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The lactococcal phage bIL41 belongs to the small isometric-headed phages of the 936 quasi-species and is
resistant to the abortive infection determined by abiB. A 10.2-kb segment from this phage, in which late
transcription is initiated, has been sequenced. Thirteen open reading frames (ORFs) organized in one tran-
scriptional unit have been identified. The location of two of them and the structural features of the proteins
they code for are evocative of terminase subunits. Five other ORFs specify proteins which are highly homol-
ogous to structural proteins from the closely related phage F4-1. By comparing the phage bIL41 sequence with
partial sequences available for four related phages, we were able to deduce a chimerical phage map covering
the middle- and a large part of the late-expressed regions. Phages from this quasi-species differ by the insertion
or deletion of either 1 to about 400 bp in noncoding regions or an entire ORF. Transcription was initiated 9
min after infection at a promoter with a —10 but no —35 consensus sequence. Synthesis of a phage activator
protein was needed for initiation of transcription. A large 16-kb transcript covering all of the late-expressed
region of the genome was synthesized. This transcript gave rise to smaller units. One of these units most

probably resulted from a RNase E processing.

Lactococci are widely used for the manufacture of dairy
products. During the fermentation processes, they are chal-
lenged with high concentrations of a variety of phages. These
highly selective environmental conditions are most probably
responsible for the selection of strains with diverse phage de-
fense mechanisms, including adsorption interference, restric-
tion and modification, and abortive infection (38). Lactococci
represent, therefore, a good model for studying bacteria or
phage coevolution and identifying phage defense mechanisms.
A variety of phage abortive infection mechanisms have been
described in Lactococcus lactis (2, 24, 25, 30, 32, 40, 54). All of
them are active against phages of one of the prevailing groups
in the dairy environment, designated species 936 (42). A model
has been proposed for two of these mechanisms, designated
AbiB (24) and AbiD1 (2). AbiB was shown to prevent phage
growth by promoting a dramatic degradation of phage tran-
scripts 10 min after infection (57). It was proposed that phage
infection either induces the synthesis or stimulates the activity
of an RNase in AbiB cells (57). AbiD1 was proposed to pre-
vent phage growth by decreasing the amount of an essential
phage product encoded by middle-expressed genes (9). How-
ever, the molecular basis of phage-Abi interactions has not yet
been elucidated, not only because of their complexity but also
because of the scarcity of data available on lactococcal phages
of the 936 species.

The lactococcal 936 phage species will be designated as a
quasi-species in this paper, as suggested by Casjens et al. (15)
for the lambdoid phages. Isometric-headed phages from the
936 quasi-species have a double-stranded DNA genome of
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about 30 kb and carry cohesive ends (42). The genome has,
most probably, a modular organization. Such organization,
originally described for lambdoid phages (13), was suggested
by heteroduplex studies (43, 49) which revealed homologous
regions covering from 81 to 94% of the genome and distinct
regions of nonhomology. Recently, the overall transcription
map of phage skl established that this phage fits the usual
subdivision into temporal units designated as early, middle,
and late (8, 18). The middle-expressed region has been char-
acterized on phage bIL66 (9). It codes for four open reading
frames (ORFs) organized in an operon transcribed about 10
min after infection. This operon, involved in sensitivity to the
abortive infection mechanism AbiD1, codes for a product es-
sential for phage growth (9). In contrast, there are no data on
the early-expressed region of the phage, and the late one is
poorly characterized. Two genes from phage P0O08 have been
proposed to code for terminase subunits (10). A block of genes
coding for four minor structural proteins (46) and the major
capsid protein (23) has been characterized in phage F4-1. The
lysin gene has been characterized in phage US3 (58).

