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Mutational, nucleotide sequence, and transcriptional analyses of a 10-kb fragment (carnobacteriocin locus)
from the 61-kb plasmid of Carnobacterium piscicola LV17B demonstrated the presence of two gene clusters
(cbnXY and cbnSKRTD) upstream of the previously sequenced carnobacteriocin B2 structural and immunity
genes (cbnB2 and cbiB2). Deduced products of chnK and cbnR have sequence similarity to proteins of Agr-type
two-component signal transduction systems, and those of chnT and cbnD have sequence similarity to proteins
of signal sequence-independent secretion systems. Deduced products of chnX, chbnY, and cbnS are class II-type
bacteriocin precursors with potential leader peptides containing double-glycine cleavage sites. Genetic analysis
indicated that the 10-kb locus contains information required for the production of, and immunity to, the
plasmid-encoded carnobacteriocin B2 and the chromosomally encoded carnobacteriocin BM1. In addition, this
locus is involved in the production of at least one additional antimicrobial compound and an inducer factor
that plays a role in the regulation of carnobacteriocin B2. Transcription analysis indicated that the operons
cbnXY, cbnB2-cbiB2, and cbnBM1-cbiBM1 (with the latter encoding carnobacteriocin BM1 and its immunity
protein on the chromosome) and two small transcripts containing cbnS are transcribed only in induced
cultures. These transcripts are coregulated and subject to inducer-mediated transcriptional control. Similar
regulation of the chn operons is mirrored by the similarity in the nucleotide sequence of their promoter regions,
all of which contain two imperfect direct repeats resembling those in Agr-like regulated promoters upstream

of the transcription start sites.

Carnobacterium piscicola LV17B is a lactic acid bacterium
associated with chill-stored vacuum-packaged meat and pro-
duces carnobacteriocins B2 (CB2) and BM1 (CBM1). CB2 and
CBM1 are class II pore-forming antimicrobial peptides (bac-
teriocins) active against many lactic acid bacteria as well as
strains of Enterococcus species and Listeria monocytogenes (2,
21). The potential of these bacteriocins or bacteriocinogenic
strains of C. piscicola LV17B to eliminate or reduce spoilage
and the growth of pathogenic bacteria in foods has stimulated
an extensive study of these compounds (19). Phenotypic ex-
pression of both carnobacteriocins and immunity to them is
dependent on the presence of a 61-kb plasmid (pCP40) that
contains the genetic determinants of CB2 precursor (cbnB2)
and its immunity protein (cbhiB2) (22). The plasmidless strain
C. piscicola LV17C, derived from C. piscicola 1L.V17B, lacks
CB2 and CBM1 production and immunity, despite the pres-
ence of the genetic determinants for CBM1 (chnBM1) and its
immunity protein (cbiBM1) on the chromosome. Cloning of a
10-kb DNA fragment from pCP40 containing cbnB2 and cbiB2
into C. piscicola LV17C restored production of the plasmid-
encoded CB2 and the chromosomally encoded CBM1 and
immunity to both bacteriocins (22).

Regulation of carnobacteriocin production by C. piscicola
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LV17B involves peptide-dependent quorum sensing (27). The
environmental signal in the culture supernatant of C. piscicola
LV17B that induces carnobacteriocin production was previ-
ously identified as the bacteriocin CB2, indicating autoregula-
tion (27). In addition to induction by CB2, induction of car-
nobacteriocin production by C. piscicola LV17B is also triggered
by CB2 recombinant variants purified from Escherichia coli,
including one with no detectable antimicrobial activity (23).
Peptide-based induction of bacteriocin production has also
been reported for lactobacilli and lactococcei. The best example
is the production of the lantibiotic nisin by Lactococcus lactis.
In addition to its antimicrobial activity, nisin functions as an
inducer of its own synthesis through the nisKR two-component
signal transduction system (16). In contrast, production of a
bacteriocin by Lactobacillus plantarum C11A and production
of the class II bacteriocin sakacin P by Lactobacillus sake
LTH673 are induced by peptides with no reported antimicro-
bial activity: plantaricin A, consisting of 26 amino acids, and
the induction factor of 19 amino acids, respectively (5, 8). The
genes for plantaricin A (plnA) and induction factor (orf-1) are
located upstream of putative agr-like two-component regula-
tory systems (plnBCD and sppKR, respectively), and they en-
code the corresponding inducer precursors, each containing a
double-glycine leader peptide (7, 12).

The purpose of this study was to gain insight into the genetic
requirements for bacteriocin production and immunity and the
regulatory mechanism involved in bacteriocin production. To
this end, the previously cloned 10-kb DNA fragment was se-
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant phenotype and property” Reference
Bacteria
C. piscicola LV17B  Cbn™ Imm™, containing pCP40 2
C. piscicola LV17C  C. piscicola LV17B lacking pCP40, 2
Cbn™ Imm™
C. divergens LV13 Cbn~ Imm~ 2
Plasmids
pCaT 8.5-kb cloning vector, Cm" 14
pCP40 61-kb plasmid conferring Cbn™ 2
Imm™ phenotype
pLQ24 pCaT containing a 17.2-kb fragment 22
from pCP40
pLQ18 pCaT containing a 10-kb fragment 22
from pCP40
pLQ18’ pCaT containing the same insert as This study
in pLQ18, but inserted in opposite
orientation
pLQISE pLQI18 with ¢chnB2 and cbiB2 deleted 22
pLQ18B pLQ18 with chnB2 partly deleted This study
pLQ11, -12, -15 Deletion derivatives of pLQ18 This study
pLQI18K pLQ18 with a frameshift mutation in ~ This study
cbnK (Sphl site)
pLQI8R pLQ18 with a frameshift mutation in ~ This study
cbnR (BstNI site)
pLQI18T pLQ18 with a frameshift mutation in ~ This study
cbnT (Nhel site)
pLQ18D pLQ18 with a frameshift mutation in ~ This study

cbnD (Banll site)

“ Cbn, carnobacteriocin(s) production; Imm, carnobacteriocin immunity.

quenced and studied by deletion and gene inactivation analyses
as well as by transcriptional analysis.

MATERIALS AND METHODS

Bacteria, plasmids, and culture conditions. Bacteria and plasmids are de-
scribed in Table 1. Carnobacterium cultures were grown in APT broth (Difco
Laboratories, Inc., Detroit, Mich.) or APT agar plates (1.5% agar) as described
previously (2). Chloramphenicol (5 wg/ml) was used for selection and growth of
transformants.

Detection of bacteriocin production. Production of bacteriocin on solid me-
dium was detected by deferred inhibition assay (1). Strains to be tested were
grown in APT broth (25°C for 18 h) and were spot inoculated onto plates
containing 20 ml of APT agar with a multiple replicator (KVL Laboratories,
Cambridge, Ontario, Canada). The plates were kept at 25°C for 20 h before
being overlaid with 10 ml of soft APT agar (0.75% agar) inoculated (1% [vol/
vol]) with a 24-h culture of the sensitive indicator strain Carnobacterium divergens
LV13 harboring the plasmid pCaT (2). The plates were kept at 25°C for 16 h
before the diameter of the zones of inhibition on the lawn of the indicator strain
surrounding the producer colony was recorded. Bacteriocin activity in the culture
supernatant and titration of the activity of the purified bacteriocins were deter-
mined by spot-on-lawn tests (2). Plates containing 20 ml of APT agar were
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overlaid with 10 ml of soft APT agar inoculated (1% [vol/vol]) with a 24-h culture
of C. divergens LV13 harboring the plasmid pCaT (2). The culture supernatant to
be tested was heat treated (65°C for 15 min), and serial twofold dilutions (in APT
broth) were spotted (20 wl) onto the C. divergens lawn. The plates were incubated
at 25°C for 16 h, and the size of the zones of inhibition was recorded. Results are
expressed in arbitrary units (AU) of bacteriocin (1 AU is the amount of bacte-
riocin required to produce visible clearing on a lawn of the indicator strain). The
minimum detection limit is 50 AU/ml.

Bacteriocin sensitivity assay. Sensitivity to CB2 and CBM1 was determined
(22) with a microtiter plate reader (THERMOmax Microplate Reader; Molec-
ular Devices Corp., Menlo Park, Calif.). Serial fourfold dilutions of each bacte-
riocin in APT broth were loaded (200 wl) in microtiter plate wells, inoculated
(2.5% [vol/vol]) with a 16-h culture of the strain to be tested, and incubated at
25°C, and absorbance at 650 nm was measured at 30-min intervals in the micro-
titer plate reader. The data were analyzed with the software SOFTmax, version
2.3 (Molecular Devices Corp.). Maximum growth rates in the presence or ab-
sence of purified carnobacteriocins were calculated with six consecutive mea-
surements. Correlation coefficients ranged between 0.98 and 1.00. The immunity
of the strains was expressed as a percentage of the growth rate in the presence
of bacteriocin relative to the growth rate in the absence of bacteriocin [percent
immunity = (growth rate with bacteriocin/growth rate without bacteriocin) X
100]. Bacteriocins used in the tests (CB2, 50 AU/png; CBM1, 90 AU/pg, deter-
mined against C. divergens LV13) were purified as previously described (21).

