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Abstract

By a transposon-tagging method, cadBA genes encoding a lysine/cadaverin antiporter and a lysine decarboxylase were identified and
cloned from Vibrio vulnificus. The deduced amino acid sequences of cadBA were 64^97% similar to those reported from other
Enterobacteriaceae. Functions of cadBA genes on acid tolerance were assessed by comparing acid tolerances of V. vulnificus and its
isogenic mutants, whose cadBA genes were separately inactivated by allelic exchanges. The results demonstrated that gene products of
cadBA contribute to acid tolerance of V. vulnificus, and that their contribution is dependent on prior exposure of cells to moderately acidic
pH. ß 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Vibrio vulni¢cus is an opportunistic Gram-negative
pathogen that commonly contaminates raw oysters, and
is the causative agent of food-borne diseases such as gas-
troenteritis and life-threatening septicemia. Predisposed in-
dividuals, with underlying immunocompromised condi-
tions, liver damage, or excess levels of iron, who
consume raw oysters, can die within days from sepsis.
Even otherwise healthy people are susceptible to serious
wound infections after contact with shell¢sh or water con-
taminated with V. vulni¢cus [1]. Mortality from septicemia
is very high (s 50%), and death may occur within 1 to
2 days after the ¢rst signs of illness.

Bacteria have evolved with elaborate protection systems
to allow survival and/or growth during exposure to envi-
ronmental change. Change in the external acidity is one of
the most common environmental stresses that bacteria
routinely encounter (see [2,3]). Like many other food-

borne pathogenic bacteria, V. vulni¢cus has to cope with
ever changing acidity in their growth environments to en-
sure developing illness. The pathogen has to survive acidic
stresses imposed not only by natural ecosystems and
present control practices, such as adding acid to suppress
growth in raw seafood, but also by the human gastric
barrier. However, until now a de¢nitive analysis of the
acid tolerance of V. vulni¢cus has not been made, and
the molecular mechanisms by which the bacterium can
survive in low pH environments have not yet been char-
acterized.

It is obvious that characterization of the acid protection
system of V. vulni¢cus at the molecular level is useful in
delineating novel strategies to control this pathogen
present in foods. Accordingly, in an e¡ort to identify the
genes involved in acid tolerance, a library of V. vulni¢cus
mutants was constructed, and a mutant that was more
sensitive to low pH was screened. By a transposon-tagging
method, a cadBA operon encoding a lysine/cadaverin anti-
porter and a lysine decarboxylase was identi¢ed and
cloned from V. vulni¢cus. The nucleotide and deduced
amino acid sequences of each gene of the cadBA operon
were analyzed. V. vulni¢cus null mutants whose cadBA
genes were separately disrupted were also constructed,
and the acid tolerance of the mutants was compared to
that of the parental wild-type.
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2. Materials and methods

2.1. Strains, plasmids, and culture media

The strains and plasmids used in this study are listed in
Table 1. Escherichia coli strains used for plasmid DNA
replication or conjugational transfer of plasmids were
grown in Luria^Bertani (LB) broth or on LB broth con-
taining 1.5% (w/v) agar. Unless noted otherwise, V. vulni-
¢cus strains were grown in LB medium supplemented with
2.0% (w/v) NaCl (LBS). When required, appropriate anti-
biotics were added to the media as follows: ampicillin 100
Wg ml31, kanamycin 50 Wg ml31, and tetracycline 10 Wg
ml31.

2.2. Cloning of the V. vulni¢cus cadBA operon

A mutant, strain JR991, that was more sensitive to low
pH was screened from a library of V. vulni¢cus mutants
generated by a random transposon mutagenesis using a
mini-Tn5 lacZ1 [4]. A DNA segment £anking the trans-
poson insertion was ampli¢ed by PCR as described pre-
viously [5]. Since the deduced amino acid sequence of the
resulting PCR product, a 150-bp DNA fragment, revealed

62% identity with that of E. coli cadB, the DNA was
labeled with [K-32P]dCTP and named CadBP. To clone
the full genes of the cadBA operon, a cosmid library of
V. vulni¢cus ATCC 29307 constructed using pLAFR3
(J.H. Rhee, unpublished data) was screened using CadBP
as a probe. A colony showing a positive signal was iso-
lated, and the cosmid DNA was puri¢ed and named
pJR990 (Fig. 1). A 9.3-kb band and a 4.3-kb band from
the cosmid DNA digested with XhoI and EcoRI, respec-
tively, were puri¢ed and ligated into pGEM7zf(+) (Pro-
mega, Madison, WI, USA) to result in pPR991 and
pJR991, as shown in Fig. 1.

