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A marine bacterium was isolated from Mai Po Nature Reserve of Hong Kong and identified as Vibrio
cholerae MP-1. It contains a small plasmid designated as pVC of 3.8 kb. Four open reading frames (ORFs)
are identified on the plasmid, but none of them shows homology to any known protein. Database search
indicated that a 440 bp fragment is 96% identical to a fragment found in a small plasmid of another V.
cholerae. Further experiments demonstrated that a 2.3 kb EcoRI fragment containing the complete ORF1,
partial ORF4 and their intergenic region could self-replicate. Additional analyses revealed that sequence
upstream of ORF1 showed the features characteristic of theta type replicons. Protein encoded by ORFI
has two characteristic motifs existed in most replication initiator proteins (Rep): the leucine zipper (LZ)
motif located at the N-terminal region and the alpha helix-turn-alpha helix motif (HTH) located at the
C-terminal end. The results suggest that pVC replicates via the theta type mechanism and is likely a novel

type of theta replicon.
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Vibrio cholerae, the causative agent of disease cholera, is
one of the most notorious species in the genus of Vibrio.
Since its first identification in 1854, extensive studies have
been conducted on the ecology, pathogenesis, antibiotic resis-
tance and CTX-phage of ¥ cholerae (Islam et al., 1996; Said
and Drasar, 1996; Faruque et al., 1998; Salyers et al., 2002).
Plasmids, like phages, have often been found to encode
virulence factors that play critical roles in the evolution of
pathogens. In ¥ cholerae, studies have suggested that the
presence of the conjugative P plasmid, which was not widely
disseminated among clinical isolates, significantly attenuated
pathogenicity due to plasmid-induced loss of virulence (Sinha
and Srivastava, 1978). Cook et al. (1984) investigated plasmid
profiles of many clinical isolates of classical biotype V chol-
erae strains and found that classical strains possessed two
plasmids (the smaller one was about 4.7 kb). Bartowsky
and Manning(1988) found three plasmids in the V¥ cholerae
classical strain V58, the P plasmid, a large cryptic plasmid (Icp,
34 kb), and a small cryptic plasmid (scp, 4.7 kb). However,
little is known about these cryptic plasmids. Rubin er al.
(1998) sequenced a 4.7 kb toxin-linked plasmid, which was
identical to the small plasmid in the above mentioned two
studies. This plasmid was designated as pTLC (toxin-linked
cryptic). pTLC can exist as both extra- chromosomal double-
stranded circular plasmid and tandemly duplicated DNA, in-
serted on the chromosome at a position only 842 bp upstream
from the CTX prophage. This plasmid may play a crucial
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role in the acquisition and replication of CTX prophage.
Though much of the research is primarily carried out on
V. cholerae of clinical sources, environmental isolates may
serve as an important reservoir for the wide spreading of
antibiotic resistance or virulence genes due to horizontal gene
transfer and gene cassette capture (Faruque er al., 1998;
Chiang and Mekalanos, 1999). Plasmids and other mobile
genetic elements (MGEs) such as prophages, integrons, ge-
nomic islands and transposons play vital and essential roles in
the gene transfer. The high incidence of plasmid isolated
from marine bacterial community in sediment suggests that
marine environment is an important source for discovery of
novel naturally occurring plasmids (Sobecky, 1999; Sobecky,
2002; Zhang et al., 2006). To our knowledge, very limited in-
formation is available on the naturally occurring plasmid from
the environmental isolates of V. cholerae. In this study, we
sequenced and characterized a small cryptic plasmid, which
was stably maintained in the 17 cholerae MP-1 strain isolated
from water sample of Mai Po Nature Reserve in Hong Kong
(Wang ez al., 2004; Wang and Gu, 2005; Wang et al., 2006).

