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Abstract
To study the effect of proteases on pullulanase production, six protease-encoding genes (nprB, bpr, mpr, epr, vpr, and wprA) in
the genome of Bacillus subtilis strain WS5, which already lacks the protease-encoding genes nprE and aprE, were sequentially
disrupted using a CRISPR/Cas9 system. This created strains WS6–WS11, respectively. The strains WS3 (none) and WS4
(ΔnprE) were constructed earlier. After addition of expression plasmid pHYPULd4 into the strains WS3–WS11, the pullulanase
production levels of the resulting strains (WS3PUL–WS11PUL, respectively) were investigated in shake-flask cultivations and
recombinant strain WS5PUL produced the highest pullulanase activity (148.2 U/mL). Then, the scale-up pullulanase production
levels of four recombinant strains WS5PUL, WS9PUL, WS10PUL, and WS11PUL were investigated in the 3-L fermenter
cultivations. Strain WS9PUL produced the highest pullulanase activity (2449.6 U/mL) when fed an inorganic nitrogen source.
However, the specific activity of the pullulanase obtained in a 3-L fermenter generally decreased as the number of protease
deletions increased. Meanwhile, using pullulanase,α-cyclodextrin glucosyltransferase andβ-cyclodextrin glucosyltransferase as
reporter proteins, the protein production differences among strains WS3, WS9, and the widely used WB600 were investigated.
Finally, the carbon to organic nitrogen source ratio of the feeding solution used in the 3-L fermenter was optimized. Recombinant
strainWS9PUL fed with carbon and organic nitrogen sources in a ratio of 4:1 achieved a pullulanase activity of 5951.8 U/mL, the
highest activity reported to date.
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Introduction

Bacillus subtilis, a non-pathogenic Gram-positive bacterium
that has been widely used in the industrial production of

heterologous proteins, is known to produce at least eight ex-
tracellular proteases (Nguyen et al. 2013; Tjalsma et al. 2004)
including neutral proteases (NprE and NprB), serine proteases
(Epr, Bpr and Vpr), an alkaline protease (AprE), a
metalloprotease (Mpr), and a cell-wall protease (WprA).
These proteases can degrade at least 43 kinds of native lipo-
proteins, membrane proteins, and secreted proteins to provide
nutrients and perform quality control processes (Krishnappa
et al. 2013; Pohl and Harwood 2010; Veening et al. 2008).
Since native protein conformations are protease-resistant, the
degradation of correctly folded proteins by extracellular pro-
teases occurs much more slowly than that of misfolded pro-
teins (Krishnappa et al. 2013). Besides degrading misfolded
proteins, these proteases are also likely to degrade heterolo-
gous proteins that fold slowly upon membrane translocation
(Krishnappa et al. 2014; Westers et al. 2006). This extracellu-
lar proteolytic processing can improve the overall quality of
secreted protein folding, but it may somewhat decrease the
production levels of target proteins. A series of protease-
deficient strains derived from B. subtilis 168, including
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WB600, WB700, and WB800, has been constructed to in-
crease heterologous protein secretion by reducing proteolysis
(Wu et al. 2002; Wu et al. 1991).

In a previous study, we constructed a high-level protein
production strain B. subtilis WS5, from which the two abun-
dant protease-encoding genes nprE and aprE have been de-
leted (Wu et al. 2017). In this study, we investigated the effect
of the deletion of six additional B. subtilis proteases on the
production of heterologous proteins using Bacillus
deramificans pullulanase as reporter protein. Pullulanase
(EC 3.2.1.41) is a widely used debranching enzyme that cat-
alyzes the hydrolysis of α-1,6 linkage in amylaceous polysac-
charides such as pullulan, amylopectin, α- and β-dextrin, gly-
cogen, and related oligosaccharides. Either alone or in con-
junction with other amylolyt ic enzymes such as
glucoamylase, α-amylase, β-amylase, or cyclodextrin glyco-
syltransferase (EC 2.4.1.19, CGTase), pullulanase can break
down starch to produce small reducing sugars, including cy-
clodextrins and amylose during the saccharification process
(Chen et al. 2013). It has been extensively used in the produc-
tion of fuel ethanol, resistant starch, maltotriose syrup, and
other products (Hii et al. 2012; Shi et al. 2013). Pullulanase
has been produced inmany host strains, including Escherichia
coli (Duan et al. 2013),B. subtilis (Zhang et al. 2017),Bacillus
flavothermus (Shankar et al. 2014), Brevibacillus
choshinensis (Zou et al. 2016a), Pichia pastoris (Xu et al.
2006), and others. Perhaps due to its complicated structure
and high molecular weight (Moller et al. 2016), pullulanase
can easily become misfolded in the host strain during the
production process (Duan et al. 2013). Previous reports have
shown that pullulanase readily forms insoluble inclusion bod-
ies in E. coli (Chen et al. 2014; Zou et al. 2014; Zou et al.
2016b), and that the pullulanase produced at a high rate in
B. choshinensis is mainly thermolabile (Zou et al. 2016a).
Among the traditional methods to improve pullulanase fold-
ing are controlling the fermentation temperature, optimizing
the inducer concentration (Zou et al. 2014), and
supplementing the growth medium with betaine (Duan et al.
2013). As shown in Fig. 1, since extracellular proteases more
easily degrade misfolded pullulanase than the correctly folded
protein, extracellular proteases can be used to improve the
overall quality of enzyme folding. The proteolytic activity
should be controlled at a relatively low level to minimize the
degradation of correctly folded pullulanase. CGTases, which
are members of glycohydrolase family 13, have been used
primarily in the production of cyclodextrins (van der Veen
et al. 2000). CGTases are classified as α-, β-, or γ-CGTases
according to the number of glucose residues present in the
product cyclodextrins (6, 7, and 8, respectively) (Kelly et al.
2009). In addition to pullulanase, Paenibacillus macerans α-
CGTase, and Bacillus circulans 251 β-CGTase, two extracel-
lular enzymes of high industrial value were used as reporter
proteins in this study (Zhang et al. 2017).

