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Phage bIL66 is unable to grow on Lactococcus lactis cells harboring the abortive infection gene abiD1.
Spontaneous phage mutants able to grow on AbiD1 cells were used to study phage-Abi interaction. A 1.33-kb
DNA segment of a mutant phage allowed growth of AbiD1s phages in AbiD1 cells when present in trans.
Sequence analysis of this segment revealed an operon composed of four open reading frames, designated orf1
to orf4. The operon is transcribed 10 min after infection from a promoter presenting an extended 210
consensus sequence but no 235 sequence. Analysis of four independent AbiD1r mutants revealed a different
point mutation localized in orf1, implying that this open reading frame is needed for sensitivity to AbiD1.
However, the sensitivity is partly suppressed when orf3 is expressed in trans on a high-copy-number plasmid,
suggesting that AbiD1 acts by decreasing the concentration of an available orf3 product.

The growth of a lytic bacteriophage can be arrested by sev-
eral bacterial phage defense mechanisms (8). One of them is
characterized by a normal start of phage development followed
by an abrupt interruption, resulting in the release of few or no
progeny particles and cell death. Such abortive infections (Abi)
were first described for Escherichia coli and Bacillus subtilis and
have been identified more recently in Lactococcus lactis. The
molecular basis of many of these phage exclusion systems re-
mains unclear. Understanding progressed recently for three of
them (28). In every case, phage infection induced deleterious
effects for highly conserved cellular components involved ei-
ther in the translation apparatus or in membrane potential.
This results in cell death and phage growth arrest, which blocks
the spread of phages to other cells.
Four lactococcal genes coding for an Abi phenotype have

been cloned and sequenced (2, 6, 7, 9, 15). Except for AbiA
(16, 23), which has been proposed to interfere with phage
DNA replication, the molecular mechanisms of lactococcal
phage growth impairment in Abi cells are unknown. AbiD1 is
active on two lactococcal phage species, referred to as the 936
and C6A phage groups, respectively (18). The study of phage
multiplication in AbiD1 cells could therefore provide insight
into both the molecular basis of phage-Abi interactions and the
relationship between the two main lactococcal phage species.
The spontaneous appearance of mutants of the small-iso-

metric-headed phage bIL66, able to grow on AbiD1 cells, has
been observed (11). We report that a 1.33-kb segment from a
mutant phage allows the development of sensitive phages when
present in AbiD1 cells.
Sequence analysis of this segment revealed four putative

open reading frames (ORFs) which form an operon. The
operon is transcribed 10 min after infection. Two of these
ORFs play a role in phage-Abi interaction. Point mutations in
orf1 confer AbiD1r, but the orf3 product is required for the
growth of sensitive phages. We propose that the orf1 and abiD1
gene products interact to prevent translation of the orf3 RNA.
The amount of orf3 product in the infected cells is thus de-
creased, which prevents phage multiplication.

MATERIALS AND METHODS

Bacterial strains, plasmids, phages, and media. L. lactis subsp. lactis IL1403
(5) and derivatives were grown at 308C in M17 medium (30), in which lactose has
been replaced by glucose (M17glc). E. coli TG1 (12) and B. subtilis MT119 (29)
were grown at 378C in Luria-Bertani medium (22). Erythromycin (0.3 mg/ml for
B. subtilis, 5 mg/ml for L. lactis, and 150 mg/ml for E. coli) or ampicillin (50 mg/ml)
was added to the culture medium when needed. Plasmid pIL105, which confers
the AbiD1 phenotype, was from the wild-type L. lactis subsp. cremoris strain
IL964 (11). Phages bIL66, bIL67, bIL170, and bIL188 were from our laboratory
collection and were enumerated as described before (30). Phages bIL66 and
bIL170 belong to the 936 phage group, and phage bIL67 belongs to the C6A
phage group (2). Phage 188 was shown to belong to the C6A phage group by
DNA hybridization with the type phage P001. Phages P001 and phivML3 were
kindly provided by M. Teuber and M. Gasson, respectively.
Molecular cloning and DNA sequence analysis. The procedures for DNA

manipulation, transformation of E. coli cells, and cloning were essentially as
described by Maniatis et al. (22). Electrotransformation of L. lactis was carried
out as described before (17). Transformation of B. subtilis competent cells was
done by the method of Anagnostopoulos and Spizizen (1).
E. coli clones for sequencing, sequence determination, and analysis were

