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ABSTRACT 

GENETIC DIVERSITY OF SHIGA TOXIN-PRODUCING PROPHAGES  
AMONG ESCHERICHIA COLI ISOLATED FROM CATTLE IN MULTIPLE HERDS 

By 

 Yi-An Yang  

Shiga toxin-producing Escherichia coli (STEC) arise after the insertion of a group of 

bacteriophages encoding the Stx gene.  Shiga toxin-producing bacteriophages (Stx phages), 

notably, are heterogeneous with mosaic genomic structures.  However, little is known of the 

genetic diversity of Stx phages across STEC populations.  Here, we examined the diversity of 

Stx prophages among E. coli isolated from 52 animals from 4 Michigan cattle herds between 

2011 and 2012 using a novel long range PCR-based restriction fragment length 

polymorphism (RFLP) method that targets a distinct region (ciii-stx, 10-17 kb) within three 

Stx phage subtypes.  Sixteen Stx phage types (PT) were identified; 10 of the 16 Stx PT 

encoded Stx1, while three encoded Stx2a and another three encoded Stx2c.  Interestingly, the 

same Stx PT was frequently identified within each cattle herd; despite the STEC genotypes 

are diverse in the herd.  These data suggest that transmission of both STEC and Stx phages 

occurs regularly and provides insight into the diversity and dynamics of specific Stx phages 

within and across herds.  Identifying the distribution of Stx PT present in the cattle reservoir 

would enable the linkage to STEC epidemiology study, and to further determine whether 

specific Stx PT contribute to higher virulence in STEC infection. 
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Introduction 

Bacteriophages, which can insert into bacterial chromosomes, can rapidly change a 

commensal bacterium into a human pathogen.  Shiga toxin (Stx)-producing E. coli (STEC), 

for example, emerged following the acquisition of a Stx temporate lambdoid bacteriphage 

(Stx phage) and is currently a leading cause of food-borne infections.  The clinical outcomes 

of STEC infection vary from watery diarrhea, hemorrhagic colitis to hemolytic uremic 

syndrome (HUS) (1, 2).  Numerous food-borne outbreaks have been linked to STEC 

contamination in the U.S. since 1982, and cattle were suggested to represent a natural 

reservoir with asymptomatic infections (3).  Humans are usually infected with STEC 

through consumption of undercooked ground beef products, raw milk, or contaminated 

vegetables.   

Stx, or verocytotoxin (VT), is the key virulence factor of STEC infection.  Following 

bacterial attachment to the host intestinal mucosa, Stx is absorbed and travels through the 

blood to the kidneys, where an early local inflammatory event causes occlusion and 

thrombosis within the glomerular vasculature (4).  Stx triggers broad inflammatory response 

and endothelial cell activation, which leads to secretion of thrombotic factors and induces 

platelet aggregation (5).  Moreover, the globotriaosylceramide (Gb3) cell surface receptor is 

upregulated during inflammation and promotes Stx internalization in endothelial cells (5).  

By binding to the 28S ribosomal RNA, Stx acts to inhibit protein synthesis with target cells 
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(6).  In summary, the intense inflammatory response, prothrombotic activation and the direct 

effect of Stx on the endothelium that promote cell injury result in severe vascular damage and 

the development of HUS.  HUS is characterized by hemolytic anemia, thrombocytopenia 

and acute renal failure, whereas 20-25% of the patients also develop neurological dysfunction 

(7).   

STEC produces two major Stx subtypes, Stx1 and Stx2, each with multiple variants.  

Stx1 and Stx2 are genetically and immunologically distinct, and share 56% amino acid 

identity.  Each Stx variant was found to vary in their ability to cause tissue damage (8) and 

clinical outcomes (9, 10).  Stx2, for example, was 1,000 times more potent than Stx1 in 

human renal microvascular endothelial cells (11), and STEC strains producing Stx2 were 

found to cause a higher frequency of HUS (10, 12, 13).  Moreover, among the Stx2 group, 

only the Stx2a and Stx2c have been linked to HUS, whereas STEC strains possessing stx2d or 

stx2e subtypes have only been isolated from patients with diarrhea or asymptomatic 

infections (10).  Also, several studies demonstrated that STEC O157 strains carrying stx2a 

(with or without stx2c) were more frequent among clinical isolates than stx2c alone (9, 14), 

and O157 strains possessing stx2c alone are prevalent among bovine isolates and 

asymptomatic carriers (15).   

Notably, the Stx gene is encoded on a group of heterogeneous lambdoid bacteriophages 

that can integrate into approximately 11 distinct insertion sites in the E.coli chromosome (16).  
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The highly mobile genetic elements can immediately transform the commensal bacteria or the 

original pathotype into a Stx producer.  An important example is the 2011 outbreak in 

Germany caused by STEC O104:H4, which emerged from an enteroaggregative E.coli strain 

via acquisition of a phage carrying stx2a (17).  The ability to produce phage-encoded Stx2a 

combined with the enteroaggregative colonization efficiency resulted in a new highly virulent 

hybrid strain that contributed to the most severe STEC outbreak in history.  

Stx phage is a temperate lambdoid phage with double-stranded DNA and a short tail 

(Podoviridae) or long tail (Siphoviridae) structure.  The phage genome is characterized by a 

mosaic structure originating from frequent recombination events between the lambdoid phage 

family (18).  After infecting susceptible bacteria, these phages integrate into the host 

chromosome and enter a latent prophage state (lysogeny), which possess the ability to form 

multiple lysogens within the same cell (19, 20).  Alternatively, when the prophages detect 

the host cell damage or other stressors, they can switch to the lytic cycle and start to replicate 

within the bacteria.  Ultimately, the cell is lysed and the free phage particles are released 

into the environment.  Multiple factors have been determined to trigger this event.  

Environmental stresses such as antibiotics (21-24), DNA damaging agents (25), and UV light 

(26) as well as host factors including low-iron conditions (27) and reactive oxygen species 

(28) can induce lambdoid prophages to excise from the host genome and begin reproduction.  

During the phage replication process, the Stx gene (stx) is transcribed and toxin is produced.   
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The level of Stx production is greatly dependent on Stx phage induction.  Previous 

studies have demonstrated that stx, which is located downstream of replication and 

antitermination genes, is under control of the phage-regulated  pR  and  pR’  promoters.   

Moreover, the amount of Stx1 produced and released are associated with an increase in stx1 

copy number and the regulation of phage-mediated lysis (27, 29).  As a result, Stx phages 

are viewed as the key factors associated with STEC virulence, as they carry the gene 

encoding different Stx subtypes and control toxin production level.  In the literature, the 

level of stx expression and toxin production has been shown to impact the pathogenicity of 

STEC (30, 31), and the bovine STEC population was found to have more variable Stx 

production compared to clinical isolates (31, 32).  However, one study has found that the 

Stx genes of STEC isolated from cattle were closely related to those from human-derived 

STEC (33).  These findings present an opportunity to answer the following questions:  

Does the genetic background or genotype of Stx phages determine the virulence of STEC 

isolates?  Do certain types of Stx phages contribute to enhanced virulence in humans?  Do 

cattle-derived STEC isolates share the same Stx phage types as human-derived isolates?   

Studying the diversity of phage genomes has been difficult for several reasons.  First, 

there is no universal gene, analogous to the 16S rRNA gene used for bacteria, exists 

throughout all phage families.  Although family-specific genes, such as the coliphage T4 

portal protein g20, has been used as a marker to study the diversity of Myoviridae that infect 
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the marine cyanobacterium Synechococcus (34, 35); this gene is not present in the lambdoid 

phage family.  More recently, Smith et al. developed a multilocus characterization scheme 

for Stx phages based on individual core functional genes and applied it to 70 stx+ lytic phage 

populations induced from 463 STEC isolates from cattle (36).  In their study, int (integrase), 

n (early antiterminator), o (replication protein), p (polymerase), ci (repressor protein), cro 

(antirepressor protein), and the genes encoding capsid and host recognition proteins were 

highly diverse and therefore, multiple PCR-based molecular screening assays were needed to 

examine the variation.  In addition to the extra time needed to isolate Stx phages, the data 

associated with these assays may not be representative of the phage population given that 

only the lytic phages could be examined.   

The phage isolation-restriction fragment length polymorphism (RFLP) method is 

considered to be most sensitive and is currently the principle phage typing tool in use (17, 37, 

38).  This method involves the induction of phages from the E.coli host with mitomycin C 

or other antibiotics and subsequent RFLP digestion of phage DNA following isolation.  

