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Abstract
The red meat industry is a multi-billion-dollar business for Australia and many other countries
around the world. Ensuring meat quality and safety is paramount to the survival and economic
success of the industry. Interventions used for hygiene and safety start from on-farm animal
husbandry practices, to physical and chemical applications during processing, right up until
consumption with the use of effective packaging and storage technologies. Processing-based
interventions including knife trimming, organic acid washes, steam vacuums and UV light have
been shown to improve the microbial shelf-life and safety of fresh meat. However, no single
intervention can ensure complete safety of red meat.
Pathogenic Escherichia coli, especially the O157 serotype, have been linked to serval large
food-borne outbreaks associated with consumption of bovine origin foods. This is despite
control measures, referred to here as ‘antimicrobial interventions’, already in use during
carcase processing. Currently, no single method is completely effective in controlling these
pathogens.
Zero tolerance policies for pathogenic E. coli serotypes require Australian exporters to have
confidence the meat products have minimal risk of E. coli and other pathogen contamination.
Thus, there is the opportunity and desire for additional novel antimicrobial interventions within
the processing system that can reliably achieve high quality, safe meat for export.
As carcase chilling is an existing step in the processing chain of meat, it would be an advantage
to couple this process with an additional intervention that would enhance the inactivation of
contaminant bacteria, especially pathogenic E. coli and Salmonella spp. In implementing an
additional practise during chilling in plants already set up for spray chilling or spray washing
of some sort, this approach should be relatively inexpensive and easy to put in place. In
1

deciding on any new intervention, consideration needs to be taken for the specific industry
environment, ability to implement additional infrastructure, cost effectiveness for site specific
issues and the types of products produced.
This study investigated the potential for oxidants as an additional intervention strategy when
applied during carcase chilling. Initially broth-based studies were done to test King et al. (2016)
hypothesis of increased susceptibility of gram-negative bacterial pathogens to oxidants during
typical carcase chilling conditions. An oxidant (hydrogen peroxide at 75 ppm or chlorine
dioxide at 7.5 ppm), at a non-lethal level under optimal (growth-permitting) conditions, was
applied during dynamic changes in growth kinetics of E. coli O157:H7 Sakai, induced by
abrupt downshifts in temperature and water (35°C aw 0.993 to 14°C aw 0.967). The addition of
hydrogen peroxide at 1.5, 7.5, and 22.5 h after the downshift caused a reduction in viable
bacterial counts (>3 log reduction) only at the 1.5 h time point. Similarly, chlorine dioxide
when added to cultures under chilling conditions caused inactivation of E. coli O157:H7 Sakai
though at all time points. Comparisons were also made with other E. coli and Salmonella
enterica strains. All additions of chlorine dioxide at the early stages of the spray chilling
conditions induced faster inactivation rates in culture-based trials. The results highlighted the
potential application of oxidants under chilling conditions and further studies on meat tissue
were warranted.
To determine further the potential utility of oxidants during carcase chilling, a series of
laboratory-scale studies were undertaken to evaluate the efficacy of chlorine dioxide (ClO 2 ) or
peroxyacetic acid (PAA) in eliminating E. coli O157:H7 Sakai on beef meat during the
simulated process of spray chilling (4 sec every 15 min for 36 cycles) or when applied
continuously prior to the spray chilling process (144 sec). In all cases, the effect of the oxidant
was most evident on fat surfaces, rather than on lean surfaces. ClO 2 at 15 ppm, a non-lethal
level under optimal growth conditions, when applied during spray chilling, caused higher
2

reductions in E. coli O157:H7 Sakai numbers (~3 log reduction) than when applied before the
same spray chilling (~1 log reduction). This reinforces the increased susceptibility of E. coli
O157:H7 Sakai to oxidative stress during spray chilling. In subsequent studies, both ClO 2 and
PAA at levels of 20 and 200 ppm, respectively, produced more pronounced lethal effects on E.
coli, achieving ≥4 log reduction at the end of chilling. These results indicate the potential for
further developing an oxidant-based application during spray chilling as an antimicrobial
intervention, to minimise the problems associated with enteric pathogens on beef meat.
The addition of an oxidant, in the early stages of chilling, warranted further studies on carcase
chilling in commercial settings. Therefore, an in-plant trial was conducted to evaluate and
compare the performance of two different oxidants (ClO 2 and PAA), as antimicrobial
interventions for E. coli on beef. These trials involved the use of beef carcase sides and a chiller
allowing for an industrial spray regime. Natural populations of E. coli were too low and
infrequent to assess the effect of the oxidants. Therefore, a cocktail of non-pathogenic E. coli
strains was deliberately applied to meat surfaces. Both oxidants reduced the total microbial
count and E. coli significantly, although a greater effect was seen on the E. coli populations. A
1 - 3 log CFU/cm2 reduction was found on the carcase sides depending on the site sampled.
Sites located at the top of the suspended carcase, such as the hind leg and flank-brisket had the
highest log reductions, most likely due to greater exposure to the spray. The result s showed
adding an oxidant to a spray chilling regime is an attractive potential antimicrobial intervention
for industry, with little to no structural changes in the plant.
Shelf-life studies were also conducted following the in-plant trials with non-inoculated
vacuum-packed (VP) striploins. VP striploins were stored at -1°C for up to 194 days and were
assessed periodically for pH, viable count, and sensory attributes (colour, odour, and visual
preference). No detrimental effects were detected for either oxidant treatment. However, some
striploins had significant (P < 0.5) odour differences between PAA treated and non-treated
3

samples. There were also significant differences in visual preferences observed by sensory
panellists for PAA treatments. Expansion of the sensory panel accompanied by training would
make to make the results more reliable, because much variation was observed in the results of
the small, untrained, panel used in this study. Also, different cuts and higher grades of meat
would assist in the evaluation of the treatments from a sensory perspective.
Overall, PAA was found to be a more effective antimicrobial intervention compared to ClO 2
during chilling, with greater log reductions of enteric pathogens, greater compatibility with
existing industry practices, and more positive outcomes from sensorial analysis. The current
studies indicate that adding an oxidant to spray chilling systems in abattoirs can increase
consumer safety and realise economic benefits for the industry.
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Chapter 1
Literature review - Current and emerging interventions for red meat
processing

Abstract
The red meat industry is a multi-billion-dollar global business for Australia and many other
countries around the world. Ensuring quality and safety of these products is paramount to the
survival and profitability of the industry. Therefore, investigations into current and emerging
interventions being used or trialled in the processing of red meat, from farm to packaging, are
discussed here. Interventions range from on farm animal husbandry practices, to physical and
chemical applications, right up until consumption via package and storage technology. Such
interventions including knife trimming, organic acid washes, steam vacuums, and UV light,
have shown to improve the microbial shelf-life and safety of fresh meat. However, no single
intervention can ensure the required quality and safety of red meat. A series of interventions
already in use are shown to decrease the risk of contamination and therefore disease, though
outbreaks still occur from meat products. This includes potentially very serious illnesses from
E. coli O157:H7 as well as other pathogenic serotypes of E. coli. Chilling along with
subsequent sanitation interventions provides an opportunity to apply hurdle stresses on meat
surface contaminating bacteria, particularly pathogenic species. Implementing an additional
sanitation step during chilling in abattoirs that are already equipped for spray chilling or spray
washing of some sort should be relatively inexpensive and easy to put in place. In deciding on
any new interventions, however, consideration needs to be taken for the specific industry
environment, ability to implement additional infrastructure, cost effectiveness for site specific
issues, worker safety, the types of products produced, and downstream effects on product
quality and consumer acceptability. Ultimately the improvement of antimicrobial interventions
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within the meat processing chain will benefit all, not only economically but to the health and
safety of consumers.

1.1. Introduction
Australia’s red meat industry is a large and profitable global business. Therefore, ensuring the
quality and safety of these products is critical for the success of the industry for both domestic
and international markets. Despite extensive research and technological developments in the
food process industry, food-borne illness remains a global concern. In red meat processing,
contamination of animal carcases during slaughter and subsequent processing include faeces,
hide, oil, water, air, intestinal contents, lymph nodes, processing equipment, and from human
contact (Bell 1997). The types of microorganisms and extent of contamination present on the
final product are influenced by sanitation procedures, hygienic practices, application of food
safety interventions, type and extent of product handling and processing, and the conditions of
storage and distribution (Bell 1997). Current interventions are in place to reduce the risk of
contamination of final products. Processing plants implement many antimicrobial interventions
throughout the processing chain. However, no one form of intervention is totally effective at
eliminating pathogenic bacteria. Cattle hides are continuously contaminated with faeces and
thus also potentially contaminated pathogenic E. coli. Other organisms of concern to meat
processors throughout the red meat supply chain (particularly during packaging and retail)
include spoilage microorganisms and pathogens, such as Salmonella enterica, Listeria
monocytogenes and Clostridium perfringens. All of these may be found in the faeces and on
the hides of cattle presented for slaughter as well as being continually present in aerosols
(Beuchat 2002; Rahkio et al. 1997; Reid et al. 2002; Ross 1999; Strydom et al. 1995) and can
be transferred to the carcase during processing, particularly through hide removal and
evisceration (Bell 1997).
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The muscle itself is sterile, though in the process of hide removal contamination occurs. This
contamination is a big problem for the meat industry and if not sufficiently controlled
inevitably diminishes the quality and safety of the meat product. There are strict regulations in
place for bacterial numbers and pathogenic detection in batches of meat, in particular with meat
products undergoing export to other countries (Webber et al. 2012). Therefore, extensive
interventions are put in place to minimise contamination during processing.
The aim of this review is to investigate the current and emerging interventions being used or
trialled in the processing of red meat, from the farm gate to the packaging stage. Antimicrobial
interventions are reviewed in how they are applied in pre-processing, processing, and postprocessing stages.

The goal is to identify truly and feasible effective antimicrobial

interventions for the meat industry, with a particular focus on the decontamination of
pathogenic E. coli strains.

1.1.2. E. coli O157 prevalence and why it is a problem
Global testing of processed beef products have shown prevalence rates of O157 to be as high
as 54.2% while non-O157 occur 62.5% of samples for pathogenic E. coli surveyed (Hussein
2007; Hussein et al. 2005). Up to a third of meat E. coli isolates have the potential to cause
disease. In comparing foods, Rantsiou et al. (2012) found a higher prevalence of these isolates
in meat as well as in dairy, especially in fermented products. Virulent E. coli strains have been
found in up to 42% of dairy products and 70% of meat products in certain countries (Rantsiou
et al. 2012). These prevalence rates are alarming and detail the potential source of outbreaks
linked to food, in particular meat and dairy products.
The first reported E. coli O157:H7 associated outbreak was in 1982 associated with
contaminated beef mince, and from there an increasing trend in the number of outbreaks has
occurred, possibly due to increasing popularity of ready to eat and highly processed foods
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(Presser et al. 1998; Rangel et al. 2005). However, improved diagnostic, surveillance and
incident management technology also contributes to the increased knowledge of serotypes and
prevalence rates (Marder et al. 2018; Valilis et al. 2018). The outbreaks have been more notable
in the US (Rangel et al. 2005; Tuttle et al. 1999). In late 1992 to early 1993, a large outbreak
of E. coli O157:H7 infections occurred in the USA and were associated with eating ground
beef patties at one fast-food chain (Tuttle et al. 1999). The source was found to be from
contaminated cattle, this contamination was spread by combined batches of meat, to form an
infectious dose of E. coli O157:H7 with less than 700 organisms (Tuttle et al. 1999). In the
United States the Centre for Disease Control (CDC) has found up to 55% of all foodborne
outbreaks to be caused by E. coli, with the majority link to raw beef products (Robertson et al.
2016). The Food Safety and Inspection Service (FSIS) of the United States Department of
Agriculture (USDA) issued a zero tolerance policy after the 1992-93 outbreak, and more
recently they have increased the serotype detection to include O26, O45, O103, O111, O121,
and O145 pathogenic serotypes (Wang et al. 2012). The increase in serotype detection is a
result of the increase prevalence of non-O157 strains and the increased incidence of
pathogenicity (Schlackow et al. 2012; Valilis et al. 2018). E. coli are a normal gastrointestinal
microorganism of humans and mammals. They assist in the essential breakdown of foods in
the intestines, allowing a greater uptake of nutrients for their host. Although most strains of E.
coli are not harmful, some strains possess characteristics including virulence factors that enable
them to cause several forms of gastrointestinal disease (Todd et al. 2001). Pathogenic E. coli,
especially the O157 strains have been linked to foodborne outbreaks associated with
undercooked meat and meat products (Armstrong et al. 1996; Smith et al. 2014). E. coli
O157:H7 is a subgroup of enterohemorrhagic E. coli (EHEC) which produces Shiga and
hemolysin capable of enterocyte effacement. EHEC strains can cause severe gastroenteritis and
potentially more serious conditions, in particular Haemolytic Uremic Syndrome (HUS) in
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susceptible people (Phillips 1999). This pathogen is often present on hides, in faeces, the
rumen and derived carcases (Elder et al. 2000; Hancock et al. 2001; Van Donkersgoed et al.
1999). Therefore, the potential presence of E. coli O157 on carcases can lead to a very serious
threat to the meat industry and its consumers.
Cattle are a major reservoir for E. coli O157:H7, E. coli including O157:H7 strains are natural
gastrointestinal microbiota of cattle. This pathogenic E. coli variety is not generally pathogenic
to adult cattle (Armstrong et al. 1996), though may cause diarrhoea and other symptoms in
young calves. Several studies have found the prevalence of E. coli O157:H7 to be much higher
in summer months of the year (Barkocy-Gallagher et al. 2003; Khaitsa et al. 2003; Van
Donkersgoed et al. 1999). This increase is detected in the faeces and subsequently also on the
hides of cattle (Barkocy-Gallagher et al. 2003). Studies have also detected greater number of
E. coli O157:H7 on the hides than in the faeces, implying a build-up of the pathogenic bacteria
over time. Barkocy-Gallagher et al. (2003) also noted this increase in O157 during the summer
months, though continually noticed numbers on hides to be high from spring through to
autumn. However, a study by Elder et al. (2000) found the opposite with relatively low hide
prevalence for EHEC O157 compared with faeces. Another study by Khaitsa et al. (2003)
grouped cattle in pens to follow the shedding pattern of O157 over the summer period. They
found the results varied dramatically between pens and cattle, though a distinct pattern
emerged. Over a 19 week period Khaitsa et al. (2003) found after an initial low period of eight
weeks, a high period of shedding occurred for 7 weeks. Heightened amounts of cells residing
on the hides of cattle, for potentially a long period, highlights that hides can spread
contamination to meat carcases during abattoir processing.
Bonardi et al. (2001) also found similar results to that of Khaitsa et al. (2003) with 12% of
isolates off carcases being EHEC strains, with most contamination occurring on the legs. EHEC
O157 subtyping showed that a strain originally present on one animal, may spread to many
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others by direct contact, especially when cattle coming from different farms are kept together
in abattoir pens before slaughtering (Bonardi et al. 2001). Therefore, this may explain why
larger abattoirs have more cross-contamination compared to small more manual processing
plants (Bonardi et al. 2001).
Beef carcases are initially sterile and during processing, hide removal and evisceration,
contamination occurs from either the skin, aerosols, intestinal material (auto-contamination) or
from knives, machinery, and other carcases (cross-contamination). Bacon et al. (2000) found
hide counts to be 5.5-7.5 log CFU/cm2 for E. coli prior to skinning with the counts reducing to
2.6-5.3 log CFU/cm2 on the carcase. Thus, this shows skinning as a major source of
contamination, particularly on the rump area (Gill 1996). Elder et al. (2000) found EHEC
incidence increased on the posterior region of the carcases at the peak shedding time. In
particular, the rump area had the highest level of contamination. In the abattoir a series of
decontamination processes occur. Gill (1996) found two such steps, trimming and washing, did
not successfully decontaminate the neck and rump areas. The rump they found was still
contaminated even after extensive trimming. Other sources of significant contamination have
been found from dropped carcases during de-hiding (Brown et al. 2013), as well as worker’s
gloves and conveyor belts (Youssef et al. 2013). Multiple interventions are used to
decontaminate fallen carcases or they are condemned (Brown et al. 2013).
Studies have shown the reduction of total bacteria and E. coli counts from the initial hide until
chilling, through a series of decontamination steps provides an additive reduction of
contaminating bacterial numbers (Bacon et al. 2000). Thus, a series of decontamination steps
throughout the processing chain works best at decreasing E. coli counts overall, with individual
interventions being insufficient for practical decontamination.
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1.2. Pre harvest strategies
Minimising the risk of spreading E. coli in the abattoir environment starts at the farm. The
cattle are withheld food and in some case feed specific diets are used to minimise pathogenic
E. coli in the gut, or to minimise the faecal waste produced from the cattle in transport and
holding prior to processing (Thormar 2012). Other techniques to minimise E. coli
contamination include the washing of the animals prior to processing. Research into various
acid washes have achieve greater than 3 log unit reductions of pathogenic E. coli, including
lactic (Yoder et al. 2012), caprylic, resorcylic (Baskaran et al. 2013) and hypobromous acid
(Schmidt et al. 2012) solutions.

1.2.1 Feed supplements
Natural feed supplements are now being favoured over past traditional process such as
antibiotic use. The use of antibiotics was a common practise in maintaining the health and
productivity of livestock in the past and was continued for many years, until the realisation that
many pathogenic bacteria, particularly foodborne pathogens were acquiring antibiotic
resistance (Swartz 2002; Threlfall et al. 2003). Antibiotic use or over use has now been banned
or negatively perceived by the general public in favour of more natural feed supplements
(Thormar 2012). Natural feed supplements include probiotics, prebiotics, bacteriocins, organic
acids, enzymes, bioactive phytochemicals, antimicrobial peptides, lipids, and bacteriophages
with several products being commercially available and patented (Cheng et al. 2014; Johnson
et al. 2008; Thormar 2012).
Several studies have considered the effects of different feed ingredients and diet on the
shedding of pathogens by livestock, but the results are often conflicting. The change in diet and
management practices could actually increase shedding of pathogens, due to the
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gastrointestinal stress and potential pH change that can result (Greer et al. 1997; Markowiak et
al. 2018). Other trials have used an extract from the brown seaweed Ascophyllum nodosum as
a feed additive to promote stress tolerance, and when given 14 days prior to slaughter this
product has shown potential to decrease the prevalence of E. coli in faeces and on hides
(Barham 2001). In addition, other studies have investigated the application of chitosan micro particles as a feed supplement and found this potentially may reduce the numbers of E. coli
O157:H7 being shed (Browne 2007).
There is also a significant amount of research into the feeding of probiotics, bacteria, and other
microbes with the purpose of providing health benefits when consumed, to livestock to
competitively exclude the pathogens. Some organisms have also shown promise in reducing
the incidence of E. coli O157:H7 in calves (Markowiak et al. 2018; Zhao et al 1998), while
natural products from some non-pathogenic E. coli, such as ‘colicins’, seem to have some
inhibitory effects on E. coli O157:H7 (Schamberger et al. 2004). On the other hand, sodium
chlorate, given by mouth to cattle, sheep and pigs has been shown to reduce S. Typhimurium
and E. coli O157:H7 within intestinal contents (Anderson et al 2001), and work is underway to
see if this can be used in the field.

1.2.2. Vaccinations
Vaccines are under substantial research with trials into the production of a vaccine against E.
coli O157:H7 for cattle. A two-dose vaccination regime effectively reduced E. coli O157:H7
faecal shedding and hide contamination (Thomson et al. 2009). The vaccines are available in
Canada and the USA (Matthews et al. 2013). The USDA granted approval in 2009 for a
conditional licence to Epitopix to sell a vaccine. Cull et al. (2012) examined the efficacy of an
E. coli O157:H7 vaccine. They found that the level of E. coli O157:H7 positively decreased in
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cattle (from 31.7% down to 17.4%) as did the incidence of high shedding cattle (from 3.5%
down to 0.95%).

1.2.3. Hygienic practices
The hygiene of water troughs have been shown to support E. coli O157, and be a source of
colonisation of previously ‘clean’ animals, so control of pathogen populations in the water
could be a possible means of reducing the incidence (LeJeune et al. 2001). Chlorine would
appear to be the treatment of choice, but some strains of E. coli are particularly resistant to
chlorine, and animal water troughs often contain large amounts of organic material, which
would inactivate the chlorine (Zhao et al. 2006).
Cattle faeces are reported to contain an aerobic plate count of 6-7 log CFU/g (Salter et al. 2000),
and an adult bovine can void up to 25.5 kg of faeces and 12-22 litres of urine in 24 hours
(McGrath et al. 1969). Therefore, if there is insufficient bedding or drainage in animal
accommodation, or poor design or maintenance, faecal soiling of the hide can occur. A link
between hide microbial contamination and subsequent carcase contamination has been reported
(Zhang et al. 2010). It has been suggested that if hide contamination can be controlled, the
contamination of carcases can be controlled. Several studies have also concluded that the
holding environment is more significant than the originating feed lot or farm, with E. coli
O157:H7 contamination on cattle hides (Deng et al. 1998; Guo et al. 2011; Hiramatsu et al.
2005). Conversely, others concluded that hides were more likely to be contaminated with E.
coli O157 at the feedlot than at the abattoir, although they found high prevalence of this
organism in holding pens at the abattoir (47% of samples taken from the pen rails and 42% of
samples taken from the pen floor) (Fegan et al. 2009). Australian abattoirs often reject animals
that are delivered exceptionally dirty or separate them for further treatment before they are
processed at the end of the day prior to cleaning to prevent contamination.
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1.2.4. De-hairing
De-hairing of cattle hides is another pre-processing intervention used by some abattoirs. It is
considered an effective intervention to reduce the incidence of hide-to-carcase contamination
with pathogens. Nou et al. (2003) showed the effectiveness of this hide intervention in beef
processing to significantly reduce carcase contamination by E. coli O157:H7.

1.3. Processing strategies
Carcases are sterile until processing where hide removal, evisceration and anything that
contacts the carcases can cause contamination. Several interventions are currently in use to
control carcase contamination within a single processing plant. Techniques in place range from
trimming contaminated sites on the carcase to acid wash steps. During processing the
decontamination of implements and equipment is also undertaken. After processing the
carcases are chilled to maintain quality, which also causes a potential decrease in
microorganisms. However, no single intervention can provide 100% assurance of safe meat.
This indicates the need for developing new or improving existing interventions that are
effective in controlling or reducing the pathogens on carcases.

1.3.1. Carcase trimming
Trimming has previously been reported to be effective in reducing the aerobic plate count (by
3 log CFU/cm2 ) and E. coli O157:H7 (by 3.1-4.4 log CFU/cm2 ) on carcases (Akyol 2018;
Neidhardt et al. 1990; Visvalingam et al. 2018). However, when trimming was used in
conjunction with washing, higher counts were reported compared to trimming alone. A
explanation for this may be cross-contamination during the washing process (Visvalingam et
al. 2018). Gill et al. (1996) also found no conclusive evidence that trimming and washing was
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an effective decontamination process although others have with aerobic counts alone (Reagan
et al. 1996). Therefore, it is thought the effectiveness of trimming and washing depends on
many influences such as the operator, the extent of visible contamination compared with nonvisible contamination, and the temperature, angle and pressure of the wash waters used in each
of these studies.
Trimming is a manually intensive process, requiring skilled personnel and careful disposal. It
is also a potential cost to the industry with not only subsequent loss of meat with damage to
certain cuts resulting in a lower quality product and therefore saleable price. Although there
are many negatives, visible removal is still considered the easiest way to prevent potential
contamination (Gill 2004).

1.3.2. Hot water
Hot water is a common decontamination step in abattoirs with its ease of use and setup though
its continual use can be relatively expensive over time. The major concern with its practical
use is its effect on the sensory quality of the meat, such as colour, texture and odour. Gill et al.
(1999) trialled hot water treatment (85°C) to one half of a beef carcase, were they found a 2
log reduction in E. coli (15 and 10 sec) with a further small decrease after chilling. The hot
water treatment of pasteurising the meat for 10 seconds proved not to be detrimental to the
overall meat grade. Bosilevac et al. (2006) compared a lower temperature of 74°C and lactic
acid. Hot water was considered significantly more effective with an 81% reduction in E. coli
O157:H7.
Reductions in bacteria were obtained when surfaces were treated with water >80°C for 10 s,
though no benefits at increasing temperatures over 85°C for longer periods (Davey et al. 1989;
Gill et al. 1999; Smith et al. 1978). If water temperatures were reduced below 80°C, the
treatment times were increased to reduce bacterial numbers (Smith 1992). The reduction in
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time was found to reduce costs of the treatment and any sensory effects without a loss to
decontamination efficacy (Gill et al. 1999). Gill et al. (2000) confirms treatment time of 11 s
should be set to obtain the maximum reductions in coliform and E. coli numbers.
In other comparison studies, spray treatments with hot water have been shown to be the most
effective, resulting in higher pathogen reductions than other antimicrobial interventions such
as various acid washes (Sala et al. 2012; Yang et al. 2012). Although hot water has proven to
be a good decontamination intervention, it is not 100% effective at eliminating pathogens from
all over carcases, therefore an additional or substitution step is still required.

1.3.3. Lactic acid
Washing with lactic acid solutions is often used as an additional treatment after water washing
occurs to the carcase. It is often used in conjunction with other treatments such as hot water
and other compounds. The benefit of lactic acid is that it is an approved organic acid for food
processing and consumption, and is relatively cheap to procure and utilise, particularly for
abattoirs that already possess wash cabinets (Chen et al. 2012). The hazards of using lactic acid
are low with it being classified only as a low irritant, although it can cause corrosion to
equipment over time, accelerated meat spoilage in some instances, and possibly induces acid
resistance in microbial populations (Chen et al. 2012).
The concentrations of lactic acid investigated range from 1-5% (vol/vol). In processing plants,
the usual concentration used is 1-2% (v/v). Several studies have shown that the increasing
concentration of lactic acid had a greater log reduction for both pathogenic E. coli and nonpathogenic E. coli (Castillo et al. 2001; Gill et al. 2004; Youssef et al. 2013), and a similar
reduction between pathogenic and non-pathogenic E. coli (Akyol 2018; Youssef et al. 2013).
Hamby et al. (1987) applied the concept of repeated treatment of 1.0% lactic acid as a spray on
beef carcases over 28 days storage. The total counts of bacteria were found to be significantly
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lower overtime. Pittman et al. (2012) decided to use two lactic acid treatments on beef subprimal cuts. Both treatments were successful in decreasing the non-pathogenic and E. coli
O157. The initial treatment reduced E. coli O157 by 1.6 log units and the secondary wash by
2.8 log units. These results suggest multiple treatments of even the same treatment, as in these
cases of lactic acid, can be beneficial during storage and packaging.
Lactic acid solutions are usually applied in the form of a rinse spray for economical and
efficiency reasons, another way is to use it as a dip rinse of carcases. Wolf et al. (2012)
compared the dip and spray two techniques. They found that the dip approach actually resulted
in the largest decrease in numbers of pathogenic E. coli, including O157, and Salmonella. The
log reduction for the lactic acid dips were between 0.5 to 1.41 log. The negative aspects of the
dip treatments are the amount of solution required, decontamination of the waste and the
potential risk of cross-contamination. Samelis et al. (2002) found E. coli O157:H7 survived in
decontamination fluid at low temperatures, mimicking abattoir processing temperatures. In
lactic acid washes E. coli survived for more than 2 days, and in acetic acid washes for 7 days,
with better survival rates at 4˚C than 10˚C. E. coli survived, though did not grow in water
washings.
Kalchayanand et al. (2012) found lactic acid to be effective in reducing various pathogenic
strains including E. coli O157:H7 though found it was not as effective as hot water treatments.
In contrast, Castillo et al. (1998) observed similar, >4 log unit reduction when either lactic
acid spray or hot water was applied. Whereas water wash and trimming treatments were found
to decrease the overall faecal contamination, they also spread pathogens on the carcases. Hot
water and lactic acid treatments were the best combinations found to decontaminate the
carcases by Castillo et al. (1999a), though Yoder et al. (2012) confirmed that lactic acid
spraying could also achieve this with a 3.5-6.4 log reduction of E. coli O157 on beef carcases.

17

Many studies have investigated the effect of lactic acid on meat carcases or cuts, the reductions
for E. coli, pathogenic and non-pathogenic, range from 0 to >6 log (Samelis et al. 2002; Yoder
et al. 2012). The differing results may be due to other factors such as application rates, at which
stage the treatment was applied, the temperature of the environment and the acid solution. The
nature of interventions previous to the acid washes also influences the physiology of the E. coli
cells and can result in acid habituation an increased acid survival (Du et al. 2019). Youssef et
al. (2012) found that the type of tissue exposed to the lactic acid had a larger influence than the
lactic acid concentration. They found a greater reduction of E. coli on the membrane of beef
rather than on fat or cut muscle. Castillo et al. (2001) observed greater reductions with hot
lactic acid on chilled beef carcases, while King et al. (2005) found better results with an
application at the initial chilling stage; Pittman et al. (2012) on the other hand found a greater
reduction of E. coli numbers occurred after a repeated treatment of lactic acid.

