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Abstract

Recombination plays significant role in bacteriophage biology. Functions promoting recombination are involved in key stages of phage multiplication and drive phage evolution. Their biological role is reflected in the great variety of phages existing in the environment. This work presents the intricacy of recombination of DNA phages and highlights the discrete character of phage-encoded recombination functions (anti-RecBCD activity, 5’ ( 3’ DNA exonucleases, homologous pairing proteins, etc.). Specifically accented are phage-mediated events which initiate genetic exchange. Importance of recombination is reviewed based on the accepted coli-phage T4 and ( models, the recombination system of phage P22, and the recently characterized recombination functions of phages SPP1 and Che9c. Key steps of the molecular mechanisms involving phage recombination functions and their application in molecular engineering are discussed.

INTRODUCTION
Recombination events are crucial for maintaining genome integrity in all living organisms, including viruses. Records of viral recombination events are based mostly on assays performed in bacteriophages with double-stranded (ds) DNA genomes. Existence of recombination-promoting phage functions is reflected by the aptitude of phages to grow and recombine independently of host recombination proteins (Smith 1988). Detailed molecular characterization of phage recombination functions further revealed their implication in processes essential for phage development (Beernink and Morrical 1999, Kuzminov 1999, Weigel and Seitz 2006).
Functional studies performed in this field to date concentrated mostly on characterizing recombination functions of known model dsDNA phages of Gram-negative bacteria. In effect, the best studied phage recombination systems are of coli-phages: λ, P22, T4 and T7 (Poteete and Fenton 1984, Poteete and Fenton 1993, Muniyappa and Radding 1986, Mosig 1987, George and Kreuzer 1996, Kreuzer 2000). Detailed characterization of phage λ RED and prophage Rac RecET recombination functions set a basis for developing highly efficient recombineering techniques in E. coli (Muyrers et al. 1999, Yu et al. 2000, Muyrers et al. 2001). Elucidation of recombination functions of host-specific phages of other bacteria is expected to contribute to broadening our knowledge on phage-mediated recombination and their influence on the bacterial world. 

The review discusses the significance of recombination in the phage life cycle. It is intended to be an overview of phage-encoded recombination functions in the context of their roles at specific stages of genetic exchange. For brevity, described are with most details only these phage proteins which are engaged at the initial steps of recombination (presynapsis and synapsis). Presented are the most known phage recombination systems (T4, λ, P22, etc.) and the three currently respected models of phage-mediated homologous recombination (HR) (strand annealing, strand invasion and replisome invasion). Finally, development of new genetic tools using phage-encoded recombination functions and their potential applications are discussed.
RECOMBINATION IN BACTERIOPHAGES
Phage development in bacterial hosts often involves recombination-promoting functions. Experiments on phages with dsDNA genomes show that HR events play an important role during their life cycles, being involved in such processes as circularization of phage genomes prior to replication (Botstein and Matz 1970, Poteete 1988, Weaver and Levine 1977), initiation of replication via recombination-mediated events (Kowalczykowski 2000) or concatemerisation preceding packaging (Skalka 1971; Kuzminov 1999), etc. The most significant role of homologous recombination in physiology of phage λ and of many other dsDNA phages is genome concatemerisation (Fig. 1). Concatemeric forms of phage DNA are prerequisite to replication, including initiation of replication in late phase of phage multiplication and are favourable products for packaging into protein capsids. 

Phages, though regarded as obligate intracellular parasites, do not rely completely on host recombination functions, but encode their own recombination proteins. They permit independent phage growth and development in recombination-deficient hosts. Global sequencing projects revealed among others the genomic content of dsDNA phages of both enteric as well as Gram-positive bacterial hosts. Analysis of phage genome sequences allowed co-localizing genes with related function, grouping them in functional modules and identifying among them putative recombination modules (Campbell 1994, Monod et al. 1997, Ford et al. 1998, Lucchini et al. 1999). These findings supported by extensive genetic and biochemical studies led to characterisation of specific phage-encoded functions involved in recombination.

In a wider context recombination events drive phage evolution and are responsible for generating the remarkable diversity of phages observed in nature (Campbell 1994). In each infection event phages are likely to contact and recombine with host DNA. Primary sequence comparison of lambdoid phage genomes and examination of the rate at which new genomic arrangements arise indicate that recombination among phages occurs in nature frequently, leading to dynamic changes in phage populations (Campbell 1994). In this sense, recombination is regarded as the driving force of phage evolution. 

Phage recombination functions

Studies on lambdoid and T-even bacteriophages of E. coli provided the initial evidence of the molecular mechanisms of recombination. Like in other organisms, also in phages HR follows the same scheme and initiates at dsDNA ends. 
Linear dsDNAs are the universal recombination substrate in all living organisms. In phages, they are provided mostly during the late phase of phage infection when replication switches from theta mode (producing unit-length molecules) to sigma mode (producing genome concatemers). Sigma (or late) replication products are cut by phage terminase into linear DNA forms of different length. At this stage, phage-mediated recombination restores circular phage chromosomes and boosts its replication by allowing new initiations. For phage λ, burst size of recombination-deficient phage was found lower by ⅓ compared to wild type (Kuzminov 1999). 
Apart from stimulating DNA replication, recombination can occur under replication-restricted conditions as well. Yet, in that case the process stipulates the presence of double-stranded ends at non-allelic sites (Stahl et al. 1997). Such ends are delivered by cohesive end sites (cos). These characteristic sequences are present on genome ends of numerous phages, including λ. Cos sites exert an important role during packaging; only genomes branched by two intact sites can be packaged in vivo. In non-replicating phage genomes these short DNA sequences (4 bp) are the “hotspots” of recombination as they are the sole source of DNA substrates with homologous regions. 
Theta (or early) replication products are not proficient for packaging since they contain only one cos site. Recombination events are initiated through cleavage at the cos position by phage terminase (packaging enzyme) generating dsDNA ends – the entry site for λExo or bacterial RecBCD (Stahl 1998). Recombination enhances packaging by joining short phage genome fragments (packaging leftovers) or replication products into longer DNA stretches which results in increased phage progeny (Thomason et al. 1997). It is presumed that under non-replicating conditions recombination is the only way to form packagable concatemers (Stahl et al. 1972).

For a better understanding of the molecular mechanisms of phage-mediated recombination, the next sections will describe the discrete functions of phage-encoded proteins in the order of their proposed roles in vivo (Table 1).

Phage-encoded anti-RecBCD activity
Lytic development of dsDNA phages involves formation of linear dsDNA intermediates in the infected cell. Yet, under normal conditions, free unprotected linear DNA molecules undergo degradation by host-encoded nucleases. 
In E. coli, the main protein engaged in this process is the RecBCD enzyme. This heterotrimeric nuclease possesses multiple activities, including ss- and dsDNA exonucleolytic activity (Murphy 1991, Kuzminov 1999). It recognizes dsDNA breaks or ssDNA gaps and binds to the ends of the linear DNA substrates (Kowalczykowski 2000). Similar enzymes have been identified in other bacteria (e.g. RexAB in Lactococcus lactis, AddAB in Bacillus subtilis, RexAB in Streptococcus pneumoniae), which for the sake of this review will be commonly termed as RecBCD-like with regards to their analogous function (El Karoui et al. 1998, Kooistra and Venema 1991, Halpern et al. 2004).
Interestingly, in similar conditions, bacterial linear dsDNA is not degraded. This suggests a specific bacterial strategy of eliminating foreign and saving own DNA. The protection of intrinsic bacterial DNA against the deleterious activity of the RecBCD complex was linked to the presence on the host genome of specific sequences called Chi. Chi sites were first detected in phage λ as chi mutations resulting in increased phage plaque sizes (Henderson and Weil 1975). Further examinations showed that the same mutations increase the otherwise low recombinational activity of phage λ red-, gam- mutants (thus, the term Chi standing for cross-over hot spot instigator) (Lam et al. 1974, Stahl and Stahl 1977). For those phages, even under conditions of complete inhibition of DNA replication, phage recombinants and formation of infectious particles were noted. 
Subsequently, chi mutations were determined specifically to influence recombination via the RecBCD pathway but not by other recombination pathways existing in bacteria (e.g. RecET), implying that the stimulated “hot spot” activity is mediated by RecBCD (Stahl and Stahl 1977). Later on, improvement of recombination rates was directly linked to specific DNA sites created by the chi mutation (Smith et al. 1981). 
Indeed, molecular studies demonstrated that Chi sequences are short octomers (5’ gctggtgg 3’; for E. coli) overrepresented in the bacterial genome DNA which have the ability of switching the RecBCD activity from destructive to recombinogenic (Smith et al. 1981, Kuzminov et al. 1994). In short, the mechanism is based on recognition of linear DNA duplexes by RecBCD which proceeds along these molecules degrading them until a properly oriented Chi is encountered. Then, the enzyme introduces a nick in its vicinity and beginning from that point starts degrading only the 5’ end of the linear duplex DNA (Ponticelli et al. 1985, Taylor et al. 1985, Dixon and Kowalczykowski 1995, Taylor and Smith 1999). In effect, 3’ ssDNA tails are produced that later serve as substrates for recombination (Anderson and Kowalczykowski 1997a, Anderson and Kowalczykowski 1997b). Chi-like sites were identified in the genomes of other bacterial species (e.g. L. lactis, S. pneumoniae, B. subtilis, Haemophilus influenzae) and in a similar way influence the RecBCD-like functions in those organisms (El Karoui et al. 1999).
The described strategy of DNA protection by Chi-mediated modification of the RecBCD activity is rare for phages, as they lack standard Chi sequences (Kuzminov et al. 1994). Hence, in order to efficiently replicate their genetic material and escape at the same time the deleterious activity of host-encoded proteins, phages have developed other, equally efficient strategies. In this review we will generally term these phage-encoded functions as anti-RecBCD activity. They are described to be the first phage functions to be expressed early after infection. Depending on the phage, anti-RecBCD activity can be distinguished though the mechanism it acts by (Table 2). 