There are, however, several limitations associated with this method.  The induction of 

prophages among STEC isolates, for example, can result in the propagation of more than one 

phage originating from the same E.coli host.  The identification of Stx phages within the 

lytic phage population requires plaque screening by southern blot hybridization (37) or other 

time-consuming methods.  In addition, some Stx1 phages are non-inducible (37).  A prior 
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study using the phage-isolation RFLP method in 168 STEC strains isolated from cattle of 

separate herds, for instance, detected markedly different restriction patterns and the infectious 

Stx phages could only be induced from 30 strains (18%) (39).  Therefore, the Stx phage 

diversity within the same cattle herds could not be accurately measured.  Other groups have 

used phage typing schemes based on bacterial lysis patterns (40, 41), but the results are not 

always consistent and the restriction patterns of typing phages can be altered following phage 

propagation, which was shown previously for Salmonella (42).  In conclusion, the 

heterogeneous nature of phage genomes and the difficulties associated with Stx phage 

isolation limit the ability to examine the true genetic diversity of Stx phage populations in 

epidemiological studies. 

To date, only a few number of Stx phage genomes have been fully sequenced and 

analyzed.  Understanding the genetic content of Stx phages allows us to better understand 

the strategies used by phages to regulate host infection and Stx production.  In general, the 

organization of ~80 genes in the Stx phage genome can be divided into two parts, the 

functional genes in the early region and the structural genes in the late region (43).  The 

functional motifs within the early region are generally in the following order: integration, 

regulation circuit, phage immunity, replication, Stx production and host cell lysis.  The late 

gene region, however, encodes a cluster of structural proteins involved in DNA packaging 

and the genes for head and tail assembly.  The lambdoid phage family employs the CI-Cro 
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epigenetic switch mechanism to control lysogeny and entry into the lytic cycle, as well as 

phage immunity to prevent infection by new phages that may be homologous to the existing 

prophage within host chromosome (44).  Three proteins are involved in the establishment 

and maintenance of lambdoid phage repression－CI, CII and CIII.  Among them, CI is the 

main “λ-repressor”  that  acts  by repressing RNA synthesis from early genes for replication 

and entry into the lytic cycle.  CII is the transcriptional activator for the initial synthesis of 

the CI repressor.  CIII, lastly, serves as a protease inhibitor to enhance the stability of CII 

and the lysogenic response (45).  In contrast, Cro prevents synthesis of new CI protein 

hence impedes the stable lysogeny state (46).   

Despite the universal genetic organization of Stx phage genomes, individual genes 

within these genomes are heterogeneous with numerous variants.  Indeed, being the most 

abundant organisms in the biosphere, each phage is subjected to tremendous selective 

pressures to outcompete others.  The extensive level of horizontal gene exchange between 

phages has resulted in the characteristic patchy, mosaic structure of the Stx phage family, 

which has led to an increase in the number and diversity of Stx phage types present.  Six 

characteristic regions with remarkably different nucleotide sequences have been identified 

within the phage genome across Stx phages.  Among them, region V and VI were 

considered to be the most distinct portion and are important for controlling phage immunity, 

replication, and host cell lysis (47).  Extreme variation was specifically found in the genes 
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encoding the integrase and capsid as well as genes associated with the genetic switch between 

lysogeny and lytic cycle (ci, cro) that drive the formation of novel phages and extend the 

bacterial host range (18, 37, 39, 48).  Also, there are many morons (49), or DNA elements 

inserted between genes in prophage genomes, which are not important for the phage life 

cycle (50), as well as hypothetical proteins (43) with unknown functions.  As a result, only a 

few genes are conserved among all Stx phage genomes.  These conserved genes include q 

(late antiterminator), cii (transcriptional activator of CI), ciii (protease inhibitor for CII), stx 

(Shiga toxin), roi (DNA binding protein) as well as the gene encoding the tail spike protein in 

short-tailed phages (36, 43, 51).  The antiterminator Q gene, which controls the expression 

of late phage genes, is located upstream of stx and represents the most conserved motif across 

the Stx phages (52).  Nonetheless, certain Stx phages were found to completely lack some of 

these conserved genes, particularly those encoding proteins CII and CIII (17).   

 The goals of this study are to: (1) develop a more sensitive Stx phage genotyping tool; 

(2) examine the genetic diversity of Stx bacteriophage in STEC isolates from multiple cattle 

herds and deer in Michigan; and (3) compare the Stx phage type (PT) in a cattle- and 

human-derived STEC isolates.  We hypothesize that Stx phage transmission occurs within 

animals from the same geographic location.  Evidence for this hypothesis is that the Stx 

temporate phages can undergo both the lytic and lysogeny cycle, and frequent gain and loss 

of Stx-phages across STEC isolates has been documented in the literature (53-55).  
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Moreover, the dissemination of similar Stx phage types has been observed in the same cattle 

herd (37) or over a long period of time (17) and studies have detected a high prevalence of 

Stx phages in urban sewage and animal wastewater (56). 

In an effort to better understand the genetic diversity and transmission dynamics of Stx 

phages in cattle, a major source of human STEC infection, we developed a long range 

PCR-based RFLP (LPCR-RFLP) phage typing scheme that is capable of characterizing the 

Stx phage genome while it is integrated into the STEC chromosome.  The application of 

LPCR-RFLP was first conducted to genotype Haemophilus influenzae isolates in 1995 (57).  

The methodology has also been applied to multiple bacteria species and shown to agree with 

pulsed-field gel electrophoresis (PFGE) data (58, 59) and cluster analyses of published 

bacterial genomes (60).  One key advantage of this technique is that the LPCR primers can 

be designed to target Stx phage-specific genes without the need to induce and isolate the 

entire phage population.  Here, we demonstrate that one LPCR assay targeting the Vd 

(ciii-stx, 10-17 kb) region of three Stx phage subtypes can adequately differentiate the Stx 

phage population among 87 STEC isolates recovered from cattle and deer.  By this means, 

we were able to examine the genetic variation in Stx prophages across cattle from different 

herds, and measure Stx phage transmission dynamics among cattle and deer sharing the same 

pasture.  An exploration of the types of Stx prophages circulating in cattle-derived STEC 

isolates can enhance our understanding of how these mobile genetic elements move in nature 
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and serve to drive the evolution of commensal E. coli into virulent toxin producers.   

 
 
Materials and methods 

Sample collection and STEC isolation 

In 2011-2012, four herds (three beef, one dairy) were examined as part of a larger study 

to identify risk factors for STEC shedding in cattle.  Fecal grab samples were collected from 

312 healthy cattle.  Among them, 24 animals were followed at two week intervals for a total 

of four visits.  In addition, a separate study was performed in 2012 to investigate STEC 

shedding in wild deer that shared the same pasture with one dairy herd.  Fecal pellets 

collected from 34 deer were verified by animal genotyping and subjected to STEC culture.  

Five grams of feces was homogenized and enriched in E. coli broth within 24 hours of 

collection.  Following overnight growth at 37oC, bacteria culture were plated onto STEC 

CHROMagar (CHROMagar, Paris, France) and sorbitol MacConkey agar for incubation 

overnight at 37oC.  To further select for the O157 serogroup, an immunomagnetic separation 

(IMS) assay of E. coli O157:H7 using Dynabeads® MAX E. coli O157 (Invitrogen 

Corporation, California, USA) was performed.  After IMS selection, the beads were plated 

on STEC CHROMagar for overnight culture.  Up to 20 suspected STEC colonies were 

recovered per plate and subjected to DNA isolation and PCR confirmation.  The herd 

prevalence of STEC positive animals ranged from 9.6 % to 50% (Table 1).  
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Characterization of bacterial strains   

DNA from suspect isolates was examined for the genes encoding Stx1, Stx2 (stx1, stx2) 

and intimin (eaeA) by KAPA 2G Fast multiplex PCR (Kapa Biosystems, Boston, 

Massachusetts) using primers from several prior studies (Table 2).  The stx2 positive strains 

were further differentiated by digesting with FokI to distinguish between stx2a and stx2c 

variants using a published method (61) and stx2a, stx2c specific primers.  The determination 

of O antigen type (serotype) was performed using two separate multiplex PCR assays with 

primers targeting O157 and six non-O157 serotypes (O26, O45, O103, O111, O121, O145) as 

well as an internal control encoding malate dehydrogenase (mdh).  Isolates that failed to 

amplify one of the seven O-types were considered nontypeable (NT).  A subset of 45 STEC 

isolates representing multiple serotypes were sent to the Food and Drug Administration (FDA) 

for serotyping via a SNP-based array platform (unpublished protocol).. 

