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Abstract
The scope of this study includes aspects of phage evolution and antagonistic/mutualistic coevolution
between a phage and its host. As a basic study it may provide tools for developing phage resistant
starters and offer regulatory elements and factors for biotechnological applications.

The LL-H anti-receptor was characterized by isolation of spontaneous LL-H host range mutants
and subsequent sequencing of candidate genes. All LL-H host range mutants carried a single point
mutation at the 3' end of a minor tail protein encoding gene g71. The genomic location of g71 is
congruent with the other verified anti-receptor genes found in the λ supergroup. The C-terminus of
Gp71 determines the adsorption specificity of phage LL-H similarly for the number of phages
infecting Gram-positive and Gram-negative bacteria. A Gp71 homolog of phage JCL1032 showed
62% identity to LL-H Gp71 within the last 300 amino acids at the C-terminus.

Lactobacillus delbrueckii phage receptors were investigated by the purification of different cell
surface structures. Certain Lb. delbrueckii phages from homology groups a and c including LL-H,
LL-H host range mutants and JCL1032, were specifically inactivated by the LTAs. In structural
analyses LTAs showed differences in the degree of α-glucosyl and D-alanyl substitution. α-glucose
is necessary for LL-H adsorption. A high level of D-alanine esters in LTA backbones inhibited Lb.
delbrueckii phage inactivation in general. Lysogenization of strain ATCC 15808 with the temperate
phage JCL1032 revealed a rarely described coexistence of phage adsorption resistance and phage
immunity, which could not be explained by lysogenic conversion. In this case the role of
spontaneously induced JCL1032 may be significant.

The LL-H early gene region was localized between the dysfunctional lysogeny module and the
terminase encoding genes. The function of five ORFs could be connected to phage DNA replication
and/or homologous recombination. Transcription of LL-H genes could be divided into two, possibly
three, phases in which large gene clusters were sequentially transcribed. The intensity of the late
transcripts exceeded the intensity of the early transcripts by several times. Two candidate genes for
transcription regulators were found. One of the two candidates is the first ORF in the LL-H early gene
region.

Keywords: anti-receptor, host recognition, lactic acid bacteria, phage receptor, phage
resistance, phage transcription
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kb 1000 bp 
LAB lactic acid bacteria 
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LTAs lipoteichoic acids 
moi multiplicity of infection 
NMR nuclear magnetic resonance spectroscopy 
ORF open reading frame 
ori replication origin 
pac packaging sequence 
PCR polymerase chain reaction 
PFU plaque forming unit 
RBS ribosomal binding site 
subsp. subspecies 
WTA wall teichoic acids 
 





 List of original papers 

This thesis is based on the following papers, which are refered to in the text by their 
Roman numerals. 

I  Ravin V, Räisänen L & Alatossava T (2002) 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 to its host, Lactobacillus 
delbrueckii. J Bacteriol 184: 2455-2459. 

II  Räisänen, L, Schubert K, Jaakonsaari T, & Alatossava T (2004) Characterization of 
lipoteichoic acids as Lactobacillus delbrueckii phage receptor components. 
J Bacteriol 186: 5529-5532. 

III  Riipinen K-A, Räisänen L & Alatossava T (2006) Integration of the group c phage 
JCL1032 of Lactobacillus delbrueckii subsp. lactis and complex phage resistance of 
the host. (Manuscript) 

IV  Räisänen L, Draing C, Pfitzenmaier M, Schubert K, Jaakonsaari T, von Aulock S, 
Hartung T & Alatossava T (2006) Molecular interaction between the LTAs and 
L. delbrueckii phages depends on D-alanyl and α-glucose substitution of 
poly(glycerophosphate) backbones. J Bacteriol. (In Press) 

V  Mikkonen M, Räisänen L & Alatossava T (1996) The early gene region completes 
the nucleotide sequence of Lactobacillus delbrueckii subsp. lactis phage LL-H. Gene 
175: 49-57. 





 Contents 

Abstract 
Acknowledgements 
Abbrevations 
List of original papers 
Contents 
1 Introduction ................................................................................................................... 13 

1.1 The world of phages ...............................................................................................13 
1.2 Phage evolution ......................................................................................................13 
1.3 Coevolution between the phage and its host...........................................................14 
1.4 Lactic acid bacterial phages....................................................................................15 

1.4.1 Phages LL-H and JCL1032 ...........................................................................17 
1.5 Cell walls of Gram-positive bacteria ......................................................................18 

1.5.1 Proteins and polysaccharides.........................................................................19 
1.5.2 Wall and membrane teichoic acids ................................................................20 

1.6 Phage infection .......................................................................................................21 
1.6.1 Host recognition and attachment ...................................................................21 
1.6.1.1 Anti-receptor genes...................................................................................22 
1.6.1.2 Phage receptors.........................................................................................23 

1.6.2 Phage DNA injection.....................................................................................25 
1.6.3 Function of early phage genes .......................................................................25 
1.6.3.1 Lysogeny module......................................................................................26 
1.6.3.2 DNA replication module...........................................................................27 

1.7 Aims of this study...................................................................................................27 
2 Materials and Methods .................................................................................................. 29 

2.1 Bacteria and phages ................................................................................................29 
2.2 DNA techniques and DNA analysis........................................................................31 

2.2.1 Phage and bacterial DNA ..............................................................................31 
2.2.2 DNA sequencing and computer analyses ......................................................31 

2.3 RNA techniques......................................................................................................32 
2.3.1 Isolation of total RNA ...................................................................................32 
2.3.1.1 Low-resolution transcription mapping......................................................32 



2.3.1.2 Primer extension analysis .........................................................................32 
2.3.1.3 Northern hybridization..............................................................................33 

2.4 Extraction, purification and structural analysis of LTAs.........................................34 
3 Results and Discussion .................................................................................................. 35 

3.1 Identification of anti-receptor gene ........................................................................35 
3.2 LL-H phage receptor ..............................................................................................37 
3.3 Coevolution between JCL1032 and its host ...........................................................41 
3.4 The early gene region of LL-H...............................................................................42 
3.5 Transcription analysis of the LL-H genome ...........................................................46 

4 Conclusions ................................................................................................................... 50 
References 
Appendices 
Original papers 



1 Introduction 

1.1  The world of phages 

Viruses of prokaryotes, bacteriophages, behave essentially as parasites when taking over 
the metabolic machinery of the host for phage propagation. Bacteriophages were first 
discovered in 1915 by Frederick William Twort and Félix Hubert d’Hérelle, when these 
men separately observed glassy and transparent growth of bacterial colonies and lysis of 
bacteria on agar and broth cultures. Phages were first classified, according to Bradley´s 
proposal, into six morphological types based on gross morphology and nucleic acid type. 
For practical reasons tailed phages were subdivided according to head length to head 
width ratios (Ackermann & DuBow 1987). Virions of tailed phages consist of a head, a 
tail and structures involved in fixation to the host. Nucleic acid is contained within head. 
Tailed phages are now classified into three families: Myoviridae (contractile tail), 
Siphoviridae (long noncontractile tail) and Podoviridae (short noncontractile tail). These 
families belong to the order Caudovirales. Within each family new genera have been 
established, e.g., λ–like and T5-like viruses in the family Siphoviridae (Maniloff & 
Ackermann 1998). By the year 2006 more than 5500 phages from over 150 eubacterial 
and archaeal genera had been examined by electron microscope for morphological 
description. Most of these examined phages were tailed (96%) phages from the family 
Siphoviridae. (Ackermann 2007.) 

1.2  Phage evolution 

Different theories have been offered to explain the origin of viruses: (i) viruses are 
degenerate parasites, (ii) viruses are descendants of the earliest forms of life, and (iii) 
perhaps the most supported theory today is that viruses are escaped cellular genes with 
chimeric ancestry (Ackermann & DuBow 1987, Campbell 1988). Hendrix et al. (2000) 
have recently proposed that viruses evolved after the appearance of icosahedrally 
symmetric shells, which occasionally trapped DNA inside the shell delivering it to other 
cells. Non-random distribution of mosaic boundaries in phage genomes was first 
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discovered in lambdoid phages in the early 1970´s. This led Susskind and Botstein to 
propose that observed mosaic relatedness of bacteriophages is based on exchange of 
functional domains (Campbell 1988, Hendrix 2002). According to this theory there is a 
module for each viral function and the exchange of modules requires only a similar 
modular construction. Modules are selected for good execution of function, functional 
compatibility with other functional units and retention of flanking homology ensuring 
proper replacement by homologous recombination (Botstein 1980). Bacterial 
chromosomes, plasmids and transposons could also be potential sources for new genetic 
elements (Campbell 1988). Later on, sharp transitions of sequence similarity have been 
identified within domain boundaries indicating that mosaic genomes may result from 
illegal recombination and elimination of disadvantageous recombinants by natural 
selection rather than by homologous recombination (Juhala et al. 2000, Hendrix 2002). 
Evolution in some part of phage genomes is more constrained than in others, for example 
non-homologous recombination of intimately interacting phage head protein genes is 
largely forbidden (Botstein 1980, Juhala et al. 2000, Hendrix 2002). A new term “moron” 
has recently been introduced to describe genetic elements with distinct features acquired 
more freely by insertion (Juhala et al. 2000, Hendrix 2002). Along with these large-scale 
changes, point mutations, deletions and insertions play an important role in diverging 
phage genomes. For example, spontaneous deletions in the lysogeny module have 
changed a temperate phage to a virulent one (Boyce et al. 1995, Bruttin et al. 1997). The 
aforementioned mechanisms place a different amount of emphasis on the diversification 
in different phage genome regions (Lucchini et al. 1999a, Brüssow & Desiere 2001). 
Altogether, dsDNA tailed phages and prophages have been suggested to share a common 
ancestry and to have an access to the global gene pool by horizontal exchange, albeit this 
access is not uniform (Hendrix et al. 1999, Brüssow & Desiere 2001). Horizontal or 
lateral gene exchange, even with distantly related phages, has raised a debate questioning 
the applicability of the species concept to bacteriophages and their hosts (Campbell 1988, 
Lawrence et al. 2002). 

1.3  Coevolution between the phage and its host 

Bacteria and their phages have been used as model systems in studies of host-host 
parasite or predator-prey associations due to their short generation time and diversity, 
simple experimental settings (Levin & Lenski 1985, Bohannan & Lenski 2000, Buckling 
& Rainey 2002) and alleged genetic homogeneity (Buckling & Rainey 2002). Phage 
resistance can be seen as a case study demonstrating relationships between genetic 
change, population dynamics and community structure. Most of these studies have 
concentrated on virulent phages, especially T-series bacteriophages in continuous or 
batch cultures. (Bohannan & Lenski 2000.) The phage-host relationship is antagonistic in 
nature (Levin & Lenski 1985, Bohannan & Lenski 2000, Buckling & Rainey 2002). 
Bacteria defend themselves e.g., by loss or modification of receptor molecules. Phages 
counter-attack through host range mutants capable of infecting not only the contemporary 
bacteria, but also ancestral bacteria (Bohannan & Lenski 2000, Buckling & Rainey 
2002). Coevolution between a phage and its host has generally been described as 
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asymmetric, that is evolution of infectivity is limited to one cycle only (Chao et al. 1977, 
Lenski & Levin 1985, Bohannan & Lenski 2000). However, Buckling and Rainey (2002) 
have recently published a study where they describe a long-term arms race driven by 
directional selection. For temperate phages coevolution can be antagonistic or mutualistic 
(Levin & Lenski 1983). Coevolution is mutualistic if a prophage-encoded character 
augments the fitness of the host and the host is therefore favored by selection (Levin & 
Lenski 1985). Prophages can extend their influence on the phenotype of the host through 
a lysogenic conversion, for instance by encoding a large variety of virulence factors. 
Superinfection immunity and superinfection exclusion genes give selective advantage to 
the host and counterbalance the disadvantages, metabolic burden and lysis after induction 
(Desiere et al. 2001). 

1.4  Lactic acid bacterial phages 

Lactic acid bacteria belong to the low G+C content (55% or less) Clostridium subdivision 
of Gram-positive bacteria together with Clostridium, Bacillus, Listeria and 
Staphylococcus. Lactic acid bacteria are defined as Gram-positive, nonsporing, 
nonrespiring cocci or rods producing lactic acid as end product(s) during fermentation of 
carbohydrates. The concept of lactic acid bacteria (LAB) is generally restricted to 
nonpathogenic bacteria (Vandamme et al. 1996). Lactic acid bacteria inhabit nutrient rich 
environments such as vegetables, meat, wine, milk and gastrointestinal tracts of humans 
and animals (Axelsson 1993). Species of lactobacilli, lactococci and streptococci, are 
widely used as starters in dairy fermentation processes. LAB phages were hence 
discovered in the 1930’s due to problems in the dairy industry. Despite the progress that 
has been made when investigating natural phage resistance and physiological and genetic 
characteristics of bacteriophages, bacteriophages are still the major cause of slow acid 
formation in dairy fermentations (Klaenhammer & Fitzgerald 1994). In year 2002, 
altogether eighteen dsDNA genomes of LAB bacteriophages had been completely 
sequenced (Desiere et al. 2002). With one exception, all the sequenced LAB phages 
belong to the family Siphoviridae (Desiere et al. 2002, Chibani-Chennoufi et al. 2004). 
Completely sequenced Lactobacillus phages are listed in Table 1. In addition, prophage 
sequences or remnants of prophages have been found from Lb. plantarum, Lb. johnsonii, 
Lb. gasseri, Lb. salivarius and Lb. casei genomes (Ventura et al. 2003, Ventura et al. 
2006).
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Bacteriophages infecting different Gram-positive and Gram-negative bacteria share a 
similar genetic organization, and to some degree even sequence similarities can be found 
(Desiere et al. 1999, Hendrix et al. 1999, Smith et al. 1999). The genetic organization of 
the conserved head cluster has recently been proposed as a new basis for phage 
classification (Brüssow & Desiere 2001, Proux et al. 2002). According to this new 
proposal the sequenced LAB phages could be divided into five genera: c2-, sk1-, Sfi11-, 
Sfi21- and r1t-like phages (Desiere et al. 2002, Proux et al. 2002). Only the c2-like 
phages are an established tailed virus genus (Maniloff & Ackermann 1998). In the 
genome of Lactococcus lactis phage c2, the early and late genes proceed divergently 
from the intergenic ori-region towards the cohesive (cos) ends (Lubbers et al. 1998). In 
the L. lactis phage sk1 genome the early and the middle/late genes are located in opposite 
strands. The early and middle genes are divergently oriented from the ori-region. The 
cos-site subsequently separates the sk1 middle genes from the late genes. (Chandry et al. 
1997.) Sfi11-, Sfi21- and r1t-like phage genomes are similarly organized (Desiere et al. 
2002): genes encoding DNA packaging enzymes are localized near the phage packaging 
site (cos- or pac-type). DNA packaging genes are then followed by modules for structural 
genes, cell lysis, lysogeny, DNA replication and transcription regulation in this order. 
Genes for establishment and maintenance of lysogenic state are transcribed from the 
opposite strand (for schematic presentation see Fig. 2 in Section 1.6.3.1). Transcription 
mapping has been used to verify in silico predictions of phage genome organization or to 
localize putative promoter regions. The first complete transcription map was published 
from the L. lactis phage sk1 (Chandry et al. 1994). Complete transcription maps have 
been presented for four Lactococcus lactis phage (Lubbers et al. 1998, Madsen & 
Hammer 1998, Seegers et al. 2004), four Streptococcus lactis phage (Ventura et al. 
2002b, Ventura & Brüssow 2004, Duplessis et al. 2005) and one Lactobacillus phage 
genomes (Altermann & Henrich 2003). 

