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Section 7: Prevention and control of VTEC 

contamination 
 

The most important aspect of VTEC research in relation to human health is 

preventing infection by these bacteria.  The so-called ófarm to forkô policy has 

been instrumental in reducing the incidence of E. coli O157: H7 in the food 

chain and this approach has contributed to preventing widespread outbreaks.  

 

In the UK and other European countries the implementation of general food 

safety interventions against a range of bacterial pathogens has also been 

successful against VTEC.  By comparison, in the USA there has been the 

introduction of controls and interventions targeted at specific sectors of the 

food chain to reduce the risk from E. coli O157: H7.  

 

Eliminating, or reducing the incidence of, VTEC in primary food production is 

especially important and there has been considerable research to develop 

effective intervention strategies against VTEC in all parts of agricultural 

practice.  Reducing shedding by animals, especially ruminants, has received 

particular attention and there have been many other different interventions 

introduced to reduce the incidence of VTEC and other pathogens entering the 

human food chain.  Examples include diet and competitive exclusion, cattle 

vaccines and the implementation of a clean animal policy prior to slaughter. 

 

Environmental exposure, especially contact with contaminated animal faeces, 

has been highlighted as a significant risk factor for the transmission of VTEC 

to humans, together with contaminated soil and water.  Attempts have 

therefore been made to reduce these risks by developing suitable 

interventions and by changing agricultural practices to reduce survival and 

growth of VTEC in the environment.  

 

There has been substantial research to develop decontamination treatments 

to reduce or eliminate VTEC and other pathogens on fruits, vegetables and 

animal carcasses.  Some of these treatments, although effective, have yet to 

be shown to be safe and acceptable for use in the human food chain.  The 

primary objective has been to prevent contamination in the first place.  During 

food manufacture, attempts have been made to implement alternative and 

novel processing methods to increase food safety.  In much of the food 

industry, systems that follow the principles of Hazard Analysis and Critical 

Control Point (HACCP) and those based on the identification and control of 

potential risks continue to play their part by supporting food safety during 

manufacture.  The development of better risk assessments aided by predictive 

modelling has helped to improve food safety in many parts of the food chain. 
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7.1 Introduction 

 

The keys to all aspects of prevention and control are education and 

information to raise peopleôs awareness to the risks and consequences of 

infection.  Since the realisation that E. coli O157: H7, along with other VTEC, 

are foodborne pathogens, successive Governments around the world have 

introduced measures to prevent food, animal and environmental 

contamination.  This has involved the development of working practices and 

procedures designed to eliminate these pathogens where possible and the 

provision of practical guidance and advice to food producers and consumers 

aimed at reducing the risk of contamination and preventing subsequent 

infection.  Such polices have been directed at practices throughout the food 

chain from primary production, right through to consumers.  This so-called 

ófarm to forkô policy has become an integral part of some general food hygiene 

regulations (see Section 7.1.1).  Whilst this approach has not been specifically 

targeted at VTEC, it would have contributed to reducing the incidence of  

E. coli O157: H7 and other VTEC in the food chain.  Despite improvements, 

deviations from good hygienic practice can still occur, which may result in 

large outbreaks.  Examples include the Central Scotland outbreak in 1996 

(The Pennington Group 1997) and the outbreak in South Wales in 2005 

(Salmon and Outbreak Control Team 2005).  Both outbreaks involved 

butchers where deviations from acceptable hygiene practice led to cross-

contamination of cooked meats.  The combination of education, proper 

training and enforcement of food hygiene legislation, together with the 

implementation of appropriate controls and interventions is therefore essential 

to prevent similar events happening in the future. 

 

It is worthy of note that the implementation of food safety policies in the USA 

compared with the UK and other countries has been quite different.  Food 

production in the US, especially large-scale food processing, is often different 

to other countries.  Furthermore, following outbreaks linked to contaminated 

meat and meat products, much of the early publicity relating to E. coli O157: 

H7 in the USA focussed on the meat industry.  Consequently, this influenced 

the way that food safety policies and interventions were implemented.  

Moreover, there has been a considerable amount of published research 

originating from the USA which is specifically targeted at the control or 

elimination of E. coli O157: H7.  Although this review has tried to provide a 

balanced view of the research, there will be sections that provide specific 

information on the policies and interventions developed in the USA.  Where 

appropriate, general policies and interventions implemented in the UK and 

other countries outside the USA are described.  Some of the specific 

interventions relating to the control of VTEC are described later. 
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7.1.1 UK and European policies 

 

In the UK and other countries, reducing the risk posed by VTEC and the 

effective removal of these bacteria from throughout the food chain has been 

via broad food safety policies and interventions, which are equally effective 

against a range of pathogens, including VTEC.  In the UK this approach can 

be partly attributed to the early association between E. coli O157 infections 

and environmental exposure, contact with animals and water following 

outbreaks and sporadic cases of infection.  In contrast, the primary cause of 

outbreaks in the USA in the past was contaminated meat and meat products, 

especially ground beef and burgers.  Furthermore, large-scale animal 

processing facilities and meat production in the US is more commonplace.  

Consequently, contamination arising from such a facility can result in large 

multi-state outbreaks, product recalls and huge financial losses to the meat 

industry.  It is therefore not surprising that policies in the US have specifically 

targeted improvements in food safety in this sector of the industry first. 

 

From 1 January 2006, new EU food hygiene legislation was applied 

throughout the UK.  The Regulations comprise of: a) Regulation (EC) 

852/2004 on the hygiene of foodstuffs, b) Regulation (EC) 853/2004 laying 

down specific hygiene rules for food of animal origin and c) Regulation (EC) 

854/2004 laying down specific rules for the organisation of official controls on 

products of animal origin intended for human consumption.  Regulation 

852/2004 lays down the general hygiene requirements for all food business 

operators.  Regulation 853/2004 supplements Regulation 852/2004 in that it 

lays down specific requirements for food businesses dealing with foods of 

animal origin.  The requirements of Regulation 852/2004 are generally 

sufficient to ensure food safety in establishments carrying out retail activities 

involving the direct sale or supply of food of animal origin to the final 

consumer.  The organisation of official controls on products of animal origin 

intended for human consumption is covered by Regulation 854/2004.  The 

legislation introduces a 'farm to fork' approach to food safety, by including 

primary production (farmers and growers) in food hygiene legislation.  As was 

required under previous legislation, all food businesses are required to be 

registered or approved with the competent authority, such as, in the UK, the 

Meat Hygiene Service or the local authority environmental health department, 

depending on the type of business.  The new legislation also requires food 

business operators, with the exception of farmers and growers, to put in place, 

implement and maintain a permanent procedure, or procedures, based on 

HACCP principles.  However, the legislation has been structured so that it can 

be applied flexibly and proportionately according to the size and nature of the 

food business.  Besides legislation in the UK, strict hygiene standards and 
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improvements in microbiological safety of foods has been driven by the food 

manufacturing and retail industry, professional organisations and trade 

associations, such as the Chilled Food Association, and to a lesser extent by 

Government. 

 

Although many general food safety policies and interventions will be effective 

against VTEC, there are guidelines and recommendations on food safety that 

specifically address the risk from VTEC.  Following the E. coli O157 outbreak 

in Central Scotland, 1996, the Pennington Group issued its report with a 

number of specific recommendations to minimise the risk of infection by E. coli 

O157 from cooked meats and meat products (The Pennington Group 1997).  

Examples of some of the recommendations given by the Pennington Group 

specifically relating to hygiene and controls are given in Table 7.1. 
 

Table 7.1 Examples of hygiene related recommendations given by the 

  Pennington Group following the E. coli O157 outbreak in 

  Central Scotland in 1996 
 

Category Summary of recommendations  

Farms and livestock There should be an education/awareness programme for farm workers 

covering: 

a) Existence/prevalence of E. coli O157. 

b) Potential for spread and the need for personal hygiene. 

c) Use of slurry or manure. 

d) Appropriate/clean condition of animals presented for slaughter. 

The above to be backed up by rigorous enforcement by the Meat Hygiene 

Service (MHS) at abattoirs. 

Practices and hygiene 

in slaughterhouses 

a) Implementation of a scoring system for clean/dirty animals by the MHS. 

b) Promotion of good practice in slaughterhouses (specifically in areas of hide 

and intestine removal). 

c) Good hygiene practice training of slaughterhouse workers. 

d) * HACCP to be enshrined in the legislation governing slaughterhouses and 

the transportation of carcasses and meat. 

e) Additional powers to the MHS to enforce standards at the abattoir for the 

transportation of meat and carcasses between licenced and non-licenced 

premises. 

f) Further consideration (involving industry/consumer interests) to be given to 

end-process treatments, e.g. steam pasteurisation. 

g) Resources of MHS to be targeted at higher risk premises. 

Practices and hygiene 

in meat products 

premises and 

butchersô shops 

a) Government to seek to have * HACCP enshrined in the review and 

consolidation of the vertical EU Directives. 

b) Government to seek to have * HACCP elements negotiated within the 

horizontal EU Directive. 

c) Government to review the application of the Meat Products (Hygiene) 

Regulations 1994 and guidance issued subsequently, to clarify which 

premises are intended to be covered by the regulations. 

d) Pending * HACCP implementation, selective licensing arrangements for 

premises not covered by the Meat Products (Hygiene) Regulations 1994 

should be introduced by new regulations. 
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Food hygiene at the 

point of consumption 

a) Food training should be given wherever possible within the primary and 

secondary school curriculum. 

b) Guidance and education about food handling should be included in all 

food and catering education and training courses (reinforced through 

periodic advertising and awareness initiatives). 

c) Local authorities to take steps to encourage the adoption of HACCP 

principles in non-registered premises where catering for functions for 

groups of people involving serving more than tea, coffee and 

confectionary goods. 

d) Employers should ensure that food handlers are aware of good hygiene 

practice (especially those working with vulnerable groups).  They should 

be trained to at least basic and preferably intermediate level. 

 

Since the Pennington report, changes in legislation have occurred and the UK 

Government has implemented several initiatives and guidelines to address the 

recommendations made by the Pennington Group.  These are discussed in 

more detail in the subsequent sections. 

 

In 1999, the Food Safety Authority of Ireland published its report ñThe 

prevention of E. coli O157: H7 infection - a shared responsibilityò (Anon 

1999a).  This report outlined some of the VTEC-associated risks throughout 

the food chain, control measures, and appropriate recommendations for each 

sector of the food chain including on-farm control, and advice for abattoirs and 

primary processors, retailers, caterers, consumers and vulnerable groups.  

Additionally, Bell (2002) describes approaches used to control or reduce the 

risk of VTEC contamination throughout the food chain and Parry and Palmer 

(2000) summarise some of the recommendations made in the UK for the 

control of VTEC O157 on farms, and in slaughter houses, meat production 

premises and the home.  A conference organised as part of an EU Concerted 

Action on VTEC (CT98-3935) in Oslo, Norway, 6-8th September 2000, 

specifically addressed the topic of control of VTEC.  The proceedings of this 

conference were subsequently published as a special issue of the 

International Journal of Food Microbiology (volume 66 numbers 1-2, 2001). 

 

7.1.2 Hazard Analysis Critical Control Point (HACCP) 

 

Nowhere has the ófarm to forkô strategy been more evident than in the meat 

industry, where considerable research has been directed at prevention and 

control of VTEC contamination.  A contributing factor to the prevention and 

control of VTEC throughout the food chain has been the adoption of 

procedures based on Hazard Analysis Critical Control Point (HACCP) 

principles.  Traditionally, HACCP style systems are used by food 

manufacturers to identify and control chemical, physical and microbiological 

risks during manufacturing processes.  However, this concept, along with 
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other similar risk-based systems has been adopted by other sectors of the 

food chain from primary production to manufacturing and even catering. 

 

The Pennington Report made several recommendations relating to the 

implementation of HACCP throughout the food chain, especially within the 

meat industry, and the need to include HACCP principles within legislation 

(see Table 7.1).  Since the Pennington Report there have been changes to 

legislation which have included the requirement to implement HACCP.  EU 

Regulation 852/2004 (Article 5) requires food business operators, including 

meat plant operators, to implement and maintain hygiene procedures based 

on HACCP principles.  This legislation replaced the Meat (HACCP) 

Regulations 2002.  In the UK the Food Standards Agency produced guidance 

material for meat plant operators to assist them with the implementation of 

HACCP.  This comprised a short guide to completing a HACCP Plan and the 

Guide to Food Hygiene & Other Regulations for the UK Meat Industry or 'Meat 

Industry Guide' (MIG) which provides a guide to the legislation as well as 

additional material to assist with implementing HACCP; for example, a 

HACCP plan template, a generic HACCP plan (selected steps for slaughter 

and cutting) and model documents. 

 

7.1.3 US Policies and E. coli O157 

 

Some countries, notably the USA, have introduced policies and interventions 

to specifically eliminate or reduce the risk from E. coli O157: H7 and other 

VTEC in the food chain.  As mentioned above, the attention given to 

implementing controls in the US meat industry can be attributed to the early 

recognition that E. coli O157: H7 outbreaks were being caused by 

contaminated raw meat products, especially beef burgers.  Moreover, large-

scale food processing operations by small numbers of companies in the USA 

has led to large multi-state outbreaks and the recall of substantial amounts of 

product.  A good example of this occurred in 2007 when a companies' beef 

burgers were responsible for a large E. coli O157 outbreak (CDC 2007).  This 

outbreak resulted in 40 reported illnesses (21 known hospitalisations) across 

8 States and the recall of 21.7 million pounds of ground beef products.  At the 

time this was the second largest beef recall in US history, which ultimately led 

to the closure of the business. 

 

In 1994, under the authority of the Federal Meat Inspection Act, the USDA 

Food Safety and Inspection Service (FSIS) in the US declared E. coli O157: 

H7 an adulterant in ground beef and implemented a testing program for this 

pathogen.  The FSIS policy also established an end-product sampling 

program for E. coli O157: H7 and encouraged the meat industry to implement 
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pathogen reduction and HACCP associated verification programs to reduce 

the risk of this pathogen in beef products.  In 1998, the FSIS published 

Directive 10,010.1 which outlined the testing program and verification 

activities implemented for E. coli O157: H7 in raw ground beef products, raw 

ground beef components and beef patty products.  Background information on 

the USDA FSIS policy regarding E. coli O157 is outlined in a White paper 

published by the USDA (Anon 1999b). 

 

As part of its policy for combating E. coli O157 contamination in beef products, 

in October 2002 the FSIS ordered all manufacturers of raw ground beef 

products to reassess their HACCP plans for E. coli O157: H7 in light of new 

scientific information on this pathogen, with a request for completion of these 

reassessments by April 2003 (USDA 2003b).  Among the initiatives introduced 

by the USDA were the assessment of meat plants by scientifically trained 

FSIS personnel and a comparison of documented HACCP systems against 

actual daily practice.  Subsequently, the meat producers, with assistance from 

the FSIS, implemented measures to reduce contamination as well as installing 

and validating new technologies designed to eliminate E. coli O157: H7.  In 

September 2002, the FSIS published guidance for minimising the risk of  

E. coli O157: H7 and Salmonella in beef slaughter practices (USDA 2002) and 

provided assistance for the identification of potential sources of contamination 

and development of intervention strategies.  Generic HACCP models and 

guides have also been made available by the FSIS via its web site 

(http://www.fsis.usda.gov) as well as a guide to assist FSIS evaluate all 

aspects of a manufacturer's system, including common hazards associated 

with processed meat and poultry products (USDA 2005b).  Similar strategies 

have also been implemented in slaughterhouses by various Governments 

around the world in order to reduce the risk of E. coli O157: H7 contamination.  

 

As of 18 April 2003, the FSIS issued an update notice which eliminated the 

possibility that certain establishments could be excluded from the testing 

program for E. coli O157: H7 (USDA 2003c).  The FSIS directive 10,010.1 

was rewritten to ensure consistency with the Agencyôs policies regarding 

O157: H7 and this revised directive was implemented on 17th May 2004 

(USDA 2004b).  These control measures and the implementation of the 

regulatory testing program by the FSIS and meat industry in the USA would 

appear to be having an effect on the incidence of E. coli O157: H7 in ground 

beef with reported declines in the number of positive samples over the past 

five years (also see Section 6.3.1).  According to the FSISôs data (USDA 

2005a), the overall number of regulatory samples testing positive for E. coli 

O157: H7 between 2000 and 2004 declined by more than 80% and the 

number of recall actions also continued to drop during the same period.  

http://www.fsis.usda.gov/
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Between 1996 and 2003, the incidence of E. coli O157: H7 human infection in 

the USA also declined by 42%, (Centers for Disease Control and Prevention 

2004), with the highest recorded decline first noted in 2003 and sustained in 

2004 (Centers for Disease Control and Prevention 2005).  In April 2004, the 

Centers for Disease Control and Prevention reported a 36% reduction in 

illness from E. coli O157: H7 in 2003 compared to 2002 (USDA 2005a).  

Whilst these trends can partially be attributed to the control measures 

implemented by the FSIS, other contributing factors will include improved 

hygiene in abattoirs and meat cutting plants and better consumer awareness 

of hygiene and food safety as well as safer cooking practices. 

 

In an attempt to understand the impact that the FSIS testing policy has had on 

reducing the incidence of E. coli O157: H7 in raw ground beef, results 

obtained from the FSIS E. coli O157: H7 testing program for fiscal year (FY) 

2000 to FY2003 were analysed by Naugle et al. using a main effects log-linear 

Poisson regression model (Naugle et al. 2005).  The findings from this study 

identified a 50% reduction in the rate of positive ground beef samples from FY 

2002 to FY2003 (Naugle et al. 2005) and a 54% reduction from FY2003 to 

FY2004 (Naugle et al. 2006).  These reductions coincide with the regulatory 

actions taken by the FSIS and action by the industry which, together with the 

reduced incidence of E. coli O157: H7 infections reported by the CDC, 

indicate that this approach to food safety has been effective. 

 

Whilst the risks associated with meats and meat products have been the 

subject of much research, less is known about the survival of E. coli O157: H7 

and other VTEC in other foods.  The realisation that these bacteria can 

contaminate and survive in certain foods (e.g. yoghurt, salami, salads etc.), 

some of which have been associated with outbreaks and sporadic cases of 

infection, has resulted in considerable research activity relating to these foods.  

However, less is known about the risks posed by many foods, especially 

those that have not been implicated in outbreaks, even though a theoretical 

risk may exist.  Consequently, there is now a wealth of scientific information 

on the survival of VTEC, particularly E. coli O157: H7, in foods already 

associated with outbreaks (e.g. raw meat and meat products and 

unpasteurised apple cider) and the effect of various intrinsic and extrinsic 

factors on their survival and growth.  In addition, there has been a 

considerable effort to develop effective treatments to remove or reduce 

contamination and implement effective intervention strategies at every stage 

of the food chain.  Although numerous treatments have been developed which 

appear to result in the effective removal, reduction or elimination of VTEC 

from animal carcasses and foods, the application of some of these treatments 

may not be permitted in certain countries.  Therefore, whilst this review 
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provides information on treatments which have been investigated during 

research studies, they may not have been implemented or used in the food 

chain.  Some of the measures introduced to control or prevent VTEC 

contamination in the food chain, including novel treatments developed to 

eliminate them, are described in the following sections. 

 

7.2 Agricultural practices 

 

We now know that certain domestic animals, particularly cattle and sheep, are 

primary reservoirs for VTEC and that certain farming practices can permit, and 

even assist with, the widespread dissemination of VTEC in the environment.  

As well as direct contact with carrier animals being a potential risk factor to 

humans, VTEC can occur in products derived directly from these animals 

such as raw meat.  However, VTEC can also be transmitted to man and foods 

by indirect routes including soil and water contaminated by animal faeces, 

slurries and manures (Duffy 2003).  Consequently, there are numerous routes 

of transmission for VTEC throughout the food chain.  Therefore, if control 

measures are to have the greatest effect, intervention strategies need to be 

implemented throughout, and ideally at the start of, the food chain or earlier, 

e.g. during primary production.  This way, contamination can be greatly 

reduced, or even eliminated, along with the risk to the consumer.  Not 

surprisingly, therefore, much research has focussed on agricultural practices 

and the development of suitable treatments or intervention strategies to 

control or avoid VTEC contamination during primary production.   

 

In the UK, the FSA set up a research programme (B17) to investigate the risks 

posed by the application of organic waste to land.  This research programme 

included research on the numbers of pathogens, their survival and the risks 

posed by pathogens, including E. coli O157, in manure and other organic 

wastes (FSA 2004b).  Some of the findings from this research are described 

in Section 7.4.1). 

 

7.3 Animals (husbandry) 

 

Preventing infection of people from animals requires a multi-layered approach. 

Reducing the risk of contamination on the farm and preventing the spread of 

VTEC between animals in a herd are important elements of controlling VTEC 

contamination.  Gaining a greater understanding about the prevalence of 

VTEC in animals and routes of transmission is therefore vital.  In the UK 

information on zoonoses, including VTEC, has been collated into the annual 

zoonoses reports by Defra using information provided by several UK 

Government funded organisations.  These reports provide useful information 
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about human infections, laboratory reporting trends, VTEC in food and animal 

infection, and past reports have given brief information on VTEC in cattle 

interventions and abattoir control measures.  These reports have been 

produced annually since 1998 and copies can be obtained from Defra at the 

following address: www.defra.gov.uk/animalh/diseases/zoonoses/reports.htm. 

 

At present, there are no efficient ways to totally decolonise animals and, 

hence, entirely remove E. coli O157 and other VTEC from the human food 

chain.  As a result, screening for indicator bacteria including testing for generic 

E. coli, and surveillance of carcasses at the abattoir and at subsequent points 

along the processing chain have been the main approaches used to identify 

potential contamination risks and, where necessary, implement suitable 

interventions to avoid contamination further down the food chain.  On farms, 

there are several areas where potential controls or intervention strategies can 

be introduced to reduce VTEC colonisation of livestock and transmission 

between animals.  Some of these controls are the topic of published papers 

(Duncan et al. 2000; Hancock et al. 2001; Reinders et al. 2001; Callaway et 

al. 2004a; Hussein and Sakuma 2005). 

 

The first lines of defence against VTEC are to:  

 

a) Reduce the number of VTEC in the gut 

b) Prevent colonisation and carriage in farm animals before they enter the 

food chain 

c) Improve farm hygiene 

d) Prevent animal-to-animal transmission on the farm 

e) Prevent or reduce dissemination of VTEC among animals and in the 

environment 

f) Reduce shedding and animal-to-animal transmission during transport prior 

to slaughter 

 

The above elements of VTEC control in livestock and from the farm to abattoir 

stage of production have been identified as mid and long term priorities by the 

Dutch Government in their initiative to control VTEC included in their 

óMasterplan VTECô (Reinders et al. 2001).  

 

7.3.1 Diet 

 

One topic, which has resulted in conflicting reports in the scientific literature, is 

the effect of diet on shedding of E. coli O157.  Work by (Kudva et al. 1995) 

showed that introducing a dietary change with brief starvation caused uniform 

shedding and clearance of E. coli O157: H7 in sheep.  The potential benefit of 
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adjusting diet in sheep and other ruminants before slaughter has been the 

focus of research over the past decade, although there are arguments for and 

against the use of this approach as an intervention strategy, which are 

discussed in published reviews (Duncan et al. 2000; Russell et al. 2000a; 

Hancock et al. 2001; Callaway et al. 2003c).  The use of finishing diets for 

cattle (and other ruminants) immediately prior to slaughter has been adopted 

in some countries.  Examples include the USA and Canada and to a lesser 

extent Mexico and Australia.  Compared with the USA, barley instead of 

maize is more commonly used in Canada (T. Callaway, personal 

communication).  However, in the USA, the USDA FSIS has indicated that it 

does not currently have any recommendation on diet because of the lack of 

scientific support for this strategy (USDA 2006). 

 

Differences in E. coli O157: H7 shedding in cattle fed on corn and barley and 

the effect of specific feed ingredients on the frequency and magnitude of 

faecal shedding has been reported previously (Berg et al. 2004).  Compared 

with corn fed cattle, higher prevalence of E. coli O157: H7 has been 

associated with barley (grain) fed animals (Buchko et al. 2000; Berg et al. 

2004).  Feeding cattle on grain has been associated with promoting growth 

and acid resistance of E. coli in cattle (Diez-Gonzalez and Russell 1999; 

Russell et al. 2000b; Callaway et al. 2003c; Fu et al. 2003).  Theoretically, this 

may inadvertently increase the prevalence of E. coli O157: H7 in these 

animals.  It has also been reported that when animals are fed grain, some 

starch escapes microbial degradation in the rumen and this passes into the 

hind gut where it is fermented; E. coli O157: H7, which are capable of 

fermenting sugars released from starch breakdown in the colon, are able to 

utilise this (Callaway et al. 2003c).  Furthermore, Callaway et al. suggested 

that excess carbohydrate in the hind gut is likely to influence the microbial 

ecology in this region, including the potential proliferation of VTEC, although 

this hypothesis has not been fully investigated.  The type of dietary 

carbohydrate has also been shown to have a significant effect on E. coli 

numbers and the concentration of EHEC virulence genes in the faeces of 

cattle (Gilbert et al. 2005).  Gilbert et al. (2005) also showed that animals 

finished on roughage and roughage + 50% molasses were associated with 

reduced shedding of E. coli containing virulence genes.  A possible 

explanation for these observations put forward by Gilbert et al. (2005) is that 

the dietary carbohydrate from diets incorporating roughage and roughage + 

50% molasses could be providing a substrate for the proliferation of 

commensal E. coli and other organisms.  As these commensal strains 

increase in number, they in turn influence the number of potentially 

pathogenic E. coli strains found in the faeces of these cattle. 
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The formation of volatile fatty acids (VFA), e.g. acetate, propionate and 

butyrate, from carbohydrates in the diet is another important factor that can 

affect survival of E. coli O157: H7 in the rumen (Duncan et al. 2000).  The 

effect of VFA on cells of E. coli has been studied by Cherrington et al. (1990; 

1991a; 1991b).  Inhibitory actions by VFA include inhibition of macromolecular 

synthesis (Cherrington et al. 1990) and lowering of the internal cell pH.  

Cherrington et al. (1991a) concluded that sublethal concentrations of formic 

and propionic acid inhibit DNA synthesis without physically damaging the DNA 

molecule or starving the cell of essential thymine or otherwise inducing an 

SOS response.  Feeding hay for a short period (5 days) before slaughter is 

reported to decrease the number and acid resistance of E. coli dramatically 

(Russell et al. 2000b).  Abruptly switching cattle from a high grain diet to a hay 

(forage) diet has also been reported to reduce faecal carriage and shedding of 

E. coli O157: H7 in cattle, but there are also reports that this has little effect 

(Callaway et al. 2003c).  It has also been reported that numbers of E. coli 

O157: H7 can be higher and carriage longer in cattle fed a forage diet 

compared with those on a grain diet (Van Baale et al. 2004).  Another 

potential control associated with forage plants that has not been fully 

investigated or understood, is the antimicrobial effect of phenolic acids 

commonly found in these plants.  One study showed that  

E. coli O157: H7 can be reduced by phenolic acids associated with forage 

plants when added to cattle faeces (Wells et al. 2005).  Candidate plant 

compounds with antimicrobial activity against E. coli O157: H7 and other 

VTEC, and their potential to destroy these bacteria in faeces and reduce 

faecal shedding, therefore warrants further investigation.  Briefly fasting 

animals to affect rumen content is one approach that has been used to reduce 

faecal shedding of VTEC.  However, the results from a study by Harmon et al. 

(1999) indicate that fasting calves for 48h periods had little effect on E. coli 

O157: H7 shedding rates in these animals, despite changes in the rumen pH 

and concentration of VFA. 

 

7.3.2 Competitive exclusion 

 

There has been a concerted research effort worldwide to investigate and 

understand mechanisms of bacterial colonisation in domestic animals, 

particularly cattle, and the host associations that exist between VTEC and 

these animals.  Much of this research has focussed on investigating 

attachment mechanisms and colonisation factors and, understanding 

pathogenesis in ruminants.  However, the knowledge gained from this 

research has also improved our understanding of the behaviour of VTEC in 

these animals, and contributed to other aspects of VTEC research, including 

the development of potential intervention strategies in farm animals, especially 



   

Report No.: MB/REP/106304 Page 374 t:\2008\cb\review\se00683 

 

cattle.  A broad range of pre-slaughter intervention strategies to reduce 

shedding and carriage in cattle can be imposed before slaughter.  Some of 

these measures have been the topic of research by the Food and Feed Safety 

Research Unit (ARS USDA, Texas USA) and they are described in published 

reviews by Callaway et al. (ARS USDA) (Callaway et al. 2003a; Callaway et 

al. 2004a; Callaway et al. 2004b). 

