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Abstract 

The Foodborne Illness Reduction Strategy 2018-2021+ released by Australian’s Food Regulation 

Secretariat regards Campylobacter as one of the main foodborne pathogens requiring actions at all 

points along the food supply chain. The ultimate objective of this thesis was to help poultry processors 

understand the impact of current processing strategies and develop better hurdle interventions to 

reduce Campylobacter numbers and prevalence on chicken meat products during slaughter, which may 

reduce the burden of disease currently associated with this pathogen. Five aims were established for 

the thesis and included: 1) understanding the impact of current processing interventions on the bacterial 

numbers and diversity on chicken carcasses throughout commercial processing; 2) mapping changes 

of the bacterial community on carcasses throughout processing to the end of shelf life and to link the 

data to the processing environment; 3) developing an in vitro model to test Campylobacter inactivation 

under mimicked poultry processing conditions; 4) using the in vitro model to evaluate peracetic acid 

(PAA) as a potential antimicrobial agent in reducing Campylobacter; 5) understanding the potential 

mechanisms for C. jejuni survival during a 45 min treatment of a sub-lethal of PAA by examining time-

dependent global proteomic expression. 

Currently the success of commercial poultry processing lines is measured based on culture-based 

microbiological analysis, e.g. total bacterial population, count of Campylobacter, etc. This approach is 

unable to provide information on the entire bacterial community diversity and the importance of 

Campylobacter in the community in terms of its abundance and relationships with other microbes 

including those microbes that are not able to be isolated at various processing steps. More recently, the 

use of chlorine-based disinfectants has been questioned in terms of its effectiveness and potential harm 

to human health. Looking for alternative processing aids is in demand by the poultry industry and 

consumers. By completing the aforementioned aims, this thesis will utilise culture-independent 

techniques along with well-established culture-based methods to fill the gaps outlined, understand in-

depth the microbial profiles of commercial processing systems and test PAA as a potential antimicrobial 

aid that could be considered for the replacement of chlorine-based disinfectants.  

Two different types of poultry processing lines from a single abattoir in Australia, Line A and Line B, 

were examined. The major differences between Line A and B included: 1) Line A operates with separate 

steps of scalding, defeathering and plucking, whereas Line B incorporates these three steps together 

in a confined tunnel, and 2) the time length of immersion chilling (Line A 0.5 h and Line B 1.5 h) and air 
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chilling (Line A 1.5 h and Line B 0.5 h) were different. Both lines produced significant declines (p <0.001) 

of the bacterial counts on carcasses through scalding and immersion chilling with no decrease through 

air chilling. However, the confined tunnel in Line B may elevate the temperature inside the tunnel and 

select and distribute thermoduric/thermophilic bacteria between carcasses, as the results of the culture-

based and culture-independent approaches indicated the high level of presence of Campylobacter and 

Anoxybacillus. Psychrotolerant bacteria dominated bacterial community on carcasses after air chilling 

from Line A, while immersion chilling in Line B showed a greater impact on the bacterial diversity on 

carcasses than air chilling. Together with the bacterial diversity through chilling in Line A and B, it was 

noted that the longer the time that a particular chilling process occurs for (either immersion chilling or 

air chilling), the greater the change in the bacterial diversity. Furthermore, the culture-independent 

approach suggested: 1) each sampled processing step acted as a contamination source by distinctively 

changing the bacterial diversity on carcasses, and 2) Campylobacter was revealed to be a minor but 

persistent component in the bacterial community on carcasses through processing.  

Acknowledging the importance of scalding and chilling in reducing bacterial loads on carcasses, a 

poultry processing in vitro model was developed to mimic the poultry processing system. This model 

consisted of three laboratory-based food matrices (buffered peptone water (BPW), chicken breast meat 

and a meat-based broth utilising chicken breast meat to reflect the protein concentration of an 

immersion chilling tank) and eight processing conditions including scalding alone (54.5°C and 57°C), 

chilling alone, scalding + chilling, chilling with PAA (80 ppm) and scalding + chilling with PAA. PAA was 

added to the in vitro model to evaluate its impact on two poultry C. jejuni strains, strain 2674 and strain 

2704. The meat-based broth showed a greater Campylobacter inactivation when comparing chilling 

with PAA to chilling without PAA, indicating the usefulness of PAA during immersion chilling even with 

the presence of organic matter. The condition of chilling with PAA in BPW and the chicken breast meat 

demonstrated the greatest Campylobacter inactivation, even greater than the combined condition of 

scalding + chilling with PAA in the respective food matrices. This indicates a hypothesis that prior 

scalding may activate a heat shock stress response that also cross-protects against oxidative stress 

from PAA exposure.  

To validate this hypothesis, it is important to understand how Campylobacter survives when 

subjected to a sub-lethal level of PAA over a period of exposure. Therefore, the global proteomic 

responses of Campylobacter poultry strain 2704 in a sub-lethal PAA (60 ppm) treatment over a 45 min 
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time course was determined by using the sequential window acquisition of all theoretical fragment-ion 

spectra-mass spectrometry (SWATH-MS) protein analysis method. Amongst 591 proteins identified 

across 0, 15, 30 and 45 min PAA treatments, 108 proteins (~6.2% of all proteins identified from the 

genome) were differentially expressed based on logarithmic two-fold changes. The hypothesis was 

supported by the detection of two heat stress proteins, Lon protease (Lon) and 10 kDa chaperone 

(GroS). Other than two heat stress proteins, proteins in the energy production, amino acid-related 

metabolism, cell mobility and oxidative response were found to be abundant. By comparing changes in 

the proteome profile across time points (15, 30 and 45 min), Campylobacter was found to actively 

respond to PAA in the first 15 min and then reached a status quo from 30 to 45 min. 

In summary, this thesis contributes to further understanding the impact of current poultry processing 

strategies in terms of how they influence the bacterial diversity on chicken carcasses at various 

processing steps. Campylobacter was determined to be a minor but persistent component in the 

bacterial community on carcasses with high prevalence after processing. This suggest that more effort 

is required to reduce the level of Campylobacter in poultry processing in Australia. The environmental 

attributes during chilling have an important influence on the bacterial diversity on carcasses through 

processing. Minimizing levels of heat stress proteins of Campylobacter when implementing PAA during 

commercial poultry processing is recommended. Together with all the findings in this thesis, it is 

probably most practical to add PAA in post-chill dipping tanks at the end of processing or spray PAA 

onto chicken carcasses during air chilling than add PAA in immersion chilling tanks in order to achieve 

improved Campylobacter reduction.  

The findings in this thesis may prove to be of value to Australian poultry processors, to develop 

better processing hurdles to control Campylobacter and limit the public health burden through reducing 

human Campylobacter illness cases as set out by the Foodborne Illness Reduction Strategy 2018-

2021+. 



Chapter 1 

1 

Chapter 1 - Literature review 

1.1 Introduction 

Campylobacter from the Greek word “kampylos” meaning curved was first described in 1886 by 

Theodore Escherich (Friedman et al. 2000; Keener et al. 2004). However, it has only been about 47 

years since it was allegedly first observed as an important human gastrointestinal pathogen for human 

infections (Alter & Scherer 2006). Campylobacter is now amongst the most prevalent bacterial enteric 

pathogens in developed countries and is the most common cause in regards to the bacteria-mediated 

diarrheal diseases in humans worldwide (Adkin et al. 2006; Iovine 2013; Nohra et al. 2016).  

Campylobacteriosis, which is the gastroenteritis terminology for the diseases caused by 

Campylobacter spp., has been reported to exceed salmonellosis as the most commonly recorded 

zoonosis in the European Union (EU) since 2005 and is also the most common notifiable disease in 

Australia for more than 10 years (Iovine 2013; NNDSS 2020b). A recent Morbidity and Mortality Weekly 

Report from the Centre for Disease Control and Prevention (CDC) in the United States of America (USA) 

stated that Campylobacter has become the leading cause of bacterial foodborne infection in the USA, 

which was Salmonella for the last 20 years (Marder et al. 2017). To manage the risk of 

campylobacteriosis in Australia, Australian’s Food Regulation Secretariat released the Foodborne 

Illness Reduction Strategy 2018-2021+ in which Campylobacter is one of the main foodborne 

pathogens targeted throughout the food supply chain (Food Regulation Standing Committee 2018).  

The infections of Campylobacter are usually self-limited and are expected to be resolved within 

several days after initial onset (Hiett et al. 2008). The CDC reported that 50% to 70% of human 

Campylobacter illness is attributed to the consumption of  raw or undercooked poultry and poultry 

related products (Keener et al. 2004). In Australia, chicken has been the most consumed meat since 

2004 (ABARES 2017). The contamination of Campylobacter inside chicken meat is rare and usually at 

a low concentration, therefore cross-contamination from the contaminated chicken products to the items 

that will not be cooked during preparation in the kitchen is considered an important pathway for this 

pathogen (Levin 2007; Luber & Bartelt 2007; Wagenaar, French & Havelaar 2013). As a result, it will 

impact on the burden of disease currently associated with Campylobacter by reducing and controlling 

the Campylobacter numbers on the processed chicken to the maximum extent possible through poultry 

processing before them entering the kitchen. 
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Surveys suggested that the prevalence of Campylobacter on poultry at retail is greater than 50%, 

although the contamination rate varies between countries (Suzuki & Yamamoto 2009). In Australia, 

88.1% of whole birds have been reported to be contaminated by Campylobacter at retail (Pointon et al. 

2008), and 84.3% immediately following chilling after processing in poultry plants (FSANZ and the South 

Australian Research and Development Institute 2010). Many investigations have occurred over the last 

few decades looking into how Campylobacter survives various stresses, such as pH, temperature, 

chlorine and acid, either from farms, flocks, or processing lines (Allen et al. 2007; Bièche et al. 2012; 

Burfoot et al. 2016; Chaine et al. 2013; Chantarapanont, Berrang & Frank 2004; Debretsion et al. 2007; 

Duffy et al. 2014; Solow, Cloak & Fratamico 2003; Son et al. 2007). The existence and persistence of 

Campylobacter spp. in poultry products may also result from competition with other bacteria within the 

bacterial community and the interactions between the bacterial community and the surrounding 

environment. Researchers can undertake detailed studies of bacterial populations which had not been 

possible until recently with the development and the application of next generation sequencing (NGS) 

that allows investigation of the whole bacterial community rather than a single pure culture (Diaz-

Sanchez et al. 2013). Yet no studies that reveal the diversity and dynamics of the bacterial population 

on chicken carcasses through entire poultry processing lines have been published to date.  

The broad focus of this literature review is the current knowledge of the relationship between 

Campylobacter and the poultry processing industry. Beginning with the characteristics of 

Campylobacter, the epidemiological impact of Campylobacter is reviewed. Then this review evaluates 

the current commercial poultry processing. The application of novel NGS techniques has come into 

discussion for its ability to offer a deep understanding between the commercial poultry processing and 

the bacterial diversity on chicken carcasses, in particular the role of Campylobacter in the bacterial 

community. Thereafter, this review discusses the poultry processing interventions in Australia that are 

currently implemented with a focus of the survival mechanisms of Campylobacter to various stresses 

at the proteome level, such as heat, cold, acidic and oxidative stresses that Campylobacter is exposed 

to through poultry processing. After reviewing the available information of Campylobacter and the 

poultry processing, the objectives and aims of this thesis are proposed at the end of this review after 

identifying gaps of knowledge where this thesis can make contributions to the scientific community and 

the poultry industry. 
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1.2 Characteristics 

The genera Campylobacter, Arcobacter and Sulfurospirillum form the family of Campylobacteraceae, 

which are Gram-negative, nonsaccharolytic bacteria with microaerobic growth requirements and a low 

Guanine + Cytosine (G + C) of the Deoxyribonucleic acid (DNA) content (Debruyne, Gevers & 

Vandamme 2008). Members of the family are slender, curved, S-shaped, or spiral rods that are 0.2 to 

0.8 µm wide and 0.5 to 5 µm long (Keener et al. 2004). They usually form coccoid bodies when 

beginning to age and exhibit corkscrew-like motility with a single polar flagellum at one or both ends of 

the cells (Debruyne, Gevers & Vandamme 2008; Levin 2007). The genus Campylobacter was initially 

classified as Vibrio spp. due to their spiral morphology, and originally there were only two species 

included as Campylobacter fetus and C. bubulus (Sebald & Véron 1963). It now consists of 39 valid 

species and 7 of them have 2 – 3 subspecies (Leibniz Institute DSMZ-German Collection of 

Microorganisms and Cell Cultures 2019). 

 

1.3 Growth and survival 

Campylobacter spp. may experience different conditions during poultry production. It is essential to 

understand their growth and survival characteristics in order to find effective measures to control the 

pathogen. The growth and survival of Campylobacter spp. relies on various factors, such as 

temperature, pH, availability of water and oxygen, and have limited capacity to those environmental 

stresses (Table 1.1) (Forsythe 2000; FSANZ 2013; ICMSF 1996). The Campylobacter spp. are 

thermophilic, which means they exhibit optimum growth at 42 - 43°C, with the inability to grow below 

30°C (Alter & Scherer 2006). Therefore, Campylobacter spp. will not grow in foods held at room 

temperature (20 – 25°C) (FSANZ 2013; Park 2002). Campylobacter does not have the major cold shock 

gene cspA that plays a role in low-temperature adaptation like many other bacteria (Hazeleger et al. 

1998; Levin 2007). But they will enter a viable but non-culturable state (VBNC) (Höeller, Witthuhn & 

Janzen-Blunck 1998; Lázaro et al. 1999), and still have ability to survive and maintain motility at a low 

temperature of 4°C (Hazeleger et al. 1998; Stintzi & Whitworth 2003), which means they still have the 

ability to cause disease of both animals and humans (Baffone et al. 2006; Cools et al. 2005; Tholozan 

et al. 1999). Thus, cautious handling of foods should be kept in mind at all times.  
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Table 1.1 Growth conditions of Campylobacter spp. modified from Food Safety Australia New 
Zealand (FSANZ) (2013) 
 Minimum Optimum Maximum 

Temperature (°C) 32 42-43 45 

Oxygen % (O2) 3 5 5 

Carbon dioxide % (CO2) 2 - 10 

pH 4.9 6.5-7.5 9.5 

Water activity 0.987 0.997 - 

 

Studies found that Campylobacter could survive at temperatures as low as 4°C in moist conditions 

(Hazeleger et al. 1998; Park 2002). Oyarzabal et al. (2010) found that C. jejuni and C. coli could survive 

at -20°C for up to 84 days, whereas Lázaro et al. (1999) discovered viable cells of C. jejuni after 7 

months storage at 4°C. In contrast, Campylobacter spp. are sensitive to higher temperature once it 

exceeds its optimum growing temperature range. It recommends that heating at 55 – 60°C for several 

minutes readily destroys Campylobacter (FSANZ 2013; ICMSF 1996). Therefore, consuming properly 

cooked foods and not cross-contaminating other foods could effectively reduce the possibility of 

Campylobacter infections (Sampers et al. 2010).  

Campylobacter spp. tolerate between 3 – 5% oxygen (Forsythe 2000). They have optimal growing 

conditions of 5% oxygen and 2 – 10% carbon dioxide (Levin 2007; Park 2002). C. jejuni was suggested 

to produce biofilms when adapting to aerobic conditions, which helps it surviving throughout food 

processing environments, e.g. poultry processing (Alter & Scherer 2006). While Teh, Lee and Dykes 

(2017b) suggested that the ability of C. jejuni to form a biofilm under aerobic conditions may be 

dependent on different dissolved oxygen contents in broths under various incubation conditions based 

on their data. 

In addition, Fernández, Vergara and Tapia (1985) observed that Campylobacter spp. could not 

survive well on dry surfaces and it was highly sensitive to loss of moisture. Other studies found that the 

presence of a sodium chloride concentration of 0.5% resulted in the fastest growth of C. jejuni, but not 

when the sodium chloride was absent or the concentration was higher than 2% (Doyle & Roman 1982; 

Wallace 2003). 

 



Chapter 1 

5 

1.4 Epidemiology 

Campylobacter is a commensal organism usually found in cattle, sheep, swine and avian species 

(Dasti et al. 2009). Poultry and related products serve as the main reservoir for human infection amongst 

a range of risk factors, including dairy products and untreated water (Levin 2007). Recorded outbreaks 

are rare due to the fastidious characteristics and complex nutritional requirements of Campylobacter, 

which means incidences of Campylobacteriosis often occur sporadically (Silva et al. 2011; Taboada et 

al. 2013). However, Australia has a higher rate of campylobacteriosis than most of other developed 

countries (Kaakoush et al. 2015). The annual notification rates of confirmed Campylobacter illness 

around the world per 100,000 people were 19.6 in the USA (Danielle M. Tack et al. 2019), 128.6 in 

Australia (NNDSS 2020b), 64.1 in the EU (EFSA and ECDC 2019) for 2018 and 135.2 in New Zealand 

for 2017 (Pattis et al. 2018).  

C. jejuni and C. coli are the most important human enteropathogens amongst the 

Campylobacteraceae (Debruyne, Gevers & Vandamme 2008) while a number of other Campylobacter 

species, including C. upsaliensis, C. lari and C. fetus, have also been linked with enteritis (Table 1.1) 

(Fitzgerald et al. 2015; On & Cornelius 2016). In addition, C. concisus has been recently recognized as 

an emerging pathogen of the human gastrointestinal tract where it causes a more prolonged but less 

severe form of acute gastroenteritis, which has been associated with the development of more severe 

chronic conditions, e.g. Barrett’s esophagus (Kaakoush & Mitchell 2012; Macfarlane et al. 2007; Zhang 

et al. 2009). C. concisus presents in a significantly high level of prevalence in children with newly 

diagnosed Crohn’s disease and adults with ulcerative colitis (Kaakoush & Mitchell 2012; Zhang et al. 

2009). 

In a surveillance study in England and Wales, Friedman et al. (2000) reported that C. jejuni was 

identified in more than 12 times the number of cases of human infections compared to C. coli. In 

agreement with Friedman et al. (2000), Gillespie et al. (2002) established similar results, which 

demonstrated that C. jejuni was responsible for 93% of human disease with C. coli accounting for most 

of the remainder. As a result, most of the investigations and studies have been focussed on looking into 

the prevalence and physiological characteristics of C. jejuni and C. coli as representative organisms in 

Campylobacteraceae.  
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Fig 1.1 Gastrointestinal disease notification rates in Australia per 100,000 population, 2001 to 2019. 

Modified from NNDSS (2020b). 

 

The number of cases of campylobacteriosis in Australia per 100, 000 population from 2001 to 2019 

is compared to other causes of gastrointestinal diseases in Fig 1.1 based on the National Notifiable 

Diseases Surveillance System (NNDSS) dataset (NNDSS 2020b). Campylobacteriosis represents 

more than twice as many as salmonellosis cases and ranges from 10 to 360-fold greater than all other 

causes of gastrointestinal illnesses listed, making Campylobacter the leading cause of human 

gastrointestinal diseases in Australia during the listed years. The situation is similar around the world 

(Adkin et al. 2006; Iovine 2013; Nohra et al. 2016). However, young children, young adults and elderly 

people are vulnerable to Campylobacter (Fitzgerald et al. 2015), shown in Fig 1.2 (NNDSS 2020a). 

Similar findings were observed in Germany (Gölz et al. 2014). Comparatively, men are more susceptible 

than women to campylobacteriosis (Fig 1.2). It has been supported by a study of human clinical 

Campylobacter isolates (Cody et al. 2012) and a sexual dimorphism in a mouse model (Strachan et al. 

2008). The European Food Safety Authority (EFSA) Panel on Biological Hazards (2011) suggested that 

a 1 Log10 CFU/g reduction of the Campylobacter numbers on carcasses could potentially reduce the 

public health risk by 50 – 90%. Epidemiological studies show that about 50 – 80% of all human 

Campylobacter infections are attributed to poultry products, particularly when handling and consuming 

raw or undercooked poultry food. Other major sources include meat, raw milk and tap water (Choi, Lee 

& Sul 2015; Kaakoush et al. 2014; Levin 2007).  
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Fig 1.2 Notification rate of Campylobacteriosis in 2019 by age group and sex in Australia. Modified from 

NNDSS (2020a). 

 

It has been reported that the infectious dose of Campylobacter to initiate human disease is as little 

as 500 cells (Black et al. 1988; Varsaki et al. 2015). Sequela may include Guillain-Barrè syndrome 

(GBS) that involves neuromuscular paralysis, reactive arthritis, and irritable bowel syndrome (Fitzgerald 

et al. 2015; Levin 2007; Varsaki et al. 2015). Usually the illness is self-limiting that resolves without 

antimicrobial treatment, starting off as 1 – 3 days of prodromal symptoms with fever, vomiting and 

headaches followed by 3 – 7 days of watery or bloody diarrhoea with abdominal pains (Dasti et al. 

2009). When antibiotics are required for treatments, prescriptions given are usually erythromycin and 

fluoroquinolones (Keener et al. 2004).  

The explanations for the range of seriousness of Campylobacteriosis as well as different infectious 

rates are not fully understood, but may be related to strain variation, host immune systems, exposure, 

etc. For example, poultry workers in abattoirs may have intestinal symptoms in the first few days when 

they have begun to work in the plant and then often become unsusceptible to the disease (Dasti et al. 

2009). Evidence of protective immunity to overt disease but not to infection is observed from the 

epidemiological perspective. It is linked to persistent exposure to Campylobacter during work which 

induces protective immunity (Dasti et al. 2009; Posch et al. 2006). Marie et al. (2013) suggested that 

poultry industry employees experienced more risks of Campylobacter infection when they were 

assigned to the live-hang area in particular, whose responsibilities included lifting live chickens from the 
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supply conveyor and hanging them by their feet from a shackle conveyor. As a result, proper 

engineering design should be incorporated, such as improved sanitation, ventilation, system 

modification, and installation of hands-free dispensers and waste receptacles (Marie et al. 2013).  

 

1.5 Campylobacter in poultry primary production 

At the primary farming production, there is a window of opportunity for Campylobacter to colonise 

chicks which is between days 12 to 20 as revealed by a recent study of monitoring the changes of 

bacterial community in chicken caeca (Ijaz et al. 2018). Once Campylobacter colonises one bird in the 

flock, horizontal transmission occurs rapidly within the flock (Horrocks et al. 2009). Other horizontal 

transmission means include contaminated water, litter, insects, wild birds, rodents, faecal contact, and 

by farm personnel via their boots (Keener et al. 2004), whereas the means of vertical transmission 

remains under debate. Campylobacter has been suggested to enter the eggshell under specific 

conditions to potentially transfer pathogens from parents to progeny (Sahin, Kobalka & Zhang 2003), 

but the evidence claiming no such correlations existed as a significant risk factor were proposed by 

other studies (Bull et al. 2006; Keener et al. 2004). 

After internalisation by the water-borne protozoa Tetrahymena pyreformis and Acanthamoeba, C. 

jejuni can remain viable for up to 36 h longer compared to them in a purely planktonic form (Levin 2007; 

Snelling et al. 2005). From the study of Snelling et al. (2005), detection of Campylobacter after 

internalization was observed for up to 8 days at 25°C. They also observed a significant resistance of C. 

jejuni to chemical disinfection after they were internalized than in planktonic condition when they applied 

1:1000 dilution of Virudine for 1 min, which is an Iodine based disinfectant usually used in poultry to 

sanitize farm buildings, hatcheries and processing plants (Snelling et al. 2005). Therefore, authors 

suggested that drinking water may be another source of introducing Campylobacter during poultry 

primary production. 

C. jejuni were highly inhibited and not detected in the caeca of chicks when competing with 

Citrobacter diversus, Klebsiella pneumoniae and E. coli in conjunction with 2.5% mannose in drinking 

water when they were combined in the feed for young poultry (Levin 2007; Schoeni & Wong 1994). The 

consequences of receiving such exclusion treatment remain unclear. Other bacteria might be 

introduced into poultry and related products despite reducing Campylobacter.  
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1.6 Poultry processing 

In general, the chicks are delivered to farms after the eggs are hatched for 21 days, where they will 

be reared until they are ready for slaughter (6 –  15 weeks) and then transported to a processing plant 

(ICMSF 2012). The generic flowcharts of how the chicken carcasses are processed at the processing 

line are shown in Fig 1.3 (ICMSF 2005). The birds are slaughtered to remove feather, heads, feet, 

viscera, and then the carcasses are washed and chilled. After slaughtering, a large proportion of chicken 

carcasses are used to produce a variety of raw and processed products, including portioning, dressing, 

marinating, or further production of specific products, such as chicken nuggets. According to the 

capacities and requirements of the particular processing plants, further processing steps may be 

executed after the slaughtering in the plant or assigned to a different manufacturer. In the end, the 

products will be distributed to different markets under refrigerated or frozen conditions, depending on 

certain regulations in different countries. The general further processing steps are illustrated in Fig 1.4 

(ICMSF 2005). 

 

 

Fig 1.3 The generic poultry processing flow diagram (ICMSF 2005). 
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Fig 1.4 The generic flow diagram for further processing of chilled poultry carcasses (ICMSF 2005). 

 

As seen from the flow diagrams above, the process involves many different steps and stages, which 

could easily introduce contamination and cross-contamination throughout various steps along the line 

to affect the end-product, resulting in an increased diversity of Campylobacter spp. on individual 

carcasses compared to live birds (Colles et al. 2010). The factors that could contribute to the 

contamination on products from farm to folk include: (1) prevalence and contamination level within the 

flock at the farm, (2) transportation of the carcasses, (3) various steps along the processing line, (4) 

portioning and dressing in further processing, (5) storage conditions at retail, and (6) consuming and 

cooking at home or in a restaurant (Hänninen 2010). Along the processing line there is a gradual and 

observable reduction in the levels of Campylobacter counts on the carcasses, due to scalding, washing 

and chilling (Althaus, Zweifel & Stephan 2017; Duffy et al. 2014; González-Miret, Escudero-Gilete & 

Heredia 2006; Keener et al. 2004; Silva et al. 2011; Sukted et al. 2017). However, the mechanisms by 

which Campylobacter could survive various processing steps and different decontamination measures 

remain largely unknown. Many studies have investigated the potential reasons that Campylobacter 

remains viable through heating, chilling, and oxidative stress under simulated processing environments 
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in laboratories (Birk et al. 2006; Chaine et al. 2013; Chantarapanont, Berrang & Frank 2004; De Cesare 

et al. 2003; Guastalli et al. 2016; Habib, Uyttendaele & De Zutter 2010). Yet no work has been 

undertaken to determine how Campylobacter survives through poultry processing in vivo in the poultry 

plant instead of in the laboratory environment.  

Overall, it is evident that the changes of Campylobacter along the processing line fluctuate, usually 

with a decrease after scalding and chilling, an increase after defeathering and an increase or no change 

after evisceration (Berrang & Dickens 2000; Pacholewicz et al. 2015; Rosenquist et al. 2006). Guerin 

et al. (2010) conducted a systematic review to evaluate the change in prevalence and numbers of 

Campylobacter on chicken carcasses during processing. Across eight electronic databases they 

identified 32 studies that described the prevalence of Campylobacter at more than one stage during 

processing. Amongst these studies, the stages of scalding and chilling were shown to be effective 

processing interventions, which would result in immediate reduction of Campylobacter prevalence by 

about 20 to 40% by scalding and between a 100% decrease and 26.6% increase after chilling. It should 

be noted that the decrease of 100% was conducted in a sample of only five spent layers in the water 

immersion chilling (Baker et al. 1987). Excluding the 100% decrease, the maximum reduction in 

prevalence of Campylobacter after water immersion chilling was 17.5% from the remaining 17 studies 

(Guerin et al. 2010). The prevalence of Campylobacter increased after defeathering (10 to 72%) and 

evisceration (15%). However, six studies investigating the effects of washing were inconsistent, differing 

from 23% decrease to 13.3% increase.  

It is a complicated environment in actual processing plants comprising of a broad range of factors 

affecting the number of Campylobacter on poultry carcasses. Through poultry processing, C. jejuni and 

C. coli are found to be predominant from the isolated Campylobacter species with diverse genotypes 

across surveys and studies published so far (Debretsion et al. 2007; Duffy et al. 2014; Kittl et al. 2013; 

Son et al. 2006; Torralbo et al. 2015).  

Because Campylobacter varies widely in its resistance to the environmental stresses that occur 

during slaughter, the strains predominating on the final carcasses are usually derived from those 

colonizing the caeca of that flock, as these strains are more able to survive processing, which was 

evident by the study of Elvers et al. (2011). It has been noted that Campylobacter diversity may 

decrease or change throughout processing with different strains predominating on the end product from 

the beginning of the processing line. Such observations may reflect either that indigenous strains to a 
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flock cannot survive, or during the early processing stages the tenuously attached strains from previous 

flocks are washed off to contaminate subsequent flocks (Elvers et al. 2011).  

 

1.6.1 Poultry processing in Australia 

Chicken has been the most consumed meat in Australia since 2004 (ABARES 2019). A report by 

the Australian Bureau of Agricultural and Resource Economics and Sciences (ABARES) showed a 

continuous increasing demand of the chicken meat since 2000 (Fig 1.5) and it is estimated to keep 

increasing for the next few years (Fig 1.6) (ABARES 2019). Due to the relationship between 

Campylobacter and poultry products, it is important to control Campylobacter numbers and prevalence 

on chicken products at the slaughters.  

 

 

Fig 1.5 Chicken slaughtering and consumption in Australia between 2008 – 2018 (ABARES 2019). 

 

FSANZ conducted a baseline survey targeting whole birds prior to processing and immediately post-

chilling, which offered a general picture of the prevalence and numbers of Campylobacter, E. coli and 

Salmonella in terms of the poultry industry in Australia compared to other western countries (FSANZ 

and the South Australian Research and Development Institute 2010). The survey only examined 

samples from on-farm, prior to processing and post-chilling. Because not all states of Australia 

participated in all three sampling points in the survey, the results might not be extensively conclusive 
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and representative for the poultry industry in Australia as a whole (Table 1.2). The results of post-chilling 

from 1112 bird carcasses demonstrated that 84.3% of the carcass rinse were positive for 

Campylobacter (FSANZ and the South Australian Research and Development Institute 2010). It was 

higher than 45.1% in China (Zhu et al. 2017), 75.8% in the EU (EFSA 2010), 37.7% in Africa (Thomas 

et al. 2020), 75% in Canada (Bohaychuk et al. 2009) and between 38 – 41% in the USA (Noormohamed 

& Fakhr 2014; Williams & Oyarzabal 2012). The prevalence of Campylobacter in Australia was generally 

the same as the prevalence of samples prior to processing (84%), suggesting the limited effect of 

current processing in reducing Campylobacter positive carcasses at the end of processing. The high 

prevalence of Campylobacter on chicken carcasses was also found by Duffy et al. (2014) investigating 

two Australian poultry processing plants, which revealed that 92.5% chicken carcasses were positive 

for Campylobacter post chilling. Duffy et al. (2014) also showed significant mean reductions of 

Campylobacter (1.8 and 2.9 Log10 CFU/carcass) and E. coli (1.3 and 2.5 Log10 CFU/carcass) 

respectively through the processes of scalding and chilling, suggesting the effectiveness in reducing 

bacterial numbers on carcasses.  

 

 

Fig 1.6 Outlook for chicken slaughtering in Australia (ABARES 2019). f – ABARES forecast, s – 

ABARES estimate, and z – ABARES projection.  
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Table 1.2 A baseline survey of poultry samples from on-farm, prior to processing and post processing to examine the poultry industry in Australia. 

Tabulated from FSANZ and the South Australian Research and Development Institute (2010). 

 Salmonella Campylobacter TVC E. coli 

 Prevalence (%) Mean log1 Prevalence (%) Mean log Mean log Mean log 

On-farm2 

WA5 46.8  64.4    

Prior to processing3 

SA/WA 12.7 1.02 Log10 MPN/g 84.0 6.87 Log10 CFU/g   

Post processing4 

NSW/QLD/WA/SA 36.7 -1.99 Log10 MPN/cm2 84.3 0.7 Log10 CFU/cm2 1.95 Log10 CFU/cm2 0.48 Log10 CFU/cm2 

1 counts of colonies enumerated by Most Probable Number (MPN); 

2 on-farm samples were faeces; 

3 prior to processing samples were caeca; 

4 post processing sample were carcasses rinse; 

5 states participated in the survey. 
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1.6.2 The bacterial diversity on chicken through processing 

Campylobacter survival on chicken carcasses is not only affected by the pathogen control measures 

in the processing plant, but also by other bacteria in the bacterial community on the carcasses, such as 

support of Pseudomonas through biofilms (Culotti & Packman 2015; Hilbert et al. 2010). However, there 

is limited information on the bacterial diversity on chickens during slaughter. With the improvement and 

development in recent years, the high-throughput NGS technologies, such as 16S rRNA amplicon 

sequencing, become popular for understanding the bacterial diversity on different samples and provide 

results that 454 pyrosequencing could not provide (Choi, Lee & Sul 2015). Although NGS still has errors 

when generating data, they are easy to manage computationally (Claesson et al. 2010). 

A large proportion of bacterial community profiling works of chicken has focused on gut and intestinal 

bacterial communities by examining caecal or faecal samples (Hou et al. 2016; Ijaz et al. 2018; Lim et 

al. 2015; Qu et al. 2008; Stanley, Hughes & Moore 2014; Sun et al. 2018; Yeoman et al. 2012) These 

studies are usually intended to monitor the feed conversion ratio or different growth stages of broilers. 

Few published studies have been focused on the bacterial structure on chicken carcasses through 

commercial processing (Handley et al. 2018; Kim et al. 2017; Wages et al. 2019; Wang et al. 2019) and 

processing environment (Delforno et al. 2017; Rothrock Jr et al. 2016; Wang et al. 2019). There has 

been only one study that has demonstrated the linkage between the bacterial diversity on chicken 

carcasses and the processing environment in a small scale of commercial poultry processing plant 

(Wang et al. 2019). The study (Wang et al. 2019) collected chicken carcasses from Post-defeathering, 

Post-manual evisceration, Post-washing, Post-chilling and water samples from scald tank and 

immersion chilling tank. However, no studies have been published that: (1) examine the bacterial 

diversity on chicken carcasses through an entire commercial processing line that includes immersion 

chilling and air; (2) compare each processing step by sampling before and after each step; or (3) monitor 

the bacterial diversity changes through commercial processing to the end of shelf life. 

Previous studies by culture-based analysis suggested that poultry processing may favour Gram-

positive bacteria due to scalding would select for Gram positive bacteria that being heat-resistant 

(ICMSF 2005). In addition, rubber fingers during defeathering were reported to transfer Staphylococci 

and Micrococci onto carcasses (Allen et al. 2003). The findings of selective effect of scalding by the 

culture-based analysis have now been supported by 16S rRNA amplicon sequencing (Wang et al. 2019). 

However, Wang et al. (2019) claimed that scalding has a limited impact on the bacterial diversity on 
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carcasses by that due to significant separation of bacterial communities between scald water and 

chicken carcasses from their analysis. The processes of evisceration and immersion chilling were 

important cross-contamination sources to alter the bacterial diversity on chicken carcasses through 

processing (Handley et al. 2018; Wang et al. 2019). 

Across the bacterial community data available so far, the most dominant bacteria at the phyla level 

are similar regardless of the sample types are faeces/caeca, carcasses, or the environment. The 

dominant phyla are Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria with various 

proportions at different processing steps in the published studies (Handley et al. 2018; Hou et al. 2016; 

Kim et al. 2017; Lim et al. 2015; Oakley et al. 2013; Qu et al. 2008; Rothrock Jr et al. 2016; Wang et al. 

2019).  

At the genera level of the bacterial community, Campylobacter was found to be consistent either at 

a low level or unable to be detected (Handley et al. 2018; Kim et al. 2017; Wages et al. 2019; Wang et 

al. 2019). The relative abundance of Pseudomonas on carcasses post chilling varied between studies, 

which was at a high level suggested by Handley et al. (2018) compared to at a low level or absent by 

Wang et al. (2019) and Wang et al. (2017). Salmonella, as another foodborne pathogen usually reported 

in poultry surveys, was suggested to be undetectable by the 16S rRNA amplicon sequencing (Kim et 

al. 2017). 