During fed-batch fermentation, the composition and com-
ponent ratio of the feeding solution can have a large influence
on cell growth and enzyme yield (Gupta et al. 2002; Kuo et al.
2009). Inorganic nitrogen can be assimilated rapidly and pro-
mote cell growth, which may be detrimental for protein pro-
duction (Wu et al. 2007). There are also reports that optimiz-
ing the ratio of carbon to nitrogen sources in the feeding so-
lution improves the production of nattokinase and poly(γ-
glutamic acid) (Huang et al. 2011; Kwon et al. 2011). In this
study, the level of extracellular pullulanase production in
B. subtilis was optimized by screening multiple protease-
deficient strains in shake-flask and 3-L fermenter cultivations,
as well as optimizing the feeding solution used in fed-batch
fermentation. This process led to a protease-deficient strain
displaying the highest extracellular pullulanase production
level reported to date. Indeed, this protease-deficient strain
exhibits greater protein production capability than the fre-
quently used strain WB600.

Materials and methods

Bacterial strains and plasmids

All bacterial strains and plasmids used in this study are listed
in Table 1 and Table 2, respectively. E. coli JM109 was used to
construct knockout plasmids. B. subtilis strain WS5 was con-
structed from an undomesticated B. subtilis strain in our li-
brary. It is kept in the China Center for Type Culture
Collection with a deposit number of CCTCC M 2016536
(Wu et al. 2017; Zhang et al. 2017). Plasmid pMD18-T
(Takara, Dalian, China) was used as a cloning vector.
Knockout plasmid pHYcas9dsrf1, kept in our library, was
used for the construction of six more knockout plasmids
(Zhang et al. 2016). Plasmids pHYPULd4, pHYαCGTd4,
and pHYCGTd4, kept in our library, were used for the heter-
ologous production of B. deramificans pullulanase (Genbank
accession number KT897705), P. macerans α-CGTase
(Genbank accession number P04830.2), and B. circulans
251 β-CGTase (Genbank accession number P43379.1), re-
spectively (Zhang et al. 2017).

Reagents and enzymes

The plasmid mini-prep kit, agarose gel DNA purification kit,
and PCR purification kit were purchased from Tiangen Co.
Ltd. (Beijing, China). PrimeSTAR polymerase, T4 DNA li-
gase, restriction enzymes, and DL2000 DNA Marker were
purchased from Takara (Dalian, China). Medium molecular
weight protein marker for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis
was purchased from Shanghai Generay Biotech Co. Ltd.
(Shanghai, China). Pullulan was purchased from Tokyo
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Chemical Industry Co. Ltd. (Tokyo, Japan). α-cyclodextrin
and β-cyclodextrin were purchased from Sigma-Aldrich
(Milwaukee, WI, USA). Other reagents were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

Culture media and transformation

The LBmedium used in this study contained 5 g/L (w/v) yeast
extract, 10 g/L (w/v) tryptone, and 10 g/L (w/v) NaCl. The
shake-flask fermentation medium contained 18 g/L (w/v) corn
steep powder, 10 g/L (w/v) yeast extract, 12.54 g/L (w/v)
K2HPO4, 2.31 g/L (w/v) KH2PO4, and 10 g/L (w/v) glucose.
The medium used for 3-L fermenter cultivation consisted of
18 g/L (w/v) corn steep powder, 10 g/L (w/v) yeast extract, 2 g/
L (w/v) Na2SO3, 15 g/L (w/v) maltose, 1 g/L (w/v) (NH4)2-H-
citrate, 1 g/L (w/v) MgSO4·7H2O, 14.6 g/L (w/v) K2HPO4,
4 g/L (w/v) NaH2PO4·H2O, 2.68 g/L (w/v) (NH4)2SO4, and
3 mL/L (v/v) trace element solution (Wenzel et al. 2011). The
original feeding solution contained 500 g/L (w/v) glucose,

7.89 g/L (w/v) MgSO4·7H2O, 63.36 g/L (w/v) (NH4)2HPO4,
and 40 mL/L (v/v) trace element solution. The media de-
scribed above were supplemented with 20 mg/L (w/v) tetracy-
cline or 100 mg/L (w/v) ampicillin as needed. The protein
production and gene knockout plasmids were inserted into
B. subtilis using the method of Anagnostopoulos and
Spizizen (Anagnostopoulos and Spizizen 1961).

Plasmids construction

All primers used in this study are listed in Table S1. The
knockout plasmids pHYcas9dnprB, pHYcas9dbpr,
pHYcas9dmpr, pHYcas9depr, pHYcas9dvpr, and
pHYcas9dwpr were constructed by exchanging the 20-nt
guide sequence and homologous repair templates of knockout
plasmid pHYcas9dsrf1 for those of the corresponding prote-
ase genes. Through inverse PCR, the 20-nt guide sequence of
plasmid pHYcas9dsrf1 was altered using the following six
primer pairs: P1/P2 (for pHYcas9dnprB), P3/P4 (for

Fig. 1 Schematic representation
of different extracellular protease-
deficient strains and their
extracellular pullulanase
production
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pHYcas9dbpr), P5/P6 (for pHYcas9dmpr), P7/P8 (for
pHYcas9depr), P9/P10 (for pHYcas9dvpr), and P11/P12
(pHYcas9dwpr). The modified pHYcas9dsrf was digested
with XbaI for subsequent ligation. Using overlap extension
PCR, the homologous repair templates of the six knockout
plasmids were amplified from the genome of B. subtilis strain
WS5 using the following 12 primer pairs: P13/P14 and P15/
P16 (for pHYcas9dnprB), P17/P18 and P19/P20 (for
pHYcas9dbpr), P21/P22 and P23/P24 (for pHYcas9dmpr),
P25/P26 and P27/P28 (for pHYcas9depr), P29/P30 and P31/
P32 (for pHYcas9dvpr), and P33/P34 and P35/P36
(pHYcas9dwpr). An XbaI site was present at both ends of
each of these constructs. In the repair template junction of
upstream and downstream, 6 bp of native sequence was re-
placed by an XhoI site and 5 bp of random sequence, which
inserts an XhoI site and causes gene frameshift mutation after

homology-directed repair (Zhang et al. 2016). After ligation
with cloning vector pMD18-T and XbaI digestion, the six
template sequences were ligated into the six correspondingly
modified linear pHYcas9dsrf1 constructs, yielding the six
knockout plasmids pHYcas9dnprB, pHYcas9dbpr,
pHYcas9dmpr, pHYcas9depr, pHYcas9dvpr, and
pHYcas9dwpr.

