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The abid gene (formerly hsp) encodes an abortive phage infection mechanism which inhibits phage DNA
replication. To analyze the effects of varying the abi4 gene dosage on bacteriophage resistance in Lactococcus
lactis, various genetic constructions were made. An IS946-based integration vector, pTRK7S, was used to
integrate a single copy of abi4 into the chromosomes of two lactococcal strains, MG1363 and NCK203. In both
strains, a single copy of abid did not confer any significant phage resistance on the host except for one of the
MG1363 integrants, NCK625, which exhibited a slightly higher level of resistance to phages skl and p2.
Hybridization of the total cellular RNA from NCK625 to an abid-specific probe indicated that the integration
took place downstream of a promoter causing stronger expression of abid in this integrant. Three
abiA-containing plasmids of various copy numbers were introduced into both strains, and the recombinants
were evaluated for resistance to phages c2, p2, skl, and ¢31. Plasmid pTRK18 has a copy number of
approximately six (cn = 6) and caused a decreased plaque size for all phages evaluated. Integration of pTRK7S
into a native plasmid of NCK203 generated pTRK362 (cn = 13), which caused a reduced efficiency of plaquing
(EOP = 10~ ?%) and reduced plaque size. A high-copy-number abi4 plasmid (pTRK363), based on the pAMB1
origin of replication, was also constructed (cn = 100). Plasmid pTRK363 caused a significant reduction in EOP
(10~ * to 10~ 8) and plaque size for all phages tested, although in some cases, this plasmid caused the evolution
of AbiA-resistant phage derivatives. Altering the gene dosage or expression level of abi4 significantly affects the

phage resistance levels.

The lactococci are important industrial microorganisms that
are used widely in dairy starter cultures. Many industrially
important characteristics of these organisms, such as phage
resistance, proteinase production, and carbohydrate utiliza-
tion, are encoded by genes carried on plasmids. Integration of
these plasmid-borne genes into the lactococcal genome may
stabilize these traits. To date, several genes have been inte-
grated into the lactococcal genome by using a naturally inte-
grating plasmid (9), by transduction (23), or by using integra-
tion vectors based on homologous recombination (4, 22).

Two studies demonstrate the integration of determinants
encoding lactose metabolism. These genes were integrated by
transduction in one case (23), and by using the naturally
integrating plasmid pSK11L in the other case (9). No quanti-
tative data comparing any differences in lactose fermentation
between the determinants in single copy versus those on a
multicopy plasmid were reported in either case. Genes encod-
ing proteolytic enzymes have also been integrated into the
chromosome by using an integration vector based on homolo-
gous recombination (22) or by transduction (23). Proteolytic
activity was shown to be gene dosage dependent, but a single
copy of the gene was sufficient for growth in milk (23) or whey
(22). After amplification of the integrated plasmid, which
allowed comparison of proteolysis at various copy numbers,
Leenhouts et al. (22) found that proteolysis increases with
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increasing copy number of the genes. A bacteriophage resis-
tance gene, abi from pCI829, which is identical to abid, has
also been integrated into the lactococcal genome by using an
integration vector based on homologous recombination be-
tween Tn919 sequences on the chromosome and on the vector
(4). After amplification of the integrated plasmid, these au-
thors observed a slight increase in phage resistance compared
with that of the single-copy integrant.

Although integration of genes will help stabilize them in a
population, in some cases, the low copy number may not be
sufficient to impart the desired characteristics on the cell. In
the present study, we examined the effect of increasing gene
copy number on the phage resistance phenotype conferred by
abiA. The abid gene, formerly called hsp (20), encodes an
abortive phage resistance mechanism. The abi4 gene was
originally identified (16) and sequenced (13) from the phage
resistance plasmid pTR2030, which encodes at least one other
phage resistance mechanism, the restriction and modification
system Llal (15). The abid-encoded mechanism is effective
against a variety of phages and acts in the early stages of phage
infection by inhibiting phage DNA replication (12). In this
study, we examined the effect that the copy number of abi4 has
on phage resistance in Lactococcus lactis subsp. lactis MG1363
and NCK203.

MATERIALS AND METHODS

Bacterial strains, bacteriophages, and plasmids. The bacte-
rial strains, bacteriophages, and plasmids used in this study are
listed in Table 1. L. lactis cultures were propagated at 30°C in
M17 broth (33) supplemented with 0.5% (wt/vol) glucose
(GM17). Erythromycin (1.5 pg/ml) was added to the broth
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TABLE 1. Bacteria, phages, and plasmids