2.3. Generation of the cad: :nptI mutants

To inactivate cadB, a 1.2-kb nptI DNA conferring re-
sistance to kanamycin was isolated from pUC4K (Phar-
macia, Piscataway, NJ, USA) and inserted into a unique
AccI site present within the open reading frame (ORF) of
cadB. The 3.7-kb cadB: :nptI cartridge from the resulting
construct (pJR002) was liberated and ligated with SmaI-
digested pCVD442 [6], forming pJR0021. To inactivate the
cadA, a 2.2-kb DNA fragment carrying whole cadA was
ampli¢ed by PCR using primers CAD0005 (5P-GCTCTA-

Table 1
Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristicsa Reference or
source

Bacterial strains
V. vulni¢cus
ATCC 29307 Clinical isolate ; virulent Laboratory

collection
MO6-24/O Clinical isolate ; virulent Laboratory

collection
JR991 MO6-24/O with cadB : :mini-Tn5 lacZ1 This study
JR202 ATCC 29307 with cadB: :nptI ; Kmr This study
JR203 ATCC 29307 with cadA: :nptI ; Kmr This study
E. coli
DH5K supE44 v lacU169 (P80 lacZ vM15) hsdR17 recA1 endA1 gyrA96 relA1 relA1 thi-I rel AI ; plasmid

replication
Laboratory
collection

SM10(Vpir) thi thr leu tonA lacY supE recA : :RP4-2-Tc: :Mu Vpir ; Kmr ; host for Z-requiring plasmids; conjugal donor [6]
Plasmids
pUT: :mini-Tn5 lacZ1 R6K Q ori ; suicide vector; oriT of RP4; Apr [4]
pGEM7zf(+) pMB1 ori ; Apr Promega
pUC4K pUC4 with nptI ; Apr, Kmr Pharmacia
pCVD442 R6K Q ori ; sacB ; suicide vector; oriT of RP4; Apr [6]
pRK415 IncP ori ; broad host-range vector; oriT of RP4; Tcr [13]
pPR991 9.3-kb XhoI fragment containing cadBA in pGEM7zf(+) ; Apr This study
pJR990 Cosmid containing cadBA This study
pJR991 4.3-kb EcoRI fragment containing cadB, part of cadA in pGEM7zf(+); Apr This study
pJR992 2.5-kb HindIII fragment of pJR991 in pGEM7zf(+) ; Apr This study
pJR9914 2.2-kb cadA fragment in pGEM7zf(+) ; Apr This study
pJR002 pJR992 with cadB: :nptI ; Apr, Kmr This study
pJR003 pJR9914 with cadA: :nptI ; Apr, Kmr This study
pJR0021 pCVD442 with cadB: :nptI ; Apr, Kmr This study
pJR0031 pCVD442 with cadA: :nptI ; Apr, Kmr This study
pJR0022 pRK415 with cadB ; Tcr This study
pJR0032 pRK415 with cadA ; Tcr This study

aApr, ampicillin resistant; Kmr, kanamycin resistant; Tcr, tetracycline resistant.
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GACCAAATGAATATTTTCGCTATCTT-3P) and CAD-
0006 (5P-CGGGATCCTGCGTTAAATCATTGACCTA-
ATTT-3P) and ligated with pGEM7zf(+) to yield
pJR9914. The cadA in pJR9914 was inactivated by insert-
ing the nptI fragment into the EcoRI site of cadA ORF, to
result in pJR003. The cadA: :nptI cartridge was isolated
after digestion of pJR003 with XbaI and BamHI, and li-
gated with pCVD442 to construct pJR0031, following the
procedures for pJR0021.