1.3.4. Peroxyacetic acid
Peroxyacetic acid (PAA) or peracetic acid is used for sanitizing specific fresh food products
with concentration of up to 80 ppm in wash water, while 220 ppm is allowed by the United
States (FDA 2018) on raw meat products and at non-specified levels in Australia (FSANZ
2016). The results of PAA are varied at different concentrations and for different fresh food
types (Vandekinderen et al. 2009). Abadias et al. (2011) found that with apples levels as low
as 20 ppm reduced E. coli O157 over 4 log CFU/g. Mohan et al. (2012) and Gill et al. (2004)
both found PAA at 0.02% effective at lowering total counts and E. coli counts on beef, though
not as effective as other acid washes, PAA has no detrimental sensory effects and the meat
maintained suitable redness. PAA actually showed potential to maintain or improve odour
sensory qualities at high levels, i.e. 200 ppm, and at the same time significantly reduced E. coli
and S. typhimurium on beef trimmings (Quilo et al. 2009).
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1.3.5. Hydrogen peroxide
Hydrogen peroxide (H 2 O2 ) is a commonly used chemical in various industries and is easily
available. H 2 O2 is a highly reactive oxidant that penetrates bacterial cells and can inhibit growth
of E. coli and cause inactivation (Smirnova et al. 1997). It is been used to reduce bacterial
numbers of a variety of fresh food products with relative success, although varying
concentrations are required (Olaimat et al. 2012). The Food Standards Australian New Zealand,
Standard 1.3.3, allows its use as a general food processing aid at a maximum of 5mg/kg residual
on all food types. The FDA allows 8 mg per capita of H 2 O2 . Generally, it is used for washing,
bleaching, peeling, as a control for Lactic Acid Bacteria (LAB), to maintain pH, and for general
water treatment. The dairy industry in Australia has recently been approved to use H 2 O2 to
control LAB in dairy products to the 5mg/kg level in food. In fresh produce concentrations as
low as 0.5% are used to lower bacterial populations in mushrooms (Sapers et al. 1998), and 1%
has reportedly reduced E. coli O157 1.8-3.5 log on whole apples though not on cantaloupe,
suggesting a surface effect (Sapers et al. 2003). The concentration for poultry carcases has been
seen at 1.2% able to reduce 80% of E. coli contamination, though adverse effects of bleaching
and bloating of the carcase were observed (Lillard et al. 1983). On beef carcases a usage of 3%
resulted in a 2.7 log reduction of model pathogenic bacteria (Bell et al. 1997). At this
concentration of H 2 O2 some level of meat lightening was seen, though only a slight change of
pH occurred. In the same study by Bell et al. (Salter et al. 2000) 3% H2 O 2 in combination with
acetic acid produced an even greater reduction of E. coli up to 4 log CFU/cm2 . The combined
use of acetic acid and H 2 O 2 did affect the pH and left a residual level of 1.4 ppm of H 2 O2 on
the carcases not seen with H 2 O 2 alone. Therefore, when using H 2 O2 consideration into the pH
of the food type is an important factor, on not only the sensory qualities, though also on residual
levels of H 2 O2 (Salter et al. 2000). At near neutral pH H 2 O2 degrades to water and oxygen. ther
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than pH, H 2 O2 may also lose its effectiveness as a decontaminate when it reacts with different
surfaces, such as soil and metals (Sapers et al. 2003).

1.3.6. Chlorine derivatives
Sodium chlorite (NaClO 2 ), chlorine dioxide (ClO 2 ) and derivatives are commonly used to
produce chlorite ions (ClO -), which are toxic to bacteria cells, E. coli and Salmonella. Most
trials have applied these chemicals in carcases or other fresh produce washing. Although some
studies are looking into the idea of feeding cattle, sheep and pigs sodium chlorate (NaClO 3 ) in
order to reduce intestinal populations of E. coli and Salmonella (Anderson, et al. 2000; Taylor
et al. 2015). In the factory environment the benefits of chlorine dioxide, the by-product of
acidified sodium chlorite (ASC), is that it is non-corrosive and is also relatively inexpensive to
set up in most plants, and it leaves no residual chlorine or detrimental sensory effect on the
fresh produce. Rajkovic et al. (2009) studied E. coli O157:H7 and found no resistance with the
repeat use of chlorine dioxide as a processing treatment. However, for the use of chlorine
dioxide the mixture of acid and sodium chlorite has to be made up prior to use, and allowed
the recommended time to activate, usually 30 minutes depending on the product (Keskinen et
al. 2009). Acids used to activate sodium chlorite are phosphoric acid, citric acid, lactic acid or
any ‘generally regarded as safe’ (GRAS) acid (FSANZ 2016). In a comparison between
phosphoric acid and citric acid, Castillo et al. (1999b) found citric acid to be more effective in
assisting in lowering the counts of E. coli, extending the reduction by ~0.5 log.
Australian and NZ food standards and the FDA indicate the maximum amount of chlorine
dioxide that can be used is between 500-1200 ppm, depending on the method used, dip or spray
(USDA 2013). The Australian processing aids, Standards 1.33 clause 12, states that sodium
chlorite as a wash on all foods is allowed, with maximum residue levels to be no more than of
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1 mg/kg (available chlorine) in the final food product, in alignment with other chlorine based
agents (FSANZ 2003).
Non-pathogenic E. coli was shown to be effectively reduced on meat products by as much as
>8 log CFU/cm2 using 20 ppm sodium chlorite, according to Elano et al. (2010), whereas for
more virulent strains, such as E. coli O157:H7, levels of up to 1200 mg/L were found to be
more successful (Castillo et al. 1999b). Castillo et al. (1999b) found >4 log reductions on beef
carcases using high levels of acidified sodium chlorite after a prewash reduction of around 2
log units. Similarly, on inoculated beef cubes Lim et al. (2004) also found a reduction of E.
coli O157:H7 by 2.5 log and that ASC alone was the most effective wash, rather than in
combination with 0.5% cetylpyridinium chloride or 0.1% potassium sorbate. Some sensory
effects, mainly lightening of the beef surface, were noticed as the pH decreased for A SC
treatments. ASC pH has to be specific to the product of use to prevent any loss of sensory
quality (Lim et al. 2004).
Higher levels of chlorine dioxide are found to be more effective than lower concentrations
according to Yoder et al. (2012) and Bosilevac et al. (2004) though lower levels are best for
retaining the quality and shelf life of ground beef. In comparing chlorine dioxide with a more
traditional approach of a hypochlorite wash on seafood, Andrews et al. (2002) found a greater
log reduction of total bacteria counts with increased concentration up to 40 mg/L than aqueous
chlorine at slightly higher levels, with no residual chlorine.
Acidified sodium chlorite has been shown to be a successful wash for fresh produce, meat and
vegetables. Inatsu et al. (2005) found E. coli O157:H7 was reduced by up to 3 log units before
sensory quality of Chinese cabbage leaves were affected. Ruiz-Cruz et al. (2007) found E. coli
O157:H7 to be reduced by 2.5 log units on carrots. Gonzalez et al. (2004) also found ASC to
reduce pathogens over 5 log units at 1000 ppm on carrots, a greater reduction than chlorine,
citric acid and water. Andrews et al. (2002) and Castillo et al. (1999b) both found chlorine

21

dioxide or acidified sodium chlorite sprays after a pre-water wash were most effective. AlonsoHernando et al. (2013) found ASC worked best at 4°C rather than high temperatures. In contrast
Kalchayanand, Norasak et al. (2012) found acidified sodium chlorite less effective than hot
water, lactic acid and peroxyacetic acid. Anderson et al. (2000) found sodium chlorate reduced
E. coli O157:H7 5 log with concentration of 5 mM at pH 6.8, although the results are pH
dependant. Keskinen et al. (2009) found with the ASC treatment the remaining bacteria were
associated with biofilms or damaged tissue.

1.3.7. Ozone
Ozone has been tested for its oxidative effects on meat carcases and cuts. The results of studies
have not seen a dramatic effect on reducing microbial counts with E. coli contamination.
Studies by Cardenas et al. (2011) and Rahman et al. (2013) have shown up to a 1 log reduction
in counts with relatively low concentrations of 5 ppm for carcases and 72 ppm for meat cuts.
Ozone has two types of applications in the form of gas or as ozone water. In a pre-processing
step of washing cattle hides with ozone water promising results have been seen. Studies by
Bosilevac, J. M. et al. (2005) have shown ozone water reduces total and Enterobacteriaceae
counts by 2.1 and 3.4 log CFU/100 cm2 , respectively. The prevalence of E. coli O157 on hides
was also seen to reduce from 89% to 31% following treatment with ozone water, similar results
to that of electrolysed water. Ozone and EO waters could be beneficial if used to decontaminate
hides, significantly reducing pathogen loads on beef hides, and thereby reducing pathogens on
beef carcases (Bosilevac et al. 2005). However, some studies indicate high cost and harmful
effect of the gas makes it an undesirable intervention. Others justify the cost as being cheaper
compared to high temperature treatments and the harmful gas as manageable, short lived issue
with no storage of hazardous material being required (Pandiselvam et al. 2019).
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1.3.8. Electrolysed water
Electrolysed water, which is created by electrolysis of NaCl, forming a hydrochlorous acid
(HClO) solution (neutralised to around pH 6 for maximum efficacy), has shown great potential
with reducing E. coli O157:H7 in broth and water systems with up to 8 log reductions (Kim et
al. 2000; Park et al. 2004). Whereas when applied to the carcases it has been shown to have a
lesser effect with reductions in E. coli O157:H7 up to 2 log and in combination with calcium
lactate a reduction of up to 3 log (Rahman et al. 2013).

1.3.9. Plasma activated water
Plasma activated water is made up of nitrate, nitrite, and hydrogen peroxide species. At acidic
pH nitrate and nitric oxide are present and act as powerful oxidants. Naitali et al. (2010) showed
that the efficiency of PAW was diminished at neutral or buffered pH. Their results showed
PAW was more efficient in reducing Hafnia (5 log) than the nitrogen species and hydrogen
peroxide alone (Naitali et al. 2010).

1.3.10. Natural compounds
Natural antimicrobials such as the compound nisin, produced from lactic acid bacteria such as
Lactococcus lactis, has been applied to meat and meat products owing to its specific
antimicrobial qualities (De Alba et al. 2013). Nisin at 3% has been shown to have reductions
of E. coli O157 of up to 4 log units in combination with 500 MPa high pressure (De Alba et al.
2013). Overall nisin was an effective antimicrobial on meat products with maintaining pH,
though had detrimental sensory effects on the product. By comparison, other compounds such
as lactate and acetate-lactate had better results with maintaining sensory attributes and reducing
microbial counts (Cárdenas et al. 2013). Other compounds such as SDS (sodium dodecyl
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sulfate) and levulinic acid (4-oxopentanoate) alone have very limited effect on E. coli
O157:H7, although when combined as a treatment they were highly effective at 30 and 60 min
of incubation. A solution containing 0.5% levulinic acid with 0.05% SDS results in up to 7 log
reduction of E. coli O157 (Zhao et al. 2009). In treating vegetables 3% levulinic acid plus 1%
SDS applied for 20 s reduced both Salmonella and E. coli O157:H7 by up to 6.7 log CFU/g
(Zhao et al. 2009).
Other naturally occurring and novel, generally recognized as safe, compounds have been found
to be effective at reducing E. coli O157:H7. They consist of caprylic acid (octanoic acid) and
β-resorcylic acid (2,4-dihydroxybenzoate) on hides by 3 to 4 log CFU/cm2 (Baskaran et al.
2013), acetoacetic acid and β-phenylethylamine with 50% to 90% on beef pieces (Lynnes et
al. 2014) and the plant extract from olives with up to 7 log (Rounds et al. 2013).

1.3.11. Bacteriophage
Bacteriophages are considered a natural antimicrobial and have the potential to decrease
pathogens on meat and meat products. Treatment with specific phage allows the control of
likely pathogens. Phage are approved by US FDA and they are used for treating farm animals
or animal products such as carcases, meats and vegetables (Sillankorva et al. 2012). The use of
phage can also be biocontrol agents in foods, and biosanitizers of food contact surfaces
(Sillankorva et al. 2012). Phage have specific interactions so have a limited efficiency to
bacterial population and hence require a cocktail of multiple types. The use of cocktails also
helps prevent rapid resistance and subsequent loss of efficiency over time (Brockhurst et al.
2017; Pires et al. 2016). In trials phage FAHEc1 at >107 PFU/ml was found to result in a 4 log
reduction of E. coli O157:H7 at 5 °C in broth (Hudson et al. 2013). When replicating conditions
of hot boning and conventional carcase cooling, inactivation of E. coli O157:H7 of
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approximately 2 log with phage levels at 3.2 × 107 PFU/4 cm2 on meat pieces (Hudson et al.
2013).

1.3.12. Steam pasteurisation
Steam pasteurisation is a fast, cost effective method, which is suitable for treating most meat
products (Chen et al. 2012). The use of steam has advantages over the use of hot water due to
the potential energy released when steam condenses, thus achieving a more rapid rise in the
surface temperature of the meat. Steam pasteurisation was approved for use in the USA in 1996
(Signorini et al. 2018) where the standard recommends a temperature of 90°C or greater to be
reached at the meat surface for 5-15 seconds. This is then followed by rapid cooling, usually
immediately prior to the holding cooler. Commercial systems are available and in wide use in
the USA and Australia, however the use of steam pasteurisation is not widely used in the EU.
Studies on whole carcases have shown steam pasteurisation to be an effective technology.
Nutsch et al. (1997) observed reductions in aerobic plate counts of around 1.5 log CFU/cm2
and the reduction of coliforms to below detectable levels, following a 6-8 seconds treatment.
Phebus et al. (1997) using a similar system obtained similar results and showed that the
reduction was uniform over the surface of the carcase. More recently, Milios et al. (2011)
trialled a steam pasteurisation system in a slaughterhouse in Greece and observed reductions
of 0.72 log CFU/cm2 and 0.95 log CFU/cm2 in total viable count and Enterobacteriaceae on
lamb carcases, respectively.
Combining two treatments, such as steam condensation on meat surfaces and hot water
immersion, particularly chlorinated hot water, has been shown to effectively decrease the
bacterial load on lamb (Chien et al. 2017). Dlusskaya et al. (2011) also found evidence that the
use of thermal pathogen intervention treatments in commercial slaughterhouses may select for
heat resistant strains of E. coli. However, they suggest that the use of steam pasteurisation in
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combination with other treatments, such as acid washes, may help to prevent this. Smulders et
al. (2011) also found that combining steam condensation (at sub-atmospheric pressures) with
a hot water spray, achieved reductions of 3-4 log units in the levels of inoculated Pseudomonas
fragi and Yersinia enterocolitica populations on pork skin. They recommend the use of steam
condensation at sub-atmospheric pressures to minimise discolouration of the meat.
Steam pasteurisation for even a short (<15 seconds) duration results in initial surface greying
of carcases, but after 24 hours chilling, the meat returns to an acceptable colour (Van Ba et al.
2018). A system of rapid cycling of steam under pressure and vacuum cooling has been
designed which can give a 1.9 to 2.5 log reduction in Listeria numbers on beef after treatment
for 48 milliseconds at 121°C (Brashears et al. 2003; Koutsoumanis et al. 2004). Steam has also
been used on processed meat products; flash steam heating under pressure followed by cooling
by evaporation can give up to 4 log reductions in microbial populations with a 30-40 seconds
steam treatment time, without severely affecting colour or weight of beef frankfurt er sausages
(De Vaux et al. 2002).

1.3.14. Steam vacuum
Steam vacuum is a potential added application to steam alone. It not only loosens and kills
bacteria, but also the applied vacuum physically removes contaminants. The effectiveness of
steam vacuuming depends on employee diligence of application and the ability to visualise
contamination. This means it is impractical as a standalone intervention as microbial
contamination is not always visible (Gill 2009). Therefore, it is more of physical contamination
intervention. The technique has previously shown to reduce aerobic plate count by 3 log, total
coliform count by 4.0 log and E. coli count by 4.0 log on artificially inoculated beef short plates
(Dorsa et al. 1996). Similarly, other researchers have found aerobic plate counts and total
coliform counts to be reduced by up to 2.2 log (Kochevar et al. 1997). Some bleaching of the
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carcase surface has been noticed, though it is found not to be a permanent discolouration.
Further trials have also shown steam vacuum to be very effective at reducing the number of E.
coli O157:H7 on beef (Dorsa et al. 1996). Steam vacuum has gained wide acceptance by the
US industry as an effective tool for spot treatment on the slaughter floor prior to final inspection
and chilling (Huffman 2002).

1.3.15. Irradiation
Irradiation as a decontamination step has not been approved for use on fresh foods in Europe
and has a limited approval use in Australia for herbs and spices. Electron beam (E-beam)
irradiation has been tested as an antimicrobial intervention on beef carcases by Arthur et al.
(2005) and on beef cuts by Kundu et al. (2014) with success. They have both found around a 4
log reduction in E. coli O157:H7 strains. Both used 1-kGy dose of E-beam radiation to reduce
E. coli O157:H7. Penetrations of up to 10% were found not to have any detrimental sensory
effects on the end product ground beef (Arthur et al. 2005). Therefore, this treatment appears
an efficient antimicrobial step during chilling.

1.3.16. Ultra-violet light
Ultra-violet light is another type of irradiation that has been assessed for its antimicrobial
potential. It is commonly used for decontamination of surfaces, air, water and directly on foods.
The advantages are it can be applied to raw, fresh, and minimally processed foods. Ultra-violet
light causes permanent cross-links in the microbial DNA, preventing the cell from carrying out
its normal functions (Sastry et al. 2000). The efficiency depends on the intensity, length of
exposure, temperature, pH, relative humidity, bacterial clumping, surface texture and degree
of initial contamination (Guerrero-Beltr et al. 2004; Huang et al. 1982; Oteiza et al. 2010;
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Sommer et al. 2000; Wood et al. 2015). Successful use has been reported against E. coli,
Salmonella, L. monocytogenes and P. aeruginosa (Abshire et al. 1981; Djenane et al. 2001;
Wallner-Pendleton et al. 1994). Kim et al. (2008) found UVA irradiation did not significantly
reduce E. coli alone, though in combination with silver ions up to 4 log reduction was detected.
Other studies also report a synergistic effect being more significant in bacterial reductions the
UV alone (Gayán et al. 2013; Sommers et al. 2009; Webb et al. 1978).
Alternatively, Pulsed UV light consists of short flashes of an intense broadband spectrum (1001100 nm), it is considered safer and more effective than conventional UV treatments with a
more multi-target process (Gomez-Lopez et al. 2007; Keklik et al. 2014). Pulsed UV-light has
been used to inactivate E. coli O157:H7, S. Typhimurium and L. monocytogenes, with
reductions of 1-2.4 log CFU/ml and no detrimental effect to the product quality (Ganan et al.
2013; Ozer et al. 2006; Paskeviciute et al. 2011). Photosensitisation is another light-based
technology, which may be useful. It involves the use of a photoactive compound selectively
taken up by bacterial cells and when exposed to visible light and oxygen can cause cell death,
though more research is required in this area (Bloise et al. 2017; Buchovec 2018; Luksienė et
al. 2009).

1.4. Post processing strategies
1.4.1. Chilling
Chilling the carcases at the end of processing has long been recognised as a way of maintaining
quality and increasing storage time (Gill 1986). It is a common process used in abattoirs around
the world and in Australia. The chilling of carcases is known to generally have a small
decreasing effect on bacteria, reductions of 2 log CFU and over, have been seen by Bacon et
al. (2000), Tittor et al. (2011), and Youssef et al. (2013). Studies have compared the effects of
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dry vs wet chilling over time to see the differences in bacterial counts. Dry chilling and aging
have shown good reductions in bacteria in particular E. coli O157:H7. Tittor et al. (2011) found
a 4.76 log CFU/cm2 reduction in E. coli O157:H7 after dry chilling aged at 28 d, compared to
2.21 log reductions for wet aged samples at the same age. They also found similar results for
Salmonella, better reduction on fat surfaces and over time, specifically against E. coli O157
(Tittor et al. 2011). One down-side to the chilling of dry carcases over time is a dramatic loss
of weight to the carcase. This decrease in weight causes a substantial drop in carcase value,
were price is derived per kilogram in most cases (Tittor et al. 2011). A more preferable method
being used and under increasing investigation is the spray chilling of carcases. Kinsella et al.
(2006) found no significant difference between spray chilling and chilling alone. Spray chilling
in large abattoirs is effective at reducing contamination and prevents some carcase shrinkage,
although at some sites such as the neck and rump it was less effective. Another technique
investigated by Mohan et al. (2012) was chilling beef trimmings with rapid CO 2 chilling.
Although this method was not successful in reducing bacterial counts more than 0.2 log CFU,
it did however improve meat colour.

1.4.2. Modified atmosphere packaging
Modified atmosphere packaging (MAP), in particular VP, is a popular method for storing meat
cuts to retain their quality and prolong spoilage (Sun et al. 2012). There is a lot of promise in
studies like Smulders et al. (2013) and Wanda et al. (2013) were active packing can be
combined with MAP to provide a greater reduction of microorganisms on the meat over time.
These two independent studies looked into the potential effect lactic acid impregnated
polyamide film can have on the microbial community of meat samples. Smulders et al. (2013)
found meat samples contaminated with E. coli O157 reduced 2 log over the 14 days storage
with levels of lactic acid below the minimum inhibitory level (0.09%v/v). Active packaging
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has the potential to not only decrease pathogens on meat over time, though also slow the rate
of spoilage.
The antibacterial activity of chitosan packaging also allows it to be used to increase shelf life
and improve the microbial safety of meat and meat products (Baranenko et al. 2013). In studies
with pathogenic Escherichia coli O157 in chicken juice the presence of chitosan-arginine
significantly reduced their numbers and metabolic activity (Lahmer et al. 2012). High
concentrations also cause a greater reduction in numbers of the pathogen in a dose-dependent
manner with greater inhibition seen at higher concentration. In addition, the chitosan packaging
has also shown to prevent growth of food spoilage bacteria, reduced odour and prevented
pathogen re-growth for up to 72 h (Lahmer et al. 2012). Similar results were seen by
(Baranenko et al. 2013) with an edible chitosan coating, were total viable count of
microorganisms were reduced and no flavour characterises were negatively affected. They
found a composition of 2% solution of chitosan, organic acids and gelatin had the strongest
bacteriostatic effect for meat, and that the application of vacuum and protective coatings
provided the strongest suppressing effect on microflora in all samples (Baranenko et al. 2013).

1.4.3. Dry ice
Dry ice is used by meat and poultry processors for temperature reduction during processing
and for temperature maintenance during transportation (Fratamico et al. 2012). ALIGAL Blue
Ice (ABI), which combines the antimicrobial effect of ozone (O 3 ) along with the high cooling
capacity of dry ice has been trialled against different microorganisms, including E. coli,
Campylobacter jejuni, Salmonella, and Listeria (Fratamico et al. 2012).

ABI showed

significant reductions of aerosol contamination with up to 5 log units inactivation for E. coli
and Listeria; with C. jejuni 1.3 log units inactivation on chicken breast, increasing to 3.9 log
units on contact surfaces, and 2 log units in liquid media. In adding ozone to the already used
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dry ice, ABI could be an effective sanitiser for meat and meat products to reduce microbial
growth during storage and transportation (Fratamico et al. 2012).

1.5. How to go further with antimicrobial interventions
Interventions including knife trimming, organic acid washes, steam vacuums, and UV light
have been shown to improve the microbial shelf life and safety of the fresh meat (Greig et al.
2012; Pittman et al. 2012; Yoder et al. 2012). However, no single intervention can achieve a
totally safe product as well as a combination of decontamination steps. This indicates why there
is a wide range of research into this problem, the need for developing new or improving existing
interventions that are effective in controlling or reducing the pathogens on carcases.
Implementing antimicrobial interventions at all stages from pre-processing to commercially
ready packaging for consumer purchasing is important. A series of interventions causing
multiple hurdles for bacteria, targeting pathogenic species ability to survive and potentially
increase in numbers. As well as these interventions, ‘process control points’ are critical in
maintaining safe conditions for fresh food production. However, apart from education and
labelling there is no control over consumers handling and safety precautions, therefore
guaranteeing safe products are delivered to the consumer is imperative.
The chilling stage is known to prevent growth and potentially reduce bacterial numbers,
including E. coli O157:H7. As chilling is already a stage in the processing chain of meat, it
would be advantageous to make this as an additional stress to any contaminating bacteria,
particularly pathogenic species. Therefore, implementing an additional practise during chilling,
in plants already setup for spray chilling or spray washing of some sort, seems a feasible option.
The infrastructure to accomplish these methods should be relatively inexpensive and easy to
put in place in already existing abattoirs. An overall focus on combining multiple effective
interventions to increase the overall outcome of a safe product for consumers should take into
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consideration the industry environment, implementation of addition infrastructure, cost effect
for site specific issues, and types of products produced. Previous studies have detected a
physiological weakness during the initial phase of chilling to oxidants in particular (King et al.
2014). Oxidants such as chlorine dioxide and peroxyacetic acid have shown promising results
alone. Promising reductions have been seen in the literature with chlorine dioxide reductions
of up to 4.5 log and peroxyacetic acid of up to 4 log CFU/cm2 .

1.6. Conclusion and thesis direction
This current research investigates further treatments that can be applied at this last processing
step, chilling, prior to boning and packaging. Oxidants have the potential to efficiently
decontaminate meat carcases. Chlorine dioxide and peroxyacetic acid are potential candidates
for this study. This project is looking into the effects of these potential antimicrobial
interventions within the abattoir environment and at the chilling stage. The chilling stage is
known to not just prevent growth though in many cases to reduce bacterial numbers including
E. coli O157:H7. As chilling is already a stage in the processing chain of meat carcases it would
be advantageous to take this as an additional stress on any contaminating bacteria particularly
pathogenic species. The aim of this project is to target the already stressed bacteria, targeting
E. coli O157:H7 Sakai, when it is most vulnerable to oxidants during the chilling cycle. The
microbial shelf-life and safety of the fresh meat will be assessed through the following chapters.

Following on from this review, Chapter 2 will cover the initial testing of the hypothesis, E. coli
becoming sensitive to oxidants during the initial chilling stage. The experimental chapter
details the growth response of E. coli O157:H7 Sakai, and to a lesser extent Salmonella species,
under chilling conditions in situ broth models, first abrupt stress related to chilling (downshift
in temperature and water activity) and then temperature simulation of commercial spray
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chilling systems. The next chapter of the thesis, Chapter 3, expanse this concept by exploring
the efficacy of an oxidant on the complex meat surface, still within a laboratory setting.
Chapter 4 takes previous experimental knowledge, from Chapters 2 and 3, and practically
implements the use of an oxidant as an antimicrobial spray during chilling at an export abattoir.
In these trials peroxyacetic acid and chlorine dioxide are tested as potential effective and
acceptable antimicrobial for meat processing. The final experimental chapter (Chapter 5)
follows the storage of striploins that underwent the oxidant antimicrobial spray chilling until
end of shelf-life, to determine any detrimental effects from the oxidant treatment. The outcome
of this thesis and overall relevance to industry will be discussed in the final concluding Chapter
6.
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Chapter 2
Potential use of oxidants to eliminate enteric pathogens under
conditions relevant to carcase chilling

Abstract
Pathogenic Escherichia coli, especially the O157 serotype have been linked to large outbreaks
associated with consumption of foods of bovine origin.

This is despite control measures,

referred here as ‘antimicrobial interventions’, are already in use during carcase processing. To
address this, our previous studies on the physiological stress of pathogenic E. coli suggested a
potential window of susceptibility to oxidative damage during exposure to conditions present
on carcase surface during cold air chilling. The present study investigated the potential for
oxidants as an effective intervention strategy when applied during the carcase chilling
processing. An oxidant at a non-lethal level (hydrogen peroxide at 75 ppm or chlorine dioxide
at 7.5 ppm) was applied during dynamic changes in growth kinetics of E. coli O157:H7 Sakai
induced by abrupt downshifts in temperature and water (35°C a w 0.993 to 14°C aw 0.967). The
addition of hydrogen peroxide at 1.5, 7.5, and 22.5 h after the downshift only caused a drop in
viable count (>3 log reduction) at the 1.5 h time point unlike chlorine dioxide, which caused
inactivation at all time points. Comparisons were also made with the addition of chlorine
dioxide between other enteric pathogens at early stages of the chilling process, and between
exponential and stationary phase cells. S. enterica servar Typhimurium and Oranienburg were
also found to be inactivated by chlorine dioxide though at slower rate than E. coli O157:H7
Sakai. It was evident that the addition of either oxidant after the abrupt downshift has an impact
on the ability of bacterial cells to recover from chilling stress. The results highlight the potential
application of oxidants to reliably eliminate or control enteric pathogens during carcase
chilling.

34

2.1.