Strain, phage, or plasmid Relevant characteristics® f:fl:e l;_c;gé
Bacteria
L. lactis subsp. lactis
MG1363 Phage-sensitive host 10
NCKG624 (integrant 1) MG1363 (pTRK75 integrated into chromosome) This study
NCKG625 (integrant 5) MG1363 (pTRKT75 integrated into chromosome) This study
NCK211 MG1363(pTRK18) 16
NCK626 MG1363(pTRK362) This study
NCK627 MG1363(pTRK363) This study
NCK203 Phage-sensitive host 15
NCK628 NCK203(pTRK?75 integrated into chromosome) This study
NCK279 NCK203(pTRK18) This study
NCK629 NCK203(pTRK362) This study
NCK630 NCK203(pTRK363) This study
E. coli
DHS5a Transformation host GIBCO-BRL
SURE Transformation host Stratagene
Bacteriophages
sk1 Small isometric phage for MG1363 (AbiA®), species 936 26
p2 Small isometric phage for MG1363 (AbiA®), species 936 1
c2 Prolate phage for MG1363 (AbiA®), species c2 31
$31 Small isometric phage for NCK203 (AbiA®), species P335 1,19
$31.3 AbiA" Per31" derivative of ¢31 resulting from $31 infection of L. lactis NCK630 This study
Plasmids
pSA3 E. coli-Lactococcus shuttle vector 7
pTRK18 AbiA* Em" Cm" 16
pTRK28 pSA3 with an IS946 insertion, Em" Cm" Tc" 28, 29
pTRK73 Ap* pBluescript with the 456-bp Xbal internal abid fragment 14
pTRK74 Em" Cm" Tc" I1S946 ori~ This study
pTRK75 Em" Cm" Tc" 1S946 ori~ Abid™ This study
pTRK362 Em" Cm" AbiA™*; cointegrate between pTRK75 and 7.5-kb NCK203 native This study
plasmid; 20.3 kb
pTRK363 Em" AbiA*; high-copy AbiA plasmid This study
pTRK364 Cm" 1S946 AbiA™; contains 0.9 kb of MG1363 chromosomal DNA upstream from This study
the pTRKY75 insert in NCK625
pTRK365 Reconstruction of pTRK75 containing abi4 from NCK625 This study
pTRKH3 Em" Tc"; high-copy cloning vector 25

“ Ap, ampicillin resistance; Em, erythromycin resistance; Cm, chloramphenicol resistance; Tc, tetracycline resistance; ori, presence or absence of a gram-positive
origin of replication; AbiA*", sensitivity/resistance to AbiA; Per31", resistance to Per31.

when appropriate. Bacteriophages were propagated and ti-
trated by the method of Terzaghi and Sandine (33). Esche-
richia coli strains used for plasmid isolation and cloning were
propagated at 37°C in LB medium (30). Plasmids were main-
tained in E. coli by addition of chloramphenicol (25 pg/ml) to
the growth medium.

Transformation. E. coli cells were transformed by electro-
poration with a Gene Pulser (Bio-Rad Laboratories, Rich-
mond, Calif.) as described by Dower et al. (8). L. lactis subsp.
lactis MG1363 and NCK203 were grown with 4 and 1% glycine,
respectively, before washing and electroporated by the proto-
col of Holo and Nes (17).

DNA isolation and cloning. Rapid and large-scale plasmid
isolations from E. coli were performed by alkaline lysis (30).
DNA was purified from agarose gels with the Prep-A-Gene
DNA purification matrix kit (Bio-Rad Laboratories). Plasmid
DNA was extracted from L. lactis strains by the method of
Anderson and McKay (2). Total DNA was isolated from a
10-ml culture of L. lactis as described by Hill et al. (14). Phage
DNA was extracted by the method of Raya et al. (27).

General procedures for DNA manipulations were per-
formed as described before (30). Restriction endonucleases,
T4 DNA ligase, and their corresponding buffers were pur-

chased from Boehringer Mannheim Biochemicals (Indianapo-
lis, Ind.) and used as specified by the manufacturer.

DNA-DNA hybridization. DNA from agarose gels was trans-
ferred to MSI Magnagraph nylon membranes (Micron Sepa-
rations, Inc., Westboro, Mass.) as described by Southern (32).
[>?P]dCTP-labeled probes were prepared by using a Multi-
prime DNA labeling kit (Amersham, Arlington Heights, IlL.).
Radioactive hybridizations were performed with an Omni-blot
apparatus (American Bionetics, Inc., Emeryville, Calif.). Den-
sitometry of autoradiographs for assessment of plasmid copy
number was performed with the IS-1000 Digital Imaging
System (Innotech Scientific Corp., San Leandro, Calif.) as well
as the LKB Ultrascan XL laser densitometer and the LKB Gel
Scan program.

A nonradioactive DNA labeling (digoxigenin-dUTP label)
and detection kit (Genius Kit; Boehringer Mannheim Bio-
chemicals) was also used for probe preparation and hybridiza-
tion. High-stringency conditions were used for all hybridiza-
tions. '

RNA isolation and hybridization. RNA was isolated from
lactococcal cells as described by van der Vossen et al. (34) with
the following modifications. Cells were harvested at an optical
density at 600 nm (ODg,) of 0.6 and resuspended in 25%
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FIG. 1. Construction of pTRK75. Cm, chloramphenicol resistance;
Em, erythromycin resistance; Tc, tetracycline resistance; G (—) ori,
gram-negative origin of replication. Plasmids are not drawn to scale.

sucrose containing lysozyme (10 mg/ml). After lysis and phenol
extraction as described before (34), RNA was precipitated with
an equal volume of 6 M LiCl. The pellet was washed with 70%
ethanol, dried under vacuum, and resuspended in water. The
preparation was digested with RNase-free DNase I (Bochr-
inger Mannheim Biochemicals) for 1 h at 37°C. The RNA
concentration was determined spectrophotometrically (30).
RNA samples were denatured and applied to a nylon mem-
brane with a slot blot apparatus (Bio-Dot-SF; Bio-Rad) as
described by Sambrook et al. (30). The RNA was UV cross-
linked to the membrane and then hybridized to a *?P-labeled
Xbal internal abid fragment (14). Densitometry of autoradio-
graphs was performed with the IS-1000 Digital Imaging System
(Innotech Scientific Corp.).

