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Avirulent Erwinia carotovora subsp. carotovora CGE234-M403 produces two types of bacteriocin. For the pur-
pose of cloning the bacteriocin genes of strain CGE234M403, a spontaneous rifampin-resistant mutant of this
strain, M-rif-11-2, was isolated. By Tn5 insertional mutagenesis using M-rif-11-2, a mutant, TM01A01, which
produces the high-molecular-weight bacteriocin but not the low-molecular-weight bacteriocin was obtained. By
thermal asymmetric interlaced PCR, the DNA sequence from the Tn5 insertion site and the DNA sequence of
a contiguous 1,280-bp region were determined. One complete open reading frame (ORF), designated ORF2,
was identified within the sequenced fragment. The 3’ end of another ORF, ORF1, was located upstream of
ORF2. A noncoding region and a putative promoter were located between ORF1 and ORF2. Downstream from
ORF2, the 5’ end of another ORF (ORF3) was found. Deduction from the nucleotide sequence indicated that
ORF?2 encodes a protein of 99 amino acids, which showed high homology with Yersinia enterocolitica Yrp, a reg-
ulator of enterotoxin (Y-ST) production; Escherichia coli host factor 1, required for Qg-replicase; and Azorhizo-
bium caulinodans NrfA, required for the expression of nifA. ORF2 was designated brg, bacteriocin regulator
gene. A fragment containing ORF2 and its promoter was amplified and cloned into pBR322 and pHSG415r,
and the recombinant plasmids, pBYL1 and pHYLI1, were transferred into E. coli DHS. Plasmid pBYL1 was
reisolated and transferred into the insertion mutant TM01A01. Transformants carrying the plasmid, which

was reisolated and designated pBYL1, re-produced the low-molecular-weight bacteriocin.

Erwinia carotovora subsp. carotovora is a phytopathogenic
bacterium responsible for the soft-rot disease of many plant
species. Despite its economic importance, no efficient method,
either chemical or otherwise, has been found to control this
worldwide disease. Agrochemicals are generally used for the
control of this disease, but in a quest for a more environmen-
tally friendly control methods, biological control is under in-
vestigation.

Some bacterial species produce one or more antibacterial
substances called bacteriocins, which enhance their competi-
tiveness with other related bacterial species (27). According to
the report of Kikumoto et al. (13), the antibacterial activity of
two types of bacteriocin produced by biocontrol agents (avir-
ulent E. carotovora subsp. carotovora) may contribute to the
suppression of soft-rot disease (18). There is also strong evi-
dence of the effectiveness of biological control of the soft-rot
disease of Chinese cabbage (14, 22). A biological control agent
with the trade name Biokeeper has therefore been developed
for the control of this disease in Japan. In view of these reports,
identification and cloning of the gene(s) controlling bacterio-
cin production may facilitate its use in further control methods,
such as the development of resistant cultivars by the cloning of
such a gene(s) into Chinese cabbage and tobacco plants.

Gram-negative and gram-positive bacteria commonly harbor
plasmid-borne genetic determinants of bacteriocin production
and of host cell bacteriocin immunity, but new evidence (4)
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shows that these genes are located on chromosomal DNA in
E. carotovora subsp. carotovora strains.

To date, no genes encoding the low-molecular-weight bac-
teriocin of E. carotovora subsp. carotovora have been isolated
or characterized. Here, we report the cloning and sequencing
of DNA containing the bacteriocin regulator gene (brg) from
E. carotovora subsp. carotovora CGE234M403’s rifampin-resis-
tant mutant, M-rif-11-2.

Bacterial strains, plasmids, and growth media. The bacte-
rial strains and plasmids used in this study are listed in Table
1. The putative biocontrol agent produces two types of bacte-
riocin, low- and high-molecular-weight bacteriocins. E. caro-
tovora subsp. carotovora strains were propagated at 28°C in
nutrient agar (NA) containing 1.4% agar or with shaking in
Luria-Bertani (LB) medium with 5 g of NaCl per liter substi-
tuted for 10 g. Escherichia coli strains were propagated at 37°C
in LB medium with shaking. Rifampin, kanamycin, and ampi-
cillin (all at 50 g per ml) were added to NA and LB agar when
necessary.