Among the subset of 174 STEC isolates recovered from four herds, three to seven 

unique virulence gene profiles and serotypes were identified per herd.  When isolates from 

the same animal exhibited similar virulence gene profiles and serotypes, only one was 

selected for inclusion in the phage typing study leaving 82 distinct isolates from 52 cattle for 

characterization.  A subset (n=34) of these isolates came from the same animal at two to 

four different sampling times that were roughly two weeks apart (Table 1).   

For comparative purposes, a subset of eight STEC isolates recovered from deer fecal 
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pellets located near the dairy pasture was included to determine whether Stx phages were 

shared across species.  Similarly, a subset of 22 strains from humans with STEC O157 

infections in Michigan, previously characterized by single nucleotide polymorphism (SNP) 

genotyping (61) and representing the predominant phylogenetic clades, was also evaluated  

 

In silico analyses of Stx-bacteriophage genomes:  

Eighteen full-length Stx phage genome sequences (Table 4) were selected from the 

National Center for Biotechnology Information (NCBI) database as reference strains.  

Multiple homologous conserved genes previously identified in comparative genomics studies 

(36, 43) and the PhiSigns phage database (62) were retrieved from the Stx phage reference 

strains for comparison.  Alignment was implemented in MegAlign (ver. 5.06) using the 

ClustalW algorithm.  Five sets of LPCR primers were designed within or spanning region V 

and VI, which were found to be the most distinct regions of the entire Stx phage genome (47).  

Primers for q, ninG, roi, ciii, stx and j encoding the Q antiterminator protein, NinG 

recombination protein, Roi DNA binding protein, CIII regulatory protein, Shiga toxin and tail 

fiber protein, respectively, were designed based on the universal sequence identity (Table 3).  

In each primer set, either forward or reverse primers were designed to target one of the three 

stx variants (stx1, stx2a, stx2c) to ensure the amplification of each Stx phage subtype, which 

is dependent on the stx gene profiling results.  The five LPCR regions corresponded to the 
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following regions: q-stx, ninG-stx, roi-stx, ciii-stx, stx-j, and were designated region Va, Vb, 

Vc, Vd and VIa, respectively (Fig. 2).  The forward primer ciiiV2-F targeting ciii, which 

encodes the CIII regulatory protein, was obtained from Shima et al (58) and paired with 

reverse primers targeting stx2a or stx2c, depending on Stx2 subtyping results (Table 3).  For 

amplification of ciii in the Stx1 phages, a distinct primer was used as there is a SNP within 

ciii in the Sakai Stx1 phage genome that would prevent amplification with the Stx2 phage ciii 

primer.   

The 18 Stx phage reference strains were trimmed into the regions Va, Vb, Vc, Vd and 

VIa flanked by two primers.  The LPCR regions were digested in silico using the electronic 

gel function of NEBCutter V2.0 (New England Biolabs, Inc.) to compare banding patterns for 

10 common restriction enzymes (Bc1I, BglI, BstUI, CviAII, EcoRV, FatI, FspI, HinP1I, MspI, 

PstI) that generate 5 to 15 fragments.  Restriction enzymes were chosen based on the ability 

to differentiate RFLP band patterns for each of the Stx phage reference strains. 

 

PCR-based RFLP Phage genotyping assays: 

Amplification of Va, Vb, and Vc were conducted using LPCR with the KAPA 2G Fast 

multiplex PCR kit.  The reaction began with denaturation for 3 min at 95°C, followed by 30 

cycles of replication (15-s at 94°C, 30-s at 64°C and 30-s at 72°C) and final extension at 

72°C for 3 min by using a GeneAmp PCR System 9700 (Folster city, CA).  Positive LPCR 
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products were digested for two additional hours with 5 U of MspI or HinP1I and analyzed by 

3% agarose gel electrophoresis in 0.5X TAE buffer for 4-5 h followed by ethidium bromide 

staining. 

LPCR for regions Vd and VIa were performed as described by Shima K et al (58) using 

the long and accurate (LA)-PCR Kit (Takara Bio Inc., Otsu, Japan) with DNA templates 

adjusted to 50-150 ng/ul.  The reactions began with denaturation for 1 min at 94°C followed 

by 30 cycles of: 20 s at 98°C and 10 min at 68°C with a final extension at 72°C for 10 min.  

These assays were performed using the Bio-Rad iQ5TM PCR System and the melting 

temperature for Stx2c phage was adjusted to 66°C for 5 min.  Positive LPCR products with 

single bands were measured by Qubit® 2.0 Fluorometer (InvitrogenTM, Carlsbad, CA) to 

estimate the DNA concentration.  The DNA concentration of each LPCR amplicon was 

normalized to 30 ng/ul prior to restriction digestion and RFLP analyses.  The amplicons 

were digested for 2 h by 10U of BglI and 8U of EcoRV and then analyzed by 2% agarose gel 

electrophoresis in 1X TAE buffer for 4-6 h.  A 1-kb plus DNA ladder (Invitrogen) was used 

as the molecular mass standard.  Gel photographs were taken using the Gel-Doc XR+ system 

(Bio-Rad, Hercules, CA) and the band patterns were analyzed and grouped using 

BioNumerics software (ver. 5.1; Applied Maths, Austin, Texas).  The dendrogram was 

created based on the UPGMA cluster analysis of dice index of normalized RFLP patterns.  

Each Stx phage type characterized from cattle-derived  STEC  isolates  were  designated  by  ‘P’  
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in front, followed by a single number, whereas each distinct Stx phage type identified from 

clinical  STEC  strains  were  designated  by  letter  “Φ”  before  the  number.  A flow chart for 

current study design is showed in figure 1. 

 

Repetitive element PCR (Rep-PCR) and stx sequencing 

Rep-PCR was performed using BOX primer to generate DNA fingerprints from STEC 

isolates as described in previous study (63).  The DNA templates were adjusted to 50 ng/ul 

before amplification and the products were analyzed by 2% agarose gel electrophoresis in 

0.5X TAE, followed by ethidium bromide staining.  The Rep-PCR band patterns were 

analyzed using BioNumerics software (ver. 5.1; Applied Maths, Austin, Texas). 

STEC isolates were sent for sequencing as part of a larger study using Illumina next 

generation sequencing tool.  The Stx genes were extracted from 19 strains in one dairy cattle 

herd and a subset of 3 deer sharing the same pasture.  Sequences were analyzed in 

MegAlign (ver. 5.06) using the ClustalW algorithm for alignment. 
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Results 

In silico analysis of Stx phage genomes 

Regions Va, Vb, Vc, Vd and VIa within the STEC O157 Sakai strain Stx2a phage (Fig. 2) 

genome generated 1.7 kb, 2 kb, 3 kb, 12 kb and 16 kb products, respectively.  The amplicon 

sizes, however, varied considerably among the Stx phage reference strains (Table 4).  

Restriction patterns of regions Va (q-stx), Vb (ninG-stx) and Vc (roi-stx) using MspI and 

HinP1I enzymes could only categorize the 18 reference strains into five groups.  All three 

assays were therefore unable to adequately differentiate genetically distinct Stx phages 

Region VIa (stx-j), located downstream of stx and spans the VI region identified by Sato 

et al. (47), was evaluated next.  In silico analysis of the LPCR targeting region VIa 

generated 16 kb to 30 kb products in the reference strains (Table 4).  Notably, the restriction 

band patterns using PstI, FspI enzymes for Stx2a phages and EcoRI, BclI enzymes for Stx1 

and Stx2c phages were capable of classifying the 18 Stx phage reference strains into 17 

groups (Fig. 3).  Identical restriction patterns were found in Bacteriophage 933V and Stx2 

converting phage I.  Hence, region VIa appears to more adequately differentiate distinct Stx 

phages when compared to the three assays targeting Va, Vb and Vc.  Alignment of region 

VIa in each reference strain revealed that the RFLP patterns can accurately differentiate Stx 

phages types.  

The final region evaluated in this study is region Vd (ciii-stx), which results in 10 kb to 
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17 kb LPCR products among the reference strains (Table 4).  Although region Vd 

adequately differentiated 10 of the 13 reference strains in silico, several phage genomes could 

not be examined due to the absence of ciii or insertion mutations in stx.  These Stx phage 

reference strains include: bacteriophage 1639 (AJ304858), enterobacteria phage VT2phi_272 

(HQ424691), Escherichia phage TL-2011c (NC019442), Escherichia phage P13374 

(HE664024) and Stx2 converting phage vB_EcoP_24B (HM208303).  In all, the restriction 

band patterns of region Vd using EcoRV and BglI enzymes generated three to eleven bands, 

though identical restriction patterns were observed for Bacteriophage 933V and VT1 phage 

Sakai, Bacteriophage 933W and Stx2 converting phage I, VT2 phage Sakai and Stx2 

converting phage II.  For confirmation, the nucleotide sequences of region Vd from the 13 

reference strains were aligned and showed 99-100% sequence similarity between strains with 

the same RFLP profile.  Importantly, the RFLP patterns can differentiate Stx phages types at 

93.9% sequence similarity (Stx1 converting phage and Stx2 converting phage II, see Fig. 5). 

