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A large cluster of virulence genes encoding proteins involved in Vibrio 
cholerae accessory colonization factor (ACF) expression and toxin-coregulated 
pilus (TCP) biogenesis is flanked by sequences that resemble bacteriophage 
attachment (att) half-sites. Adjacent to the attl-like site is a gene (int) that 
encodes a protein related to the integrase family of site-specific recombinases. 
The putative vibrio integrase appears to be most closely related to the 
Escherichia coli cryptic prophage (CP4-57) integrase protein (52 O/O identity, 73 O/O 

similarity). Genomic analysis of numerous V. cholerae strains (01, non-01 and 
0139) revealed that only vibrios capable of causing epidemic Asiatic cholera 
possess the TCP-ACF colonization gene cluster in association with the 
integrase. The fact that the integrase gene is absent in avirulent strains 
suggests that epidemic strains of V. cholerae obtained the TCP-ACF 
colonization gene cluster via horizontal transfer. 
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INTRODUCTION 

Vibrio cholerae, a Gram-negative bacterium, is the etio- 
logical agent of the severe diarrhoea1 disease Asiatic 
cholera. This syndrome results from the ingestion of food 
or water contaminated with the bacterium, followed by 
colonization of the small bowel and the subsequent 
secretion of cholera toxin (CTX) by the vibrios. Intra- 
intestinal survival of I/. cholerae is a poorly understood 
process requiring the expression of a number of co- 
ordinately regulated virulence factors (DiRita, 1992) in 
order to overcome the host’s natural defence mechanisms. 
Prior to intestinal colonization the vibrios must survive 
exposure to the gastric acid of the stomach, localize in the 
small bowel, and penetrate the mucous gel protecting the 
intestinal microvilli. Following penetration of the pro- 
tective mucous gel, the vibrios colonize the epithelial cell 
surface of the microvilli. At some point in the colonization 
process, the synthesis of CTX, toxin-coregulated pilus 
(TCP) (Taylor e t  al., 1987) and an additional accessory 
colonization factor (ACF) (Peterson & Mekalanos, 1788) 
occurs. Production of TCP and ACF enhance the ability 

Abbreviations: ACF, accessory colonization factor; CTX, cholera toxin; 
TCP, toxin-coregulated pilus. 

The GenBank accession number for the nucleotide sequence reported in 
this paper is U02372. 

of If. cholerae to successfully colonize the intestinal 
epithelium (Taylor e t  al., 1987; Peterson & Mekalanos, 
1988). Recent studies have shown that the tcp and acfgene 
clusters are physically linked on the I/. cholerae chromo- 
some, suggesting that the TCP and ACF factors may 
interact in some manner to promote successful coloni- 
zation of the small bowel (Everiss e t  al., 1994a, b). The 
action of CTX triggers the characteristic, profuse di- 
arrhoea associated with this disease, promoting dissemi- 
nation of the organisms back into the environment. 
Synthesis of CTX, TCP and ACF are controlled at the 
transcriptional level by a DNA-binding protein, ToxR, in 
response to environmental stimuli (Miller & Mekalanos, 
1988). Transcriptional activation of these V. cholerae 
virulence genes can occur either directly by ToxR binding 
to the heptanucleotide T T T T G A T  (Miller & Mekalanos, 
1984), or  indirectly via ToxR-regulated control of a 
second transcriptional activator, ToxT (DiRita e t  a[,, 
1991 ; DiRita, 1992). ToxT is a member of the AraC family 
of transcriptional activators that regulates the expression 
of a number of genes involved in I/. cholerae virulence 
(acfA, t cpA,  tcpC and t c - I )  as well as several genes whose 
roles in virulence have not been established (&A and 
tagA) (DiRita e t  al., 1991 ; DiRita, 1992; Higgins e t  al., 
1992; Parsot & Mekalanos, 1991, 1992). The activation of 
L’. cholerae virulence factors by ToxT, a transcriptional 
activator dependent on ToxR for expression, represents 
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an environmentally responsive regulatory cascade that is 
responsible for the coordinate activation of genes in- 
volved in I.,'. cbolerae colonization of the small bowel 
(DiRita, 1992). These genes belong to the ToxR regulon 
and are referred to as ToxR-activated genes (TAGS) 
(Peterson & Mekalanos, 1988). 

In numerous pathogenic bacteria virulence genes have 
been identified on mobile genetic elements, which may 
facilitate transfer of these genes between bacterial species 
(Finlay & Falkow, 1989). Work by Pearson e t  al. (1993) 
has demonstrated that the V. cholerae CTX genes encode 
two additional toxins : the zonula occludens toxin ( x o t )  
(Fasano e t  al., 1991 ; Baudry e t  al., 1992) and an accessory 
cholera enterotoxin (ace) (Trucksis e t  al., 1993). Both these 
toxins, as well as a core encoded pilin (cep), are located 
within a mobile genetic element. Karaolis e t  al. (1995) 
have inferred, based on polymorphism within the V. 
cbolerae housekeeping gene encoding the aspartate-semi- 
aldehyde dehydrogenase (asd), that horizontal transfer of 
the L7. cbolerae 0 antigen genes may occur, suggesting that 
I/. cholerae could show a high level of intraspecies genetic 
exchange. Additionally, the atypical V. cbolerae codon 
usage for the genes within the TCP locus has led to the 
proposal that the TCP gene cluster may be part of a larger 
genetic element (Ogierman & Manning, 1992; Kaufman 
e t  al., 1993). 