Materials and Methods

Water sampling and isolation of plasmid-containing Vibrio
species

Water samples were collected from the Mai Po Nature
Reserve (22°29'N to 22°31'N and 113°59'E to 114°03'E) of
Hong Kong. Surface water was taken in 1 L plastic bottles
when the tidal level was at approximately 1.5 m. The sam-
ples used in this investigation were collected in May 2004 and
were transferred to the laboratory immediately after sam-
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pling for processing. Water quality at Mai Po was 5.12 mg/L
for dissolved oxygen; 7.23 for pH; 65.3 NTU for turbidity;
153.3 mg/L for suspended solids; 3.90 mg/L for BODs; 8.66
mg/L for ammoniacal-N; 0.43 mg/L for nitrate-N; 9.08 mg/L
for total Kjeldahl N; 0.71 mg/L for total phosphorus; and
14.12 mg/L for chlorophyll a (Laboratory of Environmental
Toxicology, 2004; Xu et al., 2005). Water samples (0.1 ml) were
directly spread on Thiosulphate Citrate Bile Salts Sucrose
(TCBS) agar plates (Difco Lab, USA) and incubated at
30°C for about 12 h. Distinctive yellow colonies on the agar
plates were then picked and streaked on new TCBS agar
plates several times successively to purify the bacterial iso-
lates till pure cultures were obtained. Isolates were identi-
fied using morphological and biochemical techniques as re-
ported (Wang et al., 2004; Wang and Gu, 2005; Wang et al.,
2006; Zhang et al., 2006). They were also screened for the
presence of plasmids and one V cholera strain designated as
MP-1 harboring a small plasmid was chosen for further study.

Bacterial strains, plasmids, media, and reagents

Strains and plasmids used in this study are listed in Table
1. ¥ cholerae was grown at 30°C in Tryptic Soy Broth
(TSB) medium (Difco Lab., USA). Commercially available
Escherichia coli for cloning work was grown at 37°C in
Luria-Bertani medium (Difco Lab.,USA). When necessary,
ampicillin (100 pg/ml) or/and tetracycline (10 pg/ml) was
added to the culture medium. Enzymes and reagents for gene
manipulation were purchased from New England Biolabs
(USA), Promega (USA) and Sigma-Aldrich (USA). Primers
for amplification of DNA were synthesized by Invitrogen
Hong Kong Ltd. PCR products and plasmid purification
kits were from Qiagen Inc (USA).

Identification of the plasmid-bearing Vibrio species

Biochemical identification of bacterial isolates was carried
out using API 20NE System (bioMerieux, France) according

Table 1. Bacteria strains and plasmids used in this study
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to the manufacturer’s instructions for preliminary identifi-
cation. Total genomic DNA of strain MP-1 was extracted
using DNeasy tissue kit (Qiagen Inc., USA) as recommended
by the manufacturer. 16S rRNA gene was amplified using
the universal primers pA; 5-AGAGTTTGATCCTGGCTCA
G-3, E. coli bases 8 to 27, and reverse primer PC5B; 5°-TA
CCTTGTTACGACTT-3’, E. coli bases 1507 to 1492 (Wilson
et al., 1990). Amplification reaction mixtures contained 5 pl
deoxynucleoside triphosphate mixture (20 mM), 5 pl 10X
Taq DNA polymerase buffer, 6 ul MgCl (25 mM), 2 ul of
each primer (25 pmol/ul), 3 ul of DNA template (20 ng/ul),
0.5 ul Taq polymerase (5 U/ul) in a final reaction volume
of 50 ul. PCR was conducted in a PTC-200 Peltier Thermal
Cycler (MJ Research Inc., USA) as follows: 2 min of dena-
turation at 94°C, followed by 30 cycles of 30 s at 94°C
(denaturation), 30 s at 50°C (annealing), and 60 s at 72°C
(extension), with a final 5 min 72°C extension step after cy-
cling was complete.

The amplified products were purified and sequenced with
an ABI Prism model 377XL DNA sequencer (Perkin-Elmer
Applied Biosysems, USA) using universal primers pA. Sequence
was determined at Department of Zoology, The University
of Hong Kong.

Sequences were initially analyzed using BLAST (National
Center for Biotechnology Information) to determine the
closest available database sequences. Alignment of the 16S
rRNA gene sequences and its closest sequences was accom-
plished by using CLUSTAL X (Thompson et al., 1997).
Parsimony tree was constructed by using the DNAPAR pro-
gram of the PHYLIP package (version 3.6; distributed by J.
Felsenstein, University of Washington, USA). Bootstrap anal-
ysis was performed with 100 re-sampled data sets.

