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The temperate bacteriophage K139 is highly associated with pathogenic O1 Vibrio cholerae strains. The
nucleotide sequence of the major control region of K139 was determined. The sequences of four (cox, cII, cI, and
int) of the six deduced open reading frames and their gene order indicated that K139 is related to the P2
bacteriophage family. Two genes of the lysogenic transcript from the mapped promoter PL encode homologs to
the proteins CI and Int, with deduced functions in prophage formation and maintenance. Between the cI and
int genes, two additional genes were identified: orf2, which has no significant similarity to any other gene, and
the formerly characterized gene glo. Further analysis revealed that Orf2 is involved in preventing superinfec-
tion. In a previous report, we described that mutations in glo cause an attenuation effect in the cholera mouse
model (J. Reidl and J. J. Mekalanos, Mol. Microbiol. 18:685–701, 1995). In this report, we present strong
evidence that Glo participates in phage exclusion. Glo was characterized to encode a 13.6-kDa periplasmic
protein which inhibits phage infection at an early step, hence preventing reinfection of vibriophage K139 into
K139 lysogenic cells. Immediately downstream of gene int, the attP site was identified. Upon analysis of the
corresponding attB site within the V. cholerae chromosome, it became evident that phage K139 is integrated
between the flagellin genes flaA and flaC of O1 El Tor and O139 V. cholerae lysogenic strains.

In 1992 to 1993, a new Vibrio cholerae serogroup, designated
O139, was found to be responsible for a cholera epidemic in
southern and eastern parts of India and Bangladesh (2, 45, 51).
It was also reported that this new serogroup carries temperate
bacteriophages related to the kappa family of O1 V. cholerae
bacteriophages (23). Kappa phages appear to be widely dis-
tributed in O1 V. cholerae El Tor and are probably synonymous
with the alpha phage described by Nicolle et al. (44), typing
phage 3 (9), phage 32 (33), and probably also other phages,
such as VcA-2 (21), K139 (47), and V86 (13a). Kappa phages
have thus far been classified as vibriophages with a Bradley
group A morphology and a host range restriction to V. cholerae
biotype El Tor, serogroup O1 (1, 12, 57, 58).

Mainly due to a lack of further characterization, it was not
possible to define the kappa phage more precisely, e.g., based
on molecular characteristics. For example, nothing is known
about the regulation of the two developmental states, lytic
development and lysogeny. For temperate integrating Esche-
richia coli phages, entry into these phases is controlled by a
lysis-lysogeny transcriptional regulation system and its coordi-
nation with an integration-excision, site-specific recombina-
tional switch. Maintenance of the stable lysogenic state is reg-
ulated, for example, by the CI repressor in phage l (25) and
P186 (32). The CI repressor and often additional regulators
(e.g., the tripartite immunity system of phages P1 and P7 [22])
are expressed during lysogeny, which in consequence will also
prevent the propagation of a superinfecting phage. This prop-
erty of lysogens is called immunity. Beside this mechanism,
other proteins which also act to prevent superinfection of the
lysogenic cells by other complete mechanisms, e.g., prevention
of adsorption or phage exclusion systems, are often expressed
during lysogeny (56). For example, Salmonella typhimurium

phage 22 encodes three different systems represented by pro-
teins A1, SieA, and SieB (54) which prevent superinfection by
the same, related, or lytic phages.

In a recent report (47), we described K139 as a temperate
phage derived from a clinical isolate of V. cholerae serogroup
O139. Based on morphology analysis, we concluded that phage
K139 belongs to the kappa phage family and showed that this
phage or highly related K139 phages were widely distributed
throughout different serogroups (O1 and O139) and biotypes
(El Tor and classical) of V. cholerae. In addition, evidence was
provided that the phage encoded an exported gene product,
named Glo. This protein was expressed during the lysogenic
phase, and evidence was provided that it may encode a hypo-
thetical virulence determinant of lysogenic V. cholerae strains.

This study was initiated to elucidate Glo’s function, leading
to the preliminary result that Glo participates in phage biology.
We present data indicating that the phage-encoded glo gene
product is involved in phage exclusion. We also present the
DNA sequence of the putative lysis-lysogeny switch region of
the phage. It is further shown that phage integration occurs at
a distinct locus on the V. cholerae chromosome, linked to the
flagellin genes flaA and flaC in O1 El Tor and O139 V. cholerae
strains.

MATERIALS AND METHODS

Bacterial strains, phages, plasmids, and media. E. coli LE392 (F2 supF supE
hsdR galK trpR metB lacY tonA) (53) was used as the recipient strain for con-
struction of plasmids and overexpression of proteins. V. cholerae M799, M804,
M807, M817 (27), AI1838, and MO10 (64) were all clinical isolates, whereas
O395 and MAK757 (37) are defined derivatives of laboratory-adapted stocks.
Cultures were grown in Luria broth (LB), LB agar, or TB top-agar medium (38).
Unless noted otherwise, antibiotics were used at the following concentrations for
E. coli and V. cholerae, respectively: ampicillin, 100 and 50 mg/ml; kanamycin, 50
and 30 mg/ml; chloramphenicol, 1.5 mg/ml; and tetracycline, 12 and 1 mg/ml.
Plasmids and phages used in this study are listed in Table 1.