One of the best characterized functions acting against the RecBCD enzyme of E. coli is the phage λ Gam protein which was shown to bind directly to the RecBCD protein and in a noncatalytic way inhibit its nucleolytic functions (Friedman and Hays 1986, Murphy 1991, Marsić et al. 1993, Murphy 2007). Based on further assays Gam-RecBCD interactions seem to be unique as Gam did not inhibit other host DNases, e.g. exonuclease II, III, VIII (Karu et al. 1975). 

Besides phage λ, other phages that are proficient in mediating protection by direct binding to the RecBCD enzyme are T7 and T3 (Pacumbaba and Center 1975, Kruger and Schroeder 1981). Studies on the partially purified gp5.9 T7-encoded protein have determined that it lacks nuclease or ATPase activity and is proficient in binding directly to and inhibiting all RecBCD nucleolytic activities toward ds- as well as linear or circular ssDNA. The sole RecBCD function which seems not to be inactivated by the protein is the DNA-dependent ATPase activity (Pacumbaba and Center 1975). This characteristic feature of the T7 gp.59 protein differentiates it from phage λ Gam which inhibits this activity of RecBCD enzyme as well (Murphy 1991, Marsić et al. 1993). 

A similar anti-RecBCD function has been proposed to be encoded by phage T3 of E. coli and Yersinia enterocolitica phage YeO3-12, related to T7 (Pajunen et al. 2001). Yet, while gp5.9 proteins of phage T3 and T7 exhibit strong homology (98.1% identity), the potential anti-RecBCD function (gp5.9) of phage YeO3-12 shows only 32.7% identity to the T3 and T7 gp5.9 sequences (Pajunen et al. 2001, Pajunen et al. 2002). Therefore, further experimental assays on purified gp5.9 proteins of phages T3 and YeO3-12 are needed to demonstrate their anti-RecBCD activity and to determine the mechanism of inhibition. 

A different anti-RecBCD strategy has been identified in coli-phage P22. This specific phage was found to encode two proteins (Abc1 and Abc2) which do not inhibit but modify the RecBCD enzyme to be more compatible with the P22 life cycle (Poteete et al. 1988, Murphy and Lewis 1993, Murphy 1994). Abc2 assisted by Abc1 was demonstrated to bind directly to RecBCD and alter its dsDNA degradation activity in such a manner that the complex acts as when it has encountered a Chi site (Murphy 2000a). By this strategy, the phage protects not only its DNA from degradation, but gains also a 5’(3’ DNA exonuclease activity that generates ssDNA tailed substrates for further steps of phage-mediated recombination events (Murphy 2000a). Comparative analysis allowed identifying homologues of the Abc2 protein in genomes of other lambdoid phages (HK620, HK022, HK97) (Juhala et al. 2000, Campbell 1994). This mechanism will be discussed in more details in later part of this review.

Another type of anti-RecBCD activity is performed by phage-encoded DNA-binding proteins which bind to the dsDNA ends and block access of nucleases, including RecBCD. The Gam protein of phage Mu and the gp2 of phage T4 are the best known examples of proteins acting by this mechanism (Williams and Radding 1981, Akroyd et al. 1986, Appasani et al. 1999). 

Phage genes encoding anti-RecBCD activity have been identified in various coli-phages replicating as linear DNA (Sakaki 1974) and are speculated to be present in the genomes of other phages, where intermediates susceptible to exonucleolytic degradation are commonly produced during DNA replication. The so far identified phage proteins and means by which they antagonize the RecBCD protein during lytic growth are presented in table 2.

Phage 5’ ( 3’ DNA exonucleases (Exo)
The subsequent step following inhibition or modification of the RecBCD-like nucleolytic activity is resection of linear dsDNA. In result, 3’ ssDNA tails are formed and serve as substrates for further recombination events. This step, depending on the phage, is promoted either by a phage-encoded DNA exonuclease or by a phage-modified host protein with exonucleolytic activity. The main and distinctive feature of this function is 5’ ( 3’ processivity on the linear duplex DNA, demonstrated as preferential DNA digestion of its 5’ phosphorylated end.

The activity of phage-encoded exonucleases is best characterized based on the model phage ( 5’ ( 3’ DNA exonuclease (λExo) (Subramanian et al. 2003). It was found to be one of the first proteins to be synthesized after infection of lytic λ phage and its amount decreased during the phage life cycle. Moreover, under conditions of restricted phage development the enzyme was not detectable (Little et al. 1967). 
The 3’ overhangs created as a result of processive 5’ ( 3’ activity of λExo attract proteins which initiate further recombination steps. The crystal structure determined for λExo revealed that the phage-encoded enzyme is a trimer that adopts a toroidal structure containing a channel suggested to hold the DNA substrate (Little et al. 1967, Kovall and Matthews 1997). 
Apart for DNA resection, λExo was also proposed to facilitate loading of the phage synaptase (λBet) onto the 3’ overhangs it has generated (Yu et al. 2003). This process was proposed to proceed in a similar fashion as the postulated loading of RecA onto ssDNA by bacterial RecBCD or RecFOR protein complexes (Umezu et al. 1993, Anderson and Kowalczykowski 1997b). 

Analogous 5’(3’ DNA exonucleases (Exo) are encoded by other linear dsDNA viruses, e.g. phage SPP1 (GP34.1), mycobacteriophage Che9 (gp60), prophage Rac (RecE), etc. All of them, except exonuclease RecE of prophage Rac, bare resemblance to λExo and together constitute a Red Exo (LE) protein superfamily (Myers and Rudd 1998, Aravind et al. 2000). 

On the other side, some phages do not encode the 5’(3’ DNA exonuclease function and employ other proteins to perform the same role. For instance, in T4-initiated recombination events Exo activity is executed by the phage-encoded RNase H (Huang et al. 1999). Also 5’(3’ Exo activity is lacking in phage P22 which resects linear dsDNA by specifically modified host RecBCD function (Murphy 2000a). The detailed mechanism of P22-mediated RecBCD modification will be discussed later in the respective section.
Phage-encoded SSB proteins

After 5’ ( 3’ Exo resection, linear DNA needs to be protected from further degradation. Exposed ssDNA regions in the cell are promptly covered by single-stranded DNA-binding (SSB) proteins. Based on studies of the well-characterized SSBs from E. coli (EcoSSB), phage T4 (gp32) and T7 (gp2.5) several prominent properties of this group of proteins have been determined (Alberts and Frey 1970, Chase and Williams 1986, Kim and Richardson 1993). Binding of SSB proteins to ssDNA sequences was shown to occur in a non-specific manner. This feature allows them to operate practically in any location on the genome. SSBs act specifically by coating labile ssDNA intermediates, protecting them from degradation. They have the ability to melt already existing, or prevent formation of new intramolecular secondary structures, which facilitates pairing of homologous strands. SSBs lack enzymatic activity, but can block the access to free 3’ DNA tails through physical interactions, competing this way with many enzymes (e.g. nucleases) for the same substrates (Beernink and Morrical 1999). 
Apart from T4 gp32 and T7 gp2.5, other characterized phage SSBs include N4SSB of coli-phage N4 (Choi et al. 1995), SSB of Bacillus phage GA-1 (Gascón et al. 2000), SSB of coli-phage P1 (Lehnherr et al. 1999, Bendtsen et al. 2002), SSB of phage bIL67 of Lactococcus lactis (Szczepańska et al. 2007), etc. The main distinguishable feature among SSBs is subunit interaction, manifested by different binding properties and protein multimerisation states. Phage-encoded SSBs are characterized as dimers (gp2.5 of phage T7) (Hollis et al. 2001), monomers (gp32 of phage T4) (Kowalczykowski et al. 1981), tetramers (SSB of phage bIL67) (Szczepańska et al. 2007), and, in distinct cases, as hexamers (SSB of Bacillus phage GA-1) (Gascón et al. 2000).
The SSB protein family is highly diverse. Proteins from this group generally do not exhibit homology at the sequence level. Yet, attribution of specific functions to the N and C terminal domains seems a common feature among all phage SSBs characterized so far. As confirmed by detailed studies of the three best described SSBs – gp2.5 of phage T7, gp32 of phage T4 and SSB of E. coli, the N terminal domain is essential for binding to ssDNA substrates (Chase and Williams 1986, Kim and Richardson 1993, Lohman and Ferrari 1994), while the C terminus is involved in multimerisation and interaction with cognate proteins, specifically other proteins implicated in DNA metabolism. Deletion of the C terminal domain significantly reduced the ability of SSBs to interact with other proteins (Kong and Richardson 1998). In fact, the gp32 protein of phage T4 was noted to interact with at least ten T4-encoded proteins implicated in DNA recombination, replication and repair (Formosa et al. 1983). 

