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Abstract The application of LFH-PCR (long flanking homology region-PCR) for Bacillus sub-
tilis gene disruption is presented. Without plasmid- or phage-vector construction, only by
PCR, based on a DNA sequence retrieved from B. subtilis genome data base, kanamycin resis-
tance gene was inserted into two genes of B. subtilis involved in sporulation, spolllE and
spollIC. The effect of gene disruption on subtilisin expression was examined and the sporu-
lation frequency of two mutants was compared to that of the host strain. For this purpose,
only 2 or 3 rounds of PCR were required with 4 primers. We first demonstrated the possibil-
ity of LFH-PCR for rapid gene disruption to characterize an unknown functional gene of B.

subtilis or other prokaryote in the genomic era.

Keywords: B. subtilis, LFH-PCR, functional genomics

INTRODUCTION

With the coming of the genomic era, a huge quantity
of sequence information is available, and new ORFs
with unknown function are being designated. Cur-
rently the complete sequences of about 20 organisms
have been published, and more organisms are being se-
quenced with accelarating speed. But the gap between
sequence data and functional data becomes deeper. This
means that the classical, one by one gene deletion
methods used for functional analysis of new ORFs are
no longer adequate. Some methods for the large scale
functional analysis of unknown ORFs have been intro-
duced. Serial Analysis of Gene Expression, SAGE, [1] is a
smart and ingenious method but it requires complicated
sample preparation and a laborious amount of sequenc-
ing work. Genetic footprinting [2] or the transposon
derived method has the limitation of unequal insertion
of transposable elements into the chromosome. The
array based approach also has the limitation that a large
number of ¢cDNAs or PCR products must be prepared,
purified and processed on the appropriate membrane or
template {3-5]. Among the methods described above,
the mRNA mediated method can not be applied to pro-
karyotic gene functional analysis due to the difficulty of
specific mRNAn isolation. Results obtained with the
methods mentioned above do not give as much infor-
mation on the function of a gene as the classical mo-
lecular biological approach does. Therefore, it is of great
concern to disrupt target ORFs to examine the special-
ized function of unknown genes. Antibiotic marker in-
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sertion in the middle of target ORF is one of the easiest
and direct methods of target gene disruption, but the
method has many limitations. Besides all the laborious
molecular cloning required such as restriction enzyme
digestion, ligation and sequencing woks, it needs an
approapriate restriction enzyme site for molecular clon-
ing to give enough length for homologous recombina-
tion. Other general methods [6,7] to delete or replace
bacterial ORF also include classical cloning. For yeast,
very simple and efficient methods have been developed
(8,9] using only PCR as an experimental tool. In S. cere-
visiae, because of the high efficiency and accuracy of
mitotic recombination, even with 30-50 base pair short-
flanking region, homologous recombination is possible
[10]. More improved methods with long-flanking ho-
mology regions (LFH-PCR) have been devised to en-
hance the homologous recombination frequency [8,10].
The EUROPAN project, which involves one by one de-
letion of yeast unknown-function genes, is being carried
out using the method. For prokaryotes, with different
homologous recombination mechanisms, no such sim-
ple method [9,12] has been reported until now. Fur-
thermore, suggested improved method used in S. cere-
visiae [8,11] has not been adopted in prokaryotes.
Methods reported in some publications [6,7] require
plasmid vector construction and sequencing of the con-
structed region, and therefore, are inadequate for large
scale and rapid gene disruption.

Bacillus subtilis is one of the most important host
systems for the production of industrial enzymes due to
its capability to express and secret useful proteins. To
develop B. subtilis as a host for the production of re-
combinant foreign prateins, the development of strong
promoters, the enhancement of plasmid stability, the
improvement of protein secretion with fusion signal
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sequence, or harnessing the secretory action to the host
cell, the deletion of various proteases in the host, and
the prolongation of production time, by using spore
negative mutants are common targets to be considered.
We have been interestered in B.subtilis sporulation mu-
tant as a host for foreign protein expression for some
time [13-15]. In the course of several sporulation mu-
tants constructions, we experienced difficulty because
of the short ORF length and the limited number of re-
striction enzyme site. In this study, we report the first
application of LFH-PCR for the disruption of genes in-
volved in sporulation in B.subtilis and examine its effect
on subtilisin expression.