 

1.7 Current poultry processing interventions in Australia 

The general operation of Australian poultry processing, which is very similar to other poultry plants, 

is divided into different stages. They include: (1) stunning either electrical or gas; (2) bleeding; (3) 

scalding with counter flow multistage tanks at the temperature between 50 and 58°C for 2 to 3 min; (4) 

evisceration; (5) washing; (6) immersion chilling in multistage counter flow commonly with the use of 

chlorine at a level up to 5 ppm of free available chlorine; and/or (7) air chilling (Duffy et al. 2014). The 

last stage of air chilling may not be employed, depending on particular processing plants and their 

capacities. 
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1.7.1 Scalding 

The temperature in scalding tanks are typically between 52 to 60°C depending on the different 

purposes of the end products, which can be varied as soft scald (51 – 54°C for 120 – 210 s) and hard 

scald (60 – 66°C for 45 – 90 s) (Buhr et al. 2014). It is hypothesized that the temperature of the scalding 

tank could help follicles in the skin to open up in order to remove the feathers during defeathering in the 

next stage (Keener et al. 2004). Cross-contamination can occur during scalding due to faecal leakage 

(Hänninen 2010). A large number of investigations stated that the scalding would decrease the bacterial 

counts and population due to the high temperature, particularly for Campylobacter (Berrang & Dickens 

2000; Duffy et al. 2014; Guerin et al. 2010; Pacholewicz et al. 2015; Rosenquist et al. 2006). For 

instance, the systematic review of Guerin et al. (2010) stated that scalding could achieve a reduction of 

Campylobacter between 1.3 Log10 CFU/g and 2.9 CFU/ml. 

 

1.7.2 Defeathering 

Defeathering leading to increased cross-contamination is supported by many investigations 

(Berrang & Dickens 2000; Boysen & Rosenquist 2009; Cason et al. 1999; Gruntar et al. 2015; Keener 

et al. 2004; Rosenquist et al. 2006). Defeathering can increase the aerobic bacterial population due to 

the spread of microorganisms from the feathers that have been removed, and from the contaminated 

rubber fingers within the machinery from the bacteria of previously slaughtered carcasses (Berrang, 

Smith & Meinersmann 2011; Boysen & Rosenquist 2009; Ono & Yamamoto 1999; Stern, Lyon & 

Musgrove 1995). In contrast, Allen et al. (2003) showed evidence that the plucking fingers and plastic 

flaps during defeathering play a minor role in terms of cross-contamination when compared to air-borne 

dissemination. More work has to be established to clarify the effect of defeathering in poultry processing.  

 

1.7.3 Evisceration 

Studies have demonstrated that plucking and evisceration are the most common contributing steps 

to contamination in processing due to the fact that rupture could potentially spread faecal and intestinal 

contents to the chicken carcasses (Nauta et al. 2009; Rosenquist et al. 2006; Seliwiorstow et al. 2015; 

Silva et al. 2011). Lower Campylobacter numbers in the caeca and less faecal contamination during 

processing can lead to lower contamination levels on carcasses and lead to improved food safety 
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outcomes (Boysen, Nauta & Rosenquist 2016). The FAO and WHO (2002) suggested that effective 

cleaning after evisceration could have a significant impact on reducing the risk of contamination.  

 

1.7.4 Washing 

Spray washing is usually implemented after evisceration or before the carcasses enter the chilling 

stage in order to decrease the bacterial population (Bashor et al. 2004; Sarjit & Dykes 2015), with 

additional washing between various processing sites dependent on the particular requirements of each 

processing plant. In the EU, it is required to apply at least 1.5 L water per carcass after evisceration for 

carcasses weighing up to 2.5 kg (ICMSF 2005). Chlorine has been used in washing to reduce 

Campylobacter and other bacteria associated with the carcasses for more than a few decades, although 

the concentration of such bacterial level varies across different investigations or processing lines. 

Typically the wash water used in poultry plants within Australia allowed 5 ppm free available chlorine 

(Duffy et al. 2014), while in the USA 20 ppm of total chlorine in the spraying systems and a higher level 

of 50 ppm in the immersion chilling tanks is allowed (Bashor et al. 2004). Other chemicals, such as 

sodium chlorite, lactic acid, etc. have also been studied to determine their efficacy and results in 

reducing bacteria colonization (Sarjit & Dykes 2015). 

Adding chlorine or elevating the water temperature in an inside-outside washer were suggested to 

not enhance the removal of total aerobic bacteria, E. coli, or Campylobacter counts on broiler carcasses, 

regardless of the temperature of the water spray (21.1, 43.3 or 54.4°C) or the chlorine level (0 or 50 

ppm) (Northcutt et al. 2005). In comparison, a study by Alonso-Hernando et al. (2013) inoculating 765 

poultry legs with Gram-positive bacteria or Gram-negative bacteria, e.g. Listeria monocytogenes, 

Bacillus cereus, Brochothrix thermosphacta, Salmonella enterica, E. coli, Pseudomonas fluorescens 

and Yersinia enterocolitica. They observed noticeable mean microbial reductions (Log10 CFU/g) after 

15 min treatment in solutions of trisodium phosphate (12%, 1.16 ± 0.71), acidified sodium chlorite (1200 

ppm, 0.95 ± 0.89), citric acid (2%, 0.94 ± 0.74), peracetic acid (220 ppm, 0.30 ± 0.67), and chlorine 

dioxide (50 ppm, 0.45 ± 0.63) at 4, 20 or 50°C.   

 

1.7.5 Chilling 

It is essential to control the growth of spoilage bacteria and food-borne pathogens on end products 

(ICMSF 2005). There are usually two different chilling means existing in the poultry industry, immersion 



Chapter 1 

19 

chilling and air chilling. Using different chilling systems could yield different results in reducing the 

concentrations of Campylobacter, E. coli, Salmonella, etc. (Bucher et al. 2015; Demirok et al. 2013; 

Northcutt et al. 2008). During chilling, the follicles in the skin will close, which were opened up by the 

previous scalding stage, leading to retention of the bacteria through processing (Keener et al. 2004). 

On the other hand, an investigation by Whyte, Hudson and Turner (2005) found that the duration of 

bacterial exposure to osmotic stress was decreased by the rate of temperature decrease, and 

consequently resulted in bacterial survival over time. 

In Australia, processors add antimicrobial agents in the immersion chilling water to achieve sufficient 

reductions of foodborne pathogens, such as Campylobacter, E. coli and Salmonella, which are mostly 

chlorine-based. However, the application of chlorine-based antimicrobial agents have been revealed to 

have limited biocidal effect (Duan et al. 2017; Killinger et al. 2010; Northcutt et al. 2005). The by-

products from the interaction between chlorine and the organic matter in the immersion chilling tank are 

considered potential human carcinogens, which include chloroform and bromodichloromethane 

(Cressey, Nokes & Lake 2008; Occupational Safety and Health Administration 2017). Studies also 

suggest a bleaching effect on poultry products when chlorine is used at a high concentration (James et 

al. 1992), along with the odour of residual chlorine that may make some customers uncomfortable. All 

these reasons urge the poultry processors in Australian to look for alternative agents to replace chlorine. 

One of the potential alternatives is peracetic acid or peroxyacetic acid (PAA), which the USA allows the 

concentration to be less than 220 ppm (FDA 2019). Australia New Zealand Food Authority (2009) has 

registered and claimed PAA to be safe as a processing aid for all food if the final food products contain 

PAA less than 0.7 mg/kg. In contrast, no chemical is allowed in the EU during poultry processing, which 

one of their concerns is the efficacy of PAA and the consumers in the EU prefers the poultry products 

not being processed by chemicals (BEUC 2014). Instead, only drinking water at different temperatures 

in various processing steps is used to remove microbial contamination on poultry products in the EU 

(Lu et al. 2019). Unlike Australia that the immersion chilling is a common approach due to the application 

of chemical aids (Duffy et al. 2014), dry air chilling is a preferred chilling method in the EU as the cross-

contamination in immersion chilling is considered to be a major problem (Lu et al. 2019). 

Storing poultry products under -20°C for over 48 h was shown to be effective for reducing C. jejuni 

and C. coli counts by 2 to 3 Log10 CFU/cm2, regardless of species of Campylobacter, or level of oxygen 

(Solow, Cloak & Fratamico 2003). It was suggested that very fast freezing (> 10°C/min) could reduce 
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the bacterial survival due to the possibilities that intracellular ice crystals might be formed (Burfoot et al. 

2016). In comparison, no significant reduction of Campylobacter was discovered when the temperature 

was set to 4°C for 14 days (Sampers et al. 2010). It was suggested that the conditions applied in the 

poultry industry to superchill poultry products to a nonfrozen-state internal temperature of -3.3°C, where 

the meat was not frozen, were not able to substantially reduce Campylobacter populations on fresh 

products (Zhao et al. 2003).  

 

1.8 Campylobacter proteome in stressed conditions 

It is important to understand the mechanisms that Campylobacter uses to survive and respond to 

various environmental stresses during poultry processing. Different studies applied different strategies 

to reveal the survival mechanisms of Campylobacter strains. It is difficult to draw some conclusions that 

could represent how the entire genus of Campylobacter behaves under various stresses. Since C. jejuni 

and C. coli are the most common pathogens in human infection cases (Debruyne, Gevers & Vandamme 

2008; Friedman et al. 2000), a significant proportion of studies has focused on these two organisms. 

Due to the development of the omics techniques and NGS, such as metagenomics, transcriptomics and 

proteomics, various genes and proteins can be linked and investigated.  

C. jejuni contains 2327 gene families with an estimated 1295 gene families found in its core genome 

(Thibodeau et al. 2013). Unlike other Gram-negative bacteria, such as E. coli, Salmonella, and Shigella, 

that have the sigma factor RpoS that regulates general stress response and is responsible for switching 

the exponential growth to the stationary phase (Duval et al. 2015), C. jejuni lacks this particular regulator 

(Parkhill et al. 2000). Despite the small genome of Campylobacter, this pathogen is hypothesized to 

develop other survival mechanisms to support itself through various stressful situations (Turonova et al. 

2017). The genome is relatively static whereas the proteome is dynamic due to environmental stimuli 

(Remignon et al. 2006). Investigations to examine the stress responses at the protein level of 

Campylobacter under various conditions are necessary to aid understanding of its survival mechanisms. 

One approach is to compare the proteomes of different pathogens that exhibit different phenotypic 

characteristics, as well as to identify the association between the genes and their products (Seal et al. 

2007). 

Currently the most applied decontamination measures in the poultry industry to control pathogens 

include heat, cold, chlorine, acid and other oxidative agents (Keener et al. 2004; Levin 2007; Silva et al. 
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2011). In a review by Park (2002), a general picture of the distribution of the proteins involved in C. 

jejuni environmental stresses was presented, in comparison with two model bacteria species E. coli and 

Bacillus subtilis (Table 1.3). 

 

Table 1.3 The proteins involved in C. jejuni and model bacteria species to environmental stresses (Park 2002) 

Protein Function C. jejuni E. coli B. subtilis 

Global regulation     

Lrp Global regulator of metabolism - + + 

Crp/Fnr Catabolite gene activator or anaerobic regulatory protein + + + 

Oxidative stress     

SoxRS Positive regulators of the response to superoxide stress - + - 

OxyR Positive regulator of the response to peroxide stress - + - 

PerR Negative regulator of the response to peroxide stress + + + 

SodB or SodF Iron cofactored superoxide dismutase + + + 

SodA Manganese cofactored superoxide dismutase - + + 

KatA or KatE HPII, catalase + + + 

KatG HPII, catalase - + - 

AhpC Alkyl hydroperoxide reductase + + + 

Heat/cold shock     

RpoH Alternative sigma factor regulating the heat shock 
response - + - 

HspR Negative regulator of the heat shock response + - - 

HrcA Negative regulator of the heat shock response + - - 

GroELS, DnaJ, DnaK and Lon Heat shock proteins + + + 

CspA Major cold shock protein - + + 

 

1.8.1 Heat 

    Klančnik et al. (2006) studied C. jejuni under the high temperature stress of 55°C for 3 min as well 

as oxidative stress, in order to investigate stress induced expression of groEL and rpoD. At least 10 – 

20 min of heat shock was required if clear differences in the expression of heat shock genes, oxidative 

and virulence genes were to be documented (Klančnik et al. 2006). HtrA is a serine protease that is 

believed to be important for C. jejuni to tolerate heat stress, as well as resistance to oxygen, to adhere, 

to invade and to transmigrate to host cells (Boehm et al. 2015). In their study, it was confirmed that HtrA 
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was detected by reexpression of the htrA wild-type gene in ΔhtrA mutants when C. jejuni incubated at 

44°C on Mueller-Hinton (MH) agar plates for 48 h.  

 

1.8.2 Cold 

Campylobacter is suggested to possess a survival mechanism when exposed to low temperature 

although it is unable to produce cold shock proteins, due to the successful isolation of Campylobacter 

from a wide variety of refrigerated foods and aqueous environmental sources (Dasti et al. 2009). 

Hazeleger et al. (1998) were able to demonstrate that Campylobacter can still perform respiration, 

generate Adenosine triphosphate (ATP), attract chemotaxis and de novo protein synthesis when 

temperature was as low as 4°C, suggesting that it may avoid certain environmental stresses and move 

to a more favourable condition whenever possible. In a study by Stintzi and Whitworth (2003) examining 

the transcript changes of C. jejuni NCTC11168 upon a temperature decline from 42°C to 37°C, 32°C, 

10°C and 4°C, the oxidative stress defence was found to be a component of C. jejuni cold-shock 

response, particularly two up-regulated genes sodB and Cj0358. Other potential mechanisms adopted 

by C. jejuni to adapt to cold temperature included acquisition or biosynthesis of cryoprotectant 

molecules (e.g. pebC, Cj0919c-Cj0920c, sdaC, peblA, dctA, etc.), maintenance of translation initiation 

and efficiency(e.g. ksgA, trmD, rim and mfd), and alteration of the membrane lipid composition (e.g. 

pssA and psd). In addition, it was suggested that Campylobacter would enter VBNC to aid survival 

through cold stress (Höeller, Witthuhn & Janzen-Blunck 1998; Lázaro et al. 1999). 

 

1.8.3 Chlorine 

No studies have been published so far in terms of Campylobacter response to chlorine and 

associated products at the proteome level.  

 

1.8.4 Acid 

When C. jejuni and C. coli were exposed to the acidic condition, a conversion into the VBNC form 

was noted (Dasti et al. 2009). Chaveerach et al. (2003) supported the conversion of Campylobacter by 

stressing 10 strains of C. jejuni and C. coli to a 2h acid condition of pH 4. When a few C. jejuni strains 

were exposed to mild acid conditions using HCl (pH 5.2) and acetic acid (pH 5.7), proteins normally 
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involved in iron control and oxidative stress defence were induced in a study by Birk et al. (2012). 

However, they claimed that no induction of heat shock proteins was observed, possibly due to the 

detection limits of molecular weight and 2D-gel sensitivity for proteomic analysis (Birk et al. 2012). In 

addition, they found proteins of p19, SodB, AhpC and Dps that were also upregulated in responses to 

acidic stress (Birk et al. 2012). These findings were in agreement with previous studies (Baillon et al. 

1999; Ishikawa et al. 2003; Pesci, Cottle & Pickett 1994; Purdy et al. 1999; Zhang et al. 2009).  

Varsaki et al. (2015) reported that the expression of universal chaperones, Dnak and GroEL were 

not significantly different between control and acidic condition (pH 5.2) in C. jejuni cell, while on the 

contrary, Reid et al. (2008) were able to detect that Dnak, GroEL, GrpE and ClpB were upregulated 

during exposure to the acidic condition (pH 4.5). A reason for the difference could be the different pH 

of the acid stresses applied in their studies. Thus, it indicates the complexity of the various mechanisms 

that Campylobacter requires against different acid shock treatments. It also shows the difficulty in 

comparing the result from various studies due to the inconsistency of the strains, media/culture 

condition, treatment, etc.  

 

1.8.5 Oxidative agents 

It has been observed that C. jejuni possesses an overlap between the heat shock response and the 

oxidative stress responses, despite the fact that it lacks a general stress response sigma factor 

(Garénaux et al. 2008; Parkhill et al. 2000). Although some of the response proteins were shared, 

distinct proteins were also found to be over-expressed (Garénaux et al. 2008; Rodrigues et al. 2016; 

Seal et al. 2007).  

C. jejuni strain Bf was explored by Rodrigues et al. (2016) to compare the stress responses under 

aerobic and microaerobic conditions. Among the 47 proteins identified with highly different abundances 

between growth under the two conditions, the over-expressed proteins in aerobiosis were mainly 

grouped to the oxidative stress response (AhpC, KatA, Tpx, TrxB, LuxS, GroL, Dps, ClpB, and DnaK), 

enzymes of the tricarboxylic acid cycle (FumC, FrdA, Cj1287c, GltA, AcnB, and OorA), iron transport 

(p19, Cj1380, CfbpA, LivK), signal transduction (Cj0488c) and amino acid uptake (IlvH). Therefore, they 

suggested that strain Bf would be able to withstand oxidative stress (Rodrigues et al. 2016).  

When exposed to paraquat which is a superoxide anion generator, C. jejuni NCTC11168 was 

reported to overexpress proteins, such as FldA (pyruvate-flavodoxin oxidoreductase encoded by 
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cj1476c), virulence factors (CadF, FlaA and a VacJ homolog encoded by cj1371), proteins related to 

iron homeostasis (Cft and a non-haem iron protein encoded by cj0012c) and general stress response 

(FusA and MreB) (Garénaux et al. 2008). A two-component regulator encoded by cj0355c was found 

to be differentially expressed when the paraquat was present, implying that it was involved in the C. 

jejuni oxidative stress response (Garénaux et al. 2008). However, no increase of SodB expression was 

observed, given that SodB is the single superoxide dismutase that C. jejuni encodes (Garénaux et al. 

2008).  

While in the study of Sulaeman et al. (2012) testing C. jejuni 81-176 using the same oxidative agent 

of paraquat as the work of Garénaux et al. (2008), they identified 38 proteins that were grouped into 4 

main functional areas. These areas were: (1) transporters that could be involved in the setting up of 

new catabolic pathways (CjaA/CjaC, LivF, CmeC); (2) chaperons in response to the oxidative stress 

(Dnak, GroEL/S, DnaJ1, ClpB); (3) proteins in fatty acid biosynthesis (AccC); and (4) adhesion/virulence 

proteins (FlaA, FlgE, CadF, Cjj_1295, Peb4, CheA, MOMP). The contrast findings between Sulaeman 

et al. (2012) and Garénaux et al. (2008) highlight the complexity of comparing proteomics studies when 

different strains, broth and techniques are used. 

 

1.9 Knowledge gaps and thesis objectives 

Campylobacter is the leading cause of bacterial gastrointestinal disease in humans in the western 

world. The high prevalence of Campylobacter on chicken products after commercial processing in 

Australia is concerning, despite the numbers of Campylobacter being relatively low (Duffy et al. 2014; 

FSANZ and the South Australian Research and Development Institute 2010). Given the key control 

points throughout processing are evaluated mostly on the culture-based approaches utilising single 

microorganism or culturable microorganism only and the results can vary across a large range (Keener 

et al. 2004), it is important to assess the impact of various microorganisms on each other, both 

culturable and nonculturable, through a more deep and comprehensive perspective.  

From the available published literature, little is known about the bacterial diversity on chicken 

carcasses at each processing step and through the entire processing, and the interactions of 

Campylobacter with other bacteria. Culture-based techniques are unable to detect the unculturable 

microorganisms which are an important component in the bacterial community on chicken carcasses. 

Therefore, mapping the changes of bacterial community through poultry processing are essential to 
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have an overview and broad understanding of the current poultry processing interventions, e.g. the 

population fluctuation of various organisms, how different control measures influence these organisms 

at different processing steps, the evaluation of impact of different commercial processing systems on 

the bacterial diversity and if there is any connection between the bacterial diversity on carcasses and 

the processing environment. In addition, mapping the changes of bacterial diversity during processing 

can also help to track the transmission of bacteria and to identify and confirm critical contamination 

point(s). 

After evaluating the impact of the current poultry processing interventions on Campylobacter and 

the bacterial community on carcasses at distinct process steps, e.g. scalding, washing, chilling, it is 

useful to develop laboratory-based food matrices and to mimic the commercial processing situation to 

which Campylobacter may be exposed in the laboratory. It will be beneficial to utilise the food matrices 

and reflect commercial processing conditions to understand how Campylobacter survives multiple 

stresses through processing for developing processing hurdle techniques, particularly through 

immersion chilling because it is an important control point in the application of antimicrobial agents. 

Food matrices reflecting the commercial processing condition could be utilised to evaluate the effect of 

each important processing intervention and to understand the survival mechanism of Campylobacter 

and other poultry related organisms. These knowledge gaps should be addressed based on after 

confirming important contamination steps during processing which can be achieved by mapping the 

bacterial diversity changes through processing.  

As the poultry processors in Australia are urged to look for alternative agents for chlorine, it is 

important to provide the scientific evidence that is relevant to the industry and to facilitate the decision-

making process of the poultry industry. Utilising laboratory-based food matrices to mimic commercial 

processing conditions could provide information on the effectiveness of the antimicrobial agents in 

reducing Campylobacter numbers, time length of application during immersion chilling, and in exploring 

the survival mechanism of Campylobacter to different antimicrobial agents in order to understand if it 

utilises a similar approach to chlorine and if there is any potential for cross-protection due to exposure 

to other stresses.  

The specific objectives of the thesis are: 

1. Map the bacterial diversity on chicken carcasses through commercial poultry processing steps 

in order to -  
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a. Identify the proportion of Campylobacter in the bacterial community on carcases through 

processing; 

b. Determine the changes of bacterial diversity on carcasses through the entire processing line 

and the linkage between the bacterial diversity on carcasses and the processing environment; 

c. Confirm important cross-contamination steps throughout poultry processing; 

d. Highlight the interaction between microorganisms in the bacterial community; 

e. Compare if different processing systems have similar impact on the bacterial diversity on 

chicken carcasses; 

2. Develop laboratory-based food matrices and mimic commercial processing conditions to 

investigate the impact of current processing interventions and to examine the efficiency of a potential 

antimicrobial agent for replacing chlorine; 

3. Explore the survival mechanisms of Campylobacter poultry strains under the treatment of an 

antimicrobial agent over a time course by profiling proteome expression of Campylobacter. 
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Chapter 2 – Changes of the bacterial community diversity 

on chicken carcasses through an Australian poultry 

processing line 

Published as: Chen S.H., Fegan N., Kocharunchitt C., Bowman J.P. and Duffy L.L., 2020. Changes of 

the bacterial community diversity on chicken carcasses through an Australian poultry processing line. 

Food Microbiology, vol. 86, p. 103350. DOI: 10.1016/j.fm.2019.103350. 

 

2.1 Introduction 

In Australia, chicken takes up about 95% of all produced poultry products (Australian Chicken Meat 

Federation Inc. 2011), and has been the most eaten meat since 2004 (ABARES 2017). During meat 

production practices, microorganisms play an important role in terms of food safety and spoilage. 

Hygiene practices are typically indicated by poultry product total viable counts (TVC), and counts of 

Escherichia coli, Salmonella and Pseudomonas. For the last decade, Campylobacter is the most 

common cause of human gastrointestinal disease (campylobacteriosis) in Australia (NNDSS 2020b). A 

study by Batz, Hoffmann and Morris (2012) indicates that the combination of poultry and Campylobacter 

ranks as the leading pathogen-food combination risk. Symptoms of campylobacteriosis range from 

headache, vomiting, fever and diarrhoea, to occasional invasive infections potentially leading to reactive 

arthritis (Blaser et al. 1979; Blaser et al. 1986; Levin 2007; Melby, Kvien & Glennås 1995). A more 

severe sequelae of campylobacteriosis is GBS, which is a nerve damaging autoimmune-type condition 

involving neuromuscular paralysis. GBS occurs in approximately 3 in 10,000 campylobacteriosis cases 

(Scallan et al. 2015; Skarp, Hänninen & Rautelin 2016). Therefore, hygienic production of chicken and 

related products that incorporates hurdle technology which can eliminate the presence of 

Campylobacter is ideal to improve public health.  

Campylobacter can potentially survive various interventions throughout chicken processing, such as 

scalding, washing and chilling, despite that these measures are successful in reducing the bacterial 

counts on chicken carcasses (Guerin et al. 2010).  There have been many studies that have 

investigated changes of the bacterial counts at a number of stages throughout processing lines (Althaus, 

Zweifel & Stephan 2017; Baré et al. 2013; Berghaus et al. 2013; Duffy et al. 2014; EFSA 2010; Hamidi 

https://doi.org/10.1016/j.fm.2019.103350
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et al. 2014; Prachantasena et al. 2016; Seliwiorstow et al. 2015). However, the current industrial 

interventions are inadequate to completely inactivate Campylobacter. Campylobacter prevalence on 

chicken carcasses after being processed can still be high. Surveys indicate a high prevalence of 

Campylobacter on retail poultry meat including 84.3% of samples determined in a baseline survey by 

FSANZ and the South Australian Research and Development Institute (2010) and 82.5% in another 

survey performed by Duffy et al. (2014), both of which were based on the Australian poultry industry. 

Therefore, it raises the question whether conventional microbiological analysis is sufficient and 

reflective enough to provide guidance for effective interventions against Campylobacter. 

With the development of NGS, such as 16S rRNA gene amplicon Illumina MiSeq, greater depth of 

analysis of the bacterial community is possible. NGS offers the utility to detect relatively low abundance 

taxa as well as relative abundance changes of the bacterial community on chicken carcasses affected 

by processing. Although there have been some efforts into investigating the diversity of the bacterial 

community on chicken carcasses (Handley et al. 2018; Kim et al. 2017; Rothrock Jr et al. 2016), no 

comprehensive data has been published in terms of the changes in the structure and diversity of the 

bacterial community on chicken carcasses at various stages throughout a factory processing line. 

Having more comprehensive microbiome information on chicken carcasses at different processing 

stages will improve the understanding of the impacts of current decontamination measures on the 

overall bacterial community, how the bacterial community structure is impacted by each processing 

stage, and to what extent foodborne pathogens survive processing interventions, especially 

Campylobacter. This technology may also determine where the contamination/cross-contamination 

occurs through processing. In addition, microbiome results may also reveal if there is any link between 

the conventional bacterial viable counts and the metagenomics sequence data.  

Hence, this study focused on the diversity of the bacterial community on chicken carcasses at 

various stages throughout a factory processing line within Australia. Although the study was at a pilot 

scale, it covered more sampling stages than previously published studies (Handley et al. 2018; Kim et 

al. 2017; Rothrock Jr et al. 2016). With a comparatively thorough sampling strategy, the study attempted 

to identify where contamination/cross-contamination may occur, and which processing stage had the 

most significant influence on the bacterial community profile on chicken carcasses. Based on the 

improved understanding of the effects of current interventions, the chicken industry may be able to seek 

intervention solutions to produce better chicken products for consumers.  
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2.2 Material and Methods 

2.2.1 Sample collection and preparation 

A single flock was sampled within a poultry processing plant in Australia. Random chicken 

carcasses (n=10) were collected at distinct processing steps each, which were from Before Scalding 

(BS), After Scalding (AS), Before Immersion chilling (BI), After Immersion chilling (AI), and After Air 

chilling (AA), with additional 10 caeca (CC) (Fig 2.1). In total 50 birds and 10 caeca from a single flock 

were collected across the six sample stages.  

 

 

Fig 2.1 Diagram to illustrate the components of the investigated Australian poultry processing line and 

the stages from which samples (n=10 at each stage) were collected which were indicated by black 

arrow. Samples were from Before Scalding (BS), After Scalding (AS), Before Immersion chilling (BI), 

After Immersion chilling (AI), and After Air chilling (AA), with additional 10 caeca (CC).  

 

Referring to the Australian Standard AS5013.0 (AS5013.20 2004) with some modifications to fit into 

practice at the processing scene, each whole bird carcass was placed in a 38 cm × 50 cm stomacher 

bag (SARSTEDT, South Australia, Australia) immediately after collection from the processing line. 

500 ml buffered peptone water (BPW; Oxoid) was added to the stomacher bag later, regardless of the 

carcass weight. The carcasses were then thoroughly agitated by hand for two minutes to ensure the 

surface, internal and external parts of the birds were fully contacted with BPW. The carcass rinsate 
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(~400 ml) was transferred into two 250 ml pre-sterilized jars with lids (SARSTEDT, South Australia, 

Australia). All containers with samples were stored on ice and transported to the laboratory within an 

hour after collection. 

Immediately after arrival to the laboratory the samples were processed. The caecal samples were 

processed following Duffy et al. (2014). Briefly, the end of the caecal loop was aseptically cut by a 

sterilized scissor to extract the content into a 250 ml container with lid. The caecal content was weighed 

on a scale (Mettler PE 3600, Zurich, Switzerland) and suspended in BPW to make a mixture that 

equalled 10-fold of its weight. A volume of 20 ml rinsate per carcass sample or caecal suspension was 

transferred to a 50 ml Falcon tube (SARSTEDT, South Australia, Australia). These samples were then 

used for TVC, the enumeration of E. coli and Campylobacter, and the determination of Salmonella 

prevalence. Additional 10 ml aliquots per AI and AA samples were stored in 50 ml Falcon tubes for 

Campylobacter enrichment. For the purpose of the bacterial community investigation, 10 ml suspension 

per CC sample, 30 ml rinsate per BS sample, 100 ml rinsate per AS and BI sample, and the remaining 

carcasses rinsate (~350ml) per AI and AA samples were centrifuged in Falcon tubes at 5,500 g for 10 

mins at 4°C (Sigma 4K15, Germany), supernatant removed and the pellet then stored at -80°C. All 

sample preparations were completed on the same day of sampling from the poultry plant.  

 

2.2.2 Microbiological analysis 

Enumeration of TVC and E. coli  

All samples were diluted in BPW and plated onto 3M Aerobic Plate Count PetriFilm for total viable 

counts (TVC) and 3M E. coli/Coliform Count Plate PetriFilm for E. coli (3M Health Care, St Paul, 

Minnesota, USA) enumeration and incubation, according to the manufacturer’s instruction. Colonies 

were enumerated and logarithmic transformed as total colony forming units (CFU) per ml (Log10 CFU/ml) 

at each dilution. Any plates that had no colonies at the respective dilution were treated as a half colony, 

and then logarithmic transformed as Log10 CFU/ml. Therefore, the limit of detection of TVC and E. coli 

was 0.70 Log10 CFU/ml for all samples. 
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Campylobacter enumeration and speciation 

The Campylobacter enumeration followed Duffy et al. (2014) to quantify Campylobacter on all 

samples. To maximise DNA input for further microbiome process, only 10 ml per AI and AA sample 

rinsate was enriched. Briefly, the rinsates of carcass samples and suspension of caecal samples were 

decimal diluted in BPW and 100 μl of each sample were plated on modified Charcoal Cefoperazone 

Deoxycholate Agar (mCCDA; Oxoid) with antibiotics (Oxoid). Each sample had two replicates at each 

dilution. Each sample from AI and AA was additionally analysed by spreading 3 ml of rinsate onto six 

mCCDA plates (500 μl of rinsate per plate), a single plate with 100 μl of rinsate and a single plate with 

100 μl of the first dilution. All mCCDA plates were incubated at 42°C for 48 h under 5% CO2 atmosphere 

generated within a CB150 incubator (Binder, Tuttlinggen, Germany). In addition, 10 ml per AI and AA 

sample rinsate was mixed with 10 ml double strengthened Preston Broth without antibiotics (Oxoid) and 

incubated at 37°C for 2h as enrichment for Campylobacter detection and quantification, in case there 

was no colony to enumerate Campylobacter in these two sample groups. Preston antibiotic supplement 

(Oxoid) was added after 2 h incubation and then the samples were incubated at 42°C for 46 h under 5% 

CO2 atmosphere. Colonies were reported as Log10 CFU/ml at each dilution. Any plates that had no 

colonies at respective dilution were treated as a half colony, and then reported as Log10 CFU/ml. Hence, 

the limit of detection of Campylobacter was 0.70 Log10 CFU/ml for samples in the BS, AS, BI and CC 

groups, and 0.05 Log10 CFU/ml for samples in the AI and AA groups.  

Up to 10 Campylobacter presumptive positive colonies from each sample were selected and 

speciated by Polymerase Chain Reaction (PCR) using the method of Khan et al. (2009). All PCR 

products were separated on a 2% (wt/vol) agarose gel, stained with ethidium bromide before 

visualisation under ultraviolet (UV) light (Gene Genius, Syngene, Cambridge, UK). 

 

Salmonella examination 

After plating samples out for TVC, E. coli and Campylobacter, the remaining 20 ml rinsate per 

carcass sample or caecal suspension was utilised for the determination of Salmonella prevalence 

following the Australian Standard method for the detection of Salmonella spp. (AS5013.10 2009). Briefly, 

samples of carcass rinsate and caecal suspension were enriched overnight at 37°C prior to adding 0.1 

ml of samples to 10 ml Rappaport-Vassiliadis Soya (RVS; Oxoid) broth for 24 h incubation at 42°C and 

1 ml of samples to 10ml Muller-Kauffmann Tetrathionate-Novobiocin (MKTTn; Oxoid) broth for 24 h 
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incubation at 37°C, respectively. RVS broth and MKTTn broth were then streaked onto Brilliant Green 

Agar (BGA; Oxoid) and Xylose Lysine Deoxycholate (XLD; Oxoid) agar plates and subsequently 

incubated for 24 h at 37°C. Up to five presumptive positive colonies from each BGA and XLD agar plate 

were picked and transferred to Trypticase Soy Agar plates (TSA; Oxoid). After incubation of TSA plates 

for 24 h at 37°C, one colony from each TSA plate was picked and serologically confirmed using 

Salmonella Latex test kit (Oxoid). Therefore, each sample had up to 10 colonies for Salmonella 

confirmation from two different selective agar plates. If one of the 10 replicate samples was serologically 

confirmed as Salmonella positive, the sample was recorded as Salmonella positive.  

 

2.2.3 Microbiome analysis 

DNA extraction 

Falcon tubes with pellets of carcass rinsates and caecal suspensions were thawed on ice on bench 

for 30 mins before being re-suspended in 1 ml Buffered Peptone Water (BPW) and then transferred to 

2 ml microcentrifuge tubes (SARSTEDT, South Australia, Australia). To ensure that the majority of 

sample content was transferred, another 1 ml BPW was added to the Falcon tube and transferred to 

the 2 ml microcentrifuge tubes containing the same sample suspension. All samples were then 

centrifuged at 13,000 g for 10 mins at 4°C. Supernatant was discarded. As per the recommendation of 

QIAamp DNA Stool Mini Kit (Qiagen, Victoria, Australia) for DNA extraction purposes, the pellet of each 

sample was kept less than 250 mg. If required, multiple microcentrifuge tubes per one sample were 

used. A repeated bead beating method (Yu & Morrison 2004) was carried out with some modifications 

to increase DNA yield prior to DNA extraction. Briefly one run of 3 min bead beating was performed on 

a MiniBeadBeater-16 (BioSpec, Oklahoma, USA) using 0.15 mm Garnet Beads (Gene Works, South 

Australia, Australia) with 1 min resting between each minute of bead beating. It was performed twice 

with an incubation in a 70°C waterbath for 10 min between two runs of bead beating. Then the disrupted 

samples were centrifuged at 13,000 g for 1 min at 4°C. The supernatants were then transferred to 2 ml 

microcentrifuge tubes. DNA extraction proceeded following the instructions of the kit. Concentrations of 

extracted DNA were measured on a Qubit® 2.0 Fluorometer (Life Technology, Singapore) using either 

Qubit® dsDNA HS assay kit or Qubit® dsDNA BR assay kit, depending on the concentration of samples.   
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Library preparation 

The extracted DNA was amplified by PCR to construct a sequencing library that targeted the V4 

region of the bacterial 16S rRNA gene as described by Kozich et al. (2013) with the change of using 

Platinum Taq DNA Polymerase High Fidelity (Life technologies, Australia). After PCR, the 

concentration of amplicons was visually estimated against GeneRuler 100 bp Plus DNA Ladder 

(ThermoFisher, QLD, Australia) on a 2% (wt:vol) agarose gel stained with ethidium bromide. Based on 

the visual estimation of amplicon concentration, 50 ng of 16S amplicon for each sample was pooled to 

consist of a bacterial community library. Then the pooled library was purified using Agencourt® 

AMPure® XP magnetic beads (Beckman Coulter, USA) following manufacturer’s instruction, which a 

combination ratio of 0.5/0.7 was chosen to shear the targeted amplicon fragment. The targeted fragment 

of the pooled library was visualised on a 2% (wt/vol) agarose gel stained with ethidium bromide under 

U.V. light pre- and post-purification to ensure the targeted amplicon product was not lost significantly. 

