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  ABSTRACT 

The application of bacteriophage host recognition binding proteins for the isolation of Yersinia 

enterocolitica in foods 

 
Carlos G. Leon-Velarde                             Advisor: Dr. Mansel W. Griffiths 

 
University of Guelph, 2016                       Co-Advisor: Dr. Joseph  A. Odumeru 
 

The isolation of Yersinia enterocolitica, an important zoonotic agent causing yersiniosis in humans 

poses a major challenge due to the poor sensitivity of culture methods. The objective of this research was 

to investigate the application of bacteriophage derived host recognition binding proteins (RBPs) for 

selective capture and isolation of the epidemiologically significant Y. enterocolitica serotypes O:3, O:5,27, 

O:8 and O:9 from contaminated foods. To this aim, study of previously reported Y. enterocolitica phages 

and characterization of novel phages isolated from pig manure and raw sewage based on morphology, host 

range, genome sequence, and host cell receptor specificity, led to the selection of three candidate RBPs. 

RBP Gp47 derived from the previously reported Yersinia phage φ80-18 was identified as a suitable ligand 

with specificity for the O-specific polysaccharide (O-PS) of serotype O:8 strains. RBP Gp17 derived from 

the novel Podovirus phage vB_YenP_AP5 was identified as a ligand with specificity for the O-PS of 

serotype O:3 strains. The distal long tail fiber protein, RBP Gp37, derived from the novel Myovirus phage 

vB_YenM_TG1 was identified as a ligand for the outer membrane protein OmpF of serotype O:3, O:5,27 

and O:9 strains. Confocal laser immunofluorescent microscopy determined that recombinant forms of these 

RBPs produced by expression in E. coli bound specifically to host cell surfaces and demonstrated a similar 

binding spectrum to the host range of the phages from which they were derived. Additionally, Localized 

Surface Plasmon Resonance analyses indicated equilibrium association constant (KA) values in the 

nanomolar range, which indicate an overall high binding affinity of the RBPs to host cells. Collectively, 

these observations suggested the recombinant RBPs could be considered structurally equivalent to the 

native proteins since they retained their biological function. Selective capture of Y. enterocolitica O:3, the 



 

    

most significant serotype causing yersiniosis, was achieved from cell suspensions by use of magnetic 

microparticles functionalized with RBP Gp17. Notably, simultaneous capture of Y. enterocolitica  O:3, 

O:5,27, O:8 and O:9 was also attained utilizing a mixture of magnetic microparticles coated with RBP Gp47 

and RBP Gp37. This last approach (RBP-MS) in combination with CIN agar, the most widely used isolation 

medium for Y. enterocolitica applied to cell suspensions of 160 Yersinia spp. and 20 other non-Yersina spp. 

strains achieved a specificity of 85% for the isolation of Y. enterocolitica O:3, O:5,27, O:8 and O:9 

irrespective of the pathogenic potential of the strains. In contrast, when applied in combination with CAY 

agar, a chromogenic medium selective for virulent Y. enterocolitica, the specificity was increased to 95.7%. 

Moreover, only potentially pathogenic strains were captured and grew as typical mauve coloured colonies 

on this agar. RBP-MS applied to artificially inoculated ground pork samples, established a 2 log10 CFU/ml 

improvement in sensitivity compared to direct plating on CIN or CAY agars. In addition, RBP-MS in 

combination with CAY agar was able to detect a higher number of samples inoculated at low levels (0.1 

CFU/g, 1 CFU/g, and 10 CFU/25g) after 8 h and 24 h of enrichment at 25°C in non-selective TSB 

accompanied with reduced background microbiota, compared to samples that did not undergo RBP-MS.  

Collectively this research demonstrates that use of phage RBPs as capture molecules represent an 

alternative approach for bacterial concentration as a preparative step to improve the culture isolation of 

pathogenic Y. enterocolitica from foods. Additionally, due to their lytic nature, the phages obtained can be 

considered prospective biotechnological tools for further diagnostic, therapeutic and or bio-control uses 

given that they target the predominant serotypes involved in yersiniosis. 
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 INTRODUCTION Chapter 1:

1.1 RESEARCH INTRODUCTION  

Among the members of the genus Yersinia, three species are pathogenic for humans. Y. pestis 

transmitted by an arthropod vector (the flea) causes the systemic infection known as bubonic plague, as 

well as pneumonic and septicemic plague (Drummond et al., 2012; Mollaret, 1999; Wren, 2003). The other 

two virulent species are the enteropathogenic Y. pseudotuberculosis and Y. enterocolitica, well-established 

zoonotic agents adapted for survival and colonization through lymphatic tissues that share common modes 

of transmission causing a self-limiting gastroenteritis known as yersiniosis in humans (Long et al., 2010; 

Tacket et al., 1984; Tauxe et al., 1987). The former is the species from which Y. pestis evolved 1,500 to 

20,000 years ago (Achtman et al., 1999; Skurnik, Peippo, & Ervela, 2000; Wren, 2003), whereas Y. 

enterocolitica which evolved independently from Y. pseudotuberculosis and Y. pestis is recognized as the 

most significant species causing yersiniosis (Bottone, 1999; Fredriksson-Ahomaa, Stolle, & Korkeala, 

2006).  

It is widely considered that present culture methods lack the required sensitivity to detect low levels 

of this bacterium from potentially contaminated foods and this may well be the predominant reason for the 

reported low prevalence of pathogenic Y. enterocolitica (Fredriksson-Ahomaa & Korkeala, 2003). As result, 

varied bacteriological media and incubation conditions have been applied to optimize isolation but with 

limited success (Bottone, 1999; Fredriksson-Ahomaa & Korkeala, 2003). There is a continued need for the 

development of alternative approaches that aim to improve culture methods for the isolation of this 

pathogen from foods (Fredriksson-Ahomaa, 2012). At present, the epidemiology of Y. enterocolitica 

remains obscure due to a lack of reliable culture methods. Without the efficient isolation of Y. enterocolitica, 

characterization of pathogenic strains, epidemiological analyses and risk assessment studies cannot be 

completed (Fredriksson-Ahomaa & Korkeala, 2003; Fredriksson-Ahomaa, Stolle, & Korkeala, 2006). In an 

effort to increase the sensitivity and reliability of culture methods, this work proposes the use of 
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bacteriophage host receptor binding proteins (RBPs) as an alternative to antibodies in magnetic separation 

for the isolation of Y. enterocolitica.  

Although other microbial food-borne pathogens may be considered of a higher importance based on 

their mortality and morbidity such as E. coli O157:H7, Salmonella spp., Campylobacter spp. or Listeria 

monocytogenes, the methods used for their isolation are considered robust, reliable and are well 

established. In effect, the selection of Y. enterocolitica as a model organism was driven by the appreciation 

that positive outcomes from the proposed approach might provide a greater impact for the culture isolation 

of this organism than for other enteric food-borne microbial pathogens.  

 
1.2  MORPHOLOGY AND PHYSIOLOGY OF YERSINIA ENTEROCOLITICA 

Y. enterocolitica is a facultatively anaerobic, Gram-negative, non-capsulated, non-sporulating and 

psychrotrophic organism with a tendency toward pleiomorphism.  The morphology varies from small 

coccobacilli to more elongated bacilli with dimensions ranging from 0.5-0.8 μm in width and 1-3 μm in 

length (Bottone, 1999). The optimum growth temperature is 28-30°C but the organism can grow at a wide 

range of temperatures from -5°C to 42°C (Bergann, Kleemann, & Sohr, 1995; Tirziu et al., 2011). The 

bacterium is peritrichously flagellated below 30°C and non-flagellated and non-motile at 37°C (Bottone, 

1997). Y. enterocolitica is capable of growth over a wide pH range of 4.0–10.0 (optimum 7.2-7.4) and 

tolerates a NaCl concentration of up to 5% (Bottone et al. 2005). 

 
1.3 YERSINIA ENTEROCOLITICA INFECTION IN HUMANS 

 Following ingestion of contaminated food or water, gastrointestinal infection with a tendency for 

extra-intestinal spread develops (Black et al., 1978; Bottone, 1997; Keet, 1974). Self-limiting febrile 

gastroenteritis with vomiting and watery diarrhoea, are the most frequent clinical manifestations, 

accompanied by occasional bloody diarrhoea, particularly in neonates (<3 months of age) and children 

under 4 years of age (Abdel-Haq et al., 2000). In older children and adults, mesenteric lymphadenitis and 
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acute terminal ileitis mimicking appendicitis is common (Black et al., 1978; Chandler & Parisi, 1994). In 

more invasive cases, fatal necrotizing enterocolitis or “pseudo-tumorigenic” forms of suppurative 

mesenteric adenitis occur (Bottone, 1997). The illness in infants may last up to 28 days and may be 

associated with bacteremia (Lee et al., 1990; Shapiro, 1981). In contrast, the illness in adults typically last 

up to 2 weeks with fever, diarrhoea and abdominal pain, but occasionally it may last several months 

(Bottone, 1997; Cover & Aber, 1989; Vantrappen et al., 1977). Septicaemia is rare, except in iron-

overloaded individuals or through transfusion with contaminated blood products but is often fatal when it 

occurs (Mergenhagen & Telesz, 2011; Stenhouse & Milner, 1982). The clinical course may also include 

metastatic infections causing abscesses in organs, pneumonia, meningitis, cellulitis, osteomyelitis and 

septic arthritis, with the potential to evolve into endocarditis or localize in the endo-vasculature of major 

blood vessels leading to an arterial aneurysm (Abramovitch & Butas, 1973; Bigler, Atkins, & Wing, 1981; 

Bottone, 1997; Rabson, Hallett, & Koornhof, 1975; Sebes, Mabry Jr, & Rabinowitz, 1976; Sonnenwirth, 

1970; Spira & Kabins, 1976; Urbano-Marquez et al., 1983). Long-term sequelae, appearing 7-30 days after 

acute disease may involve immunologically mediated effects such as reactive arthritis (principally in 

individuals of tissue type HLA-B27), erythema nodosum and Reiter’s syndrome (Granfors et al., 1983; 

Sampson & Cope, 1984; Seebacher et al., 1978). Additional complications reported include uveitis, 

glomerulonephritis, thyroiditis, and myocarditis (Laitenen, Tuuhea, & Ahvonen, 1972).  

The onset of illness has been reported to range from 1 to 11 days after ingestion (Cover & Aber, 

1989). The minimal infectious dose is unknown, but has been suggested to range from 104 CFU 

(Drummond et al., 2012) to 3.5 x 109 CFU (Cover & Aber, 1989; Morris & Feeley, 1976). Yersiniosis is often 

misdiagnosed as Crohn's disease (regional enteritis) as well as appendicitis (Bottone, 1997). Definitive 

diagnosis is obtained following cultural isolation of the organism from human faeces, vomitus or blood, and 

identification via biochemical and serological means. Although yersiniosis is usually self-limiting, severe 

infections are usually treated with antibiotics such as doxycycline, aminoglycosides, trimethoprim-
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sulfamethoxasole, fluoroquinolones, ceftriaxone, or chloramphenicol since Y. enterocolitica is usually 

resistant to penicillin G, ampicillin, and cephalotin due to beta-lactamase production (Bottone, 1997). 

 
1.4 HISTORICAL PERSPECTIVE 

 Y. enterocolitica was first isolated in the United States in 1934 from the facial abscess of a patient 

and was initially named Flavobacterium pseudomallei (McIver & Pike, 1934). Thereafter, the isolate along 

with others was re-examined and the name “Bacterium enterocoliticum” was proposed because several of 

the other isolates studied had been obtained from enteric contents (Schleifstein & Coleman, 1939). Aside 

from sporadic cases, the organism remained in obscurity in North America until 1968 when an article 

describing a patient with bacteremia and meningitis was reported (Sonnenwirth, 1970). In contrast, several 

articles had already appeared in the European and Japanese scientific literature leading to the designation 

of Y. enterocolitica in 1964 to collectively describe “Bacterium enterocoliticum”, Y. pseudotuberculosis, and 

other Y. enterocolitica-like isolates (Frederiksen, 1964; Mollaret, 1966).  

 
1.5 CLASSIFICATION AND TAXONOMY 

 The genus Yersinia belongs to the phylum Proteobacteria, class Gammaproteobacteria, order 

Enterobacteriales, family Enterobacteriaceae and shares 10–30 % DNA homology with other genera of this 

family (Golubov, Heesemann, & Rakin, 2003). In 1980, differentiation of Y. enterocolitica from the initial 

taxonomic classification of Y. pseudotuberculosis and “Y. enterocolitica-like” isolates was recognized 

through biochemical and DNA-DNA relatedness studies resulting in the classification of four species: Y. 

enterocolitica, Y. intermedia, Y. frederiksenii, and Y. kristensenii (Bercovier et al., 1980; Brenner, Bercovier, 

et al., 1980; Brenner et al., 1976; Moore & Brubaker, 1975; Ursing et al., 1980). Y. mollaretii and Y. 

bercovieri were then added to the genus through the characterization of isolates that differed biochemically 

and antigenically from Y. enterocolitica (Wauters, Janssens, et al., 1988). Y. enterocolitica-like isolates 

were further classified into Y. aldovae (isolated from water), Y. rohdei (isolated from human and canine 
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faeces and surface waters), Y. ruckeri (the causative agent of Enteric Redmouth Disease in fish) and Y. 

aleksiciae (Aleksic et al., 1987; Bercovier et al., 1984b; Ewing et al., 1978; Ross, Rucker, & Ewing, 1966; 

Sprague & Neubauer, 2005). Other members of the genus include Y. philomiragia (Jensen, Owen, & 

Jellison, 1969), Y. similis (Sprague et al., 2008), Y. massiliensis  (Merhej et al., 2008), and the more recent 

Y. entomophaga (Hurst et al., 2011), Y. nurmii (Murros-Kontiainen, Fredriksson-Ahomaa, et al., 2011), Y. 

pekkanenii (Murros-Kontiainen, Johansson, et al., 2011) and Y. wautersii (Savin et al., 2014). These 

species, along with Y. pestis (Van Loghem, 1944), originally Pasteurella pestis, discovered in 1894 by the 

French bacteriologist Alexandre Yersin and also described independently by the Japanese microbiologist 

Kitasato Shibasaburo during an epidemic of the plague in Hong Kong, encompass the 18 valid members of 

the genus (Achtman et al., 1999; McNally et al., 2016; Wren, 2003).  

 
1.6 DIVERSITY OF YERSINIA ENTEROCOLITICA 

 The diversity of Y. enterocolitica has been primarily examined via the use of classical systematics 

based on biochemical and serological schemes since other phenotypic methods such as bacteriocin typing 

(Toora, 1995), antibiotic susceptibility (Pham et al., 1995, 2000) and phage typing (Baker & Farmer, 1982; 

Bergan & Norris, 1978; Kawaoka et al., 1987) have not proven useful due to their low discriminatory power 

(Virdi & Sachdeva, 2005).  

 
1.6.1 Biotyping 

 Y. enterocolitica is highly diverse and includes pathogenic and non-pathogenic strains that are 

grouped into a universally adopted typing scheme composed of six biotypes (BT) that are differentiated by 

a variety of biochemical and metabolic tests (Table 1.1) (Wauters, Kandolo, & Janssens, 1987). These 

biotypes are divided into three lineages: an avirulent group (1A), a highly pathogenic, mouse-lethal group 

(1B) and low to moderately pathogenic groups (2-5) that are unable to kill mice (Carter, 1975; Wauters, 

Kandolo, & Janssens, 1987; Verhaegen et al., 1998; Wren, 2003). Particularly, highly pathogenic isolates of 
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BT 1B can be differentiated from others with the pyrazinamidase test (Kandolo & Wauters, 1985), which is 

included in the biotyping scheme (Wauters, Kandolo, & Janssens, 1987). Some controversial studies 

however, suggest that some BT 1A strains may act as opportunists causing gastrointestinal symptoms and 

sporadic extra intestinal infections (but rarely septicemia and reactive arthritis), which has stimulated 

interest in a more thorough analysis of their pathogenic potential (Batzilla, Heesemann, & Rakin, 2011; 

Bhagat & Virdi, 2011; Drummond et al., 2012; Tennant, Grant, et al., 2003; Tennant et al., 2005; Valentin-

Weigand, Heesemann, & Dersch, 2014) 

 
 

Table 1.1 Biotyping scheme for Y. enterocolitica 

 
Biochemical Test 

 
Reactions in Y. enterocolitica biotypes a 

 1A 1B 2 3 4 5 

Esculin hydrolysis  v - - - - - 
Inositol fermentation + + + + + + 
Salicin fermentation  + - - - - - 
Sorbose fermentation + + + + + - 
Xylose fermentation + + + + - v 
Trehalose fermentation + + + + + - 
Indole production + + v - - - 
Ornithine decarboxylase activity + + + + + (+) 
Voges-Proskauer test + + + + + (+) 
Lipase activity + + - - - - 
Nitrate reduction + + + + + - 
Pyrazinamidase activity + - - - - - 
a +, positive; (+), delayed positive reaction; -, negative; v, variable (present or absent depending on the examined bacterial strain) 
(Bottone, 1999; Wauters, Kandolo, & Janssens, 1987). 

 
 
 

1.6.2 Serotyping 

Y. enterocolitica can be further described based on the variability of the lipopolysaccharide (LPS) 

O-specific polysaccharides (also known as O-PS or O-antigen), capsules (K-antigens) and flagella (H-

antigens) (Aussel et al., 2000; Białas et al., 2012; Bruneteau & Minka, 2003; Wauters et al., 1991). LPS, 

discovered by the German physician Richard Pfeiffer in 1892 during his studies on the virulence of Vibrio 



 

    

7 

 

cholerae, is a major constituent and well-characterized structure found in the outer membrane of most 

Gram-negative bacteria that is composed of three regions (Figure 1.1A). First, hydrophobic lipid A (LA) 

molecule or endotoxin, anchors the LPS in the outer membrane and is composed of N-acetyl-d-

glucosamine (d-GlcNAc) residues linked via a β-1,6-glycosidic bond, which is in turn linked to a hydrophilic 

core oligosaccharide via the 6’ carbon of LA d-GlcNAc (Aussel et al., 2000; Białas et al., 2012; Bruneteau & 

Minka, 2003). Second, the core oligosaccharide is divided into the inner core (IC) consisting of 3-deoxy-d-

manno-oct-2-ulopyranosonic acid (Kdo) and heptose residues, and the outer core (OC), which is composed 

of different hexoses (Białas et al., 2012; Holst, 2007; Skurnik & Bengoechea, 2003). Lastly, there is the 

hydrophilic O-PS which is highly variable and consists of repeating oligosaccharide units exposed to the 

cell surroundings and provides the antigenic variation observed in serotyping schemes (Białas et al., 2012; 

Raetz & Whitfield, 2002). The LPS may also be present as complete or smooth (S), semi-rough (SR) 

displaying an incomplete O-PS, or rough (R) where the O-PS is completely missing. Among R mutants, 

several LPS chemotypes are observed based on core structure differences. Ra-mutants possess a 

complete core, Rc-mutants are missing the OC, and Re-mutants consist of only LA substituted with Kdo 

residues (Białas et al., 2012). The antigenic identity of the O-PS is determined by its composition, the 

anomeric configuration, and the optical rotation of its constituents and the nature of the O-glycosidic bonds 

present in its molecular structure (Białas et al., 2012). To date, 76 O-antigens have been described in Y. 

enterocolitica and related species (Bhagat & Virdi, 2011; Białas et al., 2012; Wauters et al., 1991). Although 

44 H-antigens have also been described and seem to be species and serotype specific, H-antigen typing is 

not widely adopted (Aleksic, Bockemuhl, & Lange, 1986). Among the LPS structures that have been 

resolved, the LPS of Y. enterocolitica serotypes O:3 and O:9 have a structural difference that is not present 

in other Yersinia spp. and other Enterobactericeae which differs from the prototypical LPS structure. In 

contrast to the majority of Enterobacteriaceae where the O-PS is linked to the OC (Figure 1.1A), the IC of 

O:3 and O:9 strains is found to be the anchoring point either for the OC hexasaccharide or the O-PS 
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(Figure 1.1B) (Kasperkiewicz et al., 2015; Pinta et al., 2009, 2012; Radziejewska-Lebrecht et al., 1998;  

Skurnik et al., 1995). In effect, wild-type bacteria simultaneously express both chemotype LPS molecules. 

In serotype O:3, the O-PS is a homopolymer of 6-deoxy-L-altropyranose (Bruneteau & Minka, 2003; 

Gorshkova et al., 1985; Hoffman, Lindberg, & Brubaker, 1980) and that of serotype O:9 is a homopolymer 

of N-formylperosamine (Caroff, Bundle, & Perry, 1984; M Skurnik & Bengoechea, 2003) linked to the IC via 

the second heptose (HepII) forming a short branch in the LPS structure (Figure 1.1B) (Pinta et al., 2012).  

Overall, only 11 Y. enterocolitica bioserotypes have been associated with different clinical 

manifestations and reported to be harmful to humans (Aussel et al., 2000; Bruneteau & Minka, 2003; 

Valentin-Weigand, Heesemann, & Dersch, 2014; Weigand et al 2014). Among these, the predominant 

strains associated with yersiniosis belong to only a few bioserotypes: 1B/O:8, 2/O:5,27, 2/O:9, 3/O:3, and 

4/O:3, with the last being the most common worldwide (Europe, Canada, Japan, and the United States) 

(Bottone, 1999; Drummond et al., 2012; Fredriksson-Ahomaa, Stolle, & Korkeala, 2006; Fukushima, 

Shimizu, & Inatsu, 2011). Table 1.2 presents a summary of the relationship between bioserotype and 

pathogenicity and their general geographical distribution. Numerous other serotypes and non-typeable 

strains, particularly from environmental sources, have also been isolated (Wauters et al., 1991). Lastly, 

avirulent BT 1A strains are ubiquitous in the environment and found worldwide (Wren, 2003). 

 
1.6.3 Molecular typing methods 

Several molecular methods with potentially higher discriminatory power than PFGE such as 

amplified fragment length polymorphism (AFLP), Repetitive Extragenic Palindromic (REP) and 

Enterobacterial Repetitive Intergenic Consensus Sequences (ERIC) PCR, multiple-locus variable-number 

tandem repeat analysis (MLVA) and WGS are now in use to investigate the heterogeneity of Y. 

enterocolitica and related species. Furthermore, they have also been applied to epidemiological 
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investigations to attribute a source of infection (Batzilla et al., 2011; Fredriksson-Ahomaa, Stolle, & 

Korkeala, 2006; MacDonald et al., 2011; Paixão et al., 2013; Reuter et al., 2014; Virdi & Sachdeva, 2005)  

 
Table 1.2 Relationship between serotype and pathogenicity of Y. enterocolitica 

Biotype Virulence Associated serotypes Source and geographical 
distribution 

 
1A 

 
Avirulent 

 
O:4; O:5; O:6,30; O:6,31; O:7,8; O:7,13; O:10; 
O:14; O:16; O:18; O19,8; O:21; O:22; O:25; 
O:36; O:37; O:41,42; O:41,43; O:46; O:47; O:57; 
O:65; O:66; O:72; NT 
 

 
Environment, pigs, food, water, animal 
and human faeces, global 
 

 
1B 

 
High virulence 

 
O:4, O:4,32; O:8; O:13a,13b; O:13,7; O:13,8; 
O:16; O:18; O:20; O:21; O:25; O:41,42; NT  
 

 
Environment, pigs (O:8,  mainly North 
America), Japan, Europe 

 
2 

 
Low virulence 

 
O:5,27; O:9; O:27 

 
Pigs, Europe (O:9), United States 
(O:5,27), Japan (O:5,27) 

 
3 

 
Low virulence 

 
O:1,2,3; O:3; O:5,27 

 
Chinchilla (O:1,2,3), pigs (O:5,27), 
Japan (O:3) 

 
4 

 
Low virulence 

 
O:3 

 
Pigs, Europe, United States, Canada, 
Japan, South Africa 

 
5 

 
Low virulence 

 
O:2,3 

 
Hare, Europe 
 

Important bioserotypes involved in yersinionis are shown in bold, and those that are of highest clinical significance due to their 
virulence are underlined (Bhagat & Virdi, 2011; Bottone, 1997, 1999; Drummond et al., 2012; Tennant, Grant, et al., 2003; 
Wauters et al., 1991). NT, not typeable.  

 

Historically, pulse field gel electrophoresis (PFGE) has proven to be useful for subtyping Y. 

enterocolitica (Buchrieser, Weagant, & Kaspar, 1994; Iteman, Guiyoule, & Carniel, 1996; Najdenski, 

Iteman, & Carniel, 1994, 1995; Saken et al., 1994). PFGE patterns demonstrate that strains of serogroup 

O:3 are distinct from those of serotype O:9 and the latter are more closely related to O:5,27 strains 

(Buchrieser, Weagant, & Kaspar, 1994). It has also been shown that European serotypes of O:3, O:9 and 

O:5,27 are genetically distinct from O:8 strains predominant in North America (Saken et al., 1994). Based 

primarily on 16S rRNA gene sequencing, strains of BT 1A have been classified as Y. enterocolitica subsp. 
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Figure 1.1 Basic structure of the LPS of Y. enterocolitica 

(A) Schematic structure of LPS typical for the majority of Enterobacteriaceae. The empty hexagons reflect the sugar residue variability in the OC and O-PS structures of different 
strains. The zigzag lines in LA represent fatty acids. Repeating units of oligosaccharides are denoted in brackets with an “n”. (B) Schematic structure of Y. enterocolitica O:3. The 
O-PS is linked to the IC forming a short branch in the LPS structure that differs from the prototypical LPS found in other Enterobacteriaceae.  The sugar residues: 6dL-Alt, 6-
deoxy-l-altropyranose; d,d-Hep, d-glycero-d-manno-heptopyranose; d-Fuc4NAc, N-acetyl-d-fucos-4-amine (4-acetamido-4,6-dideoxy-d-galactopyranose); d-GalNAc, N-acetyl-d-
galactosamine (2-acetamido-2-deoxy-d-galactopyranose); d-Glc, d-glucopyranose; d-GlcNAc, N-acetyl-d-glucosamine (2-acetamido-2-deoxy-d-glucopyranose); d-ManNAcA, N-
acetyl-d-mannosaminouronic acid (2-acetamido-2-deoxy-d-manno-pyranosuronic acid); Kdo, 3-deoxy-d-manno-oct-2-ulopyranosonic acid; l,d-Hep, l-glycero-d-manno-
heptopyranose; d-Sug, 2-acetamido-2,6-dideoxy-d-xylo-4-ulopyranose. Adapted from Kasperkiewicz et al., (2015). 
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paleartica, and BT 1B and BTs 2-5 as Y. enterocolitica subsp. enterocolitica (Floccari et al., 2003; 

Kotetishvili et al., 2005; Neubauer et al., 1999, 2000; Sihvonen et al., 2009).  Multilocus enzyme 

electrophoresis (MLEE) also demonstrated that BT 1B, BTs 2-5, and the avirulent BT 1A constitute 

separate genetic lineages (Caugant et al.,1989; Dolina & Peduzzi, 1993). Whole genome sequence (WGS) 

analysis of 100 Y. enterocolitica strains belonging to different BTs indicated BT 1A and 1B are more closely 

related to each other than to BTs 2-5, which in turn are very closely related to each other (Reuter, 

Thomson, & McNally, 2012).  

More recent phylogenomic analysis of the entire Yersinia genus has enabled a more accurate, 

whole-genome single-nucleotide-polymorphism (SNP) based assessment, which suggests that the genus 

contains 14 distinct species clusters (Reuter et al., 2014). This sequence-based taxonomy differs from the 

standing taxonomic description of the genus, which was largely formulated on the basis of biochemical 

differences and 16S ribosomal gene phylogeny (McNally et al., 2016). It has also been proposed that Y. 

enterocolitica be grouped into phylogenetic groups (or philogroups). The widely used bioserotype groups 

form the basis of the phylogroups such that phylogroup 1 contains the biotype 1A strains, phylogroup 2 the 

highly pathogenic biotype 1B strains, phylogroup 3 the bioserotype 4/O:3 strains, phylogroup 4 bioserotype 

3/O:9 strains, phylogroup 5 bioserotype 2/O:5,27 strains and phylogroup 6 the serotype O:2,3 strains rarely 

isolated from hares  (McNally et al., 2016; Verhaegen et al., 1998; Wauters, Kandolo, & Janssens, 1987; 

Wren, 2003).  

 
1.7  PATHOGENESIS 

Y. enterocolitica is equipped with numerous virulence factors that facilitate colonization of the host 

intestinal tract which are expressed in response to an increase in temperature (37°C) (Bottone, 1997; 

Revell & Miller, 2001). First, Y. enterocolitica counteracts the low acidity of the stomach (as low as pH 1.5) 

by expressing urease (De Koning-Ward et al., 1995; Gu et al., 2012; Young, Amid, & Miller, 1996).  Urease 
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catalyzes the hydrolysis of urea to ammonia and carbamic acid and the latter spontaneously hydrolyzes to 

form carbonic acid and an additional molecule of ammonia resulting in an elevation of the cytoplasmic pH in 

Yersinia cells enhancing survival (De Koning-Ward & Robins-Browne, 1997). Once in the intestinal lumen, 

Y. enterocolitica express a variety of membrane-anchored surface adhesins and invasins that interact with 

the intestinal epithelium to guide the survival, invasion and spread through lymphoid tissues and to other 

extra intestinal tissues (Cornelis, 1998; Falcão et al., 2004; Portnoy & Martinez, 1985; Thoerner et al., 

2003). To accomplish this, pathogenic Y. enterocolitica strains of BTs 1B and 2-5 carry a 72 Kb plasmid for 

Yersinia virulence (pYV) (Cornelis et al., 1998) encoding approximately 50 proteins, which include virulence 

determinants which are not present in the avirulent BT 1A strains, as well as several other chromosomal 

encoded factors (Gemski, Lazere, & Casey, 1980; Koster et al., 1997; Portnoy & Falkow, 1981; Portnoy, 

Moseley, & Falkow, 1981; Zink et al., 1980). 

 
1.7.1 YadA 

Aided by the properties of surface hydrophobicity (Lachica & Zink, 1984) and auto agglutination 

(Skurnik et al., 1984), Y. enterocolitica cross the mucus barrier overlying the intestinal brush border 

membranes at the ileocecal region of the gut where the majority of the pathologic effects eventually ensue 

(Bottone, 1997). The pYV encoded outer membrane protein YadA which is expressed at 37°C but not at 

25°C, covers the bacterial surface and promotes binding to extracellular matrix components such as 

collagen and laminin of the M cells (follicle associated epithelial cells that function in antigen uptake) 

overlaying the intestinal Peyer's patches (El Tahir & Skurnik, 2001; Heise & Dersch, 2006; Mantle et al., 

1989; Paerregaard et al., 1991; Pujol & Bliska, 2005). YadA is a critical virulence factor and its deletion 

renders Y. enterocolitica avirulent in mouse models of infection (Mühlenkamp et al., 2015). YadA also has 

other functions as it is a trimeric autotransporter adhesion protein (Hoiczyk et al., 2000). It contains an outer 

membrane C-terminal translocator domain capable of transporting specific proteins from the periplasm to 
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the bacterial surface (Cotter, Surana, & St Geme, 2005). YadA also contains specific adherence domains 

that bind to the complement regulators factor H and C4b-binding protein, thus acting as a major serum 

resistance factor protecting the bacteria against complement mediated killing by the host (Biedzka-Sarek et 

al., 2008; Biedzka-Sarek, Venho, & Skurnik, 2005; Kirjavainen et al., 2008). Despite its polyfunctional role 

however, YadA is not solely responsible for Y. enterocolitica host cell invasion (Heise & Dersch, 2006).  

 
1.7.2 Invasin and the attachment invasion locus 

Invasion requires at least two chromosomal encoded virulence genes, inv (invasin or Inv) and ail 

(attachment invasion locus) (Miller & Falkow, 1988; Miller et al., 1989). Inv is a 92 kDa non-fimbrial adhesin 

that binds β1 integrins, which are expressed on the apical surfaces of M cells, thus explaining the 

preference of Y. enterocolitica for the Peyer’s patches (Isberg & Barnes, 2000). Moreover, although inv is 

also present in avirulent strains, it has been shown to be non-functional in these strains (Pierson & Falkow, 

1990). Similarly, the 17 kDa surface protein Ail most probably serves as a secondary attachment and 

invasion factor since it promotes tissue culture adherence and cell line specific invasion (Bottone, 1999; 

Drummond et al., 2012). Like YadA, Ail also contributes in resistance to killing by human serum (Bliska & 

Falkow, 1992; Pierson & Falkow, 1993). Unlike the inv gene however, the ail gene has been only rarely 

reported to be present in avirulent strains (Bhagat & Virdi, 2011; Reuter, Thomson, & McNally, 2012). Other 

homologous Inv-type adhesins (InvB/Ifp, InvC), and the PsaA/Myf fimbriae seem to also contribute to the 

dissemination process (El Tahir & Skurnik, 2001; Grassl et al., 2003; Heroven & Dersch, 2014).  

 
1.7.3 Type III secretion system and Yersinia outer proteins 

In addition to the major virulence determinant YadA, the pYV plasmid also encodes proteins that 

form a type III secretion system (T3SS) (a syringe like apparatus widespread among pathogenic Gram-

negative bacteria) and several effector Yersinia outer proteins (Yops) which are also significant virulence 

determinants (Agrain et al., 2005; Grosdent et al., 2002; Viboud & Bliska, 2005). Yop effectors are 
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exotoxins that disable the action of phagocytic cells by disrupting their actin cytoskeleton, suppressing 

cytokine production and inducing apoptosis (Heroven & Dersch, 2014; Viboud & Bliska, 2005). The T3SS 

(or injectisome) allows Y. enterocolitica at the cell surface to deliver the Yop effector proteins across the 

cell membrane into the host cytosol (Cornelis, 2002). More specifically, YopH acts to disrupt phagocytosis 

in macrophage-like cells and other immune cells (Bliska & Falkow, 1992).  YopB suppresses the production 

of a macrophage-derived cytokine, tumor necrosis factor alpha (TNF-α) known to play a central role in the 

regulation of cellular immunity and inflammatory responses to infection (Beuscher et al., 1995). YopO 

disturbs the host cell cytoskeleton dynamics and contributes to resistance to phagocytosis by macrophages 

(Heroven & Dersch, 2014). Additionally YopP blocks signalling pathways of host cells central to the onset of 

inflammation reducing the recruitment of neutrophils to the site of infection and along with YopH induces 

macrophage apoptosis (Heroven & Dersch, 2014).  Yops are maximally expressed at 37°C in the presence 

of millimolar concentrations of calcium (Straley, 1991; Straley et al., 1993). The expression of Yop genes is 

controlled by vir genes which are also localized on the pYV plasmid, of which virF encodes a transcriptional 

activator controlling the Yop regulon (Cornelis et al., 1989). Figure 1.2 below provides an overall overview 

of the attachment, invasion and spread by Y. enterocolitica through the epithelial cells of the distal ileum. 

 
1.7.4 High pathogenicity island 

The chromosomal high pathogenicity island (HPI) which is present only in BT 1B strains, encodes a 

siderophore synthesis apparatus (known as yersiniabactin) and siderophore reuptake mechanism, allowing 

the pathogen to scavenge iron from normally inaccessible sources in the host (Drummond et al., 2012; 

Rakin, Schneider, & Podladchikova, 2012). The presence of the HPI is a contributing factor in the 

development of septicemia in iron-overloaded individuals and in cases of contamination of blood 

transfusion products (Dhar & Virdi, 2014; Mergenhagen & Telesz, 2011; Stenhouse & Milner, 1982). A 

second chromosomal pathogenicity island known as the Yersinia secretion apparatus (Ysa) encodes a 
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second type III secretion system and several Yersinia secreted proteins (Ysps). Their role in pathogenesis 

is not completely understood, but are thought to also be important virulence determinants (Iwobi et al., 

2003; Venecia & Young, 2005).  

 

 

Figure 1.2 Invasion and spread of epithelial cells by Y. enterocolitica 

Adapted from Sansonetti (2004). 

 
 

1.7.5 Lipopolyssacharide  

The LPS of Y. enterocolitica plays a significant role during infection. LPS produced at 21°C 

predominantly contains hexa-acylated Lipid A (LA)  which stimulates monocytes to secrete TNF-α that in 

turn acts to recruit immune cells (Dhar & Virdi, 2014; Leclercq et al., 2005; Rebeil et al., 2004). At 37°C 

however, LA undergoes a change to a predominantly tetra-acylated form, which prevents the activation of 

macrophages, secretion of pro-inflammatory cytokines and activation of dendritic cells required for adaptive 
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immunity (Dhar & Virdi, 2014; Rebeil et al., 2004; Reinés et al., 2012). The O-PS and OC of virulent strains 

is reported to augment the serum resistance of Y. enterocolitica and provide resistance against bactericidal 

peptides (Al-Hendy, Toivanen, & Skurnik, 1992; Biedzka-Sarek, Venho, & Skurnik, 2005; Skurnik et al., 

1999).  Hence, this strategy enables Y. enterocolitica to suppress or subvert the onslaught of the host 

immune system. O-PS and or OC deficient strains of serotype O:3 and O:8 are thus less virulent than their 

wild-type counterparts (Al-Hendy, Toivanen, & Skurnik, 1992; Darwin & Miller, 1999; Skurnik et al., 1999; 

Zhang et al., 1997). 

 
1.7.6 Yersinia stable toxin 

Y. enterocolitica is reported to produce variants of a chromosomal encoded heat stable enterotoxin 

known as yersinia stable toxin (Yst) that resembles the heat-stable (ST) enterotoxin of enterotoxigenic E. 

coli (ETEC) and Vibrio cholerae non-O1 strains (Delor et al., 1990; Nair & Takeda, 1998; Ramamurthy et 

al., 1997). Virulent strains of BT 1B and BTs 2-5 produce YstA (Delor et al., 1990) and YstB is produced 

only by 80% of avirulent BT 1A strains (Bhagat & Virdi, 2011; Falcão et al., 2006; Tennant, Skinner, et al., 

2003). Interestingly, YstC exhibits the highest toxicity but has not been identified in avirulent BT 1A strains 

(Grant, Bennett-Wood, & Robins-Browne, 1998; Yoshino et al., 1995). Strains harbouring the YstA gene 

produce YstA enterotoxin, which has a potency 19.5-fold higher, as shown by suckling mouse assay of 7.8 

pmol versus 0.4 pmol for YstB (Okamoto et al., 1982). Moreover, fresh human isolates express YstA, 

whereas many culture collection strains no longer produce the enterotoxin yet still carry an intact but silent 

ystA gene (Delor & Cornelis, 1992). In addition, in vitro YstA transcription is induced at 37°C by increasing 

the osmolarity and pH to mimic values normally present in the ileum, thus supporting the idea that YstA is a 

virulence factor of Y. enterocolitica that contributes to the pathogenesis of diarrhea associated with acute 

yersiniosis (Delor & Cornelis, 1992; Mikulskis et al., 1994). 
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1.8 . EPIDEMIOLOGY 

1.8.1 Animal and environmental reservoirs 

Widely distributed in nature, Y. enterocolitica has been isolated from the intestinal tracts of various 

domestic and wild animals that are considered potential infection sources: pigs, cattle, sheep, goats, 

poultry, chinchillas, rodents, hares, bats, monkeys, dogs, cats, water fowl, as well as certain cold blooded 

species (Bottone, 1999; Fredriksson-Ahomaa, 2012; Murphy et al., 2010; Tirziu et al., 2011; Valentin-

Weigand, Heesemann, & Dersch, 2014). Nevertheless, despite such a varied range of potential reservoirs, 

most bioserotypes involved in human infection are associated with specific animal hosts and in particular, 

porcine animals (Table 1.2). Pigs and wild boars have been shown to be asymptomatic carriers (Bancerz-

Kisiel et al., 2015; Fredriksson-Ahomaa et al., 2011) and pathogenic Y. enterocolitica strains have been 

routinely isolated from domestic pigs at a prevalence of 30-90% (Bucher et al., 2008; Doyle, Hugdahl, & 

Taylor, 1981; Fredriksson-Ahomaa, 2012; Fredriksson-Ahomaa, Gerhardt, & Stolle, 2009; Fredriksson-

Ahomaa et al., 2009; Laukkanen et al., 2009; Martinez et al., 2009, 2011). Within the pig population, 

bioserotype 4/O:3 is also the most widely distributed, particularly in North America and Europe (Bhaduri & 

Wesley, 2006; Bhaduri, Wesley, & Bush, 2005; Bucher et al., 2008; Martinez et al., 2011; McNally et al., 

2004). Pathogenic Y. enterocolitica has been isolated less frequently from other animal sources (Table 

1.2), seldom from soil and occasionally from water sources (Bottone, 1999; Fredriksson-Ahomaa, 2012; 

Ostroff et al., 1994; Tirziu et al., 2011; Valentin-Weigand, Heesemann, & Dersch, 2014) 

 
1.8.2 Occurrence in foods  

 Indirect evidence and case-control studies suggest a correlation between the consumption of raw 

or undercooked meats (in particular pork) and yersiniosis (Bonardi et al., 2010; Boqvist et al., 2009; De 

Boer et al., 1991; Fredriksson-Ahomaa, Stolle, & Korkeala, 2006; Grahek-Ogden et al., 2007; Jones, 2003; 

Lee et al., 1990; Ostroff et al., 1994; Satterthwaite et al., 1999; Tauxe et al., 1987). Moreover, pathogenic 
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strains are frequently isolated from edible pig offal  (tongues, livers, kidneys and hearts of pigs) (Asplund et 

al., 1990; Bhaduri, Wesley, & Bush, 2005; Fredriksson-Ahomaa, Bucher, et al., 2001; Fredriksson-Ahomaa, 

Korte, & Korkeala, 2000; Fredriksson-Ahomaa et al., 2010; Fredriksson-Ahomaa, Stolle, & Stephan, 2007; 

Letellier, Messier, & Quessy, 1999; Nesbakken, 1985) and some have been shown to be indistinguishable 

from clinical isolates (Boghenbor et al., 2006; Fearnley et al., 2005; Fredriksson-Ahomaa, Hallanvuo, et al., 

2001; Fredriksson-Ahomaa, Stolle, & Stephan, 2007; Hayashidani et al., 2003; A McNally et al., 2004; 

Wojciech et al., 2004). Y. enterocolitica has also been sporadically isolated from beef, lamb, milk and milk 

products (cheese), poultry, eggs, vegetables, bean sprouts, tofu and seafood such as oysters and fish 

(Bottone, 1999; Drummond et al., 2012; Gupta, et al., 2015; Valentin-Weigand, Heesemann, & Dersch, 

2014). 

 
1.8.3 Modes of transmission and outbreaks 

The transmission of Y. enterocolitica occurs mainly by the faecal-oral route through contaminated 

food or water (Black et al., 1978; Keet, 1974) and rarely by transfusion of contaminated blood samples 

(Bottone, 1997, 1999). The majority of cases of yersiniosis however, seem to occur sporadically without an 

apparent source or clear route of transmission and thus outbreaks are relatively rare (Bottone, 1999; 

Fredriksson-Ahomaa & Korkeala, 2003). Table 1.3 lists selected outbreaks from several parts of the world.  

Among the possible routes of transmission, the high prevalence of Y. enterocolitica in pigs and 

particularly pig offal, establishes pigs as an important vector along the farm to fork continuum (Fredriksson-

Ahomaa, Hallanvuo, et al., 2001; Fredriksson-Ahomaa et al., 2004; Fredriksson-Ahomaa, Korte, & 

Korkeala, 2000). Contamination may occur directly and indirectly via the faeces of shedding animals during 

transport to slaughter and or during the slaughter process via equipment, and then to the retail level via 

contaminated pig carcasses and offal (Fredriksson-Ahomaa, Stolle, & Korkeala, 2006).  Improper handling 

of raw and undercooked meats at the retail level and in residential kitchens may also contribute to 
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transmission and cross-contamination of other foods (Fredriksson-Ahomaa, Stolle, & Korkeala, 2006; 

Kapperud, 1991, 1994). In addition, refrigeration does not reduce the prevalence of pathogenic Y. 

enterocolitica since the psychrotrophic nature of the organism allows growth at refrigeration temperatures 

(Fredriksson-Ahomaa, 2012; Nesbakken, Eckner, & Rotterud, 2008). Outbreaks involving undercooked 

pork (such as brawn and chitterlings), have been reported (Grahek-Ogden et al., 2007; Jones, 2003; 

Kondracki & Gallo, 1987; Lee et al., 1990; Marjai et al., 1987), with direct consumption and or handling of 

undercooked pork as the probable primary modes of transmission. Person-to-person transmission has only 

been reported rarely in schools, daycares and hospitals (Greenwood & Hooper, 1990; Ratnam et al., 1982; 

Toivanen et al., 1973).  

Contaminated water may also be an important route of transmission (Schiemann, 1978). In the first 

reported outbreaks in Japan during 1972-1973, under-chlorinated well water was strongly suspected 

(although never conclusively proven) as the vector of transmission, yet it was the only commonality among 

those affected during separate outbreaks and within the same city (Asakawa et al., 1973). A subsequent 

outbreak in 1981-1982 in the United states identified that contaminated water had been used for washing 

tofu resulting in 50 cases of yersiniosis with Y. enterocolitica O:8 (Tacket et al., 1985). In 1997 in India, 

contaminated water had been used to dilute buttermilk in an outbreak of 25 cases with serotype O:3 

(Abraham et al., 1997).   

Raw cows’ milk frequently contains Y. enterocolitica and related species (Schiemann & Toma, 

1978). The first major confirmed outbreak that positioned Y. enterocolitica as an emerging pathogen 

occurred in the United States in 1976 and involved 228 children infected with a serotype O:8 strain after 

drinking contaminated chocolate milk (Black et al., 1978).   Other outbreaks involving milk and milk-derived 

products have since been reported (Table 1.3). In all cases, the outbreaks involved raw or under-

pasteurized milk or milk derived products made from them. Studies suggest the main source of 
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contamination of raw milk occurs from bovine faeces or faecal contaminated water used in dairy operations 

(Fukushima et al., 1984; Walker & Gilmour, 1986).  

Companion animals such as dogs and cats may also be considered a potential route of 

transmission given that they are often in close contact with humans (and particularly children). Although Y. 

enterocolitica have been isolated from these animals (Fenwick, Madie, & Wilks, 1994; Stamm et al., 2013; 

Wang et al., 2010), few cases have been reported worldwide (Gutman et al., 1973; Hetem, Pekelharing, & 

Thijsen, 2013).  

Arthropods are not considered a significant vector for Y. enterocolitica, although isolates have been 

obtained from flies in pig farms, kitchens and other urban environments suggesting they can also be 

transmitted between insects, animals and humans (Fredriksson-Ahomaa, Stolle, & Korkeala, 2006; 

Fukushima et al., 1979; Rahuma et al., 2005). An association with insects as vectors is supported by the 

presence of insecticidal toxin complexes encoded in many Y. enterocolitica genomes (Bresolin et al., 2006; 

Heermann & Fuchs, 2008).  

 
1.8.4 Incidence of Y. enterocolitica 

 From 2010–2012, 98% of all reported yersiniosis infections worldwide were acquired in Europe, 

and most (97%) were caused by Y. enterocolitica, with the remainder caused by Y. pseudotuberculosis 

(ECDC, 2015). In the European Union, serotype O:3 accounted for over 89% of Y. enterocolitica infections 

followed by serotypes O:9 (7%), O:5,27 (2%) and O:8 (2%). (ECDC, 2015). Serotype O:3 has shown a 

decreasing trend since 2008, while a slight increase has been observed for serotype O:5,27. Reporting of 

serotype O:8 has remained stable and that of serotype O:9 has increased slightly due to travel-related 

cases (ECDC, 2015; EFSA, 2009). The first reported case of the ‘New World’ strain of Y. enterocolitica 

(bioserotype 1B/O:8) was identified in Germany in 2003 (Schubert et al., 2003) and circulating strains of 
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O:8 are now well established, particularly in Poland since 2006 (Drummond et al., 2012; Rastawicki et al., 

2009).  

In some European countries (Norway, Denmark and Lithuania), Yersiniosis is considered the third 

most common enteric disease after campylobacteriosis and salmonellosis (ECDC, 2015; EFSA, 2009). 

Between 2010 and 2012, the highest country-specific notification rates were reported in Finland and 

Lithuania, which had ≥ 9.2, cases per 100,000 population. During a three-year period, these two countries 

reported notification rates that were approximately five times higher than the European Union rate during 

the same period estimated at 2.1 cases per 100,000 population (ECDC, 2015). The lowest notification rates 

were observed in seven countries, Bulgaria, Hungary, Ireland, Malta, Poland, Romania and the United 

Kingdom, which reported less than 0.96 cases per 100,000 population (ECDC, 2015). Overall, Germany 

accounted for the highest proportion of cases at 46%, followed by Finland with 8% and the Czech Republic 

with 7% of all reported cases (ECDC, 2015). Y. enterocolitica was predominant in those under 15 years 

and the highest rates of yersiniosis were in children aged between 1 and 4 years of age (≥ 9.4 cases per 

100, 000 population) (ECDC, 2015).  

In the United States, bioserotype 1B/O:8 had been the most common cause of yersiniosis until the 

1990’s (Bottone, 1997), but recently the incidence of this serotype has decreased (Valentin-Weigand, 

Heesemann, & Dersch, 2014). In turn, although O:3 is still less common in North America compared to Asia 

and Europe, it has replaced O:8 as the predominant serotype (Fredriksson-Ahomaa, Stolle, & Korkeala, 

2006; Valentin-Weigand, Heesemann, & Dersch, 2014). During 1996–2007, the average annual incidence 

of Y. enterocolitica infections in the United States was reported at 0.35 cases per 100,000 population as 

estimated by the Foodborne Diseases Active Surveillance Network (FoodNet) (Long et al., 2010). Active 

surveillance for laboratory-confirmed infections included the states of Connecticut, Georgia, Maryland, 

Minnesota, New Mexico, Oregon, Tennessee, and selected counties in California, Colorado, and New York. 

The most recent estimates from the Centers for Disease Control and Prevention (CDC) estimate 
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approximately 0.32 cases per 100,000 population (CDC, 2010), but thought to be largely underestimated 

since yersiniosis is a notifiable disease only in participating FoodNet sites.  

In Canada, a similar scenario is observed to that in the United States in that O:3 is the predominant 

serotype involved in yersiniosis, although the incidence of O:5,27 is higher in western Canada. National 

incidence rates are not available, but C-ENTERNET, Canada’s National Integrated Enteric Pathogen 

Surveillance System (now FoodNet Canada) reported incidence rates for the year 2011 from two sentinel 

sites: 1.5 cases per 100,000 population (Region of Waterloo, Ontario) and 5.0 cases per 100,000 

population (Fraser Health Authority, British Columbia) (PHAC, 2012).  

Since the mortality rate due to yersiniosis is reported to be low at < 0.5%, most countries do not 

consider yersiniosis a mandatory notifiable disease and thus the number of cases is largely underreported 

(Bottone, 1999; Fredriksson-Ahomaa & Korkeala, 2003). It is estimated however, that the total number of 

cases is likely 38 times higher than reported cases (Fredriksson-Ahomaa & Korkeala, 2003). It must be 

considered then, that long-term effects caused by yersiniosis may have significant health care costs to 

society.   

1.9 ISOLATION OF YERSINIA ENTEROCOLITICA FROM FOODS 

The isolation and identification of pathogenic Y. enterocolitica from foods presents a major challenge 

since the organism grows slower than most other Gram-negative bacteria and competes poorly in mixed 

populations at high incubation temperatures (Arnold et al., 2004; Bottone, 1999; De Boer, 1992; 

Fukushima, 1987; Schiemann, 1979; Schiemann & Olson, 1984). In spite of this, culture methods remain 

the gold standard for the detection of this pathogen from contaminated food samples and a variety of 

approaches have been used to increase the sensitivity of detection, including cold pre-enrichment, 

treatment with potassium hydroxide (KOH), selective enrichment, and the use of selective and differential 

agars. Confirmation of suspect isolates is then performed via biotyping, serotyping and or PCR.  
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Table 1.3 Outbreaks of Y. enterocolitica 

Year Country Cases Source Serotype Reference 

1972 Japan 189 Unknown O:3 (Zen-Yoji et al., 1973) 

1973 Japan 544 Water or food suspected 1 O:3 (Asakawa et al., 1973) 

1973 Japan 189 Water or food suspected 1 O:3 (Asakawa et al., 1973) 

1975 Czechoslovakia 15 Unknown O:3 (Olsovsky et al., 1975) 

1976 Canada 138 Non-pasteurized milk 1 O:5,27 (Kasatiya, 1976) 

1976 United States 228 Chocolate milk O:8 (Black et al., 1978) 

1980 Japan 1,051 Unknown, milk suspected O:3 (Maruyama, 1987) 

1981 United States  159 Powdered milk, chow mein O:8 (Shayegani et al., 1983) 

1981–1982 United States  50 Tofu washed with untreated 
water 

O:8 (Tacket et al., 1985) 

1982 United States  172 Pasteurized milk 2 O:13a,13b (Tacket et al., 1984; 
Toma, et al.,1984)  

1982 Finland 26 Unknown food suspected  O:3 (Tuori & Valtonen, 
1983) 

1982 United States  16 Bean sprouts  O:8 (Aber et al. 1982) 

1983–1984  England and Wales 32 Raw/pasteurized milk, cheese, 
cream, and ice cream 

O:6,30 (Barrett, 1986) 

1983 Hungary 8 Brawn (pork cheese) O:3 (Marjai et al., 1987) 

1987–1988 Australia 11 Pasteurized milk O:3 & O:6,30 (Butt, et al.,1991) 

1988 Sweden 61 Milk and cream 1 O:3 (Alsterlund et al., 1995) 

1988–1989 United States 15 Chitterlings (pork) O:3 & O:1,2,3  (Lee et al., 1990) 

1990 England 36 Pasteurized milk O:10 & O:6,30 (Greenwood & Hooper, 
1990) 

1995 United States 10 Pasteurized milk 1 O:8 (Ackers et al., 2000) 

1997 India 25 Water used to dilute Buttermilk 4/O:3 (Abraham et al., 1997) 

2001-2003 United States 12 Chitterlings (pork) 2 4/O:3 (Jones, 2003) 

2005 Japan 42 Mixed salad O:8 (Sakai et al., 2005) 

2005–2006 Norway 15 Brawn (pork cheese)/ pork  
chops 3 

O:9/O:3 (Grahek-Ogden et al., 
2007) 

2011 Norway 21 Ready to eat salad O:9 (MacDonald et al., 
2011) 

2012-2013 Japan 80 Fresh vegetable salad  O:8 (Konishi et al., 2016) 
1 Disease agent could not be isolated from suspected source; 2 Statistically associated; 3 Identified by PCR but could not be 
isolated via culture methods. Adapted from Hallanvuo (2009). 
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1.9.1 Cold enrichment 

Due to the psychrotrophic nature of Y. enterocolitica, cold pre-enrichment with extended incubation 

periods of up to 4 weeks have been applied for the improved isolation of the organism. At low 

temperatures, the growth rate of competitive bacteria is slowed sufficiently so the psychrotrophic Y. 

enterocolitica can multiply to numbers necessary for isolation on plating media. Pre-enrichment in 

phosphate buffered saline (PBS), PBS supplemented with 1% mannitol and 0.15% bile salts, or PBS with 

the addition of 1% sorbitol and 0.15% bile salts (PBSSB) at temperatures ranging from 4°C to 25°C for 1 to 

28 days have demonstrated efficient recovery of a wide spectrum of Y. enterocolitica serotypes from food, 

clinical and environmental samples (De Boer & Nouws, 1991; Doyle & Hugdahl, 1983; Funk et al., 1998; 

Hoorfar & Holmvig, 1999; Kanan & Abdulla, 2009; Kontiainen, Sivonen, & Renkonen, 1994; Letellier, 

Messier, & Quessy, 1999; Logue et al., 1996; Martínez et al., 2011; Nilsson et al., 1998; Okwori et al., 

2009; Schiemann, 1982; Shiozawa et al., 1987; Van Damme et al., 2013). Long incubation periods 

however, allow the growth of competing psychrotrophs and the growth of non-pathogenic Y. enterocolitica. 

 
 

1.9.2 Potassium hydroxide treatment 

To further aid in isolation, the known alkaline resistance of Y. enterocolitica is exploited through 

post-enrichment treatment with KOH, reducing background microflora and resulting in higher isolation rates 

(Aulisio, Mehlman, & Sanders, 1980; De Boer, 1992; Doyle & Hugdahl, 1983; Feng, Keasler, & Hill, 1992). 

Nevertheless, the use of KOH is not highly standardized and has been shown to be inferior when compared 

to other enrichment broths since the alkali tolerance of Y. enterocolitica is strongly influenced by the cell 

suspension medium, temperature and growth phase (Schiemann, 1983a). Additionally, this procedure is 

time and labour consuming and therefore is not routinely performed (Savin et al., 2014). 
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1.9.3 Selective enrichment 

In an effort to reduce the length of incubation periods, selective enrichments supplemented with 

antimicrobial agents and higher temperatures were introduced. The first enrichment to be formulated was 

modified Rappaport broth (MRB), which contained magnesium chloride, malachite green and carbenicillin. 

It was found that incubating samples at 25°C for 2 to 4 days, after a cold pre-enrichment in PBSSB at 4°C 

for 8 days, proved to be effective in the isolation of bioserotypes 4/O:3 and 2/O:9 (Wauters, 1973). 

Subsequently, a medium derived from MRB was developed incorporating irgasan, ticarcillin and potassium 

chlorate (ITC) incubating samples at 25°C for 2 days (Wauters, Goossens, et al., 1988). ITC is effective at 

isolating bioserotype 4/O:3 but is not suitable for BT 2 strains or bioserotype 1B/O:8 (De Boer & Nouws, 

1991; Johannessen, Kapperud, & Kruse, 2000; Wauters, Goossens, et al., 1988). Bile-oxalate-sorbose 

(BOS) medium at 22°C for 7 days after cold pre-enrichment in yeast extract-rose bengal broth (YER) at 

4°C for 9 days increased the isolation of the more virulent BT 1A/O:8 strains and of bioserotype 4/O:3 

(Schiemann, 1982), but was not adopted given the low incidence of serotype O:8 outside North America. 

Two other enrichment procedures based on trypticase soy broth (TSB) were also proposed. TSB 

supplemented with polymyxin and novobiocin (TSBPN) with incubation at 18°C for 3 days was applied for 

the recovery of Y. enterocolitica from milk (Landgraf, Iaria, & Falcão, 1993) and TSB supplemented with 

yeast extract, bile salts and irgasan in a two-step procedure was used for isolation of Y. enterocolitica from 

ready-to-eat foods and pork (Toora et al., 1994).  

