
JOURNAL OF BACTERIOLOGY, May 2002, p. 2455–2459 Vol. 184, No. 9
0021-9193/02/$04.00�0 DOI: 10.1128/JB.184.9.2455–2459.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

A Conserved C-Terminal Region in Gp71 of the Small Isometric-Head
Phage LL-H and ORF474 of the Prolate-Head Phage JCL1032 Is

Implicated in Specificity of Adsorption of Phage to Its Host,
Lactobacillus delbrueckii

Victor Ravin,1 Liisa Räisänen,1 and Tapani Alatossava1,2*
Department of Biology, University of Oulu, FIN-90014 Oulu,1 and Biotechnology Laboratory,

REDEC of Kajaani, University of Oulu, FIN-88600 Sotkamo,2 Finland

Received 22 January 2001/Accepted 5 February 2002

Thirty-five phage-resistant mutants of Lactobacillus delbrueckii subsp. lactis ATCC 15808 were selected.
Thirty-three of these mutants were assigned to the Bes group, while the remaining two were grouped under the
Ads designation. Bes group mutants adsorbed phage LL-H but did not allow efficient phage development.
Preliminary evidence suggests that these strains exhibit a mutation that changes the DNA specificity of a
restriction-modification system. The Ads group mutants did not adsorb the small isometric-head phage LL-H.
The results suggest that there are at least three different types of phage receptors in L. delbrueckii: two that are
specific for small isometric-head phages and one that is specific for prolate-head phage JCL1032. Five LL-H
host-range mutants which could overcome the adsorption block (a-type mutants) were selected and investi-
gated by sequencing the genes g71 and g17, which encode minor and major tail proteins, respectively. Each of
the a-type mutants carried a nucleotide change at the 3� end of gene g71. No mutations were observed in gene
g17. Comparison of the gene product of g71 of phage LL-H with its homolog in JCL1032 (ORF474) showed that
these proteins had very similar C-terminal regions. No similarities were found at the N-terminal part of the
proteins. We conclude that the C-terminal portion of the protein encoded by g71 of phage LL-H and its homolog
in phage JCL1032 determines the adsorption specificities of these phages on L. delbrueckii.

Bacteriophages which infect and destroy lactic acid bacteria
pose a common and constant threat to dairy fermentations,
resulting in potentially serious economic losses. The first fail-
ures in Emmental cheese manufacturing caused by Lactobacil-
lus delbrueckii subsp. lactis phages were reported in the 1950s
in Finland (17), and since then L. delbrueckii phage infections
have been considered a serious risk to the dairy industry. De-
tailed knowledge regarding both the molecular biology of these
phages and the mechanisms of phage resistance in their host
will facilitate the improvement of L. delbrueckii starter cul-
tures.

Phage LL-H is a lytic phage of L. delbrueckii subsp. lactis
that was isolated in a Finnish cheese plant in 1972. It is a
typical small isometric-head and long noncontractile-tail
phage, having a double-stranded DNA pac-type genome of
34,659 bp in size (1, 2, 19, 20, 28). The lytic phage LL-S,
isolated in Sippola (Finland) in 1953, was physically character-
ized by Sarimo et al. (23) and is genetically similar to LL-H
(11). In contrast, the prolate-head phage JCL1032 and phage
LL-H exhibit only a limited genome homology which is re-
stricted to three short DNA segments along the LL-H genome
(3, 12, 13). One of these segments was preliminarily located in
the region of g71, which encodes a minor structural component
of phage LL-H, possibly a tail protein (9, 12, 19).

In spite of their obvious interest, phage resistance mecha-

nisms operative in L. delbrueckii have remained largely unchar-
acterized so far. We have addressed this subject by isolating
and studying LL-H-resistant mutants of L. delbrueckii subsp.
lactis. A strain with a mutation which prevented the adsorption
step was further used to isolate host-range mutants of the
phage. Sequencing results indicate that the 3� region of gene
g71 determines the adsorption specificity of LL-H to its host. In
addition, a g71 homolog in phage JCL1032 was identified
(orf474). The C-terminal regions of Gp71 (the product of g71,
previously designated Gp58 [19]) and ORF474 exhibited ex-
tensive similarities at the primary sequence level, strongly sug-
gesting that binding of the morphologically distinct phages
LL-H and JCL1032 to their common host is mediated through
similar, albeit distinct, protein structures.