Introduction

Escherichia coli are part of the normal microbiota in the gastrointestinal tract of cattle and most
strains are not harmful. Certain strains possess virulence factors that enable them to cause
gastrointestinal disease and are pathogenic to humans (Todd et al. 2001). Pathogenic E. coli,
especially the O157 strains, have been linked to a large number of outbreaks associated with
undercooked meat and meat products, particularly in Europe and the United States (Mohamed
et al. 2018). Several interventions are currently in use in the meat processing industry to
minimise E. coli contamination (Signorini et al. 2018), ranging from hide-on decontamination
to spray-wash methods for whole carcases (Van Ba et al. 2018), although none of 100%
effective.
There is more focus on E. coli when investigating the effects of potential antimicrobials.
However, it is suggested that other pathogenic strains should also be trialled, in particular
known hardy and pathogenic serotypes (Böhnlein et al. 2016). In this study we used pathogenic
and non-pathogenic E. coli cocktails to encompass strain variation and two strains of
Salmonella enterica to broaden the knowledge base for enteric pathogens. Salmonella as a meat
borne pathogen is often over looked, though studies have shown it to be a potential issue for
the industry (Akyol 2018).
E. coli cells are vulnerable during carcase chilling (Kocharunchitt 2012), with the process
causing a 1-2 log reduction in bacterial counts (Bacon et al. 2000; Tittor et al. 2011; Youssef
et al. 2013). Under conventional chilling conditions cold air is blown over the surface of the
carcase and drying of the surfaces occurs. This drying relates to an equivalent water activity of
0.967 and occurs at a temperature of 7˚C or below, as required by Australian Standard 4696
(Browne 2007) within 24 hours of processing. This practice intends to reduce the risk of
pathogen growth (Ross 1999). Spray chilling is now adopted by larger processing plants to
reduce surface drying and overall weight loss, hence saving money (Kinsella et al. 2006; Tittor
35

et al. 2011). During spray chilling, intermittent and brief water sprays over the carcase are
followed by a drying period prior to boning. This process was thought to cause less osmotic
stress on bacterial cells due to the reduced effect of water activity compare to conventional
chilling, though current technologies and systems now seem to have overcome this problem
(Greer et al. 1988; Kinsella et al. 2006).
Bacterial cells can survive a range of water activity, with E. coli being found to withstand
desiccation within dry foods, specifically at cold temperatures (Beuchat et al. 2002; Chen et al.
2004). The adaptation of E. coli to cold temperature has been reported to increase its ability to
survive desiccation, disinfectants and even oxidants (Berry et al. 2010; Beuchat 2002).
Therefore, E. coli adaptation to intermittent chilling may in fact enhance their ability to survive
low water activity. There are various reports on the effect of spray chilling on bacterial counts
and meat quality compared to conventional chilling. Some studies have reported an increase in
bacterial counts (Hippe et al. 1991), though many reports have published no detrimental effect
(Greer et al. 1997; Hamby et al. 1987; Kinsella et al. 2006; Strydom et al. 1995; Wiklund et al.
2010). The variation seen between studies has been attributed to the various spray regimes
including cycles, time and quantity of water sprayed (Strydom et al. 1995). The end state of
the carcase is thought to be the most influential factor on microbial counts and the subsequent
shelf life, with differences reported between wet and dry carcases prior to boning and
packaging (Strydom et al. 1995). This indicates the importance of lowering the water activity
at the end of chilling and that the water activity during initial chilling is not as influential. This
is supported by our previous studies of cold temperature inducing a greater stress response than
water activity during the initial chilling process (King et al. 2014; Kocharunchitt 2012).
Our previous study demonstrated that exposure of E. coli O157:H7 Sakai to combined cold and
water activity stresses (from 35˚C at aw 0.993 to 14˚C at aw 0.967) showed a complex pattern
of population changes including ‘loss of culturability and recovery’ phases (King et al. 2016).
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More interestingly, subsequent transcriptomic and proteomic studies using cDNA microarray
and 2D-LC-MS/MS analyses revealed that E. coli exhibited a ‘window of cell susceptibility’
during those phases. Of particular note was the reduced abundance of several proteins (e.g.
hydroperoxidaseI-KatG, Dps, GrxA, CysK, IbpA, YaaA, AhpF, SufABC, YeeD) associated
with defence mechanisms against oxidative stress in E. coli (King et al. 2014). This has led to
the hypothesis that E. coli might become more sensitive to oxidants when exposed to abrupt
cold and water activity stress. To test the above hypothesis, the present study aimed to evaluate
the effects of an oxidant on E. coli when subjected to combined cold and water activity stresses
relevant to carcase chilling.

2.2.

Materials and Methods

2.2.1. Overview
This study initially seeks to replicate the complex growth response of E. coli O157:H7 Sakai
reported by King et al. (2016) under abrupt stress conditions related to chilling, specifically a
drop in water activity (aw 0.967) and temperature (14ºC). Subsequently the addition of an
oxidant, either H 2 O2 or ClO 2 , was explored to determine the effect on cells already stressed
with a combination of temperature and water activity reduction. The response of E. coli cells
to the oxidants was then compared further with other strains, pathogenic and non-pathogenic,
and other enteric species such as two S. enterica strains.
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2.2.1. Bacterial strains and inoculum preparation
E. coli O157:H7 Sakai (Allen et al. 1987; Fisher et al. 2009), obtained from Carlton Gyles
(University of Guelph, Canada) was used in all studies, the same strain also used by King et al.
(2016). In addition, ten other strains of non-pathogenic E. coli (EC1604, EC1605, EC1606,
EC1607, EC1608) and pathogenic E. coli (O111:H-, O157:H-, O157:H12, O26:H11, and
O157:H7), and two strains of Salmonella spp. (S.enterica Typhimurium and S. enterica
Oranienburg) were included in this study. All strains were either obtained from the culture
collection of the Tasmanian Institute of Agriculture, University of Tasmania (Hobart, Australia)
or the CSIRO Agriculture and Food (North Ryde, Australia).
All isolates previously maintained at -80°C were cultured by streaking onto Brain Heart
Infusion (BHI) agar and broth (Amyl Media, Australia AM11) and incubating at 37°C for 24
h. A single colony was inoculated into BHI broth and incubated at 37°C for 24 h. The culture
was then stored at 4°C and used as a ‘stock’ culture within two weeks.
Prior to any experiments, the stock culture was diluted 1:10 4 in 25 ml BHI broth. This ‘primary’
culture was incubated at 35°C in a shaking water-bath (Ratek Instruments Pty Ltd, VIC
Australia) and its growth monitored turbidimetrically at 600 nm (Spectronic 20, Milton Roy
Co, USA). After achieving OD of 0.1 ± 0.01 at 600 nm (i.e., mid-exponential phase of growth),
the primary culture was diluted 1:102 in fresh 25 ml BHI broth to prepare a 'secondary' culture.
This culture was incubated at 35°C with agitation until it reached the mid -exponential growth
phase (OD600 of 0.1 ± 0.01) or the early stationary phase (18 h). The cultures were then
subjected to the simulated process of conventional chilling, or spray chilling with or without
application of an oxidant.
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2.2.2. Bacterial cocktail inoculum preparation
Prior to any experiments, each of the stock cultures was diluted 1:10 4 in a 10 ml of BHI broth.
This broth culture was incubated without shaking at 35°C for 20 h to prepare stationary phase
cells (~109 CFU/ml). A cocktail of pathogenic or non-pathogenic E. coli cultures was then
prepared by combining an equal 5 ml volume of each stationary phase culture of its respective
species. The mixtures were diluted with 0.1 ml bacteriological peptone (LP0037, Oxoid Ltd.,
England) to give an inoculum containing approximately 10 7 CFU/ml.

2.2.3. Preparation of salt-concentrated broth.
A BHI broth at aw 0.760 was prepared as described by King et al. (2016). This highly
concentrated salt broth was then used to adjust the water activity of the test broths to simulate
the conditions as occurs during conventional chilling of carcases. Water activities of the broths
were confirmed with an Aqualab CX2 dew point instrument (Decagon Devices, Pullman, USA).

2.2.4. Preparation of oxidants
Two different oxidants, H 2 O2 and ClO 2 were tested in this study. Fresh solutions were prepared
prior to each experiment. H 2 O2 was purchased from Sigma-Aldrich, Australia (H1009) and
used as a stock solution. For ClO 2 , a stock solution was prepared from 4% stabilised chlorine
dioxide (ZyDox®, ZyChem Technologies Pty Ltd., Australia), according to manufacturer’s
instructions. Specifically, stabilised ClO 2 was mixed with 54.6% citric acid solution (SigmaAldrich, C1909). The mixture was left for 30 min at room temperature in the absence of light,
allowing the reaction to occur and generate 1,000 ppm ClO 2 . An appropriate volume of the
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stock solutions was then added to the cultures to achieve the desired concentration (Section.
2.6).

2.2.5. Exposure of bacteria to abrupt cold and osmotic stress in broth
A secondary culture (OD 600 of 0.1) of E. coli O157:H7 Sakai at 35°C prepared as described in
S. 2.2, had a calculated volume of saturated salt BHI broth (Section 2.3) at 14°C, added to
achieve a water activity of 0.967. The saturated salt broth was made according to BHI
manufactures instructions, though the addition of sodium chloride was added at 24.73% w/w
before autoclaving. The salt amended E. coli culture was immediately transferred from 35°C
to a 14°C shaking water bath.

2.2.6. Exposure of bacteria to simulated spray chilling temperature
fluctuations
E. coli O157:H7 Sakai was grown to exponential phase and stationary phase separately before
being treated (Section 2.2). For cocktails of non-pathogenic and pathogenic cultures, stationary
phase cultures only were prepared prior to treatment (Section 2.2). An aliquot of the cultures
(10 ml) was removed at 1.5, 7.5, and 22.5 h after the downshift exposure to the spray chilling
condition, and was combined with an appropriate volume of 1,000 ppm ClO 2 to achieve the
final concentration of 7.5, 10 or 15 ppm. It should be noted that these levels of ClO 2 were
chosen based on preliminary studies, in which the level had no detrimental effects on E. coli
O157:H7 Sakai under optimal growth conditions, at relevant physiological states used
(Appendix A1).
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All cultures were subjected to dynamic changes in temperature as occur during spray chilling.
A profile describing changes in temperature during spray chilling was obtained from the work
of Mellefont et al. (2015) and Ross (1999). This profile was based on the average surface
temperature of carcases monitored throughout overnight chilling with 22°C spray water.
However, the carcase was estimated to spend anywhere from 20-30 min on the dressing floor
and an additional 6 min in the chiller prior to the start of temperature logging (Mellefont et al.
2015). The temperature profile was, therefore, extrapolated back 36 min to 35°C to obtain a
full profile. Figure 2.3 illustrates the temperature profile used in this study to examine the
growth response of bacteria under conditions relevant to spray chilling. This temperature
profile was programmed into a temperature gradient water-bath to replicate the drop in
temperatures of carcases from processing to end of chilling (35°C to 7°C).

2.2.7. Microbiological analysis
All experiments were performed in duplicate flasks, and the results reported as the average of
the replicates. Population changes of test organisms when subjected to the chilling conditions
and addition of an oxidant were determined by a surface plating method. Specifically, a 0.1 ml
aliquot was taken periodically from the test cultures and serially diluted in 0.1% peptone water
(Oxoid TM LP0037) containing 0.85% sodium chloride (Merck 106404). Aliquots of appropriate
dilutions were plated onto BHI agar, using an automated spiral plater (Spiral Biotech Autoplate
2000). All plates were then incubated at 37°C for 24 h before colonies were counted.
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2.2.8. Data analysis
Growth and/or survival responses were determined by plotting viable numbers (log 10 CFU/ml−1 )
against time (h). Linear regression analysis of the growth curve data was used to estimate
generation time and inactivation rates. A straight line was fitted to points that appeared to
represent the growth or inactivation phase. Typically, this region included ≥4–10 points of
viable count data. From the inactivation plots a line of best fit was achieved and linear
regression done to calculate growth and inactivation rates using Microsoft Excel. General
Linear Model (GLM) of SAS version 9.4 was used to calculate analyse of variance (ANOVA).
A P value of < 0.01 was the significant level adopted, when mean generation time and
inactivation rates were compared.

2.3.

Results

2.3.1. Growth response of exponential E. coli O157:H7 after combined
shock
In parallel with experiments to evaluate the potential effects of an oxidant on E. coli O157:H7
Sakai during exposure to combined cold and water activity stresses as occur during air chilling
of carcases (King et al. 2016), the growth response of exponential E. coli O157:H7 Sakai to
those stresses were studied. This was to determine if the microbial growth responses observed
previously by King et al. (2016) was replicated in our experiments, and to test the hypothesis
that E. coli becomes more susceptible to oxidative damage.
The pattern of E. coli O157:H7 Sakai growth behaviour in response to temperature and water
activity changes could be divided into three phases (Phases I, II and III; Figure 1) and were
similar to that reported by King et al. (2016). Specifically, the initial period after the abrupt
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shift, Phase I, is a sharp decrease in cell numbers followed by a rapid increase (GT = 0.35 ±
0.003 h). However, the cell numbers do not return to that of the initial cell population. 10 h
post shock, Phase II has a gradual decrease followed by an increase in bacterial numbers (GT
= 12.64 ± 1.91 h). Finally, Phase III starts with a ‘lag-like’ period of no net change in cell
numbers, followed by an increase in numbers (GT = 21 ± 3.61 h). Analysis of growth kinetics
revealed that the generation time for Phase I was significantly shorter than that of both Phase
II and III (P < 0.01). However, Phase II and III were not found to be significantly different (P >
0.01).
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a)

b)

Figure 2.1a & b. Growth response of E. coli O157:H7 Sakai to simultaneous downshift in
temperature and water activity from 35°C aw 0.993 to 14°C aw 0.967 (shown as dotted line). a)
details the 3 growth phases; b) details the downshift and Phase I-II.
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2.3.2 Potential effects of an oxidant on E. coli O157:H7 Sakai during
exposure to combined cold and water activity stresses
Upon addition of H 2 O2 (at 75 ppm) to the cultures at 1, 7.5 and 22.5 h during exposure to
combined cold and water activity stresses, E. coli O157:H7 Sakai exhibited differences in
population kinetics compared to the control (Figure 2.2a & b). The addition of hydrogen
peroxide at 1 h correlates to the point of lowest viable count (Phase I), at 7.5 h the cells had
recovered in numbers at the border of Phase I and II, and at 22.5 h, well into Phase II, the first
‘exponential-like’ growth stage (Figure 2.2b). Although inactivation was not seen with the
addition of 75 ppm, a different response was observed at the various H 2 O2 addition times after
the abrupt shock. The addition of H 2 O2 at 1 h, within Phase I, significantly affected population
kinetics compared to 7.5 and 22.5 h, resulting in a greater decrease in viable cell numbers and
a faster generation time to recover the population to stationary phase (P <0.05, Figure 2.2). The
addition of H 2 O2 at both 7.5 and 22.5 h had little effect on growth pattern, with the growth
response closely following that of the control (Figure 2.2). However, the population numbers
of both later additions (7.5 and 22.5 h) were lower than the control. Interestingly, the 1 h
addition of H 2 O2 also followed a similar growth pattern though at further reduced numbers than
the other treatment times. The results highlight the ability of E. coli O157:H7 Sakai cells to
overcome oxidative stress at all treatment times, and furthermore it suggests E. coli cells are
more susceptible to oxidants during Phase I (Kocharunchitt 2012).
In contrast, addition of ClO 2 at 75 ppm to E. coli O157:H7 Sakai cultures at all time points
caused a decrease in cell numbers that was maintained throughout the period of monitoring
(Figure 2.3). This resulted in ≥5 log CFU/ml reduction for all treatments. However, it was
observed that the rates of E. coli O157:H7 Sakai inactivation were significantly different (P <
0.05) when ClO 2 was applied at different time points. E. coli O157:H7 Sakai inactivation
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occurred at slower rates (i.e., 0.115, 0.113 and 0.102 CFU/ml/h) when ClO 2 was applied at
later time points (i.e., at 1, 7.5 and 22.5 h after the imposition of the stresses).

Figure 2.2a. Growth response of E. coli O157:H7 Sakai to simultaneous downshift in
temperature and water activity from 35°C a w 0.993 to 14°C aw 0.967 with the addition of 75
ppm hydrogen peroxide, over 100 h. The vertical dotted line indicates the downshift. The
control (◆) has no addition of hydrogen peroxide. Hydrogen peroxide is added at 1 h (◼), 7.5
h () and 22.5 h (X) after the downshift in temperature and water activity. The addition of
hydrogen peroxide is shown by an arrow in the corresponding grey scale. The cellular response
phases I, II and III are shown in shaded columns.
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Figure 2.2b. Growth response of E. coli O157:H7 Sakai to simultaneous downshift in
temperature and water activity from 35°C a w 0.993 to 14°C aw 0.967 with the addition of 75
ppm hydrogen peroxide, until stationary phase. The control (◆) has no addition of hydrogen
peroxide. Hydrogen peroxide is added at 1 h (), 7.5 h () and 22.5 h () after the downshift
in temperature and water activity.
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Figure 2.3. Growth response of E. coli O157:H7 Sakai to simultaneous downshift in
temperature and water activity from 35°C a w 0.993 to 14°C aw 0.967 with the addition of 75
ppm chlorine dioxide. The control (◆) has no addition of chlorine dioxide. Chlorine dioxide
is added at 1 h (), 7.5 h (), and 22.5 h () after the downshift in temperature and water
activity.

2.3.3. Growth response of E. coli O157:H7 Sakai under simulated spray
chilling
To mimic temperatures encountered during spray chilling conditions, E. coli O157:H7 Sakai
cultures were exposed to a biphasic drop in temperature. Specifically, a rapid reduction occurs
from to 35°C to 20°C within the first few hours and is followed by a slower reduction to 7°C
within 7 h (Figure 2.4). Temperatures thereafter remains static, and as expected E. coli
O157:H7 Sakai exhibits exponential growth initially, until the simulated spray chilling
temperature dropped below 10°C (Figure 2.4. control). At these temperatures, conditions are
not supportive of cell growth, and thus numbers plateaued around 6 log CFU/ml for the
remainder of incubation. The same growth pattern was seen in both exponential and stationary
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phase E. coli O157:H7 Sakai cells, pathogenic and non-pathogenic E. coli cocktails, and for
both Salmonella strains, Oranienburg and Typhimurium (Appendix A2).

2.3.4. Potential application of an oxidant during simulated spray chilling
The response of exponential and stationary phase cultures of E. coli O157:H7 Sakai, two E.
coli cocktails, pathogenic and non-pathogenic, and two Salmonella strains under spray chilling
conditions and subjected to ClO 2 treatment are detailed in Table 1. The viable count data
revealed that all challenge organisms commenced growth almost immediately after imposition
of the chilling conditions (data not shown). This is consistent with the growth response of
exponential phase cultures of E. coli O157:H7 Sakai under the same conditions tested.
However, it was apparent that the growth rate (0.17 CFU/ml/h) of stationary phase cells of E.
coli O157:H7 Sakai observed was much slower than that (1.35 CFU/ml/h) of exponentially
growing cells of the same organism when subjected to the same conditions tested. As the
temperature declined below growth limits of 8°C, the population of both stationary and
exponential phase cultures plateaued, and population levels remained consistent for t he
duration of the 72 h experiment. A similar response was seen with the E. coli cocktails and
Salmonella strains tested.
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Table 2.1. Inactivation rates of challenge organisms during exposure to changing temperatures
as occur during the spray chilling process of carcases.
Application of ClO2
Challenge organisms

Physiological
State of cells

Inactivation
rates (log10
Concentration Time
CFU/ml/h)
(ppm)
(h)

E. coli O157:H7 Sakai

Exponential

75

E. coli O157:H7 Sakai

Non-pathogenic E. coli cocktail

Pathogenic E. coli cocktail

S. Oranienburg

S. Typhimurium

Stationary

Stationary

Stationary

Stationary

Stationary

100

150

150

150

150

1
2

0.115
0.113

6

0.102

24

0.091

1.5

0.079

6

0.064

24

0.053

1.5

0.021

6

0.016

24

0.009

1.5

0.029

6

0.019

24

0.009

1.5

0.042

6

0.032

1.5

0.062

6

0.059

Stationary phase E. coli O157:H7 Sakai had consistently slower inactivation rates with
application of the oxidant during the chilling process, in comparison to exponential phase
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cultures, 0.037 ± 0.001 CFU/ml/h difference at every application time. However, the rates of
inactivation were still faster the earlier the application of ClO 2 , with 0.79, 0.064 and 0.053 log
CFU/ml/h obtained at 1, 6 and 24 h after chilling. A faster inactivation rate for early application
was seen for both E. coli cocktails, non-pathogenic and pathogenic, and both Salmonella strains
(Table 2.1.). All stationary phase cultures displayed inactivation curves comparable to E. coli
O157:H7 Sakai, as shown in Figure 2.4 (and Appendix A2). E. coli O157:H7 Sakai was the
most effected by ClO 2 with the highest inactivation rate (0.115 CFU/ml/h,) followed by S.
Typhimurium (0.062 CFU/ml/h). Both E. coli cocktails had very similar rates, though the
pathogenic population was higher for the first 2 application times. Although species and strain
variation were observed, the same pattern was seen with faster inactivation occurred at every
initial (1-1.5 h) application trialled.

Figure 2.4. Stationary-phase cultures of E. coli O157:H7 Sakai during exposure to dynamic
changes in temperature as occurs during spray chilling and when 100 ppm ClO 2 was applied at
different time points.
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2.4.

Discussion

Bacteria such as E. coli have been extensively studied for their physiological responses to
environmental stresses including cold temperature and low water activity (Beuchat et al. 2002;
Ross et al. 2003; Salter et al. 2000; Thieringer et al. 1998). It has been reported that these
bacteria can induce an adaptive response that involves expression changes of genes and
proteins. This response allows bacteria to protect their vital processes and restore cellular
homeostasis (King et al. 2014; Kocharunchitt et al. 2014). In keeping with this, our previous
study (King et al. 2016) demonstrated that the response of E. coli O157:H7 Sakai to
temperature and water activity changes relevant to carcase chilling in cold air, involved a highly
complex regulatory network including changes in expression/abundance of different groups of
genes and proteins. This regulatory network was mainly mediated through a transient induction
of the RpoE-controlled envelope stress response and activation of the master stress regulator
RpoS and the Rcs system-controlled colanic acid biosynthesis. However, that study identified
a potential ‘window of cell susceptibility’ during the responses to the stresses. Of particular
note was the down-regulation of proteins associated with defence mechanisms against
oxidative damage (King et al. 2016). This has led to the hypothesis that E. coli potentially
become more sensitive to oxidative stress under such conditions. To test this hypothesis, the
present study was conducted to evaluate the potential for using an oxidant to control or
eliminate E. coli under the conditions relevant to carcase chilling.

2.4.1. Growth response of E. coli O157:H7 Sakai under combined cold and
low water activity
To test the hypothesis of King et al. (2016) of E. coli O157:H7 Sakai becoming more
susceptible to oxidants under combined cold and water activity we first replicated their
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experiment. The complex growth response described by King et al. (2016), as having 3 main
growth phases was observed in our study. Phase I is considered a loss of culturability in
response to the combined shock and subsequent recovery of cell numbers, Phase II appearing
as a ‘lag-like’ phase and the III being growth comparable to ‘normal exponential growth’.

2.4.2. Susceptibility of E. coli O157:H7 Sakai to oxidative stress under
combined stress
Therefore, having replicated the complex growth response to the combined stress, we could
further test the degree of susceptibility of E. coli O157:H7 Sakai to oxidative damage at
different times during exposure to cold and low water activity. Appling 75 ppm H 2 O2 at
different time points within the complex growth response period resulted in a different response
at each time added. The addition during the first phase after the combined stress had a greater
effect on E. coli O157:H7 Sakai cells ability to recovery from the cold and water activity stress.
Although E. coli O157:H7 Sakai eventually recovered and reached stationary phase after 400
h for all application times, viable counts were affected under these stressful conditions.
Addition of the oxidant H 2 O2 earlier rather than later in the chilling process has the potential
to affect E. coli O157:H7 Sakai cells ability to compensate and recover at the same rate,
showing an increased susceptibility at his stage.
ClO 2 even at relatively low levels of 7.5 ppm was effective at inactivating E. coli O157:H7
Sakai, when exposed to the temperature and water activity conditions relevant to spray chilling.
Application of this oxidant in the earlier stages of chilling conditions resulted in the most rapid
reduction in E. coli O157:H7 Sakai numbers. It was observed, however, that although reduction
in numbers occurred when ClO 2 was applied at later time points, the rates of E. coli O157:H7
Sakai inactivation were slower. This supports the proposal from earlier work that E. coli has a
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more pronounced period of susceptibility to oxidant stress, although they gradually recover
over time, even though the stressful conditions are maintained. This contrasts with application
of H 2 O 2 at the same level, in which growth rather than inactivation of E. coli O157:H7 Sakai
was observed in all cases after a period of adaptation (Figure 2.2).
E. coli O157:H7 Sakai cells were more sensitive to the oxidants tested after combined cold
temperature and osmotic shock within the first phase of growth, and progressively become less
sensitive when the oxidant is applied at later stages in the chilling regime. For H 2 O 2 , all cells
recover to ‘normal’ growth patterns regardless of time of oxidant application. In the case of
ClO 2 , the effect is a slower inactivation rate. These results show that the population response
is dependent on the type of oxidant used, and as noted, the timing is critical for maximum
inactivation rates.
Although H 2 O2 has a higher redox potential, i.e. ability to acquire electrons and therefore cause
oxidation, ClO 2 had a greater effect on the exponential cells used in this study. The differences
in response to the oxidants could be attributed to their different modes of action. ClO 2 is known
to be more effective at oxidizing proteins and enzyme activating inhibitors and not amino acids,
unlike H 2 O 2 (McDonnell et al. 2001; Young 2016). In contrast, E. coli can tolerate H 2 O2 due to
catalase (e.g. KatG) activity (Smirnova et al. 1997). The difference in inactivation between
oxidants would be affected by gene expression linked to stress responses, which further agrees
with our previous study by King et al. (2016). Our preliminary results show two pathogens
relevant to beef carcases, E. coli and Salmonella, can cope with these low levels of the oxidants
under optimal growing conditions. However, with the add ed stress of cold shock causing
expressed oxidant sensitivity, the cells can no longer retain growth or survival mechanisms
depending on the oxidant.
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Many studies show the ability of E. coli to survive at low temperature (4°C), even with lower
water activities (0.4-0.6) (Hiramatsu et al. 2005). E. coli O157:H7 has shown enhanced survival
in dry foods with a wide range of water activity and pH, particularly at refrigeration temperature,
and that lower water activity allows for greater tolerance to chilling (Deng et al. 1998).
Therefore, timing is critical before cells can overcome cold with their adaptive stress responses.
Both Salmonella strains showed a similar complex pattern of population kinetics when
subjected to abrupt downshifts in temperature and water activity (Appendix A3). Comparison
of the inactivation rates with E. coli revealed that although similar, the responses of E. coli
resulted in a greater population change (Table 2.1). The data indicated that the effects of
combined cold and osmotic stresses were less pronounced on Salmonella than on E. coli. S.
Typhimurium rates of inactivation were found to be slower than S. Oranienburg, indicating that
although application of 150 ppm ClO 2 was effective, there is strain variation. Our results
indicate the potential intervention developed for E. coli during carcase spray chilling could also
be used, and as effective against Salmonella spp.

2.4.3. Growth response of E. coli O157:H7 Sakai under simulated spray
chilling
During spray chilling the temperature drops below the ‘normal physiological range’ for E. coli
within 4 h of processing and below growth limits within 7 h (Mellefont et al. 2015; Neidhardt
et al. 1990). Mimicking these spray chilling conditions, i.e. temperature drop from animal core
temperature of 37°C to 7°C, as regulations require, causes E. coli O157:H7 Sakai to cease
exponential growth as the temperature reaches 7°C. The observed E. coli O157:H7 Sakai
growth responses in our studies was as expected, with exponential growth initially until the
simulated spray chilling conditions temperature dropped below 10°C and stabilised at 7°C. At
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these temperatures, the conditions are not supportive of cell growth. This further demonstrates
the sensitivity of E.coli O157:H7 Sakai under chilling stress and complies with the
physiological response seen in growth studies by Presser et al. (1998) .

2.4.4. Effects of an oxidant on E. coli O157:H7 Sakai under simulated spray
chilling process
The previous trial on E. coli response under dynamic conditions during air chilling was trialled
to see if it could also be used to eliminate or control E. coli on carcases during spray chilling.
In contrast to the observed complex growth response during the chilling conditions, both
exponential and stationary phase cells of E. coli and Salmonella showed a typical growth curve
(exponential growth phase followed by a plateau) when subjected to the spray chilling
conditions. This implies that E. coli potentially present on carcases might grow at a faster rate
and reach higher levels under spray chilling than that of air chilling, and that water activity
stress (or desiccation) as a result of the air chilling process has a significant impact on the
growth of E. coli. Consistent with this, Kocharunchitt et al. (2012) demonstrated that water
activity stress has a greater effect on the observable physiology of E. coli than cold stress.
However, our experiments show the effectiveness of ClO 2 under spray chilling conditions, with
E. coli and Salmonella strains undergoing 2-6 log reduction depending on application time and
length of chilling (Figure 2.4, Appendix A2). The results highlight that it is the cold
temperature that makes E. coli more susceptible to oxidants during the initial response to the
stress before adaptive processes can occur. These results agree with others showing the promise
of ClO 2 as an antimicrobial (Ndjomgoue-Yossa et al. 2015), and increased efficiency of the
added stress of cold storage on E. coli O157 inactivation (Visvalingam et al. 2018).
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2.5.