The purified library was then quantified on a Qubit® 2.0 Fluorometer using Qubit® dsDNA HS assay kit 

and a NanoPhotometer (IMPLEN 1289, UK).  

 

Amplicon sequencing via an Illumina MiSeq platform 

For sequencing, 25 μl of the pooled library (45.8 ng/μl using Qubit® 2.0 Fluorometer, 1.847 at 

A260/A280 using NanoPhotometer) containing 60 samples was sent to the Ramaciotti Centre for 

Genomics (the University of New South Wales, Sydney, Australia) for sequencing on the Illumina 16S 

rRNA MiSeq platform. The remaining 40 μl of the pooled library was kept in -20°C.   

 

Sequencing data processing and analysis 

Both demultiplexed R1 and R2 sequencing reads (approximately 250 bp in length) files were 

acquired from the Illumina BaseSpace® website and the data processing was performed using a Mothur 

pipeline (version 1.39.5) following the MiSeq SOP (Kozich et al. 2013). The clustered sequences were 

utilized to construct an Operational Taxonomic Unit (OTU) table with 97% identity. The representative 

sequences were classified into the respective taxonomical level from phylum to genus, based on the 

Silva 16S rRNA gene database (SSURef_128_SILVA).  
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2.2.4 Statistical analysis 

For the microbiological analysis, all bacterial counts were Log10 transformed, prior to analysing the 

mean and the standard deviation of each sample across all groups.  

For the metagenomics analysis, PRIMER-E (version 7.0.13; Ivybridge, UK) was used to assess 

alpha diversity and beta diversity. In addition, the correlations of six sample groups were constructed 

by Principal Coordinate Analysis (PCoA) in PRIMER-E.  

One-way analysis of variance (ANOVA) was performed with Holm-Šídák method in GraphPad Prism 

(version 8.0.1) to compare significant levels of bacterial counts between different sample groups, as 

well as the comparison of certain bacteria between the bacterial counts from the cultural results and the 

relative abundance from the 16S amplicon sequencing data. 

 

2.3 Results 

2.3.1 Microbiological analysis 

Fig 2.2 shows the results of Log10 CFU/ml for TVC, E. coli and Campylobacter (Fig 2.2A – 2.2C 

respectively). Details are in Appendix A: Table A1. The sampled poultry processing plant effectively 

produced a reduction on counts of TVC, E. coli and Campylobacter by 4.6 Log10 CFU/ml, 

4.6 Log10 CFU/ml and 5.0 Log10 CFU/ml respectively, when comparing counts of samples between the 

BS and AA sample groups (p<0.001 for each respectively). Between the AS and BI sample groups, the 

counts of E. coli and Campylobacter increased by 0.4 Log10 CFU/ml and 1.4 Log10 CFU/ml respectively 

whereas TVC decreased by 0.8 Log10 CFU/ml. Looking at the impact of scalding and immersion chilling, 

the reductions of TVC and E. coli were similar: 1.9 Log10 CFU/ml for TVC and 2.3 Log10 CFU/ml for E. 

coli, in both processes respectively. For Campylobacter counts, the scalding and the immersion chilling 

decreased the counts by 4.1 Log10 CFU/ml and 1.9 Log10 CFU/ml accordingly. In contrast, the air chilling 

did not reduce TVC, E. coli and Campylobacter. Together the immersion chilling and air chilling reduced 

TVC, E. coli and Campylobacter significantly (p<0.001 for each respectively), by reductions of 1.9 Log10 

CFU/ml, 2.7 Log10 CFU/ml and 2.3 Log10 CFU/ml respectively. In the CC sample group, the results of 

TVC, E. coli and Campylobacter counts were 6.0 ± 0.8 Log10 CFU/ml, 4.9 ± 1.3 Log10 CFU/ml and 7.0 

± 0.9 Log10 CFU/ml respectively.  
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Fig 2.2 Bacterial counts (Log10 CFU/ml) of TVC (A), E. coli (B) and Campylobacter (C) through the 

processing line. “●“, “■” and “▲” represent one sample in each sample group indicating its respectively 

TVC, E. coli and Campylobacter counts. “***” indicates the counts were significantly different (p<0.001) 

between sample groups. The abbreviation “ns” indicates there was no significant reduction of the 

bacterial counts as shown between the AI sample group and the AA sample group. CC group indicates 

samples from caeca, BS group indicates samples from Before Scalding, AS group indicates samples 

from After Scalding, BI group indicates samples from Before Immersion chilling, AI group indicates 

samples from After Immersion chilling, and AA group indicates samples from After Air chilling. 

 

The prevalence of Campylobacter and Salmonella through processing at six sampling stages are 

shown in Fig 2.3. Campylobacter positive colonies were comprised of Campylobacter jejuni and 

Campylobacter coli, which were identified by PCR from 549 presumptive positive Campylobacter 

colonies picked from mCCDA plates. Campylobacter was prevalent on all sampled chicken carcasses 

at various processing stages, with 70% prevalence observed on the AS samples. The Salmonella 

prevalence generally decreased through processing with no detection of Salmonella in any of the AA 
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group samples. Campylobacter was prevalent in 88.8% of the CC samples and Salmonella was 

prevalent in 20% of the CC samples.  

 

 

Fig 2.3 Prevalence of Campylobacter and Salmonella across six sample groups through the processing 

line. CC group indicates samples from caeca, BS group indicates samples from Before Scalding, AS 

group indicates samples from After Scalding, BI group indicates samples from Before Immersion chilling, 

AI group indicates samples from After Immersion chilling, and AA group indicates samples from After 

Air chilling. 

 

The results of Campylobacter speciation show that C. jejuni was more prevalent than C. coli based 

on PCR confirmed Campylobacter colonies collected throughout the processing stages, although the 

proportions of C. jejuni and C. coli varied between different processing stages (Appendix A: Table A2). 

Overall C. jejuni and C. coli made up 68.5% and 16.8% in Campylobacter presumptive positive colonies 

respectively. Interestingly, the proportion of PCR confirmed Campylobacter colonies in presumptive 
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Campylobacter positive colonies increased from after scalding (68.5%) to after air chilling (86.9%) 

(Appendix A: Table A2), whereas the Campylobacter counts declined through processing (Fig 2.2 C). 

 

2.3.2 Microbiome analysis 

Alpha diversity metrics 

Table 2.1 shows the key parameters of alpha diversity in the bacterial community structure within 

each sample group. Through processing Shannon diversity (H’) and Pielou’s evenness metric (J’) 

illustrated a consistent pattern with no significant changes between any two sample groups (p<0.001 

for both metrics). However, the species richness (d) increased after all interventions of scalding, 

immersion chilling and air chilling, particularly the species richness (d) changed from 51.7 before 

scalding to 100.1 after scalding. There were consistent declines of all three alpha diversity metrics 

between the AS and BI group samples, although the decreases of Shannon diversity (H’) (a reduction 

of 0.2) and Pielou’s evenness (J’) (a reduction of <0.01) were not significant (p<0.05 and p<0.03 

respectively).
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Table 2.1 Summary of diversity metrics of six sample groups through the poultry processing line 

Univariate diversity indices CC group BS group AS group BI group AI group AA group Total 

Species richness (d) 78.8 51.7 100.1 84.0 100.5 104.0 153.5 

Shannon diversity (H’, log e) 4.7 4.6 4.9 4.7 5.0 5.1 5.2 

Pielou's evenness (J’) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

OTU summary CC group BS group AS group BI group AI group AA group Total 

Phylum 17 12 20 15 20 21 28 

Genus 382 246 484 405 488 503 752 

* OTU represents Operational Taxonomic Unit. CC group indicates samples from caeca, BS group indicates samples from Before Scalding, AS 

group indicates samples from After Scalding, BI group indicates samples from Before Immersion chilling, AI group indicates samples from After 

Immersion chilling, and AA group indicates samples from After Air chilling. 
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Diversity changes of poultry carcass associated bacterial community at phylum 

and genus levels 

All of the microbiome sequences data were identified based on the Silva 16S rRNA gene database 

(SSURef_128_SILVA) as organisms from phyla to genera for each sample group and for each individual 

sample. The number of all the OTUs at phylum and genus levels of the six sample groups are shown 

in Table 2.1, including all of the unclassified OTUs. Through the processing stages, the number of OTUs 

increased overall from beginning to end of processing, with a decreased number between the AS and 

BI sample groups, at both phylum and genus levels. 

Overall, 98.2% of organisms belonged to the phyla Firmicutes, Proteobacteria, Bacteroidetes and 

Actinobacteria (Fig 2.4, details in Appendix A: Table A3). They were the four most abundant phyla in 

most of sample groups, except in the BS sample group where Deinococcus-Thermus (0.6%) was more 

abundant than Bacteroidetes (0.2%). Of the top four phyla, Firmicutes was the most abundant phylum 

(ranging from 34.5% in the AA sample group to 77.6% in the AI sample group) whereas Bacteroidetes 

was a comparatively less abundant phyla (ranging from 0.2% in the BS sample group to 5.7% in the 

AA sample group) throughout processing at each stage. When comparing the relative abundance of 

phyla between the beginning of processing (the BS sample group) and the end of processing (the AA 

sample group), Firmicutes and Actinobacteria decreased while Proteobacteria became more 

predominant (Fig 2.4) increasing 32-fold in relative abundance from 0.9% in the BS sample group to 

28.8% in the AA sample group. In addition, the air chilling stage appeared to have the greatest impact 

on the bacterial community structure based on the changes in phyla level composition compared to the 

other processing stages (Fig 2.4).  
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Fig 2.4 Relative abundances of OTUs at phyla level in six sample groups through the processing line. 

CC group indicates samples from caeca, BS group indicates samples from Before Scalding, AS group 

indicates samples from After Scalding, BI group indicates samples from Before Immersion chilling, AI 

group indicates samples from After Immersion chilling, and AA group indicates samples from After Air 

chilling. 
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Fig 2.5 Relative abundances of Campylobacter and 27 other abundant OTUs pooled from the 10 most 

abundant OTUs in each sample group. The order of the 28 OTUs is descending according to their 

respective relative abundance in BS sample group. CC group indicates samples from caeca, BS group 

indicates samples from Before Scalding, AS group indicates samples from After Scalding, BI group 

indicates samples from Before Immersion chilling, AI group indicates samples from After Immersion 

chilling, and AA group indicates samples from After Air chilling. 

 

To better understand the diversity and the changes of the bacterial community on poultry carcasses 

through the sampled processing line, the metagenomics data of each sample group was examined at 

genus level. The 10 most abundant genera equivalent taxa from each sample group were pooled, along 

with the addition of Campylobacter (Proteobacteria). This led to 28 OTUs representing between 69.3% 

and 86.1% of the bacterial community at each processing stage (Fig 2.5, details in Appendix A: Table 

A4). Lactobacillus, Staphylococcus and unclassified Lachnospiraceae within Firmicutes were three 

persistent taxa in the 10 most abundant genera at each processing stage. The relative abundance of 

Lactobacillus increased after scalding (from 13.7% in the BS sample group to 19.0% in the AS sample 

group), was consistent between the BI (13.7%) and AI (13.6%) sample groups but decreased after air 

chilling (4.5%), whereas Staphylococcus decreased continuously through processing starting from 9.4% 

in the BS group samples dropping to 1.5% in the AA group samples. Unclassified Lachnospiraceae 
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increased in relative abundance through scalding and immersion chilling but declined at the air chilling 

stage (13.5% compared to 6.1%). Interestingly other fermentative taxa Blautia, Faecalibacterium and 

unclassified Ruminococcaceae within Firmicutes also became more prominent after scalding and after 

immersion chilling, then declined in relative abundance after air chilling. This response agrees with the 

characteristics of these genera being strictly anaerobic and also mesophilic. When analysing the relative 

abundance changes between the AS and BI sample groups in which procedures of defeathering, 

eviscerating and washing occur (Fig 2.1), the relative abundances of genera Streptococcus, 

Enterococcus, Lactococcus and Macrococcus belonging to Firmicutes, genera Escherichia-Shigella 

and unclassified Neisseriaceae belonging to Proteobacteria, and genus Rothia belonging to 

Actinobacteria became more prominent. The genera Corynebacterium, Brevibacterium and unclassified 

Corynebacteriaceae within the phylum Actinobacteria, and the genus unclassified Staphylococcaceae 

within Firmicutes decreased in relative abundance. The changes in relative abundances of these genera 

suggest that the impact of defeathering, eviscerating and washing had on different bacteria varied due 

to the effect of physical redistribution. It subsequently affected the bacterial community profile on 

chicken carcasses. However, amongst all increased genera between the AS and BI sample groups, 

only Streptococcus was persistently abundant through the remainder of the processing stages. Notably 

Escherichia-Shigella was abundant through immersion chilling but not through air chilling. Interestingly 

Pseudomonas (Proteobacteria), Chryseobacterium (Bacteroidetes), Paeniglutamicibacter 

(Actinobacteria) and Pseudarthrobacter (Actinobacteria) were the least abundant compared to other 

genera in the list until after air chilling, when dramatic increases occurred, ranging from 20-fold to 120-

fold. In comparison, nearly all of the remaining genera, as listed in the Appendix A: Table A4, decreased 

in relative abundance between the AI and AA sample groups. The substantial increases in the 

abundance of Pseudomonas, Chryseobacterium, Paeniglutamicibacter and Pseudarthrobacter 

indicates that they are major microorganisms on chickens after chilling, comprising 47.2% of the whole 

bacterial community in the AA sample group. Lastly, Campylobacter only had a low relative abundance 

throughout processing on chickens (p<0.001), with a maximum level of 0.5% in the AI sample group. 

When comparing Campylobacter sequence reads in each individual sample, there were three samples 

in the AS sample group that did not contain any Campylobacter colonies and these samples also yielded 

few Campylobacter sequence reads. The lack of culture-based detection could be due to the advantage 

of PCR amplification being more sensitive in detecting Campylobacter.  
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Fig 2.6 Comparison of E. coli and Campylobacter in terms of changes in the relative abundance and 

the bacterial counts (Log10 CFU/ml) through the processing line. CC group indicates samples from 

caeca, BS group indicates samples from Before Scalding, AS group indicates samples from After 

Scalding, BI group indicates samples from Before Immersion chilling, AI group indicates samples from 

After Immersion chilling, and AA group indicates samples from After Air chilling. 

 

Matching the relative abundance of Escherichia-Shigella with its respective counts, and the same 

with Campylobacter through processing (Fig 2.6), similar trends were observed for both E. coli and 

Campylobacter on samples until after scalding. Some differences occurred with air chilling. However, 

overall no definitive trends were seen for either genus through the processing line. 

 

Beta diversity and correlations of six sample groups 
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The beta diversity between six sample groups were analysed and clustered according to their 

bacterial diversity using Bray-Curtis similarity and PCoA (Fig 2.7A and 2.7B, details of Fig 2.7A is in 

Appendix A: Fig A1, and details of Fig 2.7B is in Appendix A: Table A4).  
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Fig 2.7 PCoA analysis of six sample groups and their correlations based on their similarity level. Fig A 

is analysed based on all of the respective OTUs and Fig B is based upon Campylobacter and 27 other 
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abundant OTUs pooled from the 10 most abundant OTUs in each sample group. CC group indicates 

samples from caeca, BS group indicates samples from Before Scalding, AS group indicates samples 

from After Scalding, BI group indicates samples from Before Immersion chilling, AI group indicates 

samples from After Immersion chilling, and AA group indicates samples from After Air chilling. 

 

The six sample groups were divided into two segments at a similarity level of 60% (Fig 2.7A). One 

segment consisted of the BS, AS and CC sample groups, while the other segment included the BI, AI 

and AA sample groups. Comparing the bacterial community diversity on chicken carcasses before and 

after interventions of scalding and immersion chilling, the bacterial compositions were less diverse after 

processing. To the contrary, the bacterial community of the AA sample group had a more diverse 

bacterial composition than the AI sample group. Lastly, Fig 2.7A shows the CC sample group has the 

least diverse bacterial community profile amongst the six sample groups.  

Fig 2.7B shows the clustering results of the 28 OTUs in each sample group which combined the 

relative abundance of Campylobacter and 10 most abundant OTUs from each sample group. 

Comparing the 28 OTUs in each sample group, that only the BS and AS sample groups correlated at 

the similarity level of 80% which is different from Fig 2.7A, meaning both sample groups share the 

mostly similar relative abundances of the 28 OTUs than other sample groups.  As a result, the bacterial 

community associated with chickens entering into the scalding tanks seems to persist well through the 

scalding stage and influences the subsequent processing stages. On the other hand, the AA sample 

group is distinct from other sample groups sharing only a 40% similarity level. It suggests that air chilling 

changes the bacterial community on chicken carcasses dramatically possibly due to growth of 

psychrotolerant bacteria. Lastly, the CC, BI and AI sample groups are clustered together at a similarity 

level of 60%. However, the BI and AI sample groups are more closely associated with each other than 

with the CC sample group in regard to their PCoA coordinates. 

 

2.4 Discussion 

The current interventions in the sampled poultry processing plant were effective in decreasing 

bacterial loads as shown by reductions of bacterial counts from before scalding to after air chilling. The 

processes of scalding and immersion chilling reduced bacterial loads on chicken carcasses separately 
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representing about 2 Log10 CFU/ml reduction for TVC, E. coli and Campylobacter each, whereas air 

chilling was not as successful as immersion chilling with no reduction of TVC and about 

0.5 Log10 CFU/ml reduction of E. coli and Campylobacter between the AI and AA sample groups. The 

reductions of E. coli and Campylobacter counts, and the decreased Salmonella  prevalence due to the 

effects of scalding and chilling processes was observed and comparable to the findings of the previous 

investigations (Althaus, Zweifel & Stephan 2017; Berghaus et al. 2013; Duffy et al. 2014; FSANZ and 

the South Australian Research and Development Institute 2010). The increases of the counts of E. coli 

and Campylobacter, and the prevalence of Salmonella between the AS and BI sample groups indicate 

that potential contamination/cross-contamination occurs during the defeathering and eviscerating 

process (Hänninen 2010; Pacholewicz et al. 2015; Umaraw et al. 2017). These steps can physically 

redistribute the bacterial cells as a result of feather pickers dispersing the bacterial cells and rubber 

fingers rupturing and transferring the gut content between carcasses when there is a leakage of gut 

content during evisceration (Allen et al. 2003; Guerin et al. 2010; Keener et al. 2004; Rosenquist et al. 

2006).  

The prevalence of Campylobacter on chicken carcasses through the sampled Australian processing 

line remained at a high level compared to when they entered the processing line. Similar results were 

observed in the previous studies by Duffy et al. (2014), FSANZ and the South Australian Research and 

Development Institute (2010) and Althaus, Zweifel and Stephan (2017). It suggests the current 

interventions used during processing in this study were unable to reduce Campylobacter prevalence on 

chicken carcasses, despite the reductions in Campylobacter counts and the reduction of Campylobacter 

prevalence on after scalding samples (70%). Another possible reason that may cause the persistent 

prevalence of Campylobacter is that Campylobacter may survive on processing equipment surfaces 

after disinfection procedures overnight (Peyrat et al. 2008; Umaraw et al. 2017). There may be 

mechanisms that Campylobacter uses to survive in poultry processing settings, such as a biofilm 

formation (Balogu, Nwaugo & Onyeagba 2014; Maal-Bared et al. 2012; Teh, Lee & Dykes 2014), 

entering the VBNC state (Duffy & Dykes 2009; Tholozan et al. 1999), or both. Viable Campylobacter on 

poultry processing equipment, managing to survive at lower temperatures, could lead to the potential 

cross-contamination on poultry products that are processed on the following day. The impacts of the 

biofilm formation and the VBNC state would act together to aid Campylobacter survival against 

disinfection related stress. Actual survival is evidenced by the observed increase of PCR confirmed 
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Campylobacter positive colonies amongst presumptive Campylobacter positive colonies within the after 

scalding sample group in the study.  

The observed increased alpha diversity and the decreased beta diversity relative to the CC group 

during various processing stages before air chilling demonstrate that the physical processes employed 

affects the community structure through redistribution. The redistribution could also represent the 

potential cross-contamination (acquisition) of bacteria left from previously processed carcasses at each 

processing intervention (Allen et al. 2007; Althaus, Zweifel & Stephan 2017; Guerin et al. 2010). The 

bacterial community of each sample group as a whole converges, based on beta diversity, potentially 

due to the scalding tanks and the immersion chilling tanks managing to physically wash off a high 

proportion of bacterial cells present on chicken carcasses (EFSA Panel on Biological Hazards 2011; 

Guerin et al. 2010; Sukted et al. 2017). However, air chilling leads to increases in both alpha and beta 

diversities of the bacterial community profile. This means that air chilling may be an important point in 

terms of contamination/cross-contamination both to individual chicken carcass and for the whole 

processing chain. It is important to note the impact of air chilling on the bacterial community profile in 

the poultry processing line, which has not been recognized previously because conventional cultural 

approaches are unable to readily reveal an accurate composition of the bacterial community.  

The PCoA analysis distinctly places the six processing sample groups into two large clusters at a 

similarity level of 60%. This demonstrates that the sampled poultry processing line can be divided into 

two areas:  a “dirty zone” and a comparatively “clean” zone for which the washing between eviscerating 

and immersion chilling representing the break-point. This observation agrees with Escudero-Gilete, 

González-Miret and Heredia (2005), although the conclusion of their study was based on total counts 

and specific counts of Pseudomonas, Enterobacteriaceae and Staphylococcus. In Europe, air chilling 

is a more common practice than immersion water chilling (Hänninen 2010), and the sampled Australian 

poultry processing plant incorporates both immersion chilling and air chilling. The bacterial community 

composition on samples after air chilling became remarkably different from any other sample groups. 

Since chicken moves into grading and packaging after air chilling, any bacteria remaining on the chicken 

could cause cross-contamination amongst all following products to the end of processing during 

handling and packaging. This could lead to shelf life issues and would also come into contact with 

consumers. Therefore, it suggests that air chilling represents an important control point for chicken meat 

processing due to the potential contamination/cross-contamination. Looking at the changes of the 10 
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most abundant genera between the AI and AA sample groups, all six genera that presented in both 

sample groups declined. It is not surprising due to them having mostly obligate anaerobic mesophilic 

metabolisms. However, the dramatic increases of relative abundances in aerobic psychrotolerant taxa 

of the genera Pseudomonas, Paeniglutamicibacter, Chryseobacterium and Pseudarthrobacter is 

evident. Pseudomonas, the main component of the bacterial community on chicken after air chilling is 

well known to spoil chilled meat products (Belluco et al. 2016; González-Miret, Escudero-Gilete & 

Heredia 2006). The results agree with a recent study reporting that Pseudomonas often has a high 

relative abundance on fresh chicken carcasses after processing (Handley et al. 2018). Handley et al. 

(2018) found that Pseudomonas had a relative abundance of 83.51% in the bacterial community on the 

post-chilled chicken carcasses among three different commercial broiler abattoirs in the USA. However, 

the survey by Handley et al. (2018) suggested Proteobacteria (mainly Pseudomonas) was the most 

abundant type of bacteria detected in their samples obtained at the point just past the defeathering 

stage (re-hang step) whereas Firmicutes was the predominant phyla in this study for samples prior to 

immersion chilling. The predominance of Proteobacteria in the latter stages of poultry processing has 

been previously reported (Rothrock Jr et al. 2016). In contrast, Kim et al. (2017) reported Proteobacteria 

decreasing as processing progressed when they collected chicken carcasses rinsate at processing 

stages of the bleed out tunnel, after picker, after evisceration and after chiller. These differences could 

be due to both the sampling decisions and the operational variations in the processing lines investigated. 

Comparative analysis of broiler abattoirs using different processes would be useful to further investigate 

the quantities and the types of bacteria present on carcasses before entering the retail supply chain. 

The high level of Pseudomonas occurring on carcasses after air chilling is of interest. Besides acting 

as a specific spoilage organism, some recent studies have also revealed that Pseudomonas could 

actually help Campylobacter survive through cleaning and disinfection in poultry plants. For example, 

Culotti and Packman (2015) reported that Pseudomonas aeruginosa enabled C. jejuni growth in biofilms 

thus prolonging the survival of C. jejuni under aerobic conditions. In addition, Ica et al. (2012) suggested 

that C. jejuni from monoculture biofilms could promote entry into a VBNC physiological state. Therefore, 

more attention is needed to focus on the air chilling process to reduce contamination/cross-

contamination through poultry processing (Belluco et al. 2016). More studies on whether poultry 

associated Pseudomonas species assists survival of pathogens seem required. 
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Similar to three previous bacterial community investigations examining poultry processing (Handley 

et al. 2018; Kim et al. 2017; Rothrock Jr et al. 2016), this study also utilized the V4 region of the bacterial 

16S rRNA genes and the Illumina 16S rRNA MiSeq platform to understand the bacterial community on 

chicken carcasses. But unlike the previous study by Handley et al. (2018) which sampled more 

processing plants but less sites through plants, this study investigated and sampled intensively with 

more sampling sites throughout a typical poultry processing plant in Australia. This study was able to 

reveal the effectiveness of processing interventions typically used in modern poultry processing, the 

metagenomics data in turn was able to reveal a more detailed view of the bacteria predominating at 

each processing stage along with the prevalence and abundance of key pathogens. When aligned 

against other studies (Handley et al. 2018; Kim et al. 2017; Rothrock Jr et al. 2016), there were some 

suggestions that sampling point and differences in processing reveal different persistent bacteria taxa. 

Here Lactobacillus, Staphylococcus and unclassified Lachnospiraceae most likely to be present in the 

skin and gut microbiome of chickens (based on caecal content data) occur through the whole 

processing line. Based on the alpha diversity, the interventions of scalding, immersion chilling and air 

chilling affects the community structure through possible cross-contamination between chicken 

carcasses, either within the same run or between different runs. On the other hand, the beta diversity 

suggests that the chilling process is of critical importance for controlling the nature of the bacterial 

community that occurs on carcasses to be transferred to the supply chain. The important finding of the 

study is that air chilling resulted in a significant change of the bacterial community structure likely due 

to deposition of psychrotolerant bacteria. A similar phenomena has been shown to occur on red meat 

(Kaur et al. 2017) where a range of specific spoilage organisms deposit on meat from aerosols or 

surfaces within the abattoir environment.  

 

2.5 Conclusions 

The poultry carcass processing line studied here reduced the microbial load by 4-5 Log10 CFU/ml to 

the levels that would be expected to meet required safety and quality regulations. Combining the 

microbiological results and the metagenomics data, the current industrial decontamination measures in 

the investigated processing line were not able to fully eliminate E. coli or Campylobacter and their 

prevalence is shown against the suite of emergent bacterial taxa that becomes predominant on air 

chilled carcasses. Future investigations would be necessary to look at potential contamination/cross-
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contamination to poultry products deriving from the factory environment including aerosols, scalding 

tanks, chilling tanks, air chilling rooms. This would be useful in identifying the critical controlling points 

and developing hurdles to improve microbial control. While this study only represents a survey of one 

poultry processing establishment, it is useful in providing basic insights of what the bacterial community 

profile on chicken carcasses represents and how it changes at various stages through processing. 

Similar surveys on multiple production lines that operate differently could be helpful in better defining 

the nature and quantities of bacteria, especially pathogens, on chicken carcasses. Lastly, it would be 

important to focus on what can be done at the air chilling stage to improve product safety, quality and 

stability since the study revealed that air chilling caused a major shift of the bacterial community to a 

Pseudomonas dominated community.   
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Chapter 3 – Bacterial diversity on chicken carcasses 

undergoing poultry processing to the end of shelf life with 

assessment of linkages to the processing environment 

Published as: Chen S.H., Fegan N., Kocharunchitt C., Bowman J.P. and Duffy L.L., 2020. Impact of 

poultry processing operating parameters on bacterial transmission and persistence on chicken 

carcasses and their shelf life. Applied and Environmental Microbiology, Volume 86, Issue 12, p. e00594-

20. DOI: 10.1128/AEM.00594-20. 

 

3.1 Introduction 

Chicken has been the most consumed meat in Australia since 2004 (ABARES 2017) and has been 

identified as one of the most important vehicles for Campylobacter transmission (Batz, Hoffmann & 

Morris 2012; WHO 2015). Campylobacter is the leading bacterial cause for human foodborne disease 

globally, including the USA (Marder et al. 2017), European Union (EFSA and ECDC 2019) and Australia 

(NNDSS 2020b). A range of other microorganisms also affect the safety and quality of chicken products, 

such as Salmonella and Pseudomonas, which may come into contact with chicken products during 

production or are deposited onto chicken products during processing and storage (Belluco et al. 2016; 

Chen et al. 2020; Wang et al. 2019). Some of these bacteria can subsequently cause food safety and 

quality concerns throughout the supply chain and for consumers (ICMSF 2005). Thus, hygienic 

practices and controls are critical for successful chicken processing ensuring public health and product 

quality. Processing steps often incorporate hurdle technology to efficiently eliminate bacterial 

populations and limit the presence of foodborne pathogens. 

In recent years, efforts have been made to study chicken carcass safety and quality by looking at 

the bacterial diversity, either on chicken carcases through processing, or from the processing 

environment (Chen et al. 2020; Handley et al. 2018; Kim et al. 2017; Rothrock Jr et al. 2016; Wages et 

al. 2019; Wang et al. 2019). These studies have investigated various steps during poultry processing 

with corresponding environmental samples and demonstrated the impact of current processing 

interventions on the bacterial diversity on carcasses, which cannot be readily realised by culture-based 

techniques. In particular, two recent studies profiled the bacterial diversity through chicken processing 

https://doi.org/10.1128/AEM.00594-20
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with the assessment of the local processing environment (Chen et al. 2020; Wang et al. 2019). Although 

there might be differences between the sampling strategies, experimental methodologies, and 

analytical approaches, both studies indicated the chilling process as a main contamination point after 

examining the change of bacterial diversity on carcasses after immersion chilling and in the immersion 

chilling water. Another similar finding from the two studies was the low relative abundance of 

Pseudomonas on carcasses after immersion chilling, with the study by Chen et al. (2020) suggesting 

that air chilling may redeposit Pseudomonas onto carcasses. Wang et al. (2019) also claimed that 

scalding may be another important contamination point and could have a selective tendency for heat-

resistant mesophilic organisms (Goksoy, Kirkan & Kok 2004). In addition, Campylobacter was 

suggested to only take up a small proportion of the bacterial community on carcasses as the results of 

16S rRNA gene sequencing indicated that it was at a low or below the limit of detection (Chen et al. 

2020; Wages et al. 2019). However, the link between bacterial diversity on chicken carcasses and the 

processing and storage environments is still relatively unclear and requires more detailed mapping. 

Doing this can provide insights into improving chicken meat safety and quality.  

Based on previous findings (Chen et al. 2020), this study, at a pilot scale, aimed to more intensively 

examine samples through the steps of chicken carcass processing and subsequent chilled storage in 

order to reveal if there are any connections between bacterial distribution on the chicken products and 

the processing environment, in particular to better define what contamination occurs throughout 

processing, and to determine which processing steps or environmental sources substantially impact 

and/or alter the bacterial diversity. Furthermore, it was aimed to determine if different processing 

equipment or processes have an impact on the bacterial diversity of products through processing and 

during chill storage in order to predict impact on product shelf life. As a result, approaches taken in this 

study included the culture-independent 16S rRNA gene sequencing to monitor the changes of bacterial 

diversity on chicken carcasses and the linkage to the local processing environment. Additional support 

of culture-based total viable counts (TVC), and enumeration of Campylobacter and Pseudomonas were 

also obtained as key foodborne pathogens that were of interests to the poultry industry to understand 

the safety and quality of chicken products. 

 

3.2 Material and Methods 
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3.2.1 Sample collection 

A single flock of chickens were sampled within a poultry processing plant at a pilot scale in Australia. 

Random chicken carcasses (n=10) were collected at five distinct processing steps each (Fig 3.1), which 

included the Pre-scald, Post-plucker, Pre-immersion chill, Post-immersion chill, and Post-air chill steps. 

Similar to the sampling approach of Chen et al. (2020), each chicken carcass collected from five 

processing steps was placed in a 38 cm × 50 cm stomacher bag (SARSTEDT, South Australia, Australia) 

immediately after collection from the processing line. A volume of 500 ml of buffered peptone water 

(BPW) (Oxoid) was added to the stomacher bag immediately after chicken carcasses were collected 

from the processing line, regardless of the carcass weight. The carcasses were then thoroughly agitated 

by hand for two minutes to ensure the surface, internal and external parts of the birds were fully 

contacted with BPW. The carcass rinsate (~400 ml) was transferred into two 250 ml pre-sterilized jars 

with lids (SARSTEDT, South Australia, Australia). Thirty additional chicken carcasses from the same 

flock were also collected at the end of the processing after they were packaged for the shelf life study. 

 

Fig 3.1 Diagram to illustrate the Australian poultry processing line investigated and the stages 

(highlighted in grey boxes) from which samples were collected. Ten birds were collected from Pre-scald, 
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Post-plucker, Pre- and Post-immersion chill, and Post-air chill each, as well as 30 birds after packaging 

for the shelf life study. There were various environmental samples collected throughout the processing, 

including the scalding water, the immersion chilling water, the air and the wall surface in the air chilling 

room.  

 

Several environmental samples within the processing plant were collected. These included the scald 

water, immersion chill water, air samples containing bacterial cells collected from within the air chill 

room and the wall surface in the air chill room. Briefly, 8 L scald water and 8 L immersion chill water 

sampled into four pre-sterilised 2 L bottles each, and 200 μl 0.1 M sodium thiosulfate was added into 

each 2 L bottle containing immersion chill water soon after they were collected at the plant to neutralise 

any residual free available chlorine. Up to nine cubic metres of air in the air chill room was collected by 

running a Coriolis μ biological air sampler (Bertin instrument, France) for 30 min according to the 

manufacturer’s instruction. This resulted in a final sample volume of ~15 ml with air material suspended 

in BPW. Twelve pre-sterilised Whirl-Pak® Speci-Sponges (Nasco, Wisconsin, USA) were filled with 25 

ml BPW in the laboratory prior to sampling in the processing plant. Two sponges were used to swab 

the air chill room wall surface, each of which swabbed one square metre. They were pooled together 

as one sample for the air chill room wall. The remaining 10 sponges were hung on random empty 

shackles to collect bacteria potentially depositing on chicken carcass surfaces during the air chilling 

step, which had an approximate duration of 30 min. Each shackle surface was sterilised with 80% 

ethanol before hanging the sponges. Ten sponges collected from shackles were stored in two sealed 

bags which were consequently considered as two pooled samples.  

In total, 50 chicken carcass rinsates from the five distinctive processing steps, 30 chicken carcasses 

for shelf life study and 12 environmental samples were all stored on ice for transportation to the 

laboratory within 3 h of sampling at the plant. These 92 samples were classified into three sample 

groups: 1) Processing group that included 10 carcass-derived samples from Pre-scald, Post-plucker, 

Pre-immersion chill, Post-immersion chill, and Post-air chill each respectively; 2) Environmental group 

that included samples from the scald water (n=4), immersion chill water (n=4), air sample from the air 

chill room (n=1), wall sample from air chill room (n=1), and pooled shackle samples from air chill room 

(n=2); and 3) Shelf life group that included 15 samples each from Start and End of shelf life (2 time 

points). 
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3.2.2 Sample preparation 

All samples were processed immediately after arrival in the laboratory for culture-based analysis 

(Table 3.1). Briefly, for samples collected by sponges, another 25 ml BPW was added to each Whirl-

Pak® Speci-Sponge. Each sponge was then homogenized for 1 min and the resulting BPW containing 

bacterial cells was collected into a 250 ml pre-sterilized jars with lid.  

A volume of 30 ml rinsate per chicken carcass and 20 ml per environmental sample were transferred 

to a 50 ml Falcon tube (SARSTEDT, South Australia, Australia) for the enumeration of TVC, 

Campylobacter and Pseudomonas with the exception of only 2 ml of the air sample from the Coriolis μ 

biological air sampler taken for the microbiological counts. All the remaining carcass rinsates and all 

the remaining environmental samples were stored at 4°C and then centrifuged in Falcon tubes at 5,500 

g for 10 mins at 4°C (Sigma 4K15, Germany), supernatant removed, and the pellet then stored at -80°C 

for the bacterial diversity analysis. The centrifugation was carried out within 30 h after sampling from 

the poultry plant. 