In this report, we describe the identification of a 1% 
cholerae gene, int, that encodes a protein related to the 
integrase family of site-specific recombinases. The I/. 
cbolerae int is the distal marker for a DNA segment of 
greater than 45 kbp encoding the I/. cbolerae ToxR- 
activated colonization determinants TCP and ACF. The 
data presented herein showing the physical linkage of the 
integrase gene to the ACF and TCP gene clusters supports 
the hypothesis that these colonization factors are part of a 
large genetic element involved in intestinal colonization 
that may have been, at one time, part of a mobile element 
acquired by I/. cholerae. 

METHODS 

Bacterial strains, phages, plasmids, media and reagents. The 
bacterial strains, phages and plasmids used in this study are 
listed in Table 1. Non-01 strains of TL cbolerae other than 0139 
have been referred to as ' nonagglutinating ' or ' noncholera ' 
vibrios and are typically not associated with epidemic cholera 
(Morris, 1990). Eschericbia coli and I./ibrio cbolerae strains were 
maintained at - 70 "C in Luria-Bertani (LB) medium containing 
20 '!n (v/v) glycerol (Miller, 1972). E. coli strains were cultured 
in LB broth or on LB agar at 37 "C. I/. cholerae strains were 
cultured on LB agar at 37 "C or in LB broth pH 6.5 at 30 "C or 
LB broth pH 8.4 at 37 "C as previously described (Peterson 8c 
Mekalanos, 1988). Antibiotics, when necessary, were used at the 
following concentrations : ampicillin (Ap) 100 pg ml-', kana- 
mycin (Km) 30 pg ml-' and streptomycin (Sm) 100 pg ml-'. 
Restriction endonucleases were purchased from New England 
Biolabs and T4 DNA ligase was purchased from Promega. 
Enzymes were used according to the manufacturers' recom- 
mendations. Isotopes, [35S]dATPcrS and [32P]dATP were pur- 
chased from Amersham. All other biochemical reagents were 
purchased from Sigma unless otherwise stated. Restriction 

analysis, plasmid construction and molecular biology techniques 
were performed according to standard procedures (Ausubel e t  
al., 1989; Sambrook e t  al., 1989). Reagents used in RNA 
preparation and analysis were treated with diethyl pyro- 
carbonate (DEPC) p rior ' to use. 

Genornic DNA isolation and analysis. Genomic DNA was 
isolated from 1.5 ml overnight cultures of I/. cbolerae (Ausubel 
e t  al., 1989). I/. cholerae cells were harvested by centrifugation 
and resuspended in 567 p1 TE (10 mM Tris p H  8.0/1 mM 
EDTA). SDS [30 p1, 1 0 %  (w/v) solution] and proteinase I< 
(3 pl, 20 mg ml-' solution) were added, giving final concen- 
trations of 100 pg proteinase I< ml-' and 0.5 oh SDS in 600 p1 
TE.  After incubation at 37 "C for 1 h, one-sixth vol. 5 M NaCl 
was added and the sample was mixed by inversion. Cetyl- 
trimethylammonium bromide (CTAB)/NaCl solution 180 pl, 
10% (w/v) CTAB in 0.7 M NaCl] was added to the sample, 
mixed by inversion and incubated at 65 "C for 10 min. The 
solution was extracted once with an equal volume of chloro- 
form/isoamyl alcohol, and once with an equal volume of 
phenol/chloroform. The DNA was precipitated by adding 
0.6 vol. isopropyl alcohol and the chromosomal D N A  was 
collected on a glass rod. The DNA was washed once with 70 '3'0 
(v/v) ethanol and resuspended in TE buffer pH 8.0. 

