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Construction and Characterization of a thyA Mutant
Derived From Cholera Vaccine Candidate IEM101
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Abstract

A naturally cholera toxin gene negative Vibrio cholerae (O1, El Tor, Ogawa) strain, named IEM101, was
isolated in China. The human volunteer tests showed that this strain was safe, able to colonize the intestinal
mucosa, and able to induce a strong immune response. Also other studies indicated that it was an efficient
live vector to deliver heterologous antigens. In this article, a thymidylate synthase gene (thyA)-defined
mutant was constructed using homologous recombination. Except for the morphological changes in mini-
mal medium and slightly reduced colonization capacity, mutant strain IEM101-T maintained most of the
desirable features as the wild-type strain IEM101 in terms of growth rate and immunogenicity. However,
the mutant was more biosafe than its parent strain. In conclusion, IEM101-T may be a promising strain to
develop live vaccine candidate of cholera or an attractive vaccine vector to deliver heterologous antigens in

Vivo.
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1. Introduction

The acute diarrheal disease cholera remains a
significant public health problem, causing more
than five million cases and 200,000 deaths an-
nually in the world (1). Vibrio cholerae, the
causative agent of cholera, is transmitted by con-
taminated water and food. The explosive epidemic
nature and severity of the disease and the potential
threat to food and water supplies have prompted
the listing of V. cholerae as an organism in bio-
logical defenseresearch (2). Live oral cholera vac-
cines seem the most promising for eliciting of
multifactorial and long-lasting immunity after a
single dose. However, the implicit release of liv-
ing bacteria into the environment continues to be
a cause of concern worldwide.

A key enzyme involved in the biosynthetic
pathway of bacteria is thymidylate synthase (TS),
which is responsible for the catalytic conversion
of dUMP into dTTP (3). The gene encoding for

this enzyme is named thyA and has been studied in
many bacteria (4-7). Bacterial strains bearing de-
letion within the thyA gene are auxotrophic for
thymidine and are not supposed to proliferate in
the environment, where free pyrimidines are ab-
sent. Inactivation of thyA gene has been proposed
as a biological containment tool for microorgan-
isms intended to be released into the environ-
ment.

Previous to this work, undefined mutants of V.
cholerae with thymidine requirements had been
selected by trimethoprim resistance. For example,
CVD102, a spontantous thyA-defective derivative
of CVD101, was poorly excreted by humans and
minimally immunogenic (8). Most importantly,
the potential reversion of mutation with unkown
mechanism could lead to recovery in virulence.
Nevertheless, efforts have been made to diminish
the possibility of the event. For instance, Valle et
al. (9) have recently demonstrated that the internal
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Table 1
Bacterial Strains and Plasmids Used in This Study
Strain or Plasmid Description Reference
E. coli
DH5a K12 cloning host strain Lab stock
SM10Apir recA::RP4-2Tc::MulpirR6K), Km" (12)
V. cholerae
IEM101 El Tor ,Ogawa, A(ctx ace zot),wild-type, Get” (10)
IEM101-T thyA mutant of IEM101 This study
Plasmids
pUCI18 General cloning vector, laz*, Amp* Lab stock
pKTN701 mob RP4 ori R6K Cm" (12)
pFGY101 pUC18::thyA This study
pFGY102 pUCI18:: AthyA This study
pFGY103 pKTN701:: AthyA This study

deletion of the thyA gene of O1 V. cholerae vac-
cine candidateds to enhance the environmental
safety features without a detrimental effect on
their colonizing and immunizing properties in
animal models.

In this article, we describe the construction and
characterization of a thyA-defined mutant de-
rived from our own vaccine candidate of strain
IEM101 (10).

2. Materials and Methods
2.1. Bacterial Strains, Plasmids, and Media

The bacterial strains and plasmids used in this
study were listed in Table 1. Escherichia coli
strain DHS5o was used for cloning purpose. E. coli
SM10Apir strain was used as donor strain for con-
jugation. V. cholerae strain IEM101 was used as
recipient of the plasmid-containing mutant thyA
gene for chromosomal integration. All bacterial
strains were routinely grown in LB medium or
agar plates with antibiotics when required. The
antibiotics and supplements were added at the fol-
lowing concentrations: ampicillin, 100 pg/mL;
gentamicin, 0.75 wg/mL; chloramphenicol, 15 or
25 pg/mL, thymidine 50 pg/mL or 200 pg/mL
when necessary.

