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Abstract

The staphylococcal pathogenicity islands (SaPIs) are highly mobile 15 kb genomic islands that 

carry superantigen genes and other virulence factors and are mobilized by helper phages. Helper 

phages counteract the SaPI repressor to induce the SaPI replication cycle, resulting in 

encapsidation in phage like particles, enabling high frequency transfer. The SaPIs split from a 

protophage lineage in the distant past, have evolved a variety of novel and salient features, and 

have become an invaluable component of the staphylococcal genome. This review focuses on 

recent studies describing 3 different mechanisms of SaPI interference with helper phage 

reproduction and other studies demonstrating that helper phage mutations to resistance against this 

interference impact phage evolution. Also described are recent results showing SaPIs contribute in 

a major way to lateral transfer of host genes as well as enabling their own transfer. SaPI-like 

elements, readily identifiable in the bacterial genome, are widespread throughout the Gram-

positive cocci, though functionality has thus far been demonstrated for only a single one of these.

Introduction

The staphylococcal pathogenicity islands (SaPIs) are highly mobile chromosomal islands 

that exploit specific bacteriophages for their mobility. They contain a characteristic set of 

genes required for their distinctive life style and typically carry accessory genes, including 

those for toxic shock syndrome toxin (TSST-1), enterotoxin B (SEB), and other 

superantigens. These are expressed during the island's integrated state and contribute to the 

host pathotype. The SaPIs are the sole genetic carriers of TSST-1 and SEB and are 

responsible for the staphylococcal toxic shock syndrome, including necrotizing fasciitis [1]. 

The SaPIs are extremely common in S. aureus, with an average of one per strain, some 

strains having 3 or more. They are also common in non-aureus staphylococci and similar 

elements have been identified by sequence analysis in streptococci and lactococci [2], 
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though these elements have not been found to carry virulence genes, nor has their 

functionality been demonstrated as yet.

Recent literature on the SaPIs reflects the evolution of our thinking about these fascinating 

mobile chromosomal islands (see recent reviews: [3] [4]. Originally, we focused on their 

cargo, then their life cycle and interaction with particular bacteriophages. Later, we 

understood that these islands play a more significant role for the staphylococci than mere 

high-speed couriers of fancy virulence genes. Although they are clearly derived from 

prophages, they long ago diverged, forming a highly distinctive and entirely separate 

lineage. They mediate transfer of unlinked chromosomal genes [5], interfere with phage 

reproduction [6], increase host cell survival of phage infection [7] and determine animal host 

specificity [8]. Consequently, the SaPIs appear to be critical for the evolution and adaptation 

of the organism.

The Basics

Like prophages, the SaPIs reside quiescently at specific chromosomal attachment (att) sites 

under the control of their master repressors [9]. However, unlike the classical phage 

repressors, SaPI repressors are not SOS-inactivated. Following infection by a helper phage 

or SOS induction of a resident helper prophage, an antirepressor protein [9] is produced by 

the phage, counteracting the SaPI repressor (Stl). Different SaPIs are derepressed by 

different phage-coded anti-repressors [3]. At present, the phage coded anti-repressors have 

been identified for only a very few SaPIs: dUTPase for SaPIs 2 and bov1, Sri for SaPI1 and 

80α GP15 for bov2. 80α encodes all of these, Φ11 encodes only Sri. Following 

derepression, int and xis are expressed, leading to SaPI excision (by the Campbell 

mechanism [10]), expression of SaPI-coded replication initiation genes and commencement 

of extensive SaPI DNA replication, using the host replication system for DNA 

polymerization [11]. In addition to forming phage procapsids phage virion proteins are 

directed by SaPI genes cpmA & B to form small procapsids commensurate with the 15 kb 

SaPI genome [7, 12, 13]. SaPI replication, like phage replication, results in the formation of 

concatemers [7]. Post-replicative Phage and SaPI DNA's are packaged by the headful 

mechanism [7, 11] [14], with specificity determined by the respective TerS proteins of phage 

and SaPI, which recognize phage and SaPI pac sites respectively, and which promote 

packaging, indiscriminately, into procapsids, of either size [15]. Since only 1/3 of the phage 

genome will fit in the SaPI-sized capsids, this is a dead-end for the phage and generally 

results in a 10-fold reduction in infectious phage particles compared with phage production 

by a non-SaPI containing strain [16]. SaPI particles released by phage-induced lysis infect 

other staphylococci with a high degree of promiscuity.