Protease genes disruption

Knockout plasmid transformants were screened using tet-
racycline resistance and confirmed through colony PCR
of the cas9 gene using primers P37 and P38. The se-
quences outside the homologous repair template were am-
plified from the transformant genomes using the follow-
ing corresponding verification primer pairs: P39/P40 (for

Table 1 Parent and recombinant strains

Strain Properties Reference

Parental strains

E. coli JM109 endA1, recA1, thi, gyrA96, supE44, hsdR17Δ (lac-proAB)/F′[traD36, lacІq, lacZΔM15, proAB+] Takara

B. subtilis 168 B. subtilis gene-deficient strain (trpC2) (Harwood and Wipat 1996)

B. subtilis
WB600

B. subtilis gene-deficient strain (trpC2, ΔnprE, ΔaprE, ΔnprB, Δbpr, Δmpr, Δepr) (Wu et al. 1991)

B. subtilis WS3 B. subtilis gene-deficient strain (ΔsrfC,ΔspoIIAC, ΔamyE) derived from an undomesticated strain CCTCC

B. subtilis WS4 WS3 derivative, ΔnprE CCTCC

B. subtilis WS5 WS3 derivative, ΔnprE, ΔaprE CCTCC

B. subtilis WS6 WS3 derivative, ΔnprE, ΔaprE, ΔnprB This work

B. subtilis WS7 WS3 derivative, ΔnprE, ΔaprE, ΔnprB, Δbpr This work

B. subtilis WS8 WS3 derivative, ΔnprE, ΔaprE, ΔnprB, Δbpr, Δmpr This work

B. subtilis WS9 WS3 derivative, ΔnprE, ΔaprE, ΔnprB, Δbpr, Δmpr, Δepr This work

B. subtilisWS10 WS3 derivative, ΔnprB, ΔaprE, ΔnprB, Δbpr, Δmpr, Δepr, Δvpr This work

B. subtilis WS11 WS3 derivative, ΔnprE, ΔaprE, ΔnprB, Δbpr, Δmpr, Δepr, Δvpr, ΔwprA This work

Recombinant strains

WS3PUL B. subtilis WS3 containing plasmid pHYPULd4 This work

WS4PUL B. subtilis WS4 containing plasmid pHYPULd4 This work

WS5PUL B. subtilis WS5 containing plasmid pHYPULd4 This work

WS6PUL B. subtilis WS6 containing plasmid pHYPULd4 This work

WS7PUL B. subtilis WS7 containing plasmid pHYPULd4 This work

WS8PUL B. subtilis WS8 containing plasmid pHYPULd4 This work

WS9PUL B. subtilis WS9 containing plasmid pHYPULd4 This work

WS10PUL B. subtilis WS10 containing plasmid pHYPULd4 This work

WS11PUL B. subtilis WS11 containing plasmid pHYPULd4 This work

WBPUL B. subtilis WB600 containing plasmid pHYPULd4 This work

WS3αCGT B. subtilis WS3 containing plasmid pHYαCGTd4 This work

WS9αCGT B. subtilis WS9 containing plasmid pHYαCGTd4 This work

WBαCGT B. subtilis WB600 containing plasmid pHYαCGTd4 This work

WS3βCGT B. subtilis WS3 containing plasmid pHYCGTd4 This work

WS9βCGT B. subtilis WS9 containing plasmid pHYCGTd4 This work

WBβCGT B. subtilis WB600 containing plasmid pHYCGTd4 This work
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nprB), P41/42 (for bpr), P43/P44 (for mpr), P45/P46 (for
epr), P47/P48 (for vpr), and P49/P50 (for wprA). PCR
products were digested with XhoI to screen mutants. The
mutants were further verified with DNA sequencing.
Knockout plasmids were cured through overnight cultiva-
tion of the strains at 51 °C (Dempsey and Dubnau 1989).

Culture conditions

Shake-flask cultivations

Cultures used for routine plasmid construction and seed cul-
tures were grown in 50-mL shake flasks containing 10 mL of
LB medium at 37 °C with shaking at 200 rpm on a rotary
shaker. After 10 h of cultivation, the seed cultures were diluted
into 250-mL shake flasks containing 50 mL of shake-flask
fermentation medium at a ratio of 7.5% (v/v) and cultured at
37 °C with shaking at 200 rpm for 2 h. The resulting cultures
were fermented for 48 h at 33 °C with shaking at 200 rpm.

Bioreactor cultivations

A frozen glycerol stock (100 μL) was used to inoculate 50 mL
of LB medium supplemented with 20 mg/L tetracycline in a
250-mL shake flask. The resulting culture was incubated at
37 °C, with shaking at 200 rpm, for 12 h. For fed-batch fer-
mentation, a 10% (v/v) seed culture was used to inoculate a 3-
L fermenter (BioFlo 110, New Brunswick Scientific Co.,
Edison, NJ) containing 0.9 L of scale-up fermentation medi-
um. During the entire fermentation process, the pH was main-
tained at 6.5 using 20% (v/v) H3PO4 and NH4OH; the temper-
ature was maintained at 37 °C; the dissolved oxygen content
(DO) was maintained at 30% with agitation speed (300 to
700 rpm) and pure oxygen as needed. Antifoam was added
manually to control the foam height, usually one drop at a
time. Different recombinant strains produced different

amounts of foam during fermentation, and the feeding solu-
tions also affected the amount of foam produced. The total
amount of antifoam added was about 100 to 500 μL.
Tetracycline (20 mg/L) was added every 24 h. After inocula-
tion, the DO decreased slowly and the agitation speed in-
creased correspondingly (from 300 to 700 rpm) when the
DO fell below 30%. The DO suddenly increased about 5 h
after inoculation, indicating that the maltose in the medium
had been completely consumed and fed-batch cultivation
should be started. Detected using an SBA-40C biosensor
(Biology Institute of Shandong Academy of Sciences, Jinan,
China), the glucose concentration was maintained at < 0.5 g/L
with feeding at a speed of 2 to 9 mL/h. The culture medium
was sampled at the times indicated for each experiment.

