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A novel type II restriction and modification (R-M) system, Sth3681, which confers resistance to $bST84, was
found in Streptococcus thermophilus CNRZ368 but not in the very closely related strain A054. Partial sequencing
of the integrative conjugative element ICES?1, carried by S. thermophilus CNRZ368 but not by A054, revealed
a divergent cluster of two genes, sth368IR and sth368IM. The protein sequence encoded by sth368IR is related
to the type II endonucleases R.LIaKR2I and R.Sau3Al, which recognize and cleave the sequence 5'-GATC-3'.
The protein sequence encoded by sth368IM is very similar to numerous type II 5-methylcytosine methyltrans-
ferases, including M.LIaKR2I and M.Sau3AlI. Cell extracts of CNRZ368 but not A054 were found to cleave at
the GATC site. Furthermore, the C residue of the sequence 5'-GATC-3’ was found to be methylated in
CNRZ368 but not in A054. Cloning and integration of a copy of sth368IR and sth368IM in the A054 chromosome
confers on this strain phenotypes similar to those of CNRZ368, i.e., phage resistance, endonuclease activity of
cell extracts, and methylation of the sequence 5'-GATC-3'. Disruption of sth368IR removes resistance and
restriction activity. We conclude that ICES?I encodes an R-M system, Sth3681, which recognizes the sequence

5'-GATC-3' and is related to the Sau3Al and LlaKR2I restriction systems.

Streptococcus thermophilus is extensively used as a starter in
the manufacture of cheese and yogurt with other lactic acid
bacteria, like Lactococcus lactis or Lactobacillus delbrueckii
subsp. bulgaricus. The proliferation of bacteriophages is one of
the main reasons for the failure of these fermentation pro-
cesses. Since it is difficult to avoid contamination, the strains
used as starters should be highly resistant to a large array of
phages. In the best known lactic acid bacterium, L. lactis, four
types of natural defense mechanisms against bacteriophages
have been identified on the basis of their modes of action:
blocking of phage adsorption, blocking of phage DNA pene-
tration, abortive infection, and restriction-modification (R-M)
systems (11). In this species, the resistance is generally en-
coded by plasmids, and several different mechanisms can be
carried on one plasmid (18). The genes of 10 R-M systems
have been cloned from L. lactis strains: eight of the systems are
encoded by plasmids, and only two are encoded by the chro-
mosome (11). Some of these plasmids, like pTR2030, are con-
jugative, allowing easy introduction by conjugative transfer
into phage-sensitive strains of commercial importance. The
resulting strains have been used successfully by the dairy in-
dustry (1, 33).

In contrast, very few phage defense mechanism have been
described in S. thermophilus. This could be due to the scarcity
of plasmids in this species and/or to the more recent progress
in its genetics. Most of the strains of S. thermophilus appear to
be plasmid free except for a few isolates that contain a single
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relatively small plasmid (25). None is conjugative. Four type II
R-M systems have been well characterized in S. thermophilus:
Sth1341 (35) is an isoschizomer of Hpall and Mspl, and Sth1171
(36), Sth4551 (15), and Ss/I (3) are isoschizomers of BstNI and
EcoRII. However, their genes have been neither cloned nor
sequenced.

A site-specific integrative element, ICESt] ,was found to be
integrated in the 3’ end of fda of S. thermophilus CNRZ368, an
open reading frame (ORF) encoding a putative fructose-1,6-
bisphosphate aldolase (6). It excises by site-specific recombi-
nation. Partial sequencing of the right end of this element
reveals ORFs encoding proteins related to those of some con-
jugative plasmids and conjugative transposons. Therefore,
ICES¢I could be an integrative conjugative element.

The results presented in this study show that ICES?I carries
the genes encoding a type II R-M system, Sth368I, which rec-
ognizes the sequence 5'-GATC-3'. These genes were cloned
and sequenced. They are related to those encoding LIaKR2I of
L. lactis (38) and Sau3Al of Staphylococcus aureus (34), two
type II R-M systems which also recognize GATC sequences.

MATERIALS AND METHODS

Bacterial strains and media. The Escherichia coli, S. thermophilus, and L. lactis
strains used in this study are listed in Table 1. E. coli strains were grown at 37°C
on Luria-Bertani medium supplemented with 170 pg of chloramphenicol/ml
[strains containing pBC KS(+) (Stratagene, La Jolla, Calif.)]-derived plasmids],
50 pg of ampicillin/ml [strains containing pBluescript SK(—) (Stratagene)-de-
rived plasmids], or 150 wg of erythromycin/ml (strains containing pG+Host9-
derived plasmids). The S. thermophilus strains were grown at 42°C in M17 broth
containing 5 g of lactose/liter (M17L) supplemented when appropriate with 2 pg
of erythromycin/ml (strains containing integrated pG+Host9-derived plasmids)
or at 30°C in M17L broth containing 5 pg of erythromycin/ml (strains containing
free pG+Host9-derived plasmids). L. lactis MG1363 was grown at 30°C in M17
broth containing 0.2 M glucose (M17G) supplemented with 5 pg of erythromy-
cin/ml (strains containing pG-+Host9-derived plasmids).
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TABLE 1. Bacterial strains, phages, and plasmids

