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An integrable plasmid, pOK4, which replicated independently in Escherichia coli was constructed for
generating transcriptional fusions in vivo in Bacillus DNA. It did not replicate independently in Bacillus
subtilis, but it could be made to integrate into the chromosome of B. subtilis if sequences homologous to
chromosomal sequences were inserted into it. It had a selectable marker for chloramphenicol resistance and
carried unique sites for EcoRI and SmaI just to the 5' side of a promoterless alpha-amylase gene from Bacillus
licheniformis. When B. subtilis DNA fragments were ligated into one of these sites and the ligation mixture was
used to transform an alpha-amylase-negative B. subtilis strain, chloramphenicol-resistant transformants could
be isolated conveniently. Many of these were alpha-amylase positive, owing to the fusion of the plasmid amylase
gene to chromosomal operons. In principle, because integration need not be mutagenic, it is possible to obtain
fusions to any chromosomal operon. The site of each integration can be mapped, and the flanking sequences
can be cloned into E. coli. The alpha-amylase gene can be used to detect regulated genes. We used it as an
indicator to detect operons which are DNA-damage-inducible (din), and we identified insertions in both SPI3
and PBSX prophages.

Gene fusions are powerful tools for the analysis of gene
expression in both procaryotic and eucaryotic organisms.
Genetic regulatory mechanisms are frequently difficult to
study because the gene products under their immediate
control cannot be conveniently assayed. If the control se-
quences of a gene of interest are fused to an indicator gene
whose products can be easily detected and assayed but
which lacks its own control sequences, then the activity of
the control sequences under study can be assayed by mon-
itoring the expression of the indicator gene product. Such
fusions can be used, with minimal perturbation of the
system, to assay responses to environmental stimuli, to
follow developmental programs, or to examine the effects of
different genetic backgrounds on gene expression.

It is an advantage to be able to obtain sets of strains in
which an indicator gene has been inserted randomly in a
genome. Such sets of gene fusions can be screened for
responses to a variety of signals, facilitating the identifica-
tion and characterization of particular regulated genes. Fu-
sions have been particularly useful in mapping and cloning
genes and in isolating mutations affecting the regulation of
genes into which the insertions have been made.

In bacteria, randomly generated gene fusions are usually
isolated by using transposons. Natural transposons have
been adapted for this purpose so that they carry an indicator
gene at one end which can be expressed only by readthrough
from adjacent sequences after insertion in the target DNA.
Several transposons, e.g., Mu, Tn3, and TnS, have been
adapted for this purpose in Escherichia coli and other
gram-negative bacteria, e.g., Salmonella typhimurium,
Vibrio parahaemolyticus, Caulobacter crescentus, and
Agrobacterium tumefaciens (2, 5, 11, 22, 40). In gram-
positive bacteria, the transposon Tn917 of Streptococcus
faecalis (44) has been transferred to Bacillus subtilis (50) and
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adapted so that gene fusion technology can be applied to the
latter organism (for a review, see reference 51). It has
already proved valuable in analyzing the processes of
sporulation and competence (23, 51).
We investigated the use of homolgous recombination

rather than transposition in the generation of gene fusions in
B. subtilis. This was done by using integrating plasmids,
which cannot replicate autonomously in B. subtilis, but
which can integrate into the chromosome if they carry a
fragment with homology to a chromosomal sequence. Such
integrating plasmids have been previously used in B. subtilis
analogously to transposons in a number of ways, e.g., for
insertional mutagenesis (12, 31), gene cloning (31), and gene
mapping (16, 33). They can be made to integrate at a specific
chromosomal site, and they have been used to create specific
translational fusions between lacZ and genes on the B.
subtilis chromosome (4, 54).
We constructed an integrating plasmid system which can

be used conveniently as an alternative to transposons in the
creation and analysis of transcriptional fusions in B. subtilis.
It carries chloramphenicol resistance as a selectable gene,
and it also carries the alpha-amylase gene from Bacillus
licheniformis as an indicator. The promoter of the alpha-
amylase gene was removed, and two unique cloning sites
were placed just to the 5' side of the ribosome-binding site.
When random B. subtilis chromosomal restriction fragments
were ligated into one of these sites and the ligation mixture
was used to transform an amylase-negative strain of B.
subtilis, chloramphenicol-resistant transformants were re-
covered. These arose as a result of recombination between
the B. subtilis chromosome and homologous sequences
cloned in front of the promoterless alpha-amylase gene on
the plasmid. Owing to transcriptional readthrough from the
chromosomal sequences, some of the transformants ex-
pressed alpha-amylase, and this could be easily detected on
plates by the very sensitive starch-iodine test. This plasmid
could be used to isolate and analyze regulated genes, e.g.,
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TABLE 1. Phage and bacterial strains and plasmids

Plasmid Genotype Source or
or strain reference

Plasmid
pSA33 Cmr Kmr amy+ 34
pOK33 Cmr Apr 33
pUC8 Apr 46
pBD64 Cmr Kmr 13a

E. coli
5K supEfhuA thr leu thi hsdR 19

B. subtilis 168
S0113 trpC2 amy-3 34
S0241 recE4 amy-3 S. Ortlepp
BD393 thyA thyB Iys amy trpC2 14
TSDNA-A13 dnaA13 ilvAl metBS BGSC 1A18
QB832 catA argC4 hisAl pha-l BGSC 1A151
QB858 glyB133 metDI BGSC 1A84
QB934 trpC2 metC3 glyB133 tre-12 BGSC lA5 (9)
YB886 trpC2 metBS xin-l SPWs amy BGSC 1A304 (49)

B. subtilis W23
SB623 thr BGSC 2A1

Bacteriophage
PBS-1 42

genes which are induced in reponse to DNA damage (din
[damage inducible]).

MATERIALS AND METHODS

Bacteriophage and bacterial strains and plasmids. All
strains and plasmids are listed in Table 1.
Media. E. coli and B. subtilis were grown routinely at 37°C

on LB broth or agar (29). When appropriate, the media
contained chloramphenicol, either 5 ,g/ml for B. subtilis or

10 ,ug/ml for E. coli. Plates contained 0.2% starch, and
amylase activity was detected by the presence of an

unstained halo after the plates were flooded with 0.5% I2-1%
KI. If plates were drained quickly, E. coli colonies survived;
B. subtilis colonies were often washed away, necessitating
duplicate plates. Duplicates were made by transferring col-
onies individually with a loop; replication with a velvet pad
caused haloes to overlap and become less reproducible. The
catA marker was scored by halo size on LB plates containing
1% skim milk powder (a 10% stock solution of skim milk
[Oxoid Ltd., London, England] was warmed to 50°C before
being added to molten LB agar which had been allowed to
cool to 50°C). Auxotrophic markers were checked on SS
minimal agar plates (1) supplemented with 0.4% glucose and
0.005% of appropriate amino acids or thymidine.

