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Expression of Antibiotic Resistance Genes
from Escherichia coli in Bacillus subtilis
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Summary. Bifunctional recombinant plasmids were con-
structed, comprised of the E. coli vectors pBR322, pBR325
and pACYC184 and different plasmids from Gram-positive
bacteria, e.g. pBSU161-1 of B. subtilis and pUB110 and
pC221 of S. aureus. The beta-lactamase (bla) gene and the

chloramphenicol acetyltransferase (cat) gene from the.

E. coli plasmids were not transcribed and therefore not ex-
pressed in B. subtilis. However, tetracycline resistance from
the E. coli plasmids was expressed in B. subtilis. Transcrip-
tion of the tetracycline resistance gene(s) started in B. subti-
lis at or near the original E. coli promoter, the sequence
of which is almost identical with the sequence recognized
by ¢°° of B. subtilis RNA polymerase.

Introduction

The Gram-positive soil bacterium Bacillus subtilis is consid-
ered harmless for man and animals and is widely used in
basic and applied microbiology. Efforts have been made
to apply the techniques of molecular cloning, which are
highly developed for the Gram-negative enterobacterium
Escherichia coli, to B. subtilis (Ehrlich 1978; Goebel et al.
1979; Lovett and Keggins 1979; Dubnau et al. 1980) and
several plasmid vector systems have been reported. These
involve plasmids capable of replication in B. subtilis alone
or in B. subtilis and other Gram-positive microorganisms
(Ehrlich 1977; Gryczan et al. 1978; Wilson and Baldwin
1978; Bernhard et al. 1978; Gryczan and Dubnau 1978;
Ehrlich et al. 1982) or alternatively bifunctional plasmids
able to replicate in both E. coli and B. subtilis (Ehrlich 1978;
Kreft et al. 1978; Kreft and Hughes 1982). In this paper
we describe the construction of bifunctional plasmids which
allow studies on the expression in B. subtilis of three antibi-
otic resistance genes from E. coli.

Materials and Methods

Bacterial Strains. E. coli 5K, r~, m~ was obtained from
S. Glover, and JC1569 recA, thy™, arg™, his™, met™, leu™,
Sm" harbouring pACYC184 from S. Cohen. B. subtilis
BR151CM1 trpC2, metB10, lys3, spoCM1 was kindly pro-
vided by P. Lovett. ‘

Offprint requests to: J. Kreft

Source of Reagents. All reagents if not otherwise stated
were obtained from Merck, FRG. The antibiotics used were
a gift from Bayer, FRG. Sodium dodecyl sulfate (SDS),
ethidium bromide, polyethylene glycol type 6000, lysozyme
and pancreatic RNase were purchased from Serva, FRG.

Enzymes. The restriction enzymes FcoRI, BamHI, HindIII,
Sall, Pstl, Xbal and T4 DNA ligase were obtained. from
BRL (USA) or Biolabs (USA). S1 nuclease was purchased
from BRL.

Growth of Strains, Cell Lysis and Purification of Plasmid
DNA were performed as previously described (Mayer et al.
1977; Bernhard et al. 1978).

Cleavage of DNA and Electrophoresis in Agarose Gels. Di-
gestion with restriction enzymes were carried out as indi-
cated by the manufacturers. The reactions were stopped
by heating the reaction mixture to 68° C for 8 min or by
addition of EDTA (100 mM final conc.). Electrophoresis
was carried out in 1% agarose slab gels in 36 mM Tris-HCI,
30 mM NaH,PO,, 10 mM EDTA, pH 7.5 (Meyers et al.
1975).

Construction of Hybrid Plasmids and Transformation. The
in vitro construction of hybrid plasmids (Cohen et al. 1973)
using T4 DNA ligase, transformation of E.coli and of
B. subtilis protoplasts have been described (Goebel and
Bonewald 1975; Kreft et al. 1978; Chang and Cohen 1979).