 

LPCR-RFLP profiling of Stx phages in STEC control strains 

To validate the applicability of the LPCR-RFLP Stx phage typing method, each assay 

targeting the different Stx phage regions was evaluated using stx1/stx2-positive STEC 

O157:H7 control strain TW08264 and stx2/stx2c-positive STEC O157:H7 control strain 

TW14359 from the Sakai and Spinach outbreaks, respectively, and a subset of ten 
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cattle-derived STEC isolates from different herds.  The cattle-derived STEC isolates were 

selected based on the assumption that Stx phages would be distinct in strains from different 

herds and similar in strains from the same herd.  Regions Va, Vb and Vc were successfully 

amplified with expected product sizes and restriction patterns as the in silico analyses.  

However, identical RFLP band patterns were found in cattle across three herds as well as the 

deer and four randomly-selected calf-derived STEC isolates acquired from the Diagnostic 

Center for Population and Animal Health.  Consequently, all three assays failed to 

adequately differentiate the Stx phage types between herds and animals and should not be 

used for epidemiologic and phage diversity studies.  

Regions Vd and VIa were also examined in the two STEC O157:H7 control strains and 

two of the 10 cattle-derived STEC isolates.  Both regions were successfully amplified in 

each strain and a single product of 12 kb and 16 kb was generated for regions Vd and VIa, 

respectively.  Restriction digestion with EcoRV and BglI enzymes in region Vd detected a 

distinct RFLP pattern for each strain that matched the predicted fragment sizes in the in silico 

analysis.  Although the LPCR products of region VIa were relatively faint, the RFLP 

banding patterns were in concordance with the in silico profiles.  Amplification and 

digestion of both regions VIa and Vd yielded distinct banding patterns in four strains using 

each assay, suggesting that both regions can adequately differentiate Stx phage types (Fig. 9).  

Because Sato et al. (47) had previously determined that region Vd was the most diverse 
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across Stx phages and the LPCR assay had better resolution, it was examined in a larger set 

of STEC isolates to better understand phage diversity and distributions. 

 

Stx phage diversity and distributions in STEC from multiple cattle herds and deer 

A total of 96 unique STEC strains originating from 62 cattle in four herds and four deer 

were evaluated by LPCR-RFLP.  However, 14 strains from 10 animals cannot generate the 

LPCR products using current primer set.  Restriction digestion with EcoRV and BglI 

enzymes yielded successful LPCR products with distinct banding patterns that could be 

differentiated visually.  Among all 82 STEC isolates from cattle, 34 isolates were from 

different visits (Table 7).  A total of 15 distinct Stx phage types were identified overall and 

between two and 14 phage types were recovered per visit with no more than five types per 

herd at any one time point (Fig. 7).   

The distribution of Stx 1, 2a and 2c phage types also varied among the 82 unique STEC 

strains from the four cattle herds (Table 5).  For the 45 stx1-positive STEC strains, a total of 

ten different phage types were detected from three herds.  For the 14 stx2a-positive strains, 

three different phage types were recovered in two herds, whereas three phage types were 

found in 42 stx2c-positive strains in two herds.  Herds with a greater number of stx profiles, 

for instance, had more phage types though one type typically dominated in frequency per 

herd.  For example, Stx1 phage type (PT) 2 and 3 and Stx2c PT4 were recovered from most 
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(12%, 24%, 70%) of the unique STEC isolates in herd 8, while the Stx2c PT12 predominated 

in 85.7% of unique isolates from herd 11.  For herd 12, however, the Stx1 PT5 (71.4%) and 

the Stx2a PTs 10 (28.6%) and 15 (50%) were most common.  By contrast, the four 

stx1-positive STEC isolates from four deer were less diverse with only two phage types.  

Moreover, among the few animals with more than one unique strain, eight of the 11 shared 

the same phage types between isolates, whereas seven animals carried multiple unique strains 

with different phage type combinations at any visit, but each phage type was shared with 

other animals in the same herd.   

During the first visit, the greatest number of unique STEC strains was isolated from herd 

8 where only three specific phage types (PT1, PT3, PT4) were identified in 14 cattle (Table 

6).  Among them, Stx2c PT4 was recovered from 85.7% of animals, whereas Stx1 PT1 and 

Stx1 PT3 were each found in one animal.  In herd 9, five distinct phage types (PT5, PT6, 

PT7, PT8, PT10) were identified in nine cattle, but only Stx1 PT5 (22.2%) and Stx1 PT6 

(55.6 %) were recovered from more than one animal.  Notably, Stx1 PT6 was also identified 

in two deer and the other two carried Stx1 PT11.  In herd 11 (n=4 animals), only two phage 

types (PT12, PT13) were recovered; Stx2c PT12 was found in three O157 strains from three 

animals and Stx2c PT13 was found in a NT strain from the remaining animal.  In herd 12, 

five distinct phage types (PT5, PT10, PT14, PT15, P16) were identified in 14 animals 

carrying unique STEC strains, and were present in 71.4%, 28.6%, 7.1%, 50% and 14.2% of 
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animals, respectively.  Notably, most of the unique STEC strains tested carried both Stx1 

PT5 and either Stx2a PT10 (28.6%) or Stx2a PT15 (42.9%) in the same O157 strain, while 

Stx1 PT14 and Stx2a PT16 were present in three NT strains separately.  Overall, each cattle 

herd had between two and six phage types, which were driven by the distribution of stx 

profiles. 

A change of Stx1 phage type over time was observed in herd 8 (Table 7).  For example, 

Stx1 PT2 was recovered from four animals at visit II, but starting from visit III to IV, all nine 

animals carrying stx1 shifted to Stx1 PT3 instead.  Moreover, animals 6, 10 and 15 carried 

stx1-positive STEC isolates of serotype O103:H2 or NT at visit II and O26:H11 at visit III, 

but the Stx1 phage type changed from P2 to P3.      

 

Inter- and intra-species transmission of Stx phages 

Within each of the cattle herds, the range of animals sharing the same phage type as 

another animal at the same visit is between 14.3% and 85.7%, which varied across each of 

the four visits.  For visit 1, 39 of the 45 animals examined in all 4 herds shared the same 

phage type with at least one other animal in the same herd, which represented eight distinct 

Stx phage types (Stx2c PT4, Stx1 PT5, Stx1 PT6, Stx2a PT10, Stx1 PT11, Stx2c PT12, 

Stx2a PT15, Stx2a PT16) (Table 6).  At visit 2, four and seven animals in herd 8 shared 

Stx1 PT2 and Stx2c PT4, respectively.  At visit 3, unique STEC strains were recovered 
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from herds 8 and 11, where seven and four animals shared Stx1 PT3 and Stx2c PT4 in herd 8, 

and two animals shared Stx2c PT12 in herd 11.  At visit 3, two and five animals shared 

Stx1 PT3 and Stx2c PT4 in herd 8, and Stx2c PT12 was recovered again in one animal in 

herd 11 (Table 7).  Herd 8 was interesting in that 19 of the 22 STEC positive animals had 

Stx1 PT4.  Only eight of these 35 strains, however, represented serotype O6:H34, while the 

remaining 25 were nontypeable (NT) and two strains were identified as serotype O157:H7 

and O103, suggesting that the same phage types were circulating among different STEC 

strain types. 

In addition to phage transmission within animals of the same herd at one visit, four of 

the total phage types (PT2, PT3, PT4, PT12) have been observed in more than one visit.  In 

herd 8, for example, Stx2c PT4 was recovered throughout the four different sampling times in 

28 STEC isolates.  Evidence of Stx phage transmission was also observed between different 

E.coli hosts as the same Stx phage type found in different STEC serotypes.  For instance, an 

O103 STEC isolate from animal 5 possessed both Stx1 PT2 and Stx2c PT4 at visit II, and an 

O157:H7 STEC isolate from animal 11 was found to carry both Stx1 PT3 and Stx2c PT4 at 

visit III.  Similarly, most (71.4%) of the 35 strains with Stx2c PT4 were NT, though eight 

strains were identified as O6:H34 by the FDA array typing platform.  Additionally, we also 

observed the emergence of phage types over time due to the influx of novel STEC strains 

carrying distinct phage populations.  At visit II, for example, four out of six strains with 
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Stx1 PT2 were O103:H2 STEC, whereas ten out of 11 strains with Stx1 PT3 were O26:H11 

STEC strains at visit III and IV.  Since PT3 had not been detected in these animals 

previously, these data suggest a change in the STEC population occurred over time rather 

than phage transmission.   

