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The genome of Bacillus subtilis 168 was modified to yield a genome vector for the
cloning of DNA several Mb in size. Unlike contemporary plasmid-based vectors, this
4.2Mb genome vector requires specific in vivo handling protocols because of its large
size. Inversion mutagenesis, a method to modify local genome structure without gain
or loss of genes, was applied intensively to the B. subtilis genome; this technique
made possible both exchange and translocation of designated regions of the genome.
This method not only reshuffles the genome of B. subtilis, but can provide insight
into the biologic principles underlying genome plasticity.
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Abbreviations: Ap, ampicillin, BGM vector, Bacillus subtilis genome vector; BS, Blasticidin S;
bsr, Blasticidin S resistance gene; CHEF, contour-clamped homogeneous electric field; Em, erythromycin;
erm, erythromycin resistance gene; Nm, neomycin; neo, neomycin resistance gene; Phl, phleomycin;
phl, phleomycin resistance gene; Spec, spectinomycin; spe, spectinomycin resistance gene; Tc, tetracycline;

tet, tetracycline resistance gene.

The genome of Bacillus subtilis 168 was converted to
a genome vector by introduction of pBR322-based
sequences used as a cloning locus (I, 2). The BGM
vector (standing for Bacillus GenoMe) has demonstrated
stable accommodation of complete genomes from various
sources, including Escherichia coli bacteriophage lambda
(48.5kb) (1), mitochondria from Mus musculus (16.5kb)
(3), chloroplasts from Oryzae sativa (135kb) (4) and a
3.5Mb genome from Synechocystis PCC6803 (5). The
cloned DNA integrated in the B. subtilis genome stably
replicates, and its sequences are conserved even through
spore-formation and germination (6). In addition to
cloning, methods for manipulating the cloned DNA in
BGM have been exploited (7-9).

Because of physical shearing while in solution, DNA
becomes more difficult to handle in vitro as it increases
in size (particularly, beyond 100kb) (6). Therefore, the
in vitro engineering techniques that have become
standard with plasmid vectors are of little use with the
BGM system. In particular, in vivo protocols are needed
that minimize in vitro manipulation of Mb-scale DNAs.
In addition, alteration of the BGM vector itself, namely
changing the structure of the B. subtilis genome, may be
necessary to clone Mb-size DNA. At a practical level,
cloning the Synechocystis genome required retaining
symmetric genomic structure around the oriC—terC axis
of the BGM vector (5).
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Our group was the first to introduce an effective
method for inducing inversion in the B. subtilis genome
(10). This system supported rapid isolation of desired
strains through screening for resistance to the antibiotic
neomycin (Nm), which resulted after the appropriate
acquisition of two incomplete neomycin resistance genes
that had been inserted at the two ends of the region
targeted for inversion (10). This method realized the
alteration of the structure of a designated region without
gain or loss of genes by its inversion through intrachro-
mosomal homologous recombination. Further, the
method has been applied for example, to unveil the
function of a relevant genome region (polar localization
region) in sporulation (771) and to replace long genomic
region (more than several hundreds of kb), accurately
without discontinuous DNA replacement (12). Although
the utility of the altered genome structure and the
significance of inversion-associated traits remained to be
validated experimentally, these reports suggested that
the B. subtilis genome structure was somewhat plastic
and that inversion methods likely would be of great use
for manipulating giant DNAs, both the BGM vector as
well as DNAs for insertion.

In the present study, we extended our original
neomycin-resistance selection method (ne-eo system),
limited to the single 1678 kb region between yjcI and
ywkF, (10) to other regions of the B. subtilis genome.
Furthermore, the use of an additional antibiotic marker,
tetracycline (tet), facilitated progressive introduction of
double inversions on the B. subtilis genome, and we
describe several resulting strains that have more com-
plex structures than the original genome. We conclude by
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Table 1. Bacillus subtilis strains used in this study.