In this paper, we present the organization and the transcrip-
tion map of a late-expressed segment of a phage, from the
quasi-species 936, designated bIL41. Thirteen ORFs have been
identified on a 10.2-kb segment. Two of them might code for
terminase subunits homologous to those of P008 (10). Five
others specify proteins highly homologous to the major capsid
protein (23) and to minor structural proteins identified in the
closely related phage F4-1 (46). Upstream of these ORFs, a
region homologous to those from bIL66 (9) and sk1 (19) that
overlaps the cos site has been localized. Therefore, the se-
quence of the bIL41 segment established a link between sev-
eral scattered sequences from related phages, thus providing
insight into genome organization and evolution of this phage
quasi-species. Data on genome organization allowed the de-
termination of some features of the transcription of late-ex-
pressed genes. This transcription, initiated 9 min after infec-
tion, requires a phage activator protein to be effective. It yields
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FIG. 1. (A) Genetic organization of a phage bIL41 sequenced segment. The promoter is indicated by a bent arrow. cos, cohesive site. (B) Transcription map of the
sequenced segment. The transcript size is indicated. Vertical bars, identified by numbers, indicate the positions of oligonucleotides used as probes. The start sites of
the transcripts are indicated by arrows below the corresponding sequences. The —10 box of the promoter and a consensus sequence for the RNase E cleavage site are

underlined.

a large 16-kb transcript which covers all of the late-expressed
region of the genome and is processed in smaller units.

MATERIALS AND METHODS

Bacterial strains, phage, and media. L. lactis subsp. lactis 1L1403 (21) was
grown at 30°C in M17 medium (63) in which lactose has been replaced by glucose
(M17glc). Escherichia coli TG1 (33) was grown at 37°C in Luria-Bertani medium
(51). When needed, ampicillin (100 pg/ml), erythromycin (5 pg/ml), or tetracy-
cline (10 pg/ml) was added to the culture medium. Phage bIL41 was from our
laboratory collection and was enumerated as described previously (63).

Phage DNA replication. Cells were grown at 30°C in M17glc to an optical
density at 600 nm of 0.5 to 0.6 before they were infected with phage at a
multiplicity of infection of 5. Samples of 2 ml were taken at different times
throughout the multiplication cycle, and DNA was extracted as described by Hill
et al. (39). The DNA was transferred to nylon Hybond-N"* membranes (Amer-
sham, Arlington Heights, IIl.) essentially as described by Maniatis et al. (51) and

hybridized at high stringency with bacteriophage DNA labelled with [a-3?P]
dCTP through the use of a random priming kit (Amersham).

Molecular cloning and DNA sequence analysis. Transformation of L. lactis
was done by electroporation as described previously (41). DNA manipulation,
transformation of E. coli cells, and cloning were essentially as described by
Maniatis et al. (51). E. coli clones for sequencing were obtained by subcloning
specific DNA fragments in the pBluescript SKII™" plasmid (Stratagene, La Jolla,
Calif.) and by using DNase I to generate a series of overlapping clones. The
nucleotide sequence was determined on double-stranded DNA in a cycle exten-
sion reaction with Tag DNA polymerase and fluorescent dye-coupled primers on
a 373 DNA sequencer (Applied Biosystems, San Jose, Calif.). A 1.1-kb region
missing from the overlapping clones, the 1.2-kb segment located upstream from
the cos site, and a 2-kb segment covering orf12 were synthesized by a PCR and
sequenced by a series of cycle extension reactions by using appropriate primers,
Taq polymerase, and fluorescent dye-coupled dideoxynucleotides (Applied Bio-
systems). The DNA and protein sequences were analyzed with the Genetics
Computer Group software (29) and the Blast program (1).

TABLE 1. General features of the phage bIL41 ORFs

Gene Product

desi . Start® Stop” - Similarities Translation start®

esignation size (aa)
orfl 1421 (AUG) 1945 (UAA) 174 Terminase® AGAAAGGAcaau AUG CAA ACA
orf2 1946 (AUG) 3217 (UGA) 423 Terminase® GAAAGGguuugaauaa AUG UAU UAU
orf3 3572 (AUG) 3856 (UAG) 94 AAAtGGcGGtgtcag AUG AAG UAU
orf4 3869 (UUG) 5005 (UAG) 378 AGAAAGGggaaaaa UUG AAC UUA
orf5 4986 (AUG) 5522 (UUA) 178 AGAAAGGAcguaacaagcacag AUG AAA CUA
orf6 5515 (AUG) 6696 (UAA) 393 Structural proteins?; P43 GAGGAuaucaaAAAGaaau AUG AAU AAA
orf7 5740 (AUG) 6696 (UAA) 318 P35 AAAGGAaaagcuaaaa AUG ACA AAC
orf8 6717 (AUG) 6980 (UGA) 87 P9.5 GGAGGgaauaa AUG AUA GAU
orf9 6980 (AUG) 7294 (UGA) 104 P11 GGAGGuauuug AUG AUA UUU
orfl0 7284 (AUG) 7619 (UAA) 111 GAGGgagucguGAGca AUG GAA UUU
orfll 7613 (AUG) 7987 (UAA) 124 AGGuGGucaagc AUG GUA AUG
orfl2 8326 (UUG) 10086 (UAA) 586 AGGAGuua UUG AAG GCG
orfl3 10110 (AUG) >10170 >19 (16STRNA) MCP* (3' UCUUUCCUCCA 5")/ AAAGGAaaacaaaaa AUG GAA UUA