For the shelf life testing, thirty packaged chicken carcasses were stored at 4°C. Fifteen carcasses 

were rinsed and agitated with the same approach as described above on the following day after 

collection (kill + 1) and represented the start of shelf life. The remaining 15 carcasses were processed 

12 days after collection (kill + 12) and were considered the end of shelf life. The time frame and storage 

conditions replicated the commercial poultry processors in storing and distributing the chicken products 

based on the recommendation from the poultry facility sampled.  
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Table 3.1 Sample preparation 

Sample group Sampling points Sample number (n) Volume collected per 
sample (ml) 

Volume for culture-based 
analysis (per sample) 

Campylobacter enrichment 
(10 ml per sample) 

Processing Pre-scald 10 500 20 No 

 Post-plucker 10 500 20 No 

 Pre-immersion chill 10 500 20 No 

 Post-immersion chill 10 500 20 Yes 

 Post-air chill 10 500 20 Yes 

Shelf life Start of shelf life 15 500 20 Yes 

 End of shelf life 15 500 20 Yes 

Environmental Scald water 4 2000 10 Yes 

 Immersion chill water 4 2000 10 Yes 

 Air in air chill room 1 15 2 No 

 Wall in air chill room 1, 2 1 100 10 Yes 

 Shackles in air chill room 1, 3 2 400, 600 10 Yes 
1 Samples collected by sponges. Another 25 ml BPW was added to each Whirl-Pak® Speci-Sponge in the laboratory after sampling, to consist a mixture of 50 ml per 

sponge.; 
2 Two sponges swabbed the air chill room wall were pooled together as one sample; 
3 Ten sponges hung on random empty shackles moving in the air chill room, which were collected into two sealed bags. Due to time and practice in the air chill room 

during sampling, one bag contained 4 sponges and the other contained 6 sponges. Consequently, they resulted in two samples with volumed collected as 400 ml and 

600 ml respectively. 
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3.2.3 Microbiological analysis 

Enumeration of TVC 

All samples were diluted in BPW and plated onto 3M Aerobic Plate Count PetriFilm for TVC 

(3M Health Care, St Paul, MN, USA) enumeration and incubation, according to the manufacturer’s 

instructions. In case there were no colonies present from the diluted samples, all samples were also 

plated out using the undiluted samples. Colonies were enumerated and the numbers were 

logarithmically transformed as Log10 CFU/ml at each dilution. Any plates that had no colonies at the 

respective dilution were assigned a value of 0.5 colony, and then logarithmically transformed as 

Log10 CFU/ml. Therefore, the limit of detection of TVC was -0.30 Log10 CFU/ml for samples in the groups 

of Processing and Shelf life as well as the scald water and immersion chill water in the Environmental 

group. The limits of detection were set at -0.08 Log10 CFU/m3 for the air sample collected by the Coriolis 

μ biological air sampler from the air chill room, 1.70 Log10 CFU/m2 for samples from the air chill room 

wall, and 1.40 Log10 CFU/sponge for samples from air chill room shackles. 

 

Campylobacter enumeration and species identification 

The Campylobacter enumeration followed previous published protocols (Chen et al. 2020; Duffy et 

al. 2014) by plating serial dilutions onto modified Charcoal Cefoperazone Deoxycholate Agar (mCCDA; 

Oxoid) plates with antibiotics (Oxoid). To further maximise detection of Campylobacter, 3 ml rinsate of 

each sample from Post-immersion chill, Post-air chill, all shelf life samples and all environmental 

samples, except for the air samples from the Coriolis μ biological air sampler, was spread onto six 

mCCDA plates (500 μl of rinsate per plate). In addition, 100 μl of undiluted rinsate and the first 1 in 10 

diluted rinsate were plated onto mCCDA. All mCCDA plates were incubated at 42°C for 48 h under 5% 

CO2 atmosphere generated within a CB150 incubator (Binder, Tuttlinggen, Germany). Colonies were 

reported as Log10 CFU/ml at each dilution. Any plates that had no colonies at respective dilution were 

treated as a half colony.  

From 30 ml rinsate per chicken carcass and 20 ml per environmental sample stored in 50 ml Falcon 

tubes for the culture-based analysis, 10 ml aliquots per sample in Post-immersion chill, Post-air chill, 

and all environmental samples, except the air sample from the Coriolis μ biological air sampler, were 

taken. They were used for Campylobacter enrichment and then plated out onto mCCDA plates in order 
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to maximise the Campylobacter detection, which is similar to previous studies (Chen et al. 2020; Duffy 

et al. 2014). 

Up to 10 random Campylobacter presumptive positive colonies from each sample were selected 

and speciated by PCR (Khan et al. 2009). All PCR products were separated on a 2% (wt/vol) agarose 

gel, stained with ethidium bromide before visualisation under the UV light (Gene Genius, Syngene, 

Cambridge, UK). The PCR results were used to adjust the recorded Campylobacter counts as 

necessary. Therefore, the limit of detection of Campylobacter was 0 Log10 CFU/ml for samples in the 

groups of Processing and Shelf life as well as the Scald water and Immersion chill water in the 

Environmental group. The limits of detection were set at 0 Log10 CFU/m3 for the air sample collected by 

the Coriolis μ biological air sampler from the air chill room, 0 Log10 CFU/m2 for samples from the air chill 

room wall, and 0 Log10 CFU/sponge for samples from air chill room shackles.  

 

Enumeration and confirmation of Pseudomonas 

Pseudomonas was enumerated and confirmed followed the Australian Standard method for the 

detection of Pseudomonas (AS5013.21 2017) by plating 100 μl of each sample dilution onto a 

Pseudomonas cephalothin-sodium fusidate-cetrimide selective agar plate (Oxoid) with antibiotics 

(Oxoid). Then enumerated plates were retained and five random colonies from each plate were selected 

for confirmation using oxidase test strips (Sigma-Aldrich, Australia). After confirmation, the recorded 

Pseudomonas counts were adjusted. The limit of detection of Pseudomonas was 0 Log10 CFU/ml for 

samples in the groups of Processing and Shelf life as well as the Scald water and Immersion chill water 

in the Environmental group. The limits of detection were set at 0 Log10 CFU/m3 for the air sample 

collected by the Coriolis μ biological air sampler from the air chill room, 0 Log10 CFU/m2 for samples 

from the air chill room wall, and 0 Log10 CFU/sponge for samples from air chill room shackles. 

 

3.2.4 Microbiome analysis 

DNA extraction 

Samples were thawed on ice for 30 mins. The QIAamp PowerFecal Pro DNA kit (Qiagen, Victoria, 

Australia) was used to extract genomic DNA following the manufacturer’s instruction, which included a 

mechanical bead beating step to maximise the yield of genomic DNA. Briefly, less than 250 mg pellet 

for each sample was suspended in 800 μl Solution CD1 provided in the kit, transferred to the tube 
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containing bead and incubated in a 65°C waterbath for 10 min. Then the sample was placed on a 

MiniBeadBeater-16 (BioSpec, Oklahoma, USA) for two rounds of 30 s homogenization with 30 s resting 

in iced water between rounds. Then the process followed the manufacturer’s instruction. The 

concentrations of extracted DNA were measured on a Qubit® 2.0 Fluorometer (Life Technology, 

Singapore) using Qubit® dsDNA HS assay.  

 

Library preparation and amplicon sequencing 

The extracted DNA was amplified by PCR to construct a library that targeted the V4 region of 

bacterial 16S rRNA genes as described by Kozich et al. (2013) except that Platinum Taq DNA 

Polymerase High Fidelity (Life technologies, Australia) was used for amplification. After PCR, the 

amplicons were visualised against GeneRuler 100 bp Plus DNA Ladder (ThermoFisher, QLD, Australia) 

on a 2% (wt:vol) agarose gel stained with ethidium bromide.  

The amplicon concentration of each sample was calculated by GelAnalyzer (version 2010a). 50 ng 

of amplicon for each sample with unique dual barcodes was pooled. Then the pooled barcoded library 

was purified using Agencourt® AMPure® XP magnetic beads (Beckman Coulter, USA) following the 

manufacturer’s instructions, for which a combination ratio of 0.5/0.7 was chosen to shear the targeted 

amplicon fragment. The targeted fragment of the pooled library was visualised on a 2% (wt/vol) agarose 

gel stained with ethidium bromide under U.V. light pre- and post-purification to ensure the targeted 

amplicon product was not lost significantly. The purified library was then quantified on a Qubit® 2.0 

Fluorometer using Qubit® dsDNA HS assay kit and a NanoPhotometer (IMPLEN 1289, UK). The 

purified library of 27.4 ng/μl containing samples from 80 chicken carcasses, 12 environmental samples, 

8 extraction controls and 4 PCR controls was sent to the Ramaciotti Centre for Genomics (the University 

of New South Wales, Sydney, Australia) for sequencing using the Illumina MiSeq platform. 

 

Sequence data analysis 

Both demultiplexed R1 and R2 sequencing reads (approximately 250 bp in length) files were 

downloaded from the BaseSpace® and deposited to the National Centre for Biotechnology Information 

(BioProject accession: PRJNA596532). The processing of sequencing reads was performed using a 

Mothur pipeline (version 1.42.0) following the MiSeq SOP (Kozich et al. 2013). Sequence reads for 

each sample were rarefied and subsampled to the same level across all samples within the pipeline. 
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The sequence reads were clustered to construct an Operational Taxonomic Units (OTUs) table with 97% 

identity. The representative sequences were classified into the respective taxonomical level from 

phylum to genus, based on the Silva 16S rRNA gene database SSURef_132_SILVA (Quast et al. 2012).  

 

3.2.5 Statistical analysis 

For the microbiological analysis, all bacterial counts were logarithmically transformed, prior to 

analysing the mean with the standard deviation across all sampling points. RStudio® version 1.2.1335 

was used to perform One-way analysis of variance (ANOVA) with student’s t-test by ggsignif version 

0.5.0 to compare statistical significance between sampling points. Unless stated otherwise, “*” indicates 

p<0.05, “**” indicates p<0.01, “***” indicates p<0.001, and “NS” indicates Not Significant. 

For the multivariate analysis to examine the bacterial diversity across 12 sampling points, a mean 

value was calculated from all samples to represent the respective sampling point. Past v.4.0 (Hammer, 

Harper & Ryan 2001) was used to perform ANOVA with the Mann-Whitney pairwise test (Mann & 

Whitney 1947) with the Bonferroni correction (Dunn 1961) to evaluate the statistical significance of 

changes of chosen phyla and genera between certain sampling steps. The distribution and the 

relationship of individual samples or sampling steps was analysed by Principal Coordinate Analysis 

(PCoA) based on the Bray-Curtis coefficient. Metric multidimensional scaling (metric MDS) was used 

to differentiate individual samples. The metric MDS was based on the weighted spearman rank 

correlation which was performed by bootstrapping samples at 95% confidence intervals. All samples or 

sampling points were standardised by total and transformed by square root prior to conducting PCoA, 

metric MDS and heatmap analysis. All multivariate analysis was conducted in PRIMER-E (version 

7.0.13; Ivybridge, UK).  

 

3.3 Results 

3.3.1 Microbiological analysis 

Overall, TVC numbers were similar between the steps of Pre-scald (8.81 ± 0.11 Log10 CFU/ml) and 

End of shelf life (9.34 ± 0.22 Log10 CFU/ml) (Fig 3.2A, details in Appendix B: Table B1). Campylobacter 

reduced by nearly 5 Log10 CFU/ml (p<0.001) to 0.70 ± 0.65 Log10 CFU/ml and Pseudomonas increased 



Chapter 3 

63 

by nearly 6 Log10 CFU/ml (p<0.001) to 8.23 ± 0.27 Log10 CFU/ml after comparing the counts between 

Pre-scald and End of shelf life (Fig 3.2A, details in Appendix B: Table B1). 

In the Processing sample group, between the processes of scalding, defeathering and plucking (Pre-

scald vs. Post-plucker) (Fig 3.1), the TVC and the counts of Campylobacter and Pseudomonas on 

chicken carcasses declined significantly by more than 1.8 Log10 CFU/ml (p<0.001, Fig 3.2A). There 

were significant decreases in both TVC and Campylobacter (p<0.01), by 0.58 and 1.53 Log10 CFU/ml 

respectively, while Pseudomonas increased significantly by 2.1 Log10 CFU/ml between Post-plucker 

and Pre-immersion chill steps (Fig 3.2A) which represent the processes of evisceration and 

inside/outside washing (Fig 3.1). Similar to the results between Pre-scald and Post-plucker, the process 

of immersion chilling (Pre-immersion chill vs. Post-immersion chill, Fig 3.1) led to more than 1.5 Log10 

CFU/ml reduction of TVC, Campylobacter and Pseudomonas (p<0.001, Fig 3.2A), which the 

Pseudomonas count dropped to below the limit of detection. In contrast to the previous processes, there 

were no significant reductions on chicken carcasses after exposure to air chilling for either TVC (3.76 ± 

0.28 Log10 CFU/ml) or Campylobacter (0.63 ± 0.36 Log10 CFU/ml), and Pseudomonas remained 

undetectable. In fact, there was a recorded increase in Campylobacter (0.35 Log10 CFU/ml) on chicken 

carcasses after air chilling (p<0.05, Fig 3.2A).  

In the Shelf life sample group, after chicken carcasses being packaged and stored at 4°C for one 

day (representing the beginning of shelf life, kill + 1), TVC and Campylobacter remained relatively 

consistent compared to that on the Post-air chill samples, which were 3.88 ± 0.39 and 1.01 ± 0.75 Log10 

CFU/ml respectively. However, the Pseudomonas count increased significantly from undetectable to 

2.44 ± 0.39 Log10 CFU/ml (p<0.001, Fig 3.2A). At the end of shelf life (kill + 12), TVC and Pseudomonas 

increased significantly to 9.34 ± 0.22 and 8.23 ± 0.27 Log10 CFU/ml respectively, whereas 

Campylobacter persisted at 0.70 ± 0.65 Log10 CFU/ml (Fig 3.2A).  
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Fig 3.2 Bacterial counts of TVC, Campylobacter and Pseudomonas on chicken carcasses through the 

processing plant (A, Log10 CFU/ml) and from the environmental samples (B, the scald water and 

immersion chill water in Log10 CFU/ml, the air sample in the air chill room in Log10 CFU/m3, the air chill 
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room wall in Log10 CFU/m2, and the shackles through the air chill room in Log10 CFU/sponge). “*” 

indicates p<0.05, “**” indicates p<0.01, “***” indicates p<0.001, and “NS” indicates Not Significant. 

 

In the Environmental sample group, TVC was 6.38 ± 0.13 Log10 CFU/ml, Campylobacter was 0.05 

± 0.08 Log10 CFU/ml and Pseudomonas was 1.75 ± 0.48 Log10 CFU/ml in the scalding water, whereas 

the counts were at or below detection limits in the immersion chilling water (Fig 3.2B). Campylobacter 

was not detected in any of the environmental samples from the air chilling room, and there were no 

counts for either TVC or Pseudomonas in the air circulating within the air chilling room (Fig 3.2B). 

However, 7.15 and 6.70 Log10 CFU/m2 for TVC and Pseudomonas was detected on the air chilling room 

wall respectively. In addition, 3.05 ± 0.05 and 1.37 ± 1.37 Log10 CFU/sponge were recorded for TVC 

and Pseudomonas, respectively from sponges hung on the shackles within the air chilling room (Fig 

3.2B).  

Fig 3.3 shows the prevalence of Campylobacter across all sampling points. For the sample groups 

of Processing and Shelf life, the Campylobacter prevalence reduced from 100% at the Pre-scald 

samples to 87% at the end of shelf life. In the remaining sampling points, Campylobacter remained 

prevalent and viable on all samples at most sampling points with 80% prevalence on both Pre- and 

Post-immersion chill samples. For the environmental samples, one sample of 2 L scald water was 

identified as having C. jejuni present (Appendix B: Table B2). Campylobacter was not detected in any 

other environmental samples. With a total of 427 Campylobacter colonies isolated from all 92 samples, 

C. coli was only isolated from the start of shelf life samples (2.7% of Campylobacter colonies) and the 

end of shelf life samples (15.6% of Campylobacter colonies) (Appendix B: Table B2).  
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Fig 3.3 Prevalence of Campylobacter across all sampling points.  

 

3.3.2 Bacterial diversity analysis 

In total 7,217,858 unique sequencing reads were obtained across all 92 samples. 36,408 reads per 

sample were rarefied and subsampled (3,349,536 reads after rarefaction, representing 46.41% of total 

unique reads). Then 756 OTUs were taxonomically assigned from phylum to genus level, which 

represented 91.4% coverage of the bacterial diversity in this study. 

Alpha diversity metrics 

Key alpha metrics of bacterial diversity for each sampling point are shown in Table 3.2. Overall, the 

bacterial diversity on chicken products from the beginning of processing to the end of shelf life declined 

dramatically, comparing the Pre-scald step with the End of shelf life step, including species richness (d, 

from 78.2 to 25.4), Pielou’s evenness (J’, from 0.5 to 0.1) and Shannon diversity (H’, from 3.1 to 0.5), 

respectively.  
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Table 3.2. Summary of bacterial diversity metrics of samples 

Sample group Sampling points Phyla 1 Genera 2 Species richness (d) Pielou's evenness (J') Shannon diversity (H', Loge) 

Processing Pre-scald 18 361 78.2 0.5 3.1 

 Post-plucker 17 330 71.4 0.5 2.8 

 Pre-immersion chill 15 330 71.4 0.5 2.7 

 Post-immersion chill 16 346 74.9 0.5 2.7 

 Post-air chill 17 363 78.6 0.4 2.4 

Shelf life Start of shelf life 20 452 97.9 0.4 2.5 

 End of shelf life 10 118 25.4 0.1 0.5 

Environmental Scald water 11 186 40.2 0.2 1.3 

 Immersion chill water 16 323 69.9 0.5 2.7 

 Air from air chill room 18 285 61.7 0.5 2.8 

 Wall in air chill room 9 104 22.4 0.3 1.2 

 Shackles through air chill room 16 360 78.0 0.5 2.8 

Total  29 756 163.9 0.4 2.9 
1 The number of phyla identified in each sampling point; 

2 The number of genera identified in each sampling point. 
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Between the five processing steps, species richness (d) was only slightly altered with no overall 

change between the Pre-scald (78.2) and the Post-plucker (71.4) sample sets.  Pielou’s evenness (J’) 

was also relatively consistent (0.4-0.5) for each sampling point. However, Shannon diversity (H’) 

continuously declined at each sampling point of the processing line, starting at 3.1 in the Pre-scald 

samples dropping to 2.4 in the Post-air chill samples. For the shelf life related samples, a dramatic 

decline in diversity was observed for all alpha diversity metrics over the 12-day period. During shelf life, 

the species richness (d) decreased from 97.9 to 25.4, Pielou’s evenness (J’) dropped from 0.4 to 0.1, 

and Shannon diversity (H’) dropped from 2.5 to 0.5, respectively. For the environmental samples, the 

air chill room wall had relatively low species richness (d, 22.4) and Shannon diversity (H’, 1.2) compared 

to other environmental samples. Immersion chill water, air from the air chill room and shackles moving 

through the air chill room showed species richness (d) of 61.7-78.0, evenness (J’) of 0.5 and Shannon 

diversity (H’) of 2.7-2.8. Scald water also showed greater species richness (d, 40.2) and about the same 

Shannon diversity (H’, 1.3) as the air chill room wall, but it had less Pielou’s evenness (J’, 0.2). The Pre-

scald samples exhibited the greatest Shannon diversity (H’, 3.1) compared to all other sampling points, 

even greater than the totalled samples (H’, 2.9). In addition, there was an increase of all alpha diversity 

metrices noted between the sampling points of Post-air chill and Start of shelf life (Table 3.2). Overall, 

the greatest loss of diversity occurred during storage as shown for the shelf life samples. 

 

Changes of bacterial diversity at phylum and genus levels 

The changes of identified taxa (genus level) paralleled the changes in species richness across the 

sampling points (Table 3.2). To better understand the correlation of the bacterial diversity between the 

chicken carcasses and the processing environment, the bacterial diversities between sampling points 

are illustrated at the phylum level in Fig 3.4 (Details in Appendix B: Table B3). In addition, the 10 most 

abundant taxa at the genus level from each sampling point were selected and pooled together to form 

a table of 46 taxa which represent at least 78.7% of the bacterial community and demonstrate the 

changes of the bacterial diversity through processing (Figs. 3.5A and 3.5B, details in Appendix B: Table 

B4). 
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Fig 3.4 Relative abundances of the 4 most abundant taxa at phyla level across all sampling points.  
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Fig 3.5 Relative abundances of 46 taxa pooled from the 10 most abundant taxa in each sampling point in a barplot (A) and a shade map (B). The order of the 

46 taxa is descending according to their respective relative abundance in the Pre-scald step. 
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Overall, Firmicutes, Actinobacteria, Bacteroidetes and Proteobacteria were the four most abundant 

phyla, ranging between 98.2% in both Post-immersion chill and Post-air chill samples and at nearly 100% 

in the end of shelf life samples (Fig 3.4). Firmicutes was the most dominant phylum across most of the 

sampling points, representing at least 54.3 ± 31.8% relative abundance in the Pre-immersion chill 

samples, decreasing to 3.8 ± 4.4% in the end of shelf life samples and 0.6 ± 0% in the air chill room 

wall samples (Appendix B: Table B3). Proteobacteria dominated in the end of shelf life samples and the 

air chill room wall, which represented 96.1 ± 4.4% and 92.6 % reads respectively (Appendix B: Table 

B3).  

The bacterial diversity at the genus level illustrated greater and more complicated changes between 

various sampling points (Fig 3.5A and 3.5B). However, the relative abundance of Campylobacter across 

all samples was less than 0.5% in the bacterial community, with one exception where one of the start 

of shelf life samples showed a 2.6% relative abundance (Appendix B: Table B4). 

Between Pre-scald and Post-plucker which effectively incorporates the impact of processes of 

scalding, defeathering and plucking (Fig 3.1), Staphylococcus on average had the greatest decrease in 

the relative abundance compared to any other taxa, by 8-fold reduction (from 29.3 ± 9.3% to 2.8 ± 2.4%, 

p<0.001). In contrast, Anoxybacillus and Gallibacterium increased dramatically by 127-fold (from 0.3 ± 

0.2% to 37.4 ± 23.4%, p<0.01) and 53-fold (from 0.2 ± 0.3% to 10.7 ± 13.4%, p<0.01) respectively 

between the Pre-scald and Post-plucker steps. Anoxybacillus dominated the bacterial community of the 

scalding water with a relative abundance of 73.0 ± 1.3%.  

Between the Post-plucker and Pre-immersion chill steps the impact of evisceration and 

inside/outside washing processes were assessed on diversity (Fig3. 1). There was a dramatic increase 

of Pseudomonas reads by 70-fold, from 0.2 ± 0.3% to 14.3 ± 18.5% (p<0.01), whereas Anoxybacillus 

abundance remained relatively consistent at approximately 37.5 ± 31.9%. 

Following chilling processes (Pre-immersion chill vs. Post-air chill) on carcasses, although 

statistically insignificant, Pseudomonas declined to become a minor component in the bacterial 

community after immersion chilling (from 14.3 ± 18.5% to 0.1 ± 0.1%) and then remained relatively 

unchanged through air chilling. Gallibacterium increased from 5.3 ± 8.8% to 17.7 ± 28.1% after 

immersion chilling before decreasing to 7.3 ± 15.9% after air chilling. Anoxybacillus gradually increased 

and remained as a dominant taxon through both chilling processes, increasing from 37.5 ± 38.5% to 

40.9 ± 39.4% after immersion chilling and then up to 56.8 ± 35.8% after air chilling. The relative 
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abundance of Romboutsia was much higher (p<0.001) in the immersion chill water (21.9 ± 2.1%) than 

in the samples from the air chilling room, which included 2.2% in the air, 0.03% on the wall surface and 

1.9 ± 0.3% on the sponges hung on the shackles. Anoxybacillus remained at a dominant level in most 

of the environmental samples during chilling, being 33.6 ± 0.3& in the immersion chill water, 44.7 ± 0% 

in the air sample, 37.2 ± 9.5% on the sponges hung on the shackles. In comparison, Pseudomonas 

represented a small proportion of the bacterial community in most of the environmental samples in 

chilling and was the most dominant genus on the wall surface (74.2%).  

Thirty packaged carcasses were collected for shelf life testing and were stored at 4°C over 12 days. 

Notably, the relative abundance of Firmicutes decreased from 79.7 ± 21.7% at the Post-air chill step to 

56.6 ± 25.3% at the start of shelf life while Proteobacteria increased from 10.5 ± 16.7% to 33.2 ± 22.7%. 

After 12 days of storage, Firmicutes and Proteobacteria collectively represented close to 100% of the 

bacterial community with relative abundances of 3.8 ± 4.4% and 96.1 ± 4.4%, respectively. At the genus 

level, Pseudomonas and Anoxybacillus were the two dominant taxa on carcasses at the beginning of 

the shelf life, representing 28.6 ± 21.3% and 26.6 ± 32.4% of the bacterial community. By comparison, 

these two taxa made up 0.5 ± 0.7% and 56.8 ± 35.8% of the bacterial community on carcasses in the 

Post-air chill samples, respectively. There was also an increase of 12.1% for the relative abundance of 

Lactobacillus at the beginning of the shelf life from 1.9 ± 1.8% in Post-air chill. Similar to the bacterial 

diversity on the wall of the air chill room, Pseudomonas (91.0 ± 10.2%) was the predominant taxon on 

the carcasses at the end of shelf life. Anoxybacillus, as one of the dominant taxa at the beginning of the 

shelf life, was virtually not detected with between 0 and 3 reads detected per 36,408 sequence reads 

per sample at the end of shelf life.  

 

Beta diversity and correlations between sampling points 

Fig 3.6 illustrates the correlations between sampling points to assist in understanding the impact of 

processing interventions on the bacterial diversity through processing. Fig 3.6A illustrates the 

distribution of all individual samples based on the proportions of 756 taxa using PCoA analysis. Apart 

from the end of shelf life and the air chill room wall samples, samples from other sampling points 

overlapped each other. In order to better discriminate the sampling points that were closely related, Fig 

3.6B was generated by using the weighted Spearman rank correlation to evaluate all 756 taxa which 

were bootstrapped at 95% interval to analyse their correlations on a metric MDS. The Post-immersion 
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chill and Post-air chill samples were the most similar, in accordance with the proportion of genera 

present within these samples (Fig 3.6B). Since the 46 taxa pooled from the 10 most abundant taxa from 

each sampling point represented at least 78.7% of the bacterial diversity, a PCoA analysis with the 

diversity similarity clustering was conducted and shown in Fig 3.6C to determine if the 46 taxa could 

represent the entire bacterial diversity on chicken products. Similar to Fig 3.6A, the end of shelf life and 

the air chill room wall samples were distinctive from the remaining sampling points as were the Pre-

scald and Scald water samples. However, unlike Fig 3.6A and 3.6B, all the remaining sampling points 

based on 46 taxa (Fig 3.6C) were clustered at 60% similarity, demonstrating different clustering patterns 

of the sampling points between all 756 taxa (Fig 3.6A and 3.6B) and the 46 taxa. Within the 60% 

similarity group, the bacterial diversity on samples from the air in air chill room and from the air chill 

room shackles were more than 80% similar. The same observation was found for the Post-plucker, 

Post-immersion chill and Post-air chill samples amongst which Post-immersion chill and Post-air chill 

were also closely related as shown in Fig 3.6B. 
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Fig 3.6 Distribution and correlations of bacterial diversity at the genus level between sampling points. 

The circular shape () represents the Processing sample group, the square shape ( ) represents the 

Shelf life sample group, and the cross shape (+) represents the Environmental sample group. The blue 
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colour represents samples from the Pre-scald step, the red colour represents samples from the Post-

plucker point, the green colour represents samples from the Pre-immersion chill point, the purple colour 

represents samples from the Post-immersion chill point, the light blue colour represents samples from 

the Post-air chill point, the dark green colour represents the start of shelf life point, the dark red 

represents the end of shelf life point, the grey colour represents samples from the scald water point, the 

dark green colour represents the immersion chill water point, the black colour represents the air in the 

air chill room point, the orange colour represents the air chill room wall point, and the dark yellow 

represents the shackles through the air chill room point. Fig A is the principal coordinate analysis (PCoA) 

of all the 92 samples based on all identified taxa at genus level using the Bray-Curtis coefficient. Each 

shape with different colour represents one sample in its respective sampling point. Fig B is the metric 

multidimensional scaling (metric MDS) of sampling points after they were performed by bootstrapping 

samples at 95% confidence intervals on the weighted spearman rank correlation. Fig C is the PCoA of 

all the sampling points based on the 46 taxa pooled from the 10 most abundant taxa in each sampling 

point to identify the similarity level between sampling points. Each shape with different colour represents 

a sampling point in its respective sample group. The dotted line circle (---) and the solid line () circle 

indicate the sampling points were clustered at 80% and 60% similarity level based on their bacterial 

diversity respectively. 

 

3.4 Discussion 

The current study revealed the effectiveness of the processing line in reducing the numbers of TVC, 

Campylobacter and Pseudomonas on chicken carcasses (p<0.001), which supports results previously 

published from a different processing line in Australia (Chen et al. 2020). The inability to completely 

eliminate Campylobacter prevalence and the limited effect of air chilling on carcass bacterial reduction 

were also in agreement with the previous study (Chen et al. 2020). The current study focused on the 

impact of environmental attributes surrounding the chicken carcasses during processing with the aim 

to identify processing environmental microorganisms that cross-contaminate chicken carcasses. 

However, the culture-based approach was not able to provide comprehensive information to assess the 

linkage between the carcass contamination and the environmental attributes. 

Comparing the two studies in this chapter and Chapter 2, the sampling strategies were different due 

to two types of commercial poultry processing systems operated by the same processor. The 
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processing system in Chapter 2 had individually separated processing steps of scalding, defeathering 

and plucking whereas the processing system in this chapter had a confined tunnel that incorporated all 

three steps together. Therefore, chicken carcasses were collected from the steps of Pre-scald and Post-

scald previously but from the steps of Pre-scald and Post-plucking in this study. Other carcasses 

collected from Pre-immersion chill, Post-immersion chill and Post-air chill were the same from the two 

studies. In terms of processing parameters in immersion chill and air chill, the system investigated in 

Chapter 2 had 0.5 h in immersion chill and 1.5 h in air chill compared to the system studied in this 

chapter which used 1.5 h in immersion chill and 0.5 h in air chill. As a result, it would be important for 

poultry processors to compare the effectiveness of microbial transmission between these two 

commercial processing systems.  

By utilising the 16S rRNA gene amplicon sequencing in this study, the most identified bacterial taxa 

at the phylum level across all sampling points were Firmicutes, Proteobacteria, Actinobacteria and 

Bacteroidetes, aligning with previous studies regardless of sequencing techniques, sampling approach, 

geographic locations of processing plants, flocks of chicken, etc. (Chen et al. 2020; Handley et al. 2018; 

Kim et al. 2017; Rothrock Jr et al. 2016; Wages et al. 2019; Wang et al. 2019). In this study, Firmicutes 

was the predominant phylum from most of the sampling points, except for chicken carcasses at the end 

of shelf life and the air chill room wall samples on which Proteobacteria dominated, making up at least 

92% of the bacterial diversity. Despite Campylobacter being recognised as a major cause of human 

gastrointestinal disease, its relative abundance in the bacterial community on the chicken carcasses 

persisted at a very low level, even though the counts were reduced by about 5 Log10 CFU/ml throughout 

processing. These findings align with the previous finding (Chen et al. 2020). However, it is important 

not to neglect the epidemiological impact of Campylobacter because it is known that the dose of 

Campylobacter can be as low as 500 cells to cause human diseases (Friedman et al. 2000; Keener et 

al. 2004).  

From Pre-scald to Post-plucker, the processes of scalding, defeathering and plucking were unable 

to affect the Campylobacter prevalence, in contrast to a 30% reduction after scalding in the previous 

study (Chen et al. 2020). The difference between the two studies may be due to potential cross-

contamination from defeathering and plucking in the sampled processing plant of this study, which has 

been reported previously based on the microbiological analysis (Guerin et al. 2010). The increased 

Proteobacteria relative abundance in this study suggested potential cross-contamination sources 
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between the Pre-scald and Post-plucker steps, which is supported by two 16S rRNA gene amplicon 

studies of poultry processing plants in the USA (Kim et al. 2017; Wages et al. 2019). All these findings 

suggest that the physical processes of scalding, defeathering and plucking could be responsible for the 

increase of Proteobacteria during poultry processing. At the genus level, Anoxybacillus was noted to 

become an important component in the bacterial community between Pre-scald and Post-plucker, both 

on chicken carcasses and in the scalding water in this study, supporting previous findings which 

highlighted the importance of Anoxybacillus in scalding water (Rothrock Jr et al. 2016). In comparison, 

no Anoxybacillus sequence reads were detected at the Pre-scald step and only six reads were identified 

on chicken samples from the Post-scald step in a previous study (Chen et al. 2020). Anoxybacillus is 

recognised to cause food spoilage, e.g.  a common contaminant of dehydrated milk powder products 

(André, Vallaeys & Planchon 2017; Cho & Rhee 2019; Karaca, Buzrul & Coleri Cihan 2019), although 

it is a thermophilic spore-forming microorganism that is usually isolated from hot springs (Khan et al. 

2018). The difference in findings between this study and the previous study (Chen et al. 2020) could be 

due to the processing environment, sampling time of the day for the scalding water, particular sampling 

points or different processing equipment. The previous study sampled the chicken carcasses from Pre- 

and Post-scald, whereas this study collected samples from Pre-scald and Post-plucker because the 

sampled processing line had a confined tunnel system that incorporated scalding, defeathering and 

plucking together. The confined tunnel may have an elevated temperature and a high humidity, 

providing conditions that favour the growth of Anoxybacillus, possibly in the form of a biofilm (Burgess 

et al. 2009; Karaca, Buzrul & Coleri Cihan 2019). Campylobacter also prefers warm conditions with a 

relatively high humidity (Fernández, Vergara & Tapia 1985). As a result, the confined tunnel may act as 

an important cross-contamination point that results in carcasses being exposed to Anoxybacillus and 

also allowing for Campylobacter survival. This hypothesis is supported by several findings in this study, 

for example the linkage between the 25% Campylobacter prevalence in the scalding water and the 

persistent Campylobacter prevalence on chicken carcasses, as well as the observed dominant 

Anoxybacillus (73.0%) in the scalding water and the high number of Anoxybacillus reads detected 

directly from chicken carcasses.  

Between Post-plucker and Pre-immersion chill where the processes of evisceration and 

inside/outside washing exist (Fig 3.1), a significant increase of Pseudomonas (p<0.01) was noted both 

in the microbiological counts and the bacterial diversity, while TVC and Campylobacter counts 
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decreased. A similar increase of Pseudomonas relative abundance was also observed in the previous 

studies (Chen et al. 2020; Kim et al. 2017), although sampling points varied. This suggests 

Pseudomonas either survives better than other microorganisms during evisceration and washing or 

there may be routes introducing Pseudomonas. In addition, a previous study investigated impacts of 

the water pressure, the amount of water and the length of the washing step utilised during chicken 

carcasses processing, which concluded that Pseudomonas, unlike other microorganisms, was least 

affected by the washing process. Depending on how the washing step was set up, the Pseudomonas 

number could even increase (Escudero-Gilete, González-Miret & Heredia 2005). Cold water is usually 

used during inside/outside washing after evisceration and before immersion chilling (Keener et al. 2004). 

Due to the psychrotolerant nature of Pseudomonas, the washing step with cold water may enhance the 

survival of Pseudomonas compared to other bacteria. Some previous studies also investigated the 

water supply as the contamination source for Pseudomonas on to chicken carcasses (Maes, Vackier, 

et al. 2019), as well as Acinetobacter (Bifulco, Shirey & Bissonnette 1989), which was also found to 

increase in relative abundance from the Post-plucker (0.3%) to Pre-immersion chill (7.9%) steps in this 

study. Anoxybacillus was still the predominant taxa at genus level, indicating an ability to persist through 

the combination of evisceration and washing. The reason could be that the opened follicles during 

scalding encapsulate Anoxybacillus (vegetative cells and/or spores) after the temperature dropped 

during washing with cold water, however it requires further study to validate this.  