DNA manipulations and analysis. Chromosomal D N A  used in 
slot blot analysis was denatured at 100 "C in 0.4 M 
NaOH/10 mM EDTA for 10 rnin and applied to Hybond N S  
filters (Amersham) under alkaline conditions (Ausubel e t  al., 
1989). Chromosomal DNA used in Southern analysis was 
digested with DraI, size-fractionated on a 1.2 % (w/v) agarose 
gel in 1 x T A E  (40 mM Tris, 40 mM acetic acid, 2 mM EDTA, 
pH 8.0) and transferred to a BioBlot-N+ membrane (Costar) 
by capillary transfer in 10 x SSC (1 x SSC: 0.15 M sodium 
chloride, 0.015 M sodium citrate, pH 7.0). Filters were baked 
for 2 h in uacuo at 80 "C and prehybridized for 2 h in 6 x SSPE 
(1 x SSPE: 150 mM NaC1, 10 mM sodium phosphate, 1 mM 
EDTA, pH 7*4), 5 x Denhardt's solution 10.1 YO Ficoll (Type 
400), 0.1 % polyvinylpyrrolidone, 0.1 % bovine serum albumin 
(Fraction V)], 0.5% SDS, 50% (v/v) formamide and 100 pg 
denatured herring sperm DNA ml-' at 42 "C. The DNA probes 
used in this study were derived as follows : tagD-specific probe, 
0.7 kbp DraI fragment from pTAGD-1; tcpl-specific probe, - 1.0 kbp EcoRV fragment from pTCPI-1; toxT-spec- 
ific probe, - 0.6 kbp HindIII/EcoRI fragment from pB53.2; 
acf-specific probe, - 4-2 kbp Sac1 fragment from pMEIC2; int- 
specific probe, - 1.3 kbp EcoRV fragment from pMEK3; 
ssrA-specific probe, - 1.3 kbp DraI fragment from pMEK3; 
and the probe derived from V. cbolerae SG34 downstream of the 
ssrA gene that was used as a probe, - 3.0 kbp SacI/BglII 
fragment from $19. DNA restriction fragments used as probes 
in Southern analysis were isolated by agarose gel electro- 
phoresis, purified using Geneclean (BiolOl) and labelled with 
[32P]dATP using a random primer labelling kit (Promega). The 
unincorporated nucleotides were removed from the oligo- 
nucleotide probes by G-50 spin-column purification (Sambrook 
et al., 1989). The radiolabelled probe was heated for 5 min at 
100 "C and added to the prehybridizing filters. Hybridization 
was continued overnight at 42 "C. The filters were washed 
as follows: 5 rnin in 2 x SSC/O*5 YO SDS at room temperature, 
15 rnin in 2 x SSC/O.l % SDS at room temperature, 2 h in 0.1 x 
SSC/O-5 % SDS at 68 "C and 30 min in 0.2 x SSC/O.l O/O SDS at 
68 "C. The washed filters were air-dried and exposed to Kodak 
X-OMAT film at -70 "C with an intensifying screen (Fisher 
Scientific) for 4-16 h. 

RNA isolation and analysis. Overnight cultures of I/. cholerae 
were grown under ToxR-repressing conditions, in LB pH 8-4 at 
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Table 1. Bacteria, phages and plasmids used in this study 

Strain or plasmid 

Strains 
I 7. choirrue 

0395 
IcP1.17 
C6709 
0872 
ANC0223 
P27459 
E7946 
A14456 
A1 1837 
M 0 2  
MOlO 
SG34 
vo7 
1074-78 
11 96-78 

E. coli 
JM109 

Plasmids 
pUCl8 
pBluescript I1 I<S+ 
pMEK1 

pMEIi2 

pMEIi3 

pB53.2 

pTAGD-1 
PTCPI-1 
pVM55 
Bacteriophage 
AGEM-11 
4A13 

41 9 

4D12-2 

Relevant genotype or characteristics 

0 1 ,  classical/Ogawa, SmR 
0395 toxR : : pVM55, ApR, SmR 
0 1 ,  El TorlInaba, SmR 
0 1 ,  El Tor/Inaba 
01 ,  El Tor/Ogawa 
0 1 ,  El Tor/Inaba, SmR 
0 1 ,  El Tor/Ogawa, SmR 
Non-01, SmR, non-motile 
0139, SmR 
0139, SmR 
0 1  39 
0 5 6  
0 3 7  
0 1 ,  El Tor/Ogawa, nonpathogenic 
0 1 ,  El Tor/Ogawa, nonpathogenic 

F‘ traD36 /acIq A(/acZ)r\iil5 proAB/rec,/l I 
endA I gyrA96 (NalR) thi hsdR I7 (r;, mi) 
s ~ p E 4 4  (mcrA) relA I A(h-proAB) 

LacZ’, ApR 

pUC18 containing 16 kbp Sa/I fragment 
from 4A13, h p R  

pUC18 con ‘ 4 n g  - 4.2 kbp acfCt Sac1 
fragment --am 4A13, ApR 

pBluescript I1 IiS+ containing - 4.4 kbp 
BamHI fragment from pMEK1, ApR 

pUCl8 containing 11 kbp EcoRV/BamHI 
fragment containing the TnphoA fusion 
junction from KP3.5l(acfB: : Tnpho,4), 
ApR, IimR 

pBluescript I1 containmg I ’. cholerae tagD 
pBluescript I1 containing L’. cho/erae tcpI 
pJ M703.1 : : EcoRI-ffpaI(toxR), hpR 

/UCZ’, hpR 

Lambda replacement cloning vector 
AGEhl-11 containing 16 kbp acf” partial 

Sau3A fragment from I T. cholerae 0395 
AGEM-11 containing - 16 kbp ssrA+ 

partial Sau3A fragment from I T. cholerae 
SG34 

partial Sau3h fragment from I ’. cholerae 
0395. 

