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We constructed food-grade host-vector and integration systems for Streptococcus thermophilus by using a
thymidylate synthase gene (thyA) as the selection marker. Two thyA genes, thyASt and thyALb, were cloned from
S. thermophilus and Lactobacillus delbrueckii subsp. bulgaricus, respectively. Thymidine-requiring mutants of S.
thermophilus were obtained after successive cultures in the presence of trimethoprim, and one of them, TM1-1,
was used as the host. Food-grade vectors were constructed by using either thyASt or thyALb as the selection
marker. Transformants of TM1-1 created by using these vectors were selected for thymidine autotrophy as
efficiently as for erythromycin resistance. By using the host-vector system developed in this way, a foreign
amylase gene (amyA) was expressed in TM1-1 and was also integrated into the chromosome by use of a
temperature-sensitive integration vector constructed with thyALb as the selection marker via a double-crossover
event. The results obtained show that thyA is an efficient and safe selection marker for S. thermophilus that is
suitable for food applications.

Streptococcus thermophilus is one of the important lactic acid
bacteria (LAB) and has long been used to produce yogurt and
cheeses. It is desirable to improve the industrial characteristics
of S. thermophilus by using modern biotechnological methods.
Genes of this species encoding cadmium resistance (39), heat
shock protein (11), and PepX (2) were proposed as safe food-
grade selection markers. Chromosomal gene integration by use
of a temperature-sensitive (ts) vector (pG�host5) (3, 23) and
an Escherichia coli-derived vector (25) has been reported. For
other LAB, especially Lactococcus lactis, food-grade genetic
modification systems, chromosomal integration systems (22,
23), and inducible gene expression systems (8, 26, 28, 34) have
been reported. For safety considerations, antibiotic resistance
markers should be avoided for food applications. Food-grade
selection marker genes are classified into two categories (9),
dominant genes and complementary genes. Sucrose, xylose,
and inulin utilization genes (17, 31), which the host does not
naturally express, were reported as being dominant, and the
lactose utilization gene (14) and the purine synthesis gene (10)
were reported as being complementary. In the case of comple-
mentary marker genes, the gene relevant to the host should be
inactivated first, which is sometimes difficult to perform by
mutation or recombinant DNA techniques. Although sponta-
neous thyA mutants of some bacteria, including E. coli (27) and
Bacillus subtilis (12), have been easily obtained by using anti-
folates such as trimethoprim (TMP) (19) and aminopterin,
only one example of a thyA mutant of Lactobacillus acidophilus
(13) has been reported as a host for dairy LAB. Among strep-
tococcal species, thyA mutants of S. pyogenes and S. agalactiae
have been reported, but thyA mutants have not been reported
for S. sanguis, S. salivarius, S. mitis, or S. pneumoniae (7). The

thyA gene of L. lactis has been cloned (32, 33) and was recently
used as the target site for the integration of the human inter-
leukin 10 gene (37). Although the clones of L. lactis that lack
thyA are now available, they are not spontaneous mutants but
were obtained by using recombinant DNA techniques.

In this report, we describe how spontaneous thyA mutants of
S. thermophilus were obtained by using high concentrations of
TMP. Two thyA genes of S. thermophilus and L. delbrueckii
subsp. bulgaricus were successfully used as safe selection mark-
ers for transformation. Moreover, a safe chromosomal gene
integration system for S. thermophilus was developed by using
thyALb. A foreign gene was inserted into the chromosome next
to this marker gene, which ensured stabilization of the inte-
grated genes in the host.

The strains and plasmids used in this study are listed in
Table 1. S. thermophilus strains were grown at 37°C on skim
milk medium (10% skim milk with 0.1% yeast extract) or M17
medium (Difco) containing either 0.5% glucose (GM17) or
0.5% lactose (LM17). E. coli was grown at 37°C on M9 medium
(24) supplemented with thymidine (50 �g/ml) when necessary.
Erythromycin (Sigma) was used at a concentration of 25 �g/ml
for S. thermophilus, and ampicillin (Sigma) was used at a con-
centration of 50 �g/ml for E. coli.