Oligonucleotides. The primers seq 1 to 18 (Fig. 1) were used for sequencing of
the phage control region. The primers used for construction, cloning, and se-
quencing of the Glo expression system and amplification of the flaA and flaC
regions were GloNcoI (59-AACATGCCATGGTGCGATTACTACCTCTA-39),
GloPstI (59-AACTGCAGATCTTTAAGGTTACGGACGG-39), JN-int (59-CG
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ATGGGCGTTCTGTTTCTA-39), JN-flaA (59-GCTCAGACGTGGGTATGTA
AT-39), and JN-flaC (59-GTCTCGGAAAACCAAGCAGTT-39). The synthetic
oligonucleotide AR6, described elsewhere (47), was used to determine the inte-
gration sites of Tn10d-cat in the K139 phage genome.

Plasmid constructions. Plasmid pJBcII-int is a pBR322 derivative containing a
3.53-kb StuI-XmnI phage DNA fragment subcloned into the FspI site of pBR322
(Fig. 2A). The orientation of the insert was verified by sequencing with primer
seq 1. Plasmid pJBcII-glo was generated by deletion of a 1.2-kb BclI-SspI (located
downstream on pBR322) fragment from pJBcII-int. Deletion of a 2-kb BglII-SspI
fragment from plasmid pJBcII-int resulted in pJBcII-orf2 (Fig. 2B). Plasmid
pTrcglo, a pTrc99A (5) derivative, was constructed by subcloning glo as an
NcoI-PstI PCR product, generated with primers GloNcoI and GloPstI (Fig. 1).
To obtain a functional Glo-expressing system, the second codon (Met) of the
signal sequence was modified (by primer GloNcoI) to a Val codon. The resulting
construct was verified by DNA sequencing with primers seq 10 and seq 11.
pTrcglo was further modified to obtain pTrcglokan by subcloning of a kanamycin
resistance (Kmr) gene (StuI fragment originated from plasmid pACYC177 [48])
into the FspI site of the bla gene. This modification was necessary to provide a
b-lactamase-negative Glo expression system for use in the lysogenic assay. As a
control plasmid, pTrckan was constructed accordingly.

DNA analytical methods, PCRs, DNA sequencing, and computer analysis.
Chromosomal DNA of V. cholerae was prepared as described elsewhere (37),
and phage DNA preparation was carried out according to the Qiagen lambda kit
protocol. Restriction enzyme digestion and analysis were carried out as described
by Maniatis et al. (36). PCRs were performed as described by Mullis and Faloona
(40). DNA sequencing was performed by the dideoxynucleotide chain termina-
tion method of Sanger et al. (50), with cycling reaction as specified by Amersham
Life Sciences. DNA separation and data collection were performed with the
automatic sequencing LiCor system (MWG Biotech GmbH). Both DNA strands
were sequenced from position 690 to the end; one single strand was sequenced
from positions 1 to 690. The glo-containing region (bp 2848 to 3308) has been
published previously (GenBank accession no. U24280 [47]) and was rese-
quenced. Sequence analysis was performed with Basic Blast Search 2.0 (4) at the
National Center for Biological Information, the Genetics Computer Group Wis-
consin Package, and the promoter algorithm of Mulligan et al. (39).

Nonradioactive primer extension analysis. The transcriptional start site of the
PL promoter was determined by using total RNA of lysogenic V. cholerae
MAK757 K139 cells. RNA was isolated from cells by the hot-acidic phenol
method (61). Nonradioactive primer extension analysis was performed as de-
scribed previously (3) with the cI-specific oligonucleotide seq 5 (Fig. 1).

Enrichment of the Glo protein and generation of Glo-specific antiserum.
Glo-overexpressing plasmid pTrcglo was transformed into E. coli LE392 or V.
cholerae strains. Transformants were grown to an optical density at 600 nm
(OD600) of 0.5 in LB-ampicillin (100 mg/ml) and induced with 1 mM isopropyl-
b-D-thiogalactopyranoside (IPTG) for 2 h. Cells were harvested by centrifugation
and washed once with phosphate-buffered saline (pH 7.4) at 4°C. To obtain
periplasmic extracts (24), the pellet was resuspended in 30 ml of phosphate-
buffered saline containing 2 mg of polymyxin B per ml and incubated for 10 min
on ice. Cells were then centrifuged (20,000 3 g, 4°C, 10 min), the supernatant was
recovered, and proteins were precipitated with 80% ammonium sulfate. The
pellet was resuspended in 2 ml of 20 mM Tris-HCl (pH 7.5) and subsequently
dialyzed for 12 h against the same buffer. This extract was loaded on an equili-
brated MonoQ column (Pharmacia). Highly enriched Glo fraction was obtained
by isocratic elution (washing the column with 20 mM Tris-HCl [pH 7.5]). Glo
samples were concentrated by centrifugation (Centriprep 3; Amicon) and stored

in protein sample buffer (20 mM Tris-HCl [pH 7.5], 10% glycerol, 1 mM dithio-
threitol, 1 mM EDTA) at 280°C. The enriched Glo protein fraction from E. coli
was used to generate a polyclonal rabbit antiserum (BioTrend).