).GEM-11 containing - 16 kbp tagD+ 

Reference or source 

Laboratory stock 
Laboratory stock 
Peru* 
Peru*j- 
Peru* 
Bangladesh* 
Bahrain* 
Bangladesh* j- 
Bangladesh* 
India* 
India* 
Waldor & Mekalanos (1994) 
Waldor & Mekalanos (1994) 
Levine e t  a/. (1 982) 
Levine e t  a/. (1982) 

Promega 

k’anisch-Perron e t  a/. (1 985) 
Stratagene 
This study 

This study 

This study 

Everiss e t  a/. (1994a) 

Hughes et a/. (1994) 
Harkey e t  a/. (1994) 
Miller & Mekalanos (1988) 

Promega 
This study 

This study 

This study 

* Recovered from patients with cholera. 
j- Serogroup has not been confirmed. 

37 “C. These cultures were washed once with an equivalent 
volume of PBS (Ausubel e t  a/., 1989) pH 7.2, resuspended in an 
equal volume of LB pH 6.5 and diluted 1 : 100 in 50 ml LB 
pH 6-5 (optimal conditions for the expression of ToxR-activated 

genes) (Peterson & Mekalanos, 1988) and grown with aeration 
for 4 h at 30 “C (ODGoo - 1.0). Total RNA was isolated from 
these cultures using the hot phenol method (Aiba e t  al., 1981). 
Isolated R N A  was purified by centrifugation through a CsCl 
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gradient (Ausubel e t  al,, 1989), quantitated spectrophoto- 
metrically and stored in diethyl-pyrocarbonate-treated water at 
- 70 O C .  Total RNA from each Ixr. chokrae strain was denatured 
in 50% formamide at 65 OC for 10 min and applied to 
nitrocellulose filters under high salt conditions (Ausubel e t  al., 
1989). Nitrocellulose filters containing the transferred RNA 
were equilibrated in 5 x SSC for 15 min, air-dried, baked in 
vamo at 80 "C for 2 h and prehybridized for 1 h in 6 x SSPE, 
0.5 Yo SDS, 5 x Denhardt's solution, 50% formamide with 
100 pg herring sperm D N A  ml-' at 42 "C. Radiolabelled probes 
were added and hybridization continued overnight at 42 "C. 
The filters were washed for 5 min at room temperature in 
1 x SSC/O*l '/o SDS, followed by three 20 min washes at 68 O C  

in 0.2 x SSC/@l YO SDS. The washed filters were air-dried and 
exposed to Kodak X-OMAT film at -70 "C with an inten- 
sifying screen for 4-16 h. 
DNA sequencing. The DNA sequence was determined by the 
dideoxy chain-termination method (Sanger e t  al., 1977), using 
synthesized complementary oligonucleotide primers (Integrated 
D N A  Technologies), [35S]dATPaS and a Sequenase kit (United 
States Biochemical) following the manufacturers' protocols. 
The nucleic acid and the deduced protein sequence were 
analysed using the MacVector sequence analysis software 
(International Biotechnologies). Protein and nucleic acid simi- 
larity searches were performed against the non-redundant 
databases using the National Center for Biotechnology In- 
formation (NCBI) network server and the BLAST algorithm 
(Altschul e t  al., 1990). 

RESULTS 

Transcriptional analysis of genes downstream of the 
ACF gene cluster 

We have previously shown that the TCP and ACF gene 
clusters are physically linked on the V. cholerae chromo- 
some and encompass greater than 20 kbp of contiguous 
DNA sequence encoding at least 21 ToxR-activated genes 
involved in intestinal colonization (Everiss e t  al., 1994a). 
To identify ToxR-activated genes located downstream of 
the previously characterized ACF genes, a series of 
overlapping fragments isolated from cloned DNA down- 
stream of the ACF gene cluster were used to perform 
Northern blot analysis on RNA isolated from the fully 
virulent classical V. cholerae strain 0395. ToxR-activated 
genes are expressed in V. cholerae 0395 but are not 
expressed in IQ1.17 due to an insertional disruption in 
the transcriptional activator ToxR that prevents ex- 
pression of genes belonging to the ToxR regulon. Except 
for the toxR null allele, KP1.17 is otherwise isogenic to 
strain 0395. A recombinant clone was isolated from an 
0395 genomic library that contained a 16 kbp DNA 
fragment of the I/. cholerae chromosome encompassing 
the acfgene cluster and 10 kbp of downstream DNA 
(Fig. 1). Plasmid pMEK1 DNA (Fig. 1) was digested with 
BaislzHI and EcoRV, and each of the resulting six DNA 
fragments were isolated, labelled with [32P]dATP, and 
used as probes in RNA slot blot analysis. When the probes 
generated from the 4.4 kbp BamHI DNA fragment 
(encompassing probes 5 and 6 in Fig. 2) were used in 
Northern analysis, a hybridization signal was produced in 
RNA samples isolated from V. cholerae 0395 and the 
ToxR-null strain KP1.17 (Fig. 2). The probes hybridizing 
to the RNA isolated from the ToxR-null strain indicated 