MATERIALS AND METHODS
Strain and Culture Condition

DB104::pMK101 [13-15] which has about 5 copies of
subtilisin reporter gene on the chromosome, was used
as a host strain for gene disruption. Schaeffers’ sporula-
tion media containing 5 ppm of chloramphenicol was
used for subtilisin expression. Chromogenic substrate,
n-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide was used for
the analysis of subtilisin activity [13-15]. Sporulation
frequency was measured by heat treatment at 80°C for
15 min using samples cultured in Schaeffers’ media.
After transformation of the PCR product into B.subtilis
DB104::pMK101, sporulation mutants were selected on
a TBAB plate containing 10 mg/L of kanamycin and 5
mg/L of chloramphenicol .

DNA Manipulations

Basic molecular biology methodology used in this
study, such as, pUB110 plasmid preparation, B. subtilis
chromosome preparation, and two-step method for the
transformation of PCR product into B. subtilis host
DB104::pMK101 were as previously described [16].

Amplification of Target Gene and Purification of
PCR Product

Expand™ Long Template PCR System (Boehringer
Manheim) was used for PCR. Gene sequences for
spollIE and spollIG were retrieved from B. subtilis ge-
nome site (http://www.pasteur.fr/Bio/subtilist.html),
and the sequence for Km* was obtained from japan ba-
cillus genome data base (http://www.genome.ad.jp).
Oligonucleotides were synthesized at Bioneer (Taejeon,
Korea). The sequences of primers used in this study are
shown in Table 1. GeneAmp PCR System 2400 (Perkin
Elmer, Norwalk, CT, USA) was employed for thermal
cycling. PCR products were purified with the Wizard®
PCR Preps DNA Purification System (Promega, Madi-
son, WI, USA) using a 0.8% low melting agarose gel, if
necessary.

Biotechnol. Bioprocess Eng. 2000, Vol. 5, No. 5
a) step 1 : Mega primer synthesis
> o
[ =\

[
-—

ORF to be disrupted

P~ — Bacillus chromosome

4
lpol B P

———p
— =

b) step 2 : Final product synthesis

F5 s
—— Knr —
4 pUB110
\/
V///A Km' T///[7J final product

c) step 3 : Harvest of final product

Pt

—
Vi /A K’

V/7//

P4

Fig. 1. Strategy for the synthesis of the PCR product needed
for target gene disruption; (a) synthesis of the two megapri-
mer P5 and P6 (step 1) : the dashed portion is ORE which is
disrupted by antibiotic marker insertion. DNA was amplified
by PCR in a total volume of 50 uL. P5 and P6 were separately
amplified in a different PCR tube containing 1.7 units of DNA
polymerase, 50 ng of B.subtilis chromosome as template, 2
uM of each primer and 200 M of each dNTP. An initial dena-
turation step of 94°C for 5 min was followed by 30 cycles of
denaturation at 94°C for 30 sec, annealing at 52°C for 30 sec
and elongation at 68°C for 1 min; (b) synthesis of the final
product (step 2) : two megaprimer, P5 and P6 were sliced and
purified in a single Wizard purification column with 40 uL of
D.D.W. to prevent dilution. 3.5 units of DNA polymerase was
used. 20 ng of pUB110 were used as template, dNTP concen-
tration was the same as in step 1 and the reaction volume was
adjusted to 50 plL. Denaturation and annealing conditions
were the same as step 1. Initial 10 cycles was performed with
2 min of elongation and during the following 25 cycles, the
elongation time was increased in every cycle by 10 seconds;
(c) harvesting of the deactivated fragment (step 3) : To pro-
duce larger quantitties of product, it may be further amplified
using primer 1, primer 4 and product from step 2 as template.
For 50 pL of reaction mixture, primer concentration, dNTP
concentration and amount of DNA polymerase were the same
as in step 1. 1 pL of PCR product of step 2 was used as tem-
plate. Thermal cycling conditions were as used in step 2.

RESULTS AND DISCUSSION
Description of the LFH-PCR Method
Target gene disruption by LFH-PCR involved two or

three rounds of PCR. PCR products obtained from the
first round of PCR were used as mega-primers in second
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Table 1. Primer sequences used for gene disruption

SpolllE

Primer 1 : 5-GCAGAACAGAACCAAGAGAC-3,

Primer 2 : 5’-TCATCGGCTTTTTCGTCATCATCTG-
TTCCTGATCACCTGTCTCCGGTTGG-3’

primer 3 : 5-GTCTATCCCCGCATTCCCAGTCGGG-
GGCGTAAAGGCGAAAGTCACACAGG-3’

primer 4 : 5-CTGCCTTCATACGGTCCGAC-3'

SpolliG

Primer 1 : 5'-AATTTTATGGTTAGAACCCC-3’

Primer 2 : 5-TCATCCGCTTTTTCGTCATCATCTG-
CCGCTCTCTTACCTGAAGCGCCTT-

Primer 3 : 5'-CTATCCCCGGCATTGCCAGTCCGGGA-
TAATCACTGACACAAGCAAGGAGC-3

Primer 4 : 5-CCTCCTCCTCCTCTTTATTG-3

round PCR. Four primers were needed, primer 1 and
primer 4 were normal at corresponded to each side of
target gene. Primers 2 and 3 were made of two parts,
one for the target gene and the other for antibiotic
marker. The method is illustrated in Fig. 1.

