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ABSTRACT The 4,188-kb circular genome of Bacillus
subtilis 168 was artificially dissected into two stable circular
chromosomes in vivo, one being the 3,878-kb main genome and
the other the 310-kb subgenome that was recovered as co-
valently closed circular DNA in CsCl-ethidium bromide ul-
tracentrifugation. The minimal requirements to physically
separate the 310-kb DNA segment out of the genome were two
interrepeat homologous sequences and an origin of DNA
replication between them. The subgenome originated from the
1,255-1,551-kb region of the B. subtilis genome was essential
for the cell to survive because the subgenome was not lost from
the cell. The finding that the B. subtilis genome has a potential
to be divided and the resulting two replicons stably main-
tained may shed light on origins and formation mechanisms
of giant plasmids or second chromosomes present in many
bacteria. Similar excision or its reversal process, i.e., integra-
tion of large sized covalently closed circular DNA pieces into
the main genome, implies significant roles of subgenomes in
the exchange of genetic information and size variation of
bacterial genomes in bacterial evolution.

The bacterial chromosome structure has been thought to be
stably maintained under constant environments (1), although
some plasticity tolerating DNA rearrangements such as inver-
sion, deletion, and duplication has been reported (2-4). There
are several bacteria that have a second chromosome (chro-
mosome II) (5-7) or megabase-sized plasmids (7-11), although
the origins and dynamics of their formation mechanisms are
not clear, and the discrimination of plasmids from second
chromosomes has not been well defined. Meanwhile there are
numerous examples that DNA pieces shuttle between an
autonomously replicating state and an integrated form in the
host genome. Well known examples are, the genome of
Escherichia coli phage lambda that exists in two states, one the
lysogenic state, and the other the state showing lytic cycle (12)
and the F-factor that shuttles between the Hfr and episome
forms (13).

B. subtilis 168, an endospore forming gram-positive soil
bacterium, has a single 4,188-kb circular genome whose struc-
ture is considered to be stably maintained (1, 14). This
bacterium carries no indigenous plasmid although there are a
number of foreign plasmids capable of replication in this host
(15, 16). In this study we show evidence that a 310-kb genomic
DNA segment of this bacterium can be excised and replicate
as an independent replicon from the genome. The established
covalently closed circular form of DNA was found in the cell
and its presence was essential for the cell to grow. We propose
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to term the autonomously replicating entity a subgenome of
bacteria.

MATERIALS AND METHODS

Bacterial Strains and Plasmids. B. subtilis 168 trpC2 was
obtained from the Bacillus Genetic Stock Center (Columbus,
OH). All the BEST strains in this report are derived from this
by integration of antibiotic resistance markers. The Sfil-NotI
physical map (14) of the B. subtilis 168 genome and the I-Ceul
map, equivalent to the ribosomal RNA gene operon (rrn) map
(17) are described in Fig. 1. Preparation and transformation of
E. coli JA221 (F~ hsdR hsdM™* trp leu lacY recAl, ref. 14)
competent cells were done by the method of Mandel and Higa
(19). Protocols for preparation and transformation of compe-
tent B. subtilis cells were described (14). Luria—Bertani broth
(20) was used for growth of E. coli, and Luria-Bertani and
antibiotic medium 3 (Difco) for B. subtilis. Nutritional require-
ments for B. subtilis were tested using Spizizen plates with
appropriate amino acids (21). Bacteria were grown at 37°C in
all media.

pNEXT33 and pNEXT41 (the NotI-linking clones carrying
Notl site at 1,255 and 3,791 kb, respectively) were described
previously (14, 22). In this study we used two truncated
neomycin resistance gene alleles; one carries a deletion at the
C terminus (ne), while the other carries a deletion at N
terminus (eo). Construction of pBEST518 that carries the [ne]
cassette and pBEST524B that carries the [eo] cassette was
described previously (23).