Conclusion

The potential outcomes of this project are a novel and relatively easily implemented
intervention applied after initial slaughter processing before packaging. It is novel because of
its targeted timing for maximum efficiency not because of the type of oxidant. ClO 2 is well
known for its efficiency with minimal negative effects compared to others, though also due to
its long-lasting effect prior to packaging. Rather than implementing an intervention on the
slaughter floor were cross contamination is bound to continue happening throughout the
process. However, timing is critical for maximum efficiency of inactivation and this works on
a variety of species, strains and serotypes, in particular targeting E. coli O157. The addition of
ClO 2 to stationary phase cells, during spray chilling conditions with no water activity stress
shown in this study, details how potentially effective it could be as an application option in
already established abattoirs.
Temperature is the major contributing factor to oxidant susceptibility under these conditions
and therefore would make an appropriate candidate for use within spray chilling systems at
abattoirs. However, further studies are needed to test the effect is not inhibited by physical and
chemical properties of meat surfaces, in particular iron rich lean sections and in contrast
insoluble adipose tissue before the process can be deemed practical as an antimicrobial
intervention. Much research has investigated usage of antimicrobials at the end of the meat
production process or during the slaughter process (Chien et al. 2017; Fisher et al. 2016) but
there has been limited research done on applying interventions during chilling or storage before
packing. This research highlights the potential to enhance chilling as an intervention by adding
a more detrimental effect that can achieve inactivation of E. coli cells.
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Chapter 3
Potential applications of oxidant spray chilling on beef

Abstract
Shiga-toxin producing Escherichia coli (STEC) are a major food safety concern for the meat
industry. Although many interventions have been implemented, no methods are completely
effective in controlling pathogens during carcase processing. Previous research has suggested
that STEC, in particular E. coli O157:H7 Sakai, might become more susceptible to oxidative
damage when exposed to carcase chilling (King et al. 2016); broth studies in Chapter 2
confirmed this hypothesis. The present study aimed to further test this phenomenon on beef
surfaces. The antimicrobial effects of oxidants, chlorine dioxide (ClO 2 ) and peroxyacetic acid
(PAA), on beef striploins were assessed during the simulated process of spray chilling (4 sec
every 15 min for 36 cycles). Preliminary trials of ClO 2 treatment on striploins at 10–50 ppm,
under growth conditions (12.5 and 20°C), has no effect on E. coli O157:H7 Sakai at either
temperature. Treating the E. coli O157:H7 Sakai inoculated striploins before chilling also
showed no major effect (~1 log reduction), when temperatures are 37°C followed by the
chilling regime of dropping below 7°C. In current trails of ClO 2 and PAA spray chilling at 20
and 200 ppm, respectively, during chilling achieved >4 log reduction at 72 h. However, t he
effects of the oxidants were only observed on fat surfaces and not lean surfaces. These
experiments further confirmed the increased susceptibility of E. coli O157:H7 Sakai to
oxidative stress during spray chilling. However, some limitations apply with lean tissue. These
results indicate that further development of an oxidant application during spray chilling, as an
antimicrobial intervention, is required to minimise the problems that effect economical and
safety outcomes.
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3.1.

Introduction

Enteric pathogens such as Shiga-toxin producing Escherichia coli (STEC) represent a major
food safety issues to the beef industry. E. coli O157:H7 have been linked to illnesses associated
with the consumption of bovine products (Elder et al. 2000; Kalchayanand et al. 2015).
Therefore, the U.S. Department of Agriculture-Food Safety and Inspection Service declared
STEC O157:H7 and six serogroups of STEC (O26, O45, O103, O111, O121, and O145) as
adulterants in beef (USDA-FSIS, 2012)
E. coli during slaughter and processing causes potential contamination of meat. Therefore,
preventing this contamination on the final product are undertaken in a variety of antimicrobial
interventions depending on the abattoir. Antimicrobial interventions range from knife trimming,
hot water washes, to steam vacuuming. Such interventions have been demonstrated to
successfully reduce carcase contamination of up to 3 log (Bacon et al. 2000; Chen et al. 2012;
Wheeler et al. 2014). However, food-borne illnesses and product recalls caused by enteric
pathogens still occur (Soon et al. 2011; Wheeler et al. 2014). This indicates the need for
developing novel antimicrobial interventions that are reliable and effective in eliminating these
pathogens on carcases.
Previously, both growth kinetics and molecular response characteristics of E. coli O157:H7
Sakai when subjected to temperature and water activity changes, as occur during carcase
chilling, were investigated (King et al. 2016; Kocharunchitt et al. 2012). The exposure of E.
coli O157:H7 Sakai to such stresses caused a complex pattern of growth responses including
‘loss of culturability and recovery’ phases. Particularly, the abundance of several proteins
(AhpCF, KatG, and Tpx) in E. coli O157:H7 Sakai transiently decreased, a consequence of
chilling stress. These findings led to the hypothesis that E. coli O157:H7 Sakai potentially
become more sensitive to oxidative stress after exposure to chilling conditions (King et al.
2016). The hypothesis was confirmed in Chapter 2, which demonstrates the use of two different
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oxidants, hydrogen peroxide and chlorine dioxide, at non-lethal levels. The results showed the
oxidants, and specifically ClO 2 , were very effective against E. coli O157:H7 Sakai in the brothbased model (≥5 log reduction with 7.5ppm ClO 2 within 24 h of application). Further
investigations into the effect of oxidants are detailed in the present study. The hypothesis of
King et al. (2016) was further tested here on beef meat with the intent to develop oxidants as
an antimicrobial intervention. The antimicrobial effect of an oxidant (ClO 2 or PAA) on E. coli
inoculated beef was evaluated prior and during simulated spray chilling conditions.

3.2.

Methods

3.2.1. Preparation of E. coli inoculum
E. coli O157:H7 Sakai (Allen et al. 1987; Fisher et al. 2009) obtained from Carlton Gyles
(University of Guelph, Canada) was used in preliminary studies as it is the same strain used by
King et al. (2016). Also, five non-pathogen strains of E. coli (EC1604, EC1605, EC1606,
EC1607, and EC1608), obtained from CSIRO Food and Nutritional Sciences Australia, were
used in this study. All of the CSIRO E. coli strains are found to contain no known virulence
markers for pathogenic E. coli but otherwise have growth characteristics very similar to various
known isolates of E. coli O157:H7 (McPhail 2011; Small 2010).
E. coli strains are stored frozen (-80°C) on beads. Prior to the experiment strains are streaked
onto brain-heart infusion (BHI) agar (AM11, AMYL, Australia) and incubating at 37°C for 1824 h. An isolated colony from each culture was inoculated into 10 ml of BHI broth and
incubated at 37°C for 20 h. The broth cultures were then diluted 1:104 in 10 ml of BHI broth
and incubated further at 37°C for 20 h. This culture was used as stationary phase cells (~ 109
CFU/ml). A culture of E. coli O157:H7 Sakai or a cocktail of non-pathogenic E. coli was
prepared by combining 1 ml volume of each stationary phase culture. The mixtures were
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diluted with 200 ml of 0.1 ml bacteriological peptone (LP0037, Oxoid Ltd., England) to give
an inoculum containing approximately 107 CFU/ml and used to inoculate the beef striploins.

3.2.2. Preparation of an oxidising agent
Zydox® chlorine dioxide (Zychem Technologies Pty Ltd) and peroxyacetic acid (ECOLAB
Australia Pty Ltd) were the two oxidants trialled. The working solution of both oxidants were
prepared in tanks and diluted with an appropriate volume of potable water to achieve the test
concentration (ClO 2 at 10, 15, 20, 25 and 50 ppm or PAA at 150, 200 ppm), according to the
manufacturer’s instructions. ClO 2 was activated with 54.6 % citric acid (Sigma-Aldrich,
C1909).

3.2.3. Preparation and treatment of inoculated meat
Beef striploins were collected from a Tasmanian export abattoir (Australia). The strip loins
were VP and stored at -1°C. Prior to use each striploin was warmed to 37°C over a period of
18 h to simulate normal animal temperatures before chilling. The striploin was halved in the
middle of the longest length, to make two squares. Each half striploin was then suspended by
stainless steel hooks and inoculated on both fat and lean surfaces with the bacterial inoculum
(Section 3.2.1) using a sterile paintbrush. The striploin was then left for 20 mins at room
temperature, to allow bacterial attachment. The striploins were then subjected to either
treatment (Section 3.2.4).
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3.2.4. Replicating the chilling cycle on meat
A temperature-gradient incubator (KB 240, Binder GmbH, Germany) was adapted to simulate
carcase chilling conditions. The incubator was modified with irrigation tubing and mist spray
nozzles (MicroJet TM Mist Spray, Kilkenny, SA). The incubator was programmed to simulate a
temperature profile as occurs during the chilling process of carcases. This profile was obtained
from the work of McPhail (2011) in which the average surface temperature of carcases was
monitored throughout chilling with 22˚C spray water. However, carcases were estimated to
spend anywhere from 20-30 min on the dressing floor and an additional 6 min in the chiller
prior to the start of temperature logging (Mellefont et al. 2005). Therefore, an extra 36 min
before spray chilling was added to the temperature profile. The spray was delivered from 4
spray nozzles, 2 per sample and delivered either deionized water or treatment solution at a flow
rate of 4 ml/sec/nozzle. Prior to any applications of spray chilling, each meat sample was
suspended from a stainless-steel rack inside the incubator between two nozzles, 10 cm from
each nozzle.

3.2.5. Application of an oxidant during spray chilling
The inoculated meat samples were subjected to spray application during exposure to conditions
simulating carcase chilling. Two meat samples were sprayed with water, ClO 2 (15 or 20 ppm)
or PAA (150 or 200 ppm) for a 4 sec spray cycle every 15 min for 36 cycles during the initial
stage of the chilling process and remained in the chiller (at 7°C) for a total of 72 h.

62

3.2.6. Surface temperature and pH measurement
Throughout the trials, temperature histories of meat pieces were collected using a DS1921G
Thermochron i-button temperature logger (iButtonLink, WI, USA). The pH of both fat and
lean surfaces of the meat samples was measured using an Orion 250A meter (Orion, USA)
equipped with a surface probe (EPFLGN-121223, TPS Pty Ltd., Australia). The pH
measurements were made before commencing the chilling process, and at 24 and 72 h of
chilling.

3.2.6. Microbiological analysis
Samples were taken on both the lean and fat sides of the meat before the chilling process, at
24, 50 and 72 h after commencing chilling. A 4 x 4 cm template was used to mark out the area
for sponging. A SpeciSponge whirl-pak (VW11216-790) was filled with 25 ml of 0.1% peptone,
the sponge squeezed out then wiped over the marked area 5 times in one direction then 5 times
in another direction. The sponge was placed back in the whirl-pak and massage for 30 sec
before the samples were diluted further in 0.1% peptone to the desired level. The appropriate
dilutions were plated on onto Eosin Methylene Blue Levine (EMB) for E. coli. All plates were
incubated at 37°C for 24 h before presumptive colonies were counted . The counts are expressed
as log CFU/cm2 , and their average and standard deviation calculated.

3.2.7. Data analysis
Microbiological counts were transformed into log data before statistical analysis. Log reduction
values were calculated by subtracting the log counts after treatment from the log count before
treatment. Least-squares means of the log counts and log reduction values were then calculated
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and analysed by general linear model procedure of SAS version 9.4. The analysis of treatment
effects was considered significantly different when P < 0.05.

3.3.

Results

3.3.1. Preliminary trials of ClO2 on E. coli growth
E. coli O157:H7 Sakai survival on striploin pieces treated with ClO 2 was trialled initially to
confirm any future effect was only due to chilling sensitivity on meat and not concentration
(Figure 3.1). Concentrations of 0, 10, 15, 20, 25, or 50 ppm at both 20°C and 12.5°C were
tested. However, no detrimental growth effects were detected under all concentrations of ClO2
trialled.

Figure 3.1. E. coli O157:H7 Sakai survival on striploin pieces treated with ClO 2 at 0 (◆), 10,
15 (◼), 20 (), 25 (), or 50 (◼) ppm at both 20°C and 12.5°C.
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3.3.1 Effects of stimulated spray chilling on E. coli O157:H7 Sakai and the
addition of ClO2 prior
E. coli O157:H7 Sakai on meat during the simulated process of spray chilling with water is
shown in Figure 3.2, and a comparison to treatments, ClO 2 prior to chilling. The data revealed
a significant decrease in E. coli O157:H7 Sakai numbers initially during chilling and from 4.5
h the count remained similar. These observations indicate that the process of spray chilling
caused an overall reduction of both E. coli O157:H7 Sakai within the initial chilling stages
during the temperature decrease from 37˚C to 10˚C. E. coli O157:H7 Sakai was, however,
found to decrease by 1.02 ± 0.37 log CFU/cm2 after spray chilling for 24 h.
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Figure 3.2. E. coli O157:H7 Sakai population changes after 15 ppm ClO 2 treated and nontreated, on the fat (and , respectively) and lean ( and , respectively) surfaces prior to
spray chilling conditions.
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3.3.2 Effects of stimulated oxidant spray chilling on E. coli
The effect of ClO 2 at 15 and 20 ppm when applied during spray chilling (sprayed for 4 sec
every 15 min for 36 cycles, 144 sec) are detailed in Figure 3.3. It was evident in all cases that
the application of ClO 2 significantly reduced the numbers of E. coli on meat when compared
to the control (water alone). ClO 2 at 15 ppm reduced E. coli by 3.10 ± 0.26 log CFU/cm2 and >
4 log CFU/cm2 for 20 ppm, after 24 h of chilling. However, this effect was only observed on
fat surfaces. Thereafter, ClO 2 did not have any further effects on E. coli numbers.

Figure 3.3. Striploin lean and fat side counts of E. coli cocktail log CFU/cm2 , during simulated
spray chilling with water, ClO 2 15 ppm, or ClO 2 20 ppm. * Denotes significant difference to
water treatment at the corresponding time.

To further evaluate the antimicrobial application of an oxidant during spray chilling, PAA was
trialled at 150 and 200 ppm. The addition of PAA during spray chilling also significantly
reduced the numbers of E. coli on meat compared to spray chilling with water alone (Figure
3.4). However, similarly to ClO 2 the effects were only significantly observed on fat surfaces.
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This resulted in a >4 log reduction in E. coli numbers with 200 ppm and 2.68 ± 0.32 for 150
ppm, when compared to the control samples. PAA also had a similar response on E. coli with
significantly lowering the counts at 24 and 72 h. However, PAA at 200 ppm had a greater effect
than 150 ppm with count below detection limit (<0.78 CFU/cm2 ) at the last time point 72 h.
Therefore, showing the antimicrobial effect took longer to have maximum efficiency, unlike
ClO 2 at 24 h.

Figure 3.4. Striploin lean and fat side counts of E. coli cocktail log CFU/cm2 , during simulated
spray chilling with water, PAA 150 ppm, or PAA 200 ppm. * Denotes significant difference to
water treatment at the corresponding time.

3.4.

Discussion

Previous studies, detailed in chapter 2, of E. coli O157:H7 Sakai response to carcase chilling
confirmed the hypothesis that E. coli potentially becomes more sensitive to oxidative stress.
Chapter 2 shows the effects of oxidants, hydrogen peroxide and ClO 2 , at a non-lethal level on
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E. coli in broth-based systems. Therefore, in the current study further evaluation of the
antimicrobial effects of ClO 2 and PAA on beef striploins during spray chilling was conducted.
The effect of ClO 2 on E. coli O157:H7 Sakai at different concentrations (0-50ppm) at 20°C and
12.5°C was tested and no detrimental effect to growth was observed. Therefore, the
concentration of ClO 2 use in this study was not considered lethal to E. coli O157:H7 Sakai,
highlighting the importance of chilling for inactivation to occur. Further preliminary tests were
undertaken to see the effect of chilling alone and ClO 2 spray prior to chilling conditions. In
comparing the non-treated and prior treatment no significant difference was found , however E.
coli levels on fat surface were reduced over chilling ~1 log CFU/cm2 . Consistent with these
results, previous studies demonstrated that both E. coli and Salmonella numbers were reduced
by up to 2 log units on carcases after spray chilling (Bacon et al. 2000; Dickson 1991; Gill et
al. 2003; Smirnova et al. 1997). Such conditions were not expected to be lethal to both
organisms (Lanciotti et al. 2001; Presser et al. 1998). These reductions are also consistent with
the results in Chapter 2 in which E. coli and Salmonella exhibited a growth response in broth
when exposed to similar chilling conditions. Furthermore, once chilling conditions lowered to
7°C or below bacterial numbers are predicted to not growth and the counts were noted to remain
stable.
During spray chilling ClO 2 was more effective at lower concentrations than PAA. The
maximum effect of ClO 2 was also observed within 24 h, while the maximum effect for PAA
was within 48 h. The highest concentrations of ClO 2 and PAA (20 ppm and 200 ppm
respectively) caused the greatest reduction in number of E. coli as would be expected and has
been reported in previous studies (Cutter et al. 1994).
ClO 2 and PAA spray chilling at 20 and 200 ppm, respectively, during chilling achieved >4 log
reduction at 72 h. However, the effects of the oxidants were only observed on fat surfaces and
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not lean. This confirms the increased susceptibility of E. coli to oxidative stress during spray
chilling, however, some restrictions are observed with lean tissue.
Difference is species ability to survive and grow on fat surfaces compared to lean have also
been observed. The differences may potentially be due to the composition, moisture and
bacterial attachment to various tissue structure (Grau 1983). Some studies suggest bacteria
survival on fat is affected by increased drying on the surface compared to lean tissue, this did
not appear to be the case in the current study, although water activity was not measured
throughout chilling.
It has been noted that attachment of bacterial cells to beef tissue is probably a physical
attachment of the cells to the tissue (Schwach et al. 1982). The uptake of water has also thought
to contribute to swelling of meat fibres and result in further entrapment of the cells (Benedict
et al. 1990; Thomas et al. 1984). Pearce et al. (2008) inoculated samples on all meat tissue (fat,
lean and cut) had similar counts of E. coli O157:H7 initially and on untreated samples over
time, whereas antimicrobial treatments of a dairy extract caused the greatest loss on fat
compared to the lean and no significant difference for cut samples.
Other research into antimicrobial sprays has also found greater reductions of E. coli on adipose
tissue compared to lean (Cutter et al. 1994; Dickson et al. 1994; Marshall et al. 2005). Dickson
(1992) attributed the differences in tissue to be due to pH and moisture content with lean 75%
and fat 20%. Higher pH has been found to effected bacteria’s survival on meat, though there
was no great difference in pH noted in this study (Niebuhr et al. 2003).
Dickson et al. (1994) also found carcase surface results were comparable to laboratory trial, in
which the surface of the carcass comprises of fat and connective tissue rather than lean.
Therefore, the results observed in the current study warrant further investigation with oxidant
sprays on carcase surfaces.
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3.5. Conclusion
The present study demonstrated that an application of an oxidant, either ClO 2 or PAA, was
effective at lowering E. coli on red meat. Such effects were more pronounced when applied
during spray chilling than when applied before chilling. This highlights the potential of an
oxidant-based application during spray chilling to be developed and evaluated further as an
antimicrobial intervention for beef carcases in commercial settings.
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Chapter 4
Commercial trials of oxidant spray chilling on beef carcases.
Abstract
E. coli contamination is a concern when exporting beef, with the potential for major economic
and reputation loss. Tight safety regulations increase the need for high quality, safer meat to be
available for export overseas. This highlights the need for a reliable antimicrobial intervention
during meat processing. E. coli cells are already in a vulnerable state during chilling, and
previous studies have shown O157 serotype strains are sensitive to oxidants during initial
chilling. Therefore, we compared two different oxidants, chlorine dioxide and peroxyacetic
acid, as a practical antimicrobial in an industry setting. The in-plant trials involved the use of
beef carcase sides and a chiller undergoing an industrial spray regime. Natural populations of
E. coli were found to be too low and infrequent to see the effect of the oxidants. Therefore, a
cocktail of E. coli strains was applied. Both oxidants reduced the total microbial count and E.
coli significantly, though more effect was seen on the E. coli populations. A 1-3 log CFU/cm2
reduction was found on the carcase sides depending on the site sampled. Hind leg and flankbrisket sites had the highest log reductions, most likely due to greater exposure to the spray.
The results show adding an oxidant to a spray chilling regime provides a potentially attractive
E. coli intervention during carcase processing that requires little to no structural changes in the
abattoir. However, the oxidants effect on a natural E. coli population may behave differently.
Therefore, more investigations are warranted with an oxidant during spray chilling, at a larger
scale and with natural populations. Although no adverse effects to the quality of the meat was
seen, further studies will be required to examine any negative effects on quality and shelf-life.
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4.1. Introduction
Australia exports beef to over 100 countries in Europe, Asia, Middle East and the Americas.
The beef export market is worth $13.3 billion to the Australian meat industry and 1% of the
gross domestic product, with Australia being the world’s third largest exporter of beef (MLA
2018). Australia's largest export markets are Japan and the US, followed by Korea (DAWR
2019). Overseas regulations, particularly in the US, have strengthened with testing beef
products. A more stringent requirement for the presence of pathogenic E. coli has recently been
applied, in their zero tolerance policy O26, O45, O103, O111, O121, and O145 serotypes have
been included in addition to O157 strains (Almanza 2011). If any of these serotypes are
detected on meat, the meat must be discarded. Thus, any contamination has the potential for
major economic and reputational loss for the Australian export market. Therefore, there is an
increasing need to produce high quality with very low risk for export markets.
E. coli are part of the normal microbiota in the gastrointestinal tract of warm-blood animals
including cattle. Although many strains of E. coli are not harmful, some strains possess
virulence factors that enable them to cause several forms of gastrointestinal disease (Todd et
al. 2001). Pathogenic E. coli, especially the O157 serotype strains have been linked to a large
number of outbreaks associated with undercooked meat and meat products (Armstrong et al.
1996). Outbreaks have been more notable in the US, resulting in the US implementing a zerotolerance policy for E. coli in red meat (Gansheroff et al. 2000; Tuttle et al. 1999).
At slaughter and processing the carcass can become contaminated from several points along
the processing chain, from de-hiding to the removal of the gastrointestinal tract. During these
processes particular sites on the carcase are more likely to be contaminated. It is well
established that the hind leg, bung, neck, and cutting lines are more likely to be sites of
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contamination. Therefore, in this study we focused on these areas to see the effects of our
decontamination step, by changes in total viable bacterial count and E. coli numbers.
Several interventions are currently in use, from de-hairing to carcase washing, although none
are 100% effective. Current technologies use hot water, organic acids, and pressurized washes.
These wash steps are usually implemented throughout the processing chain to prevent further
cross contamination. In this study we investigate an additional antimicrobial step during
chilling to take advantage of the existing stress caused by chilling (Huffman 2002). This step
would be a final hurdle for pathogenic bacteria before boning and packing occurs.
Regulations require beef carcase sides to be cooled by forced air refrigeration to lower their
temperatures to a deep tissue temperature of 7°C within 24 h (Gill et al. 1991). Larger abattoirs
now use spray chilling as a more efficient rapid cooling system. Spray chilling is the
intermittent spraying of carcases with water during the early stages of the cooling of hot sides.
The spray chilling systems also reduce evaporative weight loss or shrinking due to carcases
drying and thus can increase yield. Food Safety and Inspection Service regulations require that
the chilled carcase weight no more than the hot carcase, therefore spray chilling must be limited
to prevent carcases from absorbing moisture (Prado et al. 2010). Spray chilled carcases
typically retain at least 1% more of their initial weight than conventionally chilled carcases
(Savell et al. 2005), although this varies with the duration of the spray cycle. Conventionally
chilled carcases inhibit microbial growth by reduction in surface moisture which occurs during
the chilling process (Dickson 1991). The addition of an antimicrobial oxidant to the spray may
combat this potential problem during spray chilling. However, many studies find microbial
growth does not occur significantly during spray chilling (Dickson 1991; Greer et al. 1997).
The focus of the experiments here was to exploit E. coli cells already in a vulnerable state
during chilling (Kocharunchitt 2012). The chilling process itself has shown to cause a 1-2 log
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reduction in bacterial counts (Bacon et al. 2000; Tittor et al. 2011; Youssef et al. 2013). Prior
experiments (see thesis chapters 2 and 3) have shown how E. coli, and specifically O157
serotype strains, are sensitive to oxidants, chlorine dioxide (ClO 2 ) and peroxyacetic acid (PAA),
during initial chilling in broth culture and on meat pieces. Therefore, in the current study we
compare the two different oxidants within the abattoir environment on carcases.

4.2. Methods
4.2.1 Overview
The antimicrobial intervention trials were undertaken at an international export processing
plant in Tasmania, Australia. These trials involved the use of beef carcase sides straight from
the slaughter floor. The commercial chillers were programmed to simulate an industrial spray
application over a weekend period.

4.2.2 Determination of oxidant efficiency on natural microbial population
Four different sites (hind leg, flank, fore leg and neck) of eight carcase sides were used to
determine the effect of the treatment. The carcases were either subjected to the normal process
of spray chilling (potable water), or to the application of an oxidising agent (ClO 2 at 35 ppm
or PAA at 200 ppm) during spray chilling.
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4.2.3 Determination of oxidant efficiency on inoculated carcases
4.2.3.1 Preparation of E. coli inoculum
Five strains of E. coli (EC1604, EC1605, EC1606, EC1607, and EC1608), obtained from
CSIRO Food and Nutritional Sciences Australia, were used in this study. All of these E. coli
strains are found to contain no known virulence markers for pathogenic E. coli but otherwise
have growth characteristics very similar to various known isolates of E. coli O157:H7 (Small,
2010). E. coli strains were grown for 20 h at 37°C in brain heart infusion (BHI) broth to obtain
stationary-phase cultures. Equal volumes (1 ml) of the cultures were then transferred to 500 ml
of 0.1% bacteriological peptone to give an inoculum containing approximately 6-7 log CFU/ml.

4.2.3.2 Preparation of an oxidising agent
Zydox® chlorine dioxide (Zychem Technologies Pty Ltd) and peroxyacetic acid (ECOLAB
Australia Pty Ltd) were the two oxidants trialled. The working solution of both oxidants were
prepared in 1,000 L tanks and diluted with an appropriate volume of potable water to achieve
the test concentration (ClO 2 at 35 ppm or PAA at 200 ppm), according to the manufacturer’s
instructions.

4.2.3.3 Preparation and treatment of inoculated test carcases
Four different sites (hind leg, flank, fore leg and neck) of three carcase sides were inoculated
with the E. coli cocktail described above (Section 4.2.3.1). The E. coli cocktail was painted
onto the four areas of each carcase and left to dry for 20 min. Inoculated carcases were then
either subjected to the normal process of spray chilling (potable water), or to the application of
an oxidising agent (ClO 2 at 35ppm or PAA at 200 ppm) during spray chilling.
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4.2.3.4 Spray chiller settings
The chillers were programmed to spray in cycles as for a regular weekend chilling regime (62
h). This regime consists of 45 s sprays at 10 min intervals for the first 13 sprays, followed by
30 s sprays every 15 min for the remaining 52 sprays. The temperature cycle and fan settings
were programmed to blast chill until meat surface temperature reached 5°C, at which the
temperature remained constant over the weekend, prior to boning.

4.2.6 Microbiological analysis
Samples were taken with Whirlpak™ sponges by swabbing a 10 cm × 10 cm area. Each site
was swabbed before the chilling process, at 24, 50 and 62 h after commencing chilling.
Rehydrated Whirlpak sponges were used with 25 ml of 0.1% peptone. An aliquot of the
swabbed samples was serially diluted in 0.1% peptone and plated on E. coli count PetrifilmTM
(3M) and Total Aerobic PetrifilmTM (3M), according to the manufacturer’s instructions. All
Petrifilm were incubated at 37°C for 48 h before being counted. The counts are expressed as
log CFU/cm2 , and their average and standard deviation calculated. The effectiveness of the
proposed intervention in eliminating E. coli on carcases was determined by the differences in
log units between untreated carcases and carcases treated with an oxidant.

4.2.7 Data analysis
Microbiological counts were transformed into log data before statistical analysis. Log reduction
values were calculated by subtracting the log counts after treatment from the log count before
treatment. Least-squares means of the log counts and log reduction values were then calculated
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and analysed by general linear model procedure of SAS version 9.4. The analysis of treatment
effects was considered significantly different when P < 0.05.

4.3. Results
4.3.1 Effectiveness of the proposed intervention on natural microbial
population
The effectiveness of both oxidants, ClO 2 and PAA, were compared to the control, chlorinated
potable water, by the difference in counts. The initial trials of natural populations showed a 1
± 0.5 log reduction overall, with both oxidant treatments, for total viable count (Figure 4.1). A
dip in total viable counts after 12-24 h of chilling was seen, followed by a total count increase
at the end of weekend chilling (62 h). However, the log reduction was only significant for PAA
treatment (Table 4.1). The natural population of E. coli was low and sparsely located on the
carcases. E. coli was found only 4 times out of 32 control samples, and on none of the treated
samples (64 samples), using the E. coli petrifilm method (Section 4.2.6).
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Figure 4.1. Average Total Viable counts from eight carcases through-out the chilling process,
with treatments of 200 ppm PAA () or 35 ppm ClO 2 (), and non-treated samples (controls)
for PAA () and ClO 2 ().
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4.3.2 Effectiveness of the proposed intervention on Inoculated population
4.3.2.1 Overall effect on microbial reductions
Table 4.1. Average microbial log CFU/cm2 reductions after treatment with either PAA or ClO 2,
for both un-inoculated and inoculated carcasses, at the end of chilling.
Average Log reduction CFU/cm2
Uninoculated
Inoculated
TVC
Ec
TVC Ec
PAA
Hind leg
2.98*
2.87*
Flank/Brisket
2.54*
2.37*
1.18*
Fore leg
2.61*
1.61*
Neck
1.28*
1.27*
ClO 2
Hind leg
2.64*
2.79*
Flank/Brisket
2.54*
2.49*
0.90
Fore leg
1.03*
1.27*
Neck
0.69
0.75
*Denotes a significant reduction between the control and treatment (P < 0.05)
Treatment Carcase region

The un-inoculated carcase sample sites were all combined into a single composite sample for
plating, to increase the observable counts (Table 4.1). However, composite samples still did
not reveal frequent or useful numbers of E. coli. Therefore, further experiments were
undertaken with inoculating carcases with a cocktail of non-pathogenic E. coli strains, so
inactivation responses could be accurately observed and hence the effect of the treatments. The
outcomes indicated inoculating the carcases with a cocktail of E. coli strains achieved valuable
numbers to compare treatments. Table 4.1 compares the log reductions, the difference between
the control (water) and treated (PAA or ClO 2 ) carcases, for each site samples. The trend, in
general, is a log reduction decreasing as the samples go down the length of the carcase. For
PAA trials the TVC average log reduction is from 2.98 CFU/cm2 at the hind leg to 1.28
CFU/cm2 at the neck. E. coli reductions have a similar though slightly lower count from 2.87
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CFU/cm2 at the hind leg, to 1.27 CFU/cm2 at the neck. Similarly, for ClO 2 trials the TVC
average log reduction is from 2.64 CFU/cm2 at the hind leg, to 0.64 CFU/cm2 at the neck. E.
coli reductions are also similar though slightly lower count from 2.79 CFU/cm2 at the hind leg,
to 0.75 CFU/cm2 at the neck.