The chilling process, including immersion chilling and air chilling, was a major focus of this study, 

based on previous findings (Chen et al. 2020). Despite the reduction of Campylobacter counts on 

carcasses through immersion chilling, the prevalence of Campylobacter was unaffected which was 

similar to the findings of the previous study, as well as the limited impact of air chilling (Chen et al. 2020). 

However, the Campylobacter counts in all the environmental samples were at or below the limit of 

detection. Thus, the culture-based approach was not able to explain why the Campylobacter prevalence 

persisted through the immersion chilling at 80% level and increased to 100% through air chilling. This 

could be partly due to probabilities associated with low Campylobacter cell numbers likely resulting in 

chances of non-detection. However, TVC and Pseudomonas were below the limit of detection in the 

immersion chilling water and air sample taken from the air chill room, which could be due to the chlorine 

impact in the immersion chilling as Australia allows up to five parts per million of free available chlorine 

during immersion chilling (Duffy et al. 2014). A previous study suggested the total bacterial population 
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will normally be at a very low level (~102 copies/ml) (Rothrock Jr et al. 2013), due to the action of chlorine 

in the chilling tank to reduce bacterial contamination (Finstad et al. 2012; Stopforth et al. 2007).  

The bacterial diversity results offered a deeper and more comprehensive perspective of the relations 

of bacterial diversity between the chicken carcasses and the processing environment and is able to 

contrast different poultry production facilities. With the processes of immersion chilling and air chilling 

together, this study showed a gradual but consistent change of the bacterial diversity on chicken 

carcases through the chilling process. In this study, Pseudomonas became a minor component (< 0.5%) 

of the bacterial community on chicken carcasses after immersion chilling and air chilling. Similarly, the 

counts of Pseudomonas on carcasses after immersion chilling and air chilling were below the limit of 

detection. The low proportion of Pseudomonas after immersion chilling was also noted in two recent 

studies (Chen et al. 2020; Wang et al. 2019). However, the previous study (Chen et al. 2020) 

demonstrated a great change of the bacterial diversity through air chilling which the relative abundance 

of Pseudomonas in the bacterial community on carcasses increased from 0.3% to 20.3% (p<0.001). In 

addition, Anoxybacillus persisted as a dominant taxon on carcasses throughout chilling in this study.  

The findings of bacterial diversity on chicken carcasses were supported when examining the 

bacterial diversity present in the environmental samples around the chilling process. Both the current 

study and the previous one (Wang et al. 2019) highlighted the immersion chilling water as an important 

cross-contamination source by comparing the bacterial diversity in the immersion chilling water with 

that on the chicken carcasses. Anoxybacillus gradually increased and remained at a high level of 

relative abundance, suggesting an accumulation and redistribution of this taxon between chicken 

carcasses by the immersion chilling water and from the air blown at a high rate onto chicken carcasses. 

However, the different relative abundances of Romboutsia between the immersion chilling water and 

the air sample was noted. So far little is known about this particular taxon, which was previously 

classified as Clostridium (Suphoronski et al. 2019; Yutin & Galperin 2013). The genome and functional 

analysis of Romboutsia revealed its metabolic capabilities of carbohydrate utilisation and fermentation 

of single amino acids (Gerritsen et al. 2017), and it has been associated with age of animals and their 

health status which healthy animals usually have low relative abundance of Romboutsia, e.g. chicken 

(Jurburg et al. 2019), yak (Xin et al. 2019) and deer (Li, Wang, et al. 2018). In this study, the relative 

abundance of Romboutsia was less than 3.1% on various chicken carcasses throughout the sampling 

points. The high relative abundance of Romboutsia in the immersion chilling water could be due to the 
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accumulation from previous chicken carcasses as the processing day progressed. Romboutsia could 

then be carried over on chicken carcasses and aerosolised in the air chilling room as it was found in 

the air sample and in the sponges hung on the shackles, although at low relative abundance.  

Given the cold conditions in the air chilling room and the nature of Pseudomonas, the high count 

and the relative abundance of Pseudomonas on the wall surface in the air chill room are expected. Of 

the remaining 10 most abundant taxa on the air chill room wall, most taxa are known to include several 

psychrotolerant species, e.g. Chryseobacterium, Pigmentiphaga, Flavobacterium, Stenotrophomonas, 

Massilia, Pseudarthrobacter and Sphingomonas (Antony et al. 2016; Králová et al. 2019; Maes, 

Heyndrickx, et al. 2019; Mageswari et al. 2015; Møretrø & Langsrud 2017; Yuan et al. 2019). These 

taxa are also often isolated from food production environments or during food spoilage. As shown in a 

recent study tracking psychrotrophic bacteria through chicken processing, a high count of 

psychrotolerant bacteria was found on the walls in the chilling room, air samples and from swabs of 

food contact surfaces (Samapundo et al. 2019). These observations concur with the high count of 

Pseudomonas found in this study. This data suggests that the contaminated wall in the chilling room 

could be a source of bacteria which can be transferred onto chicken carcasses. This is aided by the 

high rate of cold air blowing into the room, which could create aerosols of psychrotolerant bacteria 

(Samapundo et al. 2019). Aerosolised bacteria could contaminate the chicken carcasses in the chilling 

room as well as subsequent processing areas, such as cutting and packaging. 

Together, the findings of the impact of the immersion chilling and the air chilling on the bacterial 

diversity on chicken carcasses in this study were different to the previous study which showed a greater 

impact of air chilling than immersion chilling (Chen et al. 2020). Although other factors may play a role 

in the difference between studies, e.g. flocks and idiosyncrasies of the processing facility, the main 

reason may be the parameters of the chilling processes between the two studies. The sampled 

processing plant in this study used a period of ~1.5 h during immersion chilling and ~0.5 h during air 

chilling, in comparison to the processing plant in the previous study which implemented ~0.5 h 

immersion chilling and ~1.5 h air chilling (Chen et al. 2020). By comparing the two studies in terms of 

the chilling parameters and the resulting bacterial diversity, it indicated the longer the time that chicken 

carcasses spent in each chilling, the greater the change in the bacterial diversity may have. Combining 

findings in this study and the previous one (Chen et al. 2020), the chilling process is an important control 

point during processing that may cause cross-contamination to chicken carcasses.  
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At the beginning of shelf life, the significant increase of Pseudomonas count (p<0.001) from less 

than the limit of detection and the prevalence of C. coli from none in any previous sampling points are 

noteworthy. Similarly, the bacterial diversity showed an increase at both the phylum and genus levels 

on carcasses between the samples from steps of Post-air chill and Start of shelf life. These findings 

suggested there may be potential cross-contamination after air chilling in the cutting and packaging 

area (Fig. 1), which requires further study to locate the cross-contamination sources. During refrigerated 

storage, Pseudomonas and Anoxybacillus were the two dominant taxa on chicken carcasses at the 

beginning of shelf life, but virtually no Anoxybacillus was detected at the end of shelf life after 12-day 

storage while Pseudomonas became predominant at 91.0%. The high proportion of Pseudomonas at 

the end of shelf life of chicken meat was expected as it is known to be a main component in the chicken 

meat spoilage (Belluco et al. 2016) and grows at low temperature.  

When analysing the correlations of sampling points on all 756 taxa, the bacterial diversity was similar 

on most samples, except the samples from the end of the shelf life and the wall surface in the air chilling 

room. In particular, samples from the steps of Post-immersion chill and Post-air chill were highly 

overlapped, again indicating the limited impact of air chilling on the bacterial diversity on carcasses. 

Based on the bacterial diversity, the separation of the end of shelf life and the wall surface from most 

sampling points may be linked to the dominant proportion of Pseudomonas in the bacterial community. 

Post-plucker, Post-immersion chill and Post-air chill step samples revealed a high similarity level (80%) 

in terms of bacterial diversity partly driven by cross-contamination with Anoxybacillus when analysing 

the 46 taxa pooled from the 10 most abundant taxa in each sampling point. Chicken carcass follicles 

encapsulating Anoxybacillus due to cold water used in the washing step is theorised to carry over 

Anoxybacillus to the following processing steps as well as other microorganisms contained in the 

residual water on the chicken carcasses. The hypothesis is supported by the large proportion of 

Anoxybacillus in the bacterial community which was continuously detected in the processing 

environment. Given the scalding water is the major contributor of Anoxybacillus during processing, the 

nature of Anoxybacillus, and the confined tunnel of the processing equipment may undesirably select 

and distribute the thermophilic bacteria. In addition, the large group of sampling points clustered at the 

similarity level of 60% supported the importance of the scalding water and the impact of the confined 

tunnel in the processing. It suggested whatever the bacterial diversity resided on the chicken carcasses 

after scalding potentially impact all the remaining processes. Hence, it indicates the importance of 
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changing the scalding water on a regular basis, a good hygiene practice during processing and a 

thorough disinfection of the confined tunnel at the end of processing day are all critical. However, a 

study to investigate the two types of processing equipment to confirm these observations with a wider 

range of facilities seems required.  

 

3.5 Conclusion 

The sampled poultry processing plant had processes effective in reducing the bacterial load on 

chicken carcasses. Yet, Campylobacter remained prevalent and persistent at higher level on carcasses, 

indicating the limitation of current processing interventions for eliminating Campylobacter. However, 

Campylobacter has been demonstrated to be a minor member of the bacterial community on carcasses 

based on 16S rRNA gene sequencing. With the help of 16S rRNA gene sequencing technique, this 

study was able to demonstrate that each processing intervention may introduce contamination of 

microorganisms at different levels. In particular a confined tunnel system incorporating scalding, 

defeathering and plucking may have an undesirable effect of selecting and distributing the thermophilic 

bacteria between chicken carcasses, e.g. Anoxybacillus. The chilling process was another important 

step for cross-contamination in distributing psychrotolerant bacteria, such as Pseudomonas. Depending 

on the parameter of the processing equipment, the immersion chilling may have a greater impact than 

the air chilling in redistributing microorganisms on chicken carcasses which could then influence the 

meat quality during subsequent storage and thus affect shelf life. While this study was at a pilot scale 

of one type of processing line, it is very useful to provide a deep understanding of how the processing 

equipment and processing interventions distribute microorganisms, as well as offering a comprehensive 

view into the change of the bacterial diversity on chicken carcasses from the beginning of processing 

all the way to the end of shelf life. Lastly, some studies to evaluate the impact of the confined tunnel of 

incorporating scalding, defeathering and plucking seem necessary, as well as further surveys to 

investigate the cutting and packaging area to locate potential cross-contamination sources.   
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Chapter 4 – Effect of peracetic acid on Campylobacter in 

food matrices mimicking commercial poultry processing 

Published as: Chen S.H., Fegan N., Kocharunchitt C., Bowman J.P. and Duffy L.L., 2020. Effect of 

peracetic acid on Campylobacter in food matrices mimicking commercial poultry processing. Food 

Control, vol. 113, p. 107185. DOI: 10.1016/j.foodcont.2020.107185. 

 

4.1 Introduction 

Chicken has been the most consumed meat in Australia since 2004 (ABARES, 2017). In 2018, 

Australia was ranked as the fourth in the world for consumption of chicken meat (43.9 kg/capita) after 

Israel, the United States of America (USA) and Malaysia, with chicken consumption more than twice 

that of beef and veal (20.9 kg/capita) (OECD, 2018). During chicken processing, microorganisms, 

including Escherichia coli, Salmonella, Campylobacter and Pseudomonas, can cross contaminate 

carcasses and impact food safety and shelf life. A study by Batz, Hoffmann, and Morris (2012) 

demonstrated that the combination of poultry and Campylobacter was categorised as the leading 

pathogen-food combination risk. Efforts to reduce Campylobacter and other foodborne pathogens 

throughout poultry processing, including scalding with hot water, inside/outside washing with chemicals, 

immersion chilling with various aids, etc. (Keener, Bashor, Curtis, Sheldon, & Kathariou, 2004). Based 

on some studies in Australia (S. H. Chen, Fegan, Kocharunchitt, Bowman, & Duffy, 2020; Duffy, Blackall, 

Cobbold, & Fegan, 2014; FSANZ and the South Australian Research and Development Institute, 2010; 

Habib, Coles, Fallows, & Goodchild, 2019), these processing interventions have been successful in 

keeping the bacterial population within the requirement that the Campylobacter numbers has to be less 

than 4 Log10 CFU/whole chicken carcass at the end of processing established by Food Standard 

Australia New Zealand (FSANZ, 2018). However, the prevalence of Campylobacter is still very high, 

ranging between 92.5% and 84.3% respectively based on two surveys in Australia (Duffy, et al., 2014; 

FSANZ and the South Australian Research and Development Institute, 2010) with a small sampling 

survey of 50 birds at 100% (S. H. Chen, et al., 2020). The United States Department of Agriculture’s 

Food Safety and Inspection Service (USDA-FSIS) has set the performance standard of Campylobacter 

prevalence positive samples to less than 10.4% (USDA-FSIS, 2011). 

https://doi.org/10.1016/j.foodcont.2020.107185
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Chlorine has been utilised as a processing aid to control pathogens on chicken products through 

processing in Australia for many years. However, the effect of chlorine in poultry processing has been 

shown to be limited by recent studies (Duan, Wang, Xue, Li, & Xu, 2017; Killinger, Kannan, Bary, & 

Cogger, 2010; Northcutt, Smith, Musgrove, Ingram, & Hinton, 2005). It has been suggested that chlorine 

may cause a bleaching effect on poultry products when used at a higher concentration and its 

effectiveness is highly associated with pH changes (James, Brewer, Prucha, Williams, & Parham, 1992). 

The amount of organic matter in the immersion chilling tank in which the protein concentration has been 

approved to be similar to muscle exudate or drip from chicken carcasses (Northcutt, Smith, Huezo, & 

Ingram, 2008; Offer, et al., 1989) influences the effectiveness of chlorine as a sanitizer (Rothrock Jr, 

Hiett, Kiepper, Ingram, & Hinton, 2013). Trihalomethanes are a group of four chemicals, chloroform, 

bromodichloromethane, dibromochloromethane and bromoform (Gad & Pham, 2014), that are formed 

when free available chlorine contacts with a high presence of organic matter during poultry processing 

(Micciche, et al., 2018). Chloroform and bromodichloromethane are considered possible human 

carcinogens (Cressey, Nokes, & Lake, 2008; Occupational Safety and Health Administration, 2017) that 

potentially pose a significant danger to plant workers. Distributors and supermarkets also have received 

complaints from consumers about the unpleasant odour of residual chlorine on the chicken products 

they purchase. Therefore, the poultry industry has been looking for alternative processing aid(s) to 

replace chlorine. 

Studies have shown that a disinfectant with a higher redox potential tends to be a stronger 

bactericide (Viola, et al., 2018). Peracetic acid (PAA) has a redox potential of 1.385 V, which is higher 

than chlorine (1.361 V), chlorine dioxide (1.174 V) and many other disinfectants, such as hypochlorous 

acid and hydrogen peroxide (Zhang, Brown, & Hu, 2018). Unlike other disinfectants, it does not form 

harmful chemical by-products (Crebelli, et al., 2005; Kitis, 2004; Veschetti, et al., 2003). PAA typically 

decomposes into residuals such as oxygen and water (Dell'Erba, Falsanisi, Liberti, Notarnicola, & 

Santoro, 2007). Thus, it is considered as safe and registered by Australia New Zealand Food Authority 

(2009) as a processing aid for all food, providing the final food products contain PAA no more than 0.7 

mg/kg. These reasons have made PAA a potential antimicrobial agent in both chiller application and 

post-chill immersion tanks through poultry processing (Wideman, et al., 2016). Studies in the USA by 

Bauermeister, Bowers, Townsend, and McKee (2008a) reported PAA was effective in reducing 

Salmonella and Campylobacter on chicken carcasses in a pilot scale laboratory study, at 25 ppm and 
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200 ppm respectively. Similarly, Chantarapanont, Berrang, and Frank (2004) concluded 100 ppm PAA 

produced a 1-log inactivation of C. jejuni counts on chicken skin in the laboratory. Furthermore, Nagel, 

Bauermeister, Bratcher, Singh, and McKee (2013) claimed that the high concentration of PAA (1,000 

ppm) used in a finishing chiller or dip tank would result in more than 2.0 Log10 CFU/ml inactivation in 

both Campylobacter and Salmonella counts. In contrast to the Australia and the USA, any chemical 

decontamination during poultry processing is currently banned in the European Union countries, 

including the use of PAA (BEUC, 2014). One of the concerns in the EU is the efficacy of PAA rather 

than the safety because they did not identify any major toxicity concerns of using PAA during processing 

(BEUC, 2014). Although the understanding of PAA on Campylobacter in chilling alone has been 

published previously (Bauermeister et al. 2008b; Chen et al. 2014; Park, Harrison & Berrang 2017; 

Ramirez-Hernandez, Brashears & Sanchez-Plata 2018; Smith et al. 2015), it is practically important to 

reflect actual commercial processing including scalding and chilling as a whole process to evaluate the 

impact of PAA as a antimicrobial agent. Thus, it is important to demonstrate the effectiveness of PAA 

based on the perspective of the entire process before the Australian poultry processing facilities are 

willing to consider switching from chlorine to PAA. 

To provide information on the effectiveness of PAA under the conditions relevant to poultry 

processing, this study evaluated the survival of Australian poultry C. jejuni strains in three food matrices, 

representing the cells in planktonic and attached status, under the conditions that mimicked eight 

different processing combinations. The data generated provides an indication of the performance of 

PAA application during poultry processing as well as identifying suitable food matrix(es) that could be 

used to reflect processing conditions used in poultry facilities. 

 

4.2 Material and Methods 

4.2.1 Bacterial strains 

Two poultry C. jejuni strains were chosen for this investigation, strains 2674 and 2704. Both strains 

were isolated from a previous investigation of the poultry industry in Australia and chosen based on 

their respective response to heat and chlorine treatment (Duffy 2019). Among 11 poultry C. jejuni strains, 

strain 2674 was the most resistant strain to 1.10 ppm chlorine and when subjected to 53°C and 57 °C 

in the buffered peptone water (BPW) for 3 min the inactivation rates differed considerably, whereas 
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strain 2704 was more susceptible than strain 2674 in the presence of chlorine and demonstrated the 

same inactivation rate regardless of the scalding temperature (53°C and 57°C) (Duffy, 2019).  

Bacterial strains were recovered on modified charcoal-cefoperazone-deoxycholate agar (mCCDA) 

plates with antibiotic supplement (SR0155E, Oxoid) at 42°C for 48 h under 5% CO2 atmosphere 

generated within a CB150 incubator (Binder, Tuttlingen, Germany). A single colony of each strain was 

transferred into a flask fitted with a vented cap (Corning, New York, USA) containing 100 ml nutrient 

broth No. 2 (Oxoid) which had been warmed to 42°C. The inoculated broth was agitated at 80 rpm and 

incubated at 42°C for 48 h under 5% CO2 atmosphere, resulting in a culture with 9.02 ± 0.16 Log10 

colony forming unit per millilitre (CFU/ml). 

 

4.2.2 Preparation of food matrices and samples 

Three different types of food matrices were used (Table 4.1), including BPW (designated as M1), 

skinless chicken breast meat (M2) and a meat-based broth made from a combination of chicken breast 

meat and BPW (M3). The purpose of M2 and M3 was to mimic the situation where Campylobacter 

strains may be attached to chicken meat or exposed in an immersion chilling tank, with the presence of 

organic matter. All the skinless chicken breast meat was purchased at one time from a local 

supermarket. 

The skinless chicken breast meat (M2) was cut into several small cubic portions with a weight of 5.0 

± 0.1 g and ~0.5 cm thick. All portions of the chicken breast meat were treated under an ultraviolet (UV) 

light for 1 h to ensure no interference of the residual bacteria to Campylobacter during which the meat 

was turned upside down after 30 min.  

The meat-based broth (M3) was prepared by stomaching 20 ± 0.1 g the skinless chicken breast 

meat (UV treated as mentioned previously) within 50 ml BPW in a stomacher bag that had a filter (280 

nm porosity; Interscience, France) for 1 min. The filtered meat-based broth was transferred by pipetting 

into a pre-sterilised 250 ml jar with lid (SARSTEDT, South Australia) for the investigation. 
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The preparation of samples for the investigation is shown in Table 4.1. For the samples in the BPW 

broth matrix (M1), 1 ml of the cell cultures was mixed with 5 ml BPW in a 50 ml falcon tube. For the 

skinless chicken breast meat matrix (M2) samples, 1 ml of the cell cultures was added to a 25 ml jar 

with lid (SARSTEDT, South Australia) which contained the UV treated meat portion. The meat was then 

incubated at 42°C under 5% CO2 atmosphere for 1 h to allow cells to attach to the meat surface. The 

meat was then transferred to a 50 ml falcon tube. For the samples in the meat-based broth matrix (M3), 

1 ml of the cell cultures was mixed with 5 ml of the meat-based broth in a 50 ml falcon tube. 

The food matrices and samples were all prepared on the day of the experiment, before being 

subjected to the various mimicked processing conditions. 

 

4.2.3 Poultry processing conditions mimicked in laboratory 

To determine the impact of current poultry processing interventions, the investigation mimicked eight 

different conditions in the laboratory (C1 to C8) as described in Table 4.2. In terms of the thermal 

intervention in Step 1, M1 and M3 broths were heated at 54.5°C and 57°C in waterbaths respectively 

for 30 min prior to adding cells, whereas the empty falcon tubes of M2 were heated at 54.5°C and 57°C 

in waterbaths respectively for 30 min. After this point, the chicken breast meat incubated at 42°C was 

transferred into the falcon tubes. For the Hold in Step 2 which represented the processes between 

scalding and chilling in a standard commercial processing facility, all samples were placed in a shaking 

incubator at 30°C for 30 min. In Step 3, samples in the mimicked conditions of C1 and C2 were mixed 

with 4 ml BPW with the temperature of 30°C and placed in the 30°C shaker for 30 min. For the 

processing conditions of C3 to C5 which represented chilling alone, a volume of 4 ml BPW chilled to 

Table 4.1 Preparation of food matrices and samples 

Food matrix Food matrix preparation Sample preparation 

M1 Buffered peptone water (BPW) 1 ml cell culture + 5 ml M1 

M2 5.0 ± 0.1 g skinless chicken breast meat treated 
for 1 hr under U.V.  

1 ml cell culture + M2, incubated 1 hr under 
5% CO2 atmosphere at 42°C 

M3 
Filtered meat-based broth by stomaching 20 ± 0.1 
g U.V. treated skinless chicken breast meat with 
50 ml BPW, to mimic immersion chilling tank 

1 ml cell culture + 5 ml M3 
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4°C was added to the samples. For the processing conditions of C6 to C8 that represented chilling with 

chilled PAA, PAA was stored at 4°C and diluted with BPW from the original ~39% solution (Product 

code 77240-100ML, Sigma-Aldrich, Australia) to 200 ppm according to PAA test strips (Merck, Germany) 

and then a 4 ml volume of 200 ppm PAA was added to samples in M1 and M3. The samples in M2 were 

mixed with 5 ml chilled BPW (4°C) and then a 4 ml volume of 200 ppm PAA was added. As a result, all 

samples were exposed to 80 ppm PAA in the final mixture. The control samples (1 ml cell culture with 

5 ml BPW) were mixed with a further 4 ml BPW (30°C) at Step 3. 

 

Table 4.2 The mimicked processing conditions  

Condition 
Mimicked processing conditions in laboratory 

Step 1 (3.5 min, 100 rpm) Step 2 (30 min, 100 rpm, 30°C) Step 3 (30 min, 100 rpm, 4°C) 

C1 Heat (54.5°C) Hold  Hold 

C2 Heat (57°C) Hold Hold 

C3 Hold Hold Chill 

C4 Heat (54.5°C) Hold Chill 

C5 Heat (57°C) Hold Chill 

C6 Hold Hold Chill + PAA 1 

C7 Heat (54.5°C) Hold Chill + PAA 

C8 Heat (57°C) Hold Chill + PAA 

1 The concentration of PAA that C. jejuni was exposed to was 80 ppm in chilled BPW in the final mixture.  

 

At the end of experiment, a further 100 μl of 100 mM sodium carbonate was added to all samples to 

neutralise any residual PAA in conditions C6 to C8. The samples of skinless chicken breast meat matrix 

were vortexed for 30 s. Thereafter, all samples were 10-fold serial diluted with BPW. 100 μl of each 

dilution was spread onto a mCCDA plate and the plates were incubated at 42°C for 48 h under 5% CO2 

atmosphere before obtaining bacterial counts. 

The impact of mimicked processing conditions was compared to a control condition in the respective 

three food matrices, which involved maintaining 1 ml of the C. jejuni cultures in a 50 ml falcon tube and 

were treated by the same three steps with BPW at 30°C. The controls were incubated in a shaker at 

30°C (100 rpm; Thermoline, New South Wales, Australia) for the entire experiment.  



Chapter 4 

90 

To overcome the batch effect of the bacterial strains, each strain had two technical replicates carried 

out at the same time on the day of study and the experiments were repeated on three different days, 

which the level of all Campylobacter inoculum was 9.02 ± 0.16 Log10 CFU/ml. The aerobic plate counts 

on the chicken breast meat after UV treatment, for each replicate, were enumerated on 3MAerobic 

Plate Count PetriFilm according to the manufacturer’s instruction (3MHealth Care, St Paul, 

Minnesota, USA). The aerobic plate counts for all UV treated meat were <3.12 Log10 CFU/ml. The mean 

Campylobacter inoculum on the meat (9.02 ± 0.16 Log10 CFU/ml) was significantly (p<0.01) higher than 

the total aerobic plate count and combined with the use of the Campylobacter selective agar, the impact 

of residual bacteria on meat after UV treatment was considered limited. 

 

4.2.4 Statistical analysis 

Colony counts of samples were enumerated and transformed as Log10 CFU/ml. The C. jejuni 

inactivation of each replicate for each strain was calculated by comparing the count of C. jejuni at the 

end of each processing condition to the count in the respective control condition that was kept in 30°C 

shaker for the experiment. Then a mean value of C. jejuni inactivation for each strain was determined 

based on the six replicates for each processing condition obtained from the repeated experiments. 

RStudio® version 1.2.1335 was used to perform One-way analysis of variance (ANOVA) with student’s 

t-test by ggsignif version 0.5.0 to compare inactivation between different processing interventions and 

between different food matrices, and the visualisations of results were generated by ggplot2 version 

3.1.1. In this study, unless stated otherwise, “*” indicates p<0.05, “**” indicates p<0.01, “***” indicates 

p<0.001, and “NS” indicates Not Significant. 

 

4.3 Results 

The results from the two poultry strains were pooled and a mean value calculated to evaluate the 

antimicrobial effects of each processing condition (Fig 4.1). The impact of different processing 

interventions in reducing C. jejuni using laboratory-based food matrices based on different scalding 

temperatures is demonstrated in Table 4.3, using the mean values of the C. jejuni inactivation from 

various processing conditions (Fig 4.1). The detailed inactivation levels of each C. jejuni strain after 

eight processing conditions in three food matrices are shown in Appendix C: Table C1. 
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Table 4.3 Comparison of different mimicked processing interventions on C. jejuni inactivation in three 
food matrices (mean ± SD Log10 CFU/ml) 1, 2, 3  

 Buffered peptone 
water (M1) 

Chicken breast 
meat (M2) 

Meat-based broth 
(M3) 

Scalding temperature 54.5°C 

C7 – C1 (Heat/Chill + PAA vs. Heat) 1.99 ± 2.02 ** 0.42 ± 0.36 ** 0.49 ± 0.93 NS 

C4 – C1 (Heat/Chill vs. Heat) -0.31 ± 1.50 NS -0.13 ± 0.31 NS 0.17 ± 1.02 NS 

C7 – C4 (Heat/Chill + PAA vs. Heat/Chill) 2.30 ± 2.07 ** 0.54 ± 0.38 *** 0.32 ± 1.05 NS 

Scalding temperature 57°C 

C8 – C2 (Heat/Chill + PAA vs. Heat) 1.55 ± 1.84 * 0.47 ± 0.37 *** 0.48 ± 0.79 NS 

C5 – C2(Heat/Chill vs. Heat) -0.42 ± 0.96 NS -0.13 ± 0.29 NS 0.12 ± 0.74 NS 

C8 – C5(Heat/Chill + PAA vs. Heat/Chill) 1.97 ± 1.79 ** 0.59 ± 0.33 *** 0.36 ± 0.78 NS 

Scalding temperature from 54.5°C to 57°C 

C2 – C1 (Heat vs. Heat) 0.91 ± 1.25 * 0.01 ± 0.31 NS 1.02 ± 0.83 *** 

C5 – C4 (Heat/Chill vs. Heat/Chill) 0.81 ± 1.27 * 0.01 ± 0.28 NS 0.97 ± 0.95 ** 

C8 – C7 (Heat/Chill + PAA vs. Heat/Chill + PAA) 0.48 ± 2.43 NS 0.06 ± 0.41 NS 1.01 ± 0.90 ** 

Chilling with/without PAA 

C6 – C3 (Chill + PAA vs. Chill) 5.07 ± 1.91 *** 0.81 ± 0.24 *** 0.35 ± 0.36 ** 
1 For each processing condition and each C. jejuni strain there were six replicates. The inactivation of each 

replicate was calculated by comparing the count of C. jejuni at the end of each processing condition to the 

count in the respective control condition that was kept in 30°C shaker for the experiment. Mean ± SD values of 

C. jejuni inactivation for each strain was determined based on the six replicates for each processing condition 

obtained from the repeated experiments. Differences in C. jejuni inactivation between processing conditions in 

the table were finally calculated by subtracting the mean ± SD values. 

2 Each processing condition involved three steps: Step 1 was 3.5 min Heat at either 54.5°C  or 57°C  in a 100 

rpm shaking waterbath or Hold at 30°C  in a 100 rpm shaker; Step 2 is 30 min Hold at 30°C in a 100 rpm shaker 

for all conditions; and Step 3 is either 30 min Chill at 4°C in a 100 rpm shaking waterbath with/without 80 ppm 

PAA or 30 min Hold at 30°C in a 100 rpm shaker; 

3 “*” indicates p<0.05, “**” indicates p<0.01, “***” indicates p<0.001, and “NS” indicates Not Significant. 
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Fig 4.1 Mean bacterial inactivation of two C. jejuni poultry strains on three food matrixes through eight mimicked processing conditions (C1-C8). “*” indicates 

p<0.05, “**” indicates p<0.01, “***” indicates p<0.001, and “NS” indicates Not Significant. C1 represents the processing condition Heat (54.5°C) only, C2 

represents Heat (57°C) only, C3 represents Chill only, C4 represents Heat (54.5°C)/Chill (4°C), C5 represents Heat (57°C)/Chill (4°C), C6 represents Chill + 

PAA (80 ppm), C7 represents Heat (54.5°C)/Chill (4°C) + PAA (80 ppm), and C8 represents Heat (57°C)/Chill (4°C) + PAA (80 ppm). Each processing condition 

involved three steps: Step 1 was 3.5 min Heat at either 54.5°C  or 57°C  in a 100 rpm shaking waterbath or Hold at 30°C  in a 100 rpm shaker; Step 2 is 30 min 

Hold at 30°C in a 100 rpm shaker for all conditions; and Step 3 is either 30 min Chill at 4°C in a 100 rpm shaking waterbath with/without 80 ppm PAA or 30 min 

Hold at 30°C in a 100 rpm shaker. 
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The time to achieve each temperature change is listed in Table 4.4. A 3.5 min scalding in Step 1 

only increased the temperature up to 53.3°C and 55.6°C in M1, 47.4°C and 49.5°C in M2, and 53.7°C 

and 56.1°C in M3 respectively, after adding C. jejuni cells at 42°C. In Step 2, it took 21 to 22 min for 

M1, 17 to 18 min for M2 and 23 min for M3 respectively to be reduced to a temperature of 30.9°C from 

Step 1. Finally, each food matrix in Step 3 took between 9 and 15 min to reach 4.9°C from 30.9°C in 

Step 2. 

 

Table 4.4. The recorded temperature and the time to reach the required temperature of different food matrices 
during the experiment 

Food matrix Scalding temperature 
Mimicked processing conditions in laboratory 

Step 1 (3.5 min) 1 Step 2 (30 min, 30°C) 2 Step 3 (30 min, 4°C) 3 

Buffered peptone 
water (M1) 

54.5°C 54.4°C to 51.4°C to 53.3°C 21 min to 30.9°C 10 min to 4.9°C 

57°C 57.0°C to 53.5°C to 55.6°C 22 min to 30.9°C 10 min to 4.9°C 

Chicken breast 
meat (M2) 

54.5°C 41.2°C to 47.4°C 17 min to 30.9°C 15 min to 4.9°C 

57°C 41.2°C to 49.5°C 18 min to 30.9°C 13 min to 4.9°C 

Meat-based broth 
(M3) 

54.5°C 54.3°C to 52.4°C to 53.7°C 23 min to 30.9°C 9 min to 4.9°C 

57°C 56.5°C to 50.7°C to 56.1°C 23 min to 30.9°C 10 min to 4.9°C 
1 The recorded temperatures in Step 1 for M1 and M3 were the temperatures of the broth in the waterbath to the lowest 

temperature when the cell culture (42°C) was added into the broth, and the highest temperature achieved within 3.5 min Heat 

treatment; the recorded temperatures in Step 1 for M2 were the temperatures of the meat from 42°C incubation to the highest 

temperature achieved within 3.5 min Heat treatment; 
2 The time taken to reach the required temperature in Step 2 for all food matrices, except at 57°C in M1 the recorded temperature 

was the lowest temperature achieved within 30 min Hold treatment; 

3 The time taken to reach the lowest temperature for all food matrices within 30 min in Step 3. 

 

Overall, the processing condition C3 (chilling alone) reduced C. jejuni numbers the least regardless 

of the food matrices (Fig 4.1), which the change in C. jejuni counts compared to the control ranged 

between -0.07 ± 0.24 Log10 CFU/ml and 0.16 ± 0.11 Log10 CFU/ml across three food matrices. Similarly, 

when the chill treatment was added after the heat treatment (scalding at 54.5°C and 57°C respectively), 

no significant changes (p>0.05) were observed comparing the results between Heat/Chill and Heat (Fig 

4.1 and Table 4.3) in all food matrices. A scalding temperature of 57°C produced a greater C. jejuni 

inactivation than the scalding temperature of 54.5°C in all food matrices (Table 4.3, comparing C1 and 

C2, C4 and C5, and C7 and C8 within each food matrix). The food matrices M1 and M3 resulted in a C. 



Chapter 4 

94 

jejuni inactivation from 0.48 – 1.02 Log10 CFU/ml. The impact of mixing PAA with Chill led to greater 

inactivation of C. jejuni counts compared to the respective condition without PAA in all food matrices 

(Fig 4.1 and Table 4.3). In M2 (chicken breast meat) there was no significant change noticed (p>0.05) 

until PAA was applied to the processing conditions (C6 to C8). However, in M3, the meat-based broth, 

there was no significant difference (p>0.05) between PAA and no PAA conditions, although an 

inactivation between 0.32 and 1.01 Log10 CFU/ml was observed. In terms of the food matrices, M1 had 

the most effective C. jejuni inactivation (>2 Log10 CFU/ml) after exposure to each processing condition 

compared to the control condition (Fig 4.1, Table 4.3). M2 had no C. jejuni inactivation greater than 1 

Log10 CFU/ml regardless of the processing conditions, whereas M1 and M3 had various levels of 

inactivation depending on the processing conditions. However, the reasons for the limited C. jejuni 

inactivation in M2 could be due to the fact that the temperature was not as high as that of the other two 

food matrices, although the different nature of the matrix between meat (M2) and liquid (M1 and M3) 

could also be another reason for cells to be in either an attached or planktonic state (Table 4.4). 

 

4.3.1 Impact of food matrices and processing interventions on C. 

jejuni inactivation 

For most of the mimicked processing conditions, the order of C. jejuni inactivation in three food 

matrices was M1 > M3 > M2. The exceptions were the condition C3 (chilling alone) where all three food 

matrices showed very similar results, 0.02 Log10 CFU/ml in M1, -0.03 Log10 CFU/ml in M2 and 0.08 

Log10 CFU/ml in M3 respectively, and the condition C6 (chilling with 80 ppm PAA) where the order was 

M1 > M2 > M3 (Appendix C: Table C1).  