Construction of promoterless amylase gene and pOK4. The
3.5-kilobase (kb) EcoRI fragment of pSA33 (34) has an NdeI
site just to the 5' side of the ribosome-binding site of the B.
licheniformis alpha-amylase gene (41). This fragment was

cut with NdeI, treated with the Klenow fragment of E. coli
DNA polymerase I to create blunt-ended termini, and ligated
to BamHI linker (5'-pCGGATCCG-3'). The resulting frag-
ment was cut with BamHI and HindIII and inserted into the
multiple cloning site of pUC8, which had also been cut with
BamHI and HindIll, producing pSL5. The promoterless
alpha-amylase gene was excised from pSL5 as an EcoRI-
HindIII fragment and ligated to the large EcoRI-HindIII
fragment of pOK33, which carries an E. coli origin of
replication (from pBR322) and the Cmr gene of pC194 (33);

the resulting plasmid, pOK4 (Fig. 1), had a Cmr Amy'
phenotype in E. coli. The Amy' phenotype was probably
due to readthrough from a plasmid promoter. The 5' end of
the promoterless alpha-amylase gene was sequenced. It had
the sequence expected from the construction, with EcoRI,
SmaI, and BamHI sites and an in-phase stop codon just to
the 5' side of the ribosome-binding site (Fig. 2).

Transduction and transformation. Transductions with
PBS-1 were performed as previously described (33). B.
subtilis competent cells were prepared and transformed as
previously described (8), except that cells were not quick-
frozen before being stored at -70°C, and they were plated on
LB-chloramphenicol plates within 30 min of the addition of
transforming DNA in order to favor the recovery of inde-
pendent transformants. E. coli competent cells were pre-
pared and transformed as described before (6), except that
cultures were grown in LB broth to an optical density at 550
nm of 0.3 before being made competent.
DNA preparation. Small-scale preparations of plasmids for

restriction or transformation were obtained essentially as
described previously (3), except that a phenol extraction and
a chloroform-isoamyl alcohol (24:1) extraction were in-
cluded before the second ethanol precipitation. Large-scale
preparations of plasmids required for cloning purposes were
further purified by CsCl-ethidium bromide density gradient
centrifugation (25).

B. subtilis chromosomal DNA was prepared from log-
phase cells essentially by the method of Rodriguez and Tait
(36), except that, after ethanol precipitation, proteinase K
(0.1 mg/ml) was added to the solution to aid the dissolution
of the DNA.
Enzymes. Restriction enzymes and T4 DNA ligase were

obtained from Boehringer Mannheim Biochemicals, Indian-
apolis, Ind., and used as recommended. When the digestion
of certain DNA preparations was difficult, the preparations
were incubated on ice for 5 min with 4 mM spermidine
before enzyme was added. In ligations, 2 jig of chromosomal
DNA were reacted to approximately 2 pug of linearized
plasmid in a 50-RIl volume. Nick translations were performed
with an Amersham kit (Amersham Corp., Arlington Heights,
Ill.).

Southern blotting. DNA was transferred from a 0.5%
agarose gel to a Pall Biodyne nylon membrane (Pall Corp.,
Glen Cove, N.Y.), and hybridizations were performed as
recommended by the manufacturer essentially by the
method of Southern (39).
Amylase assays and mitomycin C induction. Cells from an

overnight culture of the strain to be assayed were centri-
fuged for 1 min at 12,000 x g and resuspended in an equal
volume of fresh LB broth. Samples (2 ml) of this suspension
were used to inoculate 100 ml of fresh medium in duplicate.
When both cultures were growing exponentially (optical
density at 600 nm, 0.2 to 0.5), 0.1 ,ug/ml of mitomycin C was
added to one of the cultures. Samples (1.5 ml) were removed
from both cultures immediately and at 2-h intervals thereaf-
ter, and the supernatants were stored on ice for up to 24 h
before being assayed for alpha-amylase.

High-temperature alpha-amylase was assayed by measur-
ing the production of reducing sugars from starch at 90°C,
always in duplicate. Assay tubes contained 1 ml of 0.1 M
Na2HPO4-NaH2PO4 buffer (pH 6.0), 1 ml of 1% Lintner
starch, and 0.2 ml of 0.5 M NaCl preheated to 90°C. Culture
supernatant (0.5 ml; diluted in culture medium if necessary)
was added to each tube. The tubes were incubated at 90°C
for 30 min. They were cooled quickly, and the amount of
reducing sugar was assayed by using dinitrosalicylic acid
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FIG. 1. Construction of pOK4. The alpha-a
pSA33 (34) was separated from its promoter and I
described in Materials and Methods, to give pS:
less alpha-amylase from pSL5 was then insertes
Restriction sites: R, EcoRI; N, NdeI; P, PstI, H,
M, BamHI; C, ClaI. E, Origin of replication of 1

(28). One unit of enzyme activity was defin
of enzyme producing 0.15 ,umol of reducini
in the standard assay.

RESULTS
Generation of transcriptional fusions um

plasmid pOK4 (Fig. 1) used for generatin
fusions carried the Cmr gene from pC194
selected in both E. coli and B. subtilis (18).:
autonomously in E. coli but not in B. subtli
structural gene for the high-temperature alp
B. licheniformis (34), with only 30 base pz

Smal
GAATTCCCGGTCILCGTATGTTTCACATj
Er&RI lmHl

GAGGAGAATC ATG AAA
met lys

FIG. 2. Sequence of the 5' end of the pi
amylase gene. The sequence at the 5' end of the
was determined by the dideoxy method (37). T
shown are from the multiple cloning site of
separated from the start of the alpha-amylase gei
which contain the ribosome-binding site sequenc
in the same frame as the start codon.

TABLE 2. Transformants from DNA from different restriction
digests

Size Cmr Auxotrophs Amy +Enzyme (kb)a transformantsb (%)C (%)d

AluI 0.5 22 0 68
HaeIII 0.5-2 49 2.0 69
RsaI 0.5-2 166 3.0 72
Hindll 1-15 501 1.8 73

a Determined by electrophoresis on agarose gels.
b A 1-,ug amount of ligation mixture was used in each of the four transfor-

mations.
c Colonies were classified as auxotrophs by inability to grow on SS medium

supplemented with tryptophan.
d Determined by the presence of a halo after overnight growth on LB-

chloramphenicol-starch plates.

pOK33 (4.8kb) the upstream 5' flanking region. This upstream region in-

M R cluded the amylase ribosome-binding site and an in-phase
E Cm stop codon (Fig. 2) (41) and was, in turn, preceded by uniqueEcoRI and SmaI cloning sites. The stop codon should

prevent the formation of translational fusions. The B.
lichenformis amylase gene does not have enough homology
to the B. subtilis amylase gene to allow pOK4 to integrate
into the latter gene; when pOK4 was used to transform
competent cells of B. subtilis, no chloramphenicol-resistant
transformants were obtained.
To generate a range of operon fusions, digests of B.