Induction experiments. Induction of nonproducing (Bac™) cultures of C. pis-
cicola LV17B was done as previously described (23). C. piscicola LV17B was
inoculated below 10* CFU per ml to obtain Bac™ cultures. The Bac™ cultures
were induced at the time of inoculation by adding heat-treated (65°C, 15 min)
culture supernatant (2% [vol/vol]) from selected transformants. After induction,
the inhibitory activity of the culture supernatant was evaluated by spot-on-lawn
tests when cultures reached an optical density at 600 nm of 0.8.

DNA and RNA manipulations. Isolation of plasmid DNA and transformation
of Carnobacterium strains were done as previously described (3). RNA for North-
ern and primer extension analyses was isolated from induced (Bac*) and unin-
duced (Bac™) cultures of C. piscicola LV17B by previously described methods
(17). Induction was done with heat-treated supernatant (as described above).
Primer extension and Northern hybridization analyses with radiolabeled probes
prepared by nick translation were done as previously described (17). The primers
used for primer extension are listed in Table 2. DNA templates to generate
probes radiolabeled by nick translation were amplified by PCR and purified by
standard procedures (26). PCR was performed with AmpliTaq DNA polymerase
(Perkin-Elmer) as recommended by the supplier. Probe 1 (675 bp) encompassed
cbnBM1 and cbiBM1 and was amplified from pUC18 containing the chnBM1-
cbiBM1 insert (21) with forward and reverse primers. Probes 2, 3, and 4 were
amplified from pLQ18 (22) with the primers shown in Table 2. Probe 2 (570 bp)
encompassed cbnB2 and cbiB2, probe 3 (560 bp) encompassed cbnS and the 5'
end of cbnK, and probe 4 (310 bp) encompassed cbnX and cbnY.

Restriction enzymes, Klenow fragment of DNA polymerase I, T4 DNA ligase,
and exonuclease III were used as recommended by the supplier (Boehringer
Mannheim, Dorval, Québec, Canada). Restriction digestion, agarose gel elec-
trophoresis, exonuclease III treatment, blunt-end creation with Klenow frag-
ment, and DNA ligation were done by standard procedures (26). DNA was
sequenced bidirectionally with Tag DNA polymerase and fluorescent Dyedeoxy-
chain terminators and analyzed on a DNA sequencer (Applied Biosystems 373A;
Foster City, Calif.). Sequencing reactions were primed with oligonucleotides
synthesized on a DNA synthesizer (Applied Biosystems 391 PCR MATE). Over-
lapping sequences were assembled and analyzed with DNAStar (Madison, Wis.).

Inactivation of cbnK, cbnR, cbnT, cbnD, and cbnB2. Inactivation of chbnK, cbnR,
¢bnT, and cbnD was achieved by introducing frameshift mutations at specific
Sphl, BstNI, Nhel, or Banll sites, respectively (frameshift mutants). The previ-
ously described plasmid pLQ18 (22) was partially digested with Sphl, BstNI,
Nhel, and BanlIl. The linear plasmids were purified by agarose gel electrophore-
sis, blunt ended, religated, and electrotransformed into C. piscicola LV17C.

TABLE 2. Oligonucleotides used in this study

Primer” Sequence Description

B2 5'-TACCATAATTTACTCCACCGTG-3' Complementary to cbnB2
S 5'-CAATCTGACTATTTTTACTTCCTC-3’ Complementary to cbnS
X 5'-TCCTTCCATCCCCATCCTCC-3’ Complementary to chbnX
2 5'-ATGAATAGCGTAAAAGAATTA-3' Used to amplify probe 2
2 5'-CGCTCTAGATTAGAAATATATATAAGGAAC-3' Used to amplify probe 2
3 5'-ATGAAAATAAAAACAATAACCAAG-3’ Used to amplify probe 3
3 5'-CGTTATCACTAAGACTAATAATTGG-3' Used to amplify probe 3
4 5'-ATGAAAAGTGTTAAGGAATTAAA-3' Used to amplify probe 4
4 5"-CTTCGATCATTTATAGCTTTTTTGAAC-3’ Used to amplify probe 4

¢ Primers B2, S, and X were used in primer extension; all other primers were used in the construction of probes.
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Transformants were screened for bacteriocin production. Plasmid DNA from
Bac* and Bac™ transformants was isolated and screened for the loss of the
specific restriction sites. Changes in the nucleotide sequence at the specific
positions were confirmed by DNA sequencing. CbnB2 was inactivated by creat-
ing a 31-bp deletion in cbnB2 with exonuclease I1I after digestion of pLQ18 with
BamHI. The deletion replaced the last 12 amino acid residues of CbnB2 with
eight different amino acids.

Protein sequence analysis. Protein alignment was performed with GeneWorks
2.3 software (IntelliGenetics, Inc., Mountain View, Calif.). Nonredundant data-
base searching and computations for sequence similarity were performed at the
National Center for Biotechnology Information with the BLAST network ser-
vice.

Nucleotide sequence accession number. The nucleotide sequence reported in
this study was submitted to GenBank (Los Alamos, N.Mex.) and was assigned
accession no. L47121.

RESULTS

Nucleotide sequence analysis of the locus involved in bac-
teriocin production and immunity. The previously cloned
10-kb DNA fragment from the plasmid pCP40 was sequenced
to gain insight into the genetic requirement for bacteriocin
production, immunity, and the cell density-dependent mecha-
nism involved in regulation of carnobacteriocin production.
The nucleotide sequence of this fragment and the possible
products of identified open reading frames (ORFs) are shown
in Fig. 1. ORFs that were transcribed by Northern analyses
(see below) or that could be involved in bacteriocin production
were labeled as cbn genes. Deduced products of the 5" end of
the truncated orf-1 (187 amino acids) and of orf-2 (152 amino
acids) exhibited significant sequence identity to the trans-
posase IstB from IS2/ (33%) and to the transposase from
IS231F (36%) (24, 25). The deduced products of orf-3 (42
amino acids) and orf-4 (113 amino acid residues) had no ob-
vious sequence similarity to known proteins. The deduced
products of cbnX, cbnY, and cbnS (51, 48, and 41 amino acids,
respectively) resembled class II bacteriocin-like precursor pep-
tides with potential double-glycine-type leaders (11, 15) (Fig.
2). The product of cbnS also exhibited sequence identity (40%)
to a polypeptide of 45 amino acid residues of unknown func-
tion encoded by orf-4 in the sakacin A gene cluster of L. sake
Lb706 (4).

The predicted products of c¢hnK and chbnR (CbnK and
CbnR), containing 442 and 245 amino acid residues, respec-
tively, exhibited sequence similarity to histidine protein kinases
and response regulators of bacterial Agr-type, two-component
signal transduction systems (28) (Fig. 1), including products of
the genes sapK (36%) and sapR (57%) of L. sake Lb706 (4),
sppK (20%) and sppR (29%) of L. sake Lb674 (12), agrC (20%)
and agrA (31%) of Staphylococcus aureus (31), and pInB (18%)
and plnD/C (28 and 27%, respectively) of L. plantarum C11
(7). The partner proteins SapK/R, SppK/R, and PInB/C/D are
believed to be involved in the regulation of class II bacteriocin
production, and AgrA/C is believed to be involved in regula-
tion of virulence factors. Predicted products of chbnT and cbnD
(CbnT and CbnD) containing 716 and 455 amino acid residues,
respectively, show sequence similarity to ATP-binding cassette
(ABC) transporters and accessory proteins of bacterial signal
sequence-independent secretion systems (9), including sppT
(48%) and sppE (23%) of L. sake Lb674 (12), sapT (47%) and
sapE (23%) of L. sake Lb706 (4), comA and comB (23%) of
Streptococcus pneumoniae (13), lcaC (46%) and IcaD (23%) of
Leuconostoc gelidum UALI187 (30), IenC (44%) and lcnD
(22%) of L. lactis WM4 (29), and pedD (43%) of Pediococcus
acidilactici PAC 1.0 (18). The protein pairs SapT/E, SppT/E,
LcaC/D, and LenC/D are believed to be dedicated processing
and secretion systems for class II bacteriocins. PedD is in-
volved in the processing of the double-glycine leader peptide
and secretion of pediocin PA-1 (11, 33). ComA and -B are
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believed to be a dedicated processing and secretion system for
a heptadecapeptide pheromone that induces competence in
Streptococcus pneumoniae (10).