handled as described in the accompanying paper (2).
mRNA extraction, labelling, and primer extension analysis. Total RNA was

extracted from phage-infected cultures of L. lactis by the method of Glatron and
Rapoport (13) as modified by R. Raya (unpublished data). Northern (RNA blot)
experiments were carried out essentially as described by Williams and Mason
(33). Oligonucleotides used as probes, complementary to the sequence shown in
Fig. 2, were as follows: 1, 59GGAGGTAACTGTGGCTAGAG39 (positions 356
to 337); 2, 59CAAACCACATTCAACAGCG39 (positions 566 to 548, orf1); 3,
59GGTACTATGTTATAGCTC39 (positions 1127 to 1144, orf3); 4, 59GGGCT
GTTAGTTGGCGACAC39 (positions 1500 to 1481); 5, 59CTTGGACTGGAC
CTGCAC39 (positions 1699 to 1681); 6, 59GCTATACGTGGACTGATGG39
(positions 2065 to 2047); 7, 59GGGGCGGGTACCTATGGG39 (positions 2208
to 2191); and 8, 59CACGCTCATACGAGCCC39 (positions 2388 to 2372).
The 59 ends of mRNA were determined by the reverse transcriptase-directed

primer extension method (33), modified as described in the accompanying paper
(2). The synthetic oligonucleotide (59CAAACCACATTCAAG39) was comple-
mentary to coordinates 546 to 566 of the sequence shown in Fig. 2.
Nucleotide sequence accession number. The sequence described in this paper

has been assigned GenBank accession number L35175.

RESULTS

Characterization of phages bIL66 and bIL66M1. bIL66 is a
small-isometric-headed lactococcal phage belonging to the 936
phage group (18). Restriction analysis indicated that its ge-
nome is linear and carries cohesive ends (data not shown). A
restriction map of the phage was constructed (Fig. 1). bIL66
forms large clear plaques on strain IL1403 and small turbid
plaques at an efficiency of 1024 on IL1403(pIL105) (Table 1).
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Spontaneous mutants that form clear plaques on the latter
strain and are therefore resistant to AbiD1 appear at a fre-
quency of about 1025 (Table 1). One of the clear-plaque mu-
tants was purified and designated bIL66M1. No difference
in the restriction maps of bIL66 and bIL66M1 was observed
(data not shown), indicating that neither a large deletion nor a
DNA rearrangement had occurred in bIL66M1. The phage
forms clear plaques with a 10-fold-lower efficiency on IL1403
(pIL105) than on IL1403 (Table 1), indicating that the muta-
tion partially suppresses the AbiD1 phenotype.
Identification of a phage bIL66M1 DNA segment conferring

resistance to AbiD1.We reasoned that a segment of bIL66M1
bearing the mutation might allow growth of AbiD1s phages in
IL1403 AbiD1 when supplied in trans, either by complemen-
tation or by recombination. To test this hypothesis, EcoRI
segments of phage bIL66M1 DNA were cloned into the plas-
mid vector pBluescript (Stratagene, La Jolla, Calif.) in E. coli
and transferred into the high-copy-number B. subtilis/L. lactis
vector pIL253 (27). Four of the six segments were successfully
cloned. One segment (C) (Fig. 1), unstable in E. coli, was
cloned directly into pIL253 in B. subtilis. Cloning of the last
segment (B) (Fig. 1) failed in three different hosts (B. subtilis,
E. coli, and L. lactis), possibly because of its structural insta-
bility or toxicity. Matching segments from the wild-type phage
were cloned as a control (segment B was not obtained). None
of the cloned segments changed the sensitivity of IL1403 to
phages.
The five cloned segments were introduced into IL1403

AbiD1 on pIL253. In the presence of segment D, clear plaques
were observed for the prolate-headed phages bIL67 and
bIL188, and the number of clear plaques formed by bIL66 was
increased 200-fold. In addition, the number of turbid plaques
formed by the isometric-headed phage bIL170 and the two
prolate-headed phages was increased between 102- and 105-

fold (Table 1). This stimulation of phage development was not
observed in the presence of the corresponding segment from
the wild-type phage or any of the other segments of the mutant
or wild-type phage (not shown). The mutated segment D had
no effect on phage bIL66M1 (Table 1). This segment is 3.1 kb
long and overlaps the phage cohesive ends (Fig. 1). pIL253
carrying segment D of phage bIL66M1 was designated
pIL1912.
To test whether the increased number of plaques resulted