Purification of RNA. Isolation of RNA from B. subtilis
BR151 was performed according to Glisin et al. (1974) by
cell lysis with sarkosyl (4% w/v) and subsequent centrifuga-
tion through a cushion of CsCl (p=1.71g/cm) in
0.1 M EDTA pH 8.0. The RNA from the pellet was treated
with DNAsel (Worthington) in the presence of ribonuclease
inhibitor (vanadyl-ribonucleoside complex, BRL) to re-
move traces of contaminating DNA.

DNA/RNA Hybridization. The dot-blot method was used
according to Kafatos et al. (1979) using 25-100 ug of RNA
per dot and gene specific DNA probes labeled by nick-
translation (0.5-1.0 x 10° cpm/ug) with «-32P-dNTPs ac-
cording to de la Cruz et al. (1980).

S1 Nuclease Mapping. Transcripts were analyzed by the
method of Berk and Sharp (1977). The experiments were



Fig. 1. Restriction maps of pJKK3 and pJKK201 for BamHI,
EcoR1, HindlIl, Sall and Pst1. pJKK3 was constructed by ligating
HindIII linearized pBR322 and PBSU161-1 (Kreft et al. 1978). The
construction of pJKK201 is described in the text. Fragment sizes
are given in kilobase-pairs (kb)

performed with total RNA from B. subtilis BR151 carrying
the plasmid under study. The RNA was purified as de-
scribed above. After ethanol precipitation the RNA was
dissolved in 30 pl hybridization buffer (Berk and Sharp
1977) to a concentration of 6.6 mg/ml. Fifteen pl of RNA
(100 pg) were mixed with 5 pl of *2P-end-labeled DNA frag-
ment (0.5 pg DNA, 5 x 10° cpm/pg). After 15 min at 70° C
hybridization was carried out at 53° C for 4 h. The mixture
was then cooled in ice, diluted 10-fold with S1 nuclease
buffer and 37.5 units of S1 nuclease (BRL) were added.
After 30 min at 37° C the hybrids were precipitated by etha-
nol and either applied directly to DNA sequencing gels
(6% polyacrylamide, 31% urea) or denatured in alkali
(Green and Roeder 1980) prior to electrophoresis.

Elution of DNA Fragments. Restriction fragments of plas-
mid DNA were eluted from agarose gels by electroelution
in dialysis bags using 10 mM Tris-acetate buffer pH 8.0
in the elution chamber (4 mA/cm, 45 min).

DNA Sequencing. Restriction fragments from plasmid
DNA were cloned into M13mp8 according to Messing and
Vieira (1982). Single-stranded recombinant DNA was iso-
lated from phage and the nucleotide sequence of the in-
serted DNA was determined by the chain-termination
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method (Sanger et al. 1977) using a synthetic oligonucleo-
tide as primer (gift of P.H. Seeburg, Genentech).

Results

Expression of Ampicillin Resistance

As previously reported, hybrid plasmids consisting of the
E. coli vector pBR322 (Bolivar et al. 1977) and different
parts of the B. subtilis ptasmid pBSU161 have been con-
structed in vitro (Kreft et al. 1978). Plasmid pJKK3 (Fig. 1),
one of several which replicate in E. coli and B. subtilis, de-
termines resistance to tetracycline and ampicillin in E. coli.
However, ampicillin resistance was not expressed when this
plasmid was transformed into B. subtilis. No beta-lactamase
activity could be detected intracellularly. A comparison of
the proteins synthesized in minicells of E. coli and B. subtilis
carrying pJKK3 or a derivative of this plasmid, where the
beta-lactamase gene has been deleted in vitro, revealed that
beta-lactamase and its precursor form were only synthesized
in E. coli, and not in B. subtilis (Kreft et al. 1982). In order
to localize the block in the expression of the beta-lactamase
(bla) gene in B. subtilis we investigated next the in vivo
transcription of this gene in B. subtilis. For this, RNA was
purified from B. subtilis BR151 containing pJKK3 and dot
blot hybridization (Kafatos etal. 1979) was carried out
using the *?P-labeled small EcoRI/Ps¢I fragment of pBR322,
which contains most of the bla gene, as a gene specific
probe. Figure 2 shows that no hybridization was obtained,
indicating that the bla gene originating from pBR322 is
not transcribed in B. subtilis. Deletions which may occur
in pJKK3 during or subsequent to transformation into
B. subtilis were not responsible for the lack of expression
of the bla gene since this gene was fully functional upon
retransformation of E.coli with plasmid DNA isolated
from B. subtilis.

