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Foreword 

Campylobacter continues to be the most frequently reported notifiable foodborne infection in humans 

in Australia each year, with annual rates approximately double that of Salmonella spp. Evidence 

gathered worldwide continues to implicate poultry as one of the most important sources of human 

Campylobacter infection.  

The objective of this project was to develop and validate a rapid detection method for 

Campylobacter jejuni and Campylobacter coli suitable for use in the processing plant. 

This publication describes the development, validation and use of new techniques designed to detect 

Campylobacter in carcass rinse samples on the same day that the samples are collected. Through an 

iterative process, the project has developed a robust methodology that requires little hands-on-time by 

the user, but is able to efficiently purify low concentrations of DNA from chicken rinse solutions and 

identify whether the processed chickens are exceeding the industry set target of 6,000 Campylobacter 

per carcass. 

The ability of industry to implement real time monitoring, with cost effective risk management 

strategies aimed at reducing poultry-associated occurrences of campylobacteriosis in the Australian 

human population, will have significant economic and social benefits to the Australian community. 

This project was funded by AgriFutures Australia, with co-funding provided by the Queensland 

Department of Agriculture and Fisheries, as part of the Objective 1 of the Chicken Meat Program 

RD&E Plan 2019-22 Improving the Food Safety of Australian chicken meat.  

This report is an addition to AgriFutures Australia’s diverse range of over 2,000 research publications 

and it forms part of our Growing Profitability arena, which aims to enhance the profitability and 

sustainability of our levied rural industries. For the Australian chicken meat industry, our RD&E 

program seeks to grow the long-term prosperity of the industry. 

Most of AgriFutures Australia’s publications are available for viewing, free downloading or 

purchasing online at: www.agrifutures.com.au.  

 

Mr John Smith 

 

General Manager, Research 

AgriFutures Australia 

  

http://www.agrifutures.com.au/
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Executive Summary 

What the report is about 

This report describes the development, validation and use of new molecular detection techniques 

suitable for use in processing plants. These new techniques are designed to detect Campylobacter in 

carcass rinse samples on the same day that the samples are collected. 

Campylobacter continues to be the most frequently reported notifiable foodborne infection in humans 

in Australia each year, with annual rates approximately double that of Salmonella spp. 

Who is the report targeted at? 

This report is targeted at the Australian chicken meat processing companies, food safety professionals 

and food safety regulators, who will benefit from easy-to-perform same-day detection technologies. 

Where are the relevant industries located in Australia? 

The Australian chicken meat industry is located predominantly on the eastern seaboard with 76% of 

farms located in New South Wales, Victoria and Queensland. The remaining 24% of farms are located 

in South Australia, Western Australia and Tasmania. 

In 2015, 1.15 million tonnes of chicken meat was produced in Australia and the domestic industry 

directly employed about 40,000 people. 

Meat chickens are grown on approximately 750 farms across the country. The gross value of 

production for the Australian chicken meat industry in 2015-16 was $2.7 billion, with a retail value of 

$6.6 billion. 

Background 

Campylobacter is the major cause of human gastroenteritis in Australia each year. Chicken meat, 

whilst not the sole contributor, is accepted as one of the sources of this organism. A key goal of the 

AgriFutures Chicken Meat Program is to deliver safe food. A means of improving the safety of 

chicken meat for human consumption is timely detection of Campylobacter jejuni/coli on the finished 

product so that real time risk management strategies can be used in the processing plant. 

With current culture-based methods for detection and determination of levels of C. jejuni/coli in the 

processing plant, it can take upwards of two to three days for a definitive answer. The introduction of 

traditional polymerase chain reaction (PCR) has helped to decrease the time between processing and a 

definitive answer. However, the cost and complexity of PCR has inhibited the widespread adoption of 

the technology in this role at the processing level. This project seeks to provide industry with a fully 

validated, rapid technique to identify the presence and determine levels, by break-point quantitation, 

of C. jejuni/coli in the processing plant within one to two hours, so that real time risk management 

strategies can be implemented. 

Food-borne illness is a major social burden to the Australian community. The ability to establish rapid 

same day techniques for detection and quantitation of C. jejuni/coli in the processing plant, that are 

user friendly, will assist the Australian chicken meat industry to implement real time risk management 

strategies to limit the contribution of the industry to human campylobacteriosis. This improved ability 

to reduce poultry-associated occurrences of campylobacteriosis in the Australian human population 

will have significant economic and social benefits to the Australian community. 
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Aims/objectives 

1. Establish and validate rapid detection of C. jejuni and C. coli in samples from the processing plant 

using loop-mediated isothermal amplification (LAMP)/ Single Drop Genomic (SDG) technology 

2. Establish and validate break-point quantitation of LAMP/SDG using visual assessment 

3. On the basis of results from Objective 2 and feedback from an industry steering committee, select 

a methodology suitable for adoption by industry and validate with processing plant samples. 

Methods used  

In the initial phase of the project we: 

• Established LAMP assays for C. jejuni and C. coli 

• Validated the assays using closely related species and a selection of relevant field isolates 

• Determined the limit of detection for each of the assays 

• Established rapid DNA extraction and detection techniques from industry samples 

• Developed an in-house electronic device to process samples and read results 

In the later stages of the project we: 

• Combined our protocols to form a robust industry suitable protocol 

• Validated the entire protocol using industry samples and within an industry laboratory. 

Results/key findings 

In the first part of our study we have developed two LAMP assays to detect C. jejuni and C. coli 

independently. The assays successfully and reliably produce strong amplification of their target DNA 

and did not generate a product in the presence of genomic DNA from any closely related bacterial 

species. In both assays it was shown that we can reliably detect 6 cfu/ml of Campylobacter from 

direct culture and 12 cfu/ml from chicken rinse samples.  

 

In the second part of our study, through an iterative process of continual refinements of our methods, 

we have developed a robust methodology that requires very little hands-on-time by the user, but is 

able to effectively neutralise the inhibitors and efficiently purify low-concentrations of DNA from the 

chicken rinse samples. An important feature of the final method is the incorporation of the Diagnostic 

Droid to incubate the LAMP reactions and automatically interpret the data. This automation 

completely eliminates user bias from result interpretation and does not require the user to be present 

when the reaction is complete. 

In conclusion, we have developed a simple, five-step method to identify naturally contaminated 

chicken meat samples that exceed the industry set target of 12 cfu/ml of Campylobacter, equivalent to 

6,000 Campylobacter cfu per carcass.  

Implications for relevant stakeholders 

This study has several important implications: 

• We have developed a simple, five-step method to identify naturally contaminated chicken 

meat samples that exceed the industry set target of 12 cfu/ml (6,000 cfu/carcass) of 

Campylobacter, compared with current methods that take 2-3 days  

• The new method is low cost compared with commercial molecular assays 

• Potential to use the new method for more regular (and larger numbers of samples) in-house 

monitoring of Campylobacter levels on carcasses as part of reduction strategies 

• Potential to adapt and apply the new technology, after validation, for rapid detection of other 

relevant processing plant food safety pathogens, for example Listeria and Salmonella 
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• Potential to adapt and apply the new technology, after validation, for on-farm scenarios for 

the detection of Campylobacter, for example environment samples and faeces 

• Potential to adapt and apply the new technology, after validation, for on-farm detection of 

food safety pathogens, for example Salmonella 

• Potential to adapt and apply the new technology, after validation, to other industries that need 

point-of-management tests for other food safety pathogen quality control programs, for 

example Listeria for the melon industry. 