RESULTS

Construction of pTRK75, an integration vector containing
abiA. Strains with a single copy of abi4 per chromosome were
constructed as a reference for plasmid copy number determi-
nations as well as to evaluate the phage resistance conferred by
this gene in single copy. In order to obtain these strains, an
integration vector was constructed to allow insertion of abi4
into the lactococcal chromosome.

The cloning of genes into an integration vector was facili-
tated by creating pTRK74 (Fig. 1). This vector was constructed
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by partial HindIII digestion of pTRK28 (pSA3 containing an
1S946 insert) (28, 29). The structure of pTRK74 was confirmed
by restriction enzyme analysis. The partial digestion left all of
the markers intact for cloning and selection while removing the
gram-positive origin of replication. Therefore, maintenance of
plasmid sequences and expression of plasmid genes in Lacto-
coccus strains depend on random integration of the plasmid
into the host genome via transposition of 1S946 (29).

Plasmid pTRK?75, an integration vector containing the abor-
tive phage resistance gene abid, was constructed as follows
(Fig. 1). The 6.6-kb Sall-HindIII fragment from pTRK18 (16),
which contains abid, was ligated with the 6.2-kb fragment
resulting from a Sa/l-partial HindIII digestion of pTRK74. The
ligation mixture was electroporated into E. coli DHS«, and one
Tc® clone which contained a plasmid of the expected size (12.8
kb) was recovered and designated pTRK75. Hybridization with
the Xbal internal abi4 fragment from pTRK73 (14) confirmed
the presence of abi4 in this plasmid. Restriction enzyme
analysis confirmed the pTRK75 structure and indicated which
HindIII site had been cut in the partial digestion. The restric-
tion map of pTRK?75 is shown in Fig. 1.

Integration of pTRK?75 into the genomes of L. lactis subsp.
lactis MG1363 and NCK203. pTRK75 was electroporated into
L. lactis MG1363 by the protocol of Holo and Nes (17).
Integrants were selected on GM17 agar containing erythromy-
cin at 1.5 pg/ml. On average, 10 integrants were recovered per
ng of DNA. Eighteen integrants, designated MG1363 inte-
grants 1 to 18, were chosen for further analysis. To confirm
single-copy integration of pTRK75, total genomic DNA was
isolated from these integrants and digested with EcoRI, which
cuts pTRK75 once. Hybridization of these digests to a digoxi-
genin-labeled pTRK75-specific probe (plasmid pSA3) showed
two junction fragments in each lane that varied in size among
the integrants (Fig. 2). This indicates that a single copy of
pTRKY7S is present in different locations in each of the 18
integrants. Total DNA from these integrants was also digested
with Pvull and Stul and hybridized to a digoxigenin-labeled
Xbal internal abid fragment. The results demonstrated that all
integrants contained the abid gene (data not shown).

Plasmid pTRK?75 was also introduced into L. lactis NCK203,
which contains three native plasmids. After repeated attempts
to electroporate this strain with pTRK75, only two erythromy-
cin-resistant colonies were recovered. The reason for the low
recovery of integrants with this plasmid in this strain is
unknown, since other IS946-based vectors insert at higher
frequencies (29). Hybridization of EcoRI-digested total DNA
from these two isolates to digoxigenin-labeled pSA3 also gave
two junction fragments, indicating a single-copy insertion (data
not shown).

Examination of the plasmid profiles of the integrants showed
that in one of the isolates, NCK629, the insertion had occurred
in the 7.5-kb resident plasmid (Fig. 3). The resulting cointe-
grate plasmid, designated pTRK362 (20.3 kb), hybridizes to
pSA3 and abid (data not shown). In the other isolate,
NCKG628, the pTRK?75 insert was in the chromosome.

Isolation of pTRK362 and introduction into L. lactis
MG1363. Isolation of pTRK362 in E. coli was simplified by the
presence of a gram-negative origin of replication and chloram-
phenicol resistance marker in the pTRK75 portion of the
plasmid. A plasmid preparation from NCK203 (pTRK362) was
electroporated into E. coli DH5«, and chloramphenicol-resis-
tant colonies were selected. Transformants contained a plas-
mid of the expected size which hybridized to pSA3 and abid
(data not shown). Plasmid pTRK362 was then isolated from E.
coli and electroporated into L. lactis MG1363. In this back-
ground, it replicated extrachromosomally because of the ori
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FIG. 2. Junction fragments from 8 of the 18 MG1363 pTRK75
integrants. Chromosomal DNA from the integrants was digested with
EcoRI, which cleaves pTRK75 once. A digoxigenin-labeled pSA3
probe (specific for pTRK75) identified two junction fragments in
different positions for each integrant, indicating random single-copy
integration into the chromosome.

contributed by the 7.5-kb plasmid from NCK203 and conferred
erythromycin resistance linked to the pTRK75 portion.
Construction of pTRK363. Plasmid pTRK363 was con-
structed by cloning abid into pTRKH3. Plasmid pTRKH3 is
high copy in lactococci and medium copy in E. coli (25). The
EcoRI-Sall fragment containing abi4 from pTRK18 (Fig. 1)
(16) was cloned into pTRKH3 cut with the same enzymes.
Since the gram-negative ori was removed from pTRKH3 with

supercoiled DNA

markers

NCK203
NCK203 (pTRK362)