Deletion analysis and inactivation of chbnK, chbnR, chbnT, and
cbnD. To delineate the region required for a Bac* Imm™
phenotype and to investigate the possible involvement of some
of the genes located in the sequenced fragment in bacteriocin
production, C. piscicola LV17C was transformed with several
derivatives of pLQ18. These derivatives were plasmids with
either deletion or frameshift mutations in cbnK, cbnR, cbnT, or
c¢bnD. The plasmid constructs and the corresponding pheno-
types of the transformants are summarized in Fig. 3. The zones
of inhibition produced by the transformants against the sensi-
tive indicator C. divergens LV13 in the deferred assay are
shown in Fig. 4. As expected, transformants containing plasmid
pLQ18’, pLQ18, or pLQ24 with the complete gene cluster
(Table 1) produced similar zones of inhibition of C. divergens
(Fig. 4; cultures C, D, and E), while those containing pCaT did
not (Fig. 4; cultures M and N). When a frameshift mutation
was introduced into c¢hnB2 (pLQ18B) or when cbnB2 and
cbiB2 were deleted (pLQ18E), there was a slight but repeat-
able decrease in bacteriocin production (Fig. 4; cultures A and
B, respectively). Retention of bacteriocin production by these
clones is consistent with the known production of the chromo-
somally encoded bacteriocin CBM1 (22). However, deletion of
the genes cbnT, cbnD, and orf-4 in pLQ12, besides those genes
deleted in pLQI18E (cbnB2 and cbiB2), resulted in complete
loss of bacteriocin production (Fig. 4; culture K). This result
suggests that at least one or more genes of this region (cbnT,
cbnD, and orf-4) are necessary for the production of CBM1.
The lack of bacteriocin production of the transformant con-
taining pLQ11 (Fig. 4; culture L) is consistent with this obser-
vation. Deletion of a fragment spanning the 3’ end of orf-1 and
the 5’ end of cbnR (pLQ15, Fig. 3) also resulted in complete
loss of bacteriocin production (Fig. 4; culture J). When cbnR,
¢bnT, or cbnD was disrupted by frameshift mutations, bacteri-
ocin production was lost (pLQ18D, pLQ18T, and pLQ18R)
(Fig. 4; cultures F, G, and H, respectively), indicating that at
least one or more of these genes are necessary for the produc-
tion of CB2 and CBMI1. This is consistent with the loss of
bacteriocin production observed with pLQ11, pLQ12, and
pLQ15. A slight but repeatable reduction in the amount of
bacteriocin was also observed when cbnK (pLQ18K) was dis-
rupted by a frameshift mutation (Fig. 4; culture I).

Immunity to CBM1 and CB2 of C. piscicola LV17C trans-
formed with pCaT, pLQ18, or pLQ18 derivatives (Table 1) was
determined. Introduction of frameshift mutations in chnR,
¢bnT, or cbnD or deletions encompassing these genes or chnK
eliminated immunity to CBM1, in parallel with loss of bacte-
riocin production (Fig. 4 and 5A). However, a frameshift mu-
tation in chnK resulted in Bac™ transformants and also elimi-
nated the immunity to CBM1 (Fig. 4 and 5A). As expected,
immunity to CB2 was lost when cbiB2 was deleted (pLQ18E,
pLQ11, and pLQI12 [Fig. 3]). However, deletions that did not
affect cbiB2 (pLQ15 and pLQ11 [Fig. 3]) and frameshift mu-
tations in cbnk, cbnR, cbnT, or cbnD (pLQ18K, pLQI18R,
pLQI18T, and pLQ18D, respectively) did not eliminate immu-
nity to CB2 (Fig. 5B). This suggests that none of these genes is
essential for CB2 immunity.

The carnobacteriocin locus is involved in the production of
an additional bacteriocin-like compound(s) and an inducer
factor. Sequence analysis of the cloned 10-kb fragment re-
vealed the presence of cbnX, cbnY, and cbnS with predicted
products that resemble precursor peptides of class II bacterio-
cins. To investigate whether an additional bacteriocin-like
compound was encoded in pLQ18E and pLQ18B, where its
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orf—1>
CTGCAGCAACTTARATTTATTGAGCGGAARGAAAACTTGATTCTGTTGGGCAATCCTGGTGTTGGAAAAACACACTTGGCAACAACCATAGGTATGCAAGCCTGTTTCAGTCGAAGGAGCGTCTT 125
L Q QL KPP IERZ KTENTLTILIULGUNTZPG GV G KTUHLATTTIGMEA ATCILTSGTR RS VL
ATTTACTAATATTCCTAATTTAGTAGTTGAACTAAAAGAAGCCATGAGCGCTAATCAGTTGACCTACTATAAACGCCGATTCAGTAAATATGATTTAGTGATATTAGATGAATTGGGTTATGTTT 250
F T NI PVNTILVVELTZ KTEA AMSA AN QTLTTYYZ K R®RTFSI KT YDLVTITLUDTETLTGZ YV
CTTTTGACCAAGTACGCACTGAAATTC TTTTTAATC TG TTGTCTAATCGGACATCCGTGGGTTCTATGAT TATTACAACAAATTTATCGTTTGATCGATGGGAAGAAACCTTTARAGATCCAATG 375
S FDQVGSETITLTFNZLTLTSNTZ RTSUVGSMTITITTNTZLTSTFUDT RTWETETTFTEKTDTPM
CTTACAGCAGGGATTGTCGATCGTATTGCCCATCGGARAACATGTTTTAGATTTGAGCGGAAAATC TTTCCGTGTAGAAGACACAAAAAAATGGTTAAACTAACTGGTGCAGTTTTCAACCATCC 500
L TAGIVDRTIAHR RIEKTGCTFAR RTFET RIEKTITFTPCRI RHTEKTIKMYVZE KTLTGA AVTFNHP
. G D
TGTGGTGCACTTTTCAGTTGCATTARACAACCATTTCCAGGATATTTGTCAGAGAAAGTATTAGGTAATTGAAAAGAAGTTGAATCAAGAATTC TGATTCGATTAAAATGAGTACTATAGGCATG 625
VVHTFSVALNNIBHTFIQDTIT GCAQREIKY
Q PA S KL QMULCGNGTPYZ KDST FTNTPTLG QTFSTSDULTIZ RTIRNTFIHTSZYAH
TTGGATAGCTGCTAAATCCGGTGTTTGTTTTTCTAGAATGGAATGAAAAAGTAACTTCAARAAAGCAGTAC TCTTTTCATTAAACCT T TGATTCAGTCCTTICCGGACTGATTTTTATTCCAAATT 750
Q I AALDZPTOQZXKETLTISHTFTULLIEKTLTFATSZ KENTFIRG QNILGTETPSTITZ KTIGTF Q
GTTGCCAAAGTGATGCACACATATCTATGAGAGAAGAATCACCCATATTTTTTTCTTGCCAAACACAAAGCCATAATAAATGATCTATCGTAAACATTCTTT T TC TC TTAACTATTTTTGATTTT 875
Q WL SACMDTITLSSDGMDNTZE KTE QWTVCLTWLLHDTITTFMTBRTIEKTERTEKT YVTITEKS K
CGAGAARATTCTTGAATTGCAGAAGGGGARAAACAAGATCAGATATG TTCAGCAAATTTTTTGAAT TG TG TCATGGCATATTGACE TTCCTTAATAATATTT TTCTTCATTATACCATAACACTT 1000
R S F E Q I A S P S F C S S I HEA ATFIKI KT F Q T mM{orf-2 RBS -10
TTCTTAACTTGATGGATATGAAGTATACTC TATTGTCATTTAGTTTGTC TATGGTATAATTGATTGCCGTTTATCAATATAAATGC TG TTCCATCTAAATGAAAAATTACARATAGAACGACAAC 1125
-35
TACATGGTATTAAGTAAGCTGAAAATAAAGGTATTTATARATGTAGACAAAAAATGTATTCTGAAAGTGC TAAAGATTCTGCTAATCGGTCCGTTTATTTCCAAGTAAAAGACCTGCTTCTAAAT 1250
AATTTTCCAATTACATCTATATAAATGATGACTGGTGTAAGTCGTAATCARATT ATAAAAA T AGAATAAGCTCTTCTAACTCCTAAGATTTGTGTCAAATAAAACTTAAA 1375