Molecular genetic techniques and plasmid sequence analysis
Screen of plasmids was carried out using alkaline lysis as
described by Sambrook er al. (1989) and small-scale purifi-

Strains and plasmids Characteristics Sources

Strains
Vibrio cholerae MP-1 This study
E coli TM109 ;siﬁlaigﬁjélls]endAl hsdR17 gyrA96relA1 thid(lac-proAB) F'[traD36 proAB™ Promega
o XU e Y B ) ot ) s IO

Plasmids
pVC 3.8 kb cryptic plasmid from V' cholerae MP-1 This study
pBR322 4.36 kb, Ap®, Tc"® source of Tc® gene Fermentas
pBluescirpt II KS 3.0 kb, Ap, cloning vector Stratagene
pBluescirpt-F1 pBluescirpt II KS::0.8 kb EcoRI pVC, 3.8 kb, Ap® This study
pBluescirpt-F2 pBluescirpt 11 KS::1.5 kb EcoRI pVC, 4.5 kb, Ap® This study
pBluescirpt-F3 pBluescirpt II KS::1.5 kb EcoRl pVC, 4.5 kb, Ap® This study
pGEM-T 3.0 kb, Ap"® , PCR products cloning Promega
pGEM-Te pGEM-T::1.5 kb Tc® gene, 4.5 kb, Ap®, Tc* This study
pVvCo1 Tc®::2.3 kb fragment from pVC, 3.8 kb, T This study
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cation of plasmid DNA from I cholerae MP-1 was extracted
with QiaPrep spin miniprep kit (Valencia, USA). The plas-
mid (approximately 3.8 kb), designated as pVC has three
EcoRI sites, which were used for cloning into EcoRI treated
pBluescirpt II KS phage vector (Stratagene, USA). Recom-
binant plasmids carrying the three fragments (0.8 kb, 1.5 kb,
and 1.5 kb) from EcoRI digested pVC were constructed and
designated pBluescirpt-F1, pBluescirpt-F2, and pBluescirpt-
F3, respectively (Table 1). They were electroporated into E.
coli XL1-Blue MRF’ (Stratagene, USA); transformant cells
were screened by both blue-white color selection and PCR
amplification.

DNA sequence was obtained with an ABI Prism model
377XL DNA sequencer (Perkin-Elmer Applied Biosysems,
USA), initially by using standard T3 and T7 primers, then
the internal primers derived from the sequence information
through the previous run of sequencing by primer walking.
Sequencing was conducted at Department of Zoology, The
University of Hong Kong.

DNA analysis, GC content calculation and plasmid map
construction were performed using Bioedit (Hall, 1999).
Database searches were carried out through NCBI using
BLASTn, BLASTp (Altschul et al., 1997) and ORF finder.
Promoter prediction was conducted with “neural network
promoter prediction” (http://www.fruitfly.org/seq_tools/pro-
moter.html) while molecular weight and pl prediction was
done with an on-line server “compute Mw/pl tool” (http://us.
expasy.org/tools/pi_tool.html). Protein secondary-structure
prediction was performed using the neural network algorithm
PHD (Rost and Sander, 1993).

Cloning of the replication region

To locate the pVC replication origin, a selective marker
was introduced, the tetracycline resistant (Tc*) gene ampli-
fied from plasmid pBR322 was selected as this marker. The
primers used to amplified Te® gene were as follows: 5-CG
TCTTCAAGAATTCTCATG-3" and 5-CGGTGATGAATTC
TGCTAAC-3, EcoRlI sites were contained (underline) in both
primers. This pair of primers covered both the structural
gene and promoter region of the Tc® gene (about 1.5 kb)
in plasmid pBR322.

The PCR reaction mixtures consisted of 50 ng of pBR322
as template, 50 pmol each of the forward and reverse pri-
mers, 1X Taq DNA polymerase reaction buffer, 1.5 mmol/L
MgCl, 0.2 mmol/L dNTP (deoxynucleoside triphosphate),
and 2.5 U of Taq DNA polymerase for a final volume of
50 pl. PCR was conducted with a PTC-200 Peltier Thermal
Cycler (MJ Research Inc., USA) as follows: 2 min of dena-
turation at 96°C, followed by 30 cycles of 1 min at 96°C
(denaturation), 1 min at 40°C (annealing), and 1 min at 72°C
(extension), with a final 5 min 72°C extension step after cy-
cling was complete. The PCR products were loaded onto
0.75% horizontal agarose gels. Gels were run at 5 V/cm,
stained with ethidium bromide and photographed on a UV
transilluminator.

