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A promoter active in the late phase of the lytic cycle of lactococcal bacteriophage TP901-1 has been identified.
The promoter is tightly regulated and requires the product of the phage TP901-1 orf29 for activity. A deletion
analysis of the late promoter region showed that a fragment as small as 99 bp contains both the promoter and
the region necessary for activation by ORF29. The transcriptional start site of the promoter was identified by
primer extension to position 13073 on the TP901-1 genome, thus located 87 bp downstream of orf29 in a 580-bp
intergenic region between orf29 and orf30. Furthermore, the region located �85 to �61 bp upstream of the start
site was shown to be necessary for promoter activity. During infection, the transcript arising from the late
promoter is fully induced at 40 min postinfection, and our results suggest that a certain level of ORF29 must
be reached in order to activate transcription of the promoter. Several lactococcal bacteriophages encode
ORF29 homologous proteins, indicating that late transcription may be controlled by a similar mechanism in
these phages. With the identification of this novel regulator, our results suggest that within the P335 group of
lactococcal phages at least two regulatory systems controlling transcription in the late stage of infection exist.

Lactococcus lactis subsp. lactis and L. lactis subsp. cremoris
are widely used in the dairy industry for production of fer-
mented milk products. The fermentation processes are highly
sensitive to bacteriophage attack, and this problem has a sig-
nificant economical and practical impact on the utilization of
the bacteria. Many naturally occurring phage resistance mech-
anisms have been identified and characterized. These systems
have been used to improve resistance to bacteriophages of
commercially important strains with the desired fermentation
qualities. Furthermore, in recent years knowledge of lactococ-
cal bacteriophages has emerged, including full genome se-
quences and assignment of biological functions of genes car-
ried by phages (for a review, see reference 13). Studies of the
molecular mechanisms controlling reproduction of bacterio-
phages during the lytic cycle in the host L. lactis may be used
for combating the phage problem by construction of designed
phage resistance systems targeting specific components impor-
tant for proliferation of the infecting phage.

The lactococcal bacteriophage TP901-1 is a small isometric
headed phage with a noncontractile tail belonging to the P335
phage species, which contains both virulent and temperate
bacteriophages (3, 7). Other members of the P335 phage spe-
cies, which have been analyzed at the molecular level, are
the virulent phage �31 and the temperate bacteriophages
Tuc2009, �LC3, and r1t (for a review, see reference 13).

After infection of the host L. lactis subsp. cremoris 3107,
TP901-1 can enter either a lytic cycle or a lysogenic state. A
temporal transcriptional analysis of TP901-1 during the lytic
cycle revealed sequential clusters of early, middle, and late
transcribed regions on the TP901-1 genome (21). The TP901-1
promoters (PL and PR), which are active early in the lytic cycle,

are divergently located and the relative activities of the two
promoters determine the choice of life cycle (lytic or lysogenic)
(21, 22). The PL promoter transcribes the early lytic genes
while PR transcribes genes involved in the establishment and
maintenance of lysogeny (21). The host RNA polymerase rec-
ognizes the early promoters, and initiation of transcription is
regulated by the TP901-1 repressor, CI, encoded by orf4 in
consort with the modulator of repression, designated MOR,
encoded by orf5 (22).

To ensure tight control of gene expression in the later stages
of infection, bacteriophages have evolved a variety of mecha-
nisms involving synthesis of a phage-encoded control factor
during the early stages of infection. The Escherichia coli phage
T7 encodes a single subunit RNA polymerase, which is essen-
tial for transcription initiation of late phage genes (29). Many
phages such as the Bacillus subtilis phage �29 and the E. coli
phage P2 encode transcriptional activators that are required
for the host RNA polymerase to recognize the late promoters
(2, 8, 9). In the case of E. coli phage lambda, late genes are
regulated by the phage-encoded antitermination protein Q,
which acts at a specific DNA site and modifies the host RNA
polymerase to a termination-resistant form, allowing transcrip-
tion to proceed beyond the termination site and resulting in
expression of the late genes (for a review, see reference 14). In
E. coli bacteriophage T4, a complex mechanism couples late
transcription with DNA replication, since the sliding clamp of
the DNA polymerase also acts as a transcriptional activator.
Transcription of the T4 late genes is activated through inter-
action of the DNA-linked activator with two T4-encoded RNA
polymerase-binding proteins, a coactivator and a late sigma
factor (for a review, see reference 16).