Determination of biomass

The dry cell weight (DCW) was determined by centrifuging a
5-mL sample of culture broth at 12000×g for 10 min at 4 °C,
resuspending the precipitate in 0.9% (w/v) NaCl and re-
pelleting it through centrifuging at 12000×g for 10 min at
4 °C, and finally drying the precipitate to constant weight at
105 °C. Centrifugation was conducted with an Eppendorf
5427 R centrifuge (Eppendorf Co., Hamburg, Germany).

Enzyme activity assays

Pullulanase activity

Pullulanase activity was measured by determining the reduc-
ing sugar released from pullulan (Zou et al. 2014). The reac-
tion was initiated by adding 0.1 mL of appropriately diluted
enzyme solution to a mixture containing 0.9 mL of sodium
acetate buffer (100 mM, pH 4.5) and 1 mL of 1% (w/v)
pullulan, and then incubating the mixture at 60 °C for
10 min. The reaction was stopped by adding 3 mL of 3,5-

Table 2 Plasmids used in the study

Plasmid Characteristics Reference

pMD18-T Ampr, MCS Takara

pHYPULd4 Ampr (E. coli), Tetr (E. coli and B. subtilis), dual promoter PHpaII-PamyQ’, pullulanase gene (Zhang et al. 2017)

pHYαCGTd4 Ampr (E. coli), Tetr (E. coli and B. subtilis), dual promoter PHpaII-PamyQ’, α-CGTase gene (Zhang et al. 2017)

pHYCGTd4 Ampr (E. coli), Tetr (E. coli and B. subtilis), dual promoter PHpaII-PamyQ’, β-CGTase gene (Zhang et al. 2017)

pHYcas9dsrf1 Ampr (E. coli), Tetr (E. coli and B. subtilis), temperature-sensitive
replicon PE194, sgRNA and homologous repair template of srfC, srfC gene knockout plasmid

(Zhang et al. 2016)

pHYcas9dnprB nprB gene knockout plasmid derived from pHYcas9dsrf1 This work

pHYcas9dbpr bpr gene knockout plasmid derived from pHYcas9dsrf1 This work

pHYcas9dmpr mpr gene knockout plasmid derived from pHYcas9dsrf1 This work

pHYcas9depr epr gene knockout plasmid derived from pHYcas9dsrf1 This work

pHYcas9dvpr vpr gene knockout plasmid derived from pHYcas9dsrf1 This work

pHYcas9dwpr wprA gene knockout plasmid derived from pHYcas9dsrf1 This work
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dinitrosalicylic acid solution and boiling for 7 min. Finally, the
mixture was diluted to 15 mL with deionized water and the
absorbance at 540 nmwasmeasuredwith a spectrophotometer
(BioPhotometer plus, Eppendorf Co., Hamburg, Germany).
One unit of pullulanase activity was defined as the amount
of enzyme that released 1 μmol of reducing sugars per minute
from pullulan under the conditions described above.

α-CGTase activity

Reactions were initiated by adding 0.1 mL of appropriated
diluted enzyme solution to 2 mL of preheated starch solution
(2% [w/v] dissolved in 25 mM phosphate buffer, pH 5.5) and
incubated at 50 °C for 10 min. The reactions were stopped by
adding 0.2 mL of 3 M HCl and keeping the mixtures at room
temperature for 5 to 10 min. Product formation was assessed
by adding 0.2 mL of 0.44 mM methyl orange to the mixture,
incubating it at 16 °C for 15 min, and then measuring the
absorbance of the mixture at 505 nm. One unit of α-CGTase
cyclization activity was defined as the amount of enzyme that
produces 1 μmol of α-cyclodextrin per minute from starch
under the conditions described above (Lejeune et al. 1989).

β-CGTase activity

Reactions were initiated by adding 0.1 mL of appropriate-
ly diluted enzyme solution to 2 mL of preheated starch
solution (1% [w/v] dissolved in 25 mM phosphate buffer,
pH 5.5) and incubated at 50 °C for 10 min. The reactions
were stopped by adding 0.2 mL of 0.6 M HCl and incu-
bating for 5 to 10 min. Product formation was assessed by
adding 0.5 mL of 0.6 M Na2CO3 and 0.2 mL of 1.2 mM
phenolphthalein to the mixture, sequentially, keeping at
room temperature for 15 min, and then measuring absor-
bance of mixture at 550 nm. One unit of β-CGTase cy-
clization activity was defined as the amount of enzyme
that produced 1 μmol of β-cyclodextrin per minute from
starch under the conditions described above (Penninga
et al. 1996).

SDS-PAGE gel electrophoresis

The 20 μL culture supernatants containing reporter pro-
tein were mixed with 5 μL SDS-PAGE buffer (5×) and
denatured at 100 °C for 5 min, and then 8 μL of the mix
was added to the SDS-PAGE gel. Electrophoresis was
performed with a 5% stacking and a 12% separating gel
(Laemmli 1970). Protein bands were stained with 0.25%
Coomassie Brilliant Blue R-250.

Statistical analysis

All experiments were performed independently three
times. The results are shown as the mean ± standard de-
viation. Statistical analyses were performed using
Student’s t test. Differences yielding P values < 0.05 were
considered statistically significant.