NCK628

FIG. 3. Plasmid preparations from L. lactis NCK203, NCK203
(pTRK362), and NCK628. Plasmid pTRK75 (12.8 kb) integrated into
the 7.5-kb native plasmid of NCK203 to create pTRK362 (20.3 kb).
NCK628 has pTRK75 integrated into its chromosome and therefore
has no alteration in plasmid profile.
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this strategy, the ligation mixture was electroporated directly
into L. lactis MG1363 and NCK203, and Em" colonies were
selected. Plasmid isolations and restriction analysis confirmed
that the expected clone was present in both strains.

Copy number analysis. The copy numbers of three plasmids,
pTRK18, pTRK362, and pTRK363, in MG1363 were deter-
mined. pTRK18 was described previously (16) and consists of
a fragment from pTR2030 cloned into the shuttle vector pSA3.
This plasmid has a deletion which inactivated the restriction
and modification activities on pTR2030, leaving AbiA as the
only active phage resistance mechanism on pTRK18. The copy
numbers of the three plasmids in MG1363 were determined
by isolating total DNA from MG1363(pTRK18), MG1363
(pTRK362), MG1363(pTRK363), and two pTRK75 chromo-
somal integrants, NCK624 (integrant 1) and NCK625 (inte-
grant 5), as single-copy references. These DNAs were cut with
Pvull and Stul, which yields the same 2.9-kb abiA-containing
fragment in all strains. The digests were electrophoresed
through an 0.8% agarose gel. The amount of DNA was
adjusted so that each lane contained approximately the same
amount of chromosomal DNA, as judged visually and con-
firmed by densitometry of portions of the gel containing only
chromosomal fragments (Fig. 4A). Dilutions of each sample
(1:10 and 1:100) were also electrophoresed (not shown) to aid
in quantification of the higher-copy-number plasmids.

The DNA was transferred to a nylon membrane and hybrid-
ized to the **P-labeled Xbal internal abid fragment, resulting
in one 2.9-kb hybridizing band in each lane (Fig. 4B). The
density of each band was determined by scanning the autora-
diogram with a densitometer. The relative copy numbers of
each plasmid were estimated by comparing the density of the
single-copy abi4 bands from NCK624 and NCK625 with the
densities of the bands from the three plasmids (Table 2). Copy

Lea 2 8240 551 6

FIG. 4. Copy number determination for pTRK18, pTRK362, and
pTRK363 in L. lactis MG1363. Total DNA was digested with Pvull
and Stul (A) and then probed with the 32P-labeled Xbal internal abid
fragment (B). Lane 1, MG1363; lane 2, NCK624; lane 3, NCK625; lane
4, MG1363(pTRK18); lane 5, MG1363(pTRK362); lane 6, MG1363
(pPTRK363).
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TABLE 2. Estimated copy numbers of three plasmids bearing abi4 in L. lactis MG1363
Plasmid Copy no Original source qf gram-positive origin of Mode of replication
replication (reference) (reference)
pTRKI18 6 pIP501 (18) (Streptococcus agalactiae) Theta, unidirectional (21)
pTRK362 13 7.5-kb native plasmid from L. lactis NCK203 Unknown
pTRK363 100 PAMB1 (5) (Enterococcus faecalis) Theta, unidirectional (3)

“ Copy numbers were estimated from the results of at least two independent experiments.

number was not determined in the NCK203 background,
although phenotypic data suggest that the relative copy num-
bers are comparable.

Phage resistance phenotypes conferred by abid at various
copy numbers. The 18 MG1363 chromosomal integrants and
the NCK203 chromosomal integrant (NCK628) were chal-
lenged with appropriate phages to determine the phage resis-
tance phenotype resulting from single-copy integration of abi4
in the chromosomes of these strains. Both MG1363 and
NCK203 containing the abid-bearing plasmids pTRKI18,
pTRK362, and pTRK363 were also evaluated for phage resis-
tance. The results of these analyses are summarized in Tables
3 and 4 and in the following paragraphs.

In the MG1363 background, most of the single-copy chro-
mosomal pTRK75 integrants (integrants 1 to 4 and 6 to 18),
when challenged with the small isometric-headed phage skl1,
gave plaques only slightly smaller than those present on
wild-type MG1363, but the halos surrounding the plaques on
MG1363 were not present in these integrants (Table 3). One
exception was observed: on NCK625 (integrants), skl gave
plaques 50% smaller in diameter than those on MG1363. This
integrant will be discussed further in the following section. The
presence of pTRK18 caused a decrease in plaque size. Plasmid
pTRK362 caused pinpoint plaques with a reduction in effi-
ciency of plaquing (EOP) of phage skl to 6.0 X 10~2 The
highest level of phage resistance was observed with the high-
copy-number plasmid pTRK363; no plaques were observed.
Similar results were observed when these strains were chal-
lenged with phage p2 (Table 3).