Disruption of SpollIE of B. subtilis

SpolllE of B. subtilis was selected as target gene for
the application of LFH-PCR for the gene disruption.
SpollIE participates in chromosome segregation during
the initial process of spore formation, and its disruption
can be easily confirmed by asporegeneous phenotype.
Furthermore, its ORF (2316 base pairs) is long enough
to provide sufficient length for homologous recombina-
tion at each side of the inserted antibiotic marker. Km'
gene in pUB110 was used for the inserting marker. Four
primers were designed to give sufficient length for ho-
mologous recombination, considering GC contents. In
primer 2 and primer 3, the underlined parts are for Km'
gene (Table 1). The synthesized mega-primers, P5 and
P6 are shown (Fig. 2(a)). After step 2, very faint PCR
product corresponding to exact size (3829 base pairs)
were observed (data not shown). After step 3, sufficient
quantity of PCR product was obtained (Fig. 2(a)).
Without further purification, the total PCR product (50
nl) was used directly for transformation into B. subtilis
DB104::pMK101(Cm"). After overnight incubation, a
few colonies appeared on a TBAB plate containing 10
mg/L of kanamycin; three colonies were analyzed by
PCR. Among them, the spollIE gene of two cononies
was correctly disrupted by the Km' gene (Fig. 2 (b)),
and designated as DB104::AspolllE(Km")::pMK101.
DB104::AspolllE(Km")::pMK101 showed a normal
growth rate and did not form spores. Its sporulation
frequency was lower than 10°9% compared to the 1-3%
of the wild type at T’ (Table 2). Its specific subtilisin
expression (units/cell O.D.) was almost the same as the
host strain’s (Fig. 3), DB104::pMK101. Though we tried
to know the effect of spolllE disruption on subtilisin
expression, this result is somewhat expected. AprE,
which encodes subtilisin of B.subtilis, is induced and
tightly regulated by the sporulation process, especially
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Fig. 2. Generation of PCR product and confirmation of anti-
biotic marker insertion into spollIE and spolllG of B. subtilis.
M is denoted as molecular DNA marker A/BstEIL; (a) Synthe-
sis of P5, P6 and final products for spolllE disruption : Lanes 1
and 2 are megaprimers P5 and P6 generated from step 1 with
lengths of 1219 and 1281 base pairs each. Lane 3 is the final
PCR product for gene disruption (3829 base pairs) from step
3; (b) Confirmation of antibiotic marker insertion into spollIE :
Primers 1 and 4 were used for this experiment. Thermal cy-
cling condition and concentration of components were the
same as used in step 2. Templates were prepared as follows-a
tooth-picked single colony was suspended in an eppendorf
tube containing 100 pL of D.D.W. and boiled for 2 min. 1 uL
of the suspension was used as template. ‘-’ denotes negative
control from wild type DB104::pMK101. ‘+’ denotes positive
control obtained from step 2 (lane 3 of (A)). Lane 1, 2 and 3
are PCR products of three different colonies obtained after
transformation; (c) Synthesis of P5, P6 and final products for
spolllG disruption : Lanes 1 and 2 are megaprimers P5 and P6
each generated from step 1 with lengths of 558 and 557 base
pairs each. Lane 3 is the final PCR product for gene disruption
(2334 base pairs) from step 3; (d) Confirmation of antibiotic
marker insertion into spollIG : Experimental procedure is the
same as legend of (b). Lane 1 and 2 PCR products of two
colonies obtained after transformation.

at the stage of sporulation initiation. Subtilisin is tran-
siently produced only from stage 0 to stage [I of sporu-
lation. Gene disruption, which can arrest spore forma-
tion at spoll stage, such as spollG, was reported as an
effective way of enhancing the expression of the subtil-
isin promoter of B. subtilis {17], and the importance of
the sporulation mutant was extensively investigated in
fed-batch fermentation [14]. The effect of stage 0
sporulation mutants on subtilisin expression has also
been studied (18], and stage O sporulation genes was
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Table 2. Comparison of sporulation frequencies for different
sporulation mutants

Strain sporulation frequency (%)
DB104 ::pMK101 23

DB104 AspollIE::Km"::pMK101 <1.0E-6*

DB104 AspolllG::Km*::pMK101 <1.0E-62

*This value of sporulation frequency means that no spore was
formed at T,
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Fig. 3. Comparison of subtilisin activities of wild type and
sporulation mutants in flask culture

found to have a negative effect upon aprE promoter
expression. SpolllE can be considered as another sporu-
lation gene, which has little effect on subtilisin expres-
sion.