In the virulent bacteriophage �31 belonging to the lactococ-
cal P335 phage species, a middle promoter region has been
identified. Transcription from this middle promoter is induced
by the presence of a �31-encoded activator located upstream
of the middle promoter on the �31 genome (24, 32). The
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promoter and activator regulating bacteriophage gene expres-
sion are conserved between �31 and two temperate bacterio-
phages (r1-t and �LC3) that belong to the same phage species
as �31 and TP901-1 (31). In bacteriophage sk1 that belongs to
the lactococcal phage species 936, a middle promoter control-
ling transcription of four middle genes was identified (5). This
promoter was proposed to be induced by a phage-encoded
activator. Introduction of mutations in the �10 sequence re-
sulted in abolishment of promoter activity, and the region
spanning positions �35 to �55 was shown to be essential for
the initiation of transcription (5). Furthermore, a late pro-
moter located upstream of the terminase subunits of lactococ-
cal phage bIL41 of 936 phage species requires phage-encoded
proteins for activity (25).

In this work we have examined the regulation of temporal
gene expression during the lytic cycle of TP901-1. A two-plas-
mid system was used to identify a TP901-1 DNA fragment
carrying a regulated promoter and a TP901-1-encoded activa-
tor. The promoter is active in the late phase of the lytic cycle,
and the promoter requires the product of orf29 for activity.
Identification of this novel system for regulation of temporal
gene expression in lactococcal phages furthermore suggests
that within the P335 group of lactococcal phages at least two

different regulatory systems control transcription during the
late stage of infection.

MATERIALS AND METHODS

DNA technology. Recombinant plasmid DNA from E. coli was isolated by the
alkaline lysis technique. Plasmids were isolated from L. lactis subsp. cremoris by
the alkaline lysis technique after incubation with lysozyme (20 mg per ml) for 20
min at 37°C. Preparative portions were further purified with columns as recom-
mended by the supplier (QIAGEN, Hilden, Germany). Pharmacia Biotech sup-
plied restriction endonuclease enzymes, T4 DNA ligase, and buffer systems. All
enzymes were used as recommended by the supplier. For PCRs, Pfu DNA
polymerase and buffer supplied from Stratagene were used. DNA sequences
were determined as previously described (28), with procedures modified accord-
ing to the manufacturer’s directions for the Thermo Sequenase Radiolabeled
terminator cycle sequencing kit (Amersham Life Science).

Construction of plasmids. Plasmids used in this study are listed in Table 1.
Plasmid pBf2-1 contains 4.7 kb of the TP901-1 EV2 fragment (7). Plasmid pLB82
was constructed by inserting a purified 1.3-kb AccI fragment of pBf2-1 in the ClaI
site of pGEM7-Zf(�). Selection of pLB82 was performed with E. coli DH5�,
whereas all the following transformations were performed with L. lactis subsp.
cremoris MG1363. To construct pMBP14, a 1.3-kb HindIII-SmaI fragment of
pLB82 was inserted in HindIII-SmaI-digested pAK80 containing the lacLM
genes (19). By using TP901-1 DNA as a template and primers 28I and 28II, a
0.5-kb PCR product containing orf29 was obtained. Subsequently, the PCR
fragment was digested with BamHI and XbaI and inserted into BamHI-XbaI-
digested pNZ8010, giving rise to plasmid pMBP22 (11). Plasmids pMAP15,
pMAP14, pMAP9, pMAP7, pLB106, pLB115, and pLB116 contain 57, 99, 184,

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference or source

Strains
E. coli DH5� �80lacZ�M15 �(lacZYA-argF) U169 recA1 endA1 hsdR17

supE44 thi-1 gyrA96 relA1
Laboratory strain

L. lactis subsp. cremoris
MG1363 15
NZ3900 MG1363 pepN::nisRK 10
3107 Indicator strain for TP901-1 3
901 Lysogenic for TP901-1 3
LB560 NZ3900/pMBP14 � pMBP22 This study
LB562 NZ3900/pMBP14 � pNZ8010 This study
LB568 NZ3900/pAK80 � pMBP22 This study
LB570 NZ3900/pAK80 � pNZ8010 This study
LB709 NZ3900/pLB106 � pMBP22 This study
LB798 NZ3900/pLB115 � pMBP22 This study
LB804 NZ3900/pLB116 � pMBP22 This study
MP86 NZ3900/pMAP7 � pMBP22 This study
MP88 NZ3900/pMAP9 � pMBP22 This study
MP103 NZ3900/pMAP14 � pMBP22 This study
MP105 NZ3900/pMAP15 � pMBP22 This study