2.2. Genetic Methods

Isolation of genomic or plasmid DNA, transfor-
mation, agarose gel electrophoresis, and Southern
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blot were performed by standard molecular bio-
logical techniques (11). DNA restriction and
modification enzymes were used according to the
manufacturer’s instructions (Sino America Biol-
ogy, China). Dig-labeled probes were generated
with the DNA labeling and detection kit (Roche,
Germany).

2.3. Cloning of thyA Gene
From V. cholerae IEM101

A single clony of V. cholerae IEM101 was
picked up from plate and resuspended in 20 uL of
distilled water and boiled for 10 min. One microli-
ter of supernatant was used as template for 100 uL.
of thyA PCR reactions. On the basis of published
thyA sequence of V. cholerae strain VCH6514
(GenBank accession no. AJ006514), the oligo-
nucleotides P1 (5'-GCCATCCTTCACAGCTTT-
3") and P2 (5'-CGGAATTCACGGGATTAGA
CTG AAAAC-3") were used as forward and re-
verse primers, respectively. P1 corresponds to the
5" untranslated region and a intrinsic EcoRI site is
inculed, whereas P2 contains the stop codon and
aintroduced EcoRI site (italic sequence, a graphic
representation of oligonucleotides is given in Fig.
1). The PCR reaction was subjected to 30 tem-
perature cycles (94° for 1 min; 52° for 1 min; 72°
for 1 min). The amplified 1165-bp fragment was
digested with EcoRI and cloned into pUCI18 di-
gested with EcoRI, yielding pFGY101.
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Fig. 1. Schematic diagram for thyA locus of V.
cholerae IEM10 and construction of pFGY103.0pen
reading frame of thyA gene are depicted by arrows,
which indicate its orientation, and relevant restriction
sites are also indicated. P1 and P2 show the positions
of primers used for PCR amplification of thyA gene
and its 5' flanking region, and a EcoRI site was intro-
duced by P2, which is underlined. For homologous
recombination purpose, plasmid pFGY 103 was con-
structed by the insertion of thyA PCR fragment with
an internal 540-bp Bg/II-Styl deletion into suicide
vector pKTN701, which is showed by open box in
panel B. The thyA-specific probe was recovered from
BgllI-Styl digestion of plasmid pFGY101, and it is
indicated by a gray box in the top of the figure. Dashed
lines represent the recombination events.

2.4. Sequencing of thyA Gene

Plasmid DNA of pFGY 101 was sequenced and
the nucleotide sequence, protein alignment were
analyzed with software DN AStar.

2.5. Construction of thyA-Defined Mutant
of V. cholerae IEM101

The IEM101 thyA mutant was generated by al-
lelic replacement through homologous recombi-
nation (12, Fig. 1). Briefly, following the deletion
of the 535-bp Bg/lI-Styl fragment from the thyA
gene coding region in plasmid pFGY 101, a larger
fragment containing mutated thyA gene was re-
covered by gel extraction, blunted, and self-li-
gated to generate pFGY102. An EcoRI fragment
from pFGY 102 containing this mutated thyA gene
was cloned into suicide vector pKTN701 to ob-
tain pFGY103. pFGY 103 were mobilized from
donor strain SM10Apir to receptor V. cholerae
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strains by conjugation at a donor-to-receptor strain
ratio of 1:9. V. cholerae conjugates were selected
for the first recombination event on LB agar plate
with 15 pg/mL Chloramphenicol and 0.75 pg/mL
of gentamycin. To select for the second recombi-
nant event, in which the suicide vector pKTN701
was deleted from the chromosome, the chloram-
phenicol-sensitive enrichment procedure was
used as previously described with a little modifi-
cation by increasing the concentration of chloram-
phenicol to 25 pg/mL and p-cycloserine (Sigma)
to 2000 pug/mL (13). Cointegrates from chloram-
phenicol-sensitive enrichment were serially di-
luted and subcultured on LB agar with 50 pg/mL
of thymidine and 0.75 pg/mL of gentamycin.
Colonies of gentamycin-resistant, chlorampheni-
col-sensitive and thymidine-dependence were
collected and further verifed by PCR and Southern
blotting for the structure of thyA locus. Briefly,
using P1 and P2 as primer set and genomic DNA
from mutant and wild-type as templates, PCR was
performed as previously described. Genomic
DNA from mutant and wild-type was digested
with EcoRI or PstI and Southern blotting was car-
ried out as standard method (11). The excised
535-bp Bg/lI-Styl fragment from the thyA gene
coding sequence was dig-labeled and used as
prob. The V. cholerae colony in which the mu-
tated allele replaced the wild-type thyA exhibited
dependence on thymidine for growth in LB me-
dium. One such mutant was designated IEM101-
T and further characterized in vitro and in vivo.