 

Prevention or reduction of VTEC colonisation in farm animals, especially cattle 

and sheep, has largely focussed on two approaches: probiotic bacteria and 

prebiotic diet supplements.  Competitive exclusion involves the administration 

of probiotic bacteria.  These bacteria, often referred to as direct fed microbials 

(DFM), can be artificially introduced into animals via feed or other methods.  In 

the rumen, or colon, these bacteria have antagonistic effects against E. coli 

O157: H7 and other bacteria by producing antimicrobial compounds or by out-

competing the unwanted bacteria.  The application of DFMs in ruminant diets 

and their modes of action, including their use against E. coli O157: H7 in 

feedlot cattle, is described in a review by Krehbiel et al. (2003).  Results from 

an artificial rumen model suggest that E. coli O157: H7 populations are 

decreased by competitive exclusion and remain unaffected by culture pH 

(Thran et al. 2003).  The majority of studies using competitive exclusion 

against VTEC have focussed on inhibition of E. coli O157: H7 in cattle.  In a 

study published by Zhao et al. (1998), 18 probiotic bacteria (17  

E. coli and 1 Proteus mirabilus) previously isolated from cattle faeces or 

gastrointestinal tissue were shown to inhibit E. coli O157: H7.  Administration 

of these bacteria at 1010 cfu to calves followed by the same level of E. coli 

O157: H7 two days later resulted in a gradual decline in rumen and faecal 

carriage of this pathogen.  Colicin-producing strains of E. coli with activity 

against E. coli O157: H7 have been previously investigated and characterised 

(Schamberger and Diez-Gonzalez 2004).  In a subsequent trial using a colicin 

E7-producing strain of E. coli, results indicated that daily addition of 108 cfu 

per gram of feed given to cattle could reduce faecal shedding of E. coli O157: 

H7 (Schamberger et al. 2004).  In another study, strains of E. coli, isolated 

from bovine colon, which produce bacteriocins inhibitory to E. coli O157: H7 

have been reported (Etcheverria et al. 2006).  Lactic acid bacteria (LAB), 

typically comprising strains belonging to the genera Lactobacillus, 

Streptococcus, Enterococcus, Leuconostoc and Pediococcus, are known for 

their ability to inhibit pathogens in foods, especially fermented foods where 

their activity plays an important role in the production of these foods.  Strains 

of LAB isolated from cattle faeces, with satisfactory resistance to low pH and 

bile tolerance, have been shown to exhibit inhibitory properties against E. coli 

O157: H7, making them good potential candidates as competitive exclusion 

products to reduce E. coli O157: H7 shedding in cattle (Brashears et al. 
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2003b).  Trials with cattle given daily dietary supplementation with 

Lactobacillus-based DFMs showed that E. coli O157: H7 shedding can be 

reduced, but not entirely eliminated, in cattle using this approach (Brashears 

et al. 2003a) and that strains of Lactobacillus acidophilus and 

Proprionibacterium freudenreichii used in DFMs can decrease E. coli O157 

shedding in finishing beef steers (Elam et al. 2003).  These and other studies 

involving competitive exclusion have highlighted the potential benefits of this 

approach, although further research is necessary to fully characterise the 

types of bacteria which could be used in this way and the compounds they 

produce which are inhibitory to E. coli O157: H7 and other VTEC. 

 

To date, much research involving competitive exclusion has involved inhibition 

of E. coli O157: H7.  In one study that did include other VTEC serotypes, 

probiotic treatment of calves by feeding competitive exclusion E. coli strains 

substantially reduced or eliminated E. coli O157: H7 and E. coli O111: H - 

shedding, yet E. coli O26: H 11 was unaffected and faecal shedding and 

gastrointestinal persistence by this serotype continued (Tkalcic et al. 2003).  

Although the use of colicin-producing E. coli strains in feed has been shown to 

reduce E. coli O157: H7 shedding in cattle by up to 20% (Schamberger et al. 

2004), resistance to certain colicins may limit the success of this approach.  

The effectiveness of colicin-producing strains of E. coli against E. coli O157: 

H7 has been assessed (Schamberger and Diez-Gonzalez 2005).  It was 

concluded that colicin D is the most predominant colicin produced by 

colicinogenic E. coli O157: H7 strains, and that resistance to colicins is more 

likely to occur if only single colicins are used in this way.  Furthermore, it is not 

clear if other VTEC serotypes could be eliminated in this way or what the 

extent of colicin resistance is amongst other VTEC serotypes in ruminants. 

 

An alternative approach to feeding probiotic bacteria is to use prebiotic diet 

supplements or alter feed to enhance the growth of the probiotic bacteria, 

especially naturally occurring commensal bacteria.  Supplementing feeds with 

carbohydrates that the pathogen is unable to utilise, thus depriving the 

pathogen of nutrients, or ones which can only be utilised by the indigenous 

microflora which may result in formation of VFAs, offers a potential way of 

increasing the competitive exclusion effect.  This approach has similarities to 

adjusting the diet of animals, as described previously, although diet 

supplements are applied in a more defined and controlled manner to achieve 

the desired effect whereas diet changes rely on natural processes.  Using this 

approach, displacement of E. coli O157: H7 in an artificial rumen-like 

environment in 72h has been demonstrated with sorbitol, although sorbitol-

positive mutants able to utilise this carbohydrate were reported (de Vaux et al. 

2002).  In this same study, similar results were reported with L-arabinose, 
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trehalose and rhamnose, but the presence of mutants able to utilise these 

sugars was not determined.  This approach may improve competitive 

exclusion of E. coli O157: H7 in cattle, although it is unclear if this has been 

trialled in cattle or other ruminants and if there are any major limitations of 

such an approach.  For example, it is unlikely that such an approach would be 

suitable for a wide range of VTEC.  The growth of some VTEC serotypes 

could be inadvertently increased by certain supplements, although this should 

be unlikely providing a high commensal ruminal microflora is maintained to 

ensure displacement of the unwanted bacteria. 

 

It is apparent from the research that competitive exclusion can be used as an 

effective intervention against carriage of E. coli O157: H7 in cattle and other 

ruminants.  However, there is not enough information to draw conclusions 

about the effectiveness of this strategy against other VTEC and larger field 

trials would be necessary to establish the true effectiveness of this approach 

against E. coli O157: H7 and other VTEC. 

 

7.3.3 Dietary supplements 

 

Another approach to reducing shedding of E. coli O157: H7 in ruminants, 

especially cattle, has been the use dietary factors or supplements which 

directly inhibit this pathogen.  One compound researched by the USDA for its 

potential role in reducing shedding of E. coli O157: H7 in farm animals is 

sodium chlorate.  This compound is reduced to the cytotoxic end-product 

chlorite by the action of nitrate reductase, which is present in members of the 

Enterobacteriaceae.  Various published studies have reported that chlorate 

supplementation reduces populations of E. coli O157: H7 in ruminal contents 

and in experimentally infected cattle, sheep and pigs (see Table 7.2).  

Although results from these studies are promising and indicate a potential pre-

treatment for animals prior to slaughter, chlorate is toxic to small mammals 

and not enough research has been conducted to determine the toxicity of 

chlorate and the extent of its accumulation in the tissues of ruminant animals 

(Callaway et al. 2003b).  The FDA has to also consider whether sodium 

chlorate is generally recognised as safe (GRAS) or if it should be regulated as 

a food additive, feed additive or drug (USDA 2006).  The uncertainty 

associated with the safety of sodium chlorate means that cattle receiving this 

treatment must not be sent for slaughter if they are destined for human 

consumption (USDA 2006). 

 

Another potential pre-slaughter diet supplement is caprylic acid (octanoic 

acid), a natural eight-carbon fatty acid present in human breast milk and 

bovine milk (up to 3% milk fat).  Caprylic acid has been reported to reduce  
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E. coli O157: H7 by ca 3.0 and 5.0 log10 cfu/ml after 8h and 24h, respectively, 

in buffered rumen fluid (pH 6.8) when used at a concentration of 35mM 

(Annamalai et al. 2004).  The contribution of caprylic acid or other compounds 

in bovine milk to the effective reduction of E. coli O157 has not been fully 

investigated in animals, although in one study, young calves still receiving milk 

were reported to have a significantly lower level and prevalence of E. coli 

O157 (Hutchison et al. 2005b). 

 

Table 7.2 Published results showing the effectiveness of 

sodium chlorate supplementation against  

E. coli O157: H7 and its potential use as a  

pre-slaughter treatment in farm animals 

 

Animal or 

experimental matrix 
Treatment or intervention  Effect Reference 

Ruminal contents (in 

vitro) 

Potential application to cattle 

feed or drinking water prior to 

slaughter. 

ca 6 log10 reduction in buffered 

ruminal contents (pH 6.8) with 

5mM chlorate. 

(Anderson et 

al. 2000) 

Gut of experimentally 

infected pigs 

Oral administration - 3 

successive (8h apart) doses 

100mM chlorate. 

1.0-2.9 log10  cfu/g reduction in E. 

coli O157: H7 and 1.1 to 4.5 log10 

reduction in wild type E. coli in gut 

contents. 

(Anderson et 

al. 2001) 

Gut of experimentally 

infected cattle 

100mM chlorate provided via 

drinking water for 24h prior to 

exsanguination. 

ca 2 and 3 log10  cfu/g reduction in 

E. coli O157: H7 in the rumen and 

faeces, respectively. 

(Callaway et 

al. 2002) 

Gut of experimentally 

infected sheep 

100mM chlorate provided via 

drinking water for 24h.  Feed 

and water removed 72h prior 

to exsanguination. 

ca 1.5-4.5 log10  cfu/g reduction in 

E. coli O157: H7 depending on 

location in GI tract. 

(Callaway et 

al. 2003b) 

 

Supplementing animal feeds with Tasco-14, a proprietary product based on 

Brown seaweed (Ascophyllum nodosum) and a source of cytokinins with 

increased antioxidant activity, is another potential method of reducing E. coli 

O157: H7 prevalence in cattle that has been investigated.  One published 

study revealed that 2% Tasco-14 supplementation of feedlot cattle diet 14 

days prior to exsanguination reduced prevalence of E. coli O157: H7 by 33 to 

36% on hide swab samples and 9 to 11% in faecal samples from treated 

animals (Braden et al. 2004).  The use of Tasco as a pre-slaughter 

intervention in cattle is being investigated by the USDA FSIS (USDA 2006). 

 

The activity of growth promoting antimicrobials such as ionophores against  

E. coli O157 has been investigated to determine their suitability for reducing 

shedding in animals.  However, in one study, short-term feeding of ionophores 

to experimentally infected sheep was reported to have limited effect on the 
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prevalence of E. coli O157: H7 in these animals (Edrington et al. 2003).  The 

effect of long term feeding of ionophores to animals and the effect of these 

compounds against E. coli O157: H7 and other VTEC, as well as their effect 

against normal gut microflora would require further investigation if this 

approach is to be progressed further. 

 

The prophylactic use of antibiotics in animals remains controversial, especially 

given the concerns associated with the rise in antibiotic resistance in bacteria 

found in animals and in human clinical isolates.  Furthermore, whilst some 

antibiotics will inhibit E. coli O157: H7 and other VTEC, others may have little 

or no effect on shedding in animals and, in some situations, certain antibiotics 

may even increase shedding or toxin production by VTEC.  In one study, 

oxytetracycline and neomycin in milk replacer are reported to increase 

shedding of E. coli O157: H7 in calves, albeit for a short duration and only low 

magnitude (Alali et al. 2004).  Antibiotics approved for use in cattle were being 

investigated by the USDA FSIS as a pre-slaughter treatment to reduce or 

eliminate shedding of E. coli O157: H7 in cattle (USDA 2006).  However, 

given current concerns over antibiotic resistance among zoonotic pathogens 

in animals, the prophylactic use of antibiotics as a treatment is probably not an 

acceptable strategy.  Reducing the use of antibiotics in animals pre-slaughter 

instead would be a better option. 

 

7.3.4 Alternative treatments 

 

7.3.4.1 Bacteriophage treatment 

 

Bacteriophage treatment could play an important role in the control of E. coli 

O157 in animals and foods (Kudva et al. 1999; Callaway et al. 2004a; O'Flynn 

et al. 2004).  The use of bacteriophages to control VTEC in animals has not 

been extensively investigated, although there are reports of their use to 

reduce faecal shedding of E. coli O157: H7 in calves (Waddell et al. 2000) and 

also in an artificial rumen system and inoculated sheep (Bach et al. 2003).  To 

date, studies with bacteriophages have been limited to E. coli O157 and their 

use against other important VTEC serotypes, e.g. O26: H11 has received little 

or no attention.  At present, the use of bacteriophages to control pathogens 

has not been widely accepted, and there still remains much to learn about the 

potential benefits or drawbacks associated with this approach to the control of 

VTEC in both animals and in the food chain.   

 

It would appear from the study by Bach et al. (2003) that, under certain 

conditions, non-specific adsorption or inactivation of the bacteriophage prior to 

reaching the lower intestinal tract of the animal can occur, thus reducing the 
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effectiveness of this approach.  Sheng et al. (2006) also showed that oral 

treatment of sheep with lytic bacteriophage KH1 did not reduce intestinal  

E. coli O157.  In contrast, a trial reported by Raya et al. (2006) demonstrated 

that sheep receiving a single oral dose of bacteriophage CEV1 showed a 2 

log unit reduction in the levels of intestinal E. coli O157: H7 compared to the 

controls.  However, in the study by Sheng et al. (2006) oral treatment of cattle 

with another phage (SH1) alone and in combination with KH1 did result in 

removal of E. coli O157: H7 within 2-6 days after treatment.  Besides oral 

administration of phage, Sheng et al. (2006) showed that direct application of 

phage to the recto anal junction mucosa of steers, and maintaining high 

phage titres (106 pfu/ml) in drinking water did reduce the numbers of E. coli 

O157: H7, but this did not eliminate the bacteria from the majority of animals.  

The results from these studies indicated that oral application of phage can 

give different results.  Unlike direct application of phage to live animals, using 

phage to reduce or eliminate colonisation or shedding of E. coli O157: H7 has 

been less successful.  Optimising the administration of bacteriophages, the 

type and combination of phages used, and assessing their effectiveness 

during passage through the animal requires additional research.  An 

alternative approach using phage treatment is to apply the phage as a wash 

or mist to a live animal prior to slaughter (see Section 7.3.6.2). 

 

7.3.4.2 Vaccines 

 

Perhaps the most promising intervention treatment for cattle is the 

development of vaccines against E. coli O157: H7.  There have been several 

strategies used in the development of a human vaccine against E. coli O157: 

H7 (Horne et al. 2002), yet a suitable vaccine has still to be fully developed 

and subjected to clinical trials in humans.  In contrast, there have been field 

trials of vaccines against E. coli O157: H7 in cattle and results have been 

promising.  Approaches used include developing vaccines that prevent or 

minimise colonisation by interfering with the mechanisms involved in this 

process or which induce production of antibodies against the pathogen.  

Several research groups have been involved with the development and 

application of vaccines against E. coli O157: H7 in cattle. 

 

One example is the Bioniche (Bioniche Life Sciences Inc., Canada) vaccine 

against E. coli O157: H7 in cattle which was developed in 2001 through a 

collaboration between the University of British Columbia (UBC) in Vancouver, 

the Vaccine and Infectious Disease Organization (VIDO) at the University of 

Saskatchewan in Saskatoon, and the Alberta Research Council in Edmonton, 

Canada.  This vaccine comprises type III secreted proteins that play a role in 

colonisation of the intestine.  In a press release by the University of 
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Saskatchewan it was announced that this vaccine could potentially reduce 

colonisation and shedding by E. coli O157: H7 (Anon 2001b).   

 

Results from a feedlot trial of the Bioniche vaccine demonstrated a reduction 

in shedding in vaccinated cattle (Potter et al. 2004).  In a later feedlot trial to 

assess the effectiveness of this vaccine, the results were less conclusive and 

there appeared to be no significant difference between vaccinated and non-

vaccinated animals (Van Donkersgoed et al. 2005).  However, in a trial 

reported by Peterson et al. (2007a) results showed that vaccinated cattle were 

98.3% less likely to be colonised by E. coli O157: H7 in terminal rectum 

mucosal cells and that vaccinated cattle displayed a significant humoral 

immune response to the vaccine.  In a study to evaluate the number of doses 

of this vaccine and the effect on shedding of E. coli O157, Peterson et al. 

(2007b) reported that cattle receiving 3 doses of vaccine were significantly 

less likely to shed E. coli O157 than unvaccinated cattle.  Furthermore, 

vaccinating the majority of cattle within a pen was shown to offer a significant 

protective effect to unvaccinated cattle in the same pen (herd immunity).  In 

2006 the Bioniche E. coli O157: H7 cattle vaccine was authorised for field use 

in Canada by the Canadian Food Inspection Agency (CFIA) and in 2008 this 

vaccine was deemed eligible for a conditional license in the U.S. by the 

USDA. 

 

Another target for vaccine development has been to use vaccine based on 

intimin.  The primary aim of using vaccines against intimin is to stimulate 

mucosal antibody response and induce adherence blocking antibodies that 

reduce the level or time of faecal shedding of E. coli O157: H7 in the host 

animal.  Alternative candidate vaccines investigated by the Institute of Animal 

Health, UK have included vaccines based on intimin and EHEC factor for 

adherence (Efa-1) polypeptides.  Both vaccines were shown to induce 

humoral immunity in cattle but they but did not protect against colonisation 

(van Diemen et al. 2007).  The use of purified recombinant colonisation factor 

EspA as a vaccine in calves was also investigated by this group.  Dziva et al. 

(2007) reported that although EspA induced an antigen-specific humoral 

response it did not protect calves against intestinal colonisation by E. coli 

O157: H7 upon experimental infection. 

 

An oral vaccine based on the intimin protein was produced using a transgenic 

plant cell system to express intimin (Judge et al. 2004).  This low-cost and 

efficient means of producing vaccine antigen was reported by Judge et al. to 

be effective for generating an intimin-specific mucosal immune response and 

reduced duration and shedding of E. coli O157: H7 in mice.  Research has 

also been planned to construct a transgenic corn that expresses E. coli O157 
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intimin in its seeds which can be given to animals (USDA 2006), although no 

published information is available at present on the effectiveness of this 

approach.  Although the use of genetically modified plants does offer a low 

cost and efficient method of producing vaccine antigens, the public perception 

and acceptability of genetically modified organisms (GMO) may limit the 

uptake of this approach. 

 

The use of vaccination to reduce shedding and potentially eliminate VTEC 

from cattle is a major step forward in reducing the level of VTEC entering the 

food chain.  Research in the US and Canada would indicate that this 

approach can significantly reduce E. coli O157: H7 in cattle and in 2008 a 

commercially available vaccine was deemed eligible for a conditional licence 

in the U.S.  Compared with vaccination bacteriophage treatment appears to 

be less successful at preventing colonisation.  However, the use of phage to 

eliminate E. coli O157: H7 from the hides of live cattle prior to slaughter may 

prove a more effective way of using bacteriophage.  Moreover, although the 

use of vaccination may be more acceptable to consumers because they are 

familiar with the concept, the use of bacteriophage treatment may prove less 

popular.  Furthermore, these and other treatments may not be permitted in 

some countries. 

 

7.3.5 The farm environment 

 

It is known that VTEC, including E. coli O157: H7, are present in the 

environment and that carriage by wild animals, birds, flies etc. can potentially 

contribute to their distribution and transmission to farm animals.  On the farm, 

housing and bedding for domestic animals are important potential sources of 

VTEC contamination that can facilitate their transmission to these animals.  

The provision of good housing and clean bedding can help to reduce the 

spread of the organisms between animals.  This is especially important for 

milking animals and animals prior to slaughter.  Faecal contamination of cattle 

hides prior to slaughter has been shown to be an important factor associated 

with carcass contamination (see Section 6.3 and 7.3.6). 

 

In milking herds, faecal contamination of udders presents a risk of pathogens 

entering the raw milk.  Therefore, effective cleaning procedures should be 

implemented to remove faecal material from udders prior to milking.  During 

milking, hygiene precautions can be implemented to reduce the risk of 

transferring pathogens, including VTEC, to milk.  As these organisms are 

commonly carried in the intestinal tract of ruminants, including those used in 

raw milk production, e.g. cows and goats, preventing faecal material from 

contaminating the milk is an important step in reducing the incidence of VTEC 
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in raw milk.  On the farm, good animal husbandry reduces udder infections 

which can allow pathogenic bacteria to be introduced into the milk.  Bovine 

mastitis can be caused by E. coli (Jones 1990), although there is little if any 

published evidence that mastitis can be caused by E. coli O157.  In a study by 

Turutoglu and Madul (2002), E. coli was isolated from 50 (13%) of 382 

mastitic milk samples in the Burdur province of Turkey, but none were 

identified as E. coli O157.  There is little published information to indicate if 

VTEC, including non-O157 strains are responsible for mastitis, although both 

VTEC and other E. coli come from the same faecal origin and can be isolated 

from the cows environment.  Although pasteurisation is an effective treatment 

for removing vegetative pathogens, including VTEC, from milk, there is 

concern over the risks posed by raw milk.  Raw milk and products made with 

raw milk, such as cheeses, have been responsible for outbreaks of E. coli 

O157 infection in the past (see Tables 5.5 and 5.7 and Section 6.3.2).  With 

the increased popularity of products such as cheeses made from 

unpasteurised milk, strict hygiene and good quality and process control during 

their manufacture are essential. 

 

During cattle housing, animal grooming and contamination of hides by animals 

shedding E. coli O157: H7 have been highlighted as potential sources of 

horizontal transmission (McGee et al. 2004).  If there is a high shedding 

animal in a herd, the risk of horizontal transmission between animals is greatly 

increased, although other factors described below will contribute to horizontal 

transmission, especially if the animals are kept in confined surroundings.  

 

In a study using cattle experimentally inoculated with E. coli O157: H7, Davies 

et al. (2005) showed that bedding was the most common environmental 

sample to be culture positive.  In the absence of animals it was shown that  

E. coli O157: H7 was able survive for up to 35 days in experimentally 

contaminated cedar chip bedding and 60 days in grass hay feed.  

Furthermore, bedding moistened with urine was shown to support the growth 

of E. coli O157: H7.  Davies et al. (2005) also showed that environmental 

samples were frequently positive for E. coli O157: H7 at times when animals 

were culture negative.  These findings highlight the important role that 

contaminated bedding can play in the transmission of VTEC between animals.  

It also revealed the potential risk posed to humans by contaminated bedding, 

for example, during farm visits or when children enter pens at petting zoos. 

 

Compared to feed or drinking water, faeces on pen floors are reported to be a 

more significant source of contamination or transmission between animals 

(Bach et al. 2005).  In faeces and water, E. coli O157: H7 is reported to 

survive for up to 97 days and 109 days, respectively (Scott et al. 2006).  In 
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farm water kept under field and shed conditions, E. coli O157: H7 can survive 

at temperatures less than 15°C for up to 24 days (McGee et al. 2002).  These 

findings highlight the potential role that water on farms can play in the survival 

and transmission of VTEC. 

 

The potential role of drinking water in the transmission of VTEC to cattle has 

been the subject of past research.  In one investigation of the microbial quality 

of livestock drinking water, E. coli O157: H7 was reported to proliferate in 

experimental microcosms simulating cattle water troughs (LeJeune et al. 

2001).  Furthermore, in this same study, reduction of protozoal populations by 

treatment with cycloheximide was reported to be associated with increased 

persistence of E. coli O157 concentrations in the microcosms.  Although the 

significance of water as a route of horizontal transmission has not been 

decisively proven, interventions at the water trough level, including 

chlorination, ozonation, and frequent cleaning, may assist with reducing 

contamination by E. coli O157: H7 (Callaway et al. 2004a).  Water trough 

design and preventing water contamination by faeces and organic matter are 

other important interventions that are being considered by the USDA (2006).  

Use of hyperchlorination (2-5 ppm) and electrolysed oxidising (EO) water are 

two approaches that have been investigated by the USDA, but chlorine levels 

can be difficult to maintain and the use of EO water has not been subjected to 

field trials (USDA 2006).  One published trial has demonstrated the potential 

effectiveness of EO water for controlling E. coli O157: H7 in water, but it was 

also acknowledged that accumulation of organic matter in water troughs can 

eliminate the bactericidal properties of EO water (Stevenson et al. 2004). 

 

7.3.5.1 Animal feeds 

 

As well as water, Hancock et al. (2001) highlighted animal feeds as a potential 

source of contamination, which could be responsible for the worldwide 

dissemination of E. coli O157: H7 and other VTEC strains.  It is known that 

animal feeds can harbour enteric bacteria, including Salmonella.  In a study of 

1070 feed ingredients E. coli was isolated from 48% (516) and Salmonella 

from 5.3% (57) of the samples tested (Dargatz et al. 2005).  Previous studies 

have also highlighted levels of up to 10% contamination by E. coli O157 in 

animal feed samples (Dodd et al. 2003).  In the UK Defra funded a project to 

investigate the incidence and control of VTEC in animal feeds (Defra project 

OZ 0711).  This study showed that forages used for livestock feed can 

harbour E. coli, including VTEC, and that grass, of which 6% tested were 

VTEC-positive, can potentially act as a vector.  Correctly fermented forage 

maize-produced feed was considered unlikely to contain E. coli O157 or toxin-

bearing phages (Hutchison et al. 2006). 
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Commercially pelleted feeds are subjected to heat treatment, although the 

effect of dry heat on the survival of E. coli O157 in animal feeds has not been 

extensively studied.  In a study by Hutchison et al. (2007) E. coli O157 

exposed to 70°C for 2 min achieved a 2 log reduction in numbers in dry feed 

components.  The authors concluded that the time/temperature combinations 

used in a commercial pelleting process would be insufficient to eliminate high 

numbers of E. coli O157.  Although there is a potential risk that animal feeds 

can become contaminated, there have been few published studies examining 

animal feeds for the presence of E. coli O157: H7 or other VTEC. 

 

7.3.6 Hide contamination and decontamination treatments 

 

Stress, induced by transportation, in cattle and other animals, has been 

associated with increased faecal carriage and contamination of hides by 

pathogens including E. coli O157 (Barham et al. 2002).  The Pennington 

report (1997) recognised that animals presented for slaughter should be in a 

clean condition to reduce the risk of contamination from faecal material.   

 

7.3.6.1 UK Clean Livestock Policy 

 

In response to the Pennington Group Report recommendation on clean 

livestock, and to improve hygiene standards in abattoirs in the UK, in 

September1997 the Meat Hygiene Service (MHS) published the Clean 

Livestock Policy.  This policy sets out the standards for acceptable and 

unacceptable levels of cleanliness for cattle and sheep being presented for 

slaughter.  

 

Main aims of the Clean Livestock Policy: 

 

 ensure a consistent approach to categorisation of animals presented for 

slaughter. 

 minimise the risk of food poisoning caused by bacteria on dirty coats and 

fleeces of cattle and sheep. 

 

The policy requires animals to be inspected by the MHS at the ante-mortem 

stage for cleanliness and dryness against the categories identified in the 

policy.  Any animal that does not meet the required standard of cleanliness 

described in the policy is rejected for slaughter.  The criteria for identifying the 

cleanliness of cattle and sheep is separated into five categories, ranging from 

clean and dry to filthy and wet.  Only livestock in categories 1 and 2 (clean 

and dry/slightly dirty and dry/damp) could proceed to slaughter for human 

consumption without further action being taken. 
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Since the application of new EU Food Hygiene Regulations from 1 January 

2006, food business operators became more responsible for the production of 

safe food.  This included greater responsibility for ensuring appropriate 

controls to demonstrate that they were managing food safety within their 

business.  Within this regulation the hygiene requirements for slaughter now 

state that all animals should be clean before being accepted into the 

slaughterhouse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.3.6.2 Cattle washes and sprays 

 

In the US research by Mohammad Koohmaraieôs group at the USDA has 

highlighted cattle hides as an important source of VTEC contamination (Elder 

et al. 2000; Barkocy-Gallagher et al. 2001; Barkocy-Gallagher et al. 2003).  

Procedures used to reduce the level of contamination on cattle hides have 

included clipping to remove visible dirt from cattle before slaughter (FSA 

2007b) and washing.  Thorough washing of cattle with a power hose for 3 min 

to remove faecal contamination prior to slaughter has been shown to reduce 

the incidence of E. coli O157 on hides (Byrne et al. 2000).  This contrasts with 

advice of the FSA in the UK who recommend keeping animals dry before 

slaughter (FSA 2007b). 

 

A potential intervention strategy for beef hides investigated by the USDA is 

the use of cetylpyridium chloride (CPC), a common oral antimicrobial 

compound.  Initial studies using 1% CPC showed it to be most effective when 

applied as two high pressure washes, which gave a 4 log cfu/100cm2 

reduction in aerobic plate count and Enterobacteriaceae populations on beef 

hides (Bosilevac et al. 2004b).  a Although the use of a medium pressure 

wash may be acceptable, for animal welfare reasons, the use of high pressure 

washes on live animals is not appropriate so this procedure would only be 

suitable for stunned, shackled, hide-on animals.  Low pressure application of 

Two guidance booklets were 

produced by the FSA to advise 

livestock farmers on how to keep 

their animals clean prior to 

slaughter.  These booklets contain 

practical guidance for producers 

who are involved in the beef (FSA 

2007b) and sheep (FSA 2007c) 

supply chain.  
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1% CPC at the feedlot, transport to the processing facility and slaughter within 

5h of application was reported to have no effect on E. coli O157: H7 

(Bosilevac et al. 2004b).  Application of 1% CPC to hides following a washing 

step, after stunning and before hide removal, has been shown to reduce hide 

prevalence of E. coli O157: H7 from as high as 80% to < 50% and therefore 

shows promise as a potential intervention step in beef processing 

environments (Bosilevac et al. 2004a).  In the USA, CPC has been used for 

some small commercial processes but there is little published data on its 

effectiveness and there are concerns over its potential contribution to 

antibiotic resistance. 

 

In the US, the FSIS USDA has considered a number of new technologies for 

removing pathogens from the food chain.  Among the treatments being 

considered is the use of bacteriophage, which specifically target E. coli O157: 

H7 (USDA 2008).  This treatment has the potential to significantly reduce 

contamination by E. coli O157 on animal hides and subsequently reduce 

carcass contamination.  Additional applications of bacteriophage treatment 

could also include decontaminating holding areas, transportation vehicles, 

containers and living quarters.  Using bacteriophage targeted against E. coli 

O157: H7 and manufactured by OmniLytics Inc., the FSIS USDA has given 

initial approval for its use applied as a mist, spray or wash on live animals 

prior to slaughter (Anon 2007).  At present the FSIS USDA has assessed the 

risk of this treatment to consumers which they regard as safe.  There are no 

published reports on the effectiveness of this approach currently available in 

the public domain.  Moreover, whilst initial applications are intended for cattle 

there is no information on its potential use for decontaminating sheep or other 

ruminants. 