E. coli was transformed by the CaCl2 method (6). S. ther-
mophilus was transformed according to the method described
by Holo and Nes (16), with some modifications. Competent
cells were prepared as follows. An overnight bacterial culture
was inoculated (2%, vol/vol) and incubated at 42°C on M17
medium (adjusted at pH 5.5 with HCl) containing 1% lactose,
0.175 M sucrose, and 0.6% glycine. Cells were harvested by
centrifugation at an optical density at 600 nm of 0.08 to 0.1.
The cells were washed twice with ice-cold buffer (0.5 M su-
crose, 10% glycerol), concentrated in the same buffer (final
optical density at 600 nm of 50), and stored at �80°C until use.
Forty microliters of the competent cells was given a single
electric pulse (2.0 kV, 25 �F) and incubated for 2 h at 37°C in
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1 ml of expression medium (M17 medium containing 1% glu-
cose, 0.5 M sucrose, 20 mM MgCl2, 2 mM CaCl2, and 20 �g of
thymidine/ml). For the construction of a ts integration vector,
the expression was done at 28°C for 3 h. The cells were centri-
fuged and washed twice with sterilized water to remove thymi-
dine, when necessary. Transformants were selected on LM17
agar plates with or without erythromycin.

The recombinant techniques used were done according to
the standard methods (24). The chromosomal DNA of S. ther-
mophilus ATCC 19258 or L. bulgaricus subsp. delbrueckii M-
878 was digested with HindIII or BamHI, respectively. Frag-
ments of each digested DNA ranging from 2 to 6 kb were
ligated at the HindIII or BamHI site of pBR322. After trans-
formation of E. coli TGthy2 with a ligation mixture, colonies
were obtained on an M9 agar plate supplemented with ampi-
cillin and 2 �g of Casamino Acids (Difco)/ml. The chromo-
somal DNA fragments inserted into pBR322, which comple-
mented the thyA mutation of E. coli TGthy2, were subcloned
into pUC118, and the nucleotide sequences were determined.

In order to isolate thyA mutants, the S. thermophilus strains
were cultivated on LM17 supplemented with thymidine (20
�g/ml) and TMP (0.3 to 1.5 mg/ml, depending on the strain).
After about 50 and 100 generations of cultivation, each culture
broth was spread on LM17 agar plates containing thymidine. A
hundred TMP-resistant single-colony isolates of each strain
were examined by growth on LM17 agar both with and without
added thymidine. Those colonies that grew in the presence of thy-
midine (20 �g/ml) for 1 day but that did not grow after 1 week
in the absence of thymidine were classified as Thy� mutants.

The following novel vectors were constructed by transfor-
mation of S. thermophilus TM1-1 after selection for Thy� on
LM17 agar plates. A PCR fragment containing thyASt or

thyALb was obtained by using primers 84 and 86 or primers 89
and 90, respectively (Table 2). Each DNA fragment was ligated
to the XbaI site of pBUL1, and a ligation mixture was used to
transform TM1-1, resulting in two vectors, pBSt1 (Fig. 1A) and
pBLb1 (data not shown), respectively. A PCR fragment con-
taining thyALb was inserted at the EcoRI site of pSY1, which
resulted in a novel vector, pSLb1 (Fig. 1B). The 2.95-kb PCR
fragment containing the amyA gene from Streptococcus bovis
148 was obtained by using primers 150 and 151 and pSAES5
(35). This PCR fragment was digested with EcoRI and was
blunt-end ligated to the BbiII site of pSLb1 (Fig. 1B), resulting
in an Amy� plasmid, pSLbA1. Moreover, in order to compare
selection efficiencies between thyA and ermA marker genes, a
PCR fragment containing either thyALb or thyASt was inserted