Recommendations 

This project has developed simple, same-day point-of-management assays to identify contaminated 

chicken meat samples that exceed the industry set target for Campylobacter at a proof-of-concept 

level. The assays have achieved the industry set goals for sensitivity and capacity to function in 

industry, in addition to being low cost and rapid.  

The following are recommendations for food safety professionals, regulators and the industry research 

body have arisen from this study: 

• a follow-on project to take the current proof-of-concept technology to full industry ready 

assays 

• industry should consider other targets, both within the processing plant (e.g. Listeria and 

Salmonella) and on-farm (e.g. Campylobacter and Salmonella) for this technology. 
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Introduction 

Campylobacter enteritis is a significant worldwide public health concern that affects millions of 

people every year.  In Australia, it is the most common notifiable food-borne infection in humans. 

Each year since 2014, more than 15,000 cases of campylobacteriosis have been reported, with an all-

time high of 23,001 cases in 2018. This is approximately 60 percent more than the number of reported 

cases of Salmonella infection, 14,158 cases in 2018 (Anon. 2019). These numbers probably represent 

about 10 percent of the actual incidence for both infections, since many individual cases are not 

reported. Consequently, the cost to society is significant in terms of health care and lost productivity 

(Hall et al. 2008). 

The two Campylobacter species responsible for the majority of Campylobacter enteritis in humans are 

Campylobacter jejuni and Campylobacter coli, which can cause symptoms including fever, 

headaches, dizziness, abdominal pain as well as acute diarrhoea of varying severity, which may last 

from two to ten days (World Health Organisation 2019). Those affected usually make a full recovery, 

but up to 1.7% of patients subsequently suffer from reactive arthritis, which may cause pain for weeks 

or months (Skirrow and Blaser 2000). Guillain-Barre syndrome, a potentially life-threatening 

neurological disorder, is an infrequent but very serious complication associated with some serovars of 

C. jejuni (Nachamkin et al. 1998). 

The vast majority of Campylobacter infections occur as sporadic cases that are not associated with 

recognised outbreaks. This is a probable explanation for why Campylobacter has escaped the 

notoriety associated with other food-borne pathogens such as Escherichia coli 0157 or Salmonella 

(with outbreaks associated with these latter organisms attracting major media attention). The sporadic 

nature also means that most outbreaks are never traced to a specific source (Corry and Atabay 2001). 

The infectious dose for humans is approximately 500 organisms (Robinson 1981). As a consequence 

of this low infectious dose, errors in food handling may result in human infection, even though 

campylobacters will not grow readily on foods at room temperature (Robinson 1981) and thorough 

cooking will eliminate campylobacters (Blankenship and Craven 1982).   

When common source outbreaks of campylobacteriosis do occur, they are usually associated with the 

consumption of either contaminated water or unpasteurised milk (Skirrow and Blaser 2000). A 

percentage of sporadic cases can be attributed to contact with pets, especially puppies or kittens with 

Campylobacter diarrhoea (Skirrow 1991). The generally accepted view is that raw or undercooked 

poultry products are the major source of human Campylobacter infections, with this view based on 

studies in the 1980s e.g. Deming et al. (1987) and Oosterom et al. (1984). 

Campylobacter and poultry 

C. jejuni and C. coli form part of the normal gut flora of many warm-blooded animals, including food 

production animals and pets (Franco 1988; Newell and Fearnley 2003). These Campylobacter species 

are especially well adapted for growth in the low oxygen environment of the chicken gut, as their 

optimum growth temperature of 42ºC is the normal body temperature of chickens (Shane 1992; 

Manning et al. 2003). The primary site of colonisation in the chicken is the lower gastrointestinal 

tract, especially the caeca (Beery et al. 1988). Levels of the organism in caecal contents can be as high 

as 106 to 107 per gram (Mead et al. 1995). Poultry meat is a major source of human infection as it can 

easily become contaminated with Campylobacter if it comes in contact with the contents of the gut 

during processing (Hansson et al. 2018). Chicken meat production and consumption is increasing with 

an approximate doubling of worldwide chicken meat production observed between 2000 and 2014 

(Skarp et al. 2016). Thus, the minimisation of the Campylobacter load on processed poultry meat is a 

critical human health issue.  
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Relevance to the chicken meat industry 

The Australian chicken meat industry currently produces approximately 1.15 million tonnes of 

chicken meat annually with a retail value of $6.6 billion (Department of Agriculture and Water 

Resources 2017). Food safety continues to be a major focus for the industry as there is increasing 

public awareness of and regulatory involvement in food safety issues. This is evidenced by the 

introduction of the national Australian Foodborne Illness Reduction Strategy 2018-2021+ 

(https://foodregulation.gov.au/internet/fr/publishing.nsf/Content/aus-foodborne-illness-reduction-

strategy-2018-2021-Jun-2018). 

There are three main levels at which Campylobacter contamination of chicken meat products could be 

addressed: on farm, at the processing plant and at the consumer level. This project focuses on the 

development of rapid techniques for detection and quantitation of C. jejuni and C. coli in the 

processing plant. With current culture-based methods it can take upwards of two to three days for a 

definitive answer. The introduction of traditional PCR has helped to decrease the time between 

processing and a definitive answer. However, the cost and complexity of performing PCR has 

inhibited the widespread adoption of the technology as a diagnostic tool at the processing level. The 

ability to establish rapid techniques for detection and quantitation of C. jejuni and C. coli in the 

processing plant, that are user friendly, will assist the Australian poultry industry to implement real 

time risk management strategies to limit the contribution of the industry to human campylobacteriosis. 

This improved ability to reduce poultry-associated occurrences of campylobacteriosis in the 

Australian human population will have significant economic and social benefits to the Australian 

community. 

https://foodregulation.gov.au/internet/fr/publishing.nsf/Content/aus-foodborne-illness-reduction-strategy-2018-2021-Jun-2018
https://foodregulation.gov.au/internet/fr/publishing.nsf/Content/aus-foodborne-illness-reduction-strategy-2018-2021-Jun-2018
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Objectives 

1. Establish and validate rapid detection of C. jejuni and C. coli in samples from the processing 

plant using LAMP/SDG technology 

 

2. Establish and validate break-point quantitation of LAMP/SDG using visual assessment 

 

3. On the basis of results from Objective 2 and feedback from an industry steering committee, 

select a methodology suitable for adoption by industry and validate with processing plant 

samples. 
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Methodology 

LAMP Primer design 

Five LAMP primer sets for C. coli targeting the ceuE locus and seven primer sets for C. jejuni 

targeting the hippurase hydrolase (hipO) gene were designed using PrimerExplorer v5 software 

(https://primerexplorer.jp/e/). All primer sequences were checked for self- and cross-priming using 

ThermoFisher Scientific’s Multiple Primer Analyzer (https://www.thermofisher.com/au/en/home 

/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-

resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html). Only primer sets that did 

not show cross reactivity at their 3’ ends were selected for further analysis. 