 

7.3.7 Farm visits and public access 

 

Farms and contaminated farmland carry a substantial risk of infection for 

users and have been implicated in a number of VTEC O157 outbreaks 

(Shukla et al. 1995; Clark et al. 1997; Pritchard et al. 2000; Crump et al. 2002; 

Willshaw et al. 2003).  As a result, there are several guidance notes published 

by Government agencies and other bodies which give advice to farmers and 

visitors, especially teachers, on how to avoid contamination and the hygiene 

measures that should be followed during visits to farms.  In the UK, examples 

of these guidance notes include the Health and Safety Executive advice and 

an information sheet for farmers which includes a supplement for teachers 

(HSE 2002).  A guidance note published by the Scottish Centre for Infection 

and Environmental Health (now part of Health Protection Scotland) also 

covers visits to open farms (SCIEH 2002).  This guidance provides advice on 
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protective practices aimed at reducing the risk of ill health associated with 

open farms and complements the general guidance on E. coli O157 contained 

in Guidance Note 5 (SCIEH 2000).  The Scottish Executive Education 

Department also issued an information pack to all head teachers comprising a 

range of information and advice on school visits to open farms.  This 

information was also made available via the Scottish Executive website 

(Scottish Executive 2003). 

 

The majority of visits to farms are educational visits by school children. 

Guidelines are specific and divide the risk areas.  Firstly, the farm staff must 

perform a COSHH (Control Of Substances Hazardous to Health) assessment 

to assess and control the risk although they are advised to assume that all 

cattle are colonised with VTEC.  Fencing of high-risk areas is recommended 

and provision of hand-washing facilities is paramount.  Any eating areas must 

be remote from the animal areas and involve passing through a hand-washing 

facility.  Washing facilities must be positioned near areas of intentional animal 

contact, particularly petting areas.  There must be sufficient wash basins to 

accommodate the numbers of visitors anticipated and these must be supplied  

with warm running water and liquid soap.  These are all responsibilities that 

must be met by the farmer and farm staff.  There are also responsibilities for 

the teachers or group supervisors of the visit to ensure adequate supervision 

and to emphasise the importance of strict hygiene practices to the children.  

The children need to be educated and taught about the importance of not 

putting their hands to their mouths at any time, especially after touching the 

animals.  The wearing of appropriate footwear is recommended as is the need 

to adequately clean footwear before leaving the farm.  The low infectious dose 

of VTEC and their potential presence in faeces on dirty footwear represents a 

real risk of transmission and infection if appropriate precautions are not taken 

when cleaning and handling soiled footwear. 

 

7.4 Environmental 

 

Environmental control and prevention of VTEC contamination is difficult to 

manage, although modification of certain farming practices and the 

implementation of appropriate intervention strategies can have a positive 

effect.  Environmental contamination can give rise to direct infection of 

humans after contact with contaminated land or via produce which has been 

contaminated by indirect routes such as contaminated soil, water, manure or 

contact with animals or their faeces.  The practices involved in growing and 

handling produce will influence the amount of contamination and the risk of 

infection.  For example, contamination can be localised and therefore 

restricted to small numbers of samples, but if the produce is produced on a 
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commercial scale, wider dissemination of the pathogens can occur, resulting 

in outbreaks affecting large numbers of people.  

 

Environmental contamination can occur after somewhat innocuous 

circumstances such as heavy rainfall and may not be either prevented or 

detected until infection is apparent.  Following heavy rainfall, contaminated 

run-off from farm buildings and farm yards onto adjacent farm land can 

eventually allow contamination to pass through the soil and eventually into 

water courses.  Contaminated soil and pasture can allow transmission of 

pathogens, including VTEC, to fresh produce and farm animals which 

eventually pass into the food chain.  Direct faecal contamination of land from 

grazing farm animals and the application of manure to fields have been 

highlighted as sources of VTEC contamination (Duffy 2003).  Wild animals 

and insects can also potentially act as vectors for the transmission of 

pathogens from faeces, and contaminated land to produce.  The following 

sections describe the effect of each different environmental factor. 

 

7.4.1 Manure 

 

In response to the potential risk posed by manure contaminated with 

pathogens, including VTEC, there have been several attempts to develop 

treatments to reduce the microbial load of manure and render it safe before 

application to farm land or its use as a fertiliser for crops.  In the UK the FSA 

has consulted the fresh produce industry and other interested parties for their 

views on the regulatory impact of publishing guidance on 'Managing Manures 

for Food Safety' (see Section 7.5.5).  Anaerobic digestion and composting are 

common treatments but their effectiveness in reducing pathogens is 

dependent on strict process controls.  During natural composting of manure, 

which commonly comprises mainly animal faeces, microbial activity generates 

heat.  A study of the heat inactivation of E. coli O157: H7 in cow manure by 

Jiang et al. (2003) revealed that D-values for unautoclaved compost were 135 

min, 35.4 min and 3.9 min at 50°C, 55°C and 60°C, respectively.  To achieve 

a 6 D reduction in E. coli O157: H7 levels during the composting process, 

Jiang et al. reported that temperatures of 50°C, 55°C, 60°C, 65°C and 70°C 

for at least 14h, 4h, 25 min, 11 min and 6 min, respectively were required for 

autoclaved compost.  It was estimated that E. coli O157 cells, preconditioned 

at 23°C for 20 to 24h in autoclaved cow manure, could survive several 

minutes at 70°C.  In order to achieve a 6 log10 cfu/g reduction of E. coli O157: 

H7, it was estimated by Jiang et al. that compost must be heated to 70°C for 

at least 6 min.  At the higher temperatures (60°C, 65°C and 70°C) 

considerable tailing of the thermal inactivation curves was reported. 
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Treating manure by anaerobic digestion and composting can be expensive 

and many farms cannot afford the operational costs involved.  A popular 

method used by farms is to employ a manure management system which 

involves storing manure in pits or lagoons for several months and 

subsequently spreading this manure to land at the end of each season.  This 

practice, however, does pose the risk of pathogen survival and dispersal.  A 

simple and cheap treatment to lower levels of pathogens, including E. coli 

O157, in livestock bedding waste, is to move heaps to a secondary store and 

aerate by turning them before storage and disposal to agricultural land 

(Hutchison et al. 2005a). 

 

Chemical treatment of manure as a method of reducing or eliminating 

pathogens is an alternative approach that has been investigated.  Park and 

Diez-Gonzalez (2003) reported reduction of foodborne pathogens in manure 

by using a combination of high concentrations of carbonate (CO3
-2) and 

ammonia (NH3), which are pH dependent parameters.  Although NH3 has 

antimicrobial activity, the volatility and toxicity of this compound generally 

precludes its direct application to manure as a treatment.  In contrast, addition 

of synthetic urea has several advantages.  Not only does urea increase the 

NH3 concentration but it contributes to the CO3
-2 levels too.  Supplementation 

of manure samples with urea and its subsequent hydrolysis to produce CO3
-2 

and NH3 has been shown to cause an increase in pH, which can reduce  

E. coli O157 (Park and Diez-Gonzalez 2003).  However, Park and Diez-

Gonzalez reported that the cheapest and most effective treatment of manure 

was alkalinisation with sodium hydroxide which is enhanced by the addition of 

CO3
-2 and NH3, although variability of manure composition can affect the 

concentration of these compounds and hence the effectiveness of this 

treatment.  Despite this, the development of treatments using CO3
-2 and NH3 

to assist with the removal of pathogens, especially E. coli O157 and other 

VTEC in manure, may be worth pursuing. 

 

Data on pathogen numbers and prevalence in animal manures throughout 

Great Britain and their survival during storage and following application to 

agricultural land, were collected as part of the FSA B17 organic waste to land 

research programme (1999 - 2004) (FSA 2004b).  The national survey of 

animal manures found that the bacterial pathogens Listeria monocytogenes, 

Campylobacter spp. Salmonella spp. and E. coli O157 were present in 

livestock manures at levels of up to 108 organisms/g manure.  One month 

storage was required for almost total kill of pathogens in farm yard manure 

and 4 months for die-off in slurry.  When spread to arable land or grass 

pasture, 4 months was the minimum time for pathogens to decline to 

undetectable levels.  Where stock were allowed to defecate directly to 
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pasture, naturally present generic E. coli required 6 months to decline to 

background levels.  The data generated on pathogen survival has been used 

to develop FSA guidance on management of manures for growers to reduce 

the risks of microbiological contamination of ready-to-eat produce.  The FSA 

has consulted on the impact of these guidelines in 2007 (FSA 2007a) and 

publication of these guidelines is expected in 2008. 

 

7.4.2 Sewage sludge 

 

Sewage sludge is the residue collected after treatment of the contents of 

urban drainage systems, the bulk of which includes human wastes, but also 

discharges to sewer of industrial effluents and animal and vegetable 

processing wastes.  Sludge also contains pathogenic bacteria, viruses, 

protozoa and other parasites, which are potentially hazardous to humans, 

animals and plants.  These can be substantially reduced by appropriate 

treatment before application to land. 

 

In the UK the rules governing the application of sewage sludge to food crops 

come under the Sludge (Use in Agriculture) Regulations 1989 (note: these 

rules were expected to be amended in 2007).  Under these rules untreated 

sewage sludge cannot be applied to land growing food crops (including crops 

for livestock) or non-food crops without a waste management license.  

Farmers and sludge providers must not allow sewage sludge to be used 

unless it is tested according to the Sludge Regulations, the soil has been 

tested according to the Sludge Regulations or the pH of the soil is less than 5. 

 

In the UK, there are guidelines on the use of sewage sludge aimed at 

reducing the risk posed by the application of sewage sludge to agricultural 

land and additional information and advice is available from Defra 

(www.defra.gov.uk/farm/waste/sludge/index.htm).  In 1998, an agreement 

between the British Retail Consortium (BRC) and Water UK (representing 

sludge producers) led to the publication of the ñSafe Sludge Matrixò (ADAS 

2001b) and ñGuidelines for the Application of Sewage Sludge to Industrial 

Cropsò (ADAS 2001a) by ADAS.  As a result of the Safe Sludge Matrix 

agreement between Water UK and the BRC the application of untreated 

sewage sludge to land in the UK has subsequently been banned. 

 

7.4.3 Water 

 

VTEC infection associated with contaminated water remains a problem and 

there have been documented cases of infection linked to private water 

supplies in rural areas (Licence et al. 2001; Olsen et al. 2002).  During the 
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investigation of a large outbreak of E. coli O157 infections involving at least 

157 people in Wyoming in 1998, an unprotected, unchlorinated municipal 

water supply was thought to have been contaminated by surface water 

containing deer and elk faeces leaching into the unconfined aquifer (Olsen et 

al. 2002).  In contrast, the majority of municipal water supplies are screened 

and regulated adequately, although failures in the treatment process can 

occasionally result in outbreaks of infection, as demonstrated by the 

Walkerton outbreak in Canada (Anon 2000b).  During this outbreak a series of 

unfortunate circumstances occurred which resulted in the water supply 

becoming contaminated with E. coli O157: H7.  These included heavy rains 

accompanied by flooding, the presence of E. coli O157: H7 and 

Campylobacter in the environment, a well subject to surface water 

contamination and a water treatment system overwhelmed by increased 

turbidity (Anon 2000a).  Details of this outbreak are available from the 

Walkerton official inquiry web site (accessed 27/01/2007): 

http://enve.coe.drexel.edu/outbreaks/walkerton.htm. 

 

Unlike public water supplies that are regularly tested to ensure the water is 

safe to drink, individuals or families using private water supplies in some 

countries are responsible for testing for contamination.  If test results indicate 

that bacterial contamination is occurring, shock chlorination or disinfection is 

the most widely suggested method for initial treatment.  This involves the one-

time introduction of a strong chlorine solution into the entire water distribution 

system (well, pump, distribution pipeline, etc.). 

 

In the UK private water supplies are currently regulated by local authorities 

under the Private Water Supplies Regulations.  However, in September 2008 

a new regulation is expected to come into force which will ensure that private 

water supplies will be covered under The Drinking Water Directive (EU 

Directive 98/83/EC).  The current Private Water Supplies Regulations contain 

the same water quality standards as those for public drinking water supplies 

but the frequency of monitoring and the parameters tested will vary according 

to how many people use the supply or the volume of water used daily.  In 

England and Wales there are about 50,000 private water supplies supplying 

about a third of a million people with water for domestic purposes and in 

Scotland 20,000 supplying 130,000 people (DWI 2008).  However, the role of 

private water supplies and their contribution to infection in rural communities 

has yet to be fully determined and effective measures to reduce this risk have 

yet to be fully developed and implemented.  

 

The advice of the Drinking Water Inspectorate (DWI) in the UK is that it is 

better to protect the source of the supply to prevent contamination rather than 
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trying to treat the water afterwards.  Protection of private water supplies can 

involve the following measures: 

 

 Using fencing to keep grazing animals away  

 Having suitable drainage channels to divert rainwater  

 Covering and sealing the tops of boreholes and wells  

 Making sure collecting chambers are in good condition and protected from 

animal access 

 

If private water supplies become contaminated with microorganisms owners 

or users should consider the following: 

 

 Install treatment 

 Consider the possibility of connecting to the public supply (if practicable).  

 

As an interim measure, water to be used for drinking and food preparation 

should be boiled. 

 

7.4.4 Soil 

 

The risk of VTEC contamination of fresh produce posed by contaminated 

manure and irrigation water was demonstrated in one study that revealed that 

E. coli O157: H7 can persist in soil for >5 months after application of 

contaminated compost or irrigation water (Islam et al. 2004).  This study also 

revealed that the outer portions of lettuce and parsley can become 

contaminated by E. coli O157: H7 when contaminated irrigation water is 

applied to the soil. 

 

During grazing of ruminants on pasture, there is an increased probability of 

the soil becoming contaminated by faeces containing VTEC.  Contact with 

animal faeces is a strong risk factor for human infection by E. coli O157 

(Locking et al. 2001) and faecal contamination of the soil has been shown to 

provide an environmental vector for E. coli O157 outbreaks affecting humans 

(Strachan et al. 2001).  Potential mitigation strategies include physical 

removal of faeces and removing cattle from pasture 4 weeks prior to access 

by humans (Strachan et al. 2002). 

 

7.5 Produce (fruit and vegetables) contamination 

 

Fresh produce, including radish and alfalfa sprouts lettuce and spinach, have 

all been implicated in outbreaks of E. coli O157 infection in the past (Sections 

5.3.2 and 6.3.3).  In the US and Japan, eating of seed sprouts and radish has 
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been associated with outbreaks of E. coli O157: H7 infection (Michino et al. 

1999; Taormina et al. 1999; Ferguson et al. 2005).   

 

Fruits and vegetables are vulnerable to contamination from a variety of 

sources by VTEC and other pathogens, which are described in reviews by 

(Beuchat and Ryu 1997) and (Everis 2004).  Fresh produce can become 

contaminated at any stage during growing, harvesting and processing.  Table 

7.3 shows some of the potential sources of contamination during pre and post 

harvest production.  A summary of the direct and indirect routes that VTEC 

can contaminate produce is shown in Figure 7.1. 

 

Table 7.3 Highlighting potential sources of produce contamination 

 

Sources of pathogenic microorganisms in produce 

Pre-harvest Post-harvest 

Faeces Faeces 

Inadequately composted manure Handling by humans 

Soil Harvesting equipment 

Dust Transport containers 

Insects Transport vehicles 

Wild and domestic animals Insects 

Contaminated irrigation water Wild and domestic animals 

Water run-off from contaminated 

farm land and farm yards 

Dust 

Seeds Rinse water  

 Ice  

 Processing equipment. 

 

(Adapted from Beuchat and Ryu 1997) 
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Figure 7.1 Summary showing potential routes that produce can  

  become contaminated by VTEC in the environment 

 

 
Produce often receives minimal processing before consumption and current 

treatments often provide only a small reduction in microbial populations, which 

cannot ensure removal of any pathogen that could be present.  Washing 

artificially contaminated lettuce is reported to achieve only a 1.5 log reduction 

of E. coli O157: H7 (Solomon and Matthews 2006).  Moreover, some fruits, 

e.g. strawberries and raspberries, are delicate and these are not normally 

washed after harvest.  The low infective dose of E. coli O157: H7 is of 

particular concern, especially if treatments cannot effectively remove the 

contamination. 

 

The basis for the safe production of fresh produce is Good Agricultural 

Practice (GAP) and Good Hygienic Practice (GHP).  Instead of relying on post 

harvest treatments to remove contamination the emphasis has been to 

prevent it occurring in the first place by using proactive systems to reduce risk 

factors during production and handling.  This approach and the 

implementation of suitable interventions and agricultural practices greatly 

reduces the risk of contamination during primary production.  The UK industry 

has developed protocols to control the hazards and risks associated with fresh 

produce, e.g. the Chilled Food Association (CFA) 'Microbiological Guidance 

for Produce Suppliers to Chilled Food Manufacturers' (CFA 2007). 
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Beuchat (2002) reported that to develop interventions to minimise 

contamination, prevent growth of pathogenic microorganisms and kill or 

remove pathogens throughout the food chain, will require a better 

understanding of microbial ecosystems on the surface of raw fruits and 

vegetables.  Furthermore, this must be for every stage of the food chain, 

including growing or primary production and during production, processing, 

marketing and preparation for consumption.  The following sections describe 

the findings of research relating to E. coli O157: H7 and produce. 

 

7.5.1 Attachment to plants 

 
Understanding the intimate attachment of E. coli O157 to food surfaces is of 

particular importance, although this aspect of VTEC has not been extensively 

studied or reported.  A study by Auty et al. (2005), using confocal scanning 

laser microscopy, revealed that E. coli O157: H7 are mainly found at cell 

junctions and in intracellular spaces up to 50µm deep in carrots.  Again, using 

confocal scanning laser microscopy, Seo and Frank (1999) showed that cells 

of E. coli O157: H7 can become entrapped 20 to 100µm below the surface in 

stomata and in cut edges of lettuce.  Moreover, viable cells of E. coli O157: 

H7 remain in stomata and cut edges even after 5 min treatment with 20ppm 

chlorine solution (Seo and Frank 1999).  Studies with radish sprouts grown 

from seeds contaminated with E. coli O157: H7 have highlighted the potential 

risk posed by contamination.  The edible parts of radish sprouts, the 

cotyledons and hypocotyl, can become heavily contaminated with E. coli 

O157: H7 when they are grown from seeds soaked in contaminated water 

(Hara-Kudo et al. 1997).  Not only was E. coli O157: H7 found on the outer 

surface, but also in the inner tissues and stomata of cotyledons of radish 

sprouts grown from contaminated seeds (Itoh et al. 1998). 

 

Results reported by Solomon (2006) indicate that bacterial processes and cell 

surface moieties are not required for the initial interaction of E. coli O157: H7 

cells with lettuce plant tissue.  Physical entrapment on plants or adherence to 

the plant could therefore be the mechanism by which these products become 

contaminated, although it is not known if bacterial factors are required to 

enable subsequent colonisation, which has been suggested previously (Dong 

et al. 2003).  Comparison of attachments of different Salmonella enterica 

serovars and E. coli, including E. coli O157: H7, suggest that adherence to 

alfalfa sprouts can be highly variable (Barak et al. 2002).  The results reported 

by Barak et al. revealed that S. enterica serovars grew on, and adhered to, 

sprouts significantly better than E. coli O157: H7, which could be removed by 

repeated washing steps.  Moreover, some E. coli strains adhered better than 

E. coli O157: H7 strains, which highlights the variability than can occur 
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between strains and the difficulty in interpreting data on adherence of VTEC to 

fresh produce derived from only limited numbers of strains.  The 

characterisation of attachment factors and the identification of components 

involved in the attachment of bacterial pathogens to plants are under 

investigation by USDA (Wachtel et al. 2002).   

 
Investigations by researchers at Imperial College, UK have shown that EHEC 

O157 and O26 strains can use the filamentous type III secretion system 

normally associated with the colonisation of the gut epithelium, for attachment 

to plant leaves.  In the study by Shaw et al. (Shaw et al. 2008) they showed 

that that O157 and non-O157 EHEC strains adhere to the leaf epidermis of 

Eruca vesicaria (commonly known as rocket, or arugula), spinach, and lettuce 

via EspA filaments.  Interestingly, EspA filaments are known to play a major 

role in the colonisation of human and bovine hosts.  This leaf attachment was 

also reported to be independent of effector protein translocation. 

 

7.5.2 Seed contamination and internalisation of pathogens 

 

Particularly concerning is the possibility that enteric pathogens, including 

VTEC, can become internalised and persist in plants to the end of the 

cultivation period.  Internalised bacteria are also protected from many 

decontamination treatments, so it is important that factors that lead to this 

occurring are fully understood and, if possible, measures taken to reduce 

internalisation occurring.  This phenomenon can potentially occur when 

contaminated seeds are used (Jablasone et al. 2005), although there have 

only been limited studies to investigate the factors that contribute to 

internalisation and persistence of VTEC in fruit and vegetables and all of 

these have studied strains of VTEC O157: H7. 

 

The association between E. coli O157: H7 and pre-harvest lettuce following 

exposure of seedlings to contaminated irrigation water was investigated by 

Wachtel et al. (2002).  In this study, bacteria-plant associations were found to 

be generally dose dependent, with higher contamination levels (108 cfu/ml) 

associated with contaminated plants, although contamination did occur with 

lower levels (102 cfu/ml).  Furthermore, Wachtel et al. showed that the 

bacteria preferentially adhered to plant roots, which could potentially facilitate 

their uptake by the plant.  Using confocal laser scanning microscopy, E. coli 

O157: H7 cells were observed to be attached to roots both singly and in small 

aggregates.  This pathogen was also reported to be associated with the 

lettuce cotyledons close to the petiole and stomatal pores, the leaf blade and 

also in close proximity to the stomatal guard cells.  Evidence of internalisation 
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indicated by contamination within the xylem was also reported by Wachtel et 

al., which possibly arose via entry through stomatal guard cells and pores. 

 

Interactions between Salmonella, Listeria monocytogenes and E. coli O157: 

H7, and seeds of carrot, lettuce, cress, radish, spinach and tomato, was 

studied by Jablasone et al. (2005) who reported rapid establishment of each 

pathogen soon after germination.  Interestingly, E. coli O157: H7 and  

L. monocytogenes became established and persisted at significantly higher 

levels on seedlings (9 days post-germination) compared with Salmonella.  

Furthermore, E. coli O157: H7 also became internalised in cress, lettuce, 

radish and spinach seedlings, although the bacteria were not recovered from 

the tissues within the mature plant.  In contrast, Salmonella was recovered 

from within lettuce and radish seedlings only, and L. monocytogenes was 

restricted to the surface of plants.  Growth of E. coli O157: H7, in this study, 

was restricted to the roots of the plants. 

 

The ability of E. coli O157: H7 to internalise plants is not fully understood, 

although Dong et al. (2003) proposed that genetic determinants in enteric 

bacteria may play an important role and that colonisation ability could be 

strain dependent.  As discussed by Jablasone et al., flagella may play a role in 

the internalisation of enteric pathogens, including E. coli O157: H7, and their 

persistence within the endophytic microflora of plants, although this has yet to 

be fully elucidated.  Current evidence would suggest that enteric pathogens, 

including E. coli O157: H7, can become internalised in plants derived from 

contaminated seeds via entry through plant roots.  Although there is evidence 

that E. coli O157: H7 can grow and multiply within the plant (Wachtel et al. 

2002), the results reported by Jablasone et al. (2005) failed to show 

persistence within the internal tissues of plants to the end of the cultivation 

period.  Heavy contamination of seeds by enteric pathogens could potentially 

lead to longer periods of persistence, although this warrants further 

investigation along with studies to compare the colonisation ability by different 

strains of a particular pathogen. 

 

7.5.3 Pathogen entry and sub-surface contamination 

 

Besides entry via roots, physical damage can also assist bacteria to migrate 

into fruits and vegetables.  This damage can occur accidentally or 

deliberately, as in the case of cut fruits and vegetables.  These products are 

therefore more susceptible to contamination by a range of microorganisms 

including some pathogens.  On lettuce leaves, E. coli O157: H7 cells have 

been shown to penetrate 30 to 40µm from areas of tissue damage, where 

they can remain viable even after chlorine treatment (Takeuchi and Frank 
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2001b).  The surface of the rind of cantaloupe melon comprises a meshwork 

of tissue, which could potentially enhance attachment of bacteria and prevent 

their detachment.  Bacterial cell surface charge and hydrophobicity are both 

reported to influence the attachment of bacteria, including strains of E. coli 

O157: H7, to cantaloupe rinds (Ukuku and Fett 2002).  Whether these factors 

influence attachment of E. coli O157: H7 and other pathogens to the surface 

of other fruits and vegetables is not understood.  Injuries to the wax layer on 

the cuticle and tissues of green peppers is reported to increase the adhesion 

and growth of E. coli O157: H7 (Han et al. 2000). 

 

Concern over E. coli O157: H7 contamination of apple cider prompted 

research into routes of contamination of apples and potential interventions.  

The regions of intact apples associated with the highest levels of  

E. coli O157: H7 contamination reported in one study was the outer core 

region, followed by the skin (Buchanan et al. 1999).  Cells of E. coli O157: H7 

have been shown to preferentially attach to discontinuities in the waxy cuticle 

on the surface of apples, especially damaged tissue, where infiltration to 

depths of up to 70µm below the skin surface of apples has been reported 

(Burnett et al. 2000).  On unwashed apples, cells of E. coli O157: H7 have 

been detected at depths of up to 30µm below the surface, whereas on 

washed apples, depths of no more than 6µm have been recorded (Kenney et 

al. 2001). 

 

As well as internalisation of pathogens in apples via puncture wounds and 

bruising, there have been studies conducted to investigate other potential 

mechanisms of internalisation.  Using dye uptake, (Buchanan et al. 1999) 

showed that the blossom end of apples is potentially of greatest concern 

because of the presence of open channels that could enable E. coli O157 and 

other pathogens to enter the interior of the apple.  This finding is supported by 

Burnett et al. (2000) who reported that infiltration of apples occurs through the 

blossom end of the calyx and progresses up the flora tube into the core 

region.  Uptake of E. coli O157: H7 into apples is thought to occur via a 

process known as aspiration which has been shown to be greatly increased 

by a temperature differential (Buchanan et al. 1999; Burnett et al. 2000).  This 

phenomenon may occur when the apple is warmer than the immersion water 

into which it is placed.  Therefore, the use of dump tanks and immersion of 

apples into water or other aqueous solutions could contribute to 

contamination, especially uptake of VTEC and other pathogens. 

 

However, a later study by Fatemi et al. (2006) revealed that E. coli O157: H7 

could not be recovered from the inner core of apples.  Using sodium iodide 

and an imaging technique, Fatemi et al. showed that closed calyces 
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effectively prevented penetration into the calyx of the apple, although it was 

not known if morphological differences between apple calyces could have 

accounted for the differences reported.  Fatemi et al. did, however, 

demonstrate that E. coli O157: H7 can enter apples via puncture openings 

and through damaged parenchyma cells and cuts and that E. coli O157: H7 is 

able to grow within fresh cut surfaces of apples. 

 

The frequency with which the aspiration phenomenon can occur and the 

significance of this contamination risk to produce compared with others is not 

known.  This aspect of fresh produce handling and processing has not been 

fully investigated or whether this effect can occur in other fruits or vegetables 

is unclear.  To overcome this potential problem it has been recommended that 

wash water should be hyperchlorinated and be 6°C warmer than the products 

(FPC 1999a).  However, it may not be practical to expose produce to warmer 

temperatures, so reducing or avoiding contamination of the water or the 

surface of the produce is the preferred option. 

 

7.5.4 Pre and post harvest survival 

 

Pre-harvest survival of VTEC on fresh produce is not fully understood, 

although research by Stine et al. (2005) has indicated that environmental 

conditions, such as relative humidity and the type of produce, are contributing 

factors to increased survival.  Significantly slower inactivation of E. coli O157: 

H7 on the surface of cantaloupe in humid (mean 85.7 to 90.3% relative 

humidity) conditions was reported by Stine et al., whereas most rapid 

inactivation occurred on lettuce in dry conditions (mean 45.1 to 48.4% relative 

humidity) (Stine et al. 2005).  Exposure to UV light can result in significant 

reductions of pathogens, including E. coli O157: H7, which was reported to 

decline by 5 log on agar plates using doses >8.4 mW/cm2 (Yaun et al. 2003).  

On the surface of cantaloupe and plastic without direct exposure to light, or 

under shade conditions, survival of a strain of E. coli has been reported to be 

2-5 days longer compared to those having full exposure (Stine et al. 2005).  

The contribution of shade and reduced exposure to UV to the survival of 

VTEC on fresh produce has not been fully investigated, although it would 

appear from some studies that protection from UV might afford significantly 

longer survival of these and other bacteria present on plant surfaces. 

 

Salmonella and E. coli O157: H7 have been shown to survive, but not grow, in 

fresh and frozen strawberries for the duration of the shelf life and for periods 

of > 1 month, respectively (Knudsen et al. 2001).  
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Whilst much attention has focussed on improving our understanding of the 

behaviour of pathogens, including E. coli O157: H7, on or in fruits and 

vegetables, it has been suggested that research should be focussed on the 

properties of the commodity and not the organism (Solomon and Matthews 

2006). Fatemi et al. (2006) reported that a better understanding of modes of 

contamination and why most decontamination treatments are ineffective 

would lead to the development of more effective strategies to improve the 

safety of fresh horticultural produce.  The food industry is currently 

investigating this. 

 

7.5.5 Fresh produce and control of VTEC and other pathogens 

 

In the UK, the Fresh Produce Consortium (FPC) published a guide, ñThe 

control of microbial hazardsò, to assist growers and operators supplying fresh 

produce reduce the risk of microbial contamination (FPC 1999a).  This 

document gives advice on safe practices for each stage of production from 

growing crops in the field through to transportation to retailers.  In addition, 

there is information on controls and the potential hazards associated with 

water, manure and municipal sewage sludge as well as advice on personal 

hygiene and the precautions to be taken at different stages within the food 

chain.  Examples of the types of controls recommended by the FPC in their 

guide are shown in Table 7.4.  The FPC also produced a guide titled ñIndustry 

Guide to Good Hygiene Practice: Fresh Produceò (FPC 1999b).  This guide 

provides advice to the Fresh Produce Industry on how to comply with the UK 

Food Safety (General Food Hygiene) Regulations 1995 and with the Food 

Safety (Temperature Control) Regulations 1995 during the production of fresh 

produce. 