from a diffusible gene product specified by segment D or from
recombination between the infecting phage and the cloned
segment, phages were picked up from 20 independent plaques
formed by bIL170 on IL1403(pIL105, pIL1912), purified, and
propagated on IL1403. The lysates obtained were enumerated
on IL1403, IL1403(pIL105), and IL1403(pIL105, pIL1912).
None of the isolates was resistant to AbiD, and all grew with an
efficiency similar to that of the parental phage on cells con-
taining both abiD1 and segment D of the mutant phage (data
not shown). Similar results were obtained with phages bIL67
and bIL188. The development of these phages in IL1403
AbiD1 is therefore the result of the presence of a diffusible
gene product encoded by segment D. Interestingly, when this
segment was cloned on plasmid pIL252, a low-copy-number
homolog of pIL253 (the two plasmids have about 10 and 100
copies, respectively) (27), phage development was not ob-
served, suggesting that it depends on the amount of the dif-
fusible gene product.
A similar analysis was carried out with 100 independent

clear plaques formed by bIL66 on IL1403(pIL105, pIL1912).
Only three isolates were AbiD1s, indicating that they resulted
from complementation. The others were AbiD1r and could
result either from recombination or from stimulation of the
mutation towards resistance.
Subcloning and sequencing of segment D from phage

bIL66M1. Subcloning experiments localized the determinant
of AbiD1r on a 2.4-kb segment, which was sequenced (Fig. 2).
Part of the sequence (coordinates 2141 to 2400) has 86%
identity with the nucleotide sequence of the ends of the ge-
nome of the lactococcal phage sk1 (4). The 10-bp sequence
corresponding to the cohesive ends of this phage (4) is fully
conserved, suggesting that the two phages have the same co-
hesive ends (boldface in Fig. 2). Four ORFs of 42, 43, 160, and
43 codons preceded by a putative ribosome-binding sequence
(31) were detected. orf1 and orf2 are separated by 4 bp,
whereas orf2 and orf3 and orf3 and orf4 overlap by 4 and 1 bp,
respectively. Since such small ORFs are infrequent, we con-
firmed their existence by using the Gene Mark program for
prediction of genes (3).
The orf3-specified protein has 43% identity (59% similarity)

with the protein specified by an ORF that is located upstream
of the lysin gene on lactococcal prolate-headed phages bIL67
(25) and phivML3 (26). This homology was also observed at

FIG. 1. Restriction map of phage bIL66.

TABLE 1. Phage development in cells harboring the
AbiD determinant

Phage

Phage titer (plaques/ml) in straina:

IL1403 IL1403(pIL105) IL1403(pIL105,
pIL1912)

Isometric
bIL66 1 3 109 1 3 104, 1 3 105 T 2.6 3 106, 1 3 104 T
bIL66M1 5 3 108 4 3 107 4 3 107

bIL170 5 3 108 ,1 1 3 105 T

Prolate
bIL67 1 3 1010 1 3 104 T 8 3 104, 1 3 106 T
bIL188 1 3 1010 1 3 104 T 1 3 105, 1 3 107 T

a pIL1912 carries the EcoRI segment D (Fig. 1) of phage bIL66M1. T, small
turbid plaques, very difficult to count; the values are only indicative.
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the nucleotide level (60% identity along 465 bp, coordinates
738 to 1202 on bIL66M1). A putative ATP-binding site motif A
(P-loop) (24, 31) is present in orf3 (GSIAGGKS). No homol-
ogy for proteins specified by the other three ORFs was found
in the data banks.
orf3 necessary for complementation of AbiD1s phages. Fur-

ther deletion analysis indicated that a 1.33-kb segment lacking
orf4 and 74 bp from the 39 end of orf3 as well as part of the
region upstream of orf1 still allowed complementation of all
phages tested. Deletion of the entire orf3 suppressed comple-
mentation, indicating that at least part of this ORF is required.
The results obtained with the isometric-headed phage bIL170
are summarized in Fig. 3. Similar results were obtained with
the two prolate-headed phages bIL67 and bIL188.
Point mutations in orf1 confer AbiD1r on phage bIL66. To