E. coli SM10 (Vpir), tra (containing pJR0021 or
pJR0031) was used as a conjugal donor to generate the
cad: :nptI mutants of V. vulni¢cus ATCC 29307 by homol-
ogous recombination (Fig. 2A). The conjugation and iso-

lation of the transconjugants were conducted using the
methods previously described [7], and a double crossover,
in which each wild-type cad gene was replaced with the
cad: :nptI allele, was con¢rmed by PCR as shown in Fig.
2B. The V. vulni¢cus mutants chosen for further analysis
were named JR202 for the cadB mutant and JR203 for the
cadA mutant, respectively.

2.4. Measurement of cadaverin excretion and lysine
decarboxylase activities

Cultures of V. vulni¢cus strains, bu¡ered at pH 5.8 with
10 mM 2-(N-morpholino)ethanesulfonic acid (Sigma, St.
Louis, MO, USA) or pH 7.6 with 10 mM N-tris(hydrox-
ymethyl)methyl-2-aminoethanesulfonic acid (Sigma), were
incubated at 30‡C under aeration and harvested at the
indicated times to measure cell density, cadaverin excre-
tion and lysine decarboxylase activities. Bacterial growth
was monitored by measuring the OD600 of cultures. The
lysine decarboxylase activity in the cells and the cadaverin
excretion in the supernatants were determined according
to procedures described previously [8,9]. A unit of enzyme
activity was de¢ned as an increase in absorbance
(1000UA340) of the reaction solution per minute per cell
density (OD600) of cultures. For statistical analysis, Stu-
dent’s t-test was used to evaluate the di¡erences between
the enzyme activities and the survival rates for the various
strains (SAS software, SAS Institute Inc., Cary, NC,
USA). Averages and standard errors of the mean
(S.E.M.) were calculated from at least three independent
trials.

Fig. 1. Physical map of V. vulni¢cus cadBA genes. Plasmids pJR991 and
pPR991 were used to determine the nucleotide sequence of cadBA. The
open boxes and thick lines represent the coding regions of cadBA genes
and chromosomal DNA, respectively. Part of cadC, a box with dashed
line, appears at the left end of cadBA. The nucleotide sequence of cad-
BA genes of V. vulni¢cus ATCC 29307 was deposited into GenBank
under accession number AF324470. Abbreviations: A, AccI; E, EcoRI;
H, HindIII; Xh, XhoI.

Fig. 2. Allelic exchange procedure and construction of cad: :nptI isogenic mutants. A: Double homologous recombinations between strain ATCC 29307
and plasmids pJR0021 or pJR0031 led to interruption of respective cad genes and resulted in construction of mutants JR202 or JR203, respectively.
Dashed lines represent the bacterial chromosome; a full line, the plasmid DNA; open boxes, the target cad genes; shaded boxes, the nptI gene; large
X’s represent genetic crossing over. Abbreviations: sacB, levansucrase gene; bla, L-lactamase gene. B: PCR analysis of genomic DNA from ATCC
29307 with primers CAD0003 and CAD0004 produced a 1.3-kb fragment, whereas genomic DNA from JR202 resulted in an ampli¢ed DNA fragment
approximately 2.5 kb in length. The 2.5-kb fragment is in agreement with the projected size of the DNA fragment containing wild-type cadB (1.3 kb)
and the nptI gene (1.2 kb). Similarly, the construction of JR203 was con¢rmed by PCR using primers CAD0005 and CAD0006. Molecular size markers
(1-kb ladder, Gibco-BRL, Gaithersburg, MD, USA) appear in the end lane of the gel.
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2.5. Acid challenges

Acid tolerance was assessed in a 10 mM sodium citrate
bu¡er (pH 4.4) supplemented with 2.0% NaCl (SCBN)
and ¢lter-sterilized. Cultures prepared essentially as de-
scribed above, and grown for 4 h were used to inoculate
£asks containing 50 ml of SCBN to achieve a ¢nal con-
centration of ca. 105 colony forming units (CFU) ml31.
Following inoculation, the £asks were incubated at 30‡C
with shaking (150 rpm) for 90 min. The samples then
removed were plated in duplicate on LBS and incubated
at 30‡C. The percentage of survivors was calculated by
using the CFU ml31 as determined immediately after in-
oculation as 100%.