Several independent studies have confirmed the essential role of phage SSBs in recombination. Among them, the SSB protein of coli-phage N4, which, apart from its involvement in replication and transcriptional activation of late phage genes, was shown to increase phage DNA recombination events 104-105 times (Choi et al. 1995). Also gp32 of phage T4 and gp2.5 of phage T7 essential components of phage DNA replication complexes (Kim and Richardson 1993) were determined to be implicated in recombination. Both were reported to take part in formation of joint molecules (Kong et al. 1997). Specifically, expression of T7 in infected E. coli cells was observed to induce ssDNA renaturation – a key step in homologous pairing, linked with gp 2.5 activity (Kim and Richardson 1993), while mutation in the respective gene was shown before to result in decreased levels of general recombination (Araki and Ogawa 1981). Phage T4 gp32 was the first protein from the SSB family to be discovered. Studies of T4 gp32 by affinity chromatography methods showed interactions with key replication (T4 DNA polymerase, Dda helicase or helicase loader) and recombination proteins (UvsX and UvsY), making it an important protein in both processes (Formosa et al. 1983, Kong and Richardson 1998). Its role in recombinational repair was also demonstrated (Mosig 1985). 

SSBs render an essential function in the cell, and in contrast to E. coli SSB, which absence only reduces the level of recombination, phage SSB proteins are requisite for phage recombination events (Glassberg et al. 1979, Cho et al. 1995). This could be the accounted for by the fact that species-specific interactions of phage SSBs with their cognate recombination proteins (single-stranded DNA-annealing proteins) are essential for homologous recombination events as shown for bacterial and eukaryotic SSBs (Park et al. 1996, Kantake et al. 2002). The supposition seems to find confirmation in the fact that phage SSBs are not active in vivo when their C terminal parts have been truncated or substituted by C termini derived from other phage or bacterial SSB proteins. This is possibly due to the different ssDNA-binding modes of each SSB protein, and/or to the specificity of protein-protein interactions conferred by this region (Kim and Richardson 1993, Kong and Richardson 1998). 

Phage SSBs not only interact with phage replication and recombination proteins, but can interact with host proteins as well. Experimental results on phage N4SSB determined its interaction with E. coli RNA polymerase which presumably participates in the late synthesis of the phage RNA (Choi et al. 1995). Similarly, studies on SSB of P1 have shown the protein to be interchangeable with its counterpart - E. coli SSB, indicating its probable interaction with bacterial proteins (Bendtsen et al. 2002).

A recent observation was reported also on the response of L. lactis IL1403 genes to phage c2 infection (McAuliffe et al. 2005). Experiments have shown that among lactococcal genes that are down-regulated 10 minutes after infection is the ssbA gene encoding a SSB protein. Its expression in phage-infected cells was 4.8-fold lower than in uninfected control cells. Such finding was suggested to be due to inhibition of SSB synthesis upon phage infection, which could interfere or compete with phage SSBs for ssDNA substrates. This hypothesis as well as other theories on the role of phage SSBs demands further experimental work.

Phage-encoded SSA proteins
Coating of recombination intermediates by SSBs pose an obstacle for recombination proteins which need to gain access to the ssDNA tails in order to catalyse homologous pairing. Bypassing the kinetic and thermodynamic barriers imposed by the SSBs is prerequisite for recombinase filament formation. This (presynaptic) step of phage-mediated recombination is promoted by single-stranded annealing (SSA) proteins (Iyer et al. 2002). The common properties of this group of proteins are (i) affinity for ssDNA, (ii) ability to dislodge the SSB proteins and (iii) formation of toroidal multimeric structures on ssDNA tails (Passy et al.1999, Ayora et al. 2002). The SSA protein family can be divided into two classes of proteins based on their specific role in phage-mediated recombination. 

The first group of SSAPs consists of proteins which act during the presynaptic step as mediators of recombinase protein activity and assist in recombinase-promoted filament formation. Proteins performing this function were termed recombination mediator proteins (RMPs) and will be discussed in first order. 

The second group of SSAPs is constituted by proteins which alone perform the role of recombinases and are able to pair and catalyze strand transfer of homologous DNA. These SSAPs are often part of the two-component (Syn/Exo) recombination systems. They do not demand assistance of mediator proteins, but form, together with phage-encoded 5’ ( 3’ Exo protein, specific SynExo complexes. These SSAPs will be presented in the section following the description of RMPs.

(i) Recombination mediator proteins (RMPs)
The main properties of RMPs include preference for ssDNA compared to dsDNA and a generally low sequence homology between each other, despite highly conserved function. Their role in recombination is to promote nucleation of cognate recombinases on ssDNA coated with SSBs. RMPs are proficient in overcoming the barriers imposed by SSB proteins and assisting the formation of presynaptic filaments. They bind to the recombinogenic 5’ ssDNA tails without dislodging the SSB proteins from SSB-ssDNA complexes. Co-existence of SSBs and RMPs on the same ss tail results in destabilization of the SSB-ssDNA complex in favour of recombinase-ssDNA assembly (for a review on RMPs see: Beernink and Morrical 1999). These properties make RMPs significant proteins in the regulation of the entry of key proteins into the central stages of recombination (Beernink and Morrical 1999). 

Phage T4 UvsY protein is a model SSAP and one of the best characterized RMPs mediating the activity of phage T4 UvsX recombinase (refer to the section on phage recombinases for further description of UvsX). UvsY displays no homology to proteins from databases and its enzymatic activity has not been fully elucidated so far. Yet, it was shown that phage T4 mutants lacking uvsY and mutants deficient in phage recombinase (UvsX) function are equally impaired in recombination-dependent replication (Melamede and Wallace 1977). 
Further studies demonstrated that UvsY is implicated in filament formation due to its ability to load UvsX onto gp32-coated ssDNA and stabilize the ssDNA-UvsY complex (Harris and Griffith 1989, Kodadek et al. 1989). Moreover, UvsY was reported to exhibit affinity specifically to proteins implicated in T4 recombination (UvsX and gp32) and interact with them in a species specific fashion (Jiang et al. 1993, Yassa et al. 1997). 
Biochemical assays revealed that UvsY binds specifically to ssDNA and in a sequence independent manner (Sweezy and Morrical 1997). It was also established that UvsY and the gp32 SSB protein are not competitive for the same ssDNA region and can both reside on the molecule suggesting that the two proteins bind to DNA in a different fashion (Sweezy and Morrical 1999). Binding of RMPs to ssDNA is not dependent on SSBs; yet, experimental data from UvsY studies argues for the stimulating effect of SSBs, residing on ssDNA-ended substrates, on RMP interactions with other recombination proteins (Sweezy and Morrical 1999). 
Studies of other RMP proteins allowed determining that, similarly to SSBs (as described earlier in the text), also RMPs possess two functional domains, one - localized in their N terminal, the other in their C terminal part. The N terminal region was suggested to bind to DNA whereas the C terminal domain was found responsible for promoting HR events in vivo by interaction with other recombination proteins (Yassa et al. 1997, Lefebvre et al. 1999, Sweezy and Morrical 1999). 

(ii) Phage-encoded synaptases

As mentioned earlier, SSAPs can also act as recombinase proteins with synaptase activity (Syn). Recombinases of this type are not accompanied by RMPs, but together with phage-encoded 5’ ( 3’ Exo form a 1:1 subunit complexes that work as a viral “recombinases”. Syn/Exo complexes efficiently bind to ssDNA tails and promote pairing with homologous DNA targets (Karakousis et al. 1998, Li et al. 1998, Hall and Kolodner 1994). They are proficient in driving recombination in the absence of recombinases of RecA type, but cannot account for all of its activities. 
An example of the Syn/Exo recombination functions is the RecET system encoded in the genomes of certain E. coli strains which carry the cryptic prophage Rac. It is constituted by two genes (recE and recT) which under normal conditions are inactive. The system was found to be induced by a sbcA (suppressor of recBC) mutation and further stimulated by RecBCD inactivation (Kaiser and Murray 1980, Court et al. 2002). The RecE protein is the Exo component of the system while RecT protein is a synaptase that promotes homologous pairing (Kolodner et al. 1994). 

Other two-component recombination modules were identified in the genomes of such dsDNA phages as: phage λ (Exo/Beta), B. subtilis phage SPP1 (G34.1P/G35P), mycobacteriophage Che9 (gp60/gp61) (Vellani and Myers 2003, van Kessel and Hatfull 2007) as well as in prophage regions present in bacterial genomes B. subtilis skin prophage (YqaJ/K), Borrelia burgdorferi putative prophage (Orf7(DUF)/BBR29), etc. (Kusano et al. 1994, Iyer et al. 2002, Vellani and Myers 2003). Further studies of sequenced dsDNA phage genomes revealed that Syn/Exo functions are often the sole components of phage-encoded recombination systems (Vellani and Myers 2003). Proteins constituting Syn/Exo systems promote the same recombination steps, although they may not necessarily be homologous. Nonetheless, the mechanistic steps of phage-driven recombination remain essentially unanimous.

Regardless of sequence dissimilarities, analogous proteins from two-component modules of different phages can be functionally equivalent; for instance,. the prophage Rac RecET proteins can substitute for phage λ RED functions – Exo and Beta (Hall and Kolodner 1994, Kolodner et al. 1994). Despite the fact the RecET recombination functions to fully complement λ red- mutants, the individual functions are not interchangeable between the systems. This is due to the tight coupling of the Syn/Exo components which is one of the main characteristic properties of the phage-encoded two-component recombination systems. Only cognate SynExo interactions (e.g. λExo/Beta and RecE/RecT and not vice versa) were shown to promote homologous recombination in E. coli (Muyrers et al. 2000, Iyer et al. 2002).