Strains, phages,
and plasmids

Relevant characteristics

Reference or source

E. coli
SURE Host for plasmids derived from pBC KS(+) and pBluescript SK(—); dam™ Stratagene
HB101 Propagation strain for pBC KS(+) plasmid; dam ™ Stratagene
KW251 Propagation strain for N\ recombinant bacteriophages; dam™ Stratagene
VEC6831 Host for plasmids derived from pG+Host9; dam ™" Provided by E. Maguin

S. thermophilus

A054 Strain closely related to CNRZ368 which does not possess ICESt/ Industrial
CNRZ368 Strain closely related to A054 possessing ICES?/ CNRZ*
NST1010 Derivative of CNRZ368 with sth368IR gene disrupted by pNST154 integration This work
NST1013A Derivative of A054 containing a copy of pNST153IS integrated into IS7795L This work
L. lactis MG1363 Plasmid free; transformation host 14
Phages”
ANST101 \ recombinant phage containing the left end of ICESt/ 6
ANST106 \ recombinant phage containing an internal fragment of ICESt/ 6
ANST107 \ recombinant phage containing an internal fragment of ICES?/ 6
ANST108 \ recombinant phage containing an internal fragment of ICESt/ 6
ANST113 \ recombinant phage containing the right end of ICES?/ 6
$ST84 Pac site lytic group II bacteriophage of S. thermophilus 5
Plasmids”
pBC KS(+) Cloning vector; Cam'; 3.4 kb Stratagene
pBluescript SK(—) Cloning vector; Amp"; 2.96 kb Stratagene
pG+Host9 Thermosensitive shuttle vector; Ery"; 3.8 kb 23
pNST132.2 2.2-kb EcoRI/EcoRV fragment of ANST101 (1132.2) cloned into pBluescript SK(—) This work
pNST141 3.3-kb Xbal fragment of ANST107 (I141) cloned into pBC KS(+) This work
pNST142 2.2-kb Xbal fragment of ANST107 (I142) cloned into pBC KS(+) This work
pNST144 5.1-kb EcoRI fragment of ANST107 (I1144) cloned into pBC KS(+) This work
pNST144.1 674-bp Xmnl/Clal fragment of pNST144 (1144.1) cloned into EcoRV/Clal-digested pBC KS(+) This work
pNST153 3.8-kb HindIll/Sall fragment of ANST106 (HS38) cloned into pG+Host9 This work
pNSTI153IS 3.8-kb HindIll/Sall fragment of ANST106 (HS38) and 0,9-kb HindIII fragment of This work
pNST132.2 (H09) cloned into pG+Host9
pNST154 EcoRI fragment of pNST144.1 cloned into pG+Host9 This work
pNST155 75-bp Sau3Al fragment of pBC KS(+) cloned into BamHI-digested pBC KS(+) This work
pNST156 1104-bp Sau3Al fragment of pBC KS(+) cloned into BamHI-digested pBC KS(+) This work

“ CNRZ, Centre National de la Recherche Zootechnique.

b Locations of the chromosomal fragments on the map of ICESt] are indicated in Fig. 1. Amp®, ampicillin resistance; Cam®, chloramphenicol resistance; Ery",

erythromycin resistance.

DNA extractions and cloning. pBC KS(+) DNA and pBC KS(+) derived
plasmid DNAs were extracted from E. coli HB101 and E. coli Sure cells, respec-
tively, by the alkaline lysis method (31). Plasmid DNA was extracted from
L. lactis and S. thermophilus cells according to the method described by J. Frére
(13). A Quantum Prep plasmid miniprep kit (Bio-Rad, Marnes-la-Coquette,
France) was used to isolate plasmid DNA for sequencing from E. coli. X bacte-
riophage DNA was isolated from E. coli KW251 lysates according to the method
described by Sambrook et al. (31). S. thermophilus genomic DNA extractions
were performed as previously described (8). The construction of the genomic
library of S. thermophilus CNRZ368 in bacteriophage \GEM11 (Promega, Lyon,
France) has been described previously (28).