2.6. Phenotypical Examination of IEM101-T

Agglutination serotyping was performed on a
slide with monoclonal antibodies against O anti-
gen of V. cholerae by standard procedure (14). The
thymidine requirement of IEM101-T was exam-
ined by culturing in LB supplemented with vari-
ous concentrations of thymidine. A growth curve
of wild-type IEM101 and mutant IEM101-T was
plotted by measurement of optical density every
30 min until the stationary phase of growth, and
the medium used here were LB and LB with 50 pg/
mL thymidine, respectively. Appropriate samples
were taken at each interval and Gram-stained for
microscopic examinations.
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2.7. Colonization Assay on Suckling Mice
Model

The colonizing potential of the mutant IEM101-
T was evaluated in the suckling mouse cholera
model as previously reported (15). Postnatal d 5
BALB/c pups were inoculated intragastrically
with 1.0 x 107 CFU of IEM101, IEM101-T, and
IEM101-T transformed with pFGY101(IEM101-
T/pFGY101). Five mice were used for each strain.
After 16 h, mice were sacrificed, and the small
intestines were removed, washed three times in
PBS, and homogenized in 2 mL of the same
buffer. Cell counts were determined by serially
diluting and plating of 20-uL droplets in tripli-
cate on LB agar with 50 pg/mL thymidine when
required.

3. Results

The thyA gene was cloned from V. cholerae
IEM101 as described in Subheading 2. Clone
pFGY 101 was used as template for DNA se-
quencing. The alignment data showed with that
thyA gene of IEM101 was completely identical
with that of reference strain VCH6514, and inter-
estingly, the start codon also is GTG rather than
ATG. The deduced amino acid of thyA from
IEM101 only shared 32.8% identity with E. coli,
but to our surprise, plasmid bearing thyA gene
from E. coli was able to complement thyA mu-
tant derived from IEM101 (Yu et al., unpublished
data).

The homologous recombination performed in
IEM101 to obtain IEM101-T generated a 535-bp
internal deletion in its thyA coding region, which
prevents the synthesis of an active thymidylate
synthase. Consequently, IEM101-T is impaired in
the ability to produce dTTP, an essential precur-
sor of DNA biosynthesis. The deletion was veri-
fied with PCR (not shown) and Southern blot
(Fig. 2). Aside from the morphology change in
minimal medium, IEM101-T was indistinguish-
able by Gram staining and stereotyping from its
parent stain IEM101 in complete medium (LB
supplemented with thymidine at 200 pg/mL).

In contrast, in LB broth with thymidine less
than 5 ug/mL IEM101-T grew at a much lower
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Fig. 2. thyA deletion was determined by PCR and
Southern blot analysis. EcoRI- or Pstl-digested ge-
nomic DNAs of IEM101 or IEM101-T were probed
with Dig-labeled Bg/I1-Styl thyA probe. Arrowheads
indicated the hybridized bands on IEM101 genomes,
but they were not detectable on its counterpart IEM101-
T because of deletion. DNA mass ladders were probed
with Dig-labeled HindlIlI-digested tDNAs. PCR was
performed using P1 and P2 primers, which spanned
the coding sequence of the thyA gene. A smaller frag-
ment was obtained from the mutant duo to the internal
deletion.

rate and stopped growing eventually at 1.0 to 2.0
units of absorbance at 600 nm.