1.4.1  Phages LL-H and JCL1032 

This thesis concentrates on two Siphoviridae phages of Lactobacillus delbrueckii subsp. 
lactis, LL-H and JCL1032, isolated from cheese processing plants in Finland and in 
Switzerland, respectively (Trautwetter et al. 1986, Forsman 1993). Mata et al. (1986) and 
Sechaud et al. (1988) have classified Lb. delbrueckii subsp. lactis and subsp. bulgaricus 
phages into four different groups (a to d) based on serological and DNA-DNA 
hybridization data. According to this classification LL-H belongs to group a, which 
includes virulent and temperate phages from both Lb. delbrueckii subspecies (Mata et al. 
1986). The organization in the head cluster would classify phage LL-H as an Sfi11-like 
phage (Desiere et al. 2000, Desiere et al. 2002). The virulent phage LL-H is closely 
related to the temperate Lb. delbrueckii subsp. bulgaricus phage mv4 (Mata et. al. 1986, 
Alatossava et al. 1995, Mikkonen et al. 1996) as well as Lb. delbrueckii subsp. lactis 
phages LL-K and LL-S (Forsman & Alatossava 1991). LL-H has a typical morphology of 
a group B1 phage (Forsman & Alatossava 1991). It has a small isometric head, a long 
noncontractile tail, a base plate and a tail fiber (Fig. 1) (Alatossava & Pyhtilä 1980, 
Alatossava 1987). LL-H was the first completely sequenced Lactobacillus phage. The 
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LL-H dsDNA genome (34.6 kb) consists of 52 ORFs, of which four can be found from 
the complementary strand (Mikkonen 1996). Specific features of the LL-H phage genome 
and functions of LL-H lysin and LL-H holin have been described in detail in the doctoral 
theses of Merja Mikkonen (1996) and Antti Vasala (1998). The genetic organization of 
LL-H is reproduced in Appendix 1. Due to the development of sequencing methods and 
equipment, the number of completely sequenced phage genomes has increased 
tremendously. Updated information from the LL-H ORFs encoding the tail structural 
components and the early functions of the phage are presented in Appendix 2. 

Fig. 1. Schematic representation of the LL-H virion. A, head capsid; B, neck; C, tail tube; D, 
base plate and E, tail fiber. With the permission from Prof. Alatossava. (Alatossava 1987.) 

Phage JCL1032 has a small prolate head typical to group B3 phages and a long cross-
barred tail. The JCL1032 genome is about 48.5 kb in size and it has cohesive (cos) ends. 
According to Southern hybridization results the JCL1032 genome shares sequence 
similarity to LL-H only in limited genome regions. (Forsman 1993.) JCL1032 has been 
suggested to belong to homology group c in the classification of Lb. delbrueckii phages 
(Alatossava et al. 1998). 

1.5  Cell walls of Gram-positive bacteria 

A cell envelope includes a cell membrane and a cell wall. Tailed phages recognize 
different cell envelope structures as their receptors before phage DNA can be transferred 
from a phage capsid into a cell (Lindberg 1973, Heller 1992). A cell wall consists of a 
peptidoglycan and accessory polymers, the composition of which responds to 
environmental factors and cell age. In Gram-negative bacteria a thin peptidoglycan layer 
is situated between a cell membrane and an outer membrane made of lipids, proteins and 
lipopolysaccharides (LPS). In Gram-positive bacteria a peptidoglycan forms a multi-
layered structure about 30 nm thick, although the thickness of this layer can vary due to 
growth conditions (Rogers 1984). Of the total dry weight of the cell wall, a peptidoglycan 
accounts for 40% to 60%, the rest being accessory polymers such as proteins, 
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polysaccharides, wall teichoic acids and lipoteichoic acids (Rogers 1984, Seltmann & 
Holst 2002). A peptidoglycan gives shape to a cell and forms an exoskeleton against 
osmotic pressure. Peptidoglycan layers behave as sieves with an estimated cut-off value 
of 55 kDa in Escherichia coli and Bacillus subtilis (Delcour et al. 1999). A peptidoglycan 
backbone consists of repeating disaccharide units, in which N-acetylglucosamine and N-
acetylmuramic acid residues are linked by β1-4 glycosidic linkages. Pentapeptides 
attached to the lactyl groups of muramic acids protrude helically at 90º angles from 
glycan strands. The structure enables cross-links between peptidoglycan layers. (Heidrich 
& Vollmer 2002.) The synthesis of cell wall components starts with the formation of 
activated precursors in cytoplasm, continues with their assembly and translocation across 
a cell membrane and ends with their insertion into existing cell wall structures. The 
synthetized cell wall becomes susceptible to turnover as it reaches the outer surface 
during subsequent cell growth. 

1.5.1  Proteins and polysaccharides 

S-proteins are the most abundant cellular proteins when present at the surface of cell 
walls. They form so called S-layers, i.e., planar, crystalline lattices composed of a single 
protein or glycoprotein species. They have been suggested to function as protective coats, 
molecular sieves and to take part in cell adhesion and cell recognition. (Sleytr & 
Beveridge 1999.) Cell wall proteins can be categorized into several groups based on their 
anchoring mechanisms (Seltmann & Holst 2002). Lipoproteins are covalently bound to a 
cell membrane by a lipid structure. They participate in, for example, protein secretion, 
sensory processes and adhesion to host tissues and other bacteria (Sutcliffe & Russell 
1995). Some of the anchoring mechanisms are unique to Gram-positive bacteria (Cossart 
& Jonquières 2000). In Streptococcus pneumoniae the surface protein A is attached to 
choline residues of lipoteichoic acids (LTAs) and in Listeria monocytogenes the surface 
protein lnlB binds directly to LTAs with GW-repeats at its C-terminus. In the group of 
surface proteins only the so-called LPXTG proteins are covalently linked to the cell wall. 
The LPXTG motif is cleaved between threonine and glycine residues by a sortase 
enzyme and then the carboxyl group of threonine is amide-linked to peptide crossbridges 
of a peptidoglycan layer. (Cossart & Jonquières 2000.) Bacterial pathogens adhere to and 
invade eukaryotic cells using cell surface proteins called adhesins and invasins. Some 
adhesins and invasins anchor to the bacterial surface by unknown mechanisms (Chhatwal 
2002). Transmembrane proteins span through membrane lipid bilayers as α-helices or β-
barrels. Channel-forming proteins, such as porin proteins and high-affinity receptors, 
guarantee the supply of nutrients and disposal of metabolic waste products by diffusion 
or more active transport of substances (Seltmann & Holst 2002). 

Bacterial exopolysaccharides are either covalently linked to a cell envelope as capsular 
polysaccharides or they are secreted as slime (Roberts 1996). Lactic acid bacteria 
produce exopolysaccharides, which can be classified as homopolysaccharides and 
heteropolysaccharides. Unlike homopolysaccharides, consisting only of D-glucose or D-
fructose, little structural similarity can be found between different heteropolysaccharides. 
Heteropolysaccharides of LAB usually consist of linear and branched repeating units of 
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D-glucose, D-galactose and L-rhamnose. (Hallemeersch et al. 2002.) Slime-forming LAB 
has been widely used in the dairy industry to produce viscose fermented milk products 
like “viili” in Finland. 

1.5.2  Wall and membrane teichoic acids 

The term “teichoic acids” formerly included all bacterial cell wall, membrane or capsular 
polymers containing glycerol phosphate, ribitol phosphate or sugar 1-phosphate residues 
(Baddiley 1972). In the 1970’s Wicken and Knox (1975) emphasized that while cell wall 
teichoic acids are covalently linked to a peptidoglycan, more widely distributed 
membrane teichoic acids (lipoteichoic acids) are covalently linked to glycolipids of cell 
membranes. Membrane teichoic acids are less variable in structure than wall teichoic 
acids and their occurrence was independent of growth conditions (Fischer 1988). Both 
cell wall and membrane teichoic acids have the capacity to function as surface antigens 
(Knox & Wicken 1973, Wicken & Knox 1975). 

Wall teichoic acids (WTA) and lipoteichoic acids (LTAs) are structurally and 
metabolically unrelated. The glycerol residues of WTA and LTAs are derived from CDP-
glycerol and phosphatidylglycerol, respectively. (Fischer 1988.) During the biosynthesis 
of wall teichoic acids the linkage unit is assembled into a lipid carrier, undecaprenol 
phosphate. The synthesis continues with successive addition of CDP-glycerol or CDP-
ribitol to terminal alditol phosphate of the linkage unit and further attachment of this 
WTA-linkage unit to a peptidoglycan. Wall teichoic acids are inserted into the cell wall 
with an inside-outside growth mode concurrently with a peptidoglycan. (see reviews, 
Delcour et al. 1999, Neuhaus & Baddiley 2003.) 1,3-linked poly(glycerophosphate) 
lipoteichoic acids are the most common type of LTAs in Gram-positive eubacteria 
(Fischer 1988). During the elongation process of poly(glycerophosphate) LTAs sn-
glycerol 1-phosphate moiety from phosphatidylglycerol is added to a free membrane 
(glyco)lipid, and diacylglycerol is released (Delcour et al. 1999, Neuhaus & Baddiley 
2003). Microheterogeneity of LTAs results from a different number of fatty acids, 
different lengths of the hydrophilic chains and variable type and extent of chain 
substituents (Fischer 1993). Besides that, a hydrophilic backbone of LTA is covalently 
linked by a phosphodiester bond to a hydrophobic (glyco)lipid in the outer leaflet of a 
bacterial membrane (Wicken & Knox 1975, Fischer 1988), LTAs can also be released to 
the cell wall and again into the medium in acylated or deacylated forms (Fischer 1988). 

C2 of the glycerol moiety of teichoic acids is often substituted with D-alanyl esters, 
glycosyl residues or both, which effect the anionic properties of teichoic acids. 
Glycosylation of WTA and LTAs, although both occurring in a membrane associated 
reaction, are separate processes (Fischer 1988). D-alanyl esters of LTAs, instead, are 
precursors for D-alanyl esters of wall teichoic acids (Koch et al. 1985, Neuhaus & 
Baddiley 2003). D-alanyl esters have an important role in various cell wall functions; less 
alanylated LTAs have been described to be able to bind more divalent cations, inhibit 
autolysis and stabilize some secreted proteins (Höltje & Tomasz 1975, Lambert et al. 
1975, Hyyryläinen et al. 2000, Neuhaus & Baddiley 2003). The role of D-alanyl esters in 
bacterial coaggregation, biofilm formation and virulence is also well documented 
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(Neuhaus & Baddiley 2003). The degree of D-alanylation of LTAs is affected by pH, 
concentration of certain salts in the medium and temperature (Fischer 1988, Koprivnjak 
et al. 2006). 

1.6  Phage infection 

The degree to which phages depend on the host metabolic machinery corresponds to their 
size (Kornberg & Baker 1991). At the beginning of infection a phage adsorbs to its host 
and injects its DNA in linear form from the phage capsid to the inside of a cell. During 
the latent phase of a lytic cycle, phage DNA is replicated and the phage genes are 
transcribed in strict order. Proteins of tailed phages are assembled through separate 
pathways into heads, tails and fibers (Ackermann & Dubow 1987). Phage DNA 
replication often leads to accumulation of head-to-tail arrays of phage genomes. This so-
called concatemeric DNA is then cut by headful cutting during the packaging process into 
DNA-free proheads. All cuts occur either precisely at cos-sites, or the first cut occurs at 
the packaging sequence pac and then the cutting process continues by imprecise headful 
measuring leading to terminal redundancy. (Black 1989.) Phage heads and tails are joined 
together to finish phage maturation and phages are released due to cell bursts or lysis as a 
result of cell wall degradation by a phage lysozyme (Ackermann & DuBow 1987). A 
virulent phage can only initiate a lytic cycle. When a temperate phage infects a host cell 
the decision is made between the lytic cycle and lysogeny. In the lysogenic state the 
phage genome is present in the host bacterium in a latent form, which is known as a 
prophage. Prophage DNA is integrated into the host genome or it exists as a free plasmid. 
The circularized phage λ DNA is integrated into its host genome by reciprocal 
recombination at specific sites (phage and bacterial attachment sites, attP and attB) with 
the aid of the λ integrase and the host enzyme IHF (Weisberg & Landy 1983). In the case 
of phage λ the decision between the lytic cycle and the lysogenic state depends on 
relative levels of two antagonistic phage regulatory proteins, Cro and cI. After 
spontaneous induction or induction by DNA damaging agents like mitomycin C, 
prophages sometimes escape the control of the cI repressor, excise and initiate the lytic 
cycle (Ackermann & DuBow 1987). 

1.6.1  Host recognition and attachment 

Tailed phages adsorb in a tail-first orientation leaving the empty capsid on the surface of 
the host bacterium. The rate of adsorption depends not only on host and virus 
concentrations, but also on external factors like medium, temperature and cofactors, like 
cations. (Ackermann & DuBow 1987.) Phage resistance at the adsorption step could 
result from a loss or a modification of phage receptors or a steric hindrance caused by 
other macromolecules (see reviews Dinsmore & Klaemhammer 1995, Forde & Fitzgerald 
1999). A peptidoglycan layer forms a barrier to macromolecular transport to which 
phages infecting both Gram-positive and Gram-negative bacteria are adapted using 
virion-associated wall-degradating lysozymes and tail lysins (Kenny et al. 2004, Moak & 
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Molineux 2004). Detailed structures of the tail machines of P22 and T4 from the 
bacteriophage families Podoviridae and Myoviridae have been described (Miller et al. 
2003, Tang et al. 2005). Among phages infecting Gram-positive bacteria the anatomy of 
the Siphoviridae phage Tuc2009 tail is so far the best characterized (McGrath et al. 
2006). Fibers at the distal end of the phage tail are often essential in attachment 
processes. Fibers can be long or they could be short, in which case they are referred to as 
spikes. One fiber could be composed of one or more different polypeptides. Enzymatic 
activity against sugar-sugar bonds in different phage receptors has been associated into 
various tail fiber or spike proteins. (Casjens & Hendrix 1988.) Phage adsorption can 
proceed in two-steps as is well documented in the case of phage T4. Whiskers extending 
outward from the collar at the base of the T4 head control retraction and extension of the 
long tail fibers (Conley & Wood 1975). In favorable conditions the long tail fibers of T4 
become extended and the phage reversibly binds to glucose residues of 
lipopolysaccharides (LPS) in the outer membrane. This triggers a structural 
rearrangement of the phage baseplate. Short tail fibers connected to the baseplate then 
irreversibly bind to heptose residues of LPS. The tail sheath of T4 contracts pushing the 
tail tube with the aid of the pointed needle through the outer membrane. After 
dissociation of the needle, the wall-degradating lysozyme domains are activated. 
(Rossmann et al. 2004.) Phage λ adsorbs by using the tip of a central tail fiber (Heller 
1992, Werts et al. 1994), whereas the receptor-binding protein of phage T5 is located at 
the transition from the conical part to the straight tail fiber (Heller 1992). The anti-
receptor protein of the Lactococcus lactis phage sk1 has been located at the tip of the 
phage tail (Dupont et al. 2004). Lactococcus lactis phages TP901-1 and Tuc2009 adsorb 
into L. lactis cells using the lower disk plate, a distal tail structure just above the central 
tail fiber (Vegge et al. 2005, Vegge et al. 2006). 