 

Many companies in the UK involved in the production and supply of fresh 

produce have adopted the procedures and guidance given in the CFAs 

óMicrobiological Guidance for Produce Suppliers to Chilled Food 

Manufacturers' (see below) and the Assured Produce Scheme 

(www.assuredproduce.co.uk/ap/).  The latter was set up to address the 

concerns and needs of consumers, retailers, processors and growers.  

Members of this scheme are provided with guidance on the safety and quality 

of fresh produce and there are standards available for the growing of various 

crops as well as a generic standards which they can be assessed against.  

Accompanying comprehensive Guidance Notes are also provided by the 

scheme which give detailed background information to the standards and 

references to additional sources of information.  The scheme is supported by 

the major supermarkets and processors operating in the UK and one objective 
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of the scheme is to provide consumers buying Assured Produce confidence in 

the safety and integrity of the produce they eat. 

 

Table 7.4 Examples of controls suggested by the Fresh Produce  

  Consortium for microbial hazards 

 

Area Examples of controls and suggested practices 

Water Agricultural water: Identify and review water source, test 
water periodically for microbial contamination.  
Irrigation water: Use of filtration, protection (e.g. cover open 
reservoirs and prevent use by ducks and seagulls). 
Run-off water: Evaluate area and direction of run-off from 
irrigation and excess rain fall, limit spread, e.g. ditches and 
mounds, avoid plating crops down hill from contamination 
sources, e.g. cow pasture.  
Crop protection sprays: Verify quality of water used.  
Process water: Ensure that quality acceptable for purpose, 
change frequently (as practicable), water re-used for a series 
of processes should be in counter flow to the movement of 
produce (e.g. highest quality water for final rinse followed by 
other processes where quality of water is less important e.g. 
dump tank water).  
Disinfectants: Consider initial wash (reduce organic 
materials), monitor chlorine levels during washing and other 
operations, avoid temperature differentials in wash tanks (e.g. 
colder than product) to reduce risk of internalisation 
(aspiration)  
Cooling operations: Clean potable water for ice, clean and 
hygienic chilling equipment and containers.  

Manure and 
municipal sewage 
sludge 

Recommended treatment and handling procedures for 
manure and sewage sludge. 

Sanitation and 
hygiene 

Personal hygiene: Monitor health of workers, hand washing 
facilities. 
Field hygiene: Availability of toilet facilities, sewage disposal, 
harvesting precautions (e.g. removal of dirt and mud from 
produce before it leaves the field), equipment maintenance 
and animal control (e.g. preventing uncontrolled access of 
animals that may contaminate crops). 
Facility hygiene: Toilet facilities, sewage disposal, processing 
precautions, equipment maintenance, pest control.  
Transportation: Transport vehicles (e.g. cleaning, inspection 
and maintenance of correct storage temperatures). 

Traceability Documentation to indicate source of a product and 
mechanisms for marking or identifying the product (e.g. date 
of harvest, farm identification and chain of custody from 
grower to receiver). 
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One of the most important controlling factors against pathogens in soil is to 

ensure that organic waste e.g. manure, sewage sludge, effluent and abattoir 

waste applied to land is suitably treated and used as fertiliser, or as a soil 

amendment, is treated to reduce levels of harmful pathogens, including E. coli 

O157: H7 and other VTEC.  Proper composting or use of effective novel 

treatments should be applied to manure, although studies have shown that E. 

coli O157: H7 can persist for several months in manure and soil (Ogden et al. 

2002; Duffy 2003; Islam et al. 2004).  In addition to treating manure and 

effluents before application to agricultural land, the location of orchards and 

fields used to grow fresh produce should be considered carefully.  Ideally, 

there should be buffer zones between land used for grazing or housing cattle 

and areas used for growing fresh produce.  Consideration should also be 

given to the potential effects of rainfall and run-off from farm land over soil 

used for growing crops. 

 

To reduce the risk from pathogens from sewage sludge, the Safe Sludge 

Matrix prohibits the application of untreated sludge to food crops, although 

sludge treated by some form of digestion may be applied to land used to grow 

vegetable crops.  However, in this situation, at least 12 months must elapse 

between application and harvest for conventionally treated sludge and 10 

months for enhanced treated sludge.  If the crop is to be eaten raw, such as 

salad, the harvest interval must be at least 30 months for conventionally 

treated sludge.  If the sludge is enhanced treated, the harvest interval remains 

at 10 months.  Furthermore, conventionally treated sludge must now be 

applied to grassland by deep injection, but no grazing is permitted for 3 weeks 

following application.  Since the end of 1998, surface spreading of 

conventionally treated sludge to grazed grassland is no longer permitted in the 

UK, although this practice may still occur in other countries.  Therefore, 

imported fresh produce may represent a potential risk of contamination by 

pathogens, including VTEC, if appropriate controls are not implemented. 

 

In the UK the findings of the FSA B17 organic waste to land research 

programme generated data on the survival of various pathogens, including  

E. coli O157, in animal manure applied to agricultural land (see Section 7.4.1).  

With the aid of this data, the FSA consulted on the impact of draft best 

practice guidelines on managing manure for food safety.  These are aimed at 

growers of ready-to-eat produce with the objective to reduce the risk of 

microbiological contamination when applying livestock manure to meet crop 

nutrient requirements.  These guidelines prevent application of untreated 

livestock manures and livestock grazing within 12 months of harvesting of a 

ready-to-eat crop.  Treated or batch stored manure may be applied any time 
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before drilling or planting of the crop.  Publication of these guidelines is 

expected in 2008. 

 

In 2002, the CFA produced theóMicrobiological Guidance for Produce 

Suppliers to Chilled Food Manufacturersô, which set the gold standard for 

fresh produce suppliers to the chilled food industry (CFA 2002).  This 

document provided guidance to produce growers on the main microbial food 

safety hazards, including E. coli O157, and recommended controls.  A revised 

second edition (CFA 2007) of this guidance document was published which 

takes into account recent research and experience.  These industry guides 

provide general hygiene and food safety advice, which should effectively 

reduce the risk of fresh produce contamination with pathogens including 

VTEC. The organisations, the British Retail Consortium, Natures Choice, 

Assured Food Standards, Linking Environment and Farming (LEAF) and the 

British Leafy Salads Association, run other industry best practice schemes in 

the UK, which contribute to promoting food safety. 

 

In response to the microbiological risks associated with sprouted seeds in the 

US, in May 1999 the US Government, following recommendations by the 

National Advisory Committee on Microbiological Criteria for Foods 

(NACMCF), published a guidance document for the industry relating to 

sprouted seeds (FDA 1999d).  This document provides information to industry 

on practices, potential hazards and recommended hazard prevention and 

intervention strategies for sprouted seeds.  In October 1999, a guidance 

document was published to assist growers to implement the 

recommendations made by the NACMCF (FDA 1999c). 

 

7.5.6 Treatments for fruits, vegetables and related products 

 

The introduction of general good practices should effectively prevent or 

reduce contamination by a range of pathogens, including VTEC.  Specific 

research on E. coli O157: H7 at the University of Georgia, Athens, USA was 

undertaken to improve our understanding of this pathogen on fresh produce.  

This included investigating the behaviour and location of E. coli O157 on 

apples (Kenney et al. 2001) and lettuce (Takeuchi and Frank 2000).  Scientific 

studies have determined the effectiveness of a variety of treatments, including 

chlorine, a range of proprietary sanitisers and combination treatments against 

pathogens, including E. coli O157: H7 on fruits, vegetables (Beuchat et al. 

1998; Park and Beuchat 1999; Li et al. 2001; Lukasik et al. 2003), sprouts 

(Taormina and Beuchat 1999a) and seeds (Taormina and Beuchat 1999b; 

Holliday et al. 2001).  Additionally, the Athens USA group, in collaboration with 

other researchers, has investigated and reported on the influence of 
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inoculation procedures on the evaluation of fresh produce treatment efficacy 

(Beuchat et al. 2001a; Lang et al. 2004b; Lang et al. 2004a).  The findings of 

these investigations together with those of other researchers around the 

world, working on the association between VTEC and fresh produce and 

methods of decontamination, are described in this section. 

 

7.5.6.1 Washing 

 

Washing often removes only a small proportion of the microbial population 

and some fruits are too delicate to be washed.  Various studies have shown 

that washing alone removes ca 1.5 to 2 log10 cfu E. coli O157: H7 cells 

attached to the surface of artificially contaminated fresh produce (Table 7.5).  

Therefore, washing alone cannot be relied upon to ensure safe products, 

especially if the initial contamination level is high.  However, washing still 

provides a useful method of initially removing and reducing the population of 

contaminating bacteria, as well as for removing any debris and organic matter 

present prior to chemical treatment. 

 

At a meeting of the ACMSF on 11 March 2008 the re-washing of ready-to-eat 

salads was discussed (ACMSF 2008).  A representative from the FSA 

explained that since 2001 the FSA had advised consumers to wash ready-to-

eat bagged salads before consumption.  This advice followed an outbreak of 

Salmonella Newport where bagged salad was identified as the source.  This 

advice had recently been reviewed by the FSA following the introduction of 

further controls by the food industry to reduce hazards and risks associated 

with fresh produce.  Furthermore, research had shown that washing could not 

guarantee the removal of any pathogens that might be present on the product 

and studies with inoculated samples of ready-to-eat salads had shown that 

industry controls achieved a 1-2 log reduction in contamination.  Based on the 

available information the FSA concluded that there was no evidence to 

suggest that additional washing by the consumer would provide any additional 

benefit in reducing contamination further.  Furthermore, the FSA considered 

that responsibility for controls on these products should be placed on industry 

not the consumer.  The ACMSF supported recommendations that the 

Agencyôs consumer advice to wash pre-washed ready-to-eat bagged salads 

was no longer appropriate and that the FSA should consider revising this 

advice to remove the recommendation to wash these products. 
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Table 7.5 Effect of washing alone on reduction of Escherichia coli O157: H7 on fresh produce 

 

Food type Condition Treatment Observation Reference 

Apples 
Undamaged 

and bruised 
Washing (distilled water) 15sec 2 log reduction (Kenney et al. 2001) 

Apples Whole fresh Washing (distilled water) 20 sec 0.72 log reduction (Beuchat et al. 1998) 

Apples Whole fresh Washing (distilled water) 5, 10 min  1.5-2 log reduction (Wisniewsky et al. 2000) 

Apples Whole fresh Dip (distilled water) 2 min 1.1 log reduction (Wright et al. 2000b) 

Chinese 

cabbage 
Cut leaves Washing (distilled water) 15 min <1.0 log reduction (Inatsu et al. 2005) 

Lettuce Shredded  
Washing (deionised water) 10 min 

with agitation 
0.89-0.93 log10 cfu/g reduction (Singh et al. 2002) 

Lettuce Leaf pieces Immersion (distilled water) 1 min ca 1.5 log cm-2 reduction 
(Solomon and Matthews 

2006) 

Strawberries Whole 

Combination of 2 min immersion 

or 5s rubbing (tap water <0.3ppm 

Cl2) at 22°C or 43°C. 

Reductions: 82% (43°C/5s), 

62% (43°C/2min), 60% 

(22°C/5s), 41% (22°C/2min) 

(Lukasik et al. 2003) 

Green 

peppers 

Injured surface 

sections 

Washing (water) 1 min with 

agitation 
1.5 log reduction (Han et al. 2000) 
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In response to concerns about the potential for VTEC contamination and the 

safety of fresh produce, there has been substantial research into the 

development of interventions and treatments to reduce contamination or 

remove pathogens from fruits and vegetables.  In the UK there has been a 

constant development programme throughout the salad industry to find new 

washing approaches which are efficient, cost effective, and environmentally 

acceptable.  These have included washing with spring water, use of fruit acid 

based biocides and use of chlorine derivatives.  However, avoiding 

contamination by ensuring hygienic growing, handling and preparation 

conditions and the adoption of a risk based approach to produce production 

remains the preferred approach to minimise contamination in the UK. 

 

In the USA, it is recommended that treatments for sprouted seeds should 

achieve a 5 log reduction in the levels of Salmonella and E. coli O157: H7 

(FDA 1999d).  To achieve this, it is recommended that seeds undergo a 

combination of treatments, with soaking in 20,000 ppm calcium hypochlorite 

for 15 min being one treatment permitted jointly by the USDA and US 

Environmental Protection Agency (EPA) during the production of sprouted 

seeds. 

 

A review of industry practices for decontaminating fruit and vegetables was 

carried out in 1998 by (Seymour 1999).  This review, which included a survey 

of 70 UK and European food processors handling raw fruits and vegetables, 

revealed that no standard washing processes were being adhered to.  

Moreover, pre-washes, rinses, temperatures, disinfectant concentrations, pH 

control and contact times for chemical sanitisers varied enormously.  The 

most popular treatment was chlorine used as a washing sanitiser (76%), 

although only 12% of the companies surveyed monitored the free residual 

chlorine level and the optimum level for disinfection was unknown.  This 

survey highlighted significant discrepancies between the approaches used to 

decontaminate fresh fruit and vegetables.  Since the review by Seymour, 

codes of practice have been produced which provide advice on washing and 

the use of chlorine and other chemical sanitisers for those growing and 

handling produce.  In the UK the CFA released a position statement on 

produce washing (CFA 2008). 

 

7.5.6.2 Treatments with chlorine 

 

Washing in chlorinated water is the most commonly used, and widely 

accepted, treatment for fruit and vegetables, although its effectiveness is 

greatly affected by a number of factors.  These include contact time and use 

of agitation, but the most important factor is the active component, the amount 
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of free chlorine available, which is dependent on the concentration used, pH 

and temperature and is also affected by the presence of organic material.  

The principles of chlorine disinfection and the use of chlorine in fresh produce 

washing are described by (Dawson 2002) and (Seymour 1999).  When 

sodium hypochlorite (NaOCl), calcium hypochlorite (Ca(OCl)2) and gaseous 

chlorine (Cl2) are dissolved in water, a by-product of their reaction with water 

is hypochlorous acid (HOCl).  This compound represents one of the three 

compounds comprising free chlorine (the others being the hypochlorite ion 

(OCl-) and Cl2), although HOCl is the most effective as a biocide (Seymour 

1999).  

 

The commonest forms of chlorine used for produce decontamination purposes 

are NaOCl, Ca(OCl)2 and Cl2.  The effectiveness of chlorine-based treatments 

to reduce E. coli O157: H7 on different types of artificially contaminated fresh 

produce is given in Table 7.6.  Reported reductions of E. coli O157: H7 on 

fresh produce using chlorine treatment vary according to produce type, 

chlorine concentration used, contact time and pH.  Typical reductions of  

E. coli O157: H7 on fresh produce using 200-2,000 ppm chlorine are in the 

order of 2-3 log (Table 7.6), although a ca 3.8 log reduction on cantaloupes 

using 2,000 ppm chlorine has been reported (Park and Beuchat 1999).  

 

In the USA, treatment of alfalfa seeds with levels of 20,000 ppm chlorine 

(derived from calcium hypochlorite) has been recommended by the 

International Sprout Growers Association (ISGA) to achieve the 5 log 

reduction of E. coli O157: H7 and Salmonella recommended by the FDA (FDA 

1999d).  The microbiological risks associated with sprouted seeds, including 

information on decontamination procedures, is described in a review by 

(Beales 2004).  Results reported from different studies show large differences 

in the reduction of E. coli O157: H7 despite using the same or similar 

treatment with 20,000 ppm chlorine.  For example, in one study a 10 min 

treatment of seeds with 20,000 ppm chlorine achieved only a 2.8 log10 cfu/g 

reduction (Taormina and Beuchat 1999b); in another study (Beuchat et al. 

2001b), treatment for 15-30 min gave similar reductions (up to 2.6 log), 

whereas in a third study (Lang et al. 2000), a 15 min treatment achieved a 6.9 

log cfu/g reduction.  These differences in reductions obtained, apparently 

using the same or similar chlorine based treatments and experimental design, 

is not uncommon when investigating the effectiveness of chlorine treatments 

for decontaminating fresh produce (Linda Everis personal communication).  

Consequently, it can be difficult to estimate the true effectiveness of certain 

treatments.   
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In the UK some companies have been moving to chlorine free sites.  

However, according to the CFA (CFA 2008) chlorinated water is currently the 

most efficient and cost effective way to keep the wash water clean.  Other 

methods of sanitisation are being considered by the industry but trials carried 

out by CFA member companies have not yet found any performance 

advantage over current systems so the industry continues to investigate 

alternatives.  
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Table 7.6 Effect of chlorine treatment on reduction of Escherichia coli O157: H7 on fresh produce 

 

Food type Condition Treatment Observation Reference 

Chinese 

cabbage 
Cut leaves 

15 min 100ppm Sodium hypochlorite 

(pH 8.7)  

0.5g/l Sodium chlorite (pH 7.6) 

2.0 to 2.7 log reduction (cfu/g) 

 

ca 1.0 log reduction (cfu/g) 

(Inatsu et al. 

2005) 

Apples Whole fresh 
5 min chlorine-phosphate buffer 

200ppm and 3,200ppm 

3 log reduction (200ppm), 4.5 log reduction (3,200 

ppm) 

(Wisniewsky et 

al. 2000) 

Apples Whole fresh 
2 min 200ppm Sodium hypochlorite (pH 

5) 
2.1 log reduction 

(Wright et al. 

2000b) 

Apples 
Undamaged 

and punctured 

2 min Sodium hypochlorite in 0.05 M 

potassium phosphate buffer (200 & 

2,000ppm chlorine) 

(200 ppm) Surface reduction (log10 cfu/cm2): 0.08 

(punctured), 0.57 (undamaged)  

(2000 ppm) Surface reduction (log10 cfu/cm2): 0.57 

(punctured), 0.98 (undamaged) 

Core reduction (log10 cfu/core): 0.12 (200ppm), 0.23 

(2,000 ppm). 

(Burnett and 

Beuchat 2002) 

Lettuce 
Surface and 

cut edges 

5 min (22°C) 200ppm Sodium 

hypochlorite (pH 7.2)  

0.7 log reduction (cfu/cm2) surface 

1.0 log reduction (cfu/cm2) cut edges 

(Takeuchi and 

Frank 2000) 

Lettuce 
Surface and 

cut edges 

5 min (22°C) 200ppm Sodium 

hypochlorite (pH 7.2)  

0.3 log reduction (cfu/cm2) surface 

0.4 log reduction (cfu/cm2) cut edges 

(Takeuchi and 

Frank 2001b) 

Strawberries Whole 
5 min (43°C) 50, 100, 200 & 300ppm 

Sodium hypochlorite (pH 7.1 to 7.5) 

Reductions: 95.7% (50), 93.7% (100), 96.3% (200), 

96.1% (300) 

(Lukasik et al. 

2003) 
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Food type Condition Treatment Observation Reference 

Strawberries Whole 
1 min 100 & 200 ppm sodium 

hypochlorite 
ca 1.30 (100) and 1.34 (200) log reduction (cfu/g) (Yu et al. 2001) 

Lettuce 
Cut Iceberg 

lettuce 

3 min (4°C and 47°C) 100ppm Sodium 

hypochlorite  

1.0 log reduction (cfu/g) 4°C  

>2 log reduction (cfu/g) 47°C 

(Delaquis et al. 

2002) 

Alfalfa seeds Dried seeds 

15 & 30 min (22°C) 200ppm & 

20,000ppm calcium hypochlorite in 0.05 

M potassium phosphate buffer (pH 7.0) 

(15 min, 22°C) reduction (log cfu/g) 1.3 (200ppm), 2.6 

(20,000ppm) 

(30 min, 22°C) reduction (log cfu/g) 1.2 (200ppm), 2.0 

(20,000ppm) 

(Beuchat et al. 

2001b) 

Alfalfa seeds Dried seeds 

3 or 10 min (22°C) 200, 500, 1000 and 

2,000ppm calcium hypochlorite in 0.05 

M potassium phosphate buffer (pH 6.8) 

(3 min) reduction compared with control (log cfu/g) 

0.12 (200ppm), 0.32 (500ppm),0.76 (1000ppm), 1.84 

(2000ppm) 

(10 min) log reduction compared with control (log 

cfu/g) 0.09 (500ppm), 0.4 (1000ppm), 1.83 

(2000ppm). 0.16 increase recorded with 200ppm 

(possible increased release of E. coli O157 from 

seeds with 10 min treatment) 

(Taormina and 

Beuchat 1999b) 

Cantaloupes Whole 

3 min sodium hypochlorite (200 and 

2000 ppm) in 0.05 M potassium 

phosphate buffer (pH 6.8) 

ca 2.78 (200) and >3 (2000) log reduction (cfu/ml 

wash solution) compared to control (water) 

(Park and 

Beuchat 1999) 

Honeydew 

melons 
Whole 

3 min sodium hypochlorite (200 and 

2000 ppm) in 0.05 M potassium 

phosphate buffer (pH 6.8) 

>2.6 log reduction 200 and 2000 ppm (cfu/ml wash 

solution) compared to control (water) 

(Park and 

Beuchat 1999) 

Asparagus Whole 

3 min sodium hypochlorite (200 and 

2000 ppm) in 0.05 M potassium 

phosphate buffer (pH 6.8) 

ca 0.97 (200) and ca 2.14 (2000) log reduction (cfu/ml 

wash solution) compared to control (water) 

(Park and 

Beuchat 1999) 
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Extending treatment time does not appear to improve reductions because much of 

the effectiveness of chlorine occurs during the first few minutes of treatment and 

decreases as it contacts organic material.  This observation has been made during 

treatment of seeds (Taormina and Beuchat 1999b; Beuchat et al. 2001b). 

 

Dissociation of HOCl is pH dependent and to maximise the amount of available free 

chlorine (as HOCl), it is recommended that disinfection is carried out below pH 7.5.  

Past information has revealed that some European companies using chlorinated 

washing systems for fresh produce decontamination did not control the pH (Seymour 

1999) and in the USA companies using chlorine treatment, during soaking and/or 

rinsing of seeds, did not know the chlorine concentration being used (FDA 1999d).  

For any treatment applied to seeds and fresh produce to be effective, it is imperative 

that the correct concentration of chemicals is used and that the free chlorine level is 

measured and monitored to ensure continued effectiveness during processing. 

 

One approach used to increase the amount of free chlorine available has been to 

reduce the pH of the treatment solution used.  Lowering the pH of sodium chlorite 

(NaClO2) to 1.6 by the addition of 10g/l citric acid is reported to give a 1-2 log greater 

reduction (ca 3.8 log10 cfu/g reduction overall) of E. coli O157: H7 on cabbage leaves 

compared with 100ppm NaClO2 alone (Inatsu et al. 2005).  Acidification to pH 2.2 

with other organic acids (succinic, malic, tartaric, acetic, lactic and propionic) was 

reported by Inatsu et al. to give a 2.5 to 3.0 log reduction, but no significant 

differences were observed between treatments using these acids.  Acidified NaClO 

has also been shown to be effective against E. coli O157: H7 on cantaloupes, 

honeydew melons and asparagus at 850 and 1200 ppm (Park and Beuchat 1999) 

and on strawberries at 200 ppm (Lukasik et al. 2003).  Pre-soaking seeds for 20 min 

in 1,200 ppm of acidified NaOCl2 or 500 ppm acidified ClO2 has been shown to give 

effective reduction and control of E. coli O157: H7 during the sprouting process, 

although neither treatment eliminated this pathogen entirely from alfalfa sprouts 

(Taormina and Beuchat 1999a). 

 

7.5.6.3 Treatment with chlorine dioxide 

 

Theoretically, chlorine dioxide (ClO2) has 2.63 times the oxidising power of chlorine, 

has greater solubility in water, particularly chilled water, but does not react 

chemically with water in the same way as Cl2 and is relatively unaffected by pH 

levels between 6 and 10 (White 1986).  As a disinfectant, ClO2 is reported to be 

equal to, or more effective than, Cl2 (Benarde et al. 1965; Lillard 1979).  Against  

E. coli O157: H7, ClO2 has been used to disinfect a variety of fruit and vegetable 

products (Table 7.7). 
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The effectiveness of ClO2 against E. coli O157: H7 depends on the product and 

varies with concentration and contact time (Table 7.7).  With lettuce, the lowest 

reduction (0.64 log10 cfu/g) was obtained using 1.4 ppm ClO2 for 6.4 min (Sy et al. 

2005) whereas 8.7 ppm for 180min was shown to give a 6.9 log10 cfu/g reduction 

(Lee et al., 2004).  With green peppers, concentrations as low as 0.62 ppm have 

given a 3.03 log10 cfu/g reduction using a contact time of 30 min (Han et al. 2000).  

Low concentrations of ClO2 with longer exposure times or high concentrations with 

shorter time treatments appear to be most effective, although the reduction of E. coli 

O157: H7 achieved depends on the type of product being treated. 

 

During the development of a predictive model, (Han et al. 2001) reported a 

synergistic effect between ClO2 gas concentration and relative humidity (RH) against 

E. coli O157: H7 on the surface of green peppers.  Moreover, in the same study, 

treatment time, RH, temperature and ClO2 gas concentration were all shown to 

significantly (P <0.01) affect inactivation of E. coli O157: H7, although ClO2 gas 

concentration was reported to be the most important factor whereas temperature 

was the least significant. 

 

Compared with free chlorine, proprietary chlorine dioxide-generating compounds 

have been reported to give comparable reductions of E. coli O157: H7, although they 

may offer more consistent and reproducible treatment results, improved buffering 

and therefore better maintenance of pH, and are likely to be less influenced by water 

quality (Lukasik et al. 2003).  



   

Report No.: MB/REP/106304 Page 413 t:\2008\cb\review\se00683 

 

Table 7.7 Effectiveness of chlorine dioxide against Escherichia coli O157: H7 on fresh produce 
 

Produce Condition Treatment Reduction Reference 

Lettuce Shredded 
ClO2 (10 ppm) 10 min with 

agitation  
1.55 to 1.93 log10 cfu/g reduction (Singh et al. 2002) 

Apples Whole fresh 
Chlorine dioxide 5ppm and 

80ppm (5 min)  

<3 log reduction (5 ppm) 4 log reduction (80 

ppm) 

(Wisniewsky et al. 

2000) 

Green peppers 
Injured surface 

sections 

22°C Chlorine dioxide 0.62 

and 1.24 ppm (30 min) 90-95% 

RH 

log reduction: 3.03 (0.62 ppm), 6.45 (1.24 ppm) 

on injured surfaces 

 

(Han et al. 2000) 

Strawberries Whole fresh 

Chlorine dioxide 4 ppm 30 min 

batch treatment 

Chlorine dioxide 0.6 ppm and 

3.0 ppm continuous treatment 

5.1 log cfu/strawberry reduction 

 

4.1 (0.6 ppm) and  >5 (3.0 ppm) log 

cfu/strawberry reduction 

(Han et al. 2004) 

Lettuce Cut leaves 

Chlorine dioxide  

1.4 ppm (6.4 min) 

2.7 ppm (12.3 min) 

4.1ppm (20.5 min)  

log10 cfu/g reduction 

0.64 

0.72 

1.57 

(Sy et al. 2005) 

Lettuce Cut leaves 

Chlorine dioxide  

4.3 ppm (30 min) 

6.7 ppm (60 min) 

8.7 ppm (180 min) 

log10 cfu/g reduction 

3.4 

4.4 

6.9 

(Lee et al. 2004) 

Cabbage Cut leaves 

Chlorine dioxide  

1.4 ppm (6.4 min) 

2.7 ppm (12.3 min) 

4.1ppm (20.5 min) 

log10 cfu/g reduction 

1.53 

2.68 

3.13 

(Sy et al. 2005) 

Carrot 
Peeled Julienne 

style pieces 

Chlorine dioxide  

1.4 ppm (6.4 min) 

2.7 ppm (12.3 min) 

4.1ppm (20.5 min) 

log10 cfu/g reduction 

2.03 

3.18 

5.62 

(Sy et al. 2005) 
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7.5.6.4 Treatments with sanitisers 

 

Proprietary sanitisers, including those using free chlorine as the disinfectant, 

have been evaluated in several studies for their ability to decontaminate fresh 

produce and eliminate E. coli O157: H7 and other bacterial pathogens (Park 

and Beuchat 1999; Taormina and Beuchat 1999a; Taormina and Beuchat 

1999b; Wisniewsky et al. 2000; Wright et al. 2000b; Beuchat et al. 2001a; 

Lukasik et al. 2003).  Alternative sanitisers to chlorine, which have been 

studied to determine their effectiveness for removing E. coli O157: H7 from 

fresh fruits and vegetables, include organic acids, trisodium phosphate, 

hydrogen peroxide, peroxyacetic acid, hydrogen peroxide and Tween 80 

(Table 7.8).  Compared with free chlorine and ClO2, proprietary and 

alternative sanitisers have been shown to effect reductions of no more than 2-

3 log cfu/g.  Taormina and Beuchat (1999a) reported that trisodium phosphate 

(>4%) and hydrogen peroxide (>1%) provided effective reduction of E. coli 

O157: H7 from alfalfa sprout seeds upon initial treatment, but survivors could 

still be recovered after treatment. 
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Table 7.8 Effectiveness of various chemical sanitisers against Escherichia coli O157: H7 on fresh produce 
 

Food type Condition Treatment Observation Reference 

Apples Whole fresh 
Peroxyacetic acid 80ppm 

and 1280ppm (5 min)  

3 log reduction (80 ppm), 5.5 log reduction 

(1280 ppm)  
(Wisniewsky et al. 2000) 

Alfalfa seeds Dried  

15 & 30 min (22°C) 

Prototype alkaline based 

wash solution (termed Fit 

produce) 

(15 or 30 min, 22°C) >5.4 log reduction 

(cfu/g) 
(Beuchat et al. 2001b) 

Lettuce 
Lettuce surface and 

cut edges 

3 min (22°C) 1% NaCl-

NaHCO3 (sodium-

chloride-Sodium 

bicarbonate) (pH 10) 

Fruit & Veg wash solution 

(pH 11.1) 

0.4 log reduction (cfu/cm
2
) surface 

0.2 log reduction (cfu/cm
2
) cut edges 

 

0.7 log reduction (cfu/cm
2
) surface 

1.1 log reduction (cfu/cm
2
) cut edges 

(Takeuchi and Frank 

2001a) 

Apples Whole fresh 

2 min contact time: 

Acetic acid (5%) 

Acetic acid (5%) + 

hydrogen peroxide (3%) 

Phosphoric acid (0.3%) 

Peroxyacetic acid 

(80ppm) 

 

3.1 log reduction 

2.5 log reduction 

 

2.9 log reduction 

 

2.6 log reduction 

(Wright et al. 2000b) 

Strawberries Whole fresh 

Tween 80 (100 & 200 

ppm) 

 

Acetic acid (2% and 5%) 

Sodium phosphate (2% 

and 5%) 

Hydrogen peroxide (1% 

and 3%) 

log reductions (depending on strain) 

1.06 & 1.25 (100 ppm), 1.16 & 1.17 (200 

ppm) 

1.34 & 1.47 (2%), 1.55 & 1.57 (5%) 

1.55 & 1.58 (2%), 1.58 & 1.85 (5%) 

 

1.20 & 1.42 (1%), 2.15 & 2.15 (3%) 

(Yu et al. 2001) 
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7.5.6.5 Treatment with Ozone 

 

Ozone is a strong antimicrobial agent, which is attributed to its high oxidation 

potential.  Although the exact mechanism of disinfection by ozone remains 

unclear, it is thought to occur as a direct result of bacterial cell wall 

disintegration (White 1986).  Its high reactivity and penetrability, together with 

its spontaneous decomposition to oxygen, makes ozone an attractive 

treatment for use in the food industry.  Although ozone has been used to treat 

water supplies, it has not been widely adopted by the food industry and there 

are certain restrictions to its use for treating foods.  There are also important 

safety considerations concerning the use of ozone.  For example, mixtures 

containing a moderate partial pressure of ozone, and pure ozone even at low 

pressures are both potentially explosive and ozone is also a respiratory and 

skin irritant and is toxic by inhalation. 