3. Results and discussion

3.1. Sequence analysis of the V. vulni¢cus cadBA operon

The nucleotide sequences of the DNA fragments in
pJR991 and pPR991 were determined by primer walking
(Korea Basic Science Research Center, Kwang-Ju, South
Korea). The nucleotide sequence revealed two coding re-
gions consisting of 1332 nucleotides and 2136 nucleotides,
respectively, 131 bp apart from each other (Fig. 1). A
database search for nucleotide sequences similar to those
of the coding regions revealed three other cadBA genes
cloned from E. coli, Vibrio cholerae and Salmonella ty-
phimurium strains with high levels of identity. The cadBA
from these bacteria was 64^85% identical in nucleotide
sequence with the coding regions in pPR991 and pJR991
(data not shown). This information proposed that the cod-
ing regions are homologs of cadBA genes reported from
other Enterobacteriaceae, and led us to name the coding
regions cadBA of V. vulni¢cus.

The amino acid sequence deduced from the cadB nucle-
otide sequence revealed a protein, a lysine/cadaverin anti-
porter composed of 443 amino acids with a theoretical
molecular mass of 46 753 Da and a pI of 6.51. The amino
acid sequence of the V. vulni¢cus lysine/cadaverin antipor-
ter, CadB, was 64% and 93% identical to those of the
CadB of E. coli and V. cholerae, respectively (data not
shown, http//www.ebi.ac.uk/clustalw). The predicted pro-
¢le of the hydrophobicity (http//www.expasy.ch) is signi¢-
cantly similar to that of the CadB of E. coli [10], and is
consistent with the fact that the CadB protein is a mem-
brane spanning protein (data not shown).

The amino acid sequence deduced from the cadA coding
sequence revealed a protein, a lysine decarboxylase com-
posed of 711 amino acids with a theoretical molecular
mass of 80 432 Da and a pI of 5.53. The amino acid
composition and molecular mass of this CadA are quite
similar to those of the CadA from other Enterobacteria-
ceae. The amino acid sequence of the V. vulni¢cus CadA
was 73^97% identical to those of the CadA from E. coli,

S. typhimurium and V. cholerae, and their identity appears
evenly throughout the whole proteins (data not shown,
http//www.ebi.ac.uk/clustalw). Furthermore, the hydro-
phobicity analysis revealed that the CadA is a cytosolic
soluble protein as observed previously from lysine decar-
boxylases of E. coli [10]. All of this information con¢rmed
that the cadBA operon encodes the lysine/cadaverin anti-
porter and lysine decarboxylase of V. vulni¢cus.

3.2. Lysine decarboxylase activity of V. vulni¢cus ATCC
29307

It has previously been observed that the cad genes of
E. coli are induced by low pH [11]. Consistent with this,
the lysine decarboxylase activity of strain ATCC 29307
appeared at the beginning of growth and reached a maxi-
mum during the mid-exponential phase in a culture ad-
justed to pH 5.8 (Fig. 3). The lysine decarboxylase
activity began to decrease when the pH of the culture
broth increased. However, when the culture adjusted to
pH 7.6 was analyzed, it appeared to produce much less
lysine decarboxylase, although the level of the enzyme
activity was still evident. It is apparent from this result
that the lysine decarboxylase of V. vulni¢cus is also subject
to induction by low pH. Therefore, cultures of ATCC
29307 and the cad mutants, bu¡ered at pH 5.8 and grown
for 4 h, were used to compare lysine decarboxylase activ-
ities.

Fig. 3. Growth kinetics and activities of lysine decarboxylase in V. vulni-
¢cus ATCC 29307. Cultures of V. vulni¢cus ATCC 29307 were grown in
LBS, bu¡ered at pH 5.8 (¢lled symbols) or at pH 7.6 (open symbols) as
described in the text. Samples removed at the indicated times from cul-
tures were analyzed for cell density (8, 7), lysine decarboxylase activ-
ity (b, a), and pH (R, O).
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3.3. E¡ects of mutations in cad genes on lysine
decarboxylase activity and cadaverin excretion