When C. jejuni was exposed to scalding temperatures of 54.5°C and 57°C in M3 (meat-based broth), 

no significant changes of C. jejuni inactivation were observed (Table 4.3). The inactivation levels were 

all less than 0.50 Log10 CFU/ml. However, significant C. jejuni inactivation was noted in M1 and M2 

(p<0.05). C. jejuni inactivation was greater by 0.31 Log10 CFU/ml at 54.5°C and 0.42 Log10 CFU/ml at 

57°C in M1 when comparing Heat/Chill + PAA vs. Heat/Chill to Heat/Chill + PAA vs. Heat (between C7 

– C4 and C7 – C1). The same trend was demonstrated in M2, for which the C. jejuni inactivation were 

slightly larger by 0.12 Log10 CFU/ml for both 54.5°C and 57°C respectively when comparing Heat/Chill 

+ PAA vs. Heat/Chill to Heat/Chill + PAA vs. Heat (between C8 – C5 and C8 – C2). 
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When increasing the scalding temperature from 54.5°C to 57°C (Table 4.3), C. jejuni inactivation 

across different processing conditions varied in BPW (M1), was consistent in the meat-based broth 

(M3), but was not changed in the meat (M2). Between different combinations of processing interventions, 

e.g. Heat (C2 – C1), Heat/Chill (C5 – C4) and Heat/Chill + PAA (C8 – C7) respectively, the C. jejuni 

inactivation (Log10 CFU/ml) were larger by 0.91, 0.81 and 0.48 respectively in M1, and 1.02, 0.97 and 

1.01 respectively in M3. This indicates that increasing the scalding temperature from 54.5°C to 57°C 

would result in greater inactivation of C. jejuni in M1 and M3 than in M2. But Heat/Chill + PAA would 

likely have larger C. jejuni inactivation in M3 than in M1. 

When there was no scalding involved in the processing, as was the case by comparing the conditions 

of Chill and Chill + PAA (C3 and C6) (Table 4.3), all food matrices had a significant C. jejuni inactivation 

(p<0.01). They were 5.07 Log10 CFU/ml in M1, 0.81 Log10 CFU/ml in M2 and 0.35 Log10 CFU/ml in M3, 

respectively. However, the C. jejuni inactivation in M2 and M3 may be considered as biologically 

insignificant. In M1 and M2 (Fig 4.1), the C. jejuni inactivation from Chill + PAA (C6) was greater than 

any other processing conditions, including the conditions including all interventions as Heat/Chill + PAA.  

 

4.3.2 Variability between strains under the same processing 

intervention 

The effect of different combinations of processing interventions on the inactivation of individual C. 

jejuni strain that all started with Heat are compared and shown in Fig 4.2, in which Fig 4.2A and 4.2B 

represent the conditions beginning with scalding at 54.5°C and 57°C respectively. In M1, the presence 

of PAA in C7 at 54.5°C and C8 at 57°C caused more than 4.09 Log10 CFU/ml and 2.91 Log10 CFU/ml 

inactivation respectively for strain 2674 compared the conditions without PAA. However, strain 2704 

showed relatively consistent inactivation across the conditions in M1 which was within a 0.66 Log10 

CFU/ml difference regardless if there was PAA added or not. When PAA was not added in the 

processing conditions, the impact of increasing the scalding temperature from 54.5°C to 57°C was 

compared. The inactivation for strain 2674 was greater by 1.61 and 1.77 Log10 CFU/ml in M1 and 1.11 

and 1.34 Log10 CFU/ml in M3, comparing C2 to C1 and C5 to C4 respectively. However, strain 2704 

demonstrated less inactivation change than strain 2674 comparing the change of scalding temperature 

at the same conditions, which increased by 0.15 and 0.21 Log10 CFU/ml in M1 and 0. 59 and 0.94 Log10 

CFU/ml in M3 respectively.  
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Fig 4.2 Comparison of different mimicked processing conditions (C1-C8) on reducing two C. jejuni strains. The processing conditions are categorised according 

to scalding temperature, A represents scalding at 54.5°C and B represents scalding at 57°C. C1 represents the processing condition Heat (54.5°C) only, C2 

represents Heat (57°C) only, C4 represents Heat (54.5°C)/Chill (4°C), C5 represents Heat (57°C)/Chill (4°C), C7 represents Heat (54.5°C)/Chill (4°C) + PAA 

(80 ppm), and C8 represents Heat (57°C)/Chill (4°C) + PAA (80 ppm). Each processing condition involved three steps: Step 1 was 3.5 min Heat at either 54.5°C  

or 57°C  in a 100 rpm shaking waterbath or Hold at 30°C  in a 100 rpm shaker; Step 2 is 30 min Hold at 30°C in a 100 rpm shaker for all conditions; and Step 

3 is either 30 min Chill at 4°C in a 100 rpm shaking waterbath with/without 80 ppm PAA or 30 min Hold at 30°C in a 100 rpm shaker. 
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4.4 Discussion 

An insignificant impact of chilling on C. jejuni survival was observed (p>0.05) and also following 

scalding in the absence of PAA. These data suggest that chilling without any additional aids will not 

significantly impact C. jejuni when chickens are being processed through a commercial facility, 

particularly when C. jejuni cells are attached to chicken meat or exposed in an immersion chilling tank. 

This outcome agreed with previous investigations (Boysen, Nauta & Rosenquist 2016; Lillard 1990; 

Mulder et al. 1976). The increased level of C. jejuni inactivation when the scalding temperature was 

increased from 54.5°C to 57°C was expected, aligning with the conclusion from the review of Keener 

et al. (2004), the scalding model of Osiriphun et al. (2012), and the general concept that temperature 

drives inactivation rates when growth is prevented by other non-thermal forms of stress (Ross, Zhang 

& McQuestin 2008). However, all previous work was on chicken carcasses through commercial settings 

rather than in the laboratory-based food matrices under mimicked processing conditions. The similar 

results found in this study compared to the previous work proved the relevance of the laboratory-based 

food matrices and the mimicked processing conditions to reflect the reality that C. jejuni experiences 

during a factory production. The reduced C. jejuni inactivation across processing conditions in the 

chicken breast meat (M2) compared to other food matrices in this study could be due to the temperature 

in Step 1 not being as high as the other two food matrices which were the BPW (M1) and the meat-

based broth (M3). The lower relative temperature impact on the meat during scalding at least partially 

may simulate the multi-scald system that usually operates in commercial poultry processing plants 

(Umaraw et al. 2017).  

Adding 80 ppm of PAA in immersion chilling caused significant C. jejuni inactivation compared to 

the results from the same process without PAA, both in BPW broth and in chicken meat. The application 

of PAA during chilling reduced C. jejuni on the chicken meat significantly (p<0.001), even though the 

decrease was less than a previous study (Bauermeister et al. 2008b). This might be due to the lower 

concentration of PAA used in this study, 80 ppm compared to 200 ppm in the study of Bauermeister et 

al. (2008a), or the methodological differences between studies in which Bauermeister et al. (2008a) 

inoculated Campylobacter onto chicken carcasses and processed through a pilot facility using the chiller 

water collected from a commercial poultry processing plant. Despite this, both the current and previous 

studies demonstrate the effectiveness of PAA in chilling to control Campylobacter on chicken meat 

through poultry processing. In addition, PAA in chilling without prior scalding (C6) resulted in the most 
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C. jejuni inactivation than any other processing conditions in BPW and in the meat, especially more 

than the combination of Heat (54.5°C and 57°C)/Chill + PAA in both BPW and the meat (C7 and C8). It 

potentially indicates that scalding at high temperature seemed to have some impact on C. jejuni 

physiology leading to cross-protection against subsequent oxidative stress. Similar survival 

mechanisms where the heat shock response cross-protects microorganisms from an oxidative stress 

have been studied in E. coli, Listeria, etc. (Bucur et al. 2018; Dawoud et al. 2017; Jitprasutwit et al. 

2014; King et al. 2016; Marcén et al. 2017; Oksala et al. 2014). More recently, Kocharunchitt et al. 

(2020) confirmed their hypothesis (King et al. 2016) that E. coli became more susceptible to the 

oxidative stress when exposed to low temperature. Duffy (2019) showed in a transcriptomic 

investigation of C. jejuni NCTC11168 treated by 1.10 ppm chlorine that some heat stress response 

genes were upregulated. It may also be the case that the heat stress response provides an equivalent 

advantage to enable C. jejuni cells to survive better under PAA treatment, although the mode of action 

between chlorine and PAA may be different. Thus, these responses in Campylobacter require further 

study to explore the survival mechanism when Campylobacter is exposed to PAA. 

In contrast, the inactivation of C. jejuni subjected to PAA was not significant (p>0.05) in the meat-

based broth compared to the conditions without PAA at either scalding temperature tested in the study. 

Additionally, the meat-based broth was designed to simulate an environment with a high content and 

variety of organic matter, including protein from muscle exudate, to which C. jejuni may be exposed in 

a commercial immersion chilling tank (Northcutt et al. 2008; Offer et al. 1989). The change of C. jejuni 

inactivation between Chill + PAA (C6) and Chill (C3) revealed the impact of three food matrices being 

M1 > M2 > M3. The lower C. jejuni inactivation when PAA was added in the meat-based broth than in 

BPW or in meat indicated the organic matter suspended in the chilling water may help planktonic C. 

jejuni cells survive by interacting with PAA when added to the chilling tank. Similar protection was noted 

when Campylobacter was exposed to chlorine in a broth without organic matter compared to an 

attached status on a meat surface (Sukted et al. 2017). Thus, it is important to minimise the influence 

of organic matter when adding processing aids in the chilling water, e.g. PAA and chlorine. For instance, 

applying PAA in secondary immersion chilling tanks where multi-stage immersion chilling has been 

employed could be a consideration due to a decrease in organic matter in the second immersion chilling 

tank (Park, Harrison & Berrang 2017). Alternatively, it may work when spraying PAA on chicken meat 

directly. PAA could be sprayed on chicken carcasses during air chilling, or during the post-chill dip step. 
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However, limited studies have examined the possibility of applying PAA as a spray compared to as an 

immersion. Smith et al. (2015) claimed the immersion chilling with PAA produced more significant 

reduction of Campylobacter than the spray application on chicken carcasses, whereas Dogan et al. 

(2019) suggested otherwise. A more recent study by Kocharunchitt et al. (2020) demonstrated that 

applying PAA by spray onto beef during simulated chilling was effective in reducing enteric pathogen 

contamination on beef meat. Accordingly, the antimicrobial effect of PAA during air chilling in poultry 

processing should be evaluated and compared with those effects when applied during immersion 

chilling to draw definitive conclusions on intervention effectiveness in poultry processing. 

From a previous study of the two Campylobacter strains (strain 2674 and strain 2704) subjected to 

1.10 ppm chlorine in broth (Duffy 2019), it was found that strain 2674 was more resistant than strain 

2704. Here it was found that strain 2674 was generally more susceptible than strain 2704 to PAA. This 

observation further supports the contention that PAA could be a suitable alternative of chlorine as a 

processing aid. An earlier study by Bauermeister et al. (2008b) demonstrated the incidence of 

Campylobacter positive carcasses was reduced by 43.4% using 85 ppm PAA compared to 12.8% when 

using 30 ppm chlorine in a commercial immersion chilling tank. 

Another consideration of replacing chlorine with PAA is the bleaching effect and the unpleasant 

odour from residual chlorine on chicken products. An advantage of utilising PAA in poultry processing 

is that, on the one hand, it has a fast decomposition rate (Kunigk, Silva & Jurkiewicz 2012; Yuan, Ni & 

Van Heiningen 1997), especially under high temperature and organic matter conditions. PAA is typically 

decomposed to produce residuals such as oxygen and water and would be considered as safe (Rood 

et al. 2018), compared to other disinfectants that potentially pose risks to workers and consumers. 

Research suggests PAA by-products affect neither the final products nor the wastewater treatment 

process (Kunigk et al. 2001; Smith et al. 2015), making it an environmentally friendly candidate for 

poultry processing. Studies have also shown that using PAA  at 400-1000 ppm in a short contact time 

of 20 s in poultry processing would have no impact to the sensory acceptance of poultry products (Chen 

et al. 2014; Nagel et al. 2013). Hence, adding PAA in chilling during poultry processing could solve the 

issues that chlorine causes such as bleached poultry products with an unpleasant odour. 

 

4.5 Conclusion 
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This study used laboratory-based food matrices and mimicked current poultry processing conditions 

to evaluate the effectiveness of processing interventions in a laboratory to reflect a commercial setting. 

The purpose of the study was to provide insights into the usefulness of three food matrices and the 

processing interventions individually and together in order to establish some connection between a 

laboratory-based study and the commercial reality. From the observations made here, using PAA in 

chilling would produce greater C. jejuni inactivation in all food matrices compared to the processing 

conditions without PAA, although the inactivation varies between food matrices. The impact of the food 

matrices that mimicked the immersion chilling tank (the meat-based broth from stomaching chicken 

breast meat with BPW) revealed that organic matter in broth greatly reduced the antimicrobial effects 

of PAA. Therefore, it suggests that washing chicken carcasses properly prior to plunging chicken 

carcasses in immersion chilling tanks is important to improve C. jejuni inactivation, if PAA is added 

through immersion chilling. The benefits of using PAA in chilling to control Campylobacter as opposed 

to using chlorine could lead to greater inactivation in Campylobacter populations and prevalence without 

impacting the quality of poultry products, and thus help reduce the public health burden. However, 

further studies of PAA application during commercial practices are still required to confirm this as well 

as determining the shelf life impact of PAA from the perspective of sensory properties. 
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Chapter 5 – Global proteome responses of Campylobacter 

when exposed to peracetic acid 

 

5.1 Introduction 

Chlorine is used as a standard antimicrobial agent for poultry processing to control foodborne 

pathogens and other microorganisms on chicken products in Australia. However, there are 

considerations of replacing chlorine usage with alternative sanitizers due to several reasons: 1) the 

limited effectiveness of chlorine in reducing Campylobacter (Duffy et al. 2014; Northcutt et al. 2005; 

Zhang et al. 2018); 2) its bleaching effect on chicken (James et al. 1992): 3) possible carcinogenic by-

products generated when interacting with organic matter during immersion chilling, such as chloroform 

and bromodichloromethane (Gad & Pham 2014; Micciche et al. 2018), and 4) the unpleasant odour on 

chicken from the residual chlorine resulting in customer complaints. All these considerations have led 

to consumer concerns and consequently require poultry processors to look for alternative antimicrobial 

sanitation approaches. 

Peracetic acid (PAA) has emerged as an antimicrobial agent for commercial application that 

decomposes into residues such as water and oxygen (Crebelli et al. 2005; Dell'Erba et al. 2007; 

Veschetti et al. 2003). It is considered as safe and has been registered by the Australia New Zealand 

Food Authority (2009) as a processing aid for all food, providing that the final food products contain no 

more than 0.7 mg/kg PAA. Poultry processors in the USA utilise PAA during poultry processing with the 

concentration between 200 and 2000 ppm through chilling depending on actual chilling periods (USDA-

FSIS 2019). This has proven to be effective in reducing Campylobacter numbers and prevalence on 

chicken carcasses during chilling (Bauermeister et al. 2008b; Chen et al. 2014; Feye et al. 2019; Park, 

Harrison & Berrang 2017). However, the survival mechanisms of Campylobacter under PAA treatment 

are poorly understood. In addition, most previous studies only evaluated the impact of PAA on 

Campylobacter during chilling (Chen et al. 2014; Park, Harrison & Berrang 2017; Ramirez-Hernandez, 

Brashears & Sanchez-Plata 2018; Smith et al. 2015). The work described in Chapter 4 of an in vitro 

food matrix system proposed a survival mechanism that heat stress proteins induced by prior scalding 

may cross-protect Campylobacter in the subsequent PAA treatment. It is a survival mechanism 
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identified in Escherichia coli, Listeria, etc. by previous studies (Bucur et al. 2018; King et al. 2016; 

Marcén et al. 2017; Oksala et al. 2014). 

It is important to understand the survival mechanism of Campylobacter when subjected to PAA over 

a period of time, in order to provide the scientific evidence to poultry processors about the 

implementation of PAA, especially where PAA should be added during chilling throughout poultry 

processing. As a result, this study aimed to map the proteome changes of one Australian 

Campylobacter jejuni poultry strain, strain 2704, when subjected to a sub-lethal concentration of PAA 

(60 ppm) for 45 min.  

 

5.2 Material and Methods 

5.2.1 Bacterial strain 

C. jejuni strain 2704 was used in this study based on its resistance to PAA from the results described 

in Chapter 4. It was recovered on modified charcoal-cefoperazone-deoxycholate agar (mCCDA) plates 

with antibiotic supplement (SR0155E, Oxoid) at 42°C for 48 h under 5% CO2 atmosphere generated 

within a CB150 incubator (Binder, Tuttlingen, Germany). A single colony of the strain was transferred 

into a flask fitted with a vented cap (Corning, New York, USA) containing 100 ml nutrient broth No. 2 

(NB2; Oxoid) which had been warmed to 42°C. The NB2 broth containing the cells was agitated at 80 

rpm and incubated under 5% CO2 in the CB150 incubator for 18 h. The resulting broth was centrifuged 

at 12,000 g for 4 min at 4°C (Sigma 4-16K, Germany) to collect the pellet. The pellet was re-suspended 

in NB2 with 20% glycerol and measured in a plate reader (PerkinElmer, MA, USA) to achieve the 

absorbance of OD600 ≈ 0.02 ± 0.05, which indicated a culture of ~108 CFU/ml. The culture was aliquoted 

to the microcentrifuge tubes to be used as the inoculum for the proteomic experiments and stored at -

80°C. The inoculum of strain 2704 was prepared and used within two weeks of conducting the PAA 

assay.  

 

5.2.2 Sample preparation and peracetic acid assay 

To monitor the proteome changes of strain 2704 during the 45 min PAA treatment, the whole 

proteome of strain 2704 was extracted at four time points (0, 15, 30 and 45 min). Twelve flasks of strain 

2704 culture were prepared 18 h before the day of testing, consisting of three technical replicates for 
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each of four time points. Briefly, the culture inoculum was thawed on ice for 30 min. Then 100 μl of the 

culture inoculum was inoculated into a flask with a vented cap containing 200 ml NB2 at 42°C and 

incubated at 42°C under 5% CO2 atmosphere in the CB150 incubator for 18 h. On the day of testing, 

the culture was centrifuged at 12,000 g for 4 min at 4°C, the pellet was resuspended in Phosphate 

Buffered Saline (PBS) and the absorbance was adjusted to OD600 ≈ 0.20 ± 0.05. The resulting cell 

suspension was used as a working culture in the PAA assay.  

As per the PAA assay, PAA was diluted in PBS from the original ~39% solution (Product code 77240-

100ML, Sigma-Aldrich, Australia) to 200 ppm according to PAA test strips (Merck, Germany) and then 

further diluted to 80 ppm. Immediately after the 80 ppm PAA solution was prepared, the PAA solution 

was added to the flask with a vented cap containing one volume of the sample culture, in which a ratio 

of 1:3 (C. jejuni culture vs PAA solution) was pre-determined as a sub-lethal concentration to induce 

the oxidative response of strain 2704 (Appendix D: Fig D1). Therefore, the PAA concentration that 

Campylobacter was exposed to was 60 ppm. The mixture was placed on a shaker at 100 rpm for 45 

min at ambient temperature. The samples at 0 min time point were subjected to PBS instead of PAA, 

as a control. At the end of other time points (15, 30 and 45 min), 2 ml of 100 mM sodium carbonate was 

added into each flask to neutralise any residual PAA. In addition, 1 ml of C. jejuni culture at each time 

point after the PAA assay was taken for microscopic examination using live/dead bacterial cell staining 

(Life technologies, Australia) following manufacturer’s instructions to confirm the viability of the C. jejuni 

cells (Appendix D: Fig D2).  

 

5.2.3 Protein extraction 

The mixture of C. jejuni cells and the PAA solution (and PBS for the control) were centrifuged at 

12,000 g for 4 min at 4°C to collect cell pellets. The pellets were washed twice with ice-cold PBS and 

reconstituted in 500 μl of 100 mM 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid, N-(2-

Hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid) (HEPES). Then the suspension was transferred to 

a PowerBead tube containing 0.1 mm glass beads (QIAGEN, Germany) and lysed by 6 rounds of 30 s 

bead beating with 1 min resting in iced water between rounds. The cell debris was removed by 20,000 

g at 4°C for 20 min. The supernatant containing the soluble protein was centrifuged one more time by 

20,000 g at 4°C for 10 min and transferred to a fresh microcentrifuge tube to make sure no beads were 
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left in the samples. The final collection of protein extracts was quantified on a Qubit® 2.0 Fluorometer 

(Life Technology, Singapore) using the Qubit® protein assay (Life Technology, USA). 

 

5.2.4 Protein digestion 

A quantity of 100 μg of protein extract was freeze-dried for 2 h and reconstituted in 100 μl denaturing 

buffer (8 M urea, 100 mM Tris, pH 8.0) and 10 μl 100 mM dithiothreitol (DTT) on a shaker at 400 rpm 

for 45 min at room temperature. Then 100 μl 50 mM iodoacetamide (dissolved in 8 M urea and 100 mM 

Tris) was added into the protein extract and incubated in the dark for 20 min at 25°C. The alkylated 

sample was transferred onto a Millipore 10 kDa molecular weight cut-off (MWCO) filter (Millipore, 

Ireland), and was processed by two rounds of centrifugation (20,000 g for 20 min at 4°C) and washing 

(100 μl 100 mM ammonium bicarbonate, pH 8.0). For trypsinisation, 100 μl freshly prepared trypsin (50 

μg/ml in 100 mM ammonium bicarbonate) was added onto the filter to digest the protein for 18 h at 

37°C. The tryptic digests were centrifuged at 20,000 g for 20 min at 4°C. Then the filter was washed 

once with 100 μl 100 mM ammonium bicarbonate. The combined filtrate of peptides was kept at -80°C.  

The experiment was repeated on six different days (six biological replicates). There were three 

technical replicates performed at each of the time points of 0, 15, 30 and 45 min on each day. Therefore, 

in total 72 individual samples of strain 2704 were generated in this study (three technical replicates, 

four time points, six biological replicates). 

 

5.2.5 Mass spectrometry analysis and library generation 

All 72 samples digested with trypsin were evaporated to dryness and reconstituted in 90 μl of 1% 

formic acid and 10 μL of iRT peptide retention time standards (Biognosys, Zurich, Switzerland) before 

liquid chromatography tandem mass spectrometry (LC-MS/MS) as previously described (Colgrave et 

al. 2016). In total, seven biological pooled quality control (PBQC) samples were prepared from the 

digested samples. In brief, PBQC samples were prepared from six biological replicates and one pooled 

sample from the six PBQC. The peptide samples were chromatographically separated using an Ekspert 

nanoLC415 (Eksigent, Dublin, CA, USA) directly coupled to a TripleTOF 6600 (SCIEX, Redwood City, 

CA, USA). The peptides were desalted on a ProteCol C18 (10 mm × 300 µm id) trap column at a flow 

rate of 10 μL/min solvent A before separation on an Eksigent ChromXP C18 column (150 mm, 3 μm, 
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120 Å, 150 x 300 μm) at a flow rate of 5 μL/min. The injection volume was 4 µL for the data dependent 

acquisition (DDA) and data independent acquisition (DIA). 

 

5.2.6 SWATH data acquisition  

The extracted proteins were chromatographically separated as described for DIA. The MS source 

conditions were also identical. The TOF-MS survey scan was collected over the mass range of m/z 

350−2000 with a 250 ms accumulation time and the product ion mass spectra were acquired over the 

mass range m/z 100-2000 with 40 ms accumulation time. Variable window SWATH (Sequential Window 

Acquisition of All Theoretical Mass Spectra) acquisition was employed (Ludwig et al. 2018) using 100 

SWATH windows (including 1 Da overlap) spanning the mass range of m/z 350−2000 with SWATH 

windows determined using the SWATH variable window calculator 1.0 (SCIEX). Product ion SWATH 

spectra were acquired over the mass range m/z 100-2000 with a maximum accumulation time of 30 ms 

using rolling collision energy and a collision energy spread of 5. The total injection volume for SWATH-

MS acquisition was 2 µL. 

 

5.2.7 Processing of mass-spectrometry data  

Data files from IDA experiments were processed in ProteinPilot (version 5) and searched against 

the UniProt C. jejuni database (108,468 protein sequences, accessed 09/2019). This database was 

appended with common Repository of Adventitious Proteins and indexed Retention Time (Biognosys) 

peptide sequences. Proteins were confidently identified after applying a 1% false discovery rate (FDR) 

at both the protein and peptide levels. The processing settings were a maximum of six peptides per 

protein with six transitions per peptide. The peptide confidence was set to 95% (based on the database 

search FDR report), and the SWATH peak group FDR threshold was set to 1%. Subsequently, peptides 

were selected manually to ensure that all peptides used for quantitation were fully tryptic (no missed 

cleavages) and no unusual modifications, such as deamidation, acetylation, etc. were allowed. Peptides 

oxidised with methionine and pyroglutamination of N-terminal Gln were allowed during the final data 

curation. The fragment ions used for peak area extraction were manually curated to eliminate potential 

interference and ensure the correct peaks were selected. A retention time width of 5.0 min was used 

with a 75 ppm extracted ion chromatogram (XIC) width. The peak areas were exported to MarkerView 
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software (version 1.3.1) for preliminary data quality check and finally exported as a data matrix for 

further statistical analysis. 

 

5.2.8 Statistical analysis 

Statistical analyses were performed using SIMCA (Sartorius Stedim Biotech; version 15.0), 

MetaboAnalyst (Xia et al. 2009), BioVinci (version 1.1.4) and Microsoft Excel. Gene Ontology (GO) was 

performed using BLAST2GO software (Conesa et al. 2005), utilising C. jejuni proteins downloaded from 

the UniProt databases. One-way ANOVA with multiple comparisons was used to compare the median 

of five experimental groups depicted as violin plots; whilst t-tests were used to compare the mean for 

important variables displayed as box-plots. All proteins identified as significantly differentially expressed 

proteins (p<0.001) were manually curated against the annotated genome of strain 2704 using Prokka 

on Galaxy Australia (Afgan et al. 2018; Seemann 2014) for the further biological analysis.  

 

5.3 Results 

5.3.1 Establishing a proteomic map of PAA treated C. jejuni strain 

2704  

A sample of strain 2704 was treated with PBS and collected immediately for time 0 min (control 

sample). Then, samples treated with PAA at each time point were collected in triplicates and processed 

by means of the filter-aided sample preparation (FASP) protocol (Wisniewski et al. 2009). Seven 

biological pooled quality control (QC) samples (six QC samples from individual biological replicates and 

one was a pooled sample of six QC samples) were analysed by using information-dependent acquisition. 

Database search results showed the presence of 919 proteins (1% global FDR) and 14,089 peptides 

(5% global FDR) prior to data curation. To improve the quantitation consistency for proteins and 

peptides, all peptides were manually curated to remove peptides with missed cleavages and/or 

unwanted modifications (deamidation). After curation, a total of 2,246 unique peptides were quantified 

(from 591 unique proteins) at 1% peak group FDR. The curated peptide peak areas were exported to 

MarkerView software (SCIEX) to build a data matrix and to perform preliminary quality checks. 

Subsequently, all PeakView measurements were exported in Excel format, consisting of protein, 

peptide and ion level measurements for statistical analyses. Ion level measurements with more than 
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20% missing values were removed from further analysis. The remaining missing values were imputed 

using the impute R package. Ion responses were summed by peptide ID and normalized by median 

centre. Normalized peptide measurements were then summed by protein ID to obtain a final protein-

sample data matrix.  

To resolve the effect of PAA treatments on C. jejuni protein expression across four time points, 

unsupervised PCA was performed initially to assess the overall trend in the dataset (6 biological 

replicates × 4 time points × 3 technical replicates; Fig 5.1A). Due to acquisition error, one data file (from 

biological replicate 6 and treatment time point 15 min) was corrupted and thus this sample was removed 

from further analysis. The PCA scores plot illustrates possible presence of outliers, groups, similarities 

and trends in the dataset. The orthogonal PC 1 and PC 2 are completely independent of each other 

and PC1 explains the largest variation of the X space. Overall, PC1 explains 39% of variation in the 

data and PC2 explains 31%. Notably, the PCA plot reveals that the variation mostly originated from the 

treatment time points and the results can be further confirmed with the unsupervised and non-linear t-

SNE plot (Fig 5.1B). A t-SNE plot shows that samples collected at 0 min had similar protein abundance 

profiles and can be clustered together at the bottom left of the plot. To further determine the overall 

alteration of protein abundance across the four time points, comparative analysis was performed (Fig 

5.1C). The violin plot shows no significant changes in terms of total protein abundance variation 

between the four treatment groups. Unsupervised hierarchical clustering (HCA) based on proteome 

profiles of the top-50 differentially abundant proteins identified by t-test across the six biological 

replicates further strengthened the observation of proteome difference between the replicates and 

sample collection time points (Fig 5.1D).  
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Fig 5.1 Proteome changes upon peracetic acid treatment on Campylobacter jejuni strain 2704 using 

SWATH-MS proteomics. (A) Principal component analysis (PCA) scores plot, PC1 versus PC2 showing 

the variation in the relative protein quantitation (n=591 proteins). Each symbol represents one bacterial 

strain described by all detected proteins at a certain time point. Samples are labelled with biological 

replicates from 1 to 6 and coloured with treatment time points 0 min, 15 min, 30 min and 45 min. (B) A 

t-SNE plot demonstrates sample structure based on the relative protein quantitation (n = 591 proteins) 

by SWATH-MS from six biological replicates. (C) Violin plots show the distribution of protein responses 

within each sample treatment group. No difference was observed between the four treatment time 

points. The inset box plots show the median, IQR and 1.5 × IQR at the box centre, box edge and 

whiskers, respectively. Data were analysed using one-way ANOVA with Tukey’s multiple-comparisons 

test. (D) A heatmap shows the clustering (Ward’s minimum variance and Euclidian distance) of samples 

based on their protein contents. A t-test was performed to identify the 50 most differentially expressed 

proteins across 6 biological replicates. The colour density indicates the log2 transformed response of a 

given protein.  
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Within the top 50 proteins, ~42% proteins were related to enzyme activities and ~25% proteins were 

found to be ribosomal proteins. Ribosomal proteins are the structural component of ribosome and help 

in the protein translation process. Higher expression of ribosomal proteins across samples may reflect 

the alteration of protein machinery due to the PAA treatment. To further investigate the contribution of 

variables, i.e. proteins to classify the sample groups, a Random Forest classification algorithm was 

used. A list of the top 15 important variables which have high impact on the model accuracy is given in 

Fig 5.2. Notably, these top 15 proteins were consistently identified in the t-test results (Fig 5.1D) and 

validated the contribution of these variables to differentiate the sample groups. Notably, a number of 

proteins associated with enzyme activities were altered between biological replicates (Fig 5.2). For 

instance, 3-oxoacyl-[acyl-carrier-protein] reductase (FabH) was noted to be different between samples 

groups. 

 

 

Fig 5.2 Variables identification from Random Forest analysis. Top 15 important variables, i.e. proteins 

from 6 biological replicates, help to discriminate between the sample groups. 

 

HCA plot and a supervised Orthogonal Projection to Latent Structures-Discriminant Analysis (OPLS-

DA) were used to identify trends between the biological replicates and treatment groups. Fig 5.3A shows 

the clustering of samples based on their treatment time -points. As expected, all samples collected at 
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time 0 clustered together whilst samples collected from biological replicates at various time points were 

co-clustered. Two supervised OPLS-DA models were built on the biological replicates and on the 

treatment time points. The scores plot (Fig 5.3B) from OPLS-DA shows the separation in the predictive 

(horizontal) component (R2X(cum)=84%, R2Y(cum)=92%, Q2(cum)=78%) which simplifies the 

interpretation of which variables contribute to a distinct biological isolate-specific difference based on 

their protein contents. Overall, the model shows 29% of the variance was related to biological replicates, 

whereas 55% of the variance was unrelated to biological isolates (first five orthogonal components). 

Next, an OPLDA-DA model was built to understand the effect of treatment time course across all 

biological samples, where four treatment groups were used as a classifier. The first two predictive 

components are plotted in Fig 5.3C; 36% of the variance was related to treatment time course, whereas 

44% of the variance was unrelated to treatment time points (first of three orthogonal components). 

Through supervised analysis (Fig 5.3B and 5.3C) it can be seen that the biological replicates possess 

unique proteome characteristics, but the variation observed in the orthogonal components (vertical) 

was unrelated to biological replicates and was dependent on the collection time points. Fig 5.3C reveals 

the protein profile of strain 2704 after the four time treatments with sub-lethal PAA treatment. Samples 

were clustered into three groups where 30 min and 45 min were grouped together apart from two 

individual groups of 0 min and 15 min, indicating the protein profile of 30 min and 45 min were similar.  
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Fig 5.3 Clustering and comparative analysis of protein contents from C. jejuni (2704) strain. (A) The 

dendrogram for the 6 biological replicates (71 samples) resulting from hierarchical clustering based on 

the protein abundances generated from the SWATH-MS-based experiment. Each biological replicate 

was treated with peracetic acid, and the samples were collected after 0, 15, 30 and 45 min. Orthogonal 

projection to Latent Structures-Discriminant Analysis (OPLS-DA) scores plot of predictive components 

t[1] versus t[2] showing the supervised separation between (B) the six biological replicates and (C) four 

treatment groups. The ellipses shown in (B) and (C) represents the Hotelling’s T2 95% confidence 

interval for the multivariate data. Samples are median transformed, and variables are log10 transformed 

and pareto scaled. Samples are labelled with biological replicate and coloured with treatment time 

points.  
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5.3.2 Proteome expression changes between 0 min and 15 min 

To investigate the effect of PAA treatment on C. jejuni strain 2704, the proteome profiles were 

compared between 0 min and 15 min. The PCA scores plot shows separation based on the sample 

collection time point as well as some orthogonal separation originating from the biological replicates 

(Fig 5.4A). Overall, the model consisted of four principal coordinates that explain 81.1% of the variance 

within the dataset collected at 0 min and 15 min. The PC1 explains 42.9% largest variance whist PC2 

explains 29.4% variance within the dataset. Samples were coloured by 0 min and 15 min and labelled 

for the six biological and three technical replicates. A volcano plot was used to compare abundance 

differences between the two sample collection time points (Fig 5.4B). A total of 64 proteins (Appendix 

D: Table D1, representing 10.83% of the total 591 unique proteins) were altered between the two 

collection time points; 25 (4.23%) proteins were up-regulated and 39 (6.60%) proteins were down-

regulated in the samples collected after 15 min (Fig 5.4B). As Campylobacter was subjected to PAA 

and the hypothesis described in Chapter 4, proteins involved in responses to heat, oxidative, acidic and 

energy production were focused in the analysis. Fig 5.4C-D shows the up-regulation of two 

representative proteins from the 15 min incubation: Lon protease (Lon; FC=3.02) and thioredoxin 1 

(TrxA; FC=4.66); while Fig 5.4E-F shows the down-regulation of GMP synthase (GuaA; FC=0.25) and 

phosphomannomutase/phosphoglucomutase (AlgC; FC=0.24). GO analyses were performed to further 

contextualise the up- and down-regulated proteins collected after 15 min of PAA treatment. For instance, 

the proteins associated with the molecular function magnesium ion binding were over-represented (Fig 

5.4G); whilst the proteins associated with the hydrolase activity were under-represented (Fig 5.4H).  
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Fig 5.4 Identification of differentially abundant proteins comparing the 15-minute treatment to the control 

(0 min). (A) A PCA scores plot showing two separate clusters that correspond to the treatment groups, 

i.e. control (grey) and 15 min treatment (blue) based on proteins quantified in each biological replicate 

from the representative group. PC1 explains 42% variation while PC2 explains 29% of the total variation 

in the dataset; (B) A volcano plot visualizing the protein response differences between 15 min treatment 

and control C. jejuni (n=591 proteins; log2 FC vs –log10p). Proteins that are more abundant in the 15 

min treatment appear in the right-hand side while proteins that are less abundant are on the left-hand 

side. Examples of proteins showing altered abundance: (C) Lon protease (Lon; Fold Change (FC) 

=3.02); (D) thioredoxin 1 (TrxA; FC=4.66); (E) GMP synthase (GuaA; FC=0.25); (F) 

phosphomannomutase/phosphoglucomutase (AlgC; FC=0.24). Boxes represent median value and 

25th and 75th percentiles, whiskers are minimum to maximum, ***<0.001 as analysed by unpaired t-

test. Gene ontology (GO) results (molecular function) from analysis of C. jejuni proteins: (G) proteins 

with increased abundance (>log2 FC) after 15 min treatment; and, (H) proteins with decreased 

abundance (<log2 FC) after 15 min. 
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5.3.3 Proteome expression altered between 0 min and 30 min 

To assess the change of the proteome expression after 30 min of PAA treatment, an unsupervised 

PCA was used to identify any outliers and detect any groupings and trends in the data set. The PCA 

scores plot shows the separation of samples based the treatment time points; the scores for the first 

component model are shown in Fig 5.5A. A four component PCA model explains ~81% of the variance 

in the dataset; the first component explains 46% and the second component explains 27% of the total 

variance. The volcano plot shows up- or down-regulation of proteins after 30 min of treatment in 

comparison to the 0 min sample (Fig 5.5B). In total, 96 proteins (Appendix D: Table D1, representing 

16.24% of the total 591 unique proteins) were differentially expressed after 30 min treatment, in which 

36 (6.09%) proteins were up-regulated and 60 (10.15%) proteins were down-regulated after 30 min. 