Three restriction fragments of the insert of recombinant X were cloned into the
corresponding restriction sites of the plasmid pBC KS(+) to give pNST141,
pNST142, and pNST144 (Table 1). The 674-bp Xmn1/Clal fragment of pNST144
(the region encoding residues 190 to 406 of the endonuclease R.Sth368I) was
cloned into EcoRV/Clal-digested pBC KS(+), resulting in pNST144.1. The 3.8-
kb thermosensitive E. coli-Lactococcus-S. thermophilus shuttle vector pG+Host9
(23) was used to construct pNST153, which contains the 3.8-kb HindIIl/Sall
fragment of ANST106 (HS38) including sth368IM and sth368IR. pG+Host9 was
also used to construct pNST154, which contains the EcoRI fragment of
pNST144.1 encompassing a 674-bp fragment of sth368IR. Cloning of the Sth3681
R-M system (pNST153) was based on selection of methylated plasmid DNA. In
this way, HindIIl/Sall-digested ANST106 DNA was ligated to HindIIl/Sall-di-
gested pG-+Host9. The ligation mixture was used to transform L. lactis MG1363
by electroporation. Plasmid DNA was extracted, treated with Sau3Al endonu-
clease to cleave unmethylated DNA, which does not carry the sth368IM gene,
and then used to transform L. lactis MG1363. The 2.1-kb EcoRI/EcoRV frag-
ment of ANST101 was cloned into EcoRI/EcoRV-digested pBluescript SK(—) to

give pNST132.2 containing the right end of 1S/795L. The 920-bp HindIII frag-
ment of pNST132.2 (the region containing 872 bp of IS71795L) was cloned into
the HindlII restriction site of pNST153 to give pNST153IS.

Digested vector DNAs were dephosphorylated with alkaline phosphatase
(Roche Diagnostics, Meylan, France) prior to ligation. Ligations were performed
with T4 DNA ligase (Roche Diagnostics) according to the manufacturer’s in-
structions.

Bacterial transformation. E. coli was transformed by electroporation accord-
ing to the method of Dower et al. (9). L. lactis MG1363 was transformed by
electroporation according to the method described by Holo and Nes (20). S. ther-
mophilus A054 and CNRZ368 were transformed by electroporation by a method
adapted from Marciset et al. (24) with the following modifications. Cells were
grown at 42°C in HIGL medium (3% tryptone, 1% yeast extract, 0.5% KH,PO,,
0.5% beef extract, 1% glucose, 1% lactose) to an optical density at 600 nm
(ODgqp) of 0.3. Threefold-concentrated cells were electroporated in EPM me-
dium (5 mM KH,PO, [pH 6.1], 0.3 M raffinose, 0.5 M MgCl,) and then resus-
pended in 1 ml of sucrose M17, 1.2-fold concentrated, and incubated for 4 h at
30°C. Electroporations were performed using a Bio-Rad Gene Pulser apparatus
set at 25 pF, 200 Q, and 2.5 kV.

Integration of pG+Host9-derived plasmid by h logous recombination
pNST153IS and pNST154 were used to transform S. thermophilus A054 and
CNRZ368, respectively (Table 1). Plasmid DNA from several transformants was
extracted and verified by agarose gel electrophoresis. Integration of pNST153IS
and pNST154 into the chromosome by single crossover was performed according
to the method described by Biswas et al. (4) with the following modifications: the
cultures were shifted to 42°C for 3 h, and samples were diluted and plated at 42°C
on M17 agar with 2 pg of erythromycin/ml. Total DNA of several integrants was
extracted and submitted to Southern blot analyses to verify the location and copy
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TABLE 2. Activity of restriction endonucleases recognizing
sequences containing GATC on A054 and CNRZ368 DNAs

Restriction Recognition Activity”
endonuclease sequence” A054 CNRZ368
o +

BamHI GJ] GATCC C NC
Bcll T G +A T %} A C C
Bglll AiG?—\TJrCT C NC
Dpnl GAl TC NC NC
Ndell | G TA\ T OC C C
Sau3Al | G ?A T +C C NC

“ ], cleavage site of a restriction endonuclease; +, inhibition of the endonu-
clease by the methylated residue within the recognition sequence; o, digestion of
the DNA with the endonuclease is not at all influenced by the methylated residue
within the recognition sequence; m, the methylated residue is a prerequisite for
the enzymatic activity of the endonuclease.

> C, DNA is cleaved by restriction endonuclease; NC, DNA is not cleaved by
restriction endonuclease.

number of the integrated plasmids. NST1010 was obtained by integration of a
unique copy of pNST154 into sth368IR of CNRZ368 (Table 1). NST1013A was
obtained by integration of a unique copy of pNST153IS into IS1795L of A054
(Table 1).