A. Kuroki et al.

Strain Relevant genotype® Antibiotic markers Construction, sources or reference”
168trpC2(=1A1)  trpC2 BGSC

BEST5372 [1]::e0—, [4]::ne+, BsE, Spct pNEXT5GA x pNEXT41FB x 168trpC2
BEST5122 [2]::e0—, [4]::ne+, Bs®, Spcf pNEXT38GB x pNEXT41FB x 168trpC2
BEST5553 [4]::e0+, [7]::ne—, Bs®, Spct pNEXT41GB x pNEXT55FA x 168trpC2
BEST21434 [3]::te+, [8]::et— Phif¥, Em® pBEAZ191 x pBEAZ195 x 168trpC2
BEST5396 [1]::e0+, [4]::ne+, Bs®, Spck pNEXT5GB x pNEXT41FB x 168trpC2
BEST5129 [2]::e0+, [4]::ne+, Bs®, Spct pNEXT38GA x pNEXT41FB x 168¢rpC2
BEST21558 [3]::te+, [8]:et+ Phl¥, Em® pBEAZ191 x pBEAZ194 x 168trpC2
BEST21441 [3]::te+, [8]::et—, [1]::e0+, [4]::ne+ PhI®, Em®, Spcf, Bst BEST5396 x BEST21434

BEST21481 [3]::te+, [8]:et—, [2]:eo+, [4]:ne+  PhIF, Em®, Spck, Bst BEST5129 x BEST21434

BEST21586 [1]::e0—, [4]:ne+, [3:te+, [8l:et+  PhIF, Em®, Spck, Bs® BEST21558 x BEST5372

BEST21569 [2]::e0—, [4]::ne+, [3]::te+, [8]:et+  Phl®, EmF®, Spck, Bs® BEST21558 x BEST5122

BEST21488 [4]::e0+, [7)::ne—, [3]:te+, [8]:et—  PhI¥, Em®, Spck, Bst BEST5553 x BEST21434

BEST5227 inv[3-8]N NmF, Bs®, Spck (10)

BEST5744 inv[1-4]N NmF, Bs®, Spcf BEST5372 — Nm

BEST5162 inv[2-4]N NmF, Bs®, Spcf BEST5122 — Nm

BEST5623 inv[4-7]N NmF, Bs®, Spct BEST5553 — Nm

BEST21437 inv[3-8]T TcR®, PhI®, Em® BEST21434 — Te

BEST21465 inv[3-8IT, [1]::e0+, [4]::ne— Tck, Phi®, EmF, Spck, Bs® BEST21441 — Te

BEST21503 inv[3-8]T, [2]::e0+, [4]::ne— Tck, PhI®, Em®, Spc®, Bst BEST21481 — Tc

BEST21593 inv[1-4]N, [3]::te—, [8]::et+ NmF, PhI®, Em®, Spc®, Bs® BEST21586 — Nm

BEST21575 inv[2-4]N, [3]::te—, [8]::et+ NmP, Phi®, Em®, Spc®, Bs® BEST21569 — Nm

BEST21474 inv[3-8]T/[1-4]N NmF, Tck, Phi®, EmF, Spc®, Bs® BEST21465 — Nm

BEST21524 inv[3-8]T/[2 -4]N NmF, Tk, Phi®, EmF, Spc®, Bs® BEST21503 — Nm

BEST21598 inv[1-4]N/[3-8]T NmF, Tck, Phi®, EmF, Spck, Bs®  BEST21593 — Tc

BEST21581 inv[2-4]N/[3-8]T NmF, Tk, Phi®, EmF, Spcf, Bs®  BEST21575 — Tc

4(+) and (—) indicate clockwise and counterclockwise orientations with respect to oriC, respectively, in the B. subtilis circular genome; numbers
in square brackets are those defined in Table 2. °BGSC, Bacillus subtilis Genetic Stock Center; arrow indicates selection of inversion mutant by

Nm or Tc from the parental strain.

discussing the implications of reshuffling of the
B. subtilis genome with respect to both genome engineer-
ing and genome biology.

MATERIALS AND METHODS

Bacterial Strains and Culture Media—Escherichia coli
strain DH5a (F~ F80d/acZDM15 D [lacZYA-argF] U169
deoR recAl endAl hsdR17 [rx, mk'] phoA supE441”
thi-1 gyrA96 relAl) was used as the host for molecular
cloning. Bacillus subtilis strains used in this study are
listed in Table 1. Both bacteria were grown in Luria-
Bertani broth (LB) at 37°C unless specified. Solid media
was prepared by adding agar (1.5% w/v) to LB for E. coli
or to antibiotic medium 3 (Difco, Sparks, MD, USA) for
B. subtilis. Tetracycline (Tc¢, 10ug/ml) and ampicillin
(Ap, 50 ng/ml) were added for DH5a selection. Blasticidin
S (BS, 250 ug/ml), erythromycin (Em, 5 pg/ml), neomycin
(Nm, 3pug/ml), spectinomycin (Spec, 50ug/ml), phleo-
mycin (Phl, 1.5 pg/ml) and Tc (10 pg/ml) were added for
B. subtilis selection. Strains were tested for containing
multiple antibiotic resistance genes by using a replica
plating method. Preparation and transformation of
competent E. coli and B. subtilis cells were done as
previously described (13).