The [ne] and [eo] gene cassettes used in this study were
prepared from pBEST518 and pBEST524B. Briefly, the 2.4-kb
[ne] cassette composed of a (ne) segment (1.1 kb) and the
spectinomycin resistance gene (spc, 1.3 kb), the 1.4-kb [eo]
cassette composed of a (eo) segment (0.79 kb) and the
blasticidin S resistance gene (bsr, 0.6 kb) were excised with
Notl from pBEST518 and pBEST524B, respectively. The [ne]
cassette and the [eo] cassette were inserted into the NotI sites
of pNEXT33 and pNEXT41, respectively, resulting in
pNEXT33FA and pNEXT41GB.

The oriN sequence is the replication origin of a 70-kb
low-copy number plasmid pLS32 obtained from a B. natto
strain (24). Plasmid pBET131 (14.3 kb) is composed of an
oriN-carrying 7-kb BamHI segment from pLS32, 5.4-kb
pUH101 (a pBR322 derivative plasmid carrying the chloram-
phenicol resistance gene), and a 1.9-kb fragment carrying the
tetracycline resistance gene (T.T., Y. Ohshiro, and M. Ogura,
unpublished work). To integrate pBET131 in the BEST5018
genome, a pBR322 sequence was first created at 1,375 kb of the
BEST5018 genome. The pBR322 sequence marked with eryth-
romycin resistance gene of BEST2124 (25) was transferred to
the 1,375-kb site of BEST5018 by transformation, resulted in
BEST4170 (SpcR, BSR, pPBR322::EmR at 1,375 kb). BEST4173
(Fig. 1) was obtained from BEST4170 by replacement of the

Abbreviation: cccDNA, covalently closed circular DNA.
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FiG. 1. Sfil-Notl-1-Ceul map of the B. subtilis 168 genome. The physical map of the 4,188-kb B. subtilis genome for Notl (inner circle), Sfil (outer
circle), and I-Ceul map (equivalent of the rrn map) is shown. The sizes of the I-Ceul fragments >100 kb are shown by arcs with two arrowheads.
The loci of oriC and terC have been determined (14, 18). Strain BEST4173 has the [ne] cassette at 1,255 kb, the [eo] cassette at 1,551 kb, and the
oriN (closed circle) at 1,375 kb of the physical map as described in the materials and methods section. The spectinomycin resistance gene (spc)
included in the [ne] cassette and the blasticidin S resistance gene (bsr) in the [eo] cassette are shown. The 300-kb DNA segment (1,255-1,551 kb)

is shown by double arcs.

erythromycin marker with the cat-oriN-tet array of pBET131.
BEST4173, selected by chloramphenicol and tetracycline,
showed erythromycin sensitive.

Plasmid transformants of E. coli were selected by tetracy-
cline, 15 pug/ml; chloramphenicol, 5 wg/ml; spectinomycin, 100
wpg/ml; and ampicillin, 100 ug/ml. Transformants of B. subtilis
were selected by chloramphenicol, 5 pg/ml; blasticidin S, 500
pg/ml; tetracycline, 15 ug/ml, and spectinomycin, 50 ug/ml.

In Vitro DNA Manipulations. Endonucleases and T4 DNA
ligase were obtained from Toyobo (Osaka), except for Sfil and
I-Ceul from New England Biolabs, NotI from Takara Shuzo
(Kyoto), and I-Scel from Boehringer Mannheim.

Preparation of B. subtilis Chromosomal DNA and Southern
Hybridization. Intact unsheared chromosomal DNA for con-
tour-clamped homogeneous electric field gel electrophoretic
analysis was prepared in agarose plugs as described previously
(1, 14, 18). Running conditions are described in the Fig. 3.
Chromosomal DNA for analysis by conventional gel electro-
phoresis was prepared by a liquid isolation method (26).
Agarose gel (1.0% wt/vol) in TBE solution (50 mM
Tris-borate, pH 8.0/1.0 mM EDTA) was used for conventional
gel electrophoresis at room temperature. After electrophoresis
the DNA was stained in ethidium bromide solution (600
ng/ml) for 15 min and photographed. Southern hybridization
experiments using a nonradioactive labeling nucleotide,
digoxigenin-11-dUTP (Boehringer Mannheim), were done
according to the supplier’s manual. Isolation of the 310-kb
subgenome was performed by lysis of the host cell, followed by
centrifugation of the total lysate in a CsCl gradient in the
presence of ethidium bromide (Fig. 3a).