Fractionation of V. cholerae cells. Early-stationary-phase cells of 150-ml LB
cultures were harvested by centrifugation, washed, and resuspended in 10 ml of
cold phosphate buffer (10 mM, pH 7). The cells were then lysed in a French press
at 1,000 lb/in2. Cell debris was removed by centrifugation (10,000 3 g, 10 min,
4°C), and the recovered supernatant was further fractionated by centrifugation
(100,000 3 g, 45 min, 4°C). The remaining supernatant was referred to as the
cytosolic extract, and the pellet (envelope fraction) was fractionated further in
inner and outer membrane preparations as described by Aono et al. (6). Periplas-
mic extract (24) was prepared from 2 ml of the same LB culture.

Protein analysis. Protein concentrations were determined as described by
Bradford (11), using a commercial reagent (Bio-Rad). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as described by
Laemmli (31). After SDS-PAGE, proteins were detected either by staining with
Coomassie brilliant blue or by Western blot analysis (59) using the Amersham
ECL reagent. Protein masses were determined by ion spray mass spectrometry.
The samples were desalted over 0.1 ml of POROS R2 reversed-phase matrix
(Perseptive Biosystems, Framingham, Mass.) and eluted in 1 ml of 60% methanol
in 5% formic acid. Electrospray mass spectra were acquired on an API 365
triple-quadrupole mass spectrometer (PE-Sciex, Toronto, Ontario, Canada). The
N-terminal sequencing analysis was performed on an Applied Biosystems 494
protein sequencer.

Transposon mutagenesis of phage K139. First, minitransposon Tn10d-cat,
encoded by pAKcat (30), was transformed into competent MO10 cells. A single
transformant was then isolated, inoculated under transposase-inducing condi-
tions (1 mM IPTG) in 5 ml of LB medium, and grown for 5 to 6 h. Then, the
supernatant was collected, filtered (0.2-mm-pore-size filter; Nalgene), and used
for phage transduction with reference strain MAK757. Phage transductants were
then plated onto LB agar plates supplemented with chloramphenicol (1.5 mg/ml).
Chloramphenicol-resistant (Cmr) MAK757 colonies were obtained and further
characterized as K139 lysogenic cells. From these lysogens, phage lysates were
obtained and used to isolate phage DNA. The location of the Tn10d-cat element
on the phage genome was determined by sequencing using oligonucleotide AR6
(47).

Bacteriophage techniques. Isolation of K139 wild-type (wt) or mutant phages,
determination of the phage titer, and identification of lysogenic cells were per-
formed as described previously (47). Plaque assay analysis was done by phage
titer determination. One hundred microliters of MAK757 overnight culture and
100 ml of appropriate dilutions of phage lysates were mixed, added to 8 ml of TB
top agar containing 10 mM CaCl2, and poured onto LB agar plates; then phage
titer (PFU per milliliter) was determined.

Phage K139 is not inducible by UV or chemical mutagens; therefore, the titer
of spontaneously produced phage lysate of phage K139 was determined. As
phage donors, K139 lysogenic cells harboring plasmids pTrcglokan, pTrckan,
pBR322, and pJBcII-orf2, -cII-glo, and -cII-int were used. Cells were grown
overnight or to late stationary growth phase. Cells were then harvested by
centrifugation, and the supernatant was filtered (0.2-mm-pore-size filter; Nal-
gene). The filtrate was referred as K139 lysate. Phage titers were determined as
described above.

Phage lysogeny assays were performed with a K139.A (glo::Tn10d-bla) or
K139.cm2 (orf2::Tn10d-cat) phage lysate. Overnight cultures of reference strain
MAK757, transformed with different plasmids or lysogenized with different
phages, were diluted 1:100 in LB containing 10 mM CaCl2 and the corresponding
antibiotics. Then 150 ml of cells (OD600 of 0.3) was incubated with 150 ml of
phage lysate (107 to 108 PFU/ml) for 30 min at 37°C. Cells were diluted and
subsequently plated onto LB agar plates containing the antibiotic corresponding
to the plasmid used and ampicillin (50 mg/ml) or chloramphenicol (1.5 mg/ml) to
select for lysogens formed by phage K139.A (ampicillin resistant [Apr]) or
K139.cm2 (Cmr). Viable cells were determined by plating suitable dilutions of
the same samples under nonselective conditions. For the Glo overexpression
experiments, MAK757 cells transformed with pTrcglokan and pTrckan were
grown to an OD600 of 0.3 and induced with 1 mM IPTG for 2 h. Cells were then
diluted and used in phage infection assays as described above.

Nucleotide sequence accession number. The sequence presented in Fig. 1 has
been assigned GenBank accession no. AF125163.