 
Ozone is an allotropic form of oxygen and is an unstable blue gas with a 

characteristic pungent odour.  Ozonation involves injecting ozone gas 

immediately into a water or gas stream, but because of its inherent instability 

the gas must be produced from an ozone generator on-site.  Unlike chlorine, 

ozone exerts a strong bactericidal effect at low concentrations, although its 

effectiveness is adversely affected by higher water temperature (White 1986).  

However, this is unlikely to present a problem for the decontamination of 

certain types of produce where elevated temperatures are not desirable 

because of the adverse effect on product quality. 

 

Compared with chlorine there are relatively few published studies on the 

effectiveness of ozone against E. coli O157: H7.  Results from experiments on 

the effectiveness of ozone against E. coli O157: H7 on seeds, apples, lettuce, 

cantaloupes and strawberries have been published (Table 7.9).  The results 

from these studies show high levels of reduction (>5 log reduction), at low 

concentrations (3 ppm), of surface contamination of some fruits, but lower 

reductions (up to 1 log) for seeds and lettuce.  In one study, greater 

reductions (up to 4 log) of E. coli O157: H7 on seeds was achieved by using 

heat treatment in combination with ozone, whereas increasing the contact 

time did not appear to give greater reductions and seeds still remained 

contaminated (Sharma et al. 2002).  
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Table 7.9 Effectiveness of ozone against Escherichia coli O157: H7 on fresh produce 
 

Produce Condition Treatment Reduction Reference 

Lettuce Shredded  
Ozonated water (10 ppm) 10 min 

with agitation  
1.47-1.63 log10 cfu/g reduction 

(Singh et al. 

2002) 

Alfalfa seeds Dried  
4, 8, 10 & 21 ppm ozone (up to 64 

min) without sparging 

0.40 (4 ppm/2min) to 1.75 (21 ppm/32 min) 

reduction (log10 cfu/g) 

(Sharma et al. 

2002) 

Alfalfa seeds Dried  

Continuous ozone sparging up to 

64 min  

Continuous ozone sparging up to 

64 min + 3h heat treatment 40, 50 

or 60°C 

1.12 (2 min) to 2.21 (64 min) reduction (log10 

cfu/g) 

0.19 to 2.53 (40°C), 0.46 to 3.58 (50°C), 4.0 to 

4.8 (60°C) 

(Sharma et al. 

2002) 

Alfalfa seeds Dried  

Ozonated water (4°C) under 8 & 

12-psi pressure for 2, 4, 8, 16, 32 

and 64 min 

Continuous ozone sparging up to 

64 min + 12 psi (5 min) 

0.74 to 1.56 log (cfu/g) reduction (8 psi), 0.72 

to 1.62 log reduction (12 psi).  Results 

obtained over a 64 min exposure period 

 

0.70 to 2.03 log (cfu/g) reduction.  2.03 log 

reduction recorded at 32 min 

(Sharma and 

Demirci 2002) 

Apples 
Whole and 

sliced 

3ppm ozonated water (21 to 

23°C) up to 5 min 
>5 log reduction following 2 to 5 min exposure 

(Rodgers et al. 

2004) 

Lettuce 
Whole and 

shredded 

3ppm ozonated water (21 to 

23°C) up to 5 min 
>5 log reduction following 2 to 5 min exposure 

(Rodgers et al. 

2004) 

Strawberries Whole 
3ppm ozonated water (21 to 

23°C) up to 5 min 
>5 log reduction following 2 to 5 min exposure 

(Rodgers et al. 

2004) 

Cantaloupe Whole 
3ppm ozonated water (21 to 

23°C) up to 5 min 
>5 log reduction following 2 to 5 min exposure 

(Rodgers et al. 

2004) 
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As with chlorination, it is equally important that researchers distinguish between the 

concentration of ozone applied and the residual ozone available for effective 

disinfection (White 1986).  Failure to do this may explain the disparity between the 

concentrations and reductions reported in the literature. 

 

Although the use of ozone as a treatment against E. coli O157: H7 and other 

pathogens appears promising, it is highly corrosive and there are concerns that it 

can react with ethanol at high concentrations to produce mutagenic compounds.  

Despite these concerns, the use of ozone as a sanitiser of seeds and fresh produce 

shows potential, but further research is needed to fully understand its effectiveness 

and limitations. 

 

7.5.6.6 Combination treatments 

 

As well as investigating the effectiveness of individual chemicals and treatments 

against E. coli O157: H7, some researchers have studied the effects of combining 

treatments and have established which combinations can potentially increase the 

reduction of this pathogen on fresh produce and seeds. 

 

Low temperature, including the use of chilled water, is used to prevent microbial 

growth and is often regarded as a CCP during produce manufacture.  However, 

researchers have investigated the effect of using mild heat treatments, in 

combination with other treatments, especially chlorine and other sanitisers, for their 

ability to reduce or eliminate E. coli O157: H7 on fresh produce.  Lukasik et al.  

(2003) reported that lukewarm water (43°C) can be almost twice as effective as room 

temperature tap water (22°C) for the removal of pathogens, including E. coli O157: 

H7 from strawberries.  Similar findings were reported previously by Delaquis et al. 

(2002) who reported that washing lettuce in warm (47°C) chlorinated water resulted 

in a 1 log10 cfu/g greater initial reduction of E. coli O157: H7 compared with lettuce 

washed in cold (4°C) chlorinated water.  (Kondo et al. 2006) studied the effects of 

using combinations of NaClO, mild heat treatment and fumaric acid on the removal 

of E. coli O157: H7, Salmonella Typhimurium and Staphylococcus aureus on fresh 

cut lettuce.  Treatment of lettuce with 200 ppm NaClO and mild heat treatment (50°C 

for 1 min) was reported by Kondo et al. to give a 1.2 to 1.7 log reduction of these 

pathogens, with no obvious deleterious effect on the product.  By comparison, 

fumaric acid (50mM) treatment (10 min) gave a ca 2 log reduction but browning of 

lettuce leaves occurred.  Other treatment combinations have been investigated for 

their ability to remove pathogens, including E. coli O157: H7, on fresh produce.  

These include lactic acid (1.5%) with hydrogen peroxide (1.5%) treatment (15 min, 

40°C), which gave a  5.0 log (cfu/fruit) reduction on apples, oranges and tomatoes 
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(Venkitanarayanan et al. 2002); and hydrogen peroxide (1%) in combination with 

nisin (25µg/ml), sodium lactate (1%) and citric acid (0.5%), which gave a 3 to 4 log 

(cfu/cm2) reduction on melon surfaces, whereas treatments with these compounds 

alone did not cause any significant reduction of E. coli O157: H7 (Ukuku et al. 2005). 

 

Some combination treatments have shown promise and there are many other 

studies which have used various combinations of chemical and physical treatments 

which have demonstrated effective reduction and removal of pathogens from fresh 

produce.  As with much of the research in this field, the only VTEC studied has been 

E. coli O157: H7, although there is no reason to assume that the same reductions 

will not be obtained with other VTEC serotypes.  Perhaps the biggest challenge will 

be to develop treatments that are not only effective but which are safe and 

acceptable to the consumer and which have no deleterious effects on the quality and 

sensory properties of the food concerned. 

 

7.5.6.7 Limitations of current treatments for seeds, fruits and vegetables 

 

Many studies have demonstrated the effectiveness of chemical treatments to reduce 

E. coli O157: H7 and other pathogens on fresh produce; however, many, especially 

chlorine based treatments, appear to show limited effectiveness, especially when 

used at low concentration and when organic material is present.  In a study by 

Taormina and Beuchat (1999b) investigating the effectiveness of chlorine against  

E. coli O157: H7 on alfalfa seeds, it was reported that free chlorine in a 200ppm 

solution decreased by ca 90% (to about 20 ppm) and a 20,000 ppm solution by ca 

20% (16,000 ppm) within 15 min when the seed to solution ratio was 1:4 wt/vol.  This 

demonstrates that the amount of free chlorine can be diminished rapidly upon 

contact with organic material, thus reducing the effectiveness of such treatments.  

This is the reason why extending the time of chlorine treatments does not give any 

additional advantage when decontaminating fresh produce. 

 

Increasing the concentration of chemical sanitisers has been one approach taken to 

improve reductions of E. coli O157: H7 on fresh produce.  In a study by Wisniewsky 

et al. (2000), 5 log reductions of E. coli O157: H7 on apples were only achieved 

using 2.1 to 14 times and 3 to 15 times the recommended concentration of a 

chlorine-phosphate buffer solution and peroxyacetic acid, respectively.  Although the 

effectiveness of many chemicals is improved by increasing their concentration, using 

high levels of chlorine, for example, would be hazardous to workers and corrosive to 

machinery.  Furthermore, increasing concentrations of some chemicals has a 

deleterious effect on the product such as bleaching (Lukasik et al. 2003), 
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discolouration and poor sensory qualities (Sy et al. 2005; Kondo et al. 2006), and 

adverse effects on the germination of seeds (Taormina and Beuchat 1999b). 

 

The variable effectiveness of chlorine and other sanitisers is another problem 

associated with the decontamination of fruits and vegetables.  Whilst this may be 

due to the problems outlined above, some discrepancies between the results 

obtained in different studies could also be attributed to differences in inoculum 

preparation and use, including growth phase of the organism and culture conditions, 

and the inoculation procedure, which has been the subject of previous investigations 

(Beuchat et al. 2001a; Singh et al. 2002; Lang et al. 2004b; Lang et al. 2004a).  

Furthermore, to test the efficacy of fresh produce sanitisers against pathogens, 

including E. coli O157: H7, it has been proposed that a cocktail of 5-6 outbreak or 

relevant produce-associated strains should be used (Beuchat et al. 2001a).  Another 

aspect of methodology that must also be considered when evaluating intervention 

treatments is non-lethal cell injury.  This is especially important because failure to 

recover injured cells will give rise to false assumptions about the effectiveness of a 

particular treatment.  Examples of approaches used to ensure recovery of injured 

cells include enumeration on both selective and a non-selective media (including 

specific recovery media), use of chemical neutralisers after treatment (Lang et al. 

2000; Wisniewsky et al. 2000; Wright et al. 2000b; Rodgers et al. 2004) and use of a 

membrane transfer procedure that allows physical transfer from a recovery to a 

selective medium (Han et al. 2000). 

 

Past studies have shown that when contamination levels on seeds and fresh 

produce are high, many treatments will not eliminate E. coli O157: H7 entirely.  Two 

studies, one comparing the effectiveness of  various chemical treatments (Taormina 

and Beuchat 1999b) and another comparing treatments with up to 20,000 ppm 

chlorine (Beuchat et al. 2001b) against E. coli O157: H7 on contaminated alfalfa 

seeds, failed to show elimination of this pathogen from alfalfa sprouts.  Moreover, in 

the study by Taormina et al. (1999) there was evidence that the population of E. coli 

O157: H7 actually increased during the sprouting process.  Survival and re-growth of 

E. coli O157: H7 on treated alfalfa was also observed in a later study by Lang et al. 

(2000).  This was attributed to small numbers of E. coli O157: H7 located deep under 

the seed coat surviving treatment and subsequently growing.  The ability of 

contaminating organisms to survive treatments via physical protection provided by 

the product still represents a major hurdle for certain treatments, especially 

chemically based ones.  To address this problem, various methods have been used 

to improve release of contaminating bacteria, or aid penetration of chemicals. 
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To improve the removal of E. coli O157: H7 and other pathogens from alfalfa seeds, 

pre-soaking seeds in 2000 ppm NaOCl, 1800 ppm Ca (OCl) 2 or 60,000 ppm of H2O2 

has been recommended (International Sprout Growers Association 1997; FDA 

1999c).  Mechanical abrasion, or polishing, of the seed coat (scarification) to improve 

permeability and penetration of chemicals has also been investigated, although the 

results obtained with seeds from one supplier were not conclusive and chemical 

treatment efficacy was not markedly affected by these treatments (Holliday et al. 

2001).  Another approach to improving decontamination treatments has been to pre-

treat seeds with a surfactant, although results of one study (Taormina and Beuchat 

1999b) failed to show any significant reduction of E. coli O157: H7 on alfalfa seeds 

with, or without, surfactant prior to Ca(OCl2) treatment. 

 

Besides the physical protection provided by the product, it has been postulated that 

the production of extracellular carbohydrate complexes (ECC) by foodborne 

pathogens on raw fruits and vegetables may contribute to their protection against 

removal or inactivation by sanitisers.  A study to investigate factors affecting 

production of ECC in E. coli O157: H7 showed that environmental factors, including 

nutrient limitation, affect ECC production (Ryu and Beuchat 2004).  However, the 

authors of this study concluded that more investigations are required to understand 

the relationship between nutrient availability and production of ECC by E. coli O157: 

H7 on fresh produce.  

 

There is now sufficient evidence from published studies that growth of surviving  

E. coli O157: H7 can occur post-treatment on fresh produce during storage (Li et al. 

2001; Delaquis et al. 2002; Rodgers et al. 2004).  Proper handling and controlled 

storage conditions during distribution and retail display are therefore essential to 

prevent levels of these pathogens increasing during storage.  However, certain 

VTEC, notably E. coli O157: H7, may cause infection at low infectious doses so 

prevention of contamination or total elimination is the only way to ensure a safe 

product.  On the other hand, the infectious dose of other, non-O157, VTEC may be 

much higher although this aspect of VTEC research has yet to be fully elucidated. 

 

7.5.6.8 Novel and alternative treatments for seeds, fruits and vegetables 

 

As described previously, the type and concentration of chemicals used in 

decontamination treatments can adversely affect the organoleptic quality of treated 

produce.  Consequently, although these treatments may provide an effective method 

of removing VTEC and improving product safety, they are unlikely to be widely 

accepted or adopted.  Therefore, non-chemical treatments and interventions warrant 

further investigation. 
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Alternative treatments investigated include irradiation which, although permitted in 

certain countries (up to 8 kilograys (kGy) in the USA) for specific applications, 

remains controversial.  Rajkowski and other researchers working for the USDA, 

Agricultural Research Service have investigated the use of gamma irradiation (using 

2 kGy) for the treatment of seeds and its effect on E. coli O157: H7 and other 

pathogens.  The radiation D-value, which is the amount of irradiation required to 

achieve a 1 log reduction in cell numbers, for cocktails of meat and vegetable 

isolates of E. coli O157: H7, has been reported to be 0.34 and 0.30 kGy on sprouts 

(Rajkowski and Thayer 2000) and 1.43 and 1.11 kGy for Broccoli seeds (Rajkowski 

et al. 2003).  These figures are comparable with D-values of 0.55 and 0.60 kGy for 

non-outbreak and outbreak isolates of E. coli O157: H7 respectively on alfalfa seeds 

(Thayer et al. 2003).  According to Rajkowski et al. (2003), irradiation below 2 kGy 

has no detrimental effect on seed germination, but above this the yield of broccoli 

sprouts can be adversely affected.  Irradiation treatment to 3 kGy achieved a 2.7 log 

reduction of pathogens, including E. coli O157: H7, on dried broccoli sprouts 

(Rajkowski et al. 2003).  In contrast, D-value data for leaf surfaces show greater 

lethality, with 0.5 kGy reducing populations of E. coli O157: H7 by 3.6 to 3.8 log10 

without significant loss of texture (Niemira et al. 2002).  In Japan, treatment of mung 

bean and radish sprouts with a dose of 1.5 and 2.0 kGy respectively, reduced E. coli 

O157: H7 and Salmonella to non-detectable levels (Bari et al. 2004). 

 

Studies using irradiation alone have revealed that this treatment cannot be relied 

upon to ensure a safe product and research into combination treatments, including 

radiation, is still required.  The reasons for the differences in sensitivity of E. coli 

O157: H7 on seeds compared with lettuce is unclear, although this does highlight the 

potential effects of the food matrix on the effectiveness of this type of treatment.  

Antioxidants that constitute a health benefit of eating certain foods, including broccoli 

sprouts, are known to influence the antimicrobial efficacy of ionizing radiation by 

preferentially reacting with radicals produced during irradiation and this may actually 

protect the bacteria (Niemira et al. 2002; Rajkowski et al. 2003), although this aspect 

of irradiation treatment requires further study. 

 

This section provides information on various alternative treatments for produce, 

although there are many more that have not been described and others which are 

currently being developed.  One of the ongoing challenges remains the 

decontamination of seeds for which there is no effective treatment that will ensure a 

pathogen free product.  In Japan, the addition of 0.4% (w/v) calcinated calcium to 

radish sprouting medium artificially contaminated with E. coli O157: H7 has been 

shown to inhibit the growth of ca 3 log10 cfu of this pathogen (Bari et al. 1999).  The 

use of calcinated calcium may therefore be an effective treatment for sprouts, 
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although research is needed to determine the safe levels of calcinated calcium.  

Given the limitations of chlorine treatments, an alternative treatment shown to give a 

ca 3.4 log10 cfu/g reduction of E. coli O157: H7 on alfalfa seeds, is treatment with 

citrus related products (Fett and Cooke 2003).  Another alternative approach is to 

soak alfalfa seeds in a colicin suspension at a concentration of 10,000 AU/g, which 

has been shown to give reductions of 5 log cfu/g E. coli O157: H7 (Nandiwada et al. 

2004), although this approach alone, or in combination with other treatments, 

requires further investigation.  Natural antimicrobials also offer an attractive 

alternative to chemical treatments.  In one study, a 5 min treatment of shredded 

lettuce in thyme oil (0.1%) with agitation was reported to give a 1.86 to 2.15 log10 

cfu/g reduction of E. coli O157: H7 (Singh et al. 2002).  The use of natural 

compounds with antimicrobial properties, alone and in combination with other 

treatments, warrants further investigation.  As well as those alternative treatments 

described already, there are other technologies that have been developed or which 

are currently being investigated, that may prove effective decontamination 

treatments for seeds, fruit and vegetables. 

 

7.6 Meat processing 

 

It is now understood that certain raw foods, particularly raw meats, may potentially 

be contaminated by VTEC including E. coli O157: H7.  Consequently, there is a risk 

that VTEC can enter the food chain via contaminated raw materials and 

subsequently become dispersed and spread to adjacent food processing areas and 

equipment.  Provided good manufacturing practice (GMP) is followed, the process is 

carefully controlled ideally using a HACCP-based system, hygiene standards are 

high and cleaning programs effective, the risk of final product contamination should 

be substantially reduced.  If the final product is a raw meat or associated product, the 

risk of contamination can still be greatly reduced, but not entirely eliminated, with the 

aid of a HACCP or similar system during slaughter. 

 

In commercial beef slaughterhouses there is evidence that VTEC can become 

dispersed throughout the environment.  One FSA funded project (M01029) 

demonstrated that carcass contamination (not VTEC) can occur via the airbourne 

route, although this was less significant compared with other routes such as direct 

contact (FSA 2007d).  Sites identified as sources of E. coli O157 contamination have 

included pre-operational fabricated floor conveyor belts at one site (Rivera-

Betancourt et al. 2004) and at a second site, E. coli O157 was isolated from a 

footbridge, an apron at a pre-evisceration post and the hand of an operator at a 

defatting post before washing (Guyon et al. 2001).  There is evidence that these 

bacteria can potentially persist if proper cleaning and disinfection procedures are not 
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followed.  The resistance of E. coli O157: H7 to chlorine was reported by Ryu et al. 

(2005) to increase significantly as cells formed biofilms.  Work with the organism 

grown on stainless steel coupons showed that this increased resistance was due to 

exopolysaccharide (EPS) and curli production.  As well as enhancing resistance to 

chlorine, EPS, comprising colonic acid, in E. coli O157: H7 has also been reported to 

play a role in protection against osmotic and oxidative stress (Chen et al. 2004).  

Curli are thin, coiled, fimbriae-like structures which have been reported not to affect 

the attachment of cells of E. coli O157: H7 to stainless steel but do promote biofilm 

production (Ryu et al. 2004b).  In another study by Ryu et al. (2004a), EPS was 

shown to act as an anti-adhesive, affecting the attachment of cells to the surface of 

stainless steel; EPS was also reported to be associated with enhanced resistance of 

cells against environmental stresses.  Environmental factors affecting curli 

production by E. coli O157: H7 are reported to require further characterisation, 

especially the influence on curli production of various treatment conditions and their 

role in protecting E. coli O157: H7 against the lethality of chlorine and other 

sanitisers (Ryu and Beuchat 2005).  Furthermore, the synergistic, or additive, effects 

of curli-producing or curli-deficient E. coli O157: H7 and other microorganisms 

producing EPS or curli in biofilms and their role in resistance to disinfectants, warrant 

further investigation. 

 

Current treatments generally rely on eliminating contaminating bacteria on the 

surface of meats, particularly carcasses.  Using confocal scanning laser microscopy, 

Auty et al. (2005) showed that E. coli O157: H7 can reside between muscle fibres 

and within connective tissue, up to 25µm deep in beef.  In a study investigating 

attachment of bacteria to beef carcasses, a bioluminescent E. coli strain was 

reported to bind preferentially to cut edges and convoluted areas on the loin surface 

of carcasses and could not be removed by rinsing (Warriner et al. 2001).  

Attachment of bacteria to meat surfaces has been extensively studied but the exact 

mechanisms of attachment are not fully understood.  In a study of bacterial 

attachment to meat surfaces, which included a strain of E. coli O157: H7, the net 

negative charge of the bacterial cell was reported to be a major factor in the 

attachment of bacteria to lean tissue (Dickson and Koohmaraie 1989).  Factors that 

facilitate attachment include EPS and, possibly, flagella, although their precise role in 

bacterial attachment is not fully understood. 

 

7.6.1 Treatments and interventions applied to carcasses and raw meats 

 

The hides of animals sent for slaughter can be heavily contaminated with bacteria, 

including VTEC, which may then contaminate the carcass and ultimately find their 

way into raw meat products.  One of the most important critical control points (CCP) 
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during the slaughter process is therefore hide removal, for which there have been 

several interventions investigated (see Section 7.3.6).  Important sources of meat 

contamination are the hide and gut contents which can contaminate the carcass 

during the slaughter process.  Previous studies have demonstrated that ground beef 

produced from carcasses subjected to antimicrobial treatments yield lower 

populations of bacteria and a reduction/elimination of E. coli O157: H7 and other 

pathogens (Dorsa et al. 1998).  Consequently, the development of carcass 

decontamination procedures and interventions, including some specifically targeted 

at E. coli O157: H7, has received much attention. 

 

In developed countries, prevention and control of VTEC contamination in the meat 

industry is largely managed by HACCP or similar risk-based systems.  Preventing, or 

removing, microbial contamination can be achieved using intervention or non-

intervention systems, or a combination of both.  Details of some of the intervention 

and non-intervention systems and CCPôs used in beef slaughter processes are 

described by Bolton et al. (2001).  Information on interventions permitted in the EU 

during pork and lamb slaughter are described in two guidelines developed as part of 

a European Commission funded project (Bolton et al. 2005b; Bolton et al. 2005a).  A 

range of interventions and decontamination techniques for the reduction/elimination 

of E. coli O157: H7 and other pathogens on raw meat are described in reviews on 

the subject (Dickson and Anderson 1992; Corry et al. 1995; Siragusa 1995; Dorsa 

1997; Sofos and Smith 1998; Dinçer and Baysal 2004; Koohmaraie et al. 2005). 

 

There are many treatments that have been developed for decontaminating meat 

carcasses.  Some treatments have been permitted for use in certain countries but 

not in others.  For example, in the USA the use of organic acids has been permitted 

as a decontamination treatment, whereas for countries within the European Union 

(EU) washing carcasses with potable water has been the only permitted method of 

decontamination (Smulders and Greer 1998).  Furthermore, as with treatments 

developed for fruits and vegetables, some will require more research before their 

safety is fully established and to determine if they have any potential effect on meat 

quality and safety.  Especially important in the context of physical and chemical 

removal treatments is the need for a greater understanding of the interaction 

between bacteria and the surface water layer of carcasses and mechanisms of 

bacterial attachment to meat (Siragusa 1995).  Fratamico et al. (1996) showed that 

E. coli O157: H7 attached to various types of beef tissue possessed an abundance 

of long, coiled, pilus-like surface structures which were not visible on a strain of  

E. coli K12.  However, these pili were not thought to play a role in attachment to beef 

tissues because both organisms attached at similar levels.  Binding to collagen in 

meat tissues is thought to be one mechanism of bacterial attachment, although the 



   

Report No.: MB/REP/106304 Page 426 t:\2008\cb\review\se00683 

 

exact role of pili and other surface structures of E. coli O157: H7 and other 

pathogenic E. coli is currently unclear.  The following section describes interventions 

and treatments which have been developed and evaluated for their effectiveness 

against pathogens, including E. coli O157: H7, on meat carcasses and associated 

meats. 

 

7.6.1.1 Washing and trimming 

 

Washing carcasses in warm or cold water is generally done to improve carcass 

appearance and remove dust, bone and blood clots etc., and is not usually 

considered to be a decontamination step.  Reductions in microbiological 

contamination achieved by spray washing with water range from 1 to 2 log cfu/cm2 

(Gormon et al. 1995a).  Although there is evidence that washing carcasses can 

reduce bacterial numbers (Dickson and Anderson 1992), some studies indicate that 

washing can transfer bacterial contamination from one area of the carcass to 

another.  In a study by Bell (1997), cold water washing of beef carcasses was 

ineffective in removing microbial contamination and the end result of washing was 

posterior to anterior redistribution, resulting in increased counts at forequarter sites.  

In another study, washing faecal contamination from carcass surfaces with water 

was also shown to spread contamination, although reductions of between 1.7 and 

2.7 log10 cfu/cm2 E. coli O157: H7 from different locations on the carcass surface 

were achieved (Castillo et al. 1998).  

 

Washing generally follows trimming of visible contamination on carcasses.  

Comparison of trimming and washing used alone and in combination has been 

investigated previously (Gormon et al. 1995a; Prasai et al. 1995).  Trimming alone 

can effectively reduce bacterial contamination on beef carcasses by as much as 0.9 

log10 cfu/cm2 but contamination can be increased and spread over the carcass by 

subsequent washing (Prasai et al. 1995).  Gorman et al. (1995a) reported that 

effective spray washing gave similar reductions in microbial numbers to hand 

trimming, although spray washing without trimming was still an effective measure for 

removing faecal material and microbiological contamination from beef adipose 

tissue, especially when used at a pressure of 20.70 bar. 

 

7.6.1.2 Hot water treatment 

 

Hot water (>70°C) treatments have been shown to be effective for reducing the 

microbial contamination on meat carcasses (Dorsa et al. 1996b; Dorsa 1997; Castillo 

et al. 1998), although hot water is reported to be effective only when the temperature 

is maintained to achieve 74°C on the carcass surface for >5 s (Koohmaraie et al. 



   

Report No.: MB/REP/106304 Page 427 t:\2008\cb\review\se00683 

 

2005).  Stringent control of temperature is reported to be achievable by commercial 

hot water wash systems (Dorsa et al. 1997b).  Using hot water (74 ± 2°C) sprayed at 

20 lb/in2 followed by water at 30 ± 1°C sprayed at 125 lb/in2, Dorsa et al. (1997b) 

reported a 2.6 cfu/cm2 initial reduction in E. coli O157: H7 on beef carcass surfaces, 

but this was followed by recovery and an increase of 1.4 cfu/cm2 of this pathogen 

after 2 days aerobic storage at 5°C.  In a study using water heated to 97°C (95°C at 

the spray nozzle), the carcass surface temperature was reported to rise to between 

82 and 85°C in 1 to 2 s (Castillo et al. 1998).  Depending on the location on the 

carcass, Castillo et al. (1998) demonstrated that hot water (95°C) at 24 psi for 5 s 

with a flat spray nozzle could achieve reductions in E. coli O157: H7 of between 2.9 

and 4.1 log10 cfu/cm2 (average 3.7 log10 cfu/cm2 reduction).  Washing carcasses with 

chlorinated water (up to 200mg/l chlorine) has been investigated, although many 

studies report no significant difference to the reductions obtained with hot water 

washes (Dickson and Anderson 1992).  

 

7.6.1.3 Steam pasteurisation 

 

Steam pasteurisation as a treatment for reducing the microbial population including 

pathogens on meat surfaces, especially whole carcasses, has been adopted in some 

countries, notably the USA, but not in others, although this treatment has been 

evaluated in countries such as the UK.  Steam pasteurisation treatment of beef 

carcasses for 6 s at 82.2°C has been reported to give approximate reductions (log10 

cfu/100cm2) of 1.3, 0.5, 0.6, and 0.5 to 1.0, for aerobic plate count, general E. coli, 

total coliforms and total Enterobacteriaceae, respectively (Nutsch et al. 1998).  