Bacterial mating. Bacterial mating was carried out on NA
by the membrane-filter mating method (8), by using 0.22-pm-
pore-size membrane filters (Millipore, Inc. Bedford, Mass.).
The filters were placed on NA and incubated overnight at
28°C. Appropriate dilutions of the suspension of the progeny
of the mating were spread on modified Drigalski’s agar plates
(26) containing 50 ppm each of rifampin and kanamycin and
were incubated at 28°C for 24 to 48 h before the colonies were
counted.

Bacteriocin assays. Bacteriocin production was examined by
the double-layer method of Fredericq (7), but hard and soft
IFO-802 media containing, respectively, 1.4 and 0.65% agar
were used. Growth inhibition zones around the colonies were
considered an indication of bacteriocin production.
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TABLE 1. Bacteria and plasmids used in this study

Bacterium or plasmid

Relevant characteristics?

Source or reference

Bacteria
E. coli
1830 Pro~ Met™ Km" Nm'; contains transposon Tn5 on the “suicidal” plasmid pJB4JI Gantotti et al. (8)
DH5 supE44 hsdR17 recAl endAl gyrAl thi-1 relAl Hanahan and Reusch et al. (9, 19)

E. carotovora subsp. carotovora

CGE234M403 Putative biocontrol agent
M-rif-11-1 CGE234M403 Rif"
M-rif-11-2 CGE234M403 Rif*
M-rif-11-6 CGE234M403 Rif"
T-29 Wild type
E108 Wild type
TMO1A01 M-rif-11-2 brg::Tn5 Rif*
Plasmids
pBR322 Amp" Tet"
pHSG415r Amp" Kan'; low copy number
pBDY1 Amp" Tet"
pHDY1 Amp" Kan'; low copy number

Laboratory stock (22)
This work
This work
This work
Laboratory stock (13)
Laboratory stock (13)
This work

Bolivar et al. (1)
Brady et al. (2)
This work

This work

“ Amp" indicates ampicillin resistance, Rif" indicates rifampin resistance, and Kan" indicates kanamycin resistance.

Genetic engineering technique. Plasmids of E. carotovora
subsp. carotovora were isolated according to the method of
Kado and Liu (11), and E. coli plasmids were isolated by the
method of Sambrook et al. (20). Total DNA was isolated as
previously described (16).

Oligonucleotide DNA primers were synthesized by the Gib-
co BRL Co. and Takara Co. (Tokyo, Japan). Reagents
were purchased from the Takara Co. The general PCR proce-
dure has been described by Sambrook et al. (20). Thermal
asymmetric interlaced PCR (TAIL-PCR) was performed ac-
cording to the method of Liu and Whittier (15), but the an-
nealing temperature for specific primers was increased from 63
to 65°C for this study. For TAIL-PCR, specific primers that are
complementary to the respective sequences of Tn5 were syn-
thesized: AGAGAACACAGATTTAGCCCAGTCGG (PF-1),
CCGCACGATGAAGAGCAGAAGTTAT (PF-2), GATCCT
GGAAAACGGGAAAGGTTC (PF-3), GCCGAAGAGAAC
ACAGATTTAGCCCA (PR-1), CCGCACGATGAAGAGC
AGAAGTT (PR-2), and CAGATCTCTGGAAAACGGGAA
AGG (PR-3). In addition, two arbitrary degenerate primers,
GTNCGA(C/G)(A/T)CANA(A/T)GTT (N-2) and (A/T)GTG
NAG(A/T)ANCANAGA (N-3), were used.

For sequencing of TAIL-PCR products, the ABI PRISM
Dye Terminator Cycle Sequencing Ready Reactions Kit was
used. Cycle sequencing was carried out on a GeneAmp System
9600 thermocycler. Sequencing using an automated DNA se-
quencer 373A (ABI) was carried out according to the manu-
facturer’s protocol.

Southern and colony hybridizations, probe labeling, and de-
tection were performed by using the DIG DNA Labeling and
Detection Kit (Boehringer GmbH, Mannheim, Germany) as
described by the manufacturer. Hybridization was performed
overnight, and the membrane was washed according to the rec-
ommendation of the manufacturer.