MATERIALS AND METHODS

Bacteria and phages. L. delbrueckii subsp. lactis ATCC 15808 and phage
LL-H-resistant mutants of this strain (Bes-1 [named for the block of early stages
of infection]and Ads-5[named for adsorption block]) were maintained as frozen
stocks at �25°C in MRS broth (8) containing 20% glycerol (vol/vol). Cultures
were grown anaerobically at 37°C under static conditions, in liquid or on gelified
MRS (with 1.5% agar). The same medium, supplemented with 10 mM CaCl2,
was used for phage propagation (2). ATCC 15808 was used as the indicator strain
for phages LL-H, LL-S, and JCL1032 unless stated otherwise. The designation
LL-H(Bes-1) is used throughout the text to indicate LL-H lysates prepared in the
Bes-1 strain. To obtain high LL-H titers, phages were initially precipitated with
polyethylene glycol (2) and concentrated 10-fold in adsorption buffer (buffer A;
20 mM sodium phosphate [pH 5.8], 100 mM NaCl, 10 mM CaCl2), and the
suspension was cleared by short centrifugation at low speed (3,000 � g; 5 min).
Following a high-speed centrifugation step (25,000 � g; 45 min), pelleted phages
were finally recovered in buffer A.

Isolation of bacterial mutants. LL-H-resistant mutants were isolated as de-
scribed below from a total of 50 independent ATCC 15808 cultures grown from
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single colonies. Samples containing �3 � 108 late-log-phase bacteria were mixed
with phage (6 � 109 PFU) and diluted 100-fold into MRS broth after an
adsorption period of 10 min. Infected cells were incubated for 3 h at 37°C.
Survivors were then recovered by centrifugation, reinfected with phage, and
further incubated as described above. The whole procedure was repeated three
to four times (until culture growth became visible) to decrease the likelihood of
accumulation of mutant phages which could infect LL-H-resistant cells. After
plating, individual colonies were picked and checked for phage resistance.

Phage adsorption and adsorption-competition tests. Adsorption was usually
determined by adding phages to late-log-phase bacteria in buffer A at a multi-
plicity of infection (MOI) of 0.1. Samples were taken at appropriate times,
diluted 100-fold in cold buffer A, and centrifuged, after which the phage titer in
the supernatant was determined. For the assessment of phage competition for
cell receptors, the following procedure was used. Strain ATCC 15808 was grown
to an optical density at 600 nm of 0.5 (�5 � 108 CFU/ml) and cells were
centrifuged and then resuspended in the same volume of buffer A. One-hundred
microliters of cell suspension and 100 �l of a high-titer stock of phage LL-H (1.6
� 1011 PFU/ml) were mixed and adsorption was allowed to proceed for 10 min
at 37°C. Under these conditions, only 50% of the phages adsorbed, resulting in
an MOI of �130. After this first adsorption step, infected cells were pelleted by
centrifugation and resuspended in 200 �l of buffer A. A second adsorption step
was then started by adding phage LL-H(Bes-1) or phage LL-H-a21 at an input
multiplicity of about 2 to LL-H-saturated cells. Adsorption was stopped and free
phages were titrated as described above but, in this case, cultures of strain Bes-1
or Ads-5 were used as indicators for phages LL-H(Bes-1) and LL-H-a21, respec-
tively, to avoid LL-H background (about 108 PFU/ml) remaining after the first
adsorption. Control samples contained buffer A instead of phage LL-H.

Sequencing of phage genes. The primers used for PCR amplification and
sequencing of g17 and/or g71 from LL-H, LL-H mutants, and LL-S were de-
signed from the published sequence of phage LL-H DNA (EMBL accession
number L29568). A 2.2-kb DNA sequence containing g71 was amplified with
primers p71F (5�-CGCGGCGAGGAAGGCGA-3�) and p71R (5�-TACTGCTA
AGGTAGTCG-3�). Primers p17F (5�-GGGACTTTCACCTGCGA-3�) and
p17R (5�-GCTGGCGATCCGGATAT-3�) were used for amplification of g17.
PCR products were purified from an agarose gel, using the Qiaquick Gel Ex-
traction kit (Qiagen, Hilden, Germany). Phage JCL1032 DNA was extracted
from a polyethylene glycol-concentrated phage lysate by using a Qiagen Lambda
Mini kit (Qiagen) and then it was digested with EcoRI and BamHI. A resulting
1.2-kb fragment was subsequently ligated to similarly digested plasmid
pGEM3Z�. The standard primers SP6 and T7 and about 0.1 �g of ligation
mixture were used for PCR amplification. The PCR product, purified as de-
scribed above, was used for sequencing reactions. Phage JCL1032 DNA was used
as template to extend the sequence to the flanking regions of the 1.2-kb EcoRI-
BamHI fragment. Sequencing was carried out using an ABI Prism DNA se-
quencer (Perkin-Elmer). The redundancy of sequences was four- to eightfold.
Database searches were performed using the FASTA program (22). For se-
quence alignment the program CLUSTAL W was used (27).