Treatment of surfaces of beef with condensing steam at 55°C, 65°C and 75°C has 

been shown to reduce numbers of E. coli O157: H7 by 0.5, 1.0 and 1.5 log10 cfu/cm2, 

respectively (Logue et al. 2005).  Furthermore, Logue et al. (2005) showed that 

recovery of E. coli O157: H7 could occur if post-treatment storage conditions were 

not properly maintained and that no re-growth was best achieved by storing treated 

meat under vacuum at 0°C. 

 

In the USA, a commercial system has been developed (Vac-San , Kentmaster Mfg, 

Monrovia, CA) comprising a specifically designed steam chamber which employs hot 

water and steam in combination with a vacuum system to remove bacteria and other 

contamination.  A full description of this system is provided by Dorsa et al. who 

reported reductions in generic E. coli of 4.3 log10 cfu cm-2 during initial evaluation 

(Dorsa et al. 1996b).  The process employed by this system, commonly referred to 

as steam-vacuum sanitising, has been reported to achieve substantial reductions in 

pathogen numbers, including E. coli O157: H7.  Steam-vacuum sanitising has been 

reported to give reductions of 5.5 log10 cfu cm-2 E. coli O157: H7 on beef carcass 
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surface tissue with the system delivering hot water at 88-94°C (Dorsa et al. 1996a), 

and 3.5 log10 cfu cm-2 using a process temperature of 91-93°C for 15s (Phebus et al. 

1997). 

 

In the UK, steam pasteurisation treatment of beef carcasses using a commercial 

system was evaluated as part of a MAFF LINK scheme (project M01006) which is 

described by Attenborough and Mathews (2000).  An important point mentioned by 

Attenborough and Mathews is the difference between the abattoirs and practices in 

the US and Britain.  The equipment used in the US was too large for most British 

abattoirs and therefore needed to be redesigned and the process re-evaluated.  In 

addition, in Britain, ageing and maturation of beef is a common practice used to 

improve the quality of the meat.  Removal of competitive flora on beef carcasses 

raises some concerns because growth of surviving pathogens, including VTEC, may 

occur unrestricted during subsequent maturation.  In a previous study, E. coli O157: 

H7 on the surface of beef carcasses was initially reduced by 2.1 cfu/cm2 using steam 

vacuum treatment, but increases of 1.2 cfu/cm2 occurred after 2 days' aerobic 

storage at 5°C (Dorsa et al. 1997b).  

 

The removal of naturally occurring competitor organisms raises some concerns 

about the use of certain treatments because these bacteria can often inhibit the 

growth of pathogens by producing inhibitory substances, without affecting the meat 

quality or posing a food safety risk to the consumer.  It is not known if the application 

of carefully selected competitor organisms onto carcasses after treatment to control 

pathogens, including VTEC, has been investigated, although this approach is likely 

to be controversial.  Whilst treatment of carcasses with steam has been shown to 

give good reductions of microorganisms, including E. coli O157: H7, evidence that E. 

coli O157: H7 increase following sub-lethal injury recovery, if storage conditions 

permit, must not be overlooked. 

 

7.6.1.4 Organic acids 

 

The use of organic acids for the treatment of meat carcasses is described in 

previous reviews (Dickson and Anderson 1992; Siragusa 1995; Koohmaraie et al. 

2005).  Popular organic acids used for this purpose include lactic acid and acetic 

acid.  Decontamination treatments using organic acids have been implemented in 

abattoirs in the USA as part of an overall HACCP program (Smulders and Greer 

1998) although they are not currently permitted in the EU and other countries. 

 

Various organic acids used alone and in combination with other treatments against 

E. coli O157: H7 on carcass surfaces have been evaluated (Dickson and Anderson 
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1992; Gormon et al. 1995b).  Reductions of E. coli O157: H7 on meat surfaces by 

various organic acids in some published studies range from 0.3 to 2.0 log (Smulders 

and Greer 1998).  The effectiveness of organic acids depends on the type and 

concentration of acid used and if the acid is in contact with the pathogen for sufficient 

time to exert its effect.  For the removal of E. coli O157 from carcass surfaces, 2% 

lactic acid has been shown to be more effective than 2% acetic acid (Hardin et al. 

1995).  Compared with hydrogen peroxide (3%) and chlorhexidine (0.1%), acetic 

acid (5%) was also reported to be the least effective treatment against E. coli O157: 

H7 on beef, although differences in performance between chemicals was dependent 

on tissue type (Delazari et al. 1998).  Cutter and Siragusa (1994) compared a range 

of organic acids (acetic, citric and lactic) at concentrations of 1-5% for their ability to 

reduce populations of E. coli O157: H7 on beef carcass tissue.  Spray treatments 

with 5% were the most effective although Cutter and Siragusa reported that 

treatments did not completely inactivate this pathogen.  The ineffectiveness of acid 

treatments against E. coli O157: H7 on beef has also been reported by others 

(Brackett et al. 1994; Castillo et al. 1999).  Later work by Cutter et al. (1997) reported 

that variables such as contamination level and inoculation menstruum can affect the 

efficacy of spray washing with organic acids, whereas tissue type or spray 

temperature may not.  The application of the acids as a vertical mist by Brackett et 

al. (1994) has also been put forward as a possible reason why Brackett et al. failed 

to observe effective reduction of E. coli O157: H7 (Dorsa et al. 1997a).  According to 

results from the large amount of research undertaken to evaluate the use of organic 

acid treatments for removing bacterial contamination from carcasses and meat, the 

reductions reported in some studies are comparable to those achieved using 

trimming and water spray.  The reported reductions for similar treatments can give 

conflicting information about the effectiveness of these treatments.  Some of this 

could be attributed to differences in the experimental design, inoculation procedure 

and delivery system used to treat the meat.  These differences should be considered 

when comparing results from different studies. 

 

Another potential reason why acid sprays appear to be ineffective could be the acid 

tolerance exhibited by some strains of E. coli O157: H7.  Although the ability of E. 

coli O157: H7 to resist acid treatments is not fully understood, it has been shown that 

previous acid habituation of E. coli O157: H7 cells can make them more resistant to 

the effects of acid spray chilling (Stopforth et al. 2004).  Another limitation of acid 

sprays is the inadvertent selection of acid resistant strains and changes in microbial 

ecology that could occur in meat plant environments exposed to organic acid 

treatments (Samelis et al. 2002).  
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Understanding bacterial attachment to meat surfaces and increasing bacterial 

exposure to treatment chemicals is of vital importance if these decontamination 

procedures are to be successful.  Aspects of attachment that warrant further 

investigation include techniques which disrupt collagen on meat surfaces or which 

interfere with bacteria-collagen interactions (Fratamico et al. 1996).  A chemical 

method for improving detachment of bacteria on carcass surfaces prior to treatment 

has been investigated.  Pre-spraying beef carcasses with 5% (v/v) Tween 20 

(sorbitan monolaurate) has been shown to improve reduction of E. coli O157: H7 

numbers on beef treated with 2% lactic acid (Calicioglu et al. 2002a) although 

additional treatments with detergents or chemicals remains controversial in some 

countries. 

 

7.6.1.5 Chemical treatments 

 

As well as organic acids there have been studies to evaluate the effectiveness of 

alternative chemicals against E. coli O157: H7 on meats, although some are still not 

permitted for use in the food chain.  Acidified sodium chlorite (ASC) is a broad 

spectrum disinfectant that is approved by the FDA as a secondary food additive and 

for use in red meat processing at concentrations of 500 to 1200 ppm (Koohmaraie et 

al. 2005).  Phosphoric acid-activated ASC (PASC) and citric acid ASC (CASC) have 

been reported to reduce E. coli O157: H7 populations on beef carcasses by 3.8 and 

4.5 log10 cfu/cm2, respectively, although 30 to 50% of carcasses still remained 

contaminated after treatment (Castillo et al. 1999).  Reductions of 2.5 log cfu/cm2  

E. coli O157: H7 on fresh beef cubes sprayed with 0.12% ASC were reported by Lim 

and Mustapha (2004), but treatment with this chemical also caused loss of redness 

of the meat which coincided with the decrease in the pH of treated samples.  Among 

the other chemical treatments investigated by Lim and Mustapha were 0.1% 

potassium sorbate which had little effect against E. coli O157: H7 and 0.5% 

cetylpyridium chloride (CPC) which gave a 1.58 log reduction when mixed with ASC.  

Although ASC does reduce numbers of E. coli O157, it is not currently permitted in 

the EU. 

 

Another chemical permitted in the USA for carcass treatment is trisodium phosphate 

(TSP).  At 8% concentration, TSP has a pH of >12 and is active against a wide range 

of Gram-negative bacteria (Corry et al. 1995).  Against E. coli O157: H7 on beef 

meat surfaces, treatment with 10% TSP for 15 seconds has been shown to give 

reductions of 1.35 and 0.92 log on fat and fascia surfaces, respectively (Kim and 

Slavik 1994).  Compared with organic acids, 12% TSP against E. coli O157: H7 has 

been reported to give similar reductions (Dorsa et al. 1997a). 
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7.6.1.6 Combination treatments 

 

None of the current interventions against E. coli O157: H7 and other pathogens on 

carcasses and meats have been shown to be totally effective.  For this reason, a 

multiple treatment intervention approach has been proposed (Koohmaraie et al. 

2005).  The use of more than one treatment in combination has been shown to give 

the greatest reductions of microorganisms on carcasses.  The effectiveness of 

different combinations of treatments has been reported in previous studies 

investigating carcass decontamination treatments (Gormon et al. 1995b; Dorsa et al. 

1997b; Castillo et al. 1998; Delazari et al. 1998; Smulders and Greer 1998). 

 

7.6.1.7 Other approaches and considerations 

 

The treatment of meats, especially carcasses, has received much attention in the 

past, although some treatments have shown limited success while others, although 

effective, are not widely used or permitted.  Alternatives to physical and chemical 

decontamination treatments for carcasses therefore warrant further investigation.  

Bacteriocins show good potential for use in carcass decontamination processes 

(Siragusa 1995) and the use of bacteriophages has been considered for eradicating 

specific pathogens although their use on meat remains controversial.   

 

In a study by (Smith et al. 2005), the application of lactic acid bacteria (LAB) into 

ground beef was reported to give 2 and 3 log10 cfu/g reductions in E. coli O157: H7 

after 3 and 5 days storage at 5°C, respectively.  Moreover, no adverse effects of the 

LAB on the sensory properties of the meat were reported (see also Section 7.7.4). 

 

7.7 Food manufacturing 

 

Although physico-chemical treatments in food processing have received much 

attention, perhaps the most important aspects of food manufacture are the design 

and construction of suitable premises and its layout, provision of appropriate 

equipment, and the proper management and supervision of staff.  Personal hygiene 

of staff and the hygiene of equipment are important if cross-contamination is to be 

prevented.  The hygienic design of equipment and the implementation of effective 

cleaning regimes are vital during the manufacture of foods. 
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7.7.1 Heat treatments and heat resistance 

 

There are numerous publications describing the thermal inactivation of E. coli O157: 

H7 in broths and in foods.  The thermal inactivation of E. coli O157: H7 has been the 

subject of a recent review (Stringer et al. 2000). 

 

7.7.1.1 Meats and processed meats 

 

There is no evidence to suggest that E. coli O157: H7 and other VTEC are any more 

heat resistant than other vegetative pathogens, e.g. Salmonella.  Studies 

investigating the heat resistance of E. coli O157: H7 in ground beef have revealed 

similar D-values in comparable meat types (Table 7.10).  Also, it was found that the 

recovery of heat-injured cells can be greatly reduced if inappropriate methods are 

used.  The studies presented in Table 7.10 show a range of plating media and 

methods developed to improve recovery and estimation of E. coli O157: H7 following 

heat treatment and that results obtained remain comparable despite these 

differences.  The fat content of different meats has also been shown to affect the 

heat resistance of E. coli O157: H7 in meats, with lower heat resistance evident in 

low fat meats such as poultry and in ground beef with reduced fat content (Table 

7.11). 

 

Heating beefburgers (ground beef patties) to an internal temperature of 68.3°C is 

reported to give a 4 log10 reduction in E. coli O157: H7 numbers (Juneja et al. 1997).  

Extending the cooking time at 68.3°C to 5 s has been shown to kill 1.0 to 4.0 log10  

cfu of E. coli O157: H7 and after 40 s at this temperature at least 99.99% of E. coli 

O157 cells in beefburgers are killed (Clavero et al. 1998).  In the UK, the FSA 

recommends cooking at 70хC for 2 min (piping hot) or an equivalent (see below).  

Provided the correct time-temperature regime is used to cook hamburgers and other 

meat products, the risk from VTEC should be minimal. 
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Table 7.10 Calculated D-values for Escherichia coli in different meats 
 

Matrix Recovery medium Temperature in °C (D-value in minutes) Reference 

Ground beef 

TSA 37°C/1.5h and 

overlaid with MacConkey 

agar 37°C/48h 

54.4 (39.83), 57.2 (4.50), 58.9 (1.17), 60 (0.75), 62.8 (0.40), 64.3 (0.16) 
Doyle & Schoeni 

(1984) 

Ground beef MSMA 37°C/48h 54.4 (25.50), 58.9 (5.21), 62.8 (0.57), 65.6 (0.18)  
Clavero et al. 

(1998) 

Ground beef MEMB 37°C/48h 54.4 (123.90), 58.9 (6.47), 62.8 (0.62), 65.6 (0.20)  
Clavero  

et al.(1998) 

Ground beef 

TSA room temperature/2h 

and overlaid with SMAC 

35°C/48h 

55 (21.13), 57.5 (4.95), 60 (3.17), 62.5 (0.93), 65 (0.39) 
Juneja et al. 

(1997) 

Ground beef 
PCA + sodium pyruvate 

35°C/48h 
51.7 (115.5), 57.2 (5.3), 62.8 (0.47) Line et al. (1991) 

Ground beef 
TSA + 0.6% YE + 1% 

sodium pyruvate 30°C/48h  
55 (20.89), 57.5 (7.77), 60 (3.39) Juneja (2003) 

Ground 

chicken 

TSA room temperature/2h 

and overlaid with SMAC 

35°C/48h 

55 (11.83), 57.5 (3.79), 60 (1.63), 62.5 (0.82), 65 (0.36) 
Juneja et al. 

(1997) 
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Table 7.11 Effect of meat type and fat content on calculated D-values obtained with Escherichia coli O157 

 

Fat content 

(%) 
Matrix 

Temperature in °C (D value in 

minutes) 
Reference 

3 Ground chicken 50 (65.2), 55 (8.76), 60 (0.38) Ahmed, Conner and Huffman (1995) 

3 Ground turkey 50 (70.4), 55 (6.37), 60 (0.55) Ahmed, Conner and Huffman (1995) 

3 Ground turkey  55 (12.5), 57 (2.8), 60 (0.9) Kotrola and Conner (1997) 

7 Ground beef 50 (55.34), 55 (11.40), 60 (0.45) Ahmed, Conner and Huffman (1995) 

7 Pork sausage 50 (49.50), 55 (6.37), 60 (0.37) Ahmed, Conner and Huffman (1995) 

10 Ground beef 50 (80.66), 55 (15.30), 60 (0.46) Ahmed, Conner and Huffman (1995) 

10 Pork sausage 50 (62.90), 55 (7.83), 60 (0.46) Ahmed, Conner and Huffman (1995) 

11 Ground chicken 50 (105.5), 55 (9.74), 60 (0.55) Ahmed, Conner and Huffman (1995) 

11 Ground turkey 50 (115.0), 55 (9.69), 60 (0.58) Ahmed, Conner and Huffman (1995) 

11 Ground turkey  55 (11.0), 57 (2.4), 60 (0.9)  Kotrola and Conner (1997) 

20 Ground beef 50 (92.67), 55 (19.26), 60 (0.47) Ahmed, Conner and Huffman (1995) 

30 Pork sausage 50 (80.64), 55 (11.28), 60 (0.55) Ahmed, Conner and Huffman (1995) 

 

All samples plated onto PRSA: Phenol red agar with 1% sorbitol.  D-values determined by linear regression.
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The thermal death characteristics of an organism will be influenced by 

different factors which must be taken into consideration when determining the 

heat resistance of any pathogen, including VTEC.  Studies investigating the 

heat resistance of E. coli O157 : H 7 have examined several factors including 

food composition and prior storage conditions.  In meat products, particularly 

hamburgers, the fat content has been shown to affect the heat resistance of 

E. coli O157: H7, with higher fat levels resulting in increased D-values (Table 

7.11).  Other factors influencing heat resistance include growth conditions, 

heating method and heating menstruum, prior heat shock and the choice of 

growth medium, and the recovery and enumeration methods used (Stringer et 

al. 2000). 

 

Governments in some countries, notably the USA and UK, have sought to 

provide official guidance on the minimum heat process requirements for the 

safe cooking of burgers.  The USFDA require cooking of ground beef products 

to an internal temperature of 66°C for 1 min, 68°C for 15 sec or 70°C for < 1 

sec (FDA 1999b).  By comparison, the USDA recommends that consumers 

ensure that ground beef is cooked to an internal temperature of 71°C, which 

should be confirmed using a thermometer (USDA 2003a); this is also the 

recommendation in Canada (Health Canada 2006).  In the UK, cooking of 

burgers at 70°C for 2 min or an equivalent process was recommended, 

although lower time/temperature combinations could be considered by 

producers provided the safety of the product could be assured through risk 

assessment and effective process control.  For temperatures below 65°C a z-

value of 6.0°C was recommended for time/temperature equivalents for 

burgers.  

 

In September 2004 the FSA commissioned the ACMSF to consider the 

differences between the recommended cooking conditions for burgers in the 

US (FDA, 1999b) and the more stringent requirements set by the Chief 

Medical Officer (CMO) in 1998 in the UK.  The report by the ACMSF Ad Hoc 

Group on Safe Cooking of Burgers (ACMSF, 2007) upheld the current UK 

advice that burgers should be cooked to 70°C for 2 minutes or equivalent.  

The key conclusions made by the Ad Hoc Group in relation to the safe 

cooking of burgers were:  

 

 The advice of the CMO for the safe cooking of burgers (i.e. 70°C for 2 

min or equivalent) remains the same. 

 A z-value of 6°C should used for time/temperature equivalents for 

burgers e.g. 65°C for 13.6 min or 75°C for 18 seconds. 
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 Use of other time/temperatures combinations should not be ruled out 

where producers can consistently demonstrate that the final product is 

safe and the process is under effective control.   

 To reiterate advice to consumers and caterers on cooking burgers, i.e. 

to follow manufacturers' instructions and make sure that burgers are 

piping hot throughout, cooked until the juices run clear and there is no 

pink meat inside. 

 That the FSA should consider using a modelling approach to set 

recommended time/temperatures based on required inactivation levels 

and required limits of confidence. 

 

A study by Rhee et al. (2003), simulating consumer-style cooking methods, 

revealed that survival of E. coli O157: H7 in beefburgers was influenced by 

cooking method.  Moreover, mean cooking times taken for burgers to reach 

an internal temperature of 71.1°C ranged from 2.7 to 10.9 minutes depending 

on the cooking method.  Survival was associated with single sided grill 

cooking and turning the burger only once during the cooking process (when 

the internal temperature reached 40°C during cooking).  In contrast, heat 

penetration and destruction of E. coli O157: H7 was best achieved using 

double sided grill cooking and multiple turning (ideally every 30s) of burgers 

cooked with a single grill. 

 

Cooking meat adequately to ensure that any pathogens present are destroyed 

before it is consumed is essential.  If cooking instructions are followed 

correctly, and proper hygiene procedures are adhered to, the product should 

be safe to eat.  However, avoiding or removing contamination relies on safe 

handling and cooking practices and an awareness of the potential food safety 

risks.  The provision of proper cooking instructions, training of food handlers, 

better awareness of HACCP and educating consumers can all contribute to 

reducing the risks.  Media campaigns and the provision of information to the 

general public can also greatly increase food safety awareness and therefore 

reduce the risk posed by these products (see Section 7.9). 

 

7.7.1.2 Foods other than meats and processed meats 

 

Besides meat and processed meats there has been considerable research on 

the effectiveness of heat treatments to eliminate pathogens, including E. coli 

O157: H7, in other food products.  Heat treatment of apple cider and similar 

products has been investigated as a means of eliminating E. coli O157: H7 

and improving product safety.  A validated treatment of 68.1°C for 14s has 

been reported to achieve a 5 log reduction of E. coli O157: H7 and other 
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pathogens in apple cider (Mak et al. 2001) and 71.1°C for 1.5 min in white 

grape juice concentrate (Enache et al. 2006). 

 

In apple juice, the average D52 value for a strain of E. coli O157: H7 reported 

by Splittstoesser et al. (1996) was 18 min with a z value of 4.8°C.  In this 

same study, the presence of the preservatives benzoic acid and to a lesser 

extent potassium sorbate greatly reduced the heat resistance of this 

pathogen.  For example, at 50°C, increasing the concentration of benzoic acid 

from 200 to 1000 mg/l decreased the D-value from 22 to 0.64 min, a 34-fold 

increase in lethality.  Similar findings were reported by Dock et al. (2000) 

studying the effect of pH adjustments and preservatives on the heat 

resistance of E. coli O157: H7 in apple cider.  The D-value at 50°C (D50) was 

ca 65 min in apple cider (pH 3.73) without preservatives whereas the addition 

of 0.5% malic acid (MA), 0.1% sorbate (SO), or 0.1% benzoate (BE) reduced 

the D50 values to ca 14 min, 13 min and 7 min, respectively.  Used in 

combination, the greatest D50 reduction (to 18 s) was achieved using a 

combination of 1% MA and 0.2% each of SO and BE.  However, an important 

finding in the study by Dock et al. was that the presence of preservatives such 

as BE appeared to increase the z value and affect the D-value decrease of  

E. coli O157: H7 in apple cider which would lead to underestimating treatment 

lethality at higher temperature (70°C).  The effect of preservatives on heat 

resistance is not fully understood and therefore more work is needed to 

establish the extent of this phenomenon in foods and drinks. 

 

7.7.1.3 Fermented and dried meats and meat products 

 

In response to the potential safety risk posed by E. coli O157: H7 in fermented 

sausages, the USDA FSIS developed guidelines for sausage manufacturers 

to validate processes to ensure a 5 log unit reduction in E. coli O157: H7 

(Reed 1995).  Studies have shown that the numbers of E. coli O157: H7 

decline by only 0.41 log10 cfu/g and 0.43 log10 cfu/g during fermentation and 

drying, respectively during manufacture of pepperoni using commercial 

formulations (2.5% salt, 100ppm sodium nitrite, pH 4.8), which is insufficient to 

achieve the desired 5 log unit reduction (Riordan et al. 1998).  In another 

study, <2 log unit reductions of E. coli O157: H7 in pepperoni after 

fermentation and drying has been reported (Hinkens et al. 1996).  An in vitro 

challenge test simulating passage of E. coli O157: H7 in fermented dry 

sausage through the human gastrointestinal tract has revealed that under 

certain circumstances gastric and pancreatic juices cannot be relied upon to 

prevent infection (Naim et al. 2004).  Therefore, the only way to prevent 

possible infection is to ensure that the product is free from E. coli O157: H7 

contamination. 
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To increase the safety of fermented sausages and to achieve the desired 5 

log unit reduction recommended by the USDA, there have been several 

studies reporting the effects of introducing a heating step into the process 

(Hinkens et al. 1996; Calicioglu et al. 1997; Ellajosyula et al. 1998; Faith et al. 

1998b; Riordan et al. 2000).  In the study by Hinkins et al. (1996), heat 

treating pepperoni at 63°C by instantaneous heating or at 53°C for 60 min 

yielded a 5-6 log unit reduction of E. coli O157: H7.  In beef summer sausage, 

54°C instantaneous heating resulted in a 5 log unit reduction after holding for 

30 min and 7 log unit reduction when this was extended to 60 min (Calicioglu 

et al. 1997).  In Lebonon bologna, a moist fermented sausage made from lean 

beef, a >7 log unit reduction was achieved by fermenting to pH 5.2 or 4.7 

followed by heating to 43.3°C for 20h, 46.1°C for 10h or 48.9°C for 3h 

(Ellajosyula et al. 1998).  Certain time/temperature combinations result in 

lower reductions; however, studies show that subsequent storage can result in 

further decline of E. coli O157: H7 in pepperoni (Faith et al. 1997; Faith et al. 

1998c) and salami (Clavero and Beuchat 1996).  Consequently, certain heat 

treatments are only effective if the initial contamination levels are low at the 

beginning of the fermentation process. 

 

Some commercially produced fermented sausages on sale in the UK, e.g. 

Pepperami, have undergone heat treatment which reduces the potential risk 

from pathogens, including VTEC.  Moreover, this product has been formulated 

with pork and not beef so the potential risk from E. coli O157: H7 

contamination has been further reduced.  In mainland Europe there are many 

products that are not pasteurised and these rely on the fermentation process 

and raw material quality to assure safety.  These range from relatively low 

water activity products that have a long ambient shelf-life, to higher water 

activity products that have limited shelf-life at chill. The latter pose a greater 

challenge for control of infectious pathogens because of the lower storage 

temperature and higher water activity, resulting in less rapid die-off (Dr Peter 

McClure, personal communication). 

 

During the preparation of beef jerky, the use of certain preservatives in pre-

drying marinades has been shown to improve the effectiveness of drying and 

inactivation of E. coli O157: H7 (Calicioglu et al. 2002b).  During the drying 

process in a home-style dehydrator a 5 log10 cfu/g reduction of E. coli O157: 

H7 numbers can be achieved in 4h (57, 63 or 68°C) to 8h (52°C) with lean 

(5% fat), ground and formed jerky, but longer drying times are required for 

meat with a higher (20%) fat content to ensure a safe product (Faith et al. 

1998a).   
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In the US, producers of jerky must follow the Compliance Guideline for Meat 

and Poultry Jerky which lists 7 processing steps where some level of microbial 

intervention can be applied.  These seven common steps in jerky production 

are: 

 

1) Strip preparation 

2) Marination 

3) Interventions, e.g. pre-heating, dipping (acetic acid and calcium sulfate) 

4) Lethality treatment (min. internal temp 160F/71.1°C) + 90% relative 

humidity 

5) Drying 

6) Post-drying heat step 

7) Handling 

 

Some producers of jerky will not follow all of the steps above; for example, 

some may combine heating and drying into a single step.  However, the 

Compliance Guideline requires that all producers follow the lethality and 

drying step.  To eliminate the risk of pathogens, including E. coli O157: H7, 

the USDA FSIS suggested cooking meat to 71.1°C before drying (USDA 

2000).  This treatment was recommended to small businesses producing jerky 

by the USDA and is included in the updated Compliance Guideline published 

in December 2004 (USDA 2004a).  This guidance was again updated in April 

2007 (USDA 2007) following the identification by FSIS of two steps in the 

process that needed improvement.  These were 1) ensuring an adequate 

lethality and 2) the use of water activity and not moisture: protein ratio to 

determine dryness of the product.  The FSIS also considered results from a 

study by Buege et al. (2006) which emphasised the importance of wet bulb 

thermometer measurement for controlling the process.  The updated guidance 

(USDA 2007) retains the use of 71.1°C but it also provides additional advice 

on the importance of maintaining high humidity during heating.  This is a 

critical factor during jerky manufacture and the guidance now requires the 

relative humidity to be maintained above 90% throughout the cooking or 

thermal process.  Additionally the guidance gives information on using wet 

and dry bulb thermometers to monitor the process and to accurately 

determine the humidity. 

 

7.7.2 Non-thermal treatments 

 

There has been considerable research into the effects of various intrinsic and 

extrinsic factors on the survival and growth of E. coli O157: H7 in a wide range 

of foods during processing and storage.  Some of this research, together with 

information on the survival and growth of VTEC in a variety of foods, is 
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described by Duffy and Garvey (2001).  As with other aspects of VTEC 

research much of the data on the survival of VTEC in foods and the effects of 

food processing and treatments has been obtained by studying strains 

belonging to serotype O157: H7.  However, there is no reason to believe that 

other VTEC are any more resistant to the treatments investigated than VTEC 

O157: H7 or, for that matter, other Gram negative bacteria such as 

Salmonella. 

 

Traditional treatments for foods include heat, chemical preservatives and 

acids, although increasing interest in alternative treatments, especially non-

thermal ones, which may have the potential to eliminate VTEC and other 

pathogens, has stimulated research into these areas.  These include 

pressure, ultrasound (typically in the range of 20 to 100 kHz), oscillating 

magnetic fields (OMF), high voltage arc discharge processing, high intensity 

pulsed light, and pulsed electric field processing (PEF), which are all 

described briefly in a review by Leadley on high pressure processing (HPP) 

(Leadley 2005).  The effectiveness of many of these treatments against VTEC 

has not been fully established, whereas for others there is published data on 

their effect against E. coli O157: H7. 

 

7.7.2.1 Pressure 

 

High pressure treatment has been adopted by certain sectors of the food 

industry, although the equipment costs are high and this prohibits widespread 

adoption of this technology.  Unlike heat treatment, high pressure has the 

ability to improve the microbial quality and safety of foods without significantly 

affecting the flavour and colour.  In general, Gram-positive bacteria are more 

resistant to high pressure, requiring 500 to 600 MPa at 25°C for 10 min for 

inactivation, whereas Gram negative bacteria are inactivated by 300 MPa at 

25°C for 10 min (Vachon et al. 2002). 

 

High hydrostatic pressure (HHP) technology involves applying pressures as 

high as 1,500 MPa (1 to 15 kbar) to inactivate microorganisms in foods.  

Using a pressure of 550 MPa in combination with mild heat treatment (30°C) 

Linton et al. (1999) were able to achieve a 6 log reduction of E. coli O157: H7 

in orange juice (see Table 7.12) although greater resistance to pressure was 

observed when the product pH was higher. 