LAMP DNA Amplification 

Unless otherwise stated, LAMP amplification reactions contained 0.5 M betaine, 8 mM MgSO4, 

1.2 mM dNTP, 20 mM Tris (pH 8.8), 10 mM (NH4)2SO4, 10 mM KCl, 1 mM ATP, 

0.1%(v/v) Triton®-X-100, 1.6 µM FIP primer, 1.6 µM BIP primer, 0.2 µM F3 primer, 

0.2 µM B3 primer and 0.32 U/µl Bst 2.0 warm start polymerase (New England Biolabs). Reactions 

were performed at 65°C either in a water bath or a PCR machine for 100 minutes. The reaction 

volumes used throughout this project were between 15 and 50 µl, with the 50 µl reaction volumes 

required for analysis using our previously built electronic device that we named ‘Diagnostic droid’. 

Gel electrophoresis 

A 5 µl aliquot of the LAMP DNA amplification was combined with 1 µl of DNA loading buffer (1 x 

SB buffer (36.4 mM boric acid, 8.75 mM NaOH pH 8), 50% (v/v) glycerol, 0.001% (w/v) 

bromophenol blue) and loaded onto a 1% (w/v) agarose SB buffer gel containing 0.00001% (v/v) 

ethidium bromide. DNA separation was performed by gel electrophoresis in 1 x SB buffer by 

applying 200 volts for 14 minutes. The DNA was visualised by UV light using the Biorad Geldoc 

XR+ system. 

Flocculation assay 

To determine whether DNA amplification had occurred, 30 µl of flocculation solution was added to 

10 µl of LAMP amplification mix. The two solutions were thoroughly mixed for 20 seconds and the 

tube held vertically to observe the results. If DNA amplification had occurred, the particles in the tube 

settled to the bottom of the tube within 30 seconds leaving a colourless and transparent solution. 

Alternatively, if there was no amplification, the particles would remain suspended and the solution 

would appear black and non-transparent. 

Campylobacter quantification from culture 

Frozen C. jejuni or C. coli stocks at known concentrations (enumerated by agar plate-based colony 

counts on previously thawed aliquots of the stock) were thawed slowly on ice and diluted in buffered 

peptone water at concentrations of 0, 6, 12, 24 and 48 cfu/ml. A 1.5 ml aliquot of each dilution was 

added to a microcentrifuge tube containing a 5 mm disc of Whatman #1 filter paper, which helps to 

stabilise the Campylobacter pellet. The solution was centrifuged at 12,000 x g for 5 minutes. The 

supernatant was discarded and another 1.5 ml of Campylobacter dilution was added to the tube. 

Again, the solution was centrifuged at 12,000 x g for 5 minutes and the supernatant was discarded. 

The cells were washed in 1 ml of TE buffer (10 mM Tris (pH 8), 1 mM EDTA) before the solution 

was centrifuged at 12,000 x g for 5 minutes and the supernatant was discarded. The sample was 

incubated at 95°C for 10 minutes to lyse the cells. The sample was cooled to room temperature and 23 

µl of LAMP reagents were added directly into the tube before incubating it at 63°C in a water bath for 

60 minutes. 

https://primerexplorer.jp/e/)
https://www.thermofisher.com/au/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/au/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/au/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
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Dipstick DNA extraction 

A dipstick made from Whatman #1 filter paper as described in Zou et al. (2017), with a 2 x 8 mm 

DNA binding area was dipped five times into the crude DNA extract solution to bind the DNA. As 

detailed below, for quantification from pure cultures the crude extract was lysed Campylobacter cells 

resuspended in TE buffer (10 mM Tris (pH 8.8), 8 mM MgCl2) , for quantification from chicken rinse, 

the extract consisted of the particulates from 2 ml of chicken rinse that had been Proteinase K treated 

in a TE buffer. The dipsticks used in this study have a larger nucleic acid binding area than the 

original publication to enhance their ability to capture trace quantities of DNA. The dipsticks were 

then dipped five times in 400 µl wash buffer (10 mM Tris (pH 8.8), 8 mM MgCl2) to remove the 

contaminants and then the DNA was eluted by dipping 15 times directly into the LAMP DNA 

amplification reaction mix.  

Campylobacter quantification from chicken rinse samples 

A 2 ml aliquot of fresh chicken rinse that had been collected on the same day was added to a 2 ml 

tube containing two 3 mm diameter Whatman #1 filter discs and 105 µl of stabilising buffer 

(5 M NaCl, 1%(v/v) Tween 20). The solution was centrifuged at 10 000 x g for 5 minutes. The 

supernatant was discarded and 20 µl of 3 µg/µl Proteinase-K in TE buffer (10 mM Tris (pH 8), 

1 mM EDTA) was added and briefly vortexed to resuspend the pellet. The solution was incubated at 

55°C for 30 minutes in a heat block followed by incubation at 95°C for 10 minutes. Two dipsticks 

with a 2 x 8 mm DNA binding area (Zou et al. 2017) were added to the tube and allowed to soak up 

all of the liquid in the tube. The dipsticks were dipped five times in 400 µl wash buffer (10 mM Tris 

(pH 8.8), 8 mM MgCl2) and then the DNA was eluted by dipping 15 times directly into the 50 µl 

LAMP reaction mix. One dipstick was used to purify the DNA for a LAMP reaction containing the 

hipO-3 primer set and the other for a reaction containing the ceuE-5 primer set. A 50 µl volume of 

mineral oil was placed on top of each reaction before placing the tubes in our portable electronic 

device that incubated the tubes at 65°C for 100 minutes while measuring the turbidity in each tube 

approximately once every 20 seconds. A positive amplification for either C. jejuni or C. coli indicates 

that the chicken rinse sample was above the industry set target of 6,000 Campylobacter per carcass. 

Campylobacter counts in chicken rinse samples 

Chicken rinse samples were collected from an Australian chicken plant on the same day they were 

processed. The chicken rinse solution was prepared as described in the Australian Standard 

AS.5013.6:2015 (Australian Standard 2015). In brief, a whole processed chicken was placed into a 

large plastic bag containing 500 ml of buffered peptone water. The chicken was rubbed for 2 minutes 

to encourage the release of microbes from the chicken and into the buffered peptone solution. 

The plate counts were determined by the following routine method used by the collaborating industry 

laboratory. For each sample, a 500 µl aliquot of the chicken rinse solution was added to one plate each 

of two different Campylobacter selective media (CCDA and Preston). The plates were incubated at 

42oC in a microaerophilic atmosphere for 2 to 3 days before the Campylobacter were counted. The 

concentration of Campylobacter per ml of chicken rinse was calculated from the total colony count 

observed across the two plates. 
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Chapter 1: Establish LAMP Reactions 

Introduction 

This chapter describes the development of LAMP reactions to detect C. jejuni and C. coli 

independently. 

Material and Methods 

LAMP primer design 

LAMP primers were designed as described earlier in the Methodologies sub-section titled ‘LAMP 

Primer Design’. For C. jejuni, seven primer sets were designed against the hippuricase (hipO) gene. 

For C. coli, four primer sets were designed against the ceuE gene.  