Phage propagation and assays. The R-M phenotype of streptococcal hosts was
monitored by plaque assays using the bacteriophage $ST84 (lytic group II) (5).
To determine the titer of the phage, 100 ul of the relevant phage dilution was
added to 0.4 ml of Elliker medium containing 200 pl of an exponentially grown
culture (ODgs, 0.4) of the appropriate host and 12.5 wuM CacCl,. The suspension
was mixed and incubated for 10 min at 42°C to allow phage adsorption; 1.5 ml of
prewarmed Elliker medium (0.5% agar) supplemented with 1.5% milk was then
added, and the mixture was poured onto Elliker medium (1.6% agar) and incubat-
ed anaerobically for 20 h at 42°C. Phage DNA modification was established by
purification of phage from single-plaque isolates and propagation on the same
host culture. Phage lysates were obtained by infecting at a multiplicity of infection of
0.3 1 ml of prewarmed (42°C) Elliker medium containing 400 .l of an exponentially
grown culture (ODgs, 0.4) of the appropriate host and 12.5 pM CaCl,. After 15
min at 37°C, 9 ml of Elliker medium was added and the mixture was incubated
at 42°C until complete lysis occurred. Cell debris was removed by centrifugation
at 4,000 X g for 10 min at 4°C. The supernatant was treated with lysozyme (50
wg/ml), DNase I (5 wg/ml), and RNase A (10 wg/ml) for 30 min at 37°C, filtered
through a 0.45-pm-pore-size cellulose nitrate filter, and stored at 4°C.

Isolation, partial purification, and test of endonuclease extracts. Partial pu-
rification of endonuclease extracts was performed according to the method
described by Su et al. (37). The reaction mixture (20 pl) contained 0.2 ug of pBC
KS(+) DNA or 0.5 pg of recombinant X or genomic DNA, 10 ul of cell extract,
and reaction buffer B (Roche Diagnostics). After incubation at 37°C for 3 h, the
reactions were stopped by adding gel loading dye, and each mixture was applied
to a 1.2% agarose gel for electrophoresis.

DNA sequencing and sequence analysis. Automatic DNA sequencing was
performed on double-stranded template from a recombinant plasmid with an
ABI Prism BigDye Terminator cycle-sequencing ready-reaction kit (PE Applied
Biosystems, Paris, France) using a GeneAmp PCR system 2400 thermal cycler
(Perkin-Elmer Cetus). Sequencing products were run on an ABI Prism 310
genetic analyzer. Related sequences were detected in the GenBank-EMBL data-
base by using the BLASTX, BLASTP, and PSI-BLAST local alignment search
tools (2). Searches of ORFs were performed with GeneMark (http://genemark
.biology.gatech.edu/GeneMark/) using known codon preferences of Lactococcus
spp., Streptococcus pyogenes, and Streptococcus pneumoniae. DNA Strider 1.2 was
used to find direct or inverted repeats.

Nucleotide seq e accessi ber. The GenBank accession number for
the nucleotide sequence reported in this paper is AJ271594.

RESULTS

Methylation of GATC sequence of CNRZ368. Several at-
tempts at digestion of CNRZ368 DNA with some restriction
enzymes recognizing the sequence 5'-GATC-3', i.e., BamHI

APPL. ENVIRON. MICROBIOL.

and Sau3AlI, were unsuccessful, indicating the presence of a
methyltransferase. To determine if adenine or cytosine had
been methylated, digestion assays were performed on DNAs of
CNRZ368 and on the closely related A054 with various endo-
nucleases recognizing sequences containing GATC (Table 2).
BamHI, Bcll, Bglll, Ndell, and Sau3Al cleave A054 DNA,
showing that neither the A nor the C residues of the GATC
sites of this strain are methylated. Furthermore, Dpnl, which
cleaved only the G®™ATC site, does not cut A054 DNA. In the
same way, CNRZ368 DNA is cleaved by Bcll and Ndell en-
donuclease but not by Dpnl, indicating that 5'-GATC-3’ se-
quences do not contain N°-methyladenine. However, BamHI,
BgllIl, and Sau3AlI, which are inhibited by 5-methylcytosine in
5'-GATC-3' sequences, do not cleave CNRZ368 DNA. These
results showed that the C residue of 5'-GATC-3' sequences is
methylated in CNRZ368 but not in A054, a closely related
strain. Therefore, this indicated that CNRZ368 carries a func-
tional methyltransferase absent from A(054.

Restriction at 5'-GATC-3’ sequence by crude cell extract of
CNRZ368. The methyltransferase encoded by S. thermophilus
CNRZ368 could be the methylation protein of a type II R-M
system. A hypothetical restriction activity was searched for
in this strain. In this way, crude cell extracts of A054 and
CNRZ368 were used to perform digestion assays of A054 and
CNRZ368 DNAs (data not shown). The crude cell extract of
CNRZ368 cuts A054 DNA but not CNRZ368 DNA. This
result indicates that CNRZ368 produces an endonuclease
which is active on A054 DNA but not on CNRZ368 DNA. On
the other hand, the crude cell extract of A054 does not cut
either A054 DNA or CNRZ368 DNA, so no endonuclease
activity was detected in this strain closely related to CNRZ368.

Furthermore, the pattern of undigested pBC KS(+) DNA
was compared with those of pBC KS(+) DNA digested by
crude cell extracts of A054 and CNRZ368 (Fig. 1). The results
confirmed that the cell extract of A054 does not cut DNA.
However, this cell extract has a retarding effect on the migra-
tion of DNA (Fig. 1, lanes 1 and 3). CNRZ368 cell extract
partially cuts pBC KS(+) DNA (Fig. 1). The unpurified pro-
tein extract and the unoptimized conditions of the experiment
are responsible for the partial digestion of the DNA. It could
also be the result of competition of restriction with methylation
of DNA, since corresponding methyltransferase is probably
present in the crude extract.