Plasmids
pGEM7-Zf(�) E. coli cloning vector Promega, Madison, Wis.
pAK80 lacLM erm 19
pNZ8010 PnisA gusA cat 11
pEV7 TP901-1 library clone 20
pEV8 TP901-1 library clone 20
pBf2-1 TP901-1 library clone 7
pLB82 pGEM77-Zf(�)::1.3-kb AccI of pBf2-1 This study
pLB106 pAK80::446-bp HindIII-BamHI PCR (PL1-PL6) This study
pLB115 pAK80::638-bp HindIII-BamHI PCR (PL9-PL6) This study
pLB116 pAK80::880-bp HindIII-BamHI PCR (PL10-PL6) This study
pMBP14 pAK80::1.3-kb HindIII-SmaI of pLB82 This study
pMBP22 pNZ8010::0.5-kb BamHI-XbaI PCR(P27I-P27II) This study
pMAP7 pAK80::208-kb HindIII-BamHI PCR (PL9-PM6rev) This study
pMAP9 pAK80::184-bp HindIII-BamHI PCR (PM4for-PM6rev) This study
pMAP14 pAK80::99-bp HindIII-BamHI PCR (PL9-PM9rev) This study
pMAP15 pAK80::57-bp HindIII-BamHI PCR (PL9-PM10rev) This study
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208, 446, 638, and 880 bp, respectively, and were all constructed by inserting
HindIII-BamHI-digested PCR fragments into HindIII-BamHI-digested pAK80
(19). The PCR products were obtained by using pLB82 as a template and primers
PL6 and PL1 (pLB106), PL6 and PL9 (pLB115), PL6 and PL10 (pLB116), PL9
and PM6rev (pMAP7), PM4for and PM6rev (pMAP9), PL9 and PM9rev
(pMAP14), and PL9 and PM10rev (pMAP15). The nucleotide sequence of all
inserts was verified by DNA sequencing.

Primers used in this study. For amplification of various regions the following
primers were used: PL1 (5�-GGGGGAAGCTTGGCGTGAGTTCGAATCT-
3�), PL6 (5�-GGGGGGGAT CCGGCTCATGCCAGAAAT-3�), PL9 (5�-GGG
GGAAGCTTGCATGGGTCAAATTGGG-3�), PL10 (5�-GGGGGAAGCTTG
ATGAGGAATACATCAAACT-3�), P28I (5�-GGGGGGGATCCTAACACA
GACGGAGAATTTG-3�), P28II (5�-GGGGGTCTAGATTCGTGCCTTTTTC
GTGT CG-3�), PM6rev (5�-GGGGGGGATCCGATTCGAACTCACGCCTCT
GC-3�), PM4for (5�-GGGGGAAGCTTCGACACGAAAAAGGCACG-3�),
PM9rev (5�-GGGGGGGATCCGCCTTTTACTTCATAATACAAG-3�), and
PM10rev (5� GGGGGGGATCCGCAACACTCCAATTTCGTGCC-3�).

Primer P14 (5�-CGCCTCTGCATTAAAAG-3�) and PM8rev (5�-GGGGGG
GATC CGCAGCCACCAATATGAAG-3�) were used in primer extension ex-
periments.

Bacteria and phages. Bacterial strains used in this study are listed in Table 1.
The temperate bacteriophage TP901-1 originates from L. lactis subsp. cremoris
901-1 (3), where it was induced by the use of UV light as previously described (7).

Media and transformation. E. coli DH5� was grown with agitation at 37°C in
Luria-Bertani broth (27) (Difco Laboratories, Detroit, Mich.), and ampicillin
was used at a final concentration of 100 �g/ml. E. coli DH5� was made compe-
tent with CaCl2 and was transformed as described by Sambrook et al. (27).

Lactococcus strains were propagated without shaking at 30°C in M17 broth
(Oxoid Limited, Basingstoke, Hampshire, United Kingdom) containing 0.5%
glucose [wt/vol]) (30). Erythromycin and chloramphenicol were both used at final
concentrations of 5 �g/ml. L. lactis subsp. cremoris MG1363 and NZ3900 were
transformed by electroporation according to the method described by Holo and
Nes (18), with 0.03 to 0.5 �g of DNA per electroporation.

The effect of ORF29 on the activity of the late promoter. Overnight cultures
were each diluted in two tubes containing fresh medium (GM17 medium con-
taining 5 �g of erythromycin per ml and 5 �g of chloramphenicol per ml) to an
optical density at 600 nm (OD600) of 0.01. After growth for two to three gener-
ations, nisin was added to one set of the cultures to a final concentration of 1 ng
per ml. After approximately six generations of growth (overnight incubation),
OD600, as well as the activities of 	-galactosidase and 	-glucuronidase, was
determined. Unless otherwise stated the experiments were done at least twice.
The data represented are from one experiment.