“ Numbers refer to positions in the sequence; start and stop codons are shown in parentheses.
® The ribosome binding sites and the beginnings of the ORFs are shown in capital letters.

¢ From P. Billard (10).

¢ From Chung et al. (23).

¢ Major capsid protein, from Kim and Batt (45).

/ From Ludwig et al. (50).
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FIG. 2. Organization of a chimerical phage genome from the 936 quasi-species obtained by sequence comparison of five phages: bIL41 (L35061) (this study), bIL66
(L35175) (21), F4-1 (M37979) (23, 46), P008 (10), and sk1 (U01068) (19). The sequenced regions are represented by horizontal lines. The phage bIL41 sequence
matched at positions 1 to 1319 with the phage bIL66 sequence (positions 1459 to 2385), at positions 443 to 831 with the phage sk1 sequence (positions 46 to 443), at
positions 442 to 3144 with the phage P008 sequence (positions 1 to 2327), and at positions 4681 to 7989 and 10109 to 10173 with the phage F4-1 sequence (positions
1 to 3278 and 3287 to 3316, respectively). A DNA segment, absent on F4-1, is in brackets.

RNA extraction, labelling, and primer extension analysis. Total RNA was
extracted from phage-infected cultures of L. lactis subsp. lactis as described by
Glatron and Rapoport (34), with previously described modifications (2). The
quality of RNA preparations was checked by methylene blue staining (69).

Northern (RNA) blot experiments were carried out as described by Williams
and Mason (71). Standard RNA weight markers were from GIBCO-BRL (Gaith-
ersburg, Md.). The oligonucleotides used as probes were labelled on their 5" end
with [y->?P]dATP by using polynucleotide kinase (Boehringer GmbH, Mann-
heim, Germany). These oligonucleotides, complementary to the L35061 se-
quence, were as follows: 1, 5" ATCAGATTGAACCAGCTA 3’ (positions 58 to
41); 2, 5" CTCTTAGGTAACTCTGCTCT 3’ (positions 171 to 152); 3, 5" ATG
TGGTTATATCGTTTA 3’ (positions 243 to 226); 4, 5" TCATAGCGCGCTG
GGTCATA 3’ (positions 2118 to 1998); 5, 5" TTGCCACGCTGTAACTCTTT
3’ (positions 2786 to 2767); 6, 5" AGTATCAGAGCCAACATCAG 3’ (positions
2999 to 2889); 7,5 CTATTGCGTTCACCCTTAGA 3’ (positions 2977 to 2958);
8,5 TTGAATGCCTGCCAACGCAT 3’ (positions 3191 to 3172); 9, 5" CCTG
TGAAGCTGTACCAAGC 3’ (positions 3474 to 3455); 10, 5" GCTATGTAAA
CATCTCCACC 3’ (positions 3754 to 3735); 11, 5" CATCTGTGCTTGTTACG
TCC 5" (positions 3828 to 3809); 12, 5" CTCTAGCGAACTCGATACAG 5’
(positions 3970 to 3951); 13, 5" TTAAGTTCTGCCAAGCGGTT 5’ (positions
4404 to 4385); 14, 5" GTATCAATAGTGAGTGTGGC 5’ (positions 4911 to
4892); 15, 5" AAGAGTTTCAACATGACCGC 5’ (positions 5506 to 5487); 16,
5" TTTCGCCATTGTTCTGCTGG 5’ (positions 5762 to 5743); 17, 5" ATTCC
ATTGCTCACGACTCC 5’ (positions 6130 to 6111); 18, 5" TGCGTCTAATA
GCGACTT 3’ (positions 8676 to 8659); 19, 5" CAGCTACGATTAGAGCTTC
ATTAC 3’ (positions 10173 to 10150).

