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AbiV is a chromosomally encoded phage resistance mechanism that is silent in the wild-type phage-sensitive
strain Lactococcus lactis subsp. cremoris MG1363. Spontaneous phage-resistant mutants of L. lactis MG1363
were analyzed by reverse transcriptase PCR and shown to express AbiV. This expression was related to a
reorganization in the upstream region of abiV. Transfer of abiV between two lactococcal strains, most likely by
conjugation, was also demonstrated. To our knowledge, this is the first report of natural transfer of a

chromosomally encoded phage resistance mechanism.

Industrial milk fermentation is dependent on the well-char-
acterized metabolic features of commercial starter cultures,
which contain strains of lactic acid bacteria (6). However, milk
fermentation failures due to virulent phages that are infecting
these specialized bacterial cultures is a persistent problem for
the dairy industry (6, 8, 9, 26). Decades of research have led to
the discovery of a number of natural defense systems in Lac-
tococcus lactis cells, including the inhibition of phage adsorp-
tion (12, 21) and DNA entry (25), restriction/modification sys-
tems (1, 12), and abortive infection (Abi) mechanisms (5).
These antiviral mechanisms have been used extensively in a
relatively small number of industrial strains (7), which has
favored the emergence of phage mutants that are insensitive to
the natural antiphage barriers (8, 12, 26). This viral evolution-
ary process has led to a lasting search for new ways to protect
cultures against phage attacks. Moreover, to avoid the use of
genetic engineering technology, the dairy industry is currently
depending on the isolation of novel natural phage resistance
barriers in a given wild-type L. lactis isolate that can be natu-
rally transferred into industrial starter strains.

Most known lactococcal restriction/modification and Abi
systems are plasmid encoded (2, 3, 5, 10, 11, 13, 20, 29, 39), and
some of them can be easily transferred from one strain to
another through conjugation. This genetic transformation pro-
cess is universally accepted and has been successfully utilized
to create phage-resistant starter cultures (1, 6, 19, 26, 28, 30,
34). Some phage resistance mechanisms are also chromosoma-
lly encoded. However, their industrial application is limited
because they cannot be transferred into the desired industrial
strains without the use of genetic engineering.

Recently, we isolated a novel chromosomally encoded Abi
mechanism named AbiV (17) that is active against several
lactococcal phages. The abil” gene is silent in the phage-sen-
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sitive strain L. lactis subsp. cremoris MG1363, but it can be
activated when a promoter is provided (17). Here, we report
the isolation of natural bacteriophage-insensitive mutants
(BIMs) of L. lactis MG1363 that spontaneously express AbiV.
Furthermore, we demonstrate that abil” can be transferred to
lactococcal strains with a protocol used for conjugation assays.

Isolation of mutants of L. lactis MB112 spontaneously ex-
pressing AbiV. To investigate whether MG1363 could mutate
spontaneously to express AbiV, we isolated mutants that could
grow in the presence of the virulent phage skl (4). Ten inde-
pendent cultures of L. lactis MB112 (fluorouracil-resistant L.
lactis MG1363, Aupp) (24) were grown exponentially at 30°C in
M17 medium (37) supplemented with 0.5% glucose and then
mixed with the 936-like phage sk1 at a multiplicity of infection
of >1 in the presence of 10 mM CaCl,. The phage-infected
bacterial cultures were then incubated for 10 min at room
temperature before plating and incubation overnight at 36°C.
BIMs that spontaneously gained resistance to skl were ob-
served at a frequency of 10~ %, Fifty-six colonies were picked
randomly among the 10 independent cultures, purified, and
cross-streaked (31) against virulent phages sk1, p2 (27), 712
(23), and the AbiV-insensitive mutant p2.1 (18). A BIM ex-
pressing AbiV is expected to be resistant to phages skl and p2
but sensitive to 712 and p2.1 due to the absence of a functional
ADbiV target gene (sav) in the latter two phages (18). Of the 56
BIMs, one had the expected efficiency of plaquing (EOP) (32)
values. The EOP values for this BIM (named L. lactis JH-80)
were 2 X 107> for phage p2, 0.75 for phage 712, and 0.8 for
phage p2.1 (17). These values correspond to values obtained
with L. lactis JH-20 and JH-32 (engineered strains expressing
ADbiV; see below) (17), suggesting that the natural BIM L.
lactis JH-80 may now be expressing AbiV.

