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The conjugative plasmid pTR2030 confers bacteriophage resistance to lactococci by two independent
mechanisms, an abortive infection mechanism (Hsp+) and a restriction and modification system (R+/M+).
pTR2030 transconjugants of lactococcal strains are used in the dairy industry to prolong the usefulness of
mesophilic starter cultures. One bacteriophage which has emerged against a pTR2030 transconjugant is not
susceptible to either of the two defense systems encoded by the plasmid. Phage nck2O2.50 (450) is completely
resistant to restriction by pTR2030. A region of homology between pTR2030 and 450 was subcloned,
physically mapped, and sequenced. A region of 1,273 bp was identical in both plasmid and phage, suggesting
that the fragment had recently been transferred between the two genomes. Sequence analysis confirmed that
the transferred region encoded >55% of the amino domain of the structural gene for a type II methylase
designated LlaI. The LlaI gene is 1,869 bp in length and shows organizational similarities to the type II A
methylase FokI. In addition to the amino domain, upstream sequences, possibly containing the expression
signals, were present on the phage genome. The phage 450 fragment containing the methylase amino domain,
designated LlaPI, when cloned onto the shuttle vector pSA3 was capable of modifying another phage genome
in trans. This is the first report of the genetic exchange between a bacterium and a phage which confers a
selective advantage on the phage. Definition of the LlaI system on pTR2030 provides the first evidence that type
II systems contribute to restriction and modification phenotypes during host-dependent replication of phages
in lactococci.

The foundation of modern molecular biology was provided
by the study of bacteriophage-host interactions. In addition,
cellular defenses and bacteriophage counterdefenses provide
a microcosm of evolutionary biology. The introduction or
development of a bacteriophage resistance system within an
organism imposes the evolutionary pressure for bacterio-
phage adaptation. One well-characterized resistance mech-
anism relies upon host-encoded restriction endonucleases to
cleave incoming bacteriophage DNA. The host DNA is
protected by companion methyltransferases which modify
the recognition sequences of the host genome, rendering it
insensitive to the endonuclease. Bacteriophage have devel-
oped a number of mechanisms to elude restriction (for a
review, see reference 13). Some Escherichia coli bacterio-
phages produce a specific protein (ocr) which inhibits the
host endonuclease. Other antirestriction mechanisms in-
clude modification other than methylation (e.g., glycosyl-
ation or the introduction of unusual bases) and selective
reduction or elimination of the specific target sequences
recognized by the host endonucleases (21, 28). In E. coli and
Bacillus sp., a number of temperate bacteriophages have
been identified which encode methylases that modify the
host endonuclease target sequences (20, 22, 33). These
bacteriophage methylases do not generally display signifi-
cant relatedness to the host-encoded methylases, suggesting
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convergent evolution of function. A common, though dis-
tant, evolutionary origin has been suggested for the phage T4
dam and host dam genes, even though there is a complete
lack ofDNA-DNA homology (6). In this report, we describe
a novel mechanism by which a lactococcal bacteriophage
eludes restriction by the restriction system encoded by the
46.2-kb self-transmissible plasmid pTR2030 (7, 11).
Phage nck202.50 (4)50) is small isometric-headed phage

with a circularly permuted double-stranded DNA genome of
30 kb (1). This phage was isolated in a commercial fermen-
tation process involving the industrial parent of Lactococcus
lactis NCK204, a mesophilic cheese starter culture contain-
ing plasmid pTR2030 introduced by conjugation (25). Plas-
mid pTR2030 encodes resistance to phage via two indepen-
dent mechanisms, an abortive infection mechanism (Hsp)
and a restriction and modification (R/M) system (7, 11).
Phage 4)50 is unusual in that it is resistant to the action of the
hsp gene product. In addition, regardless of the propagating
host, 4)50 is not restricted by NCK204, although it is
susceptible to other R/M systems introduced to the same
background. Southern hybridization experiments revealed a
region of homology between pTR2030 and 4)50 (1). The
region of homology on pTR2030 was localized to a region
identified previously as the locus for the R/M system. Closer
examination of the homologous regions by restriction map-
ping demonstrated a region of apparent identity between
plasmid and bacteriophage. We present sequence data to
confirm that 4)50 has acquired a functional methylase domain
of the type II A methylase gene, LlaI, on pTR2030 in an as

yet undetermined fashion. The phage is therefore capable of
self-methylation in any host background. This study pro-
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TABLE 1. Bacterial strains and plasmids

