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Foreword

Salmonella Enteritidis and Salmonella Typhimurium have dominated the epidemiology of Salmonella
and are the most common causes of human salmonellosis. This review is focused on the management
of Salmonella in the egg supply chain and the effects of various egg storage temperatures on the
Salmonella serovars. The role of refrigeration in Salmonella virulence is also reviewed.
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Executive Summary

Microbial contamination of eggs is an important food safety issue of significance, not only to producers,
but also to food and health regulatory authorities. Contamination with Sa/lmonella is one of the most
significant food safety issues associated with eggs. Worldwide, contaminated eggs and egg products
are commonly identified as the source of Salmonella during traceback investigations. In Australia and
New Zealand, Salmonella Typhimurium (ST) is the leading cause of foodborne salmonellosis.
Salmonella Enteritidis is seldom isolated from commercial egg farms in Australia, apart from recent
occurrences in some states on the East Coast. Most of the locally reported Salmonella Enteritidis (SE)
human infections are attributed to overseas travel. The frequency of Salmonella on retail eggs in
Australia is low. The most recent reported prevalence of Salmonella on Australian retail eggs was 3.5%.
An estimate of the odds for the presence of Salmonella (all species, not just pathogenic) on eggs is
greater than 1 in 20,000. Considering the estimated production of eggs in Australia and per capita
consumption, the risk of foodborne illness in general is very low for humans consuming eggs. Current
quality assurance, animal husbandry, and biosecurity practices recommended by Australian Eggs have
been adopted by egg producers nationwide to mitigate Salmonella on farms and subsequently
through the supply chain. Although currently there is no registered Salmonella Enteritidis vaccine in
Australia, pen trials have been conducted to test the currently available Salmonella Typhimurium
vaccines against Salmonella Enteritidis.

Globally, storage requirements for whole eggs vary widely. In Australia, egg storage temperatures vary
between states. Although most states have embraced the Food Standards Australia New Zealand
(FSANZ) standards there are discrepancies in how these recommendations are practised. Refrigeration
of eggs below 7.2°C is linked with the inhibition of Salmonella growth and subsequently a decrease in
the risk of causing infection in humans. Yet, there are conflicting data regarding the impact of storage
temperatures on Salmonella, which may contribute to the disparity between international
recommendations for egg storage. The virulence of Salmonella spp. in humans is influenced by various
factors including temperature, which has a crucial role in the transfer of bacteria across hosts and is
one of the main variables controlling their metabolic, growth, and pathogenic gene expressions. The
survivability of Salmonella in egg contents was found to be enhanced at 5°C, since the expression
levels of survival and stress response-related genes, yafD, prop, and rpoS, were significantly greater at
5°C compared to 25°C. Despite bacterial survival, a greater expression of virulence-related genes at
5°C may not lead to an increased risk of Salmonella infection or a more severe disease. Warmer
temperatures for egg storage may lead to an increased potential of Salmonella multiplication in the
yolk, whose nutrients may cause the expression of certain virulence genes via biochemical linkage.
There is not sufficient scientific evidence to suggest that storing eggs at less than 7°C will influence the
virulence of bacteria. Although lower temperature reduces the rate of Salmonella multiplication in
egg contents, bacteria can still survive at lower temperatures such as 7°C. Despite industry
recommendations, eggs can be exposed to various temperatures in the supply chain. Further studies
are essential to understand the relationship between the storage temperature and bacterial virulence.
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1 Introduction

The adoption of cold storage in food supply chains first began in the 1870s when ice became widely
used in the shipping and transport of beef and pork (Heitz, 1929; Craig & Holt, 2017). Later in the
1880s, mechanical refrigeration became more widespread allowing a larger number of food
commodities including dairy and eggs to be transported greater distances (Craig & Holt, 2017). Before
the twentieth century, eggs were predominantly seasonal as peak production occurred primarily in
the spring and early summer (Jenkins, 1919). In addition, eggs are fragile and perishable, thus the sale
of eggs was limited to restricted geographical regions close to farms (Jenkins, 1919; Heitz, 1929; Craig
& Holt, 2017). The use of reduced temperatures in the egg supply chain enhanced the preservation of
egg quality factors and allowed for longer storage and wider distribution (Craig & Holt, 2017).

Internal egg quality factors include assessment of yolk height, yolk colour, albumin viscosity, and
Haugh units, while external quality measures are shell thickness, size, and cleanliness (Coutts &
Wilson, 2007). Internal quality factors decrease over time but can be a function of storage conditions
including temperature, humidity, and handling (Bennion, 1940; Kamel et al., 1980; Grashorn et al.,
2016). The relationship between egg quality factors and storage conditions, in particular temperature,
has been studied extensively and is widely known to decrease more rapidly at higher storage
temperatures (= 25°C) compared with lower storage temperatures (< 15°C) (Jones & Musgrove, 2005;
Lee et al., 2016; Jones et al., 2018). This link between storage temperature and the maintenance of
quality over time was one of the original driving factors for the cold storage of eggs through the food
supply chain (Craig & Holt, 2017).

Microbial contamination of eggs, however, is an important food safety issue associated with eggs, and
over the last 40 years has become of significant importance not only to producers but food and health
regulatory authorities. Contamination with Salmonella is one of the most significant food safety issues
associated with eggs. Worldwide, eggs are commonly identified as the source of Salmonella during
traceback investigation, with over 75% of the 1.2 million cases of salmonellosis each year linked to the
consumption of contaminated shell eggs (Hester, 2017). This review follows the journey of eggs from
lay to consumption, and will evaluate how environmental conditions influence Salmonella survivability
and subsequent virulence during this process.

1.1 Salmonella and eggs

Salmonellosis causes considerable economic losses worldwide. In Australia, the annual cost of
gastroenteritis-related expenses, including treatment, loss of productivity, deaths, and government
monitoring has been estimated at approximately $811 million (Simpson et al., 2018). A steady increase
in Salmonella infections was seen in Australia from 2000 to 2013 (Ford et al., 2016), although it has
been decreasing from 2019 to 2021 (National Notifiable Disease Surveillance System (NNDSS), 2023).
There has been a decline in egg related S. Typhimurium cases nationally and overall, and there has
been a 40% decline in human Salmonellosis from a peak in 2016 (McLure et al., 2022). As the number
of reported cases continues to increase, activities promoting awareness of these foodborne diseases
are an important public health issue. This issue is further exacerbated in many countries, where
minimal refrigeration is available to store, transport, and handle eggs before they are sold to
consumers (Almonacid et al., 2007).

Salmonella spp. is one of the most common causes of bacterial foodborne gastroenteritis in humans.
Infection with Salmonella is generally self-limiting but is associated with cramping, diarrhea, and
vomiting resulting in significant morbidity, mortality, and economic losses. Humans can acquire
Salmonella through the consumption of a variety of contaminated foods, but raw eggs and foods



containing raw eggs are among the most common sources of this bacterial species (Humphrey, 1994;
EFSA, 2007; Kirk et al., 2015). In Australia, a total of 213 foodborne outbreaks were associated with
Salmonella from 2013 to 2015, with 124 of them being attributed to the consumption of eggs and egg-
based products (OzFoodNet, 2021).

Over 2600 Salmonella enterica serovars have been characterised to date (Guibourdenche et al., 2010);
some more frequently isolated from egg farm environments than others (Snow et al., 2007;
Denagamage et al., 2016; Moffatt et al.,, 2017). Historically, Salmonella (S.) Enteritidis and
S. Typhimurium have been the two most frequently reported serovars identified during outbreaks
worldwide (EFSA, 2011b; Threlfall et al., 2014; Havelaar et al., 2015). In Australia and New Zealand, S.
Typhimurium is the leading cause of foodborne salmonellosis (Whiley et al., 2016)

Until recently, S. Enteritidis was seldom isolated from commercial egg farms, and human infections
attributed to the serovar S. Enteritidis were typically linked to overseas travel (MPI, 2011; OzFoodNet,
2012; Moffatt et al., 2016).



2 Global supply chain requirements

The link between eggs and Salmonella has precipitated many countries to develop standards for
mitigating this bacterial species throughout the egg supply chain. The implementation of rigorous egg
safety regulations has been linked to the decline in the number of salmonellosis cases in the UK and
the US (Chousalkar et al., 2018). In Australia, however, the incidence of egg-related salmonellosis has
been gradually increasing until 2014 (Ford et al., 2016; Moffatt et al., 2016) but declined during
2017-2019 due to tighter regulations and Salmonella vaccinations in layer flocks ((McLure et al., 2022).

2.1 Egg storage and temperature regulatory requirements

Globally, storage requirements for whole eggs vary widely. The United States Food and Drug
Administration (FDA) Code of Federal Regulations Part 118, for example, stipulates that eggs must be
held and transported at temperatures no greater than 7.2°C (45°F) 36 hours post-lay (7 CFR Part 56,
2023) and that retail establishments must maintain this temperature when eggs are stored or
displayed (Part 115).

In Canada, similar temperature requirements are also stipulated (CFIA, 2023). In the UK, the British
Lion Code of Practice indicates that eggs must be held at a constant temperature that can range
between 5 and 20°C (British Egg Industry Council, n.d.). European recommendations, however, are in
striking contrast with US requirements. The European Commission’s (EC) Regulation 589/2008
dictates that eggs must not be refrigerated, and eggs held at 5.0°C for 24 hours for transport or 72
hours for retail must be downgraded (European Union, 2008). Cold storage also does not occur in Chile
(Almonacid et al., 2007). The criteria for food safety, hygiene, and handling in the Primary Production
and Processing (PPP) Standards apply to primary production and processing enterprises but the
standards do not cover biosecurity, animal welfare, or market access hazards (NSW Food Authority,
2022).

In Australia, egg storage temperatures vary between states. Although most states have embraced the
Food Standards Australia New Zealand (FSANZ) standards there are discrepancies in how these
recommendations are practised. In New South Wales, the egg storage requirements for whole eggs
are based on the Australian Eggs recommendation of less than 15°C for egg processors (NSW Food
Authority n.d.). In Victoria, it is recommended that eggs should be kept below 20°C during storage and
transport, and that measures should be implemented to prevent excessive temperature fluctuations
until consumption (DEECA, 2024). Limitations, however, are placed on processed egg products that
must be negative for Salmonella in five, 25-gram samples.

Each Australian jurisdiction has a biosecurity regulation. The New South Wales Department of Primary
Industries has recently established the Biosecurity (S. Enteritidis) Control Order 2019, which imposed
minimum biosecurity requirements for the poultry and egg sectors, and licensed egg farmers are
expected to conduct routine S. Enteritidis testing as part of a new regulatory measure implemented
in mid-2020 (NSW Food Authority, 2022).

The Australian egg industry also has an Egg Standards of Australia (ESA) program that is voluntary for
egg producers in Australia. This program offers a set of compliance standards that have been reviewed
against current regulatory and retail requirements. This program is based on the Hazard Analysis
Critical Control Points that address various aspects of food safety. Although this is voluntary, the
program structure offers multiple levels of certifications for wider adoption. In addition to this, the
National Salmonella Enteritidis Monitoring and Accreditation Program (NSEMAP) is also available to
all egg producers in Australia exporting eggs to overseas markets. NSEMAP is coordinated by the New



South Wales Department of Primary Industries and includes regular surveillance for SE on farms.

3 The egg supply chain: from farm to table

Refrigeration of eggs below 7.2°C (7 CFR Part 56, 2023) is linked with the inhibition of Salmonella
growth and subsequently a decrease in the risk of causing infection in humans (Gast & Holt, 2000).
Yet, there are conflicting data regarding the impact of storage temperatures on Salmonella, which may
contribute to the disparity between international recommendations for egg storage. Refrigeration at
4°C, for example, has been shown to reduce Salmonella Enteritidis penetration through the shell
membrane (Miyamoto et al., 1998). Cooling, however, can extend the survivability of Salmonella spp.
on the eggshell and cannot reduce the amount of bacteria already present inside the egg (EFSA, 2014).

The conditions on a dry eggshell may induce a low metabolic state in Salmonella that may enable
bacteria to survive for longer periods at low temperatures (Radkowski, 2002; Messens et al., 2006).
The low temperature at which eggs may be stored poses a risk of contamination spreading from
eggshell surfaces to other food items when eggs are handled. Nevertheless, it is important to note
that Salmonella Enteritidis can be found within the internal contents of eggs, and storing eggs at low
temperatures has been demonstrated to decrease bacteria growth in egg internal contents (Gast et
al., 2010). Thus, how eggs are handled (including exposure to higher temperatures) throughout the
egg supply chain can affect food safety. The egg supply chain is explained in Figure 1.