ATTCATGCCATTTAAAAAAATACAAATGACATCCAATACAATTAGATTAAAATAGGCTCCCGATAGACCTCCCCATGAACATGGCTATATTAAATAGAGCCCACCCCCCGAATATTAATCCTATT 1500
F L $ GG I $S RGIFMAINTFILA AWGG GT FTITLSGTI

ACAGCAAAAAATCTATATAACATATTATTCTTCTTAAAGAAATTTTTCATAAAAACCCTCCTAATTTAGTCAAAAAACAAGTTTAAACGTTTAAACTTGTTAGCAGTAGTAACAGATAATATCCA 1625

VAFFRYLMNNKKFFNKM(O!‘f—JRBS

AATATATGCTAAC TGCT'I‘GTACG’I'I‘ACCTAAAMAATI‘GAAAGTATCAGGGAM‘I'I‘TAATATAACTC‘I‘PATACC'I'I‘I'I‘GC’I‘GATA’I‘GCTCTI‘TACTATATAAAAATAGCA'I'ICA’ITAGT'ICI;\SE 1750

ATCAATGCTTAAATTAAAAAAAACGTTATTTTTTTCTTCGATCATTTATAGCTTTTTGAACTCCCATGCCGTAACCAGTAGCAAAAATTCCTAGAGTAATAGCTAAAATAGCTGATCCTCCATTT 1875
I K KRRDNTIAKTG QVGMGYGCTATFTIGTLTTIALTIA ASG GG GN
ATTTTTTTCATTTCGACTTCATTTAAAGATT TAAATTCTTTATTCATG TGAAAAACCTCCTTTTTTTATTAACCARATGG TAAGGGAAC TATTTTCCCAACCATG TTACCCAGTTTCTGACCAGC 2000
I K KMEVENTLSEKTFE Kk N ulebay *wBS . G F PL PV IZKGVMNTG GTLTZE KT QGA
TGAAAAAATAGTTTGTCCATTTTGAACAACTTCCTTCCATCCCCATCCTCCAATAGT TG PTGCATTTCT T TTACATTTAATTCCTTAACACT T TTCATCAAAATTAACCTCCTTTGGTTTATAT 2125
S FITTQGNUO QVVEZ KW GW®G®GTITOQQMET KT VNTILTETZ KT Vs K ulebnx RBS
‘I"I’G’!‘A‘I“I‘AEAACGAGAC‘I‘ATACCATATC'ICAAAAAA’I'PTAAGGTGAAAQCATCCNAGCHATI‘I’GN‘I\; TTCTIGAAAARAGAARATTCTARGTTTATTCATTCAAGACGETATTCGATGTA 2250
= = R L L
G TCAGGA TG T T CATATATAATAAAAT T T TATGCCATAC I TAATTARACAAGCGACAGOGGAATAGATATGARARTAAAARCAATAACCAAGARACAACT TATTCARATAARAGGAGGAA 2375
R T35 1o RBS chnS )M K I K T I T K K Q L I Q@ I K G G
GTAAAAATAGTCAGATTGGAAAATCAACATCTAGTATTTCAAAGTCTCTATTTTCTTTCTTCAAAAAATGC TAAAAGCT I TTAAATTCTGATATACTC TAAATAGGAGGGATTCAGATGTTTTCT 2500
S KNS QI GKSTSS SIS KTCVFSTFTFTZEKTZ KTC . RBS = CchnK DM F s
ATTGACACAAAAGCATATATTTTAAGC, TTTTATCACTTTTCTATTTTTATGGTATAT TTTTTAGTTTATACCAAACAGTGTCTCTTAGAAAAAGAATAGTAATAGTATTTATATTATTACC 2625
I DTKAYTIZLSTITFTLSTILFJYTFJYGTIFTFSLJYOQTVSLRIE KT RTIVTIVEFEFTITILTLFP
AATTACATTCATAGGCTCTATTTPTACTGTTTTTGCAGATATACTTCCAATGGTAGGGTGTTATTACATTCTAAAGAAACAAAAAAAAACAGACTATATACTATTGAATCTAATCATTACAAGCA 2750
I TFIGSIFTVFADTILPMYVGC CYTYTITLZXKZ KT QKT KTDTYTIZLLNTLELTITITS
TGCTAACGTCTTATTTTGTTTCAGTAGTAGGTTCATCAGTAATTATCCCATTT T T T TC T T T T TC TG TG TGAAAAGCTTTTC TTTTG TG TT TATARATAGCGGTATCCAATTATTAGTCTTAGTG 2875
M LTS YFVSVVGSSsSVITIPTFTFSTFSGVI KSTFSTFVTFTINSGTIGOQTZLTILJYVTLYV
ATAACGATTTTGTTGTTTCGTTACTTTAGTAT CCGTATTAAAAAATACAGTTCTCCTTCGTTATCATTTCTACTTTGTTATCTATATTTAGTAAGTTTTCTC TTACTGTATGCTGCTCG 3000
I T ILLFRYTFSTIGDRTITZKTZ KT YSSPSILSFLLGCECYZLJYTZELVSFTLTLTLTYAA AR
ATACTATGAAGCATTTGATAAATTTGTTGCTGGTATAACATTTTTTTTTATTATACAAACTATATTCATTG TTTATATAT TTATACGAGAAAAAGAAACGCAGCTAGAAAAGTACAAACATAAGT 3125
Y YEATFDIKTFVAGTITTFTFTFTITIOQTTITFTIVJYTITFTIRTET KTETO QTLTETZ KTYKHK
TATCTCAGCAACAGTTAGTTGATTTAAAAAGATATACGGACCAATTGGAAGAAAATCAACAAAAATTAAGGAAATTTAAGCACGACTATGAGAATCTCCTACTCAGCTTAAAGGATGTAGTAGGA 3250
LSQQQLVDLKRY'I‘DQLEBNQQKLRKFKEDYENLLLSLKDVVG
GAAGGCCAGAATGAAGAGGCAATTCAAAGTATTGCGTGAATTAGAAAAGTACTCAAAAGAGAATCTATC TTTTATATCAGGCTACTATAAGGATATTGAAAATATTGAAAATACTTATTTARAARG 3375
E G QNEEATIG QSTIGETLTETZ KTYSZKENTILTSTFTISGYJYZ KDTITEHNTEENTJYTLZKS
TCTTATAATTAACAAGCTGTTTACAATTCAAAATAATGATATTATTTGTGATTTTGAATG TAAAGAAGTTGTTCAAATAGTTCCTATGTCAATATTTGATTTTG TTICGTGTTG TTGGCATTACGC 3500

L I I N KL FTIQNNDTITITCDTFETCIKEVVQIV?PMSTITFDTFVI RUVV G I T
TAGATAATGCTATAGAGGGCGCTGAAACTGCTGATACACCAAAAATATCTATCCTTATTTATCAAGATAAACGCCAATTGGAATTAGTAGTTGAAAATACATC TCAGTCAACTAATATTCCTCTT 3625

I EGAETADTO®PZ KTISTIULTIVYQDIXKUR RO QLETLVVENTSZQSTTNTITZPTL
TCACGATTAATGATACAAGGAACTTCTTCGAAAGAAAATCATAAAGGACTTGGTTTGTCGAACATTCAAGAAATARAAAAGTCTCATCCAAATCTTTATAAACAATATGAAAAAAAGATTAATAA 3750
S R L M I Q G T S S K E N H K L S NI Q E I K K S HVPNULYEKOQYEIKI KTINK
ATTTTCTGCAAATATTATAGTCCTATTTGAAAGTGAGGAATTTCATGAGTTACCCAATTATCATTTGTGAAGATCAGCTTCCACAATTGCACCAACTTGAGACGATTGTTCAAAATTATATCTTA 3875
RBscbnR>MSYPIIICEEQLPQLHQLETIVQNYIL
F S A NITIUVLVFESETETFHETILZPNTYHTL
TTTCACTCTGATGTATTTAAAATTGTACTTAAAACACAAAGTCCTAGTGAAGTGAAAAAGTACCTCAAACAATTTCACCCTARAAACGGAATTTACTTTTTAGATATCGATTTAAATCATAAAAT 4000
PHSDVFKIVLKTQSPSEVK‘KYLKQFHPKNGIYFLEIDLNHKI
AAATGGAATTGACCTTGCGGAAACAATTAGAAACTCAGATAGCCAGGCAAAAATTATTTTTATTACAACCCATGATGAATTGGCTCCATTGACATTGAAACGTCGGATTGAAGCGTTGGGATTTG 4125
N G I DL AETTIU RNSDSGQAIZ KTITIZ FITTHDETULA AUPTILTULIE X RI RTIEIA BAILTGF
TTGCCAAGAATCARCCATTAGAAAATTACCGATTTGAGATTATAGAACTTTTATCCATTGCAAAAGAAAGGATAGATTTTACAAAAACAGATTTGAAAATGAATTTTACTTTTTCGATTGGATCT 4250
VAENQPLENYRFEIIBLLSIAKERIDFTKTDLK}(NFTFSIGS
CAAATTTTTAATTTTGATTTAGACGAAATCCTTTTTTTGGAACCCTCTGAAATTCCTCATAGAATACAATTATATACTGTTAATGGACAGTATGAATTTTATGATACTATCAGTGCTATAGAAAR 4375
Q I FNFDILDETITLTFTLEU®PSETIZPHRTIOQLYTV VNG GAQYETFTYDTTISATIE K
ACGTTATCARAATTTATTTAGAATAAGTCGATTTTGTTTAATTAATCCATTGAATATTACAGAAGTTAATTTCAGTAATAGAACAGTGTACTTTGACGATTTTTCAAGAAGTTTTTCTATTGGAA 4500
R Y Q NLF RIS RYVFCLINUPILNTITEVNTFSNU RTUVYVFUDUDTFSR ST F S I GC
AAGCTAAAAAATTAAAAGAAATCTTAAAATAATATAAAAATTGAAGGAAGTGTAAAAGTGGCCTCAATTTCATTTGTCCAGCAGCAAGATGAGAAAGATTGTGGTGTTGCATGTATCGCAATGAT 4625
K A K KL K E I L K . RBS cbnT)M A S I S F V Q Q Q D E K D G V A C I A M I