The 5" end of RNAs was mapped by the reverse transcriptase-directed primer
extension method described by Williams and Mason (71). Synthetic oligonucle-
otides 3, 20 (5" ATATTTTCATGATACAAGTC 3’ [positions 4836 to 4817]),
and 21 (5" GGAATACCACAATAGACC 3’ [positions 6754 to 6737]) were end
labelled with 3P and hybridized to RNA. The hybridized primers were extended
with reverse transcriptase from avian myeloblastosis virus (Appligene, Pleasan-
ton, Calif.) for 60 min at 42°C. The sequencing reaction was performed by the
dideoxy method with the commercial kit Sequenase version 2 (United States
Biochemical, Cleveland, Ohio).

Nucleotide sequence accession number. The sequence described in this paper
has been assigned GenBank accession number L35061.

RESULTS

Sequence analysis. Assignment of the late-expressed region
of phage bIL41 was based on a comparison with phages skl
and bIL66. In sk1, middle-expressed transcripts terminate be-
fore the cohesive ends and late-expressed transcripts start after
them (18). The middle-expressed region was localized previ-
ously on phage bIL66 (9). Restriction maps of phages bIL66
(9) and bILA41 were oriented by hybridization of subfragments
(data not shown), and a 10.2-kb segment covering the cohesive
ends and a large part of the late-expressed region of phage

bIL41 was sequenced. The organization of the sequence is
presented in Fig. 1A. Thirteen ORFs have been identified and
confirmed by use of a program developed for gene recognition
in newly sequenced DNA (11) which is based on nonhomoge-
neous Markov chains. The general features of these ORFs are
summarized in Table 1. Translational signals follow those al-
ready described for L. lactis bacterial (20, 66) and phage (62)
genes.

Proteins specified by orfl and orf2 have 97 and 96% identity,
respectively, with the products of orfl and orf2 located in the
same part of the genome of the closely related phage P008
(10). In addition, the protein specified by orf2 has 24% identity
(41% similarity) over 129 amino acids with protein gp32 from
the unrelated L. lactis phage bIL67 (62). gpl and gp2 from
P008 and gp32 from bIL67 have all been suggested to be
terminase subunits (10, 62). This is in agreement with the
presence of two helix-turn-helix motifs (detected by the Chou
and Fasman algorithm [22]) in orf] from bIL41 at positions 56
to 91 and 100 to 123. In addition, putative ATP-binding do-
mains (68) A (G-3X-GKS-6X-V; amino acids [aa] 100 to 114)
and B (R-3X-G-3X-LNIFD; aa 189 to 201) were identified in
orf2. The products of orf6, orf7, orf8, and orf9 have 96, 98, 98,
and 96% identity with structural proteins P43, P35, P9.5, and
P11 of the closely related phage F4.1 (45, 46), respectively. The
predicted 19 N-terminal amino acids, except one, of the pro-
tein specified by orfl13 were identical to those from the major
capsid protein of phage F4-1 (23). The protein specified by
orfl2 (gpl12) has identity with that encoded by orf47 (gp47) of
the unrelated lactococcal temperate phage rlt (67). A putative
start of orfi12, localized at position 8047 (AUG), was missing a
consensus ribosome binding site sequence. Therefore, the start
of orf12 was assigned to a downstream UUG at position 8329.
However, the homology between the bIL41 and r1t gene prod-
ucts starts at position 8047 on bIL41. The homology between
gpl2 and gp47 varied along the protein: there are 61.6, 90.2,
27, and 91% identities for gp12 regions of aa 1 to 100 (aa 1 to
100), aa 101 to 417 (aa 101 to 417), aa 418 to 580 (aa 418 to
567), and aa 581 to 680 (aa 568 to 667), respectively (gp47
regions are given in parentheses). gp12 presents six hydropho-
bic domains. The proteins specified by the other ORFs have no
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bIL66 ..AAAAATTTTCCCATAGGTACCCGCCCCATTAATCGCTATGTT . AAGGAGATTTTAA