DNA Isolation and Manipulation—Plasmid DNA was
isolated from E. coli transformants by QIAprep Spin
Miniprep Kit (Qiagen, Valencia, CA, USA). Bacillus
subtilis genomic DNA was extracted by liquid isolation
method (14) and used for transformation. Intact unsheared

B. subtilis genomic DNA for contour-clamped homoge-
neous electric field (CHEF) electrophoresis was prepared
in agarose gel plugs, as described elsewhere (13). I-Scel was
purchased from Roche (Mannheim, Germany), I-Ppol from
Promega (Madison, WI, USA), Sfil and I-Ceul from New
England Biolabs (Ipswich, MA, USA) and other restriction
endonucleases from Toyobo (Kyoto, Japan). The DNA
ligation kit was purchased from Takara (Shiga, Japan).
Primers were synthesized by Nihon Gene Research
Laboratories (Miyagi, Japan).

Electrophoresis and Southern Hybridization—CHEF
gel electrophoresis was conducted using agarose gels
(1.0% w/v) in TBE solution (50 mM Tris—borate [pH 8.0],
1.0mM EDTA) with running conditions as described in the
legend to Fig. 2B. Agarose gels (1.0% w/v) in TAE solution
(50mM Tris—acetate [pH 8.0], 1.0mM EDTA) were used
for conventional gel electrophoresis at room temperature.
After electrophoresis, gels were stained in ethidium
bromide solution and visualized under UV light.

A non-radioactive labelling nucleotide, digoxigenin-
11-dUTP, was used for Southern hybridization. Probes
were prepared by using the PCR DIG probe synthesis kit
(Roche, Mannheim, Germany) with specific primers.
Labelled bands were detected with DIG Nucleic Acid
Detection Kit (Roche) followed by 5-Bromo-4-Chloro-
3’-Indolylphosphatase p-Toluidine salt and nitro-
blue tetrazolium chloride (Sigma-Aldrich, St Louis,
MO, USA).

Construction of ne and eo Cassettes for Induction of
Inversion—The effectiveness of the ne—eo system was
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Fig. 1. Inverted regions of the B. subtilis 168 genome.
Bacillus subtilis genome is represented as a circle, with the
locations of oriC, terC and 10 ribosomal RNA operons (rrn0O, A,
J, W, I, H, G, E, D and B) indicated. All endpoints of inversions
examined in the present study are the same Notl recognition
sites adopted in the previous report (I5). Nucleotide sequence
number, names of the gene and gene function of each locus
number shown in parenthesis are as follows, respectively. Locus
[1]: 178,413, in ybaR, unknown; [2]: 752,533, between yeel and
yeeK; [3]: 1,258,347, in yjcl, unknown; [4]: 1,553,998, in pycA,
pyruvate carboxylase; [7]: 3,120,299, in ytgB, unknown; [8]:
3,794,952, in ywkF, unknown. Solid lines indicate segments
inverted by using the ne—eo system in the present study. Dotted
lines indicate segments inverted previously by using the ne—eo
system (10) and by using the te—et system in this study.

evaluated further by applying this method to three
additional genomic regions (Fig. 1). Endpoints of these
inversions are the Notl recognition sites of the B. subtilis
genome, numbered as in the previous report (15). These
sites are in the genes ybaR: [1], yeelK: (2], yjcI: [3], pycA:
[4], ytgB: [7], and thrZ: [8] (Fig. 1). These Notl
recognition sites were included in the No¢l-linking
clones in the pNEXT-series plasmid used for construction
of the physical map (13) and are dispensable for growth
even after simultaneous mutagenesis of these sites (16).
The ne and eo cassettes isolated by Notl digestion of
pBEST518 and pBEST524B (10) were ligated into the
Notl site of the original pNEXT plasmids. The resultant
plasmids prepared in E. coli—pNEXT5GA at [1],
pNEXT38GB at [2], pNEXT41FB at [4], pNEXT41GB at
[4], and pNEXT55FA at [7]—are listed in Table 2. These
were used to insert the ne or eo cassette into the
respective Notl loci of the B. subtilis genome. The
constructed plasmids were linearized with the restriction
enzymes listed in Table 2 on transformation of B. subtilis
to yield BEST5372, 5122 and 5553 (Table 1). Integrants
were selected by use of antibiotic markers, spc for the ne
cassette and bsr for the eo cassette (10).

