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Abstract
Polyvalent bacteriophages of the genus Twort-like that infect clinically relevant Staphylococcus strains may be among the most promising phages with potential therapeutic applications. They are obligatorily lytic, infect the majority of Staphylococcus strains in clinical strain collections, propagate efficiently and do not transfer foreign DNA by transduction. Comparative genomic analysis of 11 S. aureus/S. epidermidis Twort-like phages, as presented in this chapter, emphasizes their strikingly high similarity and clear divergence from phage Twort of the same genus, which might have evolved in hosts of a different species group. Genetically, these phages form a relatively isolated group, which minimizes the risk of acquiring potentially harmful genes. The order of genes in core parts of their 127 to 140-kb genomes is conserved and resembles that found in related representatives of the Spounavirinae subfamily of myoviruses. Functions of certain conserved genes can be predicted based on their homology to prototypical genes of model spounavirus SPO1. Deletions in the genomes of certain phages mark genes that are dispensable for phage development. Nearly half of the genes of these phages have no known homologues. Unique genes are mostly located near termini of the virion DNA molecule and are expressed early in phage development as implied by analysis of their potential transcriptional signals. Thus, many of them are likely to play a role in host takeover. Single genes encode homologues of bacterial virulence-associated proteins. They were apparently acquired by a common ancestor of these phages by horizontal gene transfer but presumably evolved towards gaining functions that increase phage infectivity for bacteria or facilitate mature phage release. Major differences between the genomes of S. aureus/S. epidermidis Twort-like phages consist of single nucleotide polymorphisms and insertions/deletions of short stretches of nucleotides, single genes, or introns of group I. Although the number and location of introns may vary between particular phages, intron shuffling is unlikely to be a major factor responsible for specificity differences.
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I. Introduction
 The Staphylococcus  genus groups several species of Gram-positive bacteria that inhabit human or animal organisms. Many of these species, especially Staphylococcus aureus, include highly pathogenic strains that can cause infections, which are manifested by various symptoms ranging from relatively mild to life threatening (reviewed by Tenover and Gorwitz, 2006). The treatment of such infections is becoming increasingly problematic due to the dissemination of methicillin-resistant S. aureus, as well as the emergence of vancomycin-resistant strains (Arias and Murray, 2009; Chambers and DeLeo, 2009; Howden et al., 2010). Naturally occurring, virulent bacteriophages that infect and kill a wide range of staphylococcal strains may become an alternative in the treatment of otherwise incurable infections caused by antibiotic-resistant staphylococci (Borysowski et al., 2011; Mann, 2008; Merabishvili et al., 2009). A few of them were shown to be effective in the treatment of staphylococcal infections in animals or are used in phage therapy including clinical trials in humans (Capparelli et al., 2007; Gill et al., 2006 ; Gupta and Prasad, 2011; Jikia et al., 2005; Kvachadze et al., 2011; Markoishvili et al., 2002; Merabishvili et al., 2009; Paul et al., 2011a ; O’Flaherty et al., 2005b; Rhoads et al., 2009 ; Sulakvelidze et al., 2001 ;
Sulakvelidze and Kutter, 2005; Sunagar et al., 2010; Wills et al., 2005; Zimecki et al., 2008, 2009, 2010). Additionally, proteins of these phages that are lethal to Staphylococci  may serve as prototypes of antibacterials, mark potential drug targets in staphylococcal cells, or can be used as antistaphylococcal agents by themselves (Fischetti, 2008; Gu et al., 2011 ; Liu et al., 2004; Pastagia et al., 2011; Projan 2004 ; Rashel et al., 2007).  Phages of the most promising group from a therapeutic point of view belong to the Twort-like genus (Klumpp et al., 2010). Although their history dates as far back as the history of phages, with their first representative, phage Twort,
believed to have been isolated in 1915 (Lavigne et al., 2009; Twort, 1915), little is yet known about the biology of these phages. This chapter provides the genome-wide comparison of 11 staphylococcal Twort-like phages, which are suitable for therapeutic applications. Some genomic features of these phages which appear to be responsible for their certain properties and wide strain specificity are also discussed.