Application to Shorter ORF: Disruption of SpollIG
of B. Subtilis

SpollIG of B. subtilis codes sigma factor of RNA po-
lymerase which dominate late fore-spore specific gene
expression. Its length is 780 base pairs and about 1.1 kb
is available if the non-transcribed region between ORFs
is included. Same procedure was followed for PCR
product generation and transformation procedure as
was used for spollIE. Synthesized mega-primers P5 (558
base pairs), P6 (557 base pairs) and final product (2334
base pairs) were identified (Fig. 2(c)). An initial two
attempts at the transformation experiment were un-
successful, due to insufficient length for homologous
recombination. Therefore a ten times higher dosage of

PCR product, prepared by the procedure described in Fig.

1, was used for transformation, because of its reduced
recombination frequency resulting from a shorter ORF
length. After overnight incubation, five colonies were
isolated from TBAB plate. Four colonies were correctly
disrupted in spolllG by Km'inserted antibiotic marker
(Fig. 2(d)). These were designated as DB104::AspollIG
(Km"::pMK101. DB104::AspollIG(Km")::pMK101 showed
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normal growth rate and its sporulation frequency was
10%% lower than the wild type at T’ (Table 2) as was
DB104::AspolllE(Km")::pMK101. Specific subtilisin ex-
pression (units/cell O.D.) was similar compared to that
of the host strain (Fig. 3). This result is somewhat un-
expected. From the results of spollG mutation on sub-
tilisin production, [14,17] disruption of genes involved
in stage II or III of spore formation, were expected to
have positive effect on subtilisin expression, similarly
genes involved in the later stages of sporulation (stage
IV-V) were expected to have little effect on subtilisin
expression, in view of the exprssion period of subtilisin.
SpollIG is activated by spollG through precise signal
transduction during B. subtilis spore formation. It
dominates prespore gene expression, just as spollG
dominates mother cell gene expression in the sporula-
tion process. SpollG and spollIG have similar roles in
spore formation and its expression period is also similar.
One of the possible reasons for this result is that aprE is
mainly expressed in the mother cell and that the dele-
tion of mother cell sigma factor SpollG has a positive
effect on subtilisin production; deletion of fore spore
sigma factor SpolllG may not exert such an effect. An-
other possibility is that expansion of time period which
is governed by spollIG occurs too late for the control of
subtilisin expression, and that therefore spolIG may be
the last gate for the control of subtilisin expression.
Four sigma factors (spollAC, spollG, spolllG and
spollIC) are involved in B. subtilis spore formation.
SpollAC and SpolllG dominate fore spore development
and SpollG and SpollIC govern mother cell develop-
ment. We will get the exact answers to the above result
and assumptions, when spolIAC and spollIC mutants
are constructed; this work is currently underway in our
laboratory.

In the field of yeast genetics, LFH-PCR is actively
used for gene disruption, but, its application for other
organisms has been scarcely reported. The aim of this
study was to apply LFH-PCR to disrupt B.subtilis ORFs.
The results showed that LFH-PCR, originally developed
for yeast gene disruption, was effective at rapidly dis-
rupting B.subtilis sporulation-associated genes. The
application of this method is restricted by several fac-
tors. The rate of homologous recombination for gene
disruption is roughly proportional to the available
flanking region on each side of the antibiotic marker
[19]. Many have reported that the average length of
OREF is about 1kb. (In the case of E.coli, 4288 ORFs in
4,632, 221 base pairs and in the case of B.subtilis, 4100
OREs in 4,214,810 base pairs). Therefore, the length of
spollIG (780 base pairs) can be considered as an average.
Though spollIG needed about a ten times higher dosage
of the PCR product compared to spolllE disruption, it
was successful. One point, which should be remem-
bered is that many genes in prokaryote are polycistronic.
If antibiotic marker is inserted into prokaryotic ORF by
LFH-PCR, a polar effect in DNA transcription may oc-
cur, which is not encountered in yeast genetics. How-
ever, this problem is inherent in the genome of pro-
karyote and it lies beyond LFH-PCR, and antibiotic
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marker insertion is one of the most widely used method
of gene disruption for the functional analysis of target
gene. We expect this method can be further used not
only B. subtilis gene disruption but also other prokaryo-
tes such as E. coli.
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