Activity of the late promoter during induction of ORF29 synthesis. Exponen-
tially growing cells of LB560 and LB562 were diluted in fresh medium (GM17
containing 5 �g of erythromycin per ml and 5 �g of chloramphenicol per ml) to
an OD600 of 0.05. At an OD600 of 0.2, nisin was added to the culture to a final
concentration of 1 ng per ml. Samples were withdrawn before and after addition
of nisin, and the specific activities of 	-galactosidase and 	-glucuronidase were
determined. Unless otherwise stated the experiments were done at least twice.
The data represented are from one experiment.

Enzyme assays. For determination of 	-galactosidase activity, cells were per-
meabilized with sodium dodecyl sulfate (0.1%) and chloroform. Cell debris was
removed by high-speed centrifugation. The assays were performed according to
Miller (23). The assays for determination of 	-glucuronidase activity were per-
formed just as described for determination of 	-galactosidase activity, except that
PNPG (p-nitrophenyl-	-D-glucuronic acid) was substituted for ONPG (2-nitro-
phenyl-	-D-galactopyranoside).

Extraction of RNA and primer extensions. L. lactis subsp. cremoris 3107 was
grown to an OD600 of 0.5 and infected with TP901-1 at a multiplicity of infection
of 5, and RNA was extracted at time zero and at 10, 20, 30, 40, 50, 60, and 70 min
after infection with the RNA Fast Prep Blue kit for bacteria (BIO 101). Fur-
thermore, RNA was extracted from strain LB798 grown for 4 h in the absence or
presence of nisin (1 ng per ml). Primers P14 and PMrev8 were phosphorylated
using polynucleotide kinase (Roche) and [
-32P]ATP (Amersham) as described
by Sambrook et al. (27). A total of 5 �g of total RNA isolated during infection
of L. lactis subsp. cremoris 3107 was mixed with 1 pmol of phosphorylated primer
in a volume of 10 �l and incubated at 70°C for 10 min. The mixture was allowed
to cool to 37°C over a 1-h period. A total of 0.1 �l of reverse transcriptase
M-MuLV (Roche), 0.6 �l of 5� Incubation buffer (Roche), and dATP, dGTP,
dCTP, and dTTP to a final concentration of 200 �M were subsequently added,
and the mixture was incubated at 40°C for 1 h.

RESULTS

Two-plasmid system for detection of regulated promoters
and identification of regulators. By definition, the middle and
late genes of bacteriophages are not expressed immediately
after infection. Therefore, it is expected that phage-encoded
factors are required for the expression of the TP901-1 late
genes. If the middle and late promoters are regulated by pos-
itive-control mechanisms they are not expected to follow the
consensus for �70 promoters and are therefore usually not
found in a standard sequence analysis. In addition to this, the
promoters cannot be found by random cloning of DNA frag-
ments in front of reporter genes, because they are not active in
the absence of the phage-encoded activating factor. A two-
plasmid system was therefore used to identify this type of
promoter-regulator pair. Initially, putative promoter regions
were cloned in the promoter probe vector pAK80, which con-
tains the promoter-less reporter genes lacLM encoding a 	-ga-
lactosidase enzyme (19). TP901-1 genes encoding potential
TP901-1 regulators were then placed under control of the nisA
promoter in the expression vector pNZ8010 (11). Transcrip-
tion from the nisA promoter can be induced by the presence
of nisin in a L. lactis subsp. cremoris MG1363 derivative
(NZ3900) that carries the required nisRK genes (10). The
compatible pAK80 and pNZ8010 derivatives were both intro-
duced into NZ3900, and strains containing different combina-
tions of plasmids were examined for 	-galactosidase activity in
the presence and absence of the inducer nisin.

Identification of a TP901-1 promoter and a regulator of the
promoter. From the transcriptional analysis of the TP901-1
genome during lytic growth, we expected that middle or late
promoters would be located in TP901-1 genomic region
present in the library clones pEV7, pEV8, and pBf2-1 (7, 20).
This region was therefore investigated for promoters and reg-
ulators with the two-plasmid system described above. In this
way, we detected a promoter on a 1.3-kb fragment of the
library clone pBf2-1(pMBP14) that was active in the presence
of orf29(pMBP22). The effect of orf29 expression on promoter
activity from the 1.3-kb TP901-1 fragment in pMBP14 was
examined by measuring the specific activity of 	-galactosidase
in the presence and absence of nisin (Table 2). In the absence
of ORF29 (strain LB562), no significant promoter activity was
seen either in the presence or in the absence of nisin. In
contrast, promoter activity was induced 34-fold when expres-
sion of orf29 was induced by the presence of nisin (strain
LB560). As seen by comparing the specific activities of 	-ga-
lactosidase of strains LB560 and LB562 grown in the presence
of nisin, the activity of the promoter can be induced more than
700-fold by the presence of ORF29. This shows that an induc-
ible promoter is located on the 1.3-kb TP901-1 fragment and
that orf29 encodes a positive TP901-1 factor required for ac-
tivation of this promoter.