DNA electrophoresis, restriction digestion, ligation, and
transformation for E. coli were carried out as described by
Sambrook et al. (20). Plasmid DNA transformation for E. ca-
rotovora subsp. carotovora was performed by the methods of
Hinton et al. (10) and Hanahan (9).

Computer analysis of sequence data. The nucleotide se-
quence and deduced amino acid sequence of Brg were com-
pared by the BLAST and FASTA programs of the National

Center for Biotechnology Information server. Sequence data
were compiled with DNASIS-Mac software (Hitachi,
Tokyo, Japan).

Isolation of transposon insertion mutants. For the Tn5 mu-
tagenesis, the transmissible plasmid pJB4JI was used. By mat-
ing E. coli 1830 with E. carotovora subsp. carotovora M-rif-11-2,
5,500 insertion mutants that could grow on a selective medium
containing 50 ppm each of rifampin and kanamycin were iso-
lated. In order to ascertain their antibiotic resistance, their
growth on the selective medium was rechecked and found to be
a stable property of the isolates. Of these 5,500 isolated mu-
tants, only 1 was defective in the production of low-molecular-
weight bacteriocin. This defective mutant was further purified
on modified Drigalski’s medium containing 50 ppm each of
rifampin and kanamycin. All the mutants defective in low-
molecular-weight bacteriocin production were therefore sib-
lings isolated from the same purification plates.

Bacteriocin assay of mutants. The bacteriocin activity of the
test isolates was examined. The parental strain produces two

FIG. 1. Bacteriocin activity of Tn5 insertion mutants of E. carotovora subsp.
carotovora. Numbered strains: 1, Serratia sp. (marker); 2, E. coli 1830/pJB4J1
(containing Tn5); 3, M-rif-11-2 (parent); 4 to 13, TM01A01 to TM01A10 (in-
sertion mutants). The unlabeled strains are rifampin-resistant derivatives of
strain 89-H-4 which produce both low- and high-molecular-weight bacteriocins.
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Brg KGOS LODPFLNALRREJRVPVSIYLVNJGIKLOGQIESFDOFVILLEK 50

HF-1 RVPVSIYLVNEGIKLOGQIESHFDOFVILLEK 50

NrfA GHUKLOG FDYF SYLLaR 50

Yrp GIKLOGQ, FDQFVILL 50
90 100

PEETEE

HF-1 ETIINY HEIGS I SA 100

NrfA BSERB. oot sisiimomn 100

Yrp GRS TNgNY HEGSENZSAZ00Z08 100
110 120 130 140 150

Brg 101 A—-BBHEE. . ... i e e 150

HF-1 101 QODSEETE.. ...ttt tiieeinnne tvnannaen cevennnnns 150

NEfA 101 L ittt e ieieeeeeee e 150

Yrp 101 -DsEHANE.. ... i e e, 150

FIG. 2. Alignment of the predicted amino acid sequence of the E. carotovora subsp. carotovora brg gene product with the amino acid sequences of Yrp, HF-1, and

NrfA. Dashes are inserted to optimize the alignment.

types of bacteriocins: the high-molecular-weight bacteriocin,
which is restricted to the immediate surroundings of the col-
ony, and the low-molecular-weight bacteriocin, which diffuses
relatively further away from the colony. It was therefore ex-
pected that a mutant deficient in the low-molecular-weight bac-
teriocin would produce a restricted inhibition zone. The inhi-
bition zones of the putative isolates (insertion mutants), typical
of the high-molecular-weight bacteriocin, were restricted com-
pared to those of the parent strain (Fig. 1). This indicates the
possibility that transposon Tn5 has been successfully inserted
into the genes of the low-molecular-weight bacteriocin. The
mutants therefore produced only the high-molecular-weight
bacteriocin. It was also observed that the insertion mutants
were sensitive to UV light, and the duration of the UV light
induction (irradiation) in the course of the bacteriocin assay
had to be shortened in order to avoid complete killing of the
cells. This is also an indication that the gene that is defective in
the insertion mutants may not only control low-molecular-
weight bacteriocin but also influence the degree of tolerance of
this bacterium to UV light.