To verify that the phage resistance phenotype was indeed
caused by the production of AbiV, the transcription of abil” in
L. lactis JH-80 was investigated by using reverse transcriptase
PCR (RT-PCR) as described previously (17). The RT-PCR
was performed on RNA isolated from L. lactis JH-80 and also
on RNA from L. lactis JH-20 (L. lactis MB112 containing abil’
cloned into the expression vector pLCS) (17), JH-54 (L. lactis
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FIG. 1. RT-PCR assays were carried out on RNA isolated from
various L. lactis strains. (A) Expression of AbiV. (B) Control experi-
ment performed in the absence of RT. (C) Expression of gene tnp981.
(A to C) Lane 1, L. lactis JH-80 (spontaneous BIM); lane 2, L. lactis
JH-32 (insertional mutant expressing abil’); lane 3, L. lactis JH-20
(abiV gene cloned into an expression vector); lane 4, L. lactis JH-54
(empty vector); lane 5, positive PCR control using genomic DNA from
L. lactis MG1363; lane L, GeneRuler ladder (Fermentas). (D) Detec-
tion of increasing lengths of abil” transcripts using the same forward
primer in abil/ and progressively more-distant reverse primers.
(D) Lane a, forward and reverse (rev) primers located in abil; lane b,
rev primer 75 bp upstream of abil; lane c, rev primer 310 bp upstream
of abiV; lane d, rev primer 727 bp upstream of abil; lane e, rev primer
1,079 bp upstream of abil; lane L, GeneRuler ladder (Fermentas).

MB112 containing pLCS without abiV) (17), and JH-32 (L.
lactis MB112 expressing abil/ due to the integration of
pGhost9::1SS7) (17). While the levels of abil” mRNA in L.
lactis strains JH-20 and JH-32 were the highest, JH-80 also
showed transcription in comparison to undetectable transcrip-
tion in L. lactis JH-54 (Fig. 1A). No PCR products were ob-
tained in control experiments (omitting the RT enzyme), indi-
cating that the RNA preparations were free of contaminating
DNA (Fig. 1B). The above data demonstrate that L. lactis
BIMs that spontaneously express AbiV, thereby conferring
phage resistance to the cell without artificial genetic modifica-
tions, can be isolated.

In an attempt to elucidate the mutation(s) in the BIM L.
lactis JH-80 (AbiV™), we PCR amplified a 6,320-bp region
(nucleotides [nt] 698427 to 704747 in GenBank AM406671)
that included the upstream region of abil’. The PCR-amplified
DNA fragments of both L. lactis JH-80 and reference strain L.
lactis MB112 were sequenced on both strands. The L. lactis
MB112 sequence was identical to the L. lactis MG1363 se-
quence. However, four point mutations were found in JH-80,
located between 400 bp and 700 bp upstream of abil” but
within the upstream gene tnp981 that codes for a putative
transposase for the insertion sequence IS98/F (Fig. 2). Anal-
ysis of the region containing the mutations revealed 100%
nucleotide identity with the 3’ region (500 nt) of a transposase
(nt 705075 to 705926 in GenBank AM406671) which shares
99% nucleotide identity with tmp981. This transposase is in-
versely oriented and located 6,671 bp upstream of abil” (Fig.
2). The exact match of the mutated region in tp98I to this
transposase and the absence of large inversions in the 6-kb
region upstream of abil” strongly indicate that the mutations
were caused by recombination between the two genes.

No terminator structure could be identified between abil’
and mp981, leaving the possibility that promoter activity up-
stream or within tmp981 caused the increased expression of
abiV in JH-80. We therefore determined the transcription level
of tnp981 in L. lactis strains JH-80, JH-32, JH-20, and JH-54.
We observed faint bands in all cases, indicating that tnp981 was
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FIG. 2. abiV and its upstream region, with mp designating tnp981.
The abil transcription start site was shown with RT-PCR and RACE.
Lines a to d represent the results of the four positive reactions and line
e represents the result of the negative reaction shown in Fig. 1D. Two
sizes of transcripts were obtained by using RACE. Vertical lines sym-
bolize the range of observed mutations in mp981 that were likely
caused by a recombination event with the very similar, inversely ori-
ented transposase located 5.5 kb upstream of tnp981. Numbers refer to
nucleotide numbers in GenBank AM406671. Figure not drawn to
scale.

transcribed at low levels in the four strains (Fig. 1C). However,
nine other transposases that share 99% nucleotide similarity
with mp981 exist on the genome of L. lactis MG1363, thereby
complicating the analysis of the expression of tnp981. Never-
theless, since the transcription levels of tnp981 were similar in
all strains tested, we concluded that the increased promoter
activity upstream of tmp981 was not the cause of the elevated
levels of abiV in L. lactis JH-80.

To test whether the observed mutations in L. lactis JH-80
were involved in abil” transcription, we performed RT-PCR
(Fig. 1D and Fig. 2). The resulting data indicate that the abil”
transcripts start between 727 nt and 1,079 nt upstream of the
gene. Determination of the abil” 5" mRNA ends was per-
formed by using the rapid amplification of ¢cDNA ends
(RACE) method (38). abil” mRNA ends were found at 320 nt,
as well as at 583 nt, upstream of the gene. Since the abil”
transcription is initiated upstream of the mutations in tp981,
the expression of abil/ in L. lactis JH-80 was probably not
caused by increased promoter activity. Instead, the mutations
may increase the stability or some antitermination of the tran-
script from an existing weak promoter and hence increase
AbiV expression in the BIM L. lactis JH-80. However, our data
do not allow us to determine the reason for the weak induction
of abilV gene expression in the mutant.