Strain or Relevant characteristics Source or derivation
plasmid

L. lactis
NCK202 Homologous host for 4)50 and 4)32 7
NCK203 R-/M- derivative of NCK202 7
NCK204 NCK203(pTR2030) Hsp+ R+/M+ 7
NCK211 NCK203(pTK6) 7
NCK213 NCK203(pTRK103) NCK203 transformant
NCK312 NCK203(pTRK140) NCK203 transformant
NCK383 NCK203(pTRK179) NCK203 transformant

E. coli DH5 Transformation host Stratagene
Plasmids

pBluescript Cloning vector, Apr Stratagene
pSA3 Shuttle vector, Cmr Emr Tcr 4
pTK6 Cmr Emr Hsp+ R+/M+ 7
pTR2030 Hsp+ Tra+ R+/M+ 11
pTRK102 Apr pBluescript::4.5-kb 4)50 fragment
pTRK103 Cmr Emr R-/M+ (LlaPI) pSA3::4.5-kb 4)50 fragment
pTRK140 Cmr Emr R-/M+ (LlaI) HpaI-NruI deletion of pTK6
pTRK179 Cmr Emr XbaI inversion of pTRK103

vides direct evidence that the R+/M+ phenotype conferred
by pTR2030 involves at least one type II system.

MATERIALS AND METHODS

Bacteria, bacteriophage, and culture conditions. The bac-
terial strains used in this study are presented in Table 1. L.
lactis strains were propagated at 30°C in M17 broth (32) or
M17 broth with 0.5% glucose substituted for lactose (M17G)
when appropriate. Bacteriophages were propagated and
titrated as described previously (32). E. coli strains were
grown in LB broth (29) at 37°C with shaking. When required
for selection, the following antibiotics were added: for E.
coli, ampicillin and chloramphenicol at 50 and 20 pLg/ml,
respectively; for lactococci, erythromycin at 5 ,ug/ml.

Isolation of a Hsp-resistant variant of +31. Phage
nck202.31 (4)31) is a small isometric-headed phage which is
subject to restriction by the R/M system encoded by the
lactococcal plasmid pTR2030 (7). Phage 4)31 is also suscep-
tible to the abortive infection mechanism (Hsp) directed by
pTR2030. To eliminate the effect of the Hsp mechanism, a
derivative of 4)31 was isolated which is insensitive to Hsp but
remains susceptible to the R/M system. Phage 4)31 was
propagated through a strain containing the recombinant
plasmid pTRK70, an R-/M+ derivative of pTK6 (7). The
modified phage were subsequently titrated by plaque assays
against NCK204, a homologous host containing pTR2030. Of
1013 phage used in a plaque assay on NCK204, only a single
plaque was isolated. This phage isolate, nck202.32 (4)32),
shows no significant difference in its restriction map com-
pared with the parent phage 431, but it appears to be
insensitive to the Hsp-directed resistance. Phages 4)31 and
4)32 are equally sensitive to the pTR2030 R/M system.

Transformation and electroporation. Protoplasts of L. lac-
tis NCK203 were transformed as described by Kondo and
McKay (12), with some modifications (8). Alternatively,
plasmids were introduced to L. lactis by electroporation
essentially as described by Luchansky et al. (18) except that
cells were washed and resuspended in doubly distilled water
prior to electroporation. A voltage of 12,500 V/cm was
applied to the cell-DNA suspension. Transformation fre-
quencies of 104 to 105 per ,ug of plasmid (pSA3) were

routinely achieved under these conditions. Transformants
were selected on 1.5 ,ug of erythromycin per ml.