Expression of Chloramphenicol Resistance

A recombinant plasmid constructed in vitro from the E. coli
vector pACYC184 (Chang and Cohen 1978) and pBSU161-1
(Kreft etal. 1978), lead in E. coli to the formation of
pJKK201 (Fig. 1). The plasmid was apparently generated
in vivo by an extensive deletion of the primary ligation
product and expressed tetracycline and chloramphenicol re-
sistance in E. coli (Kreft et al. 1978, 1982). B. subtilis could
be transformed with pJKK201 to tetracycline resistance but
not to chloramphenicol resistance. Plasmid DNA isolated
from B. subtilis BR151 transformed with pJKK201 could
retransform E. coli to chloramphenicol resistance. This in-
dicates that the gene for chloramphenicol acetyltransferase
(cat) is maintained in B. subtilis without rendering these
cells resistant to chloramphenicol. Restriction analysis of
the plasmid DNA isolated from B. subtilis transformed with
pJKK201 also showed that the car gene was structurally
intact even in derivatives of pJKK201 which have been
deleted in vivo in B. subtilis (results not shown).

RNA was isolated from B. subtilis BR151 containing
pJKK?201 and dot blot hybridization was carried out using
the 32P-labeled small HindIIl/Pst] fragment of pBR325
(Bolivar 1978) as a probe-specific for Tn9-related cat genes.
Figure 2 shows that no hybridization was obtained. This
demonstrates that the cat gene from pACYC184 was also
not transcribed in B. subtilis.



a b c
Fig. 2. Dot blot hybridization of RNA from B. subtilis carrying
pJKK3 (b) or pJKK201 (c) with gene specific DNA probes.

(a) control with pBSU161-1 DNA as a probe. From top to bottom
25, 50, 75 and 100 pg of RNA were applied to the filters

Expression of Tetracycline Resistance

It has been previously shown that the tetracycline resistance
encoded by the Bacillus plasmid pBSU161-1 was expressed
in E. coli (Kreft etal. 1978). We have also shown that a
bifunctional plasmid consisting of the cryptic B. subtilis
plasmid pBSU1 (Bernhard et al. 1978) and the E. coli vector

pBR322 (Bolivar et al. 1977) could transform B. subtilis to

tetracycline resistance (Goebel et al. 1979). In order to in-
vestigate further the expression of this E. coli derived tetra-
cycline resistance determinant in B. subtilis two other re-
combinant plasmids were constructed in vitro.

pJKK310 consists of pBR325 (Bolivar 1978) and
pUB110 (Gryczan etal. 1978) linearized by EcoRI and
ligated subsequently with T4 DNA ligase (Fig. 3). This
plasmid expressed resistance to ampicillin, kanaycin and
tetracycline in E. coli. pJKK 523 was constructed by ligating
EcoRI linearized pBR322 with the staphyloccocal chloram-
phenicol resistance plasmid pC221 (Ehrlich 1977) which
was also linearized by EcoRI (Fig. 3). After transformation
of E. coli with the ligation mixture, colonies were selected
which were resistant to ampicillin, chloramphenicol and tet-
racycline. B. subtilis protoplasts could be transformed by
pJKK 310 to kanamycin resistance or tetracycline resistance
using DM3 regeneration plates (Chang and Cohen 1979)
containing 100 pg/ml kanamycin or 15 pg/ml tetracycline,
respectively. pfKK 523 could transform B. subtilis to chlor-
amphenicol resistance or tetracycline resistance using
7.5 pg/ml chloramphenicol or 15 pug/ml tetracycline in the
selective regeneration medium. Most of the transformants
obtained on single-selective agar plates did not express the
second resistance marker present on the parental plasmid
isolated from E. coli. Attempts to obtain transformants
with these plasmids on double-selective regeneration plates
failed. All of the single-resistant transformants contained
plasmids which had suffered large deletions. Tetracycline
resistant clones of B. subtilis obtained after transformation
with pJKK 523 harbored a deleted plasmid which contained
most of the pBR322 sequence; their chloramphenicol resis-
tant counterparts also contained a plasmid smaller than
pJKK523 (results not shown). After subcultivation of the
chloramphenicol resistant transformants no plasmid DNA
could be isolated from these still chloramphenicol resistant
strains, suggesting that the plasmid or part of it had become
integrated into the chromosome. This shows that both
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Fig. 3. Restriction maps of pJKK310 and pJKKS523 for BamHI,
EcoR1, HindIll, Sall, PstI and Xbal. The construction of the plas-
mids is described in the text. Fragment sizes are given in kb