1.6.1.1  Anti-receptor genes 

Tail genes are modularly organized. The organization can even be conserved between 
unrelated phages. Usually receptor specificity is related to the C-terminal part of a tail 
fiber protein (Beckendorf et al. 1973, Haggård-Ljungquist et al. 1992, Werts et al. 1994). 
N-terminal parts of the tail fibers are likely conserved due to constraints imposed by 
protein-protein interactions (Tétart et al. 1998). In the evolution of dsDNA phages 
horizontal gene transfer has created tail fiber genes with a chimeric appearance. Several 
coliphages, such as T2, T4 and P2 share common segments in two adjacent tail fiber 
genes. Common segments appear to have a specific position in relation to each other 
(Haggård-Ljungquist et al. 1992, Sandmeier 1994). Cross-over events between conserved 
G-rich DNA motifs (glycine islands) swap protein domains between fiber genes (Tétart et 
al. 1998). Besides by swapping protein domains, an altered host range can also be gained 
by point mutations or by genes in invertible DNA (Putte et al. 1980, Drexler et al. 1991, 
Werts et al. 1994). Striking similarities between the gene maps of lambdoid coliphages 
and LAB phages were observed in the 1990´s (Chandry et al. 1997, Desiere et al. 1999). 
With the help of comparative phage genomics and construction of recombinant phages, 
anti-receptor genes have now been verified from several streptococcal and lactococcal 
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phages (Duplessis & Moineau 2001, Stuer-Lauridsen et al. 2003, Dupont et al. 2004, 
Vegge et al. 2005). Variable regions important for host specificity have been localized 
into the C-terminal parts (Duplessis & Moineau 2001, Dupont et al. 2004) or into the 
middle regions (Duplessis & Moineau 2001, Stuer-Lauridsen et al. 2003) of these 
receptor-binding proteins. Analogous to phages infecting Gram-negative bacteria, 
glycine-rich (collagen-like) repeats have been found in the anti-receptor genes of 
streptococcal phages. These repeats could serve as recombination hot spots and hence 
affect on the diversity of these proteins. (Lucchini et al. 1998, Lucchini et al. 1999a.) 

1.6.1.2  Phage receptors 

Phage-host interactions in host recognition have been intensively studied using 
coliphages λ and T5 and Salmonella phage P22. The first two phages recognize outer 
membrane proteins (Charbit et al. 1994, Werts et al. 1994, Killmann et al. 1995, 
Bonhivers et al. 1996); P22 is attached to the O-antigen repeating units of LPS (Baxa et 
al. 1996). Outer membrane proteins involved in phage adsorption participate, e.g., in 
uptake of ferric ions (FhuA) or vitamin B12, in general diffusion (OmpC) or they work as 
sugar specific channels as LamB (Heller 1992). The same receptor-binding protein may 
recognize different types of bacterial surface structures: the receptor-binding protein of 
T4 can use both the outer membrane proteins OmpC of E. coli K-12 or the 
lipopolysaccharides of E. coli B with equal efficiency (Haggård-Ljungquist et al. 1992). 
Another T-even phage Ox2 can switch its specificity from a protein to a carbohydrate 
receptor after a single amino acid substitution (Drexler et al. 1991). Phages can also use 
two separate tail fiber systems for different receptors: phage T5 uses L-shaped tail fibers 
to bind to lipopolysaccharides and then the pb5 protein at the conical part of the straight 
tail fiber to bind to the outer membrane protein FhuA (Haggård-Ljungquist et al. 1992, 
Heller 1992). The λ phage could probably simultaneously recognize simultaneously both 
LamB and OmpC if it had not suffered mutations in the side tail fiber genes of sft and tfa 
(Montag et al. 1989, Haggård-Ljungquist et al. 1992). Until recently phage genes 
involved in host recognition have only been documented in phages infecting Gram-
negative bacteria, and phage-host interactions during host recognition is still a poorly 
understood process (Duplessis & Moineau 2001, São-José et al. 2004). Phage receptors 
of Gram-positive bacteria have been studied by different approaches. Cells or cell walls 
have been pre-treated with enzymes and chemicals to see if these treatments have an 
effect on phage adsorption, different saccharides and lectins have been tested for their 
inhibitory effects, or comparisons have been made between the cell wall compositions of 
the phage sensitive wild type and its phage resistant mutants (Douglas & Wolin 1971, 
Watanabe & Takesue 1975, Valyasevi et al. 1990, Valyasevi et al. 1994, Binetti et al. 
2002). Phage receptors have also been characterized by testing inactivation properties of 
purified cell surface structures (Valyasevi et al. 1991, Wendlinger et al. 1996). In few 
cases bacterial genes required for phage adsorption have been identified by insertional 
mutagenesis or complementation of a defective receptor gene in phage resistant mutants 
(Geller et al. 1993, Dupont et al. 2004, São-José et al. 2004). 
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Phages infecting Gram-positive bacteria can utilize a wide number of envelope 
structures as their receptors. Some lactococci, streptococci and lactobacilli 
bacteriophages have been reported to use cell wall carbohydrates as (primary) receptors 
for adsorption (Watanabe & Takesue 1975, Valyasevi et al. 1994, Binetti et al. 2002, 
Dupont et al. 2004). Certain Lactococcus lactis phages have been described to first 
adsorb to cell wall carbohydrates and then to a plasma membrane protein called PIP, 
which leads to injection of phage DNA (Monteville et al. 1994). A transmembrane 
protein required for irreversible binding and the DNA ejection of Bacillus subtilis phage 
SSP1 to its host shows unique characteristics, such as a fiber spanning the full length of a 
peptidoglycan layer (São-José et al. 2004, São-José et al. 2006). Glycosylated cell wall 
teichoic acids are required for the adsorption of some B. subtilis, Staphylococcus aureus 
and Lb. plantarum phages (Glaser et al. 1966, Coyette & Ghuysen 1968, Douglas & 
Wolin 1971). Listeria phages can use a peptidoglycan as their receptor substance in phage 
adsorption (Wendlinger et al. 1996). Information on the nature of the Lb. delbrueckii 
phage receptors is scarce. Four Lb. delbrueckii subsp. lactis phages morphologically 
similar to phage LL-H have been suggested to use accessory polysaccharide-
peptidoglycan complexes as phage receptors after phage adsorption experiments with 
enzymatic and chemically treated cell walls (Quiberoni et al. 2004). In Table 2 some 
phages and their receptors in Gram-positive or Gram-negative bacteria have been listed. 

Table 2. Some tailed bacteriophages of Gram-negative and Gram-positive bacteria and 
their receptor molecules. 

Organism Phage(s) Receptor material References 
Gram-negative bacteria    

Escherichia coli T1, T5, φ80 outer membrane protein FhuA 
(former name TonA) 

Killmann et al. 1995 

 λ, K10 outer membrane protein LamB Heller 1992 
 T4 core-lipid in LPS, outer membrane 

protein OmpC 
Yu & Mizushima 1982 

Salmonella species P22 LPS (O-antigen repeating units) Baxa et al. 1996 
 X1 flagellum (filament and basal body) Lindberg 1973 
Gram-positive bacteria    

Bacillus subtilis SPP1 membrane protein YueB São-José et al. 2004 & 2006 
 φ25, φ29, SP10 glycerol teichoic acids  

(glucosyl residues) 
Young 1967 

 PBS1 flagellum Lindberg 1973 
Lactococcus lactis c2, kh membrane protein PIP Geller et al. 1993, 

Monteville et al. 1994 
 bil170, φ645 wall polysaccharides Dupont et al. 2004 
 c2, kh wall polysaccharides  

(rhamnose moiety) 
Valyasevi et al. 1990, 
Geller et al. 1993 

Lactobacillus helveticus CRNZ 832-B1 S-layer protein Ventura et al. 1999 
Lactobacillus plantarum phage 2 ribitol teichoic acid  

(glucose moiety) 
Douglas & Wolin 1971 

Listeria monocytogenes A500, A118 ribitol teichoic acids Wendlinger et al. 1996 
 A511 peptidoglycan Wendlinger et al. 1996 
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1.6.2  Phage DNA injection 

Double-stranded DNA is packed into a phage prohead via a portal complex. During 
phage DNA injection dsDNA is transmitted in linear form through the phage tail into 
bacterial cytoplasm. The permeability of the cell membrane is changed during viral entry. 
This could well be observed as simultaneous K+ efflux and Ca2+ or Mg2+ influx during 
the early stage of LL-H infection (Alatossava 1987). Entry of viral DNA into a host cell 
is an energy-dependent process: the energy required may come from conformational 
changes of the virion structure due to a receptor binding, or the energy could be captured 
in the virion in the form of an internal pressure as a viral genome is packaged into a 
capsid (Poranen et al. 2002). The energy status of the host (transmembrane proton 
gradient) is often essential for successful phage DNA injection, but not always 
(Alatossava 1987, Heller 1992, Poranen et al. 2002). The velocity of phage DNA 
transport is variable. Slow DNA transport could be connected to transcription of phage 
genes or translation of certain phage proteins (Letellier et al. 1999, Poranen et al. 2002). 
Different mechanisms have been suggested to explain how phage DNA is transported 
through membranes. Binding of phage T5 to its receptor FhuA or phage λ to LamB have 
been suggested to result in the displacement of a plug, which usually masks the inner 
channel of the outer membrane protein (Bonhivers et al. 1996, Berrier et al. 2000). It has 
also been suggested that the straight fiber of T5 could act as a puncturing device allowing 
phage DNA to enter the cell (Heller 1992, Böhm et al. 2001). The straight fiber protein of 
T5 could contribute to the fusion between the inner and outer membranes, as it shows 
sequence similarities to fusogenic peptides of eukaryotic enveloped viruses (Letellier et 
al. 1999). 

1.6.3  Function of early phage genes 

Transcription of LAB phage genomes follows the simple cascade model in which early, 
middle and late transcribed genes are sequentially transcribed as clusters. Early 
transcripts either decrease (Chandry et al. 1994, Madsen et al. 1998, Seegers et al. 2004) 
or persist through the rest of the infection cycle (Lubbers et al. 1998, Ventura et al. 
2002b, Altermann & Henrich 2003, Ventura & Brüssow 2004, Duplessis et al. 2005). 
Usually the genes from lysogeny (or lysogeny replacement) and phage DNA replication 
modules are expressed as early genes (Madsen et al. 1998, Altermann & Henrich 2003, 
Seegers et al. 2004, Duplessis et al. 2005). A closer look reveals distinctive differences in 
transcription patterns. During the infection by the S. thermophilus phage Sfi21 or Sfi19, 
for example, the genes from the DNA replication module and the gene encoding a Cro-
like repressor are transcribed as middle genes (Ventura et al. 2002b, Ventura & Brüssow 
2004). The middle gene region of the Lb. gasseri phage φadh covers the genes from the 
ori-region to the end of the putative terminase gene (Altermann & Henrich 2003). In the 
phage 2972 and DT1 genomes the middle gene cluster covers all the genes from the 
packaging genes to the end of the capsid morphogenesis cluster. The corresponding genes 
in the Sfi21 and Sfi19 genomes are classified as late genes (Ventura et al. 2002b, Ventura 
& Brüssow 2004, Duplessis et al. 2005). Regulatory sequences (promoters and operators) 
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and repressor proteins for a life cycle decision and maintenance of lysogeny have been 
studied intensively (e.g., Madsen et al. 1999, Kakikawa et al. 2000). Less is known about 
phage middle and late promoters and the factors involved in their regulation. When this 
has been studied, a transcription activator has been found at the vicinity of its cognate 
nonconsensus promoter (Walker & Klaenhammer 1998, Brøndsted et al. 2001). 

1.6.3.1  Lysogeny module 

Whereas a virulent phage can only initiate a lytic cycle, for a temperate phage a decision 
is made between the lytic cycle and lysogeny. A lysogeny module includes genes and 
regulatory elements for a life cycle decision, maintenance of lysogeny and genes needed 
for phage DNA integration into a host chromosome. Temperate Siphoviridae phages from 
the low G+C content of Gram-positive bacteria share a common genetic organization in 
this genome region. The lysogeny module is flanked by lysis and DNA replication 
modules (Fig. 2). Phage genes, which are transcribed in the lysogenic state between the 
lysis module and the attP-site, have been suggested to be involved in lysogenic 
conversion and hence in improving fitness of the host (Ventura et al. 2002a, Ventura et al. 
2003). From the attP-site to the replication module the genes are organized in the 
following order: an integrase gene, one to two ORFs with putative phage exclusion or 
metalloproteinase functions, genes for cI- like and cro-like repressors and if present, a 
gene for antirepressor function (Lucchini et al. 1999b, Fig. 2). 

 

Fig. 2. General genome organization of r1t-, Sfi11- and Sfi21-like phages (modified from 
Desiere et al. 2002) and the common gene order in lysogeny modules (modified from Lucchini 
et al. 1999b). 

Genes and sequences related to phage DNA integration have been studied from several 
dairy phages (Brüssow 2001). Different phage resistance mechanisms are linked to 
lysogeny modules, most notably CI-repressor mediated immunity against superinfecting 
homoimmune phages and genes involved in superinfection exclusion. In the latter case 
the gene located immediately upstream from the integrase gene of Tuc2009 or Sfi21 has 
been observed to mediate a resistance against heterologous phages (Bruttin et al. 1997, 
McGrath et al. 2002). A lytic versus lysogenic life cycle decision is made in a genetic 
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switch region; this region covers divergently oriented cI-like and cro-like repressor genes 
and regulatory elements in the intergenic region (Brüssow 2001). The purpose for the 
antirepressor gene (ant) is unclear. The sequence comparisons between different LAB 
phages indicate a two-domain structure of these proteins (Lucchini et al. 1999b). The ant 
gene of Sfi21 shares some sequence similarity to kilA and ant genes of coliphage P1 
(Bruttin & Brüssow 1996). Antirepressor proteins of P1 inactivate the CI-repressor of the 
lytic cycle (Heinrich et al. 1995). The ant gene can be deleted without obvious 
consequences to the lytic/lysogenic life cycle decision in the S. thermophilus phage Sfi21 
(Bruttin & Brüssow 1996). 