In spite of being relatively uncomplicated, the SynExo systems can efficiently drive homologous recombination events in the presence and absence of host recombination proteins, including RecA. Studies of several phage-encoded synaptases allowed determining their specific activities on recombination substrates. They were shown to be proficient in annealing of homologous ssDNAs independently of RecA and in mediating strand invasion in the presence of RecA (λBeta) (Stahl et al. 1997). Based on RecT studies synaptases were also determined to pair ssDNAs with homologous DNA duplexes in the absence of RecA (Noirot et al. 2003). Additionally, λBeta was described to promote strand exchange on branched oligonucleotide substrates (Li et al. 1998) or by annealing ssDNA to the lagging strand of the replication fork (Ellis et al. 2001), and initiate limited strand exchange on specialized substrates in vitro (Rybalchenko et al. 2004). The G35P synaptase of phage SPP1 was also described promote D-loop formation and catalyze limited strand exchange in vitro (Ayora et al. 2002). Nonetheless, it is stipulated that in vivo phage-derived synaptase functions do not mediate strand invasion in a RecA-like manner. One of the main differences is that under replication-blocked conditions RecA-mediated recombination requires free DNA ends only in one partner, while phage synaptases demand that both DNA molecules carry DSB at non allelic sites (Murphy 2000a, Ayora et al. 2002, Poteete 2008).


There are also phages which possess only one gene from the typical two-component modules and be deficient in the other. Phage P22 is one such example. It was found to encode for a synaptase (Syn), but lack the Exo function (Murphy 2000a). However, the phage has developed a way of substituting the Exo activity with the host RecBCD protein. The specific strategy of P22-promoted modification of RecBCD will be presented in later part of this review.
Phage recombinases

Phage recombinases constitute another class of homologous pairing proteins. Their characteristic feature is functional resemblance to the bacterial RecA protein. They bind co-operatively to ssDNA and form nucleoprotein presynaptic filaments. Loading of phage recombinases onto ssDNA-SSB complexes is facilitated by their cognate RMPs (described earlier). RMP-recombinase interactions are species-specific (Vellani and Myers 2003). Yet, the most distinctive feature differentiating them from synaptases is their ability to promote homologous pairing and DNA strand exchange by D-loop formation.
Studies of the model phage recombinase - UvsX protein of phage T4, determined its function to be analogous to RecA. The recombinase character of the protein was elucidated through multiple studies. Based on them, mutants deficient in uvsX were determined to exhibit reduced incidences of homologous recombination events and increased mutation levels (Conkling and Drake 1984, Yonesaki and Minagawa 1985). Moreover, mutation in the same gene inhibited the late mode of replication associated with recombination intermediates.
Among the distinctive features of UvsX are ATPase activity, affinity for ss- and dsDNA, pairing of complementary ssDNA, catalyzing strand displacement in cooperation with gp32 SSB protein and invasion of ssDNA into homologous intact duplex DNA (Yonesaki and Minagawa 1985). Specific interaction of the UvsX recombinase with UvsY was demonstrated to facilitate the formation of the ssDNA-UvsX complex (as described earlier). 

Further, postsynaptic stages of recombination can also be mediated by phage-encoded proteins (e.g. resolvases). Their function is essentially analogous to the equivalent proteins in bacteria and they will not be discussed in this paper (for reviews see: Aravind et al. 2000, Jones et al. 2000, Jones et al. 2001, Declais and Lilley 2008).
Models of bacteriophage recombination 

The main role of homologous recombination in bacteriophages is double-stranded break DNA repair (DSB) and reinitiation of replication due to stalled replication forks. The process was determined to proceed via various pathways, of which the most commonly observed and best characterized are strand invasion (SI) and single-strand annealing (SSA) (Fig. 2). The two DSB repair models differ at the stages of strand exchange and in the demand for RecA. One of the main differences between phage and bacterial HR is that while recombination in bacteria is generally regarded as RecA-dependent, phage-mediated recombination events can occur both, in the presence and absence of RecA (Stahl et al. 1997, Kuzminov 1999).

SI in a microorganism encoding a RecA-like protein is driven specifically by this recombinase and follows a common mechanism. It proceeds according to the subsequent steps - resection of dsDNA ends, homologous pairing of ss- or partially ssDNA with an intact dsDNA molecule, strand exchange by displacement of the homologous strand of the old duplex and formation of a new duplex. The process results in a recombinant molecule containing regions of heteroduplex DNA in which the two strands are from different parental molecules. Phage-encoded proteins catalyzing recombinant events via SI act similarly as their bacterial counterparts (e.g. UvsX of phage T4); yet, often recombinase function is supplied by the host (RecA class of proteins).

An alternate, more simplistic, but, nonetheless, effective path of recombination is SSA. It occurs often between direct repeats on the same DNA or between homologous sequences found on two separate DNA molecules. The process can be catalyzed solely by phage-encoded proteins or proceed in a RecA-dependent manner (under replication-blocked conditions). Both strategies require recognition of homologous sequences (Kuzminov 1999). In the presynaptic stage, DNA is resected generating ssDNA tails of specific polarity. The following step is catalyzed by a SSA protein, which joins recombining DNA molecules to form a DNA heteroduplex. 

Recently, another model of homologous recombination (replisome invasion; RI) was proposed for phage λ and suggested to be the mechanism of choice during lytic phage development (Poteete 2008) (refer to the section on recombination system in phage λ for details.)
PHAGE RECOMBINATION SYSTEMS

Among the best-characterized phage recombination functions are those of two E. coli phages – T4 and λ, which will be reviewed in the following parts of this work.

Recombination functions of phage T4
First evidences of HR were obtained during studies on DSB repair mediated by T4 bacteriophage of E. coli (Luria 1947, Womack 1963, Mosig et al. 1971). It was then determined that during normal T4 development, recombination initiates preferentially at the ends of the linear dsDNA phage genome. Elucidation of DSB repair promoted by T4-encoded functions was based on studies of mobile group-I introns, which mobility has been shown to depend on site-specific DNA breaks introduced in close proximity to the place of integration (Mueller et al. 1996). Since then phage T4 has served as a model system for exploring the intricacies of DNA replication, recombination and repair. Currently, T4 recombination as well as recombination in other T-even phages are one of the best-documented processes (for reviews see: George and Kreuzer 1996, George et al. 2001, Mosig et al. 2001).

Processes occurring during T4 infection are an exquisite example of the tight connection between DNA replication, recombination and DSB repair events. Implication of recombination in phage T4 DNA replication was suggested when mutations in the same genes reduced the efficiency of both processes (Kreuzer et al. 1988). Moreover, T4 mutants in recombination functions exhibit a “DNA-arrest” phenotype, indicating impairment of DNA replication (Edgar et al. 1964). Further evidences on the association of T4-promoted recombination events with the replication process were obtained in experiments with cells carrying two plasmids sharing homologous regions. Findings showed that upon T4 infection dsDNA breaks on one plasmid triggered extensive replication of the second one, leading to DSB repair (George et al. 2001).

Implication of recombination in phage T4 DNA recombination and the stimulating effect of DSBs is best illustrated by the recombination-dependent replication (RDR) model proposed by Mosig et al. (2001). The genome of phage T4 is a linear DNA molecule and as such is introduced into the bacterial cell upon infection. Once inside the host, T4 follows two types of replication strategies: origin-dependent (early) and recombination-dependent (late) replication (RDR) (Kreuzer 2000). Directly after infection, phage DNA is replicated, without circularization, at predetermined origins (ori) located at various positions in the genome. Studies show that origin-dependent T4 replication begins from multiple origins, at least 5 (Brister and Nossal 2007). Yet, after one to several rounds, the replication forks run into the end of duplex DNA and the ori-dependent replication ceases. Then, replication switches to the recombination-dependent mode.

Normally, DNA polymerase in order to restart replication at 3’ ssDNA ends demands the presence of short primer sequences. In RDR of phage T4, re-initiation of the process occurs by invasion of 3’ ssDNA end of the replication intermediate into the homologous duplex DNA. This specific recombination event allows faithful duplication of phage genome without losing any of its genetic information. Subsequent rounds are initiated each time the replication fork reaches a dsDNA end. In effect, complex, branched networks of longer-than-genome-length packagable product molecules are generated. Phage T4 is terminally redundant, which means that homologous sequences are found at the two ends of the phage genome. Yet, terminal regions can differ when two phage molecules are compared. This feature is referred to as circular permutation. These two characteristics – terminal redundancy and circular permutation - permit duplication of the phage genome, and initiation of recombination potentially at any place where homologous sequences are found. Taking into account all of the above, RDR appears to be the major mode of phage T4 late replication and DNA break repair (Kreuzer 2000). 