TABLE 1. Bacterial strains and plasmids used in this studya

Strains and plasmids Relevant characteristic(s) Source or reference

Strains
S. thermophilus

ATCC 19258 Type strain of S. thermophilus ATCC
TM1-1 Spontaneous thyA mutant of ATCC 19258 This study
OLL1131 Industrial strain for yogurt production Meiji Dairies Corporation
OILL3074 Industrial strain for yogurt production Meiji Dairies Corporation

L. delbrueckii subsp.
bulgaricus M-878

Industrial strain for yogurt production Meiji Dairies Corporation

E. coli TGthy2 Spontaneous thyA mutant of E. coli TG1 This study

Plasmids
pBUL1 Endogenous plasmid (7.9 kb) of L. delbrueckii subsp. bulgaricus M-878 20
pBSt1 8.9 kb; Thy�; pBUL1 � thyASt This study
pBLb1 8.9 kb; Thy�; pBUL1 � thyALb This study
pX3 9.1 kb; Emr; pBUL1 � ermA 20
pXTLb 10.1 kb; Emr Thy�; pX3 � thyALb This study
pX4041 10.1 kb; Emr Thy�; pX3 � thyASt This study
pSY1 Endogenous plasmid (2.9 kb) of L. lactis M-128C (Meiji Dairies Corporation) 21
pSLb1 4.0 kb; Thy�; pSY1 � thyALb This study
pSLbA1 7.0 kb; Thy� Amy�; pSLb1 � amyA This study
pSYE2 3.9 kb; Emr; pSY1 � ermA 21
pSYTLb 5.2 kb; Emr Thy�; pSYE2 � thyALb This study
pSG�E2 3.9 kb; ts replication, Emr; ori of pSYE2 replaced with ts ori of pG�host5 (4) Unpublished results
pSintA1 8.0 kb; Thy� Amy�; ts replication, pSG�E2 � thyALb � amyA � two lacZ

fragments (ermA deleted)
This study

a Thy, thymidine; Em, erythromycin.

TABLE 2. Primers used in this study

Primer
Relevant
gene or
plasmid

Nucleotide sequence

06 thyALb 5�-AAATGTGGTTTTTATGTTCAAGCAAG-3�
37 pSY1 plasmid 5�-CTTGTTATTATATTAATTTTTA-3�
68 thyALb 5�-CTGCCAGCGGATTTTGGATGATG-3�
84 thyASt 5�-GGTCTAGAGCAACATTATTTACAGCTATA-3�
86 thyASt 5�-GGTCTAGAGGGCTTAAATCATAAGCATTT-3�
89 thyALb 5�-GGTCTAGACCTGTCCGGGAAAAAAGG-3�
90 thyALb 5�-GGTCTAGAGGTCTAATTTCCTGGTGG-3�
98 lacZ 5�-GCGAGCTCG GTGATGCATCTGTTAATGG-3�
99 lacZ 5�-CGGGTACCGATATTCCATGAAGGTTCGC-3�
114 lacZ 5�-GCTATTCCAAAAGTTCACGTTC-3�
115 lacZ 5�-CTAGCTAGGAAAGTATAAGCAG-3�
135 lacZ 5�-CTAATTTAGTGGTTCAATCA-3�
150 amyA 5�-GCGAATTCATCGGTACAATTGATATTA-3�
151 amyA 5�-GCGAATTCGTACAAAAAGAAGTAGCC-3�
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into pX3 and pSYE2. Three recombinant plasmids were con-
structed, two from pX3, namely, pXTLb and pX4041, harbor-
ing ermA together with thyALb or thyASt, respectively, and one
from pSYE2, namely, pSYTLb, harboring ermA and thyALb.