1.6.3.2  DNA replication module 

Replication origins (ori) possess binding sites for specific initiator proteins and an AT-
rich region for DNA destabilization. In phage λ the ori-site is found within the E. coli 
DnaA analog, in a so-called O protein gene (Keppel et al. 1988). The binding of the cis-
acting O protein to the ori-sequence results in destabilization of the DNA helix within the 
nearby AT-rich region. Together with the λ P protein (E. coli DnaC analog) the λ O 
protein loads the host encoded helicase into the ori-site. The host encoded helicase then 
stimulates the priming of phage DNA replication by the host encoded primase. (Kornberg 
& Baker 1991.) In lactococcal phages r1t, TP901-1 and Tuc2009 the ori-site is situated 
within a gene encoding replisome organizer, which is a DnaA analog (McGrath et al. 
1999, Østergaard et al. 2001, Zúñiga et al. 2002). The DnaC analog of r1t is adjacent to 
the replisome organizer gene, which corresponds to the organization of the O and the P 
protein genes in phage λ. Moreover, the replisome organizer of r1t specifically binds to 
the direct repeats in the ori-region. (Zúñiga et al. 2002.) In Lb. casei phage A2 the ori-
region is situated downstream from the helicase and primase encoding genes (Moscoso & 
Suárez 2000). Phage ori-sequences have been successfully used in multicopy plasmids to 
confer phage resistance against invading phages (Hill & Klaenhammer 1990, Moscoso & 
Suárez 2000). LAB phage genomes also include a repertoire of genes encoding proteins 
for DNA repair and recombination (SSBs, Holliday junction resolvases) or protection of 
phage DNA from host encoded endonucleases (methyltransferases) (McGrath et al. 1999, 
Østergaard et al. 2001, Sharples et al. 2002, Blatny et al. 2004, Lo et al. 2005, Tuohimaa 
et al. 2006). So far only the replication mechanism of the lactococcal phage c2 has been 
investigated in detail. The genomic DNA of c2 is replicated via theta mechanism from 
one, or possibly two, ori-regions (Callanan et al. 2001). 

1.7  Aims of this study 

Bacteriophages cause fermentation failures, and hence economic losses, in the dairy 
industry. Lactobacillus delbrueckii subsp. lactis is important especially for the Finnish 
dairy industry as it has traditionally been traditionally used for production of Emmental-
type hard cheese. This study concentrates on two Lb. delbrueckii subsp. lactis phages 
(LL-H and JCL1032) and their early interactions with the host during the host recognition 
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and attachment steps and the gene expression of early phage genes. Phage LL-H was 
isolated in a Finnish dairy plan in 1972. Accumulated information on LL-H biology and 
the ongoing LL-H genome sequencing project favored its use as a model organism in this 
study. The choices for experimental setups have been directed by the absence of effective 
transformation procedures for Lb. delbrueckii, although some progress has been made 
quite recently (Serror et al. 2002, Ravin et al. 2006). 

The specific aims of this study were: (i) characterization of the LL-H anti-receptor 
gene responsible for host recognition and identification of the phage receptor in the cell 
envelope (I, II), (ii) characterization of biochemical changes in the identified receptor 
molecule causing adsorption resistance against LL-H (III, IV), and (iii) characterization 
of phage LL-H early genes (V, unpublished results). The scope of this study includes 
aspects of phage evolution and antagonistic/mutualistic coevolution between a phage and 
its host. This is a basic study, but it may provide tools for future development of phage 
resistant starters and offer regulatory elements and factors suitable for biotechnological 
applications. 



2 Materials and Methods 

Description of those materials and methods associated with previously unpublished 
results are included in detail in the next paragraphs. Otherwise only a brief outline of the 
relevant methods in the original papers (I-V) is provided. 

2.1  Bacteria and phages 

The Lb. delbrueckii subsp. lactis strains and Lb. delbrueckii phages used in this study are 
listed in Table 3. Isolation of phage resistant ATCC 15808 mutants and LL-H host range 
mutants are described in papers I and III. JCL1032 lysogenic derivatives of ATCC 15808 
were isolated after low moi and high moi infections and subsequent investigations of 
survived bacteria (III). For phage propagation MRS broth (Difco) was supplemented with 
10 mM CaCl2. Phage adsorption experiments (III, IV) were carried out in a buffer of 10 
mM Tris-HCl [pH 7.0], 10 mM CaCl2 or 10 mM MgCl2 and 100 mM NaCl due to slow 
adsorption rates in MRS broth. Phage inactivation assays (II, IV) were carried out in a 
buffer of 10 mM Tris-HCl [pH 7.0] and 10 mM MgCl2. The number of infectious phages 
was evaluated using a standard plaque assay (I-IV). Dealanylation of LTAs and treatment 
of LTAs with α-glucose-specific lectin (Concanavalin A) before phage inactivation assays 
are described in detail in paper IV. 
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Table 3. Bacterial strains and bacteriophages used in this study. 

Strain or phage Description Reference 
Lb. delbrueckii subsp. lactis strain 

LKT host strain for LL-H V 
ATCC 15808 host strain for LL-H, LL-S, LL-K, mv4, JC1032, 0235,  

lb539 and 0252 
I, II, III, IV 

Ads-5 LL-H resistant mutant of ATCC 15808;  
a block of LL-H adsorption, host strain for LL-H-a21 

I, II, III, IV 

ATCC15808(J1) phage resistant mutant of JCL1032 lysogenic ATCC 15808;  
a block of phage adsorption 

III, IV 

ATCC 15808(J2) phage resistant mutant of JCL1032 lysogenic ATCC 15808;  
a block of phage adsorption 

III 

ATCC 15808(J3) JCL1032 lysogenic ATCC 15808 III 
LL78 host strain for LL-Ku and c5 IV 

Bacteriophages (Siphoviridae) 
homology group a 

LL-H virulent phage of Lb. delbrueckii subsp. lactis,  
group B1phage 

I, II, III, IV, V 

LL-H-a21 phage LL-H host range mutant, extended adsorption specificity I, II, III, IV 
LL-H(Bes-1) phage LL-H host range mutant II 
LL-S virulent phage of Lb. delbrueckii subsp. lactis, 

group B1 phage 
I, IV 

LL-K virulent phage of Lb. delbrueckii subsp. lactis,  
group B1 phage 

IV 

mv4 temperate phage of Lb. delbrueckii subsp. bulgaricus, 
group B1 phage 

II 

lb539 temperate phage of Lb. delbrueckii subsp. bulgaricus, 
group B1 phage 

IV 

homology group b 
LL-Ku virulent phage of Lb. delbrueckii subsp. lactis, 

group B1 phage 
IV 

c5 virulent phage of Lb. delbrueckii subsp. bulgaricus, 
group B1 phage 

IV 

homogy group c   
JCL1032 temperate phage of Lb. delbrueckii subsp. lactis, 

group B3 phage 
I, II, III, IV 

0235 temperate phage of Lb. delbrueckii subsp. lactis, 
group B3 phage 

IV 

homology group d 
0252 temperate phage of Lb. delbrueckii subsp. lactis, 

group B1 phage 
IV 
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2.2  DNA techniques and DNA analysis 

2.2.1  Phage and bacterial DNA 

Concentration and purification of phage LL-H were carried out as previously described 
(Alatossava & Pyhtilä 1980). LL-H DNA extraction (V) was performed by standard 
methods (Sambrook et al. 1989). JCL1032 DNA (I, IV) was extracted from a 
polyethylene glycol-concetrated phage lysate using Qiagen Lambda Mini Kit (Qiagen, 
Hilden, Germany). DNA restriction endonuclease digestions were performed according to 
Sambrook et al. (1989). 

2.2.2  DNA sequencing and computer analyses 

For the sequencing of g17 and g71 homologs from the genomic DNAs of phages LL-S 
and LL-H host range mutants, primers designed from the LL-H sequence were used to 
amplify specific PCR products (I). For the sequencing of JCL1032 g71 from JCL1032 
DNA, the 1.2 kb EcoRI-BamHI restriction fragments were isolated and ligated into 
GEM3Z vectors and the PCR product was amplified from the ligation mixture using 
standard primers (I). The sequence of the JCL1032 lysogeny module (including the attP 
site) was obtained from partially digested 7-kb HindIII fragments of JCL1032 DNA 
ligated into pUC18 vectors (III). An inversion PCR strategy and PCR were used to obtain 
phage and host junction sites from JCL1032 lysogenic derivatives of ATCC 15808 (III). 
LL-H restriction fragments were ligated into M13mp18 or M13mp19 and were 
transformed into the E. coli strain JM101 for sequencing (V). The LL-H nucleotide 
sequence was determined by the dideoxy chain termination method using Sequenase 
version 2.0 (US. Biochemical). DNA sequencing was started, if possible, using universal 
primers and was continued by primer walking (I, III, V). The position and the orientation 
of the cloned fragments and the remaining gaps in the sequence were determined by 
direct sequencing from the phage DNA (III, V). The sequencing PCR (I, III) was 
performed on a Thermal Cycler 9600 (Perkin Elmer) using the ABI Prism BigDye 
Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, Warrington, 
Great Britain). Sequencing was performed in an automated ABI Prism 377 DNA 
Sequencer (PE Biosystems) (I, III). 

Computer analyses for LL-H sequences (V) were performed by using Genetics 
Computer group (GCG, Madison, WI, USA), Sequence Analysis Software Package 
version 8-UNIX, LKB DNASIS (V7.0) and LKB PROSIS (V6.02). Otherwise sequence 
assembly and identification of ORFs were performed with the SequencherTM DNA (Ver. 
4.0.5, Gene Code). Dotplot analysis and prediction of helix-turn-helix structures and 
coiled-coil structures (Pepcoil) were performed by the EMBOSS software package 
provided by CSC (Espoo, Finland). Transmembrane helices were searched by TMHMM 
2.0 from CBS (Center for Biological Sequence Analysis, Technical University of 
Denmark). Nucleotide and predicted amino acid sequences were compared to those in the 
latest databases of GenBank, EMBL, PIR-protein and SWISS-PROT using BLAST tools 
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(Altschul et al. 1997) at the NCBI. Pairwise DNA-DNA comparisons between LL-H and 
mv4 sequences were performed by Blast 2 Sequences (Tatusova & Madden 1999) at the 
NCBI. 

2.3  RNA techniques 

2.3.1  Isolation of total RNA 

Lb. delbrueckii subsp. lactis LKT cells were infected by phage LL-H (moi 2-5) at an 
OD600 of 0.3. Total RNA was isolated from samples collected by centrifugation at 10 min 
intervals from infected and non-infected LKT cells. Before RNA extractions, bacterial 
cell walls were disrupted by using the purified LL-H lysin-enzyme (kindly provided by 
Dr. Antti Vasala, University of Oulu). For generating a low-resolution transcription map, 
total RNA was purified by using the modified detergent-phenol method (V). For Northern 
blotting and primer extension analyses RNA was extracted using the TripureTM isolation 
reagent (Boehringer Mannheim, Germany). 

2.3.1.1  Low-resolution transcription mapping 

Total RNA was converted into 32P labeled first strand cDNAs and hybridized with 
restriction enzyme digested LL-H DNAs blotted onto nylon membranes (V). The size 
standard was 32P labeled using the MegaprimeTM DNA labeling system (Amersham). 
After several washing steps with increasing stringencies (Fig. 2 in V), membranes were 
sealed in plastic bags. X-ray films were exposed at –70°C with intensifying screens. 

2.3.1.2  Primer extension analysis 

Promoter(s) at the 5´ end of the previously localized LL-H early region were mapped by 
a reverse transcriptase-directed primer extension experiment. DNAse-treated total RNA 
(5 µg) was converted into 32P labeled first strand cDNAs using the SUPERSCRIPT TM 
Preamplification System (Gibco BRLTM, Life Technologies) and a protocol described in 
Fig. 2 in V. The cDNA synthesis was primed by the phage-specific primer ex3 (5´-
TCCATTCTTGTCATCGAGAC-3), which was designed based on preliminary RT-PCR 
results (data not shown). Ethanol precipitated primer extension products were separated 
in a standard 6% (W/V) acrylamide/7% urea gel (Sambrook et al. 1989) with sequencing 
reactions, which were conducted using the same ex3 primer employed for the primer 
extension and TAQuence version 2.0 (United States Biochemicals). 
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2.3.1.3  Northern hybridization 

Samples containing 20 µg of total RNA were denaturated in a solution of formaldehyde 
(2.2 M), formamide (50%) and MOPS (0.5 ×) at 65°C for 10 min and then quickly chilled 
on ice. After addition of 1/10 of the volume of a loading buffer (50% Ficoll, 1 mM 
EDTA, 0.4% bromophenol blue, 0.4% xylene cyanole FF) samples were separated in an 
agarose gel (0.7% agarose, 2.2 M formaldehyde, 1 × MOPS) using 1 × MOPS as a 
running buffer. BRL RNA ladder (Gibco BRL, Life technologies) was used as a size 
standard. Gels were stained with Sybr®Green II stain (Amresco). After visualization, 
RNA was transferred onto a Hybond N+ nylon membrane (Amersham). A capillary blot 
was constructed and 10 × SSC was used as a transfer buffer (Sambrook et al. 1989). 
Selected LL-H genome regions (Table 4) were amplified by PCR and were used as 
probes after 32P labeling. PCR was performed on a DNA Thermal Cycler 480 (Perkin 
Elmer). Reaction mixtures (50 µl) consisted of 10 mM Tris-HCl [pH8.3], 50 mM KCl, 
1.5 to 3 mM MgCl2, a 200 µM concentration of each dNTP, a 1 µM concentration of each 
primer, 5 ng of LL-H DNA and 2.5 U of AmpliTaq®DNA polymerase (Perkin Elmer). A 
typical thermal cycling profile was as follows: 1 cycle of 3 min at 92oC; 30 cycles of 1 
min at 94oC, 1 min at 50oC and 1 min at 72oC; and 1 cycle of 10 min at 72oC. 

Table 4. Description of the PCR products used as probes in Northern hybridization 
experiments. The location of each probe is presented in relation to the complete LL-H 
genome sequence (accession No. EF455602). 