Two representative proteins bacterioferritin (DNA protection during starvation protein as annotated in 

the genome of strain 2704) (Dps; FC=3.04) and histidine biosynthesis bifunctional protein (HisIE; 

FC=7.18) were up-regulated after 30 min of treatment (Fig 5.5C-D). Likewise, two example proteins: 

acyl carrier protein (AcpP; FC=0.20) and ATP-dependent protease subunit (HslV; FC=0.29) were down-

regulated after 30 min treatment (Fig 5.5E-F). GO analyses were performed to further contextualise the 

up- and down-regulated proteins after 30 min PAA treatment. Some molecular functions were up-

regulated after 30 min PAA treatment (Fig 5.5G), such as ATP binding and oxidoreductase activity, 

whereas some functional classes exhibited decreased abundance (Fig 5.5H), i.e. transferase and 

hydrolase. 
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Fig 5.5 Identification of differentially abundant proteins comparing the 30-min treatment to the control 

(0 min). (A) A PCA scores plot showing two separate clusters that correspond to the treatment groups, 

i.e. control (grey) and 30 min treatment (orange) based on proteins quantified in each biological replicate 

from the representative group. PC1 explains 46% variation while PC2 explains 27% of the total variation 

in the dataset; (B) A volcano plot visualizing the protein response differences between 30 min treatment 

and control C. jejuni (n=591 proteins; log2 FC vs –log10p). Proteins that are more abundant after 30 

min treatment appear in the right-hand side while proteins that are less abundant are on the left-hand 

side. Examples of proteins showing altered abundance: (C) bacterioferritin (DNA protection during 

starvation protein as annotated in the genome of strain 2704) (Dps; FC=3.04); (D) histidine biosynthesis 

bifunctional protein (HisIE; FC=7.18); (E) acyl carrier protein (AcpP; FC=0.20); (F) ATP-dependent 

protease subunit (HslV; FC=0.29). Boxes represent median value and 25th and 75th percentiles, 

whiskers are minimum to maximum, ***<0.001 as analysed by unpaired t-test. Gene ontology (GO) 

results (molecular function) from analysis of C. jejuni proteins: (G) proteins with increased abundance 

(>log2 FC) after 30 min treatment; and, (H) proteins with decreased abundance (<log2 FC) after 30 min. 
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5.3.4 Proteome expression altered between 0 min and 45 min 

The PCA scores plot shows the separation of samples based on the treatment time points; the 

scores for the first two components of the model are shown in Fig 5.6A. A five component PCA model 

explains 86% of the variance in the dataset where 43% and 32.8% variances were explained by PC1 

and PC2, respectively. A volcano plot (Fig 5.6B) was generated to visualise the proteins that are up- or 

down-regulated after the 45 min treatment in respect to the control, i.e. 0 min. Result shows that 102 

proteins (Appendix D: Table D1, representing 17.26% of the total 591 unique proteins) were changed 

after the 45 min treatment in comparison to the control group (Fig 5.6B). There were 41 (6.94%) and 

61 (10.32%) proteins were up- and down-regulated, respectively, after the 45 min treatment. Two 

example proteins that were up-regulated at the time point of 45 min were demonstrated in Fig 5.6C-D: 

iron-sulfur cluster carrier protein (ApbC; FC=2.57) and peroxiredoxin (Bcp; FC=2.54). Whilst another 

two representative proteins that were down-regulated at the time point of 45 min were shown in Fig 

5.6E-F: electron transport complex subunit (RsxB_2; FC=0.40) and pyrroline-5-carboxylate reductase 

(ProC; FC=0.28). GO analyses were performed to further contextualise the up- and down-regulated 

proteins detected after 45 min PAA treatment. The proteins associated with the molecular functions 

ATP-, DNA-, iron-sulphur cluster-binding and oxidoreductase activities were found to be increased (Fig 

5.6G). In comparison, the proteins involved in the molecular functions, such as transferase and 

hydrolase activities, were decreased (Fig 5.6H). 
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Fig 5.6 Identification of differentially abundant proteins comparing the 45-min treatment to the control 

(0 min). (A) A PCA scores plot showing two separate clusters that correspond to the treatment groups, 

i.e. control (grey) and 45 min treatment (dark red) based on proteins quantified in each biological 

replicate from the representative group. PC1 explains 43% variation while PC2 explains 32% of the 

total variation in the dataset; (B) A volcano plot visualizing the protein response differences between 45 

min treatment and control C. jejuni (n=591 proteins; log2 FC vs –log10p). Proteins that are more 

abundant after 45 min treatment appear in the right-hand side while proteins that are less abundant are 

on the left-hand side. Examples of proteins showing altered abundance: (C) iron-sulfur cluster carrier 

protein (ApbC; FC=2.57); (D) peroxiredoxin (Bcp; FC=2.54); (E) electron transport complex subunit 

(RsxB_2; FC=0.40); (F) pyrroline-5-carboxylate reductase (ProC; FC=0.28). Boxes represent median 

value and 25th and 75th percentiles, whiskers are minimum to maximum, ***<0.001 as analysed by 

unpaired t-test. Gene ontology (GO) results (molecular function) from analysis of C. jejuni proteins: (G) 

proteins with increased abundance (>log2 FC) after 45 min treatment; and, (H) proteins with decreased 

abundance (<log2 FC) after 45 min. 
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Comparing the GO score results between 15, 30 and 45 min (Fig. 3 - 5), the time points of 30 and 

45 min shared eight and nine functions in the up- and down-regulated classes respectively, whereas 

the time point of 15 min shared three and six functions with 30 min in the up- and down-regulated 

classes and two and six functions with 45 min in the up- and down-regulated classes respectively. The 

overlapping functions between the time points of 15, 30 and 45 min show that the time points of 30 and 

45 min shared more similar protein contents than to 15 min, similar to the results in Fig 2C.  

 

5.3.5 Overall changes of proteome between treatment groups 

There were 108 proteins detected as significantly (p<0.001, Appendix D: Table D1) differentially 

expressed (after log2 FC transformation) in total at any of the time points of 15, 30 and 45 min when 

compared to 0 min, representing 18.27% of 591 unique proteins after curation. The list of 108 proteins 

were manually curated against the annotated genome of strain 2704 (Appendix D: Table D1). There 

were 61 proteins (Fig 5.7A, representing 56% of 108 proteins) that were detected across all the time 

points (Fig 5.7B), in which 23 proteins were up-regulated and the remaining 38 proteins were down-

regulated (Appendix D: Table D1). Of the 61 proteins over the 45 min PAA treatment, 11 proteins in the 

up-regulated class and 12 proteins in the down-regulated class were most abundant at the time point 

of 30 min, comparing to 8 proteins in the up-regulated class and 24 proteins in the down-regulated class 

were most abundant at the time point of 45 min (Appendix D: Table D1). Amongst the remaining 47 

proteins from the complete list of 108 proteins, 31 proteins were detected as differentially expressed at 

both 30 min and 45 min (Fig 5.7B). Contrarily, no additional proteins were shared between 15 min and 

30 min time points (Fig 5.7B). Notably, each time point generated a unique set of proteins, 2 proteins 

at 15 min, 4 proteins at 30 min and 9 proteins at 45 min, respectively (Fig 5.7B). 

Histidine biosynthesis bifunctional protein (HisIE) and pyruvate synthase (Por) were the most up-

regulated and down-regulated proteins across all time points respectively (Appendix D: Table D1). Lon 

protease (Lon) was up-regulated over 45 min with a peak expression of log2 FC=1.901 at 30 min. A 

protein encoded by the fliW gene, flagellar assembly factor (FliW), was up-regulated continuously over 

45 min. A few proteins involved in oxidative stress response were also identified as up-regulated, such 

as thioredoxin 1 (TrxA), DNA protection during starvation protein (Dps) and peroxiredoxin (Bcp).  
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Fig 5.7 Comparative analysis of the C. jejuni proteome resulted from three pairwise comparisons: 0 min 

vs 15/30/45 min. (A) Fold changes of 61 proteins that were detected across all three time points. The 

order of proteins was ascending based on their fold changes (Log2 FC) at 15 min; (B) Venn diagram 

shows the unique and overlap of proteins quantified by SWATH-MS from 6 biological replicates and 4 

treatment points. 
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5.4 Discussion 

The ability of bacteria to grow and survive in an oxidative/acidic environment, such as the use of 

PAA in the current study, is dependent on the reprogramming of their genetic materials. An acid 

stress exposure can induce cross-resistance to other stresses such as increased enzyme activities, 

heat stress response and osmotic stress (Varsaki et al. 2015). From all the differentially expressed 

proteins of strain 2704 after 45 min sub-lethal PAA treatment, a range of functions appeared to help 

Campylobacter survive PAA, such as oxidative response, energy production, and amino acid related 

metabolism, motility, cell defence and modification.  

From the data, two heat stress proteins were identified as differentially expressed, Lon and GroS. 

Lon was up-regulated across all time points. Lon is a protein found in Campylobacter, E. coli and 

Salmonella that contributes to their survival under various stresses, such as heat, hydrogen peroxide 

and acidic conditions, and is associated with their mobility and virulence (Cohn et al. 2007; Sakr et al. 

2010; Takaya et al. 2003). For example, Lon is suggested to degrade heat-damaged and mis-folded 

proteins as fast as possible to avoid the formation of toxic degradation-resistant aggregates when 

Campylobacter and E. coli are exposed to environmental stresses (Cohn et al. 2007; Gur & Sauer 2009; 

Sakr et al. 2010).  

GroS was found to be down-regulated and was not detected in the first 15 min in the current study, 

whereas it has been reported to be up-regulated when Campylobacter was subjected to hydrochloric 

acid (Askoura, Youns & Halim Hegazy 2020). The difference between the current study and the 

previous one could be due to the different antimicrobial agent used in the previous study, e.g. 

hydrochloric acid, or the expression of GroS is strain-dependent as C. jejuni NCTC11168 was used in 

the previous study compared to a poultry C. jejuni strain 2704 in this study. Furthermore, differences 

may have occurred as this study was conducted at the room temperature and there were no other 

common heat stress proteins differentially expressed, such as  serine protease HtrA (Brøndsted et al. 

2005), chaperone protein DnaK (Apel et al. 2012; Brøndsted et al. 2005), chaperone protein DnaJ (Apel 

et al. 2012; Park 2002) and aseinolytic peptidase B ClpB (Barnett, Zolkiewska & Zolkiewski 2000; 

Brøndsted et al. 2005). These heat stress proteins are more abundant under heat shock or sudden 

stress conditions to assist bacterial cells refold proteins, which are all ATP-dependent activities (Boehm 

et al. 2015; Doyle & Wickner 2009; Rothman & Schekman 2011; Weibezahn et al. 2005).  
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In the current study, oxidative stress is apparently less stimulatory to protein folding and rescue, 

which usually involves the chaperone machinery, while Lon, as a heat-induced protein, may be more 

active than GroS when Campylobacter is exposed to the PAA stress. Hence, it may substitute for GroS 

within C. jejuni cells in the presence of PAA, as it overlaps with the chaperone machinery in managing 

protein folding, e.g. the other heat stress protein GroS detected in the current study which is a part of 

GroES/GROEL chaperone machinery (Lu et al. 2015; Rothman & Schekman 2011; Sakr et al. 2010). 

The detection of Lon and GroS suggests that heat stress proteins may cross-protect Campylobacter 

during PAA treatment. This mechanism has been found in other foodborne pathogens, e.g. Escherichia 

coli and Listeria (Bucur et al. 2018; Dawoud et al. 2017; Jitprasutwit et al. 2014; King et al. 2016; Marcén 

et al. 2017; Oksala et al. 2014). The finding of Lon in the current study could be of interest to poultry 

processors. The common heat stress proteins of Campylobacter may be abundant after being exposed 

to scalding during processing, which the increased heat stress proteins may hinder the impact of PAA 

on Campylobacter during chilling. Therefore, further studies to examine the proteome of Campylobacter 

under a combination of heat and chilled PAA treatment are required, which would provide some 

practical information in implementing PAA during poultry processing when prior scalding is involved.  

Based on the heat stress proteins detected and functional activities in the GO score results identified, 

it indicates that the contribution of heat stress related activities is limited during oxidative stress. Other 

activities such as oxidative response, energy production, and flagellar metabolism appeared to be more 

important as proteins involved in these responses were up-regulated. Together these activities 

potentially could protect Campylobacter, such as by increasing its cell mobility which could improve 

evasion of the hostile environment. The survival of Campylobacter in an acidic condition, such as PAA 

in the current study, has been reported to be greatly improved in the presence of iron for energy 

production (Askoura, Youns & Halim Hegazy 2020). The previous study suggested that Campylobacter 

may survive an acidic condition with enriched iron (pH=3 adjusted by hydrogen chloride in Muelller 

Hinton broth) by enhancing flagellar biogenesis to enable cells to escape the low pH environment, 

translocating protons across the cell membrane, and/or activating genes involved in the cell envelope 

composition to maintain cell membrane integrity (Askoura, Youns & Halim Hegazy 2020). In the current 

study, various proteins involved in iron metabolism were found, including iron binding [lactate utilization 

protein A (LutA_2), pyruvate synthase (Por), oxygen-independent coproporphyrinogen III oxidase 

(HemN_1) and electron transport complex subunit (RsxB_2)] and iron transferring [iron-sulfur cluster 
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carrier protein (ApbC)], which could lead to increased activities in flagellar biosynthesis and oxidative 

response as evident in the previous study (Askoura, Youns & Halim Hegazy 2020). 

Three oxidative stress proteins were up-regulated at all time points, thioredoxin 1 (TrxA), DNA 

protection during starvation protein (Dps) and peroxiredoxin (Bcp), which work together as a part of the 

C. jejuni oxidative stress defence system (van Vliet et al. 2002). Dps is a multi-purpose protein that has 

been suggested to bind free intracellular iron and prevent the hydroxyl radical production via Fenton 

reaction in order to protect DNA (Ishikawa et al. 2003), or it may directly bind to DNA to exclude 

destructive agents from the chromosomal region (Karas, Westerlaken & Meyer 2015). Bcp, as a 

member of thiol-specific antioxidant protein (TSA)/alkyl hydroperoxide peroxidase C (AhpC) family 

(Jeong, Cha & Kim 2000),  has been revealed to be involved in the oxidative defence of bacterial cells, 

such as Campylobacter and Helicobacter (Atack et al. 2008; Kim et al. 2015; Parente et al. 2017). In 

particular, Bcp has been indicated to cooperate with thiol peroxidase (Tpx) when C. jejuni is exposed 

to an oxidative stress (Atack et al. 2008). However, Tpx was only detected as a differentially expressed 

protein at 30 min in the current study (Table 1), possibly due to the oxidative stress caused by different 

antimicrobial agents, e.g. the current study used PAA (60 ppm) and  the previous study mixed H2O2 (1 

or 2 mM), cumene hydroperoxide (0.1 mM), and tert-butyl-hydroperoxide (0.1 mM) (Atack et al. 2008). 

TrxA has been suggested to maintain the cellular redox homeostasis together with Thioredoxin 

reductase (TrxB) by ensuring correct disulphide bonding to maintain protein function in Campylobacter, 

Salmonella and Listeria monocytogenes (Bjur et al. 2006; Cheng et al. 2017; Fields et al. 2016; Lu & 

Holmgren 2014). Interestingly, both TrxA and TrxB have been suggested to contribute to 

Campylobacter biofilm formation by increasing C. jejuni mobility in an oxidative stress condition (Pascoe 

et al. 2015). 

Furthermore, flagellar assembly factor (FliW) protein was found to be up-regulated across all time 

points. This protein is responsible for regulating the flagellar activity in Campylobacter during various 

stresses and has been reported to be bonded with another flagellar chaperone protein FliS (Radomska 

et al. 2017). FliS regulates secretion of glycosylated flagellar proteins while FliW acts as a central 

element in the biosynthesis control of the amount of intracellular flagellin by interacting with a post-

transcriptional regulator CsrA (Dugar et al. 2016; Radomska et al. 2016). Previous studies have shown 

that FliW is an anti-CsrA protein with a similar function to the small RNAs found in Bacillus subtillis, in 

which case the successful binding of FliW to CsrA would enhance Campylobacter mobility and biofilm 
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formation (Li, Gulbronson, et al. 2018; Mukherjee et al. 2011; Parrish et al. 2007; Radomska et al. 2016; 

Radomska et al. 2017; Svensson, Pryjma & Gaynor 2014; Vakulskas et al. 2015). In addition, one 

hypothetical protein (PBODGNAA_01141) from the annotated genome of strain 2704, identified as 

putative flagellar motor switch system (FliY) based on the UniProt database,  was up-regulated at all 

time points in the current study and has been indicated to enhance C. jejuni mobility (Ayllon et al. 2017; 

Bolton 2015; Parrish et al. 2007). The increased abundance of FliW and FliY together indicates that 

Campylobacter would achieve better survival by increasing its flagellar synthesis and cell mobility which 

could lead to biofilm formation or move the cells to avoid the stress (Kalmokoff et al. 2006; Li, 

Gulbronson, et al. 2018; Teh, Lee & Dykes 2017a).  

Overall, all proteins of TrxA, Dps, Lon, ApbC and FliY were most abundant at 30 min during 45 min 

PAA treatment. Although Bcp and FliW were most abundant at 45 min, the increase of fold change from 

30 min to 45 min was less than from 15 min to 30 min. Due to their roles in biological functions, it 

suggests that activities of oxidative stress response, iron acquisition and flagellar-related metabolism 

are important parts of the potential survival mechanism of C. jejuni during 45 min sub-lethal PAA 

treatment. In addition, the higher similarity of molecular functions between 30 and 45 min compared to 

15 min suggests that C. jejuni cells actively responded to the applied PAA stress in the first 15 min and 

may achieve a status quo between 30 and 45 min across the analysed time points in this study.  

 

5.5 Conclusions 

The current proteome study of a C. jejuni poultry strain revealed a global reaction of Campylobacter 

to the sub-lethal PAA treatment during 45 min. The detection of the heat stress protein, Lon, suggests 

that the heat stress response may offer cross-protection when Campylobacter is exposed to an 

oxidative PAA treatment. The oxidative response, energy production, iron metabolism and flagellar-

related metabolism were active in Campylobacter survival under PAA stress which may involve several 

proteins, such as Lon, TrxA, FliW and FliY, and may enhance the mobility of Campylobacter to allow 

cells to move to a more favourable environment or form a biofilm. Therefore, further studies are required 

to test the proposed mechanisms. In addition, more work is needed to investigate the proteome 

expression of Campylobacter under PAA treatment when prior scalding is involved. It is important to 

test if the effect of PAA is reduced when more heat stress proteins are induced, such as the chaperone 

family proteins and HtrA that are often identified during high temperature exposure.   
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Chapter 6 – General discussion 

Campylobacter has attracted much attention as one of the main foodborne pathogens. In the 

Foodborne Illness Reduction Strategy 2018-2021+ (Food Regulation Standing Committee 2018) 

released by Australian’s Food Regulation Secretariat, it was outlined the requirement for intervention 

and control at all points along the food supply chain, particularly in poultry products which are the main 

vehicle for Campylobacter transmission. Controlling the number of Campylobacter on processed 

chicken products at slaughter reduces the burden of disease associated with this pathogen. The 

objective of this thesis was to provide evidence that could help poultry processors understand the 

impact of current processing interventions and to offer insights into the potential application of the 

alternative antimicrobial agent, peracetic acid (PAA). This overall objective was achieved in this thesis 

by following a series of aims. The investigation started with determining how current processing 

interventions impact the bacterial numbers and diversity on chicken carcasses at each processing step 

through commercial processing. Aim 2, building on the outcomes of aim 1, mapped the changes of 

bacterial diversity on carcasses throughout processing to the end of shelf life and found linkages of this 

data with the processing environment. With the outcomes of aims 1 and 2, it was possible to confirm 

important contamination steps during processing and provide a deeper understanding of how each 

processing step alters the bacterial diversity on carcasses. The findings then, led to aim 3 where 

laboratory-based food matrices mimicking processing steps were tested to determine their impact on 

Campylobacter survival. Following this, the research performed under aim 4 led to successful evaluation 

of PAA under mimicked processing conditions in the laboratory. The results provide information needed 

for Australian poultry processors to implement PAA-based intervention. The thesis finished with an 

exploration of proteome changes of a C. jejuni poultry strain 2704 exposed to PAA over 45 min using 

SWATH-MS. The data obtained allowed for a fundamental understanding of C. jejuni survival 

mechanisms against PAA. 

Development of sequencing technologies has enabled a culture-independent, rapid and affordable 

exploration of the entire bacterial community on several samples at the same time. It allows the 

assessment of the diversity and structure of the bacterial community on food samples and helps to 

establish connections of bacterial distribution between food products and related processing 

environments. There was little literature available profiling the changes of the bacterial community on 

chicken carcasses from various processing steps through typical commercial processing lines to 
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demonstrate the impact of commercial poultry processing on the bacterial diversity as a complete 

process. Therefore, aims 1 and 2 were achieved by mapping the bacterial diversities on chicken 

carcasses through two different commercial processing lines from a single abattoir in Australia 

(processing line A in Chapter 2 and processing line B in Chapter 3), with additional sampling of the 

processing environment (Chapter 3). The major differences between the two sampled processing lines 

A and B were defined as mentioned previously (See Discussion in Chapter 3). Line A has separate 

processes of scalding, defeathering and plucking whereas Line B uses a confined tunnel that 

incorporates scalding, defeathering and plucking together. Furthermore, the time parameters for 

immersion chilling and air chilling were different between the two lines. Line A uses 0.5 h immersion 

chilling and 1.5 h air chilling compared to Line B uses 1.5 h immersion chilling and 0.5 h air chilling. 

The results described in Chapters 2 and 3 confirmed significant bacterial reductions on chicken 

carcasses (p<0.001) occurred for both lines A and B. Total viable counts (TVC) and Campylobacter 

numbers were reduced by >4.6 Log10 CFU/ml and >5.0 Log10 CFU/ml respectively, and Escherichia coli 

by >4.6 Log10 CFU/ml in Line A and Pseudomonas >2.4 Log10 CFU/ml in Line B. The culture-based 

results aligned with the other published culture-based studies (Althaus, Zweifel & Stephan 2017; 

Berghaus et al. 2013; Duffy et al. 2014; FSANZ and the South Australian Research and Development 

Institute 2010). However, air chilling did not reduce bacterial numbers in either processing line A or B, 

showing the limited impact of air chilling on bacteria during processing. The culture-based approach 

revealed that C. jejuni dominated on carcasses throughout processing for both lines. Of 549 and 624 

Campylobacter presumptive positive colonies collected from modified Charcoal Cefoperazone 

Deoxycholate Agar (mCCDA) plates for Line A and B respectively, 68.5% and 100% were PCR 

confirmed as C. jejuni. In Line B, C. coli was detected on packaged carcasses at the beginning of shelf 

life, indicating a potential contamination in the latter processing steps after air chilling. Therefore, future 

work could focus on more extensive sampling around latter processing steps using both culture-based 

and culture-independent approaches to improve tracking of bacterial transmission on carcasses.  

The culture-independent analysis revealed that Campylobacter was a minor but persistent 

component in the bacterial community on carcasses. Although the bacterial diversity at phyla level on 

carcasses were consistent, as Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria were 

present in both processing lines, the bacterial diversity at genus level on carcasses had much more 

diverse changes at each processing step regardless of the processing line. These results confirmed 
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previous findings based on the culture-based analysis that each processing step may contribute to 

contamination on carcasses (Keener et al. 2004). However, one limitation of the 16S rRNA amplicon 

sequencing technique that needs to be considered is the ability to differentiate closely related 

microorganisms based on the bacterial 16S V4 region sequences. It is known that 16S rRNA amplicon 

sequencing is constrained in identifying DNA fragments to species or genus level depending on specific 

16S rRNA regions chosen for investigation, as well as experimental design, procedures, and 

bioinformatic tools used (De Filippis et al. 2018; Muralidharan et al. 2016; Myer et al. 2016; Thijs et al. 

2017; Yang, Wang & Qian 2016). As a result, it can be challenging to compare between studies when 

different experimental methodologies are used for various microbial diversity investigations. It is 

necessary to have standardised bioinformatic procedures and tools in microbial diversity studies to 

allow consistent results and conclusions.  

Based on the culture-based and culture-independent approaches of Line A and B, it was observed 

that a psychrotolerant dominated bacterial community on carcasses after air chilling. In particular, the 

relative abundance of Pseudomonas increased before and after air chilling for both processing lines, 

especially for Line A (>65-fold increase of Pseudomonas through air chilling). By collecting the 

environmental samples in the air chilling room in Line B, Pseudomonas was found to be at a high level 

of both bacterial count (6.70 ± 0 Log10 CFU/ml) and relative abundance (74.2%) in the bacterial 

community on the wall surface. As a result, the high flow of cold air circulating around carcasses in the 

room may be a source of distributing Pseudomonas from the wall surface onto carcasses. However, 

the immersion chilling in Line B resulted in a greater change of bacterial diversity on carcasses than the 

air chilling. Comparing the different parameters of processes of immersion chilling and air chilling 

between Line A and Line B, it suggests that the longer the time of the chilling process, the greater the 

impact on the bacterial diversity.  

The studies described in Chapter 2 and 3 confirmed that the entire chilling process, including 

immersion chilling and air chilling, acts as an important contamination source in distributing the bacteria 

between carcasses and from the processing environment onto carcasses. More importantly, the results 

provided deeper information in terms of how each processing step changes the bacterial diversity on 

carcasses, especially the chilling process which may alter the bacterial community on carcasses to a 

psychrotolerant bacterial dominated community that may consequently impact product shelf life. For 

example, the high level of Pseudomonas on carcasses after air chilling could subsequently affect the 
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chicken product shelf life and prolong the survival of Campylobacter during storage within 

Pseudomonas biofilms (Culotti & Packman 2015; Ica et al. 2012). Therefore, controlling the 

contaminated wall surface in the air chilling room would be of importance for poultry processors, 

particularly to the processors in the EU as air chilling is a more common practice there than in Australia. 

In addition, due to the dominant abundance of psychrotolerant bacteria in the bacterial community on 

carcasses after air chilling, future work could focus on studying the metabolites of the bacterial 

community on carcasses after air chilling to determine what impact the bacterial community might have 

on chicken meat spoilage. 

The confined tunnel in Line B (Chapter 3) may select thermoduric bacteria, such as Campylobacter 

and the spore-forming thermophilic Anoxybacillus which are undesirable bacteria within poultry 

production in terms of food safety and quality perspectives. The impact of the confined tunnel was 

evident by the persistent prevalence of Campylobacter on carcasses at 100% after the tunnel and the 

continuous detection of Anoxybacillus in the bacterial community at high levels on carcasses collected 

from the following processing steps. It is suspected the elevated temperature in the confined tunnel 

could select for thermophilic/thermoduric bacteria. This requires future work to sample the equipment 

surface inside the tunnel. Future studies are also required to determine if Campylobacter may survive 

through the Anoxybacillus biofilm in the confined tunnel, similar to the concept that Pseudomonas 

biofilms could assist Campylobacter survival (Culotti & Packman 2015; Hilbert et al. 2010). In addition, 

the impact of mono-culture or mixed-culture biofilms on Campylobacter survival should be investigated. 

PAA is considered as a safe processing aid for all foods by Australia New Zealand Food Authority 

(2009) providing that the final food products contain less than 0.7 mg/kg PAA. In the USA, PAA is 

allowed between 200 and 2000 ppm during chilling depending on actual chilling periods (USDA-FSIS 

2019). However, there is not much information available to Australia poultry processors in terms of the 

effective concentration of PAA required during processing, which step during processing PAA should 

be added, its impact on Campylobacter and if it is more effective than currently used antimicrobial 

agents, in particular chlorine.  

Previous studies have reported the usefulness of PAA on Campylobacter in chilling alone 

(Bauermeister et al. 2008b; Chen et al. 2014; Park, Harrison & Berrang 2017; Ramirez-Hernandez, 

Brashears & Sanchez-Plata 2018). However, it is important for the poultry processors and researchers 

to develop laboratory based systems that mimic the actual processing conditions, including sequential 



Chapter 6 

129 

steps, as close as possible to provide more relevant information, not only to demonstrate the impact of 

the whole poultry processing line on Campylobacter, but also to evaluate the impact of food matrices 

on Campylobacter survival. As a result, Chapter 4 describes the development and use of an in vitro 

model involving three laboratory-based food matrices to mimic the impact of processing conditions on 

Campylobacter based on commercial parameters with additional PAA (80 ppm). The result of scalding 

on chicken breast meat reduced limited Campylobacter, possibly due to one 3.5 min scalding treatment 

was not able to reach the required temperature. Therefore, it indicates that a multi-tank scalding system 

is more likely to be employed during commercial processing for better Campylobacter reductions.   

The presence of PAA led to a greater Campylobacter inactivation than those without PAA in all food 

matrices. The results support the effectiveness of applying PAA in immersion chilling during poultry 

processing for reducing Campylobacter, even with the presence of organic matter in the meat-based 

broth. The inactivation of Campylobacter by PAA ranged between 0.32 ± 1.05 and 5.07 ± 1.91 Log10 

CFU/ml. Based on the effectiveness of PAA on three food matrices during mimicked immersion chilling, 

three ways of applying PAA could be possible (Fig 6.1): 1) adding PAA in secondary immersion chilling 

tanks where multi-stage immersion chilling is involved; 2) spraying PAA on chicken meat directly during 

air chilling; and 3) adding PAA in the post-chill dip at the end of processing.  

 

 

Fig 6.1 Illustration of potential processing steps for the application of peracetic acid (PAA) during 

commercial poultry processing. 

 

There are a few studies that recently demonstrated the promising results of different applications of 

PAA (Bertram et al. 2019; Dittoe et al. 2019; Feye et al. 2019; Zhang et al. 2018), all of which reduced 

Campylobacter on chicken meat and had no obvious impact on the sensory aspects analysed. However, 

these studies focused on using PAA on chicken meat alone rather than evaluating the impact of entire 

processing steps. The mimicked processing conditions and three food matrices described in Chapter 4 

are useful for understanding how Campylobacter is impacted by different conditions representative of 
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commercial poultry processing. In addition to monitoring the effectiveness of processing interventions 

on Campylobacter, the mimicked processing in vitro model described in Chapter 4 could be used to test 

different foodborne pathogens, sanitisers, and various combination of processing steps. Future work 

focusing on evaluating the impact of PAA on bacterial diversity and the use of this in vitro system to 

evaluate a broader range of food matrices and processing conditions could benefit Australian poultry 

processors.  

One hypothesis developed based on the results shown in Chapter 4 was that prior scalding may 

offer cross-protection to Campylobacter cells enabling survival of the subsequent PAA treatment. It was 

based on the findings that the chilling with PAA in both BPW and chicken breast meat demonstrated 

greater Campylobacter inactivation than in any other mimicked processing conditions in the respective 

food matrices, even greater than the combined scalding (57°C) + chilling with PAA. To confirm this 

hypothesis, the global proteomic responses of C. jejuni poultry strain 2704 was examined by SWATH-

MS analysis when subjected to a sub-lethal concentration of 60 pm PAA in BPW over a 45 min time 

course at the room temperature (Chapter 5). Proteome analysis was performed at 0, 15, 30 and 45 min 

and a list of 591 unique proteins was constructed from all time points. Results of the proteome profile 

revealed that the survival mechanism of Campylobacter in PAA utilised proteins known to be involved 

in various protective and maintenance, such as heat stress adaptive responses, oxidative responses, 

energy production and flagellar-related metabolism.  

There were 108 proteins identified as differentially expressed proteins in which 61 proteins were 

detected at all time points. Amongst 108 differentially expressed proteins identified, Lon protease was 

up-regulated across all time points whereas the down-regulated 10 kDa chaperone (GroS) was only 

detected at 30 min and 45 min. Lon was previously confirmed as a heat-inducible protein and enhances 

C. jejuni mobility in heat stress by repairing heat-damaged and mis-folded proteins (Cohn et al. 2007). 

The abundant Lon protein may substitute the effect of GroS which usually contributes to the protein 

folding under heat stress (Rothman & Schekman 2011). Therefore, the finding suggests that Lon is 

more likely to support Campylobacter survival during oxidative stress, indicating the heat stress 

response offers a protection in the PAA treatment as proposed by the work described in Chapter 4. 

More importantly, overexpressed activities of oxidative response, energy production and cell mobility 

are more abundant than heat stress response (Chapter 5). Apart from utilising the oxidative defence 

system that involves up-regulated proteins of thioredoxin 1 (TrxA) (Pascoe et al. 2015), DNA protection 
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during starvation protein (Dps) and peroxiredoxin (Bcp) found in all time points (van Vliet et al. 2002), 

some proteins may help Campylobacter form a biofilm or move the cells to a favourable environment 

during the PAA treatment by enhancing flagellar synthesis. These were identified the flagellar assembly 

factor (FliW) (Radomska et al. 2017) and putative flagellar motor switch system (FliY) (Ayllon et al. 

2017), which were also detected as up-regulated proteins across all time points in the work described 

in Chapter 5. Further studies will be needed to validate if the survival mechanism of Campylobacter in 

PAA is by the formation of biofilms or by avoiding the stress.  

A higher similarity of molecular functions between 30 and 45 min compared to 15 min suggests that 

C. jejuni cells actively responded to the PAA treatment in the first 15 min and they may achieve a status 

quo between 30 and 45 min. However, it is needed to have phenotypic studies of Campylobacter based 

on the results described in Chapter 5 and validate the survival behaviour of Campylobacter under the 

PAA treatment, which would provide useful information to the poultry processors when implementing 

PAA as an antimicrobial agent to control Campylobacter through poultry processing. In addition, future 

studies should explore if heat stress proteins induced when prior scalding is introduced may increase 

the survival of Campylobacter in the oxidative PAA treatment. It is important to evaluate a combined 

protection from both the heat stress response and the oxidative response of Campylobacter, which 

would provide more useful information for the poultry industry during commercial processing to which 

Campylobacter may be exposed.  

In summary, this thesis mapped the impact of current poultry processing strategies on the bacterial 

diversity on chicken carcasses and their linkage with the processing environment using 16S rRNA 

amplicon sequencing. This approach provided a greater understanding of the effect of each processing 

step on contamination of chicken carcasses than the culture-based approaches. By comparing two 

different processing lines in Australia, this thesis has shown that Campylobacter is not a major 

component of the bacterial community on carcasses but rather is a persistent component since low 

viable counts were found after processing. The relative abundance of Campylobacter was proportionally 

0.14 ± 0.23% and 0.09 ± 0.28% in the entire bacterial community throughout processing in Line A and 

Line B respectively. The viable count of Campylobacter was 0.9 ± 0.4 and 0.6 ± 0.4 Log10 CFU/ml after 

the air chill steps of Line A and Line B respectively. The culture-independent approach suggests that 

the chilling process could have an impact in the latter supply chain on the shelf life of chicken products 

by distributing psychrotolerant bacteria from the chilling environment to chickens. Thus, proper control 
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and hygiene practices should always be in place during production. The usefulness of the laboratory-

based food matrices and mimicked processing conditions alone and together provides further 

understanding of the impact of processing interventions on Campylobacter inactivation. The results 

from the food matrices study and the SWATH-MS proteomic analysis suggest that the heat stress 

response cross-protects Campylobacter in subsequent PAA treatment, along with the oxidative stress 

response, iron acquisition and cell mobility. Thus, it is possible that spraying PAA onto chickens during 

air chilling or adding PAA in the post-chill dip could be a practical approach to achieve better 

Campylobacter and potentially other foodborne pathogen reductions than adding PAA in immersion 

chilling. In this manner, the heat stress response from prior scalding and the impact of organic matter 

in immersion chilling tanks would be minimised, resulting in a potentially better PAA effect.  