Molecular and biochemical studies of phage T4 allowed establishing the individual phage-encoded recombination proteins that are implicated in events discussed above (Fig. 3). Initially the linear dsDNA ends of the infecting phage are protected from host exonucleolytic degradation by a T4-encoded DNA-binding protein – gp2 (Appasani et al. 1999). The protein stays associated with the ends of the phage linear genome during packaging and is present in the capsid. Gp2 is introduced together with the phage DNA into the host cell. Later fate of the protein has not been studied in detail, but is speculated to stay bound to the 5’ parental DNA genome ends (Alberts and Frey 1970). 
Duplex DNA is most probably resected by the gp46/47 protein complex. The exposed 3’ ssDNA tails are then covered by the gp32 SSB protein (Formosa et al. 1983, Kreuzer 2000). Subsequent steps involve the activity of the UvsX recombinase which catalyzes D-loop formation in the assistance of UvsY RMP protein which loads UvsX onto ssDNA substrates and dislodges gp32 (see previous sections on SSAP and recombinase proteins for more details) (Yonesaki and Minagawa 1985, Kodadek et al.1989, Harris and Griffith 1989, Sweezy and Morrical 1999). Next, the helicase/primase protein complex (gp41/gp61) is loaded on the displaced strand of the D-loop by the helicase-loading protein - gp59, which is a branched DNA- binding protein classified to the RMP family (Beernink and Morrical 1999, Jones et al. 2000). Similarly to the UvsY, gp59 also has the ability of overcoming the negative effect on SSB residing on the ssDNA tails in favour of its cognate helicase – gp41 (Lefebvre et al. 1999). Mutation of g59 was shown to lead to the “DNA arrest” phenotype due to the premature arrest of phage DNA synthesis (Brister and Nossal 2007). Other proteins identified to participate in T4-mediated RDR include UvsW – branch-specific DNA helicase, recently described to mediate Holliday junction branch migration (Webb et al. 2007).
Interconnections between phage T4 DNA replication and recombination implies not only that recombination induces replication but suggests also the opposite situation that replication stimulates recombination. It is postulated that the arrest of DNA synthesis due to stalled replication forks can be alleviated by recombination events which promote formation of new forks and reinitiation of the DNA synthesis process. 
Studies of replication origin-induced recombination followed subsequently by RDR were based on phage-infection assays in cells carrying two plasmids - one containing the T4 DNA replication origin (ori+ plasmid); the other a region homologous to the first plasmid and no ori (ori- plasmid). Experiments revealed that both plasmids underwent replication implying that when replication forks formed on the ori+ plasmid stall, DSBs are generated. They in turn stimulate interplasmid recombination between the homologous regions of the two plasmids which leads to RDR on the ori- plasmid molecule. 
It should be mentioned, if only shortly that T4 DNA replication is closely associated with T4-mediated DNA repair. This fact is argued by the common requirement for DSBs and the same recombination proteins. Mutations in T4-encoded replication genes, namely g32 (ssb), g41 (replicative helicase gene), g43 (DNA polymerase gene) and g59 (helicase loader gene), inhibited both DSB-stimulated DNA replication and DSB repair (George et al. 2001). In order to explain the appearance of DNA repair products during T4 infection, three models of T4-promoted DSB repair have been developed, namely synthesis-dependent strand annealing (SDSA), extensive chromosome replication (ECR) and the Szostak model (Szostak et al. 1983, George and Kreuzer 1996, Mueller et al. 1996). 
Replication of T4 is one of the best studied processes due greatly to the fact that the phage encodes all (except for RNA polymerase supplied by the host) essential proteins for replication of its genetic material (Miller et al. 2003). In this respect phage T4 is regarded as a model organism for studying the process of phage DNA synthesis. The same can be applied for phage-encoded functions participating in DNA repair and recombination, which are so intriguingly closely associated with T4 replication. Various proteins implicated in the above mentioned processes were biochemically and genetically characterized in recent years; yet, some questions as to their specific activities remain unanswered (for recent studies see: Kreuzer 2005, Brister and Nossal 2007, Nelson and Benkovic 2007, Webb et al. 2007). 
An interesting observation made by Brister and Nossal (2007) that host cell infection by multiple phages stimulates an early switch to recombination-dependent replication compared to cells infected with only a few phage copies. This provokes a discussion on how the number of infecting phages can be associated with induction of recombination events during phage T4 replication – is it due to the saturation of proteins needed for the origin-dependent replication upon multiple phage infection or to the fact that under those conditions more recombination substrates may generally be supplied. 
The presence of several origins of replication in the genome of phage T4 is also intriguing. Studies performed by the same group (Brister and Nossal 2007) show that some if not all replication origins are active at the same time. Yet, the regulatory mechanisms of activation as well as the potential environmental factors that could influence this activity are still to be determined (Brister and Nossal 2007). Determining the factors responsible for the switch from origin-dependent to recombination-dependent replications is still a plan for the future. The same goes for identifying the terminator(s) of phage DNA replication. Currently, it is only hypothesized that DNA replication can be affected by transcription since all of the identified origins of replication lie near late-expressed genes (Liu and Alberts 2005, Brister and Nossal 2007). 
Biochemical properties of proteins implicated in phage T4 DNA recombination also await detailed characterization. Among them is the UvsW protein shown by biochemical analyses to be involved in several uncoupled processes (Derr and Drake 1990). Quite a few of its properties have recently been described, including promotion of unidirectional branch migration of Holliday junctions, stimulation of the switch from origin- to recombination-dependent replication, mediation of strand annealing and helicase activity, etc., but still await for more detailed examinations (Carles-Kinch et al. 1997, Nelson and Benkovic 2007, Webb et al. 2007).

Recombination functions of phage λ (The RED System)

The presence of recombination functions in phage λ was first reported upon observing that the rate of phage recombination in E. coli recA mutant compared to the wild type (wt) strain remained almost unaltered, although the same recA mutation wholly eliminated bacterial-mediated recombination (Brooks and Clark 1967). Existence of recombination functions in the phage λ genome was later confirmed by generating recombination-deficient phage mutants unable to recombine in the host recA background (Signer 1991). Mutants were characterized by the lack of a region carrying two genes – exo and bet – encoding, respectively a 5’(3’ exonuclease and a SSA protein. Recombination functions were mapped to this part of the phage genome and exo and bet were determined to be the sole genes constituting the recombination module of phage λ, termed Red. Further studies determined that components of the Red system together with the gam (γ) gene are organized in a cluster localized in the λ PL operon and expressed early after infection.
The Red recombination pathway is regarded as the main recombination route of phage λ during its lytic growth in wt type host cells. A prerequisite event to the actual phage-mediated recombination process is inhibition of the host RecBCD recombination pathway. This activity is preformed by the λ-encoded Gam protein whose role is to prevent RecBCD-promoted exonucleolytic digestion of phage linear DNA. Biochemical and molecular studies carried out to establish the actual mechanism of Gam-mediated inhibition of RecBCD determined that Gam binds to the RecBCD complex and inhibit its ATPase, exonuclease, helicase and Chi-recognition activities which in effect stimulates the formation of linear dsDNAs – substrates for recombination (Karu et al. 1975, Murphy 1991, Marsić et al. 1993, Court et al. 2007, Murphy 2007). 

Wild type E. coli cells expressing Gam are highly proficient for recombination, which distinguishes them from recBC null mutants. The difference in recombination rates are thought to be due to retained ability of RecBCD to load RecA onto ssDNA (Anderson and Kowalczykowski 1997b; Paškvan et al. 2001). Moreover, expression of Gam does not alter conjugational recombination and increases efficient DSB repair after x- and γ-ray damage (Murphy 1991, Paškvan et al. 2001). This suggests that Gam does not inhibit all RecBCD-dependent activities. Nonetheless, Gam-inhibited RecBCD-mediated recombination and DNA repair stipulate the presence of bacterial recombination proteins such as RecA and proteins from the RecF pathway (RecJ, RecQ, RecN) presumed to deliver enzymatic activities inhibited by Gam (Paškvan et al. 2001). 