cos IR R3
skl GCACAAAGGACTCCTCTTTGAAAATCTCTCAAAAAATCAAAAAGAAAAGTTTTAGCTGA
bIL41 GCACAAAGGACTCCCCTTTACAAATCTCCCAAAAAATCAAAAAGAAAAGTTTTAGCTGG
P008 GCACAAAGGACTCCCCTTTACAAATCTCCCAAAAAATCAAAAAGAAAAGTTTTAGCTGG
bIL66 GCACAARAGGACTCCCCTTTACAAATCTCCCAAAAAATCAAAAAGAAAAGTTTTAGCTAG

skl TTTAATCTAAATTAATCTATTTTAATCTAGTAAAATCTTGCTAAATCTTAATAATCTCA
bIL41 TTCAATCTGATTTAATCTATTTTAATCTAGTACAATCTTGCTAAATCTTAATAATCTCA
P008 TTTAATCTAAATTAATCTATTTTAATCTAGCATGATCTTGCTAAATCTTA. .AATC. ..
bIL66 TTCAATCTAAATTAATCTATTTTAATCTAGTACGATCTTGCTAAATCTTA. .AATC. . .

R2
skl AATCAAAAGGAAATTATATGGCTATATGCTCATATTTTGGCTCGTATGAGCGTGTTTAT
bIL41l AATCAAAAGGAA.TTATAGGGCTATATGCTCATATTTTGGCTTGTGAGAGCAGAGTTAC
PO08 ... ATAGGGCTATATGCTCATATTTTGGCTCGTATGAG . GTGTTTAT
bIL66 ... ... ... ..., ATAGGGCTATATGCTCATATTTTGGCTCGTATGAGCGTGTTTAT

skl ATCATTACGATATAATTCAAGTCTAATTAACTTAACGCTCACAGGAACGARRATATAGG
bIL41 CT.AAGAGGGTAAACTTATAAGCAAAAGTTATTGCTGTTCTTAGAAACGAAAATATAGG
P008 ATCATTGCGATATAATTCAAGTCTAATTAACTTAACGCTCACAGGAACGAAAATATAGG
bIL66 ATCATTGCGATATAATTCAAGTCTAATTAACTTAACGCTCACAGGAACGAAAATATAGG

R1
skl CTTTAAACGATATAACCACATTTAAAAGAAAGGATAATA
bIL4A1l CTTTAAACGATATAACCACATTTAAAAGAAAGGACAATA
P008 CTTTAAACGATATAACCACATTTAAAAGAGAGGACAATA
bIL66 CTTTAAACGATATAACCACATTTAAAAGARAGGACAATA

FIG. 3. Sequence surrounding the cos site of the following phages of the 936
quasi-species: sk1 (U01068) (18), bILA41 (L35061) (this study), P008 (10), bIL66
(L35175) (9). The cos site, putative lambda-like R-sites, and direct and inverted
repeats identified on skl (19) are in bold letters.

homology with known proteins, but a heme-binding signature
(Cys-X-X-Cys-His [52]) was detected in orf3.

The protein homologies observed reflect a high level of
sequence conservation between phages from the same quasi-
species. Such sequence conservation allowed the joining of the
middle-expressed region from bIL66 (9) and the late-expressed
region from phage F4-1 (23, 46) to the sequenced bIL41 seg-
ment. The organization of a 14.5-kb chimerical phage genome
region is shown in Fig. 2. The sequences of four phages, bIL41
(this study), bIL66 (9), PO08 (10), and skl (19), all available
around the cos site, were compared (Fig. 3). They differ by the
insertion or deletion of short segments (1 to 400 nucleotides).
The main structural features of this region, proposed to play a
role in the packaging of phage skl (19), are conserved in the
four phages. They are the cos site, two (R1 and R3) of the four
putative terminase binding sites (lambda-like R-sites), five of
the six AATCT sequences which may be involved in DNA
bending, and the 10-bp inverted repeats located on each side of
the cos site. In addition, phage bIL41 differs from phage F4-1
by the presence of orfI2 located between a gene cluster coding
for minor structural proteins and the gene coding for the major
capsid protein. The homology starts and stops at the ends of
the ORF, and the breakpoints between segments are sharp,
with no apparent gap or overlap.