II. Staphylococcal bacteriophages: A short overview
Early interest in staphylococcal phages was stimulated by their potential therapeutic applications (reviewed by Alisky et al., 1998; Sulakvelidze and Kutter, 2004; Sulakvelidze et al., 2001). However, after the introduction of antibiotics, it was motivated mainly by the wide application of phages to differentiate clinical staphylococcal strains. The phage typing method of staphylococci derived from that developed originally by Wilson and Atkinson (1945) has been used, verified, and improved for decades (e.g., Aucken and Westwell, 2002; Blair and Williams, 1961; Davidson, 1972; Heczko et al., 1977; Lundholm and Bergendahl, 1988; Marples and Rosdahl, 1997; Piechowicz et al., 1999; Richardson et al., 1999; Smith, 1948a; Wagener, 1993; Wildemauwe et al., 2004; for a review of old literature, see Wentworth, 1963). It has not been entirely abandoned even nowadays, when molecular typing methods found a common use and appear superior for the differentiation of most strains (e.g., Andrasevic et al., 1999; Emberger et al., 2011; Grundmann et al., 2002; Mehndiratta et al., 2011; Piechowicz et al., 2010; Shouval et al., 2011; Tenover et al., 1993; Wildemauwe et al., 2010; ). Since introduction of the routine bacteriophage set to type S. aureus strains by the Colindale laboratory (Williams and Rippon, 1952), other standard collections have also been established in different laboratories; these basic collections often have been supplemented with local isolates, resulting in hundreds of staphylococcal phages isolated over the world (e.g., Akatov et al., 1991; Chistovich, 1960; Dmitrienko et al., 2003; Dua et al., 1982; Gershman et al., 1988; Gibbs et al., 1978; Holmberg, 1978; Kawano et al., 1982; Martin-de-Nicolas et al., 1990; Parisi et al., 1978; Petrushina, 1975; Pillich et al., 1978; Shimizu, 1977; Skahan and Parisi, 1977; Talbot and Parisi, 1976; Veorhef et al., 1971; Vindel et al., 1994; Wang, 1978; Zueva et al., 1994; for a review of older literature see Wentworth, 1963). 
Early studies with rabbits antisera led to the grouping of staphylococcal phages into 11 serological types (A, B, C, D, E, F, G, H, J, K, and L)(Blair and Williams, 1961; Doskar et al., 2000; Rippon 1952, 1956; Rountree, 1949a). Phages that belong to a given serological type share many other features, including similar morphology, genome size and organization, number and size of major virion polypeptides, stability, and the ability to form lysogens or lyse strains of different origins (Ackermann, 1976, 1998; Krzywy et al., 1981; Kwan et al., 2005; Lee and Stewart, 1985; Pariza and Iandolo, 1974; Rosenblum and Tyrone, 1964). The latter abilities became a basis to divide staphylococcal phages into lytic groups. Temperate phages are the majority. A summary of their most important properties can be found in Kahankova et al. (2010).  They belong to serological groups A, B, C, E, F, J, K, and L. However, they are considered unsuitable for therapeutic applications due to safety concerns. An infection with these phages can either lead to phage development and cell lysis or initiate lysogeny (reviewed in Guttman et al., 2005). Known staphylococcal temperate phages lysogenize cells by integration of their DNA (a prophage) into a certain attachment site in a host chromosome. Lysogeny appears to be common in staphylococci. Nearly all tested S. aureus isolates are lysogens, carrying from one to four prophages (Goerke et al., 2009; Pantucek et al., 2004). The prophage remains a part of the host chromosome as long as the phage repressor protein blocks transcription of its lytic genes and hence the initiation of lytic development. The phage repressor confers to lysogens resistance to the infection with related phages. The resistance to superinfection is not the only  phenotypic difference between lysogens and non-lysogens. Staphylococcal prophages can destroy host genes for certain virulence factors, such as hemolysin or lipase, by integration at their attachment sites within those genes (Carroll et al., 1993; Lee and Iandolo, 1986). However, as the evolutionary success of temperate phages depends on a selective advantage of lysogens over nonlysogens, temperate phages carry genes that encode bacterial adaptive functions, including toxins and other virulence determinants (Boyd and Brussow, 2002; Brussow et al., 2004). Genes for enterotoxin A and exfoliative toxin, Panton-Valentine leukocidin, and immune evasion factors are only some examples (Betley and Mekalanos, 1985; Kaneko et al., 1998; van Wamel et al., 2006; Yamaguchi et al., 2000). Additionally, certain temperate phages can serve as carriers for staphylococcal pathogenicity islands and participate in the spread of the latter (reviewed by Novick et al., 2010). Thus, despite successful attempts to use certain temperate phages for curing staphylococcal infections in animals (Matsuzaki et al., 2003), the use of such phages for therapeutic purposes could potentially pose a risk of increasing the pathogenicity of the infecting bacterial strain. 
Staphylococcal therapeutic phages of choice are obligatorily lytic. They belong to serological groups D, G, and H. Several of their representatives are polyvalent and can lyse strains of human as well as bovine origin (Rippon, 1956). However, phages of lytic group H appear unstable and difficult to propagate, and hence only phages of groups D and G are potentially useful for therapeutic applications. 
Of over 215 of staphylococcal phages that have been characterized morphologically, all belong to the order Caudovirales—phages of an icosahedral head, which contains linear, double-stranded DNA, and isattached by one vertex to a tube-like tail (Ackermann, 2007). Genomic sequences of only over 50 of them have been determined (Ackermann and Kropinsky, 2007; Daniel et al., 2007; Ma et al., 2008; ......... see elsewhere in this chapter). They fall into three discrete size categories (130, 40, and 18 kb)(Kwan et al., 2005). Phages of medium-size genomes are a majority. They form the most diversified group, belong to the Siphoviridae family (phages with a long, noncontractile tail) and are temperate. Obligatorily lytic phages of serological groups D and G belong to those of the largest and the smallest genomes, respectively. They are representatives of Myoviridae and Podoviridae families of tailed phages. (Rosenblum and Tyrone, 1964). The former have a long contractile tail, whereas the latter have a short noncontractile tail.  Only one temperate phage of known genomic sequence appeared to have a small genome (Kwan et al., 2005). However, it is not related to obligatorily virulent phages of similar genome size. 
Several features, in addition to the obligatory lytic lifestyle and polyvalency, make staphylococcal myo- and podoviruses of D and G serotypes suitable for therapeutic purposes. Homologies of these phages at the DNA level are mostly to phages of the same lineages, minimizing the risk of genetic exchange with prophages and bacterial chromosomes. Consistently, no homologues of genes that encode bacterial toxins or proteins uequivocally associated with bacterial virulence were found in their genomes (Kwan et al., 2005; see elsewhere in this chapter). The participation of these phages in the horizontal gene transfer between bacteria is limited by their inability to form transducing particles—virions that contain fragments of host DNA and could transfer such DNA to a new host (Anderson and Bodley, 1990; Bjornsti et al., 1982; Klumpp et al., 2008; Valpuesta et al., 1993; Zimmer et al., 2003; authors' unpublished results). This property is implied by the requirement of specific DNA sequences for phage DNA packaging and, in the case of serotype D phages, by the degradation of bacterial DNA at early steps of cell infection (Rees and Fry, 1981a). A fast and efficient adsorption of these phages to host cells, as well as their ability to infect encapsulated strains and penetrate biofilms, contributes to their high infection efficiencies, whereas the optimized codon usage profiles in protein-coding genes facilitate their fast propagation (Cerca et al., 2007; Golec et al., 2011; Sau et al., 2005; Son et al., 2010; Vandersteegen et al., 2011). 
Staphylococcal podoviruses that are obligatorily lytic are rare in bacteriophage collections. Their host range is wide, but is limited to strains of coagulase-positive staphylococci (Rippon, 1956; Son et al., 2010). The genomes of described isolates (44AHJD, P68, 66, and SAP-2) range in size between 16.7 and 18.2 kb and have highly homologous nucleotide sequences (Kwan et al., 2005; Son et al., 2010; Vybiral et al., 2003). Phylogenetically, all these phages have been classified in a separate genus, AHJD-like, within the Picovirinae subfamily (Lavigne et al., 2008). Their virion DNA molecules end with a few hundred base pair terminal repeats and encode 20–29 proteins. One of these proteins, endolysin of the SAP-2 phage, was shown to have the ability to digest the walls of various Staphylococcus species cells (Son et al., 2010). Functions of only 11 other proteins can be predicted based on homologies of their amino acid sequences to  sequences of functionally characterized proteins (Kwan et al., 2005; Vybiral et al., 2003). In the majority of cases, the homologies concern proteins of Bacillus phage 29, a model representative of the Picovirinae subfamily, which belongs to a different genus, the 29-like phages. By the extrapolation of relevant 29 properties, one can predict that certain morphogenetic functions of AHJD-like phages and 29 are similar, as well as that the replication of AHJD-like phages like that of 29 is protein primed and relies on the phage type B DNA polymerase (an equivalent of Escherichia coli Pol II)(Meijer et al., 2007; Vybiral et al., 2003). Results of the authors’ studies to be published elsewhere indicate a therapeutic efficacy of staphylococcal AHJD-like phages in an invertebrate model of S. aureus infection. Whether these phages can be effective in therapies of staphylococcal infections in other animals and in humans remains to be verified. Polyvalent staphylococcal phages of serotype D, which belong to Myoviridae, have the widest host range with respect to staphylococcal strains and have been studied intensively. Those that have been isolated as specific for S. aureus infect the majority of S. aureus strains in different clinical strain collections and, in the majority of cases, are also infective for several strains of coagulase-negative Staphylococci (Hsieh et al., 2011; Kvachadze et al., 2011; Kwiatek et al., 2011; O’Flaherty et al., 2005; Pantucek et al., 1998, Rippon, 1956; Rountree, 1949; Synnot et al., 2009). Over 30 staphylococcal myoviruses have been described (for a summary, see Hsieh et al., 2011; Klumpp et al., 2010 and references therein; Kwiatek et al., 2011; Pantucek et al., 1998; Synnott et al., 2009). Six of them (K, G1, A5W, ISP, Sb-1, and Twort) have been characterized previously at the level of genomic sequence (Kvachadze et al., 2011; Kwan et al., 2005; O’Flaherty et al., 2004; Ulatowska et al., in prepatation; GenBank Acc. No. EU418428; Vandersteegen et al., 2011). The genomic sequences of an additional six (Staph1N80, Fi200W, 676Z, P4W, A3R, and MSA6) have been determined and are described in this chapter(). All these phages have been studied with the respect of potential therapeutic applications or have been used in phage therapy in humans (Dąbrowska et al., 2010; Kvachadze et al., 2011; Kwan et al., 2005; Kwiatek et al., 2011; Merabishvili et al., 2009; Międzybrodzki et al., 2012; O’Flaherty et al., 2005; Zimecki et al., 2008, 2010a,b). Some of them appered effective therapeuticaly also in the invertabrate staphylococcal infection model (authors' unpublished results). They have highly homologous DNA sequences and belong to the Twort-like genus of the Spounavirinae subfamily of myoviruses (Klumpp et al., 2010; Lavigne et al., 2009; see elsewhere in this chapter). Representatives of this subfamily have large genomes (127–140 kb), are strictly virulent, infect Gram-positive, low GC content bacteria, have a wide host range among strains of infected bacterial genus, and share considerable homologies at the level of protein sequences (Table I; Carlton et al., 2005; Chibani-Chennoufi et al., 2004; Kilcher et al., 2010; Klumpp et al., 2008; Uchiyama et al., 2008; reviewed by Klumpp et al., 2010). Their best-known member is the Bacillus subtilis phage SPO1, which has been classified to the SPO1-like genus of Spounavirinae (Lavigne et al., 2009; for a review, see Stewart et al., 2009). A more detailed description of staphylococcal Twort-like phages of this subfamily that infect clinically relevant Staphylococcus strains, is a subject of the remaining part of  this chapter.
III. Twort-like myoviruses of Staphylococcus
A. Morphology