Microbial isolates 

The following international type strains were used for the development of the LAMP reactions: 

C. jejuni (ATCC 33560T), C. coli (ATCC 33559 T), C. lari (ATCC 35221 T), C. upsaliensis (ATCC 

43954 T) and C. hepaticus (HV-10 T). Field isolates were used for Helicobacter pullorum and 

Arcobacter butzleri. 

In addition, a panel of 21 C. jejuni and 18 C. coli field isolates were selected to further validate the 

primer sets. The panel were all obtained from whole chicken caeca collected at slaughter in one 

national company across all six Australian states as described previously (Templeton 2014). 

For all bacterial strains used in the LAMP reaction development, genomic DNA was extracted using 

the DNeasy blood and tissue lysis kit per the manufacturer’s instructions (Qiagen, Clifton Hill, 

Australia). 

LAMP reaction 

LAMP reactions were carried out as described in the Methodologies sub-section titled ‘LAMP DNA 

amplification’. 

DNA detection 

LAMP reactions were subject to DNA detection by gel electrophoresis and/or flocculation detection 

as described in the Methodologies sub-sections titled ‘Gel electrophoresis’ and ‘Flocculation assay’. 

Results 

The LAMP primers were tested for specificity for their target DNA in multiple repeated experiments. 

We found that three of the seven primer sets for C. jejuni (hipO-1, 3, and 5) successfully detected 

their target DNA and three of the five primers sets for C. coli (ceuE-3, 4 and 5) were successful for 

their target. An example of one of the results is shown in Figure 1. 
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Figure 1.1 LAMP primer testing. Figure shows results of LAMP primer testing against C. jejuni 
and C. coli DNA template. 

Based on the above results, two sets of primers were selected for C. jejuni (hipO-1 and 3) and one set 

for C. coli (cueE-5) to be further tested against other Campylobacter species as well as closely related 

species. Additionally, the flocculation assay was used alongside agarose gel electrophoresis for the 

hipO gene reactions to determine if this assay could reliably identify positive and negative reactions. 

Results are shown in Figure 1.2 for hipO-1 and ceuE-5 primers sets. Equivalent results were achieved 

for the hipO-3 primer set when using gel electrophoresis and the flocculation assay. 

 

Figure 1.2  LAMP primer testing against other Campylobacter species and closely related 
species. (A) Electrophoresis results for the reactions. (B) Flocculation results for 
the HipO-1 reactions. (C) Flocculation results for the ceuE-5 reactions. 
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The two hipO primer sets (hipO-1and 3) were further tested for their ability to specifically detect 

C. jejuni against a panel of industry important isolates. Results for hipO-1 primers are shown in 

Figure 3A. The selected hipO-1 primer set gave strong amplification in the presence of C. jejuni 

isolates but did not generate a product in the presence of the highly similar C. coli isolates. As shown 

in Figure 1.3B, the flocculation assay was able to clearly and accurately distinguish between the 

positive and negative reactions in all samples. Equivalent results were achieved for the hipO-3 primer 

set. 

 

Figure 1.3  hipO-1 LAMP primers detect C. jejuni but not C. coli. (A) Agarose gel 
electrophoresis of LAMP DNA amplification against C. jejuni and C. coli isolates. 
(B) Flocculation readout of the amplification reactions seen in panel A.  

 

Similarly, the ceuE-5 selected primers were further tested for their ability to specifically detect C. coli 

against the same panel of industry important strains. As seen in Figure 1.4A, the selected ceuE-5 

primer set gave strong amplification in the presence of C. coli isolates but did not generate a product 

in the presence of the highly similar C. jejuni isolates. As shown in Figure 1.4B, the flocculation assay 

was able to clearly and accurately distinguish between the positive and negative reactions in all 

samples. 
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Figure 1.4  ceuE-5 LAMP primers detect C. coli but not C. jejuni. (A) Agarose gel 
electrophoresis of LAMP DNA amplification against C. jejuni and C. coli isolates 
using the ceuE-5 primer set. (B) Flocculation readout of the amplification reactions 
seen in panel A. NTC:  No template control 

 

None of the primer sets developed for either C. jejuni or C. coli showed any false positive 

amplification. However, as can be seen in Figure 1.1, some variation in amplification intensity was 

observed between primer sets. Primer sets: hipO-2, hipO-4, hipO-6, hipO-7, ceuE-1, and ceuE-2 

displayed weak or no amplification in the presence of their respective target DNA and thus were not 

further investigated. Through our rigorous primer vetting process, we found that the hipO-3 and ceuE-

5 consistently gave reliable and robust amplifications in the presence of their associated target DNA 

and did not show any false-positive amplifications in the absence of their target. Thus, these primer 

sets were selected for all future work. The final primer sets, hipO-3 and ceuE-5, are shown in Table 

1.1. 

Table 1.1 Oligonucleotide primer sequences used for Campylobacter detection 

Name Sequences (5’-3’) 

hipO-3-F3 GCAAAGAAGCAGCATAAATAGGAT 

hipO-3-B3 CTTTATTTTCAACCTGCTGAAGAGG 

hipO-3-FIP GCGATGATGGCTTCTTCGGATTTCCATGACCACCCCTTCCAATAACTTC 

hipO-3-BIP TACCAAAAGGCATATTGTGCCAGCTAAGGCAATGATAGAAGATGGATTG 

ceuE-5-F3 GCTTTTTAGTAAAAGATAGCCTAGGTGA 

ceuE-5-B3 GTCCTACAAACATAGTTGGAGCAATT 

ceuE-5-FIP TTGGCAAGTTTTTAGCTGGAACTATACTTTCCATGCCCTAAGACTTAACG 

ceuE-5-BIP AAGACAAGCCTAGTATAGGTGGAGTTTGGCGTCCGGAAATGATAATAAGATCAG 
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Conclusion 

The aim of this study was to develop two LAMP reactions to detect C. jejuni and C. coli 

independently. Internationally recognised type strains as well as relevant field strains were used to 

design the primers and validate their ability to reliably detect only the presence of their target DNA. 

The Campylobacter isolates were carefully selected from an extensive culture collection that was 

established during genotyping studies funded by the Australian chicken industry, between 2009 and 

2012 (Templeton 2014). The strains were previously characterised by MLST SNP HRM and this 

coupled with detailed epidemiological information that accompanies each of the isolates, has created a 

unique collection of relevant Campylobacter isolates present in the Australian chicken industry. 

In conclusion, we have developed two LAMP assays that successfully and reliably produce strong 

amplification of their specific target DNA and did not generate a product in the presence of genomic 

DNA from any closely related bacterial species that we tested. 



 

11 

Chapter 2: Limit of detection  

Introduction 

A series of experiments was carried out to determine the limit of detection for the C. jejuni and C. coli 

LAMP amplification reactions that have been developed previously described in Chapter 1. 

Material and Method 

Sample preparation 

Samples were prepared for the LAMP reaction as described in the Methodologies sub-section entitled 

‘Campylobacter quantification from culture’ 

LAMP reaction 

LAMP reactions were carried out as described in the Methodologies sub-section titled ‘LAMP DNA 

amplification’. To each sample prepared above, 23 µl of LAMP reagents were added directly into the 

tube before incubating at 63°C in a water bath for 60 minutes. 