Molecular cloning techniques. Plasmid isolation, restric-
tion, ligation, and transformation in E. coli DH1 were
performed as described by Maniatis et al. (19). Lactococcal
phage DNA was isolated as previously described (9). Lac-
tococcal plasmid DNA was isolated by the procedure of
Anderson and McKay (2).

Sequence determination and analysis. Nucleotide se-
quences of both strands were determined by using the
dideoxy-chain termination method (26) and the Sequenase
enzyme (Stratagene, La Jolla, Calif.), using either the
recombinant M13 single-stranded templates or pBluescript
(Stratagene) clones. Short fragments (200 to 400 bp) were
directionally cloned in M13mpl8 and M13mpl9 and se-
quenced by using commercially available primers. Synthetic
oligonucleotide primers (17-mers) were synthesized in those
instances when a subclone was too large to be fully se-
quenced from commercially available primers. The pBlue-
script clones were sequenced by using double-stranded
templates. The facilities of the University of Wisconsin
Genetics Computer Group were used to analyze the se-
quence information. The sequence alignments were per-
formed by the COMPARE and BESTFIT programs.

Overexpression of LlaI. E. coli bearing pTRK144 or
pBluescript was grown overnight at 37°C with shaking in LB
supplemented with 20 mM isopropyl-p-D-thiogalactopyran-
oside (IPTG). Cells were adjusted to an optical density at 600
nm of 0.5 by the addition of fresh LB and lysed by the
addition of protein solvent at a 1:1 ratio according to the
method of Laemmli (14). Samples were boiled for 5 min prior
to loading on 15% sodium dodecyl sulfate-polyacrylamide
gels. Gels were stained with Coomassie blue.

Nucleotide sequence accession number. DNA sequence
information is available in GenBank through accession num-
ber M35638.

RESULTS

+50 is insensitive to the pTR2030 R/M system. The recom-
binant plasmid pTK6 contains both bacteriophage resistance
mechanisms associated with the conjugative lactococcal
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TABLE 2. Phage reactions on L. lactis NCK203 and derivatives

Relevant plasmid in: EfficiencyPhagea fpaunPropagating host Plaquing host of plaquing

4i32.NCK203 None None 1.0
4)32.NCK203 None pTK6 1.3 x 10-4
+32.NCK211 pTK6 pTK6 1.0
432.NCK203 None pTRK103 1.0
+32.NCK213 pTRK103 pTK6 1.1 x 10-1
+32.NCK383 pTRK179 pTK6 6.1 x 10-3
P32.NCK312 pTRK140 pTK6 2.0 x 10-1
4)50.NCK203 None pTK6 1.0
450.NCK203 None pTRK68 1 x 1O-3

a The suffix indicates the last host upon which the phage was propagated.

plasmid pTR2030 (7, 8). pTK6 directs a high level of restric-
tion against the small isometric-headed bacteriophage
nck2O2.31 (4)31) in the NCK203 background, in addition to
the Hsp+ response (7). Phage nck2O2.32 (4)32) was isolated
from a single plaque appearing after challenge of NCK204
(containing pTR2030) with 1013 PFU of modified phage 4)31
per ml. The propagation conditions for modification of phage
4)31 and isolation of 432 are described in Materials and
Methods. Phage 432 is susceptible to the R/M system (Table
2), but after propagation on a pTK6-containing host, this
phage is not inhibited (efficiency of plaquing or plaque size)
during a subsequent infection of the pTK6-bearing host
NCK211 (Table 2). This finding suggests that 432 is resistant
to Hsp-directed abortive infection since this phenotype is
not subject to host-dependent modification or restriction
(11). Phage 432 was used in subsequent plaque assays to
assess R/M activities, independent of Hsp responses, in the
course of this study.