When examining the phage type distribution across herds, only two phage types could 

be identified in more than one herd.  Specifically, Stx1 PT5 was identified in two animals 

(18.2%) from herd 9 and ten animals (71.4%) from herd 12; whereas Stx2a PT10 was found 

in one animal from herd 9 (9.1%) and four animals (28.6%) from herd 12.  It is worth 

emphasizing that all Stx1 PT5 and Stx2a PT10 were found in O157 strains, which had 

identical restriction patterns as the Stx1 and Stx2a phages in the STEC O157:H7 Sakai 

outbreak strain.   

Finally, there was also evidence of transmission between cattle and deer belonging to 

herd 9.  An identical Stx1 PT6 was recovered from two deer and five cattle from dairy herd 

9, which shared the same pasture during sampling (Table. 6).  This suggests possible Stx 

phage or STEC transmission between cattle and deer living in close geographic locations.  

Based on the Rep-PCR genotyping profile of the STEC isolates, identical STEC genotypes 

were only observed in one STEC isolate from dairy herd 9 (animal 32) and one deer (animal 

33); both isolates shared the same Stx1 PT6, suggesting STEC transmission versus PT6 

transmission.  Nonetheless, other STEC isolates from dairy herd 9 carrying the same Stx1 
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PT6 (animal 25, 27, 28, 30) were found to have diverse STEC Rep-PCR patterns (data not 

shown).  This finding further supports the evidence of Stx phage transmission across 

different E. coli hosts. 

 

Identification of clinical Stx phage types  

We further employed the Stx phage LPCR-RFLP assay in region Vd to identify the Stx 

phage type in a subset of clinical O157 STEC isolates from clades 2, 7 and 8 (Table 8).  For 

the most part, distinct population of Stx phages were identified in the clinical STEC isolates.  

Eleven unique Stx phage types (Φ1-Φ11) were found in addition to the 16 Stx phage types 

from cattle and deer-derived STEC isolates.  Interestingly, specific phage types, which 

shared the same RFLP patterns with the Stx1, 2a or 2c phages in the STEC O157:H7 Sakai 

and Spinach outbreak strains, were frequently identified in the clinical isolates.  For 

example, both Stx1 PT5 and Stx2a PT10 were identified in 66.7% and 12.8% of 

human-derived STEC O157 strains belonging to clades 2 and 8, respectively, whereas Stx2c 

PTΦ9 associated with Spinach outbreak was recovered from 20% and 71.4% of STEC strains 

belonging to clades 7 and 8.  Moreover, few distinct Stx phage types were recovered from 

specific clades with higher frequency than others.  For instance, Stx1 PTΦ7 (40%) and 

Stx2c PTΦ11 (40%) were only identified in clade 7 strains, whereas Stx2a PTΦ3 (42.9%) 

was only recovered in clade 8 strains. 
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stx sequencing  

The nucleotide sequences of the Stx1 and Stx2a genes in isolate 791-1 were identical to 

the Stx gene in the STEC O157:H7 Sakai strain, which also showed the same Stx phage type 

based on LPCR-RFLP band profile.  The Stx2c gene in one STEC isolate from animal 873 

exhibited 100% homology to previously published STEC isolates from cattle in Poland 

(O183:H18 strain CB12500, FR850033).  However, the stx2c+ STEC isolates could not be 

recognized by our Stx phage LPCR primer set.  For the Stx1 gene, 14 STEC isolates from 

cattle in herd 9 possessed an identical stx1 with STEC isolates from three deer and reference 

strains CP-1639 and YYZ-2008.  However, despite sharing the same Stx1 gene, the Stx 

phage LPCR-RFLP band pattern from those animals were not identical to Stx1 phage 

CP-1639 and YYZ-2008 as compared with in silico result, thereby providing support for the 

ability of our phage typing method to accurately differentiate Stx phages across distinct 

STEC strains. 
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Discussion: 

Stx production, which is encoded by genes carried on Stx phages, is the key virulence 

factor in STEC infections.  Few studies, however, have examined the diversity of Stx 

phages in epidemiological scale.  In particular, little is known about how variable the 

different Stx prophages are across STEC strains and whether genetic variation in Stx phages 

is linked to disease severity or transmissibility in reservoir species like cattle.  Difficulties 

associated with phage isolation and characterizing Stx prophages while they are incorporated 

into the STEC genome has hampered these efforts.  In this study, we have shown that a 

novel LPCR-RFLP method targeting a distinct region Vd (ciii-stx, 10-17 kb) of three Stx 

phage subtypes could be used to examine transmission dynamics and Stx prophage diversity 

among 86 unique STEC isolates recovered from cattle.  We also demonstrated that there is 

considerable variation in Stx phage populations across cattle from different herds over time 

and that most cattle within a herd shared the same phage type. 

For developing a Stx phage typing scheme, we tested five different regions within the 

three Stx phage genomes to elucidate the genetic diversity of phage across herds.  Among 

the long regions screened in the present study, primers targeting region Va (q-stx, ~1.7 kb) 

could amplify the Stx phage in all strains, suggesting a universal presence.  After digestion 

with MspI, however, most of the cattle-derived STEC control strains had identical banding 

patterns and the in silico analysis among the reference strains could only distinguish five 

groups.  This result indicates that this region is highly conserved across Stx phages; 
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therefore, it may be an important target for the development of diagnostic tools aimed at 

detecting STEC in clinical samples and food matrices rather than evaluating Stx phage 

diversity.  Indeed, several researchers have developed assays to quantify Stx phages from 

environmental samples by targeting the Q and Stx genes located within this region (52).  

Other researchers have also found a high degree of similarity in the q-stx region among 49 

STEC clinical isolates from humans in Germany (64), though an evaluation of cattle-derived 

STEC isolates has not been done.  

Because region V (ciii-ninG, 8-12 kb) was found to be the most distinct portion in the 

entire phage genome in two previous studies (47, 65), we extended this region (Vd, Fig. 2) by 

changing the reverse primer targeting the Stx gene (ciii-stx, 10-17 kb).  Moreover, utilizing 

different primers targeting each stx variant (stx1, stx2a, stx2c) can provide the advantage of 

amplifying Stx phage subtypes separately during co-infection of the bacterial host, thus 

increasing the specificity.  According to Sato et al. (47), region V is the most distinct region 

and shows remarkable differences between Stx2 phages isolated from different STEC O157 

outbreaks.  Region Vd also contains the genes that control immunity (ci, cro), replication (o, 

p) and early antitermination (n), which were found to be highly diverse with multiple variants 

in previous study (36).  One hypothesis for a high frequency of polymorphisms in this 

functional gene region is that it may provide an advantage for phages to outcompete other 

lamdoid phages and successfully infect the bacterial host.  In addition, region Vd yielded the 
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most clear banding patterns in our assay and therefore, it was considered the preferable target 

for our epidemiological study. 

Region VIa spanning stx to j, which encodes the tail fiber gene, was also found to be a 

heterogeneous region by in silico anaylsis of 18 reference strains.  The capsid gene included 

in this region was previously described to be divergent (36), as well as the R and S genes 

responsible for host cell lysis (47).  The gene encoding the tail spike protein is well 

conserved across short-tail Stx phages and thus is a desirable primer target (36, 51).  

However, the large size of the DNA fragment resulted in low amplification frequencies and 

less amount of amplicons for restriction digestion.  Moreover, the tail fiber gene in Stx1 and 

Stx2c phages was universal among the prophages present in the E.coli chromosome with 

approximately five to ten copies of loci, which prevented from successful long amplification.   

We utilized this region downstream of stx in a subset of Stx2a phages from herds 9 and 12 to 

confirm the results generated from region Vd.  As expected, no distinct RFLP patterns were 

observed in the VIa downstream region when the RFLP patterns in upstream region Vd were 

identical (Fig. 9), suggesting that both assays can adequately differentiate phage types.  