The PCR product was firstly cloned into pGEM-T vector
to confirm its resistance to tetracycline and then treated with
EcoRI and gel extracted from pGEM-Tc. The mixture of
pVC fragments resulted from complete and partial diges-
tion of the plasmid by EcoRI were ligated with the " gene,
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the ligation products were transformed into E. coli IM109
competent cells, transformants showing resistant to tetracy-
cline were obtained.

Plasmid curing experiments

Several attempts to eliminate the plasmid pVC from its
original host strain ¥ cholerae MP-1 were carried out to es-
tablish the possible relationship between a phenotype and
presence of the plasmid. Elevated incubation temperature,
ethidium bromide, sodium dodecylsulfate (SDS) and acridine
orange were employed to eliminate pVC from the host strain.

Nucleotide sequences accession numbers

The 16S rRNA gene sequence of V cholerae MP-1 and the
pVC complete nucleotide sequence have been deposited in
the GenBank under accession no. AY911390 and AY 423429,
respectively.

Results and Discussion

Identification of plasmid containing strain MP-1

V. cholerae MP-1 containing a small plasmid was chosen for
the current study. Its preliminary identification was V. chol-
erae by API 20NE biochemical tests (data not shown) and
then by phylogenetic analysis of partial 16S rRNA gene se-
quence (Fig. 1). Its plasmid band is shown in Fig. 2.

Complete sequence of the plasmid pVC
The whole sequence of the circular plasmid pVC contains

Vibrio vulnificus X76333
100 Vibrio fumissii X76336

Vibrio agarivorans AJ310647

Vibrio shilonii AFO07115

84
Vibrio brasiliensis AJ316172

Vibrio parahaemolyticus AF388386
100
Vibrio parahaemolyticus AF388387

Vibrio cholerae X74695
100
99 —— MP-1AY911390*
94 Vibrio aestuarianus X74689
98 Vibrio fischeri X70640

69 Vibrio alginolyticus X56576

Vibrio coralliifyticus AJ440004

L—Vibrio harveyi AY750578
0.1

Fig. 1. Phylogenetic relationship of strain MP-1 and its closely
relatives. The tree was constructed by the parsimony method,
Vibrio harveyi AY750578 was ordered as outgroup. Bootstrap anal-
ysis was performed with 100 re-sampled data sets and bootstrap
values were shown. Asterisks indicate the tested isolates in this
study, and others are the references.
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bp

6030
5012

3990
2972
2067

Fig. 2. Plasmid pattern of strain ¥ cholerae MP-1. Lane 1, Supercoil
DNA marker; Lane 2, plasmid band of MP-1.

EcoRI 1

EcoRI 2328

ORF1

Fig. 3. Physical map of the plasmid pVC from V. cholerae MP-1.
Gene position and direction of transcription are indicated by solid
arrows. The fragment with high similarity to ¥ cholerae strain SIO
plasmid pSIO1 is indicated by an open box.

3,806 bp and the calculated molecular weight is 2,309,334
Dalton (double strands) and its G+C content is 43.25%.
This G+C content value is close to the reported range
(approximately 45 to 48%) of the chromosome in the marine
Vibrionaceae group (Farmer, 1992). G+C content of ¥ chol-
erae chromosomal DNA is 47.19% (Heidelberg et al., 2000),
suggesting that the plasmid either is indigenous to the
Vibrionaceae or has resided in the host strain for a consid-
erable period of time (Lawrence and Roth, 1998).