pJKK310 and pJKK 523 are structurally unstable in B. sub-
tilis,

Only a few percent of the transformants obtained with
these plasmids expressed both resistance markers, i.e. kana-
mycin plus tetracycline resistance or chloramphenicol plus
tetracycline resistance in B. subtilis. All these transformants
contained plasmid DNA which was indistinguishable from
the parental plasmids by restriction analysis (data not
shown).

These results indicate that the tetracycline resistance
gene (zet) of pBR322 or pBR325 was expressed in B. subtilis
in contrast to the two other antibiotic resistance genes men-
tioned above. '

Next,; we determined if the transcription of this tet gene
starts in B. subtilis at its original (E. coli) promoter in these
hybrid replicons or whether transcription of the tetracycline
resistance gene is mediated by a read-through transcript
starting at a promoter in the S. aureus part of the recombin-
ant plasmids. In pJKK310 the tet gene is about 1,000 bp
away from the junction site between the two parental plas-
mids; in pJKK 523 this distance is only 30 bp.

By S1 nuclease mapping (Berk and Sharp 1977) we ana-
lyzed the transcripts from the E. coli tet gene which were
synthesized in B. subtilis BR151 carrying intact pJKK310
or pJKK523, respectively. Total RNA was isolated from
these strains and hybridized to suitable restriction frag-
ments of the plasmids which were end-labeled with **P.
In the case of pJKK310 the plasmid was cut by BamHI,
labeled with 3?P-y-ATP and T4 polynucleotide kinase and
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Fig. 4. S1 nuclease mapping of the 5’ termini of in vivo synthesized
tet-gene mRNA. (a) Hpall digest of pBR322, end-labeled with 32P-
y-ATP. The size in base pairs (bp) of the largest fragments is indi-
cated on the left. (b) and (c) RNA/DNA hybrids obtained after
S1 nuclease treatment of fragments of pJKK310 (b) or pJK523
(c) hybridized with in vivo synthesized RNA from B. subtilis con-
taining pJKK310 or pJKK523, respectively. The arrow indicates
the largest transcript found, the smaller bands presumably repre-
sent prematurely terminated or degraded transcripts

then digested with EcoRI. The fragments were separated
by electrophoresis on agarose gels. The BamHI/EcoRI frag-
ment upstream from the BamHI site in the tetracycline resis-
tance gene was isolated from the gel and used as a hybrid-
ization probe.

The transcription from pJKK 523 was analyzed by using
the BamHI/Xbal fragment containing the presumed start
site of the ter gene for the hybridization. Treatment of the
DNA/RNA-hybrids with S1 nuclease and subsequent sepa-
ration on denaturing polyacrylamide/urea gels showed
(Fig. 4) that the longest transcript obtained in vivo with
both plasmids had a size of about 330 bases. This size is
very close to the expected size for a transcript starting at
the original promoter of the E. coli tetracycline resistance
determinant (et promoter).