Transcription map. Transcription of the sequenced region
was monitored in L. lactis L1403 infected with phage bIL41.
Total cell RNA was extracted at different times after infection
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and analyzed by Northern hybridization with oligonucleotide
13 as a probe. Transcript number and size were determined on
agarose gels. Three transcripts, of 16, 9.0, and 2.0 kb, were
detected at about 20 min after infection, and their amounts
were increased throughout the infection cycle (Fig. 4A). The
position and form of the two other bands suggest that they
correspond to a distortion of the electrophoretic migration of
transcript breakdown products due to the presence of 23S and
16S rRNA. It is worth noting that the presence of the 16-kb
transcript was unreliable and varied from one assay to another.
In a previous study, late mRNAs from phage bIL170 were
detected 20 min after infection on an agarose gel and about 5
min earlier on an acrylamide gel (57). Therefore, the time at
which late-expressed transcripts from phage bIL41 start to be
synthesized was determined with an acrylamide gel, which,
however, cannot separate these transcripts because of their
large size. The late-expressed transcripts appeared 9 min after
infection (Fig. 4B). Since the middle-expressed transcripts
from the related phage bIL66 were detected about 10 min after
infection on an agarose gel (9), the appearance of bIL41 mid-
dle-expressed transcripts was also determined on an acryl-
amide gel. The probe used was complementary to the phage
bIL66 sequence (9) since the sequence of the corresponding
bIL41 region is not known. Middle-expressed transcripts were
detected 6 to 7 min after infection (Fig. 4C). We concluded
that the late bIL41 genes are expressed about 3 min later than
the middle genes.

A detailed mapping of the transcripts carried out with 18

A
15 20 25 30
& 16 kb
9.0 kb
- 23S rRNA
2.0 kb
16S rRNA
B
0 2 4 5 6 7 8 9 10 11 12 13 14 15 25

14 15 25

0 2 4 5 6 7 8 9 10 11 12 13

FIG. 4. Northern blot analysis of transcripts specific for phage bIL41. RNA
extracted at different times after infection (minutes indicated at tops of lanes) of
IL1403 with phage bIL41 was hybridized with oligonucleotide 13 specific for
late-expressed transcripts (A and B) and with an oligonucleotide complementary
to the sequence of phage bIL66 (AAATTAAAGCTGTATCAAGAT) (9) spe-
cific for middle-expressed transcripts (C). The same amount of total cell RNA
was loaded in each well of an agarose gel (A) or an acrylamide gel (B and C).
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FIG. 5. Primer extension analysis carried out with transcripts from bIL41-infected IL1403 cells with oligonucleotides 3 (A), 20 (B), and 21 (C).

additional oligonucleotides as probes revealed an additional
transcript of 7.0 kb (Fig. 1B). The 5" ends of all transcripts were
mapped by primer extension (Fig. 5). The 16- and 9.0-kb tran-
scripts started at the same point (position 1311 on the L35061
sequence) upstream of orfl (Fig. 1B and 5A). A —10 consensus
sequence (TATTTT) was detected upstream of this start, but
there was no —35 consensus sequence. The 2.0-kb transcript
started with a sequence presenting features of an RNase E
cleavage site (Fig. 1B and 5B) (position 4715 on the L.35061
sequence), which is GIATTT followed 6 bp downstream by a
hairpin structure (ACCGCAGACGAGTGGT; complement
ary bases are underlined) (28). No particular features were
detected in the starting region of the 7.0-kb transcript (Fig. 1B
and 5C) (position 6678 on the L.35061 sequence).

Taken together, these results indicate that late genes are
transcribed as a 16-kb transcript initiated about 9 min after
infection. This transcript is then processed to smaller units.