	Morphologically, staphylococcal Twort-like phages resemble phages of the same genus that infect Listeria monocytogenes (A511, P100) and differ from Bacillus phage SPO1 by having longer tails (from 175–176 nm in ISP and 676Z to 217–219 nm in K and P4/Fi200 versus 140 nm in SPO1), which are also slightly more slender (; Klumpp et al., 2008, 2010, and references therein; Kwiatek et al., 2011; Ulatowska et al., in preparation). However, other parts of their virions look alike. In both genera, phage heads are isometric and icosahedrons. Their diameters were estimated to be in the range of about 84.5 nm for SPO1 (with a maximum vertex-to-vertex diameter of 108 nm) and 90 nm for phage Twort. Whether slight differences between virion sizes of different Twort-like phages measured by different authors or on different preparations may reflect real differences is unclear. They may as well result froms staining-related deformations of phage particles and differences in techniques of measurements or microscope calibration as was summarized by Ackermann (2009). In SPO1 and Twort-like phages, the head is connected to a tail by a hollow neck. A characteristic feature of SPO1 and Twort-like phages is a baseplate at the end of the tail. On high-resolution electron micrographs of several of these phages, it was shown to undergo major structural rearrangements during tail contraction (Fig. 1; for a summary, see Klumpp et al., 2008, 2010; Parker and Eiserling, 1983a). A slightly amorphous single layer plate with sixfold symmetry and protruding flexible fibers transforms into a double-layered plate that remains attached to the end of the contracted sheath and resembles a lacy miniskirt of a ballet dancer. Each of its layers looks like a thin ring or centrally perforated disk that surrounds a significantly narrower sheath and is perpendicular to it. The diameter of the upper ring seems to be slightly smaller than that of the lower ring. Both rings are interconnected by a few thin vertical connectors, which extend further down from the bottom ring of the baseplate and form tail spikes. As a result of tail sheath contraction and the accompanying upward movement of the baseplate, the bottom part of the tail tube is exposed and can penetrate cell envelopes. 
B. Overall genome organization and conserved regions
	Similar head dimensions of different Spounavirinae representatives correlate with similar lengths of their virion DNA molecules, which have to be packed to phage heads in the process of virion assembly (127–148 kb; reviewed by Klumpp et al., 2010). Typically, ends of these molecules contain long, several thousand base pairs, exact (nonpermuted) direct terminal repeats (LTRs). They facilitate the circularization of infecting phage DNA by homologous recombination (Okubo et al., 1964; reviewed by Casjens and Gilcrease, 2009). 
Virion DNA molecules of SPO1 and Listeria monocytogenes phage A511 were shown previously to have LTRs of 13,185 and 3,125 bp, respectively (Klumpp et al., 2008; Stewart et al., 2009). LTRs at virion DNA ends appear also a characteristic feature of staphylococcal Twort-like phages (Table I). The lengths of these repeats in virion DNA of the A5W phage (Ulatowska et al., 2012) and in DNA of six S. aureus Twort-like phages of different origins described here are similar (from 8047 to 8506 bp). 
The average GC content in the genomes of staphylococcal Twort-like phages is between 30.26 and 30.60%—slightly less than in the sequenced S. aureus and S. epidermidis genomes (32.8 and 32.1%, respectively)(Table I; Avison et al., 2002; Baba et al., 2002; Holden et al., 2004; Kuroda et al., 2001; Rosenstein et al., 2009). The distribution of GC pairs along the genomes is remarkably uniform, indicating ancient  origin of these phages and consistent with their affiliation to are mainly influenced by vertical evolution rather than by horizontal gene transfer (Lavigne et al., 2009; Rohwer and Edwards, 2002). 
Overall homologies of staphylococcal Twort-like phages that infect S. aureus and S. epidermidis hosts are exceptionally high (88.3–99.9% identity at the DNA level; ), implying a limited genetic exchange between the gene pool of these phages and phages of other families or of other hosts. Differences concern mostly single nucleotide substitutions or insertions/deletions. Genomes of only three phages, A3R, K and Sb-1 have been substantially shortened by deletions that include groups from 8 to 28 genes (Table II). The latter two contain the largest number of genes that have no homologs in the genomes of other phages. Possibly, they were acquired to compensate for functions of lost genes. The remaining deletions/insertions in the genomes of S. aureus/S. epidermidis Twort-like phages are short stretches of nucleotides, single protein-coding genes, or introns (see later in this chapter). Nucleotide substitutions and short insertions/deletions are scattered throughout the genomes. However,  none of them influences the amino acid sequences of 56 predicted proteins, which are identical in all these phages (). Phage Twort shares only about 47.6–52.5% of identical genomic sequences with the genomes of S. aureus/S. epidermidis Twort-like phages. The homology at the protein sequence level is similarly low (53%; Table II). S. hyicus—a host of Twort, despite belonging to coagulase-positive staphylococci—exhibits a limited similarity to S. aureus subsp. aureus at the level of genomic sequence, as was found by SmaI restriction site mapping of both species’ DNA (Pantucek et al., 1996). Consistently, it was classified by molecular typing methods in the S. hyicus/S. intermedius phylogenetic group, which is separate from the S. aureus/S. epidermidis group (Ghebremedhin et al., 2008). Clearly, the horizontal gene transfer between Twort-like phages that infect members of unrelated species of the same genus is limited in staphylococci. Starting from the beginning of virion DNA molecule, genes of Twort-like phages that infect S. aureus/S. epidermidis can be grouped into three major clusters according to their direction of transcription (Fig. 3; O’Flaherty et al., 2004; Ulatowska et al., in preparation). The first cluster consists of  open reading frames (ORFs) of the left LTR region (ca. 8.5 kb). They are transcribed in the rightward direction, with the exception of two, which are transcribed leftward. However, at least one of the latter (treM), which encodes a putative homing endonuclease, represents a mobile genetic element and was presumably acquired by an ancestor of these phages by horizontal gene transfer. The second cluster of genes, which occupies about 32 kb of genomic DNA, consists of  61–65 ORFs transcribed in the leftward direction. It contains two major genome regions that do not encode proteins. One of them, about 1 kb long, encodes one  tRNA, while the other, about 1.6 kb long, encodes the three remaining  tRNAs of these phages. The third cluster of genes, which is the major one and occupies about 96 kb, consists of  103-128 ORFs transcribed in the rightward direction. In virion DNA, this cluster directly precedes the region of the right LTR. While the first cluster of genes (LTR) is separated from the second cluster by about a 0.3-kb noncoding region, spacing between the second and the third cluster is shorter, 0.14 kb. The genome of phage Twort is organized in a similar manner with respect to the direction of gene transcription (Kwan et al., 2005). However, it encodes only two tRNAs.
The aforementioned clusters of genes do not correspond to basic transcriptional units. Several putative promoter and terminator sequences were identified by in silico analysis of K, ISP, and A5W genomic sequences (O’Flaherty et al., 2004; Ulatowska et al., in preparation; Vandersteegen et al., 2011).  Presumably, like in the case of Bacillus phage SPO1, proteins of these phages are translated from over 50 transcripts Stewart et al., 2009;). 
The overall genome organization of staphylococcal Twort-like phages is typical of other Spounavirinae representatives (Stewart et al., 2009). Each of them contains  about 200 protein-coding genes and a few genes encoding tRNA (Tables I and ; Fig. 3; Kvachadze et al., 2011; Kwan et al., 2005; O’Flaherty et al., 2004; Stewart et al., 2009; Ulatowska et al., in prepatation; ; Vandersteegen et al., 2011). Genes are tightly packed and occupy over 89% of the genomes. They are arranged in functional modules, but the organization of these modules is slightly different from that of staphylococcal temperate phages (O’Flaherty et al., 2004). While modules in the genomes of the latter are clearly separated from each other and determine, in order, functions responsible for lysogeny, DNA replication and transcription, DNA packaging, phage morphogenesis, and cell lysis (Iandolo et al., 2002) ,  some modules in the genomes of staphylococcal Twort-like phages  are not clearly separated, their order is different and certain genes are scrambled between modules. The lysis module is separated from the DNA packaging, and head and tail morphogenesis module only by a short region that encodes tRNAs and and a few proteins of unknown functions, and presumably contains an origin of phage replication (see further in the text). The head and tail morphogenesis module in turn seems to be split into the major and the minor part (containing only three genes), by the insertion of the replication and transcription module. Additional genes that encode phage morhogenetic functions are scattered througout different genome parts.
The order of genes in central regions of the genomes is  conserved substantially between staphylococcal Twort-like phages and other phages of the Spounavirinae subfamily (Stewart et al., 2009). Comparing the predicted gene products of the Bacillus SPO1 phage with those of staphylococcal phages G1, K, and Twort, Listeria phage P100, and Lactobacillus plantarum phage LP65, Stewart and colleagues (2009) detected 73 known or putative proteins of G1, K, or Twort (34%) homologous to at least one protein of the remaining phages. Current comparisons, which include a new member of Spounavirinae subfamily,  Enterococcus faecalis  phage phiEF24C (Uchiyama et al., 2008), allows one to identify 83 conserved protein (Table II). This list may extend with the acquisition of crystallografic data concerning the remaining proteins. The closest relatives of S. aureus/S. epidermidis Twort-like phages among the Twort-like phages that infect nonstaphylococcal hosts appear Listeria phages P100 and A511. Seventy-eight proteins are highly conserved in these phages (Fig. 3, ). Sixty-six of them are also highly conserved in Enterococcus Twort-like phage phiEFC24C. One additional protein, represented by A5W gp ORF160, is conserved in staphylococcal Twort-like phages and phiEFC24C, but not in Listeria phage P100. Whether the homologue of ORF160 was deleted from the genome of P100 ancestor or acquired by the ancestor of staphylococcal Twort-like phages or phage phiEFC24C by horizontal gene transfer is unclear. 
The major cluster of conserved genes in the genomes of staphylococcal Twort-like phages is represented by the region from about 41 to 121 kb of the A5W genomic sequence (Fig. 3, Table II). Lavigne and colleagues (2009) identified in this region two clusters of genes shared between SPO1 and phages of the Twort-like genus: the cluster of DNA replication genes (including genes that encode helicase, exonuclease, primase and resolvase, and corresponding to A5W genes from dhlA to ORF108) and the cluster of morphogenesis and DNA packaging genes (corresponding to A5W genes from ter to tmpG). Products of over half of the 33 further downstream genes until A5W ORF141 have homologues among P100 and A511 proteins, but only a few have homologues among proteins of the SPO1 phage. Genome regions close to the ends of virion DNA molecule are those of the least homology among the genomes of Spounavirinae that infect hosts of different species groups, indicating that mutational changes, as well as horizontal gene transfer events that led to the adaptation of these phages to their bacterial hosts, occurred mostly there. Remarkably, the pattern of gene conservation along the genomes of Spounavirinae representatives resembles that in the T4-type bacteriophages. Perhaps, as it was proposed in the case of the latter (Filée et al., 2006), the conserved genome portions of Spounavirinae have been inherited as a block from a distant common ancestor, and selection for retaining their functions has limited the influence of HGT on them. 
C. Gene designations
	Despite the surprisingly high homology between genomes of Twort-like phages of Staphylococcus, there is no uniform system of their gene designations. ORF numbering in the genomic sequences of phages K and G1, which were described as first, is inconsistent and, in the case of G1, not related to the order of ORFs. Nearly 100 ORFs have not been annotated in the GenBank file of the phage K sequence and are not described in the relevant reference. Thus, to facilitate comparisons of genomes of different Twort-like phages, the authors use gene designations that were proposed elsewhere for the genes of phage A5W and were used in the annotations of genomic sequences of phages Staph1N, A3R, 676Z, P4W, Fi200W, and MSA6 in the relevant GenBank files (Table I and II; Ulatowska et al., in preparation). Genomic sequences of these phages that are deposited in GenBank, as well as the sequence of A5W, start with the beginning of the left LTR. LTR ORFs are designated as tre (terminal repeat-encoded). Certain other genes are designated by abbreviations that reflect either known or predicted function of their products o homology of their products to proteins of known function or the location of these genes in the genome. The remaining ORFs are designated by numbers, which increase rightward along the genome. 