RESULTS

Isolation of the B. subtilis Mutant Carrying a Subgenome.
We have developed a method that allows isolation of B. subtilis
mutants bearing a rearrangement of a specific DNA segment
of the genome (23, 27). The method employs intrachromo-

somal homologous recombination between two truncated
neomycin resistance gene alleles (indicated as [ne] and [eo] in
Fig. 1) integrated at the ends of the DNA region to be
rearranged. Integration of the [ne] cassette at 1,255 kb was
done by transformation of linearized pNEXT33FA, selecting
for spectinomycin resistance transformant BEST2161. Inte-
gration of the [eo] cassette at 1,551 kb of the BEST2161
genome was similarly done using linearized pNEXT41GB.
BESTS5018 was obtained as blasticidin S resistant transformant
of BEST2161. Presence and orientation of the [ne] and [eo]
cassettes in the BEST5018 genome was verified by Southern
hybridization using both plasmids as probes (data not shown).
Strain BESTS5018 did not produce a spontaneous neomycin-
resistant recombinants.

To test if about 300-kb genomic segment (1,255-1,551 kb)
can be established as an autonomous replicon, strain
BEST4173 was constructed from BEST5018 as described in
Materials and Methods. Presence of the [ne], [eo], and oriN of
BEST4173 shown in Fig. 1 was verified by Southern hybrid-
ization experiments using pNEXT33FA, pNEXT41GB, and
pBET131 as probes (data not shown). It was expected that a
recombinational event occurring between the common 590-bp
homologous region of the integrated [ne] and [eo] sequence
(shown by X in Fig. 2) excises the 300-kb segment out of the
genome and gives rise to the functional neomycin resistance
gene [neo] that renders the cell neomycin resistant. A number
of neomycin-resistant colonies were obtained from a
BEST4173 culture. We investigated one neomycin-resistant
strain, BEST4175, to determine if it bore two circular DNAs
as expected; one main genome composed of 3,878 kb and the
other 310-kb subgenome.

Purification and Characterization of the Subgenome. The
subgenome was verified to have the expected structure by the
following two observations: (i) The cccDNA obtained from
strain BEST4175 by CsCl-ethidium bromide ultracentrifuga-
tion (Fig. 3a) was recovered gently to avoid physical shearing
and subjected to Notl digestion. It gave six Notl fragments
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F16.2. How to excise a 300-kb genomic DNA of the B. subtilis and
make it replicate autonomously. Enlargement of the 1255-1551-kb
region of the BEST4173 genome (Left), a hypothetical intermediate of
the intrachromosomal recombination (md Middle), and BEST4175
(Right) genome. The intact neomycin resistance gene [neo] was formed
by reciprocal homologous recombination shown by X between a
590-bp common region in the [ne] and [eo]. BEST4173 was neomycin
sensitive and the strain that established the subgenome (BEST4175)
were obtained by resistance to neomycin (5 ug/ml). The spectinomycin
resistance gene (spc) included in the [ne] cassette and the blasticidin
S resistance gene (bsr) in the [eo] cassette that render BEST4173 and
BEST4175 spectinomycin resistance (Sp*) and blasticidin S resistance
(BS*) are omitted in the figure. The chloramphenicol resistance (Cm?")
and tetracycline resistance (Tc") are linked to the oriN sequence. See
the details in Materials and Methods. The [ne] fragment has two I-Scel
sites at its both ends shown by “I”” in rectangles. Upon recombination
one I-Scel site is allotted to the subgenome and the other remains in
the main genome, so that I-Scel linearizes both the main and subge-
nomes as seen in Fig. 3c. The 310-kb DNA contains five Notl
fragments, 120 kb (11N), 85 kb (20N), 84 kb (21N), 14 kb (oriN), and
7kb. The subgenome has an additional 2.4-kb NotI fragment generated
by the recombination. The rate of generation of neomycin-resistant
cells in the BEST4173 culture was estimated to be ~10~7 per cell per
cell division at 37°C.