Deletion analysis of the inducible promoter of TP901-1. The
1.3-kb TP901-1 fragment present in pMBP14 contains the 3�
end of orf29, the 5� end of orf30, and a 580-bp intergenic region
located between the two genes (4). To localize the position of
the promoter within this fragment, a deletion analysis of the
fragment was carried out. Strains each containing one of the
deletion plasmids, in addition to pMBP22 containing the PnisA-
orf29-gusA cassette, were grown in the presence and absence of
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nisin, and specific 	-galactosidase activities were determined
(Fig. 1). The 880- and 638-bp fragments present in pLB116 and
pLB115 gave rise to promoter activities in the presence of
ORF29; however, deletion of an additional 182 bp from the
left end of the 638-bp fragment resulted in the loss of promoter
activity (pLB106). This suggests that the promoter or at least a
part of the promoter is located within the deleted region; as
expected, the 208-bp fragment present in pMAP7 showed pro-
moter activity (Fig. 1). From the right end of pMAP7, 110 bp
could be deleted and the fragment still retained promoter
activity (pMAP14), whereas deletion of additional 42 bp re-
sulted in the loss of promoter activity (pMAP15). This suggests
that sequences present in pMAP14 and absent in pMAP15 are
important for promoter activity and/or activation by ORF29.
Furthermore, deletion of 24 bp from the left end of pMAP7
also resulted in loss of promoter activity (pMAP9), again sug-
gesting that these sequences may be important for promoter
activity and/or activation by ORF29. Thus, the smallest frag-
ment showing promoter activity contains 99 bp of the inducible
promoter region (pMAP14).

Determinations of transcription start site. RNA was ex-
tracted from strain LB798 containing the promoter fusion plas-
mid pLB115 as well as the nisin-inducible orf29 expression
plasmid (pMBP22), grown in the presence and absence of
nisin. Subsequently, primer extension analysis was performed
to localize the transcriptional start site of the inducible pro-
moter. In the presence of ORF29, primer extension analysis
revealed two putative transcription start sites. The most inten-
sive band could correspond to a transcription start site at
nucleotide (nt) 13073, whereas the less-intensive band might
correspond to a transcription start site at nt 13093 (Fig. 2, lane
2). The same putative start sites were obtained with a different
primer for the analysis (data not shown). In contrast, no primer
extension products were observed when ORF29 was not ex-
pressed (Fig. 2, lane 1), verifying that promoter activity is
tightly regulated and requires ORF29 for activity.

To determine the time point in the lytic cycle where the
identified promoter was active, RNA was isolated from L. lactis
subsp. cremoris 3107 infected with bacteriophage TP901-1.
Samples were collected every 10 min after infection, and

TABLE 2. Identification of a TP901-1 promoter and a regulator of the promotera

Strain Plasmids Promoter fusion
to lacLM

Relevant genotype
of PnisA plasmid

Sp act of 	-galactosidase
(U/ml � OD600)

Without nisin With nisin

LB560 pMBP14 and pMBP22 Plate orf29-gusA 2.0 67
LB562 pMBP14 and pNZ8010 Plate gusA 0.05 0.09
LB568 pAK80 and pMBP22 None orf29-gusA 0.02 0.06
LB570 PAK80 and pNZ8010 None gusA 0.04 0.06

a Overnight cultures of each strain were diluted in two tubes containing fresh medium (GM17 medium containing 5 �g of erythromycin per ml and 5 �g of
chloramphenicol per ml) to an OD600 of 0.01. After growth for two to three generations, nisin was added to one set of the cultures to a final concentration of 1 ng/ml.
After approximately six generations of growth (overnight incubation), OD600 (as well as the activities of 	-galactosidase and 	-glucuronidase) was determined. One
representative of two experiments is shown.