D. regions
The first genome region of staphylococcal Twort-like phages that reaches a host cell cytoplasm at infection is one of LTRs.   Whether all staphylococcal Twort-like phages have LTRs of similar length is unclear. The DNA sequences of G1 and ISP phages, which are deposited in GenBank contain 8.4-kb regions corresponding to the LTR regions of phages A5W, Staph1N, Fi200W, P4W, 676Ż, A3R and MSA6. In phage K, the LTR regions were estimated to occupy 20 kb of virion DNA molecule and represent the duplicated region corresponding to positions 124,000–127,395 and 1–5000 of the current genome map (8.4 kb)(Klumpp et al., 2008; O’Flaherty et al., 2004). However, the exact borders between these LTRs and the rest of virion DNA have not been determined. Only 15 out of 21 LTR genes have their homologues in the K genomic sequence that has been deposited in GenBank (Table II). Together they occupy only about 5.6 kb. In the case of the phage Sb-1 sequence that is deposited in GenBank, the region homologous to LTRs of other phages spans only 4 kb. In both K and Sb-1 genomes the outermost ORFs of the region that do not form LTRs are conserved. Whether these two phages have shorter LTRs or borders of LTRs shifted to compensate for the deleted regions is unclear. The colinearity of LTRs was shown previously for Bacillus phage SPO1 and related phages: SP82, 2C, and e (Hoet et al., 1983). However, deletions in the regions that correspond to LTR restriction fragments of phage A5W DNA were reported in certain host range mutants of A5W relative,  phage 812 (Pantucek et al., 1998). 
The mechanism of redundant virion DNA end formation in Spounavirinae is not clearly understood. In SPO1, DNA concatamers formed in cells in the process of phage DNA replication contain only one copy of LTR between flanking copies of the remaining genome parts (reviewed by Stewart et al., 2009). Thus, the redundant copy of LTR present in each virion DNA must be formed in concert with DNA packaging. Consistently, the nucleotide sequences of both LTRs in each phage are identical. 
Comparison of border regions that separate the left and right LTR from the non-redundant genome part in S. aureus/S. epidermidis Twort-like phages revealed 18-bp nearly perfect inverted repeat (IR) sequences, which are only there (). We presume that both these IRs are involved in the formation of redundant ends of virion DNA molecules during head packaging. What their exact role is in this process and whether it requires a product of any border region gene needs to be determined. Of ORFs that are adjacent to LTR borders, only bofL and treA, are conserved in S. aureus/S. epidermidis Twort-like phages. However, predicted products of both these ORFs are small, highly acidic proteins, which, by their nature, could not directly bind DNA (Ulatowska et al., in preparation). The LTR region in Bacillus phage SPO1 encodes early phage proteins, whose primary role is subversion of the host’s biosynthetic machinery to the purposes of the infecting bacteriophage (Perkus and Shub, 1985; Stewart et al., 1998; Wei and Stewart, 1993). In general, their length does not exceed 100 amino acid residues. Their genes are preceded by strong promoters that are recognized by host DNA polymerase, and have ribosome binding sites characteristic of highly expressed genes. A cluster of early genes that occupy most of the terminal redundancy region in SPO1 phage DNA forms the so-called “host-takeover module”. Mutations in certain genes in this region prevent or alter the shut off of host DNA and/or RNA synthesis (Stewart et al., 2009a,b; Sympath et al., 1998). In S. aureus/S. epidermidis Twort-like phages, the LTR region contains 10-21 genes , suggesting that certain genes of this region are dispensable (Table II). Predicted products of LTR genes are short proteins of no significant homology to any protein of known function (Ulatowska et al., in preparation). An exception is the treM gene, which is present in this region in most of the aforementioned phages and which encodes a homing endonuclease. Conceivably, some or all LTR genes play a role in host takeover, by anlogy to LTR genes of SPO1. Putative Shine–Dalgarno regions of 20 LTR genes are highly complementary to the 3 end of staphylococcal 16S rRNA, suggesting high translational efficiencies (Ulatowska et al., in preparation). 
E. Transcription of phage genes
Genes of most of tailed phages,  SPO1 among them,  can be divided into early, middle, and late based on their order of expression in phage development (Stewart, 1993; Stewart et al., 2009). Some of them are expressed in more than one developmental stage at similar or various levels. Different timing of expression is associated with differences in transcriptional signals that precede genes of particular groups. Most of the early genes play a role in host-takeover. Middle genes specify mostly DNA replication-associated functions, whereas late genes specify morphogenetic, DNA packaging and lytic functions. Similar arrangement of genes in genome modules of SPO1 and Twort-like phages implies analogous regulatory patterns. 
As many as 58 transcriptional units were proposed in the genome of  phage SPO1 (Stewart et al., 2009). The transcriptional activity of 42  promoters scattered throughout the genome has been confirmed in in vivo and in vitro experiments (reviewed by Stewart et al., 2009). The presence of numerous putative promoters in connection with the identification of over 30 rho-independent terminators in the genomes of staphylococcal Twort-like phages also suggests complex transcriptional organization (O’Flaherty et al., 2004; Ulatowska et al., 2012; Vandersteegen et al., 2011). 
	Phages of the Spounavirinae subfamily do not encode their own RNA polymerase (RNAP) (O’Flaherty et al., 2004; Stewart et al., 2009). Thus, they have to rely on host RNAP  in transcription of all their genes and modify the host polymerase function to redirect it to the recognition of middle and late phage promoters at later phage developmental stages. 
 Four different  factors which can associate with RNAP holoenzyme were indentified in staphylococcal cells. The primary SA —a member of the 70 family—directs transcription of housekeeping genes during exponential cell growth (Deaora and Misra, 1996). Results of Debhi and colleagues (2009) imply that this  must also participate in  transcription initiation of early genes of staphylococcal Twort-like phages. In the case of Bacillus phage SPO1, transcription of early genes, both in in vivo and in vitro experiments, also depends entirely on the bacterial RNAP  holoenzyme that is associated with the bacterial housekeeping  factor (Heintz and Shub, 1982). Thus, promoters  that are recognized by bacterial 70 family RNAP  factors  are a hallmark of early transcripts in the SPO1 genome and in the genomes of staphylococcal Twort-like phages.
Numerous putative promoters of 35 and 10 regions characteristic of those recognized by bacterial 70 family factors (Lonetto et al., 1992) were found in the sequences of phages K, ISP, and A5W using different in silico methods.  Ulatowska and colleagues (in preparation) analyzed predicted transcriptional regulatory signals of LTR genes in phage A5W.  All but one of  15 LTR  operons are preceded by putative 70 family promoters of relatively high homology to the consensus sequence. This implies a high level of expression of most of the LTR genes, as was found in the case of the LTR genes of phage SPO1 (Lee et al., 1980; Romeo et al., 1981; Stewart et al., 1998, 2009). In addition to the LTR region, putative SA-recognized promoters were also identified in the upstream regions of several other K, A5W, and ISP genes (O’Flaherty et al., 2004; Ulatowska et al., in preparation; Vandersteegen et al., 2011). Nineteen of them are located in the regions preceding predicted operons in 32-kb, leftward transcribed gene cluster, suggesting that most of the early genes that are outside LTR are grouped in this cluster. Presumably all tRNA genes in this cluster are transcribed early in phage development. Three of them, grouped together (tRNA-Trp, tRNA-Phe and tRNA-Asp), are preceded by two putative early promoters, while the remaining one (tRNA-Met), located separately, is preceded by one such promoter. Comparison of the average codon usage frequences beetween S. aureus and S. aureus/S. epidermidis Twort-like phages did not reveal major differences, suggesting that a role of phage tRNAs is to support host pool of tRNAs to speed up phage mRNA translation.     Thirty putative  SA-recognized promoters are scattered throughout the large cluster (~96-kb) of rightward transcribed genes, most of which belong to the DNA packaging and head and tail morphogenesis, and to the replication and transcription modules. Eight of them precede genes of the replication and transcription module, including genes that encode DNA helicase DhlA, putative replication protein Rep, transcription regulator Trf and DNA-directed DNA polymerase. They could ensure early start of phage DNA replication in infected cells. Nine predicted early promoters precede genes of the head and tail morphogenesis cluster, similarly as it was observed in the case of certain genes of this cluster in phage SPO1 (Stewart et al., 2009). Surprisingly, as many as three predicted early promoters are immediately upstream of the pro gene, which encodes prohead protease (Ulatowska et al., in preparation). One can not exclude that Pro protein, in addition to its function during head maturation, participates in the conversion of host metabolism at early stage of phage infection. Although the functionality of predicted SA-recognized promoters in the genomes of staphylococcal Twort-like phages awaits verification, many of them are likely to be active in the initiation of transcription. In SPO1, 14 early promoters were identified in the nonredundant region of the SPO1 genome (summarized by Stewart et al., 2009). The functionality of three of them was confirmed. 
One of the early genes of staphylococcal phage G1 that is not linked to the LTR region appears to be ORF240 (corresponding to A5W sci). Consistently, it is preceded by a putative SA-recognized promoter (Vandersteegen at al., 2011). G1 ORF240 encodes a small, 58 aa protein, that specifically inhibits S. aureus replicase via binding to DNA sliding-clump (Belley et al., 2006). The binding prevents loading of DNA sliding clump onto DNA and its interaction with DNA polymerase C. The relevant protein of phage Twort, gp ORF168 has similar properties. Both G1 gp ORF240 and phageTwort gp ORF168 play a role in host-takeover. Thus, it is surprising that homologs of these genes as well as flanking genes are absent from the genome of phage K and Sb-1. Possibly, they are replaced by additional genes that are specific for K and Sb-1 and are located in the right end of the genomes of these phages (Table II). Development of phage K in S. aureus cells was shown to cause inhibition of  host DNA synthesis, which occured during the first five minutes following infection (Rees and Fry, 1981a). One can not exclude that other proteins, in addition to gp ORF 240 may block host replication at phage infection as well. 		
 In the case of SPO1, after early stage of phage development, the bacterial  factor is replaced by SPO1-encoded factors. One of them,  gp28, directs transcription of middle genes, and two, gp33 and gp34, direct transcription of late genes (Chelm et al., 1982 and references therein; Constanzo and Pero, 1983, 1984; Fujita et al., 1971; Gage and Geiduschek, 1971; Losick and Pero, 1981; Talkington and Pero, 1977).
 Ulatowska and colleagues (in preparation) identifiedin the regions of A5W, G1, and K bacteriophage genomes corresponding to regulatory regions of certain middle and late genes of SPO1, sequences that are  likely to function as promoters of middle and late genes of these phages. One can expect that staphylococcal Twort-like phages, like SPO1, encode their own sigmas or other factors redirecting the host polymerase holoenzyme from phage early, to middle, and then to late genes. However, no homologue of SPO1 gp28 could be found among predicted protein products of these phages. In SPO1, gp28 by itself appears insufficient enough in redirecting host RNA polymerase to explain the abrupt shut off of early gene transcription that accompanies the initiation of transcription of middle genes (Chelm et al., 1982). At least three small proteins, products of genes 44, 50, and 51 of the “host-take over module,” are additionally involved in the regulation of early transcription shut off (Sampath and Stewart, 2004). Staphylococcal Twort-like phages do not encode an obvious homologue of any of these proteins. However, by searching for interactions of phage G1 proteins that inhibit growth of S. aureus, with proteins of S. aureus cells, Debhi and co-workers (2009) identified gpORF67 of phage G1 (equivalent to the product of A5W asf) as an anti-sigma factor that binds to the primary   factor of S. aureus (SA) and inhibits transcription at SA-dependent promoters (Debhi et al., 2009; Liu et al., 2004). The binding of G1 gpORF67 to SA and the resulting inhibition of host SA-dependent RNAP activity was proposed to trigger a shift in the profile of transcription from early to middle phage genes. 
Mechanisms of late transcription activation in staphylococcal Twort-like phages and SPO1 appear to have more in common. A protein that is a homolog of SPO1  gpORF34 is encoded by the genomes of all these phages (Sig of A5W, Table II). However, staphylococcal Twort-like phages do not encode a homolog of SPO1 gp33, which act in concert with gp34 to redirect host RNA polymerase to phage late genes. In the genome of SPO1 gene 33 is immediately upstream of  gene 34. Whether the product of ORF125, which precedes the sig gene in the S. aureus/S. epidermdis Twort-like phages is involved in the action of Sig needs to be elucidated.
	Surprisingly, staphylococcal Twort-like phages encode a homolog of phage SPO1 Tf1 protein (A5W Trf; Fig. 3, Table II). SPO1 Tf1 is a histone-like transcription factor. It binds and  bends double-stranded DNA, showing a preference for HMU-containing DNA (Geiduschek et al., 1990; Schneider et al., 1991). Additionally, it is required for shutoff of expression of certain middle genes and transcriptional activation of certain late genes (Sayre et al., 1988). Trf protein of  staphylococcal Twort-like phages is likely to play a similar role in the regulation of transcription in these phages, despite the lack of HMU in their DNA.