FIG. 1. Nucleotide sequence of the 10.122-kb insert from pLQ18. The deduced amino acid sequences from the identified ORFs are shown below the DNA
sequence. Possible ribosome binding sites (RBS), potential —10 and —35 promoter sequences, and inverted and direct repeat (L and R, respectively) sequences are
underlined. Alignment of the promoter regions is shown in Fig. 6B. Transcription initiation sites are indicated by asterisks. The DNA segment (853 bp) between
nucleotides 9061 and 9913 was previously sequenced (21). The boxed amino acids (open boxes) in CbnT indicate proposed conserved key residues for the so-called
Gly-Gly leader peptidase family (11, 33). The A and B conserved motifs of the ATP-binding structural domain at the C terminus of the ABC exporter proteins (9) are
indicated within boxes numbered 1 and 2, respectively. The key amino acid residues of the C-terminal conserved domains I, II, and IIT of histidine protein kinase (28,
31) are boxed in CbnkK, and the key conserved amino acid residues of the N-terminal half of response regulator proteins (28) are boxed in CbnR.
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TTTAAAGAAATACAAATCAGAAGTCCCAATCCATAAGTTAAGAGAACTTTCAGGGACAAGCCTAGAGGGAACTTCACCATTTGGCTTARAAAATTGTATTGAAAAATTAGGTTTTCATTGCCARG 4750
L K K Y K S EV P I HIKILRUETLSGTSULESGTSU?PVFGTILI KN NZ CTITEIZ KT LG GT FDOC Q
CTGTTCAAGCAGATCAAGAAGTTTGGAATGAAAAAGAGTTGCCCTTTCCATTAATTGCTCATGTAGTAATAAACAAAACTTATATGCATTATGTCGTTGTGTATGGCGTCAAAGAARATAAGCTA 4875
AV Q A DQ EVWNEIZ KU ETLUZPVFUPILTIA AUHUVYVUVINIZKTUYM Y V.V VY GV K EN K L
TTGATTGCAGATCCAGCTGAAGGTAAAATGAAAAAATCTATTGAAAATTTTTCGGAAGAATGGTC: TTCTTTTATTAATGACTCCAAAAAATTCTTATCAGCCAACTAAAGAAAAAGTTGA 5000
L I A DPAUEGI KMI KT KSTIZENTFSEZEWS S GV LILILMTUPI KNZSTYOQUPTIEKTEIK KV D
CGGATTAAGTTCATTTTTACCCATTGTGTGGAAAGAAAAAACTCTTGTTTTTAATATTATTTTAGCAGCGCTTTTCATTACTTTPTTTGGGATTGGGAGTTCTTATTATTTTCAAGGGATTTTAG 5125
G LSS FLPTIVWEKTETZKTLVTFNTITILAATLTFTITFTFGTIGSSTYTYFGQGTIHL
ATTACTTTATTCCTAATCAAGCACGTTCCACTTTAAATATTGTTTCTTTTGGCCTAATAATTG TC TATTTATTTCG TG TACTC TTCGAGTATAGTCGTAGTTACCTATTAGTAATTCTAGETCAA 5250
DYFIPNGQARSTLNTIVSTFGLTITIVYTLTFRVTLTFETYSRSTYLTLVTITLGQ
CGCATGAGTATGGCAGTTATGCTACGTTATTTTAATCATGTG TTAAATTTACCAATGAATTTTTTTGCCACTCCAAAATCAGGAGAGATTATTTCTACATTC TTAGATGCGAATAAAATTGTTGA 5375
R M S M A VM L RY FNUHVLNZLUPMNTFTFA AT RIEKSGETITI SI RV FILUDA ANIZEKTIUVD
TGCTTTAGCAAGTGCGACECTTTCTG TP TP T T TAGATATTGG TATGG TACTTTTAGTTCGAGTAACGTTGGCAATTCAAAATGGAACACTTTTCTTAATAACAGTAGCTTCATTGCCTTTTTATC 5500
A L A SATUL SV FLDIGMVILILVGVYVTILAIO QNG GTTLZPFULTITVASTLTUZPTFY
TAGTAGCTATTCTAGCTTTTGTGAAAAGTTATCAAAAGGCTAATCAAGACGAAATGARAGCAGGAGCAACATTAAATTCCAGTATTATTGAAAGTTTAAAAGGAATAGAAACGATAARAGCTTAT 5625
L VA ILAVFUV K S YEIZ KA ANA QDEM I KA AGA ATTU LN NS S I I ESTULI KU GTIUZ ETTITZ KA AY
AATGGGGAAGAAAAAGTCTATAATCGAGTGGACCAAGAATTTATCCAATTGATGAAAAAAGCTTTTCGTACTTCAACT TTAGATAATATTCAGCAAGGAGTTAAACARGGTATTCAACTAATTAG 5750
NGEGEZKVYNRYDO QETPFTIGQLMEKTEKAEATFRTSTLDNTIO QO QG®ECVEX KO QGTIGQLTIS
TAGTGGAATTATTTTGTGGATAGGTTCGTATTACGTAATGGGTEGAACAATAAGTTTAGGACAATTAATTACTTACAATGCATTACTCGT T T T T T TTACTGATCCATTACAAAATATTATCAATC 5875
S 6 I I LWTIGSTYTYVMGGTTISTLGO QLTITTYNALTLTYTFTFTDFPTLGQNTITIN
TGCAAGTGAARATGCAAACCGCACATGTCGCAAATAAAAGACTGAATGAAATATTTGCAATAGAAACTGAACATAAAGAAACCGATACAGAAAAAATAATTTCGARAGATACATTCCAACAAGGE 6000
L Q VKMQT AHV YV ANIE KU RILUNIETITFATITETEUHI KT ETT?DTEI KTITISI KUDTT FOQQG
ATTATATTTGATAATGTTTCATTTTCTTATAATATAAACTCATCAACTTTAAAAAATATTTCTTCTGTATTTCCACCTCGGAGTAAAATTGCTTTGGTTGGAGTTAGTGGTTCTGGAAAGTCAAC 6125