Results

Construction of multiple protease-deficient B. subtilis
strains

The effort to construct new B. subtilis production strains with
reduced proteolytic activity began with strain WS5, from
which the genes encoding the most abundant proteases,
NprE and AprE, have been deleted (Li et al. 2004). Six addi-
tional protease genes were deleted from the genome of this
strain, sequentially, using the CRISPR/Cas9 system. To do
this, the B. subtilis CRISPR/Cas9 knockout plasmid
pHYcas9dsrf1 was modified to produce the six knockout plas-
mids pHYcas9dnprB, pHYcas9dbpr, pHYcas9dmpr,
pHYcas9depr, pHYcas9dvpr, and pHYcas9dwpr. As de-
scribed in Materials and methods, the sgRNA sequence and
homologous repair template of knockout plasmid
pHYcas9dsrf1 were replaced with those of the protease genes
to be knocked out. Using an established B. subtilis CRISPR/
Cas9 system manipulation protocol (Zhang et al. 2016) and
the six knockout plasmids described above, the six protease
genes nprB, bpr, mpr, epr, vpr, and wprA were sequentially
knocked out of the WS5 genome. The resulting B. subtilis
strains (WS6, WS7, WS8, WS9, WS10, and WS11, respec-
tively) were, therefore, deficient in three (WS6) to eight
(WS11) proteases (Table 1). As shown in Fig. 2, PCR prod-
ucts obtained from the genomes of these protease-deficient
strains using verification primers can be digested with XhoI,
confirming the frameshift mutation within the gene. The re-
sults were also confirmed using DNA sequencing (Fig. S1).

Pullulanase production levels of multiple
protease-deficient strains

To investigate pullulanase production in protease-deficient
strains, we transformed strains WS3 (none), WS4 (ΔnprE),
WS5 (ΔnprE, ΔaprE), and WS6 through WS11 (Table 1)
with the pullulanase gene expression plasmid pHYPULd4,
yielding the strains WS3PUL through WS11PUL, respective-
ly. The pullulanase production levels of the nine strains were
determined using shake-flask cultivations. Strain WS3PUL
showed the highest DCW (3.7 g/L) and strain WS11PUL
showed the lowest (3.2 g/L) (Fig. 3a). The extracellular
pullulanase activities of recombinant strains WS3PUL
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through WS11PUL were 137.4, 147.6, 148.2, 138.9, 118.9,
125.2, 138.7, 135.4, and 101.6 U/mL, respectively (Fig. 3a).
Strain WS5PUL, deficient in two proteases, showed the
highest pullulanase activity (148.2 U/mL), while strain
WS11PUL, deficient in eight proteases, showed the lowest
pullulanase activity. Perhaps because the gene encoding
WprA protease was deleted, the pullulanase activity of strain
WS11PUL decreased significantly compared with that of
strain WS10PUL. The pullulanase activities of strain
WS3PUL (not protease-deficient) and WS4PUL (deficient in
NprE) were slightly below or similar to that of strain
WS5PUL (deficient in both NprE and AprE), while the
pullulanase bands in the SDS-PAGE analysis of strains
WS3PUL and WS4PUL were much thinner than that seen in
the analysis of strain WS5PUL (Fig. 3b), suggesting that the
specific activities of the pullulanase proteins produced by
strains WS3PUL and WS4PUL were higher than that of the
pullulanase protein produced by strain WS5PUL. This differ-
encemay result from the degradation of misfolded pullulanase
by the abundant proteases NprE and AprE. Multiple back-
ground bands in the analysis of strains WS3PUL and
WS4PUL were also much thinner than those of the other
strains, suggesting a greater extent of degradation of the cor-
responding native exported proteins by higher levels of extra-
cellular proteases. The SDS-PAGE band of strains WS5PUL
through WS11PUL was in good agreement with the
pullulanase activity values (Fig. 3b).

Scale-up of pullulanase production in a 3-L fermenter

The ideal pullulanase production strain would exhibit low
proteolysis while guaranteeing the quality of pullulanase
folding. Given that strain WS5PUL produced the highest
pullulanase activity in shake-flask cultivations and strains
WS9PUL, WS10PUL, and WS11PUL should have

relatively low proteolytic activity, fermentation of these
four recombinant strains was performed in a 3-L fermen-
ter. In this experiment, the carbon and nitrogen sources
present in the feeding solution were 500 g/L glucose
and 63.36 g/L (NH4)2HPO4, respectively. The glucose
concentration was kept below 0.5 g/L to avoid glucose
repression of the expression promoter used in this study
(Zhang et al. 2017). Before 78 h, the DCWs of strains
WS5PUL, WS9PUL, WS10PUL, and WS11PUL in-
creased continually, reaching 62.6, 67.0, 67.2, and
56.1 g/L at 78 h, respectively. After 78 h, the DCWs of
recombinant strains WS9PUL and WS11PUL decreased,
while the DCWs of recombinant strains WS5PUL and
W10PUL increased continually, reaching 64.6 and
70.5 g/L at 85 h, respectively (Fig. 4a).

Before 51 h, the pullulanase activities of strains
WS5PUL, WS9PUL, WS10PUL, and WS11PUL in a 3-
L fermenter increased at different rates, reaching 1490.0,
1804.0, 1653.3, and 1047.6 U/mL at 51 h, respectively.
After 51 h, the pullulanase activity of recombinant strain
WS11PUL decreased slowly, while the pullulanase activ-
ities of strains WS5PUL, WS9PUL, and WS10PUL in-
creased continually until about 75 h. The strains
WS5PUL, WS9PUL, and WS10PUL reached their highest
activities of 2095 U/mL at 75 h, 2449.6 U/mL at 78 h,
and 2177.1 U/mL at 72 h, respectively (Fig. 4b).

Purification, kinetic parameters, and aggregation
state of pullulanase

To further investigate the effect of proteases on
pullulanase production during high-density fermentation,
the pullulanase proteins obtained from the cultivation of
strains WS5PUL, WS9PUL, WS10PUL, and WS11PUL
in a 3-L fermenter were purified to homogeneity using

Fig. 2 Confirmation of the disruptions of nprB, bpr, mpr, epr, vpr, and
wprA through digestion with XhoI. PCR products amplified from the
genomes of wild-type (lane WT) and mutant (lane MT) strains using

verification primer pairs were digested with XhoI. Lane M—DNA
marker (DL 2000, Takara Bio Inc.)
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Q-Sepharose anion exchange and size-exclusion chroma-
tography (Fig. S2).

All four of these pullulanase proteins showed the same
elution volume (13.85 mL) during size-exclusion chromatog-
raphy. Through the calibration curve of molecular weight and
elution volume measured earlier in our laboratory (Zou et al.
2016b), the molecular weight of the native protein was deter-
mined to be 150 kDa, demonstrating that the pullulanase

proteins obtained from strains WS5PUL, WS9PUL,
WS10PUL, and WS11PUL all exist as dimers in solution.