A novel ts integration vector was constructed as follows. First,
the PCR fragment (targeted with primers 89 and 90) contain-
ing thyALb was inserted at the SmaI site of pSG�E2, a ts rep-
lication vector, in the same direction as ermA gene transcrip-
tion. Second, the resultant plasmid, designated pS�ETLb2,
received a 413-bp DNA fragment (lac-2St; Fig. 2A) of a �-ga-
lactosidase gene (lacZ) (36) from S. thermophilus ATCC 19258
at its BamHI site. A DNA fragment of lac-2St had been ob-
tained by NdeI digestion of the 1,343-bp PCR fragment (tar-
geted with primers 114 and 115) of lacZ and was blunt-end
ligated with the BamHI blunt-end-treated pS�ETLb2. Third, a
1.1-kb DNA fragment containing ermA was removed from this
new plasmid by two restriction enzyme digestions, with PstI
and ScaI, followed by a blunt-end self-ligation, which resulted
in pS�iTLb22. Fourth, the other DNA fragment (lac-1St [459
bp]) (Fig. 2A) of lacZ was inserted at the KpnI and SacI sites
of pS�iTLb22. A DNA fragment of lac-1St had been amplified
by PCR with primers 98 and 99 and was digested by the same

enzymes. And finally, as a foreign model gene, amyA was
inserted at the BbiII site (47 bp downstream of the stop codon
of thyALb) of this plasmid, resulting in pSintA1 (Fig. 1C).

A strain was judged to be Thy� or Thy� based on its re-
quirement for thymidine (20 �g/ml) on LM17 for normal
growth. A strain was determined to be Amy� if a clear halo
around the colony was detected on GM17 agar plates contain-
ing 0.5% soluble starch after exposure to iodine vapor. A strain
was judged to be Lac� or Lac� by the color of colonies grown
on a GM17 agar plate supplemented with a 0.2% (vol/vol)
concentration of 4% X-Gal (5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside) solution in dimethylformamide.

Characterization of thyA genes of yogurt starter strains. A
3.2-kb HindIII DNA fragment and a 2.6-kb BamHI fragment
from S. thermophilus ATCC 19258 and L. delbrueckii subsp.
bulgaricus M-878, respectively, were selected for complemen-
tation of Thy� in E. coli. Also, the thyA genes thyASt and thyALb

and the dihydrofolate reductase genes dhfrSt and dhfrLb were
deduced as shown in Fig. 3. Homology search analyses re-
vealed that the amino acid sequence deduced from thyASt had
97.8, 85.3, 82.2, 81.1, and 75.6% homologies with those of
S. thermophilus CHOC2136 (S. Moia, M. B. Pedersen, and

FIG. 1. Maps of constructed food-grade vectors. Relevant restriction enzyme sites are shown. (A) pBSt1 was constructed with pBUL1 by using
thyASt as a selection marker. White arrow, replication (rep.) protein gene of pBUL1. (B) pSLb1 was constructed with pSY1 by using thyALb as a
selection marker. White arrow, replication protein gene of pSY1. (C) A food-grade integration vector, pSintA1, which has a ts ori (repAts), thyALb
as a selection marker (black arrow), and amyA as a foreign gene (dotted arrow). thyALb and amyA are inserted between two DNA fragments, lac-1
(striped box with a superimposed arrow) and lac-2 (stippled box with a superimposed arrow), derived from the lacZ gene of S. thermophilus. The
lacZ gene was selected as an integration target site. Relevant restriction enzyme sites are shown.
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K. Soerensen, submitted for publication), S. pneumoniae (18),
S. agalactiae (38), S. mutans (1), and L. lactis (5), respectively.
Also, the amino acid sequence deduced from thyALb had 68.7%
homology with that of Lactobacillus casei (30). The sequence
homology between thyASt and thyALb products was relatively
low (35.2%).

