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Abstract

SP6 is a salmonella phage closely related to coliphage K1-5. K1-5 is notable in that it encodes two 

polysaccharide-degrading tailspike proteins, an endosialidase that allows it to infect E. coli K1, 

and a lyase that enables it to infect K5 strains. SP6 is similar to K1-5 except that it encodes a P22-

like endorhamnosidase tailspike, gp46, allowing it to infect group B Salmonella. We show here 

that SP6 can also infect Salmonella serogroups C2 and C3 and that a mutation in a putative second 

tailspike, gp47, eliminates this specificity. Gene 47 was fused to the coding region of the N-

terminal portion of the Pseudomonas aeruginosa R2 pyocin tail fiber and expressed in trans such 

that the fusion protein becomes incorporated into pyocin particles. These pyocins, termed AvR2-

SP47, killed serogroups C2 and C3 Salmonella. We conclude that SP6 encodes two tail proteins 

providing it a broad host range among Salmonella enterica.

1Introduction

Phage SP6 is a lytic T7-like phage of the Podoviridae first isolated using Salmonella enterica 
serovar typhimurium as a host (Zinder, 1961). Genome sequence analysis indicated that SP6 

is closely related to phage K1-5 (Scholl et al, 2004; Dobbins et al., 2004). Both SP6 and 

K1-5 are biologically similar to T7, but have diverged considerably at the sequence level and 

have therefore been classified the “SP6 group” as a subset of the larger “T7 supergroup” 

(Scholl et al., 2004). One distinction of the SP6 group is that the phages do not encode a 

single tail fiber analogous to that of T7 but instead encode one or two distinct 

polysaccharide-degrading tailspikes that are part of the phage virion structure (Scholl et al., 

2001; Scholl et al., 2004). The genes encoding these tailspikes are located in a genetic 

cassette at one end of the phage genome, and the protein products are connected to the virion 

by a non-covalent interaction with a separate peptide that is homologous to the N-terminal 

portion of T7-like tail fibers, gp37 (Scholl et al., 2004; Leiman et al., 2007). In the case of 

K1-5, these two tailspikes are a K5 capsule-specific lyase, gp46, and a K1 capsule-specific 

endosialidase, gp471. Both of these proteins are structural; each forms homotrimers of 
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which there are six arranged on the tail structure (Scholl et al., 2001, Leiman et al., 2007). 

SP6 encodes two different proteins in the analogous positions in the genome, with little 

sequence similarity to those of K1-5. One, gp46, is a P22-like endorhamnosidase. The P22 

endorhamnosidase tailspike has been very well studied and allows P22 to infect group B and 

D serovars, all of which have a similar O-antigen backbone structure (Steinbacher et al., 

1997). A second putative SP6 tailspike, encoded by gene 47, was found also to be structural 

and was speculated to be a second tailspike protein; however its exact specificity was 

unknown (Scholl et al., 2004).

R-type pyocins are phage tail-like bacteriocins produced by some Pseudomonas aeruginosa 
strains as a defense against other strains of the same species (Michel-Briand and Baysse, 

2002). R-type pyocins are evolutionarily related to the tail structures of P2-like phages, 

which are members of the Myoviridae, and are composed of a contractile sheath, core, 

baseplate, and tail fibers but no capsid or genetic material (Kagayama et al., 1964; 

Nakayama et al., 2000, Ge et al., 2015). Pyocin genes are encoded in the bacterial 

chromosome and are induced by bacterial stress, such as DNA damage. This results in 

production of 100–200 pyocin particles/cell, followed by lysis of the producer cells and 

release of the particles. These structures kill target cells by first binding to a surface structure 

via the six tail fibers followed by a sheath contraction and insertion of the core, which results 

in a depolarization of the cell membrane and death (Uratani and Hoshino, 1984). Binding of 

a single particle to a cell can be sufficient to cause death. We have shown that it is possible 

to retarget the spectrum of R-type pyocins by making chimeric tail fiber fusions between the 

N-terminal portion of the pyocin tail fiber and tail fibers or tailspikes of phages (Williams et 

al, 2008; Scholl et al 2009; Scholl et al, 2012, Gebhart et al., 2015). These engineered 

pyocins bind and kill cells that express the specific receptors that are the targets for the 

donor tailspike, and can thus be used as tools to identify unknown tailspike specificities.