For ATCC 29307, lysine decarboxylase was produced
and reached a maximum 3.0 units (Fig. 4A). The disrup-
tion of cadA in the mutant JR203 resulted in reduced
production of lysine decarboxylase activity (P6 0.05).
The residual level of lysine decarboxylase activity in
JR203 corresponded to less than one-tenth of that of the
wild-type. These data demonstrated that the cadA gene
encoded the lysine decarboxylase of V. vulni¢cus. How-
ever, the lysine decarboxylase activity in JR203 was still
evident and its level was signi¢cantly higher than the back-
ground levels observed when control assays were carried
out in the absence of lysine. This observation that the
mutant still exhibited lysine decarboxylase activity indi-
cated the existence of at least one more lysine decarbox-
ylase (or its homolog) being produced by V. vulni¢cus
ATCC 29307. This assumption that V. vulni¢cus has mul-
tiple lysine decarboxylases is supported by recent reports
that E. coli has a second lysine decarboxylase. The second
lysine decarboxylase of E. coli, encoded by the Idc gene
located apart from cadA, is expressed at a low level under
various conditions [8,12].

To rule out the possibility that the decrease of lysine
decarboxylase activity by more than 90% resulted from
polar e¡ects of the cadA insertional mutation on down-
stream genes, we examined if reintroduction of pJR0032
carrying recombinant cadA could complement the de-
crease of lysine decarboxylase activity of JR203 cells.
For this purpose, pJR0032 was constructed by subcloning
the cadA ampli¢ed by PCR using primers CAD0005 and

CAD0006 and then digested with XbaI and BamHI into
the broad host-range vector pRK415 [13] linearized with
the same enzymes. The resulting plasmid was mobilized
into V. vulni¢cus by conjugation. The lysine decarboxylase
activity of the JR203(pJR0032) was restored to a level
comparable to the wild-type level of ATCC 29307 (Fig.
4A). Therefore, the decreased lysine decarboxylase activity
of JR203 resulted from inactivation of functional cadA
rather than any polar e¡ects on any genes downstream
of cadA.

When JR202, a cadB mutant, was compared with its
parental wild-type, it appeared to produce a signi¢cantly
lower level of lysine decarboxylase (P6 0.05), and the level
of the lysine decarboxylase was comparable to that of the
cadA mutant (Fig. 4A). One possible explanation for this
decrease in lysine decarboxylase in JR202 is that the cad-
BA is one transcriptional unit and insertional mutation of
cadB gives the e¡ect of polarity on cadA. To test this
possibility further, recombinant cadB was reintroduced
into JR202 and the lysine decarboxylase activity was de-
termined. The ORF and upstream region of the cadB was
ampli¢ed by PCR using the pairs of primers CAD0003
(5P - CGGGATCCGAGATGTTATGTCATCTGATACT-
A-3P) and CAD0004 (5P-CGGAATTCGCCAGCGGAA-
TCAATCAGTGTTG-3P). The ampli¢ed cadB was di-
gested with EcoRI and BamHI and then ligated with
pRK415 digested with the same enzymes, to result
in pJR0022. The level of lysine decarboxylase of
JR202(pJR0022) was not restored and remained close to
that of JR202. However, the reintroduction of pJR0032
carrying cadA into JR202 restored the decreased activity
of lysine decarboxylase to the level of the wild-type (Fig.

Fig. 4. E¡ects of mutations in cad genes on lysine decarboxylase activity and cadaverin excretion. For both panels, cultures of ATCC 29307 and each
isogenic mutant were grown in LBS adjusted to a pH of 5.8. After 4 h incubation, samples were removed and analyzed for lysine decarboxylase activity
(A) and for cadaverin excretion (B). Complementations of the mutants with a functional cadB (pJR0022) or cadA (pJR0032) are also presented as indi-
cated. Relative activities of lysine decarboxylase, and levels of cadaverin excretion were calculated as described in the text. Error bars represent the
S.E.M.

FEMSLE 10352 10-4-02

J. Eun Rhee et al. / FEMS Microbiology Letters 208 (2002) 245^251 249



4A). These results are in agreement with our assumption
that cadBA is one transcriptional unit and cadA is not
functional in JR202.