 
1.9.4 Selective agars 

Traditional enteric agars have been used for the isolation of Y. enterocolitica from a variety of 

sources. On the enteric medium MacConkey agar (MAC) which incorporates lactose as a fermentable 

substrate, Y. enterocolitica ferments lactose slowly and colonies are colourless (Bhaduri, Cottrell, & 

Pickard, 1997; Doyle & Hugdahl, 1983). However, Y. enterocolitica ferments sucrose and xylose and 
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therefore colonies which develop on Hektoen-Enteric agar are of a salmon-colour and on xylose-lysine-

deoxycholate (XLD) of a yellow colour, thus making them resemble typical enteric flora. In addition, after 

24-h incubation at 37 C° in these agars, suspect colonies are small (pinpoint) against high background 

microflora due to the slow rate of growth of Y. enterocolitica. Due to these difficulties, several selective 

agars have been developed to isolate Y. enterocolitica. Celfsulodin-irgasan-novobiocin (CIN) (Schiemann, 

1979) agar and Salmonella-Shigella agar supplemented with sodium desoxycholate and calcium chloride 

(SSDC) (Wauters, 1973) were developed specifically for the isolation of Y. enterocolitica and are widely 

used.  

On CIN agar Y. enterocolitica forms colonies of 0.5 to 1.0 mm in diameter with deep-red centers, 

due to the fermentation of mannitol, surrounded by a translucent zone (Schiemann, 1979). CIN agar has 

been shown to outperform several enteric media including MAC, pectin agar, cellobiose-arginine-lysine 

(CAL) agar, Y medium and Salmonella-Shigella agar for the recovery of Y. enterocolitica (Head, Whitty, & 

Ratnam, 1982). Although CIN agar has a high isolation rate from clinical samples for bioserotype 4/O:3, 

isolation from food samples is hampered by overgrowth of Serratia spp., Citrobacter spp. and Enterobacter 

spp. (Arnold et al., 2004). Moreover, these and other Gram-negative bacteria such as Aeromonas spp., 

Proteus spp., Pantoea spp., Providencia retgeri, Pseudomonas aeruginosa, Morganella spp. and 

Stenotrophomonas spp. have a similar colony morphology to Y. enterocolitica and are not readily 

differentiated on CIN agar (Arnold et al., 2004; De Boer, 1987; Head, Whitty, & Ratnam, 1982; Laukkanen 

et al., 2010; Schiemann, 1983b). Furthermore, Y. enterocolitica serogroups O:5,27, O:9 and O:8 produce 

colonies on CIN agar that also resemble those of Y. intermedia (Fukushima, 1987), and some strains of Y. 

enterocolitica of bioserotype 3/O:3 are inhibited when samples are inoculated onto CIN medium 

(Fukushima & Gomyoda, 1986a, 1986b).  

Other selective agars developed specifically for the isolation of Y. enterocolitica attempt to 

differentiate virulent from avirulent Y. enterocolitica and include BABY4 (Bercovier et al., 1984a), virulent 
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Yersinia enterocolitica (VYE) (Fukushima, 1987), Congo-red magnesium oxalate agar (CR-MOX) (Riley & 

Toma, 1989) and KV202 (Jiang, Kang, & Fung, 2000), but these are not widely used. On VYE agar (a 

modified CIN agar that incorporated 0.1% esculin and 0.05% ferric citrate) virulent Y. enterocolitica which 

forms red colonies, is differentiated from most environmental Yersinia spp. and other gram-negative 

bacteria, which form dark colonies with a dark peripheral zone as a result of esculin hydrolysis (Fukushima, 

1987). Use of VYE agar led to a high recovery of Y. enterocolitica bioserotype type 3/O:3 strains from 

experimentally inoculated meat samples, compared with the use of CIN agar (Fukushima, 1987). 

Bioserotypes 2/O:5,27,  2/O:9, 1B/O:4,32, O:8, O:13a,13b, O:18, O:20 and O:21 were readily differentiated 

from other environmental organisms able to grow on VYE agar (Fukushima, 1987). However, esculin 

hydrolysis products produced by the growth of non-Yersinia colonies diffused through the medium and 

obscured esculin-negative Y. enterocolitica colonies (Weagant, 2008). Similarly, congo red (CR) was 

incorporated in CR-MOX agar to aid in the differentiation between virulent and avirulent Y. enterocolitica 

isolates as it provides a simple and efficient means of screening for virulence (Riley & Toma, 1989).  In a 

previous study, CR+ strains bore plasmids and were positive in several tests for Y. enterocolitica virulence, 

including reduced growth on magnesium oxalate agar, resistance to the bactericidal effect of serum, and 

lethality for iron-overloaded mice (Prpic, Robins-Browne, & Davey, 1983). In contrast, CR- strains were 

plasmid-less and were negative in all these assays.  Thus, in CR-MOX agar PYV+ strains produce small 

red colonies representing CR uptake and are always accompanied by larger white colonies which have lost 

the virulence plasmid (Farmer et al., 1992).  

Although chromogenic media have been shown to provide improved specificity for the isolation of 

specific microorganisms (Manafi, 2000), to date only three agars have been described. On Y. enterocolitica 

chromogenic medium (YeCM), strains of potentially virulent Yersinia of BT 1B and BTs 2-5 formed convex, 

red “bulls-eye” colonies that were very similar to those described for CIN agar (Fondrevez et al., 2010; 

Weagant, 2008). In contrast, Y. enterocolitica BT 1A and other related Yersinia formed colonies that were 
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purple/blue on YeCM, while some formed typical red “bulls-eye” colonies on CIN agar (Weagant, 2008). 

Similarly, on CHROMagar Yersinia agar (CAY), potentially pathogenic strains form mauve coloured 

colonies, whereas non-pathogenic isolates appear as metallic blue colonies (Renaud et al., 2013). CAY 

was found to be just as sensitive as the reference medium CIN, but was significantly more specific having a 

low false positive rate based from the analysis of strains recovered from 1,494 stools from hospitalized 

patients (Renaud et al., 2013) and from the analysis of 74 Yersinia strains with 4 Y. bercovieri and 2 Y. 

kristensenii strains displaying the same colony morphology as virulent Y. enterocolitica (Karhukorpi & 

Päivänurmi, 2014). Lastly, on the selective chromogenic medium for pathogenic Y. enterocolitica screening 

(YECA), suspect colonies are small (<1 mm) and of a red-fuchsia colour, whereas most non-pathogenic Y. 

enterocolitica are inhibited. Non-virulent strains that do grow are violet in colour (Denis et al., 2011). 

However, it was noted that some Y. aldovae and Y. mollaretti strains resembled Y. enterocolitica (Denis et 

al., 2011).  

More recently, the evaluation of a selective agar used for routine stool cultures known as Statens 

Serum Institut Enteric Medium (SSIEM) was performed using human stools artificially contaminated with Y. 

enterocolitica (Savin, Leclercq, & Carniel, 2012). Although all 12 Yersinia spp. examined grew on SSIEM 

when incubated at 37°C for 24 hours, the recovery of Y. enterocolitica colonies was difficult and was 3 log10 

CFU less sensitive than on the more widely used CIN agar at 28°C (Savin, Leclercq, & Carniel, 2012). 

Lastly, a modified CIN agar incorporating 1% L- arginine 0.8 g/L ferric ammonium citrate, 6.8 g/L sodium 

thiosulphate, and 2.0 g/L DL-phenylalanine has been proposed (Tan, Ooi, Carniel, & Thong, 2014). Using 

artificially contaminated pork samples, a comparable sensitivity to that of CIN was observed. However, the 

modified CIN provided a better discrimination of Yersinia colonies from other bacteria exhibiting Yersinia-

like colonies on CIN agar (Tan et al., 2014) 
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Table 1.4 Selective Agars for the isolation of Y. enterocolitica 

Selective Agar a 
 

Sample type References 

CIN Food, faeces (Schiemann, 1979) 

BABY4 Environment (Bercovier et al., 1984a) 

VYE Environment, faeces (Fukushima, 1987) 

CR-MOX Food, faeces (Riley & Toma, 1989) 

SSDC Food (Wauters, 1973) 

KV202 Food (Jiang, Kang, & Fung, 2000) 

YeCM Food, faeces (Weagant, 2008) 

YECA Pig tonsils (Denis et al., 2011) 

CAY Food, faeces (Renaud et al., 2013) 

SSIEM Faeces (Savin, Leclercq, & Carniel, 2012). 

Modified CIN Food (Tan et al., 2014). 

a Commercially available selective agars as of 2016 are presented in bold.  

 
 
 

1.9.5 Official methods 

Thus far, no single culture procedure is available which will achieve optimal isolation or recover all 

pathogenic serotypes of Y. enterocolitica (Fredriksson-Ahomaa, 2012). As a result, only a few culture-

based methods are considered the ‘gold standards’ for the isolation of pathogenic Yersinia from foods in 

various parts of the world and are based on a combination of the above-mentioned procedures (Table 1.5). 

These include the standardized protocol ISO 10273:2003 (International Organization for Standardization, 

2003), the Nordic Committee on Food Analysis (NCFA) 117:1996 method (Nordic Committee on Food 

Analysis, 1996), and the United States, Food and Drug Administration (FDA)  Bacteriological Analytical 

Manual, Chapter 8  (FDA, 2007). 
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Table 1.5 Culture methods for the isolation of Y. enterocolitica from food samples 

Method Pre-enrichment Selective 
enrichment 

Post 
enrichment 

Selective agars Bioserotypes 

 
FDA 
2007 
 

 
PBSSB: 10°C, 10 days 

  
KOH 

 
CIN & MAC: 30°C, 1-2 days 
 

 
All 

 
ISO  
2003 

 
PBSSB: 25°C, 2-5 days 

 
 
ITC: 25°C, 2 days 

 
KOH 

 
CIN: 30°C, 1-2 days 
SSDC: 30°C, 1-2 days 

 
All 

4/O:3 
 

 
NCFA 
1996 

 
PBS: 4°C, 8 days 
PBS: 4°C, 3 weeks 

 
MRB: 25°C, 4 days 

  
CIN: 30°C, 18-24 hours 
CIN: 30°C, 18-24 hours 

 
4/O:3, 2/O:9 

All 
 

PBS, phosphate buffered saline; PBSSB, PBS supplemented with the addition of 1% sorbitol and 0.15% bile salts; ITC, irgasan-
ticarcillin-potassium chlorate broth; MRB, modified Rappaport broth; KOH, potassium hydroxide solution; CIN, cefsulodin-
irgasan-novobiocin agar; MAC, MacConkey Agar; SSDC, Salmonella-Shigella-sodium deoxycholate-calcium chloride agar 
(Fredriksson-Ahomaa, 2012).  

 
 

1.9.6 Rapid methods 

Culture based detection methods have proven to be demanding, time-consuming and the isolates 

obtained often require additional confirmatory tests (Fredriksson-Ahomaa, Stolle, & Korkeala, 2006). As a 

result, a variety of culture independent methods have also been devised for the rapid detection of Y. 

enterocolitica from foods, including: ELISA (Balakrishna, Murali, & Batra, 2010; Balakrishna et al., 2012; 

Hochel & Skvor, 2007; Kaneko & Maruyama, 1989; Laporte et al., 2015; Magliulo et al., 2007; Thibodeau, 

Frost, & Quessy, 2001), lateral flow immunoassays (Laporte et al., 2015), Immunoblotting (Khamjing, 

Khongchareonporn, & Rengpipat, 2011), DNA Colony hybridization (Durisin, Ibrahim, & Griffiths, 1998; 

Giannino et al., 2009; Goverde et al., 1993; Myers, Gaba, & Al-Khaldi, 2006; Nesbakken et al., 1991), PCR 

(Bhaduri & Cottrell, 1998; Garzetti et al., 2014; Kaneko, Ishizaki, & Kokubo, 1995; Lantz et al., 1998; 

Nakajima et al., 1992; Nilsson et al., 1998; Wang, Cao, & Cerniglia, 1997; Weynants et al., 1996), nested 

PCR (Estrada et al., 2012; Kapperud, Vardund, Skjerve, Hornes, & Michaelsen, 1993), real-time PCR 

(Boyapalle et al., 2001; Jourdan, Johnson, & Wesley, 2000; Lambertz et al., 2008; Wu, Fung, & Oberst, 
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2004), DNA microarrays (Bang et al., 2010; Myers, Gaba, & Al-Khaldi, 2006) and loop-mediated isothermal 

amplification (LAMP) (Gao et al., 2009; Li et al., 2010).  

Among these, the molecular based methods have been engineered to detect virulent Y. 

enterocolitica by targeting virulence determinants present on the pYV plasmid (such as yadA or virF). Also, 

because of possible pYV plasmid loss from repeated passage of isolates, chromosomal encoded virulence 

genes such as, ail, inv and yst, among others, have also been included as markers (Fredriksson-Ahomaa, 

Stolle, & Korkeala, 2006). Molecular based methods have also served to further investigate the occurrence 

of pathogenic Y. enterocolitica in foods. Several studies have shown the prevalence in naturally and 

artificially contaminated foods is significantly higher when estimated by PCR than by culture methods in 

epidemiologically relevant foods such as ground or minced pork, chitterlings, pork cuts (except pig offal) 

and ground beef, highlighting the low sensitivity of culture methods (Boyapalle et al., 2001; Fredriksson-

Ahomaa, Hielm, & Korkeala, 1999; Fredriksson-Ahomaa & Korkeala, 2003; Jagow & Hill, 1986; 

Johannessen, Kapperud, & Kruse, 2000; Vishnubhatla et al., 2001). For example, in a study using 

artificially inoculated samples, the culture method utilized was only able to identify Y. enterocolitica when 

>106 CFU/g were present and therefore was estimated to be 1,000 to 10,000 less sensitive than the PCR 

method used (Vishnubhatla et al., 2001).  

 
1.10 INCREASING THE SENSITIVITY OF Y. ENTEROCOLITICA CULTURE METHODS 

In an attempt to increase the sensitivity of methods of analysis, there has been constant interest in 

the development of techniques that minimize the problems associated with interference from foods and 

food ingredients. Numerous techniques have been applied including dilution, enrichment, centrifugation 

(Basel, Richter, & Banwart, 1983; Rodrigues-Szulc et al., 1996), buoyant density centrifugation (Fukushima 

et al., 2007), size exclusion filtration (Besse et al., 2004; Farber & Sharpe, 1984) and selective 

immobilization (Patchett, Kelly, & Kroll, 1991; Payne et al., 1992). The later however, via immunomagnetic 
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separation (IMS) is perhaps the most successful of approaches that has been widely adopted for the 

routine isolation of foodborne pathogens (Stevens & Jaykus, 2004).  

 
1.10.1 Immunomagnetic separation 

In IMS, superparamagnetic particles are coated with antibodies specific to the target microorganism. 

The target is selectively captured onto the particles and the whole complex is then removed from the 

system by the application of a magnetic field. Target organisms are thus removed from food debris and 

from competing microorganisms that may otherwise interfere with detection. In addition, by design, IMS can 

be used in conjunction with rapid detection methods (such as ELISA and PCR) to further increase 

analytical sensitivity (Stevens & Jaykus, 2004). IMS has been shown to be an effective tool for the isolation 

of various food borne pathogens including Listeria monocytogenes, Staphylococcus aureus, Vibrio 

parahaemolyticus, Escherichia coli O157:H7, Salmonella spp., Giardia, as well as enteric viruses from 

mixed cell populations (Keserue, Fuchslin, & Egli, 2011; Mandrell & Wachtel, 1999; Olsvik et al., 1994; 

Schwab, Leon, & Sobsey, 1996; Tomoyasu, 1992; Yu & Bruno, 1996).  IMS has been studied as a pre-

analysis step to increase the sensitivity of PCR for the detection of Y. enterocolitica O:3 from tonsil swabs, 

fecal and food samples (Kapperud et al., 1993; Rasmussen et al., 1995), as an aid for the isolation of Y. 

enterocolitica O:8 and O:3 from food and fecal samples (Ueda, Maruyama, & Kuwabara, 2003), for the 

simultaneous isolation of Y. enterocolitica of serotypes O:3, O:5,27, O:8 and O:9 (Ueda, 2005), as well as 

for the isolation of Y. enterocolitica O:8 from water samples (Koujitani et al., 2006). More recently IMS was 

applied for the detection of Y. enterocolitica O:9 via nested PCR from naturally contaminated raw meats but 

with limited success (Estrada et al., 2012). Immunological based methods require antibodies produced by 

laboratory animals which suffer from lot to lot heterogeneity, and instability against environmental factors 

(Wang et al., 2007). Antisera to only a limited number of Y. enterocolitica serotypes are commercially 

available since preparing monospecific antisera is a tedious and technically demanding process requiring 
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cross-absorption with non-corresponding Yersinia O-PS (Bottone, 1999). The production of monoclonal 

antibodies (mAbs) with potentially higher specificity against Y. enterocolitica has also been explored 

however, the similar bacterial surface structures within the genus make the selection of mAbs with high 

specificity against a particular serotype rather difficult and costly (Khamjing, Khongchareonporn, & 

Rengpipat, 2011; Kooi & Sokol, 1995; Laporte et al., 2015; Lipinska et al., 1989).  Perhaps it is for these 

reasons that such a promising approach such as IMS has not found wide application for the routine 

isolation of Y. enterocolitica. 

 
1.11 BACTERIOPHAGES 

 An alternative to the use of antibodies in procedures requiring selective capture or detection of 

bacteria is with the use of bacteriophages. Bacteriophages (or “phages”) are obligate intracellular parasites 

lacking their own metabolism, which infect prokaryotes and archaea. They are considered the most 

abundant entities in the living world, estimated at 1030 to 1032 (Ackermann & Prangishvili, 2012; Kutter & 

Sulakvelidze, 2005). Due to their abundance, diversity and wide ranging ecological niches, phages 

demonstrate increased stability to temperature, pH, organic solvents, proteases, and are relatively easy to 

isolate and propagate from permissive hosts (Olofsson, Ankarloo, & Nicholls, 1998; Schmelcher & 

Loessner, 2014; Schwind et al., 1992). Independently discovered by the British pathologist Frederick W. 

Twort in 1915, and French-Canadian bacteriologist Félix H. d’Hérelle in 1917, bacteriophages are the 

largest group of viruses. They are composed of a nucleic acid genome that is single stranded (ss) or double 

stranded (ds) DNA or RNA encased in a protein or lipoprotein coat (phage head or capsid) (Ackermann & 

Prangishvili, 2012). Based on morphology, prokaryote viruses can be tailed, polyhedral, filamentous or 

pleomorphic (Table 1.6). Nevertheless, the order Caudovirales (“tailed” phages) containing dsDNA 

accounts for 96% of the approximately 6,200 phages that have been examined by electron microscopy, 

and are divided into three families according to tail morphology: the Myoviridae (long contractile tail), the 
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Siphoviridae (long, non-contractile tail) and the Podoviridae (short non-contractile tail) (Ackermann & 

Prangishvili, 2012; Leiman et al., 2010).  

Based on their life cycle, phages can be further categorized as virulent (lytic) or temperate 

(lysogenic) (Kutter & Sulakvelidze, 2005). Lytic phages infect the bacterial cell, replicate using the host 

machinery and finally lyse the host cell from within, releasing progeny phages that continue to infect new 

hosts. In contrast, temperate phages integrate their genome into the host genome (known as a prophage), 

and replicate each time the host cell divides. Temperate phages are thereby able to exist within the host in 

a lysogenic state, that is, alternating between lytic and lysogenic cycles (Kutter & Sulakvelidze, 2005). The 

life cycle choice between lytic and lysogenic cycles is a complex process and is understood well for only a 

few phages such as E. coli phage λ (Hendrix, Hatfull, & Smith, 2003). Although most temperate phages 

exist in the prophage state, other strategies have been observed. For example, E. coli phage P1 and C. 

botulinum phage c-st lysogenize their hosts as circular plasmids (Łobocka et al., 2004; Sakaguchi et al., 

2005) and Escherichia phage N15, Klebsiella oxytoca phage pKO2, and Y. enterocolitica phage PY54 

establish the lysogenic state by residing as a linear plasmid (Casjens et al., 2004; Hertwig et al., 2003a; 

Ravin & Shulga, 1970; Ravin, 2011).  

 
1.11.1 Bacteriophage specificity 

 In the Caudovirales, the structural machinery dedicated to the specific recognition of the host is 

located at the tail-end of the virus particle and varies from a simple tail tip to a complex base plate including 

additional structures such as tail spike proteins or tail fibers attached to the side of the tail (Chaturongakul & 

Ounjai, 2014; Fokine & Rossmann, 2014). Specialized tail proteins known as host recognition binding 

proteins (RBPs), adhesins, antireceptors, or chemosensors mediate specific attachment to host cell surface 

receptors allowing the phage to adsorb onto the cell surface initiating the infection process that results in 

the delivery of the phage DNA into the cell (Lindberg, 1973; Rakhuba et al., 2010). Representative 
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examples of RBPs from the Myoviridae, Podoviridae and Siphoviridae families include the extensively 

studied Enterobacteria phage T4 long tail fiber protein Gp37 (Tétart, Desplats, & Krisch, 1998), the 

Enterobacteria phage T7 tail fiber protein Gp17 (Steven et al., 1988) and the Enterobacteria phage λ tail 

fiber protein J (J. Wang, Hofnung, & Charbit, 2000), respectively. Other phages such as Shigella phage Sf6 

and Salmonella phages SP6 and P22, present tail spikes instead of tail fibers (Chua, Manning, & Morona, 

1999; Freiberg et al., 2003; Scholl, Adhya, & Merril, 2002; Seul et al., 2014). Lipid containing phages such 

as PM2 (Corticoviridae family) and PRD1 (Tectiviridae family) also utilize tail spikes, but these are located 

at the vertices of the capsid (Grahn et al., 1999; Huiskonen et al., 2004; Kivelä, Kalkkinen, & Bamford, 

2002). Lastly, filamentous phages such as M13, fd, and f1 (Inoviridae family) use instead their capsid 

proteins to attach to their host, E. coli (Lubkowski et al., 1999).  

Owing to their diversity, bacteriophages are capable of a wide spectrum in specificity. Some 

phages possess a very broad host range and infect numerous bacteria across strains, species, and or 

genera, while others possess a very narrow host range and may infect only a limited number of strains 

within a species (Smartt et al., 2012). The specificity of a bacteriophage is determined by the specificity of 

adsorption, which is in turn dependent on the structure of host receptors, their location and density on the 

host cell wall (Rakhuba et al., 2010). 

 
1.11.2 Bacteriophage receptors in Gram-negative bacteria 

 Phage RBPs are capable of recognizing almost every host surface component including surface 

proteins, polysaccharides, and LPS (Lindberg, 1973; Rakhuba et al., 2010). In Gram-negative bacteria, the 

LPS or outer membrane proteins (Omps) or both, are the predominant bacteriophage receptors whereas 

less frequently, capsular, pili and flagellar structures are utilized as host receptors (Rakhuba et al., 2010). 

In general, phages adsorbing onto smooth LPS tend to display a narrow host range determined by the 

variability of the O-PS (Rakhuba et al., 2010). For example, Salmonella phage P22 can distinguish three O-
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PS types out of over 1,000 structurally and or chemically distinct Salmonella O-PS variants (Weigele, 

Scanlon, & King, 2003). In contrast, bacteriophages adsorbing onto rough LPS, tend to exhibit a broader 

host range since the structure of the LPS core is rather conserved in various species and genera of Gram-

negative bacteria (Rakhuba et al., 2010).  For example, the host receptors for Enterobacteria phages T3, 

T4 and T7 are components of the LPS core present in Shigella and Escherichia strains (Michael, 1968; 

Weidel, 1958).   

The Omps of Gram-negative bacteria contribute in maintaining the structural integrity of the cell 

membrane or function in the translocation of proteins and solutes. Omps identified as phage receptors 

include structural proteins, porins forming membrane channels, enzymes (such as proteases), and 

substrate receptors (Rakhuba et al., 2010). For example, the structural protein OmpA of E. coli acts as the 

host receptor for coliphages K3 and Tulb, with the phage-recognizing sites located in different areas of the 

host receptor (Henning, Sonntag, & Hindennach, 1978; Schwarz et al., 1983). The E. coli porin OmpF 

serves as a receptor for phage T2 (Hantke, 1978; Riede, Degen, & Henning, 1985) and the selective 

maltoporin transport protein LamB serves as the receptor for Enterobacteria phage λ (Randall-Hazelbauer 

& Schwartz, 1973; Wang, Hofnung, & Charbit, 2000). Among enzymes present on the outer membrane for 

example, the ferrichrome transporter FhuA serves as the receptor for Enterobacteria phages T1, T5 and 

φ80, (Endriss & Braun, 2004; Killmann et al., 1995; Plançon et al., 2002). 

Some Podoviruses from the Sp6likevirus genus such as K1F (Scholl & Merril, 2005), K5 (Gupta et 

al., 1982) and K1-5 (Scholl et al., 2001) utilize capsular antigens as receptors to infect E. coli. The latter is 

rather unique in that it has two RBPs that allow it to recognize both K1 and K5 type capsules (Scholl et al., 

2001). Also, some capsule specific phages often encode an endo-neuraminidase (endosialidase) that is 

part of the tail structure which allows the phage to recognize and at the same time degrade the 

polysaccharide capsule (Schulz, Schwarzer, et al., 2010). The pili of Gram-negative bacteria are generally 

used as phage receptors by the less frequently encountered polyhedral, filamentous, or pleomorphic 
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phages. For example, the P. aeruginosa phage Pf1 utilizes the type IV pilus (Holland, Sanz, & Perham, 

2006) and the Ff phages (such as phages M13, fd, and f1) recognize the F pilus (conjugative pilus) of E.coli 

as their host receptor (Lubkowski et al., 1999). Likewise, the enveloped phage PRD1 also recognizes the F 

pilus (Grahn et al., 1999).  The flagellum has been reported to be used as a phage receptor for χ-like 

phages belonging to the Siphoviridae family such as phage χ infecting Salmonella, E.coli and Serratia 

(Hendrix et al., 2015; Lee et al., 2013; Meynell, 1961; Samuel et al., 1999), as well as by other phages such 

as Aeromonas phage PM3 (Merino, Camprubi, & Tomás, 1990),  Proteus phage PV22 (Zhilenkov et al., 

2006) and Pseudomonas phage φCTX (Geiben-Lynn, Sauber, & Lutz, 2001).  

 

1.12 PHAGE DERIVED ADHESION PROTEINS FOR BACTERIAL SEPARATION 

A large diversity of bacteriophage-host populations with respect to the structure of the receptor, 

RBPs and molecular mechanisms of virion cell interactions exist in nature, offering a virtually unlimited 

selection of tools that can be harnessed for different detection or isolation strategies (Rakhuba et al., 2010; 

Schmelcher & Loessner, 2014). The host range of bacteriophages can thus be exploited to design assays 

with a desired specificity. The potential of bacteriophages is best illustrated by their application in the rapid 

and specific detection of food-borne pathogens (Bennett et al., 1997; Blasco et al., 1998; Favrin, Jassim, & 

Griffiths, 2001, 2003; Galikowska et al., 2011; Jiang et al., 2009; Kuhn et al., 2002; Minikh et al., 2010; 

Thouand et al., 2008; Tolba et al., 2010; Wolber & Green, 1990; Wu, Brovko, & Griffiths, 2001). Because 

these methods rely on native or genetically engineered phages for infection and lysis of target cells to 

measure detection of ATP release, detection of other bacterial cytoplasmic markers, measurement of 

impedance, or the activity or detection of a reporter gene, current bacteriophage detection systems are 

incompatible with culture-based identification systems. 
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Table 1.6 Selected morphotypes of prokaryote viruses 

C, 
circular; L, linear; S, supercoiled; seg, segmented. Adapted from Ackermann & Prangishvili (2012) and the International Committee on the Taxonomy of Viruses (ICTV, 2014). 
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The usefulness of phage-derived adhesion proteins rather than whole phage for selective isolation 

of food-borne pathogens has been demonstrated by utilizing the cell-wall-binding domains (CBDs) of 

bacteriophage endolysins (Korndorfer et al., 2006; Kretzer et al., 2007; Loessner et al., 2002; Walcher et 

al., 2010).  Endolysins are dsDNA bacteriophage encoded enzymes produced during the late phase of the 

lytic cycle to degrade the multilayered peptidoglycan sacculus (also known as murein) that is decorated 

with proteins, teichoic acids, and polysaccharides and that is the main constituent of the bacterial cell wall. 

The action of endolysins from within the infected cell ultimately enables progeny virions to be released 

(Borysowski, Weber-Dabrowska, & Górski, 2006; Jacob & Fuerst, 1958). Endolysins present specificity in 

substrate recognition as well as cell wall binding and their spectrum of activity is often restricted to the host 

bacterial species of the phage from which the endolysin was derived (Borysowski, Weber-Dabrowska, & 

Górski, 2006).  In a system analogous to IMS, paramagnetic beads coated with recombinant CBD proteins 

were shown to outperform commercially available antibody-based magnetic particles, achieving >90% 

recovery of L. monocytogenes, producing a normal isolate and without lysis of target cells (Kretzer et al., 

2007). However, the use of recombinant endolysin CBDs enabling the capture of Gram-negative bacteria 

such as Y. enterocolitica is not feasible, since the peptidoglycan layer is not readily accessible from outside 

of the cell due to the presence of LPS and other cell surface structures on the outer membrane (Figure 1.3) 

as it is in Gram positive bacteria.  

Since selective immobilization depends on the availability of suitable affinity molecules, the RBPs 

of bacteriophages are proposed as ideal ligands for use in the isolation of Y. enterocolitica since they are 

responsible for initial and specific interaction with specific host cell receptors, Unlike intact phages, the use 

of RBPs provides a novel family of diagnostics that can be engineered and produced in large quantities in 

vitro using standard recombinant DNA technologies without the involvement of the phage-pathogen 

propagation system and the risk of cell lysis or gene transduction (Kropinski et al., 2011; Marti et al., 2013; 

Poshtiban et al., 2013; Singh et al., 2009, 2010, 2012; Singh, Poshtiban, & Evoy, 2013; Waseh et al., 2010) 
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Figure 1.3 General organization of the Gram-negative cell wall 

Adapted from (Plaizier et al., 2011). 

 

 
1.12.1 Host recognition binding proteins (RBPs)   

RBPs form highly stable structures for recognizing a specific sequence of carbohydrate found on 

cell surface LPS, Omps, or glycoproteins (Weigele, Scanlon, & King, 2003). Much is known about the 

assembly and function of the tail fibers of selected members of the Caudovirales order (Andres et al., 2010; 

Bartual et al. 2010a, 2010b; Betts & King, 1999; Cuervo et al., 2013; Heller & Braun, 1982; Hendrix & 

Duda, 1992; Leiman et al., 2010; Xu, Hendrix, & Duda, 2014). To date, the crystal structures of several 

RBPs including those from representative members of the Podoviridae (Salmonella phage P22, and 

Enterobacteria phage T7), Myoviridae (Enterobacteria phage T4) and Siphoviridae (Enterobacteria phage 

T5) have been resolved (Bartual et al., 2010b; Garcia-Doval & Van Raaij, 2012; Garcia-Doval et al., 2015, 

2013; Seul et al., 2014; Steinbacher et al., 1997; Van Raaij et al., 2001a).  

In general, bacteriophage RBPs are hetero-oligomeric structures shown to occur and be active in a 

trimeric state (Cerritelli et al., 1996). Their structures are predominantly elongated with a fibrous 

morphology and beta sheet topologies (Weigele, Scanlon, & King, 2003) (Figure 1.4). The N-terminal 

portion of the structure is highly conserved among members of a family, since they have presumably the 
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same mechanism for attaching the fiber to the phage (Cuervo et al., 2013). In contrast, the C-terminal end 

is responsible for interaction with the host cell surface receptors and thus protein sequences of RBP 

homologs display considerable variability reflective of their adsorption specificity. However, to understand 

potential barriers that may complicate the synthesis of functional RBPs for their use in the development of 

detection and or isolation strategies, it is necessary to consider the known assembly pathways of these 

recognition elements. 

 

 

Figure 1.4 Crystal structure of the Enterobacteria phage T7 RBP gp17 and the Enterobacteria phage 
T4 RBP Gp37 

Examples of bacteriophage RBPs are presented showing their trimeric state. Their structures are predominantly elongated with a 
fibrous morphology and beta sheet topologies. The structure of phage T7 RBP Gp17 (aa 371–553) is shown as a ribbon diagram 
(A) and as a space-filled representation (B) seen from the side. The structure of the phage T4 RBP Gp37 (aa 785–1026) is 
shown as a ribbon diagram (C) and a space-filled representation (D) from the side and top (E) to illustrate the extensive 
intertwining of the protein chains in the trimer. In C and D every 10th residue, and protein domains are indicated; i.r. is the 
intertwined region between the collar and needle domains. In both structures, monomers are coloured red, green, and blue, with 
the termini of the red monomer indicated; iron ions are shown in yellow (Bartual et al., 2010b; Garcia-Doval & Van Raaij, 2012). 

 

 
RBPs have evolved different strategies to fold correctly (Garcia-Doval et al., 2013). Some RBPs 

fold endogenously when expressed in bacteria, particularly podoviral RBPs such as those of Enterobacteria 

phage T7 (Garcia-Doval & Van Raaij, 2012),  and  Salmonella phage P22 (Danner et al., 1993).  Other 

phage RBPs perform trimerisation-dependent auto-proteolysis via an intramolecular chaperone domain 
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(ICD) present in the protein sequence (Schwarzer et al., 2007). In these proteins, the ICD is thought to aid 

in the formation of mature trimers by increasing the unfolding barrier, stabilizing the native protein complex 

and trapping it in a kinetically stable conformation and then excising itself from the stable mature trimer 

(Schwarzer et al., 2007). Examples include the assembly of the RBP (pb1) from the side tail fiber of 

Enterobacteria phage T5 (Garcia-Doval et al., 2015, 2013) which recognizes oligo-mannose units on the O-

PS of E. coli O8 and O9 LPS (Heller and Braun, 1982). This mechanism was first described in phage 

proteins belonging to different but structurally similar protein families: bacteriophage endosialidases, 

capsule depolymerases, and appendage proteins of E. coli phage K1F, Bacillus phages GA-1, phi29, as 

well as E. coli phages K1E and K1–5 (Leiman et al., 2007; Schulz, Schwarzer, et al., 2010; Schwarzer et 

al., 2007; Thompson et al., 2010; Xiang et al., 2009).  

Of primary consideration however, is the observation that some phages utilize specialized phage 

encoded chaperone proteins, which participate in the assembly and disaggregation of supramolecular 

structures for the correct folding and assembly of tail fiber proteins (Bartual et al., 2010b; Burda & Miller, 

1999; Hashemolhosseini et al., 1996; Herrmann & Wood, 1981; Leiman et al., 2010; Matsui et al., 1997). 

Notable examples include the assembly of the tail fiber proteins of the T-even phages such as the 

Enterobacteria phages T4 and T2, which serve to highlight the diversity in chaperone assisted assembly 

pathways which may complicate the synthesis of homologous RBPs derived from related phages. 

 
1.12.2 Tail fiber assembly in Enterobacteria phage T4  

Among bacteriophages, the Myoviridae have the most complex tail structures, of which phage T4 is 

considered a model phage (Figure 1.5A) and thus the assembly pathway and structure of its tail and tail 

fibers have been reviewed extensively (Bartual et al., 2010a, 2010b; Dickson, 1973; Kikuchi & King, 1975; 

Leiman et al., 2010; Leiman et al., 2003). The tail of phage T4 is a large macromolecular complex 

terminating in a hexagonal baseplate with two sets of retractable tail fibers (Leiman et al., 2003). The side 
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tail fibers, also known as long tail fibers (LTFs), bind reversibly to a host cell receptor via the RBP Gp37 

located at the distal tip of the LTF.  More specifically, Gp37 recognizes OmpC or the glucosyl-α-1,3-glucose 

terminus of rough LPS in E. coli (Henning & Hashemolhosseini, 1994). This initial binding distorts the 

baseplate structure promoting contraction of the tail towards the cell surface and the subsequent 

irreversible binding of a second set of fibers, the short tail fibres (STFs), which bind via the RBP Gp12 with 

the highly conserved IC structure of the LPS (Trojet et al., 2011). After recognition, the tail transmits a 

signal to the head for genome ejection and provides the channel through which the DNA moves into the 

host cell (Hu et al., 2015). In phage T4 and related phages, the LTF module is composed of four gene 

products: Gp34, Gp35, Gp36 and Gp37 in which the distal half-fiber is composed of homotrimers of Gp36 

and Gp37 (Figure 1.5B) (Bishop, Conley, & Wood, 1974; Cerritelli et al., 1996; Wood & Henninger, 1969). 

In phage T4 the phage encoded chaperone proteins Gp57A and Gp38 are required for the correct folding 

and assembly of several tail fiber proteins. In particular, Gp57A is required for the correct trimerisation of 

Gp37 and Gp12 (Leiman et al., 2010). In addition, a second chaperone, Gp38, must also be present for the 

correct trimeric assembly of Gp37. It has been proposed that Gp57A functions to keep fiber protein 

monomers from aggregating, while Gp38 may bring together the C-terminal ends of the monomers to start 

the folding process (Leiman et al., 2010; Qu, Hyman, Harrah, & Goldberg, 2004; Wood et al., 1994). 

However, the binding sites, order of interactions and mechanisms of the functions of the chaperone 

proteins remain unclear (Leiman et al., 2010).  

 
1.12.3 Tail fiber assembly in Enterobacteria phage T2 

 Like phage T4, phage T2 also recognizes host receptors via its LTF RBP Gp37, OmpF and FadL 

(Trojet et al., 2011). In phage T2 and related phages (i.e. Enterobacteria phages T6, RB32, RB16, RB43 

and RB49, among others), Gp38 plays a rather different role than in phage T4. In phage T2 an unrelated 

Gp38 product attaches to a folded and trimeric Gp37 and acts as the actual adhesin (Riede, Degen, & 
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Henning, 1985; Riede et al., 1987). The C-terminus of the folded Gp37 fiber is proteolytically cleaved and 

then capped by Gp38, which also appears to be trimeric (Trojet et al., 2011).  Additionally, as in phage T4, 

the homologous chaperone Gp57A has also been reported to be required for trimerisation of the LTF 

proteins (Dickson, 1973).  

 

 

 

 

Figure 1.5 Enterobacteria phage T4 virion and LTF self-assembly 

The structure of phage T4 is represented in (A). The process of LTF assembly is depicted in (B). Phage encoded chaperones 
Gp38 and or Gp57A are required for the assembly of the proximal half fiber (Gp34) and the host recognition binding protein 
Gp37 located at the distal half of the fiber (Qu et al., 2004). 

 
 

1.13 MODELS FOR THE SYNTHESIS OF PHAGE RECOGNITION BINDING PROTEINS 

Several protein expression approaches have been utilized for the production of full length or 

fragments of RBPs in order to study their atomic structure via X-ray crystallography. Such approaches for 

the synthesis of soluble amounts of correctly folded RBPs can be used to guide the expression of existing 

and as of yet unidentified potential RBP ligands that may be considered for use in the design of isolation 

and detection assays for Y. enterocolitica. 
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1.13.1 Co-expression with phage encoded chaperones 

In this approach, soluble Gp37 from phage T4 was produced via simultaneous co-expression with 

the bacteriophage T4-encoded chaperones Gp38 and Gp57A in a two-vector system (Bartual et al., 

2010a). Co-expression with each chaperone separately did not lead to good amounts of correctly folded 

trimeric protein and thus an expression vector for Gp57A was co-transformed into bacteria with a 

compatible bi-cistronic expression vector containing Gp37 and Gp38. Recombinant trimeric Gp37, 

containing a 6 residue histidine tag at the N-terminus and residues 12-1026 of Gp37, was purified from 

lysed bacteria by subsequent nickel-affinity, size exclusion and strong anion exchange column 

chromatography (Bartual et al., 2010a). The C-terminal fragments of Gp37 appeared to be folded correctly 

into trimers, yet the study did not evaluate the biological activity of the formed structures. In a similar 

approach, the production of the LTF RBP Gp37 of Salmonella phage S16 was recently described (Marti et 

al., 2013). In this case however, synthesis of the functional RBP in E. coli was possible by co-expression of 

Gp37 and Gp38 since the LTF module of phage S16 rather resembles more closely the LTF module of 

phage T2, where Gp38 is presumably the actual adhesin and is incorporated into the final structure (Marti 

et al., 2013).  

 
1.13.2 Foldons 

As described, trimeric fibrous proteins require a chaperone 'module' for folding. This module can 

also be a small protein domain of the same polypeptide chain (Miroshnikov et al., 1998; Qu et al., 2004). In 

one novel approach, protein domains, which act as folding initiators or ‘foldons’ are used to attain the 

desired forms (Maity et al., 2005; Panchenko et al., 1997). Several protein-engineering strategies involving 

fusion proteins and foldons have been proposed to circumvent the need for co-expression with chaperone 

proteins. The C-terminal domain of phage T4 fibritin (Gpwac) which forms the neck whiskers, contains a 

small structure of 27 amino acid residues which is a convenient foldon (Tao et al., 1997). The presence of 
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this foldon sequence promotes correct folding, both in vitro and in vivo (Boudko et al., 2002; Letarov et al., 

1999). The fibritin foldon has been applied successfully to obtain RBP fragments from phage T4 

(Miroshnikov et al., 1998, 2000), the RBP of phage P22 (Bhardwaj et al., 2008), HIV-1 glycoproteins (Yang 

et al., 2002), recombinant rabies virus glycoproteins (Sissoeff et al., 2005) as well as the adenovirus RBP 

(Papanikolopoulou, Teixeira, et al., 2004; Papanikolopoulou, Forge, et al., 2004). An alternate approach 

utilizes a protein domain from the phage T4 structural protein Gp5, which contributes to the folding of Gp5 

as a homotrimer (Kanamaru et al., 2002; Mesyanzhinov et al., 2004; Nakagawa, Arisaka, & Ishii, 1985). It 

has been demonstrated that the self-assembling domain of Gp5 attached to a C-terminal domain of the 

phage T4 RBP Gp37 produces a chimeric and trimeric protein (Chuprov-Netochin et al., 2010). Lastly, the 

use of a carrier protein driving the folding of the target protein has been further explored by the use of E.coli 

peptidyl-prolyl isomerase/chaperone (SLyD) since proteins of the SlyD family found in many prokaryotes 

can perform chaperone functions (Scholz et al., 2006). In one recent study, fusion of the C-terminal domain 

of phage T4 RBP Gp37 to SLyD yielded a stable recombinant protein in the trimeric form (Chuprov-

Netochin et al., 2011).  
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1.14 RESEARCH OBJECTIVES 

The aim of this doctoral project was to identify, synthesize, and evaluate the biological activity of phage 

RBPs derived from Y. enterocolitica infecting phages that could be used as specific ligands to enhance the 

isolation of epidemiologically significant Y. enterocolitica from foods. To achieve this, several objectives 

were required: 

 

I. To examine via an in-silico bioinformatics analysis, the genomes of bacteriophages reported to 

infect Y. enterocolitica in order to identify RBPs with specificity for serotypes O:3, O:5,27, O:8, and 

or O:9 (Chapter 2). 

 

II. To expand the repertoire of candidate RBPs through the isolation of novel phages with specificity 

for clinically significant Y. enterocolitica. For this purpose, selected Y. enterocolitica phages 

isolated from pig manure and sewage (Chapter 3) were characterized providing information on 

morphology, host range, genome, taxonomy, and host cell receptor specificity (Chapters 4-7).  

 

III. To synthesize selected RBPs (identified through objectives I and II above) via the use of 

recombinant molecular biology techniques, and evaluate their affinity for clinically significant Y. 

enterocolitica (Chapter 7). 

 

IV. To investigate the application of RBPs as capture molecules for magnetic separation as a 

preparative step for the isolation of clinically significant Y. enterocolitica from inoculated foods 

(Chapter 8). 
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 IN-SILICO IDENTIFICATION OF HOST RECOGNITION BINDING PROTEINS Chapter 2:
FROM BACTERIOPHAGES INFECTING YERSINIA ENTEROCOLITICA 

2.1 ABSTRACT 

 A search of the scientific literature and genome databases was conducted to select phages with 

reported specificity for clinically significant Y. enterocolitica of serotype O:3, O:5,27, O:8, and O:9. The aim 

was to identify or verify through in-silico analysis of their genome sequences, genes coding for RBPs and 

evaluate their potential for use as ligands for detection and isolation. Among the phage genomes studied, 

RBP Gp17 of phage φYeO3-12 and RBP Gp47 of phage φ80-18 were identified as potentially useful 

recognition elements with specificity for Y. enterocolitica O:3 and O:8, respectively. In contrast, putative 

RBPs from six other phages were rejected due to either a lack of specificity for the target serotypes, 

uncertainty in their genomic identification, or absence of information regarding the nature of their host cell 

receptors. 

 
2.2 INTRODUCTION 

 Phages infecting Y. enterocolitica have been found to belong to all three families of tailed phages, 

the Myoviridae, Syphoviridae, and Podoviridae. The first phages reported to infect Y. enterocolitica pre-

dated the development or widespread use of genome sequencing and thus reports are limited to some host 

range and electron microscopic studies. Initial studies described the isolation of lytic phages, which were 

applied to the typing of Y. enterocolitica (Baker & Farmer, 1982; Bergan & Norris 1978; Calvo et al. 1981, 

1987; Caprioli, Drapeau, & Kasatiya, 1978; Kawaoka, Otsuki, & Tsubokura, 1982; Kawaoka et al. 1987; 

Nicolle et al. 1967; Nicolle, Mollaret, & Brault, 1969; Nilehn & Ericson 1969; Nilehn 1971; Tsubokura et al. 

1982). Subsequent studies continued to only provide information on host range and morphology 

(Darsavelidze, Kapanadze, & Chanishvili, 2004; Hertwig et al., 1999; Kot et al., 2002; Kudriakova et al., 

2010; Popp et al., 2000; Salem et al., 2015). Molecular data on Y. enterocolitica phages are thus limited 

and only a few genome sequences have been accompanied by further information on morphology, host 
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range, and receptor specificity including: φ80-18 (Zhang & Skurnik, 1994), phiR8-01 (Biedzka-Sarek et al., 

2008), φYeO3-12 (Pajunen et al., 2001), PY54 (Hertwig et al., 2003b; Hertwig, Klein, & Appel, 2003), φR1-

37 (Kiljunen, Hakala, et al., 2005; Skurnik et al., 1995, 2012), and PY-100, (Schwudke et al., 2008). Some 

of these bacteriophages use different parts of the Y. enterocolitica LPS as receptors (Skurnik, 1999). A 

further search through genome databases yielded the annotated genome sequences of phages phiR201 

[HE956708.1] and phiR1-RT [HE956709.1] reported to infect Y. enterocolitica, yet no additional information 

is available in the scientific literature.  In this study, the genome sequences of these phages were examined 

to: 1) identify the genes coding for their RBPs, 2) consider their potential use as ligands for the selective 

immobilization of Y. enterocolitica of clinical significance and 3) evaluate the feasibility of synthesizing 

these proteins via standard recombinant molecular biology techniques. 

 
 

2.3 MATERIALS AND METHODS 

2.3.1 Genome sequences  

 The genome sequences of bacteriophages φYeO3-12  [NC_001271.1],  PY54 [NC_005069.1], 

φR1-37 [NC_016163.1],  PY100  [AM076770.1],   φ80-18 [HE956710.1],  phiR8-01 [HE956707.1],  

phiR201 [HE956708.1] and phiR1-RT [HE956709.1] were accessed from GenBank, the National  Institute 

of Health (NIH) genetic sequence database through the NCBI Entrez retrieval system 

(http://www.ncbi.nlm.nih.gov), which integrates data from the major DNA and protein sequence databases 

along with taxonomy, genome mapping, protein structure, protein domain information and biomedical 

journal literature (Benson et al., 2013). GenBank is part of the International Nucleotide Sequence Database 

Collaboration, which also comprises the DNA DataBank of Japan (DDBJ), and the European Molecular 

Biology Laboratory (EMBL). 
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2.3.2 Identification of host recognition binding proteins  

 In-silico analysis was used to identify putative RBPs or confirm previously assigned gene 

annotations. To determine similarity to described proteins and genome sequences in the NCBI database, 

analyses were performed using Basic Local Alignment Search Tool (BLAST) algorithms 

(http://www.ncbi.nlm.nih.gov/BLAST/) using default parameters (Altschul et al., 1997, 1990). Matches were 

reported along with the expect value (E), a parameter that describes the number of hits one can expect to 

see by chance when searching a database of a particular size, decreasing exponentially as the score of the 

match increases. To predict protein motifs, Pfam (http://pfam.xfam.org) and InterPro were used 

(http://www.ebi.ac.uk/interpro/).  The Pfam database is a large collection of protein families, each 

represented by multiple sequence alignments and biosequence analysis using profile hidden Markov 

models (HMMs) (Finn et al., 2014). InterPro provides a functional analysis of protein sequences by 

classifying them into families and predicting the presence of domains and important sites (Mitchell et al., 

2014). To classify proteins in this way, InterPro uses predictive models, known as signatures, provided by 

several different databases that make up the InterPro consortium. HHpred 

(http://toolkit.tuebingen.mpg.de/hhpred) was used to detect remote protein homology and predict its 

potential structure (Söding, Biegert, & Lupas, 2005). Identification of coiled coil regions in putative RBP 

protein sequences used COILS/PCOILS (Lupas, Van Dyke, & Stock, 1991). Protein sequence alignments 

were also performed as required using Clustal Omega (Sievers et al., 2011). 

The lack of demonstrable similarity between tail fiber proteins of different phages often prevents their 

direct identification. The tail fiber gene order however, is often conserved, which guides prediction of gene 

function. In some Podoviral phages for example, the RBP gene is often found preceding the holin gene, 

whose product is a transmembrane domain (TMD) containing protein involved in host lysis. In such cases, 

TMHMM v.2.0 and Phobius as (Käll, Krogh, & Sonnhammer, 2004; Krogh et al., 2001) were used to identify 

TMDs (Käll, Krogh, & Sonnhammer, 2004; Krogh et al., 2001). Sequence alignments were performed as 
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required using progressive Mauve assuming collinear genomes (Darling, Mau, & Perna, 2010) and 

Geneious R9 software version 9.0.2. (Biomatters Ltd, Auckland, New Zealand).  

 
2.4 RESULTS AND DISCUSSION 

2.4.1  Yersinia phage φYeO3-12 

Phage φYeO3-12 is a lytic Podovirus isolated from raw sewage in Finland and displays specificity 

for Y. enterocolitica O:3 based on the assay of 224 strains (Al-Hendy, Toivanen, & Skurnik, 1992; Pajunen 

et al., 2001;  Pajunen, Kiljunen, & Skurnik, 2000). Its genome is composed of linear dsDNA of 39,600 bp in 

size and is closely related to the genomes of coliphages T3 and T7. The overall DNA sequence identity 

between φYeO3-12 and the T3 genome is about 84%, and the genome organization of these two phages 

was found to be collinear, thus facilitating the inference of the probable function of putative gene products 

(Pajunen et al., 2002).  

In general, Podoviruses utilize a single RBP to mediate adsorption to the host cell surface. Gene 

17 of phage φYeO3-12 encodes a protein of 645 aa residues considered the major host range determinant 

since the replacement of Gp17 of bacteriophage T3 with the homologous φYeO3-12 Gp17 was sufficient to 

turn Enterobacteria phage T3 into a Y. enterocolitica infecting phage (Pajunen et al., 2001). On the φYeO3-

12 genome, gene 17 is found preceding gene 17.5 encoding the phage holin protein that is involved in lysis 

of the host (Figures 2.1 and 2.2). The host receptor for Gp17 is the O-PS homopolymer of 6-deoxy-L-

altropyranose found in the LPS of Y. enterocolitica O:3 (Pajunen et al., 2001; Pajunen, Kiljunen & Skurnik, 

2000). Conserved protein domains in Gp17 include a N-terminal phage T7 tail domain at aa interval 1-162 

(pfam03906, E-value 4.45e-80) associated with attachment of the tail fiber to the phage particle, and a 

Peptidase_S74 domain at aa interval 539-605 (pfam 13884, E-value 1.85e-10). The presence of the last in 

the protein sequence suggests a possible role as an ICD via trimerisation-dependent auto-proteolysis 

promoting protein folding of the RBP in an endogenous manner (Schwarzer et al., 2007). 
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Figure 2.1 Schematic representation of the Podovirus phage T7 tail architecture based on the 
description of its structural proteins 

Adapted from ViralZone:www.expasy.org/viralzone, Swiss Institute of Bioinformatics, under creative commons Attribution-Non 
Commercial 4.0 International license (CC BY-NC 4.0). 

 

 

Figure 2.2 Genetic and physical map of Yersinia phage φYeO3-12 

Predicted genes are arranged in the direction of transcription. The phage RBP is depicted in red preceding the phage holin gene 
17.5 (blue). Other genes are shown in black with selected functional annotations. Direct terminal repeats are shown in grey. The 
genetic map was created using Geneious R9 software version 9.0.2. (Biomatters Ltd) from the phage φYeO3-12 genome 
sequence [NC_001271.1]. 

 
 

2.4.2 Yersinia phage PY54 

 Phage PY54 was isolated in Germany from farm manure and exhibits a host range with specificity 

for Y. enterocolitica O:5,  O:5,27,  and some non-pathogenic strains of BT 1A (Hertwig et al., 2003a, 2003b; 
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Hertwig, Klein, & Appel, 2003; Popp et al., 2000). PY54 was the first temperate Yersinia infecting phage to 

be sequenced. The phage belongs to an unusual group of phages that maintains lysogeny by replicating as 

a linear prophage with covalently closed ends (Hertwig et al., 2003a). Besides the Escherichia phage N15 

and the linear plasmid prophage Klebsiella oxytoca pKO2, phage PY54 is the only other member of this 

group to be identified (Casjens et al., 2004; Ravin & Shulga, 1970; Ravin, 2011). PY54 is an unclassified 

Siphovirus and its genome is composed of dsDNA of 46,339 bp in length (Hertwig et al., 2003b; Popp et al., 

2000).  

The identification of the RBPs of phage PY54 is complicated by homology searches providing 

sequence identity to numerous prophage genomes sequenced within bacterial genomes and low homology 

to other phage genomes. The closest relatives to PY54 are the aforementioned phages phiKO2 

[AY374448.1] and N15 [AF064539.1] with a low overall DNA sequence identity of 19.9% and 4.7%, 

respectively.  Analysis of the PY54 genome reveals two probable RBP genes, ORF22 and ORF25. A closer 

inspection of the gene product of ORF22 of 847 aa shows it contains a phage tail 3 domain at aa interval 

253-403 (pfam 13550, E-value 8.85e-13) and a fibronectin type III domain at aa interval 460-642 

(IPR003961), a protein domain associated with cell adhesion functions. The closest homologs to ORF22 

however are hypothetical proteins from Y. frederiksenii [WP_050146147.1] (91% identity) and Y. rohdei 

[CNE63622.1] (90% identity). Likewise, the product of ORF25 of 690 aa contains a N-terminal prophage tail 

fibre domain predicted at aa interval 1-134 (pfam08400, E-value 8.90e-60) and a tail fiber domain spanning 

aa interval 105-377 (PHA00430, E-value 2.35e-03) with homology to hypothetical proteins from Y. 

frederiksenii [WP_050108194.1] (56% identity) and [WP_050146151.1] (58% identity). Since the location of 

the probable RBP genes on the PY54 genome must be similar to the location of related genes on the 

genomes of other lamboid phages, an alignment with the genome of Enterobacteria phage λ 

[NC_001416.1] was performed, suggesting that ORF22 and ORF25 likely correspond to phage λ host 

specificity protein J and side tail fiber (stf) protein, respectively (Figures 2.3 and 2.4) (Haggård-Ljungquist, 
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Halling, & Calendar, 1992; Hertwig et al., 2003b; Werts et al., 1994). In phage λ, the stf protein plays a role 

in primary attachment of the virion to the host, binding transiently until the tail tip, composed of the host 

specificity protein J interacts irreversibly inducing structural changes in the tail leading to viral DNA injection 

into the cell (Tam et al., 2013; Wang, Hofnung, & Charbit, 2000). It is unclear however if the putative stf 

protein of PY54 is required since the analogous protein in phage λ is not essential for adsorption to its 

receptor, the bacterial maltose pore protein LamB (Berkane et al., 2006; Randall-Hazelbauer & Schwartz, 

1973). The common laboratory strain of phage λ, so called λ wild type carries a frameshift mutation in the 

stf gene relative to Ur-λ (or λ-PaPa), the original isolate. The Ur-λ phage has side tail fibers, which are 

absent in phage λ wild type, and Ur-λ has expanded receptor specificity and adsorbs to host cells more 

rapidly, thus highlighting the role of the stf protein (Hendrix & Duda, 1992). Two proteins in Ur-λ constitute 

the mature stf protein, the product of stf and the product of gene tfa, a chaperone implicated in facilitating 

tail fiber assembly of the stf protein and which is also incorporated in the final structure (Xu, Hendrix, & 

Duda, 2014). In PY54 the homologous gene coding for the tail fiber assembly (tfa) chaperone is present as 

ORF27, and as in phage Ur-λ, is the leading gene in transcription after the stf gene (ORF25) (Figure 2.3). 

The synthesis of the putative RBPs of PY54 may be attainable since the homologous phage λ host 

specificity protein J and stf protein have been successfully cloned and expressed in E. coli (Berkane et al., 

2006; Wang, Hofnung, & Charbit, 2000; Xu, Hendrix, & Duda, 2014). The expression of the stf protein of 

PY54 however, may require co-expression with its putative chaperone protein (tfa) since presumably, it 

may be incorporated into the mature fiber as is reported to occur in phage λ (Xu, Hendrix, & Duda, 2014). 

Nevertheless, despite the reported specificity of phage PY54 which includes Y. enterocolitica O5,27 strains, 

the host cell receptor(s) of phage PY54 have not been identified, which complicates the use of these 

putative RBPs. 
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Figure 2.3 Genetic and physical map of Yersinia phage PY54 

Predicted genes are arranged in the direction of transcription. Genes coding for the putative RBPs of phage PY54 are depicted in 
red. A putative tail fiber assembly protein is shown in green. Other genes are shown in black with selected functional 
annotations. Enterobacteria phage λ homologs are listed in parenthesis. The genetic map was created using Geneious R9 
software version 9.0.2. (Biomatters Ltd) from the phage PY54 genome sequence [NC_005069.1]. 