Construction of te and et Cassettes for Induction of
Inversion Selectable by Tc—Two incomplete tet genes
sharing a 1095 bp overlapped region were constructed as
the molecular apparatus designated as the te—et system.
The fragment corresponding to the te fragment (1530 bp)
was PCR amplified from pBEST307 (17) by using
the primer set te-F (TAATCTAGACCATATTGTGTATA
AGTGATGAA) and te-R (ATCTGCAGCTAATGACAAT
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GATTCCTGAAA) and cloned into pUC18. The Em
resistance gene (erm) isolated from pBEST703 (18) was
inserted downstream of the te fragment and subse-
quently modified by using PCR amplification to add
Notl sites at both ends. The amplified 3.0kb te cassette
was cloned into pBR322, resulting in pBEST10010 from
which the te cassette was prepared after Notl digestion.
Two I-Ppol recognition sites were created just inside the
two Notl sites by insertion of appropriate linkers.

The fragment corresponding to the et cassette, the
1208 bp et fragment linked to a Phl resistance gene (phl),
was constructed similarly. The et fragment and phl gene
were PCR amplified from pBEST43ETP (kindly donated
by M. Ogura, Tokai University, Kanagawa, Japan) by
using the primers etup-phlup2 (CCGTTAATGCGC
CATTCAAAAGGTTACTCC), etdn (AAAGCGGCCGCGA
ATTCCTGTTATAAAAAAAGGATC), phldn (TTTGCGGC
CGCTGATTTCACTTTTTGCATTCTAC), and phlup-
etup2 (TTATAACAGGAATTCATGGCGCATTAACGG),
and the resulting products were combined by using the
splicing by overlap extension (SOE)-PCR method (19)
with the primers etdn and phldn. The amplified 2.2kb
et cassette was cloned into pHASH202 (kindly donated by
Y. Ohashi, Human Metabolome Technologys, Yamagata,
Japan), resulted in pBEAZ150. The NotI-linking clones
of loci 3 and 8, pBEAZ179 and pBEAZ192 (Table 2)
were newly prepared by PCR and cloned into pCR2.1
(see footnote to Table 1). The te cassette in pBEST10010
was isolated and cloned into the NotI site of pPBEAZ179,
resulting in pBEAZ191, which was used to insert the
te cassette into locus 3. Similarly, the et cassette isolated
from pBEAZ150 was ligated into the Notl site of
pBEAZ192, resulting in pBEAZ195, which was used to
insert the et cassette into locus 8. The pBEAZ191 and
pBEAZ195 were linearized with BglII prior to transfor-
mation of B. subtilis. Transformants were selected
for resistance to Em (for pBEAZ191) and Phl
(for pBEAZ195) (Table 1).

Isolation of Inversion Mutants Created by the ne—eo
and te—et Systems—The procedure for isolating inversion
mutants as colonies was described in the previous report
(10). Briefly, the strains harbouring the two cassettes
were cultured in LB medium at 37°C until stationary
phase. During cell division, intrachromosomal homolo-
gous recombination within the internal homologous
region, 590bp for ne—eo or 1095bp for te—et, forms
functional neo or tet gene after inversion of the flanking
genomic region (Fig. 2A). The single inversion was
selected as colonies on solid media containing Nm or
Tc; selection for the second inversion was done similarly.
With successful inversion, the two I-Scel sites originally
located within the ne cassette are separated to the two
endpoints of inversion, giving rise to a I-Scel fragment
that is equivalent in size to the inverted region ((10) and
Fig. 2A). Similarly, the two I-Ppol sites originally located
within the te cassette (Fig. 2A) should be relocated to the
two endpoints of inversion, giving rise to a I-Ppol
fragment equivalent in size to the inverted region. The
inversion efficiency was calculated as described (10).

Experimental Criteria for the Inversion Mutant—The
structure of the B. subtilis inversion mutant should meet
the following five criteria: (i) yield I-Ppol or I-Scel
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Table 2. Plasmids used in this study.