RESULTS

DNA sequence analysis of the major control region of K139.
A 5,031-bp segment of DNA sequence containing the glo gene
and flanking regions was determined by sequencing both
strands of the isolated K139 phage genome. The region from
bp 1 to 690 was found to be identical with the 39 end of a more
than 5-kbp DNA sequence submission (AF008938) of V. chol-
erae phage V86 by Das et al. (13a). In Fig. 1, the DNA se-
quence is shown together with the six predicted open reading
frames (ORFs). The region from bp 851 to 314 encodes an

TABLE 1. Plasmids and bacteriophages used in this study

Plasmid or
phage Description Reference

Plasmid
pBR322 Apr Tcr 65
pACYC184 Tcr Cmr 49
pACYC177 Apr Kmr 48
pAKcat Tn10d-cat Kmr Cmr 30
pTrc99A Expression plasmid, Apr 5
pTrcglo pTrc99A-glo Apr This study
pTrcglokan pTrcglo Aps Kmr This study
pTrckan pTrc99A Aps Kmr This study
pJBcII-int pBR322 9cII cox cI orf2 glo int9 Tcr Aps This study
pJBcII-glo pBR322 9cII cox cI orf2 glo9 Tcr Aps This study
pJBcII-orf2 pBR322 9cII cox cI orf29 Tcr Aps This study

Phage
K139 wt phage 47
K139.A K139 glo::Tn10d-bla Apr 47
K139.cm2 K139 orf2::Tn10d-cat Cmr This study
K139.cm9 K139 orf2::Tn10d-cat Cmr This study
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FIG. 1. DNA sequence of the phage K139 control region. The deduced amino acid sequences are shown below the DNA sequence. Oligonucleotides used for
sequencing (seq 1 to 18) are indicated by solid-line arrows, and those used for the construction of the Glo expression system are shown as dashed-line arrows.
Transcriptional and translational relevant sites are indicated; ribosomal binding sites are marked as S.D., and putative promoters (PL and PR) are marked by arrows.
The attP site is underlined. Tn10d-cat insertions are indicated at bp 2031 and 2863. The mapped start site of transcription is indicated at position 1222. Putative
helix-turn-helix motifs are marked by underlining of the amino acids comprising CII and Cox.
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ORF with partial similarity (27% identity in 169 amino acids
[aa]) to the CII protein of E. coli phage P186 (26). Another
ORF (bp 1174 to 964) shows similarity to the Cox proteins of
phages HP1 (17) (28% identity in 69 aa) and S2 (33% identity

in 60 aa) of Haemophilus influenzae (53a). Finally, four ORFs
are encoded in the opposite direction. The first ORF (bp 1319
to 1967) shows 26% identity in 112 amino acids to CI of phage
P186 (26) and was named cI. Downstream of cI was found an

FIG. 1—Continued.
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ORF, named orf2 (bp 1993 to 2896), encoding a deduced
product with no detectable similarity to known proteins. Base
pairs 2898 to 3308 encode the previously identified gene glo,
and downstream of glo the complete phage integrase gene int

was identified (bp 3311 to 4348). The deduced amino acid
sequence of the Int protein shows consistent similarity to the
superfamily of phage integrases (7), and 36% identity to the
integrases of phages P186 and P2 (26, 67).

FIG. 1—Continued.
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FIG. 1—Continued.

VOL. 181, 1999 V. CHOLERAE BACTERIOPHAGE K139 2907



The putative intergenic control region, containing two pro-
moters, is located between cox and cI. Nonradioactive primer
extension analysis (3) was performed on the PL promoter
(transcriptional direction of cI, orf2, glo, and int), which re-
sulted in the identification of the mRNA start site (data not
shown) at position bp 1222 (Fig. 1). A possible promoter ele-
ment for RNA polymerase recognition (210 and 235) is
shown in Fig. 1 (bp 1184 to 1189 and 1208 to 1213). Features
of the putative promoter PR (cox direction) and ribosomal
binding sites (52) are indicated in Fig. 1 (bp 1302 to 1307 and
1325 to 1330) and are based on similarity analysis.

Enrichment of Glo and detection of its cellular localization.
In an earlier report, we showed that a Glo-Bla fusion hybrid
protein was exported outside the cytoplasmic membrane (47).
As bacteriophages often encode exported proteins, such as
extracellular enzymes (e.g., cholera toxin [63]), outer mem-
brane proteins (e.g., Bor of phage l [8]), lipoproteins (e.g., Llp
of phage T5 [14]), or periplasmic proteins (e.g., Sim of phage
P1 [35]), we were interested in the cellular localization of Glo.
Overexpression of glo in V. cholerae MAK757, utilizing plasmid
pTrcglo, resulted in the production of Glo observed in periplas-
mic extracts (data not shown). The Glo protein purified from
E. coli (Fig. 3A, lane 5) was used to generate Glo-specific
rabbit antiserum as described in Materials and Methods.

Using the Glo-specific antiserum, it was possible to detect
the Glo protein in K139 lysogenic wt V. cholerae cells. Cell
fractionation of V. cholerae strains MAK757 K139 and
MAK757 into membrane and soluble fractions was performed.
Subsequent Western blot analysis using a preadsorbed Glo-
specific antiserum revealed that the Glo protein was located in

the periplasm (Fig. 3B, lane 3, MAK757 K139), with no Glo
detectable in the supernatant (data not shown). The same
result was obtained with the natural K139 lysogenic strain
MO10 in cell fractionation experiments (data not shown).

To identify any posttranscriptional modifications, the puri-
fied protein was subjected to automated protein sequencing

FIG. 2. Construction of the control region encoding plasmid pJBcII-int and its derivatives. (A) Orientation of the subcloned StuI-XmnI phage fragment in the FspI
site of pBR322. (B) Deduced ORFs of the 5,031-bp DNA phage fragment along with the putative intergenic region and promoters PL and PR. Filled bars indicate the
corresponding DNA fragments, subcloned on pBR322 (pJBcII-orf2, pJBcII-glo, and pJBcII-int) and pTrckan (pTrcglokan). cm9 and cm2 indicate the locations and
direction of Tn10d-cat insertions.