DNA detection 

LAMP reactions were subject to DNA detection by gel electrophoresis and/or flocculation detection 

as described in the Methodologies sub-sections titled ‘Gel electrophoresis’ and ‘Flocculation assay’. 

Results 

This approach showed that the LAMP assays can detect the presence of approximately 18 

Campylobacter cells from pure culture (3 ml of 6 cfu/ml = 18 cfu) (details on the dilution and 

enumeration described in Methodologies sub-section entitled ‘Campylobacter quantification from 

culture’). This experiment was repeated and one set of results is shown in Figure 2.1. This work 

revealed that the assay is sufficiently sensitive to detect the Campylobacter in samples above the 

industry set standard of 12 cfu/ml or 6,000 cfu/carcass. 
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Figure 2.1 LAMP primers capable of detecting low Campylobacter cell counts. (A) Agarose gel 
electrophoresis of LAMP DNA amplification using template DNA extracted from 
C. coli and C. jejuni cultures at 0, 6, 12, 24 or 48 cfu/ml in peptone water. (B) 
Flocculation readout of the amplification reactions seen in panel A.  

 

Conclusion 

The aim of this study was to determine the limit of detection of both the LAMP reactions for C. jejuni 

and C. coli that were developed in chapter 1. In both assays, it was shown that we can reliably detect 

6 cfu/ml of Campylobacter. 

The ability to detect 6 cfu/ml of Campylobacter in our molecular assay is an excellent result given 

that industry has indicated that 12 cfu/ml of Campylobacter (equivalent to 6,000 cfu/carcass) from 

culture-based assays is the industry benchmark. A similar benchmark level, that is 6,000 cfu/carcass, 

was introduced in New Zealand and significant reductions in human Campylobacter infections were 

observed (Lake and Cressey 2013).   
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Chapter 3: Rapid DNA extraction and 
detection from industry 
samples 

Introduction 

This chapter describes the development of rapid DNA extraction and detection methods for 

Campylobacter from carcass rinse samples.  

To develop a rapid test, it is quite important to be able to detect the organism directly from the 

industry sample. For chickens, the sample is ‘chicken rinse sample’ which is obtained by placing a 

whole chicken into a bag with 500 ml of buffered peptone water and shaking for two minutes. 

Compared with purifying DNA from bacterial culture, chicken rinse samples are a significantly more 

challenging substrate to work with, especially when the DNA extracted needs to be of a high quality 

that is suitable for DNA amplification reactions. We have found that chicken rinse contains a high 

quantity of inhibitory compounds, which if not removed, will completely prevent DNA amplification. 

Materials and Methods 

Over 180 different combinations of extraction buffer, wash solutions, filtration systems and dipstick 

material and designs were trialled through an iterative process to develop an easy to perform DNA 

extraction from chicken rinse samples. These approaches included both mechanical and chemical 

options, used in different combinations. 

Mechanical DNA extraction 

A number of different mechanical approaches were trialled within this project; three examples of 

approaches trialled are shown in Figure 3.1. Firstly, a small piece of flyscreen inserted into the end of 

a 1 ml pipette tip was trialled for its ability to remove the fat globules and other large particles from 

the chicken rinse sample as the aliquot is taken for testing. Secondly, the use of a 3 mm disc of 

Whatman #1 filter paper to stabilise the chicken rinse pellet containing the Campylobacter after 

centrifugation. Thirdly, the DNA purification dipsticks adapted from Zou et al (2017), were trialled 

for their ability to purify the trace quantities of Campylobacter DNA in each sample. The use of the 

dipsticks is described in detail in the Methodologies sub-sections titled ‘Dipstick DNA extraction’. 
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Figure 3.1 Mechanical methods trialled to extract DNA from chicken rinse samples. (A) 
Flyscreen inserted into pipette tip. (B) Whatman #1 filter paper disc. (C) Whatman 
#1 filter paper dipstick as reported in the original dipstick purification publication. 
A modified dipstick with a 2 x 8 mm nucleic acid binding zone was used in this 
study.  

 

Chemical DNA extraction 

Over 100 different lysis and wash buffer combinations were trialled for their ability to help purify 

Campylobacter DNA away from the inhibitory compounds in chicken rinse. 

In addition, other treatments including enzymatic Proteinase K treatments and boiling steps were also 

investigated. 

LAMP reaction 

LAMP reactions were carried out as described in the Methodologies sub-section titled ‘LAMP DNA 

amplification’.  

Control DNA 

When spiking of samples was required, purified Campylobacter DNA was added to the amplification 

reactions. The addition of DNA was chosen over adding Campylobacter cells as it is easy to 

accurately quantify and it eliminates any issues with cell lysis or inhibitory compounds associated 

with the cell culture.   

DNA detection 

LAMP reactions were subject to DNA detection by gel electrophoresis as described in the 

Methodologies sub-sections titled ‘Gel electrophoresis’ or by the Diagnostic droid. 

Results 

To determine the effectiveness of each treatment on the ability to remove inhibitory compounds from 

the chicken rinse, the initial testing involved adding the extracted DNA into reactions that were pre-

spiked with purified DNA so that only those DNA extractions that have removed the inhibitory 

compounds will produce an amplification. Thus, the concept of these assays is not to detect 

Campylobacter in the chicken rinse but rather to develop a protocol that is capable of effectively 

eliminating inhibitory compounds. As an example, Figure 3.2 reveals that none of the six extraction 

buffers trialled in one such experiment were able to remove the inhibitors from the chicken rinse 

solution and thus result in an absence of amplification. Similarly, through a series of experiments it 

was shown that the use of the flyscreen in the pipette tip (Figure 3.1A) in combination with a series of 

buffers did not remove inhibitors adequately so that the spiked DNA could be amplified.  
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Figure 3.2 Mechanical and chemical methods trialled to extract spiked DNA from chicken 
rinse samples. 

 

A series of experiments was carried out to investigate the use of Proteinase K in conjunction with 

different lysis buffers and the Whatman #1 dipstick DNA extraction technique. One set of results are 

shown as an example in Figure 3.3. These results show that Proteinase K treatment in the presence of 

the Buffer 1 effectively removed the inhibitory compounds from the chicken rinse and subsequent 

testing revealed that this proteinase K treatment was critical to ensuring reliable DNA extraction from 

chicken rinse samples. 

 

     

Figure 3.3 Proteinase K in conjunction with different lysis buffers and the Whatman #1 
dipstick DNA extraction technique 

 

The key factor in developing the DNA extraction method from chicken rinse was that it needed to 

meet industry needs, that is, it needed to be low-cost, easy-to-perform, and with a minimal number of 

steps. Our research has now developed a DNA extraction method from chicken rinse samples that 

meets these requirements. This method is described in more detail in the Methodologies sub-section 

titled ‘Campylobacter quantification from chicken rinse samples’ and is summarised 
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diagrammatically in Figure 3.4. This method is a major accomplishment of this project as such a 

simple and low-cost method for DNA extraction from chicken rinse did not previously exist. This 

technique has broader implications than this project alone as it will be ideal for extracting the DNA of 

many bacterial species within chicken rinse, not just Campylobacter. 

