast, the optimum pH differed that of the spore 
surface-displayed Tm1350 was 9, while that of the free 
Tm1350 was 7.5. This difference may have resulted from 
changes in the surface charge of the surface-displayed 
enzyme. After 8 h of incubation under different condi-
tions, the retained activity of spore surface-displayed 
Tm1350 was about 18 % higher than the retained activity 
of non-immobilized Tm1350 under the same conditions. 
These results indicated that Tm1350 displayed on the 
surface of spores could enhance both thermal and pH sta-
bility, consistent with a previous study of hydrolases dis-
played on the surface of B. subtilis 168 spores (Xu et al. 
2011).

The reusability of a biocatalyst is one of the most impor-
tant factors to be considered in its industrial application, 
and spores have the characteristic of easy purification by 
centrifugation. In this study, the surface-displayed Tm1350 
retained 84 % of its original activity after three uses, which 
was higher than that reported for lipase SMG1 immobilized 
on macroporous resin (Wang et al. 2014), and was similar 
to that reported for CALB immobilized on PPS and spore 
surface-displayed Neu5Ac aldolase (Xu et al. 2011; Abdal-
lah et al. 2014). Therefore, display of enzymes on the sur-
face of B. subtilis spores may be an effective approach for 
enzyme immobilization and has great potential for appli-
cation in the harsh conditions required in the biochemical 
industry.
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