Primer sequences 5´-3´ Probe Location Product 
size (bp) Forward Reverse 

1 25651-26573 922 GCGAAAAGAACAACTTG TCACAAAGCATCCGGTT 
2 27815-28341 526 CATGGCTAACTGGTTCA ATACGCAAGTGCCGGTG 
3 29261-29910 649 GACCTTGTGCCAGCGGA GTATCCCTTCTGCCATC 
4 30328-31184 856 GCTGGACTTTGACCGCA CCGATACCAGGCAACGG 
5 31702-32256 554 CTGATTGACAAAGGTCG TCATCGTTCGACACATC 
6 32240-32807 567 GATGTGTCGAACGATGA CTCAATGCACGCCTTGC 
7 33824-34285 461 AGCGGACTACGGGAGTT TCGCCAAAGTGGATCTG 
8 34364-237 532 AGACGTCGCTGTTTCCA CCTTGTGGATACTGTAG 
9 1442-1784 342 GAAGAGTTGACATCCAT CATGTCAAAGACCAGCT 
g57 4637-4988 351 ACGAGGTCAAGAAGGGC TGGGTGATGTAGGAAGA 
113B-g17 9507-10264 757 GGGACTTTCACCTGCGA GCTGGCGATCCGGATAT 
g88 17025-17505 480 ACTAACAGCTCATATGG TCACATTCCAGGTCGTA 
mur 23338-23753 415 TCTACTCTGGTGCATCC GACCTTGGCGGTCTTCC 

The products were excised from the gel and purified using the QIAquick DNA extraction 
kit (Qiagen, Germany). The PCR products and λ DNA (for the size standard) were 32P 
labeled using the RediprimeTM II random prime labeling system (Amersham) and 2 µl of 
α32P[dCTP] (3000 Ci/mmol; Amersham). Prehybridization, hybridization and the 
following washings were carried out as previously described (Fig. 2 in V). 
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2.4  Extraction, purification and structural analysis of LTAs 

For the isolation of LTAs the strains were grown in batch cultures to OD600 of 0.5-0.6 in 
growth media supplemented with 10 mM CaCl2. Butan-1-ol (n-butanol) extracted cells 
were cultivated without a supplemented 10 mM CaCl2. LTAs extracted from lipid-free 
bacterial cells by hot 80% (wt/vol) aqueous phenol or by n-butanol were further purified 
by HIC in a linear gradient of propan-1-ol (II, IV). LTAs, which were separated into two 
different pools during HIC, were investigated for structural differences in GLC and NMR 
analyses (II, IV). For phage inactivation assays, purified LTAs were unified into one 
preparation. LTA phosphorus was quantitated according to Ames (1966). Polyols and 
sugars were analyzed as peracetylated or reduced peracetylated derivatives by GLC (II, 
IV). 1H- and 13C NMR spectra were obtained on a Bruker Avance 600 spectrometer at 
300 K (IV). Spectra were measured for solutions in D2O using sodium 3-trimethylsilyl-
3,3,2,2-tetradeuteropropanoate as an internal standard for 1H NMR and acetone for 13C 
NMR. The average chain lengths of the polyglycerophosphate backbone, the degree of 
substitution and the chain length of the fatty acids in the membrane anchor were 
determined by integration of the pertinent peak volumes in the proton spectra. 



3 Results and Discussion 

3.1  Identification of anti-receptor gene 

Instead of constructing recombinant phages with a modified host range, the efforts were 
first concentrated on isolating spontaneous LL-H host range mutants and then on 
screening for nucleotide changes in putative anti-receptor genes (I). For the localization 
of putative LL-H anti-receptor genes the gene order between the coliphage λ and the LL-
H structural gene region was compared (Fig. 3). Based on this comparison, the number of 
candidate genes could be limited to three: g70 (629 aa), g88 (796 aa) and g71 (656). 

Fig. 3. Some λ-like phages and alignment of their structural gene regions. The alignment is 
based on the following accession Nos and references: coliphage λ (J02459, Desiere et al. 1999), 
Lb. delbrueckii subsp. lactis phage LL-H (EF445602, Mikkonen 1996), S. thermophilus phage 
Sfi21 (AF115103, Desiere et al. 1999b, Duplessis & Moineau 2001) and L. lactis phage TP901-
1 (AF304433, McGrath et al. 2006). Biological functions of λ and TP901-1 genes have been 
determined experimentally. 
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According to the Southern hybridization experiments, LL-H exhibits only limited DNA 
homology to phage JCL1032 (Forsman 1993b, Alatossava et al. 1998), even though the 
phages have a similar host range (Forsman 1993). The DNA homology is restricted to 
three short segments along the LL-H genome (Forsman 1993b, Alatossava et al. 1998). 
As only LL-H g71 could be predicted to share significant DNA sequence similarity to 
JCL1032, it was selected as the prime candidate for the LL-H anti-receptor encoding 
gene (I). The gene g71 verifiably encodes a minor structural protein (Mikkonen & 
Alatossava 1994). The sequencing of the major tail protein gene, g17, was carried out 
respectively (I). 

Spontaneous LL-H resistant mutants of Lb. delbrueckii subsp. lactis ATCC 15808 
were isolated at an estimated frequency of 10-8-10-9 (I). The majority of these mutants 
possibly displayed a restriction-modification system with a new specificity leading to 
degradation of incoming phage DNA (I). Two mutant strains (one was designated as Ads-
5) were resistant against phage LL-H adsorption, yet they still maintained a sensitivity to 
phage JCL1032 (Fig. 1 in I, I). Altogether five LL-H host range mutants were isolated on 
strain Ads-5 (I). The LL-H host range mutants showed extended rather than altered host 
specificity (I), i.e., they could still infect bacteria sensitive to wild-type phage (Lenski & 
Levin 1985). Each of the five LL-H host range mutants carried a single point mutation in 
gene g71. This resulted in one amino acid substitution occurring at the C-terminal end of 
Gp71 (Table 1 in I). The single point mutation was different 4 out of 5 times. As a 
consequence, either the charge or the hydrophobic/hydrophilic property of an amino acid 
was changed. No nucleotide changes were observed in g17 (I). Even a few amino acid 
substitutions in the anti-receptor protein can alter the receptor specificity profoundly as is 
well documented for T-even phage Ox2 (Drexler et al. 1991). In the case of LL-H Gp71 
the effects are less drastic. The isolated LL-H host range mutants still recognize 
lipoteichoic acids (LTAs) as their receptor molecules, though with altered specificity 
and/or affinity (see Section 3.2). Location of the amino acid substitutions at the C-
terminal end of Gp71 is congruent with earlier observations, that the C-terminal domain 
of the anti-receptor is responsible for host recognition in a number of phages infecting 
both Gram-negative and Gram-positive bacteria (Haggård-Ljungquist et al. 1992, Werts 
et al. 1994, Duplessis & Moineau 2001). 

The g71 homolog (ORF474) of phage JCL1032 encodes a predicted protein of 474 aa 
(I). This predicted gene product shows 62% identity to Gp71 of LL-H within the last 300 
amino acids at the C-terminus (Fig. 2 in I, Appendix 2). No sequence similarity was 
found between the N-terminal parts of these proteins (I). Usually the N-terminus of the 
receptor-binding protein is well conserved between closely related phages due to contacts 
with other virion proteins (Haggård-Ljungquist et al. 1992, Tetart et al. 1998), whereas a 
more variable region important for host specificity has been localized into the C-terminus 
(Duplessis & Moineau 2001, Dupont et al. 2004). Phages LL-H and JCL1032 differ from 
each other morphologically (Forsman 1993, Forsman 1993b), which could explain why it 
appears as if the C-terminus of Gp71 is less variable. In phage inactivation assays 
JCL1032 virions were inactivated by the LTAs from strain ATCC 15808 as efficiently as 
phage LL-H virions (II), which shows that the Gp71 homolog of JCL1032 probably 
participates in host recognition. The results presented in Table 6, however, could indicate 
that the JCL1032 Gp71 homolog recognizes more than one surface structure or that 
phage JCL1032 has more than one anti-receptor protein. A putative gene of phage 
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JCL1032 (encoding 474 aa) situated further downstream of the g71 homolog shows G-
rich sequences (M.Sc. Katja Riipinen, personal communication) typically found in phage 
anti-receptor genes (Tétart et al. 1998, Lucchini et al. 1999a, Duplessis & Moineau 
2001). G-rich sequences were not found in LL-H g71, LL-H g70 or LL-H g88. Instead, 
two coiled-coil structures were predicted from LL-H Gp71 (Pepcoil; window size of 28). 
Coiled-coil structures were localized between amino acid residues 96 to 133 and 625 to 
656. Coiled-coil structures have been described in tail associated viral proteins, such as a 
needle like fiber protein of P22 (Gp26), long tail fiber proteins (Gp37) of different T-even 
phages and a whisker protein of T4 (Tao et al. 1997, Qu et al. 2004, Tang et al. 2005). 
P22 Gp26 is suggested to perturbate or to puncture the P22 host's outer membrane (Tang 
et al. 2005). The long fiber protein Gp37 of T-even phages like Ox2, T4 and Tula g37 is 
responsible for host recognition. In these fiber proteins a coiled-coil structure was either 
located near or at the C-terminus (Qu et al. 2004). 

Anti-receptor genes have now been verified from several streptococcal and lactococcal 
phages (Duplessis & Moineau 2001, Vegge et al. 2005). Figure 3 shows TP901-1 and 
Sfi21 structural gene regions in relation to phage LL-H. The TP901-1 gene encoding 
lower baseplate proteins has been experimentally shown to be related to host recognition 
(Vegge et al. 2005). 

3.2  LL-H phage receptor 

Identification of the LL-H receptor was approached by investigating phage inactivation 
properties of different cell surface structures and further purification of receptor 
molecules. In preliminary studies (data not shown) cell wall and membrane fractions of 
LL-H sensitive ATCC 15808 and LL-H resistant Ads-5 were isolated from the sonicated 
cells according to previously described protocols (Valyasevi et al. 1991, Vasala et al. 
1995). Both the cell wall and the membrane fractions of ATCC 15808 still inactivated 
LL-H phages after treatment with proteinase K. A peptidoglycan, which was isolated as 
an insoluble residue from the cell wall fraction following the treatment with a hot 
detergent and acid, did not inactivate LL-H. Neither the cell wall nor the membrane 
fractions from strain Ads-5 could inactivate LL-H virions. These preliminary experiments 
indicated that the receptor material was a non proteinaceous material, possibly 
carbohydrate- or teichoic acid-like in nature. The focus of the research was directed 
toward lipoteichoic acids for two reasons: (i) LTAs extend their poly(glycerophosphate) 
chains into the cell wall, and (ii) LTAs from several bacterial species had been 
successfully separated from co-extracted polymers using hydrophobic interaction 
chromatography (HIC) (Fischer et al. 1983). HIC separates LTAs from wall teichoic acids 
and DNA due to hydrophobic fatty acids in the (glyco)lipid anchor (Fisher et al. 1983, 
Fischer 1993). Hot aqueous phenol was used as a main solvent for LTA extraction, 
although another extraction method based on n-butanol was described (Morath et al. 
2001) during the experimental work in papers II and IV. 

Extracted LTAs from Lb. delbreuckii subsp. lactis were eluted as two separate pools 
from HIC columns (Fig. 1 in II, IV) most probably due to the different number of fatty 
acids (Fischer et al. 1990). Both of these pools contained almost equal amounts of 
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phosphorus and glycerol, which is typical for poly(glycerophosphate) type of LTAs (II). 
Because separately eluted LTAs gave similar results in preliminary phage inactivation 
assays, they could be used as one pool in the following phage inactivation assays (II, IV). 
First phage inactivation assays were executed using the LTAs from ATCC 15808 and 
Ads-5. The most striking observation was that the LTAs from strain ATCC15808 
inactivated LL-H virions, whereas the LTAs from the LL-H resistant Ads-5 strain could 
not (II). Phage LL-H-a21 was inactivated by both LTAs (II). LTAs can thus serve as 
receptor molecules for phage LL-H and its host range mutant LL-H-a21. Most of the 
plaque forming phages of LL-H and LL-H-a21 were inactivated during the first 5 to 10 
minutes of incubation (II). The rate of phage LL-H-a21 inactivation was faster (Fig. 4) 
and it was estimated to be 1.7 × 106 PFU ml min-1 per 1 ng of LTA-phosphorus of ATCC 
15808. The rate of LL-H-a21 inactivation was five times slower when the Ads-5 LTAs 
were used. 

Fig. 4. Kinetics of phage inactivation. The number of infectious LL-H phages per ml after 
incubation with LTAs purified from Lb. delbrueckii subsp. lactis strain ATCC 15808 (○) and 
LL-H resistant mutant Ads-5 (●). The number of infectious LL-H-a21 phages after 
incubation with ATCC 15808 LTAs (□) and Ads-5 LTAs (■). Phage (4 ×105 PFU) was 
incubated with 1 ng of LTA-phosphorus in 1 ml of 10 mM Tris-HCl [pH 7] supplemented 
with 10 mM MgCl2 at 37ºC. Samples were withdrawn at intervals and diluted before 
standard plaque assay. The rate of phage inactivation was determined from the slope of each 
curve. 

Of the LL-H host range mutants able to infect Ads-5 (I), phage LL-H-a21 was most 
efficiently inactivated by the Ads-5 LTAs: if the value of 1 is given to phage LL-H-a21, 
the relative value was 0.1 for the host range mutants LL-H-a23 and LL-H-a8 (data not 
shown). Phage LL-H-a7 was not inactivated by the Ads-5 LTAs, even though it was 
inactivated by the ATCC 15808 LTAs as efficiently as other LL-H host range mutants. To 
some extent, the result resembles the findings of Drexler et al. (1991). They described the 
development of new receptor specificities for T-even phage Ox2 through consecutive 
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steps starting from the outer membrane protein OmpA and ending with 
lipopolysaccharides. The rate of phage inactivation by lipopolysaccharides improved in a 
stepwise fashion. 

To get some idea of the diversity of Lb. delbrueckii phages which recognize LTAs as 
their receptors, more bacterial strains and phages from different Lb. delbrueckii phage 
homology groups from a to d were included in the study (II, IV). Table 5 shows how 
different Lb. delbrueckii phages adsorb into Lb. delbrueckii subsp. lactis strains. Phage 
adsorption into strains ATCC 15808 (J2) and ATCC 15808(J3) are presented elsewhere 
(Table 4 in III). In addition to phage LL-H and its host range mutants, phages LL-K and 
LL-S from group a were specifically inactivated by the LTAs from ATCC 15808 (IV). 
The titer of phage 0235 from group c was also decreased as a function of LTA 
concentration (IV). The anti-receptors of these phages most likely share significant 
sequence similarity to the LL-H anti-receptor. In fact, the g71 homolog of phage LL-S 
shares 99.4% similarity to LL-H g71 (I), and one could expect a similar value for phage 
LL-K (Forsman 1991). Phages JCL1032 and 0235 from group c are closely related to 
each other, as at least 60% of the JCL1032 genome shows 74 to 84% similarity to phage 
0235, including the 2.8-kb HindIII restriction fragment of JCL1032 within which the 
JCL1032 g71 homolog is situated (Räisänen L., unpublished results). The results from 
different phage inactivation assays are summarized in Table 6 (next page). This summary 
is consistent with the results obtained by using intact cells (Table 5) and hence strongly 
supports the suggestion that LTAs act as phage receptor molecules. 

Table 5. Lactobacillus delbrueckii phages and their adsorption (%) into different Lb. 
delbrueckii subsp. lactis strains. 