The comparison of pBC KS(+) DNA digested by Sau3Al,
which recognizes and cleaves the GATC sequence, and pBC
KS(+) DNA digested by CNRZ368 cell extract revealed nu-
merous small fragments common to both DNAs (Fig. 1). The
patterns of pBC KS(+) DNA digested by CNRZ368 cell ex-
tract and those of the same DNA partially digested by Sau3Al
are similar (data not shown).

Furthermore, the pBC KS(+) DNA used in these experi-
ments was produced from the dam™ bacterium E. coli HB101,
which methylates the A residue of the GATC sequence. Since
crude cell extract of CNRZ368 cuts G*™ATC, the restriction
endonuclease of this strain is not inhibited by methylation at
this position.

Fragments generated from digesting pBC KS(+) with par-
tially purified endonuclease extracts were cloned into the
BamHI site of pBC KS(+) by direct ligation, assuming that like
R.Sau3Al, R.Sth3681 generated sticky-end termini compat-
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FIG. 1. Electrophoresis of DNAs digested by crude cell extracts.
Comparison of patterns from digestion assays of pBC KS(+) DNA by
A054 and CNRZ368 crude cell extracts. Lane 1, pBC KS(+) native DNA;
lane 2, pBC KS(+) DNA digested by Sau3AlI; lane 3, pBC KS(+) with
A054 cell extract; lane 4, pBC KS(+) with CNRZ368 cell extract.

ible with BamHI cohesive ends. Sequence analysis of the the
ligation junctions of two plasmids (pNST155 and pNST156)
isolated from transformants picked randomly showed that
R.Sth368I recognizes and cleaves the same sequence as R.Sau3Al.
Indeed, pNST155 contains a 75-bp insert corresponding to the
sequence localized on the pBC KS(+) map at coordinates 1719
to 1794 and flanked by two Sau3AlI sites. The cloned sequence
allows the regeneration of two BamHI sites on both sides. The
1,104-bp insert of pNST156 is localized at coordinates 1927 to
3031 on the pBC KS(+) map and corresponds to three adja-
cent Sau3Al fragments. In pNST156, this insert is bordered by
two Sau3Al sites but does not regenerate BamHI sites.

These results indicate that endonuclease produced by
CNRZ368 has the same recognition and cleavage specificity as
Sau3Al.

Identification of an R-M system in S. thermophilus CNRZ368.
S. thermophilus CNRZ368 and A054 were tested for phage
resistance against $ST84 to detect activity of a putative R-M
system. ST84 propagated on CNRZ368 was not restricted by
A054 and CNRZ368 (Table 3). $ST84 propagated on A054
was found to be restricted by CNRZ368 with an efficiency of
plating (EOP) of 1.8 X 10~*. Therefore, this temporary host-
specific immunity of $ST84 indicates that the strain CNRZ368
encodes a classical R-M system absent from A054. It was
named Sth3681 according to the standard R-M nomenclature
(H. O. Smith and D. Nathans, Letter, J. Mol. Biol. 81:419-423,
1973). Furthermore, an EOP of 0.62 was obtained when $ST84
propagated on CNRZ368 ($6ST84.CNRZ368) was plated on
CNRZ368. Moreover, bacteriophage plaques obtained on this
strain are very small and appear hazy (data not shown). This
could be due to the presence of a low-efficiency abortive in-
fection mechanism or to physiological differences between the
two strains A054 and CNRZ368.

Localization of sth368IM. Comparison of the physical maps
revealed only two regions present in S. thermophilus CNRZ368
and absent from the closely related strain A054 (29). One of
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them is the integrative and potentially conjugative element
ICESt1 (6). Therefore, this 34.7-kb element could encode the
Sth3681 R-M system.

The inserts of five N recombinant bacteriophages, isolated
from a \GEM11 genomic library of S. thermophilus CNRZ368,
entirely overlap the ICESt] element and the flanking regions
(Fig. 2). The DNA of three of these recombinant bacterio-
phages, ANST101, ANST108, and ANST113, were found to be
restricted by Sau3Al, whereas ANST106 and ANST107 DNAs
were not (Fig. 3). These results show that ANST106 and
ANST107 inserts carry the sth368IM gene encoding a methyl-
transferase which is expressed in E. coli KW251 and protects
DNA against cleavage at the GATC site by Sau3AI. Moreover,
pNST144, which contains a 5.1-kb EcoRI fragment common to
the ANST106 and ANST107 inserts (Fig. 2), is digested by
Sau3Al (Fig. 3). This suggested that the genes encoding the
Sth3681 R-M system are localized in the right region of the
ANST106 insert.