Even though a number of Stx phage reference strains could not be amplified because of a 

missing CIII gene (17, 43, 66, 67), a fragment could be amplified for most (86%) of the 

animal-derived STEC isolates examined in the study.  Collectively, these data provide 

additional support for the sensitivity of our Stx phage genotyping assay targeting region Vd 
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as the combined LPCR regions (~30 kb) comprise over half of the Stx phage genome (50-66 

kb) and represent the most divergent areas.   

One limitation of this LPCR-RFLP assay is that we are only screening the Stx prophage 

population that remains integrated into the STEC chromosome, which may not represent the 

true diversity of Stx phages found in the environment.  Also, we might possibly select for 

certain types of Stx phages using the current primer set, as the CIII gene was found to be 

absent in four Stx phage reference genomes and stx variation has been described (17, 43).  

Another limitation is that the DNA fingerprint generated by RFLP digestion cannot detect 

single nucleotide changes within the phage genome.  Consequently, future metagenomic 

studies are still needed to unravel the diverse picture of phage populations present in the 

environment.  Nonetheless, our method was still sensitive enough to allow us to examine 

diversity and transmission dynamics of Stx prophages as well as STEC strains in important 

reservoir species.   

Overall, we identified 15 distinct phage types among 82 unique STEC isolates recovered 

from cattle, suggesting that the phage diversity is over five times lower than STEC diversity.  

This is in contrast to previous finding that variable Stx2 phages were induced from six highly 

related clinical E.coli O157:H7 isolates with identical PFGE pattern (68).  Because Stx 

phages could not be amplified from 14 strains, it is possible that we have underestimated the 

diversity of this phage population.  Since our assay examines the Stx prophage population 
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while it is integrated into the STEC chromosome, it is possible that an additional diverse 

group of Stx phages may have entered the lytic cycle during subculture and thus, could not be 

characterized.  As documented in the literature, temperate phages are more prone to enter 

the lytic cycle under stressful conditions (23, 25, 26, 28).  Indeed, we observed loss of stx in 

multiple STEC isolates after subculture.  However, when using the current LPCR-RFLP 

method in original isolates, the Stx gene can be recovered but often revealed a distinct Stx 

phage type (eg, P1, P7, P8) other than those frequently present in the same herd.  It is 

therefore possible that only a subset of Stx phages remain in the lysogeny state, which could 

be due to mutations in genes important for excision, for instance.  Consequently, this small 

subset of phages could be preferentially targeted via our LPCR assay, which would result in a 

lower level of phage diversity.  Regardless of this limitation, we were still able to identify 

multiple phage types and importantly, better understand transmission dynamics of Stx phages 

in cattle. 

In the present study, we observed frequent sharing of identical Stx phage types between 

animals in the same herd or pasture, and even between STEC hosts with different genetic 

characteristics.  Another study, for example, found that identical Stx phage types were 

isolated from a limited number of animals in the same cattle herd (37).  Moreover, similar 

Stx phages have been identified from some STEC strains over long periods of time (17) as 

well as in different geographic locations (47, 64).  For example, the genome of 
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bacteriophage 933V isolated from STEC O157:H7 EDL933 outbreak strain in US in 1982 is 

identical to the VT1 phage Sakai originated from STEC O157:H7 Sakai outbreak strain in 

1996 in Japan.  The reason behind these observations could be due to enhanced 

dissemination of certain Stx phages through commercial products and foods or to the 

hardiness, mutation rate or abundance (56) of specific bacteriophages in the environment.  

To our knowledge, this study is the first to uncover Stx prophage diversity within and 

between multiple cattle herds and cattle over time.  Different Stx phage genotypes may play 

a key role in determining the virulence of different STEC strains (69).  It has been shown 

that the human and cattle E.coli O157:H7 isolates often cluster in separate lineage (70), 

which are in concordance with our finding that different groups of Stx phage types 

represented in bovine and clinical STEC strains, although a few numbers of Stx phage types 

were shared in these two populations.  Recently, Park D et al.(71) demonstrated defective 

Stx2a and Stx2c prophages found in bovine STEC isolates, with either gene deletions or 

insertional inactivation by IS1203 in the toxin gene, had an impaired ability to produce Stx.  

The defect within Stx phage genomic content might be a consequence of adaptation to the 

bovine host, which also reflects the loss of virulence characteristics necessary to cause 

disease in human.  In contrast, specific Stx2 phage types have also found to correlate with 

STEC outbreaks and high level shedders in cattle (17, 41, 72).  Due to the extensive 

heterogeneity and frequent mobility of the temporate phage population, the impact of 
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different Stx phage types on clinical infection is still unknown.  Indeed, we found that the 

human-derived phage types examined in this study were more diverse than in cattle STEC; 

however, some of the phage types were identical.  Determining whether certain Stx phages 

are associated with disease severity, however, requires further study.    

In summary, the LPCR-RFLP method designed here for Stx phage genotyping can serve 

as a simple, rapid tool that provides high resolution and high reproducibility.  We propose 

this strategy to better understand these mobile genetic elements that drive the evolution of 

STEC in the environment and reservoir species.  By establishing a direct classification 

system, the frequency and dispersal of each Stx phage type can be monitored in specific 

STEC strain populations, thereby providing a useful tool for epidemiological studies.  

Additional future questions include better understanding the transduction and mutation 

frequency of Stx phages and how to prevent those phages from toxin production, which 

might help to approach the answer of decreasing STEC-associated diseases in human.  
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 Table 1. STEC strain characteristics among 56 animals from four cattle herds and one deer population. 

 

Herd 
Type of 

herd 
STEC 

prevalenceb 

No. 
animals 
tested 

No. 
strainsc 

No. unique 
strainsd 

Visite 
No. unique 

strains 
Stx phage types Serotypes 

8 Beef 50% 22 112 50 

I 20 PT1, PT3, PT4 O6:H34, O26, O157, NT 

II 11 PT2, PT4 O6:H34, O103:H2, NT 

III 12 PT3, PT4 
O6: H34, O26:H11, 

O157:H7, NT 

IV 7 PT3, PT4 O26, NT 

9 Dairy 16% 10 23 11 
I 10 PT5, PT6, PT7, PT8, PT10 O157, NT 

IVf 1 PT9 NT 

11 Beef 7% 6 11 7 

I 4 PT12, PT13 O157, NT 

II 2 PT12 O157 

III 1 PT12 O157 

12 Beef 31% 14 20 14 I 14 
PT5, PT10, PT14, PT15, 

PT16 
O157, NT 

Deera wild 11% 4 8 4 I 4 PT6, PT11 O103, O157, NT 

Total   56 174 86   16  
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Table 1 (cont’d). 
 

a Deer fecal pellets were collected near the dairy pasture 
b STEC prevalence in animals  
c Number of STEC strains examined by phage typing and virulence gene profiling. 
d Number of unique STEC strains characterized by different virulence profiles (stx1, stx2, eae) and O types.  STEC isolated from different 
animals were regarded as unique strains. 
e A subset of animals were followed at two week intervals for a total of four visits to identify the persistent shedders 
f Stx phages were not recovered in visit II and III 
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Table 2. Primer sequences for serotype identification and stx profiling 

O type / gene Primers Oligonucleotide  sequences  (5’-3’) Amplicon (bp) Reference 

O26 
wzy26_F223 
wzy26_R464 

TTAGGCGGTACCCATGAAGTCA 
GGTGCCATAAAGACAAAACAAAGA 

242 This study 

O45 
wzy45_F188 
wzy45_R630 

ATCGCGTTCGTCTGGATGAAAT 
AGCGCCCCTGATATCTCCTACAG 

443 This study 

O103 
wzy103_F929 

wzy103_R1112 
CCCCGCGGGTATTTGCTAT 

TCGTATGCGTTCGTTCTAAGATAA 
184 This study 

O111 
wzy111_F495 

wzy111_R1043 
TTCCGTAATTTGCATCCTGATAC 
TTTGCAAATCCATAAACAACTCC 

549 This study 

O121 
wzy121_F306 
wzy121_R931 

TACAGCCGGTAGTGTTGAAAGGAT 
CGCCCGTGTTAATATTCCAAGTC 

626 This study 

O145 
wzy145_F754 

wzy145_R1087 
ATGGGCAGTATCTCTGGTATTGAA 

TTGAAAGCCCGGATATTAGGAA 
334 This study 

O157 
wzy157_F586 
wzy157_R863 

GTAGGGGTTGTATGCTCGTTGTT 
GCTCCCATGTCTCCAAATACTTGT 

278 This study 

mdh 
mdh_F41 

mdh_R875 
AGGCGCTTGCACTACTGTTA 
AGCGCGTTCTGTTCAAATG 

835 This study 

stx1 
Stx1-F 
Stx1-R 

CGATGTTACGGTTTGTTACTGTGA 
AATGCCACGCTTCCCAGAATTG 

242 Muller D et al, 2007 

stx2 
Stx2-F 
Stx2-R 

GTTTTGACCATCTTCGTCTGATTATTG 
AGCGTAAGGCTTCTGCTGTGAC 

543 Muller D et al, 2007 
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Table 2  (cont’d). 

O type / gene Primers Oligonucleotide  sequences  (5’-3’) Amplicon (bp) Reference 