To effect this carefully orchestrated life cycle, the SaPIs contain a set of functional genes 

that encode a master repressor (analogous to λc1) that maintains the SaPI genome in its 

integrated state, an integrase, required for SaPI genome integration into a specific att site, an 

excisionase, non-specifically required in conjunction with the integrase, for SaPI excision 

from its att site, a primase homolog (not known to be an actual primase), a replication 

initiator protein that catalyzes melting and unwinding of the origin DNA [11], and usually a 

SaPI-specific homolog of the phage terminase small subunit (TerS). TerS recognizes and 
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binds to a specific site, the pac site, at which DNA packaging is initiated. The TerS-DNA 

complex binds to the large terminase subunit, TerL, which introduces the pac site cleavage 

that initiates headful packaging [14]. These genes, are organized in functional modules and 

form a pair of divergent transcription units reminiscent of the standard pro phage genome 

organization (for typical examples, see [17]. A critical feature of all SaPIs is their 

interference with phage packaging. Genes required for this interference are located directly 

upstream of terS and are transcribed from the major rightward promoter. terS and most of 

these genes also form a separate operon regulated by LexA [18]. Accessory genes are 

located either in the leftward transcript between the repressor and integrase genes or distal to 

terS and the rightward transcript. The accessory genes are expressed and regulated 

independently of the functional genes and the SaPI life cycle. Several SaPIs (SaPI1 [7, 16], 

SaPI2 [19], SaPIbov1 [12] and SaPIbov5 [20] have been analyzed in detail. The map of a 

typical SaPI, SaPI2, is shown in Fig.1.

Host specificity

SaPIs, being packaged in phage-like particles, would be expected a priori to have the same 

host range as their helper phages. Since temperate staphylococcal phages [21] (Siphoviridae) 

attach rather nonspecifically to the riboteichoic acid of the cell wall, they have a very broad 

potential host range. A limitation to this host range is the variation in teichoic acid structure 

in ST395 S. aureus and most non-aureus staphylococci. These have glycerol phosphate 

instead of ribose in their wall teichoic acid [22]. In practice, however, individual phages have 

quite limited infectivity ranges as measured by plaque formation – which gave rise to the 

once widely used but now obsolete phage typing system [23]. Host range is well-known to 

be determined by post-adsorption factors that determine the ability to replicate and form 

plaques – such as prophage immunity, restriction-modification, host factors required for 

phage reproduction, phage-specific inhibitory factors, etc. [24]. Since the SaPIs need only to 

integrate into a chromosomal att site, their host range is much wider than that of the phages, 

being limited only by the availability of an att site, and, perhaps by DNA restriction. This 

has been dramatically illustrated by the ability of SaPIs to stably infect L. monocytogenes 
[25], a species in which no known staphylococcal phage can replicate, although many can 

attach to and infect the organism. Although L. monocytogenes does not contain any of the 

native SaPI att sites, infecting SaPIs insert into secondary sites similar to those identified in 

S. aureus [25]. There are, however, many strains of L. monocytogenes that SaPIs do not 

infect, presumably owing to differences in teichoic acid structure.

Phage interference

A remarkable feature of the SaPIs is that they universally interfere with reproduction of their 

helper phages, and they do so by several unrelated mechanisms, all of which cause partial 

but never complete blockage of the targeted phage function. The first of these interference 

mechanisms that was identified was simply their ability to divert the vast majority of the 

phage virion proteins to the formation of small (SaPI-sized) heads commensurate with the 