F. Phage DNA replication

	The kinetics of phage DNA synthesis was studied in detail in the case of phage K (Rees and Fry, 1981a,b; 1983). Infections of cells with phage K is followed by cessation of bacterial DNA synthesis  within 5 min, and by the degradation of bacterial DNA. As soon as a replicative form of parental phage DNA appears in a cell, nucleotides from host DNA start to be incorporated into phage DNA. Mature phage DNA appears in cells in about 20 min post infection. The phage replicative complex is attached to the cell mebrane. Some proteins in this complex must be host proteins, as formation of the complex is not completely inhibited by  chloraphenicol. 
	Staphylococcal Twort-like phages, like other phages of Spounavirinae subfamily encode most of the proteins that are required for the replication of their DNA (Klumpp et al., 2008;  O’Flaherty et al., 2004; Stewart et al., 2009). In this respect they resemble T4 and other phages of T4 superfamily whose replication relies mostly on their own proteins (Comeau et al., 2007; Miller et al., 2003).  
	At least 12  genes of the replication and transcription module of staphylococcal Twort-like  can be unambiguously assigned functions related to DNA metabolism, replication or repair (Table II). They encode DNA helicases, recombination nuclease, DNA-directed DNA polymerase, a homolog of plasmid replication protein, DNA primase, thioredoxin, homologs of DNA binding proteins and ribonucleotide reductase. Neither the ligase gene, nor any of the numerous genes that encode potential membrane proteins are contained in this module. Perhaps a protein that serves to attach the complex of replicating phage DNA to a cell membraine, analogous to membrane protein p16.7 of  Bacillus phage phi29 (Alcorlo et al., 2007) is encoded be a gene somewhere else in the genome. A candidate could be mbpB or mbpU, which are located close to the lig gene in the leftward transcribed gene cluster. Each of them encodes potential membrane protein.
	The region of DNA replication origin in staphylococcal Twort-like phages has not been identified so far. However, according to the results of GC skew analysis in the genome of the A5W phage, it is likely to be located close to the region that encodes three tRNAs (Fig. 3; Ulatowska et al., in preparation). Two direct repeats of 28 nt sequence