 

 

 

Figure 2.4 Schematic representation of the Siphovirus phage λ tail architecture based on the 
description of its structural proteins 

Reproduced from ViralZone: www.expasy.org/viralzone,Swiss Institute of Bioinformatics), under creative commons Attribution-
Non Commercial 4.0 International license (CC BY-NC 4.0). 
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2.4.3 Yersinia phage PY100 

 PY100 is a lytic phage isolated from farm manure in Germany and is an unclassified member of the 

Myoviridae (Schwudke et al., 2008). The host range of PY100 was determined to be broad within the genus 

Yersinia and although it includes strains from the three human pathogenic species Y. pestis, Y. 

pseudotuberculosis, and Y. enterocolitica, other Yersinia spp. including Y. intermedia, Y. kristensenii, Y. 

frederiksenii and Y. mollaretti are susceptible to this phage. Among the Y. enterocolitica that are 

susceptible are strains belonging to serotypes O:3, O:5,27, O:8, O:9, several biogroup 1A strains, and 

untypeable strains (Schwudke et al., 2008). The PY100 genome consists of linear dsDNA of 50,291 bp with 

gene products homologous to capsid proteins and proteins involved in DNA metabolism of the 

Enterobacteria phage T1, whereas the tail proteins possess homologies to tail proteins from the 

morphologically similar Actinobacillus actinomycetemcomitans temperate phage Aaphi23 (Resch et al., 

2004; Schwudke et al., 2008).  

Members of the Myoviridae usually have much larger genomes than that of PY100. As a reference 

PY100 has a genome roughly a third of the size of phage T4 whose genome is 168 kb in size. By 

comparison the smallest Myovirus currently known is Bdellovibrio phage φ1402 of 24 kb in size 

(Ackermann, Krisch, & Comeau, 2011).  PY100 and phage Aaphi23 were recently compared to a group of 

“dwarf” Myoviruses (those with a genome of <50 kb) termed phiPLPE-like phages, all with a similar 

morphology and genome size revealing that these phages had a related structural morphogenesis module 

with a well-conserved gene order: terminase–portal–head–tail–baseplate–tail fibers (Comeau et al., 2012). 

A search for tail fiber genes in PY100 beyond the baseplate protein (ORF74) identified several putative 

RBPs (Figure 2.5), which are in agreement with the present annotation of the PY100 genome (Schwudke et 

al., 2008).  BLASTP analysis of the product of ORF78 did not produce any conserved protein domains and 

only showed limited homology with proteins of Y. aldovae [CP009781.1] (39% identity, E-value 0) and C. 

amalonaticus [CP011132.1] (60% identity, E-value 3.0 e-07). HHpred analysis however suggests a probable 
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adhesin (T4-like STF protein) at aa interval 55-307 (96.1% probability, E-value 3.9e-03). The adjacent gene 

ORF79 codes for a 185 aa protein which is similar in size and sequence to the phage T4 chaperone Gp38 

of 183 aa, containing a conserved phage T4 Gp38 tail assembly domain (IPR003458) and Caudo TAP 

domain at aa interval 47-188 (pfam02413, E-value 1.03e-21) suggesting a similar role in tail fiber protein 

folding. Further downstream, the product of ORF81 of 640 aa contains phage collar domains (pfam07484) 

at aa interval 312-374 and aa interval 73-133, a common motif often found in tail fiber proteins (Thomassen 

et al., 2003). Interestingly, the product of ORF81 shows some homology (39% identity, E-value 6e-42) with 

the aforementioned putative stf protein (ORF25) of phage PY54 and with the putative RBP of Y. 

enterocolitica phage φ80-18 [YP_007236350.1] (43% identity, E-value 1e-45). Further inspection via 

HHpred analysis suggested structural homology to the phage T4 LTF RBP Gp37 (100% probability, E-

value 2.3e-34) and STF RBP Gp12 (99.9% probability, E-value 1.2e-27). The next gene in transcription, 

ORF82 codes a small protein of 143 aa with a conserved phage T4 Gp38 tail fiber assembly domain 

(IPR003458) at aa interval 64-143 (pfam02413, E-value 1.00e-06) suggesting a chaperone role in tail fiber 

protein folding. Phage PY100 may have yet another probable RBP of 255 aa coded by ORF83, evident 

through the presence of a phage tail collar domain at aa interval 74-117 (pfam07484, E-value 7.10e-12) and 

high structural and sequence identity with the C-terminus or distal tip of the phage T4 LTF RBP (Gp37) as 

determined by HHpred (probability 100%, E-value 2.7e-56). 

It is clear that more than one probable RBP may be present in phage PY100, which may explain its 

exceptionally wide host range. Defining the role of each of the putative RBPs and corresponding host 

receptors however, requires experimental evidence beyond in-silico identification. More importantly, since 

the host range is the broadest reported among known Y. enterocolitica phages and encompasses 

numerous Y. enterocolitica serotypes and strains belonging to other species within the genus, PY100 is 

rather better suited for biocontrol uses as recently demonstrated (Orquera et al., 2012) than for use for 

diagnostic purposes.  
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Figure 2.5 Partial genetic and physical map of Yersinia phage PY100 

ORF74 through ORF86 are arranged in the direction of transcription. Genes coding for putative RBPs are depicted in red and 
putative tail fiber assembly proteins are shown in green. Other genes are shown in black with selected functional annotations. 
The genetic map was created using Geneious R9 software version 9.0.2. (Biomatters Ltd) from the phage PY100 genome 
sequence [AM076770.1]. 

 

2.4.4 Yersinia phage φR1-37 

 Phage φR1-37 is a large lytic phage isolated from raw sewage in Finland and is an unclassified 

member of the Myoviridae family. It has a circular dsDNA genome estimated at 270 kb in size and 

morphologically resembles Pseudomonas aeruginosa phage φKZ, which is considered one of the largest 

bacteriophages (Kiljunen, Hakala, et al., 2005; Mesyanzhinov et al., 2002; Pajunen, Molineux, & Skurnik, 

2003); the largest being the Bacillus megaterium phage G of 497 Kb in size containing 684 genes (Pedulla, 

2003). Phage φR1-37 has no overall DNA sequence identity with any other phage genome and codes for 

366 putative genes, most of which are unrelated to ORFs of any known protein, indicating that close 

relatives have not been characterized. Phage φR1-37 was isolated based on its ability to infect strain 

YeO3-R1, a plasmid-cured, O-PS negative derivative of Y. enterocolitica O:3 (Al-Hendy, Toivanen, & 

Skurnik, 1992; Kiljunen, Hakala, et al., 2005). Thus, the φR1-37 host receptor has been determined to be 

the OC hexasaccharide and not the O-PS (Skurnik et al., 1995, 2012). Phage φR1-37 displays a broad 

specificity showing virulence for Y. enterocolitica O:1, O:3, O:5, O:5,27, O:6, O:6,31, O:9, O:21, 

O:25,26,44, O:41,43, O:41(27)43, and O:50 (Beczała et al., 2015; Kiljunen, Hakala, et al., 2005; Skurnik et 

al., 1995). The phage receptor however, is also present in the OC of Y. intermedia O:52,54, and in the O-

PS of Y. similis which were also sensitive to φR1-37 (Beczała et al., 2015; Kiljunen, Hakala, et al., 2005). 
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Since the LTF genetic locus is highly conserved among the Myoviridae, the coding sequences 

flanking the phage holin gene (Figure 2.6) were inspected (Yu et al., 2000). First, the holin gene was 

identified (ORF289) since its product shares sequence homology to the Pseudomonas phage YuA holin 

protein (43% identity, E-value 3e-46) and contains a single N-terminal TMD predicted at aa interval 7-29; a 

typical topology present among holin proteins. The genes flanking ORF289 were then inspected and were 

found to encode several phage tail fiber proteins. The proximal tail fiber protein (ORF300) is evident by 

HHpred analysis due to its similarity to an Acinetobacter phage P22 structural protein associated with the 

viral baseplate periphery (99.7% probability, E-value 2.6e-17). The product of ORF298 of 705 aa was 

identified as an probable RBP homologous to the phage T4 LTF protein Gp37 involved in host recognition. 

This was based on the presence of a phage collar protein domain at aa interval 550-593 (pfam07484, E-

value 5.06e-06), a phage related tail fiber protein domain at aa interval 306-610 (COG65301, E-value 5.26e-

06), as well as HHpred analysis revealing structural similarity to the C-termini of the phage T4 LTF protein 

Gp37 (99.9% probability, E-value 1.3e-26) and STF protein Gp12 (99.9% probability, E-value 9.5e-28). In 

addition, the adjacent gene ORF297, contains a Gp38-like chaperone based on the presence of a phage 

T4 Gp38 tail assembly domain (IPR003458) or Caudo TAP domain at aa interval 100-222 (pfam02413, E-

value 5.90e-21) suggesting a chaperone role in tail fiber assembly.  

Like PY100, the host range of φR1-37 is broad and is beyond the required specificity that this 

study demands. In addition, the φR1-37 genome is unusual in that it is composed of DNA in which 

thymidine (T) is replaced by deoxyuridine (dU) (Kiljunen, Hakala, et al., 2005). The only organisms known 

to have similar DNA are the Bacillus subtilis-specific bacteriophages PBS1 and PBS2 (Takahashi & 

Marmur, 1963). Due to the aberrant nature of the φR1-37 genome containing dU and since dU is readily 

degraded by bacterial enzymes, genetic manipulation or modification is difficult since bacterial strains 

lacking dUTPase and uracil N-glycosylase may be required (Duncan & Warner, 1977; Taylor & Weiss, 

1982; Wang & Mosbaugh, 1988).   
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Figure 2.6 Partial genetic and physical map of Yersinia phage φR1-37 

ORF288 through ORF304 are arranged in the direction of transcription. The gene coding for a putative RBP is depicted in red. A 
putative tail fiber assembly protein is shown in green. Other genes are shown in black with selected functional annotations. The 
genetic map was created using Geneious R9 software version 9.0.2. (Biomatters Ltd) from the phage φR1-37 genome sequence 
[NC_016163.1].  

 
 
 

2.4.5 Yersinia phage φ80-18  

 Phage φ80-18, an unclassified member of the Podoviridae family isolated from sewage in Finland 

(Zhang & Skurnik, 1994) is composed of linear dsDNA of 42,081 bp in length. Phage φ80-18 has O-PS as 

the receptor so it infects O:8 and O:7,8 and other strains that carry the O:8 epitope (Sihvonen et al., 2012; 

Zhang & Skurnik, 1994). The RBP gene has been identified as gene 47 of 1259 bp (669 aa) based on 

protein homology and gene synteny (Figure 2.7). As in phage φYeO3-12, the RBP gene is also located at 

the 5’ end of the holin gene.  The product of gene 47 of φ80-18 has several conserved protein domains 

identifying it as the probable RBP including an N-terminal phage tail fiber domain at aa interval 23-132 

(pfam03906, E-value5.56e-08) and a phage tail collar domain (IPR005604) at aa interval 335-415.  In 

addition coiled-coil regions were also identified at aa intervals 538-558 and 172-192 as predicted by 

COILS/PCOILS (Lupas, Van Dyke, & Stock, 1991). Its closest homolog is the putative RBP of Aeromonas 

phage phiAS7 (55% identity, E-value 2e-72) and also shares some sequence similarity with the 

aforementioned putative RBP (ORF82) from phage PY100 (43% identity, E-value 8e-46). 
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Figure 2.7 Genetic and physical map of Yersinia phage φ80-18 

Predicted genes are arranged in the direction of transcription. Gene47 coding for the phage RBP is depicted in red preceding the 
phage holin gene (blue). Other genes are shown in black with selected functional annotations. The genetic map was created 
using Geneious R9 software version 9.0.2. (Biomatters Ltd) from the phage φ80-18 genome sequence [HE956710.1]. 

 

2.4.6 Yersinia phage phiR8-01 

 Phage phiR8-01 (Biedzka-Sarek et al., 2008) was isolated from sewage in Finland and is an 

unclassified Podovirus composed of linear dsDNA of 41,700bp in length (Skurnik et al., 2007). Phage 

phiR8-01 was isolated using strain YeO3-c-trs8a, a Y. enterocolitica O:3 mutant that is missing both the O-

PS and the OC of the LPS  (Biedzka-Sarek et al., 2008). Its host range is thus narrow and does not infect 

Y. enterocolitica O:3 with a complete LPS chemotype (Skurnik et al., 2007).  The putative RBP gene has 

been identified as gene 6 (929 aa) under the annotation provided in GenBank [HE956707.1]. Although 

some distant homology to other phage tail fiber proteins was found, inspection of gene 6 by InterPro, 

HHpred and Pfam describe rather, a protein with a putative glucosyl hydrolase domain at the N-terminus 

with similarity to internal capsid proteins. Inspection of the genes spanning gene 43 (head to tail joining 

protein) to gene 7 (holin protein) (Figure 2.8) reveals the product of gene 5 contains an N-terminal phage 
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T7 tail domain (pfam03906, E-value 5.05e-09) at aa interval 19-132. Gp5 also shows some sequence 

identity to the RBP of Aeromomas phage phiAS7 (49% identify, E-value 2.0e-32), Yersinia phage φ80-18 

(46% identity. E-value 9.0e-28), and Burkholderia phage Bp_AMP4 phage (44% Identity, E-value 2.0e-27). 

These observations suggest Gp5 may also be considered a putative RBP of phage φ80-18.  

 

 

Figure 2.8 Genetic and physical map of Yersinia phage phiR8-01 

Predicted genes are arranged in the direction of transcription. Gene5 (shown in red) is proposed as the putative RBP. The holin 
gene is depicted in blue; other genes are shown in black with selected functional annotations. The genetic map was created 
using Geneious R9 software version 9.0.2. (Biomatters Ltd) from the phage phiR8-01 genome sequence [HE956707.1]. 
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2.4.7 Yersinia phage phiR201 

 Phage phiR201 is an unclassified Syphovirus composed of dsDNA of 112,795 bp in length isolated 

in Finland using an O-PS negative LPS mutant derived from Y. enterocolitica O:8 and its host range has 

not been reported.   

Phage phiR201 presents a gene organization similar to that of Enterobacteria phage T5, thus 

facilitating the identification of its putative RBPs by gene synteny and protein homology searches. In phage 

T5, the non-contractile tail contains a collar structure that also serves as a baseplate for three L-shaped 

fibers and a cone-shaped structure ending in a central tail fiber (Figure 2.9) (Effantin et al., 2006; Garcia-

Doval et al., 2013; Kaliman et al., 1995).  The predicted gene product of gene 125 contains a tail fiber 

protein domain at aa interval 197-246 (PHA00430, E-value 1.20e-05) and thus is likely to correspond to the 

proximal structural part of the L-shaped fiber. The product of the following gene 124 contains a Caudo TAP 

domain at interval 29-127 (pfam02413, E-value 2.95e-18) suggesting a role in tail fiber assembly. Gene 123 

corresponds to the terminal end of the L-shaped fiber (pb1) as its product codes for a phage collar domain 

at interval 183-252 (pfam07484) and a C-terminal Peptidase S_74 domain at interval 545-599 (pfam13884, 

E-value 2.03e-04). The latter suggests the presence of an ICD and possible trimerisation-dependent auto-

proteolysis (Schwarzer et al., 2007) as reported in pb1 of phage T5 (Garcia-Doval et al., 2015), which binds 

to the O-PS of E. coli O8 and O9 (Heller & Braun, 1982). Elsewhere in the genome, the product of gene 

144 of phiR201 is homologous to another RBP (pb5) of phage T5, which binds to the E. coli Omp 

ferrichrome transporter FhuA (Heller & Bryniok, 1984; Mondigler, Holz, & Heller, 1996). Upon binding to 

host FhuA, pb5 undergoes conformational changes that trigger DNA release (Flayhan et al., 2012; 

Zivanovic et al., 2014). In T5, pb5 is located at the tip of the central tail fiber (Figure 2.9). Figure 2.10 

displays the relative genomic organization of the tail fiber genes of phiR201. 
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Figure 2.9 Schematic representation of the Siphovirus phage T5 tail architecture based on the 
description of its structural proteins 

Reproduced from ViralZone:www.expasy.org/viralzone, Swiss Institute of Bioinformatics, under creative commons Attribution-
NonCommercial 4.0 International license (CC BY-NC 4.0). 

 
 

 

Figure 2.10 Partial genetic and physical map of Yersinia phage phiR201 

Predicted genes are arranged in the direction of transcription. Genes123 and Gene 144 code for putative RBPs and are depicted 
in red. Other genes are shown in black with selected functional annotations. Enterobacteria phage T5 protein homologs are listed 
in parenthesis. The genetic map was created using Geneious R9 software version 9.0.2. (Biomatters Ltd) from the phage 
phiR201 genome sequence [HE956708.1].  
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2.4.8 Yersinia phage phiR1-RT 

 Phage phiR1-RT is an unclassified myovirus composed of linear dsDNA of 168,809 bp with a T4-

like gene arrangement. Y. enterocolitica strains of serotype O:1, O:2, O:3, O:5, O:5,27, O:6, O:7,8, and O:9 

are sensitive to the phage and the host cell receptors are thought to be the OmpF and the IC of the LPS 

(Skurnik M., Personal communication, 2015). In phiR1-RT, the genetic locus coding for the LTF proteins is 

located between the phage ribonuclease H gene (ORF246) and the holin gene (ORF252) and follow an 

identical arrangement to that found in phage T4. As described in Chapter 1, in phage T4 the LTF is formed 

by the proximal tail fiber protein subunit Gp34, the structural tail fiber proteins Gp35 and Gp36, and the 

distal RBP Gp37 (Bartual et al., 2010b; Leiman et al., 2010). In phiR1-RT these proteins correspond to the 

products of ORFs 247, 248, 249, and 250, respectively (Figure 2.11). The putative LTF RBP is coded by 

ORF250, the product of which is a protein of 503 aa residues with some sequence similarity to the LTF 

RBP of Cronobacter phage vB_CsaM_GAP161 (40% identity, E-value 9e-29). As in phage T4, a Gp38-like 

tail fiber assembly protein (ORF251) was also found in phiR1-RT in the same relative position adjacent to 

the holin protein (ORF252). 

 
 
 

 

Figure 2.11 Genetic and physical map of genes 246-253 of Yersinia phage phiR1-RT 

Predicted genes are arranged in the direction of transcription. The putative LTF RBP is depicted in red and a tail fiber assembly 
protein is shown in green preceding the phage holin gene (blue). Other genes are shown in black with selected functional 
annotations. The genetic map was created using Geneious R9 software version 9.0.2. (Biomatters Ltd) from the phage phiR1-RT 
genome sequence [HE956709.1] 
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In T4, after the LTFs have bound, the STFs at the baseplate bind irreversibly to the host IC of the 

LPS (Leiman et al., 2010; Thomassen et al., 2003; Van Raaij et al., 2001b). In phiR1-RT the product of 

ORF159 codes for a protein of 446 aa residues that shares sequence identity to the putative STF protein of 

Klebsiella phage JD18 (39% identity, E-value 2.0e-92). These proteins are homologous to the STF RBP 

Gp12 of phage T4.  

 
2.5 CONCLUSIONS 

 In-silico analysis of known Y. enterocolitica phage genome sequences yielded several RBPs that 

may provide the intended specificity for clinically significant Y. enterocolitica serotypes O:3, O,5,27, O:8 

(Table 2.1). Based on the reported host range and phage host receptor information, the RBP coded by 

gene 17 of phage φYeO3-12 is perhaps the strongest candidate for use as a ligand for Y. enterocolitica 

O:3. Likewise, the RBP coded by gene 47 of phage φ80-18 is a potential ligand for Y. enterocolitica O:8. In 

addition, these RBPs may not require the use of chaperones for protein folding since Podoviral RBPs 

presumably fold endogenously and thus the synthesis of soluble amounts of correctly folded trimeric protein 

is likely attainable via conventional recombinant molecular biology techniques. On a secondary level of 

consideration are the RBPs of phage PY54 which provide specificity for Y. enterocolitica O:5,27. Although 

the PY54 RBP genes have been identified with a high level of certainty, the host cell receptors remain 

undefined, requiring further study beyond in-silico identification. Of interest are the RBPs of phages phiR1-

RT, and PhiR-201. In the case of the former, it is ideal that the phage presents a host range encompassing 

three of the major epidemiologically significant serotypes (O:3, O:5,27, and O:9) and that its LTF genetic 

locus mirrors the gene arrangement found in the phage T4 genome. Synthesis of its RBPs however, must 

be amenable to the use of molecular approaches that circumvent the chaperone factor or alternatively, 

attempt co-expression with its phage-encoded chaperones. In the case of phage phiR201 the expression of 

its RBPs (L-shaped fiber protein and host specificity protein) may also be attainable since their homologs in 
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phage T5 have been successfully synthesized (Garcia-Doval & Van Raaij, 2012; Garcia-Doval et al., 2015; 

Heller & Bryniok, 1984; Plançon et al., 2002; Zivanovic et al., 2014). A more detailed host range study 

however, needs to be completed to define its specificity for Y. enterocolitica. In addition, as with phage 

PY54, the phage host receptors of phage phiR201 have not been identified. The putative RBPs identified 

from phages PY-100, φR1-37 and phiR8-01 were not of consideration for the present study because of a 

lack of confidence in their identification due to poor sequence identity to other phage proteins and phage 

genomes. These phages also exhibit either an extremely narrow host range (phage phiR8-01), or a broad 

host range that is beyond the intended specificity (phages PY100 and φR1-37). Perhaps as more phage 

genomes are sequenced and annotated, a more complete picture will arise to conclusively define the RBPs 

of these and other novel phages. 

This bioinformatics analysis highlighted the limited number Y. enterocolitica phages with known 

genome sequence and reliable information on host range and receptor specificity. Among the phages 

examined for example, there are no reported serotype O:9 specific yersiniophages that fit these criteria. 

These findings supported the need to isolate and characterize novel Y. enterocolitica bacteriophages in 

order to expand the repertoire of candidate RBP ligands for use in this research. 
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Table 2.1 Host recognition binding proteins from bacteriophages infecting Yersinia enterocolitica 

Phage Host Range Receptor Putative RBP  Comments 
 

Podoviridae 
φYeO3-12  
[NC_001271.1] 

O:3, O:1; O:2 O-PS (homopolymer 
of 6-deoxy-L-
altropyranose) 

Gp17 Similar to 
Enterobacteria 

phage T7 
φ80-18 
[HE956710.1] 
 

O:8, O:7,8 O-PS (heteropolymer 
of branched 
pentasaccharide 
repeating units of 
GalpNAc, Galp, Man, 
Fuc, and 6d-Gul) 

Gp47  
Similar to 

Enterobacteria 
phage T7 

phiR8-01  
[HE956707.1] 

O:3 (O-PS and OC negative 
strains) 

Unknown,  
Possibly IC of LPS 

Gp5 (proposed) 
Gp6 

Similar to 
Enterobacteria 

phage T7 
 

Siphoviridae 
phiR201  
[HE956708.1] 

Not determined 
O:8 (O-PS negative strains). 
 

Unknown Gp123 (pb1) 
 
Gp144 host specificity 
protein (pb5) 

Similar to phage 
Enterobacteria 

phageT5 

PY-54  
[NC_005069.1] 

O:5, O:5,27, 
Some BT 1A strains 

Unknown Gp25 (stf protein) 
 
Gp22 host specificity 
protein (J) 
 

Similar to phage λ 
 
 

Myoviridae 
PY-100  
[AM076770.1] 

O:3, O:5,27, O:8, O:9, BT 1A 
strains, untypeable strains  
Y. pestis 
Y. pseudotuberculosis 
Y. intermedia 
Y. kristensenii  
Y. frederiksenii  
Y. rohdei  
Y. mollaretii 

Unknown Gp78 
Gp81 
Gp83  

Similar to phiPLPE- 
like phages (Dwarf 

Myoviruses) 

φR1-37 
[NC_016163.1] 

O:1, O:3, O:5, O:5,27, O:6, 
O:6,31, O:9, O:21, O25,26,44, 
O41,43, O41(27)43, O:50. 
Y. intermedia O:52,54  
Y. similis 

OC of LPS in O:3 Gp298 (similar to 
phage T4 LTF RBP) 
 
 

Contains DNA in 
which thymidine (T) 

is replaced by 
deoxyuridine (dU) 

phiR1-RT 
[HE956709.1] 

O:1, O:2, O:3, O:5, O:5,27, 
O:6, O:9, 

OmpF and IC of LPS Gp250 (similar to 
phage T4 LTF RBP) 
 
Gp159 (similar to 
phage T4 STF RBP) 
 

Similar to 
Enterobacteria 

phage T4 

Putative RBPs identified through this study are presented in bold and underlined text. GenBank accession numbers are listed in 
brackets. Gp, gene product. 
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 ISOLATION AND MORPHOLOGICAL CHARACTERIZATION OF Chapter 3:
BACTERIOPHAGES INFECTING YERSINIA ENTEROCOLITICA  

 
3.1 ABSTRACT 

Twenty-three bacteriophages infecting Y. enterocolitica were obtained from raw sewage and pig 

manure using Y. enterocolitica strains of serotype O:3, O:5,27, O:8, or O:9 as hosts for isolation. The 

phages were tested on a collection of forty Yersinia sp. strains showing variable lytic activity. Based on 

phage susceptibility patterns and lytic strength, serotype O:3 specific phages RS05 [vB_YenP_AP5] and 

PM07 [vB_YenP_AP10], serotype O:8 specific phages RS08 [vB_YenM_AP8] and PM08 

[vB_YenP_ISAO8], and a broad host range phage PM06 [vB_YenM_TG1] infecting strains of serotype O:3, 

O5,27 and O:9, were selected for morphological study via transmission electron microscopy (TEM). All 

phages observed by TEM were tailed, belonging to the Myoviridae or Podoviridae families.  

 
3.2 INTRODUCTION 

 The objective of this part of the study was to isolate Y. enterocolitica specific phages that are active 

against clinically significant serotypes and to characterize them with respect to morphology. Emphasis was 

placed on the isolation of lytic phages infecting Y. enterocolitica of serotypes O:3, O:5,27, O:8, and or O:9 

because these are the predominant serotypes causing yersiniosis in humans (Bottone 1999; Fredriksson-

Ahomaa, Stolle, & Korkeala, 2006; Fukushima et al 2011). Two potential sources for phages were 

considered, raw sewage and pig manure. Raw sewage was chosen since lytic Y. enterocolitica phages 

have been readily isolated from this sample type (Baker & Farmer, 1982; Calvo et al., 1981; Kawaoka et 

al., 1987, 1982; Kiljunen, Hakala, et al., 2005; Pajunen et al., 2001; Zhang & Skurnik, 1994). Pig manure 

was considered a potential source of Yersinia infecting phages since pigs are considered the main 

reservoir of Y. enterocolitica (Fredriksson-Ahomaa, Hallanvuo, et al., 2001; Hayashidani et al., 2003; 

McNally et al., 2004; Wojciech et al., 2004). In addition, the isolation of Y. enterocolitica phages from farm 
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manure (Hertwig  et al., 2003b; Schwudke et al., 2008), more specifically pig manure, has been reported 

(Salem et al., 2015). 

 
3.3 MATERIALS AND METHODS 

3.3.1 Bacterial strains and growth media 

 Bacterial strains were acquired from the Félix d'Hérelle Reference Center for Bacterial Viruses 

(Université Laval, QC, Canada); Public Health Ontario (PHO) (Ontario, Canada); the Department of 

Bacteriology and Immunology, Haartman Institute (University of Helsinki, Finland); and the American Type 

Culture Collection (ATCC) (Manassas, Virginia, USA). Trypticase Soy Broth (TSB), Trypticase Soy Agar 

(TSA), and Trypticase Soft Agar (TSB + 0.6% agar) (Difco Laboratories, Detroit, MI) were used to grow 

bacteria and to isolate and propagate phages. In procedures involving phage infection, media were 

supplemented with pre-sterilized CaCl2 at a final concentration of 10 mM. Cultures were obtained from 

frozen stocks kept at -80°C, and maintained on TSA slants at 4°C for routine use. The purity of cultures 

was monitored by cultural characteristics and biochemical reaction profiles. 

 
3.3.2 Isolation and purification bacteriophages 

Bacteriophages were obtained from a raw sewage sample collected in June of 2012 from a local 

wastewater treatment plant (Guelph, ON, Canada) and from fresh pig manure samples collected in July 

2012 from the Arkell Research Station (University of Guelph, Guelph) and in August 2013 from a rural farm 

in Ontario, Canada. One liter of raw sewage or 500 ml of pooled pig manure homogenized in 500 ml of 

PBS buffer (8 g of NaCl, 0.2g of KCl, 1.44g of Na2HPO4, 0.24g of KH2PO4, per liter, pH 7.4) were 

centrifuged twice at 10,000 g for 20 minutes at 4°C using a Beckman high-speed centrifuge and a JA-10 

fixed-angle rotor (Beckman, Palo Alto, CA, USA) and the supernatant was filtered through a sterile 0.45 µm 

membrane filter (Fisher Scientific, Mississauga, ON, Canada). Bacteriophages were enriched as previously 

described (Baker & Farmer, 1982). Equal 9 ml volumes of the filtered supernatant and double strength TSB 
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were each inoculated with 200 μl of a culture of Y. enterocolitica O:3, O:8, O:9, or O:5,27 previously grown 

in TSB at 25°C for 12h (Table 3.1), followed by incubation for 18 h at 25°C with shaking at 150 rpm.  After 

the incubation period, the enrichments were centrifuged at 4,000 g for 15 min and the supernatant was 

filtered through a sterile 0.45 µm membrane filter. Phages were then detected by standard spot tests on 

the same indicator strains incubating for 16-20 h at 25°C (Kutter, 2009). Complete or partial lysis zones 

were removed by cutting the soft layer from the plates using a sterile pipette tip and placing them 

separately in 1 ml of SM buffer (5.8g of NaCl per liter, 2.0 g of MgSO47H2O per liter, 50 mM Tris-HCl, pH 

7.5) allowing phages to diffuse from the agar at room temperature for 4 hours prior to their use in standard 

double agar overlay plaque assays (Sambrook & Russel, 2001) on the same indicator strains to identify 

plaques showing different size and plaque morphology. Briefly, 100 μl of the sample and 10-fold serial 

dilutions (10-1 to 10-6) in SM buffer were mixed with 100 μl of broth culture containing an indicator strain in a 

test tube and incubated at 25 °C for 20 min. Three ml of molten (48°C) trypticase soft agar were added, the 

tube contents mixed, and poured onto the surface of a TSA plate and allowed to harden. The plates were 

inverted and incubated for 16-20 h at 25°C. Plates were examined for the presence of plaques exhibiting 

varied plaque morphology. Individual plaques were removed by cutting the soft layer from the plates using 

a sterile pipette tip and placing the excised agar plug separately in 1 ml of SM buffer and allowing the 

phages to diffuse from the agar at room temperature for 4 hours prior to their use in standard double agar 

overlay plaque assays (Sambrook & Russel, 2001). Three rounds of repeated single plaque isolation were 

then performed to ensure unique phages were obtained.  

 
Table 3.1 Y. enterocolitica indicator strains used for isolation and propagation of phages 

Yersinia enterocolitica strain Biotype Serotype          Source 

6471/76-c  4 O:3 Clinical isolate, Finland 
C 2 O:5,27 Clinical isolate, Canada  
ATCC 23715 1 O:8 Clinical isolate, USA 
K14 2 O:9 Clinical isolate, Canada 
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3.3.3 Preparation of bacteriophage stocks 

 To prepare phage stocks, phages were propagated using the standard double agar overlay plaque 

assay (Sambrook & Russel, 2001). Plates were incubated for 18-24h overnight at 25°C and 3 ml of SM 

buffer was added to plates showing a semi-confluent lawn of plaques followed by incubation at room 

temperature for 2 hours on a rocking platform. The soft agar was scraped using a sterile glass rod and the 

buffer and soft agar from each plate was collected into a 50-ml tube followed by centrifugation at 4000 g for 

15 minutes at 4°C. The supernatant was then filtered through a 0.22 μm pore size membrane filter (Millex 

Millipore) into a new sterile 50-ml tube. The small drop plaque assay was used to determine the titer of 

phage preparations (Mazzoco et al., 2009). Filtered solutions were stored at 4°C. For long term storage 1 

ml aliquots were each mixed with 1 ml of 50% sterile glycerol peptone and frozen at -80°C.  

 
3.3.4 Preliminary host range and lytic strength 

 The spectrum of virulence of the phage isolates was tested by standard spot tests (Kutter, 2009) 

on a collection of forty strains representing 11 of the 17 known Yersinia spp. Among these, 5 strains each 

of Y. enterocolitica serotypes O:3, O5,27, O:8, and O:9 were included (Table 3.2) and 2 strains each of Y. 

aldovae, Y. aleksiciae, Y. bercovieri, Y. intermedia, Y. frederiksenii, Y. kristensenii, Y. mollaretii, Y. 

pseudotuberculosis, Y. rohdei, and Y. ruckeri. Briefly, 10 µl from a purified phage suspension containing 

approximately 108 plaque forming units (PFU) were spotted in a lawn of bacteria and left to dry before 

incubation for 18-24 h at 25°C. Each strain was tested three times. The degree of lysis or lytic strength was 

recorded using the following point scale: (4) complete clearing, (3) clearing throughout but with a faint hazy 

background, (2) substantial turbidity throughout the cleared zone, (1) a few individual plaques, and (0) no 

effect of phage on bacterial growth. The sum of the lytic strength of each phage isolate against the Yersinia 

spp. strains was recorded as the lytic score for each phage. Phage isolates exhibiting the strongest lytic 
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activity and with specificity for Y. enterocolitica of serotype O:3, O5,27, O:8 and or O:9 were selected for 

further study. 

 
3.3.5  Cross infectivity 

 To determine the ability of selected phages to infect bacteria from other genera, 20 non-Yersinia 

species strains, each belonging to a different genus (Table 3.3) were tested by standard spot tests (Kutter, 

2009) as described previously in section 3.3.4.  

 
3.3.6 Transmission electron microscopy 

 Selected phages were examined by transmission electron microscopy (TEM) as previously 

described (Ackerman, 2009). One ml volumes of high titre phage stocks of approximately 108 PFU/ml were 

centrifuged at 25,000 g for 1 hour at 4°C, using a Beckman high-speed centrifuge and a JA-18.1 fixed-

angle rotor (Beckman, Palo Alto, CA, USA). The phage pellets were washed twice under the same 

conditions in neutral 0.1 M ammonium acetate. The final phage sediments were then re-suspended in 150 

μl of SM-buffer supplemented with 10 mM CaCl2. A 10 μl volume of sample was then deposited onto 300-

mesh copper grids with carbon-coated Formvar films, allowed to stand for 2 min and the extra liquid was 

drawn off by blotting with filter paper. Preparations were negatively stained with 2% uranyl acetate (UA), pH 

4.0, or 2% potassium phosphotungstate (PT), pH 7.2, and air-dried (Brenner & Horne, 1959; Hall 1955; 

Huxley & Zubay, 1961). The stained phage samples were examined under a FEI Tecnai G2 F20 field 

emission TEM, operating at 200 KEv. Images were collected with a Gatan UltraScan 4000 charge-coupled-

device (CCD) and analyzed using Digital Micrograph™ Software (Gatan, Pleasanton, CA, USA). The data 

were collected at the Molecular & Cellular Imaging Facility, Advanced Analysis Centre of the University of 

Guelph (Ontario, Canada). Phage structure dimensions were estimated based on the average of 10 

measurements after calibration with bovine liver catalase crystals (Sigma, USA). 
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Table 3.2 Yersinia species strains used to determine the lytic spectrum of phages 

Yersinia species Strain Identification Serotype Source 

Y. aldovae Z1  PHO 
Y. aldovae Z2  PHO 
Y. aleksiciae  404/81 O:16 UH 
Y. aleksiciae  317/82 O:16 UH 
Y. bercovieri Z4  PHO 
Y. bercovieri Z3  PHO 
Y. enterocolitica K9 O:3 PHO 
Y. enterocolitica K11 O:3 PHO 
Y. enterocolitica B O:3 PHO 
Y. enterocolitica 6471/76-c O:3 FHRCBV 
Y. enterocolitica K1 O:3 PHO 
Y. enterocolitica K5 O:5,27 PHO 
Y. enterocolitica K8 O:5,27 PHO 
Y. enterocolitica C O:5,27 PHO 
Y. enterocolitica K7 O:5,27 PHO 
Y. enterocolitica D O:5,27 PHO 
Y. enterocolitica ATCC 9610 O:8 ATCC 
Y. enterocolitica ATCC 23715 O:8 ATCC 
Y. enterocolitica ATCC 27729 O:8 ATCC 
Y. enterocolitica I O:8 PHO 
Y. enterocolitica K20 O:8 ATCC 
Y. enterocolitica K14 O:9 PHO 
Y. enterocolitica G O:9 PHO 
Y. enterocolitica K15 O:9 PHO 
Y. enterocolitica H O:9 PHO 
Y. enterocolitica K13 O:9 PHO 
Y. frederiksenii Q  PHO 
Y. frederiksenii S  PHO 
Y. intermedia M  PHO 
Y. intermedia N  PHO 
Y. kristensenii Y  PHO 
Y. kristensenii ATCC 33639  ATCC 
Y. mollaretii T  PHO 
Y. mollaretii U  PHO 
Y. pseudotuberculosis K I PHO 
Y. pseudotuberculosis L I PHO 
Y. rohdei W  PHO 
Y. rohdei V  PHO 
Y. ruckeri ATCC 29473 I ATCC 
Y. ruckeri O  PHO 

(FHRCBV) Félix d'Hérelle Reference Center for Bacterial Viruses (Université Laval, QC, Canada); (PHO) Public Health Ontario 
(Ontario, Canada); (UH) Department of Bacteriology and Immunology, Haartman Institute (University of Helsinki, Finland); 
(ATCC) American Type Culture (Manassas, Virginia, USA). 
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Table 3.3 Bacterial strains used to examine the cross infectivity of selected phages 

Bacterial species Strain identification 

Aeromonas hydrophila ATCC 15467 
Bacillus cereus ATCC 14579 
Citrobacter freundii ATCC 8090 
Edwardsiella tarda ATCC 15947 
Enterobacter cloacae ATCC 35030 
Enterococcus faecalis ATCC 29212 
Escherichia coli ATCC 25922 
Hafnia alvei ATCC 51815 
Klebsiella pneumoniae ATCC 13883 
Listeria monocytogenes ATCC 19115 
Morganella morganii ATCC 25830 
Pantoea agglomerans ATCC 27155 
Proteus mirabilis ATCC 29906 
Providencia stuartii ATCC 49809 
Pseudomonas aeruginosa ATCC 27853 
Salmonella enterica, subsp. enterica, serovar Heidelberg ATCC 8326 
Serratia marcescens ATCC 14756 
Shigella flexneri ATCC 29903 
Staphylococcus aureus ATCC 25923 
Stenotrophomonas maltophilia ATCC 13843 

 (ATCC) American Type Culture (Manassas, Virginia, USA). 

 
3.4 RESULTS AND DISCUSSION 

3.4.1 Isolation of bacteriophages, preliminary host range and lytic score 

Yersinia phages were isolated from all of the collected environmental samples. Among the 23 

phages isolated exhibiting different plaque morphology, 15 were isolated from raw sewage (RS) and 8 were 

isolated from pig manure (PM). The phage isolates were variably active against 40 Yersinia strains tested 

showing 11 phage susceptibility patterns and lytic scores ranging from 2 to 48 (Table 3.4). Phages RS01, 

RS02, RS03, RS10, RS11, and RS12 appeared to be more or less identical in their lytic activity. Likewise, 

phages RS04, RS06, RS07, and RS09 had the same lytic spectrum.  The majority of these phages 

completely or almost completely lysed the Y. enterocolitica O:3 strains tested and few other Yersinia 

strains. The lytic scores of these phage isolates ranged from 10 to 14. In contrast, phages SR05 and PM07 

isolated from different sources, exhibited the highest specificity infecting all of the serotype O:3, strains 

tested, presented higher lytic scores of 18 and 20, respectively, and thus were also selected for further 

study. Notably and of particular interest was phage PM06 isolated from pig manure which showed the 
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widest spectrum of lytic activity infecting all of the Y. enterocolitica strains of serotype O:3, O:5,27, and O:9 

tested with a lytic score of 48, and thus was also selected for further analysis. In contrast phages RS13-

RS15, and PM1-PM5 exhibited a narrow lytic spectrum with lytic scores ranging from 2 to 6, indicating that 

these phages could just lyse few strains and were unable to infect other Y. enterocolitica target strains and 

thus were not investigated further. Phages RS08 and PM08 demonstrated specificity for strains of serotype 

O:8 with the latter also infecting some serotype O:9 and or O5,27 strains and some Y. intermedia strains 

(although poorly at a high phage titre), and thus were also selected for further study. Comparatively, Salem 

et al (2015) also reported the isolation of a high frequency of O:3 specific phages and the absence of Y. 

enterocolitica O:9 specific phages among 95 Y. enterocolitica phages isolated from 793 pig stool samples 

taken at 14 Finish farms. The study however, did not consider O:8 specific phages since this serotype is 

not of epidemiological concern in Finland (Sihvonen et al., 2009). 

The sum of numbers of the lytic activity of all phage isolates against each Y. enterocolitica strain 

(sensitivity score) shows the sensitivity of that strain to the phages. Y. enterocolitica strains K9 and 

6471/76-c of serotype O:3 gave the highest sensitivity scores (28) and are therefore the most susceptible to 

the isolated phages, reflective of the high frequency of Y. enterocolitica O:3 specific phages isolated. Y. 

enterocolitica strains K5 and K7 of serotype O:5,27, and Y. enterocolitica H of serotype O:9 were the least 

susceptible bacterial hosts with a lytic score of 3. 

 
3.4.2 Cross infectivity  

 The infectivity of the selected phage isolates RS05, RS08, PM06, PM07, and PM08 was tested 

against 20 non-Yersinia bacteria strains (Table 3.3). None of the phages was able to infect the bacterial 

strains tested suggesting the phages are restricted to the genus Yersinia as investigated in the preliminary 

host range determination. 
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Table 3.4 Lytic activity of 23 phages against 40 Yersinia species strains incubated at 25°C for 18-24 hours 

 

The degree of lysis (lytic strength) was recorded using a point scale: (4) complete clearing, (3) clearing throughout but with a faint hazy background, (2) substantial turbidity 
throughout the cleared zone, (1) a few individual plaques, and (0) no effect of phage on bacterial growth. The sum of the lytic strength of each phage isolate against the Yersinia 
spp. strains was recorded as the lytic score for each phage. Indicator strains used for isolation are indicated with the symbol (*). Phage isolates selected for further characterization 
are underlined. Plaque sizes were determined on the indicator strains and are categorized as: (XL) extra-large, > 5.0 mm; (L) large, 3.0-5.0 mm; (M) Medium, 1.0-3.0 mm; (S) 
Small, 1.0 mm. 
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3.4.3 Morphology of selected phages   

TEM analysis revealed that phages RS05, RS08, PM06, PM07, and PM08 belong to the 

Myoviridae or Podoviridae families within the Caudovirales order and their morphology agrees with the 

predominant forms of phages described in earlier studies (Kasatiya & Ackermann, 1986; Kawaoka, Otsuki, 

& Tsubokura, 1982; Popp et al., 2000). More specifically based on the presence of contractile tails and 

other morphological features, phages RS08 and PM06 belong to the family Myoviridae. The members of 

this family are characterized by having isometric or elongated heads and contractile tails that are rigid, long 

and relatively thick (80-455 nm x 16-20 nm) (ICTV, 2014). They consist of a central core built of stacked 

rings surrounded by a helical contractile sheath, which is separated from the head by a neck. During tail 

contraction, sheath subunits slide over each other and the sheath becomes shorter and thicker. This brings 

the tail core in contact with the bacterial plasma membrane, which is essential for phage infection (ICTV, 

2014). TEM images show phage RS08 has an isometric head measuring approximately 90 ± 4 nm in 

diameter. The extended rigid tail shows a clearly defined neck, a sheath with transverse striations 

resembling that of phage T4, and has a length and width of 160 ± 4 nm and 18 ± 3 nm, respectively (Figure 

3.1). Phages with contracted tails measuring 76 ± 2 nm in length were also observed in TEM preparations. 

Upon contraction, the thin baseplate changes its conformation substantially (compare Fig. 3.1, A and C), it 

moves up with the shortened tail, and a tail tube extends from the tail sheath. Phages were frequently 

observed to adhere by their tube ends, sometimes arranged tail to tail in large phage bouquets. RS08 

shows morphological similarity to Salmonella phage Vil of the Viunalikevirus genus with similar head 

dimensions and the presence of an entangled mass of indistinct filaments with several globular club shaped 

spikes which decorate the base of the tail (ICTV, 2014), with the exception that the tail of RS08 is longer. 

No similar tail structures have been reported in other phages. 

TEM images show PM06 exhibits an elongated (prolate) head measuring 115 ± 6 nm in length and 

91 ± 2 nm in width. The extended tail shows transverse striations and has a length and width of 129 ± 1 nm 
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and 23 ± 2 nm, respectively. A clearly defined neck, collar, baseplate, and associated fibrous structures 

(neck fibers and long tail fibers) are present (Figure 3.2). Phages with contracted tails measuring 50 ± 3 nm 

in length were also observed in TEM preparations. Among the Myoviridae, the morphological appearance 

of PM06 is most similar to Enterobacteria phage T4 belonging to the T4likevirus genus of the subfamily 

Tevenvirinae (ICTV, 2014). In contrast, phages RS05, PM07 and PM08 belong to the Podoviridae family 

since members of this family are characterized by the presence of isometric capsids and short non-

contractile tails. The heads of these three phages clearly show hexagonal outlines sometimes appearing 

irregular and associated with a wedge-shaped tail (Figures 3.3, 3.4, 3.5, and 3.6). Their morphology and 

dimensions most closely resemble that of Enterobacteria phage T7, a member of the T7likevirus genus 

within this virus family.  

The dimensions and morphological features of phages RS05, RS08, PM06, PM07, and PM08 are 

summarized in Table 3.5. The dimensions reported are considered estimates since as an acidic stain, UA 

causes proteinic structures to swell (Ackermann & Tiekoter, 2012). Compared with PT the walls of UA-

stained empty phage capsids and tails appear as relatively thick and less sharply defined. Contractile tails 

are approximately 2 nm larger in UA than PT while tail length is not affected (Ackermann & Tiekoter, 2012). 

Also normal tails may appear shorter when the head partly covers the tail (Ackermann & Tiekoter, 2012). 

Based solely on their morphological features, the phage isolates were renamed following the naming 

convention proposed by Kropinski, Prangishvili, & Lavigne (2009). 



 

    

80 

 

 

Figure 3.1 Electron micrograph of bacteriophage RS08 [vB_YenM_AP8] 

The phage has been negatively stained with 2% UA and is shown at 85,000x magnification surrounded by cell and phage debris. 
The polygonal and isometric head is linked via a narrowed neck structure to the tail structure. The base of the tail is decorated 
with several star or club-shaped spikes (A). The isometric faces of the phage head (B) and transformation of the baseplate after 
tail contraction (C) are shown. Scale bar indicates size in nm. 

 

 
 

 

 

 

 



 

    

81 

 

 

Figure 3.2 Transmission electron micrograph of phage PM06 [vB_YenM_TG1] 

The phage has been negatively stained with 2% UA and shown at 150,000x magnification. A neck and collar with neck fibers (A), 
a baseplate with protruding tail pins (B), and an extended long tail fiber (LTF) can be observed. Suggested LTFs can be 
observed folded along the length of the tail tube as described for phage T4 (Hu et al., 2015). Scale bar indicates size in nm. 
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Figure 3.3 Transmission electron micrograph of phage RS05 [vB_YenP_AP5] 

The phage has been negatively stained with 2% PT. AP5 is shown at 50,000x magnification. Scale bar indicates size in nm. 

 

 

Figure 3.4 Transmission electron micrograph of phage RS05 [vB_YenP_AP5] 

The phage has been negatively stained with 2% PT and is shown at 100,000x magnification. Three phage particles are seen 
adsorbed onto the surface of a cell membrane vesicle shed from its host, Y. enterocolitica O:3. Scale bar indicates size in nm. 
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Figure 3.5 Transmission electron micrographs of phage PM07 [vB_YenP_AP10] 

The phage has been negatively stained with 2% PT and is shown at 150,000x magnification. Scale bar indicates size in nm. 

 

 

Figure 3.6 Transmission electron micrographs of phage PM08 [vB_YenP_ISAO8] 

The phage has been negatively stained with 2% PT and is shown at 100,000x magnification. Scale bar indicates size in nm. 
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Table 3.5 Estimated dimensions of five bacteriophages infecting Y. enterocolitica isolated from raw sewage or pig manure 

 
Phage Isolate 

(Phage Name) a 

 

Head Dimensions b 
(nm) 

Tail Dimensions b 
(nm) 

 
Features 

 

 
Morphotype c 

 

 Shape Length Width Length Width   

 
RS05 

(vB_YenP_AP5) 
 

Isometric 55 55 12 8 Non-Contractile tail 
 

C1 
 

 
RS08 

(vB_YenM_AP8) 
 

Isometric 90 ± 4 90 ± 4 160 ± 4 18 ± 3 
 

Contractile Tail 
76 ± 2 nm 

 
A1 

 
 

PM07 
(vB_YenP_AP10) 

 

Isometric 54 ± 1 54 ± 1 13.0 ± 1 8 ± 1 Non-Contractile tail 
 

C1 
 

 
PM06 

(vB_YenM_TG1) 
 

Prolate 115 ± 6 91 ± 2 129 ± 1 23 ± 2 
 

Contractile Tail 
50 ± 3 nm 

 
A2 

 
 

PM08 
(vB_YenP_ISAO8) 

 

Isometric 52  52 14 10  Non-Contractile tail 
 

C1  
 

  a Based on the naming convention of Kropinski, Prangishvili, & Lavigne (2009).  

b Approximate dimensions determined from TEM of negatively stained phage particles in concentrated phage lysates. 

  c  Phage morphotype (Ackermann & Prangishvili, 2012; Ackermann, 2001; Bradley, 1967). 
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3.5 CONCLUSIONS 

Among 23 phages isolated from raw sewage and pig manure, 5 phages were selected for 

further study based on their lytic spectrum and lytic strength for clinically significant Y. enterocolitica strains 

of serotype O:3, O:5,27, O:8 and or O:9. The serotype O:3 specific phages RS05 [vB_YenP_AP5] and 

PM07 [vB_YenP_AP10], the broad host range phage PM06 [vB_YenM_TG1], and the O:8 specific phages 

RS08 [vB_YenM_AP8] and PM08 [vB_YenP_ISAO8] were selected for further analysis involving an 

expanded and more detailed host range study, in-silico analysis of their genome sequences to identify 

putative RBP genes, and defining the phage host receptor(s) they utilize for adsorption. The aim of this 

further characterization was to expand the selection of potential RBPs for the study beyond the RBP Gp17 

of phage φYeO3-12 and the RBP Gp47 of phage φ80-18 proposed in Chapter 2. These efforts are 

presented in Chapters 4 through 7. 
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 COMPLETE GENOME ANALYSIS AND CHARACTERIZATION OF YERSINIA Chapter 4:
ENTEROCOLITICA BACTERIOPHAGE vB_YenP_AP5 

 
4.1 ABSTRACT 

The genome of vB_YenP_AP5 (hereafter AP5), a bacteriophage isolated from raw sewage, 

consists of linear dsDNA of 38,646 bp with a guanine plus cytosine content of 50.7% containing 45 putative 

coding sequences and direct terminal repeats of 235 bp in length. Genomic analysis and morphological 

observations support the taxonomic placement of phage AP5 in the T7likevirus genus of the subfamily 

Autographivirinae within the family Podoviridae. Most of the putative proteins encoded by this virus exhibit 

high sequence similarity to Yersinia phage φYeO3-12 and Salmonella phage φSG-JL2 proteins. This lytic 

phage exhibits a narrow host range displaying activity against epidemiologically significant Y. enterocolitica 

serotype O:3 strains utilizing the O-PS as the phage receptor. Phage AP5 also shows activity against Y. 

enterocolitica O:1 and O:2, as well as to Y. mollaretii O:3 and Y. frederiksenii O:3, all of which contain 6-

deoxy-L-altropyranose, the major constituent of the Y. enterocolitica O:3 O-PS.  

 
4.2 INTRODUCTION 

The aim of this study was to further characterize phage AP5, a Podovirus (phage isolate RS05, 

Chapter 3) obtained from raw sewage capable of infecting Y. enterocolitica O:3, the predominant serotype 

involved in yersiniosis (Fredriksson-Ahomaa, Stolle, & Korkeala, 2006; Fukushima et al., 2011). The 

primary objective was to identify the phage RBP for consideration as a potential ligand for Y. enterocolitica 

O:3 strains. In this chapter, the genome, host range, host cell receptor specificity, and taxonomic position of 

phage AP5 are also described.  
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4.3 MATERIALS AND METHODS 

4.3.1 Bacterial strains and growth media 

Yersinia spp. strains were acquired from the the Félix d'Hérelle Reference Center for Bacterial 

Viruses (Université Laval, QC, Canada); the Department of Microbiology and Immunology, Haartman 

Institute, University of Helsinki (Helsinki, Finland); Public Health Ontario (PHO) (Ontario, Canada); and the 

American Type Culture Collection (ATCC) (Manassas, Virginia, USA) (see Table 9.1, Appendix for details). 

Trypticase Soy Broth (TSB), Trypticase Soy Agar (TSA), and Trypticase Soft Agar (TSB + 0.6% agar) 

(Difco Laboratories, Detroit, MI) were used to grow bacteria and to propagate the phage. In procedures 

involving phage infection, media were supplemented with filter-sterilized CaCl2.2H2O to a final 

concentration of 5 mM. Y. enterocolitica strain 6471/76-c of bioserotype 4/O:3 (Skurnik, 1984) was used for 

phage propagation. The small drop plaque assay was used to determine the titer of phage preparations 

(Mazzoco et al., 2009). 

 
4.3.2 Host range determination and phage receptor analysis 

To define the host range of the phage, its lytic activity was tested on 160 strains belonging to 13 

Yersinia spp. as determined by standard spot tests (Kutter, 2009). Briefly, 10 µl from a purified phage 

suspension containing approximately 108 PFU were spotted in the middle of a lawn of bacteria and left to 

dry before incubation. The plates were checked after 4–6 h and again after 18-24 h for the presence of a 

lysis zone. Each strain was tested three times at 25°C and at 37°C. Bacterial strains were considered 

sensitive to the phage if the degree of lysis was observed as a complete clearing, clearing throughout but 

with a faint hazy background, substantial turbidity throughout the cleared zone, or a few individual plaques . 

Bacterial strains were considered resistant if there was no effect of the phage on bacterial growth. Likewise, 

the identification of the phage cell receptor was determined by testing the lytic activity of the phage by 

standard spot tests (Kutter, 2009) on a variety of Y. enterocolitica O:3 LPS mutants that are missing either 



 

    

88 

 

the O-PS, the LPS outer core, or both the O-PS and the LPS outer core (Al-Hendy, Toivanen, & Skurnik, 

1992; Biedzka-Sarek, Venho, & Skurnik, 2005). 

 
4.3.3 Phage adsorption assay 

Phage adsorption was assessed by phage pull-down assay (Kiljunen et al., 2011). To a 1 ml 

bacterial overnight culture in stationary phase (incubating for 24 h at 25°C) adjusted to approximately 

1×106 CFU/ml, 10 μl of phage solution (containing 108 PFU/ml) was added. The mixture was incubated for 

5 min at room temperature and centrifuged for 5 min at 16,000 × g through a centrifuge tube line with a 

0.45 μm pore size filter (Costar, NY) and the PFU/ml remaining in the flow-through determined (Sambrook 

& Russel, 2001). TSB was used as a non-adsorbing control in each assay. The mean phage titer obtained 

from the control supernatant was set to 100% and the residual PFU percentage remaining was calculated 

with standard deviations. Each assay was performed in triplicate. 

 
4.3.4 Proteinase K treatment. 

To test how proteinase K treatment affects phage adsorption, 2 ml cultures of Y. enterocolitica O:3 

were each treated with 0.2 mg/ml of proteinase K (Sigma Aldrich) at 37°C for 3 h with agitation at 150 rpm. 

After the treatment, the cultures were centrifuged at 16,000 × g for 2 min, and the bacterial pellet was 

washed twice under the same conditions in 2 ml of TSB.  The concentration of the bacterial suspension 

was adjusted and the phage adsorption assay was carried out as described above. A control without 

proteinase K addition was included. 

4.3.5 Periodate treatment 

In order to study whether periodate can destroy the phage receptor, 2 ml cultures of Y. 

enterocolitica O:3 were each centrifuged at 16,000 × g for 2 min, and the bacterial pellet was then 

resuspended in 2.0 ml sodium acetate buffer (50 mM, pH 5.2), sodium acetate buffer supplemented with 10 
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mM NaIO4, or sodium acetate buffer supplemented with 100 mM NaIO4 (Kiljunen et al., 2011). The cells 

were incubated for 2 hours in the dark at 25°C, centrifuged at 16,000 × g for 2 min, and the bacterial pellet 

was washed twice under the same conditions in 2 ml of TSB. The concentration of the bacterial suspension 

was adjusted and the phage adsorption assay was carried out as described previously. 

4.3.6 Isolation of phage DNA   

To separate phage from bacterial debris, a crude phage lysate (~109 PFU/ml) was centrifuged at 

10,000 ×g for 15 min at 4°C and the supernatant filtered through 0.22 μm filter (Millipore, USA). 

Contaminating nucleic acids in the supernatant were digested with pancreatic DNase I, and RNase A 

(Sigma-Aldrich Canada Ltd., Oakville, ON), each added to obtain a final concentration of 10 μg/ml for 15 

min at room temperature. DNA isolation was then performed with a commercial Phage DNA Isolation Kit 

(Norgen BioTek Corp., Thorold, ON, Canada), as per the manufacturer’s instructions. The DNA quality was 

characterized using a Nanodrop 2000 UV-Vis spectrophotometer (Thermo Scientific, USA) and agarose gel 

electrophoresis. 