FIG. 3. Cellular localization of Glo. V. cholerae MAK757 and MAK757 K139
were cell fractionated. (A) SDS-polyacrylamide gels (15%) stained with Coo-
massie brilliant blue. (B) Corresponding Western blots after reaction with a
Glo-specific polyclonal rabbit antiserum. Lanes 1 to 4, cytoplasmic, inner mem-
brane, periplasmic, and outer membrane extracts, respectively; lane 5, purified
Glo protein; lane S, 10-kDa molecular mass ladder (Gibco-Life Technologies);
lane M, Kaleidoscope polypeptide standard (Bio-Rad). Sizes are indicated in
kilodaltons.
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and ion spray mass spectrometry. The N9-terminal sequence of
the mature protein was found to be STD(X)EKA. Therefore,
a signal sequence is encoded by aa 1 to 17, with a cleavage site
of the precursor protein between aa A17 and S18 (Fig. 1). The
theoretical molecular mass of the mature Glo protein is 13,650
Da, calculated with the Genetics Computer Group Wisconsin
Package. This value is in agreement with the experimentally
determined mass of 13,648 Da, and therefore mature Glo
seems to be unmodified.

Phenotypic characterization of phage-encoded genes in-
volved in immunity and exclusion. To characterize the func-
tion of the phage-encoded genes cI, orf2, and glo, spontaneous
phage release was determined and superinfection experiments
(survival and a lysogeny plating and plaque assay) were estab-
lished. To use Cmr-selectable challenge phages, Tn10d-cat in-
sertions were generated in the K139 phage genome (see Ma-
terials and Methods). The Tn10d-cat transposon is believed
not to contain any promoters in the flanking IS10 elements of
29 bp (47). However, this element encodes the cat gene asso-
ciated promoter along with the cat gene without transcriptional
termination elements (30). Two Tn10d-cat insertions were
found to be located within and transcribed divergently from
orf2 (Fig. 2). One isolate, phage K139.cm9 (orf2::Tn10d-cat,
inserted at bp 2081 [Fig. 1]), showed increased lytic activity
(clear, larger plaques) and drastically decreased ability to form
lysogenic colonies. We interpret this phenotype as produced by
the promoter activity of the cat promoter, which may interfere

with cI transcription, resulting in cI antisense RNA production,
or alternatively caused by an artificial activation of PR. How-
ever, additional mutations may also contribute to this pheno-
type. We have chosen this phage as a lytic challenger phage to
investigate the protection effect of Glo and Orf2, since there
was no evidence that phage K139.cm9 acted differently than
the wt phage in the initial infection process (adsorption and
infection of DNA). Another isolate, phage K139.cm2
(orf2::Tn10d-cat, inserted at bp 2863 [Fig. 1]), and the previ-
ously isolated phage K139.A (glo::Tn10d-bla) (47) showed
moderate lytic activity, corresponding with the wt phage activ-
ity (data not shown). Both antibiotic resistance-converting
phages were used to determine lysogenic colonies.

Strong evidence for a phage-specific function of the periplas-
mic protein Glo was found and suggests its participation in
phage exclusion. A first indication of a Glo-mediated protec-
tive effect was obtained in survival assays using the lytic phage
K139.cm9. While reference strain MAK757 transformed with
the control plasmid was killed by K139.cm9 (not observed with
wt phage), Glo-expressing cells were viable (Table 2). To fur-
ther address Glo’s function in prevention of the phage infec-
tion process, we investigated the formation of lysogens and
plaques. Expressing Glo from plasmid pTrcglokan caused 16-
fold (uninduced) and 166-fold (IPTG-induced) reductions of
lysogen formation (Table 3) compared with MAK757 trans-
formed with control plasmid pTrckan. A similar reduction
(sevenfold, uninduced [Table 3]) of plaque formation was ob-
served with the lytic phage K139.cm9. These plaques exhibited
changed morphology (turbid and smaller). It was subsequently
shown that wt phage K139 in such experiments did not allow
the monitoring of plaques in Glo-expressing cells.

More evidence of Glo’s function was obtained in additional
experiments. Reduction of lysogeny was observed when glo was
encoded together with cI and orf2 (pJBcII-int [Table 3]). Fur-
thermore, a glo mutation in strain MAK757 K139
glo::Tn10d-bla showed an increased level of being lysogenized
by challenge phage K139.cm2 (Table 3) compared with K139
wt lysogenic cells. These glo lysogenic cells also allowed chal-
lenge phage K139.cm9 to produce plaques, which was not
observed with lysogenic strain MAK757 K139 as the recipient
strain. Both glo mutant phenotypes, (i) the increased level of
plaque formation and (ii) the increased amount of lysogeny

TABLE 2. Viabilitya of Glo-expressing cells after infection with wt
phage K139 or K139.cm9

Strain Infection No. of
survivors/ml

MAK757 None 3.0 3 107

K139 5.0 3 107

MAK757/pTrckan None 1.5 3 107

K139.cm9 3.0 3 103

MAK757/pTrcglokan None 1.0 3 107

K139.cm9 1.7 3 107

a Log-phase cells (107/ml) were infected with K139 or K139.cm9 (multiplicity
of infection of about 10) and incubated for 1 h at 37°C. Dilutions were plated on
LB plates or LB plates containing 50 mg of kanamycin per ml, respectively.