As shown in Table 3, the pullulanase protein with the
highest specific activity was obtained from strain WS5PUL,
while the pullulanase protein with the second-highest specific
activity was obtained from strain WS9PUL. The specific ac-
tivities of the pullulanase proteins obtained from strains
WS10PUL and WS11PUL were much lower than those of
the pullulanase proteins obtained from strains WS5PUL and

Fig. 3 Comparison of cell growth
and pullulanase activity in the
culture supernatant (a) for
multiple recombinant strains in
shake-flask cultivations and SDS-
PAGE analysis (b) of the culture
supernatants. Error bars represent
standard deviations from the
means of three replicates. An
asterisk indicates a statistically
significant difference between
two activity values (P < 0.05).
DCW (black), pullulanase
activity (white). Lane M—protein
molecular weight markers
(medium molecular weight,
Shanghai Generay Biotech Co.
Ltd.). The arrow to the right
indicates the band corresponding
to pullulanase

5096 Appl Microbiol Biotechnol (2018) 102:5089–5103



WS9PUL. The Km values of the enzymes obtained from
strains WS5PUL, WS9PUL, and WS10PUL were similar,
but lower than that of the enzyme obtained from strain
WS11PUL. The Vmax, kcat, and kcat/Km values of the enzymes
obtained from strains WS5PUL, WS9PUL, WS10PUL, and
WS11PUL showed a decreasing trend.

The difference in production among B. subtilis strains
WS3, WS9, and WB600

The proteolytic activity of B. subtilis strain WS3, which is not
a protease-deficient strain, was higher than those of the
protease-deficient strains. B. subtilis strain WS9 is deficient
in six extracellular proteases (NprE, AprE, NprB, Bpr, Mpr,
and Epr), as is the B. subtilis protease-deficient strainWB600.
To assess the differences in heterologous protein production
among B. subtilis strains WS3, WS9, and WB600, two addi-
tional reporter enzymes besides pullulanase, α-CGTase and

Fig. 4 Comparison of cell growth
(a) and pullulanase activity in the
culture supernatant (b) among
recombinant strains WS5PUL
(■), WS9PUL (●), WS10PUL
(○), and WS11PUL (Δ) in 3-L
fermenter cultivation. Error bars
represent standard deviations
from the mean of three
independent replicates
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β-CGTase, were employed. Three gene expression plasmids,
one for pullulanase (pHYPULd4), one for α-CGTase
(pHYαCGTd4), and one for β-CGTase (pHYCGTd4) were
used to transform B. subtilis strain WB600, yielding recombi-
nant strains WBPUL,WBαCGT, andWBβCGT, respectively
(Table 1). Then, expression plasmids pHYαCGTd4 and
pHYCGTd4 were used to transform strain WS3, yielding re-
combinant strains WS3αCGT and WS3βCGT, respectively
(Table 1). Finally, expression plasmids pHYαCGTd4 and
pHYCGTd4 were used to transform strain WS9, yielding re-
combinant strains WS9αCGT and WS9βCGT, respectively
(Table 1). The protein production levels of these recombinant
strains were determined using shake-flask cultivations. As
shown in Fig. 5 for pullulanase, β-CGTase, and α-CGTase
recombinant strains, the DCWs obtained using host strain
WS3 were a little higher than those obtained using host strains
WS9 and WB600. The DCWof WS9PUL was a little higher
than that of WBPUL, while the DCW of WS9αCGT and
WBαCGT, and WS9βCGT and WBβCGT were approxi-
mately the same. As shown in Fig. 5, the extracellular
pullulanase activity obtained using host strain WS3 was sim-
ilar to that obtained using hostWS9, while the extracellularα-
CGTase and β-CGTase activities obtained using host strain
WS3 were 1.15-fold and 1.26-fold greater than those obtained
using host strain WS9, respectively. The extracellular
pullulanase, α-CGTase, and β-CGTase activities obtained
using host strainWS9were 2.04-fold, 1.61-fold, and 1.17-fold
greater than those obtained using host WB600, respectively.
The differences with pullulanase and α-CGTase, but not β-
CGTase, were statistically significant. An SDS-PAGE analy-
sis of the culture supernatants was in good agreement with the
activity values (Fig. 5d).

Enhancing pullulanase production through feeding
solution optimization

To enhance the production of recombinant pullulanase during
the 3-L fermentation of strain WS9PUL, experiments were
performed to optimize the feeding solution. The inorganic
nitrogen source (NH4)2HPO4 present in the original feeding
solution can be assimilated rapidly by the host strain, promot-
ing rapid bacterial growth. However, rapid bacterial growth
creates nutritional and metabolic pressures that are not condu-
cive to pullulanase production (Kwon et al. 2011). Therefore,

we replaced the (NH4)2HPO4 in the original feeding solution
with the organic nitrogen sources corn steep powder and yeast
extract. Initial shake-flask experiments suggested that a 1.8:1
(w/w) ratio of corn steep powder to yeast extract would be the
optimal nitrogen source for pullulanase production (data not
shown), so this ratio was present in the media used for both the
shake-flask and 3-L fermenter cultivations described above
and the feeding solution in this experiment. To further opti-
mize the carbon (glucose) to nitrogen (corn steep powder and
yeast extract) source ratio of the feeding solution, we prepared
feeding solutions containing a total of 500 g/L of carbon and
organic nitrogen sources at ratios (w/w) of 2:1, 4:1, and 9:1.
As shown in Fig. 6a, the carbon to organic nitrogen source
ratio of 9:1 achieved the highest DCW value of 63.45 g/L at
103 h, which was 1.1-fold greater than that obtained with a
ratio of 2:1 (57.44 g/L at 99 h) and 1.03-fold greater than that
obtained with a ratio of 4:1 (61.88 g/L at 99 h). As shown in
Fig. 6b, the carbon to organic nitrogen source ratio of 4:1
achieved the highest pullulanase activity of (5951.8 U/mL)
at 99 h, which was 1.07-fold greater than that obtained with
a 2:1 ratio (5562.9 U/mL at 99 h) and 1.25-fold greater than
that obtained with a 9:1 ratio (4742.53 U/mL at 103 h).