 
4.3.7 Genome sequencing and assembly 

 Phage genomic DNA was fragmented using the Ion Xpress™ Plus gDNA Fragment Library kit 

following the manufacturer’s protocol (Life Technologies, Foster City, CA). The fragmented DNA was 

collected using Pippin Prep DNA Size Selection System (Sage Science, Beverly, MA) and assessed for 

concentration and size distribution using a Bioanalyzer 2100 (Agilent Technologies, Mississauga, ON). The 

DNA fragments were then attached to the surface of Ion Sphere particles (ISPs) using an Ion Xpress 

Template kit (Life Technologies) according to the manufacturer's instructions. Template-ISPs were 

sequenced using 316 microchips using an Ion Torrent Personal Genome Machine (PGM) with an Ion PGM 

Sequencing 400 kit (Life Technologies). The sequence reads were filtered using PGM software to remove 

low quality sequences, trimmed to remove adaptor sequences and the filtered sequences were assembled 
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into a single contiguous sequence using the Lasergene® Genomics Suite of DNAStar software (DNAStar 

Inc., Madison, WI).  Gaps due to sequencing frameshift errors were closed by PCR using primers (Table 

4.1) flanking regions adjacent to the gaps and sequencing using a 3730 Genetic Analyzer (Life 

Technologies).  The final assembled genome was manually curated for errors. 

 

Table 4.1 List of primer pairs used to close sequencing gaps in the AP5 genome 

Primer a Nucleotide sequence (5’-3’) 
 

F1 
 
GATAACAGGACACTGAACGATGAC 

R1 AAGCGGATTCAGATAATCAAGAAC 
 

F2 TCCAGAAGTGAAAGCCTAATTACC 
R2 CTGGAGTGTATAAGTGGTCACTCG 

 
F3 TGAGTAAGGAGCGAACACTATGAG 
R3 GCGAGAGTACCAGTGTGTCAATAC 

 
F4 TTCTGGTAGCTGCTCTGACTAATG 
R4 CAGGAACTCTAGGTCTTTCTCCAG 

 
F5 GGTAATGACCGGAAGTAACACTAC 
R5 CCAGATTGATAATTGCTTTGACAG 

 
F6 CTGCATACCATCGCTCATTATATC 
R6 CATCGTAGGTCAGAACATCTATGC 

 
                                                  a F, forward primer; R, reverse primer. 

 

 

4.3.8 Bioinformatics analysis 

The prediction of open reading frames (ORFs) and the putative start sites of genes in the phage 

genome was done using Kodon version 2.0 (Applied Maths Inc., Austin, TX, USA), Glimmer, RBSfinder, 

and Gene-MarkS software programs (Besemer, Lomsadze, & Borodovsky, 2001; Delcher et al., 1999; 

Suzek et al., 2001). Genes were identified from among the predicted coding sequences based on the 

presence of ATG, GTG, CTG or TTG start codons, followed by at least 30 additional codons, and an 

upstream sequence resembling the following ribosome-binding site, GGAGGT (Shine & Dalgarno, 1974, 

1975). Rapid Annotations using Subsystems Technology (myRAST) (Aziz et al., 2008) and Geneious R9 
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software version 9.0.2. (Biomatters Ltd, Auckland, New Zealand) were used for genome annotation. A 

search for phage-encoded tRNA genes was performed with tRNAScan-SE and Aragorn, using default 

parameters (Laslett & Canback, 2004; Schattner, Brooks, & Lowe, 2005). To determine similarity to 

described proteins and genome sequences in the National Center for Biotechnology Information (NCBI) 

database, analyses were performed using BLAST algorithms (Altschul et al., 1997, 1990). The 

determination of theoretical molecular weight and isoelectric point employed ExPASy Compute pI/Mw 

(Bjellqvist et al., 1993, 1994; Gasteiger et al., 2005). Potential transmembrane domain (TMD) containing 

proteins were identified with TMHMM v2.0 and Phobius (Käll, Krogh, & Sonnhammer, 2004; Krogh et al., 

2001). Potential outer membrane lipoproteins were identified by LipoP (Juncker et al., 2003). Phage-

specific promoters were discovered using PHIRE (Lavigne, Sun, & Volckaert, 2004) using a length of 23 

bp and a degeneracy of 4 bp. Terminators were discovered using ARNold (Gautheret & Lambert, 2001; 

Macke et al., 2001) recording terminators with a G of less than -10 kcal/mol which lie at the 3’ end of 

genes or within intergenic regions. Whole genome comparisons were carried out using progressiveMauve 

(Darling, Mau, & Perna, 2010), and protein homology using CoreGenes 3.5 (Turner et al., 2013). 

Sequence alignments were performed using Clustal W (Larkin et al., 2007) 

4.3.9 Genome sequence 

The complete genome sequence of Yersinia phage AP5 was deposited in the NCBI nucleotide 

database (GenBank) under the accession number KM253764. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Host specificity 

 Phage AP5 was chosen for detailed study because of its lytic activity against Y. enterocolitica O:3 

indicator strains, forming clear plaques of approximately 3.5 mm in diameter (Chapter 3).  AP5 was 

subjected to an expanded host range study testing its lytic activity on 160 strains, revealing virulence for Y. 



 

    

92 

 

enterocolitica strains of serotypes O:3, O:2, and O:1.  Y. mollaretti and Y. frederiksenii, both of serotype 

O:3 were the only non-Y. enterocolitica strains sensitive to phage AP5 while Y. enterocolitica strains of 

other serotypes and from other species within the genus Yersinia were unaffected by the presence of 

phage AP5 (Table 4.2). AP5 lysed its host at both 25°C and 37°C. 

 
4.4.2 Phage receptor 

 In order to determine the nature of the host cell phage receptor, phage AP5 was tested to 

determine whether the degradation of cell surface proteins or LPS could affect adsorption (Kiljunen et al., 

2011). Bacteria were treated with either proteinase K (to digest cell surface proteins) or periodate (to 

degrade carbohydrate structures containing a 1,2-diol motif such as oligosaccharides). Treatment of 

bacteria with proteinase K did not reduce the adsorption of the phage, suggesting the AP5 phage receptor 

does not involve a protein (Figure 4.1, B). The possibility that the receptor is resistant to proteinase K is 

unlikely due to the broad substrate specificity of proteinase K (Kiljunen et al., 2011). In contrast, when cells 

were treated with sodium periodate (NaIO4) phage adsorption was abolished (Figure 4.1, E). These 

observations establish LPS as the probable structure containing the host receptor. In an effort to locate the 

receptor within the LPS structure, AP5 was tested for lytic activity on several Y. enterocolitica O:3 LPS 

mutants (Figure 4.2 and Table 4.3). Y. enterocolitica YeO3-R1 and YeO3-R2 which are missing the O-PS 

(Al-Hendy, Toivanen, & Skurnik, 1992), were resistant to AP5 infection. Similarly, Y. enterocolitica YeO3-

OCR and YeO3-c-OCR which are missing the entire core operon and are unable to produce O-PS 

(Biedzka-Sarek, Venho, & Skurnik, 2005) were also resistant to phage AP5. In contrast, Y. enterocolitica 

YeO3-OC and YeO3-c-OC which are missing the OC yet are able to produce O-PS (Biedzka-Sarek, 

Venho, & Skurnik, 2005), were sensitive to AP5. These results indicate the host receptor for phage AP5 lies 

within the O-PS of Yersinia enterocolitica O:3 strains, which is composed of a homopolymer of 6-deoxy-L-

altropyranose  (Bruneteau & Minka, 2003; Gorshkova et al., 1985; Hoffman, Lindberg, & Brubaker, 1980). 
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These results also lend support to the observation that Y. enterocolitica O:1, Y. enterocolitica O:2, Y. 

mollaretii O:3, and Y. frederiksenii O:3 which also contain 6-deoxy-L-altropyranose (Pajunen et al., 2001) 

were also sensitive to phage AP5 (Table 4.2). However, Y. kristensenii strain IP22828 of serotype O:3 as 

well as a Y. enterocolitica O:2 strain gk1142 of serotype O:2 were resistant to AP5 despite that the former 

contains the O:3 O-PS gene cluster (GenBank accession no. Z18920) as determined by PCR (Pajunen, 

Kiljunen, & Skurnik, 2000). These results suggest O-PS expression was reduced or absent in these strains, 

or the host receptor was blocked by other cell surface structures. It is also possible that these strains may 

have a mutation in the biosynthetic genes essential for O-PS synthesis (Liang et al., 2016; Zhang et al., 

1993) or genes regulating O-PS expression (Leskinen et al., 2015)  

 

 

Figure 4.1 Effect of proteinase K or periodate treatment on the adsorption of phage AP5 to Y. 
enterocolitica O:3 

Phage adsorption after 5 minutes is shown as residual PFU percentages compared to a control containing phage only (TSB). Y. 
enterocolitica 6471/76 of serotype O:3 was incubated with phage AP5: (A) untreated; (B) 0.2 mg/ml proteinase K; (C) sodium 
acetate buffer (50 mM; pH 5.2); (D) sodium acetate buffer supplemented with 10 mM NaIO4; (E) sodium acetate buffer 
supplemented with 100 mM NaIO4. Values represent the mean from three determinations and error bars indicate standard 
deviations. Significance was determined by Student’s t test for comparison between treated and untreated samples (*, P < 0.05). 
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Figure 4.2 LPS structure of Y. enterocolitica O:3 mutant strains used to locate the phage AP5 host 

cell receptor 

The chemotypes of the of the O:3 LPS molecules are indicated by the green letters and the green dashed line indicates the point 
of truncation: S (LA-IC-O-PS); Ra (LA-IC-OC); Rc (LA-IC). Wild type Y. enterocolitica O:3 produces a mixture of S- and Ra-type 
LPS molecules. Modified from (Kasperkiewicz et al., 2015).  
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Table 4.2 Lytic activity of phage AP5 on 160 Yersinia species strains at 25°C 

 
Yersinia species 
 

AP5 sensitive 
serotypes 

Serotypes with AP5 
sensitive (S) and 
resistant (R) strains 

                               AP5 resistant serotypes 

 
Y. enterocolitica 

 
O:1[2], O:3 [17] 

 
O:2 [1S/1R] 

 
O1,2,3 [1], O:4 [1], O:4,32 [1], O:5 [9], O5,27 [10], O:6 [2], O6,30 [3], 
O:6,31 [2], O:7,8 [2], O:8 [14], O:9 [12], O:10 [4], O:13 [1], O:13a,13b 
[1], O:13,7 [2], O13,18 [1], O:14 [1], O:20 [2], O:21 [3], O:25 [1], 
O:25,26,44 [1], O:26,44 [1], O:28,50 [1], O:34 [1], O:35,36 [1], O35,52 
[1], O:41(27),K1 [1], O41(27),42 [1], O:41(27),42,K1 [1], O:41,43 [1], 
O:41(27),43 [2], O:50 [1],  K1 NT [2], NT [3] 
 

 
Y. aleksiciae 

   
O:16 [2] 

Y. aldovae   UT [2] 
Y. bercovieri   O:58,16 [2], NT [1], UT[2] 
Y. frederiksenii O:3 [1]  O:16 [1], O:35 [1], O:48 [1], K1 NT [1], NT [1], UT [2] 
Y. intermedia   O:16,21 [1], O:52,54 [1], UT [2] 
Y. kristensenii   O:3 [1], O:12,25 [1], NT[1], UT [4] 
Y. mollaretii O:3 [1]  O:59(20,36,7) [1], UT [2]  
Y. nurmii   UT [1] 
Y. pekkanenii   UT [1] 
Y. pseudotuberculosis   I [2], O:1b [2], O:3 [2] 
Y. rohdei   UT [2] 
Y. ruckeri 
 

  I[1], UT[5] 

The number of strains studied is given in brackets. NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting or not 
agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. 
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Table 4.3 Sensitivity of Yersinia enterocolitica O:3 LPS mutants to phage AP5 at 25°C 

Strain Description 
LPS 

Chemotype a 

 
LPS  

composition 
 

Degree of  
Lysis b   

   O-PS OC IC  

YeO3-R1 Spontaneous rough derivative of YeO3-c 
(Al-Hendy, Toivanen, & Skurnik, 1992) 

Ra Absent Complete Complete N 

 
YeO3-R2 

 
Spontaneous rough derivative of YeO3 
(Al-Hendy, Toivanen, & Skurnik, 1992) 

 
Ra 

 
Absent 

 
Complete 

 
Complete 

 
N 

 
YeO3-OC 

 
(wzx-wbcQ) derivative of YeO3  
(Biedzka-Sarek, Venho, & Skurnik, 2005) 
 

 
S 

 
Complete 

 
Absent 

 
Complete 

 
+ 

YeO3-c-OC (wzx-wbcQ) derivative of YeO3-c 
(Biedzka-Sarek, Venho, & Skurnik, 2005) 
 

S Complete Absent Complete + 

YeO3-OCR (wzx-wbcQ) derivative of YeO3 
(Biedzka-Sarek, Venho, & Skurnik, 2005) 
 

Rc Absent Absent Complete N 

YeO3-c-OCR (wzx-wbcQ) derivative of YeO3-c 
(Biedzka-Sarek, Venho, & Skurnik, 2005) 
 

Rc Absent Absent Complete N 

a See figure 4.2 for details.  

b Complete lysis, clearing throughout but with faint hazy background, substantial turbidity throughout cleared zone, or a few individual plaques was observed (+); no reaction (N). 
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4.4.3 General features of the AP5 genome 

 The DNA sequence of phage AP5 consists of linear dsDNA of 38,646 bp in length evident during 

assembly into a single contiguous sequence representing the consensus reads from 33.4-fold coverage of 

the genome. The size of this phage correlates well with other T7-like phage members, which range from 

37.4 kb (Pseudomonas putida phage gh-1) to 45.4 kb (Vibrio parahaemolyticus phage VpV262 (45.9 kb) 

(Kovalyova & Kropinski, 2003). The genomes of T7-like phages typically contain direct terminal repeats 

(DTRs) that are used during genome replication and packaging (Molineux, 2005). The lengths of the DTRs 

of AP5 (235 bp) are in agreement with the reported lengths for members of the T7 group, for example 

Salmonella phage φSG-JL2 and Yersinia phage φYeO3-12 have DTRs of 230 bp and 232 bp, respectively 

(Kwon et al., 2008), whereas Enterobacteria phage T7 has DTRs of 160 bp (Dunn & Studier, 1983). 

Moreover, an alignment of the DTR sequences of phage AP5 and representative members of the 

T7likevirus genus show a high degree of conservation (Figure 4.3). Phage AP5 has also an overall 

genomic guanine plus cytosine (GC) content of 50.7%, compared to 48.5 ± 1.5 mol% for its host (Brenner, 

Ursing, et al., 1980). The GC contents of the common representatives of the T7 group, Enterobacteria 

phage T7 (accession no. NC_001604) and Enterobacteria phage T3 (accession no. NC_003298) are 

48.4% and 49.9%, respectively. The GC content of phage AP5 is in agreement with other T7-like phages, 

which range from 46.2 - 62.3% (Lavigne, Burkal’tseva, et al., 2008). 

4.4.4 Open reading frames and comparative genomics 

The genome of AP5 was analysed for open reading frames (ORFs) greater than 100 bp. A total of 

34,743 nucleotides were involved in the coding of 45 ORFs with sizes ranging from 113 to 3,962 

nucleotides (Table 4.4, Appendix). The temporal and functional distributions of genes are tightly organized 

and packed close to each other so that they occupy 89.9% of the genome (Figure 4.4).
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Figure 4.3 Multiple sequence alignment of the Direct Terminal Repeats of phage AP5 and selected members of the T7likevirus genus 

Multiple sequence alignment was performed using Clustal W (Larkin et al., 2007). Identical bases are shaded in black; bases sharing 80-100% similarity are shaded in dark grey; 
bases sharing 60-80% similar are shaded in light grey. Gaps (-) were introduced into the sequences to maximize the alignments. 
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The initiation codon ATG is present in 93.3% of the protein-coding genes. Only two other initiation codons 

occur, TTG and GTG at a frequency of 0.5%, and 0.2%, respectively. All predicted protein-coding genes 

were screened using BLASTP and Psi-BLAST algorithms against the non-redundant protein database at 

NCBI. From the 45 coding sequences of AP5, 30 (66.6%) have an assigned function, and 15 (33.3%) are 

similar to proteins of unknown function. While the great majority of the homologs are to proteins of Yersinia 

phage φYeO3-12 (Pajunen et al., 2001), examples of primary sequence similarity to Salmonella phage 

φSG-JL2 (12), Enterobacteria phages T3 and T7 (6, 1) and Klebsiella phage KP32 (1), exist. All of these 

phages are members of the T7likevirus genus. Based upon overall protein homology determined using 

CoreGenes (Turner et al., 2013), AP5 shares 76.4% similar proteins with Enterobacteria phage T7 and 

Enterobacteria phage T3, 78.2% similar proteins with Salmonella phage φSG-JL2, and 72.9% similar 

proteins with Yersinia phage φYeO3-12. Collectively these results along with morphological analyses 

(Chapter 3) indicate that AP5 is a member of the Autographivirinae, specifically a member of the T7likevirus 

genus (Lavigne, Seto, et al., 2008). Thus, the Enterobacteria phage T7 gene nomenclature was adopted for 

naming the genes of AP5.  

Since at the protein level phage AP5 showed the greatest sequence identity with Yersinia phage 

φYeO3-12 proteins, the genomes of the two phages were compared using progressiveMauve (Darling, 

Mau, & Perna, 2010). As shown in Figure 4.5, the genome sequence of AP5 had a similar genetic 

organization and large blocks of homologous synteny when compared to the φYeO3-12 genome. The gene 

arrangement of T7 essential genes is collinear, highly conserved, and only some genes coding for 

hypothetical proteins present in φYeO3-12 are dissimilar or absent in AP5. The pairwise % identity of the 

phage AP5 genome to Yersinia phage φYeO3-12 genome was estimated at 89.6%. 
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Figure 4.4 Genomic map of phage AP5 

Predicted genes are arranged in the direction of transcription shown by different coloured arrows. Genes involved in nucleotide 
metabolism, DNA replication, recombination or repair are shown in black. Genes involved in morphogenesis and virion structures 
are depicted in red. Genes involved in DNA packaging and lysis, are shown in green and blue, respectively. Genes coding for 
hypothetical proteins of unknown function are shown in yellow. Direct terminal repeats (DTRs) are shown in grey. Promoters and 
terminators are shown as purple and orange triangles, respectively, above the sequence. The genetic map was created using 
Geneious R9 software version 9.0.2. (Biomatters Ltd). 
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Figure 4.5 progressive Mauve alignment of phages AP5 and φYeO3-12 

Inner tracks show regions of DNA sequence similarity (white) interspersed with regions where no sequence similarity exists (black) (Darling, Mau, & Perna, 2010). The gene 
arrangement of φYeO3-12 (1, top) and AP5 (2, bottom) is displayed in the direction of transcription. Genes depicted in red indicate those that are dissimilar and or missing from 
either genome. Selected gene annotations for the RNA Polymerase, DNA Polymerase, and tail fiber protein Gp17 are shown. 
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4.4.5 Phage morphogenesis and DNA packaging 

 Several genes were identified that play a role in morphogenesis and DNA packaging. Two ORFs 

which display sequence similarity to the capsid proteins of phages belonging to T7-like viruses were 

identified. The upstream gene 10A displays homology to Yersinia phage φYeO3-12 major capsid protein 

10A [NP_052108], while the downstream gene 10B is similar to the minor capsid protein 10B in Salmonella 

phage φSG-JL2 [YP_001949782]. Some T7-like phages display two "versions" of the major capsid protein, 

which are designated as 10A and 10B (Condron, Atkins, & Gesteland, 1991). The sequences of the amino 

termini of these proteins are identical, but during translation a -1 ribosomal frameshift allows for alternative 

reading frames within one mRNA, permitting the elongation of the protein product. The features of this 

system are a slippery site in the DNA/RNA and a downstream stem-loop structure capable of forming a 

pseudoknot (Alam, Atkins, & Gesteland, 1999; Chandler & Fayet, 1993). However, analysis of phage AP5 

using pKiss (Theis, Janssen, & Giegerich, 2010) did not yield evidence for a potential pseudoknot. The 

structure of this phage is therefore made up of the putative products of gene 10A and gene 10B (capsid), 

the head to tail joining protein (gene 9), and an internal core formed by the products of gene 13 (internal 

virion protein A), gene 14 (internal virion protein B), gene 15 (internal virion protein C), and gene 16 

(internal virion protein D). These proteins are homologous to those that form the internal core of the T7 

virion. In T7, along with internal virion proteins B and C, the internal virion protein D, is ejected from the 

phage head and forms part of a putative channel that spans the entire host cell envelope and allows entry 

of DNA into the host. The N-terminus of this protein has similarity to a lytic transglycosylase and helps to 

form a channel for phage DNA translocation through the peptidoglycan layer of the host envelope 

(Molineux, 2005). BLASTP analysis of the product of gene 16 (internal virion protein D) confirms the 

presence of a peptidoglycan hydrolase motif at the N-terminus. Gene 7.3 was identified as the tail 

assembly protein required for assembly of tail fibers on capsids. Genes 11 and 12 correspond to tail tubular 

proteins A and B respectively required for assembly of tails.  
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For T7-related phages, the primary determinant of the host receptor is the tail fiber protein Gp17 

(Garcia et al., 2003). Gene 17, is predicted to encode the tail fiber protein or RBP which mediates the initial 

interaction and adsorption to the host cell surface. Gp17 shares 89.3% sequence identity with the tail fiber 

protein of Yersinia phage φYeO3-12 [NP_052117], and 67% identity with the tail fiber protein of Salmonella 

phage φSG-JL2 [YP_001949790]. As with other Gp17 homologs, high sequence similarity is found at the 

N-terminus (Veesler & Cambillau, 2011), the part of the protein that is associated with the phage particle, 

evident through the presence of the highly conserved Phage T7 tail domain (pfam03906, E-value 2.79e-80) 

at aa interval 1-162. Among bacteriophages, the C-terminus is involved in ligand interactions and usually 

exhibits considerable sequence divergence, thus providing diversity in host specificity (Veesler & 

Cambillau, 2011). An alignment of the Gp17 sequences of AP5 and φYeO3-12 reveals a high sequence 

identity which may account for the striking similarity in virulence of these two bacteriophages for Y. 

enterocolitica strains of serotype O:3 (Figure 4.6). Lastly, in terms of phage DNA packaging, the large and 

small terminase subunit homologs were determined to be the products of gene 18 (DNA Packaging Protein 

A) and gene 19 (DNA Packaging Protein B) 

 
4.4.6 Host cell lysis  

 The final stage of the phage lytic cycle is degradation of the bacterial cell wall and release of 

progeny phages. The lysis of the cell wall is typically induced by two phage-encoded proteins, a holin and 

an endolysin (Hanlon, 2007).  Endolysins are muralytic enzymes produced by dsDNA phages, which 

hydrolyze the peptidoglycan layer of bacterial cell walls. As in other T7 phages, gene 3.5 of phage AP5 is 

proposed to code for the endolysin since it is predicted to possess N-acetylmuramoyl-L-alanine amidase 

activity. Access of endolysins to the cell wall occurs through the presence of a secondary lysis factor, 

known as a holin. Holins are usually small proteins characterized by the presence of transmembrane 

domains (TMD) (Kutter & Sulakvelidze, 2005). The predicted proteins of AP5 were scanned for TMDs using 
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TMHMM and Phobius (Käll, Krogh, & Sonnhammer, 2004; Krogh et al., 2001). TMDs were identified in 

gene 0.6, gene 6.3, gene 17.5, and gene 19.5, which code for small proteins of 67, 37, 67, and 49 amino 

acids, respectively. The derived protein from gene 17.5 is proposed as the phage AP5 holin since it 

contains an N-terminal TMD with sequence similarity to Yersinia phage φYeO3-12 lysis protein 

[NP_052118]. Phage AP5 has also one more lysis gene (gene 18.5) coding for a phage λ Rz-like lysis 

protein (PHA00276), an i-spanin of 150 amino acids that presents 98.7% sequence identity to λ Rz-like 

protein [YP_00194793] in Salmonella phage φSG-JL2. Further inspection of the gene 18.5 sequence, 

confirms the presence of a nested ORF of 255 bp (in the +1 reading frame) embedded entirely within the 

sequence coding for an o-spanin with homology to Rz1 (18.7) of bacteriophage T7. Based on these 

observations, gene 18.5 is proposed as an Rz/Rz1 equivalent lysis gene coding for transmembrane 

spanins involved in the disruption of the outer membrane of the host (Schattner, Brooks, & Lowe, 2005). 

 
4.4.7 Transcriptional and regulatory sequences 

Phage AP5 does not contain tRNA genes, which is not an unexpected observation since no T7-like 

phages have been found to harbour them. There are no experimental data on how AP5 phage DNA is 

transcribed during infection. The presence of a phage encoded RNA polymerase (RNAP) coded by gene 1 

suggests the host RNAP transcribes the early genes of this virus. A search for early promoters utilized by 

the host RNAP revealed a single promoter in the noncoding region near the left end of phage AP5 DNA 

located at genomic position 550-580 bp with sequence similarity to host promoter consensus 

TTGACA(N15-18)TATAAT with a 2bp mismatch. This is a major dissimilarity between phage AP5 and 

T3/T7 phages where the latter possess multiple promoters recognized by the host RNAP.  In all T7 group 

phages, the phage RNAP recognizes phage specific promoters interspersed throughout the genome. In 

phage AP5, 14 probable phage-specific promoters were identified using PHIRE (Lavigne, Sun, & Volckaert, 

2004), which were named according to the downstream gene (Table 4.5 and Figure 4.4). 



 

    

105 

 

 

Figure 4.6 Multiple sequence alignment of phage RBPs of Yersinia phages AP5 and φYeO3-12 

Multiple sequence alignment was performed using Clustal W (Larkin et al., 2007). Identical residues are shaded in black. 
Numbering is based on the N-terminal methionine. 

 

The promoter sequences lie within intergenic regions and comparatively show a high degree of 

similarity to those of Yersinia phage φYeO3-12 and bacteriophage T3. Among them, 10A, 13, and 19.5 

are identical to the phage promoter consensus sequence (Figure 4.7). In addition, all are located in the 

same relative positions as the phage promoters found in the φYeO3-12 and bacteriophage T3 genomes. A 

search for terminators using ARNold (Gautheret & Lambert, 2001; Macke et al., 2001)  revealed 2 putative 

rho-independent transcription terminators located at intergenic regions at the 3’ end of genes (Table 4.6). 

Among these, a putative terminator for the phage RNAP was identified downstream of gene 10B, evident 
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through the presence of a stem loop structure followed by a poly T tail of 6 Ts, as well as its location which 

is similar to that found in the genome sequences phages φYeO3-12, T3, and T7 (Pajunen et al., 2001). 

 
Table 4.5 Predicted phage specific promoter sequences of phage AP5 

Name Promoter sequence 
Number of 

mismatches 
Transcription 

Beginning End 

     
0.3 AATTACCCTCACTAAAGGGAAT 4 475 496 
1.05 ATTAACCCTCACTAACGGGAGA 1 5970 5991 
1.1 GTTAACCCTCACTAACGGGAGA 2 6312 6333 
1.3 AATAACCCTAACTAACAGGAGA 4 6823 6844 
1.6 ATTAACCCTCACTAACAGGAGA 2 8015 8036 
2.5 AATTACCCTCACTAAAGGGAAC 4 9227 9248 
4 ATTAACACTCACTAAAGGGATG 3 11000 11021 
4.3 ATTAACCCTCACTAACGGGAAC 3 12818 12839 
6.5 ATTAACCCTCACTAAAGGGAAG 2 17277 17298 
9 AATAACCATCACTAAATGGAGA 3 19816 19837 
10A ATTAACCCTCACTAAAGGGAGA 0 20851 20872 
13 ATTAACCCTCACTAAAGGGAGA 0 25303 25324 
17 ATAAACCCTCACTAAAGGGAGA 0 32975 32996 
19.5 ATTAACCCTCACTAAAGGGAGA 0 37842 37863 
     
 
AP5  

Consensus sequence 
ATTAACCCTCACTAAAGGGAGA 

   

φYeO3-12 ATTAACCCTCACTAAAGGGAGA    
T3 
T7 

ATTAACCCTCACTAAAGGGAGA 
TAATACGACTCACTATAGGGAG 

 

   

Putative promoter sequences of phage AP5 are aligned and the number of mismatches to the phage AP5 consensus promoter 
sequence is given. The consensus promoter sequences of phages φYeO3-12, T3, and T7 are presented for comparison. 

 
 
 
 
 

 

Figure 4.7 Sequence logo of the putative phage AP5 promoters  

The sequence logo shows residue probabilities and was generated using WebLogo (Crooks et al., 2004) at 
http://weblogo.berkeley.edu/logo.cgi. 
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Table 4.6 Predicted terminator sequences of phage AP5 

Located at 
3' end of 

gene 
Terminator Sequence 

Start 
(bp) 

Stop 
(bp) 

Length 
(bp) 

 
Gene 6.3 

 
GATAAACTCAAGGCTCTCTGTATTAACCCTCACTAAAGGGAAGAG
GGAGCCTTTATGATTATTA 
 

 
17,256 

 
17,319 

 
64 

Gene 10B 
 

ACAACAAGCAAACCCCTTGGGTTCCCTCTTTGGGAGTCTGAGGG
GTTTTTTGCTTTAAC 
 

22,188 
 
 

22,246 
 
 

59 
 
 

Terminator sequences were discovered using ARNold (Gautheret & Lambert, 2001; Macke et al., 2001) recording terminators 
with a G of less than -10 kcal/mol that lie at the 3’ end of genes or within intergenic regions. Terminators were named after the 
gene preceding it.  

 
 

4.5 CONCLUSIONS 

A detailed bioinformatics analysis of the phage AP5 genome identified the putative functions of 

numerous gene products involved in nucleotide metabolism, DNA replication, recombination or repair, 

phage morphogenesis and DNA packaging and lysis. Among these, the putative host RBP was identified 

as Gp17. Due to its lytic nature and marked specificity for Y. enterocolitica strains of serotype O:3, phage 

AP5 is a potential biotechnological tool for diagnostic, therapeutic, and or bio-control use given that 

serotype O:3 is the most predominant serotype involved in human yersiniosis. Moreover, the genome of 

this phage does not contain any undesirable laterally transferable genes that are related to bacterial toxins, 

pathogenicity, antibiotic resistance and or lysogeny on the basis of homologies with known virulence and 

antimicrobial resistance genes.  
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 COMPLETE GENOME ANALYSIS AND CHARACTERIZATION OF YERSINIA Chapter 5:
ENTEROCOLITICA BACTERIOPHAGE vB_YenP_AP10 

 
5.1 ABSTRACT 

The genome of phage vB_YenP_AP10 (hereafter AP10), a bacteriophage isolated from pig 

manure, consists of linear dsDNA of 39,235 bp a guanine plus cytosine content of 51.8%, containing 47 

putative coding sequences and direct terminal repeats of 193 bp in length. At the DNA level, this 

bacteriophage shares less than 39% overall nucleotide identity with its closest neighbours, Klebsiella phage 

K11, Klebsiella phage vB_Kp1, and Klebsiella phage KP32. The gene products of this bacteriophage 

exhibit sequence similarity to proteins from numerous members of the T7likevirus genus and some 

unclassified members of the family Podoviridae. Genomic analysis and morphological observations support 

the taxonomic placement of phage AP10 as an unclassified member of the subfamily Autographivirinae 

within the family Podoviridae. This lytic phage exhibits virulence for Y. enterocolitica strains of serotype 

O:1, O:2, O:3, O:6, O:6,31, O:35,36, O:41(27),K1, as well as to Y. mollaretti O:3,  Y. frederiksenii strains of 

serotypes O:3 or O:35 and Y. intermedia O:52,54. 

 
 

5.2 INTRODUCTION 

The aim of this study was to further characterize phage AP10, a Podovirus (phage isolate PM07, 

Chapter 3) obtained from pig manure capable of infecting Y. enterocolitica O:3, the predominant serotype 

involved in yersiniosis (Fredriksson-Ahomaa, Stolle, & Korkeala, 2006; Fukushima et al., 2011). The 

primary objective was to identify the phage RBP for consideration as a potential ligand for Y. enterocolitica 

O:3 strains. In this chapter, the genome, host range, host cell receptor specificity, and taxonomic position of 

phage AP10 are also described.  

 

 



 

    

109 

 

5.3 MATERIALS AND METHODS 

5.3.1 Bacterial strains and growth media 

The Y. species strains, growth media and conditions for the propagation of phage AP10 are the 

same as previously described (section 4.3.1). 

 
5.3.2 Host range determination and phage receptor analysis 

To define the host range of the phage and locate the phage cell receptor, the lytic activity of phage 

AP10 was tested on the same bacterial strains and Y. enterocolitica O:3 LPS mutants as previously 

described (section 4.3.2).  

 
5.3.3 Phage adsorption assay 

Phage adsorption was assessed by phage pull-down assay (Kiljunen et al., 2011) as previously 

described (section 4.3.3). 

 
5.3.4 Proteinase K treatment 

The effect of proteinase K on phage adsorption was tested as previously described (section 4.3.4). 

5.3.5 Periodate treatment 

The effect of periodate on phage adsorption was tested as previously described (section 4.3.5). 

5.3.6 Isolation of phage DNA   

The isolation of phage DNA was performed as previously described (section 4.3.6). 
 

 
5.3.7 Genome sequencing and assembly 

Genome sequencing and assembly-followed procedures previously described (section 4.3.7) with 

the exception that the phage AP10 sequence requiring additional amplification by PCR and additional 

sequencing to close gaps in the genome. 
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5.3.8 Bioinformatics analysis  

Genome annotation and in-silico bioinformatics analysis of the genome utilized procedures 

previously described (section 4.3.8). Additional phylogenetic analyses were performed using “one click” at 

phylogeny.fr using MUSCLE for multiple alignment and PhyML for phylogeny (Dereeper et al., 2008).  

 
5.3.9 Genome sequence 

The complete genome sequence of Yersinia phage AP10 was deposited in the NCBI nucleotide 

database (GenBank) under the accession number number KT852574. 

 

5.4 RESULT AND DISCUSSION 

5.4.1 Host specificity 

Phage AP10 was chosen for detailed study because of its lytic activity against Y. enterocolitica O:3 

indicator strains, forming clear plaques of approximately 4 mm in diameter (Chapter 3). AP10 was 

subjected to an expanded host range study testing its lytic activity on 160 strains belonging to thirteen 

Yersinia species, revealing virulence for Y. enterocolitica strains of serotype O:1, O:2, O:3, O:6, O:6,31, 

O:35,36, O:41(27),K1 and a K1 non-typeable strain (Table 5.1). Y. mollaretti O:3, Y. frederiksenii strains of 

serotypes O:3 and O:35, and Y. intermedia O:52,54 were the only non-Y. enterocolitica strains sensitive to 

phage AP10. Strains from other species within the genus Yersinia were unaffected by the presence of 

phage AP5 (Table 5.1). Strains were sensitive to AP10 at both 25°C and 37 °C. 

 
5.4.2 Host receptor 

In order to determine the nature of the host cell phage receptor, phage AP10 was tested to 

determine whether the degradation of cell surface proteins or LPS could affect adsorption (Kiljunen et al., 

2011). Bacteria were treated with either proteinase K (to digest cell surface proteins) or periodate (to 

degrade carbohydrate structures containing a 1,2-diol motif such as oligosaccharides). Treatment of 
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bacteria with proteinase K did not reduce the adsorption of the phage, suggesting the AP10 phage receptor 

does not involve a protein (Figure 5.1, B). The possibility that the receptor is resistant to proteinase K is 

unlikely due to the broad substrate specificity of proteinase K (Kiljunen et al., 2011). In contrast, when cells 

were treated with sodium periodate (NaIO4) phage adsorption was abolished (Figure 5.1, E). These 

observations establish LPS as the probable structure containing the host receptor. In an effort to locate the 

receptor within the LPS structure, AP10 was tested for lytic activity on several Y. enterocolitica O:3 LPS 

mutants (Figure 4.2 and Table 5.2). Y. enterocolitica YeO3-R1 and YeO3-R2 which are missing the O-PS 

(Al-Hendy, Toivanen, & Skurnik, 1992), were resistant to AP10 infection. Similarly, Y. enterocolitica YeO3-

OCR and YeO3-c-OCR which are missing the entire core operon and are unable to produce O-PS 

(Biedzka-Sarek, Venho, & Skurnik, 2005) were also resistant to phage AP10. In contrast, Y. enterocolitica 

YeO3-OC and YeO3-c-OC which are missing the OC yet are able to produce O-PS (Biedzka-Sarek, 

Venho, & Skurnik, 2005), were sensitive to AP10. These results indicate the host receptor for phage AP10 

lies within the O-PS of Yersinia enterocolitica O:3 strains, which is composed of a homopolymer of 6-

deoxy-L-altropyranose  (Bruneteau & Minka, 2003; Gorshkova et al., 1985; Hoffman, Lindberg, & Brubaker, 

1980). These results also support the observation that Y. enterocolitica O:1, Y. enterocolitica O:2, Y. 

frederiksenii O:3, and Y. mollaretii O:3 which also contain 6-deoxy-L-altropyranose were also sensitive to 

AP10 (Table 5.1). Similar to the lytic spectrum of phage AP5 (Chapter 4), the same Y. kristensenii strain 

IP22828 of serotype O:3 and the same Y. enterocolitica O:2 strain gk1142 of serotype O:2 were also 

resistant to phage AP10 despite that strain IP22828 contains the O:3 O-PS gene cluster (GenBank 

accession no. Z18920) as determined by PCR (Pajunen, Kiljunen, & Skurnik, 2000). These results suggest 

O-PS expression was reduced or absent in these strains, or the host receptor was blocked by other cell 

surface structures. It is also possible that these strains may have a mutation in the biosynthetic genes 

essential for O-PS synthesis (Liang et al., 2016; Zhang et al., 1993) or genes regulating O-PS expression 

(Leskinen et al., 2015). Compared to phages ϕYeO3-12 and AP5 however, phage AP10 displayed an 
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expanded spectrum of virulence infecting other Y. enterocolitica serotypes, Y. frederiksenii and Y. 

intermedia strains (Table 5.1) suggesting phage AP10 may also recognize other structures on the cell 

surface. Phage AP10 however, displayed poor lytic activity on these strains observed as substantial 

turbidity throughout cleared zone or as only few individual plaques after spotting approximately 108 PFU on 

the bacterial lawn (Table 5.1). 

 

 

Figure 5.1 Effect of proteinase K and periodate treatment on the adsorption of phage AP10 to Y. 
enterocolitica O:3 

Phage adsorption after 5 minutes is shown as residual PFU percentages compared to a control containing phage only (TSB). Y. 
enterocolitica 6471/76 of serotype O:3 was incubated with phage AP10: (A) untreated; (B) 0.2 mg/ml proteinase K; (C) sodium 
acetate buffer (50 mM; pH 5.2); (D) sodium acetate buffer supplemented with 10 mM NaIO4; (E) sodium acetate buffer 
supplemented with 100 mM NaIO4. Values represent the mean from three determinations and error bars indicate standard 
deviations. Significance was determined by Student’s t tests for comparison between treated and untreated samples (*, P < 
0.05).  
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Table 5.1 Lytic activity of phage AP10 on 160 Yersinia species strains at 25°C 

 
Strain  

AP10 sensitive 
serotypes 

Serotypes with 
AP10 sensitive (S) 
and resistant (R) 
strains 

                           AP10 resistant serotypes 

 
Y. enterocolitica 

 
O:1[2], O:3 [17] 
O:35,36 [1], 
O:41(27), K1 [1] 

 
O:2 [1S/1R], 
O:6 [1S/1R], 
O:6,31 [1S/1R], 
K1 NT [1S/1R] 
 

 
O1,2,3 [1], O:4 [1], O:4,32 [1], O:5 [9], O5,27 [10], O6,30 [3], O:7,8 
[2], O:8 [14], O:9 [12], O:10 [4], O:13 [1], O:13a,13b [1], O:13,7 [2], 
O:13,18 [1], O:14 [1], O:20 [2], O:21 [3], O:25 [1], O:25,26,44 [1], 
O:26,44 [1], O:28,50 [1], O:34 [1], O:35,52 [1], O:41(27),42 [1], 
O:41(27),42,K1 [1], O:41,43 [1], O:41(27),43 [2], O:50 [1], NT[3] 
 
 

 
Y. aleksiciae 

   
O:16 [2] 

Y. aldovae   UT [2] 
Y. bercovieri   O:58,16 [2], NT [1], UT [2] 
Y. frederiksenii O:3 [1], O:35 [1]  O:16 [1], O:48 [1], K1 NT [1], NT [1], UT [2] 
Y. intermedia O:52,54 [1]  O:16,21 [1], UT [2] 
Y. kristensenii   O:3 [1], O:12,25 [1], NT [1], UT [4] 
Y. mollaretii O:3 [1]  O:59(20,36,7) [1], UT [2]  
Y. nurmii   UT [1] 
Y. pekkanenii   UT [1] 
Y. pseudotuberculosis   I [2], O:1b [2], O:3 [2] 
Y. rohdei   UT [2] 
Y. ruckeri 
 

  I[1], UT[5] 

The number of strains studied is given in brackets. NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting or not 
agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. Based on the degree of lysis, phage AP10 sensitive strains showed complete lysis or clearing 
throughout but with faint hazy background. Sensitive strains that presented poor lytic activity, observed as substantial turbidity throughout cleared zone or as only few individual 
plaques are shown in bold. 
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Table 5.2 Sensitivity of Yersinia enterocolitica O:3 LPS mutants to phage AP10 at 25°C 

Yersinia 
enterocolitica 
O:3 mutant 

Description 
LPS 

Chemotype a 

 
LPS  

composition 
 

Degree of  
lysis b 

   O-PS OC IC  

YeO3-R1 Spontaneous rough derivative of YeO3-c 
(Al-Hendy, Toivanen, & Skurnik, 1992) 

Ra Absent Complete Complete N 

 
YeO3-R2 

 
Spontaneous rough derivative of YeO3 
(Al-Hendy, Toivanen, & Skurnik, 1992) 

 
Ra 

 
Absent 

 
Complete 

 
Complete 

 
N 

 
YeO3-OC 

 
(wzx-wbcQ) derivative of YeO3  
(Biedzka-Sarek, Venho, & Skurnik, 2005) 
 

 
S 

 
Complete 

 
Absent 

 
Complete 

 
+ 

YeO3-c-OC (wzx-wbcQ) derivative of YeO3-c 
(Biedzka-Sarek, Venho, & Skurnik, 2005) 
 

S Complete Absent Complete + 

YeO3-OCR (wzx-wbcQ) derivative of YeO3 
(Biedzka-Sarek, Venho, & Skurnik, 2005) 
 

Rc Absent Absent Complete N 

YeO3-c-OCR (wzx-wbcQ) derivative of YeO3-c 
(Biedzka-Sarek, Venho, & Skurnik, 2005) 
 

Rc Absent Absent Complete N 

a See figure 4.2 for details.  

b Complete lysis, clearing throughout but with faint hazy background, substantial turbidity throughout cleared zone, or a few individual plaques was observed (+); no reaction (N). 
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5.4.3 General features of the AP10 genome 

 The genome sequence of phage AP10 consists of linear dsDNA of 39,235 bp in length evident 

during assembly into a single contiguous sequence representing the consensus reads from 160-fold 

coverage of the genome. The size of this phage correlates well with other T7-like phage members, which 

range from 37.4 kb (Pseudomonas putida phage gh-1) to 45.9 kb (Vibrio parahaemolyticus phage VpV262) 

(Kovalyova & Kropinski, 2003).  AP10 has also a slightly higher overall genomic guanine plus cytosine (GC) 

content of 51.8%, compared to a GC content of its host ranging from 47.1 ± 0.2 (Daligault et al., 2014) to 

48.5 ± 1.5 % (Brenner, Ursing, et al., 1980). Comparatively, the GC content of common representatives of 

the T7 group, Enterobacteria phage T7 (accession no. NC_001604) and Enterobacteria phage T3 

(accession no. NC_003298), are 48.4% and 49.9%, respectively. The GC content of phage AP10 however, 

is in agreement with other T7-like phages which range from 46.2 - 62.3% (Lavigne, Burkal’tseva, et al., 

2008). The genomes of T7-like phages typically contain direct terminal repeats (DTRs) that are used during 

genome replication and packaging (Molineux, 2005). The lengths of the DTRs of AP10 (193bp) are in 

agreement with the reported lengths for members of the T7 group. For example, Enterobacteria phage T7 

has DTRs of 160 bp (Dunn & Studier, 1983), Klebsiella phage vB_KpnP_KpV289 has DTRs of 179 bp 

(accesion no. LN866626), Klebsiella phage K11 (accesion no. NC_011043.1) has DTRs of 180 bp, and 

Salmonella phage φSG-JL2 has DTRs of 230 (Kwon et al., 2008).  

 
5.4.4 Open reading frames and comparative genomics 

The genome of AP10 was analysed for open reading frames (ORFs) greater than 100 bp. A total of 

35,535 nucleotides were involved in the coding of 47 ORFs with sizes ranging from 114 to 3,978 

nucleotides that are transcribed from left to right as presented in the physical map (Figure 5.2). The AP10 

genes are organized close to each other occupying 90.6% of the genome. Where large non-coding 

sequences occur, recognizable genetic elements such as promoters and terminators are often found. The 
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initiation codon ATG is present in 45 ORFs (93.6%). Only one other initiation codon, GTG, occurs in 3 

ORFs (6.4%): gene 0.6, gene 4, and gene 19. All predicted proteins were screened using BLASTP and Psi-

BLAST algorithms against the non-redundant protein database at NCBI. Based on amino acid similarities, 

of the 47 coding sequences of AP10, 27 (57.4%) have an assigned function, 18 (38.3%) are similar to 

phage proteins of unknown function, and 2 (4.3%) code for hypothetical proteins of unknown function that 

are unique to this phage (Table 5.3, Appendix). The predicted proteins of phage AP10 show sequence 

similarity to proteins from 20 bacteriophages (all members of the Podoviridae family). More specifically, 

protein homologs from members of the T7likevirus genus or from unclassified members of the subfamily 

Autographivirinae were found. Since the AP10 gene products are related to T7-like phage proteins, the T7 

gene nomenclature was adopted for naming the genes. In cases where an extra gene occupied a location 

or a gene showed no similarity to T7 counterparts, the gene was named according to its position on the 

genome by adding a new decimal number (gene 0.41, gene 0.42, gene 0.5 and gene 6.1). Based upon 

overall protein homology determined using CoreGenes (Zafar, Mazumder, & Seto, 2002), AP10 shares 38 

(63.3%) similar proteins with Enterobacteria phage T7, and 36 (65.5%) similar proteins with Enterobacteria 

phage T3. Additionally, the gene arrangement of T7/T3 essential genes is collinear, and only genes coding 

for hypothetical proteins present in AP10 are dissimilar or absent in the T7 or T3 genomes. Collectively 

these results suggest that AP10 is a member of the subfamily Autographivirinae (Lavigne, Seto, et al., 

2008).  

5.4.5 Nucleotide metabolism, DNA replication, recombination and repair 

Like the phage T7 genes, the phage AP10 genes may be divided into class I (early), class II 

(middle), and class III (late) genes (Molineux, 2005). During infection, the class I genes are transcribed by 

the host RNA polymerase (RNAP) and their products function primarily to overcome host restriction and to 

convert the metabolism of the host cell to the production of phage proteins. Once the phage RNAP is 
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produced it then transcribes the class II and class III genes which are involved in phage DNA metabolism 

and phage morphogenesis, respectively (Molineux, 2005). 

 

 

Figure 5.2 Genomic map of phage AP10 

Predicted genes are arranged in the direction of transcription shown by different coloured arrows. Genes involved in nucleotide 
metabolism, DNA replication, recombination or repairs are shown in black. Genes involved in morphogenesis and virion 
structures are depicted in red. Genes involved in DNA packaging and lysis, are shown in green and blue, respectively. Genes 
coding for hypothetical proteins of unknown function are shown in yellow and genes coding proteins unique to AP10 are shown 
in white. Direct terminal repeats (DTRs) are shown in dark grey. Promoters are shown as purple triangles above the sequence 
and terminators are depicted in orange below the sequence. The genetic map was created using Geneious R9 software version 
9.0.2. (Biomatters Ltd.). 
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In the AP10 genome, several genes were identified that play a role in nucleotide metabolism, DNA 

replication, recombination and repair. The predicted product of the leading gene in transcription, gene 0.3, 

is a small protein (ocr) that mimics the structure of a DNA molecule (B form DNA) and specifically binds to 

and inactivates the endonuclease and methyltransferase activities of type I DNA restriction endonucleases 

protecting the phage DNA as it penetrates into the host cytoplasm (Spoerel, Herrlich, & Bickle, 1979; 

Walkinshaw et al., 2002). As an additional protective measure, the DNA sequence coding for gene 0.3 

lacks any sequence recognized by the bacterial type I restriction system.  The AP10 ocr protein however, is 

similar to the phage T7 ocr protein as it does not possess S-adenosyl-L-methionine hydrolase (SAMase) 

activity acting to degrade the methyl group donor and the methylation activities present in the host, as has 

been described for phage T3 Gp0.3 (Murray, 2000; Studier & Movva, 1976). The latter is an additional 

means of inhibiting the type I restriction system by degrading AdoMet, a cofactor for restriction and methyl 

donor for modification (Studier & Movva, 1976). It is notable that despite the absence of this secondary 

activity, the sequences corresponding to restriction enzyme recognition sites CC(A/T)GG (modified by Dcm 

methylase or DNA cytosine methyltransferase) and GATC (modified by Dam methylase or DNA adenine 

methyltransferase) are under-represented in phage AP10 DNA, with the former only occurring only twice. 

The product of gene 0.7 codes for a protein kinase involved in host transcription shutoff by phosphorylating 

elongation factors G and P and ribosomal protein S6, thereby increasing transcription termination of the 

host RNAP (Marchand, Nicholson, & Dreyfus, 2001; Robertson, Aggison, & Nicholson, 1994). Similarly, 

gene 2 encodes a host RNA polymerase inhibitor which in T7 is produced early during infection and binds 

to the β′ subunit of the host RNAP preventing its loading onto RNA polymerase promoters (Hesselbach & 

Nakada, 1977).  The rapid synthesis of phage DNA requires access to a pool of nucleoside 5-

triphosphates, which are derived from the degradation of the host chromosome (Qimron et al., 2006). An 

endonuclease (Gp3) and an exonuclease (Gp6) hydrolyze the host chromosome to deoxyribonucleoside 5′-

monophosphates, which are then converted to the corresponding nucleoside 5-triphosphates through 
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phosphorylation by Gp1.7, a nucleotide kinase (Molineux, 2005; Qimron et al., 2006). The nucleoside 5-

triphosphates are then used as substrates for the phage encoded DNA polymerase. In AP10, Gp3, Gp6, 

and Gp1.7 homologs were identified as the products of gene 3, gene 6, and gene 1.7, respectively. Lastly, 

aside from the phage encoded RNAP (gene 1) required for transcription of the middle and late genes, in 

silico analysis also revealed the presence of genes involve in DNA replication, including a DNA polymerase 

(gene 5), a DNA ligase (gene 1.3), a ssDNA binding protein/helix destabilizing protein (gene 2.5), and a 

primase/helicase (gene 4).  

 
5.4.6 Morphogenesis and DNA packaging 

Several phage T7 homologous genes were identified that play a role in virus structure and 

assembly. Gene 7.3 codes for a protein required for the assembly of tail fibers on capsids that form a 

scaffold around which Gp11 and Gp12 polymerize and gets ejected from the infecting particle into the 

bacterial cell (Kemp, Garcia, & Molineux, 2005). Gene 8 codes for the portal protein forming the portal 

vertex of the capsid. This portal plays critical roles in head assembly, genome packaging, neck-tail 

attachment, and genome ejection (Agirrezabala et al., 2005; Cuervo et al., 2013). Gene 9 was identified as 

the capsid assembly protein required for the formation of procapsids (Cerritelli & Studier, 1996).  Although 

phage T7 and some T7-like phages often display two versions of the major capsid protein which are 

designated as 10A and 10B due to a −1 ribosomal frameshift allowing alternative reading frames within one 

mRNA (Condron, Atkins, & Gesteland, 1991; Ionel et al., 2011), only one coding sequence (gene 10A) 

displaying  90% identity with the major capsid protein of Erwinia phage vB_EamP-L1 was discovered.  

Since the features of this system are a slippery site in the DNA/RNA and a downstream stem-loop structure 

capable of forming a pseudoknot (Alam, Atkins, & Gesteland, 1999) AP10 was analysed using pKiss 

(Theis, Janssen, & Giegerich, 2010). However, no concrete evidence for a potential pseudoknot was found. 

Immediately downstream of gene 10A the genes coding for the tail tubular proteins A and B, which are 
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structural components of the short non-contractile tail, are coded by genes 11 and 12, respectively. The 

capsids of T7-like phages also contain an internal core assembled on the portal protein (Guo et al., 2013; 

Hu et al., 2013). The core is composed of proteins Gp13, Gp14, Gp15, and Gp16, coded in AP10 by gene 

13 (internal virion protein B), gene 14 (internal virion protein B), gene 15 (internal virion protein C) and gene 

16 (internal virion protein D), respectively. During the infection process the latter three proteins exit the 

capsid and form the extension of the phage tail that spans the host membranes and the periplasmic space 

for DNA passage (Hu et al., 2013). In phage T7, The N-terminus of Gp16 has similarity to a lytic 

transglycosylase (Molineux, 2005). BLASTN analysis of Gp16 from AP10 confirmed the presence of a 

peptidoglycan hydrolase motif located at the N-terminus (pfam01464, E-value 6.58e-25). 

Phage tail associated RBPs are necessary for host cell recognition, attachment, and initiation of 

infection. Gene 17 codes for an obvious RBP, evident due to the presence of a conserved Phage T7 tail 

domain (pfam03906, E-value 2.31e-77) located at the N-terminus of the sequence. Among bacteriophages, 

a high degree of sequence conservation is found at the N terminus, the part of the protein that is associated 

with the tail structure whereas the C-terminus is involved in ligand interactions and exhibits considerable 

sequence divergence, thus providing diversity in host specificity. However, an examination of closely 

related homologous RBP sequences reveals a high degree of sequence identity. Notably, the RBP 

sequences of Yersinia phages AP5 (Leon-Velarde et al., 2014) and φYeO3-12 (Pajunen et al., 2001) and 

the recently described phiYe-F10  (Liang et al., 2016)  which infect Y. enterocolitica O:3 are more closely 

related to each other than the RBP sequence of phage AP10 is to any of the latter (Figure 5.3).  This may 

account for the similar virulence of these phages and the more divergent host range observed for phage 

AP10.  In addition, it is remarkable that the RBPs sequences from Enterobacter phages E-3 and E-4, and 

Citrobacter phage phiCFP-1 also reveal a high degree of sequence identity (Figure 5.4), yet they are 

reported to infect other members of the Enterobactericeae. Lastly, packaging of phage DNA during phage 

replication is carried out by the phage-encoded terminase protein complex (or holoterminase) that initiates, 
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drives, and terminates translocation of phage DNA into proheads (Mitchell & Rao, 2006). In AP10, The 

large and small terminase subunit phage T7 homologs were determined to be the products of gene 18 

(DNA Packaging Protein A) and gene 19 (DNA Packaging Protein B) and are well conserved with 

previously identified terminase subunits.   

 
 
 

 

 Figure 5.3 Phylogenetic tree of the phage AP10 RBP and related RBP protein sequences 

The RBPs of Y. enterocolitica O:3 infecting phages φYeO3-12, AP5, and phiYe-F10 are more closely related to each other than 
the RBP of phage AP10. The un-rooted phylogenetic tree showing the branch consensus support % was generated using 
Geneious R9 software version 9.0.2. (Biomatters Ltd.) using a neighbour-joining algorithm utilizing 1,000 bootstrap replicates.  

 

5.4.7 Host cell lysis 

The final stage of the phage lytic cycle involves the degradation of the bacterial cell wall and 

release of progeny phages induced by the effect a pore producing protein, the holin, and a peptidoglycan 

degrading enzyme, the endolysin (Hanlon, 2007).  In AP10 gene 3.5 codes for an endolysin with predicted 

lysozyme (PHA00447, E-value 5.82e-100) and N-acetylmuramoyl-L-alanine amidase activity (pfam01510, E-

value 1.77e-19). 
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Figure 5.4 Multiple sequence alignment of the phage AP10 RBP and closely related RBP protein sequences  

Multiple sequence alignment was performed using Clustal W (Larkin et al., 2007). Identical residues are shaded in black; residues that are 80-100% similar are shaded in dark 
grey; residues that are 60-80% similar are shaded in light grey. Gaps (-) were introduced into the sequences to maximize the alignments. Numbering is based on the N-terminal 
methionine. The tail fiber protein sequence of phage T7 was included in the sequence alignment for comparison.  
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Access of the endolysin to the cell wall occurs through the presence of the holin, a secondary lysis 

factor. Holins are predominately small proteins containing transmembrane domains (TMDs) accumulating 

in the cytoplasmic membrane during infection until suddenly at an allele-specific time, trigger to form lethal 

lesions resulting in destruction of the cell wall followed by lysis (Dewey et al., 2010; Kutter & Sulakvelidze, 

2005; Wang, Smith, & Young, 2000). Inspection of AP10 for TMDs using TMHMM (Krogh et al., 2001) and 

Phobius (Käll, Krogh, & Sonnhammer, 2004) identified their presence in the products from genes 1.05, 6.1, 

17.5, 18.5 and gene 19.5.  Among these, gene 17.5 is proposed to code for the phage holin since it is a 

small protein (67 amino acids) containing a single TMD sharing 97% sequence identity to the Klebsiella 

phage K11 holin protein [YP_0020023832.1] and 96% identity with the phage holin of Stenotrophomonas 

phage IME15 [YP_006990243.1].  

Phage AP10 has also one more gene involved in lysis of the host (gene 18.5) coding for a phage λ 

Rz-like lysis protein (PHA00276, E-value 6.18e-57), an i-spanin of 147 amino acids that presents 60% 

sequence identity to the λ Rz-like protein [ALJ98054.1] of Klebsiella phage vB_Kp1. Further inspection of 

gene 18.5 sequence, reveals the presence of a nested ORF of 255 bp (gene 18.7) in the +1 reading frame 

embedded entirely within the sequence coding for a putative o-spanin of 84 amino acids (PHA00407, E-

value 9.39e-26) with homology to Rz1 protein [YP_002003835.1] of Klebsiella phage K11 (65% identity, E-

value 1e-16).  The sequence is also predicted to contain a TMD spanning amino acid residues 33 to 55. 

Based on these observations, gene 18.5 is proposed as an Rz/Rz1 equivalent lysis gene coding for 

transmembrane spanins involved in the disruption of the outer membrane of the host (Summer et al., 

2007). 