 

 

Figure 3.4 Diagrammatic summary of rapid DNA extraction from chicken rinse samples 

 

To make the assay more suitable for use within a chicken processing plant , a simple electronic device 

named ‘Diagnostic Droid’ that was developed for a different project, was incorporated to both 

incubate the reaction and monitor the amplification in real time, see Figure 3.5. We had originally 

planned to use the flocculation method as the amplification readout method however, the automatic 

control of both the amplification and the readout by the Diagnostic Droid make it more convenient 

and user-friendly approach. 

 

 

Figure 3.5 The real time DNA amplification device known as ‘Diagnostic droid’ that can 
perform 12 reactions at once and automatically informs the user of which samples 
are positive for C. jejuni and C. coli. 

 

The Diagnostic Droid takes advantage of the increase in turbidity observed in LAMP amplifications 

by shining a LED light on the samples and measuring the amount of scattered light using a 

phototransistor (light sensor) that is mounted perpendicular to the LED light source. Using this 

system, samples that do not produce an amplicon show no significant increase in turbidity over a 

100 minute reaction whereas those that produce an amplicon show a sudden increase in turbidity after 

approximately 50 to 70 minutes of incubation. An example of this is shown in Figure 3.6. 
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Figure 3.6  Comparison of traces recorded by the Diagnostic Droid and agar gel 
electrophoresis. (A) Amplification curve from the Diagnostic Droid. (B) Gel 
electrophoresis of amplicons produced in reactions. In both applications, samples 
602-1, 602-2, 602-4, and 602-5 were positive; samples 602-3 and 602-6 were 
negative. 

 

Thus, to avoid the need to run the reactions on an agarose gel, the device was programmed to 

automatically detect amplification by continuously monitoring for a sharp and sustained increase in 

turbidity in the samples. The electronic Diagnostic Droid was combined with the chicken rinse DNA 

purification method to create a complete Campylobacter quantification assay shown diagrammatically 

in Figure 3.7. 

 

 

Figure 3.7  Diagrammatic summary of the complete Campylobacter quantification assay 
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Conclusion 

Through an iterative process of continual refinements of methods, a robust methodology that requires 

very little hands-on-time by the user, but is able to effectively neutralise the inhibitors and efficiently 

purify low-concentrations of DNA from the chicken rinse solution has been developed. The speed, 

robustness and reliability of this method are a result of number of key elements in this method:  

1. The proteinase K treatment and subsequent boiling step effectively neutralise all the inhibitors 

from the chicken rinse that would otherwise inhibit DNA amplification 

 

2. The low-cost cellulose dipsticks rapidly purify the DNA from the crude chicken rinse extract 

and elute the DNA directly into the amplification solution without requiring any pipetting. 

Without the use of the dipstick technology Campylobacter DNA purification from chicken 

rinse samples would take a considerably longer amount of time and would involve a lot more 

processing (e.g. pipetting, centrifuging etc.) steps 

 

3. We observed that samples containing less than 12 Campylobacter cells would rarely give a 

positive LAMP amplification for either the hipO-3 or ceuE-5 primer sets. Thus, it was 

determined that the centrifugation of 2 ml of chicken rinse in the presence of the paper disk 

would be required to collect enough bacteria to assay for both C. jejuni and C. coli 

 

4. The automatic data interpretation is an important feature of our assay because it completely 

eliminates user bias from results interpretation and does not require the user to be present 

when the reaction is complete 
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Chapter 4: Validation with industry 
samples 

Introduction 

This chapter describes the validation of the method developed in Chapter 3 with chicken rinse 

samples that were obtained from a chicken processing plant. 

Materials and Methods 

Sample collection 

A 100 ml aliquot of each chicken rinse sample was obtained from the collaborating chicken 

processing plant on the day that the chickens were processed. The samples were transported back to 

our laboratory on ice for testing using our new molecular method. A total of 75 samples were 

collected over a 12 month period. 

Sample processing 

Each sample was tested as described in the Methodologies sub-section titled ‘Campylobacter 

quantification from chicken rinse samples’.  

Campylobacter counts in chicken rinse samples  

Campylobacter counts were determined by the industry laboratory located nearby to the processing 

facility from which the chicken rinse samples were collected. Campylobacter counts were performed 

as described in the Methodologies sub-section titled ‘Campylobacter counts in chicken rinse samples’. 

Campylobacter quantification from chicken rinse samples in industry laboratory  

Chicken rinse samples were processed as described in the Methodologies sub-section titled 

‘Campylobacter quantification from chicken rinse samples’ in one industry laboratory located nearby 

the processing plant. 

Statistical Analysis  

The comparison of the overall results of the LAMP assay and conventional culture was performed by 

Chi-square analysis using Prism 8 (GraphPad Software, San Diego, California). The calculation of 

sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) were 

done as described by Tenny and Hoffman (2020). In order to demonstrate the impact of a different 

prevalence on the performance of an assay, a calculation for PPV and NPV that incorporates the effect 

of prevalence was also used (Tenny and Hoffman, 2020). The formulae were as follows:- 

PPVprevalence = (sensitivity X prevalence) / [(sensitivity X prevalence) + ((1-specificity) X (1-prevalence))] 

NPVprevalence = (specificity X prevalence) / [(sensitivity X (1-prevalence)) + ((1-specificity) X prevalence))] 

 

Results 

A total of 75 chicken rinse samples were collected and tested with our new method over a period of 

12 months. Using our method ‘Campylobacter quantification from chicken rinse samples’ we found 

that 29 samples tested as negative or below the industry set benchmark of 12 cfu/ml and 46 samples 
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tested positive or above 12 cfu/ml. When the samples were tested by traditional plate count the results 

showed: 29 samples were 0-12 cfu/ml; 6 samples were 13-24 cfu/ml; 7 samples were 25-48 cfu/ml 

and 33 samples were greater than 48 cfu/ml.  

The calling system developed to rapidly predict whether or not chicken rinse samples are above or 

below the industry set benchmark of 12 cfu/ml is based on a correlation with LAMP amplification for 

both the C. jejuni and C. coli LAMP amplifications and is summarised in Table 4.1. 

Table 4.1 Simple Campylobacter quantification system for Diagnostic Droid 

Call C. jejuni/hipO-3 C. coli/ceuE-5 

Low negative negative 

High negative positive 

High positive negative 

High positive positive 

    

The data from the two methods is compared in Table 4.2. As noted in Table 4.1, the low and high 

definitions of the LAMP assay are as follows:- - Low – negative reaction in both the C. coli and the C. 

jejuni assays; High -  positive reaction in either the C. coli or the C. jejuni assays or indeed both 

assays.  The culture results have been converted to low and high as follows: Low = conventional 

culture indicates count of <12 cfu/ml of carcase rinse; High = conventional culture indicates count of 

>12 cfu/ml of carcase rinse. 