Once host RecBCD is inactivated the following recombination steps take place. In general, Red functions were determined to promote homologous recombination by two pathways – strand invasion and strand annealing. Recently, another model of Red-mediated recombination has been proposed – replisome invasion, which is believed to most closely resemble Red-promoted recombination events that take place during lytic phage infection (Poteete 2008). Paradigms of the three recombination pathways are presented below. Although they differ in mechanistic details, their presynaptic steps follow the same scheme due to the general complying activity of Exo and Beta proteins and the common requirement for DSBs to initiate recombination via all three models (Little et al. 1967, Kmiec and Holloman 1981, Poteete 2008) (Fig. 4). 
During the lytic phage growth DSBs can arise through several events: (i) during transition from theta to sigma mode of replication, (ii) upon terminase cutting at cos sites during packaging of replicated phage DNA or (iii) in effect of restriction enzyme activity (Hill et al. 1997, Kuzminov 1999). They are processed by the λ-encoded Exo which resects linear dsDNA molecules generating 3’ssDNA tails (of 35 nt or more in length). These in turn are recognized by the λBeta protein with SSA activity (Cassuto and Radding 1971). Beta binds to these ssDNA overhangs in a stable manner and protects them from nuclease attack (Radding et al. 1971, Muniyappa and Radding 1986, Mythili et al. 1996). Further on, homologous pairing of complementary ssDNA ends takes place. From this point on, depending on DNA replication and the accessibility of RecA and dsDNA ends, Red-mediated recombination can occur via different pathways.
In the presence of RecA, the host ATP-dependent recombinase, Red-mediated recombination proceeds primarily via strand invasion (SI) (Fig. 4) (Poteete and Fenton, 1993). In such situation the RecA protein promotes pairing of homologous DNAs by catalysing invasion of ssDNA tail into an unbroken DNA molecule. This results in creation of a characteristic D-loop structure. Further steps – branch migration and resolution, proceed according to the generally accepted recombination model (Stahl and Stahl 1974, Stahl et al.1997). It was speculated that the only Red function taking part in SI is Exo which resects the dsDNA ends. Yet, interestingly, Beta was also suggested to be essential for Red-mediated SI. It was hypothesised that due to its speculated ability to interact with Exo the Beta protein is needed to protect the recombination intermediates from the deleterious activity of Exo (Muyrers et al. 2000, Poteete 2004).
In the absence of RecA, Red-mediated recombination follows the single strand annealing (SSA) pathway (Fig. 4) (Stahl et al. 1997). The process is driven uniquely by Beta, which is an ATP-independent synaptase catalysing the annealing of complementary single DNA strands (Kmiec and Holloman 1981, Muniyappa and Radding 1986). The expected close interaction of Beta with Exo led to proposing that the role for Exo in Red-mediated SSA could be loading Beta onto 3’ overhangs it has created (Radding et al. 1971, Li et al. 1998). This process was suggested to occur analogously to the way Chi-modified RecBCD deposits RecA on ssDNA (Muyrers et al. 2000). Further on it was observed that although Beta does not bind to dsDNA, it stays attached to the products of its annealing protecting them from nuclease digestion. The binding of Beta to reannealed DNA duplexes was found to be even stronger than to 3’ ssDNA tails (Karakousis et al. 1998). 
Beta was shown to drive limited strand exchange leading to the displacement of 5’ termini of the joint molecules which are then trimmed by λExo and gaps sealed by DNA ligase (Karakousis et al. 1998, Li et al. 1998). Recent biochemical studies confirmed the close interaction between the two proteins in loading Beta and in the Beta-mediated modulation of the Exo activity (Poteete 2008). 
It is postulated that in the presence of RecA Red-mediated recombination occurs primarily via the SI pathway. The process demands the RecA protein which can efficiently drive recombination events even when replication is blocked and when only one of the recombining partners provides DSB and the other is a circular duplex (Stahl and Stahl 1974, Stahl et al. 1997, Poteete et al. 2004). In recA-deficient cells Red-mediated recombination follows the SSA pathway. In conditions of unrestricted replication the process is efficient as DSBs are supplied by the theta (early) mode of replication. However, under replication-blocked conditions Red-mediated recombination via SSA is poor unless non-allelic breaks in both recombining DNA species are present (Stahl and Stahl 1997). 
Recently, Red functions were proposed to drive recombination events via yet another recombination pathway, termed replisome invasion (Fig. 4) (Poteete 2008). The model implies a more direct role of replication in the recombination process. Studies showed that recombination events occurring between non-replicating linear phage λ chromosome and replicating plasmid DNA with homologous sequences are highly efficient and occur in the absence of RecA, but, at the same time, are strongly dependent on plasmid replication. The replisome invasion model proposes that the 3’ ssDNA end of the λExo-resected linear DNA enters within the replication fork and is annealed by λBeta to the homologous sequence of the lagging strand. As a result, the original template strand is switched to the new template on which replication is continued.

The replisome invasion model of HR slightly changed the view on the pathways by which Red-mediated recombination occurs in specific conditions (Poteete 2008). The current scenario is that the replisome invasion pathway dominates under normal conditions of phage λ replication during lytic infection. The SSA model is observed under conditions of restricted replication and only in hosts lacking functional RecA. In these circumstances recombination events are focused at the ends of the phage chromosome near cos sites which are the sole sources of dsDNA ends. Whereas strand invasion, supported by bacterial RecA, is the rescue pathway for phages under replication-blocked conditions when dsDNA substrates are present but no replication fork is formed (Stahl et al. 1997; Kuzminov 1999, Poteete and Fenton 1993, Poteete et al. 2004). 

Apart from Exo and Beta proteins which were directly implicated in the process, Red-mediated recombination under DNA replication blocked conditions was found to be effected by additional functions. These were determined to be encoded by ninB (orf) and ninG (rap), two genes among 10 open reading frames found in the ninR region of the λ genome. Studies showed that deletion of the ninR region did not affect the rate of Red-mediated recombination, implying their indirect role in the process (Tarkowski et al. 2002). Yet, further genetic and biochemical studies suggested that orf and rap gene products focus recombination events more closely to the initiating DSB, limiting this way degradation of DNA molecules and quickening the rate of homologous exchange (Tarkowski et al. 2002, Poteete 2004).

Detailed studies of the individual genes showed that the orf gene product can substitute for the RecFOR proteins of the E. coli RecF pathway, indicating that the two functions might have the same activity (Sawitzke and Stahl 1992). The RecFOR complex was shown to play an assisting role for RecA and help the protein overcome SSB-inhibition and access ssDNA (Umezu et al. 1993). It is hypothesized that also Orf might help in loading RecA onto ssDNA by displacing SSB proteins or even by competing with Beta for ssDNA (Sawitzke and Stahl 1992, Poteete 2004). 
The other function identified in ninR region of phage λ – Rap, was shown in vitro to be a junction-targeted endonuclease involved in resolution of branched structures, including Holliday junctions. Its specific role in Red-mediated recombination is proposed to rely on cleaving the recombination intermediates (Sharples 1998, Tarkowski et al. 2002). 
Recombination in phage P22

Another example of a well-studied phage recombination system is that of phage P22, found to support growth and recombination in recA mutants of its host – Salmonella enterica sv. Typhimurium (Susskind and Botstein 1978). In contrast to phage λ, lytic growth and lysogeny of recombination-deficient P22 phage mutants is strongly affected in wt hosts and wholly inhibited in recA mutant cells (Poteete and Fenton 1984). This is associated with P22 circularization upon infection – a required step for both phage replication and lysogeny, and occurs between homologous sequences present on both ends of the linear genome (Weaver and Levine 1977, Poteete 1988).

Phage P22 recombination gene cluster was identified in the region of early phage transcription and found to consist of four genes: arf - accessory recombination function (Poteete et al. 1991), erf - essential recombination function (Poteete and Fenton 1983) and abc1 and abc2 - anti-RecBCD function (Murphy et al. 1987). In many aspects, the system resembles λ Red. Both are functionally equivalent and proficient in catalyzing recombination events initiated at dsDNA ends (Poteete and Fenton 1984; Poteete and Fenton 1993). P22 recombination genes substitute for growth of red-deficient λ mutants and vice versa (Poteete and Fenton 1984) and some steps of λRed and P22-mediated recombination are mechanistically analogous (Murphy 2000a). Additionally, some components of the two systems can substitute each other, e.g. λBeta can replace phage P22 Erf (Poteete and Fenton 1984).
Despite these similarities, phage P22 recombination gene products are not homologous to phage λ Red proteins and cannot be regarded as Syn/Exo components (Poteete et al. 1991). The most distinctive features discriminating between the recombination system of phage P22 and λRed are: absence of the gene encoding the 5’→3’ Exo activity in the P22 genome as well as the mode of interaction with RecBCD of E. coli. In phage λ, inhibition of RecBCD nucleolytic activity is independent on Red-mediated recombination, whereas phage P22 presents a completely different mechanism of interaction with RecBCD. For P22-initiated recombination events modification of the RecBCD protein is a prerequisite (Poteete et al. 1988). Due to these mechanistic differences in interaction with host RecBCD and despite the fact that λBeta can substitute Erf, Erf cannot substitute λBeta (Muyrers et al. 2000). In phage P22, λBeta works in pair with the Abc2-modified RecBCD while in phage λ the Erf and λExo functions alone are not sufficient to promote the same recombination events. For efficient recombination, the second situation stipulates the presence of Gam function to inhibit E. coli RecBCD (Murphy 2000a).

In phage P22, functions responsible for modification of RecBCD are encoded by the abc genes. Full activity of the P22-encoded system in promoting growth and recombination requires the Abc2 protein (Murphy et al. 1987). Biochemical studies of P22 Abc2 activity were performed on the RecBCD enzyme of E. coli, on which the protein works similarly well as on the host-specific S. enterica RecBCD (Murphy 2000a). Abc2 was shown to bind to the RecBCD enzyme E. coli and inhibit its deleterious activity (Murphy 1994). In this aspect, the protein is analogous to Gam of phage λ. Yet, the mechanism of activity is different as Abc proteins are unable to complement Gam for growth and recombination. In fact, all P22 recombination functions are required to substitute phage λ Gam (Poteete et al. 1988), which arrests the RecBCD nucleolytic activities and inhibits its binding to dsDNA (Murphy 1991). In contrast, Abc2-modified RecBCD exhibits only partial decrease of nucleolytic activity at dsDNA ends and recombination-promoting activity at Chi sites, but retains ssDNA exo- and endonucleolytic activities (Poteete et al. 1988, Murphy 1994). 
The Abc2 protein binds to RecBCD and increases its digestion rate on the 5’ strand of the DNA duplex. In this regard, the Abc2-modified RecBCD enzyme acts like as when it has recognized a Chi site, although such sites are lacking in the P22 genome. Thus, the Abc2-modified RecBCD with 3’ exonucleolytic activity becomes part of the P22 recombination system, resembling 5’(3’ DNA exonucleases from other recombination systems (e.g. λExo or E. coli RecE) (Poteete et al. 1988, Murphy 1994). 