5.4.8 Transcriptional and regulatory sequences  

Phage AP10 does not contain tRNA genes, which is not an unexpected observation since no T7-

like phages have been found to harbour them. There are no experimental data on how AP10 phage DNA is 

transcribed during infection. The presence of a phage encoded RNAP (gene 1) suggest the early genes of 
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this virus are transcribed by the host RNA polymerase. A search for early promoters utilized by the host 

RNAP revealed several putative promoters in the noncoding region near the left end of AP10 DNA and 

located at genomic positions (bp) 210-239, 617-646, and 1819-1848 with sequence similarity to host 

promoter consensus TTGACA(N15-18)TATAAT with a 2 bp mismatch. This is similar to T7 and T3 phages, 

which possess multiple host promoters recognized by the host RNAP (Molineux, 2005).  In all T7 group 

phages, the phage RNAP recognizes phage specific promoters interspersed throughout the genome. 

Eleven probable phage specific promoters were identified using PHIRE (Lavigne, Sun, & Volckaert, 2004) 

and were named according to the downstream gene (Table 5.4). The promoters show a high degree of 

sequence conservation (Table 5.4 and Figure 5.5) and comparatively share a high degree of similarity to 

the bacteriophage T7 promoter consensus sequence. In addition, nine of the promoters in phage AP10 

were found in analogous genomic positions to those present in the phage T7 genome: 1.6, 2.5, 4.3, 

6.5, 9, 10, 13, 17, and 19.5, respectively. A search for terminators using ARNold (Gautheret & 

Lambert, 2001; Macke et al., 2001) revealed 5 putative rho-independent transcription terminators located at 

intergenic regions at the 3’ end of genes (Table 5.5).  Among these, a terminator for the phage RNAP was 

identified downstream of gene 10A, evident through the presence of a stem loop structure followed by a 

poly T tail of 6 Ts, as well as its location which is similar to that found in the genome sequence of phages 

φYeO3-12, T3, T7 (Pajunen et al., 2001), and phage AP5 (Leon-Velarde et al., 2014). 

 
5.4.9 Phylogeny 

At the DNA level the AP10 genome shows <39% overall DNA sequence identity with its closest 

neighbours as determined by BLASTN analysis (Table 5.6). The closest neighbours of phage AP10 are 

Klebsiella phage K11, Klebsiella phage vB_Kp, and Klebsiella phage KP32 with 38.76%, 36%, and 35.72% 

overall DNA sequence identity, respectively. The highest sequence identity (95%) was observed with 

Citrobacter phage phiCFP-1 with query coverage of 32% for an overall DNA sequence identity of 30.40%. 
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Phylogenetic of the whole genome sequences of phage AP10 and related phages suggests they belong a 

lineage of phages that have developed different host specificities reflective of their ecological niches for 

members of the Enterobactericeae (data not shown). 

 

Table 5.4 Predicted phage promoter sequences of phage AP10 

Name Promoter sequence Number of 
mismatches 

Transcription 

Beginning End 

     
0.3  ATTAACGACTCACTACAGGGATA 2 458 480 
1.05  ATTAACGACTCACTATCGGGGAC 4 6330 6352 
1.6 ATTAACGACTCACTACTAGGAGA 3 8293 8315 
2.5 ATTAACGACTCACTGTAGGGTGA 2 9265 9287 
4.3 AATAACGACTCACTATTGGCACA 4 12800 12822 
6.5 AATAACGACTCACTATAGGGAGA 1 17890 17912 
9 AATAACGACTCACTATAGGGAGA 1 20843 20865 
10A ATTAACGACTCACTATAGGGAGA 0 21828 21850 
13 AATAACGACTCACTATAGGGAGA 1 26236 26258 
17 ATTAACGACTCACTATAGGGAGA 0 33566 33588 
19.5 ATTAACGACTCACTATAGGGAGA 0 38483 38505 
     
  Consensus sequence    
 
AP10 
T7 
T3 
SP6 
K11 
 

 
ATTAACGACTCACTATAGGGAGA 
TAATACGACTCACTATAGGGAGA 
AATTAACCCTCACTAAAGGGAGA 
ATTTAGGTGACACTATAGAAGAA 
AATTAGGGCACACTATAGGGAGA 

 

   

Putative promoter sequences of phage AP10 are aligned and the number of mismatches to the AP10 consensus promoter 
sequence is given. The consensus promoter sequences of phages T7, T3, SP6, and K11 are presented for comparison.  
 
 

 

 

 

Figure 5.5 Sequence logo of the putative phage AP10 promoters 

The sequence logo shows residue probabilities and was generated using WebLogo (Crooks et al., 2004) at 
http://weblogo.berkeley.edu/logo.cgi. 
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Table 5.5 Predicted terminator sequences of phage AP10 

Located at 3' 
end of gene 

Terminator Sequence 
Start 
(bp) 

Stop 
(bp) 

Length  
(bp) 

 
Gene 1.3 
 

 
AACAACTCACTGGGCTTCCTTCGGGAGGCCCTTTTGCGTTATT 

 
8,253 

 
8,295 

 
 

43 
 

Gene 2 
 GACTCACTGTAGGGTGACACAAGGTTGCCCGTTTCGATTCTTT 9,271 9,313 

 
43 
 

Gene 4.5 
 

AATAAACTCAAGGCCATTACTATATGTAGTGGCCTTTATGATTA
TCA 

13,387 13,433 
 

47 
 

Gene 8 
 

GACTCACTATAGGGAGACTATCTGGTTTCCCTTTAGTTTCTAA 20,849 20,891 
 

43 
 

Gene 10A 
 

CATCTAGCCTAACCCCTTGGGGACCACTCACGGTCTTCGAGG
GGTTTTTTGCTTACAG 

23,159 23,216 
 

58 
 

 

Terminator sequences were discovered using ARNold (Gautheret & Lambert, 2001; Macke et al., 2001)recording terminators 
with a G of less than -10 kcal/mol that lie at the 3’ end of genes or within intergenic regions. Terminators were named after the 
gene preceding it. 

 
Table 5.6 BLASTN analysis of the AP10 genome 

Bacteriophage Accession 
Number 

Query 
Coverage 

 
 

Identity Overall DNA 
sequence 
identity 

 Yersinia enterocolitica phage AP10 KT852574.1 100% 100% 100% 
Klebsiella phage K11 EU734173.1 51% 76% 38.76% 
Klebsiella phage vB_Kp1 KT367885.1 48% 75% 36.00% 
Klebsiella phage KP32 GQ413937.1 47% 76% 35.72% 
Klebsiella phage vB_KpnP_KpV289 LN866626.1 45% 75% 33.75% 
Enterobacter phage E-4 KP791807.1 34% 94% 31.96% 
Citrobacter phage phiCFP-1 KP313531.1 32% 95% 30.40% 
Enterobacter phage phiEap-1 KT321314.1 38% 79% 30.02% 
Salmonella phage phiSG-JL2 EU547803.1 34% 82% 27.88% 
Klebsiella phage K5 KR149291.1 36% 75% 27.00% 
Enterobacteria phage K30 HM480846.1 36% 75% 27.00% 
Enterobacteria phage T7M JX421753.1 31% 82% 25.42% 
Enterobacteria phage T3 KC960671.1 31% 82% 25.42% 
Yersinia phage phiYe-F10 KT008108.1 27% 93% 25.11% 
Enterobacter phage E-2 KP791805.1 30% 81% 24.30% 
Yersinia phage vB_YenP_AP5 KM253764.1 29% 82% 23.78% 
Yersinia phage phiYeO3-12  AJ251805.1 28% 82% 22.96% 
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5.5 CONCLUSIONS 

A detailed bioinformatics analysis of the phage AP10 genome identified the putative functions of 

numerous gene products involved in nucleotide metabolism, DNA replication, recombination or repair, 

phage morphogenesis, and DNA packaging and lysis. Among these, the putative host RBP was identified. 

Although an investigation of the infectivity of the phage on a variety of Y. enterocolitica O:3 LPS mutants 

suggest phage AP10 utilizes the O-PS of serotype O:3 strains as the host cell receptor, AP10 also infects 

other Y. enterocolitica serotypes. In the context of this research, it is evident that the Yersinia phages 

phiYeO3-12 (Pajunen et al., 2001; Pajunen, Kiljunen, & Skurnik, 2000) and AP5 (Leon-Velarde et al., 2014) 

present a higher specificity for Y. enterocolitica O:3 than phage AP10 and thus, the former may be 

considered to be better suited for use in diagnostic applications for this epidemiologically important 

serotype. Nevertheless, due to its lytic nature and ability to effectively lyse Y. enterocolitica O:3 strains and 

other serotypes, phage AP10 represents still, a potential biotechnological tool for therapeutic, and or bio-

control use given that serotype O:3 is the most predominant serotype involved in human yersiniosis. 

Moreover, similarly to phage AP5, the genome of this phage does not contain any undesirable laterally 

transferable genes that are related to bacterial toxins, pathogenicity, antibiotic resistance and or lysogeny 

on the basis of homologies with known virulence and antimicrobial resistance genes.  
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 COMPLETE GENOME ANALYSIS AND CHARACTERIZATION OF Chapter 6:
vB_YenM_TG1, A BROAD HOST RANGE BACTERIOPHAGE INFECTING YERSINIA 

ENTEROCOLITICA 

6.1 ABSTRACT 

The genome of phage vB_YenM_TG1 (hereafter TG1), a bacteriophage isolated from pig manure, 

consists of linear dsDNA of 162,101 bp, a guanine plus cytosine content of 34.6% and contains 262 

putative coding sequences and 4 tRNAs genes. The closest relative of phage vB_YenM_TG1 is Yersinia 

phage phiR1-RT, isolated in Finland, with which it shares 91% overall nucleotide identity and 89.7% 

homologous proteins. Based on phylogenetic analyses of their whole genome sequences and large 

terminase subunit protein sequences, a genus named Tg1virus within the family Myoviridae is proposed 

with TG1 and phiR1-RT as member species. This lytic bacteriophage exhibits a host range restricted to Y. 

enterocolitica, displaying virulence for strains of serotypes O:1, O:2, O:3, O:5, O:6, O:5,27, O:7,8, O:9 and 

some strains of serotype O:6,30 and O:6,31 at or below 25°C. Phage adsorption analyses of 

lipopolysaccharide (LPS) and OmpF mutants demonstrate that the phage TG1 RBPs Gp12 and Gp37, uses 

the LPS inner core heptosyl residues and the outer membrane protein OmpF as phage receptors, with the 

latter acting as the primary host determinant. Analysis of RNA-sequencing data demonstrate that under 

different growth temperatures there is an inverse correlation between the expression of ompF in the host 

and temperature. Consistently, quantitative proteomics data demonstrates that OmpF is maximally 

expressed at 4°C, displays abundance at 22°C, but is minimally expressed at 37°C. Collectively, these 

findings suggest the temperature dependent infection of phage TG1 is due to strong repression of OmpF at 

37°C. 

 
6.2 INTRODUCTION 

The aim of this study was to further characterize phage TG1, a Myovirus (phage isolate PM06, 

Chapter 3) obtained from pig manure active against Y. enterocolitica O:3, O:5,27,  and O:9, 
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epidemiologically important serotypes involved in yersiniosis (Fredriksson-Ahomaa, Stolle, & Korkeala, 

2006; Fukushima et al., 2011). The primary objective was to identify the phage RBPs for consideration as 

potential ligands for these strains. In this chapter, the genome, host range, host cell receptor specificity, 

and taxonomic position of phage TG1 are also described.  

 
6.3 MATERIALS AND METHODS 

6.3.1 Bacterial strains and growth media 

The Y. species strains, growth media and conditions for the propagation of phage TG1 are the 

same as previously described (section 4.3.1). 

 
6.3.2 Host range determination  

To define the host range of the phage, the lytic activity of phage TG1 was tested on the same 

bacterial strains as previously described (section 4.3.2).  

 
6.3.3 Phage receptor analysis  

To identify the phage cell host receptors, a variety of Y. enterocolitica O:3 mutants (Table 6.1 and 

Figure 6.1) were tested in phage adsorption experiments (Kiljunen et al., 2011). Approximately 5x103 PFU 

of phage TG1 in 100 µl was mixed with a 400-µl sample of bacteria (A600 ~ 1.2). The suspension was 

incubated at room temperature for 5 min and centrifuged at 16,000 g for 3 min, and the phage titer 

remaining in the supernatant, i.e., the residual PFU percentage, was determined. Lysogeny broth (LB) was 

used as a non-adsorbing control in each assay, and the phage titer in the control supernatant was set to 

100%. Each assay was performed in duplicate and repeated three times. 

 
6.3.4 Complementation of Y. enterocolitica O:3 OmpF mutant YeO3-c-R1-Cat17 

A phage TG1 resistant and OmpF negative strain, YeO3-c-R1-Cat17 was complemented with 

OmpF in order to confirm if the phage sensitivity of phage TG1 could be restored. The OmpF mutant YeO3-
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c-R1-Cat17 was obtained by construction and screening of a transposon insertion library of Y. 

enterocolitica YeO3-R1 representing 16,000 independent insertion mutants (Pajunen, Kiljunen, & Skurnik, 

2012; Pinta et al., 2012). Next, the full ORF of the ompF gene plus the upstream promoter region of YeO3-

c was cloned as a 2.0-kb PCR fragment and amplified with Phusion DNA polymerase using primer pair 

OmpC-F2 (5’-GCGcaattgGCAGAAATGGGCCTCAATA-3’ and OmpC-R2 (5’- 

GCGcaattgTTTTTGACGCTGGTCAGCAC-3’) into plasmids pTM100 (Michiels & Cornelis, 1991) and 

pSW25T (Demarre et al., 2005) to obtain plasmids pTM100_OmpF and pSW25T_OmpF, respectively. 

Briefly, the PCR fragments were digested with MfeI and ligated with EcoRI digested, Shrimp Alkaline 

Phosphatase (SAP)-treated pTM100 or pSW25T. The constructed plasmids were then mobilized into the 

OmpF mutant strain YeO3-c-R1-Cat17 by diparental conjugation as previously described (Biedzka-Sarek, 

Venho, & Skurnik, 2005). 

 
6.3.5 Isolation of phage DNA   

The isolation of phage DNA was performed as previously described (section 4.3.6). 
 
 

6.3.6 Genome sequencing and assembly 

Genome sequencing and assembly-followed procedures previously described (section 4.3.7) with 

the exception that the phage TG1 sequence did not present frameshift errors requiring additional 

amplification by PCR and additional sequencing to close gaps in the genome. 

 
6.3.7 Bioinformatics analysis 

Genome annotation and in-silico bioinformatics analysis of the genome utilized procedures 

previously described (section 4.3.8) with the exception that protein sequence alignments were performed 

using Clustal Omega (Sievers et al., 2011) via Geneious R9 software version 9.0.2. (Biomatters Ltd). 
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Additional phylogenetic analyses were performed using “one click” at phylogeny.fr using MUSCLE for 

multiple alignment and PhyML for phylogeny (Dereeper et al., 2008).  

 

 

 

Figure 6.1 LPS structure of Y. enterocolitica O:3 mutant strains used to locate the phage TG1 host 
cell receptor 

(A) The chemotypes of the O:3 LPS molecules are indicated by the green letters and the green dashed lines indicate the point(s) 
of truncation: S(LA-IC-O-PS); Ra (LA-IC-OC); Rc (LA-IC); Rd1, Rd2 and Re represent LA plus truncated IC. (B) Schematic 
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structures of the Y. enterocolitica O:3 LPS molecules of different chemotypes. Note that wild-type Y. enterocolitica O:3 carries 
simultaneously a mixture of the S and Ra types of LPS molecules. Adapted from Kasperkiewicz et al. (2015). 

 

 

Table 6.1 Description of Y. enterocolitica O:3 mutants used in this work 

Strain Description LPS Chemotype a References 
 

6471/76 (YeO3) Serotype O:3, wild type. Human 
stool isolate 

S   (LA-IC-O-PS)             
Ra (LA-IC-OC) 

(Skurnik, 1984) 

6471/76-c (YeO3-c) Virulence-plasmid cured derivative 
of 6471/76-c (YeO3) 

S   (LA-IC-O-PS)             
Ra (LA-IC-OC) 

(Skurnik, 1984) 

YeO3-c-R1  (=YeO3-R1). Spontaneous rough 
strain 

Ra (LA-IC-OC)  (Al-Hendy, Toivanen, & 
Skurnik, 1992) 

YeO3-c-OC  YeO3-c (wzx–wbcQ). The whole 
OC gene cluster is deleted 

S (LA-IC-O-PS)  

 

(Biedzka-Sarek, Venho, & 
Skurnik, 2005) 

YeO3-c-OCR  YeO3-c (wzx–wbcQ). Spontaneous 
rough mutant. 

Rc (LA-IC)  (Biedzka-Sarek, Venho, & 
Skurnik, 2005) 

YeO3-c-R1-Cat17 ompF::Cat-Mu derivative of YeO3-
R1 (Cat-Mu transposon inserted 
into OmpF gene) 

Ra (LA-IC-OC) This study 

Cat17/pTM100_OmpF ompF::Cat-Mu YeO3-c-R1-Cat17 
strain complemented in cis with 
plasmid pTM100 containing OmpF 

Ra (LA-IC-OC) This study 

Cat17/pSW25T_OmpF ompF::Cat-Mu YeO3-c-R1-Cat17 
strain complemented in trans with 
suicide plasmid pSW25T containing 
OmpF before conjugation 

Ra (LA-IC-OC) This study 

YeO3-c-R1-M196 galU::cat-Mu derivative of YeO3-c-
R1. ClmR 

Rd1
  (Noszczyńska et al., 2015) 

YeO3-c-R1-M164 waaF::Cat-Mu derivative of YeO3-c-
R1. ClmR 

Rd2  (Noszczyńska et al., 2015) 

YeO3-c-R1-M205 hldE::Cat-Mu derivative of YeO3-c-
R1. ClmR 

Re  (Noszczyńska et al., 2015) 

a LA (Lipid A); IC (Inner Core); OC (Outer Core); O-PS (O-specific polysaccharide); Rd1, Rd2 and Re represent LA plus truncated 
IC as presented in Figure 6.1.  
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6.3.8 Total RNA extraction and RNA sequencing 

To investigate the level of expression of ompF in the host at different temperatures, the total RNA 

of Y. enterocolitica strain 6471/76 grown at 4°C, 22°C or 37°C to an OD600 of 0.6 – 1.0 was isolated using 

the SV Total RNA Isolation System (Promega). The qualities of the isolated RNA, as well as the rRNA 

profiles were determined using Bioanalyzer. For each condition two biological replicates were included. The 

ribosomal RNA was removed using Ribo-ZeroTM rRNA Removal Kit for Gram-negative Bacteria (Epicentre). 

The RNA-sequencing and data analysis were performed at the Institute for Molecular Medicine Finland 

(FIMM) Technology Centre Sequencing Unit (Helsinki, Finland). Paired-end sequencing was performed on 

Illumina HISeq2000 sequencer (Illumina) with the read length of 90 nucleotides. The obtained sequencing 

reads were filtered for quality and aligned against the Y. enterocolitica strain Y11 genome (accession 

number FR729477) using the TopHat read aligner (Langmead et al., 2009). The Cufflinks program 

(Trapnell et al., 2013) was then used to obtain the fragments per kb of gene per million aligned fragments 

(FPKM) values for differential expression. The RNA sequence data was deposited to Gene Expression 

Omnibus (accession number GSE66516).  

 
6.3.9 Quantitative proteomics 

LC-MS/MS was used to investigate the abundance of OmpF in the host at different temperatures. 

Bacteria were grown overnight at 22°C in 3 ml of LB. Cultures were diluted 1:10 in fresh LB and incubated 

at either 22°C or 37°C for another 4h. Afterwards, the cells were harvested by centrifugation at 3000 g, 

washed with sterile PBS and adjusted to 2.5x108 CFU/ml. Subsequently 1 ml of each culture was pelleted, 

resuspended in lysis buffer (100 mM ammonium bicarbonate, 8M urea, 0.1% RapiGestTM), sonicated for 3 

min (Branson Sonifier 450, pulsed mode 30%, loading level 2) and stored at -70°C. Each sample was 

prepared in 3 parallels. Prior to digestion of proteins to peptides with trypsin, the proteins in the samples 

were reduced with TCEP and alkylated with iodoacetamide. Tryptic peptide digests were purified by C18 
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reversed-phase chromatography columns (Varjosalo et al., 2013) and the analysis was performed on an 

Orbitrap Elite ETD mass spectrometer (Thermo Scientific), using Xcalibur version 2.7.1, coupled to an 

Thermo Scientific nLCII nanoflow HPLC system. Peak extraction and subsequent protein identification was 

achieved using Proteome Discoverer software (Thermo Scientific). Calibrated peak files were searched 

against the Y. enterocolitica O:3 proteins (Uniprot) by a SEQUEST search engine. Error tolerances on the 

precursor and fragment ions were ±15 ppm and ±0.6 Da, respectively. For peptide identification, a 

stringent cut-off (0.5 % false discovery rate) was used. For label-free quantification, spectral counts for 

each protein in each sample were extracted and used in relative quantitation of protein abundance 

changes. 

 
6.3.10 Genome sequence 

The complete genome sequence of Yersinia phage TG1 was deposited in the NCBI nucleotide 

database (GenBank) under the accession number KP202158.  

6.4 RESULTS AND DISCUSSION 

6.4.1 Host range 

Phage TG1 was chosen for detailed study because of its lytic activity against Y. enterocolitica O:3, 

O:5,27, and O:9 indicator strains, forming clear plaques of approximately 1-2 mm in diameter (Chapter 3). 

TG1 was subjected to an expanded host range study testing its lytic activity on 160 strains belonging to 

thirteen Yersinia species, revealing virulence for Y. enterocolitica strains of serotypes O:1, O:2, O:3, O:5, 

O:6, O:5,27, O:7,8, O:9 and some strains of serotype O:6,30 and O:6,31 while strains from other Y. 

enterocolitica serotypes and species within the genus Yersinia were resistant to phage infection (Table 

6.2). TG1 lysed its host cells when these were grown at 25°C but not at 37 °C. Additionally, TG1 was 

unable to infect strains belonging to other 20 bacterial genera (Table 3.3) demonstrating the phages’ host 

range is restricted to Y. enterocolitica. 
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6.4.2 Identification of phage receptors 

Initial adsorption experiments were carried out to study the ability of phage to interact with Y. 

enterocolitica O:3 derivatives differing mainly in their LPS composition (Figure 6.1 and Table 6.1). 

Compared to the wildtype control strain with a complete LPS chemotype (YeO3-c), no effect on adsorption 

was observed when phage TG1 was tested with LPS mutants missing the O-PS (YeO3-R1), missing the 

OC (YeO3-c-OC), or both the O-PS and the OC (YeO3-c-OCR) (Figure 6.2). These observations 

suggested the possibility that either the IC of the LPS and or other cell surface structures may be involved 

as host determinants. When an IC mutant YeO3-cR1-M196 (Rd1 LPS chemotype) was tested, no effect in 

adsorption was observed (Figure 6.2). However, progressive truncation of the LPS inner core produced 

reduced adsorption of phage TG1. An LPS mutant with a Re LPS chemotype (YeO3-R1-M205) had a 

greater effect on adsorption compared to an LPS mutant with an Rd2 LPS chemotype (YeO3-R1-M164) 

(Figure 6.2).  

Further evidence that an outer membrane protein may also be involved as a host receptor was first 

obtained from a Cat-Mu transposon library of strain YeO3-R1 (Pajunen, Kiljunen, & Skurnik, 2012; Pinta et 

al., 2012) that was exposed to phage phiR1-RT. In surviving phage-resistant mutants, the transposon 

insertion site was identified as gene Y11_04441 of the Y. enterocolitica O:3 strain Y11 genome 

(NC_017564.1). In the strain Y11 genome, the gene was annotated to encode the outer membrane porin 

OmpC, but in all Y. enterocolitica genomic sequences, the gene was annotated to encode OmpF. By 

extension, due to the similarity in host range between phages phiR1-RT and TG1, the adsorption of phage 

TG1 to Y. enterocolitica O:3 OmpF mutants was investigated. Phage adsorption was completely abolished 

when phage TG1 was tested with an ompF negative strain (YeO3-R1-Cat17) (Figure 6.2). To confirm then, 

that OmpF is a phage TG1 receptor, the ompF deficient mutant YeO3-R1-Cat17 was complemented with 

the wild type ompF gene either in trans with plasmid pTM100_OmpF or in cis by suicide plasmid 
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pSW25T_OmpF (strains Cat17/pTM100_OmpF and Cat17/pSW25T_OmpF). Both of these approaches 

restored phage sensitivity thus confirming that OmpF serves as a phage receptor.  

Next, to determine if the temperature-dependent sensitivity observed in the host range 

determination could be due to ompF regulation, its expression in Y. enterocolitica O:3 under different 

growth temperatures was analysed from RNA-sequencing and quantitative proteomics (LC-MS/MS) data. 

The transcriptomic analysis showed an inverse correlation between the expression of ompF and 

temperature (Figure 6.3). Consistently, quantitative proteomics demonstrated that OmpF was maximally 

expressed at 4°C, displayed abundance at 22°C, but was repressed at 37°C (Figure 6.3). These results 

are consistent with data from two-dimensional gel electrophoresis of whole-cell proteins of Y. enterocolitica 

cultured at 25°C and 37°C which suggested that ompF is downregulated when the bacteria are cultured at 

37°C (Gu et al., 2012). Collectively these findings serve to explain the temperature-dependent infectivity 

observed in the host range analysis experiments.  

OmpF is a major outer membrane protein of Gram-negative bacteria, and is responsible for aiding 

diffusion of low-molecular-weight compounds (Guzev et al., 2005). In general OmpF-like Yersinia porins are 

highly homologous to each other (83–92%) (Guzev et al., 2005). A multiple alignment of OmpF amino acid 

sequences of Y. enterocolitica (from a BLASTP search of sequence databases using the O:3 OmpF 

sequence as query) suggests the restricted host range of phage TG1 among Y. enterocolitica serotypes 

could be due to OmpF (data not shown). The alignment provided a distribution of conserved amino acid 

residues and the presence of regions with high and low homologies, which coincide with eight 

transmembrane domains and eight “external” loops, respectively of the topology of the OmpF porin from E. 

coli (Guzev et al., 2005; Stenkova et al., 2011). The porin loops are plausible binding sites for 

bacteriophages as demonstrated by the interaction of E. coli OmpF and K20 phages which bind to the L5, 

L6, and L7 external loops (Achouak, Heulin, & Pages, 2001; Silverman & Benson, 1987; Traurig & Misra, 

1999). Nevertheless, it is evident from the overall adsorption assay results that the LPS inner core heptosyl 
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region and OmpF function as phage receptors for phage TG1 (Figure 6.2), with the latter acting as the 

primary host determinant.  

 
6.4.3 General features of the phage genome and open reading frames 

The TG1 genome is composed of circularly permuted linear double stranded DNA, evident during 

assembly into a single contiguous sequence representing the consensus reads from 608-fold coverage of 

the genome. The genome sequence is 162,101 bp in length with an overall guanine plus cytosine (GC) 

content of ca. 34.6%, which is significantly lower than that associated with the host with a GC content 

ranging from 47.1 ± 0.2 (Daligault et al., 2014) to 48.5 ± 1.5 % (Brenner, Ursing, et al., 1980). A total of 

151,407 nucleotides were involved in the coding of 262 ORFs. Two hundred and twenty-three genes are 

transcribed rightwards (as displayed on the genetic map) and thirty-nine genes leftwards, with sizes ranging 

from 114 to 3,099 bp (Figure 6.4). The temporal and functional distribution of genes are tightly organized 

and packed close to each other so that they occupy 93.4% of the genome. The predominant initiation 

codon ATG is present in 253 (96.6%) of the ORFs. Only two other initiation codons occur, TTG and GTG at 

a frequency of 1.9% (5 ORFs) and 1.5% (4 ORFs), respectively. All ORFs were screened using the 

BLASTP and PSI-BLAST algorithms (Altschul et al., 1997, 1990). Based on protein homology, putative 

functions could be assigned to 121 (46%) gene products of phage TG1. Most of the identified homologs are 

conserved among T4-like phages and are either structural, or involved in DNA replication, recombination, 

repair, or packaging. Thus, the phage T4 gene nomenclature was used to name these genes (Table 6.3, 

Appendix). Additionally, the TG1 proteome was scanned with TMHMM (Krogh et al., 2001) and Phobius 

(Käll, Krogh, & Sonnhammer, 2004), predicting transmembrane domains (TMDs) in 12 putative proteins 

(Table 6.4, Appendix).  
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Figure 6.2. Phage TG1 adsorption to Y. enterocolitica O:3 wild type and mutant strains at 5 minutes shown as residual PFU percentages 

The no bacteria control (LB) and strains used for adsorptions are indicated below the columns and the LPS chemotype for each strain is indicated above the columns (see Table 
6.1 and Figure 6.1 for details). All strains are ompF positive with the exception YeO3-c-R1-Cat17. Error bars indicate standard deviations from three determinations. 
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Table 6.2 Lytic activity of phage TG1 on 160 Yersinia species strains at 25°C 

 
Yersinia species 
 

TG1 sensitive serotypes 
Serotypes with TG1 
sensitive (S) and 
resistant (R) strains 

                          TG1 resistant serotypes 

 
Y. enterocolitica 

 
O:1[2], O:2 [2], O:3 [17],  
O:5 [9], O5,27 [10],  
O:6 [2], O:7,8 [2],  
O:9 [12], 

 
O:6,30 [1S/2R] 
O:6,31 [1S/1R] 

 
O:1,2,3 [1], O:4 [1], O:4,32 [1], O:8 [14], O:10 [4], O:13 [1], 
O:13a,13b [1], O:13,7 [2], O13,18 [1], O:14 [1], O:20 [2], 
O:21 [3], O:25 [1], O:25,26,44 [1], O:26,44 [1], O28,50 [1], 
O:34 [1], O:35,36 [1], O35,52 [1], O:41(27),K1 [1], 
O41(27),42 [1], O:41(27),42,K1 [1], O:41,43 [1], O:41(27),43 
[2], O:50 [1],  K1 NT[2], NT[3] 
 

 
Y. aleksiciae 

   
O:16 [2] 

Y. aldovae   UT [2] 
Y. bercovieri   O:58,16 [2], NT [1], UT[2] 
Y. frederiksenii   O:3 [1], O:16 [1], O:35 [1], O:48 [1], K1 NT[1], NT[1], UT[2] 
Y. intermedia   O16,21 [1], O:52,54 [1], UT[2] 
Y. kristensenii   O:3 [1], O:12,25 [1], NT[1], UT[4] 
Y. mollaretii   O:3 [1], O:59(20,36,7) [1], UT[2]  
Y. nurmii   UT[1] 
Y. pekkanenii   UT[1] 
Y. pseudotuberculosis   I [2], O:1b [2], O:3 [2] 
Y. rohdei   UT[2] 
Y. ruckeri 
 

  I[1], UT[5] 

The number of strains studied is given in brackets. NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting or not 
agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. 
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Figure 6.3 Analysis of the ompF gene expression and protein abundance at different temperatures 

The mean expression levels of the ompF gene were obtained from RNA-sequencing analysis (Left). The production levels of the 
OmpF protein was obtained from normalized mean spectral values for the proteins detected by the LC-MS/MS analysis (Right). 
Error bars represent the calculated standard deviation. 

 
6.4.4 tRNAs 

The discovery of tRNA genes within phage genomes is not new, dating back to 1968 when first 

reported (Weiss et al., 1968). The tRNAs may be important for translation-associated phage fitness by 

compensating differences in codon usage with the host bacterium, becoming positively selected if the 

corresponding codons are highly used by the phage and rare in the host genome (Bailly-Bechet, 

Vergassola, & Rocha, 2007). Thus, Myoviruses may have evolved an adaptation strategy whereby their 

constitutively low GC content genomes are supplemented with tRNA genes that, once expressed, enhance 

translation efficiency when infecting high GC content hosts (Miller et al., 2003). Like many members of the 

Myoviridae, phage TG1 codes for several tRNA genes. Four tRNAs (GlyGGA, TrpTGG, ArgAGA, MetATG) were 

identified using tRNAScan (Schattner, Brooks, & Lowe, 2005) and ARAGORN (Laslett & Canback, 2004). 

Comparatively, in the host Y. enterocolitica O:9 [NZ_HF933206], AGA is used as the Arg codon 5.6% of the 

time followed by GGA as the Gly codon (9.1%), Met codon ATG (98.4%), and Trp codon TGG (100%). In 

contrast, phage TG1 uses these same codons 22%, 18.3%, 99.2%, and 100% of the time. It would appear 

that the presence of the tRNAArg and the tRNAGly homologs would enhance the rate of translation of phage 

mRNAs. Methionyl tRNA occurs frequently in many members of the Myoviridae and suggests the presence 
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of additional tRNAMet may also facilitate the rapid translation of phage mRNAs. Including the tRNA genes, 

the total coding capacity for the TG1 genome was estimated at 93.6%. 

 
6.4.5 DNA replication, recombination and repair 

Numerous genes were identified within the TG1 genome that play a direct role in DNA replication, 

recombination, and repair. Among the genes directly involved in DNA replication are a DNA polymerase 

(ORF57), a DNA ligase (ORF197), and three proteins with helicase activity (ORF23, ORF40, and ORF182). 

The closest homologs to the phage TG1 polymerase are found in Yersinia phage phiR1-RT 

[YP_007235888.1], Edwardsiella phage PEi20 [BAQ22701.1] and Enterobacteria phage RB69 

[NP_861746.1]; all members of the Myoviridae. Among the helicases ORF23 represents Gp41 (or Dda) 

while ORF182 codes for a UvsW homolog, involved in the reorganization of stalled DNA replication forks 

(Manosas et al., 2012). Other proteins include homologs to the DNA polymerase sliding clamp loader 

complex Gp44/Gp62 (ORF60/ORF59), sliding clamp accessory protein Gp45 (ORF61), single-strand 

binding protein Gp32 (ORF242), DNA helicase loader Gp59 (ORF243), and Gp61 (ORF35). In phage T4, 

the last protein is a primase that interacts with helicase Gp41 to form a helicase-primase complex (or 

primosome). The primosome together with the DNA helicase loader Gp59, unwinds the DNA template and 

primes DNA synthesis on the discontinuous strand. Among the proteins involved in recombination are type 

II topoisomerases Gp60/Gp52 (ORF8/ORF262), subunits of the Gp46/Gp47 recombinase pair 

(ORF64/ORF65/ORF67), UvsX (ORF42/ORF44), and UvsY (ORF186) homologs (Liu & Morrical, 2010). 

Lastly, among the proteins involved in repair, a DenV (ORF125) homolog, and three RNA ligases (ORF178, 

ORF179, ORF227) were identified. DenV is an N-glycosylase UV repair enzyme that excises pyrimidine 

dimers; the major UV-lesions of DNA, while RNA ligases seal breaks in RNA and may also counteract host 

defence of cleavage of specific tRNA molecules (Petrov et al., 2010). 
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Figure 6.4 Genomic map of phage TG1 

Genes are shown by different-colored arrows in the direction of transcription. Genes encoding putative proteins with an assigned function are shown in black (see also Table 6.3, 
Appendix). The locations of tRNA encoding genes are shown in blue. Hypothetical proteins with an unknown function are depicted in yellow. Homing endonuclease genes are 
shown in orange. Putative host promoters are shown as pink triangles above the sequence and putative rho-independent terminators are shown as green triangles below the 
sequence. The genetic map was created using Geneious R9 software version 9.0.2. (Biomatters Ltd.). 
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6.4.6 Nucleotide metabolism 

Class I ribonucleotide reductases are responsible for the inter-conversion of ribo- to 

deoxyribonucleotides and are represented by NrdA-B or NrdE-F which require oxygen for activity, class II 

containing NrdJ, and the oxygen sensitive class III represented by NrdG-H (Lundin et al., 2009). In TG1, 

genes for the aerobic ribonucleotide reductase complex subunits NrdA (ORF231/ORF233) NrdB (ORF229), 

and NrdH (ORF79) were identified. Additionally, Thioredoxin (NrdC) genes were also located (ORF88, 

ORF106). Other genes identified that are involved in nucleotide metabolism included: thymidilate 

synthetase Td (ORF235), thymidine kinase Tk (ORF112), dNMP kinase (ORF144), dCMP deaminase Cd 

(ORF214), dihydrofolate reductase Fdr (ORF237), dCTPase-dUTPase (ORF32), and the exo- and endo-

deoxyribonucleases DexA and DenA encoded by ORF20 and ORF228, respectively. A combination of at 

least some of these genes is required to supplement the intracellular pool of nucleotides for phage DNA 

and RNA synthesis (Petrov et al., 2010). 

 
6.4.7 Transcription 

A search for promoters based on sequence similarity to the host consensus s70 promoter 

TTGACA(N15-18)TATAAT with a 2 bp mismatch, identified 23 probable host promoters which probably 

function in early transcription (Table 6.5, Appendix). The genomic layout however, makes it clear that there 

must be additional promoters functioning to direct the transition from host to viral metabolism. A search for 

phage-specific promoters using PHIRE (Lavigne, Sun, & Volckaert, 2004) and also by extracting 

sequences of 100 bp in length upstream of each ORF and submitting them to MEME (Bailey et al., 2009), 

did not yield additional promoters that could be annotated with confidence. A search for putative rho-

independent transcription terminators using ARNold (Gautheret & Lambert, 2001; Macke et al., 2001) 

yielded 21 putative terminators (Table 6.6, Appendix). In agreement with the direction of transcription, 

bidirectional terminators were identified between ORF174-ORF175, ORF177-ORF178, ORF183-ORF184, 
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ORF194-ORF195. Terminators were not located however, between ORF253-ORF254. Nevertheless, the 

presence of phage T4 homologs involved in the transcription of late genes: RegA (ORF58), Gp33 

(ORF244), and the sigma factor for late transcription Gp55 (ORF72), suggests that the mechanism for 

controlling late transcription is similarly complex (Petrov et al., 2010). Likewise, the presence of repressor 

and translational regulatory protein homologs involved in middle and late transcription including: RegB 

(ORF119), DsbA (ORF245), Alc (ORF226); MotA (ORF260), and AsiA (ORF254), lends further support to 

this suggestion. 

 
6.4.8 Morphogenesis 

Many of the putative structural proteins of TG1 are homologous to existing phage proteins of the T4 

supergroup of viruses (Table 6.3, Appendix). Among the putative phage structural genes, the TG1 phage 

head is likely composed of the products of the major head protein Gp23 (ORF175) and the phage capsid 

vertex protein Gp24 (ORF177). Prohead precursor and scaffolding proteins Gp68 (ORF72), and Gp67 

(ORF171) as well as internal head proteins ipIII (ORF124) and ipII (ORF126) were also identified. No 

homologs for Soc or Hoc head decoration proteins were identified. Lastly ORF170 codes for the head 

portal vertex protein Gp20 that is connected to the neck and through which DNA enters during packaging 

and exits during infection. The whiskers and neck are composed of proteins coded by ORF160 (fibritin) and 

the head completion proteins Gp13 (ORF161) and Gp14 (ORF162). The tail proteins include the tail sheath 

terminator Gp3 (ORF145), the tail completion protein Gp15 (ORF145), the tail sheath subunit Gp18 

(ORF168), and the tail tube subunit Gp19 (ORF169). Proteins that form the baseplate wedge subunits and 

tail pins that then go on to associate with the central hub to form the viral baseplate include: Gp5 

(ORF150), Gp6 (OR153), Gp7 (ORF154), Gp8 (ORF155), Gp9 (ORF156), Gp10 (ORF157), Gp11 

(ORF158), Gp25 (ORF187), Gp27 (ORF190), Gp28 (ORF191), and Gp53 (ORF149). Among these, Gp5 

(ORF150) contains a predicted bacteriophage_T4-like_lysozyme domain (cd00735, E-value 7.41e-83) or 
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Phage_lysozyme domain (pfam00959, E-value 3.78e-10), which aids penetration through the peptidoglycan 

layer during the initial infection process. In phage T4, Gp8 and Gp9 connect the long tail fibres of the virus 

to the baseplate and trigger tail contraction after viral attachment to a host cell, while Gp11 connects the 

short tail fiber Gp12 (ORF159) to the baseplate (Leiman et al., 2010). ORF187 codes for the baseplate 

wedge subunit Gp25, a structural component of the outer wedge of the baseplate that has lysozyme 

activity, evident by the presence of conserved Gene 25-like lysozyme domain (pfam04965, E-value 7.00e-

12). Based on homology and gene synteny the proteins forming the long tail fibers of TG1 are composed of 

the tail fiber proximal subunit Gp34 (ORF247), the tail fiber connector or hinge protein Gp35 (ORF248), the 

proximal tail fiber protein Gp36 (ORF249), and the distal tail fiber protein Gp37 (ORF250), heterogeneous 

among T4 relatives (Leiman et al., 2010). A variety of chaperones or assembly catalysts involved in 

morphogenesis were also discovered.  Head formation chaperones include the capsid vertex assembly 

chaperone (ORF41), the prohead assembly proteins Gp21 (ORF173) and Gp22 (ORF174), as well as the 

head assembly chaperone protein Gp31 (ORF210). Chaperones involved in tail formation include the 

baseplate hub assembly proteins Gp26 (ORF188) and Gp51 (ORF189). Chaperones for tail fiber assembly 

include Gp57A (ORF143), Gp57B (ORF142) and Gp38 (ORF251). 

 
6.4.9 Host cell recognition elements 

In phage T4, phage tail associated RBPs Gp37 and Gp12 are necessary for host cell recognition, 

attachment, and initiation of infection. In the phage TG1 and in the closely related R1-RT genomes 

ORF250 codes for a putative RBP protein of 609 amino acid residues and 503 amino acid residues in 

length, respectively, sharing a 60% overall sequence identity. These proteins also share 40% identity to the 

distal long tail fiber RBP of Cronobacter phage vB_CsaM_GAP161 [YP_006986537.1] and are homologs to 

the long tail fiber protein Gp37 of phage T4 [AJC64544.1]. An alignment of these two proteins reveals a 

high degree of conservation at the N-terminus associated with the proximal tail fiber, as well as at the C-
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terminus associated with host recognition (Figure 6.5). More specifically, the C-terminal 63 amino acids 

present 95% sequence identity. Similarly, in the phage TG1 and R1-RT genomes, ORF159 codes for the 

short tail fiber protein Gp12, both of 446 amino acid residues in length and which are almost identical to 

each other, sharing 95% overall sequence identity (Figure 6.6). These proteins are homologous to Gp12 of 

phage T4 [NP_049770.1]. Among bacteriophages, the C-terminus of RBPs involved in ligand interactions 

usually exhibits considerable sequence divergence, thus providing diversity in host specificity. The high 

sequence identity at the C-terminus of the TG1 and R1-RT RBPs may account for the striking similarity in 

virulence of these two phages for Y. enterocolitica. Notably, phage R1-RT shows virulence to strains of 

the same serotypes as phage TG1 (Skurnik M., Personal communication, 2015).  

 
6.4.10 DNA packaging 

In TG1, ORF164 and ORF165/ORF167 genes code for the small (TerS) and large (TerL) DNA 

packaging subunits of a phage terminase protein complex (or holoterminase) that initiates, drives, and 

terminates translocation of phage DNA into proheads (Mitchell & Rao, 2006). More specifically, ORF164 

contains a small terminase protein domain (PHA02585, E-value 6.44E-82) and a terminase DNA packaging 

enzyme domain (pfam11053, E-value 5.94E-75). Usually, terS and terL are arranged side by side but in 

phage TG1 two ORFs with homology to terL are found. The translated protein sequence of ORF165 shows 

similarity to the N-terminus of the phage T4 TerL protein sequence. Likewise, the translated protein 

sequence of ORF167 shows similarity to the C-terminus of phage T4 TertL protein. BLASTX analysis 

(Altschul et al., 1997, 1990) reveals the phage TG1 terL is interrupted by a transposase (Tn7_Tnp_TnsA_N 

superfamily, PHA02552, E-value 3.32e-08). The predicted uninterrupted coding sequence for terL is 

predicted to start at bp (90,964 - 91,734) and continues at bp (92,752 – 93,818). During packaging, the 

DNA ends are also protected against host RecBCD nuclease action by Gp2, the DNA end protector protein 

(Lipinska et al., 1989); identified in phage TG1 as the product of ORF146. 
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Figure 6.5 Multiple sequence alignment of the long tail fiber Gp37 sequences of phages TG1 and 

phiR1-RT 

Multiple sequence alignment was performed using Clustal Omega (Sievers et al., 2011) via Geneious R9 software version 9.0.2. 
(Biomatters Ltd). Identical residues are shaded in black; residues that are 60-80% similar are shaded in grey. Gaps (-) were 
introduced into the sequences to maximize the alignments. Numbering is based on the N-terminal methionine. The homologous 
phage T4 long tail fiber protein Gp37 sequence was included in the alignment or comparison. 
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Figure 6.6. Multiple sequence alignment of the short tail fiber Gp12 sequences of phage TG1 and 
phiR1-RT 

Multiple sequence alignment was performed using Clustal Omega (Sievers et al., 2011) via Geneious R9 software version 9.0.2. 
(Biomatters Ltd). Identical residues are shaded in black; residues that are 60-80% similar are shaded in grey. Gaps (-) were 
introduced into the sequences to maximize the alignments. Numbering is based on the N-terminal methionine. The homologous 
phage T4 short tail fiber protein Gp12 sequence was included in the alignment or comparison. 
 

 

6.4.11 Homing endonucleases 

Homing endonuclease genes (HEGs) are not genuine phage DNA, but rather belong to intron 

associated selfish DNA elements (Bell-Pedersen et al., 1990) and are commonly found interspersed 

throughout Myoviridae genomes (Petrov et al., 2010). Among the HEGs identified, ORF148 and ORF232 
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exhibit similarity to shortened helix-turn-helix (HN-H) endonucleases, and ORF9, ORF43, and ORF66 to 

GIY-YIG group I intron endonucleases. BLASTX analysis (Altschul et al., 1997, 1990) reveals the 

recombination-related endonuclease II (Gp47) is divided by ORF66 which contains the HEG.  Likewise, the 

gene coding for UvsX is intersected by ORF43, which contains the HEG. ORF232 also divides the NrdA 

gene. 

6.4.12 Host lysis  

The final stage of the phage lytic cycle involves the degradation of the bacterial cell wall and 

release of progeny phages induced by the effect a pore producing protein, the holin, and a peptidoglycan 

degrading enzyme, the endolysin (Wang, Smith, & Young, 2000). In TG1, ORF127 codes for an obvious 

endolysin containing a bacteriophage_T4-like_lysozyme protein domain (pfam00959, E-value 2.54E-15) and 

phage-related muramidase (COG3772, E-value 5.05E-04). Access of the endolysin to the cell wall occurs 

through the presence of the holin. Holins are small phage encoded proteins characterized by the presence 

of TMDs, accumulating in the cytoplasmic membrane during infection until suddenly at a specific time, 

trigger to form lethal lesions resulting in destruction of the cell wall (Dewey et al., 2010; Wang, Smith, & 

Young, 2000). A search for the TG1 holin revealed the putative product of ORF253 contains a predicted t-

holin domain (pfam11031) with 99% identity to the phage holin of Yersinia phage phiR1-RT 

[YP_007236086.1] and 70% identity to the phage holin of Enterobacteria phage CC31 [YP_004010117.1]. 

The protein sequences is predicted to contain a single TMD spanning aa interval 30-49, as well as a large 

C-terminal periplasmic domain spanning the aa residue from position 50 to the end terminal amino acid at 

position 218; a characteristic bitopic topology found in the holin proteins of T4-like phages (Tran, Struck, & 

Young, 2005). Moreover, as in phage T4 the putative TG1 holin gene is separated from the endolysin gene.  

A search for Rz/Rz1 genes coding for transmembrane spanins involved in the disruption of the outer 

membrane of the host was also conducted based on gene arrangement and membrane localization signals 

(Summer et al., 2007). The search revealed two candidate genes, ORF225 and ORF224 homologous to 
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phage T4 pseT.3 (Rz) and pseT.2 (Rz1), respectively. As in phage T4, the Rz/Rz1 genes are adjacent to 

each other, arranged with overlapping stop and start codons, and additionally no part of the Rz1 sequence 

is embedded within the Rz coding region (Summer et al., 2007). ORF225 (Rz) possesses a single amino-

terminal TMD, and ORF224 (Rz1) encodes an outer membrane lipoprotein based on the presence of a 

signal peptidase II (SPII) cleavage site located between amino acid residues 16 and 17 as predicted by 

LipoP (Juncker et al., 2003; Summer et al., 2007). Lastly, the presence of phage T4 homologs to rI lysis 

inhibition regulator membrane protein (ORF110) and rIII lysis inhibitor accessory protein (ORF209) suggest 

the potential for lysis inhibition following superinfection (Burch et al., 2011; Doermann, 1948). 

 
6.4.13 Phylogeny of TG1 

 It is remarkable that very similar bacteriophages with an overall DNA sequence identity of 91% 

were isolated from such different locations and sources, as phages TG1 and ϕR1-RT were isolated in 

Canada from pig manure, and in Finland from raw sewage, respectively. Moreover, less than 34% overall 

DNA similarity exists with their closest neighbours within the Myoviridae (Table 6.7). The relatedness of 

these two phages was further explored using progressiveMauve (Figure 6.7) ( Darling, Mau, & Perna, 

2010); CoreGenes (Turner et al., 2013; Zafar, Mazumder, & Seto, 2002) which the Bacterial and Archaeal 

Virus Subcommittee of the International Committee on Taxonomy of Viruses (ICTV) has extensively used 

to compare the proteomes of viruses, by phylogenetic analysis of their whole genome sequences (Figure 

6.8) and their large terminase subunit protein sequences (Figure 6.9). It is evident from these phylogenetic 

analyses that TG1 and ϕR1-RT form a distinct taxonomic clade among their closest neighbours. Based on 

these observations and using a 95% DNA sequence identity as the criterion for demarcation for a species, 

a new genus named Tg1virus with phages TG1 and ϕR1-RT was proposed, accepted and ratified by the 

ICTV in 2016 (Adams et al., 2016).  
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Figure 6.7. progressive Mauve alignment of the phage TG1 and phiR1-RT1 genomes 

The genome of phiR1-RT [HE956709] is indicated on the top and that of TG1 [KP202158] is shown in the bottom of the figure. The degree of sequence similarity between regions 
is given by a similarity plot within the coloured blocks with the height of the plot proportional to the average nucleotide identity (Darling, Mau, & Perna, 2010). Below these are 
illustrated the phage genes as outlined boxes on the plus (above horizontal) and minus (below horizontal) strands. 
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Table 6.7 BLASTN analysis of the TG1 genome 

Bacteriophage 
Accession 
Number 

Query 
Coverage Identity 

Overall DNA 
sequence 
identity 

Yersinia phage vB_YenM_TG1 KP202158.1 100% 100% 100% 
Yersinia phage phiR1-RT  HE956709.1 93% 98% 91% 

Pectobacterium bacteriophage PM2 KF835987.1 50% 68% 34% 
Edwardsiella phage PEi20 DNA AP014714.1 49% 68% 33% 
Edwardsiella phage PEi26 DNA AP014715.1 49% 68% 33% 
Escherichia coli O157 typing phage 3 KP869101.1 47% 72% 34% 
Escherichia phage vB_EcoM_JS09 KF582788.1 47% 72% 34% 
Escherichia phage vB_EcoM_PhAPEC2 KF562341.1 47% 72% 34% 
Enterobacteria phage HX01 JX536493.1 47% 66% 31% 
Escherichia coli O157 typing phage 13 KP869111.1 46% 72% 33% 
Escherichia coli O157 typing phage 6 KP869104.1 46% 72% 33% 
Shigella phage Shf125875 KM407600.1 46% 72% 33% 
Enterobacteria phage RB69 AY303349.1 46% 72% 33% 
Enterobacteria phage JS98 EF469154.1 46% 68% 31% 
Enterobacteria phage JS10 EU863409.1 46% 68% 31% 
Enterobacteria phage Bp7 HQ829472.1 45% 71% 32% 
Enterobacteria phage IME08 HM071924.1 45% 67% 30% 
Salmonella phage S16 HQ331142.1 44% 67% 29% 
Salmonella phage STP4-a KJ000058.1 44% 67% 29% 
Shigella phage Shfl2 HM035025.1 44% 71% 31% 
Shigella phage pSs-1 KM501444.1 44% 71% 31% 
Enterobacteria phage vB_EcoM_VR5 KP007359.1 44% 67% 29% 
Salmonella phage STML-198 JX181825.1 43% 67% 29% 
Enterobacteria phage RB68 KM607004.1 43% 71% 31% 
Enterobacteria phage RB33 KM607001.1 43% 71% 31% 
Escherichia coli O157 typing phage 7 KP869105.1 43% 71% 31% 
Escherichia phage wV7 HM997020.1 43% 71% 31% 
Escherichia phage e11/2 KJ668714.2 43% 71% 31% 
Enterobacteria phage RB10 KM606999.1 43% 71% 31% 
Enterobacteria phage RB9 KM606998.1 43% 71% 31% 
Enterobacteria phage RB7 KM606997.1 43% 71% 31% 
Enterobacteria phage RB6 KM606996.1 43% 71% 31% 
Enterobacteria phage RB5 KM606995.1 43% 71% 31% 
Enterobacteria phage T4 AF158101.6 42% 71% 30% 
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Figure 6.8 Whole genome phylogenetic analysis of phage TG1, phiR1-RT1 and related 
bacteriophages 

The phylogenetic tree was generated using “one click” at phylogeny.fr using MUSCLE for multiple alignment and PhyML for 
phylogeny (Dereeper et al., 2008).  
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Figure 6.9 Phylogenetic analysis of the large terminase subunit protein sequences of phages TG1, 
phiR1-RT1 and related bacteriophages 

The phylogenetic tree was generated using “one click” at phylogeny.fr using MUSCLE for multiple alignment and PhyML for 
phylogeny (Dereeper et al., 2008). 
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6.5 CONCLUSIONS 

 Only a small number of bacteriophages infecting Y. enterocolitica, the predominant causative agent 

of yersiniosis have been previously described. Here, the newly isolated Y. enterocolitica myovirus phage 

TG1 was studied in detail and in the process, the host cell receptors required for infection (OmpF and the 

inner core heptosyl region) were identified. Although the genome of phage TG1 does not contain any 

undesirable laterally transferable genes that are related to bacterial toxins, pathogenicity, antibiotic 

resistance and or lysogeny on the basis of homologies with known virulence and antimicrobial resistance 

genes, the in vitro temperature dependent infection questions its potential use as biocontrol or therapeutic 

agent. Nevertheless, due to its marked specificity for the epidemiological relevant Y. enterocolitica 

serotypes O3, O:5,27, and O:9, phage TG1 may prove useful for diagnostic purposes. In the context of this 

research the detailed characterization of phage TG1 expands the repertoire of RBPs for consideration as 

potential diagnostic tools targeting this important bacterial pathogen. More specifically, the phage TG1 host 

recognition elements RBP Gp37 and RBP Gp12 were identified along with the associated chaperone 

proteins that may be required for correct protein folding and synthesis via molecular biology techniques. 
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 SYNTHESIS OF HOST RECOGNITION BINDING PROTEINS FROM Chapter 7:
YERSINIA ENTEROCOLITICA BACTERIOPHAGES  

7.1 ABSTRACT 

Host RBPs Gp17, Gp47 and Gp37 derived from bacteriophages AP5, φ80-18 and TG1 respectively, 

were produced by expression in E. coli. SDS-PAGE and mass spectrometry confirmed the recombinant 

proteins form high molecular weight oligomers exhibiting thermostability and resistance to dissociation with 

SDS, characteristic properties of phage RBPs. Confocal laser immunofluorescent microscopy confirmed 

the specific binding of purified RBPs to host cell surfaces demonstrating a similar binding spectrum to the 

host range of the phages they were derived from. Phage adsorption competition assays also demonstrated 

that when host cells were first exposed to the RBPs, phage infection was inhibited or blocked. Additionally, 

localized surface plasmon resonance (LSPR) analyses indicated the equilibrium association constant (KA) 

values for the interaction of the RBPs with host cells were estimated to be in the nanomolar range 

indicating a high binding affinity. These observations suggest the selected recombinant RBPs produced are 

structurally equivalent to the native proteins since they retain their biological function and represent highly 

specific reagents with affinity for the predominant Y. enterocolitica serotypes implicated in yersiniosis. 

 
7.2 INTRODUCTION 

Host RBPs from selected Y. enterocolitica infecting phages were expressed in E. coli with the aim 

of synthesizing correctly folded proteins that retain their biological function for binding to the cell surface. 

Particular emphasis was placed on the production of RBPs targeting the epidemiologically significant Y. 

enterocolitica serotypes O:3, O:5,27, O:8 and or O:9. Among the bacteriophages considered (Chapter 2) 

and those that were isolated and characterized through this research (Chapters 3-6), the RBP genes from 

Y. enterocolitica phages AP5, φ80-18 and TG1, coding for the RBPs Gp17, Gp47, and Gp37 respectively, 

were selected for protein expression since they provide the intended specificity based on the host range of 

the phages they are derived from. Several experiments were conducted to evaluate the biological activity of 
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the synthesized RBPs. Confocal laser immunofluorescent microscopy was utilized to directly visualize the 

decoration of phage RBPs on host cell surfaces and to explore the binding spectrum of the recombinant 

proteins among a collection of Yersinia spp. strains. Phage adsorption assays (Chuprov-Netochin et al., 

2010, 2011) were used to compare the ability of the phage to adsorb to host cells after previous exposure 

to high concentrations of purified RBPs. A decrease in sensitivity or inhibition of infection was considered 

an indirect measure of the biological activity of the recombinant proteins. Lastly, localized surface plasmon 

resonance (SPR) analysis allowed the calculation of kinetic data to describe the binding of the RBPs to 

host cells. 