Lb. delbrueckii subsp. lactis strain Bacteriophage 
ATCC 15808 Ads-5 ATCC 15808(J1) LL78 

homology group a     
LL-H 99.3 ± 0.6 16.4 ± 6.1 24.9 ± 4.3 0 ± 21.4 
LL-H-a21 99.8 ± 0.4  95.3 ± 8.1 91.3 ± 3.9 98.0 ± 3.3 
LL-S 91.5 ± 6.1   9.5 ± 4.0  0.7 ± 1.2 6.1 ± 7.4 
LL-K 96.3 ± 1.2   21.0 ± 12.7  12.7 ± 12.2 0.4 ± 0.9 
lb539 92.7 ± 2.5  91.5 ± 5.4 85.3 ± 9.3 89.0 ± 2.9 

homology group b     
LL-Ku 0 ± 0 - - 98.3 ± 3.0 
c5 0 ± 0 - - 95.4 ± 0.6 

homology group c     
JCL1032 98.7 ± 1.4 98.3 ± 0.6 34.7 ± 12.1 13.4 ± 5.4 
0235 96.7 ± 1.5 80.2 ±3.2 21.3 ± 10.0 12.2 ± 5.2 

homology group d     
0252 91.2 ± 0.6 90.3 ± 4.2 79.1 ± 2.8 90.8 ± 1.2 
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Table 6. Comparison of the phage inactivation properties of LTAs purified from different 
Lactobacillus delbrueckii subsp. lactis strains. Amount of LTA-phosphorus needed for 
50% of phage inactivation was estimated (see Materials and Methods). Each Lb. 
delbrueckii phage was considered separately. The value of 1 was given to the LTAs, 
which could inactivate the phage in question with the lowest amount of LTA-phosphorus. 
All other LTA samples were compared to this figure. The content of this table is based on 
papers II and IV. 

Inactivation ratio for indicated phage Strain 
LL-H LL-H-a21 LL-K LL-S JCL1032 0235 

ATCC 15808  1   1  1 1 1 1 
Ads-5  <10-3   0.2  <10-3 <10-2 0.2 0.3 
ATCC 15808(J1) <10-3 1 <10-3 <10-2 0.1 0.1 
ATCC 15808(J2) 1 1 - - 0.1 - 
LL78  10-2 1 0.1  10-2  10-2 <10-2 
Concentration of LTA-phosphorus of ATCC 15808 needed for 50% phage inactivation: phage LL-H-a21, 10 
pg/ml; phages LL-H, LL-K, JCL1032 and 0235, 100 pg/ml; phage LL-S, 1 ng/ml 

In the case of phage JCL1032 and phage 0235 the differences between LTAs were 
relatively small, but measurable. This may indicate that more than one phage receptor is 
involved in JCL1032 and 0235 adsorption into intact cells. Two Lb. delbrueckii phages 
from group a (mv4, lb539), and the tested group b (LL-Ku, c5) and group d phages 
(0252) were not inactivated by LTAs (II, IV) and therefore they probably use other 
surface structures for host recognition. 

In order to resolve the structural features in LTAs critical for phage adsorption, 1H and 
13P NMR analyses were used (i) to construct the basic structure for LTAs in Lb. 
delbrueckii subsp. lactis (Fig. 2A in IV) and (ii) to compare LTA structures between 
phage sensitive and phage resistant strains. The LTAs showed differences only in the 
degree of α-glucosyl and D-alanyl substitution (Table 2 in IV). The LL-H adsorption 
resistant ATCC 15808 derivatives, Ads-5 and ATCC 15808(J1), contained more D-alanyl 
esters on their LTA backbones than the LL-H sensitive strain ATCC 15808. The absence 
of α-glucose from the Ads-5 LTAs indicated that phage LL-H might require α-glucose for 
host recognition. This was experimentally confirmed by a glucose-specific lectin, 
Concanavalin A (Fig. 3B in IV). Concanavalin A binds to α-glucose substituents thus 
preventing LL-H from binding to ATCC 15808 LTAs. The capacity of LTAs to inactivate 
phages LL-H, LL-H-a21 and JCL1032 was increased after dealanylation (Fig. 3A in IV, 
IV) showing that a high level of D-alanine esters in the LTA backbone inhibits phage 
adsorption. The inhibitory effect of D-alanine esters was most effective against phage LL-
H (IV). 

Butanol extracted LTAs have been described to be immunobiologically more active 
than phenol extracted LTAs due to better recovery of D-alanyl esters (Morath et al. 2001). 
In this study the phenol extracted LTAs explicitly showed differences—structural and 
functional—between phage sensitive and phage resistant strains. Neuhaus and Baddiley 
(2003) have suggested that the random distribution of D-alanyl esters is a consequence of 
redistribution of D-alanyl esters by transacylation reactions after cell death, and that a 
gradient of D-alanyl esters could occur across the cell wall during the time of cell growth 
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due to external factors. Some heterogeneity in D-alanine substitution has been detected 
within LTAs of different chain lengths (Fisher 1993, Palumbo et al. 2006). Heterogeneity 
of D-alanyl esters between and/or along LTAs would ensure enough binding sites for an 
infecting phage LL-H. At moderate concentrations, cations Mg2+ and Ca2+ have recently 
been demonstrated to induce the acute repression of mRNA synthesis from the dlt operon 
(Koprivnjak et al. 2006). The dlt operon encodes four proteins required for incorporation 
of D-alanine into LTAs (Neuhau & Baddiley 2003). The rate of LL-H adsorption depends 
to a certain extent on Mg2+ and Ca2+ concentration in the media (Alatossava 1987). For 
the isolation of LTAs the strains were cultivated in growth media supplemented with 10 
mM CaCl2. How this has affected the regulation of the dlt operons, and hence the phage 
inactivation properties of different LTAs, remains to be investigated. 

3.3  Coevolution between JCL1032 and its host 

Phage JCL1032 integrates its genome into the chromosome of Lb. delbrueckii subsp. 
lactis ATCC 15808 with an estimated frequency of 10-7, but only a small fraction of these 
lysogens are stable (III). The JCL1032 lysogenic strain ATCC 15808(J1) was a double 
lysogen: the JCL1032 genome was integrated within two genes of unknown functions 
designated as jtg1 and jtg2 (III). In strains ATCC 15808(J2) and ATCC 15808(J3) the 
JCL1032 genome was integrated within jtg1 only. All three independent JCL1032 
lysogenic derivatives exhibited resistance against temperate phages JCL1032 and mv4 
(Table 4 in III). After a closer look, neither DNA nor amino acid sequence similarity in 
the genetic switch region required for superinfection immunity was found between 
temperate phages mv4 and JCL1032 (III). Instead, two putative genes for superinfection 
exclusion (sie) function against heterologous phages were predicted from the JCL1032 
lysogeny module (III). Two of the three lysogens, ATCC 15808(J1) and ATCC 15808(J2), 
showed phage resistance against JCL1032 already at the adsorption step (Table 4 in III). 
Strain ATCC 15808(J1) was also resistant against phage LL-H adsorption. Lysogenic 
conversion by prophage (JCL1032) encoded genes or disruption of bacterial genes by 
JCL1032 integration could not explain the observed JCL1032 adsorption resistance in 
JCL1032 lysogens (III). 

The primary response to a temperate phage infection should be a rise of a lysogenic 
population; a simultaneous existence of lysogenic and lysogenic-resistant clones is 
possible if superinfection immunity breaks down and a temperate phage enters the lytic 
cycle (Levin & Lenski 1983). Lysogens which lose or carry modified receptor molecules 
due to mutations in bacterial genes, would be characterized by increased fitness in those 
conditions and would thrive in a bacterial community. To see if free JCL1032 phages 
observed in the culture supernatants could provide a selective advantage to JCL1032 
adsorption resistant mutants of JCL1032 lysogens, the JCL1032 sensitive strain ATCC 
15808(J3) was grown in serial batch cultures for 150 bacterial generations (III). 
Weakened bacterial growth was observed before the fourth serial transfer, after which 
adsorption inhibition against phages JCL1032 and LL-H was observed (Fig. 4 in III). The 
property was stable at the end of the experiment. Randomly selected bacterial colonies 
were resistant against phages JCL1032 and LL-H or to phage JCL1032 only. The 
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JCL1032 phage titer in the supernatant was relatively high (105 PFU per ml) throughout 
the experiment (Fig. 4 in III). The phage titer in the supernatant was not measured 
between the first and the fourth serial transfer, which might have shown a substantial 
increase in free JCL1032 phages. Phage plaques were observed when the supernatants 
from the subcultured ATCC 15808(J3) were plated on ancestral ATCC 15808(J3). 
However, no mutations were detected in the genetic switch region of phage JCL1032 
(III). 

It seems that spontaneously induced wild or mutant JCL1032 phages could function as 
a selective factor giving advantage to adsorption resistant JCL1032 lysogens in bacterial 
populations. Immunity and possibly superinfection exclusion genes would augment the 
fitness of these lysogens when the immediate danger of the lytic cycle is avoided. Due to 
different phage resistance mechanisms, the emergence of the JCL1032 host range 
mutants seems less likely. Simultaneous emergence of LL-H and JCL1032 adsorption 
resistance to certain JCL1032 lysogens indicate that some of the mutations in host genes 
conferring resistance against phage JCL1032 give a cross-resistance to the LL-H phage 
(III). As expected, the LTAs purified from ATCC 15808(J1) were less efficient in 
inactivating JCL1032 than ATCC 15808 LTAs (Table 3 in IV). In addition, LL-H phages 
could not be inactivated by ATCC 15808 (J1) LTAs (Table 3 in IV). LTAs from ATCC 
15808(J1) are structurally different from ATCC 15808 LTAs. They contain more D-alanyl 
esters in the LTA backbone and possibly lack α-glucosyl substituents (Table 2 in IV). LL-
H and/or JCL1032 adsorption resistant mutants entirely deficient in LTAs probably 
cannot be isolated, since LTA deficient and stable mutants have not yet been 
characterized (Neuhaus & Baddiley 2003). 

3.4  The early gene region of LL-H 

The functionally active LL-H early gene region was localized to the 5.9-kb region at the 
right end of the LL-H genome (Fig 1 in V) based on inferred gene functions of three 
ORFs (ORF299, ORF267 and ssb) and a low-resolution transcription map of phage LL-H 
(V). This region covers LL-H ORFs from ORF291 to the 3´ end of ssb (Fig. 5). 
Previously unpublished data from Northern blotting experiments (Section 3.5) in addition 
to recent Blast research results indicate that the LL-H early region continues beyond ssb 
and it most probably ends at the putative terminator upstream from the two terminase 
encoding genes (Fig. 5). The sequence analysis of the LL-H early region shows that, as 

Fig. 5. (Next page) A) Comparison of the functionally active early gene region of LL-H 
(accession No EF455602) and the sequences available from mv4 and JCL1032 early gene 
regions (accession Nos AF182207 and AY373017). Sequence similarities at the protein level 
(%) and at the nucleotide level (gray shading; ≥ 80% similarity) are presented. Proposals for 
mv4 ORFs are in gray. Putative modules, regulatory elements (T for a terminator, a black 
triangle for a promoter) and the predicted gene functions are included. B) The transcription 
map of LL-H early genes at 10 min p.i. The LL-H early and middle/late gene regions (V) are 
indicated by the gray and the white box, respectively. The suggested extension for the LL-H 
early gene region is indicated by the hatched box. Uncertain 5´and 3´ends of LL-H transcripts 
are marked with dashed lines. 
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with most phages with a relatively small genome size, the lytic cycle of LL-H requires 
host encoded replication and transcription factors (Kornberg & Baker 1991). In the 
following section the putative functions of LL-H early genes are presented in short (see 
also Appendix 2) and a detailed comparison is made with the corresponding region in the 
phage mv4 genome within the limits of the available mv4 sequences in Genbank. A more 
general comparison between phage replication modules (which includes e.g. LL-H and 
mv4 sequences) has been previously presented by Weigel & Seitz (2006). 

In paper V the functions of three ORFs (ORF299, ORF267 and ssb encoding single 
strand binding proteins) were associated with LL-H DNA replication. The C-terminal 
region of ORF299 is ca 30% identical to the C-terminal regions of the two biochemically 
verified replisome organizers of SSP1 (I) and r1t (Appendix 2, Zúñiga et al. 2002). The 
adjacent ORF267 can be recognized as a dnaC analog (V, Appendix 2). The adjacent 
arrangement of the replisome organizer (dnaA analog) and the helicase loader genes is 
found in several other Gram-positive phages including, e.g., in L. lactis phage r1t and B. 
subtilis phage SSP1 (Weigel & Seitz 2006, Missich et al. 1997). The LL-H and the mv4 
replisome organizers are similar only at their C-terminal ends indicating a two domain 
structure for these proteins (Fig 5A). In phage λ the ori-region (and the target for λ DnaA 
analog) lies within the 5´ end of the dnaA gene. The C-terminus of the λ DnaA analog 
interacts with the λ dnaC analog. (Furth & Yates 1978.) Today two more LL-H ORFs can 
be associated with phage DNA replication: the gene product of ORF178B shows 
sequence similarity to several putative phage-related recombination proteins of the ERF 
superfamily and ORF139 shows sequence similarity to phage-related Holliday junction 
resolvases (Appendix 2). Junction resolvases participate in genetic recombination when 
resolving four-way branched intermediates in DNA repair or in stalled replication forks 
(Sharples 2001, Sharples et al. 2002). ORF178B may facilitate homologous 
recombination in the replicating phage DNA similarly to the P22 Erf recombination 
protein (Murphy et al. 1987). However, LL-H ORF178 is smaller than most of its 
matches in Genbank and it may lack the C-terminus necessary for interactions with 
accessory proteins (Murphy et al. 1987). LL-H ORF112B shows 30% to 40% identity to 
several putative HNH endonucleases and restriction endonucleases (Appendix 2). HNH 
family endonucleases have been observed within group I and II introns and as 
freestanding ORFs, and they are prone to elimination unless providing some selective 
advantage (Chevalier & Stoddard 2001). The position of ORF112B adjacent to ORF178B 
indicates such a selective advantage: phage related recombination proteins of the ERF 
superfamily have been shown to be linked to genes encoding DNAses and DNA repair 
related proteins (Iyer et al. 2002a). 

Based on the recent sequence analyses, two candidate genes for transcription 
regulators can be found from the LL-H early region. The first open reading frame in the 
early region (ORF291) encodes a protein, which shows a BRO-N motif at its N-terminus 
(Appendix 2, Iyer et al. 2002b). The BRO-N motif is a DNA-binding domain widely 
distributed among dsDNA bacteriophages and large DNA viruses infecting Eukaryotes 
(Iyer et al. 2002b, Bideshi et al. 2003). BRO and Bro-like genes constitute a multigene 
family and some of its members have been suggested to have an influence on (host) 
transcription or replication at early events of infection (Iyer et al. 2002b, Bideshi et al. 
2003). ORF291 also shows significant similarity to several putative phage antirepressors 
(Lucchini et al. 1999b). The second candidate, ORF209 shows no significant sequence 
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similarity at the DNA level to the sequences available in Genbank. The protein query 
with the Conserved Domain Database yielded a match (E-value of 0.006) with the DNA 
binding proteins of the helix-turn-helix XRE-family (Appendix 2). A helix-turn-helix 
motif was predicted in ORF209 between aa residues 164 and 185 using the Helix-Turn-
Helix program in the EMBOSS software package. Helix-turn-helix motifs are common in 
prokaryotic transcription regulators (Aravind et al. 2005). In addition, the location of 
ORF209 corresponds to the genome region in lactic streptococcal phages predicted to be 
involved in transcription regulation (Ventura et al. 2002b, Ventura & Brüssow 2004). 