TABLE 3. Protection effect versus superinfecting phage in the presence of cI, orf2, and glo and determination of lysogeny and
plaque formationa

Strain, plasmid and/or phage Relevant genotype Plaque formation with
K139.cm9 (%)

Lysogeny formation (%) with:

K139.A K139.cm2

MAK757, pACYC184 100 100
MAK757, pJBcII-orf2 cI1 35.5 6 14.1 1.12 6 0.42
MAK757, pJBcII-glo cI1 orf21 0 0.208 6 0.038
MAK757, pJBcII-int cI1 orf21 glo1 0 0.010 6 0.006
MAK757, pTrckan 100 100
MAK757, pTrcglokan glo1 14.2 6 4.7 6.00 6 1.57
MAK757, pTrcglokanb glo1 NDc 0.62 6 0.03
MAK757 100 100
MAK757, K139 0 1.44 6 0.19
MAK757, K139.A glo 4.85 6 1.48 2.81 6 0.69d

MAK757, K139.A, pTrcglokan glo1 0 0.12 6 0.03d

a The lysis and lysogeny assays were repeated at least three times. To enable comparison of ratios, plaque number (PFU per milliliter) and formation of lysogens,
using strain MAK757 or control plasmid-transformed derivatives (reference strains), have been set to 100%. The plaque number was about 107 to 108 PFU/ml for the
reference strains. Lysogeny formation was determined by the ratio between all viable cells and lysogenic cells (Apr or Cmr) and was found to be between 1/12 and 1/200
(lysogen/viable cells) for the reference strains.

b Cells were grown under glo-inducing conditions (1 mM IPTG).
c ND, not determined.
d Cells represent Apr Cmr double lysogens.
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formation of the superinfecting challenge phages, could be
complemented by a plasmid expressing Glo (Table 3). To ex-
clude that Glo is involved in lysis control or phage maturation,
the spontaneous release of phage K139 from cells expressing a
plasmid encoding glo was determined. In these experiments,
similar lysis rates were observed in cells expressing Glo from
pTrcglokan (under noninduced and induced conditions) and
cells harboring control plasmids (data not shown).

In contrast, spontaneous K139 phage release in CI-express-
ing cells (pJBcII-orf2) was found to be about 23-fold lower than
in control plasmid-harboring cells (data not shown). Further-
more, no plaques were detected in recipient cells encoding cI
from plasmid pJBcII-orf2 (Fig. 2) and challenged with wt
phage K139 (data not shown). Both observations are in agree-
ment with the function of the transcriptional regulator protein
CI repressor of phage P186 (15), to which K139 CI shows
considerable similarity. However, in lysogeny plating assays
using phage K139.A as a challenge phage, the formation of Apr

lysogenic colonies was reduced about 100-fold in the presence
of CI (Table 3). This effect might be the result of a feedback
inhibition on the expression of the int gene, due to higher cI
copy numbers (pJBcII-orf2). By challenging strain MAK757
pJBcII-orf2 with the highly lytic phage K139.cm9, plaque for-
mation was no longer prevented, but plaques appeared
smaller. This finding indicates that the lytic development of
this superinfecting phage could not be effectively repressed by
the CI repressor, as explained above.

The Orf2 phenotype was also assumed to be involved in
preventing superinfection. It was shown that if cI and orf2 were
present on plasmids (pJBcII-glo [Fig. 2]), no plaques were
observed upon challenge with the wt phage or with phage
K139.cm9 (Table 3). Also, the formation of lysogeny was re-
duced in cells expressing orf2 (pJBcII-glo) compared with
MAK757 pJBcII-orf2 (Table 3). Analysis of the spontaneous
release of phage K139 in cI and orf2-expressing cells (pJBcII-
glo) showed the same effect as seen with cI-expressing cells
(pJBcII-orf2) (data not shown), indicating that orf2 does not
interfere with phage induction or maturation processes.

Site-specific integration of phage K139 and characterization
of the att site. The first indication about the location of the attP
site came from previous DNA hybridization experiments (47).
In these analyses, the attP site was predicted to be located
downstream of the int gene. DNA comparison of this region
(bp 4348 to 5031) with the GenBank library resulted in the
identification of a 24-bp sequence which is also found in a
region located between the flagellin genes flaA and flaC of V.
cholerae (29). To determine whether this region might be the
attB site, the synthetic primers JN-flaA, JN-flaC and JN-int
(Fig. 4A) were designed to amplify specific fragments consist-
ing of the host attB or phage host attL site. Investigation of
different strains revealed the presence of two types of PCR
fragments indicating the absence or presence of integrated
phage K139 between flaA and flaC. A 0.9-kb chromosomal
phage junction PCR fragment was synthesized with JN-int and
JN-flaA primers, indicating the integration of phage K139. A
0.5-kb chromosomal DNA PCR fragment was produced by
JN-flaA and JN-flaC primers (Fig. 4A) if no phage was inte-
grated. The 0.9-kb PCR fragments from two lysogenic strains
were sequenced with primer seq 14 (Fig. 1). As a result, the
predicted formation of the sequence structure int-attL-flaA was
obtained. Subsequently, a typical dyad symmetry-structured att
site (13) was identified as GAAANNG6CNNTTTTC, also seen
in Fig. 1 (bp 4557 to 4579).