S B  B D B B  s S. B E  

vMEK1 

D 

H 
Inl ' s s r A  rmpB orfIi4 o r f l i l  rmpA rs;N 

I 
1 kbp 

Fig. 1. Physical map of the distal region of the ACF gene 
cluster. The location of acf and additional genes as determined 
by DNA sequence analysis are indicated. Arrows denote the 
direction of transcription and the black box indicates the at t  
site. Restriction sites: B, BamHI; Bg, Bglll; D, Dral; E, EcoRI; H, 
Hindlll; MI Mscl; 5, Sall; Sa, Sau3A; V, EcoRV; X I  Xhol. 

the existence of transcriptionally active, non-ToxR- 
activated genes downstream of the acfgene cluster. These 
constitutively expressed genes mark the distal limit of the 
> 45 kbp gene cluster encompassing the ToxR-activated 
TCP and ACF colonization determinants. 

Identification, isolation and nucleotide sequence 
determination of the V. cholerae 0395 int gene 

The 4.4 kbp BamHI DNA fragment from pMEK1 was 
isolated and ligated into BamHI-digested pBluescript I1 
I<S+ generating pMEK3 (Fig. 1). The complete nucleo- 
tide sequences of pMEKl and pMEK3 were determined 
using a series of subclones, complementary oligonucleo- 
tide primers and exonuclease 111 deletions (data not 
shown). Analysis of the nucleotide sequence of pMEK3 
revealed a 422 amino acid ORF (Fig. 3) that could encode 
a protein with a predicted molecular mass of 48.4 kDa and 
a PI of 9-5. A polypurine region centred 10 nt upstream 
of the putative initiation codon was identified (Fig. 3) that 
may function as a ribosome-binding site (RBS) (Shine & 
Dalgarno, 1974; Steitz & Jakes, 1975) in V. cholerae. 
Computer-assisted homology searches revealed similarity 
between the protein encoded by this putative ORF and 
members of the integrase family of site-specific recom- 
binases. The highest degree of similarity detected, 73 YO 
(52% identity), was to the E. col i  cryptic prophage 
integrase protein, SlpA (Fig. 4) (Kirby etal., 1994). Based 
on the level of similarity between the predicted protein 
and the integrase family of site-specific recombinases, we 
have designated this V. cholerae gene int (integrase). 
Additionally, the DNA sequence upstream of the V. 
cholerae integrase gene showed identity with the proposed 
E. coli CP4-57 attL site at nineteen of twenty nucleotides 
(Fig. 5) and showed a significant degree of similarity to 
the region of the E. coli chromosome reported by Miczak 
e t  al. (1991) that encodes the lOSa RNA ( ssrA) ,  smpB, 
mzpA and recN gene products (Fig. 1) (Chauhan & 
Apirion, 1989; Rostas e t  a]., 1987; Komine e t  al., 1994). 
The chromosomal region immediately upstream of the 
putative I/. cholerae int shows 79.8 'A nucleotide identity 
with the E. coli s srA,  and 89% and 88% amino acid 
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Fig. 2. Slot blot analysis of RNA isolated from V. cholerae 0395 and KP1.17 under ToxR-regulon-inducing conditions ( I )  
and ToxR-regulon repressing conditions (R). Regions of pMEKl used as probes are numbered 1-6 and depicted under the 
physical map. Probes 5 and 6 identify non-ToxR-activated genes. Restriction sites: B, BarnHI; V, EcoRV. 

ATCAAACCTAACCGTAAG~A~TITAACTACTA~GCCCCACAAACGGTAAACGAGCTAACTTAAGC?TK;GAATGTACCCAGACATCTCCC 
I K P N G S K Q W I F N Y Y R P T N G K R A N L S F G M Y P D I S  

T I T T A C A A C C A A G A A A A A G C ~ A C T I T C T G C C A A A G A G C A  
L L Q A R K S L L S A K E L I A Q G I D P Q D D R K R Q Q Q V H K E  

C C A ~ C T G C T G A A A C A A n = A A A A R A A G A A G A G A A C A C C A  
T I P A E R M K K R R E H R I P L T E Q M L A L L E V M K P I S G H  

100 

200 

300 
1 

400 
34 

500 
67 

600 
101 

700 
134 

800 
167 

900 
201 

1000 
234 

1100 
267 

1200 
301 

1300 
334 

1400 
3 67 

1500 
401 

1600 
422 

1700 

1800 

1900 

2000 

2032 

.... 