The prolate-headed phage c2 was also affected by AbiA, but
to a lesser degree (Table 3). Again, the highest level of
resistance was observed with pTRK363. Small and large
plaques appeared on MG1363(pTRK363) at a frequency of
1.0 X 107>, After propagation and further testing against
MG1363(pTRK363), the phages recovered from large plaques
had a reduced plaque size and an EOP of 0.5, while the phages
recovered from small plaques had a reduced plaque size and an
EOP of 2 X 10~2 The restriction enzyme patterns of these

partially AbiA-resistant c2 derivatives were identical to that of
c2 (data not shown).

Similar results were observed in the NCK203 background
(Table 4). When challenged with ¢31, the plaques on chromo-
somal integrant NCK628 were only slightly smaller than those
on wild-type NCK203. NCK203(pTRK18) showed a reduction
in $31 plaque size, and pTRK362 resulted in pinpoint plaques
and a reduction in EOP to 6.6 X 10~ 2 Plasmid pTRK363
caused a reduction in EOP to 3.0 X 10~ %, and large and small
plaques were observed (Table 4). The phages recovered from
both large and small plaques remained fully resistant to AbiA
(AbiA") and retained their original plaque morphology after
propagation. Restriction enzyme analysis of the genomes of
the AbiA" phages showed that the majority of them had the
same restriction enzyme pattern as ¢31, indicating that a point
mutation caused the resistance to AbiA. A phage was recov-
ered at low frequency (<10~ 2) from a small plaque which had
an altered restriction enzyme pattern compared with that of
$31 (Fig. 5). This phage was designated ¢$31.3 and appears to
be identical to $31.1, which was isolated after 31 infection of
NCK203 containing the $31 origin of replication cloned on a
high-copy-number plasmid (Per31) (24). The $31.3 genome is
1.5 to 2.0 kb smaller than the $31 genome and contains several
different restriction fragments. The origin of the “new” DNA
and the event which contributed to its appearance are under
investigation.

Analysis of NCK625 (MG1363 integrant 5). As mentioned
previously, NCK625 (MG1363 integrant 5) exhibited higher
phage resistance than the other 17 MG1363 chromosomal
integrants even though it contained a single copy of the abi4
gene. The following experiment was designed to clone the abiA4
gene from the NCK625 chromosome (designated abi4*) and
reintegrate it to determine whether the reduced plaque size
resulted from a mutation in the abi4 gene or its expression
signals. The chromosomal DNA from NCK625 was digested
with Bcll, resulting in a fragment containing abi4*, a chloram-
phenicol resistance gene, a gram-negative origin of replication,
1S946, and 900 bp of the chromosomal sequence flanking the

TABLE 3. Phage resistance phenotypes resulting from abiAd at several copy numbers in L. lactis MG1363 when challenged
with phages sk1, p2, and c2°

skl p2 c2
Strain abiA copy no.

Aps EOP Aps EOP Aps EOP
MG1363 0 14 (2.2) 1.0 1.4 (2.5) 1.0 2.4 (4.0) 1.0
Integrants 1 to 4 and 6 to 18 1 13 1.0 1.3(1.8) 0.7 2.4 (4.0) 1.0
Integrant 5 (NCK625) 1 0.8 0.8 1.0 0.7 2.1(3.9) 0.9
MG1363(pTRK18) 6 0.8 0.8 1.0 0.9 1.8 (3.9) 0.8
MG1363(pTRK362) 13 <0.4 6.0 x 1072 <0.4 0.1 0.6 9.0 X 1072
MG1363(pTRK363)” 100 NA <1.0 X 10# NA <10 x 107® 0.5,1.1 1.0 x 10~°

“ All results are averages of at least four independent experiments. Aps, average plaque size (in millimeters). Numbers in parentheses indicate the diameter of the

halo surrounding the plaque (in millimeters). NA, not applicable.
? Values denote two plaque sizes observed.
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TABLE 4. Phage resistance phenotypes resulting from abid at
several copy numbers in L. lactis NCK203 when
challenged with phage $31¢

$31
Strain

Aps” EOP
NCK203 12 1.0
NCK203 (chromosomal integrant) 1.0 1.0
NCK203(pTRK18) 0.8 0.8
NCK203(pTRK362) <0.4 6.6 X 1072
NCK203(pTRK363) 0.6,1.3¢ 30x 107%

“ All results are averages of at least four independent experiments.
" Aps, average plaque size (in millimeters).
< Values denote two plaque sizes observed.

insert. The Bcll digest was ligated in a large volume (100 ) so
as to encourage intramolecular ligation and then electropo-
rated into E. coli SURE, in which only plasmids with the abi4*
fragment can replicate and confer chloramphenicol resistance.
A plasmid was isolated from a Cm" colony and digested with
Bcll to confirm that only one B¢/l fragment was included in the
ligation. This plasmid, designated pTRK364, contains chromo-
somal sequences which might result in insertion by homolo-
gous recombination, and it does not contain the erythromycin
resistance marker used for selection in lactococci. The abi4*
gene was therefore subcloned in the following manner to
create another integration vector. Plasmid pTRK364 was di-
gested with EcoRI and partially digested with HindIII, and the
8.6-kb abiA-NCK625 fragment was purified from an agarose
gel. This fragment was ligated to the 4.2-kb EcoRI-HindIII
fragment from pTRK145 (29), which contains 1S946 and an
Em" gene. The resulting integration vector, pTRK365, has the
same restriction map and the same markers as pTRK75 except
that the abiA* gene is derived from NCK625.