In this work we find that, in addition to serogroups B and D, SP6 can infect C2 and C3 

Salmonella serogroups, which include serovars kentucky and newport, and we show that 

gp47 confers this host specificity. We also show that the binding specificity of the tailspike 

can be used to retarget R-type pyocins of P. aeruginosa to these specific strains of 

Salmonella enterica.

Results

Host range of SP6

The host range of SP6, propagated on strain ATCC 27198 (typhimurium LT2), was studied 

by plaque assaying on a panel of different Salmonella enterica serovars. The results are 

shown in Table 1. Besides typhimurium, SP6 infects other serogroup B strains including 

saintpaul, and heidelberg, as well as serogroup D strains, enteritidis and javiana. This is 

consistent with the fact that it encodes a tailspike (gp46) with high sequence similarity to 

that of P22, which also infects these strains. All of these strains have a common O-antigen 

backbone (Luk and Lindberg, 1991; Figure 1).

SP6 can also infect serovar newport (serogroup C2). This was somewhat surprising since the 

O-antigen structure of C2 is quite distinct from that of serogoups B and D (Figure 1). There 
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are no common sugar residues between these two O-antigen backbones that suggest gp46 is 

targeting and degrading these structures. SP6 also infects serovar kentucky which belongs to 

serogroup C3. The C2 and C3 O-antigen structures differ only in the position of a side 

residue; the backbone structures are identical (Figure 1). SP6 did not infect the one 

serogroup C1 strain tested (serovar thompson); however, the O-antigen structure of this 

strain is quite different from C2 and C3. Plaquing efficiency was less on C2 and C3 serorvars 

vs B serovars; this changed only slightly when the phage stock was propagated on a newport 
strain vs typhimurium.

SP6 host range mutants

It was previously shown that the two tailspikes of phage K1-5 could be independently 

mutated to distinguish the two receptor binding activities (Scholl et al., 2001). We followed 

the same strategy for SP6 using selective binding/enrichment experiments. SP6 particles 

were bound to log phase Salmonella heidelberg (ATCC 8326) cells and the bound cells were 

filtered before a phage burst could occur. The filtrate was expected to be enriched with 

phage particles that cannot bind to strain 8326. This population of phages was then then 

amplified on Salmonella newport (ATCC 27869) by infecting and allowing for phage 

replication and burst. The lysate from this enrichment was then re-bound to strain 8326 and 

the selective filtration/enrichment repeated a total of 3 times. This regiment was designed to 

select for phage mutants that can no longer bind to strain 8326 but can still bind and 

replicate on strain 27869. A plaque was picked from the lawn of strain 27869 and tested for 

growth by spotting on both strains. At a spot of ~105 pfu; killing was observed on strain 

27869 but not strain 8326 (data not shown). This phage has labelled SP6H−. The converse 

experiment was also performed in which the phage were bound to strain 27869 and enriched 

on strain 8326 to select mutants that could replicate on heidelberg but not newport. This 

mutant was termed SP6N−. Both SP6H− and SP6N− tailspike regions genes 46 and 47 were 

cloned and sequenced. SP6H− had a single point mutation in gp46, W101H. SP6N− had a 

single point mutation in gp47, D246Y.