 

Another type of treatment, dynamic high pressure (DHP), is used by the dairy 

industry to reduce the size of fat globules in milk and involves applying 

pressure to a liquid by forcing it through an adjustable valve.  In a study by 

Vachon et al. (2002), E. coli O157: H7 was reported to be sensitive to the 
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lethal effects of DHP at 200 MPa (see Table 7.12).  Treatment of apple and 

orange juice using hydrostatic pressure in combination with rapid 

decompression (RD) and slow decompression (SD) have been shown by 

Noma et al. to reduce E. coli O157: H7 by up to 6.8 log10 cfu/ml, although 

temperature and product pH appeared to influence the lethality of the 

treatment (see Table 7.12).  Overall, SD gave the highest reduction in E. coli 

O157: H7.  It is clear that high pressure treatment has the potential to 

eliminate VTEC and other pathogens although further evaluations are needed 

in order to understand the interaction between the intrinsic characteristics of a  

product, especially pH, and the bactericidal effect of pressure. 

 

7.7.2.2 Ultrasound 

 

Ultrasound is defined as sound waves with a frequency >20kHz that are able 

to travel through liquids, solids and gases.  The antimicrobial property of 

ultrasound is attributed to its ability to lyse cells.  However, unlike other 

treatments there are very few published studies describing the effectiveness 

of ultrasound against E. coli O157: H7.  At least a 4 log reduction has been 

achieved using ultrasound alone and this was increased by the additional use 

of mild heat treatment (see Table 7.12).  Stanley et al. (2004) reported that 

increasing sonication treatment time, intensity and temperature increased the 

lethality of high intensity ultrasound against E. coli O157: H7.  Furthermore, 

Stanley et al. reported the most efficient treatment to be 49.2 W/cm2 for 10 

min at 40°C.  Although ultrasound seems to be a promising and effective 

technology there needs to be more research to investigate its effectiveness in 

a wider range of foods besides liquid foods.  Moreover, the effect of 

ultrasound on sub-lethal injury warrants investigation, together with the 

application of this technology in combination with other treatments. 

 

7.7.2.3 UV and gamma irradiation 

 

Perhaps the most controversial treatment for foods is the use of ionising 

radiation such as gamma radiation, which is permitted in some countries to 

improve the quality and safety of certain foods and ingredients.  Irradiation as 

a method of decontaminating food is described in more detail in a review by 

Farkas (1998).  The treatment dose will depend on the food and the desired 

effect, although three categories, low (1kGy), medium (1-10 kGy) and high 

(>10 kGy) dose, have been described (FDA 1998a).  Radiation doses of 2-7 

kGy are usually effective against most vegetative pathogens, including E. coli 

O157: H7 (Farkas 1998).  In the USA, the US FDA approves irradiation of 

specific food categories for the purpose of pathogen control.  For poultry, 

refrigerated meat and frozen meat, the recommended maximum dose for 
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controlling pathogens is 3 kGy, 4.5 kGy and 7 kGy, respectively (FDA 1998a). 

A common way to express the effectiveness of gamma irradiation treatment is 

by the D10 value, which is defined as the absorbed gamma radiation dose 

producing a 90% decrease in the number of colony forming units (Thayer and 

Boyd 1993). 

 

Ultraviolet (UV) radiation offers an attractive alternative to thermal treatments 

and has the advantages of being relatively inexpensive and leaving no 

residues.  The UV dose required to cause a reduction of 99.9% in E. coli is 

similar to that required for other vegetative bacteria (Chang et al. 1985).  UV 

radiation is an effective treatment for water and surfaces and has been used 

successfully to eliminate pathogens, including E. coli O157: H7, on the 

surface of fruits and vegetables (see Section 7.5).  However, the effectiveness 

of UV against bacteria in foods is limited because of its low penetration power.  

Despite this, there have been studies performed to investigate the potential 

role of UV radiation in food processing and its ability to eliminate pathogens, 

including E. coli O157: H7.  Wright et al. (2000a) found that UV irradiation of 

E. coli O157: H7 in apple cider could give an average reduction of 3.6-3.8 log 

cfu/ml.  Although increasing the dose could achieve a 5 log reduction (See 

Table 7.12) this was only achieved when background flora levels were low (ca 

1 log) and by using slow flow rates (1 litre/min), which is impractical for a 

commercial process.  The bactericidal effect of UV radiation against E. coli 

O157: H7 in fruit juices (apple, orange and multi-fruit) has been demonstrated 

by Oteiza et al. (2005) who also studied the effects of product absorbtion 

characteristics and film thickness on UV radiation. 

 

Although gamma radiation has good penetrating power and can be used on 

packaged foods, the effectiveness can be affected by several factors, 

including food type, moisture content and the irradiation treatment 

temperature (Farkas 1998).  Early work by Thayer and Boyd (1993) revealed 

that E. coli O157: H7 was very sensitive to gamma radiation doses within the 

range 1.5 to 3.0 kGy.  The reported D10 values of 0.44 kGy and 0.28 kGy at -5 

and +5°C, respectively for E. coli O157: H7 in chicken meat confirmed how 

temperature can affect resistance to gamma irradiation.  Clavero et al. (1994) 

reported that a dose of 2.5 kGy would be sufficient to kill a population of 108 

E. coli O157: H7 in raw ground beef.  The D10 values obtained in their study 

ranged from 0.241 to 0.307 kGy although significantly higher D10 values were 

obtained at irradiation temperatures of -17 to -15°C compared with 3 to 5°C, 

further supporting the influence of temperature on treatment effectiveness.  

However, the fat content of the meat did not appear to have a significant effect 

on the D10 values.  For the treatment of apple juice, a dose of 1.8 kGy was 

reported to be sufficient to achieve a 5 log reduction in E. coli O157: H7, 
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although radiation resistance increased with increasing levels of suspended 

solids and by the induction of pH dependent stationary phase acid resistance 

in strains of E. coli O157: H7 (Buchanan et al. 1998). 

 

Produced using an electron beam, another form of radiation is accelerated 

electrons which have a higher dose rate compared to gamma rays.  

Compared to irradiation by electron beam, D10 values for E. coli O157: H7 in 

beefburgers were reported to be higher with gamma rays (López-González et 

al. 1999).  Furthermore, López-González et al. found that in addition to low 

temperature (-5°C), packaging material with a lower oxygen permeability also 

caused increases in D10 values.   

 

Despite the potential benefits of treating foods with ionising radiation, the poor 

public perception of food irradiation and the consumer pressure against the 

use of this technology is likely to restrict its widespread adoption in many 

countries. 

 

7.7.2.4 Pulsed Electric Field 

 

Pulsed Electric Field (PEF) is a non-thermal processing technology which has 

gained the attention of the food industry for its potential to inactivate a range 

of microorganisms including VTEC.  This technology is especially attractive to 

the food and drinks industry because foods treated by PEF retain their colour, 

flavour and nutritional qualities.  As a process, PEF involves placing food 

between two electrodes and applying short duration pulses (1-100µs) of a 

high electric field (5-70 kV/cm) which inactivates enzymes and 

microorganisms in the food.  Against E. coli O157: H7, PEF has been shown 

to give reductions of 5 log10 cfu/ml in apple juice/cider (Table 7.12).  However, 

PEF is reported to be ineffective against E. coli O157: H7 in beefburgers when 

used in combination with acids and freezing (Bolton et al. 2002).  The 

effectiveness of PEF is also dependent on other factors.  In one study, a pH of 

3.6 and temperatures of 4°C and 40°C were reported to decrease the 

inactivation of E. coli O157: H7 by PEF treatment (Evrendilek and Zhang 

2003).  In another study which included E. coli O157: H7, PEF treatment was 

shown to induce sub-lethal injury of bacteria and its effectiveness was 

affected by pH with higher PEF resistance found in Gram positive and Gram 

negative bacteria at pH 7.0 and 4.0, respectively (García et al. 2005).  The 

effectiveness of PEF is probably through its use in combination with other 

treatments.  In a study by Unal et al. (2001), a 3.6 log10 cfu/ml reduction of  

E. coli O157: H7 was achieved using PEF (15 kV/cm) in combination with 

ozone (0.75 µg/ml).  When each of these treatments was used alone the 

reduction by each was only 1.8 log10 cfu/ml.   
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This technology is still in its infancy for the commercial treatment of foods.  

Moreover, it is possible that more synergistic effects between PEF and other 

treatments exist which could improve the effectiveness of PEF against VTEC 

and other pathogens.  This, together with the effectiveness of PEF in a wider 

range of foods, requires further study before it becomes more widely adopted.
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Table 7.12 The effectiveness of some non-thermal treatments against Escherichia coli O157: H7 
 

Treatment Food Conditions 
Reduction (log10 

cfu/ml) 
Reference 

Pulsed Electric Field Apple juice 29 kV/cm for 86-172µs (<35°C) 5  (Evrendilek et al. 1999) 

Pulsed Electric Field Apple cider 
30 pulses of 80 kV/cm (42°C) 

10 pulses of 90 kV/cm (42°C) 

5.35 

5.91 
(Iu et al. 2001) 

Ultrasound ± mild 

heat 
Apple cider 

Batch  

without heat 

with 57°C treatment 

Continuous flow 18 min 

without heat 

with 57°C treatment 

 

4.63 

5.91 

 

4.7 

5.07 

(D'Amico et al. 2006) 

High hydrostatic 

pressure 
Orange juice 5 min 550 MPa (30°C) at pH 5.0 6 (Linton et al. 1999) 

High hydrostatic 

pressure 
Milk Five passes at 200 MPa 8.3 (Vachon et al. 2002) 

Hydrostatic pressure 

+ slow 

decompression (SD) 

or rapid 

decompression (RD) 

Apple juice 

 

 

Apple juice 

(pH 3.69) 

 

 

Orange juice 

(pH 3.84) 

200 MPa  

+ SD 25°C (4°C) 

+ RD 25°C (4°C) 

250 MPa (25°C) 

+ SD  

+ RD  

 

+ SD  

+ RD  

 

1.5 (2.5) 

2.5 (4.1) 

 

6.8 

6.8 

 

3.2 

4.8 

(Noma 2004) 

UV radiation 
Apple cider (pH 3.6 

to 3.9) 

10,288 µW-s/cm2 

61,005 µW-s/cm2 

(flow rates: 0.99 to 6.48 litres/minute) 

3.1 

5.4 
(Wright et al. 2000a) 

UV radiation Chicken meat 500 µW-s/cm2 for 3 min 

1.28  

(with skin) 

0.93  

(without skin) 

(Kim et al. 2002) 
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7.7.2.5 Acids, chemical preservatives and natural antimicrobials 

 

Certain foods are intrinsically stable and therefore considered safe with 

respect to survival and growth of pathogens, including VTEC.  For example, 

E. coli O157: H7 in retail mustards (dijon, yellow and deli) has been shown to 

survive for only a few hours and for up to 2 days during room temperature and 

refrigerated storage, respectively (Mayerhauser 2001).  However, the addition 

of small amounts of acetic acid (<0.75%) to mustard has been shown to retard 

the reduction of E. coli O157: H7 (Rhee et al. 2002).  This is supported by 

recent evidence that NaCl in acidic sauces can provide a protective effect 

under acidic conditions which can enhance survival of E. coli O157, therefore 

affecting stability/safety predictions such as those following the CIMSCEE 

(Comité des Industries des Mayonnaises et Sauces Condimentaires de la 

Communaut® £conomique Europ®enneôs) code (Chapman et al. 2006).  This 

phenomenon of interactions that decrease the combined protective effect is 

not fully understood and although there is no evidence that this is currently an 

issue it may warrant further investigation.  This is all the more important due to 

the increase in consumer pressure on manufacturers to reduce traditional 

preservation systems such as salt, sugar and acids in foods and to 

reformulate of foods to provide healthier alternatives which may be less 

microbiologically stable. 

 

Although heat treatment is an effective measure for controlling VTEC in foods 

and drinks, it can sometimes affect the organoleptic qualities and is not 

considered desirable for some natural products.  For example, in the USA, 

apple cider is an unpasteurised apple juice, whereas apple juice is 

pasteurised by heating, usually for 20 to 30 min at 68°C or 20 to 30 s at 82°C 

(Downing 1989).  The use of approved preservatives such as sodium 

benzoate and potassium sorbate has been shown to increase the safety of 

apple cider.  Zhao et al. (1993) found that 0.1% potassium sorbate alone had 

minimal effect on E. coli O157: H7 in apple cider (pH 3.6 to 4.0) at 8°C, 

whereas reductions of >4 log10 cfu/ml within 7 days could be achieved using 

0.1% sodium benzoate.  Using both preservatives, in combination, at these 

concentrations gave the highest rate of inactivation (>4 log10 cfu/ml within 1 to 

3 days).  Comes and Beelman (2002) investigated the effectiveness of food 

grade acidulants (malic, fumaric and citric acid) added at 0.10% (w/v) alone 

and in combination with sodium benzoate and potassium sorbate and under 

different storage conditions against E. coli O157: H7.  The treatment reported 

to achieve at least a 5 log10 cfu/ml reduction was fumaric acid (0.15% w/v) 

and sodium benzoate (0.05% w/v) followed by holding at 25°C for 6h before 

24h storage at 4°C.   
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Although permitted preservatives are still used to achieve the stability and 

safety of many minimally processed foods, the demand by retailers and 

consumers for more natural products has led to an increased interest in 

natural antimicrobials and foods preserved using alternative compounds to 

chemical preservatives. 

 

Certain naturally occurring compounds, including compounds found in herbs, 

spices, plants and associated materials, have antimicrobial properties which 

make them attractive alternatives to chemical preservatives.  Essential oils 

(EO) and their components, which are described in more detail in a review by 

(Burt 2004), are one such group which has been studied, although more 

research is needed to ascertain their efficacy against a range of pathogens, 

including VTEC, in foods and any potential interactions with other food 

ingredients.  Among the EOs reported to possess the strongest antibacterial 

properties against foodborne pathogens are carvacrol, eugenol and thymol, 

which all contain a high percentage of phenolic compounds (Burt 2004).  

Comparison of 11 EOs against five foodborne pathogens showed that citral, 

geraniol and perillaldehyde at 500 µg/ml completely inactivated strains of  

E. coli, E. coli O157: H7 and Salmonella enterica serotype Typhimurium in 

liquid culture (Kim et al. 1995). 

 

Carvacrol, which has received much attention, is one of the major 

components of oregano and thyme oils.  The benefit of using oregano EO in 

combination with pH and temperature against E. coli O157: H7 in eggplant 

salad was demonstrated by (Skandamis and Nychas 2000).  Kiskó and Roller 

(2005) found that addition of 0.5 mM carvacrol plus 0.25 mM p-cymene (a 

biological precursor of carvacrol also found in thyme and oregano) to 

unpasteurised apple juice (pH 3.2) reduced E. coli O157: H7 (inoculated at ca 

4 log cfu/ml) to undetectable levels in 1-2 days at 4°C.  By comparison, this 

pathogen persisted for 19 days in product without EO stored at 4°C.  Burt and 

Reinders (2003) reported that the EOs with the strongest bacteriostatic and 

bactericidal activity against E. coli O157: H7 were oregano and thyme EO 

followed by bay and clove bud EO.  Moreover, Burt and Reinders showed that 

oregano EO caused irreversible damage to E. coli O157: H7 cells within 1 

min.  

 

In addition to EOs, there are other naturally occurring compounds with strong 

bacteriostatic or bactericidal properties, although many have not been 

subjected to the same degree of attention or study as EOs.  Among the 

compounds investigated for their ability to inhibit pathogens, including E. coli 

O157: H7, are tea extracts.  In a study by Kim et al. (2001a), the addition of an 

aqueous extract from petals of Camellia japonica L (a member of the tea 
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family) at a concentration of 100mg/l to milk was shown to increase the lag 

phase of Salmonella Typhimurium and E. coli O157: H7 by 2 to 3 days as well 

as reduce the final populations.  One of the active antimicrobial components 

identified by Kim et al. (2001a) in the petal extract was fumaric acid, however, 

the bactericidal effect was only evident at 25°C and no effect was observed at 

low temperature (7°C).  Water soluble arrowroot tea extract (5 % w/v) has 

been shown to cause loss of cell wall integrity and death of different 

pathogens including E. coli O157: H7 in liquid media (Kim and Fung 2004a).  

Addition of arrowroot extract to ground beef (up to 6% w/v) and mushroom 

soup (up to 10% w/v) has been shown to suppress the growth of E. coli O157: 

H7 by up to 6 log in soup but only by 0.5 log in ground beef (Kim and Fung 

2004b).  Green and jasmine tea extracts (10% w/v) have been reported to 

suppress the growth of Listeria monocytogenes and Staphylococcus aureus in 

broth culture but E. coli O157: H7 or Salmonella Enteritidis were not inhibited 

by these extracts. 

 

Despite their apparent effectiveness, the concentration of EO needed to give 

the same effect is generally higher in food compared to that in broth (Burt 

2004) and there is no reason to assume that this is not true for other natural 

antimicrobial compounds.  The effect of some compounds, including EOs, 

may be reduced in certain foods such as high fat meats.  The activity of 

oregano and light thyme EO has been reported to be enhanced by agar 

stabiliser (Burt and Reinders 2003) and by the addition of food stabilisers 

(Burt et al. 2005).  Research is therefore needed to understand how EOs and 

other natural antimicrobial compounds interact in, and with, foods and if any 

synergistic or antagonistic effects exist between these compounds.  The effect 

of EOs and other antimicrobial compounds on the sensory quality of foods 

needs to be ascertained and, if necessary, overcome.  The toxicology of these 

compounds and their suitability as food additives must be established.  

 

7.7.3 Post-process storage conditions 

 

Besides implementing treatments during food manufacture to control or 

eliminate VTEC, an important aspect of food safety is the effect of storage 

conditions on the survival and growth of VTEC following manufacture.  

Previous studies evaluating decontamination treatments for meats have 

shown that E. coli O157: H7 is capable of survival and subsequent 

multiplication on meats after treatment if the right conditions prevail during 

storage (Dorsa et al. 1997b).  The limited information available on the survival 

of E. coli O157: H7 under modified atmosphere packaging (MAP) or under 

vacuum packaging indicates that growth under these conditions is not 

significantly slower than under aerobic conditions at 5, 10 or 20°C (Duffy and 
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Garvey 2001).  On chill stored vacuum packaged and 100% carbon dioxide 

packaged beef, populations of E. coli O157: H7 have been shown to survive 

with no significant changes in numbers (Dykes et al. 2001).  The ability of  

E. coli O157: H7 to survive under MAP and vacuum packaged atmospheres 

has important implications for refrigerated storage of retail meats.  Preventing 

VTEC contamination of cooked meats through systems based on risk 

assessment and HACCP to ensure that contaminated meat does not reach 

the market is currently the most effective way of controlling VTEC, although 

alternative approaches have been investigated. 

 

Temperature of storage would appear to be a critical factor for the survival of 

bacteria in juices and concentrates, with enhanced survival, at lower reported 

temperatures.  It has been suggested that the lethality of juice concentrates to 

pathogens could be enhanced by using higher temperatures (Oyarzábal et al. 

2003).  However, although this could be considered as a potential way of 

improving product safety, it would need to be investigated further.  The acidity 

of some fruits and their associated concentrates provides a degree of safety 

against bacterial pathogens, including E. coli O157: H7.  In a study by 

Nogueira et al. (2003), lemon (pH 1.8-2.0), lime (pH 2.2) and cranberry juice 

(pH 2.0-2.2) concentrates were shown to possess intrinsic antimicrobial 

properties against E. coli O157: H7, Salmonella and Listeria monocytogenes, 

and at least 5-log inactivation of E. coli O157: H7 was consistently 

demonstrated in these products stored at ï11°C.  It was concluded that 

holding these products at -11°C or below for a few hours should negate the 

need for repasteurisation.  Addition of cranberry juice to unpasteurised apple 

cider has also been shown to be effective in reducing numbers of E. coli 

O157: H7, as well as Salmonella and L. monocytogenes, when added at a 

concentration of 15% (vol/vol) in a novel process termed the cran-cider 

process (Ingham et al. 2006).  This process also involves holding the product 

at 45°C for 2h and freeze-thaw steps of -20°C for 24h and 5°C for 24h, but it 

only offers marginal reductions in pathogen levels and cannot be relied upon 

to achieve the FDA mandated  5 log reduction in pathogen numbers for this 

product.  However, this process does indicate that cranberry and other juices 

with antimicrobial activity could be considered in the development of 

interventions which may be more acceptable to consumers compared with 

other treatments.  Their effectiveness and their effect on the final product's 

organoleptic properties would need to be determined. 

 

Combinations of short-term (< 6h) storage 4, 25 or 35°C and/or freeze 

thawing have been shown to give up to 5 log10 cfu/ml reductions of E. coli 

O157: H7 in apple cider (Uljas and Ingham 1999).  There is also evidence that 

short-term (  6h) room temperature storage of apple cider and apple juice can 
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enhance the lethality of subsequent pasteurisation (Ingham and Uljas 1998).  

Conversely, growth during storage resulting in increased numbers of 

microorganisms prior to treatment could compromise the effectiveness of such 

treatments.  The importance of storage of foods before and after treatments 

must therefore be considered in the context of controlling or eliminating 

pathogens, including VTEC. 

 

7.7.4 Inhibition of VTEC by competitor organisms 

 

As described previously (Section 7.6.1g), competitor organisms have been 

shown to inhibit or prevent the growth of E. coli O157: H7 when added to raw 

ground beef (Vold et al. 2000; Smith et al. 2005).  Addition of 104-105 cfu/g 

indigenous LAB has been shown to inhibit the growth of E. coli O157 in 

cooked, sliced, vacuum and gas packaged meat stored at 10°C for 4 weeks 

(Bredholt et al. 1999).  However, these findings conflict with those reported by 

Dykes et al. (2001) who reported no significant reduction in E. coli O157: H7 

numbers on cooked meats during refrigerated storage.  Dykes et al. attributed 

this disparity in the findings between the two studies to differences in the 

products' intrinsic factors.  These differences highlight the danger of 

extrapolating data from one study to another as well as the need to investigate 

and confirm the survival of VTEC in individual products.  

 

The development of probiotic foods has stimulated interest in another aspect 

of competitive inhibition which may have future applications to the control of 

VTEC.  Although the effectiveness of probiotic cultures against VTEC has not 

been extensively studied there is evidence from one study that soluble 

substances produced by a strain of Bifidobacterium longum HY8001 may 

have inhibitory activity against Gb3 expression, VT- Gb3 interaction or both 

(Kim et al. 2001b).  Furthermore, two human infant isolates of bifidobacteria 

have been shown to reduce adhesion of E. coli O157: H7 to Caco-2 cells 

(Gagnon et al. 2004).  Whilst there is growing interest in the use of competitor 

organisms to inhibit VTEC in foods, this has not been extensively studied.  

Moreover, further research is required to identify and characterise inhibitory 

compounds produced by strains of competitor organisms that naturally occur 

in foods and, also, probiotic cultures.  These inhibitory compounds could be 

exploited in future for the control of VTEC and other pathogens throughout the 

food chain and they may also have important clinical applications. 

 

7.8 Caterers 

 

There have been several documented E. coli O157: H7 outbreaks and cases 

of sporadic infection which have implicated poor hygienic practices, especially 
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cross-contamination, improper cooking and inadequate reheating of foods, as 

the reasons for contamination.  These factors, together with inadequate staff 

training and failure of management to enforce safety measures, were 

highlighted in the investigation of the Central Scotland outbreak (Pennington 

2000).  Documented outbreaks of E. coli O157: H7 infection have been linked, 

in the past, to improperly cooked hamburgers sold by commercial companies.  

In 2000, a catering company was implicated in one of the largest outbreaks of  

E. coli O157: H7 infection identified in Spain, involving 180 reported cases of 

infection, which was caused by ingestion of inadequately heated sausage 

(Anon 2001a).  The Central Scotland outbreak in 1996 (The Pennington 

Group 1997) and an outbreak in Wales in 2005, linked to suppliers of cooked 

meats to schools (Eurosurveillance 2005), also highlight the consequences of 

food contaminated with E. coli O157: H7 being prepared on a commercial 

scale and supplied to large numbers of people. 

 

Preparation of food by untrained helpers, preparation of food in inappropriate 

premises and use of inadequate equipment may also increase the risk and 

should not be overlooked by those responsible for implementing food safety 

(The Pennington Group 1997).  Past results from a survey of 254 food 

businesses reported by Mortlock et al. (1999) revealed that 69% of 

manufacturers were using HACCP systems compared with just 13% and 15% 

in the retail and catering sectors, respectively.  Furthermore, 54% of 

manufacturing managers received HACCP training compared to 10% of 

retailers and 20% of caterers.  Despite these differences between the sectors, 

most businesses were implementing procedures such as stock rotation, 

cleaning schedules and temperature monitoring.  The adoption of systems 

based on HACCP principles is now much greater due to changes to legislation 

requiring the adoption of HACCP principles and promotion of risk-based 

approaches to food safety.  One reason for the reported lower application of 

HACCP in catering and retail premises in the past was the lack of 

understanding of the HACCP concept, which has now improved with the 

assistance of various initiatives, such as the Safer Food Better Business 

(SFBB), which has been introduced by the FSA (FSA 2008b).  This innovative 

and practical approach to food safety management was developed to help 

small businesses put in place food safety management procedures and 

comply with food hygiene regulations.  

 

Risk based approaches to catering such as the adoption of procedures based 

on HACCP principles are now required by businesses under European law, 

which should improve the situation, although there is a certain amount of 

flexibility regarding its implementation.  Various aspects of HACCP relating to 

restaurants and catering businesses are described in a book which was 
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funded by the European Commission (Maunsell and Bolton 2005).  As well as 

establishing critical control points in restaurants and catering establishments, 

there are practical interventions that are used to ensure food safety.  These 

include the implementation of effective cleaning and disinfection regimes for 

equipment, utensils and the kitchen environment. 

 

Governments and other organisations throughout the world have been striving 

to improve food safety in the catering industry through new regulations and 

enforcement, and via education, greater awareness of HACCP, training, and 

the provision of information and advice.  In 2000 the FSA implemented food 

hygiene campaign activities in the UK to raise awareness of food safety and 

good kitchen practices.  This was targeted at caterers as well as the general 

public.  Initiatives undertaken to promote HACCP and food safety in the UK 

included Safer Food Better Business (England), CookSafe (Scotland), 

HACCP Guidance packs (Wales) and Safe Catering - Your Guide to HACCP 

(Northern Ireland). 

 

Cross-contamination from raw meats to processed foods or foods that will 

receive minimal or no further treatment before consumption constitutes a real 

risk to the consumer.  Infection by E. coli O157: H7 where cross-

contamination from raw to cooked or unprocessed foods occurred has been 

highlighted in several documented outbreaks (see Section 5.3.2 and Table 

5.7).  The extent to which cross-contamination by E. coli O157: H7 from 

contaminated surfaces to foods can occur has also been shown 

experimentally.  For example, Wachtel et al. (2003) demonstrated that low 

numbers (1.75 x 101 cfu/50cm2) of E. coli O157: H7 from contaminated 

ground beef applied to an area of a cutting board could be transferred to 

successive lettuce leaves in contact with the contaminated board.  Immersion 

in hot water with sanitiser or chlorine are common treatments used to 

decontaminate chopping boards although alternative treatments have been 

investigated.  Inactivation of E. coli O157: H7 on smooth, plastic kitchen 

cutting boards using electrolysed oxidising (EOW) water has been 

demonstrated although the efficacy of EOW against pathogens on scarred 

boards is not known (Venkitanarayanan et al. 1999). 

 

In addition to the risks in the kitchen, handling coins at the same time as 

serving foods may also represent a risk of cross-contamination.  Research 

has shown that E. coli O157: H7 and Salmonella Enteritidis can survive in a 

dried state on coin surfaces for several days at room temperature (Jiang and 

Doyle 1999).  Suitable interventions such as hand-washing after handling 

coins and before serving food, or operating separate tills and serving areas, 

should therefore be implemented.  An alternative would be for staff handling 
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food to wear gloves.  However, gloves must be replaced regularly, especially 

when they are torn or when they become soiled.  If staff handle coins while 

wearing gloves, they should replace them before re-commencing food 

preparation.  

 

Adequate cooking, good hygiene and proper handling of foods are all 

essential in the kitchen.  Cross-contamination poses a serious food safety risk 

and measures should be in place to prevent this.  Hygiene and food safety in 

catering is not specific to E. coli O157: H7 and other VTEC but should be 

generic and cover other foodborne pathogens.  Staff should be made aware of 

the serious risk posed by these bacteria, especially the low infectious dose 

and severity of the infection posed by E. coli O157: H7.  Contamination of raw 

meats by pathogenic bacteria, including E. coli O157: H7, should be 

recognised by caterers, restaurant workers and other food service kitchen 

staff responsible for handling and preparing food.  Anyone responsible for 

food preparation should be aware of safe food handling practices, good 

hygiene practices, the need to avoid cross-contamination, and the need for 

safe cooking practices and monitoring, ideally as part of their training and 

ongoing supervision. 

 

7.9 Consumers 

 

Many of the principles of food safety and good hygiene that apply to 

commercial kitchens, which are discussed above, also apply to the domestic 

setting.  However, whereas there is a legal obligation to implement safe 

working practices and provide food safety training in commercial food 

preparation operations in some countries, this does not apply to food 

preparation in the home.  Instead, food safety in domestic settings can only be 

achieved through guidance and greater awareness of the risks.  The 

behaviour and attitudes of consumers to food handling in the home are 

described in a comprehensive review on the subject by Redmond and Griffith 

(2003) and has been the focus of research funded by Governments in 

different countries.  In the UK, the FSA commissioned research under the 

Domestic Sector Hygiene Research Programme (B20) to inform policy aimed 

at improving food hygiene and understanding of hygiene issues in relation to 

the domestic sector (FSA 2008a).  Outputs from this programme are expected 

to be published towards the end of 2008.  Even with the provision of 

appropriate warnings and cooking instructions the responsibility for ensuring 

that a product is safe to eat in a domestic setting eventually lies with the 

consumer.  Education and media campaigns have been used to raise 

awareness of the importance of food safety to the general public. 
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7.9.1 Education and awareness 

 

Much of the advice relating to food safety is not specific to E. coli O157 and 

other VTEC but is, instead, targeted at general food safety, making it 

appropriate for a range of foodborne pathogens including VTEC.  Reducing 

the risk of VTEC infection is likely to occur as part of an overall strategy by 

Governments to reduce the incidence of foodborne disease.  This will 

continue to be done by increasing the awareness of consumers to the risk of 

food poisoning via high profile campaigns, including adverts, publications and 

road shows.  In the Pennington Report it was recommended that food training 

should be given wherever possible within the primary and secondary school 

curriculum (The Pennington Group 1997).  Educating children about the risks 

of foodborne pathogens and food safety in schools has often been neglected 

in some countries, although some Governments are now addressing this. 