A phage product is needed for the transcription of late-
expressed genes. Lack of a —35 consensus sequence upstream
of the late transcription start site suggested that synthesis of a
phage-encoded product is needed for transcription initiation.
To check this hypothesis, protein synthesis was blocked by the
addition of chloramphenicol at the time of phage infection.
The effect of 5, 20, 50, 80, 120, and 150 g of chloramphenicol
per ml on phage multiplication, synthesis of early-, middle-,
and late-expressed transcripts, and phage DNA replication was
tested (data not shown). A concentration of 20 pg of chloram-
phenicol per ml was shown to allow the synthesis of early
transcripts but to prevent those of middle and late transcripts
(Fig. 6). However, early-expressed transcripts of 4.5 and 1.2 kb
reached a peak after 10 min and ceased almost completely
after 25 min in the absence of chloramphenicol. Their synthesis
was slightly delayed in the presence of chloramphenicol. The
concentration of 20 wg of chloramphenicol per ml was also
shown to prevent phage DNA replication (Fig. 7). These re-
sults indicate that this concentration blocks phage protein syn-
thesis needed for DNA replication and transcription of mid-
dle- and late-expressed genes. Therefore, as observed for other
phages, transcription of early-expressed genes is carried out by
the host RNA polymerase and that of middle- and late-ex-
pressed genes depends on phage-encoded proteins.

DISCUSSION

Sequence analysis of the bIL41 segment linked previously
obtained data for the related phages bIL66 (9), F4-1 (23, 46),
P0O08 (10), and skl (19) and provided insight into the organi-

zation of a segment covering the entire middle-expressed rez-
gion and a large part of the late-expressed genome region.
Data on genome organization allowed the study of the tran-
scription of late-expressed genes.

A - Chloramphenicol + Chloramphenicol

0 5 10 25 35 0 5 10 25 35

4.5 kb
.. e 2ssmw
' 16S rRNA
- - 1.2 kb
B 0 5 10 25 35 0 5 10 25 35
L] 1.2 kb
0.8 kb

C 0 5 10 25 35 0 5 10 25 35

23S rRNA

FIG. 6. Transcription of phage bIL41 DNA in the presence and absence of
chloramphenicol (20 pwg/ml). Early (A), middle (B), and late (C) transcripts are
shown. The oligonucleotides used were complementary to the sequence of phage
bIL170 (CGGAAGTCACGTCTGTT) (47a) and phage bIL66 (see Fig. 4) (9) for
early and middle transcripts, respectively. Late transcripts were hybridized with
oligonucleotide 18. The numbers at the tops of the lanes indicate the times (in
minutes) after infection.
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+ Chloramphenicol

3 5 8 15 20 25 30 35
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FIG. 7. DNA replication of phage bIL41 in the presence and absence of chloramphenicol (20 pg/ml). Total cell DNA was extracted at different times after infection
(minutes indicated at the tops of the lanes), cleaved with HindlIII, and analyzed by Southern hybridization with phage DNA as a probe. There are three HindIII sites
on the phage bIL41 genome (56a) giving rise to two internal segments (13.9 and 3.0 kb) and two end segments (8.2 and 2.9 kb). The 11.1-kb segment represents the

sum of the end fragments.

Thirteen ORFs have been identified. Two of them presented
features evocative of terminase subunits. The gene organiza-
tion of the terminase operon, highly conserved in different
E. coli phages, was also observed on the Bacillus subtilis SPP1
phage (17). This operon, close to one end of the genome,
codes for two subunits. In bacteriophage lambda, the small
subunit (gpNul; 181 residues) possesses a specific DNA-bind-
ing domain (47) followed by an ATP-binding site (5). The
large subunit (gpA; 641 residues) carries an ATP-binding
site and a basic leucine zipper involved in the endonuclease
activity of the terminase (26). In L. lactis phages P008 (10)
and bIL41, orfl and orf2 are close to one end of the genome.
gpl (174 residues) has two helix-turn-helix motifs which
could be involved in DNA binding. gp2 (403 residues) has
two ATP binding motifs which could be involved in endo-
nuclease activity. These results support the earlier proposal
by P. Billard (10) that gpl and gp2 could be terminase sub-
units.