(6.8 kb) subtilis DNA were prepared by using AluI, HaeIII, RsaI,
and HindII, restriction enzymes which produce blunt-ended

R fragments. Each of the digests was ligated to pOK4 which
had been linearized with SmaI in an approximate ratio of 1: 1.
A 1-,ug amount of each ligation mixture was used to trans-

tmylase gene from form competent cells of B. subtilis S0113, which is amy-,
ligated to pUC8, as and after 30 min were allowed for expression, chloramphen-
L5. The promoter- icol-resistant transformants were selected by plating on
d into pOK33 (33). LB-chloramphenicol agar. A total of 738 transformants was
Hindlll; S, SmaI; obtained (Table 2). More transformants were obtained when
pBR322. larger chromosomal fragments were used, as expected if the

limiting factor in the frequency of transformation is the
ed as the amount efficiency of homologous recombination (26).
g sugar in 30 min Integration by the Campbell mechanism (Fig. 3) (10) is

expected to cause mutations if the integration is mediated by
a fragment which is internal to an operon, and other mech-
anisms may also cause mutations (31; see below). One

sing pOK4. The measure of the frequency of mutation by an integrating
kg transcriptional plasmid population is the frequency with which auxotrophs
4, which can be are generated. Approximately 2% of all the transformants
It could replicate which were obtained were auxotrophs (Table 2).
'lis. It carried the Amylase expression. The 738 transformants obtained from
)ha-amylase from the different ligation mixtures were screened for amylase
airs remaining of activity by spotting the transformants directly onto LB-

starch plates (Fig. 4). Some (28%) of the transformants
showed no haloes after iodine staining. This is as expected if
the alpha-amylase gene had integrated in the opposite orien-

tAopGG tation to the direction of transcription. The remainder (72%)
Stop displayed haloes which varied greatly in size. Some were

nearly 1 cm in diameter, whereas others showed small but
definite haloes which were just larger than the colony. The
range of different levels of activity suggested that pOK4 had
integrated at different sites, with the promoterless alpha-

romoterless alpha- amylase gene coming under the control of a selection of
promoterless gene different chromosomal promoters. That 72% of all trans-
pUC8. These are formants produced detectable levels of amylase after over-
ne by 30 base pairs night growth on plates was surprising. If only one strand of
;e and a stop codon the chromosomal DNA is transcribed at any one point, then

no more than 50% of the transformants are expected to

I l r
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FIG. 3. (A) Mutagenic Campbell-type integration of a recombi-
nant pOK4 into the B. subtilis chromosome. The recombinant
plasmid derived from pOK4 is shown as closed circular and carrying
a piece of B. subtilis DNA (_) inserted just upstream from the
promoterless alpha-amylase gene (amy). The homologous sequence
on the B. subtilis chromosome is also shown (_). Integration by
homologous recombination results in disruption of the chromosomal
structural gene. The integrated alpha-amylase can be transcribed
(arrow shows direction of transcription) from the chromosomal gene
promoter (P). E, Origin of replication of pOK4. (B) Nonmutagenic
Campbell-type insertion. The fragment cloned on pOK4 is shown to
contain the 5' end and promoter (P) of a B. subtilis chromosomal
gene. Integration does not lead to disruption of the chromosomal
gene. Neither would the gene be disrupted if the fragment cloned
contained the 3' end of the gene.

produce any amylase. To confirm that the figure of 72% was
not spurious, caused perhaps by picking up mixed colonies
from the original plates, 110 transformants were streaked for
single colonies and 73 (66%) had an Amy' phenotype.
Possible reasons for the high number ofAmy' transformants
are considered below.
The alpha-amylase gene of B. licheniformis is subject to

catabolite repression, both in its natural host and when
cloned on a multicopy plasmid in B. subtilis (S. A. Ortlepp,
Ph.D. thesis, University of Dublin, Dublin, Ireland, 1983).
The 83 chromosomal insertions of the promoterless alpha-
amylase gene which we tested are also catabolite repressed,
as judged by the differences in the sizes of the haloes when
the insertion strains are plated on LB and LB plus glucose
(B. Laoide, C. O'Kane, and D. J. McConnell, unpublished
observations). These observations need to be confirmed by
more detailed studies. The observations are interesting be-
cause they imply that the promoterless amylase gene on
pOK4 may retain all the cis-acting sequences necessary for
its catabolite repression and that the repression is indepen-

FIG. 4. Plate tests for alpha-amylase activity of colonies carrying
insertions of pOK4. A total of 54 strains of B. subtilis carrying
insertions were plated on LB-starch-chloramphenicol agar without
(A) and with (B) 0.05 jig mitomycin C added per ml. After growth,
the plates were stained with iodine. The photographs show that 37 of
the insertion strains produced some amylase. One of the din
insertions, S0113::pOK4/542, is shown with arrows.

dent of the promoter used and of the promoter position. The
mechanism of this repression is currently being investigated.
Recovery of fusions to regulated operons. It is possible to

use the sensitive and convenient plate test for amylase
activity to screen for transformants in which the gene has
been placed by fusion under a regulatory system which can
be manipulated by adjusting the growth conditions on the
plates. Several DNA-damaged-inducible (din) functions are
induced during the SOS-like response of B. subtilis (known
as the SOB response) to DNA-damaging agents such as
mitomycin C (24, 48). It seemed likely that there would be
one or more din operon fusions in the bank of transformants
which had been generated.

Accordingly, the collection of 738 pOK4 insertions was
screened for colonies in which amylase synthesis was in-
duced by mitomycin C. Colonies were spotted on LB agar
with or without mitomycin C (0.05 pug/ml), and two showed
a marked difference in expression as judged by halo size
(Fig. 4 and 5). These colonies, designated S0113::pOK4/542
and S0113::pOK4/1128, were both obtained from the trans-
formation in which HindII chromosomal fragments were
used.