(shown in Fig. 3b) with sizes expected to be included in the
subgenome as indicated in Fig. 2. (if) The two unique I-Scel
recognition sites at both ends of the [ne] allele (Fig. 2) should
be allotted to the two genomes if the subgenome is formed in
the predicted manner shown in Fig. 2, and therefore I-Scel
endonuclease should cleave the BEST4175 genome into two
linear forms. As shown in Fig. 3¢, two I-Scel fragments, one
with a size of ~310 kb and the other beyond the size markers,
were obtained from BEST4175 DNA. Both I-Scel fragments
were isolated from the gel and digested with NotI. The Notl
digestion profiles presented in Fig. 3d show that the 310-kb
DNA was identical to the cccDNA and the large fragment had
the structure of the main genome lacking the six Notl frag-
ments. These results indicated that the 310-kb fragment au-
tonomously replicates as a circular form in BEST4175.

The Main Genome Structure. Structure of the main genome
was further studied by using I-Ceul endonuclease. According
to the I-Ceul map of the B. subtilis genome, the DB fragment
includes the 310-kb region (see Fig. 1). Theoretically, excision
of the 310-kb segment renders the 2,220-kb DB fragment
shorter by 310 kb. Digestion of the BEST4173 and BEST4175
DNAs with I-Ceul produced the same banding patterns except
the DB fragment as shown in Fig. 3e. As expected, the DB
fragment of the BEST4175 genome showed a net 310 kb
decrease, an equivalent to the size of the subgenome that
remained as cccDNA and was not visible in the gel of Fig. 3e.

Genetic Stability of the Subgenome. Digestion of the total
DNA of BEST4175 with NotI or Sfil gave the similar banding
pattern and intensity of DNA fragments as those of the
BEST4173 DNA (data not shown). There was no gross dif-
ference in growth rates of BEST4173 and 4175 when cultured
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in Luria—Bertani or synthetic media at 37°C, or observed by
colony size on the plate with or without antibiotics, indicating
few segregational event, if any. These observations suggested
the presence of the two genomes at 1:1 ratio. For the genetic
stability of the subgenome, six hundred BEST4175 colonies
formed after >25 generations without any antibiotic selection
were tested for the three markers, one (neomycin resistance)
for the main genome, and the other two (chloramphenicol and
spectinomycin resistance) for the subgenome. No colony had
lost these markers. This indicates that subgenome-free-cell did
not appear and is consistent with the observation that no
neomycin-resistant cell was produced from strain BEST5018
that lacks the oriN sequence. In contrast to the stability of the
BEST4175 subgenome, the cell carrying only the oriN plasmid,
pBET131, produced plasmid-free cells at a rate of 10% after
10 generations (T.T. & M. Ogura, unpublished data). From
these observations we conclude that the 310-kb DNA segment
is indispensable for strain BEST4175. This is the first example
that the bacterial genome has been physically separated into
two replicons and both are stably maintained as the main
genome and the subgenome.

We propose to define subgenome as independent replicons
that derive from the host genome having essential gene(s). It
is discriminated from large-sized plasmids or second chromo-
somes often found in many bacteria (5-11), based on their a
priori presence. The subgenome described above probably
lacks the fer function. The main genome retains the terC
sequence (28), and probably it functions despite of the short-
ened right half of the BEST4175 genome by 300 kb. Although
it is not clear whether the subgenome has a fortuitous func-
tional terminator, the successful isolation of a B. subtilis terC
deletion mutant suggests that the fer sequence may not be
required for B. subtilis genome (29).