‘ Primary production i——— Paint of lay
¥

—{ Collection and sorting |
i
— On farm storage (<15°C)
+

Transport |
)

Primary processing Storage (<15°C)

¥

¥
Sorting (removal of unsatisfactory eggs) |
¥

— Washing (cleaning egg surface)
¥

— Candling (detecting cracks and imperfections)

¥
—{ Grading (separating according to weight) |
¥
—{ Packing (protection from damage and cross-contamination) |
v
—{ Storage and transport |
¥ *
| Retail }— Storage at retail outlet (<15°C)
¥ ]
| Consumer H Storage at consumer’s home or catering premises |

Figure 1 Flowchart for shell egg production and processing in Australia.
It was summarised based on FSANZ in Public health and safety of eggs and egg products in Australia (FSANZ, 2009).



3.1 Epidemiology and control of Salmonella on layer hen farms

The first point of Salmonella control is on a farm. Different Salmonella serotypes are routinely
detected in the layer hen farm environment and can enter poultry farms in a variety of ways, including
vehicles, feed, water, humans, wild birds, rodents, reptiles, or insects (Foley et al., 2008; Wales et al.,
2013). According to a statewide cross-sectional survey (2013—2018) conducted by the New South
Wales Government Food Authority, approximately 62% of the environmental samples from Australian
farms were positive for Salmonella spp. (NSW Food Authority, 2022). Although detected in the
environment, Salmonella contamination on eggs is low in cage egg farms and can be further reduced
by egg washing (McWhorter & Chousalkar, 2020). Low levels of Salmonella were also detected in the
free range production system, which implies that flock and farm management has an impact on the
level of Salmonella contamination (McWhorter & Chousalkar, 2019). Eggshells taken from the cage
front have been shown to have bacterial titres as high as 10° CFU/egg (Gole et al., 2014a). There is a
correlation between environmental Salmonella contamination, eggshell contamination, and human
illness, which is of importance to the industry (Moffatt et al., 2017).

The primary mode of Salmonella transmission is oral-faecal, and infection typically does not cause
clinical symptoms in birds (Andino & Hanning, 2015). Salmonella can survive and persist in the farm
environment for extended periods, which can lead to long-term infection of birds and the build-up of
Salmonella in the shed environment. Therefore, measures are taken to control the infections of birds
in poultry farms. Vaccination of laying birds is one of the most extensively utilised control strategies.
The Salmonella Enteritidis control programs in the UK include implementing vaccination in parent
birds and laying hens, use of feed additives hygiene and biosecurity practices. This has resulted in the
decline of S. Enteritidis cases in humans (Cogan & Humphrey, 2003).

3.2 Epidemiology of Salmonella in vaccinated flocks

The British Lion Code of Practice mandate that all poultry flocks are vaccinated for SE has been linked
with a substantial drop in the number of documented human salmonellosis cases (Cogan & Humphrey,
2003). In the US, the total rate of Salmonella infections has not decreased in the last 25 years, but the
widespread vaccination of hens against ST has recently led to a decrease in this serotype (CDC, 2023).

In Australia, there are two live, attenuated S. Typhimurium vaccines available for commercial use.
Vaxsafe® ST (Bioproperties Pty Ltd, Ringwood, VIC, Australia) and Poulvac® ST (Zoetis, Australia) are
both mutant S. Typhimurium strains that have been attenuated through the disruption of the aroA
gene (Bachtiar et al., 2003). Several laboratory-based trials have been conducted to evaluate the
efficacy of these live, attenuated S. Typhimurium vaccines. Birds administered these vaccines develop
humoral immunity to Salmonella (Groves et al., 2016; McWhorter & Chousalkar, 2018) and the use of
live, attenuated strains has been shown to provide cross-protection against other Salmonella
serotypes (Muniz et al., 2017). The co-administration of a commercial S. Typhimurium vaccine and a
killed prototype S. Enteritidis vaccine resulted in a cross-protective immune response (Scott et al.,
2021). However, there have been limited trials conducted on farms demonstrating vaccine efficacy on
a production scale. A recent Australian study evaluated the effects of vaccination of layers against
S. Typhimurium on the prevalence of the organism in the shed environment (Sharma et al., 2018).
Because of other farm management practices, the prevalence of Salmonella Typhimurium in the sheds
participating in the study was low, making it difficult to ascertain the contribution of vaccination
against Salmonella Typhimurium (Sharma et al., 2018).

Between 2017 and 2019, 75% of NSW commercial layer flocks were vaccinated with Vaxsafe® ST, and
a reduction in salmonellosis cases was observed in the human population (McLure et al., 2022). This
decrease was, however, likely multi-factorial. Along with the vaccinations, the use of feed additives,



such as organic acids, may have contributed to the reduction of Salmonella in these flocks as well as
improvements in biosecurity. Additionally, during this period, the NSW Food Authority invested
resources in the training of food handlers, increasing awareness of egg safety. Nevertheless, the
evidence suggests that vaccination of hens significantly reduces the quantity and persistence of
intestinal colonisation, which contributes to a reduction of bacteria on farms (EFSA, 2004). In
experimental settings, Salmonella vaccination was correlated with a reduction in shell egg
contamination (Woodward et al.,, 2002). Thus, vaccinating layer hens, together with other
preventative measures, such as cleaning and disinfecting, the inclusion of feed additives (such as
organic acids), strict hygiene, biosecurity, and rodent control all contribute to the reduction of
Salmonella in poultry flocks (Desin et al., 2013; O'Brien, 2013; Groves et al., 2016).

3.3 Salmonella contamination routes of eggs

The oral-faecal route of transmission is most common for Salmonella. Layer hens can become infected
with Salmonella and intermittently shed bacteria in their faeces contaminating the shed environment.
This can lead to a build-up of Salmonella, which can contribute to the re-infection of hens. Eggs can
become contaminated either vertically or horizontally. Vertical transmission occurs when bacteria
contaminate eggs before oviposition, originating from an infection of reproductive organs with
Salmonella (Timoney et al., 1989; Keller et al., 1995; Miyamoto et al., 1997; Gantois et al., 2009).
Vertical transmission is most associated with S. Enteritidis, which has a high tropism for the layer hen
oviduct (De Buck et al., 2004; Gantois et al., 2009). Vertical transmission has been reported for other
serovars, such as S. Typhimurium (Keller et al., 1997; Okamura et al., 2001; Gast et al., 2011). These
laboratory trials, however, used high inoculum doses or atypical routes of bacterial administration
that are not an accurate reflection of the farm environment.

Horizontal transmission occurs when eggs become contaminated with Salmonella from the
environment (De Reu et al., 2006). Eggshells of birds infected with S. Typhimurium were consistently
positive for bacteria but internal contents were negative (Pande et al., 2016). Similar results were
observed during long-term longitudinal studies investigating S. Typhimurium-positive egg farms (Gole
etal., 2014a; Gole et al., 2017). These results indicate that the contamination of egg internal contents
with S. Typhimurium is uncommon, and that horizontal transmission is the likeliest route for this
serotype. Therefore, it is crucial to minimise the contamination of shell eggs at all points of production,
from laying on the farm to handling by the consumer before consumption. Improper handling of eggs
can lead to secondary contamination of other slightly cooked or uncooked egg-containing products,
such as mayonnaise and ice cream, which may be potentially hazardous and lead to outbreaks
involving large numbers of people (Lublin & Sela, 2008).

In Australia, there is a low frequency of Salmonella-contamination amongst commercially produced
eggs (DeWinter et al., 2011; Gast & Guraya, 2013), with 3.5% Salmonella positive samples isolated
from external of the retail eggs (Fearnley et al., 2011). Despite this, a significant number of human
cases of salmonellosis occur each year. Contamination of eggshells may occur either on or off the farm,
along the supply chain, or during egg handling (Chousalkar & McWhorter, 2016). In Australia, primary
processing for shell eggs includes sorting, washing, candling, grading, packing, and storage (FSANZ,
2009) (Figure 1). According to the voluntary Code of Practice by Australian Eggs (2010), egg collection
should be carried out no less than once daily and stored at temperatures below 15°C (+ 3°C).

3.4 Egg washing

Egg washing is used by many commercial farms to minimise bacteria on the eggshell surface. However,
washing chemicals may change the eggshell surface and harm the cuticle layer, which may facilitate
the migration of Salmonella through eggshell pores (Gole et al., 2014b). Egg washing is therefore
prohibited in the UK and the rest of the European Union because of the risk of Salmonella replication
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within eggs and shell membranes (British Egg Industry Council, 2013).

Egg washing has been adopted by many countries and it can result in a significant decrease in the
mean percentage of Salmonella-positive eggs (McWhorter & Chousalkar, 2020). Moreover, it has been
shown that egg washing does effectively decrease microbial contamination on the egg surface, which
reduces the likelihood of Salmonella penetrating the egg contents (Hutchison et al., 2004; Messens et
al., 2011). Regardless of storage temperature, the presence of faeces on eggs will increase the chance
of Salmonella from egg surfaces becoming cross-contaminated, thus washing is an important step in
the primary processing of eggs (Kingsbury et al., 2019). Therefore, shell eggs are recommended to be
washed before transporting them to the retail premises (Australian Eggs, 2010). Eggs with a high
amount of faecal material are deemed ‘unacceptable’ and are not included in the supply chain. These
eggs are removed prior to egg washing to minimise the contamination of wash water.

The most prevalent method of egg washing in Australia is wet egg washing, which includes a prewash
with detergent, followed by sanitising, rinsing, and drying (Chousalkar & McWhorter, 2016). Australian
Eggs (2010) suggests that during prewash, the water temperature is maintained between 41°C and
44°C, and egg detergent is used. It is important to maintain a temperature during washing to avoid
the ingress of bacteria from the eggshell through the pores to the internal contents (Chousalkar &
McWhorter, 2017). To sanitise eggs, it is recommended that the water used is 3—4°C warmer than the
prewash step, and an egg-safe and approved sanitiser is used. A temperature differential can lead to
a negative pressure environment facilitating the movement of Salmonella through the pores.

Finally, eggs should be air-dried or mechanically dried after washing in clean water (Australian Eggs,
2010). Increasing the temperature at each step is necessary to prevent bacterial ingress across the
shell during the washing step (Galis et al., 2013). However, it has been observed that egg-washing
chemicals may have the potential to change the eggshell surfaces and may harm the protective cuticle
layer. Increased penetration of S. Typhimurium in washed eggs was observed compared with
unwashed eggs (Gole et al., 2014c), which could be due to the damage to the cuticle. The presence of
a positive temperature differential, along with moisture, creates an optimal environment for bacteria
to penetrate the eggshell (Berrang, 1999). Accordingly, appropriate processing and handling after
washing should be implemented to minimise the potential for contamination.

Following washing, it is necessary to undergo a candling and visual check process to detect any cracks
or imperfections in the eggs to ensure that they are of good quality (FSANZ, 2009; Australian Eggs,
2010). The next step is to feed eggs onto either a manual or automatic egg grading machine. The eggs
are then graded and packed according to their weight, and labelled with a best-before date. During
transportation, it is crucial to prevent contamination and the growth of any surviving microorganisms
to ensure the safety and quality of the eggs. Proper measures must be taken to transport the eggs
from the farm to the retail outlet in a manner that ensures this. Thus, it is recommended that shell
eggs be stored below 15°C (+3°C) during all stages, including at the farm, during transport, and at the
retail outlet (Australian Eggs, 2010). It is also important to avoid large temperature fluctuations at
each stage until eggs reach the consumer. Temperature variation can cause condensation on the
surface of eggshells and increase the risk of contamination through ingress of bacteria through the
shell pores (Bradshaw et al., 1990; Australian Eggs, 2010). Decisions regarding egg storage and shelf
life are influenced by the effect of storage temperature on Salmonella contamination inside and on
the surface of eggs (Kingsbury et al., 2019).

Storage temperature along the supply chain can influence egg quality as well as the growth and
persistence of Salmonella on and in the eggs’ internal contents. Salmonella replication has been
observed at temperatures between 7 and 48°C, but reduced rates of replication were observed at
temperatures lower than 10°C (Chen et al., 2005). Similar results were obtained by Gast and Holt (2000)



showing that rapid proliferation in the egg yolk occurred at 17.5 and 25°C, however, the growth of
Salmonella at temperatures below 10°C was reduced. Post-lay, the internal temperature known to
inhibit Salmonella growth in eggs cannot be achieved immediately. Moreover, the validity of
Salmonella inhibition at low temperatures is dependent on the site (eggshell versus internal contents)
as well as the level of contamination (Gast & Holt, 2000). Storage of eggs at room temperature speeds
up the degradation of the vitelline membrane, while the integrity of the vitelline membranes showed
better preservation at 4°C, and to some extent at 10°C (Chen et al., 2005). Vitelline membrane is a
protective barrier for the egg, and degradation can enhance Salmonella penetration across egg
contents to the egg yolk.