To obtain further evidence that the original E. coli tet

TTGACA TATAAT
-35 -10

ACCGCAAGCGACAGGCCATGTTTGACAGCTTATCATCGATAAGCTTTAATGCG
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promoter functions in B. subtilis, a derivative of pJKK310
was constructed. pJKK310 was linearized with HindIII
which cuts within the — 10 region of the tet promoter. The
sticky ends were filled in using AMY reverse transcriptase
(James et al. 1982) and blunt-end ligated by TE4 DNA li-
gase. E. coli was transformed with the ligation mixture, kan-
amycin resistant and tetracycline sensitive transformants
were selected. One of these contained a plasmid, designated
pJKK310 4Hind, which was identical to pJKK310 except
that the HindIII site which is located in the fer promoter
was destroyed by insertion of four base pairs, thus changing
the distance between the —35 and —10 regions of the tet
promoter. It has been previously demonstrated that slight
changes in this distance strongly affect the promoter activity
in E. coli (Russel and Bennett 1982). B. subtilis protoplasts
could be transformed by pJKK310 4Hind to kanamycin
resistance, transformation to tetracycline resistance failed.
In this case all the kanamycin resistant and tetracycline
sensitive transformants contained a plasmid indistinguish-
able from pJKK310 4 Hind (data not shown). This clearly
indicates that inactivation of the E. coli tet promoter also
prevented the expression of the tetracycline resistance in
B. subtilis and further suggests that the tet gene from
pBR325 (which is identical to that of pBR322) was tran-
scribed from its own promoter in B. subtilis. The possibility
that a frame-shift caused by the four base pair insertion
at the original HindIII site resulted in the formation of
an altered and inactive fusion protein transcribed and trans-
lated from the S. aureus part of pJKK310 can be ruled
out since there are several translation-stop codons in the
pBR 325 sequence preceeding the tet promoter (positions 12,
29, 36, 44, 58, 66 in pBR322) in all three reading frames.
To see if any mutation(s) occured in the ter promoter
region of pJKK310 after transformation of the plasmid into
B. subtilis this region was sequenced and compared to the
published sequence of pBR325 (Prentki etal. 1981). The
nucleotide sequence of the et promoter region of pJKK310
was found to be identical with that of pBR325 (Fig. 5).

Discussion

The three E. coli genes investigated in this study which ex-
press resistance to ampicillin (bla), chloramphenicol (cat)
and tetracycline (zet) are well characterized. The sequence
of the structural genes and their transcription control re-
gions in E. coli was determined (Sutcliffe 1979; Alton and
Vapnek 1979). In addition the promoters and the initiation
points of the in vitro transcripts have been mapped (Le
Grice and Matzura 1981; Russel and Bennett 1981; Stiiber
and Bujard 1981).

tet pJKK310 (pBR325)

TTGTTTATTITTCTAAATACATTCAAATATGTATCCGCTCATGAGACARTAAC bla pJKK3  (pBR322)
GAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACEATARTGAA cat pJKK201 (pACYC184)
TGAARAATTTGCAAAAAGTTGTIGACT T TATCTACAAGGTGTGGCATARTAAT  SPO1-26
TAAAAATTTTACAAARAGGTATTGACT TTCCCTACAGGGTGTGTAATAATITA  SPO1-15
ATTTAACGATCACTCATCATGTTCATATTTATCAGAGCTCGTGCTATAATTAT pE194 29k leader
TATATTTATGTTACAGTAATATIGACT TTTAAAAAAGGATTGATICTAATGAA pC194 cat

Fig. 5. Comparison of promoter regions. Apart from the pJKK310 tet-promoter the other sequences are derived from published informa-
tion, the references are given in the text. The consensus sequences in the —35 and —10 regions of B. subtilis vegetative promoters
are shown on top. The —35 and —10 regions of the promoters discussed here are overlined, sequences homologous to the consensus
sequences are underlined, those with additional homology to SPO1 promoters are indicated by broken lines

o
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The transcriptional mechanism of B. subtilis is more
complex than that of E. cofi (Losick and Pero 1981). The
similarity between E. coli promoters and B. subtilis vegeta-
tive promoters (Lee and Pero 1981; Losick and Pero 1981;
Moran et al. 1982) may suggest that the lack of expression
of E. coli genes in B. subtilis is not caused by differences
in these sequences.