localize the mutation present in bIL66M1, we postulated that
an infecting phage would recombine at high efficiency with a
resident plasmid carrying a homologous phage segment.
Marker rescue experiments were carried out. For this purpose,
different segments were cloned into pIL253, the plasmids were
transformed into IL1403(pIL105), and the cells were infected
with wild-type phage bIL66. Clear plaques were formed, as
expected. The results, summarized in Fig. 3, indicate that a
72-bp region localized within orf1 is needed for phage growth.
The corresponding region of the wild-type phage was se-
quenced. Comparison with the phage bIL66M1 sequence re-
vealed only one change, a change of the C at coordinate 583 in
the wild-type phage to an A in the mutant (Fig. 2). This results
in replacement of an alanine by an aspartic acid. The entire

wild-type 1.33-kb segment was also sequenced and found to be
identical to that of the mutant.
In order to further define the region in which mutations

conferring AbiD1r occur, three other independent bIL66 mu-
tants were isolated and analyzed. A point mutation affecting

FIG. 2. Nucleotide sequence of the 2.4-kb region of phage bIL66M1. The deduced amino acid sequence is indicated; numbers to the right refer to nucleotides. The
potential ribosome-binding sites (RBS) and 210 promoter sequence are underlined, stop codons are indicated by an asterisk, and transcription start and putative
cohesive ends are in boldface letters.

FIG. 3. Deletion analysis of the 1.33-kb segment from phage bIL66M1 con-
ferring AbiDr. (A) Organization of segment B. bIL170 and bIL66 growth on
IL1403 AbiD derivatives harboring different subsegments from bIL66M1 cloned
into pIL253. For bIL170: 1, titers of 105 turbid plaques per ml; 2, no plaques;
for bIL66: 1, 109 clear plaques per ml. Growth of phage bIL170 resulted from
complementation by the region between dotted lines. Growth of phage bIL66
resulted from recombination with the boxed and shaded region.
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orf1 was identified in each case (Fig. 2). Replacement of G
(coordinate 483) or of A (coordinate 501) by a T introduced a
stop codon. Replacement of T (coordinate 493) by a C
changed a leucine to a proline. Therefore, the resistance of
mutant phages to AbiD1 is due either to the absence of orf1, as
in the case of the nonsense mutation close to the start of the
ORF, or a missense mutation within it.
Transcriptional analysis of segment D from phages bIL66

and bIL66M1. A mutation in orf1 confers partial resistance to
AbiD1 (Table 1). This indicates that both abiD1 and intact orf1
are needed for the full AbiD1 phenotype. However, the AbiD1
phenotype can be overcome in the presence of an intact orf1 if
orf3 is expressed in trans on a high-copy-number plasmid. This
suggests that the level of Orf3 may be limiting for phage
growth when abiD1 and an intact orf1 are both present. This
limitation could result from repression of Orf3 synthesis as well
as from Orf3 degradation and/or titration. To discriminate
between these alternatives, transcriptional analysis of the orf3
region was carried out. For this purpose, IL1403 and IL1403
AbiD1 were infected with phage bIL66 or phage bIL66M1, and
RNA was extracted at different times after infection and
probed with an oligonucleotide complementary to orf3. A ma-
jor band in the 1.1-kb region was detected in all cases 10 to 15
min after infection. It was composed of two transcripts, of 1

and 1.2 kb, which were visible on less-exposed autoradiograms
(not shown). Two other transcripts, of 1.3 and 1.7 kb, were also
present in all samples. Interestingly, their amount was higher
in abiD1 cells infected with the sensitive wild-type phage than
in the other three cases. To map the start and end of the
transcripts, eight different oligonucleotide probes complemen-
tary to the sequenced region were used (positions are shown in
Fig. 4). All transcripts appeared to have the same consensus 59
end upstream of orf1 (between oligonucleotides 1 and 2) and
different 39 ends downstream from orf4 (schematically repre-
sented in Fig. 4). A putative RNase E cleavage site (GATTT,
13 bp in front of a stem loop, CCCTGATTCAGGG [10]) is
present downstream from orf4. The presence of an RNase E
equivalent in L. lactis has not yet been reported, but processing
at this site would generate the abundant 1-kb transcript. The 39
end of the other transcripts did not correspond either to a
terminator structure or to an RNase E processing site, suggest-
ing either a rho-like dependent termination or RNase E-inde-
pendent processing.
The transcription start was determined precisely by primer

extension analysis with transcripts isolated 40 min after infec-
tion. The results with bIL66 and bIL66M1 infecting IL1403 are
shown in Fig. 5. Identical results were obtained for IL1403
(pIL105) (data not shown). Only one start was detected, at