The sequence comparison between the functionally active LL-H early gene region and 
the mv4 early region showed several differences (Fig. 5A). One-to-one gene order was 
interrupted when the LL-H and mv4 sequences shared neither DNA nor significant aa 
sequence similarity. This indicates a number of deletion, insertion and/or recombination 
events in the past. Transitions from high to low sequence similarity often occur at the LL-
H gene boundaries, at the vicinity of stop codons (ORF299, ORF267, ORF178B) or 
ribosomal binding sites (ssb). This phenomenon has frequently been observed in other 
phage genomes as well (Juhala et al. 2000, Hendrix et al. 2002). The conserved 60-bp 
sequence preceding ORF95B (91% identity, E-value of 3e-11 in Blast research) is 
interesting as the sequence is located between the lysogeny and replication modules and 
could thus act as a locus for homologous recombination. The conserved 60-bp sequence 
is a central part of one of the two 72% identical 185-bp direct repeats previously 
described from the LL-H genome (Mikkonen et al. 1996, Appendix 1). The second repeat 
is situated between ORF69 and ORF95A in the dysfunctional integration region of phage 
LL-H (Mikkonen et al. 1996). The repeat could also be involved in transcription 
regulation, since 5´ and 3´ends of certain early transcripts are mapped to the same 
noncoding region within which the 60-bp conserved sequence is situated (Fig. 5A and B). 
Only one putative antirepressor gene, ORF291, is present in the early region of LL-H 
contrary to two putative overlapping mv4 antirepressor genes, ORF250 and ORF169A 
(Appendix 2). ORF169A initiates at an inframe start codon. The N-terminus of ORF250 
is similar to the putative antirepressor of phage JCL1032, whereas the C-terminal region 
is more related to LL-H ORF291 (III, Fig. 5A). The arrangement of mv4 open reading 
frames ORF250 and ORF169A closely resembles that observed in coliphage P1 immI 
region: P1 antirepressor proteins Ant1 and Ant2 are encoded by a single open reading 
frame with Ant2 initiating at an in frame start codon (Heinrich et al. 1995). Another 
example of organizational differences concerns ORFs downstream from the dnaC 
analogs. The DnaC analog of phage mv4 is followed by a deduced open reading frame 
encoding 150 amino acids. At the corresponding position in the LL-H genome is an ORF 
with a coding potential of 81 aa. Based on the nucleotide sequence similarity between 
phages mv4 and LL-H, another ORF encoding 87 amino acids could be deduced from the 
LL-H sequence (Fig. 5A). ORF87 shows 74% aa identity to ORF150, but it could be 
dysfunctional due to the absence of the proper concensus RBS sequence, GAAAGGAG 
(Mikkonen 1996). 

Phages LL-H and mv4 may have evolved from a common temperate ancestor 
(Mikkonen et al. 1996). However, their early regions are more diverged in nucleotide and 
amino acid sequences than their genomic regions encoding late functions. The LL-H 
genes for head morphogenesis, for example, show one-to-one gene constellation to mv4 
with no less than 84% identity at the protein level (Vasala et al. 1993, Mikkonen & 
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Alatossava 1994). As a result of several small deletions and insertions, gene and domain 
exchanges (replisome organizer) DNA replication genes of these two Lb. delbrueckii 
phages are less conserved than in different S. thermophilus phages (Desiere et al. 1997). 

3.5  Transcription analysis of the LL-H genome 

The definition of the early, middle and late genes is usually based on the time they are 
first expressed (Dupplessis et al. 2005). According to low resolution transcription 
mapping the expression of LL-H phage genes can be divided into two phases following a 
simple cascade model, in which large gene clusters are sequentially transcribed (V). The 
early phase of transcription was localized to the 5.9-kb PstI-XbaI segment in the LL-H 
genome (Fig.1 in V). The segment corresponds to the nucleotides 26322-32265 in the 
LL-H genome sequence and includes ORFs from ORF291 to ssb (Table 1 in V, Fig. 5). 
Two ORFs, ORF299 and ssb, showed significant aa similarity to certain replication 
factors (V). The transcription of the early genes continued up to 20 min postinfection 
(p.i.). After 10 min of transient transcriptional shut down the emphasis of the 
transcription activity was shifted to the structural gene region (V). Late transcription 
started between 30 min and 40 min p.i. and continued until lysis occurred. The time 
frame of these events is congruent with the earlier observations concerning total RNA 
and DNA synthesis during LL-H infection. According to Alatossava (1987) the total RNA 
synthesis is transiently quenched and followed by the stimulation of total DNA synthesis 
after 20 min of infection. The first progeny phages appear after 35 min of infection. 
Alatossava (1987) suggested that the RNA synthesis is transiently quenched as a 
consequence of the expression of LL-H early genes and that the late genes are transcribed 
after phage DNA replication has started. 

A more detailed transcription map of the LL-H early region (Fig. 5B) was constructed 
based on Northern blot hybridization experiments. Several transcripts could be detected 
10 min after LL-H infection. A transcript of 9 to 10 kb was observed using all seven 
probes designed to hybridize with open reading frames from ORF291 to ORF172 (Fig. 
6A-D). The transcript disappeared at 20 min postinfection. Since no signal was observed 
at 10 min p.i. with probe 9 (Fig. 6E) the early region most probably continues past the ssb 
gene and the pac-site reaching the putative terminator upstream of the small unit of the 
terminase gene. An 8-kb transcript detected with probes from ORF95B to ORF172 (Fig. 
6B-D) and a 2-kb transcript (Fig 6A) covering the region between ORF291 and ORF108 
were still visible at 30 min postinfection. Probe 2 at 10 min p.i. revealed six more 
transcripts ranging from 1 kb to 6 kb (Fig. 5B). Promoter hexamers resembling consensus 
hexamers of Lb. delbrueckii subsp. lactis or B. subtilis (Moran et al. 1982, Matern et al. 
1994) could not be found before ORF95B, therefore these transcripts could result from 
RNA processing of the ~ 9-kb transcripts. Late transcripts from the DNA packaging 
region and from the structural genes emerged rapidly at 20 min postinfection (Fig 6E-G). 
The longest transcript observed with probe 9 was estimated as 9 kb (Fig. 6E), which 
would cover the structural genes from g57 to g17 (Appendix 1). This gives some 
biochemical evidence that the suggested putative terminator immediately downstream of 
g17 (Mikkonen 1996) is fully functional. Transcripts from the mur gene encoding cell 
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wall degradating LL-H endolysin were observed later, at 30 min postinfection, (Fig. 6H) 
and could possibly be classified as a separate group of late genes. S. thermophilus phage 
2972 and DT1 genes encoding holin and endolysin are included into a unique group of 
late genes due independent accumulation during infection (Duplessis et al. 2005). Signals 
obtained by the probe mur from the cell lysis module (Appendix 1) appeared as a smear 
(Fig. 6H). This phenomenon has been observed before in LAB phages (Chandry et al. 
1994, Ventura et al. 2002). 

 

Fig. 6. Schematic presentation of the LL-H early gene region and representative 
autoradiographs of Northern blot analyses. Northern blot analyses were performed with total 
RNA samples isolated from LL-H infected and non-infected Lb. delbrueckii subsp. lactis 
ATCC 15808 cells. Samples were collected at 10-min intervals. A, probe 1; B, probe 2; C, 
probe 3; D, probe 8; E, probe 9; F, probe g57; G, probe (ORF)113B-g17 and G, probe mur. 
Probes g57, 113B-g17 and mur were designed for detection of late gene expression. 

The signal intensity of the late transcripts exceeded the intensity of the early transcripts 
several times. Thus, it seems more likely that a phage encoded transcription regulator, 
possibly the gene product of ORF209, would trigger phage RNA synthesis from still 
unidentified late promoters than that the synthesis would proceed continuously from the 
early region after an antitermination reaction. A 0.4-kb sequence between the intrinsic 
terminator and terS, a gene associated with the DNA packaging process, seems to be the 
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most promising genome region of LL-H in which to search for late promoters. Several 
stable hairpin structures from mRNA could be predicted in the early region (Fig. 5A). 
These structures could be involved in the regulation of gene expression, since a stable 
hairpin structure in an open reading frame or at the 3´ end tends to reduce translation 
efficiency and increase the stability of mRNA (Kubo et al. 1990). 

A region upstream from ORF291 was investigated using primer extension analysis. 
Two transcription start sites (P1 and P2) preceding ORF291 were detected (Fig. 7A). The 
sites were separated by 22 bp and started, as expected, by preferred purines A and G 
(Matern et al. 1994). The P1 site 288 bp upstream from ORF291 was preceded by two 
putative promoter hexamers, TTGACA (-35) and TAAGAT (-10), which were spaced by 
17 bp (Fig 7B). This matches closely to the consensus promoters deduced from 
Lactobacillus and B. subtilis genes (Moran et al. 1982, McCracken & Timms 1999). 
Additionally, a 20-bp long AT-rich sequence situating between -40 and –60 fits to the 
description of an UP-element. UP-element is a separable promoter module stimulating 
transcription (Ross et al. 1993). The P2 transcription start site 311 bp upstream of 
ORF291 was not preceded by consensus -35 or -10 hexamers (Fig 7B). However, the TG 
pair often found in the context of Lb. delbrueckii subsp. lactis promoters (Matern et al. 
1994) was located 1 bp upstream from the putative –10 nonoconsensus hexamer. The 
TGn motif has been suggested to strengthen promoters in the context of weak –35 and –
10 hexamers or extended –10 hexamers (McCracken & Timms 1999). In the primer 
extension analysis the signal from P2 emerged 20 min after infection exceeding 
eventually the signal from the P1 transcription site (Fig. 7A). It could therefore represent 
transcription from the late promoter of LL-H. ORF291 contains a so-called BRO-N motif 
(Appendix 2). This may indicate its involvement in the regulation of the host 
transcription, for example by causing the inhibition of total RNA synthesis observed by 
Alatossava (1987). The second nonconsensus promoter would also ensure the expression 
of ORF291 at a later step of infection. 
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Fig. 7. A) Determination of transcription start sites by primer extension analysis. Total RNA 
from phage LL-H infected Lb. delbrueckii subsp. lactis ATCC 15808 cells (0 to 60 min p.i.) 
were converted into 32P labeled first strand cDNAs. The cDNA synthesis was primed by the 
phage-specific primer ex3. The resulting primer extension products were separated in a 
standard acrylamide/urea gel. The two major products are designated here as P1 and P2. The 
sequencing ladder is on the right. B) Nucleotide sequence surrounding the 5´ ends of the 
major products P1 and P2. Putative promoter hexamers (-35 and -10) and other elements 
possibly stimulating transcription are underlined (P1) or marked with dashed lines (P2). The 
sequence complementary to ex3 is boxed. A putative terminator is marked by two horizontal 
arrows. 



4 Conclusions 

Phage LL-H, the first completely sequenced Lactobacillus phage, is so far the most 
thoroughly characterized Lactobacillus delbrueckii phage in the world. During this study 
the LL-H anti-receptor protein for host recognition was experimentally characterized. The 
investigations on phage-host interactions were completed by the identification of a new 
type of phage receptor in Gram-positive bacteria. New spontaneous phage resistant 
mutants of Lb. delbrueckii subsp. lactis were isolated. These strains can facilitate studies 
on different phage resistance mechanisms. A rarely described coexistence of phage 
adsorption resistance and phage immunity was encountered in JCL1032 lysogenic ATCC 
15808 strains. More in-depth studies could increase the limited experimental data 
concerning community structure and population dynamics during temperate phage 
infection. 

Characterization of LL-H anti-receptor genes was approached by isolation of 
spontaneous LL-H host range mutants and the following screening for nucleotide changes 
in putative anti-receptor genes (I). All five isolated LL-H host range mutants carried a 
single point mutation in g71, which resulted in a one amino acid substitution at the C-
terminus of Gp71. In four out of five cases this point mutation was different. The C-
terminal end of Gp71 most likely determines the adsorption specificity of LL-H similarly 
for the number of phages infecting Gram-positive and Gram-negative bacteria. The Gp71 
homolog of phage JCL1032 encoded by ORF474 shows 62% identity to LL-H Gp71 
within the last 300 amino acids at the C-terminus. Results from phage inactivation assays 
indicate that JCL1032 Gp71 is probably involved in host recognition. However, they also 
indicate that JCL1032 may recognize more than one receptor molecule. JCL1032 may 
use more than one anti-receptor protein in host recognition, or the JCL1032 Gp71 
homolog may recognize two different receptors analogous to certain T-even phages. LL-
H Gp71 lacks glycine-rich islands typical for phage anti-receptors. Instead, two coiled-
coil structures, one at the end of C-terminus, can be predicted from the amino acid 
sequence. A Gp71 specific antibody could be used to determine the position of Gp71 in 
an LL-H virion. The information obtained from phage LL-H can be used to localize anti-
receptor genes from other Lb. delbrueckii phages. The progress, which has been made in 
transformation procedures to Lb. delbrueckii, may help to construct chimeric phages 
between LL-H and other Lb. delbrueckii phages in the future. 
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Phage receptors necessary for LL-H host recognition were investigated by purification 
of cell surface structures and the subsequent comparison of their phage inactivation 
properties. The evidence to support the argument that LTAs serve as phage receptors was 
obtained from phage inactivation assays using the HIC-purified LTAs from phage 
sensitive and phage resistant strains. LL-H and LL-H host range mutant LL-H-a21 were 
inactivated by different LTAs according to their adsorption behavior with intact cells. LL-
H related phages LL-K and LL-S from group a, and phages JCL1032 and 0235 from 
group c were also specifically inactivated by the LTAs. The coexisting adsorption 
resistance against phages JCL1032 and LL-H on JCL1032 lysogenic strains indicates that 
host mutations conferring adsorption resistance to phage JCL1032 can give cross-
resistance to LL-H. Purified Lb. delbrueckii LTAs showed differences in the degree of α-
glucosyl and D-alanyl substitution between phage sensitive and phage resistant strains. A 
high level of D-alanine esters in LTA backbones inhibits Lb. delbrueckii phage 
inactivation in general. For LL-H phage adsorption α-glucose is needed. It is intriguing 
that LL-H and some other Lb. delbrueckii phages recognize LTAs as their receptors, as 
LTAs have medical importance. 

The LL-H early gene region was located between the dysfunctional lysogeny module 
and the terminase (DNA packaging protein) encoding genes. The function of 5 ORFs 
were connected to phage DNA replication and/or homologous recombination. These are 
ORF178B (recombination protein of ERF superfamily) ORF299 (replisome organizer), 
ORF267 (helicase loader), ssb (single strand binding protein), and ORF139 (Holliday 
junction resolvase). Gene to gene comparison between the functionally active LL-H early 
gene region and the mv4 showed several differences. One-to-one gene order between LL-
H and mv4 was interrupted several times when the sequences shared neither DNA nor 
significant protein similarity indicating the number of deletion, insertion and/or 
recombination events in the past. Transitions occurred at the gene boundaries or between 
protein domains. This is a common phenomenon in phage genomes. LL-H and mv4 early 
gene regions seem to be more diverged than the regions encoding the phage late 
functions. 