With no demonstrated replication origin, position 1 of
the sequence is assigned to nucleotide of EcoRI site, which
is within ORF4. Database searches reveal a fragment (from
position 2565 to 3005) of 440 bp (Fig. 3) is 96% identical
to a fragment in the 4.9 kb plasmid pSIO1 (AY876057) of
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V. cholerae strain SIO and also a section of this fragment
(position 2632-2766) is 88% identical to a small section of
the 13.5 kb plasmid (Z10rZ9, AF009904) in ¥ shiloi. Computer
analyses predict four ORFs with >100 amino acids, identi-
fied as putative coding regions (Fig. 4) on the basis of pu-
tative ribosome-binding site (RBS, also called Shine-Dalgarno
sequence), promoter sequence and transcription terminator
sequence (Holtwick et al., 2001). Other smaller size ORFs
(<50 amino acid residues) are neglected due to no homology
to known proteins and additionally no putative ribosome-
binding sites proceeded.

ORF1, ORF2, and ORF4 are transcribed in the same
orientation. The predicted protein from ORF1 has 173 amino
acids with a predicted molecular weight (MW) of 19.9 kD.
Similarly, the putative product of ORF2 contains 171 amino
acids with a predicted MW of 18.6 kD. Transcription of
ORF3 is in opposite orientation with the other 3 ORFs
and it encodes a smaller protein with 117 amino acids and
MW of 13.3 kD. ORF4 encodes the largest protein in this
plasmid, the putative protein has 206 amino acids with a
predicted MW of 22.9 kD. Searches using BLASTp (Altschul
et al., 1997) show that none of them have homology to any
known proteins.

All attempts to cure pVC using different chemical agents
at a range of concentration including ethidium bromide,
SDS, acridine orange and elevated temperature of culturing
conditions were unsuccessful, suggesting a phenomenon
that is most likely due to the relatively high copy number
and stability of this plasmid within its natural bacterial host.

Cloning and characterization of the replication origin
Surprisingly, none of the proteins encoded by plasmid pVC
show similarity to the known replication initiator protein
(Rep) needed by most of the plasmids. To locate the pVC
replication origin, the tetracycline resistant (Tc®) gene am-
plified from plasmid pBR322 was selected as a selection
marker, ligated with the EcoRI digest of pVC, and trans-
formed into E. coli JM109 competent cells. Recombinant
plasmid from the transformants was 3.8 kb in length, and it
is designated pVCO01 (Table 1). Analysis of pVCO1 reveals
that it was consisted of a 2.3 kb fragment (position 1496-
3806, containing the 0.8 kb and 1.5 kb EcoRI fragments) of
plasmid pVC and the 1.5 kb Tc® gene.