Fig. 3. Nucleotide sequence of a Bglll-BarnHI DNA fragment containing the partial V. cholerae 0395 55rA and int genes 
and the deduced integrase amino acid sequence. The underlined segment indicates the putative ribosome-binding site 
and the double-underlined region indicates the putative attL site. The translation stop codon (TGA) is indicated by *. 

similarity to E. coli SmpB and SmpA, respectively (data 
not shown). Further analysis has shown that the non- 
ToxR-activated transcript detected in slot blot analysis 

(Fig. 2) originates immediately upstream of the integrase 
and corresponds to the I.,'. cbolerae equivalent of the 10Sa 
RN A ( ssrA) .  
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Int 

S 1pA 

Int 

S 1pA 

Int 

S 1pA 

Int 

S IpA 

Int 

S 1pA 

Int 

S IpA 

Int 

S IpA 

Int 

MAKNTVKLTDKEIKASKPREKEYNLFDGDGLRLRIKPNGSKQWIFNYYRPTNGKRANLSF 60 

MARKTKPLTDTEIKAAKPKDADYQLYDGDGLTLLIKSSGSKLWQFRYYRPLTKQRTKQSF 60 
* * I  I *  * * *  * * * * I * * I I  I f l * l * * * * l  * * l I * * *  * * * * * *  I * I  I * *  

GMYPDISLLQARKSLLSAKELIAQGIDPQDDRKRQQQVHKEIHEHTFENVTKDWFAIKQN 120 

GAYPAVSLSDARKLRAESKLAKDIDPQEHQKEQVRNSQE?iKTNTFLLVAER~T 120 
* * *  I * *  I * * *  I *  * l * I I * * * * I l l *  I I *  I * *  * I  I f 1  

DVTPDYALDIWRSLELHIFPHISDKPVKAITAPEIIELLKPIEAKGSLETVKRLTQRLNE 180 

SVTEDYADDIWRSLERDIFPAIGDISITEIKAHTLVKAVQPVQARG&ETVRRLCQRINE 180 
* *  * * *  * * * * * * *  I***  * I *  1 1  * I I I I *  * * * * * * I * *  * * I * *  

VMNFATNCGLIQANPLTGIKAAFKKPKKENMAALTPAELPELMSAIANASIKRTTRCLLE 240 

VMIYAQNTGLIDAVPSVNIGKAFEKPQKKNMPSIRPDQLPQLMHTMRTASISMSTRCLFM 240 
* *  I *  * * * I *  * * * *  * * I *  **I1 I * I * * l * *  I I * * *  I * * * * I  

+ 
WQLHTMTRPAEASGARWDEINWEEKVWTIPAERMKKRRFHRIPLTEQMLALLEVMKPISG 300 

WQLLTITRPAEAAEARWDEIDFNASEWKIP~HTVPLSDGALAILEMMKPLSG 300 
* * *  * I * * * * * * I  * * * * * * I  I * ***  * * *  * I *  I * * !  I * * l * * l * * * l * *  

+ +  
HRDF 1FPS.DRAPKKFCNSQTANMALKRMGFAGRLVSHGLRSLASTTLNEQGFDPDL~SA 3 6 0 

GREFIFPSRIKPNQPMNSQTAALKFUiGLGGVLVSHGLRSIASTALNEEGFPPDVIEZiA 360 
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Fig. 4. Computer-assisted alignment of the V. cholerae 0395 integrase (Int) predicted amino acid sequence with the E. coli 
CP4-57 cryptic prophage integrase (SlpA) amino acid sequence (Kirby etal., 1994). Numbers on the right of the amino acid 
residues indicated the residue number. Identical matches (52 %) are indicated by * and conservative changes (21 %) are 
indicated by 1. The amino acids that are conserved in the P4 family of integrase proteins that are believed to be part of 
the catalytic domain (Argos etal . ,  1986; Abremski & Hoess, 1992) are indicated by +. 

E. coli Cp4-57 AACTCCCGCCAGCTCCACCA 

v. cholerae 0395 AACTCCCCCCAGCTCCACCA 
I 

v. cholerae 1074-78 AACTCCCCCCAGCTCCACCA 

v. cholerae SG34 AAATCCCCCCAGCTCCACCA 
t 

Fig. 5. Comparison of the putative attL sites from E. coli and V. 
cholerae 0395, 1074-78 and SG34. The base pair mismatch 
between V. cholerae 0395 and E. coli is  indicated by I and the 
base pair mismatch between V. cholerae 01 (0395 and 1074-78) 
and non-01 V. cholerae SG34 is indicated by $. 