Our initial attempts to isolate thyA mutants were unsuccess-
ful because S. thermophilus strains grew well in the presence of
50 �g of TMP/ml. Spontaneous thyA mutants were obtained
after about 100 generations of cultivation in LM17 broth sup-
plemented with 20 �g of thymidine/ml and higher concentra-
tions of TMP, i.e., 1,500 �g/ml for strain ATCC 19258 and 300

FIG. 2. Chromosome structures of the host (TM1-1) (A), the single-crossover integrant (B), and the double-crossover integrant (C). Integrants
were obtained after cultivation of a transformant harboring the pSintA1 plasmid on LM17 at 37°C. The chromosome structures were estimated by
the PCR experiment data shown in Table 4. The phenotype of each clone is shown in an open square. Relevant PCR primers used in this study are
shown.

FIG. 3. (A) Restriction map of the 3.2-kb HindIII DNA fragment of the S. thermophilus ATCC 19258 chromosome. The thymidylate synthase
gene (thyA-St) and the dihydrofolate reductase gene (dhfr-St) were deduced from the nucleotide sequence. A heavy line indicates a DNA fragment am-
plified by PCR with primers 84 and 86 containing the thyASt gene. (B) Restriction map of the 2.6-kb BamHI DNA fragment of the L. delbrueckii subsp.
bulgaricus M-878 chromosome and the deduced thyALb and dhfrLb products. A heavy line indicates a DNA fragment amplified by PCR with primers 89
and 90 containing thyALb. A potential promoter (P), a potential terminator (T), and relevant restriction enzyme sites are indicated. aa, amino acids.
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�g/ml for strains OLL1131 and OLL3074. One of the stable
thyA mutants obtained from ATCC 19258 was designated
TM1-1 and was used as the host in this study. We found two
mutations in the thyA region of the TM1-1 chromosome, a
deletion of G at nucleotide 319 and one base exchange (from
A to T) at nucleotide 323, which indicated that the thyA gene
had been inactivated in this mutant. No changes were detected
in the nucleotide sequence of dhfrSt in TM1-1 compared to that
of the wild-type strain, in contrast to the mutation of dhfr in S.
pneumoniae which resulted in TMP resistance (29). TM1-1
grew as well as the wild-type strain, ATCC 19258, on LM17 or
skim milk medium only if supplemented with more than 10 �g
of thymidine/ml. The Thy� phenotype of TM1-1 was stable,
since no Thy� revertants appeared even after 50 generations of
cultivation on LM17 containing 20 �g of thymidine/ml (data
not shown). Thy� revertants were estimated to number fewer
than 1 out of 1011 colonies in an experiment in which a con-
centrated TM1-1 competent cell suspension was spread and
cultivated on LM17 agar plates.

Transformation by using novel food-grade vectors. Three
novel vectors for S. thermophilus were constructed by using
pBUL1 or pSY1; pBSt1 (Fig. 1A), pBLb1, and pSLb1 (Fig.
1B). For unknown reasons, we have never been able to insert
the DNA fragment containing thyASt into pSY1. We regard
these vectors as being food grade since they are constituted of
DNA sequences derived only from LAB for manufacturing
dairy products. Transformants of TM1-1 were reproducibly
obtained by using either one of these vectors, although trans-
formation efficiencies per microgram of DNA were lower with
pBLb1 (4 � 102) and pBSt1 (3 � 102) than with pSLb1 (4 �
104), presumably depending on the replicons used. The trans-
formation efficiencies of TM1-1 with the thyA gene were com-
pared with those of an Emr gene (ermA) by using pXTLb,
pX4041, and pSYTLb (Table 3). The results were almost the
same under both selection conditions. Fifty colonies randomly
selected for Thy� in each experiment were all Emr and vice
versa. These results indicate that thyALb and thyASt worked as
efficiently as ermA for the selection of genetic transformants of
S. thermophilus.