It should be emphasised that limited studies have investigated Salmonella survivability on the surface
of eggs stored at 15°C or lower, which is the current Australian practice. While rapid multiplication of
Salmonella Enteritidis has been observed in the yolk of shell eggs stored at 16°C (Bradshaw et al.,
1990), there is limited investigation that has been conducted using serovars commonly found in the
Australian egg industry.

3.5 Storage in the domestic kitchen and retail premises

The rise in human cases of Salmonella infection associated with eggs has prompted egg producers to
implement on-farm intervention approaches and increase recommendations for consumers regarding
the safe handling and consumption of eggs and egg products. Therefore, eggs must be properly stored
not only at retail premises but also at consumers’ homes to maintain their quality and safety.
Australian Eggs (2010) recommends that eggs should be stored under 15°C for retailers and
wholesalers and at refrigeration temperature (5°C or less) for the public. However, it is common for
eggs to get stored at ambient temperatures in retail settings or small grocery shops across Australia.
Eggs are also often left on the bench at room temperature for several hours before use. Several studies
found slow or negligible growth of Salmonella in egg yolk was observed at 7°C or below (Kim et al.,
1989; Bradshaw et al.,, 1990; Clay & Board, 1991; Saeed & Koons, 1993; Lublin & Sela, 2008).
Salmonella can multiply rapidly in egg yolks stored at room temperature, leading to significant
increases in population. For instance, studies have shown that Salmonella in egg yolks can have
replication times as short as
35 min at 37°C, and 3.5 hours at 15.5°C (Bradshaw et al., 1990). Compared to storage at 8°C and 20°C,
a better inhibition effect has been found at 4°C (Gross et al., 2015; Pasquali et al., 2016). Yet, even if
cold storage is applied for the public, at farms or during transport eggs might have been exposed to
temperatures allowing Salmonella to grow before purchase. In such cases, refrigeration at the
consumer stage may not effectively reduce the risk of Salmonella contamination (Cardoso et al., 2021).
Besides, Salmonella on eggshell surfaces can lead to cross-contamination in the kitchen. During
processing, bacterial contamination of food items might be facilitated by bacterial adherence to inert
equipment surfaces (Fletcher & Floodgate, 1973), and the adhesion capability is influenced by
temperature, pH, bacterial properties, and nutrient availability (Keevil et al., 1987).

Nevertheless, shell eggs are still displayed at ambient temperature in retail premises. Also, consumers
are not aware of the significance of egg storage temperature on food safety, which may influence the
risk of salmonellosis associated with the consumption of eggs and egg products at every stage of the
food journey, from shopping to serving. Most previous studies were conducted at constant
temperatures; however, constant temperatures may not fully replicate real-world scenarios. It has
been found that a significant proportion of refrigerators have temperatures higher than 7°C, and it
was observed that the highest temperature within the refrigerator was typically found near the door
(Cardoso et al.,, 2021). Frequent door opening may result in temperature fluctuations and
condensation on the eggshell, and temperature fluctuations can lead to increased Salmonella levels
within the egg (Okamura et al., 2008). However, storing eggs at a temperature above 7°C is commonly



observed, which facilitates the growth of Salmonella, from the time they are laid until they are
purchased. As a result, eggs with high levels of Salmonella can be introduced into the processing chain
and ultimately reach consumers (Cardoso et al., 2021). Time and temperature are known to be crucial
factors in controlling the growth of Salmonella; consumers typically have limited control over these
factors before retail. Moreover, consumers are often not provided with information regarding the
specific time and temperature conditions that eggs have been exposed to earlier in the supply chain.
Therefore, the food regulations regarding shell egg storage can be important in controlling the level
of Salmonella in eggs, and thus the risk of Salmonella infections.



4 Salmonella survival and invasion in eggs

A common recommendation for reducing the microbial risk associated with eggs is refrigeration,
which inhibits microbial growth. It has also been shown that egg storage at 4°C resulted in greater
retention of weight and volume, and a relatively lower aloumen pH (Chen et al., 2005). The pH value
of egg whites observed a quicker increase at higher storage temperatures due to the carbon dioxide
released via eggshell pores, from 7.6 to 9.3 within a few days (Baron et al., 2016). The heterogeneous
structure of egg white has a viscosity that is 35 times higher than that of water, which limits the
movement of bacteria in egg white, thus restricting the availability of nutrients needed for bacterial
growth (Baron et al., 2016). It is also interesting to note that the bactericidal effect of albumen under
room temperature is multifactorial. On one hand, the pH value increases faster at room temperature
compared with refrigerated temperatures and creates an unfavourable condition for bacteria (Tranter
& Board, 1984; Kang et al., 2006), and the alkaline environment promotes the antibacterial effect that
further limits the acquisition of iron (Tranter & Board, 1984; Okamoto et al., 2004). On the other hand,
the gel structure in albumen can be disrupted as the pH increases, and thus decreases the viscosity,
which creates more favourable conditions for microorganisms to penetrate and to proliferate within
the eggs, and lysozyme activity is significantly affected by higher temperatures and pH (Venkataramani
et al., 2013).

Although egg storage requirements may not be in complete agreement with the results of previous
studies, these findings serve as a scientific foundation for the existing temperature requirements for
egg storage and transportation set by the USDA (United States Department of Agriculture) and FDA
(Food and Drug Administration), which further emphasise the significance of maintaining low
temperatures as a crucial measure in controlling and preventing the growth of Salmonella in eggs upon
lay (Chen & Thesmar, 2008). Messens et al. (2004) also suggest that, even when albumen is
contaminated, chilling practices are implemented soon after lay to prevent Salmonella from
developing in eggs. In brief, the initial degree and location of contamination, the likelihood of nutrient
or microbial migration within eggs during storage, and the pace at which growth-restricting
temperatures are attained all affect how well egg refrigeration works to prevent the replication of
S. Enteritidis.

4.1 Natural egg defence

The egg is equipped with several physical barriers, including the shell, cuticle, and membranes
(Figure 2), which act as a defence against microorganisms and other substances that may penetrate
the egg contents. The cuticle, the primary barrier against bacterial invasion, plays a crucial role in
protecting the egg’s contents from microorganisms. It is formed after mineralisation, which is on the
surface of the egg, and it covers and fills the shell pores (Dunn, 2004). The cuticle allows for gas
exchange while preventing microorganisms from entering the egg (Sparks & Board, 1984). As eggs age,
the cuticle becomes dehydrated, causing it to shrink and exposing pores to a higher risk of bacterial
penetration (Mayes & Takeballi, 1983). It has been demonstrated that improved deposition of the
cuticle will enhance the egg's inherent ability to resist bacterial invasion (Bain et al., 2013), which may
decrease the transmission of diseases vertically and horizontally (EFSA, 2011a).

Albumen, more commonly known as egg white, possesses various antimicrobial activities (Julien et al.,
2019), including high pH inhibiting bacterial growth (Sharp & Whitaker, 1927), high viscosity limiting
the movement of microbes (Schneider & Doetsch, 1974; Yadav & Vadehra, 1977), and osmotic stress
caused by high osmolarity (Clavijo et al., 2006). Egg white contains several antibiotics, particularly
lysozyme, which is around 3.5 g/L (Baron et al., 2016). Lysozyme is a protein that can hydrolyse the
1,4-glycosidic bonds between N-acetylmuramic acid and N-acetylglucosamine in the polysaccharide
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layer of the Gram-positive bacterial cell walls (Baron et al., 2016; Ferraboschi et al., 2021), and
accounts for 3.4-5.8% of the total proteins in egg white (Wilcox & Cole, 1957; Sauter & Montoure,
1972). It has been regarded as an endogenous antibiotic that can disrupt cell walls (Fleming, 1922),
whereas the antibacterial effect is noticeably reduced on Gram-negative bacteria because the
lipopolysaccharides layer covering the outer membrane provides a protective effect (Ferraboschi et
al., 2021).

In addition to the physio-chemical characteristics of egg white, ovotransferrin (oTf), a substance in egg
white that restricts the availability of iron which is essential for bacterial growth (Garibaldi, 1970;
Andrews et al., 2003), can offer additional protection against pathogens. Due to the low concentration
of iron (25 umol/L) and high concentration of oTf (1.7 mmol/L) in aloumen, it may be assumed that all
the iron is chelated by oTf, given the protein's high affinity for iron and capacity to chelate two iron
atoms per molecule (Baron et al., 2016). The bacteriostatic activity of oTf against Gram-negative
bacteria appears to be mediated by separate processes, according to the available information. First,
there's the well-known iron-deprivation effect, which essentially explains why egg white has
bacteriostatic properties towards S. Enteritidis. It is also possible for oTf to directly interact with
S. Enteritidis” outer membrane, allowing the outer layer to permeate and have bactericidal effects as
a result (Baron et al., 2016). To contaminate the egg contents, pathogens need to penetrate the
eggshell, shell membrane, and undesirable growth conditions of albumen.

Chalazae -.._ .~ Eggshell

..~ Outer membrane
Vitelline membrane -~

.~ Inner membrane
Germinal disk ... )

—— Thin albumen

Yolk -\

“~7==- Thick albumen

Cuticula =~

— — — - Aircell

Figure 2 The composition and structure of an egg

4.2 Effect of time and temperature on the survivability of Salmonella on
and in eggs

The survivability and invasiveness of Salmonella on and in eggs are influenced by various factors, such
as the quality and integrity of the eggshell (De Reu et al., 2006; Chousalkar et al., 2010; Gole et al.,
2014c; Gole et al., 2014b), the environmental conditions in which eggs are stored (Lublin et al., 2015;
Whiley et al., 2016), and the serotypes involved (Gast et al., 2007). Although S. Enteritidis is mainly
associated with vertical transmission (De Buck et al., 2004; Gantois et al., 2009), non-Enteritidis
Salmonella serotypes can internalise and survive within egg contents despite the antimicrobial
properties, particularly of the albumen. Isolates of S. Typhimurium have been found to contain genes
conducive to Salmonella survival in egg aloumen (McWhorter & Chousalkar, 2015; McWhorter et al.,
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2015). Yet, instead of direct infection of egg contents it is thought that cross-contamination of food,
or food contact surfaces, with non-Enteritidis Salmonella strains is the primary method of transmission
to humans (Glass et al., 2016). As a result, rather than its impact on internal contamination processes,
considering the effect of storage temperature on Salmonella survival on external egg surfaces may be
more crucial to consider (Kingsbury et al., 2019). The surface used for egg breaking should also be
regarded as a potential source of cross-contamination, as well as the potential hazards posed by
crushed eggshells (Whiley et al., 2016). Salmonella found on the eggshell highlights the significance of
handling eggs properly in the food industry and in the kitchen to prevent cross-contamination of other
food products (Chousalkar et al., 2018).

Storage conditions on the survivability of Salmonella on and in eggs have been intensively studied but
there is considerable variation in the outcomes of bacterial survival and egg storage. Salmonella on
the eggshell surface reduces with time rather than increasing (Lublin et al., 2015; McAuley et al., 2015;
Park et al., 2015; Pasquali et al., 2016), and some studies claimed that higher storage temperatures,
such as 25°C compared to 12 or 4°C, led to a quicker decline in Salmonella viability on eggs, and thus
the reduced risk of Salmonella infection on eggshell surfaces was observed at room temperature (25°C)
rather than when stored at 12°C or 4°C (Park et al., 2015). The longer survival of bacteria in cold
environments was due to the metabolic activities that were suppressed at refrigerated temperatures,
as the temperature-dependent enzyme-catalysed process is significantly diminished at low
temperatures (Jay et al., 2005). However, the decreased viability of Salmonella on eggshells does
equate to a reduced risk of Salmonella infection. S. Hessarek, for example, can migrate from the
eggshell surfaces to the eggshell pores and survive at both 5°C and 25°C for 72 h, while the ability to
penetrate and survive in eggshell pores and internal contents was significantly influenced by storage
temperature, and was more commonly found in eggs kept at 25°C (Lin et al., 2021). Several studies
have demonstrated that when internal egg contents were contaminated with Salmonella, increased
survival and rapid replication were seen at room temperature (Appendix Table 1) (Oliveira & Silva,
2000; Chen et al., 2005; Okamura et al., 2008; Gurtler & Conner, 2009; Gast et al., 2010; Lublin et al.,
2015; Kingsbury et al., 2019). Only a small number of cells (102 CFU) is required to infect susceptible
individuals (Fabrega & Vila, 2013), and if contaminated eggs are not kept under refrigeration, these
would pose an increased risk throughout storage (Hammack et al., 1993); if they are refrigerated from
the time they are laid, a significantly reduced rate of bacterial penetration into the egg contents will
be observed (Lin et al., 2021).