4.3.2.2 Site effect of the antimicrobial
There was no significant difference between the control and treatment carcases at any site for
the E. coli counts at the beginning of the trials, for either PAA (Figure 4.2) or ClO 2 (Figure
4.3). This is expected due to the same inoculation level being applied to all sites, in order to
test the effect. The PAA trial, Figure 4.2, details the comparison in counts between the control
and treatment at each site (hind leg, flank/brisket, fore leg and neck), over the 62 h weekend
chilling period. The E. coli counts were found to be lower at the higher regions of the carcase,
although for the PAA treatments all sites were significantly different at each time point except
for the initial time point prior to any treatment (Figure 4.2, a-l = P < 0.05).
The ClO 2 trial also showed the same trend with lower counts at the higher sites of the carcase
(Figure 4.3). However, ClO 2 only caused a significant degree of inactivation between the
control and treatment samples for the hind leg, flank/brisket, and fore leg sites, though not the
hind leg site at 50 h or the neck at any time point. Overall, for PAA and ClO 2 trials there was
no significant site difference found between the control samples over the chilling period (P <
0.05).
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Figure 4.2. E. coli average log CFU/cm2 on inoculate carcases, at four sites throughout chilling,
for three control carcases (water only) and three treatment carcases (200 ppm PAA). The
sample sites consisted of hind leg, flank/brisket, fore Leg, and neck regions. Significant
differences between control and PAA treatment are denoted with the same letter for each
corresponding pair (a-l = P < 0.05).

Figure 4.3. E. coli average log CFU/cm2 on inoculated carcases, at four different sites
throughout chilling, for three control carcases (water only) and three treatment carcases (35
ppm ClO 2 ). The sample sites consisted of hind leg, flank/brisket, fore leg, and neck regions.
Significant differences between control and ClO 2 treatment are denoted with the same letter
for each corresponding pair (a-h = P < 0.05).
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4.4. Discussion
This study was intended to test the feasibility and efficacy of oxidants under processing
conditions. The oxidants PAA and ClO 2 were both trialled in-plant under ‘normal’ weekend
processing regimes and in comparison, to standalone water spray regimes during chilling.
During chilling the number of total bacteria was lower around the 24 h time frame before
increasing to original or higher numbers as initial counts at the beginning of chilling. This trend
has been report by many studies with large variation between different abattoirs (Gill et al.
1997; Murray et al. 2001). The cycles of spray chilling vary between abattoirs due to different
meat commodities being processed, spray nozzle configuration, spray pattern and water cycle,
fat coverage, variable water sources, temperature of water and pre-chill treatment are all noted
reasons for large site-to-site large variations. Carcase condition prior to chilling may also have
an important effect on the spray chilling intervention. Effects such as washing, excess trimming
and drainage may interact with or dilute the antimicrobial spray (Gill 2009).
At the abattoir where the experiments were performed low numbers of E. coli led to trials
relying on artificially inoculated carcases. Artificially inoculated carcases were used to
determine the specific effect of the oxidants on strains that behaved similarly to O157 serotype
strains. Gill et al. (1997) found with E. coli inoculated meat after around 24 hrs of chilling there
was a <0.5-2 Log CFU/cm2 reduction of E. coli (Gill et al. 1997). This data may not be
representative of the numbers after 62 h since the inactivation process could be continuing to
occur through the duration of the trial.
Higher counts were consistently seen for treated carcases at the lower positions on the carcase,
in particular the neck, which represents the lowest point. In this current study a washing effect
was not seen, as all control sample sites had similar counts throughout the spray chilling
process. Instead, we found higher counts on the neck compared to other sites of the treated
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carcases, implying a lack of treatment efficiency at lower points, most likely due to sprays
directed from above the carcase not reaching the lower regions. The results agree with the
findings from Castillo et al. (1999b) who observed greater log reductions on hind and flank
regions.
Contrary to other studies where water washes alone can yield a 1-2 log reduction (Castillo et
al. 1999b), the spray chilling performed here was not found to cause any significant cell
removal or inactivation. The counts increased after the weekend chilling regime (62 h). The
volume and spraying process, applied as a fine mist, compared to droplets, may account for the
variation between other studies (Castillo et al. 1999b; Signorini et al. 2018). Although some
bleaching from water run off was seen in the current study, at lower regions of the carcases,
this effect was minor and did not influence the microbial count. In previous laboratory
simulation trials, a potential for a >5 log reduction, with PAA and ClO 2 , on beef striploins
during spray chilling was observed (Chapter 3). However, the greatest results were only seen
on the fat surfaces, this agrees with other studies (Dickson 1988; Nattress et al. 2001). Higher
fat coverage could be an important part in increasing the efficiency of the antimicrobial
treatment during chilling. Reductions were achieved for total bacteria on fat tissue, which is
important because much of the exposed surfaces of beef carcases are covered with fat. This
finding could possibly lead to less trimming becoming a safer and more effective way of
eliminated or decreasing pathogen counts on beef carcasses with the added potential economic
gain of retaining more product for sale.
Commercial studies in the poultry industry have already shown PAA and ClO 2 are an effective
decontamination wash for Salmonella and Campylobacter. The effectiveness has been seen at
low levels (2 ppm) and therefore is now approved for use in commercial systems (Bauermeister
et al. 2008; Berrang et al. 2011).
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Studies into PAA have found positive characteristics of this oxidant over others, such as its
stability, non-corrosive, economical and also being already widely excepted in the food
industry (Costa et al. 2015). PAA was also found to be a much cheaper option, up to 7.5 times
cheaper than chlorine dioxide. Similar studies have also shown promising results with using
PAA. These studies have reported 2-3.5 log reductions of E. coli O157:H7 on beef samples
(Davenport 2016; Penney et al. 2007). They used higher concentrations of PAA (400 ppm),
than the current study of 200 ppm. The difference possibly highlights the importance of
treatment timing, during initial chilling, to increasing efficacy.
Chlorine dioxide is a strong oxidant, highly soluble in water at cold temperatures and is known
to be highly effective over a wide range of pH (5-10) and thus appropriate for carcase chilling
conditions (LeChevallier et al. 2004). It has been used to control iron, manganese, taste and
odour causing compounds in many European countries as a disinfectant of water (LeChevallier
et al. 2004). A major disadvantage of ClO 2 is that it is highly reactive with blood, potentially
affecting the quality of meat and meat products. In the current study some lightening of the fat
was observed and a darkening of blood vessels. However, these affects did not seem to be a
widespread problem, and the whitening may enhance appearance during storage. Other issues
of concern are health and safety risks associated with ClO 2, its de-gassing and strong oxidising
properties.

4.5. Conclusion and future work
Both oxidants reduce E. coli significantly, though PAA is repeatedly seen to be more effective.
PAA comes with less safety issues, restrictions on use and is easier to apply without requiring
an activation step. Therefore, PAA is an attractive potential for industry with little to no
structural changes in the plant. With further optimising of the application process around 3 log
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reductions seem a feasible outcome within industrial applications. In the current study we
allowed for differing factors on the behaviour of the artificial inoculated cultures compared to
naturally found contamination. Allowances were made for growth conditions, strain variation
and attachment time. The results highlight the potential for the oxidants to be an intervention
on natural E. coli populations, although broth-based cultures cannot replicate the complex
physiological state of E. coli, growing anaerobically in the presence of organic acids, of the
gastrointestinal tract of cows. However, the current experiment being limited by the artificial
application of E. coli still warrants further investigation on natural populations. The previous
study (Chapter 3) observed the potential for >4 log reduction of E. coli compared to the
potential >2 log cfu/cm2 reduction, in this current study. However, laboratory-based trials are
small scale and easily modified for efficiency. A carcase is a more complex structure, with a
large surface area compared to a striploin with a flat lean and the fat side, site variation is to be
expected. We suggest further investigations into larger scale experiments, other locations
(possible with less highly technical infrastructure) and different strains.
Although no adverse effects to the quality of the meat was seen, further studies will be required
to examine any negative effects on quality and shelf life in more detail over long storage times.
With shelf-life up to 6 months for VP beef meat potential loss of profit/value may occur if
shelf-life is reduced or if any detrimental quality effects occur.
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Chapter 5
Shelf-life of vacuum packed beef after oxidant spray chilling.

Abstract
The international export of red meat and other perishable food products relies on the ability to
maintain long shelf-lives. Beef cuts have extended shelf-lives of over 140 days when VP and
stored at low temperatures. The anaerobic condition of VP inhibits aerobic bacteria with the
meat microbial community then dominated by lactic acid bacteria, in particular the genus
Carnobacterium. The meat population structure potentially slows spoilage microorganism
growth and therefore allows for a longer shelf-life. Consumer safety and economic implications
are an important consideration when any new antimicrobial intervention is introduced in the
processing chain. Therefore, the current study investigated any negative effects on VP
striploins and its shelf-life after trials of oxidant spray chilling in an export abattoir. The
oxidants used were chlorine dioxide (35 ppm) and peroxyacetic acid (200 ppm). Sensory and
microbial data were collected and compared to non-treated samples to determine if the oxidants
influenced shelf-life. Any negative effects could lower the quality and value of the meat
product and shorten the shelf-life, which would result in a decrease in industry productivity. In
this investigation no detrimental effects were detected for either sensory or microbial data.
However, samples treated with ClO 2 differed from the control after extended storage, from 180
days, for pH and for consumer preference. There were no conclusive results to suggest that
either oxidant causes a loss in quality or shelf-life, though more extensive studies should be
undertaken to assess consumer responses.
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5.1. Introduction
Australia’s export of red meat is an important economic business for the country. Ensuring the
export of high quality and long-lasting meat products is essential for this industry to remain
one of Australia biggest export income earners. Shelf-life of meat has been extensively studied,
beef is famed for having excellent stability with the use of VP and non-freezing storage
temperatures. The use of VP allows overseas shipment which requires at least 90 days storage
and where meat is kept chilled at approximately -0.5C (Bell 1994, Yousef 2014).
Long shelf-lives of over 140 days have been reported for beef (Youssef et al. 2014), and
Australian beef can be stored over 180 days in some cases (Small et al. 2012). VP extends
shelf-life by modifying the atmosphere and hence changes the growth environment of bacteria,
leading to population changes. The storage of meat under these conditions results in the
bacterial population being less diverse over time and maintains a high proportion of lactic acid
bacteria (LAB) (Kaur et al. 2017a; Sade et al. 2017).
Pseudomonas sp., Brochothrix sp., Psychrobacter sp., Lactobacillus sp., and Acinetobacter sp.
have been identified as major species contaminating raw meat before processing treatments.
They are commonly found in processing environments (De Filippis et al. 2018; Stellato et al.
2017). Once meat becomes VP the microbiota changes with the changing environmental
conditions. Oxygen levels are low and restrict the growth of Pseudomonas sp. and other aerobic
spoilage bacteria (Mansur et al. 2019). The carbon dioxide level also becomes high (up to 40%)
enough to prevent growth of gram negative bacteria (Narasimha and Sachindra 2002). This
change allows Gram-positive bacteria such as LAB to become the dominant microbiota. In VP
meats, LAB grows slowly and uses glucose or glycogen which gets converted to lactic acid
(Casaburi et al. 2011). The production of lactic acid can cause souring, though this causes less
obvious spoilage (Casaburi et al. 2011). Therefore, the total count of bacteria on VP meat can
reach 8 log CFU/cm2 without the meat being obviously spoiled.
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Carnobacterium maltaromaticum

and Carnobacterium divergens are the main species

associated with VP beef (Casaburi et al. 2011). Various cold-tolerant Lactobacillus,
Lactococcus and Leuconostoc species may also be present (Liang et al. 2016; Zhang et al.
2018). Members of the family Enterobacteriaceae species are also present, in particular
Serratia and Hafnia spp., and some species are linked to early spoilage (Youssef et al. 2014).
It is thought some bacteria on meat may contribute to implicit effects on meat spoilage. For
example, some strains of C. maltaromaticum grow efficiently on VP meat stored at low
temperatures with low sensory impacts and spoilage overall (Casaburi et al. 2011; Kaur et al.
2017a). These strains have also been linked to inhibiting the growth of other species, potentially
assisting in controlling spoilage (Zhang et al. 2015).
Decontamination treatments during carcase processing are thought to have a major effect on
the microbiome, in both numbers and diversity (Youssef et al. 2014). The improvement of
decontamination treatments over time has led to not only safer products but potentially also
longer shelf-lives (Yang et al. 2012). Therefore, any change in the processing environment has
the potential to substantially affect the microbial population and hence affect shelf -life (Gill
1996). This variation in populations under VP conditions has been seen for different cuts,
treatments, and processing environments. Therefore, logically the application of antimicrobial
treatments, as conducted previously (Chapter 4) requires sensory studies to ensure product
quality and stability is maintained or indeed enhanced. Thus, in the current study, the shelf-life
and sensory effects of VP beef was assessed after antimicrobial spray chilling of an oxidant,
using either chlorine dioxide or PAA. The goal was to determine whether these antimicrobial
treatments, aimed at increased pathogen elimination, detrimentally impact sensory and/or
shelf-life or instead have no sensorial impact and also achieve an improved shelf-life.
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5.2. Material and Methods
5.2.1 Test site
The carcase treatment trials were undertaken at an export processing plant in Tasmania,
Australia. These trials involved the use of beef carcase sides in a chiller receiving an industrial
spray chilling application over a weekend period (as detailed in Chapter 4).

5.2.2 Preparation and treatment of test carcases
Carcases were either subjected to the normal process of spray chilling (potable water), or to the
application of an oxidising agent (ClO 2 at 35 ppm or PAA at 200 ppm) during spray chilling.
The chillers were programmed to spray in cycles as for a regular weekend chilling regime (62
h). This regime consists of 45 s sprays at 10 min intervals for the first 13 sprays, followed by
30 s sprays every 15 min for the remaining 52 sprays. Further details of the antimicrobial
interventions and outcomes as described in Chapter 4.

5.2.3 Shelf-life sample collection and storage
The shelf-life trial was conducted on striploin pieces cut in half and VP on the processing site,
from treated carcases (ClO 2 or PAA) and the control group (potable water). The striploins were
cut and VP within a local export abattoir, after 62 h of chilling. Half striploins were individually
VP in Thermasorb bag E86 (O 2 transmission rate of <10 cc/m2 /24 h at 23 °C, 85% relative
humidity). Fifty-six meat samples were prepared and stored at -1°C for up to 194 days. Storage
temperature was monitored using DS1921G Thermochron i-button temperature logger
(iButtonLink, WI, USA).
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5.2.4 Vacuum packed beef sensory analyses
Sensory tests were performed to determine meat quality including whether testing panellists
were able to differentiate PAA or ClO 2 treated samples from controls. For each sensory analysis
time point 2 replicates from the control and 2 replicated from the treatment group (either PAA
or ClO 2 ) were analysed. Samples were subsequently tested periodically up to 194 days of
storage. For the sensory assessment, an untrained panel of six was used to assess meat quality
based on personal preference, visual appeal prior to opening, followed by an assessment of
odour and colour 5 min after opening. Personal preference and buying preference were a yes
or no score to each individual meat pieces. Odour after 5 min was scored as follows: 3 (no
odour), 2.5 (mild odour), 2 (sour odour), 1.5 (strong sour odour), 1 (off odour) or 0.5 (strong
off odour). Colour after 5 min was scored as follows: 3 (red), 2 (greyness) or 1 (other). The
appearance, tightness of vacuum and seal quality was also noted. In addition, the surface pH
was measured using a digital surface pH meter (ORION model 250A) for both fat and lean
sides.

5.2.5 Vacuum packed beef microbiological analyses
The surface area of the meat including both lean and fat surfaces was calculated to allow for
determination of colony forming unit per unit area. After sensory analysis, the individual pieces
of meat were transferred to sterile bags and massaged in 100 mL of sterile 0.1% peptone water
for 2 min. Serial dilutions were prepared in sterile 0.1% peptone water and spread plated. Total
viable counts were enumerated using tryptone soya agar (TSA) (CM0131 Oxoid, Australia).
Lactic acid bacteria (LAB) counts were performed on de Man-Rogosa-Sharpe (MRS) agar
(CM0361 Oxoid, Australia). All agar plates were incubated at 20°C for 5 days in sealed jars,
under an anaerobic atmosphere generated by an AnaeroGen sachet (AN0035 Oxoid, Australia).
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5.2.6 Statistical analysis
Sensory data was analysed by categorical data analysis, converting to percentages and chisquare tests done. When the analysis of treatment effects indicated a significant difference (P
< 0.05), mean separation was conducted using the Cochran-Mantel-Haenzel test using SAS
statistical package (version 9.4; SAS Institute, Cary, NC, USA). Microbiological counts were
transformed into log data before statistical analysis with analysis of variance and Proc Mixed
in SAS v 9.4.

5.3. Results
5.3.1 Sensory analysis over shelf-life
5.3.1.1 Visual and consumer preference of VP striploins
The visual and buying preferences for the ClO 2 trials are detailed in Figure 5.1, where
preference scores are shown as percentage of total scores. Overall, both preferences, visual and
buying, for control and ClO 2 treated striploins were found to be significantly different (P <
0.05). Analysing each time point found only the later points (180 days and later) to be
significantly different for both visual and buying preferences.
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Figure 5.1. Visual and buying preference of VP striploins after treatment with 35 ppm ClO 2,
over storage at -1°C. * Denotes control and ClO 2 treated samples are significantly different at
the corresponding time point (P < 0.05).

The visual and buying preferences for the PAA trials are detailed in Figure 5.2, where
preference scores are shown as percentage of total scores. Overall visual preferences were not
significantly different between control and PAA treated striploins (P = 0.2515), though buying
preference difference was marginally significant (P = 0.0495). Therefore, visual preference
was not analysed further. Analysing each time for buying preference found only 90 days to be
significantly different. Therefore, PAA was not considered to have significant detrimental
effect on shelf-life related visual appearance or for consumer preference.
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Figure 5.2. Visual and consumer preference of VP striploins after treatment with 200 ppm
PAA, over storage at -1°C. * Denotes control and PAA treated samples are significantly
different at the corresponding time point (P < 0.05).

5.3.1.2 Odour sensory data
There was no apparent detrimental effect of the ClO 2 treatment on odour (Figure 5.3). ClO2
may have received a stronger odour score initially with 20% of panellists scoring ‘Strong Off
Odour’ though 20% of the panellists also scored the control as having an ‘Off Odour’. This
shows the objective nature of this sensory test, as the meat was considered fresh by most other
panellists. Adjusting for the outlier sensory panellists, the Cochran-Mantel-Haenszel statistics
showed there is no overall significant difference of odour score proportions between control
and treatment samples over time (P = 0.1). Therefore, individual time points were not assessed.
However, trends of increasing odour over time, as expected towards the end of shelf-life for
both control and treated samples, were seen after 163 days.
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Figure 5.3. Sensory panel proportion scores (as percentage) on odour, control samples vs 35
ppm ClO 2 treated samples of VP striploins, over storage at -1°C.

There was also no apparent detrimental effect of the PAA treatment on odour (Figure 5.4).
Control samples received a high percentage of ‘Off Odour’ scores from 121 days which may
affect the comparisons. Adjusting for panellist variations the Cochran-Mantel-Haenszel
statistics showed there was an overall significant difference of odour score proportions between
control and treatment samples over time (P < 0.0001). Therefore, individual time points were
assessed. Time points of Day 0 (P = 0.0016), 121 (P = 0.0004), 153 (P = 0.0009) and 178 (P =
0.0124) were significantly different between control and PAA treatment proportions. However,
the trend of increasing odour over time, as expected towards the end of shelf-life is significantly
more dramatic for control samples rather than treated samples. This result infers no detrimental
effect from PAA treatment, though panellist preference for odour notably varied.
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Figure 5.4. Sensory panel proportion scores (as percentage) on odour, control samples vs 200
ppm PAA treated samples of VP Striploin, over storage at -1°C.

5.3.1.3 Colour
The colour of VP striploins was scored on redness, greyness or other. There was no significant
difference between control and ClO 2 treated meat pieces for colour (P = 0.077). All samples
were scored red, apart from one time point (Day 27), where both control and treatment samples
scored only 87.5% and 62.5% respectively. There was also no clear detrimental effect of the
PAA treatment on colour. The only colour scored for ‘Greyness’ was the control samples at
178 days with 25% proportion of the score. Adjusting for panellist variations, the CochranMantel-Haenszel statistics showed there was no overall significant difference of colour score
proportions between control and PAA treatment samples over time (P > 0.1904).
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5.3.2 pH dynamics on VP packed striploins
There was no significant difference (P > 0.05) between control and ClO 2 treated samples
initially in terms of pH (Figure 5.5). As expected, the fat and lean sides had a different pH at
the beginning of storage. Fat sides had a pH 6.12 ± 0.03 and lean sides pH 5.73 ± 0.05, for both
the control and ClO 2 treated samples. However, ClO 2 treated samples, both fat and lean sides,
had a noticeable increase in pH close to the end of shelf-life. Although there was higher pH in
the treated samples there was also an increase in variation between samples and replicates, with
significantly different results to the controls.
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Figure 5.5. The pH of VP striploin halves stored at -1°C, treated with potable water or ClO 2 at
35 ppm.

PAA treatments produced the same trend as ClO 2 for initial pH (Figure 5.6). At day 0 the fat
and lean sides were different, pH 5.95 - 6.17 compared to 5.6 respectively, for both control and
PAA treated samples. However, over storage at -1°C there was no significant difference
between control and treated sample (P > 0.5), for either lean or fat sides, remaining at pH 5.65
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± 0.05 throughout shelf-life. The only effect on pH was incubation time (P values: fat < 0.0002,
lean < 0.0001) overall.
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Figure 5.6. The pH of VP striploin halves stored at -1°C, after treatment with potable water or
PAA at 200 ppm.

5.3.3 Bacterial viable population on VP striploin samples
5.3.3.1 ClO2 treated bacterial results
The growth curves of TVC and LAB from treated and non-treated ClO 2 VP striploins are
plotted in Figure 5.7, over their shelf-life at -1°C. Initial TVC counts are 3.9 ± 0.19 log
CFU/cm2 for the control samples and significantly lower (P < 0.05) for ClO 2 treated sample at
2.6 ± 0.11 log CFU/cm2 . The LAB counts had the same pattern with 1.9 ± 0.68 log CFU/cm2
for control samples and 0.7 ± 0.30 log CFU/cm2 for ClO 2 treated samples. LAB counts, as
expected are a lower percentage of the initial TVC counts with 50% of the control counts on
day 0 (P < 0.05), and 26.9% of the treated samples (P < 0.05). Over storage the TVC and LAB
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counts for both control and treated samples become similar, with no significant differences (P >
0.05). LAB dominates the TVC until it becomes the major population at 83 days after the
maximum population. The maximum population after 83 days reaches on average 6.7 ± 0.4 log
CFU/cm2 and remains around this level for the 194 days storage period. Despite the initial time
point tested there was no significant difference between the control and treated samples after
the maximum population is reach (P > 0.05).
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Figure 5.7. Total viable count (TVC) and lactic acid bacteria (LAB) of VP striploin halves
stored at -1°C, over their expected shelf-life, after spray chilling with water or ClO 2 at 35 ppm.
Samples treated under normal spray conditions (water) are displayed as TVC control () or
LAB control (◼), and samples treated with ClO 2 35 ppm are TVC ClO 2 () or LAB ClO 2 (◆).
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5.3.3.2 PAA treated bacterial results
The growth curves of TVC and LAB from treated and non-treated PAA VP striploins show a
similar trend to ClO 2 (Figure 5.8). Initial TVC counts are 3.9 ± 0.19 log CFU/cm2 for the control
samples and significantly lower (P < 0.05) for PAA treated sample with 2.6 ± 0.11 log CFU/cm2.
The LAB counts reflect the same pattern with 2.7 ± 0.43 log CFU/cm2 for control samples and
1.6 ± 0.05 log CFU/cm2 for PAA treated samples. The initial TVC counts for PAA were the
same as ClO 2 for both control and treated samples. However, LAB counts were 0.9 log
CFU/cm2 higher than the ClO 2 treatment LAB counts for both controls and treated samples.
LAB counts, as expected, also represent a lower percentage of the TVC counts initially with >
60% of the control and treatment population (P < 0.05). Over the storage period the TVC and
LAB counts for both control and treated samples also become similar, with no significant
differences (P > 0.05). LAB dominates the TVC and it becomes the dominant population at
90 days. The maximum population after 90 days reaches on average 7.19 ± 0.57 log CFU/cm2
and remains below this average count for the 194 days storage period. The maximum
population numbers are on average 0.5 log lower than the previous trial (ClO 2 experiments)
and resulted in a lot more variability in the LAB counts for both control and treated samples.
Despite the initial time point tested and the LAB variability towards the end of storage, there
was no significant difference (P > 0.05) between the control and treated samples after the
maximum population is reached.
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Figure 5.8. Total viable count (TVC) and lactic acid bacteria (LAB) of VP striploin halves
stored at -1°C, over their expected shelf-life time, after spray chilling with potable water or
PAA at 200 ppm. Samples treated under normal spray conditions (water) are displayed as TVC
control () or LAB control (◼), and samples treated with PAA 200 ppm are TVC ClO 2 ()
or LAB ClO 2 (◆).

5.4. Discussion
5.4.1 Sensory analysis over the duration of shelf-life
The impact of sanitisers applied during spray-chilling on consumer perceptions of VP striploin
quality were assessed based on meat appearance, particularly colour, and package integrity
followed by odour on opening. Therefore, the sensory characteristics assessed in this study
were directed at assessing preferences on appearance which would affect buying preference.
This was followed by assessment of odour and colour after opening, assessments more useful
for ascertaining the occurrence of spoilage and more overt loss of consumer acceptability.
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The type of packaging influences consumer preferences and subsequently purchasing decisions.
Reduced acceptance can be associated with darker meat colouration that can be enhanced in
VP meat. In addition, the presence of excess purge liquid in the package can be discouraging
to some customers. This is linked to package sealing issues causing muscle fibre compaction
and liquid expulsion (McMillin 2017). The packaging used in this study did have some
limitations due to the small-sized lesser quality cuts of half striploins that would not normally
be acceptable for VP for export. Therefore, some poor packaging may have influenced the
results. Also smaller cut sizes can affect bag vacuum integrity and thus may cause shorter shelflife than what is expected for typical export grade striploins (Lagerstedt et al. 2011). Although,
some individual pieces may have been affected the comparisons with control samples should
account for this issue and did not appear to influence the overall results. In general, the
treatments did not have substantial detrimental effects on visual and buying preference.
However, there was a perceived trend of quality loss towards the end of storage for ClO 2 treated
samples, possibly due to a darkening of the meat prior to opening along with occurrence of
increased purge. The significantly low scoring preferences occurred only after 160 days storage,
and although some studies report extended shelf-lives of over 190 days (Small et al. 2012), for
the lesser quality meat used in this trial this difference does not imply or suggest detrimental
impacts of ClO 2 , even if the product might not be considered ideal for an especially discerning
consumer market.
Over the storage of the VP meat (typically 190 days at -1°C) no poor odour was scored for
either treatment, ClO 2 or PAA, in comparison to the control samples. However, there is some
evidence that PAA treated samples had better odour scores in comparison to the control
samples. Further studies would have to be instigated to see if this effect is reliable, with in
depth detailed analysis of the bacterial community differences. It should also be mentioned that
odour was the most subjective sensory characteristic in this study. The scoring panel was
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untrained and initially gave negative scores for both control and treated samples even though
the meat was fresh (Day 0). Over time with regular comparisons the scoring became more
realistic to the meat odour characteristics, with an increase in negative scoring in tandem with
increasing storage duration. A persistent off-odour score was given from 160 days in contrast
to other studies where persistent off odours were detected after 80-110 days (Bell et al. 1994)
and after 190 days of storage (Small et al. 2012). The meat used was not of export quality and
this may have influenced the shelf-life due to packing being possibly not optimal.