In contrast to 432, neither the plaque size nor efficiency of
plaquing of the small isometric-headed phage nck2O2.50
(4)50) was affected by the presence of pTK6, regardless of
the plasmid complement of the propagating host (Table 2). A
number of other R/M systems were evaluated for activity
against 4)50. pTRK68 is a native R/M plasmid which resides
in NCK202 (the parental strain from which NCK203 is
derived; 7). Phage 4)50 is restricted by NCK202, at levels
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similar to those for other phages homologous for this back-
ground (Table 2). The same outcome was observed with
another R/M system encoded by pTN20 introduced to the
NCK203 background (1). These data suggested that the
resistance of 4)50 to pTK6 is not a generalized phenomenon,
as might be expected if 4)50 relied upon the incorporation of
unusual bases, or a postreplicational modification such as
glycosylation, to elude restriction.

Cloning and mapping the +50-pTR2030 homologous region.
pTR2030 possesses a region homologous to 4)50 (1). This
region was localized by restriction mapping and Southern
hybridization to the R/M locus of pTR2030 as defined
previously by deletion analysis (7). The homologous region
from 4)50 was shotgun cloned in the E. coli cloning vector
pBluescript on a 4.5-kb BamHI-HindIII fragment to create
plasmid pTRK102. The recombinant plasmid was physically
mapped with restriction enzymes and aligned with the
pTR2030 R/M locus (Fig. 1). A perfect alignment of restric-
tion sites could be detected within the region of homology.
In no instance was a restriction site located within the
plasmid region of homology which could not be similarly
located within the phage DNA. This suggested that plasmid
pTR2030 and phage 4)50 shared an identical or closely
related fragment.

Sequence analysis of the pTR2030 homologous region. The
homologous region from pTR2030 was subcloned and se-
quenced from M13 cloning vectors. The complete nucleotide
sequence, determined from both strands, is presented in Fig.
2. An open reading frame (ORF) analysis of the sequenced
region revealed a single large ORF which extends beyond
the 3' end of the homologous region (Fig. 2). The ORF is
1,869 bp in length and encodes a predicted protein with a
molecular mass of 72.5 kDa. This ORF was designated LlaI.
Two consensus sequences are found in all type II A

methylases (16, 31). A manual search of the predicted
protein sequence of LlaI revealed the presence of both the
consensus 15-amino-acid sequence and the 10-residue DPPY
(asparagine-proline-proline-tyrosine) consensus sequence
within the LlaI predicted protein sequence. Interestingly,
each consensus sequence was found twice within the pre-
dicted protein (Fig. 2). The most significant level of similar-
ity was found with the atypical type II A methylase FokI

LlaRPI >
I I lx

X E V Xh BamHI

X E V Xh H1i

I l Nrul

I I I

Sal E

Mod+/-
1-kb

FIG. 1. Physical maps of pTRK102, pTK6, and pTRK140, aligned to show the region of identity (***) between plasmid and phage
fragments. Open boxes represent the +50 region cloned on pTRK102 (4.5 kb) and the pTR2030 region cloned on pTK6 (13.6 kb). The position
of the insertion sequence IS946 within pTK6 is also indicated (23). Restriction endonuclease sites: E, EcoRI; V, EcoRV; X, XbaI; Xh, XhoI.
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FIG. 2. Nucleotide sequences from both pTR2030 and 450. The identical 1,273 bp from nucleotides 56 to 1329 is shown once, in boldface
for clarity. Individual plasmid and phage sequences are labeled. The predicted amino acid sequences of both LlaI and LlaPI are also shown
and numbered. The amino acid consensus regions described in the text are highlighted and underlined. The putative expression signals are
underlined and labelled. Restriction sites used to construct subclones for sequencing are indicated.