Stx2a 
Stx2-1072F 
Stx2-1197R 

AGGATGACACATTTACAGTGAAGGTT 
CACAGGTACTGGATTTGATTGTGAC 

126 Shringi S et al, 2012 

stx2c 
Stx2c-F858 

Stx2c-R1100 
CGACAGGCCCGTTATAAAAA 

GGCCACTTTTACTGTGAATGTATC 
243 Shringi S et al, 2012 
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Table 3. Primer sequences for Stx phage long range PCR 

 

 

a The size of the amplicon is predicted based on the Stx2a phage in E.coli O157:H7 EDL933  
b The size of the amplicon is predicted based on the Stx1 phage in E.coli O157:H7 EDL933  
c Multiple primers were developed for q and ciii because of variation within the Stx phages.  Q-F1 was used for Stx1 and Stx2c phages and 
Q-F2 was specifically used for the Stx2a phage; ciiiV-F1 was specifically used for the Stx1 phage and ciiiV-F2 was used for the Stx2a and Stx2c 
phages. 
 

Region Gene Primers Oligonucleotide  sequences  (5’-3’) amplicon (bp) Reference 

Va q 
 

Q-F1 
Q-F2c 

GCATGGGCGGCAAATAAC 
AATTCATGGAGAGCGTGGAG 

1,759a 
 

This study 
This study 

Vb 
Vc 

 
 
 

Vd 
 
 
 

Via 
 

ninG 
roi 
stx1 
stx2 
stx2c 
ciii 

 
stx1 
stx2a 
stx2a 

j 

ninG-F 
Roi-F 
Stx1-R 
Stx2-R 

Stx2c-R1100 
ciiiV-F1 
ciiiV-F2c 

Stx1-longR 
Stx2-longR 
Bov stx2-F 
VTTF-R2 

ATCGGGCAGGAAGCAGTAGACG  
GGAATTCACCGCTCGCCTTGTT 
AATGCCACGCTTCCCAGAATTG 
AGCGTAAGGCTTCTGCTGTGAC 

GGCCACTTTTACTGTGAATGTATC 
GACATTGCTCAGTGTATTCACTCGTTGGAA 
GACATTGCTCCGTGTATTCACTCGTTGGAA 

CAAACAAATTATCCCCTGTGCCACTA 
TATACGGACAGAGATATCGACCCCTC 

GTGCCTGTTACTGGGTTTTTCTTC 
TCTGTATCTGCCGGAAATCTGTCA 

2,116a 
3,055a 

 

 
 
 
 

13,065b 
10,409a 

 
16,805a 

This study 
This study 

Muller D et al, 2007 
Muller D et al, 2007 
Shringi S et al, 2012 

This study 
Shima K et al, 2004 

This study 
This study 

Paton AW, 1998 
This study 
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Table 4. Published full length Stx phage reference strains utilized in this study 

Type Stx Phage Accession number Vd size (kb) Via size (kb) 

Stx1 
 
 
 
 
 

Prophage CP-933V AE005174 10,408 29,530 

Stx1 converting phage NC004913 11,136 18,254 

Enterobacteria phage VT1-Sakai AP000400 10,408 28,497 

Phage BP-4795 AJ556162 12,278 29,616 

Enterobacteria phage YYZ-2008 FJ184280 11,975 30,638 

Bacteriophage CP-1639 AJ304858 --a 24,356 

Stx2a Bacteriophage 933W AF125520 13,065 16,805 

Enterobacteria phage VT2-Sakai AP000363 12,557 16,262 

Enterobacteria phage VT2phi_272 HQ424691 --a 18,098 

Stx2 converting phage I NC003525 13,065 16,811 

Stx2 converting phage II AP005154 12,557 18,119 

Stx2-converting phage 86 AB255436 13,309 17,474 

Escherichia phage TL-2011c JQ011316 --a 16,283 

Escherichia phage P13374 HE664024 --a 17,067 

Enterobacteria phage Min 27 EU311208 14,769 16,779 

Stx2 converting phage vB_EcoP_24B HM208303 --b 16,371 

Stx2c 
 

Stx2-converting phage 1717 NC011357 17,200 31,505 

Enterobacteria phage 2851 FM180578 15,848 30,222 

a In silico analayis of the genome demonstrated missing ciii in some strains  
b In silico analayis of the genome demonstrated an insertion mutation in stx
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Table 5. Distribution of 16 distinct Stx phage types in four cattle herds and deer identified in 
present study 

Stx phage 
type 

No. of strains that originated in 
stx profile 

8B 9D 11B 12B Deer 
PT1 1 (2%)     stx1 

PT2 6 (12%)     stx1 

PT3 12 (24%)     stx1 

PT4 35 (70%)     stx2c 

PT5  2 (18.2%)  10 (71.4%)  stx1 

PT6  6 (54.5%)   2 (50%) stx1 

PT7  1 (9.1%)    stx1 

PT8  1 (9.1%)    stx1 

PT9  1 (9.1%)    stx1 

PT10  1 (9.1%)  4 (28.6%)  stx2a 

PT11     2 (50%) stx1 

PT12   6 (85.7%)   stx2c 

PT13   1 (14.3%)   stx2c 

PT14    1 (7.1%)  stx1 

PT15    7 (50%)  stx2a 

PT16    2 (14.3%)  stx2a 

Total 50 11 7 14 4 86 
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Table 6. Map of Stx phage types and serotypes for a subset of 41 unique STEC strains from 
four herds and four deer at visit I. 

Herd Animal stx1 stx2a stx2c eae Serotype 
8B 

 
1 - - PT4 - NTa 

2b 
- - PT4 - NT 

f+ c - PT4 - O6:H34d 
f+ c - PT4 + NT 

3b 
- - PT4 - NT 

f+ c - PT4 + NT 
5 - - PT4 - NT 
7 - - PT4 - NT 
8 - - PT4 - NT 

9b 
- - PT4 - NT 
- - PT4 + NT 

11 - - PT4 - O6:H34d 

13b 
- - PT4 - O6:H34d 
- - PT4 + NT 

14 - - PT4 + NT 

16b 
- - PT4 - NT 
- - PT4 + O6:H34d 

17 - -  PT4 + NT 
19 PT1e - - - NT 
21 PT3 - - + O26 

9D 23 PT5f PT10f - + O157 
25 PT6 - - + NT 

 26 PT7e - - - NT 
 27 PT6 - - + NT 
 28 PT6 - - + NT 
 29 PT8e - - - NT 
 

30b 
PT6 - - - NT 

 PT6 - - + NT 
 31 PT5d - - + NT 
 32 PT6 - - + NT 

Deer 
 

33 PT6 - - + NT 
34 PT6 - - + NT 

 35 PT11 - - + O103  
 36 PT11 - - + O157 
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Table 6  (cont’d).  
Herd Animal stx1 stx2a stx2c eae Serotype 
11B  

 
37 - - PT12 + O157 
39 - - PT13 + NT 

  40 - - PT12 + O157 
  41 - - PT12 + O157 

 12B 
 

43 PT5 PT15 - + O157 
44 - PT15 - + O157 

  45 PT5 PT15 - + O157 
  46 PT5 PT10 - + O157 
  47 PT5 PT10 - + O157 
  48 PT5 PT15 - + O157 
  49 PT5 PT15 - + O157 
  50 PT5 PT10 - + O157 
  51 PT5 PT10 - + O157 
  52 - PT16 - + NT 
  53 PT5 PT15 - - O157 
  54 PT14 - - + NT 
  55 PT5 PT15 - + O157 
  56 - PT16 - + NT 

 

a NT: Nontypeable using multiplex PCR assay targeting O157 and six non-O157 serotypes 
(O26, O45, O103, O111, O121, O145) 
b Multiple STEC strains with unique virulence profiles were isolated from the same animal 
c Faint positive band in stx multiplex PCR, but the Stx phage genome was not amplified in 
LPCR. 
d Serotype results were determined using a SNP typing array and provided by the FDA for a 
subset of 16 strains.  

e DNA extracted from regrowth culture of original single colony picks. 
f P5 and P10 displayed the same RFLP patterns as Stx1 and Stx2a phages, respectively, in 
STEC O157:H7 Sakai outbreak strain.