5.4.2 Physicochemical characteristics
Anaerobic environments, such as VP can greatly increase shelf-lives, though have been linked
to some sensory effects, e.g., due to the lack of oxygen the meat can appear darker
(Polkinghorne et al. 2018). However, colour in the end was not an issue for sensory results in
the current study overall. Colour rating was consistently red except for the occasional samples
with no overall trend present. Over time there was no greyness or browning scored. Poor
packaging can lead to increased browning colour (Polkinghorne et al. 2018), though that was
not seen in this study even though some packaging issues were seen, such as loss of vacuum
and increased purge in some samples. On opening VP meat samples routinely bloomed bright
red with the interaction of oxygen binding to the myoglobin (Cruz-Romero et al. 2017).
Although this study shows no major adverse effect of the treatments, it is a preliminary trial
requiring a more rigorous study with a trained panel or larger untrained panel. It would also be
recommended to use a more detailed colour scale scoring system such as the AUS-MEAT
colour references or colorimeter (AUS-MEAT 2019; Trinderup et al. 2013).
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The fat and lean sides of meat have very different compositions and are known to differ in pH.
The adipose tissue surface is generally reported as having a higher pH (pH 6 ± 0.7) than lean
surfaces i.e., 5.6 ± 0.2 (McGilchrist et al. 2019; Reid et al. 2017). Over storage under VP
conditions the environment equalises and the pH becomes less variable due to liquid mixing
over the whole surface (Reid et al. 2017). This was observed in the current trials where after
only 20 days storage the pH was not significantly different for control and treatment samples.
However, for the ClO 2 treated samples the pH differed after 160 days storage, this timing also
matched the buying preference of panellists and therefore may have led to a visual indication
in loss of shelf-life. High correlations have been reported between the initial values of pH, fat
and the rate of spoilage (Blixt et al. 2002). Increased meat pH has been associated with more
rapid spoilage, and linked to the growth of specific spoilage organisms such as Serratia
liquefaciens and Shewanella putrefaciens (Vanderzant et al. 1983).

5.4.3 Bacterial population on VP striploin samples
The spray chilling treatments, using ClO 2 and PAA, had no significant differences compared
to the control over the entire shelf-life of VP striploins for cultivable bacterial populations.
Bacterial counts reached 6-7 log CFU/cm2 maximum population after 80 days of storage, as
reported by other studies (Frank et al. 2019). The combined effects of meat pH, temperature,
and CO 2 concentration are believed to create conditions where microbial growth is limited and
is unable to reach counts above 7 log CFU/cm2 (Small et al. 2012). Over storage LAB becomes
the dominant population of bacteria and helps preserve spoilage populations and extend shelflife (Signorini et al. 2006). Many studies show this change in population with species diversity
decreasing to a stable community well before the end of shelf-life (Kaur et al. 2017b; Sade et
al. 2017).
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Meat microbial communities are widely reported as being dynamic and depending on the
hygiene of the processing environment, can considerably vary including the numbers of
spoilage species present (Sade et al. 2017). Antimicrobial treatments have the potential to alter
the microbiome composition in either a beneficial or negative way (Ferrocino et al. 2016). This
outcome is determined by the susceptibility of the bacteria to the particular treatment and the
composition of the initial bacterial population (Botta et al. 2018; Ferrocino et al. 2016). Studies
with PAA have shown positive results with significantly less Enterobacteriaceae present
compared to untreated meat and instead dominated by Carnobacterium spp. (Brightwell et al.
2009).
Decontamination of carcases may result in meat carrying different species both in terms of
numbers and community compositions (Youssef et al. 2014). Therefore, identifying species
would help understand the effect of the new treatments. Initial spoilage bacterial load can
explain the subsequent increase in microbial counts and its relationship with the deterioration
of shelf-life of the products observed. Additionally, it suggests that differences in the processes,
storage and transportation conditions can affect shelf-life.
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5.5. Conclusion and future work
Personal preference can be very subjective in sensory analysis with large variation between
panellists. Large scale trials with expert panels to eliminate some of the subjective sensory
preferences and characteristics would help clarify some variable results between panellists.
However, further studies into the change in microbial communities during shelf-life of treated
and non-treated samples would also give a better understanding of the effect on the natural
microbiota. Comparing the microbial community with treated samples would identify changes
in the population of potentially beneficial bacteria or conversely the increase in spoilage-related
species. The preliminary trials in this study show promise with oxidant treatments and allows
for further studies to extend spray treatment during chilling, with preference towards PAA
treatments.
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Chapter 6
Thesis discussion and summary

6.1. Overview
The Australian red meat industry is worth $18 billion in gross domestic product (RMAC 2017).
It employs thousands of people and affects nearly everybody in Australia. Australians eat, on
average, 26 kg red meat per person per year. The consumption is even higher in the United
States (Greenwood et al. 2018). The USA receives approximately 225,000 tonnes of red meat
every year from Australia (Whitnall 2019). Australia is one of the largest export countries of
beef with 69% of production for the export market (MLA 2018). Even though Australia only
produces 7% of global production of beef it is one of the top three largest exporters and
regarded as producing the highest quality products (MLA 2018). The Australian meat industry
has built a long-standing export commitment by meeting all relevant global importation
requirements. To achieve this economically, Australia’s products must be of high quality and
meet their regulations, including those intended for the United States which implements a “zero
tolerance” policy for seven strains of potentially pathogenic E. coli.
To maintain Australia’s export industry, research is constantly funded to improve and prevent
any loss to this trade. Industry-funded research has been extensive over recent decades in many
countries to deliver the meat quality and safety and reputation the Australian meat industry has
today. Hence this thesis had, as its overall purpose, to help the Australian meat industry resolve
export problems.

In doing so, this contributes to a greater knowledge about industry

applications, and innovations, toward minimising pathogen risk for public health globally.
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6.2. What it means for current research and research in the future
Research into meat processing has been intensive over the years. Studies range from on farm
practices to packing technology, as reviewed in Chapter 1. The decontamination practices
include physical, chemical and sanitation processes. Many studies have led to in-house
practices and are responsible for the high-quality products produced today, and ultimately the
reputation the multi-billion-dollar industry is built on. However, most interventions or control
measures are broad decontamination techniques, either minimising visual contamination or
with the general aim to decrease microbial populations, and hence pathogens, in the process.
This series of studies is novel and differs from past research, done in various countries, e.g.,
South and North Americas and European countries, in that it targets specific enteric pathogens,
including E. coli O157:H7, responsible for many large outbreaks and public health concerns
around the world. The current research draws on physiological understanding of the pathogens
stress response under forced air abattoir chilling conditions, and therefore is a targeted
antimicrobial approach. Future research should take advantage of modern technologies to
reveal a deeper understanding of pathogen physiology. Pathogenic bacteria have important
health implications when ingested with food and investigations into their physiological
sensitivities would be a beneficial way to exploit their weaknesses, to produce new tailored
antimicrobial interventions.
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6.3. Thesis purpose
The primary objective of this research was to enhance the microbiological safety of red meat
by improved technologies and innovations in red meat processing, and in an “industry
acceptable” practice. Drawing on previous knowledge, in which the physiological responses of
E. coli to cold, reduced water activity, and combinations of these stresses led to the hypothesis
tested in this thesis.
In particular, this research follows on from Kocharunchitt (2012), where the physiological
response of E. coli O157:H7 Sakai, under conditions relevant to carcase chilling in cold air,
was extensively studied. The effect of cold stress, osmotic stress, and their combination on E.
coli O157:H7 Sakai cells metabolic pathways, in particular gene expression and protein
expression, was detailed. Of particular interest to this set of work was the downshift in
temperatures from 37°C (i.e., mammalian body temperature), to chilling and the corresponding
water activity change (14°C, aw 0.967). Kocharunchitt (2012) found that cold temperature was
responsible for the oxidative stress shown by E. coli and that it was a consequence of the cold
adaptation response. As the oxidative sensitivity was induced by the cold adaption alone the
use of an oxidant during either conventional or spray chilling was hypothesised to be
potentially useful as an antimicrobial intervention. However, conventional chilling would
require modification to abattoir processes and/or infrastructure. Ultimately this research shows
that existing chilling conditions could potentially be adapted to use an oxidant treatment as an
enhanced antimicrobial intervention.
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6.4. Testing the hypothesis
The initial part of the research was to determine if E. coli cells were in fact more sensitive to
an oxidant at earlier stages during carcases chilling conditions (Chapter 2). Previous studies
had detailed a window of susceptibility to oxidative stress through gene and protein expression
(Kocharunchitt 2012). E. coli O157:H7 Sakai cultures decreased expression of stress response
proteins responsible for oxidative stress only earlier in the recovery stages after the shock of
chilling conditions. These in-vitro studies allowed the effects on E. coli O157:H7 Sakai to be
observed under controlled conditions without other interfering factors, such as a complex
matrix or additional organic compounds. The experiments, detailed in Chapter 2, allowed
description of the detailed response to an oxidant being added to E. coli at different times after
chilling. The results showed E. coli was, in fact, more sensitive to the oxidant at earlier stages
during chilling. Timing was found to be critical for maximum efficiency of inactivation and
this works on a variety of species, strains, and serotypes, in particular targeting E. coli O157:H7
Sakai.
Different oxidants also caused different growth responses of the E. coli cultures. Hydrogen
peroxide caused a milder response only affecting growth with the earliest addition, giving
evidence of critical timing for maximum efficacy. Chlorine dioxide, in contrast, was more
effective at inactivating E. coli at a wider range of addition times. It did, however, confirm the
earlier addition is most effective, as shown by the rate at which inactivation occurred. The
earlier additions caused considerably faster rates with the rates slowing over time at each
further addition. These results gave promise to further the work in which the efficacy of an
oxidant was tested on the complex meat environment/matrix.
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6.5. Confirmation of efficacy
In-vitro studies are a cost-effective and a relatively easy first step in testing of the hypothesis
of E. coli having an oxidant susceptibility “window”: conditions can be controlled and allow
for the basic concept to be resolved. However, there are many factors that affect the outcomes
of a potential antimicrobial process. Hence, in Chapter 3 meat studies were undertaken to test
the feasibility of an oxidant on the complex meat surface, where structure of the meat matrix,
blood and other factors could interfere with the efficacy of the oxidant. Meat is also complex
in structural composition, its tissues varies with fat, sinew, and lean muscle. The current studies
highlight this difference with efficacy being less on the lean meat surfaces than adipose
surfaces. Fortunately, from the perspective of microbial food safety most of a carcase
constitutes adipose and connective tissues, which were more effectively sanitised in the
laboratory-based trials. The meat studies demonstrated that the application of an oxidant, ClO 2
or PAA, was very effective in eliminating E. coli and Salmonella on beef meat. Such effects
were more pronounced when applied during spray chilling than when applied before chilling.
Therefore, even in the complex matrix of meat, timing was confirmed to have a critical role for
maximum efficiency of disinfections. Also, these trials showed no adverse effects to the meat
tissue, which would render the oxidant not useful, as sensory attributes are vital in the
marketing of beef products. This highlights the potential of an oxidant-based application during
spray chilling to be developed and evaluated further as an antimicrobial intervention for beef
carcases in commercial settings, to minimise the risks of enteric pathogens associated with beef
meat.
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6.6. Industry compatibility
The application of an oxidant to an already existing spray chilling system was an easy and
effective way to add an antimicrobial intervention in an existing industry setting (Chapter 4).
More considerations would be required to introduce the step into conventional (forced air)
chilling, such as hand spraying or implementing a spraying system. Both oxidants, ClO 2 and
PAA, reduced pathogenic E. coli significantly, though PAA was repeatedly seen to be more
effective. Some optimising of the spray system would improve the results as the oxidant had
less effect on the lower regions of the carcase. This was most likely due to the lack of contact
with the oxidant in those areas, such as seen in the neck and foreleg region.
Overall, PAA introduces less safety issues and is easier to apply. PAA was also found to be
more economical and easier to use, without requiring an activation step. Therefore, PAA is a
more attractive option for industry with little to no structural changes required in the plant.
With further optimising of the application process around 3 log reductions seem a feasible
outcome for industry and warrants further large-scale investigation.
Although no adverse effects on the quality of the meat were observed, further studies were
undertaken to assess whether any negative effects on quality and shelf-life were observed over
storage. It would be detrimental to profit/value if the existing long shelf-life was reduced or if
the packaged product had less quality as a result of the oxidant treatment.
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6.7. Quality and shelf-life
Finally, the effect of adding an oxidant during carcase spray chilling on shelf-life and quality
was assessed in Chapter 5. The research was to ensure no adverse effects on the final product
would occur, by either shortening the storage time or by visual and odour evaluation. The shelf life of the products was not found to be affected, though some minor discolouration was noted
with the use of chlorine dioxide, but it did not affect the sensory scoring. Ultimately there was
no change seen in this series of studies on the quality of the meat after oxidant treatments were
applied. PAA had no significant difference from the control over the shelf-life. However, there
were individual differences between pieces of meat from both control and treated groups. The
difference is attributed to the integrity of the packaging and the tightness of the VP seals, and
most likely is responsible for the varied result in LAB counts. Although ClO 2 did seem to affect
pH and consumer preference, possibly due to a change in population dynamics, because
samples treated with ClO 2 differed from the control after extended storage (180 d). There were
no conclusive results to suggest that either oxidant causes a loss in quality or shelf-life. Further
studies into the change in microbiological populations, in particular between the treatments
over time, would help us to better understand if any detrimental changes are occurring which
may affect the stability of the product towards the end of shelf-life. Along with investigations
into microbial community changes further quality analyses should be undertaken. Although the
current study assessed visual and odour qualities, other quality parameters should be assessed.
The “eating qualities” such as taste, juiciness and tenderness were not investigated in this thesis.
The current sensory testing was small and employed an untrained panel. Therefore, a more
extensive sensory experiment should be conducted as sensory assessment is highly subjective
and influenced by consumer perceptions.
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6.8. Concluding remarks
In conclusion, this research has contributed to a greater knowledge of E. coli physiological
weakness during carcase chilling and how this sensitivity to oxidants can be practically
exploited. Such knowledge can now be taken advantage of commercially with minimal change
to the current processes of Australian meat export plants. The implementation of the practices
in this current research will lead to safer and more economical meat products. From this
research, PAA appears to be the “best fit” as an oxidant for the Australian meat processing
industry, though other oxidants such as ClO 2 should also be effective. Direct outcome for the
industry is a cheap, effective, and safe additive as an antimicrobial intervention and without
the need for regulatory approval in many countries as it is an existing food grade wash (e.g., it
is approved in the poultry industry). These new applications can be used in conjunction with
other antimicrobial interventions along the processing chain to greatly enhance the overall
safety of the end products. If PAA, or its equivalent, is added to the usual series of interventions
normally used in abattoirs, the likelihood of pathogenic E. coli still contaminating meat for
consumption would be considerably lower.

113

References
Abadias, M, Alegre, I, Usall, J, Torres, R & Viñas, I 2011, 'Evaluation of alternative sanitizers
to chlorine disinfection for reducing foodborne pathogens in fresh-cut apple', Postharvest
Biology and Technology, vol. 59, no. 3, pp. 289-297.

Abshire, RL & Dunton, H 1981, 'Resistance of selected strains of Pseudomonas aeruginosa to
low-intensity ultraviolet radiation', Applied and Environmental Microbiology, vol. 41, no. 6,
pp. 1419-1423.

Akyol, I 2018, 'Development and application of RTi-PCR method for common food pathogen
presence and quantity in beef, sheep and chicken meat', Meat Science, vol. 137, pp. 9-15.

Allen, D, Hunt, M, Filho, AL, Danler, R & Goll, S 1987, 'Effects of spray chilling and carcass
spacing on beef carcass cooler shrink and grade factors', Journal of Animal Science, vol. 64,
no. 1, pp. 165-170.

Almanza, AV 2011, 'Shiga Toxin-Producing Escherichia coli in Certain Raw Beef Products ',
vol. 76, no. 182, pp. 58157-58165.

Alonso-Hernando, A, Guevara-Franco, JA, Alonso-Calleja, C & Capita, R 2013, 'Effect of the
temperature of the dipping solution on the antimicrobial effectiveness of various chemical
decontaminants against pathogenic and spoilage bacteria on poultry', Journal of Food
Protection, vol. 76, no. 5, pp. 833-842.

114

Anderson, RC, Buckley, SA, Kubena, LF, Stanker, LH, Harvey, RB & Nisbet, DJ 2000,
'Bactericidal effect of sodium chlorate on Escherichia coli O157 : H7 and Salmonella
Typhimurium DT104 in rumen contents in vitro', Journal of Food Protection, vol. 63, no. 8,
pp. 1038-1042.

Anderson, RC, Buckley, S. A., Callaway, T. R., Genovese, K. J., Kubena, l. F., Harvey, R. B.,
Nisbet, D. J. 2001, 'Effect of sodium chlorate on Salmonella Typhimurium concentrations in
the weaned pig gut', Journal of Food Protection, vol. 64, pp. 255-258.

Andrews, LS, Key, AM, Martin, RL, Grodner, R & Park, DL 2002, 'Chlorine dioxide wash of
shrimp and crawfish an alternative to aqueous chlorine', Food Microbiology, vol. 19, no. 4, pp.
261-267.

Armstrong, GL, Hollingsworth, J & Morris, JG 1996, 'Emerging Foodborne Pathogens:
Escherichia coil O157:H7 as a Model of Entry of a New Pathogen into the Food Supply of the
Developed World', Epidemiologic Reviews, vol. 18, no. 1, pp. 29-51.

Arthur, TM, Wheeler, TL, Shackelford, SD, Bosilevac, JM, Nou, X & Koohmaraie, M 2005,
'Effects of low-dose, low-penetration electron beam irradiation of chilled beef carcass surface
cuts on Escherichia coli O157:H7 and meat quality', Journal of Food Protection, vol. 68, no.
4, pp. 666-672.

115

AUS-MEAT

2019,

Handbook

of

Australian

Beef

Processing,

<https://www.ausmeat.com.au/WebDocuments/Producer_HAP_Beef_Small.pdf>.

Bacon, R, Belk, K, Sofos, J, Clayton, R, Reagan, J & Smith, G 2000, 'Microbial populations
on animal hides and beef carcasses at different stages of slaughter in plants employing multiple sequential interventions for decontamination', Journal of Food Protection, vol. 63, no. 8, pp.
1080-1086.

Bacon, RT, Belk, KE, Sofos, JN, Clayton, RP, Reagan, JO & Smith, GC 2000, 'Microbial
populations on animal hides and beef carcasses at different stages of slaughter in plants
employing multiple-sequential interventions for decontamination', Journal of Food Protection,
vol. 63, no. 8, pp. 1080-1086.

Baranenko, DA, Kolodyaznaya, VS & Zabelina, NA 2013, 'Effect of composition and
properties of chitosan-based edible coatings on microflora of meat and meat products', Acta
Scientiarum Polonorum, Technologia Alimentaria, vol. 12, no. 2, pp. 149-157.

Barham, AR, Barham, B. L., Blanton, Jr, J. R., Allen, V. G., Pond, K. R., Miller, M. F. 2001,
'Effects of Tasco 14 on prevalence levels of enterohemorragic Escherichia coli and Salmonella
spp. in feedlot steers', Journal of Animal Science, vol. 79, p. 257.

Barkocy-Gallagher, GA, Arthur, TM, Rivera-Betancourt, M, Nou, X, Shackelford, SD,
Wheeler, TL & Koohmaraie, M 2003, 'Seasonal Prevalence of Shiga Toxin-Producing

116

Escherichia coli, Including O157:H7 and Non-O157 Serotypes, and Salmonella in Commercial
Beef Processing Plants', Journal of Food Protection, vol. 66, no. 11, pp. 1978-1986.

Baskaran, SA, Bhattaram, V, Upadhyaya, I, Upadhyay, A, Kollanoor-Johny, A, Schreiber, D,
Jr. & Venkitanarayanan, K 2013, 'Inactivation of Escherichia coli O157:H7 on Cattle Hides by
Caprylic Acid and [Beta]-Resorcylic Acid', Journal of Food Protection, vol. 76, no. 2, pp. 318322.

Bauermeister, L, Bowers, J, Townsend, J & McKee, S 2008, 'The microbial and quality
properties of poultry carcasses treated with peracetic acid as an antimicrobial treatment',
Poultry science, vol. 87, no. 11, pp. 2390-2398.

Bell, KY, Cutter, CN & Sumner, SS 1997, 'Reduction of foodborne micro-organisms on beef
carcass tissue using acetic acid, sodium bicarbonate, and hydrogen peroxide spray washes',
Food Microbiology, vol. 14, no. 5, pp. 439-448.

Bell, R & Garout, A 1994, 'The effective product life of vacuum-packaged beef imported into
Saudi Arabia by sea, as assessed by chemical, microbiological and organoleptic criteria', Meat
Science, vol. 36, no. 3, pp. 381-396.

Bell, RG 1997, 'Distribution and sources of microbial contamination on beef carcasses',
Journal of Applied Microbiology, vol. 82, no. 3, pp. 292-300.

117

Benedict, R, Schultz, F & Jones, S 1990, 'Attachment and removal of Salmonella spp. on meat
and poultry tissues', Journal of Food Safety, vol. 11, no. 2, pp. 135-148.

Berrang, ME, Meinersmann, RJ, Cox, NA & Fedorka-Cray, PJ 2011, 'Application of chlorine
dioxide to lessen bacterial contamination during broiler defeathering', The Journal of Applied
Poultry Research, vol. 20, no. 1, pp. 33-39.

Berry, BJ, Jenkins, DG & Schuerger, AC 2010, 'Effects of simulated Mars conditions on the
survival and growth of Escherichia coli and Serratia liquefaciens', Appl. Environ. Microbiol.,
vol. 76, no. 8, pp. 2377-2386.

Beuchat, L & Scouten, A 2002, 'Combined effects of water activity, temperature and chemical
treatments on the survival of Salmonella and Escherichia coli O157: H7 on alfalfa seeds',
Journal of Applied Microbiology, vol. 92, no. 3, pp. 382-395.

Beuchat, LR 2002, 'Ecological factors influencing survival and growth of human pathogens on
raw fruits and vegetables', Microbes and infection, vol. 4, no. 4, pp. 413-423.

Blixt, Y & Borch, E 2002, 'Comparison of shelf life of vacuum-packed pork and beef', Meat
Science, vol. 60, no. 4, pp. 371-378.

118

Bloise, N, Minzioni, P, Imbriani, M & Visai, L 2017, 'Can Nanotechnology Shine a New Light
on Antimicrobial Photodynamic Therapies?', Photomedicine: Advances in Clinical Practice, p.
55.

Böhnlein, C, Kabisch, J, Meske, D, Franz, CM & Pichner, R 2016, 'Fitness of EHEC/EAEC
O104: H4 in comparison to EHEC O157: survival studies in food and in vitro', Applied and
Environmental Microbiology, pp. AEM. 01796-01716.

Bonardi, S, Maggi, E, Pizzin, G, Morabito, S & Caprioli, A 2001, 'Faecal carriage of
Verocytotoxin-producing Escherichia coli O157 and carcass contamination in cattle at
slaughter in northern Italy', International Journal of Food Microbiology, vol. 66, no. 1–2, pp.
47-53.

Bosilevac, JM, Nou, X, Barkocy-Gallagher, GA, Arthur, TM & Koohmaraie, M 2006,
'Treatments using hot water instead of lactic acid reduce levels of aerobic bacteria and
Enterobacteriaceae and reduce the prevalence of Escherichia coli O157:H7 on preevisceration
beef carcasses', Journal of Food Protection, vol. 69, no. 8, pp. 1808-1813.

Bosilevac, JM, Nou, X, Osborn, MS, Allen, DM & Koohmaraie, M 2005, 'Development and
evaluation of an on-line hide decontamination procedure for use in a commercial beef
processing plant', Journal of Food Protection, vol. 68, no. 2, pp. 265-272.

119

Bosilevac, JM, Shackelford, SD, Fahle, R, Biela, T & Koohmaraie, M 2004, 'Decreased dosage
of acidified sodium chlorite reduces microbial contamination and maintains organoleptic
qualities of ground beef products', Journal of Food Protection, vol. 67, no. 10, pp. 2248-2254.

Botta, C, Ferrocino, I, Cavallero, MC, Riva, S, Giordano, M & Cocolin, L 2018, 'Potentially
active spoilage bacteria community during the storage of vacuum packaged beefsteaks treated
with aqueous ozone and electrolyzed water', International Journal of Food Microbiology, vol.
266, pp. 337-345.

Brashears, MM, Galyean, ML, Loneragan, GH, Mann, JE & Killinger-Mann, K 2003,
'Prevalence of Escherichia coli O157:H7 and performance by beef feedlot cattle given
Lactobacillus direct-fed microbials', Journal of Food Protection, vol. 66, no. 5, pp. 748-754.

Brightwell, G, Clemens, R, Adam, K, Urlich, S & Boerema, J 2009, 'Comparison of culturedependent and independent techniques for characterisation of the microflora of peroxyacetic
acid treated, vacuum-packaged beef', Food Microbiology, vol. 26, no. 3, pp. 283-288.

Brockhurst, MA, Koskella, B & Zhang, Q-G 2017, 'Bacteria-Phage Antagonistic Coevolution
and the Implications for Phage Therapy', Bacteriophages: Biology, Technology, Therapy, pp.
1-21.

Brown, VR, Ebel, ED & Williams, MS 2013, 'Risk assessment of intervention strategies for
fallen carcasses in beef slaughter establishments', Food Control, vol. 33, no. 1, pp. 254-261.

120

Browne, G 2007, Australian Standard for the Hygienic Production of Meat and Meat Products
for Human Consumption (AS 4696—2007). Food Regulation Standing Committee Technical
Report Series 3, CSIRO PUBLISHING/Food Regulation Standing Committee, Collingwood.

Buchovec, I 2018, 'Inactivatio of food pathogens by photoactivated chlorophyllin: mechanism
of action, optimization and possible applications', Vilnius University.

Cardenas, FC, Andres, S, Giannuzzi, L & Zaritzky, N 2011, 'Antimicrobial action and effects
on beef quality attributes of a gaseous ozone treatment at refrigeration temperatures', Food
Control, vol. 22, no. 8, pp. 1442-1447.

Cárdenas, LG, Ponce-Alquicira, E, Macedo, REF & Lozano, MSR 2013, 'Effects of natural
antimicrobials on microbiological stability, pH, aspect and sensory properties of ground beef
patties stored under refrigeration', Efecto de antimicrobianos naturales sobre la estabilidad
físico-química, microbiológica y sensorial de hamburguesas de res mantenidas en
refrigeración, vol. 4, no. 3, pp. 255-270.

Casaburi, A, Nasi, A, Ferrocino, I, Di Monaco, R, Mauriello, G, Villani, F & Ercolini, D 2011,
'Spoilage-related activity of Carnobacterium maltaromaticum strains in air-stored and vacuumpacked meat', Applied and Environmental Microbiology, vol. 77, no. 20, pp. 7382-7393.

121

Castillo, A, Lucia, L, Goodson, K, Savell, J & Acuff, G 1998, 'Comparison of water wash,
trimming, and combined hot water and lactic acid treatments for reducing bacteria of fecal
origin on beef carcasses', Journal of Food Protection, vol. 61, no. 7, pp. 823-828.

Castillo, A, Lucia, L, Goodson, K, Savell, J & Acuff, G 1999a, 'Decontamination of beef
carcass surface tissue by steam vacuuming alone and combined with hot water and lactic acid
sprays', Journal of Food Protection, vol. 62, no. 2, pp. 146-151.

Castillo, A, Lucia, L, Kemp, G & Acuff, G 1999b, 'Reduction of Escherichia coli O157: H7
and Salmonella typhimurium on beef carcass surfaces using acidified sodium chlorite', Journal
of Food Protection, vol. 62, no. 6, pp. 580-584.

Castillo, A, Lucia, L, Mercado, I & Acuff, G 2001, 'In-plant evaluation of a lactic acid treatment
for reduction of bacteria on chilled beef carcasses', Journal of Food Protection, vol. 64, no. 5,
pp. 738-740.

Chen, J, Lee, SM & Mao, Y 2004, 'Protective effect of exopolysaccharide colanic acid of
Escherichia coli O157: H7 to osmotic and oxidative stress', International Journal of Food
Microbiology, vol. 93, no. 3, pp. 281-286.

Chen, JH, Ren, Y, Seow, J, Liu, T, Bang, WS & Yuk, HG 2012, 'Intervention Technologies for
Ensuring Microbiological Safety of Meat: Current and Future Trends', Comprehensive Reviews
in Food Science and Food Safety, vol. 11, no. 2, pp. 119-132.

122

Cheng, G, Hao, H, Xie, S, Wang, X, Dai, M, Huang, L & Yuan, Z 2014, 'Antibiotic alternatives:
the substitution of antibiotics in animal husbandry?', Frontiers in microbiology, vol. 5, pp. 217217.

Chien, S-Y, Sheen, S, Sommers, C & Sheen, L-Y 2017, 'Modeling the inactivation of
Escherichia coli O157: H7 and Uropathogenic E. coli in ground beef by high pressure
processing and citral', Food Control, vol. 73, pp. 672-680.

Costa, SAdS, Paula, OFPd, LEÃO, MVP & SANTOS, SSFd 2015, 'Stability of antimicrobial
activity of peracetic acid solutions used in the final disinfection process', Brazilian Oral
Research, vol. 29, no. 1, pp. 1-6.

Cruz-Romero, M & Kerry, JP 2017, 'Packaging systems and materials used for meat products
with particular emphasis on the use of oxygen scavenging systems', Emerging Technologies in
Meat Processing, pp. 231-263.

Cull, CA, Paddock, ZD, Nagaraja, T, Bello, NM, Babcock, AH & Renter, DG 2012, 'Efficacy
of a vaccine and a direct-fed microbial against fecal shedding of Escherichia coli O157: H7 in
a randomized pen-level field trial of commercial feedlot cattle', Vaccine, vol. 30, no. 43, pp.
6210-6215.