The excretion of cadaverin results from the combined
activity of lysine decarboxylase and cadaverin/lysine anti-
porter [10]. When the cadaverin excretion was determined
in the cadB mutant (JR202) and cadA mutant (JR203), the
cadaverin excretion of both strains decreased signi¢cantly,
and the trend of that decrease was similar to that for
lysine decarboxylase (Fig. 4B). Introduction of the re-
combinant cadA (pJR0032) into JR203 restored cadaverin
excretion to the level found in the wild-type. However, in
contrast to the lysine decarboxylase, neither pJR0022 nor
pJR0032 was able to complement cadB mutation to re-
store the decrease of cadaverin excretion in JR202 (Fig.
4B). This observation again supports our assumption that
neither cadA nor cadB is functional in JR202.

3.4. Acid tolerance of the cad mutants

The survival of the parent strain (ATCC 29307) was
signi¢cantly greater (P6 0.05) than that of the cadA mu-
tant (JR203) when cells grown at pH 5.8 were used for
acid challenge in SCBN (Fig. 5A). The parent strain de-
creased ca. 1.0 log10 CFU ml31 (90%), while the JR203
strain decreased ca. 3.0 log10 CFU ml31 (99.9%) after a
90-min acid challenge. This indicated that the cadA mu-
tant is more sensitive to acid than the wild-type, and that
lysine decarboxylase plays an important role in the acid
tolerance of V. vulni¢cus. Similar to results with JR203
cells, the survival of JR202 was signi¢cantly lower
(P6 0.05) than that of the parental wild-type (Fig. 5A).
Complementation of cadA: :nptI in JR203 with a function-
al cadA (pJR0032) restored acid tolerance to a level equiv-

alent to that of the parent strain (Fig. 5A). In agreement
with the observation that cadA is not functional in JR202,
reintroduction of recombinant cadB could not comple-
ment the decrease of survival of JR202 cells. Introduction
of a control plasmid (pRK415) into JR203 did not signi¢-
cantly a¡ect survival during an acid challenge (data not
shown).

The survival of cells grown at pH 7.6 in acid challenges
is shown in Fig. 5B. The survival of the parent strain and
mutants is signi¢cantly lower (ca. 3^4 log CFU ml31 re-
duction) than the survival of cells grown at pH 5.8. Addi-
tionally, compared to the results with cells grown at pH
5.8, smaller di¡erences in the survival of the parent strain
and the cad mutants were observed (Fig. 5B). It is appar-
ent that the contribution of the cadBA genes for the acid
tolerance of V. vulni¢cus is substantial, but dependent on
prior exposure to acidic pH.

These results are consistent with the previous observa-
tion that the lysine decarboxylase of V. vulni¢cus is in-
duced by the exposure of cells to low pH (Fig. 3). Recent
studies noted that many other degradative decarboxylases,
such as lysine decarboxylase of E. coli, are also induced at
acidic pH as well as by high concentrations of the respec-
tive amino acids [10,14]. The expression of the E. coli
cadBA operon is regulated by CadC, an activator, and
by LysP, a repressor, as a function of the pH and concen-
tration of lysine [15,16]. Likewise, CadC positively regu-
lates the expression of cadBA genes in V. cholerae, a spe-
cies closely related to V. vulni¢cus [17]. In the course of
our sequencing analysis, the part of cadC homology lo-
cated upstream of cadB was found (Fig. 1). It is not clear
whether the same elements observed in the regulation of
cadBA of other Enterobacteriaceae are also involved in the
regulation of the cadBA of V. vulni¢cus or not. Neverthe-

Fig. 5. Acid tolerance of ATCC 29307 and isogenic cad mutants. Cultures, grown in LBS adjusted to a pH of 5.8 (A) or pH of 7.6 (B), were used for
acid challenge. The percent of survivors was calculated using the CFU ml31 of ATCC 29307 that survived immediately after the challenge as 100%.
Survivors of the mutants complemented with a functional cadB (pJR0022) or cadA (pJR0032) are also presented as indicated. Error bars represent the
S.E.M.
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less, from our observation that the lysine decarboxylase is
induced by exposing cells to low pH as observed in E. coli,
and that the cadC homology is present, it is most likely
that the cadBA of V. vulni¢cus would be regulated in a
manner analogous to the regulation of E. coli cadBA.
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