4.3 Egg spoilage and egg quality

Eggs can deteriorate during storage either microbially or non-microbially. In addition to Salmonella,
Gram-positive bacteria from the genera Arthrobacter, Bacillus, Micrococcus, and Staphylococcus, and
Gram-negative bacteria of the genera Pseudomonas, Proteus, Alcaligenes, Aeromonas, and coliforms,
are the most common contaminants of eggs (Erkmen & Bozoglu, 2016). Eggs can also become spoiled
by mould, which is typically referred to as spots, because mycelial growth forms on the egg (Erkmen
& Bozoglu, 2016). In terms of non-microbial spoilage, the yolk membrane weakens and albumen gets
thinner and watery as the egg ages, although the low temperature and low humidity can prohibit the
growth of microorganisms, they may lead to a quicker water loss in eggs and cause undesired quality
change (Erkmen & Bozoglu, 2016). Therefore, maintaining the egg quality during storage is important
for the extension of shelf life.

According to current industry standards, eggs should be stored for no more than 35 days after being
laid (FSANZ, 2018). This recommendation was determined based on a yolk mean time modelling
approach, which evaluated the duration for which eggs could be kept at a specific temperature before
the internal conditions of 20% of those eggs would become favourable for the growth of Salmonella
(Whiting et al., 2000; Thomas et al., 2006; MPI, 2019). Various factors can affect the risk of acquiring
salmonellosis from eating eggs, such as the source of the eggs, the type of food, and the temperature
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and duration of storage (Mokhtari et al., 2006; Thomas et al., 2006).

Storage conditions influence the eggs’ internal quality. Albumen quality is often determined by Haugh
units (HU), which measure the height of the air cell and the height of the thick albumen (Haugh, 1937)
and are an important parameter during the egg grading process. Salmonella may grow at 16°C in
18 days, in 10 days if kept at 22°C, and in 4.6 days if stored at 30°C (Thomas et al., 2006). It has been
observed that the permeability of the vitelline membrane and viscosity of aloumen change throughout
storage time, allowing S. Enteritidis to penetrate the yolk (Chen et al., 2005). The vitelline membrane
is made up of a layer of glycoproteins on top of a collagenous matrix (Clay & Board, 1991). The porosity
of the membrane was increased as glucose in the albumen interacted with these proteins if eggs were
stored higher than 6°C, and yolk contents could be released into the albumen after 21 days at 20°C,
supporting the growth of bacteria (Clay & Board, 1991; Humphrey & Whitehead, 1993; Messens et al.,
2004). Therefore, egg quality can be better retained in cool storage, and as a result, bacterial
penetration and growth are reduced. However, viable cells may still exist even though refrigeration
may prevent proliferation. To enhance food safety, refrigeration storage may need to be mandated
from shortly after the eggs are laid until just before preparation and consumption.
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5 Salmonella virulence in human post-
consumption of eggs or egg products

5.1 Clinical disease

In the EU, characteristics are evaluated to determine if a Salmonella serovar is of significant public
health concern, including the likelihood that it may cause human salmonellosis, the frequency with
which it affects animal populations, the speed with which it spreads, and indications of enhanced
virulence (Moffatt et al., 2017). Like many other infectious illnesses, the immune system of the host
and the inoculation dosage affect how the infection develops and progresses (Sanderson & Demerec,
1965).

Nontyphoidal salmonellosis is the most prevalent cause of hospitalisations and mortality among
foodborne infections. Symptoms including nausea, vomiting and diarrhea are normally self-limiting,
and persist for around seven days (Andino & Hanning, 2015). The most common Salmonella serotypes
that cause salmonellosis in the US are S. Typhimurium and S. Enteritidis (Altekruse et al., 1997).
Patients with immunological weaknesses have been shown to experience a greater incidence of
bacteremia (Sperber & Schleupner, 1987).

5.2 Salmonella infection of the human gut

An infection typically requires 10° bacterial cells to occur, but it has been demonstrated that lower
doses of bacteria can also lead to the onset of disease, particularly in more susceptible people such as
the elderly, infants, and patients with chronic gastrointestinal diseases (Giannella et al.,, 1972;
Arvanitakis, 2010). Upon consumption, many bacteria are killed by the acid in the stomach, but some
Salmonella can develop the mechanism to survive under this lethal acidity (Foster, 1991), and pass
through the stomach and reach the small intestine. Salmonella then attaches to the epithelial cells of
the intestinal mucosa through fimbriae, and endotoxins are released. These endotoxins activate
intracellular cyclic adenosine monophosphate (cAMP), leading to the secretion of water and
electrolytes from the bloodstream into the intestinal lumen. This process results in secretory diarrhea
characterised by the rapid loss of a large volume of fluids due to the immediate action of toxins
(Arvanitakis, 2010). Another important aspect of Salmonella enteric infection is the bacterial
infiltration of the intestinal mucosa and the subsequent acute inflammation. Fever and diarrhea are
clinical symptoms of this bacterial invasion and inflammation (Arvanitakis, 2010).

5.3 Virulence factors

The virulence of Salmonella spp. is influenced by various factors that involve the different stages of
Salmonella infection. These factors include the production of toxins such as lipopolysaccharide (LPS)
endotoxin, enterotoxin, and cytotoxin; the mechanisms for colonisation, adhesion, and invasion of
host cells; and the ability to survive inside host cells (Madigan & Martinko, 2007). For instance, hilA
encodes a transcriptional regulator belonging to the OmpR/ToxR family, which is required for
Salmonella invasion (Bajaj et al., 1995). Environmental factors include temperature, pH, oxygen
tension, and osmolarity. One of the most significant stresses on Salmonella spp. is the temperature
(Castelijn et al., 2012; Yang et al., 2016), which has a crucial role in the transfer of bacteria across hosts,
and is one of the main variables controlling their metabolic, growth, and pathogenic gene expressions
(Sirsat et al., 2011; Shah et al., 2013). S. Enteritidis that may be present in eggs is more heat-susceptible
when exposed to low temperatures prior to heating (Humphrey, 1990b) so there is a higher likelihood
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that these microorganisms can be effectively eliminated through cooking. On the contrary, the
survivability of Salmonella in egg contents was found to be enhanced at 5°C, since the expression
levels of survival and stress response-related genes, yafD, prop, and rpoS, were significantly greater at
5°C compared to 25°C (Lin et al., 2021). Additionally, Salmonella’s survival rate is enhanced by
synthesising the cold shock proteins (CSPs) when experiencing a temperature decline from 30°C to
10°C (Andino & Hanning, 2015), which also allows the resumption of replication later (Craig et al., 1998;
Jeffreys et al., 1998; Kim et al., 2001).

From the overall perspective, increased expression of virulence-related genes at 5°C may not lead to
an increased risk of Salmonella infection or a more severe disease. Warmer temperatures of egg
storage may lead to increased potential of Salmonella multiplication in the yolk, whose nutrients may
cause the expression of certain virulence genes via biochemical linkage (Morales et al., 2005). It has
also been found that the virulence of S. Enteritidis was enhanced when grown in egg yolk. Mice that
were fed egg yolk infected with S. Enteritidis had enhanced colonisation of S. Enteritidis in the
intestines, increased faecal shedding, a higher extent of organ damage, and displayed more severe
illness symptoms than those fed S. Enteritidis infected Luria Bertani broth or faeces (Moreau et al.,
2016). Investigation into the virulence of Salmonella grown in albumen is also important, as egg white
is a relatively harsh environment for it to survive. It was observed that the virulence of S. Enteritidis
was not impacted by pre-incubation in a medium that resembled egg white from mouse and chicken
models (Baron et al., 2004), and a decreased virulence was observed of S. Enteritidis grown in an
alkaline medium from a mouse model (McDermid et al., 1996). Baron et al. (2004) illustrated that egg
white conditions may not cause adequate or long-lasting changes to provide cells a benefit or a
disadvantage during infection. Motility is also an important virulence factor for S. Enteritidis to grow
in eggs, as evidenced by the inability of non-motile Salmonella serovars Gallinarum and Pullorum to
proliferate under these circumstances, which may be prevented since the lack of flagella limits passage
through the albumen towards the nutrient-rich yolk (Cogan et al., 2004). The curli fimbriae are also
related to bacterial movement, the production of which plays a key role in enabling frequent yolk
invasion. Interestingly, the production of curli fimbriae is suppressed below 20°C, thus may contribute
to S. enterica serovar’s reduced ability to proliferate in eggs at lower temperatures (Cogan et al., 2004).
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6 Salmonella mitigation practices on egg farms
in Australia

The frequency of Salmonella on retail eggs in Australia is low. The most recent reported prevalence
of Salmonella on Australian retail eggs (outside of the egg) was 3.5% (Fearnley et al., 2011). Current
quality assurance, animal husbandry, and biosecurity practices recommended by Australian Eggs have
been adopted by producers nationwide to mitigate Salmonella on farms and subsequently through
the supply chain. Below is a summary of some of the common Australian egg producer practices used
to reduce Salmonella in the farm environment.

Intermittent shedding of Salmonella in the faeces of a persistently infected layer can contribute to the
contamination of the shed environment as well as equipment. Reducing the load of Salmonella in birds’
various intervention strategies contributes to minimising egg contamination. Rodents and insects can
transmit Salmonella to layer hens. To combat this, Australian producers follow rodent control
practices to minimise pests on farms.

Other on-farm mitigation strategies target the reduction of faeces on egg contact surfaces. An egg laid
in an environment highly contaminated with faecal material is at risk of becoming contaminated with
Salmonella. Thus, nest boxes and egg belts are to be kept clean and free of faeces. Eggs covered in
faeces are classified by Food Standards Australia New Zealand as ‘unacceptable’ and cannot be sold.
Cracked eggs also represent a risk for Salmonella as bacteria can migrate through the shell into the
egg internal contents. Cracked or damaged eggs can also lead to the contamination of egg-handling
equipment. Yolk has been shown to support the growth of Salmonella, which can lead to
contamination of equipment. Routine cleaning of egg belts, rollers, and suction cups also contributes
to the control of Salmonella. Cleaning of the egg grading floor and equipment also contributes to
Salmonella control.

The implementation of the ESA program for egg producers in Australia has also played a vital role in
Salmonella mitigation in the egg industry. The National Salmonella Enteritidis Monitoring and
Accreditation Program (NSEMAP) is also available to all egg producers in Australia exporting eggs to
overseas markets. As part of this program, egg farms that export eggs are involved in regular
Salmonella surveillance on-farm.

Strict biosecurity practices also contribute to the mitigation of Salmonella on poultry farms. Training
of staff in areas of food safety and biosecurity is an important component of risk mitigation. Control
of vehicles on the farm and avoiding the sharing of vehicles and other equipment minimises the
transmission of Salmonella between farm properties. Staff and visitor login records requiring details
on prior exposure to poultry, illness, and international travel are also important biosecurity measures.

In addition to biosecurity practices, there are several interventions such as use of probiotics (Khan &
Chousalkar, 2021), organic acids (Thompson & Hinton, 1997) and prebiotics (Markazi et al., 2018),
which have been tested for their efficacy in reducing the Salmonella level on-farm. Previous studies
recorded that a continuous feeding of probiotic supplement can significantly reduce the level of
Salmonella in layer flocks (Khan & Chousalkar, 2020).
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7 Conclusion

At a national level, the number of egg-related Salmonella outbreaks in humans declined over the
past 5 years. This reflects the current on-farm intervention strategiesas well as strategies
implemented by food regulators for food handlers. There were human S. Enteritidis cases that were
linked to egg farms but, those have been contained with mass culling and disinfection of infected
properties. In Australia, on farms, freshly collected eggs stored in egg storage rooms that are generally
set at a temperature of < 16°C, and this temperature control chain is carefully maintained/monitored
in the egg grading floor settings. Some Australian supermarkets store eggs at refrigeration
temperature on the shelf, however, this practice is not consistent in many retail outlets or grocery
stores across Australia. It is important to note that Sa/lmonella can still survive at lower temperatures
and replicate if exposed to a favourable environment. The results of studies investigating Salmonella
survival in different parts of eggs stored at refrigeration or room temperature were variable and strain
dependent.

The virulence of Salmonella serovars in egg contents stored at refrigeration versus room temperature
is yet to be understood. Before the implementation of any policies on egg refrigeration in
Australian conditions, robust scientific evidence is required to study the behaviour of
Australian Salmonella strains in terms of their multiplication, viability, and virulence in egg contents,
stored at supply chain-relevant temperatures. This needs further investigation.