 
7.3 MATERIALS AND METHODS 

7.3.1 Bacteria, bacteriophages and growth media 

Bacterial strains were acquired from the the Félix d'Hérelle Reference Center for bacterial viruses 

(Université Laval, QC, Canada); the Department of Microbiology and Immunology, Haartman Institute, 

University of Helsinki (Helsinki, Finland); Public Health Ontario (PHO) (Ontario, Canada); and the American 

Type Culture Collection (ATCC) (Manassas, Virginia, USA) (see Table 9.1, Appendix for details). Phage 

φ80-18 was obtained from the Department of Microbiology and Immunology, Haartman Institute, University 

of Helsinki (Helsinki, Finland). TSB, TSA and TSB + 0.6% agar (Difco Laboratories, Detroit, MI) were used 

to grow bacteria and to propagate phages. Y. enterocolitica 6471/76-c of serotype O:3  was used for the 

propagation of phages AP5 and TG1. Y. enterocolitica ATCC 23715 of serotype O:8 was used for the 

propagation of phage φ80-18. In procedures involving phage infection, media were supplemented with 

filter-sterilized CaCl2.2H2O to a final concentration of 5 mM. The small drop plaque assay was used to 

determine the titer of phage preparations (Mazzoco et al., 2009). E. coli BL21 Star™ (DE3) cells and E. coli 

BL21 Star™ (DE3) PLysS cells (Invitrogen) were used for protein expression.  
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7.3.2 Plasmids for the expression of RBPs from phages AP5 and φ80-18 

Gene 47, coding for the host RBP of phage φ80-18 (Zhang & Skurnik, 1994) was synthesized from 

its genome sequence [Genbank: NC_001271.1 (bp 33,972 to 35,909)] and cloned into plasmid pUC57 

(Genscript). Gene 17, coding for the host RBP of phage AP5 (Leon-Velarde et al., 2014) was also 

synthesized from its genome sequence [Genbank: NC_025451.1 (bp 33,050 to 34,996)] and cloned into 

plasmid pUC57 (Genscript). Additionally, segments of gene17, as well as the DNA sequence coding for 

Enhanced Green Fluorescent Protein (EGFP) (Chapdelaine et al., 2000) fused to a segment of gene17 

(1272-1947 bp) were each synthesized and cloned into plasmid pUC57 (Genscript, USA). The constructs 

were then subcloned into pENTR/D (Life Technologies, Carlsbad, California, USA) using Gateway 

technology, sequence-verified and transferred by LR clonase II reaction into Champion™ pET300/NT-

DEST or pET301/CT-DEST (Life Technologies) (see Table 7.1 and Figure 7.1 for details). The plasmids 

carry under the control of promoter T7, high level IPTG-inducible gene expression and fusion to a His6 tag 

label at the N- terminus (MHHHHHHITSLYKKAG–) or C- terminus (–NPAFLYKVVIMHHHHHH) 

respectively, for purification by chelating affinity chromatography. PCR, restriction analysis, and DNA 

sequencing were used to verify the structure of the plasmids.  

 
7.3.3 Plasmids for the expression RBP Gp37 from phage TG1 

In Enterobacteria phage T4 and related phages, the LTFs are formed by the proximal subunit 

Gp34, the structural tail fiber proteins Gp35 and Gp36, and the distal RBP Gp37 which requires additionally 

the presence of the phage encoded chaperone proteins Gp57A and Gp38 for correct folding and assembly 

(Bartual et al., 2010a; Leiman et al., 2010). In phage TG1 the products of ORF247, ORF248, ORF249 and 

ORF250 encode the homologous phage T4 LTF proteins and the chaperones Gp57A and Gp38 are coded 

by ORF143 and ORF251 (Leon-Velarde et al., 2016). 
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7.3.3.1 Foldon assisted expression of RBP Gp37 from phage TG1 

In order to circumvent the chaperone factor for the synthesis of Gp37, the use of foldons as carrier 

partners to promote proper folding, increase solubility, and enhance expression were utilized (Maity et al., 

2005; Panchenko et al., 1997). Three constructs were engineered by fusing a His6 tagged N-terminal foldon 

via a glycine-serine linker to the C-terminal 200 amino acid residues of phage TG1 Gp37 (aa 409-609). The 

foldon partners chosen were: 1) the phage T4 fibritin trimerization domain (aa 1-31) (Miroshnikov et al., 

1998, 2000; Tao et al., 1997), 2) the phage T4 trimerization motif of the structural protein Gp5 (aa 435-575) 

(Chuprov-Netochin et al., 2010; Kanamaru et al., 2002; Mesyanzhinov et al., 2004; Nakagawa, Arisaka, & 

Ishii, 1985), and 3) E. coli SLyD (aa 1-165) which performs chaperone functions (Chuprov-Netochin et al., 

2011; Scholz et al., 2006). The DNA sequences were first synthesized and cloned into plasmid pUC57 

(Genscript, USA). The constructs were then subcloned into pENTR/D (Life Technologies, USA) using 

Gateway technology, and transferred by LR clonase II reaction into Champion™ pET300/NT-DEST (Life 

Technologies) (See Table 7.1 and Figure 7.2 for details). PCR, restriction analysis, and DNA sequencing 

were used to verify the structure of the plasmids.  

 
7.3.3.2 Chaperone assisted expression of RBP Gp37 from phage TG1 

Co-expression with the phage TG1 encoded chaperones was also utilized to synthesize the native 

form of phage TG1 RBP Gp37 as described previously for the synthesis of the homologous phage T4 Gp37 

(Bartual et al., 2010a).  Plasmid pCDF Duet-1 conferring streptomycin resistance was used for the cloning 

of Gp37 and Gp38 encoding genes of phage TG1. The Gp37 encoding gene was first amplified from viral 

DNA and cloned into the multiple cloning site (MCS) 1 of pCDF Duet-1, producing pCDF Duet-1 Gp37. 

Similarly, the Gp38 encoding gene was cloned into the MCS 2 of pCDF Duet-1 Gp37, yielding pCDF Duet-

1 Gp37-Gp38. Lastly, plasmid pET21a(+) conferring ampicillin resistance was used to clone the phage TG1 

Gp57A encoding gene, yielding pET21a(+) Gp57A. The plasmid constructs carry under the control of 
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promoter T7, high level IPTG-inducible gene expression with a His6 fusion tag at the N-terminus for 

purification by chelating affinity chromatography (Figure 7.3). The genes encoding Gp38 and Gp57A 

however, were expressed without a purification tag. PCR, restriction analysis, and DNA sequencing were 

used to verify the structure of the plasmids. 

 

 

 

Figure 7.1 Graphical representations of plasmids for the expression of RBPs derived from Yersinia 
phages AP5 and φ80-18. 

The phage T7 tail domain associated with attachment to the phage capsid is shown in dark grey; His6 tags for protein purification 
are shown in red; An intramolecular chaperone protein domain (Peptidase S74 domain) present in the phage AP5 Gp17 
sequence is shown in orange; EGFP, Enhanced Green Fluorescent Protein domain is shown in green.  
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Table 7.1 List of plasmids used in this study 

Plasmid Description Source or 
Reference 

pET300/NT-DEST T7lac promoter, N-terminal His6 tag fusion vector, Ampicillin 
resistance marker.   
 

Invitrogen 

pET300-His-Gp47 Phage φ80-18 gene 47 (4-2010 bp) cloned in frame into the 
MCS of pET300/NT-DEST for expression of N-terminal His6 
tagged Gp17. 
 

This study 

pET300-His-Gp17 Phage AP5 gene 17 (4-1947 bp) cloned in frame into the MCS of 
pET300/NT-DEST for expression of N-terminal His6 tagged 
Gp17. 
 

This study 

pET300-His-Gp17(1-540) Phage AP5 gene 17 (1051-1947 bp). Truncated form of Gp17 
spanning aa residues 1-540 cloned in frame into the MCS of 
pET300/NT-DEST for expression of N-terminal His6 tagged 
protein. 
 

This study 

pET301/CT-DEST T7lac promoter, C-terminal His6 tag fusion vector, Ampicillin 
resistance marker.   
 

Invitrogen 

pET301-Gp17-His Phage AP5 gene 17 (1-1944 bp) cloned in frame into the MCS of 
pET301/CT-DEST for expression of C-terminal His6 tagged 
Gp17. 
 

This study 

pET300-His-EGFP-Gp17 (225-648) Enhanced Green Fluorescent Protein (EGFP) domain 
(Chapdelaine et al., 2000) fused in frame with phage AP5 gene 
17 (1272-1947 bp) and cloned into the MCS of pET300/NT-
DEST for expression of an N-terminal His6 tagged EGFP-Gp17 
(aa 225-648). 
 

This study 

pET300-His-wac-Gp37 Phage T4 wac (4-96 bp) fused in frame via gly-ser linker to C- 
terminal TG1 ORF250 (1,230-1,830 bp) and cloned into the MCS 
of pET300/NT-DEST for expression of an N-terminal His6 tagged 
protein. 
 

This study 

pET300-His-Gp5-Gp37 Phage T4 Gp5 (1302-1605-bp) fused in frame via gly-ser linker to 
C terminal TG1 ORF250 (1,230-1,830 bp) and cloned into the 
MCS of pET300/NT-DEST for expression of a N-terminal His6 
tagged protein 
 

This study 

pET300-His-SlyD-Gp37 E.coli SlyD (4-495 bp) fused in frame via gly-ser linker to C 
terminal TG1 ORF250 (1,230-1,830 bp) and cloned into the MCS 
of pET300/NT-DEST for expression of a N-terminal His6 tagged 
protein 
 

This study 

pCDF Duet-1 pCloDF13 replicon, T7lac promoter and 2 MCS sites each with 
an optional N-terminal His6 tag sequence. Streptomycin 
resistance marker.  
 

Novagen 

pET21a (+) ColE1 (pBR322) replicon, T7lac promoter, N-terminal T7 tag 
sequence and optional C-terminal His6 Tag sequence. Ampicillin 

Novagen 
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Plasmid Description Source or 
Reference 

resistance marker.   

pCDF Duet-1 Gp37 Phage TG1 ORF250 (4-1,830 bp) cloned in frame into MCS1 of 
pCDF Duet-1 for expression of N-terminal His6 tagged protein 
Gp37. 
  

This study 

pCDF Duet-1 Gp37-Gp38 Phage TG1 ORF250 (1-528 bp) cloned into MCS2 of pCDF 
Duet-1 gp37 for co-expression of N-terminal His6 tagged Gp37 
and tail fiber assembly chaperone Gp38. 
  

This study 

pET21a(+) Gp57A Phage TG1 ORF250 (1-219) cloned into MCS of pET21a(+) for 
expression of general trimerisation chaperone Gp57A. 

This study 

 
 
 
 
 
 

 
 
 

 
  

 
Figure 7.2 Graphical representations of plasmid for foldon-assisted expression of phage TG1 RBP 

Gp37. 

Foldons (light blue) as carrier partners to promote proper folding, increase solubility, and enhance protein expression are linked 
though a glycine-serine linker to the C-terminal amino acid residues of phage TG1 Gp37 (aa 409-609). N-terminal His6 tags for 
protein purification are shown in red.  
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Figure 7.3 Graphical representations of plasmids for chaperone-assisted expression of phage TG1 
RBP Gp37. 

The location of the origins of replication, antibiotic resistance genes (Sm R, streptomycin resistance; Amp R, ampicillin 
resistance), relevant promoters (T7 lac promoter), Lac I repressor, Multiple cloning site (MCS) (yellow) and sequences coding 
phage Gp37 (red), and chaperones Gp38 and Gp57A (green) are presented. 

 

7.3.4 Protein expression 

For the expression of the phage AP5 Gp17 and phage φ80-18 Gp47 RBPs, plasmid bearing E. coli 

BL21 Star™ (DE3) cells (Invitrogen) were grown aerobically in 250 ml of 2xYT media (16 g/L tryptone, 10 

g/L yeast extract, 5.0 g/L NaCl, 0.22 µm filter sterilized, pH 6.5-7.5) supplemented with 100 µg/ml of 

ampicillin at 37°C to an OD600 of between 0.6 and 0.8 with shaking at 200 rpm. Protein expression was 

induced by the addition of 1 mM isopropyl-d-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich, USA) 



 

    

164 

 

incubating for 24h at 30°C with shaking at 200 rpm. For the expression of EGFP fused to Gp17, E. coli 

BL21 Star™ (DE3) cells harbouring pET300-His-EGFP-Gp17 (225-648) were grown in the same media and 

culture conditions except that after addition of IPTG, cultures were incubated for 8h at 37°C with shaking at 

200 rpm and then stored at 4°C to allow maturation of the EGFP chromophore. For the expression of 

phage TG1 Gp37 RBP, E. coli BL21 Star™ (DE3) PLysS cells (Invitrogen) were transformed with pCDF-

Duet-1 Gp37 or pCDF-Duet-1 Gp37-Gp38 alone and the same plasmids were also co-transformed with 

pET21a(+) Gp57A. Two-hundred and fifty ml of 2xYT media supplemented with 50 µg/ml of ampicillin and 

or 50 µg/ml streptomycin as required were grown aerobically at 37°C to an OD600 of between 0.6 and 0.8 

with shaking at 200 rpm. Protein expression was induced by the addition of IPTG as above, followed by 

incubation for 24h at 30°C with shaking at 200 rpm. 

 
7.3.5  Protein purification 

Cells were harvested by centrifugation at 10,000 g for 15 min at 4°C and the pellets were re-

suspended in 25 ml of buffer A (50 mM sodium phosphate, 300 mM NaCl, 10mM imidazole, pH 8.0) 

supplemented with a protease inhibitor cocktail (Roche). Cells were disrupted by 10 rounds of 15 s of 

sonication using a Virsonic Digital 475 ultrasonicator (Virtis) alternating with incubation on ice. Insoluble 

debris was removed by centrifugation at 18,000 g for 30 minutes at 4°C and the soluble fraction was 

filtered through a 0.22 μm pore size filter (Millipore). Proteins were purified by immobilized metal ion affinity 

chromatography (IMAC). Clarified lysates were applied to a 25-ml nickel-nitrilotriacetic acid (Ni-NTA) 

agarose column (Novex) according to the manufacturer’s protocol. Captured proteins were eluted from the 

column using buffer B (50 mM sodium phosphate, 300 mM NaCl, 500mM imidazole, pH 8.0) and 

concentrated using Amicon-Pro centrifuge filters (Millipore) with a 10,000 Da molecular mass exclusion limit 

incorporating three washes with 10 mM Tris–HCl of pH 8.5 to eliminate salts and impurities.  
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 The concentration of all recombinant proteins produced was estimated by measuring sample 

absorbance at 280 and 260 nm using a Nanodrop 2000 UV-vis Spectrophotometer (Thermo Scientific), and 

via the use of a Qubit® Protein Assay Kit in a Qubit® 1.0 fluorometer (Invitrogen) as per the manufacturer 

instructions. Bovine Serum Albumin (BSA) was used as a standard. Protein analysis was performed by 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) using Mini-

Protean®TGX Stain-Free Precast Gels (Bio-Rad Laboratories Inc.) and Coomassie blue staining. 

Denaturing and non-denaturing conditions were used to assess the oligomeric state of purified proteins 

(Mitraki et al., 1999). Precision Plus Protein™ Unstained Standard (Bio-Rad Laboratories Inc.) was used as 

a size marker for the molecular analysis of the phage RBPs. 

 
7.3.6 Determination of molecular weight via SDS-PAGE and mass spectrometry 

Analysis of protein bands and molecular weight (MW) estimates was performed using a Molecular 

Imager® Gel Doc™ XR+ System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and Quantity 

One® software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Molecular weight determinations via mass 

spectrometry (MS) were performed at the Mass Spectrometry Facility, Advanced Analysis Centre of the 

University of Guelph. An Agilent UHD 6530 quadrupole mass spectrometer (Q-TOF) was configured with a 

standard ESI source and operated in positive-ion mode. Data analysis was performed using MassHunter 

Qualitative Analysis Software Version B.06.00 (Agilent). Deconvolution of the m/z spectrum was achieved 

using the Maximum Entropy algorithm within BioConfirm software (Agilent). 

 
7.3.7 Mass-spectrometric identification of proteins  

SDS-PAGE separated proteins were identified by MS at the Mass Spectrometry Facility, Advanced 

Analysis Centre of the University of Guelph. Selected gel slices of individual separated protein bands were 

destained with 50 mM ammonium bicarbonate in 50 % acetonitrile.  Cysteines were then reduced with 100 

mM DTT and alkylated with 55 mM iodoacetamide.  After vacuum centrifugation, gel slices were subjected 
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to protease digestion using 20 µl of sequencing grade-modified trypsin (20 µg/ml in 100 mM ammonium 

bicarbonate) (Promega, Madison, WI, USA) at 37ºC for 12 h. The resulting peptides were extracted from 

the gel slices by one aqueous wash (50 µl) followed by 2 washes (75 µl) with 5% formic acid in 50% 

acetonitrile and the combined solution was concentrated to 10 µl using vacuum centrifugation. Liquid 

chromatography–mass spectrometry (LC-MS) analyses were then performed on an Agilent 1200 HPLC 

liquid chromatograph interfaced with an Agilent UHD 6530 quadrupole mass spectrometer (Q-TOF). A C18 

column (Agilent AdvanceBio Peptide Map) was used for chromatographic separation with the following 

solvents: water with 0.1% formic acid (A) and acetonitrile with 0.1 % formic acid (B). The mobile phase 

gradient was as follows: initial conditions, 2% B increasing to 45% B in 40 min and then to 55% B in 10 

more minutes followed by column wash at 95% B and re-equilibration for 10 minutes. The first 2 and last 5 

minutes of gradient were sent to waste and not the spectrometer. The flow rate was maintained at 0.2 

ml/min. The mass spectrometer electrospray capillary voltage was maintained at 4.0 kV and the drying gas 

temperature at 350° C with a flow rate of 13 L/min. Nebulizer pressure was 40 psi and the fragmentor was 

set to 150. Nitrogen was used as both nebulizing and drying gas, and collision-induced gas. The mass-to-

charge ratio was scanned across the m/z range of 300-2000 m/z in 4GHz (extended dynamic range 

positive-ion auto MS/MS mode). Three precursor ions per cycle were selected for fragmentation. The 

instrument was externally calibrated with the ESI TuneMix (Agilent) and the sample injection volume was 

100 µl. Raw data files were loaded directly into PEAKS 7 software (Bioinformatics Solutions Inc.) where the 

data was refined and subjected to deNovo sequencing and database searching. Within the search 

parameters, methionine oxidation and carbamidomethylation of cysteine residues were considered.  The 

tolerance values used were 10 ppm for parent ions and 0.5 Da for fragment ions. Identification was 

reported when a significant match (P < 0.05) was obtained.  
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7.3.8 Confocal immunofluorescent laser microscopy  

 The biological activity of the purified RBPs was evaluated via confocal immunofluorescence laser 

microscopy by utilizing the His6 tag sequence introduced at the N-terminus of the protein sequence to 

facilitate protein purification. Fluorescent-labelled Ab against the His6 tag were used for immunolabelling 

recombinant RBPs to visualize their specific attachment to bacterial cells. Using this approach, the binding 

spectrum of the recombinant RBPs to strains belonging to a variety of Y. enterocolitica serotypes and other 

Yersinia spp. could be determined.  

 
7.3.8.1 Immunolabelling live cells 

 Yersinia spp. strains were first grown in TSB at 25°C or 37°C for 24 hours with shaking at 250 rpm. 

A 2-ml volume from each culture was then centrifuged at 8,000 g for 1 minute and the collected cells were 

re-suspended in 1 ml of PBST-BSA (140 mM NaCl, 2 mM KCl, 8 mM Na2HPO4, 1.4 mM KH2PO4, 0.05% 

Tween 20, supplemented with 2% BSA). Thereafter, 250 µl were mixed with 250 ul of 10 µg/ml RBP 

solution (prepared in PBST-PBS) and the mixture was incubated for 30 minutes at 25°C or 37°C with 

shaking at 125 rpm. The cells were then washed three times with 1 ml PBST-BSA with centrifugation at 

8,000 g for 1 minute to remove unbound RBP.  The final pellet was re-suspended in 1ml of anti-His6 tag 

(HIS.H8) mouse mAb (Pierce Scientific) diluted 1:1000 in PBST-BSA. The mixture containing the primary 

Ab was incubated for 1 hour at 25°C or 37°C with agitation (125 rpm) after which the cells were once again 

washed three times with PBST-PBS, as above, to remove unbound primary Ab. In a dark room, the cells 

were resuspended in 1ml of goat anti-mouse IgG DyLight 488 polyclonal Ab (Pierce Scientific) diluted 1:500 

in PBST-PBS. The mixture containing the secondary Ab was incubated for 1 hour at 25°C or 37°C with 

agitation (125 rpm), after which the cells were washed three times in PBST-BSA as previously described, 

and re-suspended in 1 ml of the same buffer. A 15 µl volume of the immunostained cells was then 

deposited on glass slides that had been previously cleaned in 100% ethanol and pre-treated with 0.1% 
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Poly-L-Lysine. Coverslips coated with SlowFade® gold anti-fade reagent (Invitrogen) were mounted on the 

slides prior to analysis. 

 
7.3.8.2 Immunolabelling fixed cells 

 To probe a larger number of strains, cells were fixed and immunolabelled as previously described 

(Javed et al., 2013). Yersinia strains were first grown as above and a 100-µl volume in 900 µl of 50 mM 

Tris-HCl buffer (pH 7.5) from each culture was then centrifuged at 8,000 g for 1 minute.  The collected cells 

were then re-suspended in the same buffer, and 15 µl were spotted onto a clean glass slide. After air-

drying, cells were fixed in a solution of 5 % gluteraldehyde for 10 minutes and then blocked with blocking 

buffer (5% BSA in 50 mM Tris-HCl buffer, pH 7.5) for 10 minutes. The slides were then incubated in a 

solution of 10 µg/ml RBP solution (prepared in blocking buffer) for 1 hour followed by washing three times 

for 5 minutes with Tris-HCl buffer. The slides were placed into anti-His6 tag (HIS.H8) mouse mAb prepared 

in blocking buffer (1:1000 dilution) for 1 hour and then washed three times with Tris-HCl buffer. In a dark 

room, the slides were then placed into goat anti-mouse IgG DyLight 488 polyclonal Ab solution prepared in 

blocking buffer (1:500 dilution) for 1 hour, followed by washing three times with Tris-HCl buffer. The slides 

were then allowed to air dry prior to analysis. 

 
7.3.8.3 Imaging  

Samples were examined using an upright Leica DM 6000B confocal laser microscope connected to 

a Leica TCS SP5 system using suitable filter settings and colour channels (λ 485 for excitation and λ516 for 

emission). Images were collected digitally using Leica LAS AF Imaging Software and processed using 

imageJ (Schneider, Rasband, & Eliceiri, 2012). To verify the specificity of the fluorescent signal, control 

samples were immunolabelled as above, with the omission of incubation with the primary Ab. 
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7.3.9 Phage infection inhibition  

Phage adsorption (Kiljunen et al., 2011) was used to determine if phage infection could be inhibited 

or blocked when host cells are first treated with purified recombinant RBPs (Chuprov-Netochin et al., 2010). 

Y. enterocolitica were first grown in TSB at 25°C, washed in PBS (centrifuged for 5 min at 16,000 g) and 

resuspended at a cell density of 108 CFU/ml.  Aliquots (100 µl) of cell suspension were then incubated for 

20 minutes at 4ºC with 1 ml of 10 µg/ml or 1 ug/ml suspension of purified RBP prepared in PBS with 

shaking at 150 rpm.  Phages were then added at a MOI of 1 and the samples were mixed at 125 rpm for 5 

min at 25°C. The mixtures were then centrifuged for 5 min at 16,000 g through a 0.45 μm pore size 

centrifuge tube filter (Costar, NY) and the PFU/ml remaining in the flow-through determined (Sambrook & 

Russel, 2001). The same assay was also performed replacing the RBP with PBS containing 10 µg/ml of 

BSA. TSB was used as a non-adsorbing control in each assay. Each assay was performed in triplicate. The 

mean phage titer obtained from the control supernatant was set to 100% and the residual PFU percentage 

remaining was calculated with standard deviations  

 
7.3.10 Localized surface plasmon resonance (LSPR) analysis 

Sensograms describing the binding of RBPs Gp17, Gp47, and Gp37 to immobilized Y. enterocolitica 

cells were obtained using an OpenSPR™ analyser (Nicoya Lifesciences, Waterloo, Ontario, Canada). First, 

an amine coupling procedure using 400mM 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) (EDC) and 

100mM N-hydroxysuccinimide (NHS) were applied at a ratio of 1:1 as a cross-linking agent at a rate of 25 

μl/min to saturate and immobilize RBPs on a SEN100-AU sensor chip (Nicoya Lifesciences). The sensor 

chip was composed of a layer of colloidal gold (100 nm thickness) coated with a carboxylated surface. A 

baseline for the immobilized RBP was then established by flowing degassed PBS (pH 7.4) at a speed of 

150 μl/min. Following this, 250 μl of polyethylene glycol methyl ether thiol (PEG-SH, 2000g/mol) at a 

concentration of 50 uM in PBS (Blocking Solution) was injected flowing at a speed of 100 μl/min to reduce 
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non-specific binding on the sensor surface and fill in empty spaces. Once a baseline had been established 

fixed Y. enterocolitica O:3 (strain 6471/76) or O:8 (strain 8081) wild type cells (previously treated in 3% 

formaldehyde for 10 minutes and washed 3 times in PBS) were injected (100 μl volume, 106 cells) at a 

speed of 25 μl/min to immobilize them on the chip surface. Once a baseline was established, RBP Gp17, 

Gp37, or Gp37 in PBS at concentrations of 100 nM, 250 nM or 500 nM was introduced and real time 

interaction analysis was performed by measuring the LSPR response. The intensity or peak position 

(signal) measured as a change in local refractive index changes (nm) indicated the interaction of bound 

RBP with the bacteria. All experiments were performed at 20°C. LSPR sensogram data was analysed 

using Tracedrawer 1.6.1 (Ridgeview Instruments Ab, Uppsala, Sweden) to calculate the association rate 

constant (kA), dissociation rate constant (kd), the equilibrium association constant (KA) and the equilibrium 

dissociation constant (KD) (Edwards & Leatherbarrow, 1997) 

 
7.4 RESULTS AND DISCUSSION 

7.4.1 Synthesis of phage AP5 host recognition binding protein Gp17 

Among the phages reported to specifically infect Y. enterocolitica O:3, both φYeO3-12 and AP5 

(Chapter 4) presented a markedly higher specificity for Y. enterocolitica O:3 than phage AP10 (Chapter 5). 

Phage AP5 also exhibited an apparent faster adsorption than phage AP10 (data not shown). For these 

reasons, the RBP Gp17 of phage AP5 was chosen for protein expression as suitable ligand for serotype 

O:3 strains. Detailed bioinformatics analysis of the AP5 Gp17 sequence (Chapter 2) discovered a highly-

conserved Phage_T7_tail domain (pfam03906, E-value 2.79e-80) present at the N-terminus at aa interval 1-

162, while at the C-terminus a Peptidase_S74 domain (pfam13884, E-value 1.08e-10) spanning aa interval 

540-606 is present (Figure 7.4). The Peptidase_S74 domain is an ICD which performs trimerisation-

dependent auto-proteolysis mediating quaternary folding of the protein (Mühlenhoff et al., 2003; Schulz, 

Schwarzer, et al., 2010; Schwarzer et al., 2007). As presented in Chapters 1 and 2, this mechanism was 
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first described in phage proteins belonging to different but structurally similar protein families: 

bacteriophage endosialidases, capsule depolymerases, and appendage proteins (Leiman et al., 2007; 

Schulz, Dickmanns, et al., 2010; Schwarzer et al., 2007; Thompson et al., 2010; Xiang et al., 2009). The 

presence of an ICD is thought to aid in the formation of trimers by increasing the unfolding barrier, 

stabilizing the native protein complex by trapping it in a kinetically stable conformation, and then excising 

itself from the stable mature trimer (Kreisberg et al., 2002; Schwarzer et al., 2007). It is though that such 

proteolytic processing may have evolved to avoid structural constraints imposed by their presence at the C-

terminal end of the mature protein (Swarzer et al 2007). The Peptidase_S74 domain contains two 

absolutely conserved serine (S) and lysine (D) residues forming a catalytic dyad at the putative cleavage 

site located after the serine residue (Leiman et al., 2007; Schulz, Schwarzer, et al., 2010; Schwarzer et al., 

2007). In the phage AP5 Gp17 sequence, this conserved dyad was identified as aa residues 540-541 

(Figures 7.4 and 7.5). Thus, autoproteolytic processing is predicted to take place at position 540 resulting in 

removal of the 108 C-terminal amino acids (Figure 7.4). In effect, two protein fragments of approximately 

57.445 kDa and 12.302 kDa in size are predicted to occur, the former of which presumably folds into the 

phage AP5 tail fiber protein, a homotrimer of approximately 172.35 kDa in size. 

As observed via SDS-PAGE, under native conditions expression of pET300-His-Gp17 results in the 

migration of an oligomer of approximately 175 kDa (Figure 7.6, Band A).  Under reduced conditions 

however, the protein appears as a monomer of approximately 60 kDa (Figure 7.6, Band B), which was 

determined by MS to be of approximately 59.229 kDa. This MW estimate is close to the predicted MW of 

Gp17 occurring after autoproteolytic processing by the ICD domain (57.445 kDa plus 2 kDa contributed by 

the N-terminal His6 tag). Peptide mass fingerprinting of bands A and B further confirmed the protein identity 

of the RBP (Figure 7.6).  In addition, band C corresponded both in size (approximately 12.5 kDa) and 

protein identity to the C-terminal cleaved ICD (Figure 7.5). These results suggest that autoproteolytic 

processing may have continued during and or after protein purification. To further verify these observations 
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Figure 7.4 Conserved protein domains of phage AP5 RBP Gp17 and proposed trimerisation-
dependent auto-proteolysis 

Proteolytic cleavage by an ICD (Peptidase_S74) is predicted to occur after the amino acid residue 540 (red arrow), producing a 
57.445 kDa monomer that presumably folds into the phage recognition binding protein, a trimer of approximately 172.35 kDa. For 
illustration purposes the structure of the phage T7 RBP Gp17 (aa 371-553) (Carmela Garcia-Doval & Van Raaij, 2012) was used 
to depict the putative AP5 tail fiber protein. 

 

Gp17 was expressed with a His6 tag at the C-terminus (pET301-gp17-His). SDS-PAGE analysis and MS 

identified the presence of the C-terminal cleaved ICD of approximately 15 kDa (Lane 1, Figure 7.7) due to 

the C-terminal His6 tag contributing 2.5 kDa to the predicted 12.302 kDa fragment (Figure 7.5). In order to 

explore whether the ICD is required for the trimerisation of Gp17, plasmid pET300-His-gp17 (1-540), which 

was constructed without the C-terminal ICD, was expressed in E. coli. No soluble protein was detected via 

SDS-PAGE under native or reduced conditions suggesting that the C-terminal ICD is essential for the 

quaternary protein folding of phage AP5 RBP Gp17.    
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Figure 7.5 Multiple sequence alignment of the ICD of the phage AP5 RBP Gp17 and related ICD protein sequences 

Multiple sequence alignment was performed using Clustal Omega (Sievers et al., 2011) via Geneious R9 software version 9.0.2. (Biomatters Ltd). The numbering was set to 1 at 
the phenylalanine (F) residue located 5 aa residues from the start of the predicted C-terminal intramolecular chaperone domain. Identical residues are shaded in black; residues 
that are 80-100% similar are shaded in dark grey; residues that are 60-80% similar are shaded in light grey. Gaps (-) were introduced into the sequences to maximize the 
alignments. The conserved serine-lysine (SD) where proteolytic cleavage is predicted to occur is boxed in red. The Bacillus phage neck appendage precursor protein sequence 
[NP_073695.1] was included in the alignment as a reference ICD sequence for comparison. 
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Figure 7.6 Expression of N-terminal His6 tagged phage AP5 RBP Gp17. 

4-15% Tris-HCl SDS-PAGE run at 4°C, 100V. Lane 1, reduced conditions (sample heated at 100°C for 10 min in the presence of 
SDS and β-mercaptoethanol); Lane 2, native conditions (unheated sample) shows the presence of Gp17 trimer (*); Lane M, 
molecular weight markers. The sequence of the phage AP5 host RBP Gp17 is shown with the predicted C-terminal ICD 
(Peptidase_S74 domain) highlighted in grey and the conserved SD dyad where proteolytic cleavage occurs indicated in red. 
Peptide fragments from the analysis of bands A, B, and C identified via peptide mass fingerprinting are underlined and shown in 
bold. 
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Figure 7.7 Expression of C-terminal His6 tagged phage AP5 RBP Gp17 

4-15% Tris-HCl SDS-PAGE run at 4°C, 100V. Lane 1, sample heated at 100°C for 10 min in the presence of SDS and β-
mercaptoethanol; Lane M, molecular weight markers.   

 

A BLASTP search using the phage AP5 ICD sequence as a query produced several ICDs 

(Peptidase_S74) within RBP sequences of other Yersinia phage genomes. Homologous Gp17 RBP 

sequences from the Podoviruses φYeO3-12, AP10 and the recently described phiYe-F10 (Liang et al., 

2016), as well as the RBP (pb1) from the Siphovirus phiR201 contain this protein domain. Hence, protein 

folding is predicted to also occur in these RBPs in a similar manner to that described herein for the RBP 

Gp17 of phage AP5.  
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7.4.2 Synthesis of phage φ80-18 host recognition binding protein Gp47 

Among the phages reported to infect Y. enterocolitica O:8, the Myovirus phage AP8 (Chapter 3) the 

Podovirus phage ISAO8 (Chapter 3) and the Podovirus phage φ80-18 (Zhang & Skurnik, 1994) were 

considered potential candidates from which to obtain a phage RBP targeting the O:8 serotype.  

Based on an expanded host range study testing the lytic activity of phage AP8 on 160 Yersinia 

species determined by standard spot tests (Kutter, 2009), a marked virulence for Y. enterocolitica strains of 

serotype O:8 was observed (Table 7.2, Appendix). Notably, phage AP8 lysed not only the clinically 

significant O:8 serotype, but also some of the less frequently encountered virulent serotypes involved in 

yersiniosis such as O:13a,13b, O;20 and O:21, O:13,7 and O:13,8 all of which are members of the so-

called ‘new-world’ strains (Bhagat & Virdi, 2011; Bottone, 1997, 1999; Drummond et al., 2012; Tennant, 

Grant, et al., 2003; Wauters et al., 1991). In addition the phage AP8 host receptor was identified as the O-

PS since serotype O:8 rough LPS mutant strains 8081-R2 and 8081-c-R2 (Zhang et al., 1997) were 

resistant to phage infection. Regrettably, poor DNA yields (7 to 14 ng/µl) were obtained from high phage 

titer lysates (108 to 109 PFU/ml) and thus assembly of the AP8 genome into a single contiguous sequence 

resulted in a low sequence coverage (< 5-fold), complicating the definitive in silico identification of the 

phage AP8 putative RBPs due to lack of certainty in the genome sequence. Further attempts to obtain 

higher DNA yields utilizing a combination of PEG precipitation to concentrate the phage (Vajda, 1977) and 

phenol-chloroform-isoamyl alcohol extraction for DNA purification (Thurber et al., 2009) were unsuccessful. 

It is speculated that the phage AP8 DNA may contain tightly bound proteins which during extraction go to 

the phenol phase with significant amount of the DNA and co-precipitate with phage DNA in isopropanol as 

described for other phages (Kropinski et al., 2011). Alternatively the DNA may present modified bases, 

extensive secondary DNA structures, and or DNA attached proteins requiring the application of a 

combination of sequencing technologies (Klumpp, Fouts, & Sozhamannan, 2012).  
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In turn, phage ISAO8 isolated from pig manure (see Chapter 3) consisting of a genome of 41,449 

bp (submitted to GenBank under accession number KT184661) and encoding 46 putative genes (Figure 

7.8, Appendix) was considered since during isolation, the phage lysed all five Y. enterocolitica O:8 indicator 

strains tested. An expanded host range study however, testing the lytic activity of phage ISAO8 on 160 

Yersinia species determined by standard spot tests (Kutter, 2009), showed virulence for numerous other Y. 

enterocolitica serotypes, as well as other members of the genus such as Y. intermedia, Y. kristensenii, Y. 

ruckeri and Y. frederiksenii strains (Table 7.3, Appendix). Notably, the closest neighbour based on overall 

DNA sequence identity to phage ISAO8 is phage phiR8-01 (Biedzka-Sarek et al., 2008) (Table 7.4, 

Appendix). Moreover, alignment of their putative RBP sequences presents a high sequence identity 

suggesting a similar host range (data not shown). The host cell receptors of these two phages however, 

have not been determined.  

Consequently, in order to obtain a potentially useful RBP specifically targeting strains of serotype 

O:8, the RBP derived from phage φ80-18 was considered for expression. First, an expanded host range 

study testing the lytic activity of phage φ80-18 on 160 Yersinia species determined by standard spot tests 

(Kutter, 2009), confirmed the reported specificity of the phage for serotype O:8 and those that carry the O:8 

epitope (Sihvonen et al., 2012; Zhang & Skurnik, 1994) (Table 7.5, Appendix). Secondly like phage AP8 its 

host receptor was identified as the O-PS since serotype O:8 rough LPS mutant strains 8081-R2 and 8081-

c-R2 (Zhang et al., 1997) were resistant to phage infection. Next, the gene coding for the putative RBP was 

identified through in-silico analysis with a high degree of certainty based on protein homology searches and 

gene synteny (Chapter 2). Lastly, the synthesis of soluble amounts of correctly folded trimeric protein is 

likely attainable since the RBPs of Podoviruses are reported to fold endogenously when expressed in 

bacteria (Danner et al., 1993; Garcia-Doval & Van Raaij, 2012).  

As observed via SDS-PAGE under native conditions, expression of phage φ80-18 Gp47 resulted in 

the migration of an oligomer of approximately 220 kDa (Lane 1, Figure 7.10). Under reduced conditions 
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however, the protein appeared as a monomer of approximately 70 kDa (Lane 8, Figure 7.10), which was 

determined by MS to be of 72.642 kDa in size. This MW estimate is close to the predicted molecular mass 

of Gp47 (70.754 kDa plus 2 kDa contributed by the N-terminal His6 tag). In addition, peptide mass 

fingerprinting further confirmed the identity of the protein (Figure 7.11).   

 

 

Figure 7.10 Expression of N-terminal His6 tagged phage φ80-18 RBP Gp47. 

4-15% Tris-HCl SDS-PAGE run at 4°C, 100V. Purified pET300-His-gp47 was incubated at 65°C to observe its stepwise 
degradation from an oligomer to a monomer over a period of 60 minutes.  Lane 1, native conditions (unheated sample); Lanes 2-
7, heated sample at 65°C for 10-20-30-40-50-60 minutes, respectively; Lane 8, reduced conditions (boiled sample heated at 
100°C for 10 min in the presence of SDS and β-mercaptoethanol); Lane M, molecular weight markers. 

 

 

Figure 7.11 Protein mass fingerprinting of phage φ80-18 host RBP Gp47. 

The amino acid sequence of phage φ80-18 RBP Gp47 is shown. Peptide fragments from analysis of a gel slice (Figure 7.10, 
Lane 8) corresponding to the reduced form of the RBP identified via protein mass fingerprinting are underlined and shown in bold 
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7.4.3 Synthesis of phage TG1 host RBP Gp37 

As described in Chapter 6, phage TG1 is a potential diagnostic tool since it displays specificity for 

several of the clinically important Y. enterocolitica serotypes (O:3, O:5,27 and O:9).  The distal long tail fiber 

RBP Gp37 of TG1 was selected for protein expression since it presumably mediates the initial host cell 

recognition. However, in-silico analysis and comparative study with the related phage T4 genome, suggests 

the requirement of phage-encoded chaperones for proper folding of the RBP (Figure 7.12).  

 

 

Figure 7.12 Arrangement of the LTF genetic locus and associated tail fiber assembly chaperones in 
Yersinia phage TG1 and Enterobacteria phage T4.   

The genes coding for long tail fiber structural proteins (grey) and the distal host RBP Gp37 (red) are presented along with phage 
encoded tail fiber assembly chaperones (blue). The gene arrangement in phage TG1 mirrors that of phage T4 

 

As discussed previously, the folding of phage T4 Gp37 is controlled by chaperones Gp38 (required 

for oligomerization) and Gp57A, which is also thought to participate in assembly (Marusich, Kurochkina, & 

Mesyanzhinov, 1998; Matsui et al., 1997). Since the mechanism and thermodynamics of the folding 

process are unknown, the production of recombinant forms of Gp37 presents a great problem complicating 

the synthesis of functional Gp37 (Chuprov-Netochin et al., 2010). Initial attempts to circumvent the 

chaperone factor involved the use of foldons as carrier partners to promote proper folding (Maity et al., 

2005; Panchenko et al., 1997). Expression with the phage T4 fibritin domain (aa 1-31) as a foldon 

(Miroshnikov et al., 1998, 2000; Tao et al., 1997) did not yield a soluble chimeric protein containing the C-
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terminal 200 amino acid residues of Gp37. Similarly, fusion with the phage T4 structural protein Gp5 (aa 

435-575) as a foldon (Chuprov-Netochin et al., 2010; Kanamaru et al., 2002; Mesyanzhinov et al., 2004; 

Nakagawa, Arisaka, & Ishii, 1985) failed to produce soluble protein. Fusion with SLyD (aa 1-165) however, 

which performs chaperone functions in E. coli (Chuprov-Netochin et al., 2011; Scholz et al., 2006) 

produced soluble protein as observed via SDS-PAGE (Figure 7.13). Under native conditions (Figure 7.13, 

Lane 1) two protein bands were identified. The higher MW band A of approximately 130 kDa likely 

corresponds to an oligomeric form of the chimeric SlyD-Gp37 protein whereas the lower MW band B of 

approximately 40 kDa likely corresponds to the monomer form of the chimeric protein (41.58 kDa). This is 

evident through the observation that under reduced conditions (Figure 7.13, Lane 2) a single band migrates 

to the same relative position as band B in lane 1. Although this foldon-assisted expression approach 

showed promise, selection of alternative E. coli expression strains and conditions that may improve the 

expression of the chimeric protein, were not pursued further due to the number of varying conditions 

required. Instead, an approach involving co-expression with the phage TG1 encoded chaperones was 

investigated in an attempt to synthesize the native form of phage TG1 Gp37 as previously described for the 

expression of Gp37 of phage T4 (Bartual et al., 2010a).  SDS-PAGE analysis demonstrated that expression 

of Gp37 alone (pCDF-Duet-1 gp37) does not yield soluble protein (Figure 7.14, lanes 1 and 2). Likewise, 

Gp37 (pCDF-Duet-1 gp37) co-expressed with the general chaperone protein Gp57A (pET21a+ gp57A) did 

not yield soluble protein (Figure 7.14, lanes 7 and 8).  However, an oligomeric form of Gp37 of 

approximately 210 kDa was obtained when Gp37 was co-expressed with Gp38 in a bicistronic plasmid 

(pCDF-Duet-1 gp37gp38) or when this same plasmid was co-expressed with Gp57A (pET21a+ gp57A) 

(Figure 7.14, lanes 3 and 5). Under reduced conditions Gp37 appeared as a monomer of approximately 70 

kDa in size (Figure 7.14, lanes 4 and 6). This MW estimate is consistent with the predicted molecular mass 

of Gp37 determined via MS at approximately 68.05 kDa (64.68 kDa plus 3.16 kDa contributed by the N-

terminal His6 tag). Peptide mass fingerprinting (Figure 7.15) also confirmed the identity of the protein.  
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Based on the protein expression results obtained, it appears that in phage TG1 only the Gp38 chaperone is 

essential and the general chaperone Gp57A is not required for protein folding of Gp37 as has been 

proposed for phage T4 Gp37 (Bartual et al., 2010a). 

 

 

 

Figure 7.13 Expression of N-terminal His6 tagged E. coli SlyD (aa 1-165) fused via a serine-glycine 
linker to C-terminal phage TG1 Gp37 (409-609) 

4-15% Tris-HCl SDS-PAGE run at 4°C, 100V. Lane 1, native conditions (unheated sample); Lane 2, reduced conditions (boiled 
sample heated at 100°C for 10 min in the presence of SDS and β-mercaptoethanol); Lane M, molecular weight markers.  
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Figure 7.14 Expression of N-terminal His6 tagged phage TG1 RBP Gp37  

4-15% Tris-HCl SDS-PAGE run at 4°C, 100V. Lane 1, pCDF-Duet-1 gp37 native conditions (unheated sample); Lane 2, pCDF-
Duet-1 gp37 reduced conditions (boiled sample heated at 100°C for 10 min in the presence of SDS and β-mercaptoethanol); 
Lane 3, pCDF-Duet-1 (gp37gp38) native conditions; Lane 4, pCDF-Duet-1 gp37gp38 reduced conditions; Lane 5, pCDF-Duet-1 
gp37gp38 co-expressed with pET21a+ gp57A native conditions; Lane 6 pCDF-Duet-1 gp37gp38 co-expressed with pET21a+ 
gp57A reduced conditions; Lane 7, pCDF-Duet-1 gp37 co-expressed with pET21a+ gp57A native conditions; Lane 8, pCDF-
Duet-1 gp37 co-expressed with  pET21a+ gp57A reduced conditions; Lane M,  molecular weight markers.  

 

 

 

 

 

 

Figure 7.15 Protein mass fingerprinting of phage TG1 RBP Gp37 

The amino acid sequence of the phage TG1 RBP Gp37 is shown. Peptide fragments from the analysis of gel slices 
corresponding to the reduced form of the RBP (Lanes 4 or 6, Figure 7.14) identified via protein mass fingerprinting are 
underlined and shown in bold. 
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7.4.4 Properties of phage RBPs Gp17, Gp47 and Gp37 

As observed via SDS-PAGE, the formation of higher MW oligomers of Gp17, Gp47, and Gp37, is 

consistent with previous reports that describe RBPs of phages present as multimers in solution (Bartual et 

al., 2010a; Cerritelli et al., 1996; Garcia-Doval & Van Raaij, 2012; Hashemolhosseini et al., 1996). A 

number of fibrous proteins of viral origin display resistance to SDS in electrophoresis, i.e. the compact 

structure of the protein is not completely denatured without heating or boiling, and the protein migrates in 

the gel with a mobility that corresponds to that of oligomeric forms (Boudko et al., 2002; Chuprov-Netochin 

et al., 2010; Letarov et al., 1999). To further investigate their oligomeric nature and structural stability, the 

purified proteins were subjected to a heat denaturation gradient SDS-PAGE at 65°C for 1 hour (Marti et al., 

2013). Under these conditions, a stepwise reduction from higher to lower molecular mass bands was 

observed for the phage AP5 Gp17 (Figure 7.16) demonstrating successive and partial disintegration of the 

oligomers and thus evidence of thermostability (Tm). In contrast, a stepwise disintegration to lower 

molecular bands was not observed for RBPs Gp47 (Figure 7.10) and Gp37 (Figure 7.17) indicating a higher 

Tm than Gp17.  

Based on crystal structure studies of other RBPs, extensive intertwining of the monomers in the 

trimers and close association in other regions is expected to lead to the formation of hydrogen bonds, van 

der Waals interactions and or salt bridges which contribute to the stabilization of the structure, keeping 

chains linked together as a molecular clamp (Garcia-Doval et al., 2015; Kreisberg et al., 2002). Attempts to 

resolve the atomic structure of phage AP5 Gp17 via X-ray crystallography were unsuccessful. At the 

Departamento de Estructura de Macromoleculas, Centro Nacional de Biotecnologia, Spain, several 

conditions were used to obtain RBP Gp17 crystals, some of which refracted at 3,8A. Preliminary data 

shows the spatial group appears to be P141212 (Van Raaij M.J., Personal communication 2016). These 

initial results provide a foundation from which to optimize crystal formation conditions and obtain data with 

diffraction with a higher resolution.  
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Figure 7.16 Oligomeric nature of the phage AP5 RBP Gp17. 

4-15% Tris-HCl SDS-PAGE run at 4°C, 100V. Purified protein from the expression of pET300-His-gp17 was incubated at 65°C 
to observe its stepwise degradation from an oligomer to a monomer over a period of 60 minutes.  Lane 1, native conditions 
(unheated sample); Lanes 2-7, heated sample at 65°C for 10-20-30-40-50-60 minutes, respectively; Lane 8, reduced conditions 
(sample heated at 100°C for 10 min in the presence of SDS and β-mercaptoethanol); Lane M, molecular weight markers. 

 

 

 

Figure 7.17 Oligomeric nature of the phage TG1 RBP Gp37. 

4-15% Tris-HCl gel run at 4°C, 100V. Purified protein from the expression of pCDF-Duet-1 gp37gp38 was incubated at 65°C to 
observe its stepwise degradation from an oligomer to monomer over a period of 60 minutes.  Lane 1, native conditions (unheated 
sample); Lanes 2-7, heated sample at 65°C for 10-20-30-40-50-60 minutes, respectively; Lane 8, reduced conditions (boiled 
sample heated at 100°C for 10 min in the presence of SDS and β-mercaptoethanol); Lane M, molecular weight markers. 

 



 

    

185 

 

7.4.5 Cell decoration with phage RBPs 

Next, the binding of purified recombinant RBPs Gp17, Gp47, and Gp37 to host cell surfaces was 

visualized via confocal immunofluorescence laser microscopy. Bacterial cells were first exposed to N-

terminal His6-tagged RBPs followed by immunolabelling with anti-His6 mouse mAb and goat anti-mouse 

DyLight 488 conjugated secondary Ab. Exposure of RBP Gp17 to Y. enterocolitica O:3 cells resulted in an 

even decoration of the bacterial surface (Figure 7.18, a-b). In contrast, deletion of O-PS expression 

completely abolished cell decoration by RBP Gp17 (Figure 7.18 c-d). These results further support the 

observation that the O-PS of Y. enterocolitica O:3 serves as the phage receptor for phage AP5 (Leon-

Velarde et al., 2014).  To simplify the immunolabelling protocol (section 7.3.8.1) and determine the binding 

spectrum of RBP Gp17 on a large number of strains, a chimeric fusion protein composed of N-terminal 

EGFP fused in frame to the C-terminus of Gp17 (aa 225-648) was produced by the expression of pET300-

His-EGFP-gp17 (225-648) in E. coli.  The use of either purified EGFP-Gp17 (225-648) or a clarified lysate 

from expression in E. coli resulted in fluorescent decoration of Y. enterocolitica O:3 cells due to after a brief 

5-minute exposure and subsequent wash step with PBS to remove unbound protein. When the same 160 

Yersinia spp. strains used in the determination of the host range of phage AP5 (Table 4.1) were probed 

using EGFP-Gp17 (225-648), the recombinant RBP was found to have a similar spectrum of binding 

compared to the lytic range of phage AP5 from which it was derived (Table 7.6). More specifically a Y. 

kristensenii O:3 strain (IP22828, Pasteur Institute, France) as well as a Y. enterocolitica O:2 strain (gk1142, 

isolated from a hare, Finland) that were resistant to infection by phage AP5 were decorated (weakly) by the 

RBP. These strains are known to contain the phage host cell receptor, a homopolymer of the rare sugar 6-

deoxy-L-altropyranose (Al-Hendy, Toivanen, & Skurnik, 1991a; Bruneteau & Minka, 2003; Gorshkova et al., 

1985; Hoffman, Lindberg, & Brubaker, 1980; Pajunen, Kiljunen, & Skurnik, 2000). It is clear from these 

results that phage AP5 Gp17 RBP is responsible for the strict binding specificity for Y. enterocolitica strains 

carrying the O:3 O-PS  
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Similarly, the application of RBP Gp47 of phage φ80-18 to viable Y. enterocolitica O:8 cells 

resulted in an even decoration of the bacterial surface (Figure 7.18 e-f). In contrast, deletion of O-PS 

expression completely abolished cell decoration by RBP Gp47 (Figure 7.18 g-h). These results support the 

observation that the O-PS of Y. enterocolitica O:8 serves as the phage receptor for phage φ80-18 

(Sihvonen et al., 2012; Zhang & Skurnik, 1994). In contrast to the homopolymeric O-PS of serotype O:3, 

the O-PS of Y. enterocolitica O:8 is composed instead of a heteropolymer of 7-10 branched 

pentasaccharide repeating units of N-acetyl-galactosamine (GalpNAc), D-galactose (Galp), L-fucopyranose 

(Fuc), D-mannopyranose (Man), and 6-deoxy-D-gulopyranose (6d-Gul) (Bruneteau & Minka, 2003; Caroff, 

Bundle, & Perry, 1984; Hoffman, Lindberg, & Brubaker, 1980; Tomshich, Gorshkova, & Ovudov, 1987). 

When a collection of 65 Yersinia spp. strains was probed with RBP Gp47, only the cell surface of strains 

known to contain the O:8 O-PS (serotypes O:8 and O:7,8) were decorated (Table 7.7). Moreover, the 

binding spectrum of the RBP was found to be identical to the lytic range of the phage (Table 7.5, 

Appendix). It is also plausible that serotype O:19,8 strains may also bind to Gp47 (not tested) since the O-

PS of serotype O:19,8 is almost identical to that of O:8, with the exception that the GalpNAc linkage to Man 

is 1,2 and that the Man residue is substituted with another 6d-Gul residue with a 1,4 linkage (Ovodov et al., 

1992). Although the results demonstrate RBP Gp47 recognizes the clinically important Y. enterocolitica O:8 

serotype it must be considered that the high prevalence of avirulent bioserotype 1A/O:8 and 1A/O:7,8 

strains (Sihvonen et al., 2012) may limit its use as a potential diagnostic tool. 

As demonstrated in Chapter 6, the outer membrane protein OmpF and the IC heptosyl residues of 

the LPS serve as the phage receptors for phage TG1, with the former acting as the primary host range 

determinant. Since phage infection was observed to occur at temperatures at or below 25°C due to strong 

repression of OmpF at temperatures greater than 25°C, the binding of the phage TG1 RBP Gp37 to Y. 

enterocolitica was investigated using cells grown at 25°C and 37°C. Consistent with the phage TG1 host 

range results, the application of RBP Gp37 to Y. enterocolitica cells demonstrated decoration of the 
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bacterial surface of Y. enterocolitica O:3, O:5,27, and O:9 when grown at 25°C but not at 37°C (Figure 

7.19). These results confirm that RBP Gp37 is specifically involved in binding to OmpF, while presumably 

Gp12 (the STF) binds to the highly-conserved IC heptosyl residues as is reported to occur in phage T4. 

When a selection of 65 Yersinia spp. strains was probed with RBP Gp37, the RBP was found to have a 

similar spectrum of binding compared to the lytic range of the phage from which it was derived (Table 7.8).  

Overall, the recombinant RPBs produced in this study exhibited a similar binding spectrum to the 

lytic range of the phages they were derived from. This however, is dissimilar to the activity of RBP CC-

Gp047 derived from the Campylobacter phage NCTC 12673 (Kropinski et al., 2011) which showed a broad 

binding spectrum (assessed by slide agglutination reactions), reacting with C. coli strains that were not 

lysed by the phage in host range experiments (Javed et al., 2013). A broad activity has also been reported 

in some phage derived adhesion proteins such as endolysin CBDs (Schmelcher et al., 2010) and phage 

lysins (O’Flaherty et al., 2005). The expanded spectrum of binding observed in other studies is likely due to 

the nature of the adhesion protein, a wider distribution of phage cell host receptor(s), and the methods of 

analysis used to establish the binding spectrum. It is also plausible that in some strains, phage adsorption 

may occur without productive infection taking place, possibly due to bacterial defense mechanisms such as 

abortive infection, restriction modification or the CRISPR-Cas system (Barrangou et al., 2007; Jinek et al., 

2012; Samson et al., 2013; Westra et al., 2012).  
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Figure 7.18 Confocal immunofluorescence microscopy images of Y. enterocolitica cells after incubation with recombinant RBPs derived 
from phages AP5 and φ80-18 

RBP Gp17 decorates the cell surface of Y. enterocolitica strain YeO3 of serotype O:3 (a), deletion of O-PS in Y. enterocolitica strain YeO3-R2 abolishes cell decoration by RBP 
Gp17 (c). In (e), RBP Gp47 decorates the cell surface of Y. enterocolitica strain 8081 of serotype O:8, whereas deletion of O-PS in Y. enterocolitica strain 8081-R2 abolishes cell 
decoration by RBP Gp47 (g). Differential interference contrast microscopy of images of a, c, e and g, are shown in b, d, f and h, respectively. Scale bars represent size in µm. 
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Figure 7.19 Confocal immunofluorescence microscopy images of Y. enterocolitica cells after incubation with recombinant RBP Gp37 
derived from phage TG1 

RBP Gp37 decorates the cell surface of Y. enterocolitica strain K14 of serotype O:9 (a), Y. enterocolitica strain gc815-73 of serotype O:5,27 (c), and Y. enterocolitica strain YeO3 
of serotype O:3 grown at 25°C (e), whereas Y. enterocolitica strain 8081 of serotype O:8 (g) does not show binding with RBP Gp37. Similar images to that presented in g were 
observed when the same strains were grown at 37°C. Differential interference contrast microscopy images of a, c, e and g, are shown in b, d, f and h, respectively. Scale bars 
represent size in µm. 
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Table 7.6 Binding spectrum of RBP Gp17 derived from phage AP5 on 160 Yersinia species strains grown at 25°C 

 
Yersinia species 
 

Binding a No Binding  

 
Y. enterocolitica 

 
O:1[2], O:2 [2], O:3 [17] 

 
O:1,2,3 [1], O:4 [1], O:4,32 [1], O:5 [9], O:5,27 [10], O:6 [2], O:6,30 [3], O:6,31 [2],  
O:7,8 [2], O:8 [14], O:9 [12], O:10 [4], O:13 [1], O:13a,13b [1], O:13,7 [2], O:13,18 [1], 
O:14 [1], O:20 [2], O:21 [3], O:25 [1], O:25,26,44 [1], O:26,44 [1], O:28,50 [1], O:34 
[1], O:35,36 [1], O:35,52 [1], O:41(27),K1 [1], O:41(27),42 [1], O:41(27),42,K1 [1], 
O:41,43 [1], O:41(27),43 [2], O:50 [1],  K1 NT[2], NT[3] 
 

 
Y. aleksiciae 

  
O:16 [2] 

Y. aldovae  UT [2] 
Y. bercovieri  O:58,16 [2], NT [1], UT [2] 
Y. frederiksenii O:3 [1] O:16 [1], O:35 [1], O:48 [1], K1 NT [1], NT [1], UT [2] 
Y. intermedia  O:16,21 [1], O:52,54 [1], UT [2] 
Y. kristensenii O:3 [1] O:12,25 [1], NT[1], UT [4] 
Y. mollaretii O:3 [1] O:59(20,36,7) [1], UT [2]  
Y. nurmii  UT [1] 
Y. pekkanenii  UT [1] 
Y. pseudotuberculosis  I [2], O:1b [2], O:3 [2] 
Y. rohdei  UT [2] 
Y. ruckeri 
 

 I [1] UT [5] 

a Binding was assessed via confocal immunofluorescence microscopy. In bold (underlined), serotypes known to contain 6-deoxy-L-altropyranose in their LPS structure (Al-Hendy, 
Toivanen, & Skurnik, 1991a; Bruneteau & Minka, 2003; Gorshkova et al., 1985; Hoffman, Lindberg, & Brubaker, 1980; Pajunen, Kiljunen, & Skurnik, 2000). The number of strains 
studied is given in brackets. NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting or not agglutinating with Y. 
enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. 
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Table 7.7 Binding spectrum of RBP Gp47 derived from phage φ80-18 on 65 Yersinia species strains grown at 25°C 

 
Yersinia species 
 

Binding a No Binding  

 
Y. enterocolitica 

 
O:7,8 [2] 
O:8 [14] 
 

 
O:1[1], O:2 [1], O:3 [1], O1,2,3 [1], O:4 [1], O:4,32 [1], O:5 [1], O:5,27 [1], O:6 [1], 
O:6,30 [1], O:6,31 [1], O:9 [1], O:10 [1], O:13 [1], O:13a,13b [1], O:13,7 [3], O:13,18 
[1], O:14 [1], O:20 [3], O:21 [3], O:25 [1], O:25,26,44 [1], O:26,44 [1], O:28,50 [1], 
O:34 [1], O:35,36 [1], O:35,52 [1], O:41(27),42 [1], O:41,43 [1], O:50 [1], non typeable 
[1] 
 

 
Y. aleksiciae 

  
O:16 [1] 

Y. aldovae  UT[1] 
Y. bercovieri  O:58,16 [1] 
Y. frederiksenii  O:48 [1] 
Y. intermedia  O:52,54 [1] 
Y. kristensenii  O:12,25 [1] 
Y. mollaretii  O:3 [1] 
Y. nurmii  UT[1] 
Y. pekkanenii  UT[1] 
Y. pseudotuberculosis  O:1b [1] 
Y. rohdei  UT[1] 
Y. ruckeri 
 

 UT[1] 

a Binding was assessed via confocal immunofluorescent microscopy. The number of strains studied is given in brackets. NT, non-typeable via biotyping scheme described by 
Wauters, Kandolo, & Janssens (1987) and either cross-reacting or not agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. 
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Table 7.8 Binding spectrum of RBP Gp37 derived from phage TG1 on 65 Yersinia species strains grown at 25°C 

 
Yersinia species 
 

Binding a No Binding  

 
Y. enterocolitica 

 
O:1[2], O:2 [2], O:3 [4],  
O:5 [3], O5,27 [4],  
O:6 [2], O6,30 [1],  
O:6,31 [1], O:7,8 [2],  
O:9 [3], 
 

 
O:1,2,3 [1], O:4 [1], O:4,32 [1], O:6,30 [2], O:6,31 [1] O:8 [2], O:10 [1], O:13 [1], 
O:13a,13b [1], O:13,7 [1], O:13,18 [1], O:14 [1], O:20 [1], O:21 [1], O:25 [1], 
O:25,26,44 [1], O:26,44 [1], O:28,50 [1], O:34 [1], O:35,36 [1], O:35,52 [1], O:41(27), 
K1 [1], O:41(27),42 [1], O:41(27),42,K1 [1], O:41,43 [1], O:41(27),43 [1], O:50 [1] 
 

 
Y. aleksiciae 

  
O:16 [1] 

Y. aldovae  UT[1] 
Y. bercovieri  O:58,16 [1] 
Y. frederiksenii  O:48 [1] 
Y. intermedia  O:52,54 [1] 
Y. kristensenii  O:12,25 [1] 
Y. mollaretii  O:3 [1] 
Y. nurmii  UT[1] 
Y. pekkanenii  UT[1] 
Y. pseudotuberculosis  O:1b [1] 
Y. rohdei  UT[1] 
Y. ruckeri 
 

 UT[1] 

a Binding was assessed via confocal immunofluorescent microscopy. The number of strains studied is given in brackets. NT, non-typeable via biotyping scheme described by 
Wauters, Kandolo, & Janssens (1987) and either cross-reacting or not agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped.  
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7.4.6 Phage infection inhibition 

 Phages are strictly dependent on the binding of their host RBPs to host receptors on the bacterial 

surface to successfully infect their hosts. It is expected then, that recombinant RBPs retaining their native 

structure and function will saturate phage host cell receptors blocking adsorption of the phage. Thus, phage 

adsorption assays were performed (Chuprov-Netochin et al., 2010) to investigate the inhibitory effect of 

purified RBPs  and obtain further evidence of the biological activity of the RBPs.  