Plasmid pTRK365 was electroporated into MG1363 two
separate times, and a total of 12 Em" integrants were obtained
(six from each electroporation). Each contained a single
pTRK365 insertion in different chromosomal locations, as
confirmed by hybridization analysis (data not shown). When
these integrants were challenged with the phage sk1, 7 of the

7kb- [

akb- I
3kb-

2kb-

1kb-

FIG. 5. Restriction enzyme patterns of $31 and its AbiA" deriva-
tives. Lane 1, molecular size markers; lane 2, 31 DNA; lane 3, $31.3
DNA; lanes 4 and 5, AbiA" $31 point mutants derived from a small
(lane 4) and a large (lane 5) plaque after phage $31 infection of
NCK360(pTRK363).
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NCK624
NCK625 s

MG1363 (pTRK18) -

MG1363 (pTRK362) s

MG1363 (pTRK363) Py

pTRK365 integrant A
pTRK365 integrant H
MG1363

FIG. 6. Total RNA isolated from abid4-containing MG1363 deriv-
atives and hybridized to the **P-labeled Xbal internal abid fragment.

12 integrants (A to G) gave plaques similar in size to those of
17 of the original pTRK?75 integrants (Table 3). The remaining
five pTRK365 integrants (H to L) gave plaques that were
reduced in size, characteristic of NCK625. If the abi4 gene had
been altered in NCK625, all of the pTRK365 integrants would
exhibit the reduced plaque size seen in NCK625. Since this was
not the case, these data eliminate the possibility that the
increased phage resistance observed with NCK62S is due to a
mutation in abiA.

Another possibility examined was that the pTRK7S5 insert in
NCKG625 occurred downstream of a strong promoter sequence
in the MG1363 chromosome, causing increased transcription
of the abid gene. To study this, the level of transcription of
abiA was examined by hybridizing the 3?P-labeled Xbal abiA
internal fragment to total RNA from several abid-containing
MG1363 derivatives. Total RNA was isolated from strains
MG1363, MG1363(pTRK18), MG1363(pTRK362), MG1363
(pTRK363), NCK624 integrant 1, NCK625 integrant 5, and
pTRK365 integrants A and H. A standard amount of each
total-RNA sample (20 pg) was applied to a nylon membrane
with a slot blot apparatus and then hybridized to the abid-
specific probe.

The results from three trials indicate that approximately 2.5
times more RNA is expressed from abi4 in NCK625 and
pTRK365 integrant H than from abi4 in NCK624 and inte-
grant A (Fig. 6). This suggests that a stronger promoter
upstream of the abid gene is directing increased expression of
abiA in these strains, resulting in higher RNA levels and
greater phage resistance. Figure 6 also shows the levels of
RNA produced when abiA is present on multicopy plasmids.

DISCUSSION

The abiA gene was cloned from pTRKIS into the 1S946-
based integration vector pTRK74. The resulting plasmid,
pTRK?75, contains abiA and has the ability to integrate into the
lactococcal genome. The effect of abi4 on phage resistance
when present at one copy per chromosome was determined by
challenging chromosomal pTRK?7S5 integrants of L. lactis
MG1363 and NCK203 with phages. Three abid-containing
plasmids with various copy numbers were also introduced into
both strains and evaluated for their effect on phage resistance.
The level of phage resistance conferred by abiAd to all phages
tested is dependent on the number of copies of this gene
present in the cell. As the abi4 copy number increases, phage
resistance increases.

The single-copy abi4 phenotypes observed by Casey et al.
(4) were similar to those in this study except for phage c2, for
which we did not observe a reduction in plaque size. After
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amplification of an abiA-containing plasmid (pCI194) which
was integrated into the L. lactis chromosome, Casey et al. (4)
observed little increase in resistance to phages 712 (EOP =
107 ") and ¢2 (slightly reduced plaque size). The gene copy
number was not determined after amplification of pCI194, but
the data in the present study suggest that abi4 was present in
only a few copies.

In this study, we dramatically improved the effectiveness of
ADbiA by placing the abiA4 gene on a high-copy-number plas-
mid. Phages sk1 and p2 are completely inhibited by pTRK363,
as they are by pTR2030, the lactococcal plasmid on which abid
was identified. The prolate-headed phage c2, whose EOP is
reduced to only 0.3 by pTR2030, was significantly inhibited by
pTRK363 (EOP = 1.0 X 107 7). In the NCK203 background,
pTRK363 inhibited $31 to an EOP of 3.0 x 10~ *. Plasmid
pTR2030 completely inhibits ¢31, but this phage is also
sensitive to the restriction and modification system present on
this plasmid. Identical results have recently been obtained with
a high-copy-number vector (same replicon as pTRK363) con-
taining a 2.2-kb PCR product which consists only of the abi4
structural gene and its expression signals. Therefore, se-
quences flanking abi4 in pTRK363 are not contributing to the
phenotypes observed.

In MG1363, some single-copy chromosomal integrants ana-
lyzed (NCK625 and pTRK365 integrants H to L) had a slightly
higher level of phage resistance than others. Examination of
the level of abiA-specific RNA produced in these strains
indicates that the observed phenotype is due to increased
expression of the gene, possibly due to a strong promoter
located upstream of the insert. This indicates that future
attempts to clone this and other phage resistance genes
downstream from strong lactococcal promoters will increase
the resistance level conferred.