(Fig. 3) (10, 17). The two protein products are similar along
their entire length, with 39.4% identity and 61.4% similarity.
However, phage or plasmid DNA modified by LlaI was not
protected from digestion by FokI (data not shown). The
consensus sequences described by Lauster (16) are highly
conserved in LlaI (Fig. 3). The LlaI DNA and predicted
protein sequences were compared with sequences in the
GenBank and NBRF data bases, using the algorithms of
Wilbur and Lipman (34). A high level of identity was found
between the predicted protein sequences of LlaI and the
DNA adenine methylase from bacteriophage T4 (27). The
carboxyl terminus of LlaI showed significant identity (33%)
to the entire T4 dam protein (data not shown). A second
alignment could also be made between the amino domain of
LlaI and T4 dam and the entire T4 dam with 26% identity.
We conclude from these data that LlaI is a type II A
methylase with two functional domains.

We have previously presented evidence that a protein
product of approximately 70 kDa is produced when pTK6 is
used as a template in in vitro transcription and translation
experiments (8). This product is eliminated by a deletion
which removes functional methylase activity (7).

Sequence analysis of the phage +50 homologous region. The
complete nucleotide sequence of a 1,581-bp region of 450
was determined from both strands (Fig. 2). The phage and
plasmid sequences were aligned (Fig. 2). A region of 1,273
bp was found that was identical in both plasmid and phage
sequences. The flanking divergent sequences showed no
similarity. The upstream region of homology extended for
243 bp 5' to the predicted start codon and included se-
quences which resemble the canonical -35 and -10 regions
associated with promoter activity (4 of 6 consensus bases at
both -35 and -10 positions; Fig. 2). In addition, a putative
ribosome binding site is present at the correct spacing (6

TA&ARATGGX*aUGROGRACTCZAMVMGTTrUG
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nucleotides) from the ATG start codon. The phage 4)50 ORF
extends for an additional 33 codons beyond the point of
divergence and encodes a protein with a predicted molecular
mass of 45 kDa. We designate this ORF LlaPI, to take
account of its phage origin and altered carboxy terminus
compared with LlaI. LlaPI encodes a protein which is
equivalent to the amino domain of LlaI, and it includes one

copy of each consensus sequence.
Activity of LlaPI. The 4.5-kb 4)50 fragment cloned in

pTRK102 was subcloned as a BamHI-SalI fragment in the
streptococcal-E. coli shuttle plasmid pSA3 (4) to construct
pTRK103. This plasmid was introduced into NCK203 via
electroporation, and pTRK103 transformants were analyzed
for functional methylase activity. The presence of pTRK103
in NCK213 did not affect the plaquing ability or plaque
morphology of 432 (Table 2). However, 4)32 propagated on

NCK203(pTRK103) was able to plaque on NCK203(pTK6)
at a frequency of 10-1, 3 orders of magnitude over the level
of 4)32 propagated on NCK203 (Table 2). Phage propagated
on NCK213 were not protected against restriction by the
NCK202 R/M plasmid pTRK68 (data not shown). A second
plasmid, called pTRK179, was constructed in which a 1.3-kb
XbaI fragment of pTRK103 was inverted by in vitro diges-
tion and religation. In this construction, the upstream se-

quences are disrupted between the tentatively assigned
promoter region and the structural gene for LlaPI (Fig. 2).

Phage 4)32 propagated on NCK203(pTRK179) afforded only
a low level of protection to restriction activities directed by
pTK6 (Table 2). These data confirm that an actively ex-

pressed LlaPI gene is necessary for the protection afforded
by pTRK103 in trans and demonstrate that the expression
signals for LlaPI are upstream of the XbaI site at positions
179 to 184.
The amino domain of LlaI is functionally active. A plasmid

was constructed in which the amino domain of LlaI was

separated from the carboxy domain and tested for in vivo
methylase activity. Plasmid pTK6 was digested with HpaI
(nucleotide 1532) and NruI and religated to construct
pTRK140 (Fig. 1). From the available sequence data of the
pACYC184 moiety of pSA3 (24) and the data presented here,
we are able to determine that a truncated protein of 421
amino acid residues would result from this fusion. pTRK140
was introduced to L. lactis NCK203 and tested for its ability
to protect 4)32 from restriction by pTK6 (Table 2). The
degree of protection closely approximates that provided by
pTRK103 (LlaPI) and confirms that the amino domain of
LlaI is sufficient to encode a functional methylase enzyme.