123

Cutter, CN & Siragusa, GR 1994, 'Efficacy of Organic Acids Against Escherichia coli O157:
H7 Attached to Beef Carcass Tissue Using a Pilot Scale Model Carcass Washer1', Journal of
Food Protection, vol. 57, no. 2, pp. 97-103.

Davenport, C 2016, 'Peracetic Acid Effects on Shelf Life and Survival of Escherichia coli on
Beef Steaks'.

Davey, K & Smith, M 1989, 'A laboratory evaluation of a novel hot water cabinet for the
decontamination of sides of beef', International Journal of Food Science & Technology, vol.
24, no. 3, pp. 305-316.

DAWR, DoAaWR, Australian Government 2019, Australian red meat export statistics,
<http://www.agriculture.gov.au/export/controlled-goods/meat/statistics>.

De Alba, M, Bravo, D & Medina, M 2013, 'Inactivation of Escherichia coli O157:H7 in drycured ham by high-pressure treatments combined with biopreservatives', Food Control, vol.
31, no. 2, pp. 508-513.

De Filippis, F, Parente, E & Ercolini, D 2018, 'Recent past, present, and future of the food
microbiome', Annual Review of Food Science and Technology, vol. 9, pp. 589-608.

124

De Vaux, A, Morrison, M & Hutkins, RW 2002, 'Displacement of Escherichia coli O157:H7
from rumen medium containing prebiotic sugars', Applied and Environmental Microbiology,
vol. 68, no. 2, pp. 519-524.

Deng, Y, Ryu, J-H & Beuchat, LR 1998, 'Influence of temperature and pH on survival of
Escherichia coli O157: H7 in dry foods and growth in reconstituted infant rice cereal',
International Journal of Food Microbiology, vol. 45, no. 3, pp. 173-184.

Dickson, JS 1988, 'Reduction of bacteria attached to meat surfaces by washing with selected
compounds', Journal of Food Protection, vol. 51, no. 11, pp. 869-873.

Dickson, JS 1991, 'Control of Salmonella typhimurium, Listeria monocytogenes, and
Escherichia coli 0157: H7 on beef in a model spray chilling system', Journal of Food Science,
vol. 56, no. 1, pp. 191-193.

Dickson, JS 1992, 'Acetic acid action on beef tissue surfaces contaminated with Salmonella
typhimurium', Journal of Food Science, vol. 57, no. 2, pp. 297-301.

Dickson, JS, Nettles Cutter, C & Siragusa, G 1994, 'Antimicrobial effects of trisodium
phosphate against bacteria attached to beef tissue', Journal of Food Protection, vol. 57, no. 11,
pp. 952-955.

125

Djenane, D, Sánchez‐Escalante, A, Beltrán, J & Roncalés, P 2001, 'Extension of the retail
display life of fresh beef packaged in modified atmosphere by varying lighting conditions',
Journal of Food Science, vol. 66, no. 1, pp. 181-186.

Dlusskaya, E, McMullen, L & Gänzle, M 2011, 'Characterization of an extremely heat resistant
Escherichia coli obtained from a beef processing facility', Journal of Applied Microbiology,
vol. 110, no. 3, pp. 840-849.

Dorsa, WJ, Cutter, CN & Siragusa, GR 1996, 'Evaluation of six sampling methods for recovery
of bacteria from beef carcass surfaces', Letters in Applied Microbiology, vol. 22, no. 1, pp. 3941.

Du, B, Olson, CA, Sastry, AV, Fang, X, Phaneuf, PV, Chen, K, Wu, M, Szubin, R, Xu, S &
Gao, Y 2019, 'Adaptive laboratory evolution of Escherichia coli under acid stress', bioRxiv, p.
659706.

Elano, RR, Kitagawa, T, Bari, ML, Kawasaki, S & Kawamoto, S 2010, 'Comparison of the
effectiveness of acidified sodium chlorite and sodium hypochlorite in reducing Escherichia
coli', Foodborne pathogens and disease, vol. 7, no. 12, pp. 1481-1489.

Elder, RO, Keen, JE, Siragusa, GR, Barkocy-Gallagher, GA, Koohmaraie, M & Laegreid, WW
2000, 'Correlation of Enterohemorrhagic Escherichia coli O157 Prevalence in Feces, Hides,

126

and Carcasses of Beef Cattle during Processing', Proceedings of the National Academy of
Sciences of the United States of America, vol. 97, no. 7, pp. 2999-3003.

FDA, UDoA 2018, Food Additive Status List, Food and Drug Administration,U.S. Department
of-Health-and-Human-Services,-United-States-of-America.
www.fda.gov/Food/IngredientsPackagingLabeling/FoodAdditivesIngredients/ucm091048.ht
m.

Fegan, N, Higgs, G, Duffy, LL & Barlow, RS 2009, 'The Effects of Transport and Lairage on
Counts of Escherichia coli O157 in the Feces and on the Hides of Individual Cattle', Foodborne
Pathogens and Disease, vol. 6, no. 9, pp. 1113-1120.

Ferrocino, I, Greppi, A, La Storia, A, Rantsiou, K, Ercolini, D & Cocolin, L 2016, 'Impact of
nisin-activated packaging on microbiota of beef burgers during storage', Applied and
Environmental Microbiology, vol. 82, no. 2, pp. 549-559.

Fisher, K & Phillips, C 2009, 'The ecology, epidemiology and virulence of Enterococcus',
Microbiology, vol. 155, no. 6, pp. 1749-1757.

Fisher, KD, Bratcher, CL, Jin, TZ, Bilgili, SF, Owsley, WF & Wang, L 2016, 'Evaluation of a
novel antimicrobial solution and its potential for control Escherichia coli O157: H7, non-O157:
H7 shiga toxin-producing E. coli, Salmonella spp., and Listeria monocytogenes on beef', Food
Control, vol. 64, pp. 196-201.

127

Frank, D, Zhang, Y, Li, Y, Luo, X, Chen, X, Kaur, M, Mellor, G, Stark, J & Hughes, J 2019,
'Shelf life extension of vacuum packaged chilled beef in the Chinese supply chain. A feasibility
study', Meat Science, vol. 153, pp. 135-143.

Fratamico, PM, Juneja, V, Annous, BA, Rasanayagam, V, Sundar, M, Braithwaite, D & Fisher,
S 2012, 'Application of Ozonated Dry Ice (ALIGAL™ Blue Ice) For Packaging and Transport
in the Food Industry', Journal of Food Science, vol. 77, no. 5, pp. M285-M291.

FSANZ 2003, Final Assessment Report, Application A476, Acidified Sodium Chlorite as a
Processing Aid., Food Standards Australia New Zealand (FSANZ),
http://www.foodstandards.gov.au/standardsdevelopment/applications/applicationa476acidifie
dsodium303chloriteasaprocessingaid/index.cfm .

FSANZ 2016, Australia New Zealand Food Standards Code, Standard 1.3.3 – Processing
Aids.-Food-Standards-Australia-New-Zealand-(FSANZ),
www.legislation.gov.au/Details/F2015C00653.

Ganan, M, Hierro, E, Hospital, XF, Barroso, E & Fernández, M 2013, 'Use of pulsed light to
increase the safety of ready-to-eat cured meat products', Food Control, vol. 32, no. 2, pp. 512517.

128

Gansheroff, LJ & Brien, AD 2000, 'Escherichia coli O157:H7 in beef cattle presented for
slaughter in the U.S.: Higher prevalence rates than previously estimated', Proceedings of the
National Academy of Sciences, vol. 97, no. 7, p. 2959.

Gayán, E, Mañas, P, Álvarez, I & Condón, S 2013, 'Mechanism of the synergistic inactivation
of Escherichia coli by UV-C light at mild temperatures', Applied and Environmental
Microbiology, vol. 79, no. 14, pp. 4465-4473.

Gill, C 1986, 'The control of microbial spoilage in fresh meats', Advances in Meat Research,
vol. 2. p. 49-88.

Gill, C 1996, 'Extending the storage life of raw chilled meats', Meat Science, vol. 43, pp. 99109.

Gill, C 2004, 'Visible contamination on animals and carcasses and the microbiological
condition of meat', Journal of Food Protection, vol. 67, no. 2, pp. 413-419.

Gill, C & Badoni, M 2004, 'Effects of peroxyacetic acid, acidified sodium chlorite or lactic
acid solutions on the microflora of chilled beef carcasses', International Journal of Food
Microbiology, vol. 91, no. 1, pp. 43-50.

Gill, C, Badoni, M & Jones, T 1996, 'Hygienic effects of trimming and washing operations in
a beef-carcass-dressing process', Journal of Food Protection, vol. 59, no. 6, pp. 666-669.
129

Gill, C, Badoni, M & McGinnis, J 1999, 'Assessment of the adequacy of cleaning of equipment
used for breaking beef carcasses', International Journal of Food Microbiology, vol. 46, no. 1,
pp. 1-8.

Gill, C, Harrison, J & Phillips, D 1991, 'Use of a temperature function integration technique to
assess the hygienic adequacy of a beef carcass cooling process', Food Microbiology, vol. 8, no.
2, pp. 83-94.

Gill, C & Jones, T 2000, 'Microbiological sampling of carcasses by excision or swabbing',
Journal of Food Protection, vol. 63, no. 2, pp. 167-173.

Gill, CO 2009, 'Effects on the microbiological condition of product of decontaminating
treatments routinely applied to carcasses at beef packing plants', Journal of Food Protection,
vol. 72, no. 8, pp. 1790-1801.

Gill, CO & Bryant, J 1997, 'Assessment of the hygienic performances of two beef carcass
cooling processes from product temperature history data or enumeration of bacteria on carcass
surfaces', Food Microbiology, vol. 14, no. 6, pp. 593-602.

Gill, CO & Landers, C 2003, 'Effects of spray-cooling processes on the microbiological
conditions of decontaminated beef carcasses', Journal of Food Protection, vol. 66, no. 7, pp.
1247-1252.

130

Gomez-Lopez, VM, Ragaert, P, Debevere, J & Devlieghere, F 2007, 'Pulsed light for food
decontamination: a review', Trends in Food Science & Technology, vol. 18, no. 9, pp. 464-473.

Gonzalez, RJ, Luo, Y, Ruiz-Cruz, S & Cevoy, AL 2004, 'Efficacy of sanitizers to inactivate
Escherichia coli O157: H7 on fresh-cut carrot shreds under simulated process water conditions',
Journal of Food Protection, vol. 67, no. 11, pp. 2375-2380.

Grau, F 1983, 'Microbial growth on fat and lean surfaces of vacuum-packaged chilled beef',
Journal of Food Science, vol. 48, no. 2, pp. 326-328.

Greenwood, PL, Gardner, GE & Ferguson, DM 2018, 'Current situation and future prospects
for the Australian beef industry - a review', Asian-Australasian Journal of Animal Sciences,
vol. 31, no. 7, p. 992.

Greer, G & Dilts, B 1988, 'Bacteriology and retail case life of spray-chilled pork', Canadian
Institute of Food Science and Technology Journal, vol. 21, no. 3, pp. 295-299.

Greer, G & Jones, S 1997, 'Quality and bacteriological consequences of beef carcass spraychilling: Effects of spray duration and boxed beef storage temperature', Meat Science, vol. 45,
no. 1, pp. 61-73.

131

Greig, JD, Waddell, L, Wilhelm, B, Wilkins, W, Bucher, O, Parker, S & Rajić, A 2012, 'The
efficacy of interventions applied during primary processing on contamination of beef carcasses
with Escherichia coli: A systematic review-meta-analysis of the published research', Food
Control, vol. 27, no. 2, pp. 385-397.

Guerrero-Beltr· n, J & Barbosa-C· novas, G 2004, 'Advantages and limitations on processing
foods by UV light', Food Science and Technology International, vol. 10, no. 3, pp. 137-147.

Guo, C, Hoekstra, RM, Schroeder, CM, Pires, SM, Ong, KL, Hartnett, E, Naugle, A, Harman,
J, Bennett, P & Cieslak, P 2011, 'Application of Bayesian techniques to model the burden of
human salmonellosis attributable to US food commodities at the point of processing: adaptation
of a Danish model', Foodborne Pathogens and Disease, vol. 8, no. 4, pp. 509-516.

Hamby, PL, Savell, J, Acuff, G, Vanderzant, C & Cross, H 1987, 'Spray-chilling and carcass
decontamination systems using lactic and acetic acid', Meat Science, vol. 21, no. 1, pp. 1-14.

Hancock, D, Besser, T, Lejeune, J, Davis, M & Rice, D 2001, 'The control of VTEC in the
animal reservoir', International Journal of Food Microbiology, vol. 66, no. 1–2, pp. 71-78.

Hippe, CL, Field, RA, Ray, B & Russell, WC 1991, 'Effect of spray-chilling on quality of beef
from lean and fatter carcasses', Journal of Animal Science, vol. 69, no. 1, pp. 178-183.

132

Hiramatsu, R, Matsumoto, M, Sakae, K & Miyazaki, Y 2005, 'Ability of Shiga toxin-producing
Escherichia coli and Salmonella spp. to survive in a desiccation model system and in dry foods',
Applied and Environmental Microbiology, vol. 71, no. 11, pp. 6657-6663.

Huang, YW & Toledo, R 1982, 'Effect of high doses of high and low intensity UV irradiation
on surface microbiological counts and storage life of fish', Journal of Food Science, vol. 47,
no. 5, pp. 1667-1669.

Hudson, JA, Billington, C, Cornelius, AJ, Wilson, T, On, SLW, Premaratne, A & King, NJ
2013, 'Use of a bacteriophage to inactivate Escherichia coli O157:H7 on beef', Food
Microbiology, vol. 36, no. 1, pp. 14-21.

Huffman, RD 2002, 'Current and future technologies for the decontamination of carcasses and
fresh meat', Meat Science, vol. 62, no. 3, pp. 285-294.

Hussein, H 2007, 'Prevalence and pathogenicity of Shiga toxin-producing Escherichia coli in
beef cattle and their products', Journal of Animal Science, vol. 85, no. suppl_13, pp. E63-E72.

Hussein, HS & Bollinger, LM 2005, 'Prevalence of Shiga toxin-producing Escherichia coli in
beef cattle', Journal of Food Protection, vol. 68, no. 10, pp. 2224-2241.

133

Inatsu, Y, Bari, ML, Kawasaki, S, Isshiki, K & Kawamoto, S 2005, 'Efficacy of acidified
sodium chlorite treatments in reducing Escherichia coli O157: H7 on Chinese cabbage',
Journal of Food Protection, vol. 68, no. 2, pp. 251-255.

Johnson, R, Gyles, C, Huff, W, Ojha, S, Huff, G, Rath, N & Donoghue, A 2008,
'Bacteriophages for prophylaxis and therapy in cattle, poultry and pigs', Animal Health
Research Reviews, vol. 9, no. 2, pp. 201-215.

Kalchayanand, N, Arthur, TM, Bosilevac, JM, Schmidt, JW, Wang, R, Shackelford, S &
Wheeler, TL 2015, 'Efficacy of antimicrobial compounds on surface decontamination of seven
Shiga toxin-producing Escherichia coli and Salmonella inoculated onto fresh beef', Journal of
Food Protection, vol. 78, no. 3, pp. 503-510.

Kalchayanand, N, Arthur, TM, Bosilevac, JM, Schmidt, JW, Wang, R, Shackelford, SD &
Wheeler, TL 2012, 'Evaluation of Commonly Used Antimicrobial Interventions for Fresh Beef
Inoculated with Shiga ToxinProducing Escherichia coli Serotypes O26, O45, O103, O111,
O121, O145, and O157: H7 3', Journal of Food Protection, vol. 75, no. 7, pp. 1207-1212.

Kaur, M, Bowman, JP, Porteus, B, Dann, AL & Tamplin, M 2017a, 'Effect of abattoir and cut
on variations in microbial communities of vacuum-packaged beef', Meat Science, vol. 131, pp.
34-39.

134

Kaur, M, Shang, H, Tamplin, M, Ross, T & Bowman, JP 2017b, 'Culture-dependent and
culture-independent assessment of spoilage community growth on VP lamb meat from
packaging to past end of shelf-life', Food Microbiology, vol. 68, pp. 71-80.

Keklik, NM & Demirci, A 2014, 'Applications and modeling aspects of UV and pulsed UVlight for food decontamination', Novel Food Preservation and Microbial Assessment
Techniques, p. 67.

Keskinen, LA, Burke, A & Annous, BA 2009, 'Efficacy of chlorine, acidic electrolyzed water
and aqueous chlorine dioxide solutions to decontaminate Escherichia coli O157:H7 from
lettuce leaves', International Journal of Food Microbiology, vol. 132, no. 2–3, pp. 134-140.

Khaitsa, ML, Smith, DR, Stoner, JA, Parkhurst, AM, Hinkley, S, Klopfenstein, TJ & Moxley,
RA 2003, 'Incidence, Duration, and Prevalence of Escherichia coli O157:H7 Fecal Shedding
by Feedlot Cattle during the Finishing Period', Journal of Food Protection, vol. 66, no. 11, pp.
1972-1977.

Kim, C, Hung, Y-C & Brackett, RE 2000, 'Efficacy of electrolyzed oxidizing (EO) and
chemically modified water on different types of foodborne pathogens', International Journal
of Food Microbiology, vol. 61, no. 2–3, pp. 199-207.

135

Kim, JY, Lee, C, Cho, M & Yoon, J 2008, 'Enhanced inactivation of E. coli and MS-2 phage
by silver ions combined with UV-A and visible light irradiation', Water Research, vol. 42, no.
1-2, pp. 356-362.

King, D, Lucia, L, Castillo, A, Acuff, G, Harris, K & Savell, J 2005, 'Evaluation of peroxyacetic
acid as a post-chilling intervention for control of Escherichia coli O157: H7 and Salmonella
Typhimurium on beef carcass surfaces', Meat Science, vol. 69, no. 3, pp. 401-407.

King, T, Kocharunchitt, C, Gobius, K, Bowman, JP & Ross, T 2014, 'Global genome response
of Escherichia coli O157∶H7 Sakai during dynamic changes in growth kinetics induced by an
abrupt temperature downshift', PloS One, vol. 9, no. 6, pp. 99627-99627.

King, T, Kocharunchitt, C, Gobius, K, Bowman, JP & Ross, T 2016, 'Physiological response
of Escherichia coli O157: H7 Sakai to dynamic changes in temperature and water activity as
experienced during carcass chilling', Molecular & Cellular Proteomics, vol. 15, no. 11, pp.
3331-3347.

Kinsella, KJ, Sheridan, JJ, Rowe, TA, Butler, F, Delgado, A, Quispe-Ramirez, A, Blair, IS &
McDowell, DA 2006, 'Impact of a novel spray-chilling system on surface microflora, water
activity and weight loss during beef carcass chilling', Food Microbiology, vol. 23, no. 5, pp.
483-490.

136

Kocharunchitt, C 2012, 'Effects of cold temperature and water activity stress on the physiology
of Escherichia coli in relation to carcasses', PhD thesis, University of Tasmania.

Kocharunchitt, C, King, T, Gobius, K, Bowman, JP & Ross, T 2012, 'Integrated transcriptomic
and proteomic analysis of the physiological response of Escherichia coli O157:H7 Sakai to
steady-state conditions of cold and water activity stress', Molecular and Cellular Proteomics,
vol. 11, no. 1, p. M111.009019.

Kocharunchitt, C, King, T, Gobius, K, Bowman, JP & Ross, T 2014, 'Global Genome Response
of Escherichia coli O157:H7 Sakai during Dynamic Changes in Growth Kinetics Induced by
an Abrupt Downshift in Water Activity', PloS One, vol. 9, no. 3, p. e90422.

Kochevar, SL, Sofos, JN, Bolin, RR, Reagan, JO & Smith, GC 1997, 'Steam vacuuming as a
pre-evisceration intervention to decontaminate beef carcasses', Journal of Food Protection, vol.
60, no. 2, pp. 107-113.

Koutsoumanis, K & Sofos, J 2004, 'Microbial contamination of carcasses and cuts',
Encyclopedia of meat sciences 67.8 (2004): 1624-1629.

Kundu, D, Gill, A, Lui, C, Goswami, N & Holley, R 2014, 'Use of low dose e-beam irradiation
to reduce E. coli O157: H7, non-O157 (VTEC) E. coli and Salmonella viability on meat
surfaces', Meat Science, vol. 96, no. 1, pp. 413-418.

137

Lagerstedt, Å, Lundström, K & Lindahl, G 2011, 'Influence of vacuum or high-oxygen
modified atmosphere packaging on quality of beef M. longissimus dorsi steaks after different
ageing times', Meat Science, vol. 87, no. 2, pp. 101-106.

Lahmer, RA, Williams, AP, Townsend, S, Baker, S & Jones, DL 2012, 'Antibacterial action of
chitosan-arginine against Escherichia coli O157 in chicken juice', Food Control, vol. 26, no.
1, pp. 206-211.

Lanciotti, R, Sinigaglia, M, Gardini, F, Vannini, L & Guerzoni, ME 2001, 'Growth/no growth
interfaces of Bacillus cereus, Staphylococcus aureus and Salmonella enteritidis in model
systems based on water activity, pH, temperature and ethanol concentration', Food
Microbiology, vol. 18, no. 6, pp. 659-668.

LeChevallier, MW & Au, K-K 2004, Water treatment and pathogen control: Process
Efficiency in Achieving Safe Drinking Water., World Health Organisation, IWA publishing.

LeJeune, JT, Besser, TE & Hancock, DD 2001, 'Cattle Water Troughs as Reservoirs of
Escherichia coli O157', Applied and Environmental Microbiology, vol. 67, no. 7, pp. 30533057.

Liang, R, Zhu, L, Mao, Y, Zhang, Y, Niu, L, Dong, P, Ynag, X, Zhang, M & Luo, X 2016,
'Effect of microbial contamination conditions of slaughtering and splitting process on microbial

138

diversity of chilled vacuum-packaged beef during storage', in 62 International Congress of
Meat Science and Technology.

Lillard, HS & Thomson, JE 1983, 'Efficacy of Hydrogen Peroxide as a Bactericide in Poultry
Chiller Water', Journal of Food Science, vol. 48, no. 1, pp. 125-126.

Lim, K & Mustapha, A 2004, 'Effects of cetylpyridinium chloride, acidified sodium chlorite,
and potassium sorbate on populations of Escherichia coli O157: H7, Listeria monocytogenes,
and Staphylococcus aureus on fresh beef', Journal of Food Protection, vol. 67, no. 2, pp. 310315.

Luksienė, Z & Zukauskas, A 2009, 'Prospects of photosensitization in control of pathogenic
and harmful micro‐organisms', Journal of Applied Microbiology, vol. 107, no. 5, pp. 14151424.

Lynnes, T, Horne, SM & Prüß, BM 2014, 'ß-phenylethylamine as a novel nutrient treatment to
reduce bacterial contamination due to Escherichia coli O157: H7 on beef meat', Meat Science,
vol. 96, no. 1, pp. 165-171.

Mansur, AR, Song, E-J, Cho, Y-S, Nam, Y-D, Choi, Y-S, Kim, D-O, Seo, D-H & Nam, TG
2019, 'Comparative evaluation of spoilage-related bacterial diversity and metabolite profiles in
chilled beef stored under air and vacuum packaging', Food Microbiology, vol. 77, pp. 166-172.

139

Marder, EP, Griffin, PM, Cieslak, PR, Dunn, J, Hurd, S, Jervis, R, Lathrop, S, Muse, A, Ryan,
P & Smith, K 2018, 'Preliminary incidence and trends of infections with pathogens transmitted
commonly through food—Foodborne Diseases Active Surveillance Network, 10 US sites,
2006–2017', Morbidity and Mortality Weekly Report, vol. 67, no. 11, p. 324.

Markowiak, P & Śliżewska, K 2018, 'The role of probiotics, prebiotics and synbiotics in animal
nutrition', Gut Pathogens, vol. 10, pp. 21-21.

Marshall, K, Niebuhr, S, Acuff, G, Lucia, L & Dickson, J 2005, 'Identification of Escherichia
coli O157: H7 meat processing indicators for fresh meat through comparison of the effects of
selected antimicrobial interventions', Journal of Food Protection, vol. 68, no. 12, pp. 25802586.

Matthews, L, Reeve, R, Gally, DL, Low, JC, Woolhouse, ME, McAteer, SP, Locking, ME,
Chase-Topping, ME, Haydon, DT & Allison, LJ 2013, 'Predicting the public health benefit of
vaccinating cattle against Escherichia coli O157', Proceedings of the National Academy of
Sciences, vol. 110, no. 40, pp. 16265-16270.

McDonnell, G & Russell, AD 2001, 'Antiseptics and disinfectants: activity, action, and
resistance', Clinical Microbiology Reviews, vol. 14, no. 1, p. 227.

McGilchrist, P, Polkinghorne, R, Ball, A & Thompson, J 2019, 'The Meat Standards Australia
Index indicates beef carcass quality', Animal, pp. 1-8.

140

McGrath, J & Patterson, J 1969, 'Meat hygiene: the pre-slaughter treatment of fatstock', The
Veterinary Record. vol. 85, p.521-524

McMillin, KW 2017, 'Advancements in meat packaging', Meat Science, vol. 132, pp. 153-162.

McPhail, N 2011, 'Verification of the effect of spray chilling in preventing chiller yield loss
(P.PIP.0175)', Meat and Livestock Australia, North Sydney, Australia.

Mellefont, L, Kocharunchitt, C & Ross, T 2015, 'Combined effect of chilling and desiccation
on survival of Escherichia coli suggests a transient loss of culturability', International Journal
of Food Microbiology, vol. 208, pp. 1-10.

Mellefont, L, McMeekin, T & Ross, T 2005, 'Viable count estimates of lag time responses for
Salmonella Typhimurium M48 subjected to abrupt osmotic shifts', International Journal of
Food Microbiology, vol. 105, no. 3, pp. 399-410.

Milios, K, Mataragas, M, Pantouvakis, A, Drosinos, E & Zoiopoulos, P 2011, 'Evaluation of
control over the microbiological contamination of carcasses in a lamb carcass dressing process
operated with or without pasteurizing treatment', International Journal of Food Microbiology,
vol. 146, no. 2, pp. 170-175.

141

MLA, 2018, State of the Industry Report 2018: The Australian red meat and livestock industry,
Meat and Livestock Australia, North Sydney Australia. www.mla.com.au/globalassets/mlacorporate/prices--markets/documents/soti2018.pdf.

Mohamed, O, Avelino, Á-O, Miguel, P, Eystein, S, Tekie, A & Arne, AO 2018, 'A Systematic
Review of Bacterial Foodborne Outbreaks Related to Red Meat and Meat Products', Foodborne
Pathogens and Disease, vol. 15, no. 10, pp. 598-611.

Mohan, A, Pohlman, FW, McDaniel, JA & Hunt, MC 2012, 'Role of Peroxyacetic Acid,
Octanoic Acid, Malic Acid, and Potassium Lactate on the Microbiological and Instrumental
Color Characteristics of Ground Beef', Journal of Food Science, vol. 77, no. 4, pp. M188-M193.

Murray, KA, Gilmour, A & Madden, RH 2001, 'Microbiological quality of chilled beef
carcasses in Northern Ireland: a baseline survey', Journal of Food Protection, vol. 64, no. 4,
pp. 498-502.

Naitali, M, Kamgang- Youbi, G, Herry, J, Bellon-Fontaine, M & Brisset, J 2010, 'Combined
Effects of Long-Living Chemical Species during Microbial Inactivation Using Atmospheric
Plasma-Treated Water', Applied and Environmental Microbiology, vol. 76, no. 22, pp. 76627664.

142

Nattress, F, Yost, C & Baker, L 2001, 'Evaluation of the ability of lysozyme and nisin to control
meat spoilage bacteria', International Journal of Food Microbiology, vol. 70, no. 1-2, pp. 111119.

Ndjomgoue-Yossa, A, Nanseu-Njiki, C, Kengne, I & Ngameni, E 2015, 'Effect of electrode
material and supporting electrolyte on the treatment of water containing Escherichia coli by
electrocoagulation', International Journal of Environmental Science and Technology, vol. 12,
no. 6, pp. 2103-2110.

Neidhardt, FC, Ingraham, JL & Schaechter, M 1990, Physiology of the bacterial cell: a
molecular approach, vol. 20, Sinauer Associates Sunderland, MA.

Niebuhr, SE & Dickson, J 2003, 'Impact of pH enhancement on populations of Salmonella,
Listeria monocytogenes, and Escherichia coli O157: H7 in boneless lean beef trimmings',
Journal of Food Protection, vol. 66, no. 5, pp. 874-877.

Nou, X, Rivera-Betancourt, M, Bosilevac, JM, Wheeler, TL, Shackelford, SD, Gwartney, BL,
Reagan, JO & Koohmaraie, M 2003, 'Effect of Chemical Dehairing on the Prevalence of
Escherichia coli O157:H7 and the Levels of Aerobic Bacteria and Enterobacteriaceae on
Carcasses in a Commercial Beef Processing Plant', Journal of Food Protection, vol. 66, no. 11,
pp. 2005-2009.

143

Nutsch, AL, Phebus, RK, Riemann, MJ, Schafer, DE, Boyer Jr, J, Wilson, RC, Leising, JD &
Kastner, CL 1997, 'Evaluation of a steam pasteurization process in a commercial beef
processing facility', Journal of Food Protection, vol. 60, no. 5, pp. 485-492.

Olaimat, AN & Holley, RA 2012, 'Factors influencing the microbial safety of fresh produce:
A review', Food Microbiology, vol. 32, no. 1, pp. 1-19.