The present study also demonstrates the utility of an 1S946-
based vector for marking and retrieving cryptic plasmids. A
pTRKY75 insertion into the native 7.5-kb plasmid of NCK203
allowed the isolation of the cointegrate plasmid (pTRK362)
in E. coli. The 1S946-based integration vectors constructed
(pTRK75, pTRK74, and pTRK145 [29]) contain a gram-
negative ori and a chloramphenicol resistance gene, which
allow plasmids or cloned chromosomal sequences to be iso-
lated in E. coli for further characterization. Also, integrating
genes into native plasmids may provide a higher-copy alterna-
tive to chromosomal integration when attempting to stabilize
genes within a cell.

The appearance of AbiA-resistant ¢31 derivatives and par-
tially AbiA-resistant c2 derivatives after infection of strains
containing pTRK363 suggests that high-copy-number abiA
plasmids, when used alone, may not increase the longevity of
starter cultures. However, high-copy-number abi4 in combina-
tion with other phage defense systems, which, ideally, act at
different points of the lytic cycle, should contribute significantly
to the effectiveness of defense systems engineered for dairy
starter cultures.

As plasmids encoding phage resistance are discovered or
constructed and subsequently used to create phage-insensitive
strains of lactococci, it is important to consider the copy
number of the plasmid. In this study, we have demonstrated
that the copy number of the abortive phage resistance gene
abiA can have a dramatic impact on the phage resistance
phenotype observed. Increased expression of abi4 also in-
creases phage resistance. Future strategies for increasing
phage resistance can incorporate both increased gene copy
number and increased expression.

EFFECT OF abiA COPY NUMBER ON L. LACTIS 1135

ACKNOWLEDGMENTS

This research was supported by the North Carolina Agricultural
Research Service under project NCO2168 and in part by Marschall
Products, Rhone-Poulenc. P.K.D. is the recipient of the Kraft General
Foods Institute of Food Technologists graduate fellowship.

We thank Dan O’Sullivan and Sylvain Moineau for their contribu-
tions and suggestions over the course of this study.

REFERENCES

1. Alatossava, T., and T. R. Klaenhammer. 1991. Molecular charac-
terization of three small isometric-headed bacteriophages which
vary in their sensitivity to the lactococcal phage resistance plasmid
pTR2030. Appl. Environ. Microbiol. 57:1346-1353.

2. Anderson, D. G., and L. L. McKay. 1983. Simple and rapid method
for isolating large plasmid DNA from lactic streptococci. Appl.
Environ. Microbiol. 46:549-552.

3. Bruand, C., S. D. Ehrlich, and L. Janniére. 1991. Unidirectional
theta replication of the structurally stable Enterococcus faecalis
plasmid pAMB1. EMBO J. 10:2171-2177.

4. Casey, J., C. Daly, and G. F. Fitzgerald. 1992. Controlled integra-
tion into the Lactococcus chromosome of the pCI829-encoded
abortive infection gene from Lactococcus lactis subsp. lactis
UC811. Appl. Environ. Microbiol. 58:3283-3291.

5. Clewell, D. B., Y. Yagi, G. M. Dunny, and S. K. Schultz. 1974.
Characterization of three plasmid deoxyribonucleic acid molecules
in a strain of Streptococcus faecalis: identification of a plasmid
determining erythromycin resistance. J. Bacteriol. 117:283-289.

6. Coffey, A., V. Costello, C. Daly, and G. Fitzgerald. 1991. Plasmid-
encoded bacteriophage insensitivity in members of the genus
Lactococcus with special reference to pCI829, p. 131-135. In G. M.
Dunny, P. P. Cleary, and L. L. McKay (ed.), Genetics and
molecular biology of streptococci, lactococci, and enterococci.
American Society for Microbiology, Washington, D.C.

7. Dao, M. L., and J. J. Ferretti. 1985. Streptococcus-Escherichia coli
shuttle vector pSA3 and its use in cloning of streptococcal genes.
Appl. Environ. Microbiol. 49:115-119.

8. Dower, W. J., J. F. Miller, and C. W. Ragsdale. 1988. High
efficiency transformation of E. coli by high voltage electroporation.
Nucleic Acids Res. 16:6127-6145.

9. Feirtag, J. M., J. P. Petzel, E. Pasalodos, K. A. Baldwin, and L. L.
McKay. 1991. Thermosensitive plasmid replication, temperature-
sensitive host growth, and chromosomal plasmid integration con-
ferred by Lactococcus lactis subsp. cremoris lactose plasmids in
Lactococcus lactis subsp. lactis. Appl. Environ. Microbiol. 5§7:539—
548.

10. Gasson, M. J. 1983. Plasmid complements of Streptococcus lactis
NCDO712 and other lactic streptococci after protoplast-induced
curing. J. Bacteriol. 154:1-9.

11. Higgins, D. L., R. B. Sanozky-Dawes, and T. R. Klaenhammer.
1988. Restriction and modification activities from Streptococcus
lactis ME2 are encoded by a self-transmissible plasmid, pTN20,
that forms cointegrates during mobilization of lactose-fermenting
ability. J. Bacteriol. 170:3435-3442.

12. Hill, C., I. J. Massey, and T. R. Klaenhammer. 1991. Rapid
method to characterize lactococcal bacteriophage genomes. Appl.
Environ. Microbiol. 57:283-288.