Expression of a foreign gene using the food-grade host-vec-
tor system. An extracellular �-amylase gene (amyA) of S. bovis
148 was inserted into pSLb1, resulting in a novel plasmid,
pSLbA1. This plasmid was used to transform TM1-1, and the
transformants were selected on LM17 agar plates supplement-
ed with 0.5% starch. All colonies selected for Thy� formed a
clear �-amylase-positive halo around each colony after expo-

sure to iodine vapor (data not shown). This result showed that
pSLb1 can be used as a vector for a foreign gene expression in
a spontaneous mutant, TM1-1, which indicates that the novel
food-grade host-vector system for S. thermophilus is useful for
industrial applications.

Chromosomal gene integration with thyA as a selection
marker. Finally, the thyA gene was evaluated as a selection
marker for chromosomal gene integration in S. thermophilus.
The transformation efficiency of ATCC 19258 with pG�host5
(4) was slightly low, and we constructed another ts vector using
pSYE2, which showed a higher transformation efficiency. The
ts mutation of pG�host5 was introduced in vitro into the ori of
pSYE2, which resulted in a ts vector, pSG�E2 (unpublished
results). In order to avoid recombination at the thyA locus of S.
thermophilus, thyALb, which has a low sequence homology with
thyASt, was used. The thyALb gene and a model foreign gene,
amyA, were inserted into pSG�E2, resulting in a ts integration
plasmid, pSintA1 (Fig. 1C). This plasmid was used to trans-
form TM1-1. Transformants were selected for Thy� on LM17
at 28°C. All colonies obtained on LM17 plates showed the
Amy� phenotype (data not shown). Twelve of the colonies, ran-
domly selected, were verified as transformants by the presence
of pSintA1 DNA. To integrate the plasmid into the chromo-
some, one of the transformants was incubated on GM17 broth
at 28°C for 16 h, and then 0.1% of the culture was inoculated
and cultivated for 15 generations in fresh GM17 broth at 37°C
(nonpermissive temperature for the replication of pSintA1).
Aliquots of the culture were spread and grown on GM17 plates
containing 0.5% soluble starch and X-Gal. All colonies ob-
tained were white (Lac�), indicating that pSintA1 was inserted
at either one of the target sites, lac-1St or lac-2St, and hence,
lacZ was inactivated. Forty-eight colonies randomly selected
on the plates were Amy�. Their chromosomal structure was
further examined by PCR with the following four sets of prim-
ers: primers 114 and 06, 37 and 115, 114 and 115, and 68 and
135 (Fig. 2C). As shown in Table 4, the results of these PCR
experiments suggest that one copy of pSintA1 was inserted at
one of the target sites, lac-1St, in 21 out of 48 colonies, pre-
sumably via a single-crossover event (single-crossover inte-
grant) (Fig. 2B). However, the other 27 colonies gave different
PCR results (Table 4), which suggested that only the thyALb

and amyA genes were retained in the lacZ gene and that no
DNA fragments of the vector pSG�E2 remained. We believe

TABLE 3. Comparisons of transformation efficiencies
using thyA and ermA

Plasmid Selection
marker

Selection
mediuma

No. of transformants/
�g of plasmid DNA

pSYTLb thyALb LM17 6.4 � 104

ermA LM17 � Em � Thy 6.2 � 104

pXTLb thyALb LM17 2.8 � 102

ermA LM17 � Em � Thy 3.0 � 102

pX4041 thyASt LM17 2.0 � 102

ermA LM17 � Em � Thy 2.3 � 102

a Erythromycin (Em) and thymidine (Thy) were added at 25 and 20 �g/ml,
respectively.

TABLE 4. PCR DNA amplification patterns of
48 colonies examined

Primers used for
targeting Detectiona

Length of PCR fragment
(kb) detected inb,c:

Group A Group B

114 and 06 48/48 1.1 (21) 1.1 (27)
37 and 115 21/48 1.5 (21) ND (0)d

114 and 115 48/48 9.3 (21) 5.7 (27)
68 and 135 48/48 9.1 (21) 5.5 (27)

a Number of colonies in which DNA amplification was detected by PCR/total
number of colonies.

b Forty-eight colonies were divided into two groups of 21 and 27 colonies,
according to their PCR amplification patterns.

c Numbers in parentheses indicate numbers of colonies showing PCR ampli-
fication in group A and B.

d ND, no DNA amplification was detected.
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that these 27 colonies were obtained via a double-crossover
event as shown in Fig. 2C.