I I F DNV S PF S YD NTINSSTILI KN NTIU SUGCVV FUZPUZPRSI KTIA BAILUV|GV S G S G K s Tl
GCTAGCAAAGTTATTAGTAAATTTTTATCCTCCTTCTGAAGGCATCATTTGCTATGGAARAATAR ATTACTTAGATATIGGCTACCAAAATTTACGAGAAAATGTAACATATGTACCGCARGAGT 6250
LAKLLVYVNTFYGPPSEGMTICYGE XKTINTYTLDTIGYO QNELRETNTYTTYVFPOQE
CATTTTTTTTTAGTGGGACAATTTTAGAAAATTTACTTTTTGGATTAGACTATCAGCCAACTTTTGAACAAATTTTAGATATATGTCACGTAACGCAACTAATGGATTTTATATCGAAACAACCT 6375
S FFF SGTILESNTELTLTFGTLDTYGQPTTFETG QTITLDTIGCHTYTO QLMDETISTZKTG QFEP
TTACGCTTIGAAACAATTTTGGAAGARGGTGCTAGTAATC T PICTGGTGGTCAAAGGCAGCGCCTAGCAATTGCTAGAGCG T TACTAAARAATGCAGATATATTCATATTCCACGAAGCAACAAG 6500
LRFETILETEGA ASUNTILSG GG QRO QRTELATLARATLTELTEKTNATD|IILILODOPEATS S
CGGACTAGATACACTATTGGAGCATGCTATTTTAGAAAATTTGCTACAGTTAAAAGAAARAACTATAATATTTATTGCCCACCACTTAGCGATIGCTAAGGCTIGTGATCAAGTAGTTGTTCTTC 6625
¢ L D TLLEUHA ATIULENILULAG QUL KEI KTTITIT FTIAHUHILA ATIAI KA ATCDGQUVV VL
ACGAAGGGAAACTTGTGGAGCAAGGGACTCATGATGAGTTGCGTTATAATAATGGTATGTATCAACGACTTTGGGAAATTTAAAAAGGAGTTACCAATATGCAAACARATAAGTGGCTTGATTCC 6750
HEGZKTLTVEG® QGTHDETLTRYNNGUMYGQRTELTWTETI . RBS. choD)M Q T N KW LD S
TCCAGTGTATACAGCCAGCAACATAGTAAATTTTATCTTTGGGTACTGTATCCCATCGTTGTTTTGTTTTTTTTATTAGGCTTATT T TTAGTTTTTGCAAGAAAAGAGGTAGTTATTCGTATGCC 6875
S s VY S QQHS K F YL WVL Y P IVVLF FLLGULVT FTILVTF FA ARIEKUEUVV IRMSTFP
CGCTARAATTACAGCCGAAACTATTAGTAAGTTACAAGCACCAATTGAAACCAAAATAACAGAAAATTACTTATACGAGAATAAAGTCGTAAAAAAAGGTGAAATAGTGGTTCTTTTTGATACAT 7000
A K I TAETTI S KL QAUPTIZETI KTITENTYTLYENJIZEKUV VUV X K GETIVV YV F DT
TATCTTTAGARAATGAACAAAAGCAATTTGAAGATGAAGTT T TAGTTTTAGAGGAACAARAGAAAGCAGCGCAGACCTTTATTATTAGTC TAGAGAATAATGAAAATCAATTTGTAGCAGATGAT 7125
L SLENTETGQE KO QFETDTEVTLVYVTLETES® QKTE KA A-BaQTTFTITISTVESNENTENS QTFVATDD
TCATTTGGGTATGCAAATCAATTAAATGCTCTATTTCCAGAACAGGAATCTATTCAATATATTACACAACAAGCAACAGATTTCAGTGAAATAAATCAAGAAGC TTACAAAAAAACAGAAGAGCA. 7250
S F G Y A NQULWNA ALV FAEUGQESTIOQYITGQOQATUDULSETINAG QT EA ATYTZ KIT KTTEE Q
ACTGGATTTTCAACTAACAAAACGATTAAATGCACAAAGTGAATGGGAACAAGTCAAAAAAGCTTGGGGAAATCAACAAGAAGTACAAGAATTTTCTACGGAAATTATTTCAAAATATAAAACTT 7375
L DF QL T KUZRILNAUOQS EWE GQV K KA AWGNDNOGQQEUVQETF S TETITISI KYI KT
GGCAATTACAAGTGAACGATGCTACTGAAGAACAAAAAAATCAAGTAATAGCAGCCATTTTATCTACAATTGACGAAAATATTGCAGAATTCGAAAAAAGAGATTGAACAAATTCAGGCTGAAAAR 7500
W QL Q VNDATEEI QI KNOQUVIAAIILSTTIDENTIATETLIZEKI KTETITEU GQTIUGQGE K
GCGAAACTTATAGCACCCACTACATCAAAARATGARATAAATAGCGGAAATCCTAAGGTGAAACAAAACAAAGAACAACTATTAGCTARGACTAAACAAGACATTATAGAATTTGATGACAAGCA. 7625
AKLIAPTTSEKNETINTSGNHA ATKTYEKTG ENTZKTET® QLTELATEKTE KT QDTITITETFTDTDEKQ
ARAAAAAATTGARGTGTCTATAAAACAATTAAAAGARAAAATTCAACAGGGAATG TTAARGGCACCCATTGACCCTACTAT TTCACTTAATGAAGAATTTAAAACTATGATAGATATTCCTARAG 7750
K K I EV S IXKOQLEKTETZ KTIQQOGHMLZXKATPTIDGTTISTLNETETFEKTHMTITDTIFP K
GGGCTCTTATTGCCGAAATTTATCCAACTACTGGAA, ACARATGTTTACCGCTCAACTACCTGCTARTGAAATGACACGTATTAAAAAGCGAATGAATGTTCATTTTACATTGGATARA 7875
GALIAETIYPTTGNT RTET QMNTFTAG QTLTPANTEMTRTITKTIEKTSEGDH HNTYVEHTETLDEK
AAAGGCGTCGCTGCAAAAATAGTTGATGGAAAATTAACAGGAATTTCAGAAACAAGTGAAACAACAGAAAATGGAACTTTCTATACTATTACAGGGAAAATTAAAATACCAAAAAACTTTAGTAT 8000
K GV A AKIVDGI KULTS GTISETSETTENUGTT FYTTTITS GI KTIIZ KTIU?PI KNTFSTI
TCGCTATGGCCTTACTGGAGAGATATCGCTGATTGTTGCAAAAAAAACATATTGGCAACAAATTAAAGATACATTATTAAATGTGGAATAATAACTTAAAGACTTAGTTTAAAAAAAGAAAAGAR 8125
R Y G L TG E I 8 L I V G K KT JYWOQQ I KDTIUL LNV E .
AGAATGGAGGGGACTATTTTGATAGGCATTATTCTAGCAATAAGCGGTTTCATAGG TATGATG TTACTC TATAAAAATG TAGAAATACACCTATTTCTAAGTTCGGATTTACTATTTATTGGACE 8250