The Abc2 protein does not shield the formed 3’ ssDNA ends from nucleolytic RecBCD degradation. Thus, the protective function is proposed to be mediated by SSB proteins. In phage P22 ssDNA-binding activity is believed to be exhibited by the arf gene product, but its exact role still needs experimental confirmation. Evidences indicative for the Arf SSB-character are its high acidity and the requirement for its presence to obtain a fully efficient recombination system. Moreover, the role for Arf in assisting loading and unloading of Erf on/from ssDNA was suggested (Poteete et al. 1991).

Recombination system of phage SPP1

In contrast to phages active against Gram-negative bacteria, knowledge on recombination systems of phages of Gram-positive bacteria is still very limited. Currently, the best-studied recombination system from this group of phages is that of Bacillus subtilis phage SSP1. Evidence of phage-encoded recombination functions were supplied by several assays. 
Among them were plasmid transduction experiments which showed that the process occurs independently of host recombination functions upon SPP1 phage infection (Alonso et al. 1986). The assay showed that despite conditions blocking plasmid replication, new plasmid DNA molecules were synthesized upon phage infection. In result of the process, plasmid transducing phages SPP1 particles were generated implying a switch of template by the phage replication machinery for plasmid DNA, in the region of homology. Moreover, efficiency of plasmid transduction was even higher when homologous sequences were deliberately introduced in plasmid and phage SPP1 DNAs (Alonso et al. 1986).

Subsequent studies reported that formation of long concatemeric plasmid linear molecules upon SPP1 infection does not depend on host recombination proteins nor components of the D-loop primosome assembly (e.g. RecA, DnaB) (Bravo and Alonso 1990, Viret et al. 1991, Alonso et al. 1992, Ayora et al. 2002). Results showed accumulation of high molecular weight plasmid linear molecules (HMW), normally undetected in uninfected cells (Bravo and Alonso 1990), and provided strong evidence that plasmid concatemer formation depends on phage-encoded functions. Synthesis of concatemeric plasmid molecules was proposed to be facilitated by a potential anti-Exo activity exhibited by phage SPP1 in infected cells (Bravo and Alonso 1990). 
Several individual genes encoding for specific recombination proteins were identified in the genome of phage SPP1. Genetic data showed that G34.1P, G35P and G36P products, encoded by genes grouped in the same operon, are directly responsible for accumulation of concatemers formed during the sigma (late) mode of replication. The G34.1P and G35P functions were determined to be required for phage SPP1 development both in wild type and recA- backgrounds, distinguishing them from phage λRed and phage P22 Erf recombination systems essential for growth in recA mutants (Burger and Trautner 1978; Weise et al. 1994; Alonso et al. 1997, Ayora et al. 2002). Homology of G34.1P to the RecE exonuclease (18% identity) and G35P to the RecT SSA protein (40% identity) implied that these SPP1-encoded functions might also form a two-component Syn/Exo recombination system. Yet, interaction of the proteins was not demonstrated in vitro (Vellani and Myers 2003). 

The G35P homologous-pairing protein was found to form filamentous rings on ssDNA and catalyze joint molecule formation by promoting invasion of an ssDNA tail into a circular dsDNA molecule (Ayora et al. 2002). The G34.1P protein, despite the lack of evident homology to other nucleases, was determined to be a 5’→3’ Exo (Vellani and Myers 2003), degrading preferentially dsDNA substrates (Vellani and Myers 2003, Martínez-Jiménez et al. 2005), whereas G36P was demonstrated to have SSB activity and share 46% identity with SSB of B. subtilis. The exact role of G36P in phage recombination and replication events is speculated to involve protection of ssDNA tails, but should undergo further elucidation as it did not prove essential under laboratory growth conditions (Weise et al. 1994). 

Based on this data, a paradigm of SPP1 recombination functions was presented, implicating them in recombination-dependent replication. The encoded proteins were proposed to be involved in processing of stalled replication forks, subsequent formation of new replication forks leading to re-initiation of replication and synthesis of concatemeric SPP1 DNA (Martínez-Jiménez et al. 2005). 
Recombination functions of mycobacteriophage Che9c

The most recently identified recombination functions of phages active against Gram-positive bacteria include that of Mycobacterium phage Che9c. It was the only phage genome, out of the numerous sequenced mycobacteriophages, determined to encode proteins (gp60 and gp61) resembling the RecE and RecT recombination functions, respectively (Kolodner et al. 1994, Kusano et al. 1994, van Kessel and Hatfull 2007). 
The Che9c-encoded RecET homologues were sufficient in driving recombination events of allelic exchange in Mycobacterium tuberculosis and M. smegmatis. The N-terminal end of gp61 was determined to carry a motif typical for the SSA protein family and exhibit 29% identity to the RecT synaptase protein (Iyer et al. 2002, Noirot et al. 2003).In vitro binding assays demonstrated that gp61 has higher affinity to ssDNA than to dsDNA substrates. Electron microscopy examinations revealed that in the presence of ssDNA gp61 forms multimers of toroidal structure which is indicative of SSA proteins (Passy et al. 1999, Thresher et al. 1995). The gp60 protein demonstrated 28% identity to the C terminal domain of the RecE exonuclease, and was shown to access free DNA ends and to degrade linear dsDNA substrates in a manner typical for 5’ → 3’ Exo proteins (van Kessel and Hatfull 2007).
Expression of both functions from a plasmid promoted allelic replacement of auxotrophic - leuB (confers leucine auxotrophy), and nonauxotrophic - groEL1 (essential for biofilm maturation), loci in M. smegmatis using linear dsDNA substrates. Recombination frequencies for both leuB and groEL1 in cells expressing gp60 and gp61 genes were at higher levels than in wild type host (recombineering frequency ~10-4, calculated as recombinants per µg DNA/cell competency) (van Kessel and Hatfull 2007). 

Moreover, only two other mycophages – Halo and Giles, encoded for proteins which exhibited a distant relation to the RecET recombination functions (Kolodner et al. 1994, van Kessel et al. 2008). The gp42 of phage Halo exhibited homology to the RecE protein (30% identity), while gp52 of phage Giles was determined to carry a domain resembling that of phage-encoded exonucleases from the YqaJ family. Nonetheless, the efficiency of Halo (gp42 and gp43) and Giles (gp52 and gp 53) systems in driving recombination was tested and shown to be less active than the recombination functions of Che9c phage. In effect of these assays Che9c-encoded recombination functions were used to develop an efficient recombineering system in fast as well as slowly growing mycobacterial species (van Kessel et al. 2008).

Putative recombination gene clusters in lactococcal phages

Comparative analyses of fully sequenced genome of phages active against L. lactis bacteria allowed identification of putative recombination proteins (Chopin et al. 2001). SSB homologues were found to be encoded in the genomes of lactococcal lytic phages of c2- and 936-types, including c2 (Orf16), bIL66M1 (Orf13), bIL170 (Orf13) and sk1 (Orf34) (Fig. 5). Position of c2 and bIL67 ssb genes just downstream of genes encoding Erf-like recombinases indicated that the recombination gene cluster of these phages is likely to be localized in these regions. For 936-type phages, genes encoding phage recombinases were not identified. However, orfs downstream of the ssb genes were found very similar in size and their sequences are homologous to c2-type phages. This fact was an indirect evidence for the presence of recombination modules in 936-type phages. 

Putative ssb genes were identified also in the genomes of the third most commonly represented group of lactococcal phages – the P335-type temperate phages (Fig. 5). However, they appeared to form a different group of homology than analogous genes of lactococcal lytic phages. Nonetheless, they were also determined to be positioned in direct vicinity of recombinase genes and just upstream of the replication modules. Based on the cluster organization in phages, where genes with similar function form distinct clusters (Campbell 1988, Hendrix et al. 2003), localization of ssb genes between these two (recombination and replication) modules suggests they play role in both processes. Temperate P335-type phages, similarly to c-type phages, were determined to encode two types of putative recombinases; one class exhibiting homology to RecT of E. coli Rac prophage; the other to - phage P22 Erf recombinase (Bouchard and Moineau 2000). 
Still unidentified remain genes encoding anti-RexAB activities (RecBCD-like activity of L. lactis). Also lack of an evident phage-encoded exonuclease allows speculation that perhaps lactococcal phages inhibit the RexAB nuclease function and subsequently exploit the host protein as 5’ ( 3’ Exo, similarly to the phage P22 strategy. 
RECOMBINEERING

One of the most prominent features attributed to phage-encoded recombination functions upon infection is the induction of elevated recombination events in the bacterial host strain . Studies of λ-infected cells have shown that recombination was especially frequent just minutes before lysis. At that time point the cell was described to go into a state termed “hyper- rec”, which is a condition of increased rate of genetic exchange. Studies in E. coli related the factors responsible for the “hyper-rec” state to phage-encoded proteins – phage λ Red Exo and Beta (Murphy 1998, Zhang et al. 1998). Experimental studies showed that expression of λ Red genes in E. coli cells renders them highly proficient in homologous recombination which results in increased rates of chromosomal rearrangements than if recombination was to proceed by bacterial pathways (Murphy et al. 2000b, Court et al. 2002). 