Pyocin tail fiber/tailspike fusions

The above mutation studies provide some evidence that gp47 determines the host specificity 

to serogroups C2 and C3. To test this hypothesis we made a fusion between the gene 

encoding amino acids 10–495 of SP6 gene 47 to amino acids 1–164 of R2 tail fiber (see 

materials and methods and Williams et al., 2008; Scholl et al., 2009). This tail fiber fusion 

was expressed in P. aeruginosa PAO1 Δprf15 (strain MΔ) simultaneously with induction of 

the R2 pyocin genes by mitomycin C such that the tail fiber fusion protein was incorporated 

into the R2 pyocin particle. The resulting pyocin particles were purified and tested for 

bactericidal activity against the panel of Salmonella strains (Table 1) using the spot plate 

assay method (Figure 2). This engineered pyocin, termed AvR2-SP47, killed serogroup C2 

and C3 strains but not serogroups B or D. A similar tail fiber construct was made by fusing 

the coding region of gp46 (amino acids 2–550) to amino acids 1–164 of the R2 tail fiber. 

Pyocin particles, termed AvR2-SP46 that incorporated this fusion had bactericidal activity 

against heidleberg and typhimurium and not newport or kentucky (Figure 2) which is 

expected since this tailspike is related to that of P22.
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Discussion

In addition to infecting Salmonella enterica serogroups B and D as predicted by its P22-like 

tailspike (gp46), SP6 also infects serogroups C2 and C3. These latter 2 serogroups share an 

O-antigen backbone structure that is quite distinct from the B and D strains, predicted to be 

recognized by gp46. Accordingly, one would predict that a different protein would be 

needed to target these serogroup C2 and C3 cells. We provide evidence here that gene 47 
encodes this protein. Because Podoviridae phage tailspikes often bind to O-antigens, we 

speculate that the common repeating sugar units of the O-antigen backbone of C2 and C3 

strains is the receptor.

We previously predicted that gp47 is likely a second tail spike (Scholl et al., 2004) but at the 

time it shared little sequence similarity with any other known protein and relatively little 

host range data was known for SP6. More recently, complete genome sequences of 

Salmonella enterica newport have been reported and deposited in the genome databases 

(Cao et al., 2012). Several contain prophage or prophage remnants that encode bifunctional 

tailspikes that have a gp47-like C-terminal domain. These prophage tailspikes fall into two 

types, those that have a head-binding domain with high sequence similarity to P22-like 

tailspikes and those that have a head binding domain related to phiV10/epsilon 15-like 

tailspikes (Scholl et al., 2009; Kropinsky et al., 2007; Figure 3). This is another example 

where an evolutionarily related C-terminal carbohydrate domain can be found as part of the 

tailspike structure(s) of much more distantly related phage types (Scholl and Merril, 2005; 

Stummeyer et al., 2006). Interestingly one strain, CMV 19470, contains both P22 and 

phiV10-like prophages within its genome, each with a putative gp47-like domain. The fact 

that some newport genomes contain prophage tailspikes related to SP6 gp47 further supports 

the findings in this work since prophages that are present in the genome may have also 

utilized this O-antigen structure as a receptor to infect.

The plaquing efficiency of SP6 was lower on C2 and C3 strains than on B and D serogroups. 

This was true even when the phage stock was produced from a C2 host strain, indicating that 

it is unlikely to be caused by a host modification to the DNA. This could be explained by 

differences in adsorption to the different O-antigens and/or different levels of O-antigen 

expression on a given bacterial isolate.

The fact that R-type pyocins can be retargeted to Salmonella enterica using an SP6 tailspikes 

illustrates the flexibility of this bactericidal platform. It also supports the idea that the 

primary spectrum determinant of these Myoviridae-like tail structures is the receptor binding 

protein (tailspikes and tail fibers) and that the general mechanism of killing by R-type 

pyocin is less specific, showing bactericidal activity against a wide range of 

Enterobacteriaceae, provided the appropriate receptor binding function is present. This 

platform can be used as a tool to directly examine phage tailspike and other receptor binding 

functions separate from other aspects of phage biology that influence host range. Together 

the two pyocin constructs described here kill serogroups B, D, and C2/3. Jones et al., 2008 

reported that the top five human disease isolates consist of typhimurium, enteritidis, 
newport, heidelberg, and javiana, all of which are killed by one of the two engineered R-type 
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pyocins. This combination could potentially be used as an anti-Salmonella agent in animal 

health and food safety applications.