Further analysis of the 2.3 kb fragment indicated that it
contains partial ORF4, the complete ORF1 and an inter-
genic region between ORF4 and ORFI1. Detailed analyses
of the sequence upstream of ORF1 show that it possesses
characteristics of plasmid replication origins (Helinski et al.,
1996; Del Solar et al., 1998) and several features typical of
iteron-containing theta-type replicons (Fig. 4). They are spe-
cifically (i) an AT rich region containing sequence repeats
where opening of the strands and assembly of host initiation
factors occur, (ii) four potential direct repeats (called iterons)
spaced approximately one DNA helical turn apart (11-13
bp), which are the binding sites of Rep proteins. Generally
the sequences of the iterons are not identical for a partic-
ular origin, but a consensus motif is identified (Del Solar et
al., 1998). In this plasmid, the consensus sequence is ATAAA,
(iii) two dnaA boxes where the host DnaA initiator protein
binds (Fuller et al., 1984), (iv) three Dam methylation sites,
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% GC
2700 TCTTGATCCAAACAGAGCGCAGGAATACTTGAAGTGCTTAAACGATATGGGCTATCATGA 417
Dam
2640 Z-\AGGACTTACCGACCGCGAAATCGTAAGTATTCCGAAA_AGAACCGA%CCTGCAAG TCGG 516
DnaA Box inverted repeat 1
<—dA DOX
2580 TTTTTTCACATCTGGAGAAAGAGATTAATGCTAAAACCAATTGATCTCAATGATCCTTTT 30
Dam Dam
2520 CATGCCCACTACTTTTCCTGACATATCTCCCCAAAAATCCCCTGTTTACAACATCAAARA 40
2460 AAATACAGAACGAAAGACCGTAAAGCCTCCCTTATCAATCCCTCACTGAGCACAATGGAG 417
DnaA Box
- "
2400 CACCATCAGCACATATTCAGCACAATATGAGTACATTTGAGCACCATAAAAAACAAGARA 333
inverted repeat 2
2340 ACTATTTAGAATTCAATGAATTAAAAAAACATITCGTAATATTTATTACAACTAAGAATT 15
e Y e ok D e e b - .
inverted rfpeat 3 repeat seqlience AT rich
2280 TTAGTTGTAATAAATATTTATTTEPATGGAATAAAATGTAATTTATAAAAACAGAATGCC  16.7
«— _p —_—, > —
o direct repeats (consensus: ATAAA)
2220 GATAAAGAAATAACAGATAAATCATTGATTTTAAAGGCAARAAGACAAAAAATATCACTA 20
i » el b
direct repeats -35
2160 TACCAAGGAGAGTTTATGAGCAAACGAAGCAATAAAAGTGGCGCACAAAAATTAGCAGAA 35
—an PpPRre M S K R S NK S G A Q KL
-10 RBS At
2100 AGAAAAATAGAACTAAGAAACCAACTATGGGGAGAGGAGATCAACAACAAGAAGCTATGS
R K I ELRNQLWGETEI NN L w
2040 AACCGARATAGCCATGATGGATATACAACGCTCCCAAGAACACTCCCATATATAGGAAGA
NR NSHD GYTTLPIRTULZP YI GR
1980 ATAATGGATAGAGAAGCAGGTAAAGGTACTCCGGTATCAGGAACTTACCTAGCCCTATGG
| MD RE A G K GTWP VS GTY L AL W
1920 TGCAATGTGTTCGATGACAGCTTTCTAGAAATCAAAGATCAAAAAAGATACGCATTCGAA
C NV F DD S FLE I KD QKRY AFE
1860 TCAGGCTTTTCAGGAGAAAGAGCTGTAACCACATGGGCAGGTAGAATGCGAAAACTAGAA
S G F S GERAV TTWAGRMURBIK L E
1800 GAAATGGGGTTTATTGAATCAAGGCATGGTACTGAAGGCGACTTACATTACATTTTGCTA
EM G F | ES RHG TEGDULHY | L L
1740 ATGAACCCATTAGAAGTATGTAARACAATATGCAAAGAGAAARACAATGACGAACTATAT
M NPLE V CK TL C E KN ND E L Y
1680 AACGCTCTATTAGCAAGAATGAACGCTGTTGGAGCTAAATTTGACGAATCGGAGT

*

Fig. 4. Sequence analysis of pVC origin of replication. The 5’-3° DNA sequence of this origin and corresponding amino acid sequence of
ORF1 are shown. The %GC content of each line (60 bp) is shown at the right. Boldface letters indicate putative Dam methylation sites.
Arrows on top of the sequences indicate putative DnaA boxes, -35, -10 promoter region and ribosomal binding site (RBS) of ORF1 are
underlined and indicated. Direct repeats and inverted repeats are indicated by arrows, mismatches in the imperfect inverted repeat by dis-
continuous arrows. Double lines in the amino acid sequence corresponding to ORF1 mean alpha helical structure and single lines mean
beta sheets. The leucine zipper (LZ) and helix-turn-helix (HTH) motifs are indicated.

and (v) inverted repeats. Therefore, we postulate that the
plasmid pVC replication origin may be located most likely
in the region upstream of ORFI.

Most of the plasmids have a self-encoded Rep protein.
We propose that ORF1 of pVC may encode this protein
even though it has no similarity with the currently known
Rep proteins. ORF1 is smaller than the common reported
Rep proteins in theta plasmid replicons, but secondary
structure prediction by the neural network algorithm PHD
(Rost and Sander, 1993) indicates that two characteristic
motifs exist in most Rep proteins (Del Solar et al., 1998),
the leucine zipper (LZ) motif located at the N-terminal re-

gion of the Rep protein (Fig. 4) which is involved in protein-
protein interaction (Del Solar et al., 1998), and the alpha
helix-turn-alpha helix motif (HTH) located at the C-terminal
end of the protein, involved in the protein-DNA binding.
However, further direct evidences are needed to support
this postulation.

The small cryptic plasmid, pVC, might replicate via theta
replication mode and ‘this replicon is likely a new class of
theta-type replicon, suggesting the potential replicon diversity
in marine microbial community.
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