Detection of Tn5 in the mutants. To ascertain whether Tn5
had actually been inserted into the putative isolates, nested
PCR was used to amplify the nptIl gene (25), and two oligo-
nucleotides, CTCGACGTTGTCACTGAAGCGGGAAG
(P-3) and AAAGCACGAGGAAGCGGTCAGCCCAT (P-4),
were synthesized. Almost all the test isolates except M-rif-11-2,
which does not harbor the TnS gene, produced a short DNA
fragment of 500 bp, indicating the presence of the Tn5 insert in
the mutants. Southern blot hybridization also confirmed the
above results (data not shown).

Amplification of Tn5 insertion junction DNA and sequenc-
ing. After TAIL-PCR was performed three times, two to three
bands of different sizes were obtained for each sample. All the
fragment products were isolated by electrophoresis and puri-
fied, and the sequences of the recovered products were ana-
lyzed. Analysis of the respective bands showed a high homol-
ogy of about 95% or more, indicating a possible similarity in
origin. A nucleotide sequence of 1,280 bp was obtained. All the
Tn5 insertions characterized were at the same position in the
brg gene, as they are all siblings.

Sequence analysis and homology. The gene structure of the
1,280 bp was determined (GenBank accession no. AF039142).
In the direction of transcription indicated by the complemen-
tation studies, one complete ORF (ORF2) was present, and
Tn5 was located in the same ORF between bp 878 and 879.

The 3’ end of another ORF, ORF1, was located upstream of
ORF2. A noncoding region and a putative promoter were
located between ORF1 and ORF2. Downstream from ORF2,
the 5" end of another ORF (ORF3) was found.

The predicted amino acid sequence of ORF2 was compared
with the SwissProt protein sequence data bank. Significant
similarities were found between Brg and Yrp (the yrp gene
product, regulator of enterotoxin [Y-ST] production in Yersinia
enterocolitica [17]), HF-1 (the hfg gene product, a host factor
protein required for Qg-replicase in E. coli K-12 [5, 6]), and
NrfA of Azorhizobium caulinodans, which is required for the
expression of the nif4 gene (12) (Fig. 2). The hfg gene is known
to influence the expression of diverse genes in E. coli and other
bacteria, including rpoS, hns, and mutS, resulting in pleiotropic
phenotypes (3, 21, 24). It was therefore proposed that ORF2 is
the bacteriocin regulator gene, and it was subsequently desig-
nated brg. Hfg-defective mutants are known to be sensitive to
UV light (23). This indirectly supports our earlier assumption
that the inactivation of the brg gene may be responsible for the
sensitivity of the insertion mutants to UV light.

Subcloning of brg DNA. The brg DNA was amplified by PCR
from M-rif-11-2 and subcloned into plasmids pBR322 and
pHSG415r by using T4 ligase after PCR amplification of two
oligonucleotide primers, DY-R1 (TTCAAGCTTGTGGTGA
ATTGACAATACGC) and DY-F1 (GGTAGGATCCGTTG
TTAGTGCATAGGTTGG), after purification and digestion
by restriction enzymes BamHI and HindIII. The new plasmids,
designated pHYL1 and pBYLI, used vectors pHSG415r and
pBR322, respectively. One hundred colonies were isolated for
each plasmid by using a selective LB agar medium containing
50 ppm of ampicillin after the transfer of pHYLI1 and pBYL1

TABLE 2. Bacteriocin activity assay of
E. carotovora subsp. carotovora

Inhibition zone due to bacteriocin production

Strain®
Low-mol-wt bacteriocin High-mol-wt bacteriocin
M-rif-11-2 7 mm +
TMO1AO01 None +
TMO01A01/pBYL1 7 mm +

“ M-rif-11-2 (parent strain), TMO1AOQ1 (Tn5 insertion mutant), and pBYL-1/
TMO1AO01/pBYL1 (transformed mutant) were used as bacteriocin producers,
and strain T-29 was used as an indicator.
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FIG. 3. Measured cell lengths of strains M-rif-11-2 (parent), TM01AO01 (Tn5 insertion mutant), and TM01A01/pBYLI1 (transformed mutant) over a period of 48 h.