G. Morphogenetic and lytic functions 
Thirty-three proteins of staphylococcal Twort-like phages were identified as virion components (Fig. 3; 2004; Eyer et al., 2007; O’Flaherty et al., 2004; Paul et al., 2011; Vandersteegen et al., 2011). Additional virion proteins still await identification, as implied by results of analysis of the related Bacillus SPO1 phage, whose virion consists of 53 proteins (Parker and Eiserling, 1983b). However, homologies between proteins of SPO1 and proteins of staphylococcal Twort-like phages, which are encoded by genes of comparable location in their genomes, allow one to recognize presumable additional virion components of the latter (Table II). Genes encoding 23 virion proteins of staphylococcal Twort-like phages are grouped together in the region of packaging and head–tail module that directly precedes the module of DNA replication and transcription genes (Fig. 3; Eyer et al., 2007). They are occasionally interspaced with one to four genes, whose products either are not virion components or have not as yet been identified as such. Products of over half of the genes in this group are conserved in the Spounavirinae subfamily of myoviruses (Kwan et al. 2005; Stewart et al., 2009). The organization of genes in relevant genome regions is also conserved (Fig. 3). The first virion protein-specifying gene in this cluster, ter, encodes the large terminase subunit. Product of none of the two gene that are in the direct neighbourhood of ter has homologies to known small subunits of phage terminases. However,  the product of ORF59, which is next to ter, is conserved in the Listeria P100 phage and is a virion component.
Four genes of unknown function separate ORF59 from two other genes for virion proteins, prt and pro, which encode portal and prohead protease, respectively. Three of them—ORF60, mbpF, and ORF63—have similarly located homologues in P100, whereas pro and prt are also conserved in SPO1. A conserved gene of unknown function, ORF66, separates pro from a gene for a major capsid protein, mcp, which is highly conserved in all Spounavirinae. 
Similarly, as in genomes of phages P100, A511, and SPO1, six ORFs separate the major capsid protein gene from a gene that encodes the major sheath protein, tsp. Three of them—ORF069, ORF070, and ORF072—encode virion components, while the function of three others is unknown. The first of these ORFs, ORF068, although similar in length to ORFs of the same location in P100 and SPO1, encodes an unrelated protein, specific only for staphylococcal Twort-like phages. Products of the next four ORFs are conserved in the latter, as well as in P100 and SPO1. However, the ORF located immediately downstream has a homologue in P100, but is replaced by an unrelated ORF in SPO1. All proteins encoded by Listeria phage A511 genes in this region were predicted to be tail morphogenetic proteins (Loessner and Schrerer, 1995). 
The tsp gene by itself is conserved in Spounavirinae representatives and is separated from the first gene of the replication and transcription module by 22 genes. Most, if not all, of these genes encode tail morphogenetic functions, as implied by homologies of their products to proteins of other Spounavirinae (Chibani-Chennoufi et al., 2004; Klumpp et al., 2008; Stewart et al., 2009). Products of 13 of them were identified in phage K, ISP, or 812 virions. The first seven of these genes separate tsp from the tmpC gene, which encodes the tape-measure protein—a tail length determinant. The product of the first of them, tmpA, a virion component, is conserved in Spounavirinae. It is a tail tube subunit, as implied by homology to the relevant protein of SPO1, gp 10.1 (Stewart et al., 2009). In phage Twort, the corresponding gene (ORF106) is interrupted by three introns (Kwan et al., 2005; Landthaler and Shub, 1999). The region of tmpA, may be a common site of intron insertion. In phages  Fi200, P4W, A3R and 676Z it is also an intron-intrrupted gene (Table III). The region of a few downstream genes is specific for staphylococcal Twort-like phages. It contains more genes than the relevant regions in the genomes of other Spounaviridae representatives and varies between S. aureus/S. epidermidis phages and phage Twort. In genomes of the former it contains four genes; one of them does not have a homologue in Twort. In the genome of the latter it contains five genes. Two are specific for Twort. One gene in this region, ORF78, encodes another virion component, perhaps also a tail protein. It is followed by two genes, ORF79 and tmpB, which precede tmpC. Their products were not detected in a virion of any staphylococcal Twort-like phage. However, they are conserved in phages of the Spunavirinae subfamily. In SPO1, a protein relevant to the product of tmpB was identified as a tail assembly chaperone. Thus, the homologous TmpB protein is likely to play a similar role in the assembly of phage tail. The location of tmpB gene just upstream of a gene for the tape measure protein tmpC is conserved in Spounavirinae. 
Comparison of tape-measure proteins of Spounavirinae representatives fits to previous observations that in phages with a long flexible tail, the length of the tail is determined by a gene whose length corresponds directly to the tail length (Katsura and Hendrix, 1984; Pedulla et al., 2003). The relevant tape measure proteins of staphylococcal Twort-like phages and Listeria phage P100, which have substantially longer tails from that of SPO1, are also substantially longer than the tape measure protein of the latter (1351–1352 and 1242 amino acids, respectively, versus 891 amino acids). Stewart and co-workers (2009) noted that the ratios of tail lengths to the number of amino acids in the tape-measure proteins of these phages are consistent with the respective ratios in certain other phages (~1.5A of tail length per amino acid), and are indicative of a-helical structure of  tape-measure proteins. Of 14 genes that are between tmpC and the first gene of the replication module, dhlA, only 9 that are the closest to tmpC have homologues of similar location in the genome of SPO1. The first of them, tmpD, encodes a virion component–tail-associated muralytic enzyme (Vivek et al., 2011). Its product, TAME, which was purified from phage K virions (gp ORF56), could hydrolyze the staphylococcal cell wall peptidoglycan. The domain of cysteine, histidine-dependent aminohydrolase/peptidase activity of this protein is located in its C-terminal moiety. 
Tail-associated peptidoglycan hydrolyzes are typical phage proteins (Briers et al., 2006; Kao and McClain, 1980; Kenny et al., 2004; Nakagawa et al., 1985; Rashel et al., 2008; Takac and Blassi, 2005; reviewed by Moak and Molineux, 2004). They are involved in the initial stages of infection by digesting bacterial murein at the point of phage adsorption and permitting penetration by the tail tube (Kanamaru et al., 2002). The murein hydrolyze of T4 myovirus is essential for infection (Nakagawa et al., 1985), while the T7 podovirus or mycobacteriophage TM4 myovirus murein hydrolyses are not essential proteins (Moak and Molineaux, 2000; Piuri and Hatfull, 2006). They facilitate the infection, especially at bacterial growth conditions, which lead to the increased cross-linking of peptidoglycan (e.g., in stationary phase cells). The decreased sensitivity of S. epidermidis stationary phase cells to the infection by wild-type bacteriophage K suggests that in Twort-like phages, TAME plays an  essential role in infection rather than an accessory one (Cerca et al., 2007). Conceivably, like tail lysins of certain other phages, it is also involved in the so-called “lysis from without” (Delbruck, 1940), which was observed in the case of these phages (Ralston, 1957, 1963; Ralston and McIvor, 1964). It is manifested by rapid lysis of cells infected with a phage at a high multiplicity of infection (M.O.I.) or by sensitization of cells to low concentrations of lytic agents by adsorbed phages. 
TAME is a virion component which contributes to the wide range of strain specificity of staphylococcal Twort-like phages. The purified enzyme lysed 99.99% out of 3000 strains of a global panel of clinical S. aureus isolates (Vivek et al., 2011). However, it may not be the only baseplate petidoglycan-hydrolyzing enzyme of staphylococcal Twort-like phages and other spounaviruses. The product of tmpE gene (next to tmpD) is likely to be a cell wall peptidase, as its C-terminal moiety contains a motif characteristic of these enzymes (Ulatowska et al., in preparation). The TmpE protein is a virion component and is conserved in other spounaviruses.
Twelve genes between tmpE and dhlA are likely to encode other baseplate structural proteins or baseplate assembly functions. Products of 9 of them—ORF86, ORF87, bmpA, bmpB, bmpC, tmpG, ORF94, ORF95, and ORF96—are virion components, of which four—gp ORF86, gp ORF87, BmpA, and BmpB—have significant homologies to baseplate proteins of other phages (Stewart et al., 2009; Table III). A homologue of BmpC, the gp107 protein of Bronchtrix phage A9, a nonclassified spounavirus, was also identified as a virion component of this phage (Kilcher et al., 2010). The product of tmpG (equivalent to K ORF65) is homologous in its C-terminal moiety to proteins of neuraminidase/sialidase activity (Table III; Eyer et al., 2007). Enterobacterial phages of the K1 family, which infect E. coli K1, specifically recognize and degrade the polysialic capsule of their host bacteria utilizing tail spike endosialidases (Schulz et al., 2010). Cells of numerous clinical S. aureus isolates are encapsulated (Sompolinsky et al., 1985; Sutter et al., 2011). Whether capsules of any of them may contain sialic acid is unknown. However, Sakarya and colleagues (2004) showed that sialic acid may be a constituent molecule of slime that is produced by staphylococci and may be involved in bacterial adherence to inert surfaces. Clostridium perfringens neuraminidase significantly decreased the slime production and adherence of certain strains of staphylococci to solid surfaces in a dose-dependent manner. Possibly the TmpG protein of staphylococcal Twort-like phages facilitates the infection of certain strains with this phages by digesting sialic acid residues in their slime or capsules. Staphylococcal Twort-like phages can efficiently infect cells of encapsulated Staphylococcus strains (Cerca et al., 2007). 
Nine of  the 12 aforementioned genes for baseplate morphogenetic functions that are the most proximal to tmpE are conserved in P100 as well as in SPO1. Of the remaining 3 genes, the first one, ORF094, is conserved only in P100, while the other two, ORF95 and ORF96, are specific for staphylococcal Twort-like phages. In the genome of SPO1, the region that corresponds to the region of these three genes was proposed to encode tail fiber proteins (Stewart et al., 2009). Ulatowska and co-workers (in preparation) noticed partial homologies of the predicted products of ORF94 and ORF95 to proteins of staphylococcal siphoviruses encoded by the genomic regions of these phages specifying tail structural components and located immediately upstream of lytic genes. Such a location in phages of the Siphoviridae family is characteristic of genes encoding tail fiber proteins (Brüssow and Desiere, 2001; Kwan et al., 2005). Additionally, the product of ORF96 appears similar to a conserved tail structural protein of staphylococcal podoviruses responsible for the adsorption of these phages to host cells  (Uchiyama et al., Koshi University, Japan, manuscript in preparation). Conceivably,  ORF94 and ORF95 encode tail fiber assembly functions or parts of tail fibers, whereas ORF96 encodes either the entire tail fiber or a part of tail fiber that interacts directly with teichoic acid on the surface of Staphylococcus cells. Results of studies by Xia and co-workers (2010, 2011) indicate that staphylococcal Twort-like phages adsorb to the anionic backbone of cell wall teichoic acid (WTA) in staphylococcal cells. Adsorption of phage 812 to cells of the S. aureus RN4220 mutant derivative, which lacks WTA, was severely impaired. However, mutants lacking -GlcNAc residues in WTA or deficient in alanylation of teichoic acid were infected with this phage similarly as the wild-type strain, indicating that phage adsorption requires neither glycoepitope nor alanyl modification of WTA. 
Nine virion proteins of staphylococcal Twort-like phages are encoded by genes outside of the region of packaging and head–tail module. Genes for three of them, putative tail proteins gp ORF127, TmpH, and TmpI, are clustered together and separated from the packaging and head–tail module by the replication and transcription module. Two of them, ORF127 and TmpH, have homologues encoded by the relevant genome regions of Listeria P100 and A511 phages and by certain other Spounavirinae representatives: Enterococcus phage phiEF24C, Lactobacillus phage Lb338-1, and Bronchotrix phage A9. Separation of these genes from other genes of head-tail module is likely to be a result of insertion  of the replication and transcription module to the head-tail module in the genome of a common ancestor of these phages by horizontal gene transfer. 
In Bronchotrix phage A9, the homologue of gpORF127 of phage A5W, gp154, was found in virions in a shorter and in a longer form (gp154L). The latter appeared to be a fusion protein that must be formed by translational frameshifting of ribosomes at the 3 end of gene 154 mRNA to translate a message of the next gene, 155 (Kilcher et al., 2010). Its N-terminal moiety is homologous to ORF127, while its C-terminal moiety is homologous to A5W TmpH protein. . However,  the end of ORF127 and the beginning of treH are separated from each other by a 23-bp DNA fragment, indicating that ORF127 and treH are translated separately. 
TmpH and TmpI—a predicted product of the gene that is next to tmpH—have numerous homologues among tail proteins of various staphylococcal phages (data not shown). Homologous regions extend over the entire length of both proteins, suggesting that TmpH and TmpI may be tail components responsible for the specific interaction of Twort-like phages with cells of their hosts. 
The amino acid sequence of the C-terminal moiety of TmpH, similar to its homologues in other spounaviruses, including the C-terminal end of Bronchotrix A9 phage gp154L, contains a motif characteristic of bacterial and phage protein domains of the Ig-like fold of the Big2 sequence family (PFAM02368; E value: 1.55e-05; Eyer et al., 2007). A similar motif was found in the C-terminal Ig-like domain of the bacteriophage  tail tube protein, gpV, whose structure was determined (Pell et al., 2010), and in hundreds of proteins of tailed phages (Frasier et al., 2006; Pell et al., 2010 and references therein). Many of phage Ig-like domains are added to larger proteins through programmed translational frameshifting and many are surface exposed in phage virions. They were proposed to play an accessory role in phage infection by interacting weakly with carbohydrates on the bacterial cell surface (Frasier et al., 2007). In gpV, the Ig-like domain exists as a protrusion along a tail and is located at the surface of the virion (Roessner and Ihler, 1984). Plating efficiencies of lambda mutants that are devoid of this domain are several orders of magnitude lower than that of the wild-type phage (Katsura, 1981; Pell et al., 2010). In phages of the Myoviridae family, Ig-like domains were identified within certain highly immunogenic outer capsid proteins (T4 Hoc and its homologues), fibritin and baseplate proteins (Frasier et al., 2006, 2007). Although T4 Hoc is a nonessential protein, it was proposed to provide survival advantages to the virus by attaching the phage capsid loosely to bacterial surface molecules and allowing the virus to stay attached to the cell while its tail fibers find their receptors (reviewed by Black and Rao, 2012). The N-terminal moiety of TmpH appears homologous to another virion protein, which was identified by Eyer and colleagues (2007) as the phage 812 homologue of G1 gp ORF138 and is equivalent to A5W ORF014. This ORF is conserved in all staphylococcal Twort-like phages. It is located outside of the DNA packaging and head–tail genome module, like the tmpH gene, but separately from tmpH, in the cluster of leftward-oriented genes immediately downstream of left LTR (Fig. 3). Most likely it also encodes a tail protein. No other genes whose products were identified as virion components are linked to ORF014. However, the cluster of leftward-oriented genes in the genomes of Twort-like phages contains additional three genes that encode virion proteins and are scattered throughout this cluster (ORF038, ORF044, and dmcB; Fig. 3). Their predicted products have no homologues in databases. 
The three remaining virion proteins, gpORF140, gpORF166, and Npt, are encoded by unlinked genes that are located in three distant regions of the 20-kb terminal genome fragments of staphylococcal Twort-like phages. Two  of them, gpORF140 and Npd, are conserved in certain phages  of the Spounavirinae subfamily. . The second protein, gpORF166, is fully conserved only in A5W, Fi200W, P4W, MSA6, and G1, indicating that it is not an essential virion component. Phages K, Sb-1, and A3R, whose genomes are substantially smaller,  do not have a part of the relevant genome region. The missing fragment includes either part (K, and Sb-1) or entire ORF166 (A3R) and a different number of preceding genes. 