DISCUSSION

Phage 4)50 is a natural isolate which was detected initially
after the construction and release of lactococcal starter

p=>030
1351

050
1351

130pTPQ
1441

050
1441

050
1531

I
1530

: 411

1710
471

1800
501

1890
531

1980
561

2070
591

, 2160
T F E 621

2250
622

9

VOL. 173, 1991

p5R2030 H1a
1531

pmimu3o

H H G F N V N T I G E T G I K Y P R R E I L V T N Y N



4368 HILL ET AL.

1 _IaPl.DT 49
11---1:11:11..: . :-1111-111 11:11I:1 11

1 50

50 __F_ _ _ _ _ 99
111:111:: *11: I.. 1-1--: 1 I-1:::1:: I:.-:

51 h_ 100

100 P%VYw11P_.M_ 147
1: :11-1 *1111:1 111:11 :I1-:::.I1::I.. I:-111

101 150

148 ___ 197

151A_m..I ... 197

198 247

198 247
248 247
248 l 296

1: 1. 1 1 1:-1--.-:-1: 11 1:11111-:::: :1:

297 U lilEl V O _ 346

298 ... 3443-4

347 N................. : .HYAGODDVIPMaMAPIOMW 376

345 WW - 3 394

377 426
::1:1111 I .111:: :.:.:. ::1-

395 IN.OGFNYGYIN_N---"443

427

444 2. N C N I 492

477 tMINN...wNE __ ..YSAINNE_ O 522
11-1:1-: :I--:-I-::- 1:- .1:::::. 1:-:

493 E 542

523 _ 572
I-1I111:I1::1111-111:I II1 *11--1--1:I 1 1 1

543 D 592

573 1 _...................IFN\IN=NIK 617

593 642

618 NfTF 622

643 IWYIK 647

FIG. 3. Alignment of the amino acid sequences of LlaI and FokI.
Identical (I) and related (:) residues are indicated. Gaps in the
aligned sequences are also indicated (.). The degree of identity is
39.4%, and the degree of relatedness based on evolutionarily related
residues is 61.4%. The 15- and 10-residue methylase consensus
sequences are boxed in each case.

cultures containing the conjugative phage resistance plasmid
pTR2030 (1). Phage 050 is completely resistant to the
pTR2030-encoded R/M system, which we have designated
LlaI. A region of homology was detected between the phage
and plasmid genomes and was subcloned, sequenced, and
aligned. Sequence analysis demonstrated that a region, 1,273
bp in length, is present in both plasmid and phage. This
sequence was 100% identical, strongly indicating a recent
genetic exchange from plasmid to bacteriophage, the method
of which is currently unknown. Since a precursor of 4)50
without the plasmid fragment has not yet been identified, we
cannot ascertain whether the exchange was the result of
direct insertion or replacement recombination. It may be
significant that an iso-ISSI insertion sequence (IS946) has
been identified upstream of the LlaI methylase structural
gene (Fig. 1; 23). IS946 has been implicated in inter- and
intramolecular rearrangements involving pTR2030 and its

subclones (23). However, the point of identity between 4)50
and pTR2030 sequences does not correspond to the known
location of IS946 within pTR2030. It is possible that IS946
could have been involved in the formation of a 4)50
precursor::pTR2030 intermediate which resolved to create
4)50. The sequences flanking the region of identity show no
significant similarity between the phage and plasmid. If a
direct insertion is assumed, no phage ORF was interrupted
by the acquisition of the plasmid fragment.
The 1,273-bp fragment encodes over 55% of the 1,869-bp

structural gene for LlaI. In 4)50, the structural gene (LlaPI)
continues for 33 amino acids after the point of divergence as
a result of a fortuitous fusion between the LlaI gene and a
phage sequence devoid of stop codons for a short distance.
The upstream 243 bp, included in the exchanged region,
contains a putative promoter sequence. Disruption at the
XbaI site located between the structural gene and the
putative promoter results in a decrease in biological activity.