These findings set the basis for developing new methods of genetic manipulations based on phage recombination functions, termed recombineering. Extensive information on phage-based recombineering techniques and their application can be found in many recently published reviews (Copeland et al. 2001, Court et al. 2002, Sawitzke et al. 2007, Datta et al. 2008, van Kessel et al. 2008). Broad data available on the subject reflects the interest in examining phage recombination functions, understanding the mechanisms of the phage-induced ‘hyper-rec’ events, characterizing specific functions that stand behind this process and implementing them as recombineering tools for everyday laboratory use.
In short, the idea of recombineering in bacteria is based on introducing into cells linear DNA substrates with specifically designed sequences to target homologous regions of various loci on the chromosome or plasmid (Fig. 6). Up to date the most widely applied recombineering system based on λRed functions has been exploited in numerous ways, including mutagenesis – point mutations, deletions, insertions, as well as gene knock-outs and in vivo cloning (Murphy 1998, Zhang et al. 1998, Datsenko and Wanner 2000, Murphy et al. 2000b, Yu et al. 2000, Ellis et al. 2001).

Among the many advantageous aspects of phage recombineering are: (i) promotion of recombination events at higher levels than by the host (Murphy et al. 2000b, Court et al. 2002), (ii) requirement for relatively short regions of homology between introduced DNA substrate and targeted loci (~ 50 bp) (Yu et al. 2000), (iii) ability to recombine with PCR-generated dsDNA and ssDNA oligonucleotide substrates which can be easily introduced into cells via electroporation (Ellis et al. 2001, Court et al. 2002). Overall, facile and time-saving in vivo generation of modified strains at high frequencies without the use of restriction enzymes and standard cloning techniques is a great advantage of phage-based recombineering.
The phage λRed-based recombineering technique in its molecular context is well characterized for E. coli, and was recently developed for use in other bacterial species, including pathogens such as Salmonella (Husseiny and Hensel 2005, Datta et al. 2008 ), Shigella (Ranallo et al. 2006), Pseudomonas aeruginosa (Lesic and Rahme 2008), Serratia marcescens (Rossi et al. 2003), enterohemorrhagic and enteropathogenic E. coli (Murphy and Campellone 2003) or Yersinia (Derbise et al. 2003). Constructing similar systems in other bacteria (not necessarily pathogens) as well as yeast and even mammalian cells seems plausible, given the condition that λ phage Gam protein could inhibit the main nuclease of the host. Bacteria in which λRed phage recombination proteins are nonfunctional, e.g. due to differences in G-C content, stand as a promising field for identifying and adapting analogous systems based on recombination functions of host-specific phages. The usefulness of creating recombineering systems using host-specific bacteriophage recombinases was recently documented for several Mycobacteria species in which phage λRed as well as RecET functions proved ineffective (van Kessel and Hatfull 2007).
Application of recombineering techniques
Development of phage-based recombination tools is a great advantage and a promising perspective in many scientific domains. One of them is the field of gene therapy. Application of recombineering tools to introduce correct sequences of genes or alleles in cells with specific gene mutations could be a means to alleviate symptoms of various diseases. Using recombineering to modify bacterial strains is another encouraging prospect. Recombination proteins of pathogen-specific phages (e.g. phages active against M. tuberculosis) could be adapted to identify virulence determinants and, in effect, modify pathogenic bacteria by using linear DNA fragments targeted toward pathogenic islands. Deletion or disruption of undesirable properties could lead to constructing attenuated strains and adapting them as vaccines, providing an alternative method of medical treatment of pathogenic infections. 
By similar means, selected features could be specifically introduced into strains, e.g. those of industrial value. Modification of bacterial genomes would lead to obtaining, in a precise and technically uncomplicated manner, cells with desired properties without the need for selective markers, e.g. drug resistance. Exploitation of such strains, where specific proprieties are maintained in the genome in a stable fashion, is a great application advantage for various industrial branches, including the dairy industry. Selective pressure of the fermentation environment and the commonly noted bacteriophage attacks make recombineering a valuable tool for generating starter strains with new desirable properties (e.g. more proficient in lactose degradation, proteolysis or phage-resistant), positively influencing the final dairy product (taste, aroma, texture). 

CONCLUSIONS

Recombination plays a significant role in the life cycle of phages. Functions promoting recombination events were determined to be involved in key stages of phage multiplication, e.g. circularisation of phage genomes prior to replication, initiation of replication via recombination-mediated events, promoting concatemerisation preceding packaging. In a wider perspective, apart from their implication in phage biology, recombination is also a driving force of phage evolution. 

The detailed overview of recombination functions presented in this work reflects our current knowledge of the phage-mediated initiation of recombination processes, focusing on proteins implicated at the initial stages of recombination. The characterization of recombination systems from a number of phages studied shows their great precision in promoting recombination events and, at the same time, their functional simplicity.

Due to the great importance of recombination for phage development it is postulated that phages do not rely only on host-encoded functions but possess their own recombination proteins. The intricacy of phage recombination and the different variety of specialized phage recombination functions is intriguing given the generally limited size of bacteriophage genomes. In this respect, the presence of recombination modules is indicative of their significance in phage growth and development. Moreover, the role of phage-mediated recombination in the microbial world should not be undermined, both in the context of phage-host as well as phage-phage interactions. 

Exploration of newly sequenced bacteriophage genomes of various bacterial species (Gram-negative and Gram-positive) by comparative analyses is believed to result in identification of novel recombination modules. Subsequent examination of the putative recombination functions both at the genetic and biochemical level should deliver new interesting data and further characterize proteins implicated in the process. Determining the specific activity of individual recombination activities would in turn allow establishing the mechanisms that stand behind phage-mediated recombination. 

Despite the impressive data have been gained over the last few decades concerning phage-encoded recombination functions, full understanding of phage recombination events still demands further experimental works. The fact that recombination is implicated in other processes of DNA metabolism (replication, DNA repair) stands as an additional challenge. Many recombination functions described in this work also await more detailed molecular characterization which would allow precisely determining their specific roles and interactions they elicit. 

Acquiring the necessary knowledge through laboratory-based studies will inevitably be exploited in different fields of human interests. The main impact of phage recombination functions on the human world is their application as recombineering tools in genetic manipulations in bacterial cells. Phage-mediated recombination-based methods seem a promising approach for in vivo strain modification and an appealing alternative for classical cloning techniques. In this respect, recombineering is regarded by scientists as the beginning of a new era of genetic manipulations.
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Table 1. Overview of recombination functions identified in phages studied so far.

	Type of function

Name of phage
	Anti-RecBCD
	5’ ( 3’ DNA exonuclease
	SSA protein
	RecA-like recombinase

(ATP-dependent 

homologous pairing protein)
	SSB protein

	
	
	
	Synaptase

(ATP-independent homologous pairing protein)
	RMP
	
	

	T4

(E. coli)
	gp2
	gp46/47
	
	UvsY
	UvsX
	gp32

	
	Syn/Exo two-component systems
	

	λ

(E. coli)
	Gam
	Exo
	Beta
	-
	-
	nd

	P22

(S. enterica)
	Abc2

Abc1
	Abc2-modified RecBCD
	Erf
	-
	-
	Arf

	Che9c

(Mycobacterium sp.)
	nd
	gp60
	gp61
	-
	-
	nd

	SPP1

(B. subtilis)
	nd
	G34.1P
	G35P
	-
	-
	G36P


Table 2. Examples and mechanisms of phage-encoded anti-RecBCD activity.

	Inactivation of host RecBCD

(including DNA-dependent ATPase activity)
	Modification of host RecBCD activity
	DNA end protection
	inactivation of host RecBCD

(except DNA-dependent ATPase activity)

	λ (E. coli): Gama
	P22 (S. enterica): Abc2b
	Mu (E. coli): Gam
	T7 (E. coli): gp5.9c


a λGam homologues have been identified in the genomes of Shiga toxin 2-converting bacteriophages I, 933 W, VT2-Sa; their activity demands experimental documentation 

b P22 Abc2 homologues have been identified in other lambdoid phages HK620 (gp36), HK022 (gp39) and HK97 (gp39); their activity demands experimental documentation 

c Phage T7 gp5.9 homologues have been identified in E. coli phage T3 (gp5.9) and Y. enterocolitica phage (Ye03-12 (gp5.9); their activity demands experimental documentation
Figure legends

Figure 1. Role of homologous recombination in phage concatemer formation. Processes of phage DNA replication via the theta and sigma mode and DNA degradation due to the terminase packaging activity are shown schematically; the dotted lines arrows point to HR events which lead to production of genomic concatemers: initiation of the sigma mode of replication, reintroduction of DNA degradation products into DNA replication metabolism, combining short linear DNA fragments into longer packagable substrates.

Figure 2. Double-strand break (DSB) repair mechanisms – strand invasion vs. strand annealing.

Figure 3. T4 RDR model (as proposed by Mosig). Key recombination and replication proteins are marked accordingly to the effectuated roles (adapted from Kreuzer 2000).

Figure 4. Phage λ Red-mediated DSB repair via strand invasion, strand annealing or replisome invasion (the latter adapted from Poteete 2008).
Figure 5. Organization of the putative recombination gene clusters in lactococcal phages. Homologous orfs are indicated by arrows of the same shade. 

Figure 6. Comparison of classical DNA recombinant and recombineering techniques. Chequered and striped boxes (
[image: image1]) represent regions of homology; genomic DNA is depicted as a dotted (░) box; target genes are shown as white boxes (() and insertion cassettes are black (■).
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