 

43 
 

Table 7. Map of Stx phage types and serotypes for a subset of unique STEC strains from 16 cattle in three herds at four sampling times (visits). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Visits 
 

 
I II III IV 

Herd Animal stx1 stx2c Serotype stx1 stx2c Serotype stx1 stx2c Serotype stx1 stx2c Serotype 
8 4 

 
                PT3 - O26 

5a 
- PT4 NT PT2 - O103:H2b - PT4 O6:H34b - PT4 NT 

 
 

    PT2 PT4 NT 
  

  
  

  
 

 
    PT2 PT4 O103  

  
  

  
  

6a 
 

    PT2 - O103:H2b PT3 - O26:H11b 
  

  
 

 
    - PT4 NT 

  
  

  
  

10 
 

  
 

PT2 PT4 NT PT3 - O26:H11b 
  

  

11a 
- PT4 O6:H34b 

  
  PT3 - O26:H11b 

  
  

 
 

    
  

  PT3 PT4 O157:H7b 
  

  
12 

 
    - PT4 NT 

  
  - PT4 NT 

13a 
- PT4 O6:H34b 

  
  PT3 - O26 

  
  

 
 

    
  

  - PT4 O6:H34b - PT4 NT 

15a 
 

    PT2 - O103:H2b PT3 - O26:H11b 
  

  
 

 
    - PT4 O6:H34b 

     
  

16a 
- PT4 O6:H34b - PT4 O6:H34b PT3 - O26 - PT4 NT 
- PT4 NT   PT3 f+c O26 

   18       
 

PT3 - O26 
  

  

20a 
  

 
  

  
  - PT4 NT PT3 - O26 

   
 

  
  

        - PT4 NT 
22       - PT4 NT             
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Table 7  (cont’d).  
 

 

 

 

 

 

 

 

a Multiple STEC strains with unique virulence profiles were isolated from the same animal at one of the visits  

b Serotype results were determined using a SNP typing array and provided by the FDA for a subset of 16strains.  

c Faint positive band in stx multiplex PCR, but was not able to recover in Stx phage LPCR. 
 
 
 
 
 
 
 
 
 
 
 
 
 

   Visits 
 

 
I II III IV 

Herd Animal stx1 stx2c Serotype stx1 stx2c Serotype stx1 stx2c Serotype stx1 stx2c Serotype 
9 24 

  
              PT9   NT 

11 37 - PT12 O157       - PT12 O157       
38 

  
        - PT12 O157       

42 
  

              - PT12 O157 
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Table 8. Stx phage types in a set of 22 clinical STEC O157 strains recovered from patients with disease. 
 

 

Clade Strain Strain source Year stx1 stx2a stx2c 
1 TW8264  Sakai outbreak strain 1996 PT5 PT10 - 
2 TW9084 Michigan Patient 2003 PT5 PT10 - 

TW9088 Michigan Patient 2003 PT5 PT10 - 
TW9089 Michigan Patient 2003 PT5 PT10 - 
TW9124 Michigan Patient 2003 PT5 - - 
TW9200 Michigan Patient 2003 PT5 Φ1 - 
TW9375 Michigan Patient 2004 - PT10 - 
TW9379 Michigan Patient 2004 - Φ2 - 

TW14293 Michigan Patient 2005 - PT10 - 
 TW14297 Michigan Patient 2006 PT5 PT10 

 
7 TW9087 Michigan Patient 2003 Φ11 - Φ7 
 TW9178 Michigan Patient 2003 - - Φ8 
 TW9195 Michigan Patient 2003 Φ11 - Φ7 
 TW10119 Michigan Patient 2004 - - Φ9 
 TW11067 Michigan Patient 2002 - - PT12a 

8 TW9085 Michigan Patient 2003 - Φ3 Φ9 
 TW9378 Michigan Patient 2004 - Φ4 Φ9 
 TW11050 Michigan Patient 2002 - Φ3 Φ9 
 TW11070 Michigan Patient 2004 - P10 Φ9 
 TW11507 Michigan Patient 2005 P5 Φ5 - 
 TW14307 Michigan Patient 2006 - Φ3 Φ10 
 TW14359 Spinach outbreak strain 2006 - Φ6 Φ9 

a STEC O157 strain TW11067 carried the same 
Stx2c PT12 identified in beef herd 11. 
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Figure 1. Flow chart illustrating how fecal samples from cattle and deer were processed for STEC isolation and Stx phage typing. 
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Figure 2. Regions targeted within the Stx phage genome for long range PCR (LPCR). Regions Va, Vb, Vc and Vd indicate four upstream 
regions of stx that extend to the Q, NinG, Roi, and CIII genes, respectively with amplicons of 1.6 kb, 2 kb, 3 kb and 12 kb in size. Region Via 
indicates the downstream region of stx that extends to the J gene encoding the tail fiber protein. The amplicon for region VIa is 16 to 30 kb. 
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   CP 933V  Stx1 phage  VT1 Sakai  BP-4795   YYZ-2008  CP-1639 
 

 
   BP 933W    VT2 Sakai   Phi272  Stx2 phageII  phage86   TL-2011c   P13374    Min27    Phi 24B   Stx2 1717  Phage2851        
   Stx2 phageI    
Figure 3. Stx phage in silico long range PCR based-RFLP patterns for region VIa of 18 reference strains with genome data available in NCBI.  
Restriction patterns for Stx2a phages are predicted following digestion with PstI, while patterns for Stx1 and Stx2c phages are based on BclI 
digestion.  
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CP 933V 
VT1 Sakai 

Stx1 phage BP 4795 YYZ 2008 Stx2 phageI   VT2 Sakai 

BP 933W     Stx2 phageII 

Phage 86 Min 27 Phage 1717 Phage 2851 

Figure 4. In silico prediction of Stx phage fragments in region Vd following long range PCR and digestion with EcoRV for 13 reference strains  
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Figure 5. Phylogenetic analysis of Stx phage sequences specific for region Vd in 13 reference strains.  
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A.          B. 

   
                                             C.          D. 

   

Figure 6. Long range PCR based-RFLP patterns in region Vd from 17 animals in four cattle herds and 1 deer. Panel A and B are showing 
restriction patterns based on EcoRV digestion; Panel C and D are showing restriction patterns based on BglI digestion. The Stx phage types (PTs) 
are listed on the top of each lane. Sk: STEC O157:H7 Sakai strain. Sp: STEC O157:H7 Spinich strain. In panel A and C, lane 2 to 13 belong to 
Stx1 phage and lane 15 to 18 belong to Stx2a phage. Panel B and D are showing Stx2c phages. aStx1 phage PT5 from STEC strain in herd 9.  
bStx1 phage PT6 from STEC strain in herd 9. cStx1 phage PT6 from STEC strain in deer. aStx1 phage PT5 from STEC strain in herd 12. 

1  2  3  5a  6b 6c  7  8  9  11 5d 14  Sk M 10 15  16 Sk M      M 4 12 Sp 
 

1  2  3  5a  6b 6c 7  8  9  11 5d 14 Sk  M 10 15  16 Sk M     M  4 12 Sp 
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Figure 7. Dendrogram of Stx phage long range PCR based-RFLP patterns in region Vd generated by BioNumerics v 5.1 based on EcoRV 
digestion.  The restriction banding patterns listed here represent all unique phage types identified in present study.  Panel A is showing the 
restriction patterns of all 10 Stx1 phage types; panel B and C are showing all three Stx2a phage types and three Stx2c phage types, respectively. 
 

PT1 
PT9 
PT14 
PT7 
PT3 
PT11 
PT6 (herd 9) 
PT6 (Deer) 
PT5 (herd 9) 
Sakai Stx1 phage 
PT5 (herd 12) 
PT2 
PT8 
 
 
PT10 
Sakai Stx2a phage 
PT15 
PT16 
 
 

PT4 
Spinach Stx2c phage 
PT12 
PT13 
 

A. 

B. 

C. 
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A.                           B. 

 

  
Figure 8. Comparison of Stx2a phage long range PCR based-RFLP results in region Vd (panel A) and VIa (panel B) for unique STEC strains in 
herd 12.  The animal numbers from which each STEC strain was isolated are listed on the top of each lane.  Panel A is showing restriction 
patterns in region Vd based on EcoRV digestion;  Panel B is showing restriction patterns in region Via based on FspI digestion.  The RFLP 
fragments from animal 55 was shifted upward due to the low DNA concentration of LPCR product.  M: 1 kb plus marker 
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