Nucleotide sequence accession number. The g71 homolog for phage JCL1032
has been assigned accession number AJ294937 in the EMBL data library.

RESULTS

Isolation and characterization of two groups of phage LL-
H-resistant mutants of L. delbrueckii subsp. lactis ATCC 15808.
Thirty-five spontaneous LL-H-resistant mutants originating
from L. delbrueckii strain ATCC 15808 were isolated from a
total of 50 independently infected cultures, as described in
Materials and Methods. Thirty-three mutant strains adsorbed
LL-H but were poor indicators for the phage. Strain Bes-1 was
chosen as representative of this group of mutants. The effi-
ciency of plating (EOP) of LL-H in strain Bes-1 was about 3 �
10�4. However, after two cycles of propagation of LL-H in this
strain, the resulting LL-H(Bes-1) phages formed plaques 3,000
times more efficiently in strain Bes-1 than in ATCC 15808.
Conversely, the EOP of LL-H(Bes-1) in strain Bes-1 decreased
by a similar factor if phages were previously grown in ATCC
15808 (data not shown). Similar shifts in plating efficiencies
were observed for phages LL-S and JCL1032 in strains ATCC
15808 and Bes-1 (data not shown). No common L. delbrueckii

indicator strain for phages LL-H and LL-H(Bes-1) was found
in our collection.

Although both LL-H(Bes-1) and LL-H were able to adsorb
equally well to strains ATCC 15808 and Bes-1 (Fig. 1 and data
not shown), Northern hybridization studies indicated that
there was no phage-specific transcription in strain Bes-1 when
infected by LL-H or in ATCC 15808 when infected by LL-
H(Bes-1) (data not shown). Overall, these results suggest that
strains ATCC 15808 and Bes-1 display different restriction-
modification (R-M) systems, leading to degradation of non-
modified phage DNA (see Discussion).

The remaining two mutants among the 35 LL-H-resistant
isolates did not adsorb phage LL-H, as shown for the repre-
sentative of this group, strain Ads-5 (Fig. 1A). The EOP of
phage LL-H in this strain was reduced to 10�6 to 10�7. Al-
though the ads-5 mutation also blocked adsorption of LL-S,
phage JCL1032 adsorbed normally to the corresponding strain
(data not shown).

Phage LL-H host-range mutants. Several independent mu-
tants of phage LL-H capable of growing in strain Ads-5 were
selected, and five of these, LL-H-a7, LL-H-a8, LL-H-a21, LL-
H-a23, and LL-H-a24, were examined in greater detail. All
these mutants adsorbed not only to Ads-5 but also to the
wild-type strain (Fig. 1B and data not shown), suggesting that
the receptor specificity of the LL-H host-range mutants had
been changed. Phage adsorption-competition tests were car-
ried out to investigate this possibility, using LL-H-a21 as the
representative of host-range mutants. As shown in Fig. 1B,
whereas LL-H-a21 could adsorb to ATCC 15808 after recep-
tors were occupied by phage LL-H, LL-H(Bes-1) could not.
Without previous saturation of receptors by LL-H, both
phages adsorbed efficiently to ATCC 15808 cells (Fig. 1B).

FIG. 1. Adsorption of phage LL-H to L. delbrueckii subsp. lactis.
(A) Adsorption of phage LL-H to ATCC 15808 (F) and its phage-
resistant mutants ATCC 15808(Bes-1) (Œ) and ATCC 15808(Ads-5)
(■ ). Late-log-phase bacteria were centrifuged and resuspended in
buffer A at a concentration of 5 � 108 cells per ml. Cells at 37°C were
infected with phage LL-H at an MOI of about 0.1. (B) Adsorption of
phage LL-H(Bes-1) (E) and the mutant LL-H-a21 (�) to ATCC 15808
cells overloaded with phage LL-H. For controls, adsorption buffer was
added instead of phage LL-H, and adsorption of phage LL-H(Bes-1)
(F) and LL-H-a21 (■ ) was measured. For details, see Materials and
Methods.
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These results supported the notion that LL-H-a21 was able to
use L. delbrueckii receptors other than those used by the wild-
type phage.