Table 4.2 Summarised results of the new LAMP assay compared with conventional culture 
using the following definitions:- Low = <12 cfu/ml (culture) or an absence of signal 
in both assays (LAMP); High = >12 cfu/ml (culture) or a positive signal in either or 
both assays (LAMP).* 

LAMP assay 

result 

 
Conventional culture 

result 
 Characteristics of the LAMP assay 

 High Low  Sensitivity Specificity PPV NPV 

High  43 3      

Low  3 26  93.5 89.7 93 89 

*PPV = positive predictive value; NPV = negative predictive value.  Chi-square analysis indicates 

that the two assays are significantly different (p<0.0001) 

The direct comparison of the two methods (culture and LAMP) indicates that the two assays provide 

results that are significantly different. Six of the 75 samples (8%) showed a disagreement in the 

results of the two assays. Three samples gave a high result in the LAMP amplifications but had low 

cell counts and conversely three samples had low results in the LAMP amplifications but had a high 

cell count.  

For an additional set of samples, the whole protocol was successfully performed in an industry 

laboratory located in close proximity to the processing plant. Whilst we did take some equipment with 

us, there were no foreseen problems carrying out the protocol within the industry laboratory. 

Figure 4.12 shows the protocol being performed in the industry laboratory. 
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Figure 4.1  The new Campylobacter assays performed in an industry laboratory. (A) Collecting 
2 ml of chicken carcass rinse sample. (B) Centrifuge to pellet cells. (C) Pellet 
protected by Whatman paper disc before washing step. (D) Proteinase K treatment 
at 55°C and then 95°C to inactivate enzyme. (E) DNA extraction using dipstick. (F) 
DNA amplification and detection using Diagnostic Droid 

 

Conclusion 

We have developed a simple, five-step method to identify naturally contaminated chicken meat 

samples that exceed the industry set target of 6,000 Campylobacter per carcass. A key component that 

enabled us to significantly simplify and reduce the cost of Campylobacter quantification is the use of 

a simple ‘high/low’ readout as opposed to calculating the viable cell count. The decision to create this 

style of interpretation was made to better align the assay with industry needs. This focus reflects the 

main purpose of current Campylobacter viable counts, which is to determine the effectiveness of 

management practices at keeping the Campylobacter counts below 6,000 cfu/carcass as opposed to 

identifying the exact Campylobacter viable count of each sample.  

A B C 
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The collaborating industry laboratory used a culture method in which 1 ml was spread (as two 0.5 ml 

aliquots) across two culture plates. In theory this means that, assuming that culture results are perfect, 

the industry practice is capable of detecting 1 viable Campylobacter cell in 1 ml of rinse and the 

therefore has a detection limit 500 cfu/carcass (assuming a 500 ml rinse).  In contrast, the Australian 

Standard method (Australian Standard, 2015) requires the use of 0.1 ml of rinse sample on two plates 

with the result of the plate with the highest count being accepted as the count. Hence, this means that 

the minimum detection limit, assuming a perfect result, is 1 viable cell in 0.1 ml of rinse and hence a 

detection limit of 5,000 cfu/carcass (assuming a 500 ml rinse).  

It should be noted that the published literature indicates that the accuracy of plate counts reduces 

dramatically when the number of colonies on a plate is below 25 cfu (Breed and Dotterrer 1916; 

Tomasiewicz et al. 1980). Importantly, 36 of the 75 samples used in this study had plate counts lower 

than the level suggested as accurate by the published literature (i.e. above 25 cfu per plate). This 

means that it is difficult to conclude with confidence that the statistical difference between the 

molecular assay results and the culture results is of biological significance as nearly 50% of the 

culture count results were at a level where it is accepted that the results of the culture method are not 

accurate.  

Assuming that the culture results are accurate, the molecular assay has a sensitivity of 93.5%, a 

specificity of 89.7%, a PPV of 94% and a NPV of 89% when tested with the rinse samples where the 

culture results determined that 60% of the carcasses were positive. These test characteristics are 

acceptable for an assay designed to provide rapid, low cost assays that can assist industry in terms of 

in-house monitoring of a key food safety pathogen. 

It is important to understand that the prevalence of positive samples markedly changes the PPV and 

NPV, despite the fact that the specificity and sensitivity do not change (Tenny and Hoffman, 2020).  

This effect is shown in Table 4.3. 

Table 4.3 Impact of changing prevalence of positive Campylobacter carcasses on the positive 
predictive value (PPV) and the negative predictive value (NPV) for the new molecular assay 
developed in this project. The assay has a sensitivity of 93.% and a specificity of 89.7% 
when validated with carcasses shown to have a 61% prevalence by culture (value which do 
not change when the prevalence levels change) 

Prevalence of carcasses positive for Campylobacter PPV NPV 

61% 94% 89% 

10% 50% 99% 

50% 90% 93% 

95% 99% 42% 

 

 

Table 4.3 shows all the typical impact on PPV and NPV as the prevalence of positive sample changes 

(Tenny and Hoffman, 2020).  All assays will have a far higher chance of a positive assay being truly 

positive as the prevalence of positive samples increase. The reverse applies – as the number of true 

positives falls to a low percentage, it is the negative assay results that become far more reliable. As 

our study has been performed on samples provided by a typical industry processing plant, we are 

confident that the assay characteristics (sensitivity, specificity, PPV and NPV) are fully reflective of 

likely industry samples. We believe that the features we have established (sensitivity – 93.5%; 

specificity – 89.7%; PPV - 94% and NPV – 89%) demonstrate that the molecular assay we have 

developed is suited for practical use in industry laboratories. 
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In addition, as part of moving the assays to an industry laboratory we have compiled a cost estimate. 

For each carcass rinse sample the following is required: 

50 µl LAMP reaction 

• Bst polymerase (including buffer):1 reaction costs 98 cents 

• Betaine:1 reaction costs 0.22 cents 

• dNTPs:1 reaction costs 58.74 cents 

• Primers:1 reaction costs 4.94 cents 

• ATP: 0.08 cents 

The total cost of a single 50 µl LAMP reaction: AUD $1.62, for two reactions (ceuE and hipO) the 

cost is 2 x $1.62 = AUD $3.24  

Consumables for sample processing and DNA dipstick extraction 

• Proteinase K: 2 cents 

• 1 x 2 ml screw cap tube: 30 cents 

• 2 x 1.5 ml tubes wash: 6 cents 

• 2 x 1.5 ml reaction tubes: 15 cents 

• 2 x dipsticks: 2 cents 

Total cost of consumables is AUD $0.55 

Total cost of our complete diagnostic assay: AUD $3.79  

The development of a rapid, low-cost and easy-to-perform technique for detection and quantitation of 

Campylobacter on processed chickens will provide significant benefits to the poultry industry by 

enabling them to implement real-time (same day) Campylobacter quantification as part of their risk 

management strategies.  
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Chapter 5: Overall discussion 

The development of a low-cost method that is practical for processing plant technical staff and 

capable of quantifying low numbers of Campylobacter in chicken rinse is a difficult task. It has 

resulted in a real bottleneck that has limited the ability of laboratory staff to perform same-day 

diagnostics for pathogenic bacteria. A quantitative PCR-based approach, which has been used by 

others (Hong et al. 2007; Ronner and Lindmark 2007; Josefsen et al. 2010; Schnider et al. 2010), 

provides accurate quantification data, but requires complicated sample processing to purify the 

nucleic acids from the samples as well as expensive and complicated thermocyclers to perform the 

assays. Thus, we developed a method with the end-user in mind so that it is both low-cost and as 

simple as possible to perform. 