Nucleotide sequence of the Sth3681 R-M system. pNST141
and pNST142 were obtained by cloning the 3.3- (I141) and 2.2
(I142)-kb Xbal fragments of ANST107 into pBC KS(+) (Fig.
2). However, cloning of the 1.3-kb Xbal fragment localized
between 1141 and 1142 failed. The inserts of pNST141 and
pNST142 were entirely sequenced. The unclonable 1.3-kb
Xbal fragment was sequenced by primer walking on ANST107
DNA. The nucleotide sequence revealed three ORFs (Fig. 2).
BLAST searches on databases failed to find protein sequences
related to the putative protein encoded by orfS. orfS is pre-
ceded by an AAAGGAAA ribosome binding site (RBS) and
by a putative promoter sequence similar to those of S. pneu-
moniae, including a —10 sequence (TATAAT) and a —35
sequence (TCAATA) separated by a 17-bp consensus spacer
(26). orfS is convergent with the next ORF, sth368IR. sth368IR
encodes a putative 494-amino-acid protein with 23% identity
with the endonuclease R.LIaKR2I of pKR223 of L. lactis KR2
(38) and 22% identity with the endonuclease R.Sau3AIl of
S. aureus (34). A putative RBS (ATGAGAGG) was found 7 bp
upstream from the AUG start codon of this ORF (Fig. 4).
sth368IM encodes a putative 421-amino acid protein with sim-
ilarities to a large array of 5-methylcytosine methyltransferases
including M.LIaKR2I (85% identity) and M.Sau3Al (52%
identity). A suitable RBS (ACAGGAGA) was found 5 bp
upstream of the AUG start codon of sth368IM (Fig. 4).

A putative promoter sequence is located upstream from the
AUG start codon of sth368IM. This promoter includes a —10
sequence (TATAAT) and a —35 sequence (TTGATC) sepa-

TABLE 3. Effect of R-M system on plaque-forming
ability of phage ¢$ST84

Relative EOP*

Phage
A054 CNRZ368 NST1010 NST1013A
$ST84.CNRZ368” 1 0.62 0.45 1
$ST84.CNRZ368.A054¢ 1 1.8x107* 035 71x10°*
$ST84.CNRZ368.A054.NST1013A¢ 1 0.51 0.42 1

“ EOP of $ST84 on the host of interest relative to plaquing ability on the
nonrestricting host, S. thermophilus A054.

b ¢ ST84 propagated on S. thermophilus CNRZ368.

¢ ¢ ST84.CNRZ368 propagated on S. thermophilus A054.

@ ¢ ST84.CNRZ368.A054 propagated on S. thermophilus NST1013A.
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CNRZ368 wempp ==~ ——
1S7195L— Sl - e _hfda
attl . orfS sth368IR sth368IM . attR
~ HS38
Tl Ezzzzintegrated pNST154 (NST1010) PP
Tl IS1198. ida Pt
H X H-~.. R _.-""~
T S W W S P
A054 N
Sth368IR ™ AIS 11951
1S1195L Sthae8IM orf N ‘ff
H X H e X BX B
NST1018A = o

integrated pNST153IS

FIG. 2. Localization and maps of genes encoding the St23681 R-M system and of cloned fragments on an ICES?/ physical map. A recombinant
bacteriophage inserts are indicated by thin lines. The open boxes correspond to plasmid inserts. The unclonable 1.3-kb Xbal fragment is indicated
by a solid box. The hatched boxes represent integrated plasmids. attL and a#tR show the left and right attachment sites, respectively, corresponding
to the ends of ICES?!. attB corresponds to the chromosomal integration site of ICES?/ found in A054. ORFs are marked by arrows indicating the
direction of transcription. The pG+Host9 sequence is indicated by a thick line on the NST1013A restriction map. E, EcoRI; H, HindI11; X, Xbal.

rated by a 17-bp consensus spacer (Fig. 4). The —10 hexamer
fits perfectly the consensus sequence of S. pneumoniae. An
interesting point is the presence of a 5'-GATC-3" sequence in
the —35 hexamer. sth368IR is preceded by a canonical ex-
tended —10 promoter sequence (TNTGNTATAAT) (16) lo-
calized 33 bp upstream from the AUG start codon (Fig. 4).
However, unlike sth368IM, no putative promoter sequence was
found at the —35 region upstream from the —10 sequence.
Such arrangements have also been found in numerous §. pneu-
moniae and Bacillus subtilis promoters (16, 30). This might
constitute a transcriptional regulatory effect resulting in a more
efficient expression of sth368IM than sth368IR. No suitable
transcriptional-terminator structure was found between orfS
and sth368IR. On the contrary, sth368IM is immediately fol-
lowed by a perfect 10-bp inverted repeat and by a stretch of T's
which could be used as a rho-independent transcriptional ter-
minator (AG5, = —10.3 kcal - mol ") (12).