Characterization of insertion 542. S0113: :pOK4/542
formed slow-growing translucent colonies on LB plates and
began to lyse after four or five generations of growth in LB
broth. The recE4 marker ofB. subtilis abolishes the SOS-like
response to agents which damage DNA (24). This marker
was tested as follows for its effect on the expression of
alpha-amylase in a strain carrying the 542 insertion. First the
insertion was transduced into B. subtilis BD393 (a
thyA thyB auxotroph) by using bacteriophage PBS-1 select-

FIG. 5. SOB induction of amylase in different derivatives of
insertions 542 and 1128. The strains were plated on LB-starch-
chloramphenicol agar without (A) or with (B) mitomycin C (0.05
,ug/ml). Strains: a, S0113(pBD64); b, BD393::pOK4/1128 (a thy'
recE4 transductant); c, S0113::pOK411C; d, S0113::pOK411C
(a xin-l transductant); e, S0113::pOK4/1128; f, BD393::pOK4/542
(a thy' recE4 transductant); g, BD393::pOK4/542 (a thy' trans-
ductant).
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FIG. 6. Hybridization of pOK4 DNA to restriction digests of
S0113::pOK4/1128 and S0113::pOK4/542 chromosomal DNA.
Chromosomal DNA was digested with EcoRI (R), Hindlll (H), BclI
(B), ClaI (C), or PstI (P). The autoradiograph is shown after
hybridization to nick-translated pOK4. After longer exposure, a
2.3-kb ClaI fragment and a 2.2-kb HindIll fragment were detected in
the S0113::pOK4/542 DNA. The PstI digest of S0113::pOK4/1128
DNA was a partial digest, as was shown in further digests.

ing for Cmr. All Cmr transductants showed induction of
amylase by mitomycin C and formed slow-growing translu-
cent colonies. One such transductant was called
BD393::pOK4/542. The recE4 marker was transduced from
S0241 into BD393::pOK4/542 by taking advantage of the
linkage of recE4 and thyA. Thy' transductants were selected
on LB-chloramphenicol plates lacking thymidine, and those
having recE4 were detected by testing for sensitivity to
mitomycin C. The recE4 allele reduced but did not eliminate
the constitutive alpha-amylase activity as judged by plate
tests. It did not eliminate the phenotypes of slow growth and
lysis.
Thymidine starvation, which prevents DNA replication,

also induces the SOS response in E. coli and the SOB
response in B. subtilis (13, 15, 21). Streaking BD393::pOK4/
542 on plates without added thymidine caused the inoculum
to synthesize enough amylase for a halo to be visible after 6
to 8 h, even though no growth was visible (data not shown).
When streaked on plates with thymidine, there was growth
but no halo after 6 to 8 h. Clearly, amylase production was
induced by thymidine starvation. Unfortunately, it was not
possible to perform any assays on liquid cultures of strains
carrying 542 because of the difficulty of getting good growth.
The 542 insert was mapped by using PBS-1 transduction to

perform four-point crosses between SO113: :pOK4/542 as the
donor and TSDNA-A13 as the recipient selecting for Cmr. A
total of 45 Cmr transductants were screened for other
markers. Of these, 23 were trp+ met' ilv+, 7 were trp+ met-
ilv+, 11 were trp+met- ilv-, and 4 were trp- met' ilv+.
These data give 76, 60, and 9% cotransduction of Cmr with
the ilvAl, metB5, and trpC2 markers, respectively. The
deduced marker order is Cmr, ilvAl, metB5, trpC2. These
data place insertion 542 in the region of the SP, prophage
(53) of B. subtilis 168.
There are three reasons which suggest that 542 may be an

insertion in SPP. SP, is induced as part of the SOB re-
sponse; 542 maps to the vicinity of the SP, locus; and the
strain carrying the 542 insertion lyses spontaneously. The
542 insertion may have affected some function which is
necessary for the stable maintenance of lysogeny of the
prophage.

Southern blots of five different restriction digests of DNA
from a thyA+ recE4 transductant of BD393: :pOK4/542
probed with nick-translated pOK4 gave no evidence for
multiple copies of the pOK4 insert (Fig. 6). All the enzymes
used cut pOK4 once; therefore, two bands in each digest are
expected to hybridize to a pOK4 probe if there is only one
copy of the insert in the chromosome. A third band would
indicate the presence of tandem copies. Four tracks showed
two bands, and two (for the EcoRI and PstI digests) showed
only one. In the latter two cases, the lengths of homology to
the pOK4 probe in the second chromosomal fragment were
expected to be short (7 and about 117 base pairs, respec-
tively) and were apparently below the level of detection (Fig.
7). A restriction map of the insert and flanking DNA,
deduced from the blotting data, is shown in Fig. 7. There is
no evidence from this map that the integration occurred by a
Campbell-type event. This is considered further in the Dis-
cussion section.

Characterization of insertion 1128. The insertion 1128 in
the second din operon fusion in S0113::pOK4/1128 was
tightly linked to the metDl, glyB133, and catA markers (55,
87, and 92% cotransduction by PBS-1 of Cmr with these
markers, respectively). The mapping data (not shown) place
the insertion between glyB and metD. No genes known or
likely to be under SOB control map in this region.

Strain BD393::pOK4/1128, carrying insertion 1128 and the
recE4 marker, was constructed by the same procedure as for
insertion 542. The recE4 marker completely abolished all
amylase production, as judged by the plate test (Fig. 5) and
the liquid assays. The liquid assay also showed no induction
of amylase by mitomycin C in this strain. Amylase was
induced by thymidine starvation of BD393::pOK4/1128, as
detected on plates and in liquid assays (data not shown).
These two pieces of data showed that insertion 1128 was
probably fused to an SOB operon.
To characterize this fusion further, it was cloned into E.

coli by selecting simultaneously for the pBR322 origin of
replication and Cmr. Chromosomal DNA from S0113::pOK/
1128 was partially digested with HindIII (which cuts pOK4
once) and ligated on itself. The ligation mixture was used to
transform E. coli 5K selecting for Cmr and screening for
Amy'. The Cmr Amy' transformants which were obtained
contained either plasmid pOK411A or pOK411B. BamHI
restriction digests showed that the plasmids probably con-
sisted of pOK4 and approximately 7 and 9 kb, respectively,
of additional DNA. pOK411A consisted of five HindIII
fragments of 5.1, 3.8, 2.2, 1.5, and 1.3 kb. pOK411B con-
sisted of five HindIII fragments of 5.1, 3.8, 3.1, 2.2, and 1.5
kb. These data suggest that the two plasmids consist of
pOK4 and overlapping segments of flanking chromosomal
DNA. The two largest fragments of pOK411A were shown
to hybridize to nick-translated pOK4 in Southern blots (data
not shown). When a blot of HindIll-digested chromosomal

542

C.OFP C B3H R P H C
IIIIIII I N I I .I I I~~~~~~~~~~~~~~~~~~~~

c (HI e P C BH RH P B C
1128

FIG. 7. Restriction maps of the DNA of inserts 542 and 1128 and
flanking B. subtilis chromosomal DNA. The restriction maps for 542
(above the line) and 1128 (below the line) were based on the
Southern blot shown in Fig. 6. _, pOK4 (6.8 kb). The abbrevia-
tions are as in the legend to Fig. 6. The brackets indicate that the
order of the sites is not clear from the data.
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TABLE 3. SOB inducibility of alpha-amylase in strains carrying
insertion 1128

Amylase activitya
Strain

Uninduced Induced

S0113 <4 <4
S0113 (pSA33) 147 185
S0113: :pOK4/1128 <4 214
S0113: :pOK411C <4 78
S0113: :pOK411C C (xin-1 <4 <4

transductant)
BD393 <4 <4
BD393: :pOK4/1128 (thy' recE4 <4 <4

transductant)
YB886 <4 <4
YB886::pOK411C <4 <4

a Log-phase cultures were grown for 2 h in the presence or absence of
mitomycin C before the supernatants were assayed. Values are units of
amylase activity per milliliter per unit of cells at an optical density of 600 nm.
The minimum detectable level of activity in the assay was equivalent to 4
units.