A. Kuroki et al.

Plasmid Insert?® Abbreviation Antibiotics makers Enzyme to linearize Source or references
pBR322 Ap®

pCR2.1 Ap® Invitrogen
pHASH202P Ap® Y. Ohashi
pBEST518 ne ApE®, Spck (13)
pBEST524B eo ApF, Bs® (13)
pBEST307 tet Tck 17)
pBEST703 erm EmF® (18)
pBEST43ETP phl Ph1® M. Ogura
pBEST10010 te Ap®, Em® This study
pBEAZ150 et Ap®, PhI® This study
pNEXT5 ybaR [1] Tck, Em® (13)
pNEXT38 yeelK 2l Ap®, Tet (13)
pBEAZ179° yjcl [3] Ap® This study
pNEXT41 pycA [4] Ap®, Tck (13)
pNEXT55 ytqB [7] Ap® (13)
pBEAZ192¢ ywkF [8] Ap® This study
pNEXT5GA ybaR::e0— [1]::e0— Bs®, Tck, Em® EcoRV This study
pNEXT5GB ybaR::eo+ [1]::e0+ Bs®, Tc®, Em® EcoRV This study
pNEXT38GA yeelK::eo+ [2]::e0+ ApF, Bs®, TcR Sall This study
pNEXT38GB yeelK::eo— [2]::e0— Ap®, BsE, Tck Sall This study
pBEAZ191 yjcl::te+ [3]::te+ Ap%, Em® Bglll This study
pNEXT41FB pycA:ne+ [4]::ne+ Ap®, Spck, Tck Pvull This study
pNEXT41GB PpycA:eo+ [4]::e0+ Ap®, Bs®, Tck Sall This study
pNEXT55FA ytqB:ne— [7]::ne— Ap%, Spct BamHI This study
pBEAZ194 ywkF::et+ [8]::et+ Ap®, PhI® BglIl This study
pBEAZ195 ywkF::et— [8]::et— Ap®, PhI® Bglll This study

3(+) and (—) indicate clockwise and counterclockwise orientations, respectively, in the B. subtilis circular genome, respectively. ®pHASH202 was
derived from pHASH102 (35) by adding PmaCl, Pyull and I-Ppol recognition sites. “NotI-linking clone prepared by PCR amplification of
the 2012-bp fragment (nucleotides 1257 359-1259 370) from the B. subrilis genome. “NorI-linking clone prepared by PCR amplification of the
2025-bp fragment (nucleotides 3793 952-3795976) from the B. subtilis genome.

fragments that are resolvable by CHEF gel electro-
phoresis; (i) give rise to 10 I-Ceul fragments, which are
produced by I-Ceul recognition sites residing in the 16S
RNA gene of the 10 rrn ribosomal DNA operons (Fig. 1),
resolvable by CHEF gel electrophoresis (20); (iii) produce
Notl fragments that are resolvable by CHEF electro-
phoresis (data not shown); (iv) produce Sfil fragments
that are resolvable by CHEF electrophoresis and that
hybridize with neo or tet probe (data not shown) and (v)
change the local structure of the inversion endpoints
through intrachromosomal homologous recombination.
Because homologous recombination is restricted within
the cassettes, the expected change in the size of the
corresponding Notl fragments highlights the inversion.
The ne (2.4kb) and the eo (1.4kb) cassettes were
converted to neo (1.3kb) and e (2.5kb); similarly te
(8.0kb) and et (2.2kb) gave rise to tet (1.6kb) and
e (3.6kb). These changes were detected by Southern
hybridization of NotI digests by using the neo or tet gene
as probe (Fig. 2B).

RESULTS

Three Single-inversion Mutants Constructed by ne—eo
system—Bacillus subtilis 168 genome possesses symme-
try in length around the oriC-terC axis (21, 22). In the
first, B. subtilis inversion mutant isolated by using the
ne—eo system, endpoints 3 and 8 were located on both
replichores (Fig. 1). The genotype of the inversion

mutant is defined as inv[3-8]N, indicating an inversion
mutation between loci 3 and 8 and selectable by Nm
(Table 1). Successful inversion of the 1678kb region
altered the lengths of these two replichores (Fig. 2A).
In addition, we assessed the effectiveness of the ne—eo
system for three additional regions. Parental strains
BEST5372 ([1]-[4]), BEST5122 ([2]-[4]), and BEST5553
([4]-[7]) all contained the ne and eo cassettes integrated
in head-to-head orientation at the indicated loci and were
sensitive to Nm. The endpoints of inversions [1-4]
(801kb) and [2-4] (1376kb) are within the same
replichore, but [4-7] (1566 kb) is between two replichores
(Fig. 1). The viable inversion mutants BEST5744 (inv
[1-4]N), BEST5162 (inv[2-4]N), and BEST5623 (inv
[4-7]N) were obtained on plates containing Nm and
incubated at 37°C. The inverted regions for these strains
were validated by restriction digestion with I-Scel, I-Ceul
Notl and Sfil analyses [data not shown, but similar to
CHEF data (10)]. Formation of an intact neo gene and its
complementary e segment at the inversion junctions
(similar to those indicated in Fig. 2A) was confirmed by
Southern analysis using the neo gene as a probe (data
not shown). BEST5744 (inv[1-4]N) formed significantly
smaller colonies than the parental strain, BEST5372, on
LB plate at 37°C (Fig. 3). BEST5744 (inv[1-4]N) likely is
manifesting the adverse effects of multiple inversely
oriented genes within the inverted region; this arrange-
ment perhaps increases the frequency of -collision
between transcription and replication machineries (23).
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Strain 1 Strain 2 Strain 3
BEST21441 BEST21465 BEST21474
inv[3-8]T inv[3-8]T/[1-4]N