Similar growth curves were obtained for [IEM101
in LB and IEM10I1T in LB supplemented with 50
pg/mL thymidine (data not shown).

However, in minimal medium, the mutation
introduced in thyA generated a nutritional require-
ment for thymidine, which could be eliminated by
transformation with plasmid pFGY 101, contain-
ing thyA coding fragment. In thymidine-limiting
conditions, IEM101-T was a suspension with fine
aggregates, whereas IEM101 was evenly turbid.
In contrast to IEM101, IEM101-T acquired an
elongated filamentous appearance in LB supple-
mented with thymidine at 50 pg/mL or less (Fig. 3).
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Fig. 3. Morphology of wild-type V. cholerae IEM101
(A) and mutant IEM101-T (B). Light microscopy re-
vealed that IEM101-T growing in LB supplemented
with thymidine at 50 pg/mL changed into elongated
filament-shaped phenotype, whereas IEM 101 remained
unchanged. (Viewed under 10 x 100 magnification.)

IEM101-T was able to colonize the intestine of
suckling mice, but the recovered vibirios was 10-
fold less than that of IEM101 (Fig. 4). We also
found that IEM101T/pFGY 101 colonized in the
suckling mouse cholera model as well as IEM101,
indicating that as a selection marker, thyA could
prevent loss of plasmid during intestinal coloni-
zation.

4. Discussion

In this study, the thyA gene of V. cholerae
IEM101 was cloned, sequenced, and mutated by
homologous recombination. Except for 10-fold
reduced colonizing potential, [IEM101-T showed
equivalent phenotypes and growth properties with
IEM101.The relevance of thyA mutation for colo-
nization defect were also reported previously, and
this question is still debatable (7,8,16). Although
IEM101-T displayed slightly reduced colonizing
potential, it was not at the expense of its immuno-
genicity, and this was demonstrated in our later
studies on IEM108, which was derived from
IEM101-T by introducing ctxB and rstR with a
chromosome-plasmid lethal balanced system. The
vibriocidal antibody response in sera from rabbits
immunized with IEM101 and IEM 108 were found
to ber very similar (17).
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Fig. 4. Colonization ability of IEM101-T compared
to IEM101 and IEM101-T transformed with pFGY101.
Each value represents the average for five mice in a
single experiment. The standard deviations are repre-
sented by error bars.

Compared with those spontaneous mutants
selected by trimethoprim resistance, mutant
IEM101-T was a genetically defined thyA mutant
generated by homologous recombination, in which
one one-third of the thyA was deleted from its ge-
nome. Mutant generated in this manner would be
incapable of bearing unexpected mutation or re-
version, which had been shown by work of Kaper
and many others (12,13,18). Just like with attenu-
ated vaccines for other diseases, biological con-
tainment is an important issue in the development
of live cholera vaccines. Thymidine auxotrophy
has been proposed as an environmental biosafe
feature for environmentally released vaccines, as
free pyrimidines are scare in natural ecosystems
(9). Without significant alterations of its features
as a vaccine candidate, IEM101-T is improved
over its parental strain IEM101 by the enhance-
ment of the environmental safety.

The selective adherence of V. cholerae to the
M cells of the gastrointestinal tract makes it a po-
tent stimulus to the common mucosal immune
system (19,20). IEM101 has been proved to be
safe, able to colonize the intestinal mucosa, and
to induce a strong immune response in terms of
IgA, 1gG, and IgM and vibriocidal antibodies
(10). IEM101 has been used as a carrier for ex-
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pression of detoxified derivatives of cholera toxin
and heterologous antigens such as fragment C
from tetanus toxin (TetC) and tracheal coloniza-
tion factor from Bordetella pertussis (Tct) (21,22).
Therefore IEM101-T can be further developed
into a very useful lethal balanced system for the
delivery of foreign genes by using thyA locus in-
stead of antibiotics as markers for maintenance
and selection of plasmids.
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