15 kb SaPI genome [7, 12, 13, 26], using SaPI genes cpmA & B (capsid morphogenesis) or 

ccm (cos capsid morphogenesis). Concatemeric post-replicative phage and SaPI DNAs are 

packaged by the headful mechanism [7, 11] with packaging specificity being determined by 
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the respective TerS proteins of phage and SaPI, which recognize phage and SaPI pac sites 

respectively. Consequently, packaging is non-specific with respect to head size [15]. Since 

packaging specificity is based on TerS recognition of pac sites and not on prohead size, 

small heads cause the phage DNA to be wasted since only 1/3 of the phage genome can be 

accommodated. The second known interference mechanism also blocks phage DNA 

packaging, but by an entirely different mechanism. Here, interference is mediated by a 

single SaPI gene, ppi (phage packaging interference), which binds the phage TerS protein 

and blocks its function [26] by mechanism that has yet to be determined. Ppi is widely 

conserved among the SaPIs and exists as several distinct SaPI-specific variants [26]. The 

third interference mechanism thus far identified is the pti (phage transcription inhibitor) 

system, which consists of 3 genes: ptiA, ptiB and ptiM directed toward interference with 

transcription of the late phage region [27], which encodes the virion and lytic proteins [17]. 

Late phage gene transcription among the staphylococcal Siphoviridae is driven by a single 

promoter, which is activated by the regulatory protein, LtrC (late transcriptional regulator). 

This protein, first thought to interfere with integrase transcription, was initially designated 

RinA (regulation of integrase) [28, 29]. Transcriptional activation by LtrC is absolutely 

essential for SaPI as well as for phage reproduction [6]; therefore as PtiA binds directly to 

LtrC and blocks activation of the phage late promoter, it must be modulated in order to avoid 

complete blockage of late transcription. This modulation is accomplished by PtiM, which 

binds to PtiA and diminishes the PtiA-mediated inhibition of LtrC [27]. PtiB also inhibits 

late phage transcription; however, it is also highly toxic for the host cell [27], which has 

complicated its analysis so that its precise mechanism of phage interference has yet to be 

determined. It is remarkable that at least 3 unrelated interference mechanisms have been 

developed by the SaPIs, and are all located in a small region of the SaPI genome. This 

convergent evolution suggests that phage interference is of major importance for SaPI 

biology. Although all known SaPIs possess one or more interference systems, different 

SaPIs possess different combinations of these. One might imagine that the SaPIs would 

benefit from interference by increasing their reproduction at the expense of the phage. 

Surprisingly, however, this is not the case: deletion of any of the 3 systems does not decrease 

SaPI particle production, even though phage production is always increased. Even more 

remarkably, deletion of cpmA&B increases SaPI particle production as well as phage 

reproduction [27]. It is assumed that in phage-infected cells, phage products are generally in 

vast excess and are not exhausted during the lytic cycle, even if there is a co-replicating 

SaPI. Therefore, the reason for increase in production of viable phage particles seen with 

ΔcpmAB is probably that phage DNA is no longer being wasted by being packaged in small 

capsids. We are left, however, with the question of the biological rationale for interference. 

Our best guess is that it helps the SaPI to keep pace with its helper phage during successive 

infection cycles.

Although phage interference is seen only when a SaPI is induced by a helper phage, it exerts 

strong purifying selection for phage mutants that have lost SaPI-inducing activity through 

mutations in either the gene targeted by the interference [26] or in the phage-coded SaPI de-

repressor genes [30], since interference is expressed only when the SaPI has been induced. 

Indeed, helper phages are rather scarce – it is quite unusual to find a naturally occurring 

SaPI-helper phage combination. Why, then, are any helper phages still in existence? One 
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simple and obvious reason is that the derepressor genes are perfectly stable so long as there 

is no responsive SaPI around. Moreover, the anti-repressor genes, while not essential, are not 

entirely dispensable for phage biology, so that the de-repressor mutants are somewhat 

disadvantaged; additionally, there may be some selective value in the SaPI-helper phage 

combination. Although the SaPIs could respond to the scarcity of helper phages by 

developing inactivating mutations in their repressors, this would be very unlikely in nature, 

since de-repressed SaPIs are rather toxic to their host cells and are rapidly lost [12].