AGTTTTACTAATCTCTTTATTCTATGGTGTAGTTTCTAGTACAGATATAATGAGTATTAAATGTCAACTATTATAGATTTATTATTGCTAGTAATGAGTTTAATAGGTATTATACTAGTTTTATT 8375
ATCTTATAAACCAAAGGGATTAACTAAACTAGCTCGCTACGGATATTTTTTAGTTATTTTATATTTAATAGGTTTTAGC TGCATTATTT TG TTTTACGGATAGGTAAAATATGAAACTATTTTAC 8500
GTTTAGAAATCTATATTTTTCTTACTATAAGGGAGGATGAGCGATGATAGAATTTATAATAGACGTATT T TTAATACTAGCCGATACTATTCAATTAAAAAAGGTGAGAAAACAGTTARAAAAAA 8625
GARARRATCAATAAAATAATTACATCATATATTCTTCTACTAATTTAGAAGTGTGAGAAAATGGTCTAATTTTTTAGTT TATTATGTATAAAAAATAATTTGATGGAAAATGTACTAAAAATGCT 8750

TAATAGTAATAACAATTATTTAAGCGTTTTCAAAATATTTTAAG T ATTTTGAATTATTTTT A TTGAAATA' CATAAAATGAAARATTTTATTAAACAAGATAAT 8875
RBSorf-7>MKNFIKQDN
TTTGTATACGTGTTACTTACATTTTTTATTATTCCTGATTGGGAATATCCTAT TP TTACAGTTATATG TTATC TTAGTGGTTTATG TTTTTTATTTACTTTACGTAAACAAAAAAATAARRARAT 9000
F VY VL LTT FF I I PDWEYU®©PTIVFTVICYZLSGGULOCFIULTFTTULU RI KO QI KNI KK I
AGRAATAGTTGCTTTTTTTT TTATCTTTGTAGCAAGTATTATGCGAATATTTATT T TTCAAAGCTTTTATAGTACAATTATTTATGCGTGCTATGCAATAGCTATTGTATATACTATTTTTACTA 9125
E I VAFFFMFUVASIMGTITFTIFESTFJTYSTTITIZYA ACYA ATIS EZATIVTYTTITFEFT
TGAGAAAAGATTCTTATGAAAATAACAAARATAATCGTARAAAAGTTATATAGCATTTAT TTCATT TATGAATCARATACCCTGG TTCARGATG TATTTTCCARAAARATGTTCAGATATCATA 9250
M R KD S Y ENNIKNINT RTZEKTI KV I . L R -35
TAGTTTTTTTGAAATACARATATAAAATAAAGGAGTTTGATTTAGATGAATAGCGTAAAAGAATTAAACGTGAAAGAAATGAAACAATTACACGGTGGAGTAAATTATGGTAATGGTGTTTCTTG 9375
oy * RBS canZ>MNSVKELNVKEMKQLHGGVNYGNGVSC
CAGTAAAACAAAATGTTCAGTTAACTGGGGACAAGCCTTTCAAGAAAGATACACAGCTGGAATTAACTCATTTGTAAGTGGAGTCGCTTCTGGGGCAGGATCCATTCGTAGCAGACCGTAAATAT 9500
S KT KCSVNWOGO QATFO QETRTYTAGTINSTFVSGECVASGA AG®GSTIGTRTR RP
ATAAATACAATATAGAGCAAGGTGGTGATACAATGGATATAAAGTCTCAAACATTATATTTGAATCTAAGCGAGGCATATAAAGACCCTGAAGTAAAAGCTAATCGAATTCTTATCAAAATTAGTT 9625
RBS cbiEZ)MDIKSQTLYLNLSEAYKDPEVKANEFLSKLV
GTACAATGTGCTGGGAAATTAACAGCTTCAAACAGTGAGAACAGTTATATTGAAGTAATATCATTGCTATC TAGGGGTATTTCTAGTTATTATTTATCCCATAAACGTATAATTCCTTCAAGTAT 9750
VQ CAGE XKLTASNSTENSTYTIEVTISTLLSRGTISSYJYZLSHZE KT ERRTITITPSSM
GTTAACTATATATACTCAAATACAAAAGGATATAAAAAACGGGAATATTGACACCGAAAAATTAAGGAAATATGAGATAGCAAAAGGATTAATGTCCGTTCCT TATTTCTAATTTTTTC 9875
LTI Y TQTIOQIKTDTIZ KNG GNTIDTETZ KTLTR RTIEKTYETIA AZ KTSGTLMSTYVZ®PYTIZYTF .
AATGATGTTAGTTGACTTCAAARAGATGTGAAATCGATAAATGAAAGGTGGTAGG TAGCAATGGATTTAGATCAGAAATTTAATGACTTAATTAATAGTAAAAAAGGARAAAAGTTCGAACTGTA 10000
TCTTGAAATTATTAATTGGTTAGGTGCGAATTTTATAGGTTGGGTAACAATCTTATTGATCTATC TAACAACAATAGCGATATCAGGAAGATTGCACCACCAAACTAATGTAAATACTGCAG 10122

FIG. 1—Continued.
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Processing site

CbnB2 “"VNY G..
CbnBM1 AISY.
CbnX WG WK..
CbnY SATIL..
CbnS - SKNS.

FIG. 2. Alignment of the double-glycine-type leader peptides of the bacteri-
ocin precursors CbnB2 and CbnBM1 and the N-terminal regions of the cbnY,
cbnX, and cbnS gene products.

activity could not be differentiated because of the production
of the chromosomal bacteriocin CBM1, C. divergens LV13 was
transformed with pLQ18, pLQ18E, and pLQ18B and the phe-
notype of the transformants was analyzed (Table 3). The ge-
nome of C. divergens LV13 does not hybridize with chnB2- or
cbnBM-specific probes, indicating that this strain lacks the
carnobacteriocin genes (data not shown). C. divergens LV13
harboring pLQ18 was sensitive to C. piscicola strains carrying
plasmids with cbnB2 deleted (Table 3, first three columns, line
3). This result was consistent with the previous observation
that this host remains sensitive to CBM1 despite transforma-
tion with pLQ24 (22) and indicates that CBM1 immunity is not
expressed in C. divergens LV13. As expected, C. divergens car-
rying pCaT or pLQI18E, with cbiB2 deleted, was inhibited by
the C. piscicola host carrying pLQ18, pLQ18B, or pLQI8E
(Table 3, first three columns, lines 1 and 2) or C. divergens
carrying pLQ18 (Table 3, column 4, lines 1 and 2). Further-
more, C. piscicola carrying pLQI1S8E is inhibited by C. piscicola
carrying pLQ18 (Table 3, column 1, line 5). However, while C.
divergens carrying the complete pLQ18 displays autoimmunity,
the strain with a disruption of the immunity to CB2 (C. diver-
gens carrying pLQ18E) still exhibits immunity to the undefined
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FIG. 3. (A) Schematic representation of DNA fragments cloned into pCaT.
The positions of the previously sequenced cbnB2 and cbiB2 are indicated in
pLQ18. The vertical arrow in pLQ18B indicates the site of a 31-bp deletion.
Dotted lines represent deleted segments of DNA. Relevant restriction sites are
indicated (P, PstI; Bs, BstNI; Bn, Banll; S, Sphl; C, Clal, N, Nhel; Bm, BamHI).
The phenotypes of C. piscicola LV17C transformants are indicated: column 1
(Bac) indicates presence (+) or absence (—) of bacteriocin production, deter-
mined by the deferred inhibition test; columns 2 and 3 (B2i and BM1i) indicate
presence (+) or absence (—) of immunity to CB2 and CBMI, respectively,
determined by bacteriocin sensitivity assay. (B) Organization of the genes iden-
tified within the sequenced region. The position and size of the transcripts
detected by Northern analysis (Fig. 6A) are indicated. Vertical arrows S, Bs, N,
and Bn indicate the positions of frameshift mutations in cbnK, cbnR, cbnT, and
cbnD, respectively. (C) Schematic diagram of the CBM1 operon. T, Tagl.
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FIG. 4. Assay for bacteriocin production. Strains were inoculated onto agar
plates and incubated at 25°C for 20 h before being overlaid with soft agar
inoculated (1%) with the indicator strain C. divergens LV13 transformed with
pCaT. The plates were incubated at 25°C for 16 h before the presence or absence
of inhibitory activity was recorded. The letters A to L indicate the positions of C.
piscicola LV17C transformants containing pLQ18B, pLQ18E, pLQ18’, pLQ18,
pLQ24, pLQ18D, pLQ18T, pLQI18R, pLQI8K, pLQ15, pLQ12, and pLQ11,
respectively. M and N indicate the positions of C. piscicola LV17C and C.
divergens LV13 transformed with pCaT, respectively.

bacteriocin-like compound(s), whereas the same host carrying
pCaT is susceptible (Table 3, last two columns, lines 1 and 2).
This bacteriocin-like compound is still produced by C. diver-
gens carrying pLQ18E or pLQ18B and is therefore not CB2.
Thus, it is concluded that a bacteriocin-like compound (other
than CB2 and CBM1) and an immunity protein are encoded
on or regulated by the DNA fragments cloned into these pLQ
plasmids.

Production of bacteriocins by C. piscicola LV17B is autoin-

A B
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Immunity to carnobacteriocin BM1 (%)
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FIG. 5. Immunity to CBM1 (A) and CB2 (B) of C. piscicola LV17C trans-
formed with pCaT (@), pLQ18 (m), pLQ18R (A), pLQ18K (A), pLQIST (<),
and pLQ18D (O). Immunity is expressed as a percentage of the growth rate in
the presence of bacteriocin relative to the growth rate in the absence of bacte-
riocin [immunity % = (growth rate with bacteriocin/growth rate without bacte-
riocin) X 100]. One AU is the amount of bacteriocin required to produce a
visible clearing on the lawn of the indicator strain C. divergens LV13. The specific
activity of CB2 is 50 AU/pg, and that of CBM1 is 90 AU/pg.
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TABLE 3. Bacteriocin production by transformants of C. piscicola LV17C and C. divergens LV13

Diam (mm) of zone of inhibition by producer strain with plasmid®

Indicator strain with

. C. piscicola C. divergens
plasmid
pLQI8 pLQ18B pLQISE pLQ18 pLQ18B pLQISE
C. divergens pCaT 20 18 18 19 10 10
C. divergens pLQ18E 19 19 19 19 - -
C. divergens pLQ18 19 19 19 - - -
C. piscicola pLQ18B - - - ND ND ND
C. piscicola pLQ18E 16 - - ND ND ND

“ Production of bacteriocin was detected by deferred inhibition test. —, no zone of inhibition; ND, not determined.

duced by CB2 (23, 27). However, transformants lacking a func-
tional copy of chnB2 (pLQ18B and pLQ18E) remained Bac™
(Table 3; Fig. 3). This observation suggested the presence of an
inducer factor for carnobacteriocin production in the superna-
tant of these cultures, other than CB2. Culture supernatant of
C. piscicola LV17C or C. divergens LV13 carrying pLQ18B or
pLQI8E induced bacteriocin production in Bac™ cultures of C.
piscicola LV17B. In contrast, culture supernatant of transfor-
mants carrying pCaT did not induce bacteriocin production. Of
the frameshift mutants (pLQ18K, pLQ18R, pLQI18T, and
pLQ18D), only culture supernatants of the strain carrying
pLQ18K (Bac™) induced bacteriocin production. Thus, the
loss of the new unidentified inducer factor in the supernatant
parallels the loss of carnobacteriocin production.
Transcription analysis of the carnobacteriocin regulon.
Northern analyses of RNA isolated from induced (Bac*) and
uninduced (Bac™) cultures of C. piscicola LV17B were done to
study the regulation of carnobacteriocin production and im-