Genetic control of adsorption specificity in phage LL-H.
Since no method for the transformation of ATCC 15808 is
currently available, the location of phage mutations relies ex-
clusively on direct sequencing of candidate genes. At least nine
structural proteins have been identified in LL-H (19). Genes
g17 (480 bp), encoding the major tail protein, and g71 (1,968
bp), coding for a putative minor tail component, have been
checked in this study as likely targets of mutations affecting
adsorption specificity.

We carried out sequencing of g17 and g71 in the wild-type
LL-H (control), the five LL-H-a mutants, and phage LL-
H(Bes-1). In no tested phage were mutations observed in g17,
and LL-H(Bes-1) g71 had the same sequence as the LL-H g71
gene. In contrast, all five mutants of the LL-H-a type had a
mutation in g71 (identical in types a8 and a24). Interestingly,
these mutations all resulted in amino acid replacements in the
C-terminal half of the g71 product (Table 1 and Fig. 2).

Homologs of g71 in phages LL-S and JCL1032. Bacterio-
phages LL-H and LL-S are closely related and share the same
host range. DNA heteroduplex analysis revealed three loops,
each one covering approximately 0.9 kb, corresponding to less
than 10% of their unit genome (11). The same primers as those
used for sequencing LL-H g71 were successfully used for se-
quencing the LL-S homolog. The results showed that they
differed in only three positions (Table 1). In two cases a nu-
cleotide change resulted in amino acid substitutions. In the
third case, a transversion from C to A resulted in the appear-
ance of a TAA codon and hence in the truncation of the four
C-terminal amino acids of the protein in LL-S.

JCL1032 is a prolate-head, possibly temperate bacterio-
phage. A region corresponding to a 1.2-kb EcoRI-BamHI frag-
ment of JCL1032 DNA has previously been shown to hybridize
with LL-H DNA probes covering the g71 region (12, 19). This
1.2-kb EcoRI-BamHI fragment of JCL1032 DNA, together
with its flanking regions, was therefore sequenced. Analysis of
the sequenced region (�1.8 kb) revealed one open reading
frame encoding a protein of 474 amino acids (ORF474). As
shown in Fig. 2, a C-terminal region of about 310 amino acids
is highly conserved in ORF474 and Gp71.

DISCUSSION

Four distinct types of natural phage resistance are recog-
nized in lactic acid bacteria. They include those mechanisms
which are directed towards inhibition of phage adsorption
and/or DNA penetration and those which hinder any further
intracellular phage development: R-M and abortive infection
(10). We have approached the subject of phage resistance—for
the first time in L. delbrueckii—by isolating and characterizing
spontaneous mutants of strain ATCC 15808 that are resistant
to bacteriophage LL-H. Two different phenotypic groups, rep-
resented by strains Bes-1 and Ads-5, were identified in this
study.

Bes mutants: evidence for restriction and modification. The
efficiencies of plating of three phages (LL-H, LL-S, and
JCL1032) in strain Bes-1 were reduced to about 3 � 10�4, a
typical value for nonmodified phages plated in a restrictive
strain (4). On the other hand, phages propagated in this mu-
tant plated poorly in ATCC 15808, an indication that both the
wild-type and the mutant exhibited R-M activities, albeit of
different specificities. Evidence for restriction and modification
in L. delbrueckii CNRZ 326 (ATCC 15808) was recently pre-
sented (5, 6), but its activity remains genetically and biochem-
ically unexplored. To explain our data, two possibilities may be
considered. In one hypothesis, the bes-1 mutation blocks the
ATCC 15808-expressed R-M system and switches on a new
system that was previously silent. The second possibility, which
we favor, is that the mutation alters the DNA specificity of the
R-M system present in ATCC 15808. According to this view,
strain ATCC 15808 is probably endowed with a type I R-M
system, because among the three classical type I, II, and III
R-M systems only type I systems are known to change their
sequence specificities after a single mutation (7). Type I sys-
tems appear to be widespread in lactococci (24).