Identification of int sequences in El Tor and 0139 
strains of V. cholerae 

To ascertain if the integrase gene and surrounding 
sequences were unique to V. cholerae classical strain 0395, 
slot blot analysis was performed on 13 additional V. 
cholerae strains. DNA fragments specific for tagD (Hughes 
etal., 1994), t c - I  (Harkey e t d ,  1994), toxT (Higgins e ta l . ,  
1992), acf(Peterson & Mekalanos, 1988) as well as the int 
and ssrA genes were used to determine if these sequences 

were conserved in recent I/. cholerae 0 1  El Tor  and non- 
0 1  isolates. Chromosomal DNA from eight 0 1  (seven El 
Tor, one classical), three 0139 and three non-01 strains 
were analysed. Slot blot analysis (Fig. 6) demonstrated 
that DNA isolated from nine of the V. cbolerae strains 
tested generated a hybridization signal when analysed 
with all six probes. Four of the five I/. cholerae strains that 
failed to hybridize with all but the ssrA-specific probe are 
nonpathogenic (Levine e t  al., 1982; Morris, 1990). Analy- 
sis of the ssrA region from the nonpathogenic 0 1 ,  El Tor 
V. cholerae strain 1074-78 revealed that numerous base 
pair substitutions, insertions and deletions have occurred 
in the DNA sequence between the ssrA and int genes (data 
not shown). The ssrA region of the non-01 V. cholerae 
SG34 chromosome has also been cloned (data not shown) 
and the nucleotide sequence of the region downstream of 
the ssrA gene determined. A single C to A transversion 
was noted between the I/. cholerae 0395 and SG34 att-like 
sites (Fig. 5). The nucleotide sequence alignment between 
0395 and SG34 ends at the last A residue of the proposed 
att site and no int sequences were observed (data not 
shown). In slot blot analysis a probe derived from 419 
(Table l ) ,  encompassing the D N A  downstream of the 
SG34 s s r A  gene, hybridized to chromosomal DNA from 
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Fig. 6. Physical map depicting the regions of the V. cholerae chromosome that were used as probes in the slot blot 
analysis on chromosomal DNA isolated from 14 V. cholerae strains. Probes 2-7 were derived from V. cholerae 0395 and 
probe 1 was derived from V. cholerae SG34. The black boxes indicate the att-like sequences. The arrow indicates the 
direction of transcription of the integrase gene. 

all 14 1’. cholerae strains tested (Fig. 6, probe 1). This 
probe did not hybridize with a recombinant phage, 4D12- 
2 (Table 1) that contains - 10 kbp of I/. cbolerae D N A  
sequences upstream of tagD (data not shown). Since there 
is - 35 kbp of D N A  sequence between tagD and int, the 
absence of hybridization between the SG34 derived probe 
and 4012-2 indicates that the I/. cbolerae chromosomal 
element encompassing the ToxR-regulated TCP-ACF 
colonization determinants is greater than 45 kbp. We are 
current 1 y i so la t i ng overlap ping recombinant bac t e ri o - 
phage clones in order to identify the proximal end of the 
TCP-ACF gene cluster. 

DISCUSSION 

Our  efforts to define the distal limit of the I,,’. cbolerae 
ToxR-regulated gene cluster consisting of the TCP and 
ACF colonization determinants have led to the identi- 
fication of a linked gene that belongs to the integrase 
family of site-specific recombinases. The  I/. cbolerae 
integrase lies next to a gene ( s s rA)  encoding the I/. 
cbolerae equivalent of the E. coli 10Sa R N h .  Based on the 
constitutive level of expression of ssr-4, we have defined 

this region as the end of the ToxR-regulated TCP-ACF 
gene cluster. Slot blot analysis of D N A  isolated from I/. 
choltrae 0 1  and non-01  strains has revealed that the 
region of the L7. cholerne chromosome encoding TCP, 
ACF and the integrase is present in the ilsiatic-cholera- 
causing strains but absent from the non-cholera vibrio 
strains tested. 