A

munity. All of the transcripts probed were present only in
induced cultures (Bac™), indicating that they were under com-
mon transcriptional regulation (Fig. 6A). Transcription start
sites were determined by primer extension with RNA from the
Bac™* and Bac™ cultures. Primer extension products were de-
tected only in the induced (Bac™) culture (data not shown).
Initiation sites for transcription and alignment of the promoter
regions are shown in Fig. 6B. Potential —10 and —35 promoter
sequences and two imperfect direct repeats were identified
upstream of the transcription start sites. Based on the calcu-
lated size of the transcripts and the position of the tran-
scription initiation sites (Fig. 6B), the following transcripts
were assigned: a 510-nucleotide (nt) transcript that includes
cbnBM1 and cbiBM1 (detected with probe 1); an 840-nt tran-
script that includes cbnB2 and cbiB2 (detected with probe 2);
670- and 460-nt transcripts, both of which include cbnS and
part of the 5" end of cbnK (detected with probe 3); and a 310-nt
transcript that includes cbnXY (detected with probe 4). The

1 2 34 5 6 78
kb - 4 - + - + - + kb
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1.35- ) -1.35
0.84p
<0.67 i
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0.24- "°°31 -0.24
A B (i D
B
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cbnB2 CA|TTTATGAATT|CAAATACCCTGG|TTCAAGATGT
cbnS CA|TTCAAGACCG|TATTCGATGTAG|TTCAGGATGT
cbnX TT|TTCAAGAACT|CAAACAAATAAG|CTCAGGATGT
cbnBMI C G|TTCGAGATAC|GT TTATCCATGG|TTCAGGATGA

TTCAGGATGT <f——P» TTCAGGATGT
12nt

ATTTTCCAAAAAAATGTTCAGATATGATATAGTTTTTTTG -(34) - AUG
TTTITCATATATAATAAAATTTTAIGCCATACTTTAATTA -(22) - AUG
TITCACCTTAAATTTTTTCAGATATGGTATAGTCTCGTTG -(34) - AUG
TTITTATCAACGAGTTAATTATTTATGCTACAGTAAACTTG -(@3l) -AUG

-35 TG -10

FIG. 6. (A) Northern analysis using RNA isolated from cultures induced with heat-treated culture supernatant (Bac™) and uninduced cultures (Bac ™) of C. piscicola
LV17B. Panels A, B, C, and D indicate hybridization to cbnBMI-cbiBM1 (probe 1), cbnS-cbnK (probe 3), cbnX-cbnY (probe 4), and cbnB2-cbiB2 (probe 2), respectively.
The sizes of the transcripts and marker fragments are indicated in kilobases (kb). Lanes 1, 3, 5, and 7 were loaded with RNA from Bac™ cultures of C. piscicola LV17B;
lanes 2, 4, 6, and 8 were loaded with RNA from Bac™ cultures of C. piscicola LV17B. The transcripts are shown in Fig. 3B. (B) Alignment of promoter regions. Putative
—10 and —35 sequences (boldface letters) are underlined. TG dinucleotides characteristic of promoters in gram-positive bacteria are indicated (20, 32). The vertical
arrowhead indicates the 5’ end of the transcripts. The number of nucleotides between the 5’ end of the transcript and the initiation codon (AUG) is given in
parentheses. The putative 5" end of the chnBM1I transcript was determined based on sequence alignment. Direct repeats (L and R) are boxed, and the proposed

consensus sequence is indicated below the boxes.
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position and size of the transcripts detected are indicated in
Fig. 3B. Basal level of expression of the cbn operons was not
observed in the transcription analyses; however, it does occur.
Supernatant of Bac™ cultures of C. piscicola LV17B incubated
for more than 4 days was bacteriocin negative, but it induced
bacteriocin production. Furthermore, these Bac™ cultures
grew and produced bacteriocin when inoculated (2% [vol/vol])
into fresh broth (data not shown). This result indicates that low
constitutive production of inducer factor(s) occurs and that it
leads to accumulation of the inducer(s) and to autoinduction
upon inoculation into fresh broth. This observation demon-
strates the functioning of the quorum-sensing system in car-
nobacteriocin.

DISCUSSION

To determine the genetic requirement for bacteriocin pro-
duction and immunity and the cell density-dependent mecha-
nism involved in regulation of carnobacteriocin production, a
previously cloned 10-kb DNA fragment from the plasmid
pCP40 was sequenced and studied by deletion, gene inactiva-
tion, and transcription analyses. This locus contained the ge-
netic information required for production of the plasmid-en-
coded CB2, the chromosomally encoded CBM1, and their
immunity proteins. In addition, this locus is involved in the
production of an unidentified bacteriocin-like compound and
an inducer factor that plays a role in the regulation of car-
nobacteriocin production. Thus, C. piscicola LV17B not only
produces several bacteriocins but contains two endogenous
quorum-sensing signals that induce carnobacteriocin produc-
tion.

Several new ORFs were identified in the carnobacteriocin
locus, including two gene clusters, cbnXY and cbnSKRTD. Pre-
dicted products of c¢bnS, cbnX, and cbnY are class II bacterio-
cin-like precursor peptides. It seems likely that these genes
encode the new bacteriocin(s) and (or) the inducer factor
detected in this study (see below). Deduced products of chnK
and cbnR exhibit homology to proteins of bacterial Agr-type
two-component signal transduction systems. Products of cbnT
and cbnD show homology to ABC-transported and accessory
proteins of the signal sequence-independent secretion system.
More specifically, CbnT exhibits homology to ABC transport-
ers that cleave the double-glycine leader of bacteriocin precur-
sors (11). Frameshift mutations in cbnR, cbnT, or cbnD elim-
inated production of bacteriocins, production of inducer
factor(s), and immunity to CBM1. However, immunity to CB2
was not eliminated, and it was only slightly reduced in the
mutants. A frameshift mutation in ¢bnK did not eliminate
bacteriocin production, inducer production, or CB2 immunity
but eliminated CBM1 immunity. Because the structural and
immunity genes for CBM1 are cotranscribed as an operon, it is
likely that this mutant does not produce CBM1. Because of the
possibility of polarity effects in genes located downstream of
the mutations, it was not possible to ascertain which specific
gene(s) upstream of cbnB2 (¢cbnKRTD and orf-4) is required
for the Bac* Imm™ phenotype of C. piscicola LV17C carrying
pLQ18. In this regard, ConKRTD homologs are thought to be
involved in production of several class II bacteriocins (4, 12, 30,
33).

It was previously shown that CB2 was the factor in the
supernatant of C. piscicola LV17B that induced bacteriocin
production (23, 27) and that when C. piscicola LV17B was
inoculated below 10* CFU per ml, the resulting cultures were
Bac™, unless the growing cultures were artificially induced or
grown on solid medium (27). In this study, we demonstrated
that low basal production of inducer factor(s) occurs and that
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it leads to extracellular accumulation of the inducer to the level
required for induction of bacteriocin production in Bac™ cul-
tures or autoinduction upon subculturing. This observation
indicates that a self-inducing cell density-regulated system is
functional in C. piscicola LV17B. Furthermore, we have shown
that the 10-kb fragment cloned in pLQ18 encodes (or regu-
lates) the production of at least one additional inducer factor.
The gene plnA, encoding the inducer plantaricin A, is located
upstream of the cbnKR homolog plnBCD. Likewise, the gene
orf-1, believed to encode the inducer of sakacin P production,
is located upstream of the chbnKR homolog sppKR (12). Thus,
the conserved gene arrangement found in these peptide-in-
duced systems from lactobacilli resembles the gene arrange-
ment ¢hbnSKR in C. piscicola LV17B and suggests that cbnS
encodes the precursor of an additional inducer. Transcription
analysis demonstrated that the bacteriocin and immunity struc-
tural genes are cotranscribed and that the transcripts contain-
ing the carnobacteriocin structural and immunity genes are not
present in uninduced (Bac™) cultures of C. piscicola LV17B.
Similarly, two transcripts containing cbnS and the 5’ end of
c¢bnK and the transcript containing cbnXY were detected only
in induced cultures. The results suggest that these transcripts
are coregulated in a cell density-dependent manner. Imperfect
direct repeats resembling those found in the chbn promoter
regions are present in several promoters believed to be regu-
lated by agr-like systems (6). Study of the induction factor(s) in
C. piscicola LV17B is in progress.
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