Phage LL-H transcription can be divided into two, possibly three, phases in which 
large gene clusters are sequentially transcribed. The time frame of these events is 
congruent with the timing of phage DNA synthesis and the appearance of first progeny 
phages. A more detailed transcription mapping gives some biochemical evidence that the 
suggested putative terminators immediately upstream from the small terminase encoding 
gene and downstream from the main tail gene g17 are fully functional. The intensity of 
the late transcripts exceeded the intensity of the early transcripts by several times. It 
seems likely that a phage encoded transcription regulator from the LL-H early gene 
region triggers the phage RNA synthesis from still unidentified late promoters. Two such 
candidate genes, ORF291 and ORF209, can be found from the LL-H early gene region. A 
region upstream of ORF291 was investigated using the primer extension analysis. One 
consensus and one nonconsensus promoter were deduced from this sequence. The 
nonconsensus promoter could ensure the expression of ORF291 at the later stage of 
infection. For the localization of putative late promoters the 0.4-kb sequence between the 
intrinsic terminator and the LL-H gene encoding a small terminase protein would be a 
valid choice. 
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 Appendix 1 

Organization of the LL-H genome into functional modules and location of ORFs and 
other genetic elements (Mikkonen 1996) reproduced by a permission from Dr. Mikkonen. 
ORFs are marked as horisontal arrows, and an open circle denotes a ribosome binding 
site. A short vertical line at the end of a horizontal arrow indicates a partial deletion of 
ORF. Short vertical arrows represent six putative terminators (from T1 to T6). Two open 
boxes indicate genome regions showing nucleotide sequence similarity with the mv4 attP 
sequence. Two direct repeats (185 bp; 72% identity) are marked by asterisks. 

 

 



 Appendix 2 

Database search of the predicted LL-H ORFs (Genbank EF455602) encoding the tail 
structural components and the phage early functions. Only the best matches (E ≤ 10-3) to 
the Genbank sequences (22.2.2007) are presented. Abbrevations for scientific 
nomenculare: B. for Bacillus or B. longum for Bifidobacterium longum, C. for 
Clostridium, L. for Listeria, Lb. for Lactobacillus, Lc. for Lactococcus, P. for 
Pediococcus, S. for Staphylococcus and Str. for Streptococcus. 

ORF Predicted function and conserved 
domains 

Reference % aa identity* 

 Tail structural components 
(Location: 9 621 - 21 278) 

g17 major tail protein** Mikkonen & 
Alatossava 1994 

g17 of Lb. delbrueckii phage AI15 (90%; 153), gene 
P of Lb. plantarum phage φg1e (40%; 150), 
BCE_G9241_CNI0144 of B. cereus G9241 (26%; 
105) 

ORF148  ” - 
ORF125  ” - 
ORF75  ” Rorf198 of Lb. plantarum phage φg1e (37%; 69) 
ORF66  ” - 
ORF198  ” phage related BLO381 of B. longum NCC2705 

(29%; 68, E=0.009) 
ORF351 putative minor tail protein ” e.g. phage related BLO381 of B. longum NCC2705 

(45%; 171), phage related Blon030000693 of B. 
longum DJ010A (46%; 171) and Spy0994 of Str. 
pyogenes M1 GAS (27%; 221) 

ORF150  ” e.g. phage related lp_0673 of Lb. plantarum WCFS1 
(35%; 176), phage related LreuDRAFT_0874 of Lb. 
reuteri JCM 1112 (37%; 148) and ORF13 of Lb. 
rhamnosus phage Lc-Nu (38%; 139) 

ORF360 SLT motif, lytic transglycosylase  e.g. ORF1868 of Lb. delbrueckii 
 and goose egg white lysozyme 

domain 
similarity to putative tape measure 
proteins (Desiere et al. 2000)  

” phage JCL1032 (45%; 364), ORF13 of Lb. 
rhamnosus phage LC-Nu (40%; 332) and ORF1560 
of Str. thermophilus phage Sfi21 (51%; 197) 

g70 tail protein** ” PEPE_0992 of P. pentoacesus ATCC 25745 (28%; 
630) 

g88 tail protein** 
 

” PEPE_0991 of P. pentoacesus ATCC 25745 (37%; 
801), prophage 6854.3 related LMOf6854_2658 of 
L. monocytogenes str. 172 6854 (25%; 386) tagC of 
B. subtilis 168 (25%; 205) and genes from different 
S. aureus, B. cereus and B. anthracis phages (e.g. 
phage PVL, φ13, phBC6A51, lambda Ba03) 

g71 phage anti-receptor** Mikkonen & 
Alatossava 1994, 
paper I 
 

adp.1. (ORF474) of Lb. delbrueckii phage JCL1032 
(62%; 328), phage related SAI_0613 of Str. 
agalactiae H36B (44%; 76) and SAI_0615 of Str. 
agalactiae H36B (49%; 65) and phage related 
sequences from Lc. lactis subsp. cremoris, Str. suis, 
Lb. johnosonii, Str. pyogenes 



 64
ORF Predicted function and conserved 

domains 
Reference % aa identity* 

 Early genes (Location: 25 932-34 659, 1-201) 
ORF291 putative antirepressor 

(Lucchini et al. 1999c) 
Bro-N motif / Bro family, 
antirepressor domain COG3617, 
COG3645 

Mikkonen et al. 
1996 

ORF105 of S. aureus phage 187 (42%; 261), phage 
related PEPE_1032 of P. pentosaceus ATCC 25745 
(45%; 200), ORF38 of Lc. lactis phage BK5-T 
(38%; 280) and e.g. ORF250 of Lb. delbrueckii 
phage mv4 (38%; 137) 

ORF65  ” - 
ORF108  ” possibly phage related Lgas02000673 of Lb. gasseri 

(46%; 107) 
ORF95B  Mikkonen et al. 

1996, paper V 
ORF87a of Lb. delbrueckii phage mv4 (80%; 78) 

ORF96  paper V ORF95 of Lb. delbrueckii phage mv4 (78%; 95), 
ORF95A of phage LL-H (40%; 80) 

ORF178B phage recombination protein 
(Weigel & Seitz 2006) 
ERF superfamily 
 
 

paper V e.g. ORF244 of Lb. delbrueckii phage mv4 (90%; 
143), SpyM18-1796 of Str. pyogenes MGAS8232 
(45%; 166), EWORF021 of S. aureus phage EW 
(44%; 161), JK_79P of E. coli phage JK06 (37%; 
129) 

ORF115  paper V - 
ORF112B HNH endonuclease 

CDD16524, CDD15013, 
CDD17060, CDD11118 (HNHc, 
HNH nucleases) 

paper V putative restriction endonuclease and HNH 
endonuclease genes from different bacteria (e.g. 
Nosctoc sp., Anabaena variabilis and Crocosphera 
watsonii), 26 of Str. mitis phage SM1 (41%; 67) 

ORF299 DnaA analog paper V several matches, e.g. ORF69 of S. aureus phage 69 
(38%; 281), ORF292 of Lb. delbrueckii phage 

   mv4 (34%; 246), ORF11 of L. lactis phage r1t (37%; 
130) and gene 38 of B. subtilis phage SSP1 (34%; 
118) 

0RF267 DnaC analog (Weigel & Seitz 
2006) 
ATPase associated motifs, motifs 
associated to DnaA and DnaC 
proteins 

paper V several ca 30% matches to Staphylococcus, 
Lactobacillus, Lactococcus and Bacillus phages, 
best match to ORF272 of Lb. delbrueckii phage mv4 
(71%; 266) 

ORF81  paper V - 
ORF83  paper V - 
ssb single strand binding protein 

pfam0436, COG0629 
paper V several single strand binding proteins 

ORF209 putative transcription regulator, 
HTH XRE-family like proteins 

paper V - 

ORF139 RusA (Weigel & Seitz 2006) 
pfam05866, COG4570 

paper V several different putative Holliday junction 
revolvases, e.g. lin749 of L. innocua Clip11262 
(46%; 135) prophage Lp1 related Lp_0647 of Lb. 
plantarum (31%; 136) 

ORF205  paper V - 
ORF172  paper V prophage Lj928 associated LJ1443 of Lb. plantarum 

NCC 533 (36; 77), prophage Lp2 associated lp_2426 
of Lb. plantarum WCFS1 (31%; 76), prophage Lp1 
related lp_0656 of Lb. plantarum (31%; 76)  

* The amino acid identity percentage and the number of aligned amino acids in ( );**sequence analysis and biochemical 
characterization 



 Original papers 

I  Ravin V, Räisänen L & Alatossava T (2002) A conserved C-terminal region in Gp71 
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II  Räisänen, L, Schubert K, Jaakonsaari T, & Alatossava T (2004) Characterization of 
lipoteichoic acids as Lactobacillus delbrueckii phage receptor components. 
J Bacteriol 186: 5529-5532. 

III  Riipinen K-A, Räisänen L & Alatossava T (2006) Integration of the group c phage 
JCL1032 of Lactobacillus delbrueckii subsp. lactis and complex phage resistance of 
the host. (Manuscript) 

IV  Räisänen L, Draing C, Pfitzenmaier M, Schubert K, Jaakonsaari T, von Aulock S, 
Hartung T & Alatossava T (2006) Molecular interaction between the LTAs and 
L. delbrueckii phages depends on D-alanyl and α-glucose substitution of 
poly(glycerophosphate) backbones. J Bacteriol. (In Press) 

V  Mikkonen M, Räisänen L & Alatossava T (1996) The early gene region completes 
the nucleotide sequence of Lactobacillus delbrueckii subsp. lactis phage LL-H. Gene 
175: 49-57. 

Original publications are not included in the electronic version of the dissertation. 



 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Distributed by
OULU UNIVERSITY LIBRARY

P.O. Box 7500, FI-90014
University of Oulu, Finland

Book orders:
OULU UNIVERSITY PRESS
P.O. Box 8200, FI-90014
University of Oulu, Finland

S E R I E S  A  S C I E N T I A E  R E R U M  N A T U R A L I U M

467. Broggi, Juli (2006) Patterns of variation in energy management in wintering tits
(Paridae)   

468. Mykrä, Heikki (2006) Spatial and temporal variability of macroinvertebrate
assemblages in boreal streams: implications for conservation and bioassessment   

469. Kekonen, Teija (2006) Environmental information from the Svalbard ice core for
the past 800 years   

470. Ojala, Pasi (2006) Implementing a value-based approach to software assessment
and improvement   

471. Saarenketo, Timo (2006) Electrical properties of road materials and subgrade
soils and the use of Ground Penetrating Radar in traffic infrastructure surveys   

472. Jokikokko, Erkki (2006) Atlantic salmon (Salmo salar L.) stocking in the Simojoki
river as a management practice   

473. Tapio, Miika (2006) Origin and maintenance of genetic diversity in northern
European sheep   

474. Miinalainen, Ilkka (2006) Enoyl thioester reductases—enzymes of fatty acid
synthesis and degradation in mitochondria   

475. Klaavuniemi, Tuula (2006) PDZ-LIM domain proteins and α-actinin at the muscle
Z-disk   

476. Reini, Kaarina (2006) Characterisation of the human DNA damage response and
replication protein Topoisomerase IIβ Binding Protein 1 (TopBP1)   

477. Pudas, Regina (2006) Structural and interaction studies on the carboxy-terminus
of filamin, an actin-binding protein   

478. Hillukkala, Tomi (2006) Roles of DNA polymerase epsilon and TopBP1 in DNA
replication and damage response   

479. Mäki-Petäys, Hannaleena (2007) Conservation and management of populations in
a fragmented forest landscape. Behavioural ecology meets population genetics    

480. Kärkkäinen, Johanna (2007) Preparation and characterization of some ionic liquids
and their use in the dimerization reaction of 2-methylpropene   

481. Junttila, Juho (2007) Clay minerals in response to Mid-Pliocene glacial history and
climate in the polar regions (ODP, Site 1165, Prydz Bay, Antarctica and Site 911,
Yermak Plateau, Arctic Ocean)   

482. Sipilä, Laura (2007) Expression of lysyl hydroxylases and functions of lysyl
hydroxylase 3 in mice 

A484etukansi.kesken.fm  Page 2  Monday, March 26, 2007  10:55 AM



U N I V E R S I TAT I S  O U L U E N S I SACTA
A

SCIENTIAE RERUM
NATURALIUM

OULU 2007

A 484

Liisa Räisänen

PHAGE-HOST 
INTERACTIONS IN 
LACTOBACILLUS DELBRUECKII: 
HOST RECOGNITION AND 
TRANSCRIPTION OF EARLY 
PHAGE GENES

FACULTY OF SCIENCE, 
DEPARTMENT OF BIOLOGY,
UNIVERSITY OF OULU

A
B
C
D
E
F
G

UNIVERS ITY OF OULU P.O. Box 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

EDITORIAL SECRETARY

Professor Mikko Siponen

Professor Harri Mantila

Professor Juha Kostamovaara

Professor Olli Vuolteenaho

Senior Assistant Timo Latomaa

Communications Officer Elna Stjerna

Senior Lecturer Seppo Eriksson

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-8424-3 (Paperback)
ISBN 978-951-42-8425-0 (PDF)
ISSN 0355-3191 (Print)
ISSN 1796-220X (Online)

A
 484

AC
TA

 Liisa R
äisänen

A484etukansi.kesken.fm  Page 1  Monday, March 26, 2007  10:55 AM


	Abstract
	Acknowledgements
	Abbrevations
	List of original papers
	Contents
	1 Introduction
	1.1 The world of phages
	1.2 Phage evolution
	1.3 Coevolution between the phage and its host
	1.4 Lactic acid bacterial phages
	1.4.1 Phages LL-H and JCL1032

	1.5 Cell walls of Gram-positive bacteria
	1.5.1 Proteins and polysaccharides
	1.5.2 Wall and membrane teichoic acids

	1.6 Phage infection
	1.6.1 Host recognition and attachment
	1.6.1.1 Anti-receptor genes
	1.6.1.2 Phage receptors

	1.6.2 Phage DNA injection
	1.6.3 Function of early phage genes
	1.6.3.1 Lysogeny module
	1.6.3.2 DNA replication module


	1.7 Aims of this study

	2 Materials and Methods
	2.1 Bacteria and phages
	2.2 DNA techniques and DNA analysis
	2.2.1 Phage and bacterial DNA
	2.2.2 DNA sequencing and computer analyses

	2.3 RNA techniques
	2.3.1 Isolation of total RNA
	2.3.1.1 Low-resolution transcription mapping
	2.3.1.2 Primer extension analysis
	2.3.1.3 Northern hybridization


	2.4 Extraction, purification and structural analysis of LTAs

	3 Results and Discussion
	3.1 Identification of anti-receptor gene
	3.2 LL-H phage receptor
	3.3 Coevolution between JCL1032 and its host
	3.4 The early gene region of LL-H
	3.5 Transcription analysis of the LL-H genome

	4 Conclusions
	References
	Appendices
	Appendix 1
	Appendix 2

	Original papers


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