 When Y. enterocolitica O:3 cells were exposed to RBP Gp17, a marked inhibition of phage AP5 

adsorption was observed (Figure 7.20, A). Likewise, when Y. enterocolitica O:8 cells were exposed to RBP 

Gp47, a marked inhibition of phage φ80-18 adsorption was also observed (Figure 7.22, B). Estimating that 

a bacterial cell contains about 106 LPS molecules (Nikaido, 1996; Whitfield & Trent, 2014), this corresponds 

to a ratio of trimeric RBP Gp17 (10 µg) to LPS of 3.5, and a ratio of trimeric RBP Gp47 (10 ug) to LPS of 

2.76. Similarly, when Y. enterocolitica O:9 cells were exposed to purified RBP Gp37, inhibition of phage 

TG1 adsorption was observed (Figure 7.22, C). Estimating that expression of the host receptor OmpF 

reaches about 104 to 106 copies per cell (Achouak, Heulin, & Pages 2001), this corresponds to a ratio of 

trimeric RBP Gp37 (10 µg) to OmpF ranging from 2.95 (assuming 106 copies per cell) to 295 (assuming 

104 copies per cell), respectively.  
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   Figure 7.20 Inhibition of phage adsorption by phage RBPs 

Phage adsorption after 5 minutes is shown as residual PFU percentages compared to a control containing phage only (TSB). (A) Phage adsorption of phage AP5 by Y. 
enterocolitica strain of serotype O:3 (YeO3) is markedly inhibited in the presence of 1 µg or 10 µg Gp17 compared to a control containing 10 µg BSA. (B) Phage adsorption of 
phage φ80-18 by Y. enterocolitica strain 8081 of serotype O:8 (YeO8) is inhibited in the presence of 1 µg or 10 µg of Gp47 compared to a control containing 10 µg BSA. (C) 
Phage adsorption of phage TG1 by Y. enterocolitica strain K14 of serotype O:9 (YeO9) is inhibited in the presence of 1 µg or 10 µg of RBP Gp37 compared to a control containing 
10 µg BSA. Values represent the mean from three determinations and error bars indicate standard deviations.  Significance was determined by Student’s t test for comparison (*, 
P < 0.05). 
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7.4.7 Phage RBPs Gp17, Gp37 and Gp47 feature a high equilibrium binding affinity  

 LSPR analyses of the interaction between phage RBPs and Y. enterocolitica cells was possible 

following immobilization of RBPs by using an amine coupling procedure on a gold sensor chip surface. A 

change in the LSPR angle (nm) with changing concentrations indicated the interaction of bound RBP with 

the target bacteria. Analysis of the sensogram data indicate the equilibrium association constant (KA) 

values were found to be in the nanomolar range which reflects an overall high affinity of the RBPs for host 

cells (Tables 7.9, 7.10, and 7.11). Binding affinity at a nanomolar level is in agreement with the findings of 

Marti et al (2013) who investigated the interaction between the RBP of Salmonella phage S16 and wild-type 

Salmonella cells. Previously, Loessner et al. (2002) had also described the interaction of phage derived 

endolysin CBDs with carbohydrate ligands of the cell surface of Listeria cells occurring at a nanomolar 

level. Initial experiments to find optimal coating of sensor chips with Y. enterocolitica for LSPR experiments 

showed that LSPR signals after exposure of RBP Gp17 saturated gold sensor to different concentrations 

(106, 105, 104, 103, 102 CFU/ml) of Y. enterocolitica O:3 bacteria could be obtained. The lowest signal for 

bacterial capture was achieved at a cell concentration of 10
3 CFU/ml compared to control samples that 

were not recognized (E. coli at 106 CFU/ml or PBS only). Similarly, a genetically engineered tail spike 

protein from Salmonella phage P22 anchored to a gold surface via an N-terminal cysteine tag using thiol 

chemistry, was able to detect Salmonella cells through SPR at a concentration of 103 CFU/ml (Singh et al., 

2010). Also an RBP from Campylobacter phage NCTC 12673 fused to glutathione S transferase (GST) and 

attached to an SPR surface using glutathione self-assembled monolayers achieved a similarly low 

detection limit of 102 CFU/ml (Singh et al., 2011).  
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Table 7.9 LSPR analysis of the interaction of phage AP5 Gp17 and Y. enterocolitica O:3 cells 

Analyte 
Concentration 

(nM) 

(µg/ml) Association rate 
constant  
ka (M-1 s-1) 

Dissociation rate 
constant  

kd (s-1) 

Equilibrium 
association 

constant  
KA = ka/kd (M-1) 

Equilibrium 
dissociation 

constant  
KD = kd/ka (M) 

 
100 

 
17.77 

 
1.67x105 

 
2.11x10-4 

 
7.91x108 

 
1.26x10-9 

250 44.42 3.88x104 1.93x10-4 2.01x108 4.97x10-9 

500 88.84 4.30x104 2.27x10-4 1.89x108 5.28x10-9 

 

 
Mean 

  
8.29x104 

 
2.10x10-4 

 
3.94x108 

 
3.84x10-9 

 

 

Table 7.10 LSPR analysis of the interaction of phage φ80-18 Gp47 with Y. enterocolitica O:8 cells  

Analyte 
Concentration 

(nM) 

(µg/ml) Association rate 
constant  
ka (M-1 s-1) 

Dissociation rate 
constant  

kd (s-1) 

Equilibrium 
association 

constant  
KA = ka/kd (M-1) 

Equilibrium 
dissociation 

constant  
KD = kd/ka (M) 

 
100 

 
21.79 

 
2.10x105 

 
2.38x10-4 

 
8.82x108 

 
1.13x10-9 

250 54.48 6.86x104 2.72x10-4 2.52x108 3.97x10-9 

500 108.96 4.33x104 2.12x10-4 2.04x108 4.90x10-9 

 

 
Mean 

  
1.07x105 

 
2.42x10-4 

 
4.46x108 

 
3.33x10-9 

 

 
 
 

Table 7.11 LSPR analysis of the interaction of phage TG1 Gp37 and Y. enterocolitica O:3 cells 

Analyte 
Concentration 

(nM) 

(µg/ml) Association rate 
constant  
ka (M-1 s-1) 

Dissociation rate 
constant  

kd (s-1) 

Equilibrium 
association 

constant  
KA = ka/kd (M-1) 

Equilibrium 
dissociation 

constant  
KD = kd/ka (M) 

 
100 

 
20.41 

 
1.51x105 

 
2.24x10-4 

 
6.74x108 

 
1.48x10-9 

250 51.04 5.43x104 2.38x10-4 2.28x108 4.38x10-9 

500 102.07 3.26x104 2.44x10-4 1.34x108 7.48x10-9 

 

 
Mean 

  
7.93x104 

 
2.35x10-4 

 
3.45x108 

 
4.45x10-9 
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7.5 CONCLUSIONS 

Purified recombinant forms of phage RBPs Gp17, Gp47, and Gp37 derived from Y. enterocolitica 

phages AP5, φ80-18 and TG1, respectively, are sufficient for recognition and binding to specific Y. 

enterocolitica serotypes. The proteins demonstrate structural stability evident by their significant resistance 

to denaturation at high temperature and resistance to SDS. Apparent kinetic data derived from LSPR 

sensograms show a high binding affinity to the cell surface at a nanomolar level. Collectively, the RBPs 

produced in this study represent ligands with potential uses in diagnostic applications for the predominant 

serotypes implicated in human yersiniosis. The synthesis of these recombinant phage derived adhesion 

proteins also offer the advantage of being readily expressed in E. coli in high amounts.  
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 BACTERIOPHAGE RECOGNITION BINDING PROTEIN-BASED MAGNETIC Chapter 8:
SEPARATION AS AN AID FOR THE CULTURE ISOLATION OF YERSINIA 

ENTEROCOLITICA  

8.1 ABSTRACT 

This study investigated the application of magnetic microparticles functionalized with phage derived 

host recognition binding proteins (RBPs) for isolation of Y. enterocolitica of clinical importance. Selective 

capture of Y. enterocolitica of serotype O:3, the most significant serotype causing yersiniosis, was achieved 

from cell suspensions by use of magnetic microparticles coated with the RBP Gp17 derived from phage 

AP5. The simultaneous capture of Y. enterocolitica  O:3, O:5,27, O:8 or O:9, the predominant serotypes 

involved in yersiniosis was also attained utilizing a mixture of magnetic microparticles coated with the RBPs 

Gp47 and Gp37 derived from phages φ80-18 and phage TG1, respectively. This last approach ( RBP-MS) 

in combination with CIN agar, the most widely used isolation medium for Y. enterocolitica applied to cell 

suspensions of 160 Yersinia strains and 20 other non-Yersina spp. achieved a specificity of 85% for the 

isolation of Y. enterocolitica O:3, O:5,27, O:8 and O:9 irrespective of the pathogenic potential of the strains. 

In contrast, when applied in combination with CAY agar, a chromogenic medium selective for virulent Y. 

enterocolitica, the specificity was increased to 95.7%. Moreover, only potentially pathogenic strains were 

captured and grew as typical mauve coloured colonies on this agar. RBP-MS applied to artificially 

inoculated ground pork samples homogenized in PBS, established at 2 log10 CFU/ml improvement in 

sensitivity compared to direct plating on CIN or CAY agars. In addition, RBP-MS in combination with CAY 

agar was able to detect a higher number of samples inoculated at low levels (0.1 CFU/g, 1 CFU/g, and 10 

CFU/25g) after 8 h and 24 h enrichment at 25°C in non-selective TSB accompanied with reduced 

background microbiota on the isolation plates compared to those from samples that did not undergo RBP-

MS.   
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8.2 INTRODUCTION  

As discussed in Chapter 1, the culture isolation of pathogenic Y. enterocolitica from foods is difficult 

and laborious. Culture methods suffer from lengthy incubation times, culture bias, and lack specificity 

(Cocolin & Comi, 2005). Difficulties in isolation are largely due to low numbers of the organism present 

against a large number of background microbiota and slower growth than other competing Gram negative 

bacteria (Arnold et al., 2004; Bottone, 1999; De Boer, 1992; Fukushima, 1987; Schiemann, 1979; 

Schiemann & Olson, 1984). Notably, different strains vary in tolerance to selective agents and incubation 

conditions during isolation (Johannessen, Kapperud, & Kruse, 2000; Kwaga & Iversen, 1990; Nesbakken et 

al., 1991; Wauters, Goossens, et al., 1988). As a result, numerous approaches have been established 

utilizing combinations of cold pre-enrichment, potassium hydroxide (KOH) treatment, selective enrichment, 

and the use of selective and differential agars for isolation.  

 In this study, owing to the widespread use and success of IMS for the routine isolation of foodborne 

pathogens (Stevens & Jaykus, 2004), phage RBPs Gp17, Gp47 and Gp37 derived from phages AP5 

(Leon-Velarde et al., 2014), φ80-18 (Zhang & Skurnik, 1994) and TG1 (Leon-Velarde et al., 2016) 

respectively, were expressed in E. coli, functionalized onto magnetic microparticles and utilized as an 

alternative to antibodies (Ab) in magnetic separation. The aim of this study was to investigate the 

application of this phage RBP-based magnetic separation step for the specific capture of the 

epidemiologically significant Y. enterocolitica serotypes O:3, O:5,27, O:8 and or O:9.  

 
8.3 MATERIALS AND METHODS 

8.3.1 Bacterial strains and growth media 

Twenty non-Y. enterocolitica strains and 160 Yersinia strains belonging to 13 species (including 

112 Y. enterocolitica strains representing 35 different serotypes) were used in this study (see Table 9.1, 

Appendix for details). Bacteria were acquired from the Félix d'Hérelle Reference Center for bacterial viruses 
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(Université Laval, QC, Canada); the Department of Microbiology and Immunology, Haartman Institute, 

University of Helsinki (Helsinki, Finland); Public Health Ontario (PHO) (Ontario, Canada); and the American 

Type Culture Collection (ATCC) (Manassas, Virginia, USA). From frozen glycerol stocks, bacteria were 

cultured on TSA at 25°C for 48 h. A single colony was then subcultured in TSB at 25°C for 24 h. Each 

culture was sedimented by centrifugation at 8,000 g for 5 minutes and re-suspended in PBS adjusting the 

cell density to approximately 1×108 CFU/ml using McFarland standards to obtain cell suspensions of 

varying cell titers for use in magnetic separation experiments. Cefsulodin-irgasan-novobiocin (CIN) agar 

and TSA supplemented with 5% sheep blood were acquired from Oxoid, Canada. CHROMAgar Yersinia 

(CAY) was prepared and stored as indicated by the manufacturer (CHROMagar Microbiology, Paris, 

France). Simple tests were used to define the pathogenic potential of Y. enterocolitica strains. The β-

glucoronidase activity of each strain was determined by salicin fermentation due to growth in enteric 

fermentation base (BD Difco, USA) supplemented with 1% salicin and Andrade indicator as previously 

described (Farmer et al., 1992). Y. enterocolitica strains were also tested by the pyrazinamidase test 

(Kandolo & Wauters, 1985; Wauters, Kandolo, & Janssens, 1987). Both tests were incubated at 25°C for 

48 hours. A positive pyrazinamidase reaction was indicated by a pink to brown colour developing on the 

pyrazinamide slant after addition of 1 ml of 1% ferrous ammonium sulphate. Salicin and pyrazinamidase 

negative strains were considered pathogenic (Kandolo & Wauters, 1985; Wauters, Kandolo, & Janssens, 

1987). 

 
8.3.2 Phage RBPs  

Phage RBPs were produced by expression in E. coli as described in Chapter 7. Briefly, N-terminal 

His6-tagged phage AP5 RBP GP17 and N-terminal His6-tagged phage φ80-18 RBP Gp47 were produced 

by expression of pET300-His-gp17 and pET300-His-gp47, respectively in E. coli BL21 Star™ (DE3). N-

terminal His6-tagged phage TG1 RBP Gp37 was produced by expression of pCDF-Duet-1 Gp37-Gp38 in E. 
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coli BL21 Star™ (DE3) PLysS. The RBPs were purified by chelating affinity chromatography, adjusted to a 

concentration of 2 mg/ml in PBS, and stored at -20°C for routine use. 

 
8.3.3 Functionalization of magnetic microparticles with phage RBPs 

Dynabeads® His-Tag Isolation & Pulldown paramagnetic microparticles (Invitrogen) feature a 

cobalt-based immobilized metal affinity chromatography (IMAC) chemistry for binding His6-tagged proteins 

to their surface. These microparticles (or beads) of 1 µm in diameter in a suspension of 40 mg beads/ml, 

have a binding capacity of up to 40 μg of protein/mg (25 μl of beads). Beads were first washed twice in PBS 

(pH 7.4) for 10 minutes, collected by centrifugation at 2,000 g for 5 minutes and the supernatant removed. 

Next, using a programmable automated magnetic separator system (KingFisherTM mL) operated via BindIT 

software (Thermo Fisher Scientific), 100µl volumes of beads were resuspended in 800 µl of binding/wash 

buffer (50 mM Na2HPO4, 300 mM NaCl, supplemented with 5 mM imidazole, pH 8.0) and 100 µl of a 2 

mg/ml RBP solution (Gp17, Gp47, or Gp37 in PBS). RBP coated beads were then washed sequentially 

three times for 5 minutes in 1 ml of PBS supplemented with 0.1% BSA (pH 7.4) to block uncoated bead 

surfaces. The beads were then collected in a final 100 µl volume of PBST buffer (PBS supplemented with 

0.01% Tween®-20, pH 7.4), pooled and stored at 4°C for routine use. The concentration of bead 

preparations was estimated by counting (in triplicate) under bright field microscopy the number of particles 

in a calibrated Neubauer grid-counting chamber (Hausser Scientific, USA). 

 
8.3.4 Conditions for magnetic separation 

Several conditions were considered in order to establish optimal capture and separation of selected 

Y. enterocolitica serotypes. The experimental approach followed that proposed by Kretzer et. al (2007), 

who investigated the use of high-affinity CBD’s of bacteriophage endolysins for immobilization and 

separation of bacterial cells. Using a programmable automated magnetic separator system (KingFisherTM 

ml) operated via BindIT software (Thermo Fisher Scientific), 1 ml cell suspensions containing 102, 103, 104, 
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105, or 106 Y. enterocolitica cells were subjected to magnetic separation with 10, 20, 30, or 40 µl of RBP 

coated beads for 20, 30, 40 or 60 minutes. Bead-bacteria complexes were then washed sequentially three 

times for 5 minutes with 1 ml of PBST buffer and collected in 200 µl of the same buffer. The number of 

captured cells was then estimated from colony counts after spread plating 10-fold serial dilutions of the 

eluate on TSA and incubation at 30°C for 48h. The assay of uncoated particles and non-target bacteria (E. 

coli ATCC 25922 at a concentration of 106 CFU/ml in PBS) served as controls. Experiments were 

performed in triplicate and the percent recovery was estimated from these counts as a mean with standard 

deviations. Statistical significance was determined by unpaired t tests for comparison between the various 

conditions (P < 0.05). Using this approach two RBP-coated magnetic bead preparations were evaluated. 

Since serotype O:3 is the most important serotype causing yersiniosis in humans, magnetic microparticles 

functionalized with phage AP5 RBP Gp17 were tested as described above using cell suspensions of Y. 

enterocolitica O:3 strain 6471/76 (YeO3) (Skurnik, 1984). A second RBP-coated magnetic bead preparation 

was obtained by combining phage φ80-18 RBP Gp47 and phage TG1 RBP Gp37 coated beads at a 1:1 

ratio. The purpose of the mixed bead preparation was to attempt the simultaneous capture of the four major 

serotypes involved in yersiniosis, O:3, O5,27, O:8, and O:9. The mixed bead preparation was tested as 

described above using cell suspensions of Y. enterocolitica O:3 strain 6471/76 (YeO3), Y. enterocolitica 

O:5,27 strain JDE657 (Schiemann & Devenish, 1982), Y. enterocolitica O:8 strain 8081 (Portnoy & Falkow, 

1981), and Y. enterocolitica O:9 strain K14 (PHO, Canada). 

 
8.3.5 Confocal immunofluorescence microscopy 

To confirm that magnetic microparticles were functionalized with RBPs, a 20 µl volume of each 

magnetic bead preparation was mixed for 30 minutes at 300 rpm with 1 ml of 6x-His Epitope Tag Antibody, 

Alexa Fluor® 488 conjugate (His.H8) (Thermo Fisher Scientific) diluted to 1:500 in PBS. The mixture was 

then washed twice by repeated centrifugation and resuspension in 1 mL PBS. A 15 µl volume was then 
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deposited on a glass slide and visualized with an upright Leica DM 6000B confocal laser microscope 

connected to a Leica TCS SP5 system using suitable filter settings and colour channels. Images were 

collected digitally using Leica LAS AF Imaging Software and processed using imageJ (Schneider, 

Rasband, & Eliceiri, 2012).  

To visualize specific attachment of cells to RBP coated beads, a mixture of Y. enterocolitica O:5,27 

cells stained with SYTO® 61 red fluorescent nucleic acid stain (50 nM solution) and Y. enterocolitica O:10 

cells stained with SYTO ® 40 blue fluorescent nucleic acid stain (50 nM solution) were subjected to 

magnetic separation using RBP Gp37 coated magnetic microparticles. A 15 µl volume was then deposited 

on glass slides and visualized as above via confocal laser microscopy. 

 
8.3.6 Percent recovery 

Selected Y. enterocolitica and non-Y. enterocolitica strains (Table 8.1) were subjected to RBP-

based magnetic separation. One ml (approximately 500 CFU/ml in PBS) of each strain was tested using 

optimized magnetic separation conditions previously established (40 µl beads, 30 minutes). Cell-bead 

complexes were collected in a final 100 µl of PBST buffer and aliquots (25 µl) were spread plated onto 

each of four TSA plates which were incubated at 30°C for 48 hours.  The percent recovery was calculated 

considering as a reference value the sum of colony counts obtained from the TSA plates as follows: 

Recovery (%) = [(colony count after magnetic separation / initial count before magnetic separation) x 100]. 

 
8.3.7 Specificity 

Cell suspensions (approximately 500 CFU/ml in PBS) of 160 Yersinia strains belonging to 13 

species and 20 other non-Y. enterocolitica strains (Table 8.2) were subjected to RBP-based magnetic 

separation by mixing 1 ml from each cell suspension with 40µl of RBP coated beads for 30 minutes. Cell-

bead complexes were collected in 100 µl of PBST buffer and aliquots (50 µl) were then spread plated onto 

CIN and CAY agar plates, followed by incubation at 30°C for 48 hours. The growth on these agars was 
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considered to be due to the capture by the RBP coated beads by magnetic separation. On CIN agar Y. 

enterocolitica colonies appear with sharply delineated red centres, with a colourless translucent rim (red 

bull's eye), and with the edge of the colony sometimes entire and other times irregular (FDA, 2007). On 

CAY, pathogenic Y. enterocolitica are coloured mauve (Renaud et al., 2013). For each magnetic separation 

step and agar combination, the specificity was determined as follows: Specificity (%) = [N/(FP+N)]×100, 

where, N is the number of true negatives, and FP is the number of false positives (De Boer & Beumer, 

1999).  

 
8.3.8 Isolation of Y. enterocolitica from a defined mixed cell population 

The ability to selectively capture specific Y. enterocolitica serotypes by RBP-based magnetic 

separation from a mix of other competing bacteria was investigated. For this purpose, a cell suspension 

(104 CFU/ml in PBS) of Y. enterocolitica O:3 strain 6471/76 (YeO3) was mixed with equal volumes from cell 

suspensions of other bacteria, each adjusted to the same cell concentration. The challenge organisms 

included Serratia marcescens, Aeromonas hydrophila, Citrobacter freundii, Providencia rettgeri, and 

Enterobacter cloacae, which are reported to interfere with the culture isolation of Y. enterocolitica from 

foods (Arnold et al., 2004; Fukushima, 1987; Head, Whitty, & Ratnam, 1982; Renaud et al., 2013). Four 

representative strains from the genus Yersinia: Y. enterocolitica O:8 strain 8081 (YeO8), Y. intermedia, Y. 

kristensenii, and Y. frederiksenii, were also included. The mixed cell suspension was then subjected to 

magnetic separation by reacting 0.1 ml (in 0.9 ml PBST) with 40µl of RBP Gp17 coated beads for 30 

minutes. Cell-bead complexes were collected in 100 µl of PBST and aliquots (25 µl) were then streaked 

onto duplicate CIN and CAY agar plates. As a comparison, 25 µl aliquots from the mixed cell suspension 

were plated directly onto duplicate CIN and CAY agar plates. Plates were incubated at 30°C for 48 h and 

suspect colonies were then selected for identification from each plate based on typical Y. enterocolitica 

colony morphology on each of the agars.  
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Matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) 

performed on a VITEK-MS system (bioMérieux, France) was used as a rapid method of identification of  

suspect colonies to the species level (Ayyadurai et al., 2010; Lasch et al., 2010; Stephan et al., 2011). 

Selected colonies subcultured on TSA supplemented with 5% sheep blood and grown for ≤48 h were 

applied directly to a target slide using a sterile 1 µl loop. Matrix solution (α-cyano-4-hydroxycinnamic acid) 

was then added (1 µl) and allowed to dry before analysis. The VITEK MS system provided identification for 

each colony tested by comparison against a MS database, Spectral Archive and Microbial Identification 

System (SARAMISTM) (AnagnosTec, Potsdam-Golm, Germany). E. coli ATCC 8739 was used as a control 

strain to calibrate the system. For a negative control, matrix solution was tested alone. Colonies identified 

as Y. enterocolitica by MALDI-TOF MS were further differentiated by agglutination with Y. enterocolitica O:3 

or O:8 antisera (MAST Group Ltd., United Kingdom). The proportion of confirmed Y. enterocolitica 

O:3 colonies (C), relative to the number of total suspect colonies tested (S), expressed as: [C/S] × 100% 

was determined as a measure of the effect of the RBP-based magnetic separation for the isolation of Y. 

enterocolitica O:3 among competing microbiota.  

 
8.3.9 Limit of detection 

 The limit of detection (LOD) of an RBP based magnetic separation step for the simultaneous 

isolation of Y. enterocolitica of clinical significance was studied through the analysis of artificially inoculated 

samples.  Minced ground pork was obtained from a local retailer (Guelph, Canada) and tested by PCR for 

the presence of the attachment and invasion locus (ail) gene (Lambertz et al., 2008). Only ground pork free 

of pathogenic Y. enterocolitica by PCR was used in the study. In addition, the total aerobic plate count was 

determined in order to measure the level of competing background microbiota present in the food matrix. 

The experimental plan followed that described by Tan et al. (2014), who investigated the LOD of a modified 

CIN agar for the isolation of Y. enterocolitica from inoculated meat samples. First, high titer cell 
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suspensions of Y. enterocolitica O:3 strain 6471/76 (YeO3), Y. enterocolitica O:5,27 (JDE657), Y. 

enterocolitica O:8 (8081), and Y. enterocolitica O:9 (K14) were each prepared in PBS to obtain 10-fold cell 

suspensions containing 108 to 102 CFU/ml. Aliquots (0.5 ml) from each cell suspension were then used to 

inoculate six 25g replicate portions in sterile filter lined stomacher bags and massaged to mix the inoculum 

into the sample. The samples were then stored at -20°C for 2 weeks after inoculation to subject the cells to 

some level of stress. After the stress period, thawed samples were homogenized with 24.5 ml of PBS for 2 

minutes by stomaching to obtain a target inoculum level for each replicate series ranging from 106 CFU/ml 

to 1 CFU/ml of sample.  A 0.1 ml volume (in 0.9 ml PBST) from each replicate was then subjected to 

magnetic separation by reacting 40 µl µl of a 1:1 mixture of RBP Gp37 and RBP Gp47 coated 

microparticles for 30 minutes (hereafter referred to as RBP-MS). Bacteria-bead complexes were collected 

in 100 µl of PBST. From the final  eluate, 50 µl aliquots were each plated onto CIN and CAY agar plates. 

As a comparison, 50 µl aliquots from each replicate were plated directly onto duplicate CIN and CAY agar 

without performing the RBP-MS.  Agar plates were incubated at 30°C for 48h and suspect colonies were 

then selected for identification from each plate based on the typical colony appearance of Y. enterocolitica 

on these agars. MALDI-TOF MS and Y. enterocolitica O:3, O:5,27, O:8 or O:9 antisera (MAST Group Ltd., 

United Kingdom) were used for the identification of suspect colonies as described previously. From these 

analyses, the limit of detection (LOD) was considered the contamination level (CFU/ml) that gave at least 

50% positives (3 of 6 replicates) for the target organism (Microbiological Methods Committee, 2011).  

  
8.3.10 RBP-based magnetic separation of Y. enterocolitica from artificially contaminated 

foods  

A variety of foods frequently contaminated with Y. enterocolitica were purchased from local retail 

outlets (Guelph, Canada). The food matrices included raw ground pork, shredded mixed salad, and 

pasteurized milk. Samples free of pathogenic Y. enterocolitica as determined by PCR (Lambertz et al., 

2008) were portioned into 25 g samples in sterile filter lined stomacher bags. Samples were then inoculated 
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with 0.1 ml each of appropriate 10-fold dilutions from 108 CFU/ml cultures of Y. enterocolitica O:3 strain 

6471/76 (YeO3), Y. enterocolitica O:5,27 (JDE657), Y. enterocolitica O:8 (8081), or Y. enterocolitica O:9 

(K14) to obtain contamination levels of 1, 10, 102, 103 and 104 CFU/25g. The inoculated samples were then 

stored at 4°C for 48 h to simulate storage conditions. After the acclimatization period, the samples were 

mixed with 225 ml of TSB, stomached for 2 minutes and enriched by incubation for 24 hours at 25°C. At 8 

h and 24 h, 0.1 ml volumes (in 0.9 ml PBST) from each sample enrichment were subjected to RBP-MS. 

Bacteria-bead complexes were then collected in 100 µl of PBST. From the 100 µl eluate, 50-µl aliquots 

were streaked onto duplicate CAY agar plates. As a comparison, 50 µl aliquots from each sample were 

plated directly onto CIN agar. All plates were incubated at 30°C for 48 h and suspect colonies were then 

selected for identification from each plate based on the typical colony appearance of Y. enterocolitica on 

these agars. MALDI-TOF MS and Y. enterocolitica antisera were used for the identification of suspect 

colonies as described previously. 

 
8.3.11 Minimum agglutination concentration  

Because RBPs are multimeric structures like antibodies, they are expected to cross-link and 

agglutinate target bacterial cells (Kropinski et al., 2011; Waseh et al., 2010). Thus, the ability of RBP Gp17 

to agglutinate Y. enterocolitica O:3 cells was investigated in micro-agglutination assays (Kropinski et al., 

2011; Waseh et al., 2010). Single colonies obtained from the growth on TSA plates were each inoculated 

into 10 ml of TSB and grown at 30°C with shaking at 250 rpm for 24 hours. Each culture was then 

sedimented by centrifugation at 8,000 g for 5 minutes and re-suspended in 5 ml of PBS. The cell density 

was then adjusted to an OD600 of 1 (approximately 1×108 cells/ml) with PBS. Micro-agglutination assays 

consisted of incubating a constant number of bacterial cells (50 µl) in the wells of a 96 well microtitre plate 

with two-fold serial dilutions of RBPs or Y. enterocolitica O:3 Antibody (Mast Diagnostics, UK) in PBS (50 

µl). Plates were incubated overnight at 4°C and at 25°C. Agglutinated cells appear as diffuse aggregates 
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whereas non-agglutinated cells form compact sediments at the bottom of the wells. The minimum protein 

concentration resulting in visible cell agglutination was considered the minimum agglutination concentration 

(MAC), and was considered as a measure of the agglutination potency of the RBP (Kropinski et al., 2011; 

Waseh et al., 2010).  

 
8.4 RESULTS AND DISCUSSION 

8.4.1 Magnetic microparticles are functionalized with phage RBPs 

The N-terminal His6 tag present on the recombinant RBPs allowed for oriented immobilization on 

the surface of Dynabeads® His-Tag microparticles which are pre-coated in a cobalt-based metal affinity 

chromatography (IMAC) chemistry for binding His-tagged proteins. Observed under confocal 

immunofluorescence microscopy, the surface of the magnetic microparticles appears evenly coated with 

the phage RBPs (Figure 8.1). Additionally, the RBPs were also shown to be capable of capturing specific Y. 

enterocolitica cells by magnetic separation (Figure 8.2). Assay results (Figure 8.3) obtained with a variable 

number of RBP Gp17 coated beads, incubation periods (10, 20, 30, 40, 60 minutes) and cell concentrations 

(102 CFU/ml to 106 CFU/ml) indicated optimal recovery of Y. enterocolitica O:3 could be achieved with 40 µl 

of beads mixing with a sample for 30 minutes. Likewise, a 1:1 mixture of RBP-Gp47 and RBP-Gp37 coated 

beads were capable of capturing Y. enterocolitica O:3, O:5,27, O:8 or O:9 cells via magnetic separation 

under the same assay conditions (Figures 8.4, 8.5, 8.6). In both cases, increasing bead concentration 

increased the recovery of the target since the surface area available for binding the target cells increased 

proportionally. For example, with the RBP Gp17 coated beads, assuming an even coating of the bead 

surface, the surface area available for binding the target when using a 10 µl volume of beads was 

estimated at 3.41x105 µm2 whereas the estimated surface area increased 4-fold to 1.37x106 µm2 when 

using four times the bead volume. More importantly however, the highest % recovery of the target was 

observed at lower cell concentrations (102 CFU/ml and 103 CFU/ml), compared to decreasing recovery as 
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the target cell concentration was increased to 106 CFU/ml (Figures 8.3 and 8.6). This effect is in agreement 

with that reported when tosylactivated beads functionalized with RBP Gp48 from bacteriophage NCTC 

12673 were used for the selective immobilization of Campylobacter jejuni (Poshtiban et al., 2013). 

Poshtiban et al. (2013) speculated that the diminishing capture efficiency at higher cell concentrations may 

be due to limiting bead-binding capacity. In addition, in this study, microscopy of the RBP coated particles 

showed the particles had a tendency to aggregate (Figure 8.1), an observation that was more pronounced 

at high particle concentrations (data not shown) and which may also contribute to the diminishing capture 

efficiency. 

Magnetic separation utilizing RBP Gp17 coated beads showed that a significantly higher proportion 

of cells were recovered among Y. enterocolitica O:3 strains (mean 86.1%, range 82.1% – 93.1%) 

compared to non-O:3 Y. enterocolitica or another Yersinia spp. (mean 0.46%, range 0-1.71%) (Table 8.1). 

Likewise, magnetic separation using the mixture of RBP Gp47 and RBP Gp37 coated beads recovered a 

significantly higher proportion of Y. enterocolitica O:3 (mean 64.7%, range 59.4% – 71.9%), Y. 

enterocolitica O:5,27 (mean 78.8%, range 70.7% – 91.8%), Y. enterocolitica O:8 (mean 59.8%, range 

58.0% – 68.5%), or Y. enterocolitica O:9 (mean 75.4%, range 68.8 % – 84.6%) than other Y. enterocolitica 

serotypes or other Yersinia spp. (mean 0.72%, range 0-1.71%) (Table 8.1). Similarly, Kapperud et al. 

(1993) reported a higher % recovery of serotype O:3 strains (mean 23%; range 20-28%) compared to 17 

strains belonging to 13 other serotypes (mean 0.5%; range 0-2%) using 2.8 µm agarose beads coated with 

polyclonal Y. enterocolitica O:3 antibody. Likewise, Koujitani et al. (2006) demonstrated improved isolation 

of Y. enterocolitica O:8 when IMS was performed using magnetic beads coated with O:8 polyclonal 

Antibody, recovering 20% of the inoculum. In contrast, the % recovery of strains of serogroups O:3, O:5,27 

and O:9 was less than 1% (Koujitani et al., 2006). Although intentionally similar cell suspension 

concentrations were used in this study, the high % recovery rates obtained compared to previous studies 

may be due to a combination of factors including: 1) the nature of the capture ligand, 2) type and number of 
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beads used, and 3) their physicochemical properties such as diameter, sedimentation rate, and non-

specific adsorption (Stevens & Jaykus, 2004). One additional factor may be that in this study the RBPs are 

attached via N-terminal histidine tags to the bead surface, thus maximizing exposure of the C-terminal 

region domains responsible for binding to the cell surface. In contrast, in previous studies the capture 

molecules (antibodies) were bound covalently (i.e. non-oriented immobilization) which are prone to random 

orientation of the ligand and likely shield or block a significant proportion of potential binding sites. 

 

 

Figure 8.1 Confocal immunofluorescence microscopy of paramagnetic microparticles 
functionalized with phage RBP Gp17 

RBP Gp17 decorates the surface of Dynabeads® His-Tag Isolation & Pulldown microparticles as seen via confocal 
immunofluorescence microscopy (A and B) whereas uncoated microparticles (C) show no fluorescence (D) after incubation with 
6x-His Epitope Tag Antibody, Alexa Fluor® 488 conjugate. Scale bar indicates size in µm  
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Figure 8.2 Y. enterocolitica O:5,27 cells are selectively captured by RBP Gp37 coated beads 

A mix of Y. enterocolitica O:5,27 cells stained with SYTO® 61 red fluorescent nucleic acid stain and Y. enterocolitica O:10 cells 
stained with SYTO ® 40 blue fluorescent nucleic acid stain was subjected to magnetic separation with RBP Gp37 coated 
magnetic microparticles. Only serotype O:5,27 cells were captured (A) since only red fluorescent cells were observed (B). Cells 
can be seen attached to the magnetic microparticles (C, red arrow).  In (D) a single Y. enterocolitica O:5,27 cell is adsorbed to 
the surface of a magnetic microparticle. The image shown in (D) was produced as a composite image of differential contrast 
microscopy image (C) and red fluorescence channel (E). Scale bar indicates size in µm.   
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Figure 8.3 Performance of RBP Gp17 coated magnetic microparticles for the selective capture of Y. enterocolitica O:3 

Several magnetic separation conditions were evaluated for their effect on the recovery of Y. enterocolitica O:3. Cell suspensions (1 ml) containing 102, 103, 104, 105, or 106 Y. 
enterocolitica O:3 cells were mixed with 10, 20, 30, or 40 µl of RBP Gp17 coated beads for 20, 30, 40 or 60 minutes. (A) Different bead concentrations are indicated as the mean 
number of particles used for the assay of 104 CFU/ml suspensions for 30 minutes. (B) The effect of different incubation times is presented for the assay of 104 CFU/ml 
suspensions using 40 µl of beads (4.35x105 particles). (C) The recovery of different cell concentrations for 30 minutes using 40 µl of beads (4.35x105 particles) is shown.  
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Figure 8.4 Effect of particle concentration on the performance of RBP Gp37 and RBP GP47 coated 
magnetic microparticles for the capture of Y. enterocolitica O:3, O:5,27, O:8, and O:9 

Cell suspensions (1 ml) containing 102, 103, 104, 105, or 106 Y. enterocolitica O:3, O:5,27, O:8, or O:9 cells were mixed with 10, 
20, 30, or 40 µl of RBP Gp37 and RBP Gp47 coated beads (mixed at an equal ratio) for 20, 30, 40 or 60 minutes. Different bead 
concentrations are indicated as the mean number of particles used for the assay of 104 CFU/ml suspensions for 30 minutes.  
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Figure 8.5 Effect of incubation time on the performance of RBP Gp37 and RBP GP47 coated 
magnetic microparticles for the capture of Y. enterocolitica O:3, O:5,27, O:8, and O:9 

Cell suspensions (1 ml) containing 102, 103, 104, 105, or 106 Y. enterocolitica O:3, O:5,27, O:8, or O:9 cells were mixed with 10, 
20, 30, or 40 µl of RBP Gp37 and RBP Gp47 coated beads (mixed at an equal ratio) for 20, 30, 40 or 60 minutes. The effect of 
different incubation times is presented for the assay of 104 CFU/ml suspensions using 40 µl of beads (7.40x105 particles). 
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Figure 8.6 Effect of cell concentration on the performance of RBP Gp37 and RBP GP47 coated 
magnetic microparticles for the capture of Y. enterocolitica O:3, O:5,27, O:8, and O:9 

Cell suspensions (1 ml) containing 102, 103, 104, 105, or 106 Y. enterocolitica O:3, O:5,27, O:8, or O:9 cells were mixed with 10, 
20, 30, or 40 µl of RBP Gp37 and RBP Gp47 coated beads (mixed at an equal ratio) for 20, 30, 40 or 60 minutes. The recovery 
of different cell concentrations after 30 minutes’ incubation using 40 µl of beads (7.40x105 particles) is shown. 
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Table 8.1 Percent recovery of selected Y. enterocolitica via phage RBP based magnetic separation 

 
Bacterial strain 

 
Serotype 

 
Initial CFU 

RBP Gp17 a RBP Gp37-Gp47 b 

CFU (% recovery) CFU (% recovery) 

Yersinia enterocolitica K10 O:3 463 398 (86.0%) 295 (64.4%) 
Yersinia enterocolitica K11 O:3 549 456 (83.1%) 329 (59.9%) 
Yersinia enterocolitica K12 O:3 476 443 (93.1%) 323 (67.9%) 
Yersinia enterocolitica K2 O:3 525 431 (82.1%) 312 (59.4%) 
Yersinia enterocolitica K6 O:3 409 352 (86.1%) 294 (71.9%) 
   86.1 ± 4.3% 64.7 ± 4.7% 
     
Y. enterocolitica K7 O:5,27 394 1 (0.25%) 296 (75.1%) 
Y. enterocolitica JDE657 O:5,27 368 0  306 (83.2%) 
Y. enterocolitica JDE654  O:5,27 484 3 (0.62%)  342 (70.7%) 
Y. enterocolitica gc815-73 O:5,27 511 3 (0.59%) 375 (73.4%) 
Y. enterocolitica A2-1 O:5,27 329 0  302 (91.8%) 
   0.29% ± 0.30%  78.8 ± 7.7% 
     
Y. enterocolitica CDCA2635 O:8 531 0  308 (58.0%) 
Y. enterocolitica TAMU O:8 333 3 (0.90%) 228 (68.5%) 
Y. enterocolitica ATCC 23715 O:8 563 0  340 (60.4%) 
Y. enterocolitica ATCC 27729 O:8 435 2 (0.46%) 214 (49.2%) 
Y. enterocolitica JDE661 O:8 678 2 (0.29%) 427 (63.0%) 
   0.33% ± 0.37% 59.8 ± 6.3% 
     
Y. enterocolitica Ruokola/71-c O:9 512 2 (0.39%) 453 (71.7%) 
Y. enterocolitica G O:9 395 0  473 (84.6%) 
Y. enterocolitica H O:9 475 1 (0.21%) 466 (74.6%) 
Y. enterocolitica K13 O:9 635 5 (0.79%) 389 (77.6%) 
Y. enterocolitica 3672/74 O:9 483 0  484 (68.8%) 
   0.28% ± 0.33% 75.4 ± 5.4% 
     
Y. enterocolitica gc3973-76 O:4 387 0 5 (1.29%) 

Y. enterocolitica 15712/83 O:14 472 2 (0.42%) 4 (0.85%) 
Y. enterocolitica gc874-77 O:20 558 0 1 (0.18%) 
Y. enterocolitica gc2139-72 O:34 562 2 (0.36%) 3 (0.53%)  
Y. enterocolitica 3229 O:50 673 2 (0.30%)  4 (0.59%) 
   0.22% ± 0.20% 0.69% ± 0.41% 
     
Y. aldovae Z1 UTc 468 6 (1.28%) 8 (1.71%)  
Y. aleksiciae 404/81 O:16 512 2 (0.39% 0 (0.00%) 
Y. bercovieri 3016/84 O:58,16 487 7 (1.44%) 5 (1.03%) 
Y. frederiksenii 38/83 O:48 642 11 (1.71%)  3 (0.47%) 
Y. intermedia 821/84 O:52,54 435 5 (1.15%) 4 (0.92%) 
Y. kristensenii ATCC 33639 UT 397 0  2 (0.50%) 
Y. mollaretii 92/84 O:59(20,36,7) 711 8 (1.13%) 5 (0.70%) 

Y. nurmii DSM 22296 UT 632 5 (0.79%) 0  
Y. pekkanenii Å125 KOH2 UT 559 0  7 (1.25%) 
Y. pseudotuberculosis K I 627 3 (0.48%) 0 
Y. rohdei V UT 501 0  6 (1.20%) 
Y. ruckeri ATCC 29473 I 703 0  9 (1.28%) 
   0.25% ± 0.36% 0.75% ± 0.68% 

a % recovery after magnetic separation using 40 µl of RBP Gp17 coated magnetic microparticles (4.35x105 particles) for 30 
minutes. 

b % recovery after magnetic separation using a 40 µl mixture of RBP Gp47 and RBP Gp37 coated magnetic microparticles 
(7.40x105 particles) for 30 minutes. 

c UT, untyped. 
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8.4.2  Specificity  

One hundred and sixty Yersinia strains and 20 other non-Yersina species strains adjusted at a 

level of approximately 500 CFU/ml in PBS were subjected to RBP-based magnetic separation (Table 8.2). 

The cell-bead concentrates were then spread plated onto CIN agar (the most widely used semi-selective 

agar for the isolation of Y. enterocolitica), as well as onto CAY, a chromogenic agar with a reported high 

specificity for the isolation of virulent Y. enterocolitica (Renaud et al., 2013).  

The use of CIN agar alone (without magnetic separation) resulted in a rather poor specificity (8.6%) 

for the specific isolation of serotype O:3 strains given that CIN agar is unable to discriminate among 

Yersinia spp. strains. In contrast, when RBP Gp17 coated microparticles were used in combination with 

CIN agar, a specificity of 96.3% was obtained for the isolation of serotype O:3 strains. This combination 

also eliminated potential false-positive results typically observed on CIN agar which correspond to the 

growth of Aeromonas hydrophila, Citrobacter spp., Enterobacter cloacae, Pantoea agglomerans, 

Providencia retgerii, Serratia liquefaciens, Serratia marcescens, and Stenotrophomona maltophilia in food 

samples (Arnold et al., 2004; Denis et al., 2011; Fukushima, 1987; Head, Whitty, & Ratnam, 1982; Renaud 

et al., 2013; Tan et al., 2014). Unlike CIN agar, CAY agar can distinguish avirulent from virulent Y. 

enterocolitica (Karhukorpi & Päivänurmi, 2014; Renaud et al., 2013).  The use of RBP Gp17 coated beads 

in combination with CAY however, achieved a specificity of 96.4% for the isolation of pathogenic O:3 

strains. All of the potentially pathogenic O:3 strains (salicin and pyrazinamidase negative) among the 17 

serotype O:3 strains tested grew as typical mauve colonies on the medium. In contrast two potentially non-

pathogenic O:3 strains (salicin and pyrazinamidase positive) tested grew as white translucent colonies on 

CAY after selective capture by the RBP coated beads. Effectively, this combination was able to also 

exclude the majority of false positive strains that could grow on CAY alone (Table 8.2), with the exception 

of strains that contain the receptor for RBP Gp17, 6-deoxy-L-altropyranose (Leon-Velarde et al., 2014; 
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Pajunen et al., 2001) and that could therefore be captured through magnetic separation: Y. enterocolitica 

O:1, Y. enterocolitica O:2, Y. mollaretii O:3, and Y. frederiksenii O:3. 

A mixture of RBP Gp47 and RBP Gp37 coated beads was also applied to these same strains to 

attempt the simultaneous isolation of clinically significant serotypes O:3, O:5,27, O:8 and O:9 using CIN 

and CAY agars. On CIN agar, the strains isolated reflected the combined binding spectrum of the RBPs, 

that is, in addition to capturing all of the Y. enterocolitica O:3, O:5,27, O:8, and O:9 target strains, Y. 

enterocolitica O:1, O:2, O:5, O:6, O:6,30, O:6,31, and O:7,8 were also recovered (Table 8.2). Overall the 

specificity obtained for the isolation of Y. enterocolitica O:3, O:5,27, O:8, and O:9 in combination with CIN 

agar was estimated at 85%. The application of RBP Gp47 and Gp37 coated beads in combination with 

CAY agar increased the specificity to 95.7%. More importantly, potentially virulent strains (salicin and 

pyrazinamidase negative) strains of serotype O:3, O:5,27, O:8 and O:9 were captured and grew as typical 

mauve colonies on this agar, whereas non-pathogenic strains (salicin and pyrazinamidase positive) grew 

as metallic blue or white translucent colonies including avirulent serotype O:7,8 strains that are rather 

common among biotype 1A strains (Sihvonen et al., 2012) as well as O:6,30, O:6,31, and O:10, which are 

isolated most often (Tennant, Grant, et al., 2003). Only the rarely encountered pathogenic O:1 and O:2 

strains, an O:5 and an O:6 strain showed similar growth characteristics (mauve colour) on CAY.  More 

importantly, this approach prevented the false-positive results that were observed with the use of CAY 

alone from the growth of Y. aleksiciae (1 of 2 strains) Y. bercovieri (5 strains), Y. kristensenii (7 strains), Y. 

mollaretti (1 of 4) strains, Y. rohdei (1 of 2 strains), A. hydrophila and S. maltophilia (Table 8.2). This is of 

significance since Y. frederiksenii and Y. bercovieri are considered the most commonly encountered 

species obtained during the routine culture isolation of Y. enterocolitica (Sihvonen et al., 2009) and pose a 

challenge to the routine application of CAY and other chromogenic agars such as YECA since they appear 

indistinguishable from pathogenic Yersinia enterocolitica (Denis et al., 2011; Karhukorpi & Päivänurmi, 

2014; Renaud et al., 2013). 
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Aesculin or salicin hydrolysis which is derived from β-glucosidase activity of the bacteria (Edberg & 

Bell, 1985; Farmer et al., 1992) is used to differentiate pathogenic Y. enterocolitica from the biotype 1A 

strains which are considered avirulent (Karhukorpi & Päivänurmi, 2014; Sihvonen et al., 2009; Wauters, 

Kandolo, & Janssens, 1987). Study of the growth of Yersinia spp. strains on CAY agar (Table 8.2) 

demonstrated salicin-pyrazinamidase negative strains grew as mauve colonies and salicin-pyrazinamidase 

positive strains grew as metallic blue colonies. Although the formulation of CAY is unknown, it is clear from 

this and other studies that the chromogenic reaction targets chromosomally encoded enzymes (Karhukorpi 

& Päivänurmi, 2014; Renaud et al., 2013). First, the characteristic growth on CAY agar correlates well with 

β-glucosidase activity. Secondly, the loss of pYV+ plasmid in some pathogenic strains does not change the 

colour reaction obtained in CAY agar. For example, both pYV+ Y. enterocolitica serotype O:3 strain 6471/76 

(YeO3) and its plasmid cured derivate 6471-76-c  produced mauve colonies on CAY (Table 8.2). 