17



8 Research gaps and recommendations

8.1 On-farm control of Salmonella

In Australia and overseas, there is a large body of literature on Salmonella epidemiology, the risk
factors, and the level of egg contamination. Several studies have evaluated the effectiveness of
Salmonella intervention strategies on-farm including vaccination, use of in-feed organic acids, and
probiotics. In Australia, many egg farmers follow a combination of the above-mentioned intervention
strategies to reduce the risk of Salmonella. Many large-scale Australian egg farms have started
vaccinating their flocks against Salmonella. While none of these interventions eliminate Salmonella
spp., there is also a challenge of emerging Salmonella serovars. Hence, ongoing monitoring of
Salmonella in vaccinated flocks provides valuable information. Although some jurisdictions Salmonella
reference labs can provide the Salmonella serovar specific information and the sample type/source,
there is a lack of scientific evaluation on such information. Moreover, decisions about Salmonella
testing is influenced by the budget, veterinary advice, and quality assurance (QA) practices adopted
by farms.

Recommendation 1: Ongoing Salmonella surveillance in Salmonella-vaccinated layer flocks

Salmonella vaccination is now widely practiced in New South Wales and other states across Australia.
There are also not many studies that investigated the duration of the immunity during the rearing
after Salmonella vaccination. Longitudinal studies are required to screen Salmonella shedding and its
prevalence in Salmonella-vaccinated flocks housed in different production systems.

Recommendation 2: Ongoing workshops/information sessions on food safety for egg farmers
and/or farm employees

On-farm shedding and the prevalence of Salmonella are influenced by management practices adopted
on egg farms. Given the consumer demand for cage-free eggs, the number of new small-scale egg
farms (farm owners with variable farming experience) is on the rise. These small-scale egg farms may
not have access to biosecurity-related resources. Hence, continuous extension activities for farm
managers, farm owners, and QA managers is necessary. It is also important to have information
sessions for regulators so that they are aware of the practical limitations of the industry. The
continuous dialogue (in the form of a workshop or round table discussion) between the industry and
regulators is essential. Such dialogue enables joint discussions and decisions on future research that
could address both industry and regulatory issues. Previous studies of egg storage temperatures
indicate that storing eggs at refrigeration temperatures was more effective in controlling Salmonella
levels and better at maintaining egg quality. Eggs, however, are mainly held approximately at 15°C
throughout the Australian egg supply chain. At this temperature, increased survivability on the
eggshell compared to ambient temperatures, and rapid multiplication in the yolk was observed
(Kim et al., 1989; Humphrey, 1990a; Bradshaw et al., 1996; Kingsbury et al., 2019), which indicated
higher risks of Salmonella infection. Also, little has been done on the subsequent virulence of
Salmonella in eggs stored at 15°C in causing salmonellosis. Despite the clear potential public health
advantages that may arise from storing eggs at refrigeration temperatures, concerns have been raised
that the ability of Salmonella to survive through later cooking and processing may be increased
(Chapman et al., 1988). Our preliminary pilot study in mice indicated that there was no significant
difference in Salmonella virulence when mice were fed contaminated egg yolk stored at 5°C vs 15°C.
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Recommendation 3: Further studies are required on the comparative virulence of Salmonella spp.
in eggs stored at < 7°C vs 15°C

Although lower temperature reduces the rate of Salmonella multiplication in egg contents, bacteria
can still survive at lower temperatures such as 7°C. Studies on the comparative virulence of Salmonella
spp. in eggs stored at < 7°C vs 15°C are necessary. Additionally, most studies have been conducted
using S. Enteritidis, the most prevalent serovar in salmonellosis worldwide (EFSA, 2007; Threlfall et al.,
2014; Havelaar et al., 2015). Salmonella Typhimurium, however, is the leading cause of human
salmonellosis in Australia and New Zealand (Whiley et al., 2016). Moreover, S. Hessarek is an emerging
serotype within South Australia (Chinello et al., 2020), but very limited studies have investigated this
serotype and its survivability on and in eggs at various storage temperatures. It is interesting to know
whether there are metabolic variations across serovars in shell eggs and their behaviours at different
storage temperatures, as this may account for the severity and spread of the disease. Therefore, the
temperature of egg storage on the farm and during egg transportation (15°C) is of great significance.

Recommendation 4: Further studies are required to understand the relationship between
fluctuating storage temperature and bacterial virulence

There is no sufficient scientific evidence to suggest how temperature fluctuations affect bacterial

metabolism and virulence. Further studies are essential to understand the relationship between
fluctuating storage temperature and bacterial virulence.

19



9 References

7 CFR Part 56 (2023) Vlountary Grading of Shell eggs. National ArchivesAgricultural Marketing
Service, Department of Agriculture. Available at: https://www.ecfr.gov/current/title-7/part-56

Almonacid, S., Simpson, R., and Teixeira, A. (2007) Heat transfer models for predicting Salmonella
enteritidis in shell eggs through supply chain distribution. Journal of Food Science 72: E508-517.

Altekruse, S.F., Cohen, M.L., and Swerdlow, D.L. (1997) Emerging foodborne diseases. Emerging
Infectious Diseases 3: 285-293.

Andino, A., and Hanning, |. (2015) Salmonella enterica: survival, colonization, and virulence
differences among serovars. The Scientific World Journal 2015: 520179.

Andrews, S.C., Robinson, A.K., and Rodriguez-Quinones, F. (2003) Bacterial iron homeostasis. FEMS
Microbiology Reviews 27:215-237.

Arvanitakis, C. (2010) Salmonella Infections. In Detection of Bacteria, Viruses, Parasites and Fungi.
Viola Magni, M. (ed). Springer, Dordrecht: NATO Science for Peace and Security Series A: Chemistry
and Biology, pp. 125-138.

Australian Eggs (2010) Code of Practice For Shell Egg, Production, Grading, Packing and Distribution.
Australian Egg Cooperation Limited (AECL). Available at:
https://www.australianeggs.org.au/assets/dms-documents/Code-of-Practice-for-Shell-egg-
production-grading-packing-and-distribution-2009.pdf

Bachtiar, E.W., Sheng, K.C., Fifis, T., Gamuvrellis, A., Plebanski, M., Coloe, P.J., and Smooker, P.M.
(2003) Delivery of a heterologous antigen by a registered Salmonella vaccine (STM1). FEMS
Microbiology Letters 227: 211-217.

Bain, M.M., McDade, K., Burchmore, R., Law, A., Wilson, P.W., Schmutz, M. et al. (2013) Enhancing
the egg's natural defence against bacterial penetration by increasing cuticle deposition. Animal
Genetics 44: 661-668.

Bajaj, V., Hwang, C., and Lee, C.A. (1995) hilA is a novel ompR/toxR family member that activates the
expression of Salmonella typhimurium invasion genes. Molecular Microbiology 18: 715-727.

Baron, F., Briandet, R., Lesne, J., Humbert, F., Ablain, W., and Gautier, M. (2004) Influence of a
nonfavorable environment, egg white, on resistance to heat and disinfectant, adhesion, and
virulence of Salmonella enteritidis. Journal of Food Protection 67: 2269-2273.

Baron, F., Nau, F., Guerin-Dubiard, C., Bonnassie, S., Gautier, M., Andrews, S.C., and Jan, S. (2016)
Egg white versus Salmonella Enteritidis! A harsh medium meets a resilient pathogen. Food
Microbiology 53: 82-93.

Bennion, N.L. (1940) Factors Affecting Egg Quality. n.p.: Oregon State System of Higher Education,
Agricultural Experiment Station, Oregon State Agricultural College.

Berrang, M.E. (1999) Bacterial penetrataion of the eggshell and shell membranes of the chicken
hatching egg: a review. Journal of Applied Poultry Research 8: 499-504.

Bradshaw, D.J., Marsh, P.D., Allison, C., and Schilling, K.M. (1996) Effect of oxygen, inoculum
composition and flow rate on development of mixed-culture oral biofilms. Microbiology (Reading)
142 ( Pt 3): 623-629.

Bradshaw, J.G., Shah, D.B., Forney, E., and Madden, J.M. (1990) Growth of Salmonella enteritidis in
Yolk of Shell Eggs from Normal and Seropositive Hens. Journal of Food Protection 53: 1033-1036.

20


https://www.ecfr.gov/current/title-7/part-56
https://www.australianeggs.org.au/assets/dms-documents/Code-of-Practice-for-Shell-egg-production-grading-packing-and-distribution-2009.pdf
https://www.australianeggs.org.au/assets/dms-documents/Code-of-Practice-for-Shell-egg-production-grading-packing-and-distribution-2009.pdf

British Egg Industry Council (2013) Code of Practice for Lion eggs. The British Egg Industry Council.
Available at: http://britisheggindustrycouncil.com/wp-content/uploads/2018/09/LCoPV7.pdf

British Egg Industry Council (n.d.) Lion Code of Practice summary. British Lion Eggs. Available at:
https://www.egginfo.co.uk/british-lion-eggs/lion-code-practice

Cardoso, M.J,, Nicolau, A.l., Borda, D., Nielsen, L., Maia, R.L., Moretro, T. et al. (2021) Salmonella in
eggs: From shopping to consumption-A review providing an evidence-based analysis of risk factors.
Comprehensive Reviews in Food Science and Food Safety 20: 2716-2741.

Castelijn, G.A., van der Veen, S., Zwietering, M.H., Moezelaar, R., and Abee, T. (2012) Diversity in
biofilm formation and production of curli fimbriae and cellulose of Salmonella Typhimurium strains
of different origin in high and low nutrient medium. Biofouling 28: 51-63.

CDC (2023) Salmonella and Chicken. Centers for Disease Control and Prevention. Available at:
https://www.cdc.gov/ncezid/dfwed/prevention-priorities/salmonella-and-chicken.html

CFIA (2023) Preventive controls for eggs and processed egg products. Canadian Food Inspection
Agency (CFIA), Government of Canada. Available at: https://inspection.canada.ca/preventive-
controls/eggs-and-processes-egg-products/eng/1524259297433/1524259297745#a6

Chapman, P.A., Rhodes, P., and Rylands, W. (1988) Salmonella typhimurium phage type 141
infections in Sheffield during 1984 and 1985: association with hens' eggs. Epidemiology and Infection
101: 75-82.

Chen, J., and Thesmar, H.S. (2008) Populations of Salmonella enteritidis in artificially inoculated
chicken eggs as influenced by the temperatures under which eggs might be held from the day of lay
until the day of processing. Journal of Food Protection 71: 2073-2077.

Chen, J., Thesmar, H.S., and Kerr, W.L. (2005) Outgrowth of Salmonellae and the physical property of
albumen and vitelline membrane as influenced by egg storage conditions. Journal of Food Protection
68: 2553-2558.

Chinello, P., Granata, G., Galati, V., Taglietti, F., Topino, S., Caraffa, E. et al. (2020) Salmonella
Hessarek Gastroenteritis with Bacteremia: A Case Report and Literature Review. Pathogens 9: 656.

Chousalkar, K.K., and McWhorter, A. (2016) Egg Production Systems and Salmonella in Australia. In
Producing Safe Eggs. Ricke, S.C., and Gast, R.K. (eds): Elsevier, pp. 71-85.

Chousalkar, K.K., and McWhorter, A. (2017) Egg production systems and Sa/monella in Australia. In
Producing Safe Eggs: Elsevier, pp. 71-85.

Chousalkar, K.K., Gast, R., Martelli, F., and Pande, V. (2018) Review of egg-related salmonellosis and
reduction strategies in United States, Australia, United Kingdom and New Zealand. Critical Reviews in
Microbiology 44: 290-303.

Chousalkar, K.K., Flynn, P., Sutherland, M., Roberts, J.R., and Cheetham, B.F. (2010) Recovery of
Salmonella and Escherichia coli from commercial egg shells and effect of translucency on bacterial
penetration in eggs. International Journal of Food Microbiology 142: 207-213.

Clavijo, R.I., Loui, C., Andersen, G.L., Riley, L.W., and Lu, S. (2006) Identification of genes associated
with survival of Salmonella enterica serovar Enteritidis in chicken egg albumen. Applied and
Environmental Microbiology 72: 1055-1064.

Clay, C.E., and Board, R.G. (1991) Growth of Salmonella enteritidis in artificially contaminated hens'
shell eggs. Epidemiology and Infection 106: 271-281.

Cogan, T.A., and Humphrey, T.J. (2003) The rise and fall of Salmonella Enteritidis in the UK. Journal of
Applied Microbiology 94 Suppl: 114S-119S.

21


http://britisheggindustrycouncil.com/wp-content/uploads/2018/09/LCoPV7.pdf
https://www.egginfo.co.uk/british-lion-eggs/lion-code-practice
https://www.cdc.gov/ncezid/dfwed/prevention-priorities/salmonella-and-chicken.html
https://inspection.canada.ca/preventive-controls/eggs-and-processes-egg-products/eng/1524259297433/1524259297745#a6
https://inspection.canada.ca/preventive-controls/eggs-and-processes-egg-products/eng/1524259297433/1524259297745#a6

Cogan, T.A., Jorgensen, F., Lappin-Scott, H.M., Benson, C.E., Woodward, M.J., and Humphrey, T.J.
(2004) Flagella and curli fimbriae are important for the growth of Salmonella enterica serovars in
hen eggs. Microbiology (Reading) 150: 1063-1071.