FIG. 4. Northern blot analysis of transcripts specific for the operon formed by orf1 to orf4. RNA extracted at different times after infection of IL1403 or IL1403
AbiD1 with phage bIL66 or phage bIL66M1 was hybridized with oligonucleotide 3, complementary to an internal sequence of orf3. The same amount of total cell RNA
was loaded in each well. Vertical arrows indicate the positions of oligonucleotides used as probes.
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coordinate 454 (Fig. 2). A consensus 210 sequence is present
6 bp upstream of the transcription start, but a 235 consensus
sequence is absent. No signal was observed with oligonucleo-
tides corresponding to the putative promoter identified by se-
quence analysis. Taken together, these results suggest that
phage growth is not prevented in AbiD1 cells by repressing
transcription of the phage operon.

DISCUSSION
We took advantage of the spontaneous appearance of lac-

tococcal phage bIL66 mutants able to grow on AbiD1 cells to
study the molecular mechanisms of phage-AbiD1 interaction.
A 1.33-kb DNA segment from mutant phage bIL66M1, when
provided in trans on a high-copy-number plasmid, allows
growth of AbiD1s phages in AbiD cells. This segment carries
an operon composed of four ORFs. Two of these ORFs (orf1
and orf3) were shown to play a role in phage-AbiD1 interac-
tion. Deletion analysis shows that orf4 has no role in the phe-
nomenon. However, the experiments do not rule out a role for
orf2.
Intact orf1 is required for AbiD1 action, since phages lacking

it are fully resistant (Table 1). However, expression of orf3 on
a high-copy-number plasmid, even when amputated of its car-
boxy end, can partially suppress the effect of abiD1 in the
presence of orf1. The simplest model to account for these
observations is that AbiD1 acts in conjunction with Orf1 to
decrease the amount of Orf3 below that required for normal
phage development.
A decrease in Orf3 expression does not seem to occur by

repressing transcription. The only effect of AbiD1 on transcrip-
tion of the wild-type phage is to increase somewhat the amount
of the largest transcript that covers the operon (Fig. 4). The
increase could be due to activation of transcription, antitermi-
nation, or inhibition of RNA processing. An argument in favor
of the first possibility is that AbiD1 has two helix-turn-helix
motifs, found in many DNA-binding proteins (14), and that it
therefore activates transcription by binding at the promoter.
However, the amounts of other transcripts that originate from
the same promoter are not increased, which renders this pos-
sibility unlikely. Further work will be required to test the other
two possibilities, but the presence of a putative Rnase E site
downstream of orf4 supports the hypothesis that inhibition of
RNA processing might account for the increase in the amount
of the largest transcript. In this case, AbiD1 in conjunction
with Orf1 would have to bind to RNA. It has been reported
that RegA, a protein that represses translation of the early

mRNA of phage T4 and lacks any known RNA-binding motif,
may use a helix-turn-helix motif to bind to RNA (19).
Since the postulated decrease in the amount of Orf3 does

not seem to be due to repression of transcription, it could be
due to repression of translation of the orf3 mRNA and/or
inactivation of the Orf3 protein. The interaction of AbiD1 with
RNA, similar to that discussed above, might affect translation,
as does the T4 Reg protein. There are at present no arguments
for or against the interaction of Orf3 and AbiD1 at the protein
level. Testing of the proposed models is the focus of our future
work.
It is of interest that the promoter ensuring transcription of

the operon lacks a consensus 235 region. Several such pro-
moters, transcribed by sigma 70, have been described for E.
coli. They all present an extended 210 promoter sequence
consensus (TGNTATAAT), in which the TG motif is an im-
portant requirement for efficient initiation (20). Recently, this
consensus has been extended (yNtNTGyTATAAT, where y is
pyrimidine and N is any nucleotide) (21). The phage bIL66
promoter mapped in this work fits this consensus (TTTGT
TATAAT) except for the T at position 219. The position of
the transcription start site relative to the 210 box, invariant in
235-independent E. coli promoters (21), is conserved in the
phage bIL66 promoter. Transcription from E. coli 235-inde-
pendent promoters is as efficient as that of standard s70 pro-
moters and is often modulated by alterations of the235 region
or by activator protein-binding sites (21). This modulation
could be advantageous for the delayed expression of the phage
operon, which occurs 10 min after infection.
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