The host-vector systems of S. thermophilus reported here are
composed of genetic materials derived solely from LAB used
in dairy production. Therefore, they are regarded as food
grade and fulfill the following conditions that are preferable in
industrial applications. First, the selection marker genes thyALb

and thyASt, derived from yogurt starter organisms, are rela-
tively small and easy to handle in the construction of recom-
binant plasmids. Second, the host cell (thyA mutant) of indus-
trial strains of S. thermophilus can be easily obtained through
spontaneous mutation simply by cultivation with higher con-
centrations of TMP. Third, transformants of S. thermophilus
can be selected on normal growth media such as skim milk and
M17, and the selection efficiency is almost the same as that of
an antibiotic resistance marker gene, ermA.

In our experience, stable thyA mutants of S. thermophilus
were obtained after about 100 generations of cultivation on
LM17 broth supplemented with 20 �g of thymidine/ml and
higher concentrations (300 to 1,500 �g/ml) of TMP. We tried
to apply higher concentrations of TMP to obtain thyA mutants
of L. delbrueckii subsp. bulgaricus and L. lactis, but the strains
we tested grew well even in the presence of 2.0 mg of TMP/ml,
which is nearly the saturation concentration of this drug in
water. This explains why no Thy� mutants of these LAB have
so far been obtained by using TMP.

We also report here a novel food-grade integration system in
which both the gene of interest (amyA) and the selection
marker gene (thyA) are connected and inserted at a target site
of the chromosome via a double-crossover event. We planned
to insert pSintA1 (Fig. 1C) at the lacZ locus of S. thermophilus
(15) as an integration target site since the desired integrants
could be easily detected by the presence of white colonies on
agar plates containing X-Gal. Other integration target sites can
be selected according to the objectives of experiments or ap-
plications. When a ts integration plasmid of pSintA1 was used,
about half of the integrants obtained after cultivation at a high
temperature (37°C) were double-crossover integrants, as
shown in Fig. 2C. Theoretically, both single- and double-cross-
over integrants may be obtained because the selection pressure
is thymidine autotrophy and no erythromycin is added (Fig. 2B
and C). This finding explains why one-step cultivation at 37°C
was sufficient to obtain the objective gene integrants which
appeared after the second homologous recombination event,
concomitant with a loop-out of the vector DNA. An advantage
of this novel system is the ability to obtain objective integrants
after a double-crossover event because the desired gene is
directly connected with the marker gene (thyA), which is es-
sential for growth. This result is in contrast to that of other
methods, in which a marker gene is not inserted next to the
gene of interest, and, therefore, wild-type revertants easily
appear after a double-crossover event. It is clear that the in-
tegrants do not lose the gene of interest after cultivation for a
long period of time, because the selection pressure remains
unless thymidine is added to the medium. The integrants’ ge-
netic stability ensured in this way is favorable for industrial
applications.

It is clear from the data shown here that the thymidylate
synthase gene (thyA) of yogurt starter strains can be used as a
safe selection marker in molecular breeding of S. thermophilus.

Nucleotide sequence accession numbers. The DNA se-
quences of the thyA gene of S. thermophilus ATCC 19258 and
L. delbrueckii subsp. bulgaricus M-878 were registered in the
GenBank nucleotide sequence data library under accession
numbers E12779 and E12778, respectively.

We appreciate E. Maguin for supplying us with the pG�host5 plas-
mid. We thank Mariko Takeda and Yoshiko Honme for their technical
assistance. We also thank R. Walton for reading the manuscript.
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