Certain virion components of staphylococcal Twort-like phages are synthesized as protein precursors that undergo proteolytic processing during virion maturation. One of them is a major capsid protein, Mcp. A form of this protein, which was isolated from the phage K virion, was truncated at its N-terminal end by 23 amino acid residues as compared to the predicted product of the relevant gene (O’Flaherty et al., 2004). Proteolytic processing of major capsid proteins was also detected in the case of other Spunavirinae subfamily phages, such as SPO1 and A511 (Loessner and Scherer, 1995; Stewart et al., 2009). The region of proteolytic cleavage of the mature Mcp precursor is conserved in all these phages (Stewart et al., 2009). The major tail sheath protein of staphylococcal Twort-like phages, a product of the tsp gene, also appears to be processed during virion maturation. Its N-terminal and C-terminal moiety migrated as separate proteins in SDS–PAGE gels of denatured 812 virions (Eyer et al., 2007). Tail sheath protein maturation by proteolyic cleavage may appear a conserved feature of Spounavirinae family representatives. In Lactobacillus plantarum Twort-like phage LP65, the tail sheath protein is also synthesized in a form of a precursor, which undergoes proteolytic processing (Chibani-Chennoufi et al., 2004). 
Release of mature phages from a cell requires the action of two phage-encoded proteins: a peptidoglycan hydrolysing enzyme – endolysis, and a membrane pore-forming protein – holin (Young, 2005). Lesions in a cell membrane that are formed by holin pave a way for endolysin to its substrate – cell wall. A third protein, anti-holin, regulates the timing of lysis by inhibiting the holin action until mature phages are ready for the release. Genes encoding holin and endolysin, holA and lysK (PlyTW and holTW in phage Twort; Loessner et al., 1998), were identified in the leftward oriented gene cluster of staphylococcal Twort-like phages genomes (Fig. 3, Table II).  The lytic potential of LysK protein was confirmed in in vivo and in vitro experiments (O’Flaherty et al., 2005; reviewed by Nelson et al., 2012 in chapter 7 of this book). In all this phages, except phageTwort, lysK in a intron-interrupted gene. How the time of lysis is controlled is incertain.
Staphylococcal Twort-like phages can encode more than one holin, analogously to enterobacteria phage P1 (Łobocka et al., 2004). E. g. the product of mpbE gene of the head tail module, a membrane domain-containing protein, triggers lysis of E. coli cells producing phage lambda endolysin (authors' unpublished results).
H. Introns and inteins
	A remarkable feature of staphylococcal Twort-like phages and other members of Spounavirinae subfamily is the interruption of certain genes with sequences encoding group I introns, or inteins—intervening RNA or proteins, respectively, which are able to splice in an autocatalytic manner from their precursor molecules (Landthaler and Shub, 1999; Landthaler et al., 2002, 2004). An intein-coding gene was identified only in the genome of phage Twort (Kwan et al., 2005). Introns in the genomes of phages K, G1, and Twort have been analyzed in detail and are described elsewhere (Kwan et al., 2005; O’Flaherty et al., 2004; Stewart et al., 2009). None of the seven introns which have been identified in the genome of phage Twort is present in the genome of any S. aureus/S. epidermidis Twort-like phages (Table III). However, an intron identified in the endolysis gene as well as two introns identified in the DNA polymerase gene of phages K and G1, are conserved in all the latter phages. They all encode proteins (Table II and III). Genome wide-comparison between all S. aureus/S. epidermidis Twort-like phages to identify differences in their protein-coding genes revealed the presence of two intron-like sequences in the tmpA gene of phages 676Ż, Fi200W, P4W and A3R, which encodes a tail tube protein. Neither of  them is related to the introns in the corresponding gene of phage Twort and neither of them encodes any protein. Phage MSA6 appeared to have two additional introns in its genome, one, rec-I1, in the rec gene for the recombinase, and the second one, ter-I1, in the ter gene for the large subunit of terminase. They both encode proteins. The rec-I1-encoded protein is homologous intron-encoded endonucleases. The ter-I1-encoded protein has no homologies to proteins of known function. Some relation between MSA6 ter-I1 intron and phage Twort intron in the terminase gene may be suggested by a 221-bp region that is in 91% identical in these introns.   
	Shuffling of intron-encoding sequences appears responsible for certain differences between genomes of staphylococcal Twort-like phages and was proposed to be associated with spontaneous changes in the host range of particular phages (Kasparek et al., 2007; Kwan et al., 2005; Pantucek et al., 1998; unpublished results). However, the variability of introns and their insertion sites in the genomes of 11 S. aureus/S.epidermidis Twort like phages which have been compared in this chapter is too small to explain differences in their host range. Phages 676Ż, Fi200W, P4W and A3R have identical introns in their genomes but differ in specificity (data not shown).
I. Strategies of Twort-like phages to overcome host restriction system
A major defense against invading DNA  are restriction–modification (R-M) systems (Murray, 2000). They are also a main barrier limiting the horizontal gene transfer between staphylococcal strains of different clonal lineages as well as infectivity of staphylococcal phages (Lyndsay, 2010; Waldron and Lyndsay, 2006). Consistently, the distribution of prophages varies considerably between strains of dominant clonal lineages of human S. aureus strains, differing in their R-M specificity genes (Goerke et al., 2009; Waldron et al., 2006). Inactivations of the R-M system were proposed to be responsible for the enhanced susceptibility of certain mutagenized S. aureus isolates to bacteriophage lysis ( 1976;  1977). Additionally, S. aureus cells were shown to acquire resistance to lysis by all 23 phages of the international S. aureus basic typing set  upon lysogenization with phage 42, which encodes its own R-M system, Sau42I (Dempsey et al., 2005). 
Bacteriophages evolved a few strategies to avoid host restriction (reviewed by Labrie et al., 2010). In the prototypical Spounavirinae representative SPO1, thymine is replaced by HMU to avoid attacks of host restriction endonucleases that recognize sites containing the former). Staphylococcal Twort-like phages do not contain HMU in their DNA (O’Flaherty et al., 2004).  One of their strategies to overcome the activity of host R-Ms is the avoidance of host-recognized restriction sites in DNA. The genomes of these phages do not contains GATC sequences, which are the recognition sites for the S. aureus Sau3A1 restriction endonuclease (O’Flaherty et al., 2004; Sussenbach et al., 1976; data not shown). Additionally, each of the S. aureus/S. epidermidis phage genomes contains only a single recognition sequence for the second S. aureus restrictase of known specificity, Sau96I (GGNCC; Sussenbach et al., 1978; Szilak et al., 1980). It is the same (GGTCC) in all phages and is located at the conserved position in their genomes (data not shown).
The protective efficacy of R-M systems is directly proportional to the number of recognition sites in invading DNA (Wilson and Murray, 1991). Thus the absence or paucity of certain tetra- or pentanucleotides in DNA of large phages may serve as a guide in the discovery of new restriction enzyme specificities in bacteria that are their hosts. The following 4- or 5-bp oligonucleotides are absent or present in just a single copy in the DNA of staphylococcal Twort-like phages: CGCG, , GGCC, CGWCG , GCWGC , CCGG, and CCSGG . One of them, CGCG—a recognition site for the B. subtilis endonuclease BsuE (Gaido et al., 1988)—is also absent from the genome of Bacillus SPO1 phage. Possibly, staphylococcal cells encode an isoschizomer of BsuE. Specificities of at least a few S. aureus R-M systems  still await identification (Dempsey et al., 2005; Waldron and Lindsay, 2006).
The paucity of certain restriction sites in DNA cannot be the only strategy to protect staphylococcal Twort-like phages from R-M systems of their hosts. Too many various sites would have to be absent from the genomes of these phages to avoid various R-M type I systems present in S. aureus strains of different clonal lineages, as well as the systems of various types, that are encoded by staphylococcal mobilome (Dempsey et al., 2005;  1976; Nato et al., 2008; Sjortsrom et al., 1978; Tsuru et al., 2006; Waldron and Lindsay, 2006; Veiga and Pinho, 2009). Consistently, sequence CTYRAG, which is recognized by an isoschizomer of SmlI, detected in certain staphylococcal strains (Godany et al., 2004), is abundant in the DNA of staphylococcal Twort-like phages. 
Despite the remarkably wide range of strain specificity of S. aureus/S. epidermidis Twort-like phages, certain S. aureus/S. epidermidis strains in large strain collections remain resistant to infection with the particular phages (O’Flaherty et al., 2005; Pantucek et al., 1998). In the majority of cases, R-M systems appear responsible for the observed resistance. Kelly and colleagues (2011) studied 29 strains resistant to phage K. They mixed the culture of each resistant strain with the supernatant of the culture of the same strain that was exposed to phage K for the time that usually suffices for cell lysis. In the case of 24 initially resistant strains, repetition of this procedure from two to five times resulted in the clearing of culture and release of progeny phages able to propagate efficiently in cells of such strains. Similar procedures of “adaptation” of Twort-like phages to initially resistant bacterial hosts have been widely used in several laboratories (O’Flaherty et al., 2005; Pantucek et al., 1998). 
Although R-M systems rarely provide the entire protection of S. aureus/S. epidermidis strains from the infection by relevant Twort-like phages,  most often they seriously limit infection efficiency of certain strains that differ from a phage propagating strain. Ulatowska and co-workers (in preparation) studied the efficiency of infection of 74 clinical S. aureus strains of 11 PFGE types and several subtypes with the A5W phage propagated in the S. aureus PS80 strain. Only in the case of 16 strains was the efficiency of plating of A5W similar as in the case of the phage propagation strain. In other cases, plating efficiencies were two to seven orders of magnitude lower. The infection of cells of the first group of strains with A5W in liquid cultures (at MOI >1) resulted in culture clearing within the first hour. Liquid cultures of certain strains of the second group also cleared completely when exposed to A5W at a similar MOI but with a significant delay. Apparently, phages released from a fraction of initially infected cells acquired the ability to infect the remaining cells in the culture efficiently by gaining their DNA methylation pattern. What makes these initial fractions of cells susceptible to phage infection, despite a foreign methylation pattern of infecting phage DNA, is unclear. One factor may be a leakiness of cellular R-M systems caused by variations in their activity or expression at different stages of cell cycle or populational growth, as was found analogously in the case of  staerothermophilus R-M system BstVI (Gonzalez et al., 1994). More likely, staphylococcal Twort-like phages encode efficient anti-restriction mechanisms. Many diverse anti-restriction systems have been described in other phages. Phage enzymes that inactivate host restriction endonucleases, modulate function or expression of associated methyltransferases, or methylate phage DNA at infection are involved in their function (Atanasiu , 2001; Davison and Brunel, 1979; Iida et al., 1987; Łobocka et al., 2004; McCorquodale & Warner, 1988;). In the case of some phages, for example P1, anti-restriction proteins are injected into cells at infection together with phage DNA. Additionally, the activity of phage-encoded recombination enzymes or phage proteins that enhance host recombination functions may restore repair of the disrupted phage DNA at multiple infection. No homologues of known anti-restriction proteins were identified among predicted proteins of staphylococcal Twort-like phages. Genes of these phages that encode anti-restriction functions have yet to be discovered by functional studies.