As shown in Fig. 6c, the pullulanase activity obtained by
feeding with a carbon to organic nitrogen source ratio of 4:1
was 2.43-fold greater than that obtained using fed-batch cul-
tivation with an inorganic nitrogen source (5951.8 versus
2449.6 U/mL; P < 0.05). The pullulanase activity per unit bio-
mass obtained with carbon to organic nitrogen source ratio of
4:1 was 2.63-fold greater than that obtained during fed-batch
with inorganic nitrogen source (96.18 × 103 versus 36.56 ×
103 U/g DCW; P < 0.05).

Discussion

The pullulanase from B. deramificans has a high molecular
weight (79 kDa) and misfolds easily (Zou et al. 2016b).
During shake-flask cultivations, the DCWs of strains
WS3PUL through WS11PUL (except WS8PUL) somewhat
showed a decreased trend, indicating that protease deficiency
may have a somewhat negative effect on cell growth. The
pullulanase production levels of multiple protease-deficient
strains showed that the presence of small amounts of extracel-
lular proteases (NprB, Bpr, Mpr, Epr, Vpr, and WprA) was

Table 3 Specific activity and
kinetic parameters of purified
pullulanase obtained in 3-L
fermenter

B. subtilis
strain

Specific activity
(U/mg)

Km (mg/mL) Vmax (U/mL) kcat (s
−1) kcat/Km (mL/

mg·s−1)

WS5PUL 642.42 ± 14.12 2.17 ± 0.046 953.6 ± 18.87 1255.57 ± 27.22 578.87 ± 12.88

WS9PUL 616.25 ± 12.45 2.25 ± 0.05 882.3 ± 19.71 1161.7 ± 24.77 516.54 ± 10.46

WS10PUL 483.71 ± 9.87 2.08 ± 0.055 734.1 ± 15.16 966.57 ± 20.56 464.7 ± 9.25

WS11PUL 406.64 ± 8.79 2.61 ± 0.052 622.7 ± 12.65 819.89 ± 19.01 314.13 ± 6.58
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favorable for pullulanase production. Proteolysis by the pro-
teases NprE and AprE, which were much stronger than that of
the other proteases (Krishnappa et al. 2013), may influence the
level of pullulanase production, yielding similar pullulanase
activity despite higher pullulanase specific activity. The
pullulanase activities of strain WS3PUL (137.4 U/mL) and
WS4PUL (147.6 U/mL) were slightly below or similar to that
of strain WS5PUL (148.2 U/mL), while the SDS-PAGE anal-
ysis showed that the pullulanase contents of strains WS3PUL
and WS4PUL were much lower than that of strain WS5PUL
(Fig. 3b). Compared with the other eight strains, there is no
specific thicker band in the background bands of WS3PUL
(Fig. 3b). In WS3PUL, the pullulanase may be degraded to
peptides or amino acids, which can be reabsorbed as nutrients.
The proteases NprB, Bpr, Mpr, Epr, and Vpr can mildly de-
grade misfolded pullulanase in the extracellular space (Pohl
et al. 2013), which may reduce secretion stress and promote
nutrient recycling. WprA, a cell-wall-associated protease

produced constitutively during the entire growth period
(Stephenson and Harwood 1998a), can degrade pullulanase
prior to release into the medium, which might promote correct
pullulanase folding inside the cell and increase extracellular
pullulanase activity. The intracellular folding of pullulanase
might be crucial in B. subtilis, as it is in B. choshinensis
(Zou et al. 2016b).

When cultured in a 3-L fermenter fed with 500 g/L glucose
and 63.36 g/L (NH4)2HPO4, the DCW results were consistent
with those seen in shake-flask cultivations, where strain
WS11PUL displayed the lowest DCW. It has been indicated
that protease deficiency can promote cell lysis, which starts at
the beginning of the post-exponential growth phase (Westers
et al. 2004). Cell-wall-associated protease WprA is composed
of cell-wall-binding proteins (CWBPs) 23 and 52 (Margot and
Karamata 1996). CWBP52 possesses serine protease activity,
while the role of CWBP23 may be related to folding and the
regulation of CWBP52 activity (Harwood and Cranenburgh

Fig. 5 Comparison of cell growth and enzyme activity in the culture
supernatant among host strains WS3, WS9, and WB600 with reporter
proteins pullulanase (a), α-CGTase (b), and β-CGTase (c) in shake-
flask cultivations, as well as SDS-PAGE analysis (d) of the culture
supernatants. Error bars represent standard deviations from the means

of three independent replicates. An asterisk indicates a statistically
significant difference between the two activity values (P < 0.05). DCW
(black), pullulanase activity (white), Lane M—protein molecular weight
markers (mediummolecular weight, Shanghai Generay Biotech Co. Ltd.)
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Fig. 6 Comparison of cell growth
(a) and pullulanase activity in the
culture supernatant (b) for
recombinant strainWS9PUL in 3-
L fermenter cultivations fed with
carbon to organic nitrogen source
ratios of 2:1(■), 4:1(●), and
9:1(Δ). Comparisons of
pullulanase activity and
pullulanase activity per unit
biomass for recombinant strain
WS9PUL in 3-L fermenter
cultivations fed with an inorganic
nitrogen source or fedwith carbon
and organic nitrogen sources in a
ratio of 4:1 (c). Error bars
represent standard deviations
from the means of three
independent replicates. An
asterisk indicates a statistically
significant difference between the
two activity values (P < 0.05).
Pullulanase activity (white),
pullulanase activity per unit
biomass (black)
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2008). Protease WprA deficiency can increase the production
of native cell-wall proteins (Stephenson and Harwood 1998b)
that have not had the quality of their folding maintained by
proteolysis of misfolded proteins. The resulting accumulation
of misfolded proteins may result in cell lysis. After cell lysis,
the intracellular proteases that have leaked into the medium
can also degrade extracellular proteins (Stephenson et al.
1999). The activity results showed that the effects of proteases
on pullulanase activity in a 3-L fermenter differ from those
observed in shake flasks. In the 3-L fermenter, the presence of
proteases NprB, Bpr, Mpr, and Epr had a negative effect on
pullulanase activity, while the presence of protease Vpr, and
especially protease WprA, contributed to pullulanase activity.
These results may be due to a higher level of protease accu-
mulation during scale-up fermentations than during shake-
flask cultivations. The cultivation time at which strain
WS11PUL exhibited its highest pullulanase activity wasmuch
shorter than those of strains WS5PUL, WS9PUL, and
WS10PUL. This may result from an earlier transition from
exponential to post-exponential growth and cell lysis for strain
WS11PUL.