Transfer of abiV between two L. lactis strains. Most known
Abi mechanisms are plasmid encoded, though it has been
argued that this overrepresentation could be due to the tech-
nical advantages of isolating plasmid-encoded Abi systems (5).
As indicated above, the abil” gene is located on the chromo-
some of L. lactis MG1363 and possibly not readily transferable
to another strain, as compared to plasmid-encoded systems.
However, conjugation of chromosomal elements, facilitated by
the chromosomally encoded sex-factor that is present in,
among others, L. lactis MG1363 (35, 36), has been previously
observed in L. lactis (14, 16). This genetic element permits the
exchange of genetic material between lactococcal strains by
chromosomal transfer and subsequent recombination. There-
fore, we investigated whether we could take advantage of this
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ability to transfer an active abil” gene from one strain to an-
other.

We used the donor strain L. lactis JH-32 (AbiV™, erythro-
mycin resistant [Erm*], and fluorouracil resistant [FU*]) and
the recipient strain L. lactis MG1614, an MG1363 derivative
that is resistant to rifampin (rifampicin) (Rif") and streptomy-
cin (Str") (15). In L. lactis JH-32, the abil’ gene is activated by
the vector pGhost9::ISS7 (22) inserted immediately upstream
of abil on the bacterial chromosome. We envisioned that if
pGhost9::1SS7 was successfully transferred to L. lactis MG1614
by conjugation, abil” most likely would be as well, due to their
close proximity on the chromosome of L. lactis JH-32 (17).
Here, as a proof of concept, we used erythromycin resistance
(from pGhost9::ISS7) as a selection marker.

Briefly, donor and recipient cells were grown separately on
GM17 plates, subsequently recovered with saline (0.9% NaCl),
and then mixed at ratios of 1:1, 1:3, and 1:9. The mixtures were
immediately plated (0.1 ml plate ') on GM17 and incubated in
anaerobic jars overnight at 36°C. This incubation temperature
was selected to avoid excision of the integrated pGhost9::ISS1
in L. lactis JH-32 (17, 22). Cells were recovered from GM17
plates with saline and incubated again anaerobically (48 h at
36°C) but on GM17 plates containing erythromycin (3 g
ml~ ") and rifampin (100 pg ml~"). These two selection mark-
ers were used to select for L. lactis MG1614 (rifampin resis-
tant) transconjugants that have acquired pGhost9::ISS/ (eryth-
romycin resistance). The lactococcal colonies that grew on
GM17 plates containing erythromycin and rifampin were then
tested for their sensitivity to fluorouracil (0.3 wg ml~') and
their resistance to streptomycin (200 pg ml~') and phages. By
using this phage- and streptomycin-free selection approach, we
virtually eliminated the risk of isolating false positives due to
spontaneous mutations causing the resistance phenotype.
Transconjugants with the phenotype, Rif", Str’, FU®, Erm", and
phage resistance, are expected to be derivatives of MG1614
(Rif" Str") that have acquired Erm* and phage resistance from
JH-32 by chromosomal transfer.

Seven putative transconjugants (Erm" Rif") were first iso-
lated after two days of anaerobic incubation (36°C). Five of
these mutants were derived from the donor and had acquired
a spontaneous Rif" resistance. One mutant was derived from
the recipient, with a spontaneous Erm" mutation. However,
one mutant (L. lactis JH-83) had the expected phenotype (Rif",
Str, FU®, Erm’, and phage resistance). In fact, phage p2 had an
EOP of 10~ on L. lactis JH-83. These data strongly suggested
that L. lactis JH-83 is a transconjugant of L. lactis MG1614 that
has acquired an activated abil” gene by conjugation and re-
combination. Next, we sequenced the rpsL gene of the four
strains L. lactis MB112, MG1614, JH-32, and JH-83 and found
a specific K-to-R amino acid substitution in 7psL (data not
shown) that is known to cause streptomycin resistance in dif-
ferent bacterial species (33). The same mutation was found in
L. lactis MG1614 and JH-83, while L. lactis MB112 and JH-32
had the wild-type sequence. Since rpsL was identical in JH-83
and MG1614 and streptomycin was not used as a selection
marker, we concluded that indeed MG1614 was the parental
origin of JH-83. To our knowledge, this is the first demonstra-
tion of a natural transfer of a chromosomally encoded phage
resistance mechanism.

Taken altogether, the above data indicate that the chromo-
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somally encoded abil can be spontaneously activated and also
naturally transferred to other lactococcal strains by conjuga-
tion. This study suggests that the search for novel chromo-
somally encoded Abi mechanisms should be revisited and that
this may open up new ways to construct naturally phage-resis-
tant strains for large-scale industrial applications.
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