Coutts, J.A., and Wilson, G.C. (2007) Optimum egg quality: a practical approach: 5M Publishing.

Craig, J.E., Boyle, D., Francis, K.P., and Gallagher, M.P. (1998) Expression of the cold-shock gene cspB
in Salmonella typhimurium occurs below a threshold temperature. Microbiology (Reading) 144 (Pt
3): 697-704.

Craig, L.A., and Holt, M.T. (2017) The impact of mechanical refrigeration on market integration: the
US egg market, 1890-1911. Explorations in Economic History 66: 85-105.

De Buck, J., Van Immerseel, F., Haesebrouck, F., and Ducatelle, R. (2004) Colonization of the chicken
reproductive tract and egg contamination by Salmonella. Journal of Applied Microbiology 97: 233-
245,

De Reu, K., Grijspeerdt, K., Messens, W., Heyndrickx, M., Uyttendaele, M., Debevere, J., and Herman,
L. (2006) Eggshell factors influencing eggshell penetration and whole egg contamination by different
bacteria, including Salmonella enteritidis. Int J Food Microbiol 112: 253-260.

DEECA (2024). Complying with the egg production standard. Department of Energy, Environment
and Climat Action (DEECA), Victoria State Government. Available at:
https://agriculture.vic.gov.au/livestock-and-animals/poultry-and-eggs/compliance/complying-with-
the-egg-production-standard#h2-10

Denagamage, T.N., Patterson, P., Wallner-Pendleton, E., Trampel, D., Shariat, N., Dudley, E.G. et al.
(2016) Longitudinal Monitoring of Successive Commercial Layer Flocks for Salmonella enterica
Serovar Enteritidis. Foodborne Pathogens and Disease 13: 618-625.

Desin, T.S., Koster, W., and Potter, A.A. (2013) Salmonella vaccines in poultry: past, present and
future. Expert Rev Vaccines 12: 87-96.

DeWinter, L.M., Ross, W.H., Couture, H., and Farber, J.F. (2011) Risk assessment of shell eggs
internally contaminated with Salmonella Enteritidis. International Food Risk Analysis Journal 1: 40-
81.

Dunn, I.C. (2004) Breeding strategies to improve the egg's natural defence. World's Poultry Science
Journal 60: 458-468.

EFSA (2004) Opinion of the Scientific Panel on biological hazards (BIOHAZ) related to the use of
vaccines for the control of Salmonella in poultry. 114: 1-74.

EFSA (2007) Report of the Task Force on Zoonoses Data Collection on the Analysis of the baseline
study on the prevalence of Salmonella in holdings of laying hen flocks of Gallus gallus. EFSA Journal
97:1-84.

EFSA (2011a) Scientific Opinion on the public health risks of bacterial strains producing extended-
spectrum B-lactamases and/or AmpC B-lactamases in food and food-producing animals. EFSA Journal
9:1-95.

EFSA (2011b) The European Union Summary Report on Trends and Sources of Zoonoses, Zoonotic
agents and food-borne outbreaks in 2009. EFSA Journal 9: 2090.

EFSA (2014) Scientific Opinion on the public health risks of table eggs due to deterioration and
development of pathogens. EFSA Journal 12: 3782.

Erkmen, O., and Bozoglu, T.F. (2016) Chapter 17: Spoilage of Eggs and Egg Products. In Food
Microbiology: Principles into Practice. Erkmen, O., and Bozoglu, T.F. (eds): John Wiley & Sons, Ltd.

22


https://agriculture.vic.gov.au/livestock-and-animals/poultry-and-eggs/compliance/complying-with-the-egg-production-standard#h2-10
https://agriculture.vic.gov.au/livestock-and-animals/poultry-and-eggs/compliance/complying-with-the-egg-production-standard#h2-10

European Union (2008) Commission Regulation (EC) No 589/2008 laying down detailed rules for
implementing Council Regulation (EC) No 1234/2007 as regards marketing standards for eggs.
Official Journal of the European Union. Available at: https://eur-lex.europa.eu/legal-
content/en/ALL/?uri=CELEX%3A32008R0589

Fabrega, A., and Vila, J. (2013) Salmonella enterica serovar Typhimurium skills to succeed in the host:
virulence and regulation. Clinical Microbiology Reviews 26: 308-341.

Fearnley, E., Raupach, J., Lagala, F., and Cameron, S. (2011) Salmonella in chicken meat, eggs and
humans; Adelaide, South Australia, 2008. Int J Food Microbiol 146: 219-227.

Ferraboschi, P., Ciceri, S., and Grisenti, P. (2021) Applications of Lysozyme, an Innate Immune
Defense Factor, as an Alternative Antibiotic. Antibiotics (Basel) 10.

Fleming, A. (1922) On a remarkable bacteriolytic element found in tissues and secretions
Proceedings of the Royal Society B 93: 6-317.

Fletcher, M., and Floodgate, G.D. (1973) An Electron-microscopic Demonstration of an Acidic
Polysaccharide Involved in the Adhesion of a Marine Bacterium to Solid Surfaces. Journal of General
Microbiology 74: 325-334.

Foley, S.L., Lynne, A.M., and Nayak, R. (2008) Salmonella challenges: prevalence in swine and poultry
and potential pathogenicity of such isolates. Journal of Animal Science 86: E149-162.

Ford, L., Glass, K., Veitch, M., Wardell, R., Polkinghorne, B., Dobbins, T. et al. (2016) Increasing
Incidence of Salmonella in Australia, 2000-2013. PLOS One 11: 1-11.

Foster, J. (1991) Salmonella Acid Shock Proteins Are Required for the Adaptive Acid Tolerance
Response. Journal of Bacteriology 173: 6896-6902.

FSANZ (2009) Public health and safety of eggs and egg products in Australia. Food Standards
Australia New Zealand. Available at:
https://www.foodstandards.gov.au/sites/default/files/publications/Documents/Eggs healthandsafe

ty.pdf
FSANZ (2018). Standard 4.2.5 Primary production and processing standard for eggs & egg products,

Risk assessment of eggs and egg products Food Standards Australia New Zealand. Available at:
https://www.legislation.gov.au/Details/F2018C00937

Galis, A.M., Marcq, C., Marlier, D., Portetelle, D., Van, |., Beckers, Y., and Théwis, A. (2013) Control
ofSalmonellaContamination of Shell Eggs-Preharvest and Postharvest Methods: A Review.
Comprehensive Reviews in Food Science and Food Safety 12: 155-182.

Gantois, ., Ducatelle, R., Pasmans, F., Haesebrouck, F., Gast, R., Humphrey, T.J., and Van Immerseel,
F. (2009) Mechanisms of egg contamination by Salmonella Enteritidis. FEMS Microbiology Reviews
33:718-738.

Garibaldi, J.A. (1970) Role of microbial iron transport compounds in bacterial spoilage of eggs.
Journal of Applied Microbiology 20: 558-560.

Gast, R.K., and Holt, P.S. (2000) Influence of the level and location of contamination on the
multiplication of Salmonella enteritidis at different storage temperatures in experimentally
inoculated eggs. Poultry Science 79: 559-563.

Gast, R.K., and Guraya, R. (2013) Continuing multiplication of Salmonella enteritidis in egg yolk
during refrigeration at 7.2°C. International Journal of Poultry Science 12: 622-627.

Gast, R.K., Holt, P.S., and Guraya, R. (2006) Effect of refrigeration on in vitro penetration of
Salmonella enteritidis through the egg yolk membrane. Journal of Food Protection 69: 1426-1429.

23


https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32008R0589
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32008R0589
https://www.foodstandards.gov.au/sites/default/files/publications/Documents/Eggs_healthandsafety.pdf
https://www.foodstandards.gov.au/sites/default/files/publications/Documents/Eggs_healthandsafety.pdf
https://www.legislation.gov.au/Details/F2018C00937

Gast, R.K., Guraya, R., Guard-Bouldin, J., and Holt, P.S. (2007) In vitro penetration of egg yolks by
Salmonella Enteritidis and Salmonella Heidelberg strains during thirty-six-hour ambient temperature
storage. Poultry Science 86: 1431-1435.

Gast, R.K., Guraya, R., Guard, J., and Holt, P.S. (2010) Multiplication of Salmonella enteritidis in egg
yolks after inoculation outside, on, and inside vitelline membranes and storage at different
temperatures. Journal of Food Protection 73: 1902-1906.

Gast, R.K., Guraya, R., Guard, J., and Holt, P.S. (2011) The relationship between the numbers of
Salmonella Enteritidis, Salmonella Heidelberg, or Salmonella Hadar colonizing reproductive tissues of
experimentally infected laying hens and deposition inside eggs. Avian Diseases 55: 243-247.

Giannella, R.A., Broitman, S.A., and Zamcheck, N. (1972) Gastric acid barrier to ingested
microorganisms in man: studies in vivo and in vitro. Gut 13: 251-256.

Glass, K., Fearnley, E., Hocking, H., Raupach, J., Veitch, M., Ford, L., and Kirk, M.D. (2016) Bayesian
source attribution of salmonellosis in South Australia. Risk Analysis 36: 561-570.

Gole, V.C., Torok, V., Sexton, M., Caraguel, C.G., and Chousalkar, K.K. (2014a) Association between
indoor environmental contamination by Salmonella enterica and contamination of eggs on layer
farms. Journal of Clinical Microbiology 52: 3250-3258.

Gole, V.C., Roberts, J.R., Sexton, M., May, D., Kiermeier, A., and Chousalkar, K.K. (2014b) Effect of
egg washing and correlation between cuticle and egg penetration by various Salmonella strains.
International Journal of Food Microbiology 182-183: 18-25.

Gole, V.C., Chousalkar, K.K., Roberts, J.R., Sexton, M., May, D., Tan, J., and Kiermeier, A. (2014c)
Effect of egg washing and correlation between eggshell characteristics and egg penetration by
various Salmonella Typhimurium strains. PLoS One 9: e90987.

Gole, V.C., Woodhouse, R., Caraguel, C., Moyle, T., Rault, J.-L., Sexton, M., and Chousalkar, K. (2017)
Dynamics of Salmonella shedding and welfare of hens in free-range egg production systems. Applied
and environmental microbiology 83: e03313-03316.

Grashorn, M., Juergens, A., and Bessei, W. (2016) Effects of storage conditions on egg quality.
Lohmann Information 50: 26-27.

Gross, S., Johne, A, Adolphs, J., Schlichting, D., Stingl, K., Miller-Graf, C. et al. (2015) Salmonella in
table eggs from farm to retail — When is cooling required? Food Control 47: 254-263.

Groves, P.J., Sharpe, S.M., Muir, W.I., Pavic, A., and Cox, J.M. (2016) Live and inactivated vaccine
regimens against caecal Salmonella Typhimurium colonisation in laying hens. Australian Veterinary
Journal 94: 387-393.

Guan, J., Grenier, C., and Brooks, B.W. (2006) In vitro study of Salmonella enteritidis and Salmonella
typhimurium definitive type 104: survival in egg albumen and penetration through the vitelline
membrane. Poultry Science 85: 1678-1681.

Guibourdenche, M., Roggentin, P., Mikoleit, M., Fields, P.l., Bockemuhl, J., Grimont, P.A., and Weill,
F.X. (2010) Supplement 2003-2007 (No. 47) to the White-Kauffmann-Le Minor scheme. Research in
Microbiology 161: 26-29.

Gurtler, J.B., and Conner, D.E. (2009) Survival and growth of Salmonella Enteritidis in liquid egg
products varying by temperature, product composition, and carbon dioxide concentration.
Foodborne Pathogens and Disease 6: 561-567.

Hammack, T.S., Sherrod, P.S., Bruce, V.R., June, G.A., Satchell, F.B., and Andrews, W.H. (1993)
Research note: growth of Salmonella enteritidis in Grade A eggs during prolonged storage. Poultry
Science 72: 373-377.

24



Haugh, R. (1937) The Haugh unit for measuring egg quality. US Egg Poultry Magazine 43: 522-555.

Havelaar, A.H., Kirk, M.D., Torgerson, P.R., Gibb, H.J., Hald, T., Lake, R.J. et al. (2015) World Health
Organization Global Estimates and Regional Comparisons of the Burden of Foodborne Disease in
2010. PLoS Medicine 12: €1001923.

Heitz, T.W. (1929) cold storage of eggs and poultry: US Government Printing Office.

Hester, P.Y. (2017) Chapter 12 - Effects of temperature and storage conditions on eggs. In Egg
innovations and strategies for improvements. Hester, P.Y. (ed): Academic Press, pp. 125-134.