Our data presented here, however, suggest that the
RNA polymerase of B.subtilis is apparently unable to
transcribe the E. coli genes determining ampicillin resistance
(bla) and chloramphenicol resistance (cat) on the plasmids
pBR322 and pACYC184 when they are introduced into
B. subtilis via recombinant plasmids. From these data it
cannot be ruled out that mRNAs transcribed from E. coli
genes are extremely unstable in B. subtilis. However, the
successful expression of the tet gene from E. coli in this

host indicates that this is not the case. In contrast to the

E. coli bla and cat genes the determinant for tetracycline

resistance (fef) on pBR322 and pBR325 is expressed in-

B. subtilis. In E. coli transcription of the tef-gene starts
about 335 base pairs upstream from the BamHI site on
pBR322 (West and Rodriguez 1982; J. Lowrie and J. Hedg-
peth, personal communication). The longest transcript syn-
thesized in B. subtilis from the corresponding part of the
recombinant plasmids pJKK310 and pJKKS523 as deter-
mined by S1 nuclease mapping is about 330 bases in size.
This strongly suggests that the tet gene is transcribed in
B. subtilis from its original E. coli promoter. From these
results and those obtained with the related plasmid
pJKK3104 Hind, where the E. coli tet promoter has been
destroyed, it can be ruled out that transcription of the tet
gene starts at a promoter in the S. aureus part of the hybrid
plasmids.

If one compares the consensus sequences in the —35
and —10 regions (TTGACA and TATAAT, respectively)
of B. subtilis vegetative promoters (Losick and Pero 1981)
which are recognized by the initiation factor ¢°°, with the
corresponding sequences of the E. coli bla, cat and tet pro-
moters one observes a striking homology between the
B. subtilis and the E. coli tet promoters with only one mis-
match in the —10 region (Fig. 5). On the other hand the
promoter sequence for the bla gene shows two mismatches
in both the —35 and — 10 regions with three purine/pyrimi-
dine nucleotide substitutions. The caf promoter has hardly
any homology in the — 35 region, the sequence with maxi-
mum homology having four mismatches with three purine/
pyrimidine nucleotide substitutions; the —10 region has
one mismatch, in addition the distance between the —35
and — 10 regions is 20 base pairs instead of the 17 base pairs
found with the other promoters (Fig. 5). :

The B. subtilis phage SPO1 early genes SPO1-15 and
SPO1-26 show conserved oligo-(dA) and oligo-(dT) se-
quences upstream from the — 35 region (Lee and Pero 1981)

(Fig. 5). It has been quoted that such sequences may be

essential for B. subtilis vegetative promoters (Murray and
Rabinowitz 1982; S. Chang, 4th International Symposium
on Genetics of Industrial Microorganisms, Kyoto 1982).
However, neither the E. coli tet promoter nor the promoters
of the 29 k leader peptide from pE194 (Horinouchi and
Weisblum 1980; Gryczan et al. 1980) which initiates tran-
scription of the erythromycin resistance gene, and of the
pC194 cat gene (Horinouchi and Weisblum 1982) show
such sequences (Fig. 5). Nevertheless all three genes, which
only show homology in their —35 and —10 regions, are

readily expressed in B. subtilis (Ehrlich 1977; Weisblum
et al. 1979). :

Therefore it seems likely that the degree of homology
in the —35 and — 10 promoter regions of heterolous genes
with the consensus sequence for B. subtilis vegetative (0°°)
promoters is essential for the expression in vegetative
B. subtilis cells. Additional sequence homologies in other
parts of the promoter region may well have an influence
on the promoter efficiency in this bacterium, in which, ap-
parently, more stringent sequence requirements have to be
met by promoters than in E. coli.
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