DISCUSSION

It is possible in principle to dissect long genomic DNA segment
by homologous recombination between two DNA repeats
located at both ends. To our surprise the establishment of as
long as 300 kb of the genomic DNA as an independent replicon
requires only an origin of DNA replication and two direct
homologous repeats as short as 590 bp. Homologous stretches
are ubiquitous in bacterial genomes such as rrn operons (3, 17,
30), transposable elements (31), and short repeated sequences
(32). Origin (-like) sequences could be generated by duplica-
tion of oriC itself, by internal cryptic origins (33) or lysogenic
prophages (our unpublished observations), and they may be
provided by infections, horizontal transfer mechanisms, or
fusions from natural environment (34). These situations imply
that bacterial genomes have a potential to divide if both ori and
repeated sequences are present in the same genome. If so,
subgenomes (even plasmids or second chromosomes) could
likely be formed by natural genome surgery as an entity
adapting to a physiological niche of the host bacteria.

Our present result raised a number of other interesting
questions that remained to be demonstrated, for example (i)
how (large or small) and which region of the genome can be
separated from the main genome? (if) how many subgenomes
can the bacterial genome provide? (iii) how does regulation of
gene expression change in different genomes? (iv) do subge-
nomes reintegrate in different loci of the main genome? (v) can
the subgenome become a unit to transfer between species? In
addition our method allows the isolation of specific regions of
the genome as a supercoiled form in CsCl-ethidium bromide
centrifugation, thus providing a large DNA of interest in a pure
form. This method may make it possible to transfer large DNA
segments to various other bacterial species.

The B. subtilis genome seems so plastic as to tolerate
alteration of large inversions (4, 23, 27) and excision (this
study). The genome surgery to cause excision of specific



Microbiology: Itaya and Tanaka

(@ ()

®
®

(kb) ,‘

436.5
3395
— cccDNA 2425
145.5
485

I-Scel digestion

—

(b)

o, 24 2.4 kb)

18 h.

Notl digestion

Proc. Natl. Acad. Sci. USA 94 (1997) 5381

(e) g
)
B¢
[I-Ceul digestion_|
(kb)
DB
large (2220)
DB
small (1910)
BO (1037)
GE (466)
ED (306)
62
AT+WI 63
480's,
3 V/em,
60 h.
(kb)
194
— 1455
97
485
23
9.6

F1G. 3. Isolation and characterization of the 310-kb subgenome. (a) A total DNA lysate gently prepared from 10-ml cultures of BEST4173 and
BEST4175 were centrifuged in a CsCl-ethidium bromide gradient at 140,000 X g for 18 hr in the vertical rotor using Beckman L-80 ultracentrifuge.
Only the BEST4175 sample gave an extra band that was subsequently recovered, desalted and destained by extensive dialysis against TE solution
(10 mM Tris'HCI, pH 8.0/1 mM EDTA). (b) The cccDNA sample was digested with NotI and resolved by pulsed-field gel electrophoresis. The
cccDNA gave rise to six Notl segments that are predicted in Fig. 2. (¢) I-Scel digestion of BEST4175 DNA gave two linear DNA fragments in
pulsed-field gel electrophoresis. The large and small DNAs were isolated and subjected to Notl digestion. Concatemeric lambda DNA (48.5 X n
kb) was used as size markers. (d) The small I-Scel fragment gave Notl fragments identical to those of the cccDNA. The 7- and 2.4-kb NotI fragments
were verified for their presence in a separate experiment (data not shown). A NotI digest of the large I-Scel fragment was resolved in pulsed-field
gel electrophoresis and found to be composed of the genomic Notl fragments lacking the subgenome fragments, as shown by the comparison with
the NotI fragments of BEST4173 DNA in the next lane. Concatemeric lambda DNA (48.5 X n kb) and HindIII digested lambda DNA are size
markers. (e) Total DNAs from BEST4173 and BEST4175 were digested with I-Ceul. The DB fragment derived from the I-Ceul sites in the rrnD
and rrnB operons shown in Fig. 1. In BEST4175 only the 2,220-kb DB fragment was shortened to the 1,910-kb band, which verifies that the main
genome carried a deletion of a DNA segment with the size equivalent to the subgenome. The subgenome remained as circular DNA and did not
enter the gel. Specific running conditions for pulsed-field gel electrophoresis, pulse time, voltages, and running time are shown in each figure.

genomic DNA segment can be in principle applicable to other
bacteria and may provide an experimental approach leading to
a hypothetical bacterium with a minimal genome (35).
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