Bacteria were cultured in LB medium with shaking at 28°C.

into E. coli DHS. The presence of the brg DNA was detected
by colony hybridization using brg DNA probes and by electro-
phoresis after digestion with BamHI and HindIII. The brg band
size was certified to be 400 bp (data not shown). The DNA of
plasmid pBYL1 was isolated from DHS5/pBYL1 and trans-
ferred into the insertion mutant TM01AO1. One hundred col-
onies were isolated by selection on modified Drigalski’s me-
dium containing 50 ppm each of kanamycin, rifampin, and
ampicillin, and the brg DNA was detected as previously de-
scribed. The new plasmid was designated pBYL1 after reiso-
lation from the transformed colonies.

Recovery of bacteriocin production and characteristics of
the transformed mutants. The bacteriocin assay for the inser-
tion mutants after transformation indicates a successful re-
covery of their ability to produce the low-molecular-weight
bacteriocin. Their larger inhibition zones were therefore com-
parable to those of the parent strain, M-rif-11-2 (Table 2). This
proves that production of the low-molecular-weight bacterio-
cin was actually regulated by brg DNA.

The cloning of the brg DNA and its subsequent transfer into
the insertion mutant TMO1AO1 resulted in the recovery of
production of the low-molecular-weight bacteriocin. The ho-
mology search and computer analysis for the DNA sequence of
the bands obtained by TAIL-PCR also confirmed the above
results indicating that brg is required for the production of the
low-molecular-weight bacteriocin. The homology search also
indicates that Brg may also regulate the expression of genes
other than those for bacteriocin production, as observed in the
roles of Yrp in Y. enterocolitica (17) and hfq in E. coli K-12 and
other bacteria (3, 5, 6, 21, 23, 24).

It has been reported that an Afg-defective mutant (hfg::(2)
exhibited defects in osmosensitivity, cell growth, cell shape and
size, plasmid supercoiling, and sensitivity to UV light (23). We
also observed that on modified Drigalski’s medium, colonies
transformed with pBYL1, containing the brg gene, were green
and were larger in diameter (about 13 mm) than the parents and
the insertion mutants, which were only 5 mm in diameter and
yellow. Further incubation of the brg-defective mutant under
this condition results in the death of the cells. The transformed
colonies were also found to have a very strong smell compared
to those of the parents and the insertion mutants. A possible
explanation of this observation is that the utilization of the lac-

tose present in modified Drigalski’s medium results in the for-
mation of lactic acid (lowering the pH), indicated by the yel-
lowish color, which is further utilized as a sole carbon source,
leading to an increase in the pH around the colony and the
green color of the colony. The differences in color and colony
size are therefore due to the differences in the efficiency with
which the respective colonies utilize lactic acid and tolerate
a low pH. The relative tolerance of the reduced pH and ef-
ficiency of lactic-acid utilization by the brg transformant points
to a possible control by this gene. The observed sensitivity of
the brg-defective mutant to UV light is similar to that previ-
ously observed for the E. coli hfg::{) mutant (23).

It was also observed that among the insertion mutants, most
of the cells, formed a precipitate at the bottom of the test tube
when cultured in LB medium with shaking for 24 or 48 h.
Further examination showed that, as observed for the Afg::Q)
mutant (23), the brg-defective mutants were larger and more
elongated than the parent and the transformed cells (Fig. 3).
However, among the 160 cells measured for each strain (par-
ent, mutant, and transformant), it was observed that the data
for the mutant strain were the least uniform. The nonunifor-
mity seems to stem from impaired or delayed cell division. This
could be supported by larger cell size during the 4th and 11th
h, followed by a marked reduction in cell size at the 24th h,
with a subsequent reduction in standard deviation. It therefore
stands to reason that the brg gene affects not only the size of
the cells but also, either directly or indirectly, the process of
cell division. This may be the reason for the increase in the
doubling time observed for the Afg-defective mutant (23).

All these results show that Brg may be an analogue of Hfg
which operates in this strain of E. carotovora subsp. carotovora.
Therefore further study of this gene is needed, as it may have
pleiotropic effects on other aspects of cell physiology which
have not yet been studied.

Nucleotide sequence accession number. The GenBank ac-
cession no. of the sequence of the brg genes is AF039142.
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