FIG. 1. Deletion analysis of the TP901-1 promoter region. Numbers refer to the complete TP901-1 genomic sequence present in GenBank
under accession number AF304433 (4). The TP901-1 fragments cloned (black lines) indicate a transcriptional fusion to the lacLM genes in pAK80.
The specific activities of 	-galactosidase of NZ3900 (nisRK) derivatives carrying pMBP22 (orf29) and the indicated plasmids were measured after
overnight growth in M17 medium with 0.5% glucose and erythromycin and chloramphenicol (each, 5 �g/ml) in the absence of nisin (�nisin) as
well in the presence of nisin (1 ng/ml) (�nisin). Fold, the specific activity of 	-galactosidase obtained in the presence of nisin divided by the specific
activity of 	-galactosidase obtained in the absence of nisin; large black lines, orf genes; small black arrows, mRNA ends identified in primer
extension analysis (see Fig. 2).
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primer extensions were performed. After phage infection,
RNA transcripts were observed at 30 min and the band inten-
sity was increased at 40 min; afterward, band intensity re-
mained the same throughout the experiment. Thus, the pro-
moter becomes fully active in the late phase of the lytic cycle
and controls transcription of the late expressed region of the
TP901-1 genome (4, 21); the promoter was therefore desig-
nated the late promoter of TP901-1. In this experiment, two
bands were also observed to be identical to the putative tran-
scription sites that were previously identified at nt 13073 and
13093 (Fig. 2, lanes 6 to 10). A �10 region of nearly consensus
sequence (TATACT) was present upstream of the nt 13073
start site which also contains the upstream TG motif (Fig. 3A),
whereas the predicted �10 region of the 13093 start site is
TAAAAG. However, the potential �35 regions (GTGTTG
and TGATAT) for both putative promoters deviate signifi-
cantly from the consensus sequence (Fig. 3A and data not
shown).

Homology of the TP901-1 promoter region and the regula-
tor. The smallest fragment showing promoter activity (99 bp in
pMAP14) was searched for DNA homology to DNA se-
quences in GenBank using BLAST, version 2.0.4 (1). Exact or
nearly exact matches were found to putative promoter regions
of the lactococcal phages bIL309 (100% identity in 99 nt) and
bIL286 (98% identity in 99 nt) (data not shown). These tem-
perate phages belong to the P335 group of lactococcal phages
and they can be induced by mitomycin C from L. lactis IL-1403
(6). Furthermore, homology was found to regions in the abiN
operon (67% identity in 99 nt) and the lactococcal temperate
bacteriophage tuc2009 genome (61% identity in 99 nt) (Fig.
3A). A 34-bp sequence covering from �9 to �26 of the late
promoter region was fully conserved in the latter sequences
(Fig. 3A). No significant homology to phage tuc2009 and the
abiN operon was found downstream of the 99-bp region
present in pMAP14.

The existence of ORF29 homologous proteins was investi-
gated by comparing the ORF29 amino acid sequence with
sequences present in GenBank with BLAST, version 2.0.4 (1).
In this search we found that ORF29 showed homology to
ORF28 of lactococcal bacteriophage tuc2009 (82% identity in
140 amino acids [aa]) and to ORF6 of the abiN operon of L.
lactis subsp. cremoris S114 (81% identity in 133 aa) (Fig. 3B).
No function has been assigned to either putative protein, but
the presence of abiN located downstream of orf6 in the abiN
operon was shown to give rise to an abortive infection pheno-
type (26). The temperate phages bIL309 and bIL286, which
contain sequences highly homologous to the TP901-1 late pro-
moter region, encode proteins almost identical to ORF29 (99
and 97%, respectively). In addition, less-similar proteins were
found in the temperate bacteriophages bIL310 (72% identity
in 133 aa) and bIL285 (54% identity in 70 aa) (data not shown)
that also are mitomycin C inducible from L. lactis IL-1403 (6).

Regulation of the late promoter of TP901-1 by ORF29. As
shown in Table 2, the late promoter of TP901-1 requires the
presence of ORF29 to be active. To further analyze the rela-
tion between promoter activity and ORF29 concentration, we
examined the level of 	-galactosidase during nisin induction of
ORF29 production in strain LB560 (Fig. 4A). At the same
time, the transcription of the orf29 gene could be measured as
	-glucuronidase activity, because the gusA gene located down-
stream of orf29 is cotranscribed. A protein band with a size
corresponding to the predicted size of ORF29 was observed
only in strain LB560 induced by nisin, thus verifying expression
of ORF29 (data not shown). As a control, strain LB562 carry-
ing plasmids pMBP14 and pNZ8010 (the vector of pMBP22)
was used (Fig. 4B). We found that immediately after addition
of nisin, the specific activity of 	-glucuronidase increased in
both strains, indicating an immediate induction of the nisin
promoter (Fig. 4) and thus transcription of orf29 in strain
LB560 (Fig. 4A). The approximately 10-fold-lower activity of
	-glucuronidase in strain LB560 than that in LB562 is most
likely due to some termination downstream of the cloned orf29
gene. After approximately 50 min of growth in the presence of
nisin, the specific activity of 	-galactosidase increases signifi-
cantly above the baseline level in strain LB560 (Fig. 4A) but
not in strain LB562 (Fig. 4B). This shows that even though
transcription of orf29 is induced immediately after addition of
nisin, activation of the late phage promoter is delayed, indi-