DNA from S0113::pOK4/1128 was probed with pOK4, two
bands of the same size as these two largest bands hybridized
(Fig. 6). The hybridization patterns of five restriction digests
of S0113::pOK4/1128 chromosomal DNA gave no evidence
(for the same reasons discussed for the case of S0113::
pOK4/542) for multiple copies of the integrated plasmid (Fig.
6). The restriction map (Fig. 7) of the DNA of the insertion
in S0113::pOK4/1128 did not show evidence for the direct
flanking repeats expected from a Campbell-type integration
event. This is considered further in the Discussion section.

Since insertion 1128 did not map in the vicinity of any
genes known to be under SOB control, the possibility that
pOK4 had picked up two chromosomal fragments in the
original ligation was investigated. One fragment might me-
diate the SOB response, and the other might mediate the
integration event, resulting in a spurious map position for the
SOB promoter. This possibility was checked as follows. A
HaeIII digest of pOK411B was ligated to pOK4 linearized
with SmaI. The ligation mixture was then digested with
SmaI to linearize any pOK4 which had recircularized (but
not pOK4 which had been ligated to a HaeIII fragment
without a SmaI site) and then used to transform E. coli 5K.
Plasmid DNA was prepared from 14 Cmr transformants and
used to transform B. subtilis S0113. Cmr transformants were
selected and tested for SOB induction of alpha-amylase.
Four of the 14 plasmids gave transformants which showed
SOB induction of amylase; all four had the same restriction
digest pattern with BamHI and were apparently identical.
One of the four plasmids was designated pOK411C. It
consisted of a 600-base-pair fragment in pOK4. The Cmr
markers in four isolates of S0113, each of which had been
transformed independently by pOK411C, were mapped by
PBS-1 transduction. In each case, Cmr mapped to the metC3
region (52% cotransduction) and not in the vicinity of
glyB133 where insertion 1128 had been mapped before.
There is an "operon" in the metC3 region which is likely

to be inducible by SOB. This is the defective prophage
PBSX (43). To discover whether pOK411C contained DNA
from PBSX, supernatant from a culture of B. subtilis
S0113::pOK411C induced with mitomycin C was tested for
killing activity by spotting 5 ,ll onto a lawn of the PBSX-
sensitive strain B. subtilis W23. PBSX adsorbs to this
strain and kills it but does not inject its DNA (32).
S0113::pOK411C was found to produce no killing activity,
unlike its parent strain S0113 or S0113::pOK4/1128, the

supernatants of which killed W23 equally effectively, pro-
ducing clear zones on the lawn. This was good evidence that
pOK411C integrates in the PBSX genome, disrupting some
function required for the production of killing activity.

Further evidence that pOK411C integrates in PBSX was
obtained from the effect of the xin-J mutation which specif-
ically blocks induction of PBSX and is one of the mutations
which define the PBSX locus (43). pOK411C was used to
transform B. subtilis YB886 xin-J. Cmr transformants were
selected and tested for alpha-amylase production with and
without mitomycin C. All YB886::pOK411C Cmr transform-
ants showed low levels of amylase, but none showed induc-
tion by mitomycin C. Thus, the xin-J mutation which blocks
SOB induction of PBSX also blocks SOB induction of the
amylase from pOK411C, suggesting that pOK411C inte-
grates in PBSX. This conclusion was tested further by
investigating whether the apparent effect of the xin-J muta-
tion blocking the SOB induction of amylase in
YB886::pOK411C cotransduces with Cmr. The Cmr gene
was transduced by PBS-1 from YB886::pOK411C xin-J into
S0113 xin+. Of the transductants, 10% showed induction of
amylase by mitomycin C but 90% did not, indicating that the
uninducible phenotype and Cmr are closely linked in
YB886::pOK411C and suggesting that the uninducible phe-
notype is indeed caused by the xin-J mutation.
The levels of expression of high-temperature alpha-

amylase and the degree of induction by mitomycin C in
liquid culture were measured for various strains. The cells
were grown for 2 h in the presence or absence of 0.1 ,ug of
mitomycin C per ml, and samples were assayed at 90°C as
described above. The results show that the original recom-
binant strain S0113(pSA33) carrying the amylase gene
cloned on the multicopy plasmid pBD64 had a high basal
level of activity which was not significantly affected by
mitomycin C (Table 3). The fusion strains SO113::pOK4/
1128 and S0113::pOK411C had no detectable activity in the
liquid assay in the absence of mitomycin C and had high
levels, similar to those in S0113(pSA33), when mitomycin C
was present. Several strains showed no high-temperature
alpha-amylase activity in the presence or absence of
mitomycin C, including S0113, BD393, and YB866, which
are Amy-. The effect of recE4, which blocks SOB-inducible
gene expression, is seen in the result for the thyA+ recE4
transductant of BD393-pOK4/1128 which has no detectable
activity in the presence or absence of mitomycin C. The
xin-J mutation has a similar effect, there being no measur-
able activity with or without mitomycin C for YB886::
pOK411C and the xin-J transductant of S0113::pOK411C.
These data taken together are convincing evidence that
pOK411C inserts into a tightly regulated SOB-inducible
operon in the PBSX genome.

DISCUSSION

We described a method using the plasmid pOK4 for
generating gene fusions in B. subtilis in vivo by homologous
recombination. The system is versatile. As with previously
described integrating plasmids used in B. subtilis (12, 16, 31,
33), pOK4 can be used for insertion mutagenesis, gene
mapping, and gene cloning. In addition, it can be used to
isolate and analyze transcriptional fusions and to study gene
regulation, making use of the promoterless alpha-amylase
gene as an indicator. The only system of comparable versa-
tility presently available in B. subtilis is based on the
transposon Tn917. There are a number of differences be-
tween the pOK4 and Tn917 systems.
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First, it should be possible to fuse the promoterless
alpha-amylase gene to any site in chromosomal DNA where
a double-stranded break can be made. Blunt-ended frag-
ments, which can be produced by many different methods
essentially at any site, can be inserted in the SmaI site of
pOK4; by using a variety of restriction enzymes or other
methods for breaking DNA, it should be possible to generate
insertions into any B. subtilis operon. Because the fusions
are generated by homologous recombination, the probability
of inserting into a particular operon should depend primarily
on the size of that operon. This expectation contrasts with
the apparently more extreme site specificity of insertion
mediated by Tn917. In one study, 90% of the auxotrophs
recovered were glutamate requirers (50).