SaPI-mediated generalized transduction

Given that SaPIs use the same headful packaging mechanism as do many Siphoviridae, it 

was not a surprise to find that they mediate generalized transduction, based on mis-

packaging of host DNA, identically to the phages [5]. As with the phages, homologs of the 

SaPI pac site (pseudo-pac sites) are scattered around the host genome and have dramatically 

variable efficiencies, resulting in transduction of some genes at very high frequency, others 

at very low [5]. Remarkably, many of the pseudo-pac sites are adjacent or very near to 

certain classes of genes, especially those involved in iron metabolism and other important 

adaptivity genes that may impact the virulence of the host organism [5]; more remarkably, 

SaPI operon 1, within which is located the SaPI terS, is SOS-induced [18] – this was a 

highly mysterious feature of the SaPI genome until it was realized that SOS induction of 

terS in a lysogenic strain enables the mis-packaging of host DNA via the SaPI pseudo-pac 
sites although the SaPI itself is not SOS induced and is not transferred specifically following 

SOS induction. Any resident prophage, whether it is a helper or not, is thus enabled to 

expand its transductional repertoire via any co-resident SaPI [5].

Variations on a theme: The SaPIbov5 family

A widespread group of highly atypical SaPIs harbored by many S. aureus strains of domestic 

animals [20, 31], were presumably derived by recombinational replacement of most of 

operon 1 by a DNA segment containing phage derived cos and pac sites and a gene encoding 

a homolog of the phage major capsid protein. They lack any functional terS but have a C-

terminal terS remnant, presumably marking one end of the recombinational event. They are 

packaged by either pac or cos phages using the respective phage TerS's, reportedly in small 

capsids [32]. The Cap protein homolog (Ccm) causes severe phage interference and seems to 

be required for the formation of small SaPI particles. Many of these SaPIs carry a homolog 

of the von Willebrand factor binding protein, which is involved in the determination of 

animal host specificity [8], and also the phage-derived Scin (staphylococcal complement 

interference) protein. These genes are also carried by a more typical SaPI from an equine 

strain (SaPIeq1), consistent with the recombinational origin of SaPIbov5, et al.

Evolution

A glance at the SaPI genome organization and the list of SaPI genes indicates an obvious 

relation to the prophage genome and genes (see references [17, 33] and, especially [4] for 

comparative diagrams– indeed, SaPIs have generally been annotated as defective prophages 

and their genes as phage genes. Although there is clearly an ancestral relation, we consider it 
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very distant for the following reasons: i) the SaPIs are a coherent family, within which the 

similarities between SaPI genes are much greater than similarities between SaPI and phage 

genes or genes of other genetic elements [2, 4]; ii) they possess genes that are shared among 

SaPIs but are not found elsewhere, especially the hypothetical genes, and the interference 

genes, of which the latter are all located in the same region of the island, a region that has 

probably been imported [2, 4]; iii) they share a rare (though not absolutely unique) 

biological functionality – the property of being induced by prophage anti-repressor genes; 

iv) they occupy unique SaPI-specific att sites that are conserved throughout the 

staphylococci and are never occupied by other elements; v) they carry certain accessory 

genes that are not found on other genetic elements.

Other species

Elements that are clearly within the SaPI family can readily be identified in various non-
aureus staphylococci by performing a BLAST search of the staphylococcus database using 

the TerS protein of e.g., SaPI2 as query. Sequence similarities of 50% or greater represent 

SaPI-like elements. Below 50% similarity, phages begin to appear in the orthology lists. 

With these criteria, such elements are readily identified in most of the available genomes of 

the non-aureus staphylococci. Three typical examples are: a 14 kb element in S. pasteuri SP1 

at nt 1580572, an 11 kb element in S. warneri SG1 at nt 2395104, and a 15 kb element in S. 
lugdunensis HKU09-01 at nt 2072768. None of these SaPI-like elements, however, has been 

shown to be inducible or transferred at high frequency. Some carry identifiable accessory 

genes, especially fusidic acid resistance in S. epidermidis [34]. Similarly, large families of 

SaPI-like elements have been identified in the genomes of lactococci, pneumococci, and 

streptococci [2, 4] [35]; functionality has yet to be demonstrated for any of those in 

lactococci and pneumococci. Enterococcus faecalis strain V583 possesses the only SaPI-

like-like element, EfCIV583, outside of the staphylococci whose SaPI-like functionality has 

been demonstrated [33] [2]: it is induced by a helper phage (Φ1) whose xis gene is the de-

repressor, is packaged in small particles, is transferred at high frequency, and interferes with 

its helper phage. However, as it lacks both an identifiable terS and identifiable cpm genes, 

key aspects of its life cycle remain to be determined. E. faecalis does not possess a family of 

such elements so its place among the SaPI-like elements is unclear. One family of SaPI--like 

elements in Streptococcus pyogenes, with an att site between mutS and mutL, blocking 

transcription of mutL, has the remarkable property of reversible excision during the 

exponential growth of its host organism, which restores mutL transcription. It is not known 

whether or not any bacteriophage is involved in this remarkable phenomenon, nor is it 

known whether this element is transferrable. SaPI-like elements in other locations are more 

like those seen in other Gram-positive cocci [36-38].