Humphrey, T.J. (1990a) Growth of salmonellas in intact shell eggs: influence of storage
temperatures. Veterinary Record 126: 292.

Humphrey, T.J. (1990b) Heat resistance in Salmonella enteritidis phage type 4: the influence of
storage temperatures before heating. Journal of Applied Bacteriology 69: 493-497.

Humphrey, T.J. (1994) Contamination of egg shell and contents with Salmonella enteritidis: a review.
International Journal of Food Microbiology 21: 31-40.

Humphrey, T.J., and Whitehead, A. (1993) Egg age and the growth of Salmonella enteritidis PT4 in
egg contents. Epidemiology and Infection 111: 209-219.

Hutchison, M.L., Gittins, J., Sparks, A.W., Humphrey, T.J., Burton, C., and Moore, A. (2004) An
assessment of the microbiological risks involved with egg washing under commercial conditions.
Journal of Food Protection 67: 4-11.

Jay, J.M., Loessner, M.J., and Golden, D.A. (2005) Protection of Foods with Low-Temperatures, and
Characteristics of Psychrotrophic Microorganisms. In Modern Food Microbiology. Boston, MA:
Springer, pp. 395-413.

Jeffreys, A.G., Hak, K.M., Steffan, R.J., Foster, J.W., and Bej, A.K. (1998) Growth, survival and
characterization of cspA in Salmonella enteritidis following cold shock. Current Microbiology 36: 29-
35.

Jenkins, M.K. (1919) Commercial preservation of eggs by cold storage: US Department of Agriculture.

Jones, D., and Musgrove, M. (2005) Effects of extended storage on egg quality factors. Poultry
science 84: 1774-1777.

Jones, D., Ward, G., Regmi, P., and Karcher, D. (2018) Impact of egg handling and conditions during
extended storage on egg quality. Poultry science 97: 716-723.

Julien, L.A,, Baron, F., Bonnassie, S., Nau, F., Guerin, C., Jan, S., and Andrews, S.C. (2019) The anti-
bacterial iron-restriction defence mechanisms of egg white; the potential role of three lipocalin-like
proteins in resistance against Salmonella. BioMetals 32: 453-467.

Kamel, B., Bond, C., and Diab, M. (1980) Egg quality as affected by storage and handling methods.
Journal of Food Quality 3: 261-273.

Kang, H., Loui, C., Clavijo, R.I., Riley, L.W., and Lu, S. (2006) Survival characteristics of Salmonella
enterica serovar Enteritidis in chicken egg albumen. Epidemiology and Infection 134: 967-976.

Keevil, C.W., Bradshaw, D.J,, B., D.A., and Feary, T.W. (1987) Microbial film formation: dental plaque
deposition on acrylic tiles using continuous culture techiques. Journal of Applied Bacteriology 62:
129-138.

Keller, L.H., Benson, C.E., Krotec, K., and Eckroade, R.J. (1995) Salmonella enteritidis colonization of
the reproductive tract and forming and freshly laid eggs of chickens. Infection and Immunity 63:
2443-2449,

25



Keller, L.H., Schifferli, D.M., Benson, C.E., Aslam, S., and Eckroade, R.J. (1997) Invasion of chicken
reproductive tissues and forming eggs is not unique to Salmonella enteritidis. Avian Diseases 41.:
535-539.

Khan, S., and Chousalkar, K.K. (2020) Salmonella Typhimurium infection disrupts but continuous
feeding of Bacillus based probiotic restores gut microbiota in infected hens. J Anim Sci Biotechnol 11:
29.

Khan, S., and Chousalkar, K.K. (2021) Functional enrichment of gut microbiome by early
supplementation of Bacillus based probiotic in cage free hens: a field study. Anim Microbiome 3: 50.

Kim, B.H., Bang, |.S., Lee, S.Y., Hong, S.K., Bang, S.H., Lee, I.S., and Park, Y.K. (2001) Expression of
cspH, encoding the cold shock protein in Salmonella enterica serovar Typhimurium UK-1. Journal of
Bacteriology 183: 5580-5588.

Kim, C.J., Emery, D.A., Rinke, H., Nagaraja, K.V., and Halvorson, D.A. (1989) Effect of time and
temperature on growth of Salmonella enteritidis in experimentally inoculated eggs. Avian Diseases
33:735-742.

Kingsbury, J.M., Thom, K., and Soboleva, T. (2019) Effect of Storage Temperature on the Survival of
New Zealand Egg-Associated Salmonella Isolates in and on Eggs. Journal of Food Protection 82: 2161-
2168.

Kirk, M.D., Pires, S.M., Black, R.E., Caipo, M., Crump, J.A., Devleesschauwer, B. et al. (2015) World
Health Organization Estimates of the Global and Regional Disease Burden of 22 Foodborne Bacterial,
Protozoal, and Viral Diseases, 2010: A Data Synthesis. PLoS Medicine 12: e1001921.

Lee, M.H., Cho, E.J., Choi, E.S., and Sohn, S.H. (2016) The effect of storage period and temperature
on egg quality in commercial eggs. 2f='7f 5 8/ 8/ A/ 43: 31-38.

Lin, Q., Chousalkar, K.K., McWhorter, A.R., and Khan, S. (2021) Salmonella Hessarek: An emerging
food borne pathogen and its role in egg safety. Food Control 125: 107996.

Lublin, A., and Sela, S. (2008) The impact of temperature during the storage of table eggs on the
viability of Salmonella enterica serovars Enteritidis and Virchow in the Eggs. Poultry Science 87:
2208-2214.

Lublin, A., Maler, I., Mechani, S., Pinto, R., and Sela-Saldinger, S. (2015) Survival of Salmonella
enterica serovar infantis on and within stored table eggs. Journal of Food Protection 78: 287-292.

Madigan, M., and Martinko, J. (2007) Biologie Des Micro-Organismes. Paris: Pearson.

Markazi, A., Luoma, A., Shanmugasundaram, R., Mohnl, M., Raj Murugesan, G., and Selvaraj, R.
(2018) Effects of drinking water synbiotic supplementation in laying hens challenged with
Salmonella. Poult Sci 97: 3510-3518.

Mayes, F.J., and Takeballi, M.A. (1983) Microbial Contamination of the Hen's Egg: A Review. Journal
of Food Protection 46: 1092-1098.

McAuley, C.M., Duffy, L.L., Subasinghe, N., Hogg, G., Coventry, J., and Fegan, N. (2015) Salmonella
Typhimurium and Salmonella Sofia: Growth in and Persistence on Eggs under Production and Retail
Conditions. BioMed Research International 2015: 914987.

McDermid, A.S., McKee, A.S., Dowsett, A.B., and Marsh, P.D. (1996) The effect of environmental pH
on the physiology and surface structures of Salmonella serotype enteritidis phage type 4. Journal of
Medical Microbiology 45: 452-458.

McLure, A., Shadbolt, C., Desmarchelier, P.M., Kirk, M.D., and Glass, K. (2022) Source attribution of
salmonellosis by time and geography in New South Wales, Australia. BMC Infect Dis 22: 14.

26



McWhorter, A.R., and Chousalkar, K.K. (2015) Comparative phenotypic and genotypic virulence of
Salmonella strains isolated from Australian layer farms. Front Microbiol 6: 12.

McWhorter, A.R., and Chousalkar, K. (2018) A long-term efficacy trial of a live, attenuated Salmonella
Typhimurium vaccine in layer hens. Frontiers in microbiology 9: 1380.

McWhorter, A.R., and Chousalkar, K.K. (2019) From hatch to egg grading: monitoring of Salmonella
shedding in free-range egg production systems. Vet Res 50: 58.

McWhorter, A.R., and Chousalkar, K.K. (2020) Salmonella on Australian cage egg farms: Observations
from hatching to end of lay. Food Microbiol 87: 103384.

McWhorter, A.R., Davos, D., and Chousalkar, K.K. (2015) Pathogenicity of Salmonella strains isolated
from egg shells and the layer farm environment in australia. Applied and Environmental Microbiology
81:405-414.

Messens, W., Grijspeerdt, K., and Herman, L. (2006) Eggshell penetration of hen's eggs by Salmonella
enterica serovar Enteritidis upon various storage conditions. British Poultry Science 47: 554-560.

Messens, W., Gittins, J., Leleu, S., and Sparks, N. (2011) 9 - Egg decontamination by egg washing. In
Improving the safety and quality of eggs and egg products. Nys, Y., Bain, M., and Van Immerseel, F.
(eds). Cambridge, United Kingdom: Woodhead Publishing Limited.

Messens, W., Duboccage, L., Grijspeerdt, K., Heyndrickx, M., and Herman, L. (2004) Growth of
Salmonella serovars in hens’ egg albumen as affected by storage prior to inoculation. Food
Microbiology 21: 25-32.

Miyamoto, T., Baba, E., Tanaka, T., Sasai, K., Fukata, T., and Arakawa, A. (1997) Salmonella enteritidis
contamination of eggs from hens inoculated by vaginal, cloacal, and intravenous routes. Avian
Diseases 41: 296-303.

Miyamoto, T., Horie, T., Baba, E., Sasai, K., Fukata, T., and Arakawa, A. (1998) Salmonella penetration
through eggshell associated with freshness of laid eggs and refrigeration. Journal of Food Protection
61: 350-353.

Moffatt, C.R.M., Musto, J., Pingault, N., Miller, M., Stafford, R., Gregory, J. et al. (2016) Salmonella
Typhimurium and Outbreaks of Egg-Associated Disease in Australia, 2001 to 2011. Foodborne
Pathogens and Disease 13: 379-385.

Moffatt, C.R.M., Musto, J., Pingault, N., Combs, B., Miller, M., Stafford, R. et al. (2017) Recovery of
Salmonella enterica from Australian Layer and Processing Environments Following Outbreaks Linked
to Eggs. Foodborne Pathogens and Disease 14: 478-482.

Mokhtari, A., Moore, C.M., Yang, H., Jaykus, L.A., Morales, R., Cates, S.C., and Cowen, P. (2006)
Consumer-phase Salmonella enterica serovar enteritidis risk assessment for egg-containing food
products. Risk Analysis 26: 753-768.

Morales, C.A., Porwollik, S., Frye, J.G., Kinde, H., McClelland, M., and Guard-Bouldin, J. (2005)
Correlation of phenotype with the genotype of egg-contaminating Salmonella enterica serovar
Enteritidis. Applied and Environmental Microbiology 71: 4388-4399.

Moreau, M.R., Wijetunge, D.S., Bailey, M.L., Gongati, S.R., Goodfield, L.L., Hewage, E.M. et al. (2016)
Growth in Egg Yolk Enhances Salmonella Enteritidis Colonization and Virulence in a Mouse Model of
Human Colitis. PLoS One 11: e0150258.

MPI (2011) Risk profile: Salmonella (non-typhoidal) in poultry (whole and pieces) MPI Technical
Paper No: 2015/04. Ministry for Primary Industries (MP1), New Zealand Government. Available at:
https://www.mpi.govt.nz/dmsdocument/6256-Risk-profile-Salmonella-non-typhoidal-in-poultry-
whole-and-pieces

27


https://www.mpi.govt.nz/dmsdocument/6256-Risk-profile-Salmonella-non-typhoidal-in-poultry-whole-and-pieces
https://www.mpi.govt.nz/dmsdocument/6256-Risk-profile-Salmonella-non-typhoidal-in-poultry-whole-and-pieces

MPI (2019) Egg surface survival and internalisation by New Zealand egg-associated Salmonella
isolates as affected by storage temperature. New Zealand Ministry for Primary Industries (MPI1), New
Zealand Government. Available at: https://www.mpi.govt.nz/dmsdocument/33735-Egg-surface-
survival-and-internalisation-by-New-Zealand-egg-associated-Salmonella-isolates-as-affected-by-
storage-temperature

Muniz, E.C., Verdi, R., Ledo, J.A., Back, A., and Nascimento, V.P.d. (2017) Evaluation of the
effectiveness and safety of a genetically modified live vaccine in broilers challenged with Salmonella
Heidelberg. Avian Pathology 46: 676-682.

National Notifiable Disease Surveillance System (NNDSS) (2023). National Communicable Disease
Surveillance Dashboard. Department of Health and Aged Care, Australian Government. Available at:
https://nindss.health.gov.au/pbi-dashboard/

NSW Food Authority (2022) Egg Food Safety Scheme - Periodic Review of the Risk Assessment. New
South Wales Government Food Authority. Available at:
https://www.foodauthority.nsw.gov.au/sites/default/files/ Documents/scienceandtechnical/egg fo
od safety scheme.pdf

NSW Food Authority (n.d.). Egg Processors. New South Wales Food Authority. Available at:
https://www.foodauthority.nsw.gov.au/industry/eggs/egg-processors

O'Brien, S.J. (2013) The "decline and fall" of nontyphoidal salmonella in the United kingdom. Clinical
Infectious Diseases 56: 705-710.