Ads mutants: evidence for different types of phage receptors
in L. delbrueckii. Experiments conducted with the Ads-5 strain
revealed that its mutation prevented adsorption of the small
isometric-head phages LL-H and LL-S but not the binding of
the unrelated prolate-head phage JCL1032. Ads-5 is, thus, a
typical phage-specific receptor mutant. However, we also
found that a host-range mutant of LL-H, able to adsorb and
plate on Ads-5 (LL-H-a21), could still adsorb efficiently to
ATCC 15808 cells, even when host receptors were saturated
with bound LL-H. We therefore conclude that there are at
least two types of surface structures which may be used as
receptors for these small isometric-head phages. Although ad-
sorption competition between LL-H-a21 and JCL1032 has not
been tested, recent results indicate that the prolate-head phage
binds to yet another type of receptor structure, different from
those used by LL-H or LL-H-a21. In fact, using the same
procedure as described here for selection of LL-H-resistant
mutants, a strain resistant to LL-H-a21 was isolated from an
infected culture of the Ads-5 strain. We observed that while
LL-H-a21 was unable to adsorb to this double mutant, binding
of JCL1032 was still not affected (unpublished results). Differ-
ent types of receptors for small isometric-head and prolate-
head phages have also been discovered in lactococci (18).

Phage adsorption proteins. Besides LL-H-a21, four other
LL-H mutants which could adsorb to and propagate in strain
Ads-5 were selected. Each of these mutants had a single mu-

TABLE 1. Differences in g71 and its product found in
LL-S and LL-H host-range mutants

Phage Nucleotide
positiona

Base
replacement

Amino acid
positionb

Amino acid
change

LL-H-a21 1140 T 3 A 380 Asn 3 Lys
LL-H-a23 1141 G 3 T 381 Ala 3 Ser
LL-H-a24 1575 G 3 T 525 Gln 3 His
LL-H-a8 1575 G 3 T 525 Gln 3 His
LL-H-a7 1629 C 3 A 543 Asn 3 Lys
LL-S 560 C 3 T 187 Ala 3 Val
LL-S 1309 A 3 G 437 Lys 3 Glu
LL-S 1958 C 3 A 653 Ser 3 c

a The position in g71 where mutations occurred in host-range derivatives or
where different nucleotides are found in LL-S is indicated.

b Position in the Gp71 sequence where amino acid substitutions are found,
relative to the LL-H product.

c Missing, due to replacement of the serine codon with a stop codon.
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tation in g71, defining altogether four residues in the corre-
sponding product which determine LL-H binding properties.
The genetic evidence provided in this study thus credits a
recent suggestion from a comparative genome analysis (9) for
the assignment of g71 as the gene encoding the receptor-bind-
ing protein of phage LL-H. The four amino acid substitutions
affecting the adsorption specificity of phage LL-H were located
in the C-terminal half of Gp71. Interestingly, we have estab-
lished that most residues in this region are also conserved in a
putative protein of phage JCL1032, encoded by orf474. The
high degree of sequence conservation in the C-terminal re-
gions of these proteins strongly argues for their common func-

tion as host-interacting protein domains. The use of different
receptors by JCL1032, LL-H, and LL-H-a21 (see above) addi-
tionally indicates that receptor specificity is dictated by crucial
but still-elusive motifs embedded in the otherwise highly con-
served structure. Although additional biochemical and genetic
data are required to confirm these conclusions, it is worth
noting that our observations fit well into the general pattern
that emerges from studies by other groups that have focused
mainly on phages infecting gram-negative hosts. For instance,
it has been shown that only the C-terminal domain of the tail
fiber protein of the phages lambda (16, 29, 30) and T7 (25)
interacts with Escherichia coli receptors. Again, phages of the

FIG. 2. Alignment of proteins encoded by LL-H g71 and JCL1032 orf474 created by the Clustal W program. Identical amino acids are marked
by colons and similar amino acids are marked by dots. The positions where amino acids were substituted in the LL-H host-range mutants are
indicated by small arrows (see also Table 1). The nonhomologous N-terminal parts of the proteins are not presented.
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T4 family (T4, TuIa, TuIb) also recognize their cellular recep-
tors by means of the C-terminal region of a protein that is
located at the distal part of their long tail fiber (15, 21, 26).
Evidence for horizontal transfer of tail fiber genes among un-
related E. coli bacteriophages is well documented, and a fast
evolution of these proteins as a result of intense host-range
selection was previously suggested (14). The homology be-
tween JCL1032 ORF474 and LL-H Gp71 may be taken as
additional evidence both for the occurrence of horizontal
transfer of tail adsorption protein genes and for application of
the same evolutionary principles to both gram-negative and
gram-positive phage systems.
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