IV. Concluding remarks
	Genomic characterization of large obligatorily virulent bacteriophages on a mass scale became possible only recently with the advent of high-throughput cloning-independent sequencing technologies. The comparison of 11 phage genomic sequences presented in this chapter is only a small step toward understanding the biology of staphylococcal Twort-like phages and the biology of the Spounavirinae subfamily of myoviruses they belong to. Functional analysis of knockoutmutants in genes of undetermined function is one of the obvious next steps to extend the knowledge on these phages and to accelerate their approval for medical use. Such analysis should allow for the identification of all genes crucial for phage specificity and the ability to propagate in S. aureus strains of different clonal lineages if performed in bacterial cells from collections of differentiated and molecularly characterized strains. Although this chapter touches only selected aspects of staphylococcal Twort-like phages biology, we believe that the results provided here will help direct further studies on these phages toward a deeper understanding of their physiology and molecular basics of polyvalency.
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Figure Legends
Figure 1. Electron micrographs of polyvalent Twort-like phages of Staphylococcus: (A) Staph1N, (B) P4W, (C) 676Z˙, (D) A3R, and (E and F) Fi200W. (D, insert) A symmetric arrangement of six spikes in an upturned A3R baseplate. More baseplates are seen along the contracted tails of Fi200W (F). (B and E) Dark viral capsids are devoid of DNA that was apparently ejected during phage preparation. (E) The full phage head shows serrated edges indicating the presence of capsomers. Prior to electron microscopy, phages were washed twice with 0.1 M ammonium acetate (pH 7.2). A drop of phage suspension was applied to a formvar carbon coated copper grid and left for 5 min. Excess liquid was removed from the grid and phages were stained with 2% sodium phosphotungstate, as described elsewhere (Ulatowska et al., in preparation). Grids were examined in a JEM 1400 (JEOL Co., Japan, 2008) transmission electron microscope equipped with a highresolution digital camera (CCD MORADA, SiS-Olympus, Germany). Observations were
performed in the Laboratory of Electron Microscopy at the Nencki Institute of Experimental Biology, Warsaw, Poland. Each scale bar represents 50 nm. Average head diameters and tail lengths were 95 and 215 for A3R, 89 and 217 for P4W, 94 and 213 for Staph1N, 87 and 217 for Fi200W, and 75 and 181 for 676Z˙. Each size estimation is the average of measurements of at least 10 independent virions (error in neither case exceeds 10%). Necks and baseplates were not included in tail length estimation.

Figure 2. Comparison of nucleotide sequences in Twort-like phage genomes of Staphylococcus. (A) Pair-wise comparison. (B) Dot plot nucleotide comparisons of the A5W bacteriophage genomic sequence with genomic sequences of other staphylococcal Twort-like phages (regions of right LTRs were excluded from the comparisons). Beginnings and ends of K, G1, ISP, and Twort genomic sequences that were downloaded from GenBank were shifted to optimize the alignments. 

Figure 3. Genetic and physical organization of the A5W phage genome – an exemplary genome of S. aureus/S. epidermidis Twort-like phages. Arrows mark the position and orientation of genes. Red arrows indicate tRNA genes. Other arrows indicate protein-coding genes. Protein-coding genes are color coded according to the degree of conservation of their products in S. aureus/S. epidermidis Twort-like phages: dark green, 100% identity at the amino acid sequence level; light green, 90–99% and identical length; and olive green, below –90% identity or different length (see Table II).  Genes whose products are conserved in phage Twort (see Table I), in Listeria phage P100 or A511(GenBank Acc. No. DQ004855.1; DQ003638; Carlton et al., 2005; Klumpp et al., 2008), in Enterococcus faecalis phage phiEF24C (GenBank Acc. No. NC_009904; Uchiyama et al., 2008), and in Bacillus phage SPO1 (GenBank Acc. No.  NC_011421.1; Stewart et al., 2009) are marked with capital T, L, E and S, respectively. Dark blue lines connect fragments of genes that are interrupted by introns. The grey line below the genes represents DNA. Direct repeats in the presumed origin of phage replication are marked as >>. Stripped fragments of the line that represents DNA mark regions that are absent from the genomes of phages A3R, K or Sb-1. Predicted early phage promoters are represented by black flags on this line. They are pointing tothe direction of transcription. Hooks indicate predicted Rho-independent transcription terminators. Genes that encode virion components are marked with red dots.  

Figure 4. Nucleotide sequences of border regions between left and right LTRs and non-redundant parts of the genomes of staphylococcal Twort-like phages. Regions of inverted repeats (IR) are indicated by arrows. Sequences that match perfectly in both repeats of all phages are highlighted in gray. Vertical dotted lines indicate borders between LTRs and non-redundant genome parts. 	
	












file_2.wmf

file_3.wmf


Fig. 1.










file_4.jpg

file_5.wmf












file_6.jpg

file_7.wmf


Fig. 2.
file_8.jpg

file_9.wmf

Fig. 3A.
file_10.jpg

file_11.wmf

Fig. 3B.


Fig. 4.file_12.png

file_13.wmf