3V -em ', 8 m, 40h 3V-em', 8 m, 40h

(iii) SfiI

5V-em', 245, 20n

Fig. 2. A strain acquired double inversions using ne-eo
and fe-et system. (A) A circular B. subtilis genome carrying the
four cassettes in strain 1 (BEST21441) is shown at the left. The
intrachromosomal homologous recombination between the cas-
settes te and et (top left) resulted in strain 2 (BEST21465), which
has a single inversion (on the middle). Subsequent intrachromo-
somal homologous recombination between the cassettes ne and eo
(top right) caused the additional inversion mutation in strain 3
(BEST21474) on the right. In strain 2, the two I-Ppol sites (open
arrowheads) originally within the te cassette at locus [3] of strain
1 are separated and now reside at [3] and [8]. This relocation
yielded the two I-Ppol fragments presented in (B). Similarly, the
two I-Scel sites (closed arrowheads) within locus [4] of the eo
cassette were separated to sites [1] and [4], giving rise to the two
large I-Scel fragments of strain 3 (B). The sizes of the I-Ppol
fragments of strain 2 varied according to the additional inversion.
Only the locations of relevant rrn operons, equivalent to the
I-Ceul sites, are indicated inside the circular genome. First, only
inversions supporting tet selection occur, due to the designed
orientation of the ne and eo cassettes (see text). (B) Changes in
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(ii) I-Ceul
1 3.8
DB (2224) _q_ BO (2385)
"-::[cnuszs)
—  ==cJEO(1225)
BOUOSH = 0B 530)
GE (463) -
IV-em!, 5m, 40h
(iv) Notl
Probe:tet Probe:neo
B oM o1 2 3 M 1 2 3
e [
9.9:_ —
&.5__ 4 -—
44 = =
2= - = =]
10 . =
o - =
— —
te (3.0) e (3.6) ne (24) e (2.5

et(2.2) tet (1.6) eo (1.4) neo (1.3)

sizes of relevant fragments according to correct inversion
mutation. Lanes are labelled with the strain numbers, as defined
(A). (1) I-Ppol and I-Scel fragments obtained from the indicated
strains. The arrowheads indicating the fragments are the same
as described in (A). The calculated sizes of the fragments are
indicated to the right and are comparable with the Hansenula
wingei chromosomal makers run in lane M, the sizes of which are
indicated to the left of the photos. (ii) I-Ceul fragments resolved
by CHEF (right panel); relevant fragments are drawn schema-
tically in the left panel. H. wingei chromosomal marker was run
in lane M. (iii) Sfil fragments resolved by CHEF (right panel);
relevant fragments are drawn schematically in the left panel. All
26 Sfil fragments (AS-ZS) were named in reference (I3).
Concatemeric lambda DNA marker (48.5kb x n) was run in
lane M, with the sizes of the fragments listed on the right. (iv)
Alteration in sizes of cassettes due to intrachromosomal homo-
logous recombination. Calculated cassette size was provided by
Notl fragments identified through Southern hybridization using
the indicated probes. Lambda/HindIIl fragments were run in
lane M.
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141 [2]-14] [41-17)
b e

(141318, 3-8/ 1

Fig. 3. Growth of parental and inverted strains on LB
plates. Parental strains (left panel) and inverted strains (right
panel) were incubated at 37°C for 17 and 24h, respectively.
Genotypes of each strain are indicated: [1]-[4], [2]-[4], [4]-[7] and