Conclusions

The SaPIs are a family of mobile genetic elements that we believe to have split from an 

ancestral protophage, retaining the basic prophage replicon and genomic organization and 

being efficiently packaged in infectious phage-like particles. Following this split, they 

embarked on an independent evolutionary pathway, acquiring or developing the following 

key features that provide them with a unique biological identity, endear them to their host 
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bacteria, and guarantee their continued survival: They possess unique att site-integrase 

combinations and DNA packaging specificity; they exploit their helper phages by 

commandeering specific phage-encoded proteins as de-repressors; they engage in 

(necessarily incomplete) interference with the reproduction of their helper phages, enabled 

by their unique 3 kb interference operon; they contribute materially to the horizontal transfer 

of host genes; and they are the sole carriers and transmitters of several superantigen genes, 

especially that for TSST-1.

We note an interesting contrast between the genomes of Gram-positive cocci and those of 

enteric bacteria. The latter are littered with remnants and fragments of prophages, which are 

largely incidental findings of genome analysis. – this is readily understandable since 

prophages, being dispensable, are subject to every imaginable type of DNA rearrangement. 

Prophage remnants, however, are quite infrequent in the genomes of Gram-positive cocci 

despite the near universality of prophages in these organisms – instead, their genomes are 

replete with SaPIs, defective SaPIs, and SaPI-like elements. Perhaps the basis of this 

contrast lies in the primary role of SaPIs and their ancestral prophages in the performance of 

horizontal gene transfer (HGT), which could well be selective, in contrast to the primacy of 

conjugation and DNA-mediated transformation in the Gram-negative bacteria. This would 

also be consistent with the rarity in staphylococci of CRISPR/Cas systems, which prevent 

HGT.
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Highlights

• SaPIs are helper phage inducible, highly mobile elements that carry toxin 

genes

• SaPIs have a distinctive life style that is highly beneficial to their host bacteria

• SaPIs in animal strains determine the animal specificity of their host bacteria

• SaPIs engage in lateral host gene transfer independently of their own transfer

• SaPIs have independently evolved 3 different ways of interfering with helper 

phages

• Phage mutations reveal interference targets and drive phage evolution
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Fig. 1. SaPI2 genome
Color scheme: yellow – int/xis; blue – regulation; gray – HP; purple – replication; red – 

interference; green – capsid morphogenesis, also interference; aqua – terS; orange – 

accesssory genes; small pink arrows – promoters. Scale is in base pairs.

Abbreviations: int – integrase; xis – excision; stl – repressor of leftward SaPI transcription; 

str – repressor of rightward SaPI transcription; pri – primase homolog; rep – initiator 

protein; ori – replication origin; ppi – phage packaging inhibition; ptiB phage transcription 

inhibitor independent of ptiA; cpm – capsid morphogenesis; ptiA – phage transcription 

inhibitor; ptiM - modulator of ptiA; terS – terminase small subunit; HP – hypothetical 

protein.
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Fig. 2. Interference mechanisms
Upper left, SaPI terS (blue crescent) binds to SaPI DNA then complexes with phage TerL 

(green semicircle, enabling packaging of SaPI DNA in capsids of either size. A. Ppi (red ¾ 

circle) complexes with phage terS (green crescent) blocking its function in phage DNA 

packaging. B. Virion proteins are diverted by Cpm A & B to form mostly small capsids, 

which are filled with SaPI DNA, using SaPI TerS, or with phage DNA using phage TerS. C. 
Pti interference with transcription of late phage genes. PtiA, at right, complexes with LtrC, 

blocking activation of late phage gene transcription. PtiA is partially countered by PtiM, 

preventing the complete blockage of late phage gene expression. PtiB blocks late phage gene 

expression independently, by an unknown mechanism.
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