Our method requires very little hands on time and is composed of five major steps with a total of five 

pipetting steps. The molecular method takes approximately 30-45 minutes of operator time for 12 

samples, which is a similar operator time required to pipette, spread and count 12 carcass rinse 

samples by traditional culture methods. Our method takes approximately 2.5 hours to complete with 

the majority of this time required for incubating the LAMP reaction where the user is not required to 

be present. While this study focussed on simplicity of the method as opposed to speed, it is feasible 

that the method could be made even faster by up to 25 to 30 minutes through reductions in 

centrifugation and incubation times as well as including additional loop primers that speed up the 

LAMP reaction (Nagamine et al. 2002).  

A key component that enabled us to significantly simplify and reduce the cost of Campylobacter 

quantification is by using a simple ‘high/low’ readout as opposed to calculating the cell count.  

Testing industry prepared chicken samples with our system resulted in a sensitivity of 93.5%, a 

specificity of 89.7%, a PPV of 94% and a NPV of 89% when tested with the rinse samples where the 

culture results determined that 60% of the carcasses were positive. These results indicate that the 

molecular assay is a viable option to provide same day information on the Campylobacter load on the 

processed chicken samples.  

Although there were six samples that showed disagreement between the two methods, from a food 

safety perspective it could be argued that three were wrong in a ‘good way’ and three were wrong in a 

‘bad way’. This analysis is based on the assumption that the culture results are totally correct. The 

three samples that tested low in the molecular assay and had viable counts above 12 cfu/ml and hence 

are of concern as the molecular assay determines them to be a low risk whereas the viable counts 

indicate they are above the limit set by industry as acceptable. In contrast, the three samples that 

tested high in the molecular assay and had viable counts below 12 cfu/ml, disagreed in the ‘good 

way’. These samples were, on the basis of culture results of low risk in terms of the industry set 

standard even though the molecular assay is indicating otherwise. 

As noted in Chapter 4, the differences between the results given by the conventional assay and the 

molecular assay for the 75 carcass rinse samples were statistically significant. The overall low level of 

viable cultures is a factor that complicates the comparison of these assays. For the purpose of 

calculating the key characteristics of the molecular assay (sensitivity, specificity, PPV and NPV), we 

have accepted the culture results as the “gold” standard. However, previous studies have shown that 

the accuracy of plate counts reduces dramatically when the number of colonies on the plates is below 

25 cfu (Breed and Dotterrer 1916; Tomasiewicz et al. 1980). As 36 of the 75 carcass rinse samples 

had plate counts in the known and accepted “inaccurate” range, definitive conclusions about which 

assay is “correct” are hard to reach.  

There are a number of key elements in the new molecular method. First, by adding small cellulose 

filter discs and a stabilising buffer to the chicken rinse solutions we have improved the stability of the 

Campylobacter containing pellet post-centrifugation and reduced the chance of accidental loss of 

Campylobacter cells during pipetting steps. This is critically important as samples at 6,000 cfu/carcass 
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equate to only 24 Campylobacter cells per extraction. As well, this centrifugation step leaves behind 

all lysed cells and free DNA. Hence, the molecular assay is only detecting DNA contained in un-lysed 

bacterial cells and not DNA released by dead, lysed cells. Second, the combination of the proteinase-

K treatment, the 95oC denaturation step and DNA purification using the recently developed nucleic 

acid purifying dipsticks (Zou et al. 2017) effectively neutralises and/or removes the inhibitors away 

from the DNA that would otherwise inhibit DNA amplification. Many research groups have found 

that the contents of chicken rinse including buffered peptone, blood, skin and fats inhibit DNA 

amplification and have used complicated nucleic acid purification method and, in some cases, sample 

dilution to overcome them (Wolffs et al. 2005; Hong et al. 2007; Botteldoorn et al. 2008; Josefsen et 

al. 2010; Schnider et al. 2010). The method described here is both easier to perform and is sufficiently 

sensitive to detect the nucleic acid from as few as 24 Campylobacter cells in chicken rinse. The 

incorporation of the dipsticks into our method provided us with the ability to reliably purify the DNA 

from these few cells while at the same time allowing us to directly elute the DNA into the LAMP 

reaction without requiring any pipetting. 

The simple electronic device that was developed to heat and monitor the LAMP reactions was built as 

a proof-of-concept device to demonstrate that expensive equipment such as a quantitative real-time 

PCR machines are not required for this assay. Similar devices that are capable of running and 

monitoring LAMP reactions have been published previously (Mori et al. 2004; Myers et al. 2013). 

The electronic device itself is not essential to the overall assay and could be replaced by other 

methods. For example, the reactions could be heated in a standard water bath or heat block and the 

increase in turbidity of the LAMP reactions (Mori et al. 2001), which the electronic device detects, 

can been seen by the naked eye. There are a number of other naked eye colorimetric readouts for 

LAMP reactions that could also be suitable such as the metal ion-sensitive indicator hydroxy naphthol 

blue (HNB) (Goto et al. 2009; Tomlinson et al. 2010; Gosch et al. 2012). However, the automatic 

data interpretation that the electronic device provides is a significant advantage over these other 

methods in that any potential user bias from interpretation of the results is eliminated.   

In conclusion, we have developed a simple, five-step method to identify naturally contaminated 

chicken meat samples that exceed the industry set target of 6,000 Campylobacter cfu per carcass. The 

development of a rapid, low-cost and easy-to-perform technique for detection and quantitation of 

Campylobacter on processed chickens will provide significant benefits to the poultry industry and 

other industries interested in food-safety and enable them to implement real-time (same day) risk 

management strategies to limit the number of Campylobacter infections.  
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Implications 

This study has several important implications: 

• We have developed a simple, five-step method to identify naturally contaminated chicken 

meat samples that exceed the industry set target of 12 cfu/ml (6,000 cfu/carcass) of 

Campylobacter, compared with current methods that take 2-3 days  

• The new method is low cost compared with commercial molecular assays 

• Potential to use the new method for more regular (and larger numbers of samples) in-house 

monitoring of Campylobacter levels on carcasses as part of reduction strategies 

• Potential to adapt and apply the new technology, after validation, for rapid detection of other 

relevant processing plant food safety pathogens, for example Listeria and Salmonella 

• Potential to adapt and apply the new technology, after validation, to on-farm scenarios for the 

detection of Campylobacter, for example environment samples and faeces 

• Potential to adapt and apply the new technology, after validation, for on-farm detection of 

food safety pathogens, for example Salmonella 

• Potential to adapt and apply the new technology, after validation, to other industries that need 

point-of-management tests for other food safety pathogen quality control programs, for 

example Listeria for the melon industry. 
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Recommendations 

This project has developed simple, same-day point-of-management assays to identify contaminated 

chicken meat samples that exceed the industry set target for Campylobacter at a proof-of-concept 

level. The assays have achieved the industry set goals for sensitivity and capacity to function in 

industry, in addition to being low cost and rapid.  

The following are recommendations for food safety professionals, regulators and the industry research 

body have arisen from this study: 

• a follow-on project to take the current proof-of-concept technology to fully industry ready 

assays 

• industry should consider other targets, both within the processing plant (e.g. Listeria and 

Salmonella) and on-farm (e.g. Campylobacter and Salmonella) for this technology. 
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