Both LlaI and LlaPI structural genes were subcloned in
the E. coli-Streptococcus shuttle vector pSA3 and intro-
duced into L. lactis NCK203 to assay for biological methyl-
ase activity. Activity was determined by the ability of the
recombinant plasmids pTK6 and pTRK103 to confer protec-
tion to a phage, 4)32, which is subject to restriction by the
plasmid pTR2030-encoded R/M system. The modification
activity of the LlaPI gene was markedly lower (10-fold) than
that of LlaI, but in both cases phage propagated in cells
bearing these genes in trans afforded significant protection to
4)32 against the pTR2030 R/M system. The lower activity
encoded by LlaPI was similar to that encoded by a truncated
LlaI. In any case, it is evident that 4)50 possesses a gene,
LlaPI, which can confer significant resistance against restric-
tion in trans to phage DNA, and that this gene was acquired
from the plasmid pTR2030 in the host background.
Given the complete resistance of 4)50 to restriction by the

pTR2030 R/M system, it may be that the LlaPI methylase is
more efficient in cis or is produced in significantly higher
concentrations from a bacteriophage location (final copy
number prior to cell lysis, 100 to 150) than from the pSA3-
cloned bacteriophage fragment (copy number, <10). Alter-
natively, 4)50 may possess fewer recognition sites than 4)32
and thus requires less methylation to be fully modified.
The results presented here are significant from a number

of perspectives. Protection of fermentation bacteria from
bacteriophage attack is a concern to the traditional biopro-
cessing industries and can be expected to emerge as a major
problem in novel culture-based technologies. The adaptive
response of the bacteriophage genome when confronted with
powerful bacterial defense mechanisms is therefore of indus-
trial concern, in addition to being an interesting fundamental
study in evolutionary biology. Phage 4)50 must have under-
gone a genetic exchange event with host DNA, which
conferred a selective advantage in systems in which
pTR2030 is the primary barrier to phage proliferation. To our
knowledge, this is the first report of genetic exchange
between a virulent phage and a plasmid that confers such a
selective advantage upon the bacteriophage. This exchange
took the form of an in vivo cloning of a gene which allows the
phage genome to remain methylated regardless of the prop-
agating background. This response is highly directed, con-
ferring resistance against only a single R/M system. These
results demonstrate a weakness in relying on R/M systems as
a primary means of bacteriophage defense, or indeed any
system in which the acquisition of a single small region of
DNA by the bacteriophage genome negates the resistance
mechanism.
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R/M phenotypes are extensively distributed among lacto-
cocci (3). However, little is known about the genetic basis of
these phenotypes. The type II restriction endonuclease,
ScrFl, isolated from L. lactis subsp. cremoris F, has not
been shown to have a role in the in vivo restriction of phage
fkh (5). LlaI provides the first direct evidence that in vivo
restriction and modification activities, directed against bac-
teriophage in lactococci, can result from type II systems.
The gene identified in this study, LlaI, is unusual in a

number of respects. The size of LlaI (72.5 kDa) is consider-
ably larger than the range normally encountered with type II
A methylases (usually between 30 and 50 kDa). Computer
analysis, and limited genetic and biological evidence,
strongly suggests that LlaI is composed of two functional
methylase domains arranged in tandem. An analogous situ-
ation has been described for the FokI A methylase, which
also contains two functional domains within a single gene
product (10, 17). The FokI methylase shows a significant
region of internal homology surrounding the DPPY motifs
and in this regard is similar to the methyltransferases
M - PaeR71 and PvuIIM (31). FokI recognizes a nonpalin-
dromic sequence (5'-GGATG/3'-CCTAC) and functions as
an asymmetric dimer to modify the complementary se-
quences on opposite strands (15, 17, 30). Individual domains
are capable of protecting DNA from FokI endonucleolytic
cleavage. The striking genotypic and phenotypic similarities
between FokI and LlaI strongly suggest that this enzyme
may also recognize a nonpalindromic sequence.
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