In addition, several pathogenic O1 V. cholerae strains
(M799, M804, M807, and M817) isolated from different time
points and regions of cholera epidemics (27) were investigated
for K139 lysogeny (Table 4). It was shown that these strains,
including O139 (MO10) (64) and lysogenized MAK757 K139,
were phage productive, immune to K139 infection, and posi-
tive for glo in PCR (data not shown) and Western blot (data
not shown) analyses. Furthermore, the phage in these strains
was found to be integrated at the attB site within the flagellin
gene cluster (Fig. 4B). However, probably due to spontaneous
phage curing, both PCR fragments (0.5 and 0.9 kbp) can be
observed for several strains (Fig. 4B). O1 strain MAK757 and
O139 strain AI1838 (64), previously described as not associ-

FIG. 4. Identification of the phage and bacterial attachment site. (A) Chromosomal organization of integrated phage K139 between flaA and flaC and locations of
the primers. Also indicated are the orientations of phage-harbored int and glo genes, attL and attR, and the PCR products expected from the primer combinations a
(JN-flaA/JN-flaC) and b (JN-flaA/JN-int). (B) A 0.7% agarose gel shows the PCR products generated with primer combinations a and b. Lane S, 1-kb ladder DNA
standard (Gibco Life Technologies); lane 1, classical O1 V. cholerae strain O395; lanes 2 to 7, O1 El Tor V. cholerae strains MAK757, MAK757 K139, M799, M804,
M807, and M817, respectively; lanes 8 and 9, O139 V. cholerae strains AI1838 and MO10, respectively. PCR was performed for 30 cycles of 94°C for 1 min, 60°C for
1 min, and 72°C for 2 min.
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ated with K139 (47), were used as controls. In addition, clas-
sical O1 strain O395 (37) was found to be phage resistant, and
glo1, but no phage production was observed. These results and
results obtained earlier (21, 47) indicate that classical strain
O395 harbors a defective kappa prophage variant which was
not found to be integrated between the flagellin genes (Fig.
4B).

DISCUSSION

In this report, we present data addressing the characteriza-
tion of genes which are encoded in the major control region of
V. cholerae phage K139. This region was also characterized by
sequencing, and it was found that the deduced ORFs and gene
order showed significant similarities to the phage P2 family
(10). In Fig. 5, this region is aligned to the lysogeny-lysis switch
(major control) region of temperate phages P186 (26), HP1
(17), and TP-J34 (43). Similar to P186 and HP1, K139 contains
divergently encoded lytic and lysogenic operons that appear to
be transcribed from oppositely located promoters (PL and PR).
In the transcriptional direction of the putative lytic promoter
(PR), homologs of genes cox/apl and cII are encoded. Both Cox
(HP1) and Apl (P186) have dual roles in prophage induction,
acting directly in prophage excision and in repression of CI

transcription from PL during prophage induction (18, 19, 46).
The cII gene product of P186 is required for the establishment
of lysogeny (42). K139 Cox and CII show some amino acid
similarity to H. influenzae phage HP1 (Cox) and E. coli phage
P186 (CII) and may therefore have analogous functions, which
remains to be established experimentally. In addition, both
putative proteins CII and Cox contain a weak helix-turn-helix
motif in the N-terminal portion with SD scores (scores ex-
pressed in standard deviation units relative to the appropriate
mean) of 3.15 and 2.48, respectively (16) (Fig. 1). This indi-
cates that these proteins, like their homologs in phages P186
and HP1, may be DNA-binding proteins (14a).

In the lysogenic state, transcription of the genes cI, orf2, glo,
and int is probably initiated by the mapped promoter PL. The
proximal ORF of the PL transcript, CI, is representing the
putative CI repressor, since it shares similarity with P186 CI
(26). Given the demonstrated phenotype of preventing super-
infection and hindering spontaneous phage release, it seems
reasonable to speculate that cI encodes the repressor respon-
sible for controlling lytic development. However, the proposed
function remains to be tested experimentally. The promoter-
distal ORF in this region is the int gene, which shows consistent
homology to phage integrases (7).

Two remaining genes (orf2 and glo) were found between cI

FIG. 5. Comparison of the major control regions of different phages. Sequence similarity between phages K139 of V. cholerae, HP1 of H. influenzae, and P186 of
E. coli are indicated for the ORFs CII, Cox, CI, and Int as black arrows; light arrows show the corresponding genes for TP-J34 and HP1 without detectable sequence
similarity. SS (black boxes), signal sequence which can also be found in Orf142 of phage TP-J34, encoding a putative lipoprotein (43); attP, phage attachment site; PL
and PR, locations of promoter structures.