Oteiza, JM, Giannuzzi, L & Zaritzky, N 2010, 'Ultraviolet treatment of orange juice to
inactivate E. coli O157: H7 as affected by native microflora', Food and Bioprocess Technology,
vol. 3, no. 4, pp. 603-614.

Ozer, NP & Demirci, A 2006, 'Inactivation of Escherichia coli O157: H7 and Listeria
monocytogenes inoculated on raw salmon fillets by pulsed UV‐light treatment', International
Journal of Food Science & Technology, vol. 41, no. 4, pp. 354-360.

Pandiselvam, R, Subhashini, S, Banuu Priya, E, Kothakota, A, Ramesh, S & Shahir, S 2019,
'Ozone based food preservation: a promising green technology for enhanced food safety',
Ozone: Science & Engineering, vol. 41, no. 1, pp. 17-34.

Park, H, Hung, Y-C & Chung, D 2004, 'Effects of chlorine and pH on efficacy of electrolyzed
water for inactivating Escherichia coli O157:H7 and Listeria monocytogenes', International
Journal of Food Microbiology, vol. 91, no. 1, pp. 13-18.

144

Paskeviciute, E, Buchovec, I & Luksiene, Z 2011, 'High-power pulsed light for
decontamination of chicken from food pathogens: A study on antimicrobial efficiency and
organoleptic properties', Journal of Food Safety, vol. 31, no. 1, pp. 61-68.

Pearce, R & Bolton, DJ 2008, 'The anti-microbial effect of a dairy extract (LactiSAL®) on
Salmonella enterica Typhimurium and Escherichia coli O157: H7 on different beef carcass
surfaces', Food Control, vol. 19, no. 5, pp. 449-453.

Penney, N, Bigwood, T, Barea, H, Pulford, D, LeRoux, G, Cook, R, Jarvis, G & Brightwell, G
2007, 'Efficacy of a peroxyacetic acid formulation as an antimicrobial intervention to reduce
levels of inoculated Escherichia coli O157 : H7 on external carcass surfaces of hot-boned beef
and veal', Journal of Food Protection, vol. 70, no. 1, pp. 200-203.

Phebus, RK, Nutsch, AL, Schafer, DE, Wilson, RC, Riemann, MJ, Leising, JD, Kastner, CL,
Wolf, JR & Prasai, RK 1997, 'Comparison of steam pasteurization and other methods for
reduction of pathogens on surfaces of freshly slaughtered beef', Journal of Food Protection,
vol. 60, no. 5, pp. 476-484.

Phillips, CA 1999, 'The epidemiology, detection and control of Escherichia coli O157', Journal
of the Science of Food and Agriculture, vol. 79, no. 11, pp. 1367-1381.

145

Pires, DP, Cleto, S, Sillankorva, S, Azeredo, J & Lu, TK 2016, 'Genetically engineered phages:
a review of advances over the last decade', Microbiology Molecular Biology Review, vol. 80,
no. 3, pp. 523-543.

Pittman, CI, Geornaras, I, Woerner, DR, Nightingale, KK, Sofos, JN, Goodridge, L & Belk,
KE 2012, 'Evaluation of Lactic Acid as an Initial and Secondary Subprimal Intervention for
Escherichia coli O157:H7, Non-O157 Shiga Toxin-Producing E. coli, and a Nonpathogenic E.
coli Surrogate for E. coli O157:H7', Journal of Food Protection, vol. 75, no. 9, pp. 1701-1708.

Polkinghorne, R, Philpott, J, Perovic, J, Lau, J, Davies, L, Mudannayake, W, Watson, R, Tarr,
G & Thompson, J 2018, 'The effect of packaging on consumer eating quality of beef', Meat
Science, vol. 142, pp. 59-64.

Prado, CS & de Felício, PE 2010, 'Effects of chilling rate and spray-chilling on weight loss and
tenderness in beef strip loin steaks', Meat Science, vol. 86, no. 2, pp. 430-435.

Presser, KA, Ross, T & Ratkowsky, DA 1998, 'Modelling the Growth Limits (Growth/No
Growth Interface) of Escherichia coli as a Function of Temperature, pH, Lactic Acid
Concentration, and Water Activity', Applied and Environmental Microbiology, vol. 64, no. 5,
pp. 1773-1779.

Quilo, S, Pohlman, F, Brown, A, Crandall, P, Dias-Morse, P, Baublits, R & Aparicio, J 2009,
'Effects of potassium lactate, sodium metasilicate, peroxyacetic acid, and acidified sodium

146

chlorite on physical, chemical, and sensory properties of ground beef patties', Meat Science,
vol. 82, no. 1, pp. 44-52.

Rahkio, TM & Korkeala, HJ 1997, 'Airborne bacteria and carcass contamination in
slaughterhouses', Journal of Food Protection, vol. 60, no. 1, pp. 38-42.

Rahman, SME, Wang, J & Oh, D-H 2013, 'Synergistic effect of low concentration electrolyzed
water and calcium lactate to ensure microbial safety, shelf life and sensory quality of fresh
pork', Food Control, vol. 30, no. 1, pp. 176-183.

Rajkovic, A, Smigic, N, Uyttendaele, M, Medic, H, de Zutter, L & Devlieghere, F 2009,
'Resistance of Listeria monocytogenes, Escherichia coli O157:H7 and Campylobacter jejuni
after exposure to repetitive cycles of mild bactericidal treatments', Food Microbiology, vol. 26,
no. 8, pp. 889-895.

Rangel, JM, Sparling, PH, Crowe, C, Griffin, PM & Swerdlow, DL 2005, 'Epidemiology of
Escherichia coli O157: H7 outbreaks, united states, 1982–2002', Emerging Infectious Diseases,
vol. 11, no. 4, p. 603.

Rantsiou, K, Alessandria, V & Cocolin, L 2012, 'Prevalence of Shiga toxin-producing
Escherichia coli in food products of animal origin as determined by molecular methods',
International Journal of Food Microbiology, vol. 154, no. 1–2, pp. 37-43.

147

Reagan, JO, Acuff, GR, Buege, DR, Buyck, MJ, Dickson, JS, Kastner, CL, Marsden, JL,
Morgan, JB, Nickelson, R & Smith, GC 1996, 'Trimming and washing of beef carcasses as a
method of improving the microbiological quality of meat', Journal of Food Protection, vol. 59,
no. 7, pp. 751-756.

Reid, CA, Small, A, Avery, SM & Buncic, S 2002, 'Presence of food -borne pathogens on cattle
hides', Food Control, vol. 13, no. 6-7, pp. 411-415.

Reid, R, Fanning, S, Whyte, P, Kerry, J, Lindqvist, R, Yu, Z & Bolton, D 2017, 'The
microbiology of beef carcasses and primals during chilling and commercial storage', Food
Microbiology, vol. 61, pp. 50-57.

RMAC 2017, Red Meat Advisory Council Submission to the National Freight, Red Meat
Advisory Council, Barton Australia, www.infrastructure.gov.au/transport/freight/freightsupply-chain-submissions/Red_Meat_Advisory_Council.pdf.

Robertson, K, Green, A, Allen, L, Ihry, T, White, P, Chen, W-S, Douris, A & Levine, J 2016,
'Foodborne outbreaks reported to the US Food Safety and Inspection Service, fiscal years 2007
through 2012', Journal of Food Protection, vol. 79, no. 3, pp. 442-447.

Ross, T & Meat and Livestock Australia, 1999, Predictive food microbiology models in the
meat industry. Meat and Livestock Australia, North Sydney, Australia.

148

Ross, T, Ratkowsky, D, Mellefont, L & McMeekin, T 2003, 'Modelling the effects of
temperature, water activity, pH and lactic acid concentration on the growth rate of Escherichia
coli', International Journal of Food Microbiology, vol. 82, no. 1, pp. 33-43.

Rounds, L, Havens, CM, Feinstein, Y, Friedman, M & Ravishankar, S 2013, 'Concentrationdependent inhibition of Escherichia coli O157: H7 and heterocyclic amines in heated ground
beef patties by apple and olive extracts, onion powder and clove bud oil', Meat Science, vol.
94, no. 4, pp. 461-467.

Ruiz-Cruz, S, Acedo-Félix, E, Díaz-Cinco, M, Islas-Osuna, MA & González-Aguilar, GA
2007, 'Efficacy of sanitizers in reducing Escherichia coli O157: H7, Salmonella spp. and
Listeria monocytogenes populations on fresh-cut carrots', Food Control, vol. 18, no. 11, pp.
1383-1390.

Sade, E, Penttinen, K, Bjorkroth, J & Hultman, J 2017, 'Exploring lot-to-lot variation in
spoilage bacterial communities on commercial modified atmosphere packaged beef', Food
Microbiology, vol. 62, pp. 147-152.

Sala, C, Morar, A, Colibar, O & Morvay, AA 2012, 'Antibiotic resistance of gram negative
bacteria isolated from meat surface biofilms', Romanian Biotechnological Letters, vol. 17, no.
4, pp. 7483-7492.

149

Salter, MA, Ratkowsky, DA, Ross, T & McMeekin, TA 2000, 'Modelling the combined
temperature and salt (NaCl) limits for growth of a pathogenic Escherichia coli strain using
nonlinear logistic regression', International Journal of Food Microbiology, vol. 61, no. 2-3, pp.
159-167.

Samelis, J, Sofos, JN, Ikeda, JS, Kendall, PA & Smith, GC 2002, 'Exposure to non-acid fresh
meat decontamination washing fluids sensitizes Escherichia coli O157:H7 to organic acids',
Letters in Applied Microbiology, vol. 34, no. 1, pp. 7-12.

Sapers, G & Sites, J 2003, 'Efficacy of 1% hydrogen peroxide wash in decontaminating apples
and cantaloupe melons', Journal of Food Science, vol. 68, no. 5, pp. 1793-1797.

Sapers, GM & Simmons, GF 1998, 'Hydrogen peroxide disinfection of minimally processed
fruits and vegetables', Food Technology, vol. 52, no. 2, pp. 48-52.

Sastry, SK, Datta, AK & Worobo, RW 2000, 'Ultraviolet light', Journal of Food Science, vol.
65, pp. 90-92.

Savell, JW, Mueller, SL & Baird, BE 2005, 'The chilling of carcasses', Meat Science, vol. 70,
no. 3, pp. 449-459.

150

Schamberger, GP, Phillips, RL, Jacobs, JL & Diez-Gonzalez, F 2004, 'Reduction of
Escherichia coli O157: H7 populations in cattle by addition of colicin E7-producing E. coli to
feed', Applied and Environmental Microbiology, vol. 70, no. 10, pp. 6053-6060.

Schlackow, I, Stoesser, N, Walker, AS, Crook, DW, Peto, TE & Wyllie, DH 2012, 'Increasing
incidence of Escherichia coli bacteraemia is driven by an increase in antibiotic-resistant
isolates: electronic database study in Oxfordshire 1999–2011', Journal of Antimicrobial
Chemotherapy, vol. 67, no. 6, pp. 1514-1524.

Schmidt, JW, Wang, R, Kalchayanand, N, Wheeler, TL & Koohmaraie, M 2012, 'Efficacy of
Hypobromous Acid as a Hide-On Carcass Antimicrobial Intervention', Journal of Food
Protection, vol. 75, no. 5, pp. 955-958.

Schwach, T & Zottola, E 1982, 'Use of scanning electron microscopy to demonstrate microbial
attachment to beef and beef contact surfaces', Journal of Food Science, vol. 47, no. 5, pp. 14011405.

Signorini, M, Costa, M, Teitelbaum, D, Restovich, V, Brasesco, H, García, D, Superno, V,
Petroli, S, Bruzzone, M & Arduini, V 2018, 'Evaluation of decontamination efficacy of
commonly used antimicrobial interventions for beef carcasses against Shiga toxin-producing
Escherichia coli', Meat Science, vol. 142, pp. 44-51.

151

Signorini, M, Ponce-Alquicira, E & Guerrero-Legarreta, I 2006, 'Effect of lactic acid and lactic
acid bacteria on growth of spoilage microorganisms in vacuum-packaged beef', Journal of
Muscle Foods, vol. 17, no. 3, pp. 277-290.

Sillankorva, SM, Oliveira, H & Azeredo, J 2012, 'Bacteriophages and their role in food safety',
International Journal of Microbiology, vol. 2012, no.1, pp. 1-13.

Small, A 2010, Final Report: Validation of Twin Oxide as a carcase
intervention, Meat and Livestock Australia Limited, North Sydney Australia.

Small, AH, Jenson, I, Kiermeier, A & Sumner, J 2012, 'Vacuum-packed beef primals with
extremely long shelf life have unusual microbiological counts', Journal of Food Protection,
vol. 75, no. 8, pp. 1524-1527.

Smirnova, G, Muzyka, N, Glukhovchenko, M & Oktyabrsky, O 1997, 'Effects of penetrating
and non-penetrating oxidants on Escherichia coli', Biochemistry. Biokhimii͡a, vol. 62, no. 5, p.
480.

Smith, JL, Fratamico, PM & Gunther IV, NW 2014, 'Shiga toxin-producing Escherichia coli',
in Advances in Applied Microbiology, vol. 86, pp. 145-197.

Smith, M 1992, 'Destruction of bacteria on fresh meat by hot water', Epidemiology and
Infection, vol. 109, no. 03, pp. 491-496.
152

Smith, M & Graham, A 1978, 'Destruction of Escherichia coli and Salmonellae on mutton
carcases by treatment with hot water', Meat Science, vol. 2, no. 2, pp. 119-128.

Smulders, FJ, Wellm, G, Hiesberger, J, Rohrbacher, I, Bauer, A & Paulsen, P 2011,
'Microbiological and Sensory Effects of the Combined Application of Hot–Cold Organic Acid
Sprays and Steam Condensation at Subatmospheric Pressure for Decontamination of
Inoculated Pig Tissue Surfaces', Journal of Food Protection, vol. 74, no. 8, pp. 1338-1344.

Smulders, FJM, Paulsen, P, Vali, S & Wanda, S 2013, 'Effectiveness of a polyamide film
releasing lactic acid on the growth of E. coli O157: H7, Enterobacteriaceae and Total Aerobic
Count on vacuum-packed beef', Meat Science, vol. 95, no. 2, pp. 160-165.

Sommer, R, Lhotsky, M, Haider, T & Cabaj, A 2000, 'UV inactivation, liquid -holding recovery,
and photoreactivation of Escherichia coli O157 and other pathogenic Escherichia coli strains
in water', Journal of Food Protection, vol. 63, no. 8, pp. 1015-1020.

Sommers, C, Cooke, P, Fan, X & Sites, J 2009, 'Ultraviolet light (254 nm) inactivation of
Listeria monocytogenes on frankfurters that contain potassium lactate and sodium diacetate',
Journal of Food Science, vol. 74, no. 3, pp. M114-M119.

153

Soon, JM, Chadd, SA & Baines, RN 2011, 'Escherichia coli O157:H7 in beef cattle: on farm
contamination and pre-slaughter control methods', Animal Health Research Reviews, vol. 12,
no. 2, pp. 197-211.

Stellato, G, Utter, DR, Voorhis, A, De Angelis, M, Eren, AM & Ercolini, D 2017, 'A few
Pseudomonas oligotypes dominate in the meat and dairy processing environment', Frontiers in
Microbiology, vol. 8, p. 264.

Strydom, P & Buys, E 1995, 'The effects of spray-chilling on carcass mass loss and surface
associated bacteriology', Meat Science, vol. 39, no. 2, pp. 265-276.

Sun, XD & Holley, RA 2012, 'Antimicrobial and antioxidative strategies to reduce pathogens
and extend the shelf life of fresh red meats', Comprehensive Reviews in Food Science and Food
Safety, vol. 11, no. 4, pp. 340-354.
Swartz MN. Human diseases caused by foodborne pathogens of animal origin. Clinical
Infectious Disease 2002, vol 34 (Suppl.3): S111-22

Taylor, J & Smith, D 2015, 'Continuous, low-dose oral exposure to sodium chlorate reduces
fecal generic Escherichia coli in sheep feces without inducing clinical chlorate toxicosis',
Journal of Animal Science, vol. 93, no. 4, pp. 1942-1951.
Threlfall E, Rowe B, Ward LA. A comparison of multiple drug resistance in salmonellas from
humans and food animals in England and Wales, 1981 and 1990. Epidemiology and Infection
2003; 111:189-97

154

Thieringer, HA, Jones, PG & Inouye, M 1998, 'Cold shock and adaptation', Bioessays, vol. 20,
no. 1, pp. 49-57.

Thomas, C & McMeekin, T 1984, 'Effect of water uptake by poultry tissues on contamination
by bacteria during immersion in bacterial suspensions', Journal of Food Protection, vol. 47, no.
5, pp. 398-402.

Thomson, DU, Loneragan, GH, Thornton, AB, Lechtenberg, KF, Emery, DA, Burkhardt, DT
& Nagaraja, TG 2009, 'Use of a siderophore receptor and porin proteins-based vaccine to
control the burden of Escherichia coli O157: H7 in feedlot cattle', Foodborne Pathogens and
Disease, vol. 6, no. 7, pp. 871-877.

Thormar, H 2012, 'Patented non-antibiotic agents as animal feed additives', Recent Patents on
Food, Nutrition and Agriculture, vol. 4, no. 2, pp. 155-168.

Tittor, AW, Tittor, MG, Brashears, MM, Brooks, JC, Garmyn, AJ & Miller, MF 2011, 'Effects
of simulated dry and wet chilling and aging of beef fat and lean tissues on the reduction of
Escherichia coli O157:H7 and Salmonella', Journal of Food Protection, vol. 74, no. 2, pp. 289293.

Todd, WTA & Dundas, S 2001, 'The management of VTEC O157 infection', International
Journal of Food Microbiology, vol. 66, no. 1–2, pp. 103-110.

155

Trinderup, CH, Dahl, A, Jensen, K, Carstensen, JM & Conradsen, K 2013, 'A comparison of
meat colour measurements from a colorimeter and multispectral Images', Hyperspectral
Imaging, no. 2009, pp. 749-757.

Tuttle, J, Gomez, T, Doyle, MP, Wells, JG, Zhao, T, Tauxe, RV & Griffin, PM 1999, 'Lessons
from a large outbreak of Escherichia coli O157:H7 infections: Insights into the infectious dose
and method of widespread contamination of hamburger patties', Epidemiology and Infection,
vol. 122, no. 2, pp. 185-192.

U.S. Department of Agriculture-Food Safety and Inspection Service (USDA-FSIS) 2012,
'Shiga toxin-producing Escherichia coli in certain raw beef products', Federal Register, vol.
77, no. 105.

USDA 2013, Technical Evaluation Report Acidified Sodium Chlorite Livestock, Agricultural
Marketing-Service,-United-States-Department-of-Agriculture,
www.ams.usda.gov/sites/default/files/media/S%20Chlorite%20A%20report%202013.pdf

Valilis, E, Ramsey, A, Sidiq, S & DuPont, HL 2018, 'Non-O157 shiga toxin-producing
Escherichia coli− a poorly appreciated enteric pathogen: Systematic review', International
Journal of Infectious Diseases.

156

Van Ba, H, Seo, H-W, Pil-Nam, S, Kim, Y-S, Park, BY, Moon, S-S, Kang, S-J, Choi, Y-M &
Kim, J-H 2018, 'The effects of pre-and post-slaughter spray application with organic acids on
microbial population reductions on beef carcasses', Meat Science, vol. 137, pp. 16-23.

Van Donkersgoed, J, Graham, T & Gannon, V 1999, 'The prevalence of verotoxins,
Escherichia coli O157:H7, and Salmonella in the feces and rumen of cattle at processing',
Canadian Veterinary Journal-Revue Veterinaire Canadienne, vol. 40, no. 5, pp. 332-338.

Vandekinderen, I, Devlieghere, F, De Meulenaer, B, Ragaert, P & Van Camp, J 2009,
'Optimization and evaluation of a decontamination step with peroxyacetic acid for fresh-cut
produce', Food Microbiology, vol. 26, no. 8, pp. 882-888.

Vanderzant, C, Chesser, L, Savell, J, Gardner, F & Smith, G 1983, 'Effect of addition of glucose,
citrate and citrate-lactic acid on microbiological and sensory characteristics of steaks from
normal and dark, firm and dry beef carcasses displayed in polyvinyl chloride film and in
vacuum packages', Journal of Food Protection, vol. 46, no. 9, pp. 775-780.

Visvalingam, J & Holley, RA 2018, 'Evaluation of chlorine dioxide, acidified sodium chlorite
and peroxyacetic acid for control of Escherichia coli O157: H7 in beef patties from treated beef
trim', Food Research International, vol. 103, pp. 295-300.

157

Wallner-Pendleton, EA, Sumner, SS, Froning, GW & Stetson, LE 1994, 'The use of ultraviolet
radiation to reduce Salmonella and psychrotrophic bacterial contamination on poultry
carcasses', Poultry Science, vol. 73, no. 8, pp. 1327-1333.

Wanda, S, Paulsen, P, Budai, M, Vali, S & Smulders, FJM 2013, 'Incorporation of lactic acid
as an antimicrobial agent in polyamide food-packaging films', Archiv fur Lebensmittelhygiene,
vol. 64, no. 1, pp. 8-14.

Wang, F, Jiang, L, Yang, Q, Prinyawiwatkul, W & Ge, B 2012, 'Rapid and specific detection
of Escherichia coli serogroups O26, O45, O103, O111, O121, O145, and O157 in ground beef,
beef trim, and produce by loop-mediated isothermal amplification', Applied and Environmental
Microbiology, vol. 78, no. 8, pp. 2727-2736.

Webb, R, Brown, M & Tyrrell, R 1978, 'Synergism between 365-and 254-nm radiations for
inactivation of Escherichia coli', Radiation Research, vol. 74, no. 2, pp. 298-311.

Webber, J, Dobrenov, B, Lloyd, J & Jordan, D 2012, 'Meat inspection in the Australian red‐
meat industries: past, present and future', Australian Veterinary Journal, vol. 90, no. 9, pp.
363-369.

Wheeler, TL, Kalchayanand, N & Bosilevac, JM 2014, 'Pre-and post-harvest interventions to
reduce pathogen contamination in the U.S. beef industry', Meat Science, vol. 98, pp. 372-382.

158

AG Department of Agriculture and Water Resources 2019, ABARES Commodities, by Whitnall,
T.http://www.agriculture.gov.au/SiteCollectionDocuments/abares/agriculturecommodities/Ag
Commodities201903_BeefAndVealOutllok_v1.0.0.pdf.

Wiklund, E, Kemp, RM, leRoux, GJ, Li, Y & Wu, G 2010, 'Spray chilling of deer carcasses —
Effects on carcass weight, meat moisture content, purge and microbiological quality', Meat
Science, vol. 86, no. 4, pp. 926-930.

Wolf, MJ, Miller, MF, Parks, AR, Loneragan, GH, Garmyn, AJ, Thompson, LD, Echeverry, A
& Brashears, MM 2012, 'Validation Comparing the Effectiveness of a Lactic Acid Dip with a
Lactic Acid Spray for Reducing Escherichia coli O157:H7, Salmonella, and Non-O157 Shiga
Toxigenic Escherichia coli on Beef Trim and Ground Beef', Journal of Food Protection, vol.
75, no. 11, pp. 1968-1973.

Wood, JP, Meyer, KM, Kelly, TJ, Choi, YW, Rogers, JV, Riggs, KB & Willenberg, ZJ 2015,
'Environmental persistence of Bacillus anthracis and Bacillus subtilis spores', PloS One, vol.
10, no. 9, p. e0138083.

Yang, X, Badoni, M, Youssef, MK & Gill, CO 2012, 'Enhanced control of microbiological
contamination of product at a large beef packing plant', Journal of Food Protection, vol. 75,
no. 1, pp. 144-149.

159

Yoder, SF, Henning, WR, Mills, EW, Doores, S, Ostiguy, N & Cutter, CN 2012, 'Investigation
of chemical rinses suitable for very small meat plants to reduce pathogens on beef surfaces',
Journal of Food Protection, vol. 75, no. 1, pp. 14-21.

Young, R 2016, 'Chlorine dioxide (CLO 2 ) as a non-toxic antimicrobial agent for virus, bacteria
and yeast (Candida Albicans)', International Journal of Vaccines and Vaccination, vol. 2, no.
6, p. 00052.

Youssef, M, Gill, C, Tran, F & Yang, X 2014, 'Unusual compositions of microflora of vacuumpackaged beef primal cuts of very long storage life', Journal of Food Protection, vol. 77, no.
12, pp. 2161-2167.

Youssef, MK, Badoni, M, Yang, X & Gill, CO 2013, 'Sources of Escherichia coli deposited
on beef during breaking of carcasses carrying few E. coli at two packing plants', Food Control,
vol. 31, no. 1, pp. 166-171.

Youssef, MK, Gill, CO & Yang, X 2014, 'Storage life at 2° C or− 1.5° C of vacuum‐packaged
boneless and bone‐in cuts from decontaminated beef carcasses', Journal of the Science of
Food and Agriculture, vol. 94, no. 15, pp. 3118-3124.

Youssef, MK, Yang, X, Badoni, M & Gill, CO 2012, 'Effects of spray volume, type of surface
tissue and inoculum level on the survival of Escherichia coli on beef sprayed with 5% lactic
acid', Food Control, vol. 25, no. 2, pp. 717-722.

160

Youssef, MK, Yang, X, Badoni, M & Gill, CO 2013, 'Survival of acid-adapted Escherichia
coli O157: H7 and not-adapted E.coli on beef treated with 2% or 5% lactic acid', Food Control,
vol. 34, no. 1, pp. 13-18.

Zhang, D, McQuestin, OJ, Mellefont, LA & Ross, T 2010, 'The influence of non-lethal
temperature on the rate of inactivation of vegetative bacteria in inimical environments may be
independent of bacterial species', Food Microbiology, vol. 27, no. 4, pp. 453-459.

Zhang, P, Baranyi, J & Tamplin, M 2015, 'Interstrain interactions between bacteria isolated
from vacuum-packaged refrigerated beef', Applied and Environmental Microbiology, vol. 81,
no. 8, pp. 2753-2761.

Zhang, Y, Zhu, L, Dong, P, Liang, R, Mao, Y, Qiu, S & Luo, X 2018, 'Bio-protective potential
of lactic acid bacteria: Effect of Lactobacillus sakei and Lactobacillus curvatus on changes of
the microbial community in vacuum-packaged chilled beef', Asian-Australasian Journal of
Animal Sciences, vol. 31, no. 4, p. 585.

Zhao, T, Doyle, M. P.,Harmon, B. G., Brown, C. A., Mueller, P. O. E., Parks, A. H. 1998,
'Reduction of carriage of enterohemorrhagic Escherichia coli O157:H7 in cattle by inoculation
with probiotic bacteria', Journal of Clinical Microbiology, vol. 36, pp. 641-647.

161

Zhao, T, Zhao, P & Doyle, MP 2009, 'Inactivation of Salmonella and Escherichia coli O157:
H7 on lettuce and poultry skin by combinations of levulinic acid and sodium dodecyl sulfate',
Journal of Food Protection, vol. 72, no. 5, pp. 928-936.

Zhao, T, Zhao, P, West, JW, Bernard, JK, Cross, HG & Doyle, MP 2006, 'Inactivation of
enterohemorrhagic Escherichia coli in rumen content- or feces-contaminated drinking water
for cattle', Applied and Environmental Microbiology, vol. 72, no. 5, pp. 3268-3273.

162

Appendix
A1. Referenced section 2.2.6
Preliminary studies to determine levels of ClO 2 which had no detrimental effects on E. coli
O157:H7 Sakai under optimal growth conditions, at relevant physiological states (A =
exponential growth phase, B = stationary phase cells prior to lawn spreads on BHI agar)
incubated at 37°C
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A2. Reference section 2.3.3

Population changes of stationary-phase cultures of a five-strain cocktail of non-pathogenic E.
coli during exposure to dynamic changes in temperature as occur during spray chilling and
when 150 ppm ClO 2 was applied at different time points.

Population changes of stationary-phase cultures of a five-strain cocktail of pathogenic E. coli
during exposure to dynamic changes in temperature as occur during spray chilling and when
subjected to 150 ppm ClO 2 was applied at different time points.
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Population changes of stationary-phase cultures of S. Typhimurium during exposure to
dynamic changes in temperature as occur during spray chilling of carcases and when 150 ppm
ClO 2 was applied at different time points.

Population changes of stationary-phase cultures of S. Oranienburg during exposure to dynamic
changes in temperature as occur during spray chilling of carcases and when 150 ppm ClO 2 was
applied at different time points.
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A3. Reference section 2.4.2
Salmonella strains showed a similar complex pattern of population kinetics when subjected to
abrupt downshifts in temperature and water activity.

Population changes of S. Typhimurium after simultaneous downshifts in temperature and water
activity from 35°C aw 0.993 to 10°C aw 0.967 and when subjected to ClO 2 treatment. The time
at which simultaneous downshifts in temperature and a w were applied is indicated by a dotted
line. 200 ppm ClO 2 was added at 1.5 h (), 37.5 h (◆), and 262 h () after imposition of the
shifts.
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Population changes of S. Oranienburg after simultaneous downshifts in temperature and water
activity from 35°C aw 0.993 to 10°C aw 0.967 and when subjected to ClO 2 treatment. The time
at which simultaneous downshifts in temperature and aw were applied is indicated by a dotted
line. 200 ppm ClO 2 was added at 1.5 h (), 37.5 h (◆), and 262 h () after the shifts.
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