Perhaps the most accessible information today is via the World Wide Web 

(www) which has been used by Governments, educational institutes and other 

organisations to provide advice and information to consumers.  Consumers 

now have access to basic information about E. coli O157: H7 as well as 

advice on how to avoid contamination whilst handling and preparing foods.  

 

In the UK the FSA implemented various strategies and campaigns to raise 

awareness of food hygiene messages and food poisoning as part of its 

Foodborne Disease Strategy.  Evaluation of this strategy revealed that 

television was one of the highest rated means of communication for food 

safety information, especially to younger age groups (Bell 2006).  The 

Agencyôs óEat wellô web site (http://www.eatwell.gov.uk/) has a specific section 

ókeeping food safeô which explains the basics of food hygiene.  It provides 

practical advice on how to keep food safe from harmful bacteria ï including 

preparing and cooking food, keeping the kitchen clean, catering for large 

numbers at events and parties and shopping for food.  There is also 

information on specific food poisoning bacteria, including VTEC, within this 

site. 

 

In the USA, the FDA has published consumer advice and information on risks 

associated with raw sprouts (FDA 1999a), and safety relating to juice, fruits 

and vegetables (FDA 1998b; FDA 2006) via its web site.  The safe handling 

and cooking of meat and poultry has received particular attention because of 

the increased risk of pathogenic bacteria being present.  In the UK and USA 

there have been comprehensive recommendations made relating to the safe 

cooking of beefburgers and similar products.  In the USA, the USDA has been 

actively promoting the use of thermometers to enable consumers to measure 

internal temperatures of meats during cooking.  The use of thermometers is 
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recommended by the USDA to ensure that burgers are cooked to an internal 

temperature of 71°C (USDA 2003a).  The US FDAsô óBad Bug Bookô provides 

information on E. coli O157: H7, including associated foods, relative frequency 

and information on selected outbreaks in the USA. 

 

Governments throughout the world are aware that proper food safety 

education and public awareness of the risks posed by VTEC are paramount in 

preventing outbreaks and sporadic cases of infection.  Good communication 

of accurate and reliable information is especially important.  Careful 

consideration should therefore be given to providing food safety information 

that is multicultural and multilingual.  The risk posed by illegal import and 

consumption of exotic or traditional foods by immigrants and visitors should 

also be controlled and carefully monitored. 

 

7.9.2 Support Groups 

 

It is important to acknowledge the work of support groups that assist with the 

dissemination of information about VTEC, especially E. coli O157: H7, to the 

public.  As well as describing the syndromes of diseases caused by VTEC, 

symptoms of illness and action to be taken if a VTEC infection is suspected, 

these groups actively promote measures to reduce the risk of infection and 

provide valuable support to the families affected by VTEC.  However, such 

information must be accurate and based on sound scientific evidence as well 

as being easy to interpret by the lay person.  

 

Support groups, together with other similar groups throughout the world, can 

play a valuable role in disseminating basic facts on VTEC, personal hygiene 

and food safety information to the public.  

 

7.10 Predictive modelling 

 

Predictive modelling involves the use of mathematical models, in the form of 

equations or formulae, to describe the survival, growth or death kinetics of 

microorganisms under certain ecological conditions.  This has become a 

popular area of microbiology research and predictive models for E. coli O157: 

H7 provide valuable tools for predicting the behaviour of this pathogen under 

conditions that mimic those likely to be encountered in a particular food or 

during a food process.  The information obtained using predictive models is 

therefore of value to researchers, risk assessors, legislative officers and food 

manufacturers alike.  The assistance/guidance of an experienced food 

microbiologist is recommended when using modelling programmes.  There 

are numerous published papers describing the growth of E. coli O157: H7 
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under different conditions in broth and in foods.  The use of models for 

predicting the fate of VTEC, especially VTEC O157: H7, is described by 

(McClure 2001). 

 

Predictive microbiology has been an active and developing area of 

microbiology with new models and applications being described regularly in 

the literature.  The oldest examples of predictive models used in the food 

industry are thermal inactivation models and there is now a large amount of 

published data on the thermal inactivation of E. coli O157: H7 and the 

calculated D-values derived from them.  Traditional log-linear death models, 

which enable D-values to be calculated, assume equal heat resistance within 

a bacterial population.  However, differences in thermal resistance in a 

population can occur, which results in tailing of survivor curves (Moates et al. 

1971) or a population can remain at an initial level before declining, resulting 

in a shoulder to the curve (Buchanan et al. 2002).  Both tailing and 

shouldering of survival curves can have important implications for the 

outcome of a predictive model and both phenomena can be difficult to predict 

or model accurately.  Some success in modelling survival curves of E. coli 

O157: H7, which included a shoulder period, have been reported (Whiting and 

Golden 2003).  Possible explanations for shoulders and tails in thermal 

inactivation curves are given in a recent review (Stringer et al. 2000). 

 

The general approaches used in predictive modelling are described by 

McMeekin (1993) and Legan et al. (2002).  The majority of models developed 

are empirical models, which describe experimental observations such as 

growth as a function of time for a given temperature using a convenient 

mathematical relationship.  Growth models commonly fall into three distinct 

categories, namely kinetic, boundary and probabilistic.  One of the 

commonest approaches has been to describe growth and death as sigmoidal 

functions.  Models used to describe the characteristic sigmoid growth curve 

exhibiting lag, exponential (log) and stationary phase include the Gompertz, 

modified Gompertz, Baranyi and logistic equations (Legan et al. 2002).  A 

widely used model for describing growth of E. coli O157: H7 has been the 

Gompertz equation, which provides a better fit than other sigmoidal models 

and this was used as the primary model for the Pathogen Modelling Program 

(see below).  Although the Gompertz equation does provide an acceptable 

model for predicting the growth of E. coli O157: H7, it does not provide an 

accurate prediction of lag times.  An alternative approach has been to use the 

modified Gompertz equation for predictive modelling of E. coli O157: H7 

growth under different conditions (Sutherland et al. 1995).  According to López 

et al. (2004), the use of the Gompertz model to describe microbial growth 

should be reconsidered critically as other models, including the Baranyi, and 
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the three-phase linear, Richards and Weibull models, show a significantly 

superior ability to fit experimental data.  Therefore, researchers developing 

new models or evaluating existing models for predicting the growth of VTEC 

must consult the recent literature to determine the best models to use as 

improved models and ways to fit data are regularly being reported. 

 

The factors commonly included in predictive models include temperature, pH, 

water activity or salt (NaCl), organic acids or other preservatives, nitrite and 

atmosphere (aerobic or anaerobic).  Although it is relatively straightforward to 

model each of these factors individually, it is the interaction between different 

factors that is important when predicting the behaviour of these bacteria in a 

food.  Therefore models often include several factors in combination.   

 

Examples of combinations of factors used to generate predictive models for 

survival/growth of E. coli O157: H7 in liquid media include temperature, pH 

and NaCl (Sutherland et al. 1995; Blackburn et al. 1997), the same factors 

with CO2 as an additional factor (Sutherland et al. 1997) and, temperature, 

pH, NaCl, nitrite and lactate (Whiting and Golden 2003).  A rapid means of 

estimating the effects of multiple variables on the growth of E. coli O157: H7 

has been to use surface response models based on a logarithmic 

transformation in combination with a quadratic model (Buchanan et al. 1993). 

 

A common approach has been to generate data for models using cultures 

grown in broth media, which is homogeneous and less complex than foods.  

Having developed a suitable model, the predictions should then be validated 

by comparing the outcome of the model against results reported in the 

literature and observed growth responses in relevant foods (Legan et al. 2002; 

Whiting and Golden 2003).  Extrapolation of a model for conditions not 

previously validated or covered by experimental observations is not desirable 

because the results may give misleading information about the behaviour of 

the organism.  To test the robustness or predictive ability of a broth-based 

growth model for E. coli O157: H7 in ground beef (Campos et al. 2005) 

developed a robustness index which could quantify the robustness of a 

particular model and provide a useful tool for comparing predictive models 

under different conditions. 

 

One of the first validated and commercialised predictive modelling packages 

for pathogens, including E. coli O157: H7, was Food MicroModel.  This was 

developed in a co-ordinated programme initiated by the Ministry of Agriculture 

Fisheries and Food (MAFF) in the UK, and continued by UK FSA.  This 

package was subsequently developed into the Growth Predictor system which 

incorporated re-modelled data previously in Food MicroModel and was made 
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freely available at http://www.ifr.ac.uk/safety/GrowthPredictor/GPsetup.zip.  In 

the USA, the Agricultural Research Service Eastern Regional Research 

Center (ARS ERRC) of the USDA developed an equivalent system, the US 

pathogen modelling program (PMP), which was also available free at 

http://www.arserrc.gov/mfs/pathogen.htm.  Meanwhile the Institute of Food 

Research (IFR) Norwich, UK, developed a database to collate predictive 

microbiology data.  In 2003, an agreement between these three organisations 

led to the combination of data from the two available predictive modelling 

packages and data compiled from scientific literature at IFR.  This unified 

database of predictive models, termed Common relational database 

(ComBase), is described by (Baranyi and Tamplin 2004).  Growth Predictor 

has been superseded by ComBase-Predictor and this is available from 

www.combase.cc, although Growth Predictor is still available from the IFR 

website (www.ifr.ac.uk).  Two types of microbial response are included in 

ComBase, these being survival/inactivation curves produced from viable count 

data and specific growth/inactivation rates produced from viable counts and 

other (e.g. optical density) data published by various researchers in peer 

reviewed journals.  Unlike previous programmes, ComBase allows fluctuating 

temperature profiles to be modelled.  The current programme has models for 

both E. coli O157: H7 and, also, non-pathogenic E. coli (NPEC). 

 

http://www.arserrc.gov/mfs/pathogen.htm
http://www.combase.cc/
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Table 7.13 Factors included in predictive models for E. coli O157 

 

System 
Growth 

Predictor 
Pathogen Modelling Program 

 
E. coli/E. coli 

O157: H7 
E. coli O157: H7 

Type of model Growth Growth Survival 
Thermal 

death 

Factors     

Temperature (°C) 10.0-30.0 5.0-42.0°C 4.0-37.0 55-62.5 

Salt/NaCl (% aq) 0.0 - 6.5 0.5 - 5.0 0.5 - 15.0 0.0-6.0 

water activity 0.961ï 1.00 0.997ï 0.970 0.997ï 0.887 1.00-0.963 

pH 4.5-7.0 4.5-8.5 3.5-7.0 4.0-8.0 

Other factors     

CO2 (%) 0.0-100 N/A N/A N/A 

nitrite/NaNO2 (ppm) N/A 0.0-150.0 0.0-75.0 N/A 

Lactic acid (%) N/A N/A 0.0-0.2 N/A 

sodium 

pyrophosphate (%) 
N/A N/A N/A 0.1-0.3 

Aerobic conditions Yes Yes Yes Yes 

Anaerobic conditions No Yes No No 

 

Predicting growth under fluctuating temperature conditions that mimic a food 

during its manufacture or life is more complex but this has now been achieved 

and this is a feature of some predictive models, including the E. coli O157: H7 

growth model in ComBase.  For some users, a major limitation of certain 

predictive models has been the limited temperature range available, 

especially at refrigeration temperatures where growth can be difficult to 

measure.  Whereas the growth model for E. coli O157: H7 in the Growth 

Predictor program has a relatively narrow range (10.0-30.0°C), models 

developed for the PMP include a slightly wider temperature range (5.0-

42.0°C).  The growth of E. coli O157: H7 in sterile raw ground beef over a 

wide temperature range (5 to 46°C) has been investigated by Tamplin et al. 

using a cocktail of 10 E. coli O157: H7 strains. 

 

Compared with E. coli O157: H7 which has been extensively studied and for 

which there are predictive models available, there are few models for other 

VTEC although models do exist for non-pathogenic E. coli (See Table 7.13).  

One notable exception is a study which compared the combined effects of 

temperature, pH, NaCl and NaNO2 on the growth of a cocktail of pathogenic 

E. coli strains, including a strain of EHEC O26: H? (Gibson and Roberts 
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1986).  Owing to the low infectious dose of E. coli O157: H7 and other VTEC, 

it is especially important for any model to be able to accurately predict the 

survival of these pathogens under conditions which are similar to those found 

in the foods of concern. 

 

To date one of the major limitations of predictive microbiology has been the 

inability of models to take into account the possible interaction between the 

pathogen and the natural microflora, or the structure and heterogeneity of the 

matrix.  With the development of more powerful mathematical models it has 

been possible to produce predictive models for E. coli O157: H7 behaviour 

under complex conditions which mimic those likely to be found in foods, 

including interactions between multiple factors.  A recent approach has been 

to use mechanistic models which have the potential to give more accurate 

predictions than empirical models.  Furthermore, they have the potential for 

allowing extrapolation outside the range of the experimental data although 

validation of such models would still be recommended.  Unlike empirical 

models, mechanistic models are built around the theoretical understanding of 

the system such as the underlying physiological and physical processes 

(Legan et al. 2002).  Using a quadratic model based on estimates obtained 

using the Baranyi growth model, Skandamis and Nychas (2000) were able to 

develop relatively reliable predictions of E. coli O157: H7 responses to pH, 

temperature and oregano essential oil concentrations in eggplant salad.  In 

another study reported by Skandamis and Nychas, a dynamic model was 

developed to describe the microbial interaction and death of E. coli O157: H7 

during the fermentation of green table olives (Skandamis and Nychas 2003).  

Using a dynamic model including factors such as protonated acid 

concentration, pH, acid production and nutrient consumption, it was possible 

to model the behaviour of lactic acid bacteria, yeasts and E. coli O157: H7 

during the fermentation process.  

 

Whether it would be appropriate to develop predictive models for a wider 

range of VTEC serotypes in the future is questionable.  To date E. coli O157: 

H7 has been used as a model organism for the study of VTEC and much is 

now known about this serotype, whereas our understanding of other VTEC 

serotypes remains limited.  Perhaps the one area of predictive modelling that 

will need to advance is the development of non-thermal inactivation models 

for a range of treatments such as those described previously for the treatment 

of fruits, vegetables, meats and other foods.  Models for predicting the 

inactivation of E. coli O157: H7 by gamma irradiation have been produced for 

the PMP and a logistic regression model has been used to predict inactivation 

of a strain of E. coli (used as a surrogate for E. coli O157: H7) by UV 

irradiation at different pH values in apple cider (Quintero-Ramos et al. 2004). 
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Particularly important will be the development of more survival and 

inactivation models for E. coli O157: H7 or other VTEC under different 

conditions.  This would make future predictions relevant and useful for a wider 

range of foods or conditions.  A greater understanding of non-first order 

inactivation kinetics and the application of new modelling approaches that 

account for differences in sensitivities within a microbial population will be an 

important part of understanding the risk from VTEC in future.  More accurate 

and powerful predictions and extrapolations will be possible in future with the 

development of more mechanistic models.  However, this will only be realised 

with further research and a better understanding of the physiology of VTEC, 

which comprise a diverse group of bacteria with pathogenic potential. 

 

7.11 Microbiological risk assessment 

 

Risk assessment represents a formal and objective approach to the analysis 

of risks associated with specific activities and therefore plays an important role 

in the development of HACCP plans and hazard identification.  The principles 

of risk assessment and pathogen management are described in more detail 

elsewhere (Ross and McMeekin 2002).  More recently, microbiological risk 

assessment (MRA) has been developed as a tool to specifically manage the 

risk of foodborne pathogens.  In the food industry, MRA often involves 

integration with existing tools such as HACCP and predictive microbiology. 

The four successive stages of MRA are 1) hazard identification, 2) hazard 

characterisation/dose response assessment, 3) exposure assessment and 4) 

risk characterisation.  Each of these stages, and other aspects of MRA, are 

described in more detail in a publication edited by Brown and Stringer (2002).  

Traditional MRAs are generally qualitative, often because of the limited 

available data.  This is particularly true for emerging pathogens and non-O157 

VTEC where there is limited scientific data available on which to base 

predictions.  In contrast, quantitative risk assessment (QRA) is based on 

collation and review of scientific literature and data to estimate the probability 

and severity of an adverse event.  Used in conjunction with predictive 

microbiology, QRA can be used to provide an objective assessment of food 

manufacturing processes or other activities, which may represent a risk of 

infection. 

 

Perhaps the one aspect of MRA that still presents the most difficulty when 

applying this approach to the VTEC group of bacteria is hazard 

characterisation/dose response assessment.  A prerequisite to the use of risk 

assessment methods is to have a suitable dose-response relationship for the 

organism of interest.  Evidence from past outbreaks suggests that the 

infectious dose for VTEC O157: H7 is very low and could be in the order of 
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100 cells (Willshaw et al. 1993).  However, it is not known how the dose is 

related to the strain and its virulence profile, or to the susceptibility of the 

individual.  These gaps in our current understanding of VTEC need to be filled 

in order to identify strains or serotypes that are more likely to cause infection 

as well as provide a better understanding of the susceptibility of the consumer 

to infection by these bacteria.  Published data on the infective dose of many of 

the common foodborne pathogens in humans is available except for EHEC 

because the severity of the disease caused by these bacteria precludes the 

use of human volunteer studies (Kothary and Babu 2001).  Furthermore, most 

volunteer studies with other pathogens involve healthy adult males so data 

from these studies would be of little relevance to young, old, pregnant and 

immunocompromised groups which represent susceptible populations.  These 

are discussed in more detail in the context of susceptibility to foodborne 

disease by Gerber et al. (1996).  Moreover, data is not available for many 

non-O157 VTEC because their clinical significance has yet to be determined. 

 

In the absence of human dose-response data, it is necessary to either 

extrapolate from data derived from animal models, or use surrogate dose 

response models based on data available from using pathogens with similar 

characteristics to validate the model.  For E. coli O157: H7, suitable surrogate 

pathogens with available human dose response data that can be used to 

validate models include Shigella (Shigella dysenteriae and Shigella flexneri) 

and EPEC (Strachan et al. 2005). 

 

Human dose-response models for VTEC allow the risk of infection to humans 

following environmental or foodborne exposure to be predicted.  To enable 

this, it is necessary to have scientific data available from a variety of sources 

from which to base any predictions or calculations.  Accurate predictions are 

therefore dependent on reliable and sensitive methods to detect, isolate and 

enumerate VTEC.  In cases of environmental exposure, not only is the 

concentration and prevalence of the pathogen in the animal and its faeces 

important, but also quantifying the transfer of the pathogen from the 

environment to humans.  Following the New Deer E. coli O157 outbreak in 

Scotland in 2000, when 18 children became infected by E. coli O157 at a 

Scout camp after contact with contaminated sheep faeces, Strachan et al. 

(2001) modelled the amount of this pathogen shed into the environment.  With 

the aid of a beta-Poisson dose response model, Strachan et al. (2001) 

estimated the dose ingested to be between 4 and 24 organisms.  Fourteen 

variables were used in this model.  These variables included daily mass of 

faeces produced by the relevant animal (sheep/ewe/lamb), numbers of 

animals, shedding profiles, soil bulk density and decimal reduction time for the 

pathogen.  Each of these variables was dependent on sound quantitative 
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data, highlighting the importance and requirement to use reliable and accurate 

methods for obtaining data that can be used for modelling. 

 

Exposure in relation to foodborne infection is a function of two principal 

components, namely the concentration of the pathogen on, or in, the food and 

the amount of food consumed.  Although national food consumption surveys 

are conducted in many countries, these are often conducted to establish the 

nutritional status of a population and they do not capture information that 

could be used in MRA.  Information identified by Barraj and Petersen (2004) 

as crucial for MRA, but not captured by national surveys, include data on 

specific food types consumed, frequency of consumption of a particular food 

and eating patterns of susceptible populations.  Information on consumer 

behaviour such as an individualôs propensity to consume foods regarded as 

high-risk is also highlighted by Barraj and Petersen as information that would 

be helpful in estimating exposure to microbiological hazards in foods.  To 

assist with MRA in future, consideration must therefore be given to enhancing 

outbreak investigations and improving the recording of relevant information.  

Furthermore, ways of quickly communicating this and other relevant 

information between enforcement agencies, epidemiologists and researchers 

needs to be addressed.  Ultimately, QRA needs to have better linkages with 

other management systems such as HACCP and economic benefit analysis 

(Duffy et al. 2006).  Additionally, the various mitigation strategies to reduce 

infection which are considered in various risk assessments need to be fed 

downwards to HACCP systems used by industry (Dr. Norval Strachan 

personal communication). 

 

The most appropriate mathematical model for dose-response relationships 

remains controversial although the beta-Poisson and exponential models are 

perhaps the most widely used (Haas 1983).  For low infectious dose 

microorganisms, the relative merits of different models and their suitability and 

accuracy has been discussed previously (Holcomb et al. 1999; Teunis et al. 

1999; Teunis and Havelaar 2000).  The current lack of reliable data sets to 

evaluate these and other models is a major limitation, yet this is likely to 

remain the case because of the shortage of dose-response data from 

humans. 

 

A dose-response relationship for E. coli O157: H7 was developed by (Haas et 

al. 2000) using data from animal studies and a beta-Poisson model.  Used in 

conjunction with population estimates of E. coli O157: H7 illness, Haas et al. 

estimated that the overall exposure in the US is quite low.  Strachan et al. 

(2005) used quantitative data from actual human outbreaks to compare 

exponential and beta-Poisson models for dose-response modelling of E. coil 
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O157.  The best fitting model was reported to be the exact beta-Poisson 

model using a beta-binomial likelihood.  Moreover, Strachan et al. showed 

that dose-response data from E. coli O157 outbreaks is similar to the beta-

Poisson dose response model developed for Shigella by Crocket et al. (1996). 

 

The situation becomes even more difficult with non-O157 VTEC because the 

clinical significance of many serotypes remains unknown.  Furthermore, even 

for those non-O157 VTEC serotypes that appear to cause human disease, 

scientific evidence relating to their infectivity, virulence, and pathogenicity as 

well as their ecology and response to intrinsic and extrinsic factors remains 

unclear.  Major gaps remain in our understanding of the proportion of VTEC 

that comes from food, water, direct contact etc. and the importance of various 

routes of transmission (Dr. Norval Strachan personal communication).  

Predicting the effect of person-to-person transmission and secondary spread 

of infection also remains an area that has been difficult to model previously.  

Another difficulty associated with pathogens in foods, especially those that 

have been subjected to mincing and mixing, is determining whether they are 

randomly distributed and, therefore, what the expected exposure risk to the 

consumer could be.  For determining whether microorganisms, including  

E. coli O157, are randomly distributed in minced beef Reinders et al (2003) 

reported that Poisson (Gamma) distribution was the best statistical method to 

use. 

 

Cassin et al. (1998) performed a QRA for E. coli O157: H7 in ground beef 

hamburgers which incorporated two mathematical sub models they termed 

process risk model (PRM) to describe the behaviour of the pathogen 

throughout the production process, and determine the exposure estimate to 

input a dose-response model to estimate the health risk associated with 

consuming burgers from the process.  The effect of uncertainty and variability 

in the model parameters was assessed by Monte Carlo simulation.  It was 

predicted that for the very young, the predicted probability of HUS and 

mortality per meal was 3.7 x 10-6 and 1.9 x 10-7, respectively.  

 

A QRA incorporating Monte Carlo simulations was conducted by Strachan et 

al. (2002) to estimate the probability of E. coli O157 infection of humans 

visiting pasture previously grazed by cattle.  The Monte Carlo model used by 

Strachan et al. was based on certain assumptions, namely that the cattle 

faeces were thoroughly mixed with the topsoil/grass and others relating to 

values of the parameters associated with the dose-response model.  The 

model was able to predict the probability of infection for a number of different 

scenarios and Strachan et al. reported that the probability of infection was 

0.1% for an 8h and 24h exposure when cattle were shedding ca 103 and 104 
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cfu/g, respectively.  As well as predicting risk, the model demonstrated that 

removing cattle from pasture 4 weeks prior to a human visit and physical 

removal of faeces could significantly reduce the potential risk of infection. 

 

Given the severity of disease associated with VTEC, it is not surprising that 

attention has focussed on developing MRA strategies for these bacteria, 

especially E. coli O157: H7.  To date, the only VTEC to be extensively studied 

are the strains belonging to serotype O157: H7.  Consequently, MRA 

predictions for VTEC are generally based on models using data derived from 

studies with this serotype.  A review of quantitative microbial risk assessments 

and their application in managing the risk posed by E. coli O157: H7 in beef 

has been published by Duffy et al. (2006).  In the USA, the USDA has 

conducted a farm-to-table risk assessment for E. coli O157: H7 in beef with a 

focus on ground beef.  In the UK, the FSA funded project B01019 (FSA 

2004a) to develop a comprehensive risk assessment model for the different 

pathways of infection by E. coli O157 including environmental, food and dairy.  

For each category exposures assessments were modelled using 

epidemiological data for VTEC infections in Scotland, England and Wales as 

well as published information on VTEC prevalence in animals, fate and 

behaviour in food, and environmental routes of transmission.  In addition the 

infectious dose and risk of illness was predicted using published information.  

As more becomes known about non-O157 VTEC and when more reliable and 

accurate methods of detecting and enumerating E. coli O157: H7 and other 

serotypes of VTEC have been developed, it will be appropriate to re-evaluate 

and update MRA predictions.  For the time being the use of data derived from 

strains belonging to serotype O157: H7 is logical given the large amount of 

scientific information now available on this serotype.  

 

In addition to improvements in the quality of the data obtained for modelling, 

the development of better mathematical equations for modelling the data and 

methods for quantifying the effects of changes in input variables on model 

outputs are also likely to occur with time.  The Monte Carlo model has 

become popular, especially for exposure assessments, although this 

approach does have limitations, in particular that the distributions of the 

variables used in this model must be independent of each other and this is 

often not the case (Notermans and Barendsz 2002).  The Monte Carlo model 

has been used to simulate pathogen behaviour during sprout production and 

to predict that sprout and irrigation water sampling is more effective than seed 

sampling (Montville and Schaffner 2005).  However, microbial food safety 

process risk models can be complex and are typically characterised by 

interactions between inputs, non-linearities and use of both continuous and 

categorical inputs.  The use of different mathematical approaches may 
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therefore warrant further investigation.  Testing mitigation strategies in risk 

assessments also warrants more attention in future (Dr. Norval Strachan 

personal communication). 

 

7.12 Gaps in knowledge 

 

 Knowledge of the VTEC serotypes associated with asymptomatic 

carriage in man, their virulence profiles and any natural associations 

that can occur between VTEC and humans in rural communities needs 

to be fully understood. 

 

 The possible effect of excess carbohydrate in the hind gut of grain fed 

cattle and its influence on the microbial ecology in this region, 

especially the potential proliferation of VTEC, has yet to be fully 

elucidated. 

 

 The antimicrobial effect against E. coli O157: H7 and other VTEC of 

phenolic acids and other compounds found in certain plants and their 

potential to destroy VTEC in faeces and reduce faecal shedding in 

ruminants warrants further investigation. 

 

 To assist with the development of potential competitive exclusion 

products that show inhibitory action against E. coli O157: H7 and other 

VTEC in cattle and other animals, it is necessary to fully characterise 

the types of bacteria and the compounds they produce. 

 

 The extent of colicin resistance amongst VTEC, especially non-O157 

serotypes, requires additional research to establish whether colicin 

treatment is likely to be a realistic intervention in the control of VTEC in 

ruminants. 

 

 Further research is required to determine the effect of long term feeding 

of ionophores to animals and the effect of these compounds against E. 

coli O157: H7 and other VTEC. 

 

 The use of approved antibiotics to treat domestic animals and the effect 

of these on VTEC shedding, their potential use in pre-slaughter 

treatments and their contribution to antibiotic resistance in VTEC and 

other bacterial populations requires further investigation. 
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 The applicability of vaccines for the reduction/elimination of VTEC in 

the ruminant reservoir. 

 

 Contribution of urine soaked and soiled animal bedding to the survival 

and growth of VTEC and its potential role in animal-to-animal and 

animal-to-human transmission of VTEC.  

 

 The development of treatments to assist with the removal of 

pathogens, especially E. coli O157 and other VTEC, in manure 

(examples include treatment with CO3 and NH3). 

 

 The role of private water supplies and their contribution to infection in 

rural communities has yet to be fully determined and effective 

measures to reduce this risk have yet to be fully developed and 

implemented. 

 

 Heavy contamination of seeds by enteric pathogens can potentially 

lead to long periods of persistence in plants and internalisation of these 

bacteria.  Comparison of the colonisation ability of different strains of 

particular bacterial pathogens, including E. coli O157: H7 and other 

VTEC, is required along with studies to establish routes of 

internalisation in plants and fruits. 

 

 A better understanding of microbial ecosystems and intimate the 

attachment of pathogens such as VTEC on the surface of raw fruits 

and vegetables at every stage of the food chain, including during 

production, processing, marketing and preparation for consumption is 

needed. 

 

 The phenomenon of aspiration and internalisation of pathogens, 

including VTEC, in apples and similar fruits subjected to immersion and 

a temperature differential needs further investigation. 

 

 The effect of shade and reduced exposure to UV on the survival of 

VTEC and other pathogens on the surfaces of fresh produce has not 

been fully investigated. 

 

 Understanding is required of the production of extracellular 

carbohydrate complexes (ECC) by E. coli O157: H7 on raw produce 

and factors affecting their expression and repression. 

 