Based on the findings from this project, there are several aspects for future studies to consider in 

the interest of improving poultry safety and quality through processing in Australia. It would be beneficial 

to include more commercial poultry processing systems available in the poultry industry within this type 

of study to map the changes of microbial diversity on carcasses. Each poultry processor would then be 

able to establish a processing system-dependent risk strategy for minimizing the transmission of 

foodborne pathogens based on their choice of processing system, including particular sanitising and 

hygiene procedures practiced on a daily basis. Further investigations into tracking the cross-

contamination source and route in the post-air chill steps are necessary. Since the results from this 

project indicated cross-contamination after air chilling, it is essential to identify and eliminate this 

contamination source to improve the safety and quality of the poultry supply chain. Lastly, a trial of PAA 

application in commercial practice is important to determine where and how PAA should be 

implemented if the poultry industry plans to implement the use of this disinfectant. Studies are needed 

to support commercial PAA application during poultry processing by validating the proteomic data 

described in Chapter 5 via some observational orthogonal experiments and looking into the survival 

mechanisms of Campylobacter subjected to the combination of scalding and chilling with PAA. 

The findings in this thesis could help the poultry processors in Australia and elsewhere understand 

the persistence of Campylobacter through current poultry processing strategies along with 

understanding how PAA treatment could be best implemented given its proven potential as an 

antimicrobial agent. The knowledge generated in this thesis would offer opportunities for the poultry 

industry to develop better hurdle technologies to control Campylobacter during processing, to reduce 
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the public health burden and to achieve the Foodborne Illness Reduction Strategy 2018-2021+ in the 

next few years.  
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Chapter 8 – Appendixes 

Appendix A 

Chapter 2 – Changes of the bacterial community diversity on chicken carcasses through an Australian poultry processing line 

 

Table A1. Mean TVC, E. coli and Campylobacter (Log10 CFU/ml) based on samples (n=10) across six groups.  
 CC group BS group AS group BI group AI group AA group 
TVC 6.0 ± 0.8 7.7 ± 0.1 5.8 ± 0.6 5.0 ± 0.5 3.1 ± 0.2 3.1 ± 0.2 

E. coli 4.9 ± 1.3 5.6 ± 0.3 3.3 ± 0.8 3.7 ± 0.5 1.4 ± 0.5 1.0 ± 0.4 

Campylobacter 7.0 ± 0.9 5.9 ± 0.4 1.8 ± 1.0 3.2 ± 0.2 1.3 ± 0.7 0.9 ± 0.4 
 

Table A2. Speciation of Campylobacter presumptive positive colonies across six sample groups 

Sample groups CC group BS group AS group BI group AI group AA group Total 

Campylobacter presumptive positive colonies 98 100 54 99 99 99 549 

PCR confirmed Campylobacter  88.8% 1 100% 68.5% 73.7% 85.9% 86.9% 85.2% 

PCR identified C. jejuni  46.9% 2 82% 68.5% 64.6% 69.7% 78.8% 68.5% 

PCR identified C. coli  41.8% 3 18% 0% 9.1%) 16.2% 8.1% 16.8% 

Unidentified Campylobacter by PCR 11.2% 4 0% 31.5% 26.3% 14.1% 13.1% 14.8% 

1 Proportion of PCR confirmed Campylobacter positive colonies in Campylobacter presumptive positive colonies; 

2 Proportion of PCR identified C.jejuni colonies in Campylobacter presumptive positive colonies; 

3 Proportion of PCR identified C. coli colonies in Campylobacter presumptive positive colonies; 

4 Proportion of PCR unidentified Campylobacter colonies in Campylobacter presumptive positive colonies. 
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Table A3. Relative abundance of four abundant bacterial phyla in six sample groups 
Phyla CC group BS group AS group BI group AI group AA group Total 
Firmicutes 74.8% 57.3% 69.6% 77.1% 77.6% 34.5% 69.8% 

Actinobacteria 11.2% 40.7% 26.1% 5.7% 5.6% 29.9% 13.6% 

Proteobacteria 2.0% 0.9% 2.4% 15.5% 11.5% 28.8% 9.8% 

Bacteroidetes 10.3% 0.2% 1.0% 0.8% 2.4% 5.7% 5.0% 
 

Table A4. Relative abundances of Campylobacter and 27 other OTUs pooled from the 10 most abundant OTUs in 
each sample group 1, 2 
Genera 3  CC group BS group AS group BI group AI group AA group 
Corynebacterium_1 3.7% 17.2% 7.2% 1.4% 0.8% 0.9% 

Lactobacillus 9.7% 13.7% 19.0% 13.9% 13.6% 4.5% 

Staphylococcus 5.0% 9.4% 6.2% 5.2% 2.8% 1.5% 

Staphylococcaceae_unclassified 3.9% 8.4% 3.6% 0.4% 0.5% 0.6% 

Brevibacterium 0.9% 8.0% 9.9% 0.1% 0.3% 0.5% 

Lachnospiraceae_unclassified 13.6% 6.9% 10.7% 3.7% 13.5% 6.1% 

Brachybacterium 0.5% 4.5% 1.9% 0.0% 0.1% 0.2% 

Corynebacteriaceae_unclassified 1.1% 4.3% 2.6% 0.4% 0.3% 0.4% 

Jeotgalicoccus 0.4% 2.5% 0.8% 0.0% 0.0% 0.1% 

Bifidobacterium 2.2% 2.2% 2.2% 0.7% 1.1% 0.7% 

Blautia 2.2% 2.1% 2.5% 1.2% 3.4% 1.4% 

Streptococcus 0.3% 1.0% 0.6% 31.5% 10.4% 3.4% 

Faecalibacterium 3.4% 0.9% 5.6% 1.1% 5.6% 4.0% 

Ruminococcaceae_unclassified 5.2% 0.9% 2.8% 1.4% 4.3% 1.9% 

Enterococcus 1.9% 0.8% 0.6% 5.9% 1.7% 0.7% 

Subdoligranulum 6.0% 0.7% 2.2% 0.8% 3.5% 0.7% 

Escherichia-Shigella 0.7% 0.3% 0.5% 8.0% 2.3% 1.1% 

Ruminococcaceae_UCG-014 3.6% 0.3% 0.6% 0.3% 1.5% 0.8% 

Neisseriaceae_unclassified 0.0% 0.1% 0.0% 1.9% 3.3% 1.3% 
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Lactococcus 0.7% 0.1% 0.0% 3.1% 0.2% 0.0% 

Rothia 0.0% 0.1% 0.1% 2.1% 1.7% 0.6% 

Bacteroides 4.4% 0.1% 0.3% 0.2% 0.9% 0.6% 

Macrococcus 0.0% 0.0% 0.0% 2.2% 0.8% 0.2% 

Campylobacter 0.0% 0.0% 0.1% 0.1% 0.5% 0.1% 

Pseudomonas 0.0% 0.0% 0.0% 0.1% 0.3% 20.3% 

Paeniglutamicibacter 0.0% 0.0% 0.0% 0.0% 0.0% 11.7% 

Chryseobacterium 0.0% 0.0% 0.0% 0.1% 0.1% 3.3% 

Pseudarthrobacter 0.0% 0.0% 0.0% 0.0% 0.0% 12.0% 
1 Underlined cells in the table are the 10 most abundant OTUs in each sample group; 
2 Genera OTUs in the table were chosen regardless of their higher taxonomic rank; 
3 The order of OTUs is descending based on their relative abundances in BS group. 
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Fig A1. Cluster analysis of six sample groups based upon Campylobacter and 27 other abundant OTUs pooled from the 10 most abundant OTUs in each 

sample group.
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Appendix B 

Chapter 3 – Bacterial diversity on chicken carcasses undergoing poultry processing to the end of shelf life with assessment of linkages 

to the processing environment 

 

Table B1. Results of Total viable counts (TVC), Campylobacter and Pseudomonas counts within each sample group (mean ± standard deviation) 
Sample groups Sampling point 1  TVC Campylobacter Pseudomonas 

Processing Pre-scald 2 8.81 ± 0.11 5.61 ± 0.56 2.47 ± 0.62 

 Post-plucker 2 5.93 ± 0.18 3.80 ± 0.44 0.21 ± 0.36 

 Pre-immersion chill 2 5.36 ± 0.18 2.27 ± 1.18 2.31 ± 0.99 

 Post-immersion chill 2 3.80 ± 0.31 0.28 ± 0.19 ND 7 

 Post-air chill 2 3.76 ± 0.28 0.63 ± 0.36 ND 7 

Shelf life Start of shelf life 2 3.88 ± 0.39 1.01 ± 0.75 2.44 ± 0.39 

 End of shelf life 2 9.34 ± 0.22 0.70 ± 0.65 8.23 ± 0.27 

Environmental Scald water 2 6.38 ± 0.13 0.05 ± 0.08 1.75 ± 0.48 

 Immersion chill water 2 ND 6 ND 7 ND 7 

 Air from air chill room 3 ND 6 ND 7 ND 7 

 Wall in air chill room 4 7.15 ± 0 ND 7 6.70 ± 0 

 Shackles through air chill room 5 3.05 ± 0.05 ND 7 1.37 ± 1.37 
1 Samples numbers at each sampling point: n=10 for Pre-scald, Post-plucker, Pre-immersion chill, Post-immersion chill and Post-air chill; n=4 for scald water and immersion 

chill water; n=1 for air from air chill room and wall in air chill room; n=2 for shackles through air chill room; n=15 for start of shelf life and end of shelf life; 
2 Samples were transformed to Log10 CFU/ml; 
3 Samples were transformed to Log10 CFU/m3; 
4 Samples were transformed to Log10 CFU/m2; 
5 Samples were transformed to Log10 CFU/sponge; 
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Table B2. PCR speciation of Campylobacter presumptive positive colonies 1 

Sample group Sampling point 2  Campylobacter Presumptive 
positive colonies (n) 

PCR confirmed 
Campylobacter (%) 3 

PCR confirmed C. 
jejuni (%) 4 

PCR confirmed C. coli 
(%) 5 

Processing Pre-scald 100 97 100 0 

 Post-plucker 100 96 100 0 

 Pre-immersion chill 84 92.9 100 0 

 Post-immersion chill 32 87.5 100 0 

 Post-air chill 71 95.8 100 0 

Shelf life Start of shelf life 115 96.5 97.3 2.7 

 End of shelf life 82 100 84.4 15.6 

Environmental Scald water 40 2.5 100 0 

 Immersion chill water 0 - - - 
 Air from air chill room 0 - - - 
 Wall in air chill room 0 - - - 
 Shackles through air chill room 0 - - - 
Total  624 92.1 96.9 3.1 
1 - indicates there were no colonies examined by PCR; 
2 Samples numbers at each sampling point: n=10 for Pre-scald, Post-plucker, Pre-immersion chill, Post-immersion chill and Post-air chill; n=4 for scald water and immersion 

chill water; n=1 for air from air chill room and wall in air chill room; n=2 for shackles through air chill room; n=15 for start of shelf life and end of shelf life; 
3 Proportion of PCR confirmed Campylobacter positive colonies in presumptive Campylobacter positive colonies; 
4 Proportion of PCR identified C.jejuni colonies in Campylobacter presumptive positive colonies; 
5 Proportion of PCR identified C. coli colonies in Campylobacter presumptive positive colonies. 
6 ND= Not Detected. The limit of detection of TVC was -0.30 Log10 CFU/ml for samples in the categories of Processing and Shelf life as well as Scald water and Immersion 

chill water in the Environmental category, -0.08 Log10 CFU/m3 for the sample of Air in air chill room, 1.70 Log10 CFU/m2 for the sample of Wall in air chill room, and 

1.40 Log10 CFU/sponge for samples of Shackles through air chill room; 

7 ND=Not Detected. The limit of detection of Campylobacter and Pseudomonas was 0 Log10 CFU/ml for samples in the categories of Processing and Shelf life as well as 

Scald water and Immersion chill water in the Environmental category, 0 Log10 CFU/m3 for the sample of Air in air chill room, 0 Log10 CFU/m2 for the sample of Wall in 

air chill room, and 0 Log10 CFU/sponge for samples of Shackles through air chill room, after confirmation of PCR or oxidative test. 
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Table B3. Relative abundance of the four most abundant bacterial phyla (%) 
Sample groups Sampling point Firmicutes Actinobacteria Bacteroidetes Proteobacteria Others 
Processing Pre-scald 72.9 23.3 1.6 1.3 0.9 

 Post-plucker 72.6 4.0 2.5 19.8 1.1 

 Pre-immersion chill 54.3 2.9 5.5 36.7 0.6 

 Post-immersion chill 65.1 6.6 5.0 21.4 1.8 

 Post-air chill 79.7 4.2 3.8 10.5 1.8 

Shelf life Start of shelf life 56.6 7.5 1.9 33.2 0.9 

 End of shelf life 3.8 0.0 0.0 96.1 0.0 

Environmental Scald water 98.2 0.8 0.0 0.9 0.1 

 Immersion chill water 86.7 8.4 0.4 3.5 0.9 

 Air from air chill room 86.5 6.8 0.5 5.5 0.6 

 Wall in air chill room 0.6 4.4 2.3 92.6 0.1 

 Shackles through air chill room 75.9 7.6 1.2 14.7 0.7 
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Table B4. The 46 taxa pooled from the 10 most abundant genera in each sampling point 1, 2, 3 (%) 

Genus 4 Pre-scald Post-plucker Pre-immersion 
chill 

Post-immersion 
chill Post-air chill Start of 

shelf life 
End of 

shelf life Scald water Immersion 
chill water 

Air from air 
chill room 

Wall in air 
chill room 

Shackles 
through air 
chill room 

Staphylococcus 29.3 2.8 0.7 4.4 2.1 5.5 0.0 1.4 2.8 4.8 0.0 9.3 

Staphylococcaceae_unclassified 9.4 1.0 0.1 0.9 0.8 1.3 0.0 0.3 0.8 1.4 0.0 2.5 

Brevibacterium 8.7 1.0 0.1 0.8 0.8 0.5 0.0 0.1 0.5 1.2 - 1.1 

Corynebacterium_1 8.0 0.9 0.3 1.0 0.8 3.5 0.0 0.3 3.1 1.8 0.0 1.0 

Lachnospiraceae_unclassified 4.7 4.5 1.5 3.2 2.9 1.5 0.0 0.1 1.5 1.5 0.0 0.7 

Romboutsia 3.1 1.8 0.6 1.4 1.0 1.2 0.0 1.0 21.9 2.2 0.0 1.9 

Lactobacillus 3.0 8.2 1.0 1.6 1.9 14.1 0.0 0.5 1.6 4.1 0.2 5.8 

Blautia 2.5 1.1 0.4 0.7 1.0 0.4 0.0 0.0 0.3 0.8 - 0.4 

Weissella 1.9 0.0 0.0 0.0 0.1 0.0 - 0.1 0.1 0.3 0.0 0.4 

Ruminococcaceae_unclassified 1.8 1.5 0.7 1.2 1.1 0.4 0.0 0.0 0.6 0.8 0.0 0.4 

Corynebacteriaceae_unclassified 1.4 0.2 0.2 0.5 0.3 1.2 0.0 0.1 1.2 0.4 0.0 0.3 

Faecalibacterium 1.1 1.1 0.5 0.7 1.0 0.2 - 0.0 0.6 0.4 0.0 0.2 

Bacillales_unclassified 0.8 0.9 0.4 0.5 0.9 0.8 0.0 8.4 0.9 0.8 0.0 0.8 

Enterococcus 0.7 2.5 1.1 1.6 0.8 0.3 0.0 0.0 0.4 0.2 0.0 0.3 

Escherichia-Shigella 0.6 5.8 3.1 0.5 0.5 0.6 0.0 0.1 0.5 0.3 0.0 0.2 

Alistipes 0.5 1.1 0.9 2.0 1.5 0.3 0.0 0.0 0.1 0.1 0.0 0.2 

Lactobacillales_unclassified 0.4 0.1 0.0 0.0 0.0 0.1 3.4 0.0 0.0 0.0 0.0 0.0 

Anoxybacillus 0.3 37.4 37.5 40.9 56.8 26.6 0.0 73.0 33.6 44.7 0.2 37.2 

Gallibacterium 0.2 10.7 5.3 17.7 7.3 0.9 0.0 0.0 1.4 - 0.0 0.4 

Bacillaceae_unclassified 0.2 0.6 0.4 0.4 0.5 0.8 0.0 4.4 1.2 0.6 0.0 0.5 

Clostridium_sensu_stricto_1 0.1 0.5 0.3 0.2 0.3 0.1 0.0 2.4 2.4 3.9 0.0 2.4 

Pseudomonas 0.0 0.2 14.3 0.1 0.5 28.6 91.0 0.2 0.5 1.8 74.2 9.5 

Rothia 0.0 0.7 1.6 0.5 0.1 0.6 - 0.0 0.5 0.1 0.0 2.2 

Enterobacteriaceae_unclassified 0.0 1.4 0.6 0.1 0.1 0.4 3.0 0.0 0.0 0.1 0.0 0.1 

Clostridiaceae_1_unclassified 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5 1.4 2.3 0.0 1.4 

Enhydrobacter 0.0 0.2 3.1 0.7 0.2 0.4 0.0 0.0 0.0 0.0 - 0.8 

Acinetobacter 0.0 0.3 7.9 0.2 0.3 1.1 0.4 0.0 0.0 0.1 0.0 0.3 
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Burkholderiaceae_unclassified 0.0 0.0 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.1 2.8 0.2 

Planococcaceae_unclassified 0.0 0.9 0.7 0.8 2.4 0.2 0.0 0.7 8.0 5.2 0.0 4.4 

Chryseobacterium 0.0 0.1 3.0 0.2 0.1 0.5 - 0.0 0.0 0.1 1.0 0.6 

Exiguobacterium 0.0 0.0 2.5 0.0 0.0 0.0 - - - - - 0.0 

Gammaproteobacteria_unclassified 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 - 0.1 0.0 

Aeromonas 0.0 0.1 0.6 0.0 0.0 0.0 0.0 - - 0.0 - 0.1 

Aneurinibacillus 0.0 0.2 0.2 0.3 0.4 0.1 - 2.5 2.5 3.8 0.0 2.7 

Pigmentiphaga 0.0 0.0 - - - - - 0.0 0.0 0.0 0.9 0.0 

Flavobacterium 0.0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 

Stenotrophomonas 0.0 - 0.0 0.0 0.0 0.0 - - 0.0 0.0 0.8 0.1 

Methylobacterium 0.0 - 0.0 0.4 - 0.0 - 0.0 0.0 0.3 4.8 0.5 

Morganella - - 0.0 0.0 - 0.0 0.0 - 0.0 - - - 

Massilia - 0.0 0.1 0.0 - 0.0 - - 0.0 0.0 1.1 0.0 

Pseudomonadaceae_unclassified - 0.0 0.0 - 0.0 0.1 0.1 - 0.0 - 0.1 0.0 

Pseudarthrobacter - - - 0.0 - 0.0 - 0.0 0.0 - 3.7 0.0 

Carnobacterium - - 0.0 0.0 0.0 0.0 0.3 0.0 0.0 - - - 

Sphingomonas - 0.0 0.0 0.0 0.0 0.0 - 0.0 0.0 0.4 6.9 0.1 

Fonticella - 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.9 1.5 0.0 0.9 

Yersinia - - - - 0.0 0.2 1.1 0.0 0.0 - 0.0 - 

Others 21.3 12.2 10.0 16.1 13.4 7.5 0.2 2.1 10.9 13.7 2.3 10.1 
1 The 10 most abundant genera in each sampling point are underlined; 
2 Genera in the table were chosen regardless of their higher taxonomic rank; 
3 - indicates there was no sequencing reads detected; 
4 The order of taxa is descending based on their relative abundance in Pre-scald. 
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Appendix C 

Chapter 4 – Effect of peracetic acid on Campylobacter in food matrices mimicking commercial poultry processing 
 

Table C1. Inactivation of two C. jejuni strains in three food matrixes through eight processing conditions mimicked 
in laboratory (mean ± standard deviation (SD) Log10 CFU/ml) 1  

Conditions 2 
Strain 2674 Strain 2704 

M13 M2 M3 M1 M2 M3 

C0 8.24 ±0.20 7.49 ± 0.09 8.31 ± 0.05 8.15 ± 0.14 7.46 ± 0.10 8.25 ± 0.08 

C1 1.54 ± 0.54 0.08 ± 0.15 0.31 ± 0.07 3.25 ± 0.54 0.12 ± 0.25 1.49 ± 0.32 

C2 3.15 ± 0.76 0.12 ± 0.15 1.40 ± 0.10 3.46 ± 0.69 0.11 ± 0.30 2.43 ± 0.20 

C3 -0.07 ± 0.24 -0.06 ± 0.15 0.00 ± 0.11 0.10 ± 0.13 0.01 ± 0.14 0.16 ± 0.11 

C4 1.01 ± 0.27 0.01 ± 0.21 0.30 ± 0.10 3.15 ± 0.34 -0.06 ± 0.25 1.83 ± 0.30 

C5 2.78 ± 0.55 0.05 ± 0.18 1.64 ± 0.31 3.00 ± 0.65 -0.08 ± 0.12 2.42 ± 0.36 

C6 5.68 ± 1.62 0.68 ± 0.18 0.45 ± 0.13 4.50 ± 1.99 0.88 ± 0.14 0.40 ± 0.45 

C7 5.63 ± 1.64 0.45 ± 0.27 0.74 ± 0.09 3.13 ± 0.57 0.58 ± 0.31 2.03 ± 0.31 

C8 6.06 ± 1.45 0.65 ± 0.19 2.12 ± 0.34 3.66 ± 0.83 0.50 ± 0.35 2.67 ± 0.64 
1 Colony counts of samples were enumerated and transformed as Log10 CFU/ml. The C. jejuni inactivation of each replicate 

was calculated by comparing the count of C. jejuni at the end of each processing condition to the count in the respective 

control condition that was kept in 30°C shaker for the experiment. Then a mean ±SD value of C. jejuni inactivation was 

determined based on the six replicates for each processing condition obtained from the repeated experiments; 
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2 Each processing condition involved three steps: Step 1 was 3.5 min Heat at either 54.5°C  or 57°C  in a 100 rpm shaking 

waterbath or Hold at 30°C  in a 100 rpm shaker; Step 2 is 30 min Hold at 30°C in a 100 rpm shaker for all conditions; and 

Step 3 is either 30 min Chill at 4°C in a 100 rpm shaking waterbath with/without 80 ppm PAA or 30 min Hold at 30°C in a 100 

rpm shaker. C0, represents the initial counts of the C. jejuni strains before each processing condition, C1 represents the 

processing condition Heat (54.5°C) only, C2 represents Heat (57°C) only, C3 represents Chill only, C4 represents Heat 

(54.5°C)/Chill (4°C), C5 represents Heat (57)/Chill (4°C), C6 represents Chill + PAA (80 ppm), C7 represents Heat 

(54.5°C)/Chill (4°C) + PAA (80 ppm), and C8 represents Heat (57°C)/Chill (4°C) + PAA (80 ppm). 
3 The food matrix M1 represents Buffered peptone water (BPW), M2 represents chicken breast meat, and M3 represents a 

meat-based broth by stomaching chicken breast meat with BPW; 
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Appendix D 

Chapter 5 – Global proteome responses of Campylobacter when exposed to peracetic 

acid over a 45 min time course 

 

Fig D1: Mean value of optical density (OD600) of Campylobacter jejuni poultry strain 2704 subjected to 

different concentrations of PAA at 42C under 5% CO2 atmosphere for 24 h. The ratio of strain 2704 

cells vs. PAA solution was 1:3 in a 96-well plate, which there were three technical replicates for each 

PAA concentration in the plate. Three 96-well plates were used in order to minimize the impact of C. 

jejuni cells exposing to the ambient condition, which only one plate was taken out of the incubator for 

the OD600 measurement at a time during the experiment. The entire observation was performed on 

three different days. Therefore, a mean value of each PAA concentration was calculated from 27 

different OD600 measurements (three technical replicates x three 96-well plates x three days).  
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Fig D2: Representative microscopic images of C. jejuni strain 2704 subjected to sub-lethal PAA (60 

ppm) over 45 min. (A) – (D) represents the time points of 0, 15, 30 and 45 min respectively.  
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Table D1. 108 significantly differentially expressed proteins of C. jejuni poultry strain 2704 identified after 45 min sub-lethal PAA treatment 1 (p<0.001). 
Gene name 
(locus tag) Known or predicted protein (strain 2704 specific) 2 Known or predicted protein (UniProt) 3 Protein expression 

by log2 FC 4 
   15 min 30 min 45 min 

hisI Histidine biosynthesis bifunctional protein HisIE  2.843 3.019 3.052 

PBODGNAA_00460 hypothetical protein DUF1882 domain-containing protein 2.629 2.897 2.846 

PBODGNAA_00960 hypothetical protein Putative acetyltransferase 2.270 2.446 2.420 

trxA Thioredoxin 1  2.221 2.332 2.319 

PBODGNAA_00196 hypothetical protein Cupin 2.110 2.152 1.915 

prs Ribose-phosphate pyrophosphokinase  1.820 2.160 2.252 

metQ_2 D-methionine-binding lipoprotein MetQ Putative NLPA family lipoprotein 1.783 1.827 1.974 

selA L-seryl-tRNA(Sec) selenium transferase  1.723 1.970 1.710 

purC Phosphoribosylaminoimidazole-succinocarboxamide 
synthase  1.693 1.732 1.726 

dps DNA protection during starvation protein Possible bacterioferritin 1.604 1.667 1.658 

lon Lon protease  1.593 1.901 1.812 

glmU_1 Bifunctional protein GlmU  1.580 1.574 1.517 

kdsC 3-deoxy-D-manno-octulosonate 8-phosphate 
phosphatase KdsC Putative HAD-superfamily hydrolase 1.483 1.655 1.609 

apbC Iron-sulfur cluster carrier protein  1.364 1.548 1.531 

bcp peroxiredoxin  1.343 1.466 1.505 

hemL Glutamate-1-semialdehyde 2,1-aminomutase  1.320 2.473 2.804 

PBODGNAA_01141 hypothetical protein Putative flagellar motor switch protein 1.269 1.431 1.419 
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sat Sulfate adenylyltransferase  1.237 1.539 1.544 

argD Acetylornithine aminotransferase  1.179 1.582 1.669 

pdxJ Pyridoxine 5'-phosphate synthase  1.168 1.142 1.063 

fliW Flagellar assembly factor FliW  1.119 1.405 1.445 

PBODGNAA_01639 hypothetical protein zf-TFIIB domain-containing protein 1.109 1.152 1.157 

PBODGNAA_01404 hypothetical protein DUF3972 domain-containing protein 1.038  1.088 

rplW 50S ribosomal protein L23  1.029   

PBODGNAA_01653 hypothetical protein Highly acidic protein 1.021 1.050 1.144 

metG Methionine--tRNA ligase  -1.021   

queC 7-cyano-7-deazaguanine synthase  -1.037 -1.306 -1.378 

hemN_1 Oxygen-independent coproporphyrinogen III oxidase  -1.059 -1.304 -1.353 

PBODGNAA_01793 hypothetical protein Flagellin modification protein, PseA -1.065 -1.647 -1.653 

ubiD 3-octaprenyl-4-hydroxybenzoate carboxy-lyase 5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase -1.076 -1.653 -1.259 

metE 5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase 3-octaprenyl-4-hydroxybenzoate carboxy-lyase -1.099 -1.475 -1.431 

pgi Glucose-6-phosphate isomerase  -1.114 -1.275 -1.310 

pgk Phosphoglycerate kinase  -1.117 -1.495 -1.529 

ileS Isoleucine--tRNA ligase  -1.119 -1.373 -1.387 

PBODGNAA_00777 hypothetical protein Putative two-component response regulator (SirA-like 
protein) -1.152 -1.371 -1.341 

rlmB 23S rRNA (Guanosine(2251)-2'-O)-methyltransferase 
RlmB  -1.157 -1.771 -1.859 
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lutA_2 Lactate utilization protein A Putative oxidoreductase iron-sulfur subunit -1.171 -1.408 -1.498 

dapF Diaminopimelate epimerase  -1.210 -1.617 -1.698 

pyrG CTP synthase  -1.216 -1.614 -1.709 

aldA Lactaldehyde dehydrogenase Aldehyde dehydrogenase -1.247 -2.193 -2.023 

fabH 3-oxoacyl-(Acyl-carrier-protein) synthase, putative  -1.271 -1.237 -1.806 

rsxB_2 Electron transport complex subunit RsxB Ferredoxin -1.316 -1.783 -1.838 

ydcP Putative protease YdcP  -1.320 -1.761 -1.769 

guaB_2 Inosine-5'-monophosphate dehydrogenase Enoyl-[acyl-carrier-protein] reductase [FMN] -1.357 -1.285 -1.264 

gltX Glutamate--tRNA ligase  -1.359 -1.676 -1.770 

proA Gamma-glutamyl phosphate reductase  -1.438 -1.175 -1.366 

ppx Exopolyphosphatase Putative phosphatase -1.454 -2.143 -2.219 

rihA Pyrimidine-specific ribonucleoside hydrolase RihA Putative nucleoside hydrolase -1.461 -1.688 -2.014 

PBODGNAA_01083 hypothetical protein Hydrolase -1.511 -2.088 -1.889 

rpsZ 30S ribosomal protein S14 type Z  -1.538 -2.302 -2.388 

ubiG_1 Ubiquinone biosynthesis O-methyltransferase Putative SAM-dependent methyltransferase -1.662 -2.042 -1.980 

PBODGNAA_00166 hypothetical protein Putative histidine triad (HIT) family protein -1.735 -2.484 -2.638 

uvrA UvrABC system protein A  -1.764 -2.546 -2.454 

hslV ATP-dependent protease subunit HslV  -1.784 -2.672 -2.658 

PBODGNAA_01131 hypothetical protein Uncharacterized protein -1.797 -2.384 -2.371 
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proC Pyrroline-5-carboxylate reductase  -1.819 -2.709 -2.602 

gmhB D-glycero-alpha-D-manno-heptose-1,7-bisphosphate 7-
phosphatase  -1.898 -2.302 -2.270 

guaA GMP synthase [glutamine-hydrolyzing]  -2.009 -2.575 -2.607 

pyrH Uridylate kinase  -2.019 -2.936 -2.866 

algC Phosphomannomutase/phosphoglucomutase  -2.057 -2.998 -3.063 

dapD 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-
succinyltransferase  -2.159 -2.825 -2.964 

rimO Ribosomal protein S12 methylthiotransferase RimO  -2.249 -3.113 -3.258 

acpP Acyl carrier protein  -2.320 -3.033 -3.123 

por Pyruvate synthase Pyruvate-flavodoxin oxidoreductase -2.366 -3.292 -3.366 

mco Multicopper oxidase mco Putative periplasmic oxidoreductase  1.297 1.253 

PBODGNAA_01337 hypothetical protein Putative periplasmic protein  1.228 1.240 

PBODGNAA_00787 hypothetical protein Uncharacterized protein  1.164 1.227 

PBODGNAA_01199 putative protein S4 domain protein  1.126 1.070 

fliA RNA polymerase sigma factor FliA RNA polymerase sigma factor for flagellar operon  1.115 1.103 

coaD Phosphopantetheine adenylyltransferase   1.111  

tpx Thiol peroxidase   1.087  

luxS S-ribosylhomocysteine lyase   1.067 1.149 

cusR Transcriptional regulatory protein CusR Two-component regulator  1.063 1.097 

PBODGNAA_01349 hypothetical protein PseE protein  1.047 1.081 
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PBODGNAA_00497 hypothetical protein HSDR_N_2 domain-containing protein  1.026 1.126 

PBODGNAA_01777 hypothetical protein HAD-IIIC family phosphatase  1.017 1.063 

atpC ATP synthase epsilon chain   1.006 1.117 

vhb Bacterial hemoglobin Globin  -1.006 -1.172 

PBODGNAA_00197 Aspartate aminotransferase   -1.017 -1.033 

PBODGNAA_01481 dITP/XTP pyrophosphatase   -1.039  

glmS Glutamine--fructose-6-phosphate aminotransferase 
[isomerizing]   -1.042 -1.124 

PBODGNAA_01776 hypothetical protein VOC domain-containing protein  -1.046 -1.059 

PBODGNAA_01209 Putative protein MBL fold metallo-hydrolase  -1.060  

trpGD Bifunctional protein TrpGD Anthranilate phosphoribosyltransferase  -1.060 -1.149 

lutC Lactate utilization protein C   -1.067 -1.160 

fabD Malonyl CoA-acyl carrier protein transacylase   -1.080 -1.138 

groS 10 kDa chaperonin   -1.082 -1.168 

tyrC Cyclohexadienyl dehydrogenase Putative prephenate dehydrogenase  -1.083 -1.352 

ydfG NADP-dependent 3-hydroxy acid dehydrogenase YdfG KR domain-containing protein  -1.096 -1.159 

PBODGNAA_00659 hypothetical protein Cytokinin riboside 5'-monophosphate 
phosphoribohydrolase  -1.097 -1.181 

PBODGNAA_00696 Bacteriohemerythrin Putative iron-binding protein  -1.097 -1.114 

miaB tRNA-2-methylthio-N(6)-dimethylallyladenosine synthase   -1.097 -1.190 

galE UDP-glucose 4-epimerase   -1.117 -1.133 
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mqnD 1,4-dihydroxy-6-naphtoate synthase   -1.153 -1.082 

pleD Response regulator PleD Two-component response regulator  -1.208 -1.262 

PBODGNAA_00660 hypothetical protein Putative periplasmic protein  -1.283 -1.578 

proS Proline--tRNA ligase   -1.294 -1.490 

rbr1 Rubrerythrin-1 Non-haem iron protein  -1.422 -1.475 

proA Gamma-glutamyl phosphate reductase   -1.704 -1.682 

petA Ubiquinol-cytochrome c reductase iron-sulfur subunit    1.082 

rplJ 50S ribosomal protein L10    1.074 

gyrA DNA gyrase subunit A    1.042 

 No peptide sequence matched with strain 2704 Polymer-forming cytoskeletal family protein   1.030 

pgbA Plasminogen-binding protein PgbA Putative exporting protein   1.028 

atpG ATP synthase gamma chain    1.021 

dapA_2 4-hydroxy-tetrahydrodipicolinate synthase    -1.045 

mqo Malate:quinone oxidoreductase Probable malate:quinone oxidoreductase   -1.068 

yfbR 5'-deoxynucleotidase YfbR HD_domain domain-containing protein   -1.101 
1 The order of 108 proteins is descending based on their respective fold change (log2 FC) at 15 min, then the remaining proteins were in descending order based on their 

respective fold change (log2 FC) at 30 min and 45 min; 
2 Strain 2704 specific proteins identified from its genome; 
3 Proteins identified from UniProt database that are different from strain 2704; 
4 Underlined cells represent the proteins that were detected across all time points were expressed at the most or the least abundance at the respective time point. 
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Appendix E 

Chapter 2 – Changes of the bacterial community diversity on chicken carcasses 

through an Australian poultry processing line 

Sequence data availability 

The raw sequence data for the 16S rRNA genes are available at the BioProject accession: 

PRJNA578769 from the National Centre for Biotechnology Information (NCBI, 

https://www.ncbi.nlm.nih.gov/). 

 

 

Chapter 3 – Bacterial diversity on chicken carcasses undergoing poultry processing to 

the end of shelf life with assessment of linkages to the processing environment 

Sequence data availability 

The raw sequence data for the 16S rRNA genes are available at the BioProject accession: 

PRJNA596532 from the National Centre for Biotechnology Information (NCBI, 

https://www.ncbi.nlm.nih.gov/). 

 

 

Chapter 5 – Global proteome responses of Campylobacter when exposed to peracetic 

acid over a 45 min time course 

Sequence data availability 

The draft genome data for Campylobacter jejuni strain 2704 is available at the BioProject accession: 

PRJNA605295 from the National Centre for Biotechnology Information (NCBI, 

http://www.ncbi.nilm.nih.gov/). 

The mass spectrometry data for strain 2704 will be available upon request.  

 

https://www.ncbi.nlm.nih.gov/
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