Extracellular proteases have both a positive impact on
pullulanase production (they improve pullulanase folding)
and a negative impact on pullulanase production (they
degrade correctly folded pullulanase). The protease activ-
ity present during cultivation of strain WS5PUL in a 3-
Lfermenter may be excessive, and that may decrease the
pullulanase production level despite increasing its specific
activity. As for strains WS10PUL and WS11PUL, the lack
of proteases Vpr and WprA greatly weakened the control
of pullulanase folding, which resulted in the secretion of
pullulanase with low specific activity and poor Km and
kcat values. Compared with strains WS5PUL, WS10PUL,
and WS11PUL, the recombinant strain WS9PUL, which
is deficient in proteases NprE, AprE, NprB, Bpr, Mpr, and
Epr, showed a suitable balance of pullulanase degradation
during 3-Lfermenter cultivation. This resulted in high-
level extracellular pullulanase activity with acceptable
characteristics.

During shake-flask cultivations, the extracellular
pullulanase activities obtained using host strains WS3 and
WS9 were similar, while the extracellular α-CGTase and β-
CGTase activities obtained using host strain WS3 were a little
higher than those obtained using host strain WS9. The
pullulanase band in the SDS-PAGE analysis of strain
WS3PUL was much thinner than that seen in the analysis of
strain WS9PUL (Fig. 5d), suggesting a great extent of degra-
dation by extracellular proteases. The α-CGTase and β-
CGTase bands in the SDS-PAGE analysis of strains
WS3αCGT and WS3βCGT were similar with those seen in
the analysis of strainsWS9αCGTandWS9βCGT, respective-
ly, suggesting a small extent of degradation by extracellular
proteases. The results showed that pullulanase was more

sensitive to proteolysis than α-CGTase and β-CGTase. The
ideal pullulanase production strain WS9, optimized through
shake-flask and 3-L fermenter cultivations, may be not the
ideal strain for α-CGTase and β-CGTase production. As
shown in the pullulanase production that a higher level of
protease may be accumulated during scale-up fermentations
than during shake-flask cultivations, the ideal α-CGTase and
β-CGTase production strain remained to be optimized from
strains WS3 through WS11 by shake-flask and 3-L fermenter
cultivations.

During the shake-flask cultivations, the growth character-
istics of strains WS9 and WB600 were similar, while the het-
erologous protein production level of strain WS9 was greater
than that of WB600. The results suggest that strain WS9 may
have great industrial value in heterologous protein production.
WB600 was derived from model strain B. subtilis 168, which
is auxotrophic for tryptophan (Wu et al. 1991). Besides being
deficient in protease genes, strain WS9 was deficient in srfC,
spoIIAC, and amyE genes, for which the strain produces less
foam, shows no spore formation, and does not release α-
amylase activity, respectively. The deficiency of srfC gene in
strain WS9 can reduce the amphiphilic molecule surfactin
production, which may not be related to heterologous produc-
tion (Coutte et al. 2010). The deficiency of spoIIAC gene in
strain WS9 would slightly increase the dry cell weight of
fermentation, while it does not affect the heterologous produc-
tion (Kabisch et al. 2013). During the post-exponential growth
phase, α-amylase is one of the major extracellular proteins
released by B. subtilis (Gupta and Rao 2014). The deficiency
of amyE gene in strain WS9 would reduce the secretion stress
and nutrition consumption, which can improve the heterolo-
gous production (Waldeck et al. 2007). There may exist other
sequence polymorphisms in the genome of strains WS9 and
WB600, which are not associated with deficient genes de-
scribed above. The glutamate dehydrogenase in strain
B. subtilis 168 was reported to be inactive that it cannot effi-
ciently use amino acids of the glutamate family (Kabisch et al.
2013). Overall, the production difference between strains
WS9 and WB600 may be related to the sequence polymor-
phisms in the genome of their original strains and the geno-
type modified by gene deficient.

For recombinant strain WS9PUL in a 3-L fermenter, the
cultivation times yielding the highest pullulanase activity
when feeding with organic nitrogen source were longer than
that seen when feeding with inorganic nitrogen source, which
may result from the abundant nutrients present in corn steep
powder and yeast extract. The highest pullulanase activity
produced using strain WS9PUL was much higher than that
obtained from E. coli (1567.9 U/mL) (Zou et al. 2014),
B. choshinensis (1005.8 U/mL) (Zou et al. 2016a), or
P. pastoris (350.8 U/mL) (Xu et al. 2006). And the average
pullulanase productivity produced using WS9PUL (60.1 U/
mL·h−1) was much higher than that obtained from E. coli
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(33.4 U/mL·h−1), B. choshinensis (14.0 U/mL·h−1), or
P. pastoris (7.3 U/mL·h−1).

In summary, the positive and negative impacts of extracel-
lular proteases on the production and biological characteristics
of recombinant pullulanase were investigated in this work.
Through shake-flask and 3-L fermenter cultivations, host
strain WS9 was found to produce the highest pullulanase ac-
tivity among the protease-deficient mutants tested.
Meanwhile, using pullulanase, α-CGTase, and β-CGTase as
reporter proteins, the protein production differences among
host strains WS3, WS9, and WB600 were investigated.
Finally, the inorganic nitrogen source (NH4)2HPO4 in the
original feeding solution was replaced with the organic nitro-
gen sources corn steep powder and yeast extract, and the car-
bon to organic nitrogen source ratio was optimized. With a
carbon to organic nitrogen source ratio of 4:1, recombinant
strain WS9PUL achieved a pullulanase activity value of
5951.8 U/mL, which represents the highest activity reported
to date.
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