A Single-inversion Mutant Constructed by te—et
System—Given these viable single inversion mutants,
we endeavoured to introduce additional inversion muta-
tions. First, to reuse the ne—eo system, we removed the
neo and e fragments at the inversion endpoints of
BEST5227 (10) by using gene-directed mutagenesis
(24). From the Nm-sensitive inv[3-8] mutant, we
obtained double-inversion mutants similar to those
described in the next section (data not shown).
However, removal of absolutely every sequence of the
antibiotic resistance genes was time-consuming and not
applicable for strains that unexpectedly lost competency.
We therefore constructed another inversion induction
apparatus by using a tet gene for rapid selection of
double-inversion mutants. The fe and et cassettes were
inserted in loci 3 and 8, monitored by using the linked
antibiotic resistance markers erm and phl and resulted
in the parental strain BEST21434 (Table 1). Similar to
the inv[3-8]N strain, inv[3-8]T mutant represented by
BEST21437 was isolated as a strain resistant to Tc. The
estimated frequency of inversion according to Tc resis-
tance, 1.0 +0.8 x 10~%/cell generation, was more than 10
times to that previously obtained through selection with
Nm (6.94 1.4 x 10~%/cell generation). This enhancement
is consistent with the nearly doubled length of the region
for intrachromosomal homologous recombination
(Fig. 2A): 1095 bp for te—et compared with 590 bp of ne—eo.

Isolation of Strains Acquiring Double Inversion—With
the availability of two inversion systems, we expected to
generate double-inversion mutants through consecutive
induction of inversion. Appropriate orientation (that is,
head-to-head) of the ne and eo (or te and et) in the
genome likely is vitally important; therefore, if one of
the endpoints of the second inversion is located within
the region altered in the first inversion, the orientation
of the cassette should be reversed from the beginning.
For double mutants arising from inv[3-8]T followed by
inv[1-4]N or inv([2-4]N, the eo cassette at locus 1 or 2 was
reversed compared with that of the parent for the
single-inversion mutant. The case of inv[3-8]T/[1-4]N

A. Kuroki et al.

[3]-[8] are parental strains of corresponding single inversions [1-4],
[2-4], [4-7] and [3-8], respectively. [1-4]/[3]-[8], [2-4]/[3]-[8], [3-8]/
[1]-[4], [3-8]/[2]-[41, [3-8]/[4]-[7] and [4]-[7]/[3-8] are parental strains
of corresponding double inversions harbouring single inversions.

(the genotype of the double-inversion mutant is defined
as such) is drawn in Fig. 2A, in which the two sets of
inversion apparatus are integrated in parental strain
BEST21441. Antibiotic selection by Tc (BEST21465)
followed by Nm gave rise to the double mutant
BEST21474. This strain formed small colonies (Fig. 3).
Similarly, the double-inversion mutant BEST21524
(inv[3-8]T/[2-4]N) was obtained by starting with
BEST21481 and shuttling through BEST21503
(Table 1). The genomic structure of the inversion
mutants was confirmed by restriction digestion with
I-Ppol, 1-Scel, I-Ceul, Notl and Sfil, followed by CHEF
electrophoresis (Fig. 2B).

Different Strains Acquiring the Double Inversion in
Different Order—Depending on the order of acquisition,
the two possible inversion patterns of regions [3]-[8] and
[1]-[4] yield strains with different genomic structures.
The parental strain BEST21586, in which ne and eo were
integrated at [4] and [1] in head-to-head orientation,
contained the te cassette at [3] in reverse orientation.
The double-inversion mutant BEST21598 (inv[1-4]N/
[3-8]T) was obtained by manipulating Nm-resistant
BEST21593 (inv[1-4]N). Similarly, BEST21581(inv
[2-4]N/[3-8]T) was isolated by starting from BEST21569
and shuttling through Nm-resistant BEST21575 (inv
[2-4]N). The genomic structures were verified by restric-
tion digestion with I-Ppol, I-Scel, I-Ceul, Notl and, Sfil,
and Southern hybridization confirmed the correct double
inversion (data not shown). The regions and orientations
of the inverted regions of mutants constructed in this
study are presented in Fig. 4. The different patchwork
structures clearly vary according to the order of acquisi-
tion, as mentioned in the legend to Fig. 4.