Second, in contrast to insertion by transposition, which is
usually mutagenic, random insertion of integrating plasmids
is less likely to cause mutation. Insertion of a transposon is
mutagenic unless it inserts near the 3' end of an operon or
outside an operon. On the other hand, if the integrating
plasmid carries a chromosomal fragment which contains
either end of an operon, integration by a single crossover
event will not be mutagenic (Fig. 3) (54). It may even be
possible to tune the system to favor either mutagenic or
nonmutagenic insertion by using chromosomal fragments of
different sizes in the ligation reactions; larger fragments are
more likely to contain one end of an operon. Preliminary
data, using the frequency of auxotrophs as a measure of
mutagenesis from experiments which used fragments of
different sizes in the ligations and which might have been
expected to show this effect of size on mutagenesis (Table 2),
did not show statistically significant differences in the pro-
portion of auxotrophs produced. Apart from the small num-
bers involved, there are a number of other possible factors to
take into account in explaining these data. (i) The size
distribution of chromosomal fragments on plasmids which
successfully transform is not expected simply to reflect the
size distribution of chromosomal fragments in the digest
used in the ligation. Integrating plasmids with longer lengths
of homology to DNA in the recipient cell are known to
transform more efficiently, presumably because the proba-
bility of recombination is greater (26). The factors behind
this observation (in the study cited, the homologous se-
quences were on a resident plasmid) will be a source of bias
against insertions mediated by small fragments. (ii) There
may also be a bias against larger fragments similar to that
encountered in cloning random fragments in B. subtilis (27).
(iii) If auxotrophic operons are on average very long in B.
subtilis, and the trp operon is estimated to be 6 kb in length
(17), the use of longer fragments in the range which success-
fully transforms may not greatly decrease the probability
that any fragment will contain an internal fragment of such
an operon. (iv) A proportion of the auxotrophic transform-
ants may have arisen by a double crossover involving the
chromosome and a circular or linear ligation product con-
taining at least one plasmid molecule flanked by two chro-
mosomal fragments (31); the frequency and the dependence
on fragment size of such events are difficult to predict. In
general, however, because integration of pOK4 plasmids
need not be mutagenic (Fig. 3B), we expect that it should be
possible to use pOK4 to isolate fusions to essential genes
without undue difficulty, provided there is an effective
method for screening.

Third, the method of generating Tn9J7-lac fusions can
lead to the recovery of multiple colonies which arise from a
single transposition event (50). This is not expected to occur
with the integrating plasmid method.

Fourth, the pOK4 integrating plasmid carries the alpha-
amylase gene as an indicator instead of the ,-galactosidase
of the transposons derived from Tn917. In our hands, in B.
subtilis the starch-iodine plate test for alpha-amylase seems
to be more sensitive than either the X-Gal (5-bromo-4-
chloro-3-indolyl-3-D-galactoside) or methylumbelliferyl-P-D-
galactoside plate tests for ,-galactosidase. This might partly
reflect the difference in half-lives for the two enzymes;
high-temperature alpha-amylase has a half-life of approxi-
mately 48 h in culture supernatants of B. subtilis (Ortlepp,
Ph.D. thesis), whereas P-galactosidase has a very short
half-life (J. Errington, personal communication). However,
although alpha-amylase is a sensitive measure of accumu-
lated enzyme levels, it is less suited than 3-galactosidase for
measurements of rates of synthesis over short time periods.
Some of the strains examined gave no detectable amylase

in the liquid assay (Table 3) but gave small haloes in the plate
assay (Fig. 4 and 5). This is presumably owing to the effect
of accumulated synthesis and activity of the enzyme during
overnight growth on plates compared with 2 h of growth in
dilute liquid culture followed by a 30-min incubation for the
liquid assay.
A possible disadvantage of using alpha-amylase as an

indicator gene is that many strains of B. subtilis in general
use are Amy', including any of the Dedonder mapping-kit
strains (9) which we have examined. During this work, it was
discovered unexpectedly that strains BD393 and YB886 are
amy-, which was convenient. In practice, it is easy to
transfer the amy- marker into other B. subtilis strains
carrying the amy+ gene by congression (cotransformation);
about 3% of transformants selected for transformation by a
marker not linked to amy are found also to have been
transformed to Amy- (34). Although it is necessary to do
initial screens on plates in an Amy- host, liquid assays at
high temperature do not detect the low-temperature B.
subtilis alpha-amylase, which facilitates some experiments
in Amy' hosts.
The main reason for caution in using the pOK4 system is

the possibility that insertions in the vector may be mapped to
spurious positions on the chromosome, owing either to the
ligation of more than one chromosomal fragment to the same
plasmid molecule or to the occurrence of homologous se-
quences at a number of chromosomal locations. For inser-
tion 1128 in which the initial map position was misleading,
such homologous sequences might include the sequences of
related cryptic or defective prophages. This problem of
spurious mapping is, however, easily checked once the DNA
of the insertion has been cloned into E. coli and subclones
are used to redirect integration into the B. subtilis chromo-
some.
The Southern blots (Fig. 6) and the restriction maps (Fig.

7) of the chromosomal DNA around the site of integration of
1128 and 542 do not show whether integration occurred by
Campbell-type events (Fig. 3). For both insertions, the
flanking direct repeats characteristic of such integrations
may have been either too short or too long to have been
detected. For 1128, there is the added complication that
some of the restriction sites mapped may have been derived
from a different chromosomal location than the site of
integration, thus obscuring the pattern of restriction sites
generated by direct repeats.
The fact that 70% of the insertions produced detectable

levels of alpha-amylase after overnight growth on plates is
surprising and interesting. It suggests that much of the B.
subtilis chromosome is transcribed on both strands to some
extent at some stage of the growth cycle during growth on
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LB plates. Many of the haloes are small, but they are quite
clear. It is interesting to speculate that this evidence of
symmetrical transcription may be related to the phenomenon
of regulation by anti-sense RNA, for which there is now
good evidence in other systems (7, 30, 38, 45). However, at
this stage we must be cautious. It is possible that the
alpha-amylase gene is so sensitive an indicator that it detects
low-level transcriptional noise which has no specific biolog-
ical significance. In an earlier study, a promoter probe was
used on a very well defined transcriptional system, coliphage
T7, and low-level transcription was detected from weak
promoters for which there is no known function (47).