 
Table 8.2 Specificity of RBP-based magnetic separation in combination with CIN and CAY agars for 

isolation of selected Y. enterocolitica 

Bacterial Strains Serotype a CIN b 

 
CIN 

Gp17 
CIN 

Gp47 
Gp37 

CAY c 
 

CAY 
Gp17 

CAY 
Gp47 
Gp37 

Y. aldovae Z1 UT + - - mb - - 
Y. aldovae Z2 UT + - - - - - 
Y. aleksiciae 404/81  O:16 + - - + - - 
Y. aleksiciae 317/82 O:16 + - - mb - - 
Y. bercovieri 3016/84  O:58,16 + - - + - - 
Y. bercovieri 3984/84  O:58,16 + - - + - - 
Y. bercovieri 127/84  NT + - - + - - 
Y. bercovieri Z3  UT + - - + - - 
Y. bercovieri Z4  UT + - - + - - 
Y. enterocolitica 10/84 NT + - - mb - - 
Y. enterocolitica 1539 NT + - - mb/h - - 
Y. enterocolitica 8533/84 NT + - - mb - - 
Y. enterocolitica 659/83 K1, NT + - - - - - 
Y. enterocolitica 4367/83 K1, NT + - - mb - - 
Y. enterocolitica gk132 * O:1 + + + + + + 
Y. enterocolitica JDE029 * O:1 + + + + + + 
Y. enterocolitica gk2943 * O:2 + + + + + + 
Y. enterocolitica gk1142 * O:2 + + + + + + 
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Bacterial Strains Serotype a CIN b 

 
CIN 

Gp17 
CIN 

Gp47 
Gp37 

CAY c 
 

CAY 
Gp17 

CAY 
Gp47 
Gp37 

Y. enterocolitica K3 * O:3 + + + + + + 
Y. enterocolitica K9 * O:3 + + + + + + 
Y. enterocolitica K10 * O:3 + + + + + + 
Y. enterocolitica K11 * O:3 + + + + + + 
Y. enterocolitica K12 * O:3 + + + + + + 
Y. enterocolitica K2 * O:3 + + + + + + 
Y. enterocolitica K6 * O:3 + + + + + + 
Y. enterocolitica A * O:3 + + + + + + 
Y. enterocolitica B * O:3 + + + + + + 
Y. enterocolitica K1 * O:3 + + + + + + 
Y. enterocolitica FSRAYE0005 O:3 + + + w w w 
Y. enterocolitica F88 05-38561 O:3 + + + w w w 
Y. enterocolitica 20373/79  * O:3 + + + + + + 
Y. enterocolitica 5854  * O:3 + + + + + + 
Y. enterocolitica 9568/79 * O:3 + + + + + + 
Y. enterocolitica 6471/76 (YeO3) * O:3 + + + + + + 
Y. enterocolitica 6471/76-c (YeO3-c) * O:3 + + + + + + 
Y. enterocolitica JDE766 * O:1,2,3 + - - + - - 
Y. enterocolitica gc3973-76 O:4 + - - mb - - 
Y. enterocolitica RBE701 * O:4,32 + - - + - - 
Y. enterocolitica E O:5 + - + mb - mb 
Y. enterocolitica F O:5 + - + mb - mb 
Y. enterocolitica JKP 4209 CR+ * O:5 + - + + - + 
Y. enterocolitica 14693/84 O:5 + - + mb - mb 
Y. enterocolitica 298/85a2 O:5 + - + mb - mb 
Y. enterocolitica 20109/83 O:5 + - + mb - mb 
Y. enterocolitica 14779/83 O:5 + - + mb - mb 
Y. enterocolitica 17223/83 O:5 + - + mb - mb 
Y. enterocolitica 18710/83 O:5 + - + mb - mb 
Y. enterocolitica C * O:5,27 + - + + - + 
Y. enterocolitica D * O:5,27 + - + + - + 
Y. enterocolitica K5 * O:5,27 + - + + - + 
Y. enterocolitica K7 * O:5,27 + - + + - + 
Y. enterocolitica gk7500 * O:5,27 + - + + - + 
Y. enterocolitica JDE657  * O:5,27 + - + + - + 
Y. enterocolitica JDE654  * O:5,27 + - + + - + 
Y. enterocolitica gc815-73 * O:5,27 + - + + - + 
Y. enterocolitica A2-1 * O:5,27 + - + + - + 
Y. enterocolitica K8 * O:5,27 + - + + - + 
Y. enterocolitica 590/80 * O:6 + - + + - + 
Y. enterocolitica 266/84 O:6 + - + mb - mb 
Y. enterocolitica 189/80 O:6,30 - - - mb - mb 
Y. enterocolitica 6737/80 O:6,30 - - - mb - - 
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Bacterial Strains Serotype a CIN b 

 
CIN 

Gp17 
CIN 

Gp47 
Gp37 

CAY c 
 

CAY 
Gp17 

CAY 
Gp47 
Gp37 

Y. enterocolitica 3604/80 O:6,30 - - - mb - - 
Y. enterocolitica 438/80 O:6,31 + - - mb - - 
Y. enterocolitica 1309/80 O:6,31 + - + mb - mb 
Y. enterocolitica 22848/79 O:7,8 + - + mb - mb 
Y. enterocolitica 17869/83 O:7,8 + - + mb - mb 
Y. enterocolitica ATCC 9610 * O:8 + - + + - + 
Y. enterocolitica ATCC 23715 * O:8 + - + + - + 
Y. enterocolitica ATCC 27729 * O:8 + - + + - + 
Y. enterocolitica I * O:8 + - + + - + 
Y. enterocolitica J * O:8 + - + + - + 
Y. enterocolitica K4 * O:8 + - + + - + 
Y. enterocolitica K20 * O:8 + - + + - + 
Y. enterocolitica p310 * O:8 + - + + - + 
Y. enterocolitica CDCA2635 * O:8 + - + + - + 
Y. enterocolitica TAMU * O:8 + - + + - + 
Y. enterocolitica WA+ * O:8 + - + + - + 
Y. enterocolitica JDE661 * O:8 + - + + - + 
Y. enterocolitica K21 * O:8 + - + + - + 
Y. enterocolitica 8081 (YeO8) * O:8 + - + + - + 
Y. enterocolitica G * O:9 + - + + - + 
Y. enterocolitica H  O:9 + - + mb - mb 
Y. enterocolitica K13 * O:9 + - + + - + 
Y. enterocolitica K14 * O:9 + - + + - + 
Y. enterocolitica 277/74 O:9 + - + mb - mb 
Y.  enterocolitica 4945/74  O:9 + - + wg - w 
Y. enterocolitica 767/73 O:9 + - + w - w 
Y. enterocolitica 467/73 O:9 + - + mb - mb 
Y.  enterocolitica 3672/74 O:9 + - + w - w 
Y.  enterocolitica 13752/73 O:9 + - + w - w 
Y. enterocolitica Ruokola/71-c O:9 + - + w - w 
Y. enterocolitica K15 O:9 + - + mb - mb 
Y. enterocolitica 3102/80 O:10 + - - mb - - 
Y. enterocolitica 3788/80 O:10 + - - mb - - 
Y. enterocolitica 2640/84 O:10 + - - mb - - 
Y. enterocolitica 10927/84 O:10 + - - mb - - 
Y. enterocolitica gc1209-79 * O:13 + - - + - - 
Y. enterocolitica ST5081 * O:13a,13b + - - + - - 
Y. enterocolitica 421/84 O:13,7 + - - mb - - 
Y. enterocolitica 2446/84 O:13,7 + - - mb - - 
Y. enterocolitica gc9312-78 * O:13,18 + - - + - - 
Y. enterocolitica 15712/83 O:14 + - - mb - - 
Y. enterocolitica gc874-77 * O:20 + - - + - - 
Y. enterocolitica gc1223-75 * O:20 + - - + - - 



 

    

222 

 

Bacterial Strains Serotype a CIN b 

 
CIN 

Gp17 
CIN 

Gp47 
Gp37 

CAY c 
 

CAY 
Gp17 

CAY 
Gp47 
Gp37 

Y. enterocolitica RBE736 * O:21 + - - + - - 
Y. enterocolitica WI-81-50 * O:21 + - - + - - 
Y. enterocolitica 80-EA-63 * O:21 + - - + - - 
Y.  enterocolitica 431/84 O:25 + - - mb - - 
Y. enterocolitica 63/84 O:26,44 + - - mb - - 
Y. enterocolitica 18425/83 O:25,26,44 + - - mb - - 
Y. enterocolitica 5186/84 O:28,50 + - - mb - - 
Y. enterocolitica gc2139-72 * O:34 + - - + - - 
Y.  enterocolitica 248/84 O:35,52 + - - mb - - 
Y.  enterocolitica 7104/83 O:35,36 + - - mb - - 
Y. enterocolitica 264/85 O:41,43 + - - mb - - 
Y. enterocolitica 626/83 O:41(27),42 + - - mb - - 
Y. enterocolitica 9613/83 O:41(27), K1 + - - mb - - 
Y. enterocolitica 19942/83 O:41(27),42, K1 + - - mb - - 
Y.  enterocolitica 1346/84 O:41(27),43 + - - mb - - 
Y.  enterocolitica 647/83 O:41(27),43 + - - mb - - 
Y.  enterocolitica 3229 O:50 + - - mb - - 
Y. frederiksenii Q UT + - - mb - - 
Y.  frederiksenii S UT + - - mb - - 
Y. frederiksenii 38/83 O:48 + - - mb - - 
Y.  frederiksenii 3400/83 O:16 + - - mb - - 
Y. frederiksenii 3317/84 O:35 + - - mb - - 
Y. frederiksenii 498/85 NT + - - mb - - 
Y. frederiksenii 28/85 K1, NT + - - mb - - 
Y. frederiksenii IP23047 O:3 + + - mb mb - 
Y.  intermedia 9/85 O:16,21 + - - mb - - 
Y.  intermedia M UT + - - mb - - 
Y. intermedia N UT + - - mb - - 
Y. intermedia 821/84 O52,54 + - - mb - - 
Y. kristensenii Y  UT + - - + - - 
Y. kristensenii X  UT + - - + - - 
Y. kristensenii ATCC 33639  UT + - - + - - 
Y. kristensenii 4336/83  UT + - - + - - 
Y. kristensenii 19602/83  NT + - - + - - 
Y. kristensenii 119/84  O:12,25 + - - + - - 
Y. kristensenii IP22828  O:3 + - - + + - 
Y. mollaretii T UT + - - mb/h - - 
Y. mollaretii U UT + - - mb/h - - 
Y. mollaretii 92/84 O:59(20,36,7) + - - mb - - 
Y. mollaretii IP22404  O:3 + + - +  - 
Y. nurmii DSM 22296 UT + - - - - - 
Y. pekkanenii Å125 KOH2 UT + - - lb - - 
Y. pseudotuberculosis K I + - - - - - 
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Bacterial Strains Serotype a CIN b 

 
CIN 

Gp17 
CIN 

Gp47 
Gp37 

CAY c 
 

CAY 
Gp17 

CAY 
Gp47 
Gp37 

Y. pseudotuberculosis L I + - - - - - 
Y. pseudotuberculosis 2812/79 O:1b + - - - - - 
Y. pseudotuberculosis 677/82 O:1b + - - - - - 
Y. pseudotuberculosis 324/80 O:3 + - - - - - 
Y. pseudotuberculosis 1261/79 O:3 + - - - - - 
Y. rohdei V UT + - - mb - - 
Y. rohdei W  UT + - - + - - 
Y. ruckeri OMBL3 UT - - - - - - 
Y. ruckeri OMBL4 UT - - - - - - 
Y. ruckeri O UT - - - - - - 
Y.  ruckeri P UT - - - - - - 
Y. ruckeri RS41 UT - - - - - - 
Y. ruckeri ATCC 29473 I - - - - - - 

Aeromonas hydrophila ATCC 15467  + - - + - - 
Citrobacter brakii ATCC 43162  + - - bg - - 
Citrobacter freundii ATCC 8090  + - - bg - - 
Edwardsiella tarda ATCC 15947  - - - - - - 
Enterobacter aerogenes ATCC 13048  - - - mb - - 
Enterobacter cloacae ATCC 35030  + - - - - - 
Enterococcus faecalis ATCC 29212  - - - mb - - 
Escherichia coli ATCC 25922  - - - - - - 
Hafnia alvei ATCC 13883  - - - - - - 
Klebsiella pneumoniae ATCC 13883  - - - - - - 
Listeria monocytogenes  ATCC 19115  - - - - - - 
Morganella morganii ATCC 25830  w - - w - - 
Pantoea agglomerans ATCC 27155  + - - - - - 
Proteus mirabilis ATCC 29906  - - - - - - 
Providencia rettgeri ATCC 9250  + - - b - - 
Providencia stuartii ATCC 49809  - - - - - - 
Pseudomonas aeruginosa ATCC 
27853  - - - - - - 

Serratia liquefaciens ATCC 27592  + - - mb - - 
Serratia marcescens ATCC 14756  + - - mb - - 
Stenotrophomona maltophilia 
ATCC13843 

 + - - + - - 

a NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting or not 
agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped.  

b Cefsulodin-irgasan-novobiocin (CIN) agar. Typical Y. enterocolitica appearance, red with bullseye center (+); no growth (-); 
white translucent colony (W). 

c CHROMAgar Yersinia (CAY). Typical colony appearance, mauve (+); no growth (-); metallic blue (mb); metallic blue with mauve 
border or halo (mb/h), blue-green translucent (bg); white translucent (W); beige (b); light blue (lb). 

* Salicin-pyrazinamidase negative isolates (Kandolo & Wauters, 1985; Wauters, Kandolo, & Janssens, 1987). 
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8.4.3 RBP-based magnetic separation effectively isolates Y. enterocolitica from a mixed cell 
suspension 

In this part of the study, the ability to selectively capture Y. enterocolitica O:3 by RBP based 

magnetic separation from a mixture of various other competing bacteria was investigated. For this purpose, 

strains from species often present in foods and known to outcompete and or interfere with the isolation of 

Y. enterocolitica were considered.  Serratia spp., Aeromonas hydrophila, Citrobacter spp., Providencia 

rettgeri, and Enterobacter cloacae, were chosen because these among other strains additionally also 

appear with a similar colony morphology on CIN agar (Figure 8.7) (Arnold et al., 2004; Fukushima, 1987; 

Head, Whitty, & Ratnam, 1982; Renaud et al., 2013). Similarly, three other representative strains from the 

genus Yersinia: Y. intermedia, Y. kristensenii, and Y. frederiksenii were also included because these and 

other yersiniae cannot be differentiated from each other based on appearance on CIN agar (Fukushima, 

1987; Schiemann, 1979). Collectively, these strains provided a robust challenge to evaluate the effect of 

selective isolation of Y. enterocolitica O:3 through RBP-based magnetic separation. Gp17-coated beads 

applied to the mixed cell suspension resulted in the isolation of 90.5% and 94.0% Y. enterocolitica O:3 on 

CIN and CAY agars, respectively (Figures 8.7, 8.8 and Table 8.3). In contrast, direct plating of the same 

mixed suspension identified only 8.7% and 17.7% of the suspect colonies as Y. enterocolitica O:3 on CIN 

and CAY agars, respectively. Effectively, this experiment demonstrated RBP-based magnetic separation 

had a significant impact on the isolation of the target serotype among a ratio of 1:9 of target to non-target 

microorganisms, all or some of which presented similar colony characteristics on CIN or CAY agars.  
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Figure 8.7 Colonial aspect of bacterial strains used in RBP-based magnetic separation experiments 
and mass spectra used for MS identification 

Bacteria were grown on Cefsulodin-irgasan-novobiocin (CIN) agar and CHROMAgar Yersinia (CAY) agar for 48h at 30°C. 
Matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) analysis was performed using a 
VITEK-MS system (BioMerieux, France). Identification was based by comparison to a MS database (SARAMISTM, Spectral 
Archive and Microbial Identification System, AnagnosTec, Potsdam-Golm, Germany) to the species level. 
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Figure 8.8 Effect of RBP based magnetic separation in combination with CIN or CAY agar. 

A mixed cell suspension containing Y. enterocolitica O:3 cells (104 CFU/ml) at a 1:9 ratio to other competing strains (each at 104 
CFU/ml) was reacted with RBP Gp17 coated magnetic microparticles and plated on CIN and CAY agars. After incubation for 24h 
at 30°C and based on colony morphology on these agars, the RBP-based magnetic separation step captured a significantly 
higher number of suspect colonies (bottom) and only a few competing organisms could be found on the agar plates compared to 
the growth observed with the use of direct plating alone (top).  
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Table 8.3 Phage RBP-based magnetic separation of Y. enterocolitica O:3 from a mixed cell 
suspension 

 
Bacterial Strain 

 
RBP-based magnetic separation a 

 
Direct plating b 

CIN CAY CIN CAY 

Y. enterocolitica 6471/76, serotype O:3 76 63 9 14 

Y. enterocolitica CDCA 2635, serotype O:8 0  0  11 24 
Y. kristensenii 119/84, serotype O:12,25 0 0 17 15 
Y. frederiksenii 38/83, serotype O:48 1 0 6 0 
Y. intermedia 821/84, serotype O:52,54 1  0  8 0 
Aeromonas hydrophila, ATCC 15467 2  4 3 26 
Serratia marcescens, ATCC 14756 0  0  12 0 

Serratia liquefasciens ATCC 27592 0 0 19 0 
Citrobacter brakii, ATCC 43162 3  0 14 0 
Citrobacter freundii, ATCC 8090 1  0  5 0 
 
No. of confirmed Y. enterocolitica O:3 (%) c 

 
76/84  

(90.5%) 

 
63/67  

(94.0%) 

 
9/104 
(8.7%) 

 
14/79 

(17.7%) 
a 0.1 ml from a mixed culture containing 104 CFU of each bacterial strain was reacted with 40 µl of RBP Gp17 coated 
microparticles and incubated for 30 minutes followed by plating (25 µl volumes) onto duplicate CIN and CAY agar plates. 

b 25 µl volumes from a mixed culture containing 104 CFU of each bacterial strain were directly plated onto duplicate CIN and 
CAY agar plates. 

 c Colonies were screened by MALDI-TOF MS. Y. enterocolitica were further differentiated by the use of Y. enterocolitica O:3 and 
O:8 antisera. 

 
8.4.4 Limit of detection 

 Raw pork was selected as a food matrix for inoculation because indirect evidence and case-control 

studies suggest a correlation between the consumption of raw or undercooked meats from diverse origins 

(in particular pork) and yersiniosis (Bonardi et al., 2010; Boqvist et al., 2009; De Boer et al., 1991; 

Fredriksson-Ahomaa, Stolle, & Korkeala, 2006; Grahek-Ogden et al., 2007; Jones, 2003; Lee et al., 1990; 

Ostroff et al., 1994; Satterthwaite et al., 1999; Tauxe et al., 1987). Because the use of RBP Gp37 and RBP 

Gp47 coated beads could effectively and simultaneously capture the clinically significant serotypes O:3, 

O:5,27, O:8, and O:9 in combination with CAY or CIN agar, it was necessary to establish a limit of detection 

(LOD) for this magnetic separation step (RBP-MS). In this trial, samples inoculated at various 

contamination levels were stored at -20°C for 2 weeks to subject the cells to some level of stress, and 

which were then homogenized in PBS prior to analysis.  This approach eliminated the influence of selective 
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enrichments and various incubation conditions that are typically utilized in routine Y. enterocolitica culture 

isolation methods. The samples were subjected to RBP-MS and aliquots were plated onto CIN and CAY 

agar plates. As a comparison, aliquots from each replicate were also plated directly onto CIN and CAY agar 

without performing RBP-MS. After incubation at 30°C for 48 h and based on the identification of suspect 

colonies, there was a significant difference in the LOD established for the isolation of Y. enterocolitica 

between the same inoculated samples tested with or without  RBP-MS  (Table 8.4). The LOD without the 

use of RBP-MS was estimated at 104 to 105 CFU/ml which is in agreement with the LOD reported 

previously for CIN agar (Boyapalle et al., 2001; Savin, Leclercq, & Carniel, 2012; Tan et al., 2014; 

Vishnubhatla et al., 2001). In contrast, the application of RBP-MS in these same samples reduced the LOD 

to 102 CFU/ml, representing a 2 log10 CFU/ml improvement in sensitivity. In addition, false positive colonies 

were frequently encountered on CIN agar from samples that did not undergo the RBP-based magnetic 

separation step.  These were identified by MALDI-TOF MS as C. diversus, C. freundii, H. alvei, and P. 

rettgeri, which have been reported to appear with a similar colony morphology on CIN agar (Arnold et al., 

2004; Denis et al., 2011; Fukushima, 1987; Head, Whitty, & Ratnam, 1982; Renaud et al., 2013; Tan et al., 

2014).  

 
8.4.5 RBP-based magnetic separation of Y. enterocolitica from inoculated foods 

Because of the higher specificity of CAY agar for pathogenic Y. enterocolitica, RBP-MS in 

combination with CAY agar was applied for the isolation of Y. enterocolitica O:3, O:5,27, O:8, or O:9 in a 

variety of inoculated foods (ground pork, mixed salad, and pasteurized milk) in comparison with direct 

plating on CIN agar (Table 8.5). In this experiment, a 24 hour enrichment at 25°C in non-selective TSB 

(Fredriksson-Ahomaa, Bucher, et al., 2001; Funk et al., 1998) was used to overcome the problems 

associated with extended cold enrichment and the selective bias of selective enrichment broths typically 

used for the isolation of Y. enterocolitica. For example, cold enrichment in PBS or PBS with the addition of 
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1% sorbitol and 0.15% bile salts (PBSSB) for extended periods (up to 21 days) has been shown to increase 

the presence of non-pathogenic Y. enterocolitica and other psychrotrophs (Fredriksson-Ahomaa & 

Korkeala, 2003). Moreover selective broths such as ITC or MRB favour isolation of serotype O:3 and are 

inhibitory to other pathogenic serotypes such as O:8 (Schiemann, 1982) and O:9 (De Zutter et al., 1994).  

Direct plating on CIN agar and RBP-MS with plating on CAY agar was performed after 8 and 24h 

incubation in TSB at 25°C. The results demonstrated that isolation of target Y. enterocolitica was possible 

following RBP-MS from 1 of 12 samples inoculated with 0.1 CFU/g (milk), 8 of 12 samples inoculated with 1 

CFU/g (milk, mixed salad), and 12 of 12 samples inoculated with either 10 CFU/g or 100 CFU/g. In contrast 

isolation after direct plating on CIN required higher initial contamination levels identifying only 2 of 12 

samples inoculated with 10 CFU/g (milk), and 6 of 12 samples inoculated with 100 CFU/g (milk, mixed 

salad, ground pork). After 24 hours of incubation however, the RBP-MS step recovered Y. enterocolitica 

from 7 of 12 samples contaminated with 0.1 CFU/g and from all foods contaminated with 1, 10 or 100 

CFU/g. In contrast, isolation by direct plating after 24h recovered Y. enterocolitica from 6 of 12 samples 

contaminated with 0.1 CFU/g, from 11 of 12 samples contaminated with 1 CFU/g, and from all foods 

contaminated with 10 or 100 CFU/g. Overall RBP-MS in combination with CAY agar proved to be more 

sensitive than standard direct plating. In addition, the level of background microbiota observed on CIN agar 

after direct plating outnumbered the levels observed after RBP-MS on CAY agar. This is reflective of the 

combined effect of RBP magnetic separation, the increased specificity of CAY agar and the initial 

background microbiota present in the food matrices prior to enrichment (ground pork estimated at 1.64x105 

CFU/g, mixed salad at 5.31x103, and pasteurized milk at 3.60x102 CFU/ml). 

It is important to note that the suitability of RBP-based magnetic separation centers on the 

abundance of target phage host receptors. In Y. enterocolitica for example, O-PS expression is 

temperature regulated. Optimum expression occurs when bacteria are grown at room temperature (22–

25°C). When they are grown at 37°C however, only small amounts of O-PS are produced (Al-Hendy, 
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Toivanen, & Skurnik, 1991b; Bengoechea et al., 2002). The reduction of surface-expressed O-PS is further 

reflected in the sensitivity of bacteriophages AP5 and AP10. Higher titers of these phages were needed to 

lyse the bacteria at 37°C than at 25°C (data not shown). Although arguably, LPS shed into the medium 

could potentially interfere with magnetic separation by competition with target cells, it has been shown that 

Y. enterocolitica grown at 22°C releases very little LPS to the medium (Leskinen et al., 2015). Similarly, the 

receptor for the phage RBP Gp37 which was determined to be the outer membrane protein OmpF is 

preferentially and optimally expressed below 25°C (Leon-Velarde et al. 2016). For these reasons the 

proposed RBPs Gp17, Gp47, or Gp376 as capture molecules are compatible with the proposed application 

as well as with the cold enrichment temperatures (<25°C) used in existing routine culture methods of 

analysis.   

 
8.4.6 Phage RBP Gp17 agglutinates Y. enterocolitica O:3  

As a potential alternate application, the agglutination ability of RBP Gp17 was assessed at 4°C and 

25°C in micro-agglutination assays (Kropinski et al., 2011; Waseh et al., 2010). The minimum agglutination 

concentration (MAC) of RBP Gp17 resulting in cell agglutination was estimated at approximately 130 ng/ml. 

RPB Gp17 showed equivalent agglutination to that of Y. enterocolitica O:3 antisera estimated between 130 

and 250 ng/ml. Among the strains tested, the results show the agglutination was caused by the RBP Gp17 

and was specific for Y. enterocolitica O:3 since the RBP did not agglutinate YeO3-R2, a Y. enterocolitica 

O:3 LPS mutant lacking O-PS (the host receptor for phage AP5). To further explore the agglutinating 

capability of the RPB, slide agglutinations reactions combining a RBP Gp17 solution and Y. enterocolitica 

cells formed visible aggregates within 5 minutes. Individual Y. enterocolitica O:3 colonies from growth on 

different agars used for the routine isolation of Y. enterocolitica (MAC, CIN, SSDC, and CAY) at 30 °C were 

tested by slide agglutination mixing 100 μl of a 2 mg/ml RBP solution in PBS with a colony resuspended in 

PBS. Agglutination was observed within 5 minutes and was not affected by the growth on these agars. No 
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agglutination reactions were observed with PBS only, with a Y. enterocolitica O:8 strain, nor with a YeO3-

R2 O-PS deficient LPS mutant which lacks the host receptor. 
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Table 8.4 Limit of detection of phage RBP-based magnetic separation for isolation of selected Y. enterocolitica from inoculated raw 
ground pork  

 
 

CFU/ml of 
homogenate a 

 
Cell  
ratio 

Serotype O:3 Serotype O:5,27 
 

Serotype O:8 
 

 
Serotype O:9 

 Target: APC b 
   RBP-MSc 

 CIN       CAY 
Direct Plating 
 CIN       CAY 

   RBP-MSc 

CIN       CAY 
Direct Plating 
CIN       CAY 

   RBP-MSc 

CIN        CAY 
Direct Plating 
CIN        CAY 

   RBP-MSc 

CIN       CAY 
Direct Plating 
CIN       CAY 

106 1: 5.78  6/6        6/6     6/6       6/6 6/6       6/6 6/6        6/6 6/6        6/6 6/6        6/6 6/6       6/6      6/6       6/6 
105 1: 57.8  6/6        6/6  6/6       6/6 6/6       6/6 3/6        4/6 6/6        6/6 5/6        6/6 6/6       6/6 5/6       6/6 
104 1: 578  6/6        6/6  4/6       5/6 5/6       6/6 1/6        2/6 6/6        6/6 4/6        4/6 6/6       6/6 3/6       4/6 

103 1: 5,780  5/6        6/6  1/6       2/6 4/6       4/6 1/6        0/6 6/6        6/6 2/6        2/6 5/6       4/6 2/6       2/6 
102 1: 57,800  3/6        4/6   0/6       0/6 2/6       1/6 0/6        0/6 4/6        5/6 0/6        0/6 3/6       4/6 0/6       1/6 

101 1: 578,000  1/6        0/6   0/6       0/6 0/6       0/6 0/6        0/6 1/6        1/6 0/6        0/6 1/6       1/6 0/6       0/6 

1 1: 5,780,000  0/6        0/6  0/6       0/6 0/6       0/6 0/6        0/6 0/6        0/6 0/6        0/6 0/6       0/6 0/6       0/6 

Limit of Detection d 
 
102 CFU/ml 

 

 
104 CFU/ml 

 

 
103 CFU/ml 

 

 
104 CFU/ml 

 

 
102 CFU/ml 

 

 
104 CFU/ml 

 

 
102 CFU/ml 

 

 
104 CFU/ml 

 
a Estimated cell number after addition of 0.5 ml of 108, 107, 106, 105, 104, 103 CFU/ml of an inoculum suspension to 25 g samples and addition of 24.5 ml of PBS buffer. 
b APC, total aerobic plate count. 
c RBP-based magnetic separation using a mixture of Gp47 and Gp37 coated beads (see materials and methods for details). 
d Limit of detection (in bold, underlined) was considered the contamination level that gave respectively at least 50% (3 of 6 replicates) positives for the target organism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

    

233 

 

Table 8.5  RBP-based magnetic separation for the isolation of Y. enterocolitica from a variety of inoculated foods enriched  in TSB at 25ºC 
for 24 h 

 

a  RBP-based magnetic separation using a mixture of Gp47 and Gp37 coated beads after 8 and 24 hours of enrichment (see materials and methods for details) 

b At 8 and 24 samples were plated directly onto CIN agar (see material and methods for details).  

The number of suspect colonies was recorded as: +, 1 to 10 colonies; ++, 10-50 colonies, +++, more than 50 colonies.  
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Figure 8.7 Phage AP5 RBP Gp17 micro-agglutination assay 

Phage AP5 RBP Gp17 agglutinates Y. enterocolitica O:3 effectively as shown by the diffused cell patterns in wells on the left 
side of the arrow (A). Y. enterocolitica O:1 which also expresses the phage receptor, agglutinated in the presence of Gp17 (D). 
No agglutination (forming a compact sediment and appear as round dots) was observed at the highest concentration used with a 
Y. enterocolitica O:3 LPS rough mutant (B), when incubated with BSA instead of the RBP at the same concentration (E), nor with 
Y. enterocolitica O:8 (F) or E. coli (G). Y. enterocolitica O:3 was reacted with O:3 antisera as a positive control (C). 

 

8.5 CONCLUSIONS 

In this study, a magnetic separation step able to selectively isolate low concentrations of target Y. 

enterocolitica in the presence of high background microbiota was developed. The specificity required was 

afforded by the recognition properties of phage RBPs Gp17, Gp37 or Gp47, which were functionalized on 

the surface of magnetic microparticles. The application of a magnetic separation step utilizing a mix of RBP 

Gp37 and RBP Gp47 coated microparticles in combination with the chromogenic agar (CAY) was effective 

for the isolation of the epidemiologically significant serotypes O:3, O:5,27, O:8 and O:9 from artificially 

contaminated foods. The proposed RBP-based magnetic separation step may be easily implemented into 

existing culture procedures to improve the specificity and sensitivity for isolation of this food-borne 

pathogen. In addition, the agglutinating properties of RBPs as demonstrated by micro agglutination assays 

with RBP Gp17, suggest an extended application as rapid diagnostic reagents for the screening of suspect 

colonies from culture plates.  
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CONCLUSIONS 

 
I. Five newly isolated Y. enterocolitica bacteriophages AP5, AP10, ISAO8, AP8 and TG1 were 

studied in varying degrees of detail providing information on genome sequence, morphology, 

host specificity and taxonomy. This research represents a significant addition to the repertoire 

of phages available for consideration as potential antimicrobial agents or as diagnostic tools for 

this important bacterial pathogen given that few phages infecting Y. enterocolitica have been 

thoroughly characterized. 

 
II. A new genus within the family Myoviridae, the Tg1virus with phages TG1 and PhiR1-RT as 

member species was established contributing to the taxonomy of microbial viruses. 

 
III. The phage RBPs of phages AP5, AP10, and TG1 were identified and the receptors to which 

they bind to during the infection process were also located. Notably, the expression of the 

outer membrane protein OmpF, the primary host determinant for the phage TG1 is under 

temperature regulation. This observation provides further insight into phage-host cell 

interactions by highlighting the importance of understanding underlying factors, which may 

affect the abundance of phage receptors on the cell surface. 

 
IV. RBPs were obtained for use as novel ligands for the selective capture of Y. enterocolitica of 

clinical significance. These oligomers displayed a binding spectrum that mirrored the host 

range of the phages they were derived from and were shown to recognize the cell surface 

binding in nanomolar amounts. 
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V. The application of a phage RBP-based magnetic procedure was, for the first time, 

demonstrated as a preparative step for the cultural isolation of clinically significant Y. 

enterocolitica of serotypes O:3, O:5,27, O:8 and O:9 from inoculated food samples.  

 
VI. The use of phage RBPs as capture ligands represent an alternative approach for bacterial 

concentration with potential applications in diagnostic microbiology to increase the analytical 

sensitivity of rapid methods of analysis such as  PCR, as well as in emerging technologies 

such as biosensors and microfluidics. 
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FUTURE RESEARCH 

I. In future studies, the phage RBPs produced in this research as well as other as of yet 

unidentified RBPs can be functionalized with different reactive groups such as carboxyl, 

aldehyde, amine, tosyl, hydroxyl, or thiol to different surfaces or particles with different 

properties to improve separation of targets from complex samples.  

 

II. Since the application of phage RBP-based magnetic separation for the isolation of clinically 

significant Y. enterocolitica was demonstrated only with artificially inoculated samples, a 

comparative study utilizing naturally contaminated food samples is warranted to further 

evaluate its potential as an aid in isolation. Such an evaluation should also consider 

environmental and water samples. 

 

III. The impact of RBP based magnetic separation incorporated within existing culture reference 

methods should also be evaluated.   

 

IV. This study did not consider the application of phage RBP-based magnetic separation coupled 

to rapid methods of detection. A combination with real time-PCR for example, as well as the 

use of RBPs in biosensor applications should also be considered. 

 

V. As observed during the synthesis of Yersinia phage RBPs used in this study, these have 

evolved different strategies for protein folding into the trimeric and functional form. Such 

pathways are not well understood and may complicate the synthesis of as of yet unidentified 



 

    

238 

 

RBPs for use in diagnostics. Further work in this field should be considered in order to devise 

useful strategies for the expression of RBPs. 

 
 

VI. The search for phage RBPs as ligands for isolation or for diagnostics is based on the isolation 

and characterization of novel phages. This effort however, is time consuming, requires a well 

characterized collection of bacterial strains, as well as the characterization of phage resistant 

mutants in order to identify the host cell receptors they interact with.  It would be a step 

forward, to resolve the atomic structure of some of the RBPs produced in this study or utilize a 

phage RBP whose structure has already been resolved and explore the effect of mutation of C-

terminal amino acids of the oligomeric structure. Such an approach may allow the generation 

of a library of recombinant RBPs which could form the basis for selection of ligands with affinity 

for a given target for use in diagnostics. 
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APPENDIX 

Table 4.4 Phage AP5 gene annotations 
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Genes are listed by number, along with their predicted function, if known, followed by the nature of the evidence that supports the functional classification. Genes with no 
functional prediction, but with significant sequence similarity (E-Value < 10-5) to genes in the NCBI database as determined by BLASTP are listed, including the name of the 
organism in which the similar gene was found. 
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Table 5.3 Phage AP10 gene annotations 

 

 



 

    

321 

 

 

 

 



 

    

322 

 

 

 

 



 

    

323 

 

Genes are listed by number, along with their predicted function, if known, followed by the nature of the evidence that supports the functional classification. Genes with no 
functional prediction, but with significant sequence similarity (E-Value < 10-5) to genes in the NCBI database as determined by BLASTP are listed, including the name of the 
organism in which the similar gene was found. 

 

 

 

 

 

 

 

 

 

 



 

    

324 

 

 

Table 6.3 Phage TG1 gene annotations. 
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Genes are listed by number, along with their predicted function, if known, followed by the nature of the evidence that supports the functional classification. Genes with no 
functional prediction, but with significant sequence similarity (E-Value < 10-5) to genes in the NCBI database as determined by BLASTP are listed, including the name of the 
organism in which the similar gene was found. 
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Table 6.4 Predicted transmembrane domains in TG1 proteins. 

Gene Product Size (aa) 
 

Transmembrane 
Domain Prediction 
TMHMM 2.0 

Transmembrane 
Domain Prediction 
Phobious 

ORF55 hypothetical protein 48 TMD (aa 7-38) 
 

TMD (aa 6-39) 
 

ORF81 hypothetical protein 80 TMD (aa 20-42) 
 

TMD (aa 16-42) 
 

ORF96 hypothetical protein 79 TMD (aa 5-27) 
TMD (aa 37-71) 

TMD (aa 37-70) 
 

ORF99 hypothetical protein 63 TMD (aa 5-27) 
TMD (aa 37-59) 

TMD (aa 36-58) 

ORF100 hypothetical protein 47 TMD (aa 15-34) 
 

TMD (aa 12-34) 

ORF104 hypothetical protein 77 TMD (aa 37-59) 
 

TMD (aa 40-63) 

ORF108 hypothetical protein 122 TMD (aa 34-56) 
TMD (aa 80-102) 

TMD (aa 34-56) 
TMD (aa 76-102) 

ORF137 hypothetical protein 60 TMD (aa 10-32) 
TMD (aa 37-56) 

TMD (aa 12-31) 
TMD (aa 37-56) 

ORF141 hypothetical protein 64 TMD (aa 13-45) 
 

TMD (aa 12-38) 
 

ORF154 baseplate wedge 
initiator 

1032 TMD (aa 882-904) 
 

TMD (aa 882-904) 
 

ORF225 Rz 117 TMD (aa 7-24) TMD (aa 6-20) 

ORF253 holin 218 TMD (aa 30-49) 
 

TMD (aa 31-49) 
 

   TMD, transmembrane domain; aa, amino acid residue. Potential TMD-containing proteins were identified via the use of TMHMM v.2.0  
   and Phobius (Käll, Krogh, & Sonnhammer, 2004; Krogh et al., 2001). 
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Table 6.5 Predicted promoter sequences of phage TG1 

Name Promoter sequence* Start End  Length Direction 
(bp) (bp) (bp) 

ORF19 TTTACATCAGATTTATATTATGTTATTAT 8,806 8,778 29 - 

ORF39 TTTACATCTCCTAGAAACATGATATTAT 17,649 17,622 28 - 

ORF61 TTAACGCTTAATATAAAGATTTGATATAAT 35,031 35,002 30 - 

ORF72 TTGAAACATTTTAAAGCAAACTACTTTAAT 40,818 40,789 30 - 

ORF98 TTTACATGTTGATGTAGACATGGTATAGT 50,426 50,398 29 - 

ORF105 TTTACATTAAGATAGGTTCATCTTATAGT 52,499 52,471 29 - 

ORF106 TTTACACCTACGCCTACTGTGTTATTAT 53,542 53,515 28 - 

ORF109 TTTACTTTACCTTTTAATGTGATATAAT 55,029 55,002 28 - 

ORF119 TTTACATTCAAGTTAGTTCATGATATTAT 58,960 58,932 29 - 

ORF124 TTTACAACTAATTAAATCATGATAGAAT 61,010 60,983 28 - 

ORF125 TTTACAACAAGATAGTACTGTGGTATGAT 61,471 61,443 29 - 

ORF130 TTTACATTCAAATAAGACCGTGTTATAGT 64,081 64,053 29 - 

ORF137 TTTACAACTCCTTTAGTTATGATATTAT 66,606 66,579 28 - 

ORF174 TTAACAGCCAATTTAAAAGCGTTATAAA 99,366 99,393 28 + 

ORF176 TTTACATGTAATCGATACTATGATAAAAT 103,452 103,424 29 - 

ORF194 TTGACCAGTTTGGTGGGTATCTTTATAAT 116,049 116,077 29 + 

ORF205 TTTACATCCTCCGAGGTTTGTGGTATAGT 124,436 124,408 29 - 

ORF207 TTTACATTCGTTGAAAGGTGTGTTATGAT 125,365 125,337 29 - 

ORF226 TTTACATTAATGGTAGGACTGTGATAAAAT 133,169 133,140 30 - 

ORF232 TTGAAAGTGATATTCTTGTAGAAGTTTAAT 139,609 139,580 30 - 

ORF239 TTTACATACTGATAGGTTCATCATATCAT 144,203 144,175 29 - 

ORF262 TGTACAGTCTCCTTTAGATAGAGTATAAT 162,072 162,044 29 - 

              * Similar to consensus host promoter TTGACA(N15-18)TATAAT with 2bp mismatch. 
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Table 6.6 Predicted terminator sequences of phage TG1 

Located at the  
3' end of gene 

Terminator Sequence Start 
(bp) 

Stop 
(bp) 

Length 
(bp) 

Direction 

ORF7 AATAATCTCCAGGGACTAGCTTATTGCTAGTCCCTTTTTTTGCTTT 2,273 2,318 46 - 

ORF32 TATTAATTTTAAGGACTCCTTTGGAGTCCTTTTTGCTTAGTGA 14,275 14,317 43 - 

ORF40 AATTCTAAATAAGAGCCTTCGGGCTCTTTTTGGTTTACAT 17,643 17,682 40 - 

ORF68 AACAAAACAAATGGAACCCTAGTGGTTCCATTTTTGCTTTCTAA 39,172 39,215 44 - 

ORF107 CTAAAAATAAAACCCACTTAAGTGGGTTTTTTTGGCATTT 53,548 53,587 40 - 

ORF110 AATATTTTAAAGGCACCTTTTAATAAGGTGCCTTTTTTGCATATT 55,028 55,072 45 - 

ORF155 TATACCAAAAAAGGAGCCCGAAGGCTCCTTTTTAAAATTCGA 81,596 81,637 42 - 

ORF155 AATTTTAAAAAGGAGCCTTCGGGCTCCTTTTTTGGTATA 81,599 81,637 39 + 

ORF160 AGTATATATATAGGGCCTTCGGGCCCTTTTTGCTTTATAA 87,829 87,868 40 + 

ORF176 AAACTAAAAAAGGGATACTCATTGAGTATCCCTTTATTTTTAAC 101,848 101,891 44 - 

ORF175 TTAAAAATAAAGGGATACTCAATGAGTATCCCTTTTTTAGTTTA 101,849 101,892 44 + 

ORF178 TAATGCCAAAAAGGGACCTTACGGTCCCTTTATTTTATCCTG 104,755 104,796 42 - 

ORF177 GATAAAATAAAGGGACCGTAAGGTCCCTTTTTGGCATTA 104,758 104,796 39 + 

ORF184 AATGTAATTAAAGCCCTCGCAAGAGGGCTtTTTAGTATTAGAA 108,791 108,833 43 - 

ORF183 TAATACTAAAAAGCCCTCTTGCGAGGGCTTTAATTACATTAA 108,794 108,835 42 + 

ORF195 AAAAAATAAAAAGGAGCCTTGCGGCTCCTTTTTGGGGTTATA 116,871 116,912 42 - 

ORF194 AACCCCAAAAAGGAGCCGCAAGGCTCCTTTTTATTTTTT 116,872 116,915 44 + 

ORF208 GTTGTGTGGCCTGGGCTCCTTCGGGAGCCCATTTTTGTATAGA 126,037 126,079 43 - 

ORF210 CTTACACACGTGGTGGAGTTTTATCTCCACCTTATTTTAACCT 127,147 127,189 43 - 

ORF242 ATATTAAATTAAAGGAACCCTAGTGGTTCCTTTTTTGCATTTAAG 144,790 144,834 45 - 

ORF252 GATAAAAATTTGGCCTCTTAGGAGGCCTTTTTGCTTTAT 156,409 156,447 39 + 

ORF262 CTAAGTCCGAAGGGAAGCTTTTTAGCTTCCCTTTTATGTTTCTA 160,208 160,251 44 - 

Terminators were discovered using ARNold (Gautheret & Lambert, 2001; Macke et al., 2001) recording terminators with a G of less than -10 kcal/mol which                       
lie at the  3’ end of genes or within intergenic regions. Terminators were named after the gene preceding it. 
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Table 7.2 Lytic activity of phage AP8 on 160 Yersinia species strains at 25°C 

 
Yersinia species 
 

AP8 sensitive  
serotypes 

Serotypes with AP8 
sensitive (S) and 
resistant (R) strains 

                          AP8 resistant serotypes 

 
Y. enterocolitica 

 
O:8 [14] 
O:7,8 [2] 
O:13 [1] 
O:13a,13b [1] 
O:13,18 [1] 
 

 
O:13,7 [1S/1R], 
O:20 [1S/1R], 
O:21 [2S/1R], 

 
O:1[2], O:2 [2], O:3 [17], O:1,2,3 [1], O:4 [1], O:4,32 
[1], O:5 [9], O5,27 [10], O:6 [2], O:6,30 [3], O:6,31 
[2],O:9 [12], O:10 [4], O:14 [1], O:25 [1], O:25,26,44 
[1], O:26,44 [1], O28,50 [1], O:34 [1], O:35,36 [1], 
O35,52 [1], O:41(27),K1 [1], O41(27),42 [1], 
O:41(27),42,K1 [1], O:41,43 [1], O:41(27),43 [2], 
O:50 [1],  K1 NT[2], NT[3] 
 

 
Y. aleksiciae 

   
O:16 [2] 

Y. aldovae   UT[2] 
Y. bercovieri   O58,16 [2], NT[1], UT[2] 
Y. frederiksenii   O:3 [1], O16 [1], O35 [1], O48 [1], K1 NT[1], NT[1], 

UT[2] 
Y. intermedia   O16,21 [1], O52,54 [1], UT[2] 
Y. kristensenii   O:3 [1], O12,25 [1], NT[1], UT[4] 
Y. mollaretii   O:3 [1], O:59(20,36,7) [1], UT[2]  
Y. nurmii   UT[1] 
Y. pekkanenii   UT[1] 
Y. pseudotuberculosis   I [2], O:1b [2], O:3 [2] 
Y. rohdei   UT[2] 
Y. ruckeri 
 

  I[1], UT[5] 

The number of strains studied is given in brackets. NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting             
or not  agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. 
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Table 7.3 Lytic activity of phage ISAO8 on 160 Yersinia species strains at 25°C 

 
Yersinia species 
 

ISAO8 sensitive serotypes 
Serotypes with ISAO8 
sensitive (S) and resistant (R) 
strains 

ISAO8 resistant serotypes 

 
Y. enterocolitica 

O:1[2], O:1,2,3 [1]  
O:4 [1], O:8 [14] 
O13,18 [1], O:34 [1] 
 
 

O:3 [1S/16R], O:5 [6S/3R], 
O5,27 [6S/4R], O6,30 [1S/2R], 
O:6,31 [1S/1R], O:7,8 [1S/1R], 
O:9 [7S/5R], O:10 [2S/2R], 
O:13,7 [1S/1R], O:20 [1S/1R], 
O:21 [2S/1R] 

O:2 [2], O:4,32 [1], O:6 [2], O:13 [1], 
O:13a,13b [1], O:14 [1], O:25 [1], O:25,26,44 
[1], O:26,44 [1], O28,50 [1], O:35,36 [1], 
O35,52 [1], O:41(27),K1 [1], O41(27),42 [1], 
O:41(27),42,K1 [1], O:41,43 [1], O:41(27),43 
[2], O:50 [1], K1 NT[2], NT[3] 
 

 
Y. aleksiciae 

   
O:16 [2] 

Y. aldovae   UT[2] 
Y. bercovieri   O58,16 [2], NT[1], UT[2] 
Y. frederiksenii O:3 [1]  O:16 [1], O:35 [1], O:48 [1], K1 NT[1], NT[1], 

UT[2] 
Y. intermedia O:16,21 [1], O:52,54 [1] UT[1S/1R]  
Y. kristensenii NT[1]  O:3 [1], O:12,25 [1], UT[4] 
Y. mollaretii   O:3 [1], O:59(20,36,7) [1], UT[2]  
Y. nurmii   UT[1] 
Y. pekkanenii   UT[1] 
Y.pseudotuberculosis   I [2], O:1b [2], O:3 [2] 
Y. rohdei   UT[2] 
Y. ruckeri 
 

 UT [1S/4R] I[1] 

The number of strains studied is given in brackets. NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting            
or not agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. 
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Table 7.4 BLASTN analysis of the ISAO8 genome 

Bacteriophage 
 

Accession    
Number 
 

Query 
Coverage 

 

   Identity 
 

Overall 
DNA 

sequence 
identity 

 Yersinia phage ISAO8 KT184661.1 100% 100% 100.0% 
Yersinia phage phiR8-01 HE956707.1 81% 74% 59.9% 
Cronobacter zakazakii phage KC107834.1 38% 75% 28.5% 
Cronobacter phage Dev-CD-23823 LN878149.1 37% 74% 27.4% 
Aeromonas phage phiAS7 JN651747.1 35% 76% 26.6% 
Yersinia phage phi80-18 HE956710.1 31% 72% 22.3% 
Escherichia phage phiKT JN882298.1 3% 75% 2.3% 
Klebsiella phage vB_Kp2 KT367886.1 2% 78% 1.6% 
Klebsiella phage vB_KpnP_SU552A KP708986.1 2% 78% 1.6% 
Klebsiella phage F19 KF765493.2 2% 78% 1.6% 
Klebsiella phage vB_KpnP_KpV41 KT964103.1 2% 78% 1.6% 
Enterobacter phage phiKDA1 JQ267518.1 2% 69% 1.4% 
Klebsiella phage KP34 GQ413938.2 2% 69% 1.4% 
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Table 7.5 Lytic activity of phage φ80-18 on 160 Yersinia species strains at 25°C 

 
Yersinia species 
 

φ80-18 sensitive serotypes                                φ80-18 resistant serotypes 

 
Y. enterocolitica 

 
O:8 [14] 
O:7,8 [2] 

 
O:1[2], O:2 [2], O:1,2,3 [1], O:3 [17], O:4 [1], O:4,32 [1], O:5 [9], O5,27 
[10], O:6 [2], O6,30 [3], O:6,31 [2], O:9 [12], O:10 [4], O:13 [1], O:13a,13b 
[1], O:13,7 [2], O13,18 [1], O:14 [1], O:20 [2], O:21 [3], O:25 [1], 
O:25,26,44 [1], O:26,44 [1], O:28,50 [1], O:34 [1], O:35,36 [1], O35,52 [1], 
O:41(27),K1 [1], O41(27),42 [1], O:41(27),42,K1 [1], O:41,43 [1], 
O:41(27),43 [2], O:50 [1],  K1 NT [2], NT [3] 
 

 
Y. aleksiciae 

  
O:16 [2] 

Y. aldovae  UT [2] 
Y. bercovieri  O:58,16 [2], NT [1], UT[2] 
Y. frederiksenii  O:3 [1], O:16 [1], O:35 [1], O:48 [1], K1 NT [1], NT [1], UT [2] 
Y. intermedia  O:16,21 [1], O:52,54 [1], UT [2] 
Y. kristensenii  O:3 [1], O:12,25 [1], NT[1], UT [4] 
Y. mollaretii  O:3 [1], O:59(20,36,7) [1], UT [2]  
Y. nurmii  UT [1] 
Y. pekkanenii  UT [1] 
Y. pseudotuberculosis  I [2], O:1b [2], O:3 [2] 
Y. rohdei  UT [2] 
Y. ruckeri 
 

 I[1], UT[5] 

The number of strains studied is given in brackets. NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting           
or not agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. 
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                                                                    Figure 7.8 Genetic map of phage ISAO8. 

Predicted genes are arranged in the direction of transcription shown by different coloured arrows. Genes involved in nucleotide metabolism, DNA replication, recombination or 
repair are shown in black. Genes involved in morphogenesis and virion structures are depicted in red. Genes involved in DNA packaging and lysis, are shown in green and blue, 
respectively. Genes coding for hypothetical proteins of unknown function are shown in yellow and genes coding proteins unique to ISAO8 are shown in white. Promoters are 
shown as purple triangles above the sequence and terminators are depicted in orange below the sequence. The genetic map was created using Geneious R9 software version 
9.0.2. (Biomatters Ltd).  
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Table 9.1 List of Yersinia strains used in this study 

 
Yersinia spp. 
 Strain 

Origin 
 

Serotypea Sourceb              Reference 

Y. aldovae      

Z1 Unknown, Canada  UT PHO  

Z2 Unknown, Canada UT PHO  

Y. aleksiciae     

404/81 Human, Finland O:16 UH (Skurnik & Toivonen, 2011) 

317/82 Human, Finland O:16 UH  

Y. bercovieri     

3016/84 Human, Finland  O:58,16 UH (Wauters, Janssens, et al., 1988) 

127/84 Human, Finland NT UH (Wauters, Janssens, et al., 1988) 

3984/84 Human, Finland  O:58,16 UH (Wauters, Janssens, et al., 1988) 

Z3 Unknown, Canada UT PHO  

Z4 Unknown, Canada UT PHO  

Y. enterocolitica     

10/84 Human, Finland NT UH  

1539 Human, Finland NT UH  

8533/84 Human, Finland NT UH  

659/83 Human, Finland K1, NT UH  

4367/83 Human, Finland K1, NT UH  

gk132 Chinchilla O:1 UH (Skurnik & Toivanen, 1991) 

JDE029 Human  O:1 UH (Schiemann & Devenish, 1982) 

gk2943 Goat, Norway O:2 UH  

gk1142 Hare, Norway O:2 UH (Kapperud et al.,1985) 

K3 Human, Canada O:3 PHO  

K9 Human, Canada O:3 PHO  

K10 Human, Canada O:3 PHO  

K11 Human, Canada O:3 PHO  

K12 Human, Canada O:3 PHO  

K2 Human, Canada O:3 PHO  

K6 Human, Canada O:3 PHO  

A Human, Canada O:3 PHO  

B Human, Canada O:3 PHO  

K1 Human, Canada O:3 PHO  

FSRAYE0005 Unknown, Canada O:3 AFL  

F88 05-38561 Unknown, Canada O:3 AFL  

20373/79 Human, Finland O:3 UH  

5854 Human, Finland  O:3 UH  

9568/79 Human, Finland  O:3 UH  

6471/76 (YeO3) Human, Finland  O:3 UH (Skurnik, 1984) 

6471/76-c (YeO3-c) Human, Finland O:3 FHRCBV (Skurnik, 1984) 

JDE766 Human, North 
America 

O:1,2,3 UH (Schiemann & Devenish, 1982) 
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Yersinia spp. 
 Strain 

Origin 
 

Serotypea Sourceb              Reference 

gc3973-76 Stool, USA O:4 UH (Kay et al., 1983) 

RBE701 Human, North 
America  

O:4,32 UH (Perry & Brubaker, 1983) 

E Human, Canada O:5 PHO  

F Human, Canada O:5 PHO  

JKP 4209 CR+ Unknown, Canada  O:5 UH (Prpic et al.,1983) 

14693/84 Human, Finland O:5 UH  

298/85a2 Human, Finland O:5 UH  

20109/83 Human, Finland O:5 UH  

14779/83 Human, Finland O:5 UH (Skurnik & Toivanen, 1991) 

17223/83 Human, Finland O:5 UH  

18710/83 Human, Finland O:5 UH  

C Human, Canada O:5,27 PHO  

D Human, Canada O:5,27 PHO  

K5 Human, Canada O:5,27 PHO  

K7 Human, Canada O:5,27 PHO  

gk7500 Coypu, Unknown O:5,27 UH (Kapperud et al., 1985) 

JDE657 Human, North 
America 

O:5,27 UH (Schiemann & Devenish, 1982) 

JDE654 Human, North 
America 

O:5,27 UH (Schiemann & Devenish, 1982) 

gc815-73 Unknown, USA O:5,27 UH (Kay et al., 1983) 

A2-1 Pig manure, Turkey O:5,27 UH (Bozcal et al., 2015) 

K8 Human, Canada O:5,27 PHO  

590/80 Human, Finland  O:6 UH (Skurnik, 1984) 

266/84 Human, Finland O:6 UH  

189/80 Human, Finland  O:6,30 UH (Skurnik et al.,1983) 

6737/80 Human, Finland  O:6,30 UH (Skurnik et al., 1983) 

3604/80 Human, Finland  O:6,30 UH (Skurnik et al., 1983) 

438/80 Human, Finland  O:6,31 UH (Skurnik, 1984) 

1309/80 Human, Finland  O:6,31 UH (Skurnik, 1984) 

22848/79 Human, Finland  O:7,8 UH (Skurnik, 1984) 

17869/83 Human, Finland  O:7,8 UH  

ATCC 9610 Human, USA O:8 ATCC  

ATCC 23715 Human, USA O:8 ATCC  

ATCC 27729 Human, Belgium O:8 ATCC  

I Human, Canada O:8 PHO  

J Human, Canada O:8 PHO  

K4 Human, Canada O:8 PHO  

K20 Human, Canada O:8 PHO  

p310 Unknown O:8 UH  

CDCA2635 Milk, USA O:8 UH (Gemski, Lazere, & Casey, 1980) 

TAMU Human, USA O:8 UH (Gemski, Lazere, & Casey, 1980) 

WA+ Human, USA O:8 UH (Gemski, Lazere, & Casey, 1980) 

JDE661 Human, North O:8 UH (Schiemann & Devenish, 1982) 
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Yersinia spp. 
 Strain 

Origin 
 

Serotypea Sourceb              Reference 

America 
K21 Human, Canada O:8 PHO  

8081 (YeO8) Human, USA O:8 UH (Portnoy & Falkow, 1981) 

G Human, Canada O:9 PHO  

H Human, Canada O:9 PHO  

K13 Human, Canada O:9 PHO  

K14 Human, Canada O:9 PHO  

277/74 Human, Finland O:9 UH  

4945/74 Human, Finland O:9 UH  

767/73 Human, Finland O:9 UH  

467/73 Human, Finland O:9 UH (Kiljunen et al., 2005) 

3672/74 Human, Finland O:9 UH  

13752/73 Human, Finland O:9 UH  

Ruokola/71-c Human, Finland O:9 UH (Skurnik, 1984) 

K15 Human, Canada O:9 PHO  

3102/80 Human, Finland  O:10 UH (Skurnik et al., 1983) 

3788/80 Human, Finland  O:10 UH (Skurnik et al., 1983) 

2640/84 Human, Finland  O:10 UH  

10927/84 Human, Finland  O:10 UH  

gc1209-79 Blood, USA O:13 UH (Kay et al., 1983) 

ST5081 Unknown, USA O:13a,13b UH (Toma et al., 1984) 

421/84 Human, Finland  O:13,7 UH  

2446/84 Human, Finland  O:13,7 UH  

gc9312-78 Stool, USA O:13,18 UH (Kay et al., 1983) 

15712/83 Human, Finland  O:14 UH (Skurnik & Toivonen, 2011) 

gc874-77 Stool, USA O:20 UH (Kay et al., 1983) 

gc1223-75 Stool, USA O:20 UH (Kay et al., 1983) 

RBE736 North America  O:21 UH (Perry & Brubaker, 1983) 

WI-81-50 North America  O:21 UH (Schiemann, 1984) 

80-EA-63 North America  O:21 UH (Schiemann, 1984) 

431/84 Human, Finland  O:25 UH (Skurnik & Toivonen, 2011) 

63/84 Human, Finland  O:26,44 UH (Skurnik, 1985) 

18425/83 Human, Finland  O:25,26,44 UH (Skurnik, 1985) 

5186/84 Human, Finland  O:28,50 UH (Skurnik, 1985) 

gc2139-72 Unknown, USA O:34 UH (Kay et al., 1983) 

248/84 Human, Finland  O:35,52 UH (Skurnik, 1985) 

7104/83 Human, Finland  O:35,36 UH (Skurnik, 1985) 

264/85 Human, Finland  O:41,43 UH (Skurnik & Toivonen, 2011) 

626/83 Human, Finland  O:41(27),42 UH (Skurnik & Toivonen, 2011)  

9613/83 Human, Finland  O:41(27), K1 UH  

19942/83 Human, Finland  O:41(27),42, K1 UH (Skurnik, 1985) 

1346/84 Human, Finland  O:41(27),43 UH (Skurnik, 1985) 

647/83 Human, Finland  O:41(27),43 UH (Skurnik, 1985) 

3229 Human, Finland  O:50 UH (Skurnik & Toivanen, 1991) 
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Yersinia spp. 
 Strain 

Origin 
 

Serotypea Sourceb              Reference 

Y. frederiksenii     

Q Unknown, Canada UT PHO  

S Unknown, Canada UT PHO  

38/83 Human, Finland O:48 UH (Skurnik & Toivonen, 2011)  

3400/83 Human, Finland O:16 UH (Skurnik & Toivonen, 2011)  

3317/84 Human, Finland O:35 UH (Skurnik & Toivonen, 2011) 

498/85 Human, Finland NT UH (Reuter et al., 2014)  

28/85 Human, Finland K1, NT UH (Reuter et al., 2014) 

IP23047 Institut Pasteur, 
France 

O:3 UH (Pajunen, Kiljunen, & Skurnik, 
2000)  

Y. intermedia     

9/85 Human, Finland O:16,21 UH (Skurnik & Toivonen, 2011)  

M Unknown, Canada UT PHO  

N Unknown, Canada UT PHO  

821/84 Human, Finland  O52,54 UH (Skurnik & Toivanen, 1991)  

Y. kristensenii     

Y Unknown, Canada UT PHO  

X Unknown, Canada UT PHO  

ATCC 33639 Hare, unknown UT ATCC (Bercovier et al., 1980) 

4336/83 Human, Unknown UT UH  

19602/83 Human, Finland NT UH  

119/84 Human, Finland  O:12,25 UH (Skurnik & Toivanen, 1991) 

IP22828 Institut Pasteur, 
France 

O:3 UH (Pajunen, Kiljunen, & Skurnik, 
2000) 

Y. mollaretii     

T Unknown, Canada UT PHO  

U Unknown, Canada UT PHO  

92/84 Human, Finland  O:59(20,36,7) UH (Wauters, Janssens, et al. 1988) 

IP22404 Institut Pasteur, 
France 

O:3 UH (Pajunen, Kiljunen, & Skurnik, 
2000) 

Y. nurmii     

DSM 22296 Meat, Finland UT UH (Murros-Kontiainen, et al., 2011) 

Y. pekkanenii     

Å125 KOH2 Lettuce, Finland UT UH (Murros-Kontiainen, et al., 2011) 

Y. pseudotuberculosis     

K Human, Canada I PHO  

L Human, Canada I PHO  

2812/79 Human, Finland O:1b UH (Skurnik, 1984) 

677/82 Human, Finland O:1b UH  

324/80 Human, Finland O:3 UH (Skurnik & Toivanen, 1991) 

1261/79 Human, Finland O:3 UH (Skurnik, 1984) 

Y. rohdei     

Y. rohdei V Unknown, Canada UT PHO  

Y. rohdei W Unknown, Canada UT PHO  
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Yersinia spp. 
 Strain 

Origin 
 

Serotypea Sourceb              Reference 

Y. ruckeri     

OMBL3 Fish isolate, Finland UT UH (Skurnik & Toivanen, 1991) 

OMBL4 Fish isolate, Finland UT UH (Reuter et al., 2014) 

O Unknown, Canada UT PHO  

P Unknown, Canada UT PHO  

RS41 Trout, Canada UT FHRCBV (Stevenson & Airdrie, 1984) 

ATCC 29473 Fish isolate, USA I ATCC (Ewing et al., 1978) 

a NT, non-typeable via biotyping scheme described by Wauters, Kandolo, & Janssens (1987) and either cross-reacting or not 
agglutinating with Y. enterocolitica O:3, O:5, O:8 or O:9 antisera; UT, untyped. 

b(FHRCBV) Félix d'Hérelle Reference Center for Bacterial Viruses, Université Laval, QC, Canada; (PHO) Public Health Ontario, 
Ontario, Canada; (UH) Department of Bacteriology and Immunology, Haartman Institute, University of Helsinki, Finland; (ATCC) 
American Type Culture Collection, Manassas, Virginia, USA; (AFL) Agriculture and Food Laboratory, Laboratory Services 
Division, University of Guelph, Ontario, Canada. 

 

 