The protein specified by orf7 is highly homologous to the
P35 protein encoded by the related phage F4-1 (46), which had
been shown to be a structural protein (45). Presumably, the
other proteins encoded by the adjacent ORFs are also struc-
tural proteins or play a role in phage morphogenesis or cell
lysis. gp12, which has a high identity to gp47 from the unrelated
phage rlt (67), might be involved in the last process, since it
shares a certain level of homology (19% identity, 41% similar-
ity) with IpaB, a protein expressed by Shigella flexneri, that acts
as a membrane lysin (37). If they were able to complement,
then, in the complex dairy environment, these proteins could
contribute to phage species evolution.

Sequence comparison of phages bIL41, bIL66 (9), F4-1 (23,
46), P008 (10), and skl (19) revealed similar overall organiza-
tions. As already suggested by heteroduplex studies (43, 49),
the phages are highly homologous in the major part of the
sequenced region, differing only by the insertion or deletion of
1 to 400 bp in noncoding regions. At a specific locus, the
sequence of phages bIL41 and F4-1, which differ by the inser-
tion or deletion of an ORF (ca. 2 kb), diverge completely.
Therefore, lactococcal phages from the 936 quasi-species seem
to generally retain the same overall organization. Essential

genes such as those coding for the terminase subunits, the
major capsid protein, and several other late-expressed genes
are also well conserved. This type of structural variation re-
sembles that already described for the T-even phages (59) and
differs from that of lambdoid phages, which retain the same
overall organization but have few universally conserved seg-
ments (12).

Transcription of the bIL41 segment revealed a 16-kb tran-
script initiated close to the cos site, upstream from orfI. This
transcript hybridizes with a probe specific for the lysin gene of
phage US3 (58), which has been mapped about 15 kb down-
stream of the transcription start site (data not shown). The
largest of the late transcripts detected on the closely related
phage skl was 14 kb long and covered all of the late-expressed
region of the genome (18). Therefore, we can presume that the
16-kb transcript covers all of the late-expressed genes of bIL41.
Since different amounts of structural proteins are probably
required for phage assembly, their rate of synthesis should be
different, and as already hypothesized for other phages (16),
regulation of synthesis presumably occurs at the translational
level (53). This regulation could involve the unusual UUG start
codon (orf4 and orf12) (60), differences in the distance between
ribosome binding sequence and the start codon (60), the pres-
ence of G residues 5 of certain start codons (orf3, orf3, orf9,
and orfl1), and overlaps between some genes (orf4 to orf7 and
orf8 to orfll). This regulation could also result from trapping
of the ribosome binding sequence either in RNA secondary
structures (27, 28, 35, 36, 70) or by a repressor protein (3, 44,
61, 64, 65). The presence of the 16-kb transcript in variable
amounts depending on the assays and of several shorter tran-
scripts suggests that early termination, processing, and degra-
dation of transcripts may also participate in gene regulation.
Early termination, or processing at a specific site, could be
involved in the formation of the 9.0-kb transcript initiated at
the same point as the 16-kb one. Formation of the 2.0-kb
transcript, shown to start at an RNase E consensus cleavage
site, results most probably from processing. RNase E has not
yet been described in L. lactis. However, this enzyme is a major
determinant of bacteriophage T4 mRNA turnover and partic-
ipates in the regulation of gene expression (55). The 3’ end of
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the 2.0-kb transcript was not precisely mapped, but the hybrid-
ization results indicate that it could be adjacent to the 5’ end
of the 7.0-kb transcript and would therefore result from endo-
nucleolytic cleavage. A transcript covering the region located
upstream of the 5’ end of the 2.0-kb transcript was not de-
tected. It is most probably highly unstable and rapidly de-
graded. All other transcripts are stable and are present up to
the end of the phage life cycle. Segmental differences in the
stability of polycistronic mRNAs have been reported for a
number of bacterial and phage operons (3, 4, 6, 7, 48, 56). In
particular, a monocistronic T4 gene 32 transcript, produced by
RNase E processing at the 5’ end, is more stable than the
upstream portion of the transcript (7). It was proposed that
one role of RNase E processing would be the reduction of
upstream gene expression by degradation initiated at the
RNase E cleavage site (14). This kind of regulation could play
a role in phage bIL41, since the structural proteins which have
to be synthesized in greater amounts than the terminase sub-
units are encoded by the downstream part of the transcript.
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