In this paper, the use of the integrating plasmid system in
analyzing gene regulation was demonstrated for the SOB (or
din) genes, which are expressed after DNA is damaged. It
has previously been shown that gene fusions can be useful in
the study of din operons by using a Mu d lac phage in E. coli
(20) and the transposon Tn917 in B. subtilis (23). Using
pOK4, two strains, SO113::pOK4/542 and S0113::pOK4/
1128, carrying insertions were isolated in which alpha-
amylase was strongly induced by mitomycin C. The evi-
dence shows that both had insertions in prophages, in SP,B
and PBSX, respectively. The plasmids pOK411A, B, and C
may be valuable in analyzing the PBSX prophage. This is a
defective prophage whose DNA has not yet been character-
ized. The fact that both 524 and 1128 insertions were in
prophages probably reflects two things. First, the SP,
genome is about 120 kb, so that prophages together repre-
sent at least 3% of the B. subtilis genome (52). Since all genes
of a prophage may be induced in the SOB response (directly
by cleavage of a phage repressor protein or indirectly
through the expression of late genes), insertions of the
alpha-amylase gene at many points in prophage genomes will
produce a strain with SOB-inducible alpha-amylase. The
prophages are, therefore, large targets compared with other
SOB-inducible genes. Second, the SOB respnse of an alpha-
amylase gene in a prophage may be large because it probably
results not only from induction of gene expression from
phage promoters but also from gene amplification during
DNA replication of the phage. The two strains were indeed
chosen for study because the response was so high, more
than 50-fold in the case of 1128 and its derivatives (Fig. 4 and
5; Table 3). We have not determined whether the SOB
induction of amylase in these two strains is due mainly to
activation of transcription or to increased copy number
through phage DNA replication. The fact that induction in
strain S0113::pOK4/1128 occurs when the insertion is not in
the PBSX locus suggests that in this case there is a strong
effect on transcription.
The operon fusion system based on pOK4 should be

directly applicable in any species into which the plasmid
DNA can be introduced efficiently, which is proficient in
homologous recombination, and in which the alpha-amylase
gene can be expressed and the enzyme can be secreted. As
an additional caveat, nonhomologous recombination should
not occur at a significant rate relative to homologous recom-
bination. For the shotgun approach described here to be
used effectively, it is probably necessary to be able to obtain
about 103 independent transformants (which we obtained in
these experiments) to detect fusions to members of a class of
coordinately regulated genes and at least 104 independent
transformants to detect a fusion to a particular gene. We
achieved 104 transformants in transformations with a ligation
mixture containing an integrating plasmid and an EcoRI
digest of B. subtilis chromosomal DNA (unpublished re-
sults). The alpha-amylase gene of B. licheniformis used in

pOK4 is expressed in B. subtilis and E. coli and detected in
both species in the plate test. Indeed, it is normally found
that gram-positive genes are expressed effectively in many
gram-positive and gram-negative species. It is possible that
pOK4 may be useful for generating gene fusions in other
species without much or any adaptation.

ACKNOWLEDGMENTS

We gratefully acknowledge many valuable discussions with Kevin
Devine, Barbara Dowds, Frank Ollington, and Terek Schwarz.

This work was supported by grants from the National Board for
Science and Technology of Ireland and by Biocon Ltd. to D.M.

LITERATURE CITED
1. Anagnastopoulos, C., and J. Spizizen. 1961. Requirements for

transformation in Bacillus subtilis. J. Bacteriol. 81:741-746.
2. Bellofatto, V., L. Shapiro and D. A. Hodgson. 1984. Generation

of a Tn5 promoter probe and its use in the study of gene
expression in Caulobacter crescentus. Proc. Natl. Acad. Sci.
USA 81:1035-1039.

3. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

4. Bouvier, J., P. Stragier, C. Bonamy, and J. Szuhmajster. 1984.
Nucleotide sequence of the spoOB gene of Bacillus subtilis and
regulation of its expression. Proc. Natl. Acad. Sci. USA
81:7012-7016.

5. Casadaban, M. J., and S. N. Cohen. 1979. Lactose genes fused
to exogenous promoters in one step using a Mu-lac bacterio-
phage: in vivo probe for transcriptional control sequences. Proc.
Natl. Acad. Sci. USA 76:4530-4533.

6. Cohen, S. N., A. C. Y. Chang, and L. Hsu. 1972. Nonchromo-
somal antibiotic resistance in bacteria: genetic transformation of
Escherichia coli by R-factor DNA. Proc. Natl. Acad. Sci. USA
69:2110-2114.

7. Coleman, J., P. J. Green, and M. Inouye. 1984. The use ofRNAs
complementary to specific mRNAs to regulate the expression of
individual bacterial genes. Cell 37:429-436.

8. Contente, S., and D. Dubnau. 1979. Characterization of plasmid
transformation in Bacillus subtilis: kinetic properties and the
effect of DNA conformation. Mol. Gen. Genet. 167:251-258.

9. Dedonder, R. A., J.-A. Lepesant, J. Lepesant-Kejzlarova, A.
BiUault, M. Steimnetz, and F. Kunst. 1977. Construction of a kit
of reference strains for rapid genetic mapping in Bacillus subtilis
168. Appl. Environ. Microbiol. 33:989-993.

10. Duncan, C. H., G. A. Wilson, and F. E. Young. 1978. Mecha-
nism of integrating foreign DNA during transformation of Ba-
cillus subtilis. Proc. Natl. Acad. Sci. USA 75:3664-3668.

11. Engebrecht, J., M. Simon, and M. Silverman. 1985. Measuring
gene expression with light. Science 227:1345-1347.

12. Ferrari, F. A., A. Nguyen, D. Lang, and J. A. Hoch. 1983.
Construction and properties of an integrable plasmid for Bacil-
lus subtilis. J. Bacteriol. 154:1513-1515.

13. Freifelder, D., and E Levine. 1972. Stimulation of nuclease
activity by thymine starvation. Biochem. Biophys. Res. Com-
mun. 46:1782-1787.

13a.Gryczan, T., S. Contente, and D. Dubnau. 1980. Molecular
cloning of heterologous chromosomal DNA by recombination
between a plasmid vector and a homologous resident plasmid in
Bacillus subtilis. Mol. Gen. Genet. 177:459-467.

14. Gryczan, T. J., and D. Dubnau. 1982. Direct selection of
recombinant plasmids in Bacillus subtilis. Gene 20:459-469.

15. Haas, M., and H. Yoshikawa. 1969. Defective bacteriophage
PBSH in Bacillus subtilis. I. Induction, purification, and phys-
ical properties of the bacteriophage and its deoxyribonucleic
acid. J. Virol. 3:233-247.

16. Haldenwang, W. G., C. D. B. Banner, J. F. Ollington, R. Losick,
J. A. Hoch, M. B. O'Connor, and A. L. Sonenshein. 1980.
Mapping a cloned gene under sporulation control by insertion of
a drug resistance marker into the Bacillus subtilis chromosome.
J. Bacteriol. 142:90-98.

J. BACTERIOL.



RANDOM TRANSCRIPTIONAL FUSIONS IN B. SUBTILIS

17. Henner, D. J., L. Band, and H. Shimotsu. 1984. Nucleotide
sequence of the Bacillus subtilis tryptophan operon. Gene
34:169-177.

18. Horinouchi, S., and B. Weisbium. 1982. Nucleotide sequence
and functional map of pC194, a plasmid that specifies inducible
chloramphenicol resistance. J. Bacteriol. 150:815-825.

19. Hubacek, J., and S. W. Glover. 1970. Complementation analysis
of temperature-sensitive host-specificity mutations in Esche-
richia coli. J. Mol. Biol. 50:111-127.