Disruption of sth368IR leads to sensible phenotype. The
involvement of sth368IR in the phage resistance phenotype was
verified by insertion mutagenesis. The thermosensitive plasmid
pNST154 containing a 674-bp fragment of sth368IR was con-
structed and integrated by homologous recombination into
sth368IR (Fig. 2). The resulting strain, NST1010, which con-
tains two truncated copies of sth368IR, was used to perform
phage infection assays with $ST84 (Table 3). The EOPs of the
methylated phage $ST84.CNRZ368 and $ST84 propagated on

FIG. 3. Electrophoresis of Sau3Al digestion assays of DNA frag-

A054 (unmethylated phage $ST84.CNRZ368.A054) are not
significantly different. Insertional mutagenis of sth368IR leads
to an R~ phenotype, indicating that this gene encodes the

ments overlapping ICEStI. Lane 1, A DNA digested by PstI; lane 2,
ANST101; lane 3, ANST106; lane 4, ANST107; lane 5, ANST108; lane
6, ANST113; lane 7, pNST144; lane 8, N DNA digested by HindIII.
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sth368IR
« RBS -10

Sth368I 1 CATATGATAA CCTCTCATAC TTTTTGTACT ATCACCATTANTACCAABAGC

L1aKR2I 1 ....CTCAT. LUJVACTGA.. .A...--.. METAEIGHT. &

<J RBS DRIsggz  -10
llaKR2IR

Sth3681 51 AATGTTTAAC CCTTgatcAA TACAAAAAGT TATTGTATAA TTAAAAAATG
L1aKR2I 51 ...AG----- --FESNNNN G. A..T....A. ..AG.LULLUNA.TC.T.AT
-35 -10

sth368IM

RBS
Sth368I 101 AATAC----- -----, ACAGG AGAAACACAT G
L1aKR2I 101 .C..ACTTTT AAATAGATT. ..G....... .
RBS Ly
llakR2IM

FIG. 4. Alignment of nucleotide sequences of Sth3681 and LIaKR2I
R-M systems. Sth368I corresponds to the actual intergenic sequence of
the Sth3681 R-M system of S. thermophilus CNRZ368. LIaKR2I cor-
responds to the intergenic sequence of the LIaKR2I R-M system,
where the entire IS982 and a copy of the sequence duplicated after the
1S982 insertion (5'-TATCATT-3") were deleted to allow comparison.
The remaining copy of the duplication created by 1S982 transposition
is indicated (DR 1S982). The dots in the LIaKR2I sequence indicate
the positions which are identical in the Sth3681 and L/laKR2I inter-
genic sequences. The dashed lines indicates gaps. The ATG start
codons of endonuclease- and methyltranferase-encoding genes are
labeled by arrows indicating the direction of transcription. The shaded
areas indicate putative RBSs or putative —10 and —35 consensus
sequences. The sequence 5'-GATC-3’ found in the —35 motif preced-
ing sth368IM and l[laKR2IM is written in lowercase.

phage resistance phenotype of the strain CNRZ368. However,
as for CNRZ368, the EOPs are not 1. Moreover, as for meth-
ylated $ST84.CNRZ368 plated on CNRZ368, plaques of meth-
ylated $ST84.CNRZ368 and unmethylated $ST84.CNRZ368.
A054 plated on NST1010 are small and appear hazy (data not
shown). Furthermore, as previously shown, crude cell extracts
of CNRZ368 cut pBC KS(+) DNA, whereas those of A054
and NST1010 failed to cleave this unmethylated DNA (data
not shown).

Cloning of Sth368I R-M system in A054 strain. To confirm
that sth368IM and sth368IR of ICEStI encode the R-M system
involved in the phage resistance of CNRZ368, HS38 (Fig. 2)
encompassing sth368IM and sth368IR was ligated to HindIIl/
Sall-digested pBC KS(+). The ligation mixture was used to
transform E. coli SURE and VEC6831 by electroporation.
However, a recombinant plasmid was never obtained. Since
attempts to subclone other R-M systems which modify the C
residues of the sequence 5'-GATC-3" were unsuccessful in
various E. coli strains (34, 38), cloning in this species was given
up. However, a similar experiment using the thermosensitive
plasmid pG+Host9 as the vector and L. lactis MG1363 as the
host and selection based on Sau3Al restriction was successful,
resulting in plasmid pNST153 (21). The pNST153 DNA extracted
from L. lactis MG1363 is not digested by Sau3Al, indicating that
sth368IM is expressed at 30°C in this bacterium. A fragment
containing the right end of IS//95L (sequence adjacent to
ICESt1) was cloned into pNST153 to obtain the thermosensi-
tive plasmid pNST153IS. Integration of this plasmid by homol-
ogous recombination in the A054 chromosome was selected.
The integration site and the number of integrated copies were
checked by hybridization of probe pG+Host9 to Clal, EcoRI,
Pst], and Sall patterns of several integrants (data not shown).
The resulting strain, NST1013A, contains a single copy of the
Sth3681 R-M system integrated between I1S7795L and the fda
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gene (Fig. 2). Phage assays were performed on this strain with
$ST84, and they gave results similar to those obtained with
strain CNRZ368 (Table 3). However, the EOPs are about four
times higher with NST1013A than with CNRZ368, and as on
A054, phage plaques are larger, suggesting that CNRZ368
could encode another system of defense against bacteriophage
infection, as has been previously suggested, or that the basis of
regulation could be different.