FIG. 2. Primer extension mapping of the TP901-1 late promoter.
Extension reactions were performed with RNA isolated from strain
LB798 induced at OD600 of 0.2 with nisin (0 or 1 ng/ml) for 4 h (lanes
1 and 2, respectively). Furthermore, extension reactions were carried
out with RNA isolated from L. lactis subsp. cremoris 3107 at 0, 10, 20,
30, 40, 50, 60, and 70 min after infection with TP901-1 (lanes 3 to 10).
Lanes marked A, C, G, and T contain the sequence reactions carried
out with the primer P14, also used for primer extension analysis. The
sense strand sequence flanking the transcription site is shown. The
transcription start site marked with �1 corresponds to nt 13073 in the
TP901-1 genome. The mRNA end marked with an asterisk (*) corre-
sponds to nt 13093 in the TP901-1 genome. Numbers refer to the
complete TP901-1 genomic sequence present in GenBank under ac-
cession number AF304433. The arrow indicates the direction of tran-
scription (4).
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cating that a certain level of ORF29 may be necessary for
efficient activation of transcription initiation.

DISCUSSION

The late promoter and activator of lactococcal bacterio-
phage TP901-1. In this work, we have used a two-plasmid
system to identify a phage TP901-1 promoter and the phage-
encoded activator of this promoter. In general this system can
be used to detect promoters that are active only in the presence
of an activator and may thus be a useful tool to identify pro-
moter-activator pairs in L. lactis. The TP901-1 promoter region
is located in a 580-bp intergenic space between orf29 and orf30
on the phage genome. Since orf30 encodes the putative small
terminase subunit of TP901-1 (4), the promoter potentially
controls synthesis of proteins responsible for packaging of
TP901-1 genomes. The promoter is active during the late phase
of the lytic cycle and requires the product of orf29 for activity.
Characterization of the promoter-activator pair of TP901-1
shows that expression of ORF29 can induce transcription from
the promoter more than 700-fold. The slightly increased activ-
ity of the TP901-1 promoter in the absence of nisin in strain
LB560 compared to that in strain LB562 is probably due to a
leaky nisA promoter, leading to some production of ORF29
even in the absence of nisin. Thus, the identified TP901-1
promoter is tightly regulated and requires ORF29 for activity.

The primer extension analysis identified two phage-induc-
ible RNA ends corresponding to positions 13073 and 13093.
Thus, one possibility is that the late transcription is initiated
from a tandem promoter. However, mRNA ends may also
arise from processing of the primary transcript; furthermore,
the reverse transcriptase may produce premature termination
during the elongation process. In accordance with the sugges-
tion that the mRNA starting at position 13073 originates from

FIG. 3. (A) DNA homology of the TP901-1 late promoter region. ClustalV alignment of the 99-bp late promoter fragment of TP901-1 with
sequences present in bacteriophage tuc2009 and the abiN operon is shown. Nucleotides preserved between all three sequences are marked with
asterisks. The identified transcriptional start site at nt 13073 of the TP901-1 promoter and he �10 and �35 regions are underlined. The gray box
indicates the position �85 to �61 bp upstream of the promoter that is absent in pMAP9 and required for ORF29 activation. (B) Homology of
the TP901-1 regulator of late transcription. ClustalV alignment of ORF29 encoded by TP901-1 with homologous proteins encoded by bacterio-
phage tuc2009 (ORF28) and the abiN operon (ORF6) is shown. Amino acids preserved in all three sequences are marked with asterisks, whereas
two preserved amino acids and one conservative change in amino acids are marked with dots.