Double Parallel Inversion Mutant—We also attempted
sequential inversion of two regions that do not overlap,
designated as parallel inversion. In the present study,
only two such mutants (inv[3-8]T/[4-7]N and inv[4-7]N/
[3-8]T) were possible. Unlike the double-inversion
mutant described in the previous section, those gener-
ated through parallel inversion had no need for reversion

J. Biochem.
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Fig. 4. View of genome structure linearized at oriC locus.
The vertical axis represents the genome of wild-type (wt)
B. subtilis 168, and the horizontal axis represents the genomes
of the inversion mutants indicated. The positions of the genes in
the inversion mutants relative to that of the wt strain are drawn.
The dashed horizontal lines inside the box indicate the inversion

of one of the inserted cassettes, and these two mutants
should have the same genomic structure (Fig. 4). The
parental strain BEST21488 first generated inversion
mutant BEST21511 (selected by Nm) or BEST21513
(selected by Tc). Curiously, the number of colonies
selected after the second inversion was reduced by
more than 100-fold for both routes (data not shown).
We isolated two strains that met the four of five criteria
regarding genomic structure (described in MATERIALS AND
METHODS section); some deletions were found in both
strains outside the target region by Notl digestion and
CHEF electrophoresis (failure to meet the third criteria).
Therefore, we left out both strains from candidates.
Because the parental single-inversion mutants were
recombination-proficient and the antibiotic resistance
gene was regenerated correctly, the dramatic reduction
of the number of colony formation might be caused by the
structural constraints of the genome of the double
parallel inversion strains. The additional parallel
double-inversion mutants we have planned will help
answer this question.

DISCUSSION

The structure of the 4215kb B. subtilis genome can be
modified by (i) insertion of DNA from various non-
cognate sources (I-3, 5, 6, 16, 25), (ii) replacement with

Vol. 143, No. 1, 2008

endpoints, with their locations at the top. At the bottom, the
different genomic structures possible depending on the order and
region of the two inversion mutations are emphasized. As the
location of terC is away from the centre of horizontal axis,
the genomic asymmetry becomes higher.

DNA from genetically related strains (15, 26, 27),
(iii) multiplication (28-30) and (iv) deletion of dormant
lysogenic phages, and systematic inactivation of non-
essential genes (31, 32). These insertions and deletions
of DNA segments into or from the B. subtilis genome
increase or decrease the size of the genome and add or
remove genes that can affect gene networks and genetic
traits. In contrast, intrachromosomal rearrangement
such as inversion does not alter gene content.
Furthermore, inversion steps composed of homologous
recombination and the subsequent DNA replication
proceed all in in vivo environment. This genetic tech-
nique limits the manipulation of fragile giant DNAs in
solution. Therefore, inversion mutagenesis is suited to
genome-scale manipulation, an urgent need unveiled
during the construction of a B. subtilis-based chimeric
genome (5).

We extended the application of a prototype procedure
to induce inversion mutation in wild-type B. subtilis 168
(10) to additional regions of the B. subtilis genome and
obtained several viable inversion mutants. Both regions
whose endpoints both were located within a single
replichore and on opposite sides of the oriC-terC axis
could be inverted. These results encouraged us not only
to modify DNA fragments cloned into the BGM vector
but also to further adapt the B. subtilis 168 genome for
various aims. For example, two B. subtilis operons
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located in different replichores are being juxtaposed and
assembled by inversion mutation (R. Uotsu et al.,
unpublished data). Furthermore, using a te-et apparatus
in addition to ne—eo successfully yielded more compli-
cated genome structures (Fig. 4). The two systems we
have designed likely will facilitate rearrangement of
giant (Mb-range) DNA constructs. In particular, this
method could be applied to assemble the Synechocystis
PCC 6893 genome DNA fragments currently cloned as
three independent inserts into a single segment in BGM
vector (5).

The inversion mutants isolated in the present study
varied slightly in their growth rates. Regarding the
biological significance of inversion mutagenesis, the
apparent changes induced by inversion mutagenesis
can be allocated into two categories. In one category,
the orientation of genes in the inverted region is reversed
with respect to oriC if the inversion takes place in a
single replichore. Given the bias of gene orientation in
the genome, 75% of genes are located on the leading
strand (33); reverse orientation of a large proportion of
these genes could affect their expression and hamper
growth of B. subtilis. The inv[1-4], which exhibited
significantly slow growth, is classified into this category.
In the other category, the lengths of two replichores
divided by the oriC—terC axis altered if the inversion
takes place around the axis. The genomic symmetry
around the oriC-terC axis is important for optimal cell
growth, and naturally isolated inversion strains of
diverse genera show symmetrical genomic structure
(34). The inv[3-8]/[1-4], which exhibited significantly
slow growth, is classified into this category. Though
inv[3-8]/[4-7] and inv[4-7]/[3-8] are classified into neither
categories, these strains harbouring expected genome
structures were not obtained. This result implies that
complete double parallel inversions might be lethal due
to some unknown constraints of their genome structures.
We currently are creating additional viable inversion
mutants that cover the entire B. subtilis genome region
to facilitate a comprehensive, qualitative comparison of
their biological traits.
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