The putative I,,’. cbokrae integrase shows significant amino 
acid similarity with the P4 family of integrases (Argos e t  
al., 1986). These catalpse site-specific integration via DNA 
nicking and strand exchange that is mediated through a 
conserved catalytic domain within the carboxy-terminus 
of the integrase protein (Argos e t  al. , 1986 ; Landrp, 1989). 
The I/. cbolerae integrase contains the four highly 
conserved catalytic domain residues (Fig. 4) (Argos e t  al., 
1986; Abremski & Hoess, 1992) and shows the highest 
degree of amino acid similarity (73%) with the E. coli 
CP4-57 cryptic prophage integrase, Slp A.  In addition to 
the extensive amino acid similarity between these two 
proteins, V. cbolerae and E. coli show nucleotide identity at 
nineteen of twenty positions within the a t t l - l ike  site 
upstream of the I/. cbolerae integrase and the 0 4 - 5 7  at tL  
site. Both the I/. cbolerae and E. coli CP4-57 integrase 
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genes are located at very similar chromosomal sites i.e. 
downstream of the gene ( ssrA)  that encodes the 10Sa 
small stable RNA, further reinforcing the similarity 
between these systems and these two proteins. 
Several lines of evidence suggest that the V. cbolerae tcp, 
acf and int are part of a genetic element that encompasses 
> 45 kbp of the I/. cholerae chromosome. The atypical 
codon bias reported by Ogierman & Manning (1992) for 
the TCP genes led them to suggest that the TCP gene 
cluster was either recently acquired or was non- V. cholerae 
in origin, Our studies indicate that the TCP-ACF gene 
cluster is located in a region of the I/. cbolerae chromosome 
that is analogous to the E. coli CP4-57 cryptic prophage 
integration site (Kirby e t  al., 1994). When chromosomal 
DNA from 14 strains of V. cbolerae was examined by slot 
blot analysis for the presence of tcp, acfand int sequences, 
an interesting pattern of hybridization was observed. The 
V. cbolerae 0 1  and 0139 strains that have been associated 
with Asiatic cholera hybridized to the tcp-, acf- and int- 
specific probes whereas the non-01 and nonpathogenic 
0 1  strains hybridized only to the area of the V. cholerae 
chromosome that flanked the ToxR-regulated TCP and 
ACF gene clusters. When the s s rA  region of the 
chromosome from V. cholerae 1074-78, a nonpathogenic 
0 1  strain that did not hybridize to the tcp-, acf- or int- 
specific probes, was examined, only the 5' portion of the 
integrase gene was present in this strain and numerous 
base pair substitutions, insertions and deletions were 
noted between the ssrA and int, as well as within the 
portion of the int gene that was present. The presence of 
multiple base pair changes within the intervening DNA 
sequence of the integrase and 10Sa RNA is similar to that 
which frequently occurs when prophage undergo partial 
deletion or illegitimate recombination (Campbell, 1992, 
1994). Our sequence data indicate that a similar phenom- 
enon may have occurred in V. cholerae 1074-78. V. cholerae 
SG34 is a non-cholera non-01 strain that lacks tcp, acfand 
any residual portions of the integrase gene near the s s rA  
region. This strain however, contains an intact att  site 
suggesting that SG34 has never acquired the tcp, acfand 
int genes. These observations, taken together with the fact 
that the TCP-ACF gene cluster possesses a gene (toxT) 
encoding a transcriptional activator (ToxT) necessary for 
TCP-ACF gene expression leads us to believe that the 
TCP-ACF gene cluster was at one time part of a large 
mobile genetic element. 
Karaolis e t  al. (1995) have proposed, on the basis of 
polymorphisms within the V. cholerae housekeeping gene 
encoding the aspartate-semialdehyde dehydrogenase 
( a d ) ,  that the 0 1  serogroup may arise from non- 
toxigenic, non-01 V. cbolerae via the horizontal transfer 
of the 0 antigen. A similar horizontal transfer of the 
element containing the TCP and ACF colonization 
determinants may have occurred, possibly via a mech- 
anism that is similar to that shown for the 17 kbp mobile 
genetic element (SLP1) of Streptomjces coelicolor. The SLPl 
element can undergo excision, conjugal transfer and 
subsequent site-specific integration into the chromosome 
of recipient 5. coelicolor cells (Omer & Cohen, 1984). We 
are currently attempting to develop an in vitro system to 

determine if transfer of the tc-acf- iat  region from the I/. 
cholerae chromosome can occur between V. cholerae strains 
in a similar manner. Preliminary mating experiments 
between V. cholerae 0395 (tq' acf' i d )  and V. cholerae 
V 0 7  (tcp acfint) have not resulted in the transfer of the 
TCP-ACF gene cluster from pathogenic to nonpathogenic 
vibrios. These results may not be surprising since we have 
failed to detect an int transcript under a variety of different 
culture conditions (data not shown). In E. coli, a small 
basic protein (AlpA) has been identified that can act as a 
positive regulator of s l p A  (integrase) expression. Over- 
expression of AlpA results in an increase in transcription 
of slpA, which subsequently leads to excision of the CP4- 
57 prophage from the E. coli chromosome (Trempy e t  al., 
1994; Kirby e t  al., 1994). A similar activator protein may 
be required for expression of the V. cholerae integrase and 
the subsequent excision or transfer of this element from 
the V. cbolerae chromosome. 

Future studies will attempt to overexpress int in the donor 
strain (tcp' a@) to determine if the integrase protein can 
promote excision of the TCP-ACF gene cluster from the 
att-like site downstream of the V. cholerae equivalent of 
the ssrA gene. Additional studies will focus on delineating 
the proximal end of the TCP-ACF element. Isolation of 
the intact TCP-ACF element using a modified form of the 
in v i m  excision system developed by P6sfai e t  al. (1994), 
which allows the cloning of large (50-100 kbp) regions of 
the bacterial chromosome, may permit the size and limits 
of this element to be clearly defined and help identify the 
number of genes present within the TCP-ACF element. 
Isolation of the intact TCP-ACF element will also allow 
studies to be performed in which these colonization 
factors are introduced into non-01, noncholera vibrios 
that possess toxR but lack TCP-ACF sequences such as 
V. cbolerae V 0 7  (Waldor & Mekalanos, 1994). These 
recombinant V. cholerae strains can then be tested for their 
ability to express TCP and ACF, and colonize the 
intestines of infant mice. The introduction of the TCP- 
ACF colonization element into nonreactogenic strains of 
I/. cholerae may thus provide an avenue for generating 
efficacious live vaccine candidates. 
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