DISCUSSION

The integrative and potentially conjugative element ICESt/
of S. thermophilus CNRZ368 encodes the type II R-M system
Sth368I, the first cloned in this species. Sth368I is related to
LIaKR2I of L. lactis (38) and more distantly related to Sau3Al
of S. aureus (34). Furthermore, Sth3681 and Sau3Al recognize
the sequence 5'-GATC-3’ and have identical specificities of
methylation, i.e., 5-methylcytosine of GATC, whereas the speci-
ficity of LIaKR2I remains undetermined. The two genes en-
coding Sau3Al have identical orientations, whereas the genes
encoding LIaKR2I and Sth368I are divergently transcribed.
However, the LIaKR2I R-M system harbors an insertion se-
quence (IS) element (IS982) which is inserted between the
—10 hexamer of a putative promoter sequence and the poten-
tial RBS sequence of /laKR2IR. The presence or absence of
1S982 does not seem to significantly alter laKR2IR expression
(38). The sequence similarities of Sth3681 and LIaKR2I R-M
systems and comparison of their structure strongly suggest that
these two R-M systems could have evolved from a common
ancestral R-M system. Since 7-bp target duplication flanks
1S982 (38), the structure of the LIaKR2I encoding sequence
has probably evolved by transposition of IS982 in the promoter
region of laKR2IR. Comparison of the intergenic sequences of
the two R-M systems Sth3681 and LIaKR2I, after the entire
1S982 element and one copy of the flanking direct repeats were
removed, clearly showed that the putative promoters of the
genes encoding the methyltransferases are related. They share
the presence of a GATC site in the —35 putative promoter
sequence of the methyltransferase gene. The transcription
level of sth368IM could be modulated by the methylation state
of this sequence 5'-GATC-3’, included in the —35 hexamer, as
suggested by Twomey et al. for laKR2IM (38). Thus, the ex-
pression of methyltransferase genes in both the S#368I and
LIaKR2I R-M systems would be identically regulated. Madsen
and Josephsen also showed that the LlaDII R-M system has
the recognition sites 5'-GCGC-3" and 5'-GCCGC-3’, forming
a putative stem-loop structure spanning part of the presumed
—35 sequence and part of the intervening region between the
—35 and —10 sequences preceding the methyltransferase-en-
coding gene (22).

In the same way, the promoter of sth368IR and of the an-
cestral /laKR2IR are related: both possess a perfect extended
—10 promoter sequence (16) but no —35 sequence. Insertion
of IS982 disrupts this promoter in LIaKR2I, suggesting that the
regulation of /laKR2IR and sth368IR are different.

Only a few S. thermophilus strains contain plasmids, and they
are generally cryptic and small (25). To our knowledge, only
one R-M system has been genetically characterized and se-
quenced in this species. Thus, the sequences of two ORFs of
pSt0, a plasmid from S. thermophilus St0 which would encode
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a type IT R-M system with about 82% identity (nucleotide and
protein sequences) with LlaDII of Lactococcus lactis subsp.
cremoris (22) are available in databases (accession number
AJ242480). However, the possible involvement of pSt0 in re-
sistance against phage infection was not stated. Furthermore,
pClI65st, a plasmid from S. thermophilus NDI-6 (27), was found
to carry an ORF encoding a putative specificity subunit protein
(hsdS) of a type I R-M system.

Numerous lactococcal conjugative plasmids are known to
carry R-M systems (7, 10, 17, 19). Sth368I is the first R-M
system to be carried by an integrative conjugative element
and/or a similar element, like a conjugative transposon. The
conjugative transposon Tn5252 of S. pneumoniae encodes a
type II methyltransferase (32) but no associated endonuclease.
In vivo mutations in the gene encoding this methyltransferase
were reported not to affect the transferability of the element
(32). Sampath and Vijayakumar suggest that in this way
Tn5252 could be protected against a large array of recipient-
encoded restriction endonucleases. On the other hand, we
have shown here that Sth368I confers resistance against the
$»ST84 bacteriophage. The presence of the Sth3681 R-M sys-
tem on ICES?I could favor the spread and maintenance of the
element in the dairy industry, since phage attacks are frequent
in this environment. The integrative system encoded by ICES?/
would provide a stable site-specific integration of the element
and, therefore, of the R-M system in the sensitive recipient
strain.
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