TABLE 4. Association and characterization of K139 lysogeny among pathogenic V. cholerae strains

Strain Description; isolation K139
plating

Phage
release

glo
(PCR)

Glo
(Western) Integration

O395 O1 classical; India, 1964 2 2 1 1 Not in flagellin genes
MAK757 O1 El Tor; Celebes, 1937 1 2 2 2
MAK757 K139 MAK757 K139 lysogen 2 1 1 1 Flagellin genes
M799 O1 El Tor; Hong Kong, 1989 2 1 1 1 Flagellin genes
M804 O1 El Tor; India, 1962 2 1 1 NDa Flagellin genes
M807 O1 El Tor; Vietnam, 1966 2 1 1 ND Flagellin genes
M817 O1 El Tor; Chad, 1974 2 1 1 ND Flagellin genes
AI1838 O139; Bangladesh, 1993 2 2 2 2
MO10 O139; India, 1992 2 1 1 1 Flagellin genes

a ND, not determined.
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and int. Orf2 showed no significant similarity to other proteins,
whereas Glo harbors some features also found in eukaryotic G
proteins, as reported earlier (47). However, in phages HP1 and
TP-J34 (Fig. 5), additional ORFs of unknown function can be
found between cI and int. Because of the position of orf2 and
glo within two conserved functional phage gene products (cI
and int), we investigated the involvement of these proteins in
preventing superinfection. The results indicate that Orf2 helps
to protect a lysogenic cell against superinfecting K139 phages.
However, evidence that Glo is involved in hindering phage
infection processes was also presented.

Certain phage-encoded resistance mechanisms are known to
abort infection at an early step. Proteins which alter the cell
surface in lysogenic strains and prevent adsorption to the
phage receptor, a process known as lysogenic conversion, have
been identified (54, 62). Other phage proteins are known to act
in superinfection exclusion, by inhibiting the DNA transfer
from the adsorbed phage particle into the cytoplasm. Examples
of gene products which are involved in superinfection exclu-
sion are represented by SieA (54, 55) and Sim (28) of temper-
ate phages P22 and P1 and by Imm and Sp of the lytic phage
T4 (34). Our investigations suggest that the Glo protein of
phage K139 may exclude superinfecting phages either by su-
perinfection exclusion or lysogenic conversion. Several facts
account for that assumption. First, data from a combination of
protein and cell fractionation analyses indicated that Glo is an
exported protein, localized as a soluble protein in the
periplasm. Therefore, we speculate that the exclusion function
of Glo may be based on protein-protein interaction with yet
unidentified targets or may be membrane associated. Second,
plaque and lysogeny formation after superinfection with chal-
lenge phages was significantly reduced in the presence of Glo
expressed from a plasmid. Consequently, a missing glo function
in a lysogenic cell allowed increased plaque and lysogeny for-
mation after superinfection with the challenge phage. This
effect could be complemented in trans by a plasmid-encoded
glo gene. Third, in killing experiments using K139.cm9, it was
shown that Glo-expressing cells were significantly protected.
Fourth, in contrast to cI-harboring plasmids, the glo-harboring
plasmid did not interfere with phage induction or lysis control,
as demonstrated by the quantification of spontaneously re-
leased phage particles. In future analyses, we will investigate
the molecular basis of the predicted exclusion function of the
Glo protein. A comparison of the gene region between cI and
int with the corresponding regions of other temperate phages
(Fig. 5) suggests that the other unassigned ORFs on such
phages may also be associated with functions related to immu-
nity and exclusion.

Previous analysis suggested a participation of Glo in O1 V.
cholerae virulence in the infant mice assay (47). Our results
presented here shed new light on Glo’s function, suggesting
that Glo encodes a soluble periplasmic protein involved in
phage exclusion. One explanation for the observed attenuated
virulence phenotype of glo lysogenic V. cholerae cells may be
that an elevated superinfection susceptibility led to a decreased
viable V. cholerae cell number. However, we cannot exclude
the possibility that Glo is released from the periplasm, for
example, during phage-mediated cell lysis, allowing a direct
interaction with host tissues. Recently, phage lysis was pro-
posed as a plausible releasing mechanism for Shiga toxin Stx-I
or Stx-II in an H-19B lysogenic E. coli strain (41). Future
studies will investigate whether the glo-associated virulence
effect is caused indirectly by a phage exclusion function or by
direct interaction of the Glo protein with the host systems.
Other phage-specific proteins which seem to be involved in
both phage viability and virulence are known. For example,

Ace of phage CTXØ is a minor coat protein (63) as well as an
enterotoxin (60). Another example is represented by a Salmo-
nella phage P22-encoded enzyme, which is responsible for al-
teration of the lipopolysaccharide structure, preventing phage
adsorption and hence altering the antigenic properties (54, 66).

A 24-bp attP core site was found to be located in the distal
part of the int gene. The corresponding attB site in the V.
cholerae chromosome was found to be located in a noncoding
region between the flagellin genes flaA and flaC. Recently,
Klose and Mekalanos (29) presented sequence data identifying
a transposon located downstream of the flaC region in O1
classical V. cholerae strains. Motility contributes to the viru-
lence of V. cholerae (20); thus, one can speculate that the fla
genes have been acquired by horizontal gene transfer, e.g., by
phage transduction or conjugative transposons. Investigating
several K139 lysogenic El Tor isolates, we always found K139
integrated into the flaAC region but not in an O1 classical
isolate.

Besides the specific characterizations of the components of
the major control region, some interesting questions regarding
the relationship between pathogenic V. cholerae strains and the
kappa phage family remain to be answered. Does phage K139
somehow contribute to the fitness and pathogenicity of O1 V.
cholerae cells? Also, might K139 lysogeny support V. cholerae
in its other, less well investigated ecological niches, e.g., the
seawater environment or within shellfish?
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