FIG. 4. Activity of the late promoter during induction of ORF29
synthesis. Strains LB560 containing pMBP14(Plate-lacLM) and pMBP22
(PnisA-orf29-gusA) (A) and LB562 containing pMBP14(Plate-lacLM)
and pNZ8010(PnisA-gusA) (B) were grown exponentially in M17 me-
dium with 0.5% glucose and erythromycin and chloramphenicol (each,
5 �g/ml). At 5 min, nisin was added to a final concentration of 1 ng/ml.
The specific activities of 	-galactosidase (circles) and 	-glucuronidase
(triangles) were measured.
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a promoter start site, the deletion analysis clearly shows that
the start site at nt 13073 alone (pMAP14) is sufficient to induce
ORF29-activated transcription. This was further verified by
loss of promoter activity in the deletion plasmid pMAP15, in
which the transcription start site at nt 13073 and its �10 region
is deleted. Thus, the promoter having a start site at position
13073 is verified by deletion analysis. The region upstream of
position 13093 shows only weak identity to a �10 consensus
region. Since we have no further evidence for a second pro-
moter in this region, we suggest that the band at position 13093
is due to processing of the primary mRNA or an artifact of the
reverse transcriptase reaction. A tandem mRNA signal was
also observed for the middle promoter of the virulent lacto-
coccal phage �31. Here, the upstream start site was verified by
promoter cloning to be a functional promoter on its own (32),
while no promoter activity could be found for the second
mRNA signal located downstream of the identified promoter.

Interaction between TP901-1 DNA and ORF29 has not be
demonstrated in this work. However, the deletion analysis
shows that the region located from �85 to �61 bp upstream of
the position 13073 transcriptional start site is necessary for
activation by ORF29, since pMAP9 containing the transcrip-
tions start site and a 60-bp upstream region did not show any
promoter activity in the presence of ORF29 (Fig. 3A). This
region may therefore interact directly with ORF29 during the
activation of transcription initiation.

The features of the regulatory system of TP901-1 late tran-
scription resemble the well-studied regulatory system of E. coli
phage P2. The P2 late promoters show poor sequence similar-
ity to the �70 consensus promoter sequence and show almost
no basal expression in the absence of an activator (8, 9). Fur-
thermore, transcription of the late promoters of P2 is under
positive control of a P2-encoded protein, which binds just
upstream of the position predicted for RNA polymerase bind-
ing (17). In contrast, the activator of virulent lactococcal bac-
teriophage �31 is suggested to bind to sequences overlapping
the �35 region of the promoter; deletion analysis showed that
removal of the region from �54 to �45 eliminated promoter
activity (32). In bacteriophage sk1, a deletion analysis of the
middle promoter region demonstrated that the region from
�46 to �55 was necessary for promoter activity, and mutagen-
esis further showed that bases in the region from �36 to �55
were necessary for activity (5).

Regulation of temporal gene expression during lytic growth
of TP901-1. To produce new phage particles during lytic
growth, the bacteriophage-encoded proteins are needed at
specific time periods and a strict control of expression of phage
genes is therefore very important. For bacteriophage TP901-1,
ORF29 is identified as a regulatory protein that activates tran-
scription from a late TP901-1 promoter. During the lytic cycle
of TP901-1, a 10-kb mRNA produced in the early phase of the
cycle is likely also to contain the orf29 gene (21). Even though
ORF29 protein may already be present early in the lytic cycle,
a transcript arising from the late promoter is not observed until
30 min postinfection, and the promoter does not become fully
active before 40 min postinfection. In agreement with this, we
found that when the activator and the late promoter are plas-
mid borne, transcription initiation of the late promoter is also
delayed compared to the induction of the regulator. This may

indicate that a certain level of ORF29 must be reached in
order to activate transcription initiation of the promoter.

Control of temporal gene expression in lactococcal bacte-
riophages. In contrast to the variety of mechanisms found in
other bacteriophages, activators are the only examples of de-
layed gene expression control in lactococcal bacteriophages
identified so far. The genetic organization of the promoter and
regulator was similar in temperate phage TP901-1 and virulent
phage �31; however, no homology at the DNA or amino acid
level was found. In contrast, homology searches revealed that
an ORF29-homologous protein and a sequence homologous to
the late promoter region are present in several genomes of
temperate lactococcal bacteriophages. This indicates that the
same control unit (promoter and regulator) performs regula-
tion of temporal gene expression in these bacteriophages as in
TP901-1. Interestingly, regions homologous to the TP901-1
late promoter and activator were found only in temperate
lactococcal bacteriophages belonging to the P335 group. No
homology was found to phages belonging to other lactococcal
phage groups or to phages infecting bacteria other than L.
lactis, suggesting a phylogenetically limited distribution of this
control unit. In summary, our results suggest that within the
P335 group of lactococcal phages at least two regulatory sys-
tems controlling transcription in the late stage of infection
exist, the TP901-1 like (TP901-1, tuc2009, bIL285, bIL286, and
bIL309) and the �31 like (�31, r1t, and �LC3) (31). A phage
resistance mechanism based on the �31 middle promoter and
activator has already been constructed (12). The identification
of a second regulatory system among the P335 phages may be
exploited in newly designed phage resistance mechanisms ef-
fective against a larger group of the P335 phages.
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