20. Kenyon, C. J., and G. C. Walker. 1980. DNA-damaging agents
stimulate gene expression at specific loci in Escherichia coli.
Proc. Natl. Acad. Sci. USA 77:2819-2823.

21. Korn, D., and A. Weisbach. 1962. Thymineless induction in
Escherichia coli K12 (lambda). Biochim. Biophys. Acta
61:775-790.

22. Lee, J.-H., L. Heffernan, and G. Wilcox. 1980. Isolation of
ara-lac gene fusions in Salmonella typhimurium LT2 by using
transducing bacteriophage Mu d(ApT lac). J. Bacteriol.
143:1325-1331.

23. Love, P. E., M. J. Lyle, and R. E. Yasbin. 1985. DNA-damage-
inducible (din) loci are transcriptionally activated in competent
Bacillus subtilis. Proc. Natl. Acad. Sci. USA 82:6201-6205.

24. Love, P. E., and R. E. Yasbin. 1984. Genetic characterization of
the inducible SOS-like system of Bacillus subtilis. J. Bacteriol.
160:910-920.

25. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratories,
Cold Spring Harbor, N.Y.

26. Michel, B., B. Niaudet, and S. D. Ehrlich. 1983. Intermolecular
recombination during transformation of Bacillus subtilis compe-
tent cells by monomeric and dimeric plasmids. Plasmid 10:1-10.

27. Michel, B., E. Pala, B. Niaudet, S. D. Ehrlich. 1980. DNA
cloning in Bacillus subtilis. III. Efficiency of random-segment
cloning and insertional inactivation vectors. Gene 12:147-154.

28. Miller, G. L., R. Blum, W. E. Glennon, and A. L. Burton. 1960.
Measurement of carboxymethylcellulase activity. Anal.
Biochem. 1:127-132.

29. Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratories, Cold Spring Harbor, N.Y.

30. Mizuno, T., M.-Y. Chou, and M. Inouye. 1984. A unique
mechanism regulating gene expression: translational inhibition
by a complementary RNA transcript (mic RNA). Proc. Natl.
Acad. Sci. USA 81:1966-1970.

31. Niaudet, B., A. Goze, and S. D. Ehrlich. 1982. Insertional
mutagenesis in Bacillus subtilis: mechanism and use in gene
cloning. Gene 19:277-284.

32. Okamoto, K., J. A. Mudd, J. Mangan, W. M. Huang, T. V.
Subbiah, and J. Marmur. 1968. Properties of the defective
phage of Bacillus subtilis. J. Mol. Biol. 34:413-428.

33. O'Kane, C., B. A. Cantweli, and D. J. McConnell. 1985. Map-
ping of the gene for endo-0-1,3-1,4-glucanase of Bacillus subti-
lis. FEMS Microbiol. Lett. 29:135-139.

34. Ortlepp, S. A., J. F. Ollington, and D. J. McConnell. 1983.
Molecular cloning in Bacillus subtilis of a Bacillus licheniformis
gene encoding a thermostable alpha-amylase. Gene 23:267-276.

35. Piggot, P. J., C. A. M. Curtis, and H. de Lencastre. 1984. Use of
integrational plasmid vectors to demonstrate the polycistronic
nature of a transcriptional unit (spoIIA) required for sporulation
of Bacillus subtilis. J. Gen. Microbiol. 130:2123-2136.

36. Rodriguez, R. L., and R. C. Tait. 1983. Recombinant DNA
techniques: an introduction. Addison Wesley Publishers Ltd.,
London.

37. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

38. Simons, R. W., and N. Kleckner. 1983. Translational control of
IS10 transposition. Cell 34:683-691.

39. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

40. Stachel, S. E., G. An, C. Flores, and E. W. Nester. 1985. A Tn3
lacZ transposon for the random generation of P-galactosidase
gene fusions: application to the analysis of gene expression in
Agrobacterium. EMBO J. 4:891-898.

41. Stephens, M. A., S. A. Ortlepp, J. F. Ollington, and D. J.
McConnell. 1984. Nucleotide sequence of the 5' region of the
Bacillus licheniformis a-amylase gene: comparison with the B.
amyloliquefaciens gene. J. Bacteriol. 158:369-372.

42. Takahashi, I. 1963. Transducing phages for Bacillus subtilis. J.
Gen. Microbiol. 31:211-217.

43. Thurm, P., and A. J. Garro. 1975. Isolation and characterization
of prophage mutants of the defective Bacillus subtilis
bacteriophage PBSX. J. Virol. 16:184-191.

44. Tomich, P. K., F. Y. An, and D. B. Clewell. 1980. Properties of
erythromycin-inducible transposon Tn917 in Streptococcus
faecalis. J. Bacteriol. 141:1366-1374.

45. Tomizawa, I. 1984. Control of ColEl plasmid replication: the
process of binding of RNAI to the primer transcript. Cell
38:861-870.

46. Vieira, J., and J. Messing. 1982. The pUC plasmids, an
M13mp7-derived system for insertion mutagenesis and sequenc-
ing with synthetic universal primers. Gene 19:259-268.

47. West, R. W., Jr., D. J. McConnell, and R. L. Rodriguez. 1980.
Isolation of E. coli promoters from the late region of bacterio-
phage T7 DNA. Mol. Gen. Genet. 180:439-447.

48. Yasbin, R. E. 1977. DNA repair in B. subtilis. I. The presence of
an inducible system. Mol. Gen. Genet. 153:211-218.

49. Yasbin, R. E., P. I. Fields, and B. J. Andersen. 1980. Properties
of Bacillus subtilis 168 derivatives freed of their natural pro-
phages. Gene 12:155-159.

50. Youngman, P. J., J. B. Perkins, and R. Losick. 1983. Genetic
transposition and insertional mutagenesis in Bacillus subtilis
with Streptococcus faecalis transposon Tn917. Proc. Natl.
Acad. Sci. USA 80:2305-2309.

51. Youngman, P. J., P. Zuber, J. B. Perkins, K. Sandman, M. Igo,
and R. Losick. 1985. New ways to study developmental genes in
spore-forming bacteria. Science 228:285-291.

52. Zahler, S. A. 1982. Specialized transduction of Bacillus subtilis,
p. 269-305. In D. Dubnau (ed.), The molecular biology of the
bacilli. Academic Press, Inc., New York.

53. Zahler, S. A., R. Z. Korman, R. Rosenthal, and H. E. Hemphill.
1977. Bacillus subtilis bacteriophage SP,: localization of the
prophage attachment site, and specialized transduction. J. Bac-
teriol. 129:556-558.

54. Zuber, P., and R. Losick. 1983. Use of a lacZ fusion to study the
role of the spoO genes of Bacillus subtilis in developmental
regulation. Cell 35:275-283.

981VOL. 168, 1986