13. Hill, C., L. A. Miller, and T. R. Klaenhammer. 1990. Nucleotide
sequence and distribution of the pTR2030 resistance determinant
(hsp) which aborts bacteriophage infection in lactococci. Appl.
Environ. Microbiol. 56:2255-2258.

14. Hill, C.,, L. A. Miller, and T. R. Klaenhammer. 1991. The
bacteriophage resistance plasmid pTR2030 forms high-molecular-
weight multimers in lactococci. Plasmid 25:105-112.

15. Hill, C.,, K. Pierce, and T. R. Klaenhammer. 1989. The conjugative
plasmid pTR2030 encodes two bacteriophage defense mecha-
nisms, restriction/modification (R*/M*) and abortive infection
(Hsp™). Appl. Environ. Microbiol. 55:2416-2419.

16. Hill, C., D. A. Romero, D. S. McKenney, K. R. Finer, and T. R.
Klaenhammer. 1989. Localization, cloning, and expression of
genetic determinants for bacteriophage resistance (Hsp) from the
conjugative plasmid pTR2030. Appl. Environ. Microbiol. 55:1684-
1689.

17. Holo, H., and L. F. Nes. 1989. High-frequency transformation. by



1136

18.

19.

20.

21.

22.

23.

24.

25.

DINSMORE AND KLAENHAMMER

electroporation, of Lactococcus lactis subsp. cremoris grown with
glycine in osmotically stabilized media. Appl. Environ. Microbiol.
55:3119-3123.

Horodniceanu, T., D. H. Bouanchaud, G. Bieth, and Y. A. Chab-
bert. 1976. R plasmids in Streptococcus agalactiae (group B).
Antimicrob. Agents Chemother. 10:795-801.

Jarvis, A. W,, and T. R. Klaenhammer. 1986. Bacteriophage
resistance conferred on lactic streptococci by the conjugative
plasmid pTR2030: effects on small isometric-, large isometric-, and
prolate-headed phages. Appl. Environ. Microbiol. 51:1272-1277.
Klaenhammer, T. R., and R. B. Sanozky. 1985. Conjugal transfer
from Streptococcus lactis ME2 of plasmids encoding phage resis-
tance, nisin resistance and lactose-fermenting ability: evidence for
a high-frequency conjugative plasmid responsible for abortive
infection of virulent bacteriophage. J. Gen. Microbiol. 131:1531-
1541.

Le Chatelier, E., S. D. Ehrlich, and L. Janniére. 1993. Biochemical
and genetic analysis of the unidirectional theta replication of the S.
agalactiae plasmid pIP501. Plasmid 29:50-56.

Leenhouts, K. J., J. Gietma, J. Kok, and G. Venema. 1991.
Chromosomal stabilization of the proteinase genes in Lactococcus
lactis. Appl. Environ. Microbiol. 5§7:2568-2575.

McKay, L. L., and K. A. Baldwin. 1978. Stabilization of lactose
metabolism in Streptococcus lactis C2. Appl. Environ. Microbiol.
36:360-367.

O’Sullivan, D. J., and T. R. Klaenhammer. 1993. Effects of
increasing the copy number of bacteriophage origins of replica-
tion, in trans, on incoming-phage proliferation. Appl. Environ.
Microbiol. 59:2449-2456.

O’Sullivan, D. J., and T. R. Klaenhammer. High and low copy
number Lactococcus shuttle cloning vectors with features for clone
screening. Gene, in press.

26.

27.

28.

29.

30.

31.

32.

33.

34,

ApPL. ENVIRON. MICROBIOL.

Powell, L. B., P. M. Arnold, A. J. Hillier, and B. E. Davidson. 1989.
Molecular comparison of prolate- and isometric-headed bacterio-
phages of lactococci. Can. J. Microbiol. 35:860-866.

Raya, R. R,, E. G. Kleeman, J. B. Luchansky, and T. R. Klaen-
hammer. 1989. Characterization of the temperate bacteriophage
dadh and plasmid transduction in Lactobacillus acidophilus ADH.
Appl. Environ. Microbiol. 55:2206-2213.

Romero, D. A., and T. R. Klaenhammer. 1990. Characterization of
insertion sequence 1S946, an iso-ISS/ element, isolated from the
conjugative lactococcal plasmid pTR2030. J. Bacteriol. 172:4151-
4160.

Romero, D. A., and T. R. Klaenhammer. 1992. 1S946-mediated
integration of heterologous DNA into the genome of Lactococcus
lactis subsp. lactis. Appl. Environ. Microbiol. 58:699-702.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.

Sanders, M. E., and T. R. Klaenhammer. 1983. Characterization
of phage-sensitive mutants from a phage-insensitive strain of
Streptococcus lactis: evidence for a plasmid determinant that
prevents phage adsorption. Appl. Environ. Microbiol. 46:1125-
1133.

Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

Terzaghi, B. E., and W. E. Sandine. 1975. Improved medium for
lactic streptococci and their bacteriophages. Appl. Environ. Mi-
crobiol. 29:807-813.

van der Vossen, J. M. B. M., D. van der Lelie, and G. Venema.
1987. Isolation and characterization of Streptococcus cremoris
Wg2-specific promoters. Appl. Environ. Microbiol. 53:2452-2457.