Materials and Methods

Salmonella strains were propagated in Luria Broth (LB) at 37°C with 250 rpm shaking. SP6 

phage stocks were prepared by growing the host strain in LB (1/5 flask volume) to an 

OD600 of ~0.2 and adding phage at an MOI of 0.1, the cultures were allowed to lyse 

overnight. Cell debris was removed by centrifugation (25,000×g) and the lysates were 

passed through 0.2 μM cellulose acetate filters. Plaque assays were performed as previously 

described (Scholl et al., 2001) Briefly phage stocks were diluted serially in LB medium, 100 

μl of each dilution was added to 200 μl of logarithmically growing cells (OD ~0.5–1.0). This 

was added to molten, tempered 0.5% overlay agar (LB) and poured onto a 1.5% LB agar 

plate. They were incubated at 37°C overnight and plaques were enumerated the following 

day.

To generate AvR2-SP47, gene 47 encoding amino acids 10–495 was amplified from an agar 

plug of SP6 using primers 5′-cctttcaagcttacacagtggttgcaacctgc-3′ and 5′-

cctcccgaattctcacttgaatatgtagctgccag-3′, which contain HindIII and EcoR1 sites respectively. 

The product was cloned directly into plasmid DG100 (Williams et al., 2008) digested with 

HindIII/EcoRI to create plasmid DG268. DG268 was transformed into P. aeuruginosa strain 

MΔ, which is derived from PAO1 but deleted of the wild type R2 pyocin tail fiber gene, 

prf15 (see Williams et al., 2008). To generate AvR2-SP46, gene 46 was amplified using 

primers 5′-ttcgtctcgcgcgtttctatgacaaacctctcaaagg-3′ and 5′-

atgcttccggctcgtagtcttctccgccattctgat-3′. The product was digested with BsmBI (primer was 

designed to leave a HindIII compatible end) and EcoRI and cloned into DG100 to generate 

DG263. This was transformed into the production strain as above. The engineered 

bacteriocins were expressed and purified as described in Williams et al 2008. SDS gels (4–

20% Tris-glycine) of 5 μg of the purified particles are shown in Figure 2.

Bactericidal activity was assessed by the spot method. Diluted bacteriocin (in LB medium) 

was directly spotted onto a set, seeded 0.5% LB agar overlay lawn, and the spots were 

allowed to absorb into the surface. The plates were then incubated overnight at 37°C. Zones 

of clearing at the location of the spot application indicate bactericidal activity.
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Highlights

• SP6 is a “dual specificity” bacteriophage that encodes two different receptor 

binding proteins giving it a broad host range.

• These receptor binding proteins can be used to re-target the spectrum of R-

type bacteriocins to Salmonella enterica.

• Both SP6 and the engineered R-type bacteriocins can kill the Salmonella 
serovars most associated with human disease making them attractive for 

development as antimicrobial agents.
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Figure 1. 
O-antigen structures of Salmonella serogroups examined in this study. (From Luk and 

Lindberg, 1991).
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Figure 2. 
A. Spot activity assays of AvR2-SP47 and AvR2-SP46 on lawns of Salmonella enterica 
strains. AvR2-SP47 only has bactericidal activity against newport (C2) and kentucky (C3) 

where AvR2-SP46 has activity only on heidelberg and typhimurium (serogroup B). B SDS 

PAGE gels of purified pyocin particles. Note the different tail fiber/spike sizes. (Lanes were 

cut and pasted from different positions from the same gel).
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Figure 3. 
Comparison of SP6 gp47-like bacteriophage tailspikes. Salmonella enterica newport strain 

19470 harbors two Podoviridae prophage elements. One is related to P22 and encodes a 

P22-like tailspike protein (gene 20999). The other is much more closely related to phage 

phiV10 and encodes a phiV10-like tailspike (gene 12751). Both of these putative tailspikes 

are modular in structure with head binding domains (HBD) corresponding to their respective 

phage type but with receptor binding portions that are related to SP6 gp47.
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