Okamoto, I., Mizutani, K., and Hirose, M. (2004) Iron-binding process in the amino- and carboxyl-
terminal lobes of ovotransferrin: quantitative studies utilizing single Fe3+-binding mutants.
Biochemistry 43: 11118-11125.

Okamura, M., Miyamoto, T., Kamijima, Y., Tani, H., Sasai, K., and Baba, E. (2001) Differences in
abilities to colonize reproductive organs and to contaminate eggs in intravaginally inoculated hens
and in vitro adherences to vaginal explants between Salmonella enteritidis and other Salmonella
serovars. Avian Diseases 45: 962-971.

Okamura, M., Kikuchi, S., Suzuki, A., Tachizaki, H., Takehara, K., and Nakamura, M. (2008) Effect of
fixed or changing temperatures during prolonged storage on the growth of Salmonella enterica
serovar Enteritidis inoculated artificially into shell eggs. Epidemiology and Infection 136: 1210-1216.

Oliveira, D.D., and Silva, E.N. (2000) Salmonella in table eggs: Occurrence in retails, storage
conditions and eggshell disinfections. Arquivo Brasileiro de Medicina Veterindria e Zootecnia 52: 655-
661.

OzFoodNet (2012) Monitoring the incidence and causes of diseases potentially transmitted by food
in Australia: annual report of the OzFoodNet network, 2010. Communicable Diseases Intelligence 36:
E213-E241.

OzFoodNet (2021) Monitoring the incidence and causes of diseases potentially transmitted by food
in Australia: Annual report of the OzFoodNet network, 2013-2015. Communicable Diseases
Intelligence (2018) 45: 1-80.

Pande, V.V., Devon, R.L., Sharma, P., McWhorter, A.R., and Chousalkar, K.K. (2016) Study of
Salmonella Typhimurium infection in laying hens. Frontiers in microbiology 7: 203.

Park, S., Choi, S., Kim, H., Kim, Y., Kim, B.S., Beuchat, L.R., and Ryu, J.H. (2015) Fate of mesophilic
aerobic bacteria and Salmonella enterica on the surface of eggs as affected by chicken feces, storage
temperature, and relative humidity. Food Microbiology 48: 200-205.

28


https://www.mpi.govt.nz/dmsdocument/33735-Egg-surface-survival-and-internalisation-by-New-Zealand-egg-associated-Salmonella-isolates-as-affected-by-storage-temperature
https://www.mpi.govt.nz/dmsdocument/33735-Egg-surface-survival-and-internalisation-by-New-Zealand-egg-associated-Salmonella-isolates-as-affected-by-storage-temperature
https://www.mpi.govt.nz/dmsdocument/33735-Egg-surface-survival-and-internalisation-by-New-Zealand-egg-associated-Salmonella-isolates-as-affected-by-storage-temperature
https://nindss.health.gov.au/pbi-dashboard/
https://www.foodauthority.nsw.gov.au/sites/default/files/_Documents/scienceandtechnical/egg_food_safety_scheme.pdf
https://www.foodauthority.nsw.gov.au/sites/default/files/_Documents/scienceandtechnical/egg_food_safety_scheme.pdf
https://www.foodauthority.nsw.gov.au/industry/eggs/egg-processors

Pasquali, F., Klein, G., Reich, F., Manfreda, G., and Valero, A. (2016) Modelling survival behaviour of
Salmonella enterica ser. Enteritidis, Typhimurium and Tennessee on table eggs during storage at
different temperatures. Food Control 59: 314-319.

Radkowski, M. (2002) Effect of moisture and temperature on survival of Salmonella Enteritidis on
shell eggs. Archiv fur Gefliigelkd 66: 119-123.

Rehault-Godbert, S., Baron, F., Mignon-Grasteau, S., Labas, V., Gautier, M., Hincke, M.T., and Nys, Y.
(2010) Effect of temperature and time of storage on protein stability and anti-salmonella activity of
egg white. Journal of Food Protection 73: 1604-1612.

Saeed, A.M., and Koons, C.W. (1993) Growth and Heat Resistance of Salmonella enteritidis in
Refrigerated and Abused Eggs. Journal of Food Protection 56: 927-931.

Sanderson, K.E., and Demerec, M. (1965) The Linkage Map of Salmonella Typhimurium. Genetics 51:
897-913.

Sauter, E.A., and Montoure, J.E. (1972) The relationship of lysozyme content of egg white to volume
and stability of foams. Journal of Food Science 37: 918-920.

Schneider, W.R., and Doetsch, R.N. (1974) Effect of viscosity on bacterial motility. Journal of
Bacteriology 117: 696-701.

Scott, P.C., Wilson, T., Quinteros, J.A., Anwar, A,, Scott, T., Shil, P., and Noormohammadi, A.H. (2021)
Evaluation of the duration of immunity induced by a vaccination program against Salmonella
Enteritidis 7A in laying hens in Australia (Stage 2).

Shah, J., Desai, P.T., Chen, D., Stevens, J.R., and Weimer, B.C. (2013) Preadaptation to cold stress in
Salmonella enterica serovar Typhimurium increases survival during subsequent acid stress exposure.
Applied and Environmental Microbiology 79: 7281-7289.

Sharma, P., Caraguel, C., Sexton, M., McWhorter, A., Underwood, G., Holden, K., and Chousalkar, K.
(2018) Shedding of Salmonella Typhimurium in vaccinated and unvaccinated hens during early lay in
field conditions: a randomised controlled trial. BMC microbiology 18: 78.

Sharp, P.F., and Whitaker, R. (1927) The Relation of the Hydrogen lon Concentration of Egg White to
Its Germicidal Action. Journal of Bacteriology 14: 17-46.

Simpson, K.M.J., Hill-Cawthorne, G.A., Ward, M.P., and Mor, S.M. (2018) Diversity of Salmonella
serotypes from humans, food, domestic animals and wildlife in New South Wales, Australia. BMC
Infectious Diseases 18: 623.

Sirsat, S.A., Burkholder, K.M., Muthaiyan, A., Dowd, S.E., Bhunia, A.K., and Ricke, S.C. (2011) Effect of
sublethal heat stress on Salmonella Typhimurium virulence. Journal of Applied Microbiology 110:
813-822.

Snow, L.C., Davies, R.H., Christiansen, K.H., Carrique-Mas, J.J., Wales, A.D., O'Connor, J.L. et al. (2007)
Survey of the prevalence of Salmonella species on commercial laying farms in the United Kingdom.
Veterinary Record 161: 471-476.

Sparks, N.H.C., and Board, R.G. (1984) Cuticle, shell porosity and water-uptake through hens
eggshells. British Poultry Science 25: 267-276.

Sperber, S.J., and Schleupner, C.J. (1987) Salmonellosis during infection with human
immunodeficiency virus. Reviews of Infectious Diseases 9: 925-934.

Thomas, C., Daughtry, B., Padula, D., Jordan, D., Arzey, G., Davey, K. et al. (2006). An egg: Salmonella
quantitative risk assessment model for the Australian egg industry. Australian Egg Limited. Available
at: https://www.australianeggs.org.au/what-we-do/leading-research/an-egg-salmonella-
guantitative-risk-assessment-model

29


https://www.australianeggs.org.au/what-we-do/leading-research/an-egg-salmonella-quantitative-risk-assessment-model
https://www.australianeggs.org.au/what-we-do/leading-research/an-egg-salmonella-quantitative-risk-assessment-model

Thompson, J.L., and Hinton, M. (1997) Antibacterial activity of formic and propionic acids in the diet
of hens on Salmonellas in the crop. Br Poult Sci 38: 59-65.

Threlfall, E.J., Wain, J., Peters, T., Lane, C., De Pinna, E., Little, C.L. et al. (2014) Egg-borne infections
of humans with salmonella: Not only an S. enteritidis problem. World's Poultry Science Journal 70:
15-26.

Timoney, J.F., Shivaprasad, H.L., Baker, R.C., and Rowe, B. (1989) Egg transmission after infection of
hens with Salmonella enteritidis phage type 4. Veterinary Record 125: 600-601.

Tranter, H.S., and Board, R.G. (1984) The influence of incubation temperature and pH on the
antimicrobial properties of hen egg albumen. Journal of Applied Bacteriology 56: 53-61.

Venkataramani, S., Truntzer, J., and Coleman, D.R. (2013) Thermal stability of high concentration
lysozyme across varying pH: A Fourier Transform Infrared study. Journal of Pharmacy and Bioallied
Sciences 5: 148-153.

Wales, A., Davies, R.H., Barrow, P.A., and Methner, U. (2013) Salmonella in Domestic Animals. In
Environmental aspects of Salmonella. Methner, U., and Barrow, P.A. (eds). Wallingford, UK: CAB
International, pp. 399-425.

Whiley, A., Fallowfield, H., Ross, K., McEvoy, V., and Whiley, H. (2016) Higher Storage Temperature
Causes Greater Salmonella enterica Serovar Typhimurium Internal Penetration of Artificially
Contaminated, Commercially Available, Washed Free Range Eggs. Journal of Food Protection 79:
1247-1251.

Whiting, R.C., Hogue, A., Schlosser, W.D., Ebel, E.D., Morales, R.A., Baker, A., and McDowell, R.M.
(2000) A quantitative process model for Salmonella Enteritidis in shell eggs. Journal of Food Science
65: 864-869.

Wilcox, F.H., and Cole, R.K. (1957) The Inheritance of Differences in the Lysozyme Level of Hens' Egg
White. Genetics 42: 264-272.

Woodward, M.J., Gettinby, G., Breslin, M.F., Corkish, J.D., and Houghton, S. (2002) The efficacy of
Salenvac, a Salmonella enterica subsp. Enterica serotype Enteritidis iron-restricted bacterin vaccine,
in laying chickens. Avian Pathology 31: 383-392.

Yadav, N.K., and Vadehra, D.V. (1977) Mechanism of egg white resistance to bacterial growth.
Journal of Food Science 42: 97-99.

Yang, Y., Miks-Krajnik, M., Zheng, Q., Lee, S.-B., Lee, S.-C., and Yuk, H.-G. (2016) Biofilm formation of
Salmonella Enteritidis under food-related environmental stress conditions and its subsequent
resistance to chlorine treatment. Food Microbiology 54: 98-105.

30



10 Plain English Summary

Project Title:

Ensuring egg safety: review of microbial control in the supply chain

Australian Eggs Limited
Project No

Researchers Involved
Organisations Involved

Phone
Fax

Email

Objectives

Background

Research

Outcomes

Implications

Key words

Publications

GROWO020

Lingyun Li, Andrea McWhorter and Kapil Chousalkar

The University of Adelaide
Roseworthy, SA

08 8313 1502
08 8313 7956

Kapil.chousalkar@adelaide.edu.au

To review the literature on Salmonella Enteritidis and Salmonella
Typhimurium management/mitigation, and the role of temperature and
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Egg-associated human salmonellosis is a significant economic burden on
global public health systems. It is generally recommended that eggs should
be refrigerated to prevent condensation and subsequent bacterial
penetration across the eggshell; however, condensation has not been
significantly linked with Salmonella Enteritidis penetration level. Except
for the United States, the guidelines on egg refrigeration in the supply
chain in other countries are not prescriptive.

A full review is produced.

Given that Egg Standards are under review by Food Standards Australia
and New Zealand (FSANZ), the information generated by this review will
provide evidence (in Australian settings) and guidance for future work.
This evidence will be used by the industry, regulators at the state level,
and FSANZ for implementing uniform practices around egg storage
temperature during egg handling in supply chain.

The literature was reviewed and research gaps are identified in the
Australian context.
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Appendix

Table 1 Overview of egg storage temperatures on the survivability of Salmonella serotypes

Salmonella Temperatures Results/findings from the study Reference

Serotype (°C)

S. Hessarek 5, 25 S. Hessarek penetrated eggshells more effectively at Lin et al. (2021)
25°C than 5°C. Refrigerating eggs immediately upon
laying reduced the risk of internal S. Hessarek
contamination.

S. Typhimurium 15, 22 Greater Salmonella levels were found on the Kingsburyetal.

S. Infantis eggshells when eggs were stored at 15°C, after 21and (2019)

S. Thompson 35 days post-inoculation. The level of Salmonella

S. Anatum from eggshell surfaces decreased over time at both

S. Mbandaka storage temperatures.

S. Typhimurium 4,14,23,35 Washed free range eggs should be stored at 4°C to  Whiley et al.
reduce the S. Typhimurium penetration from external (2016)
to internal contents.

S. Enteritidis 4,12,25 Salmonella on eggshells declined at a faster rate at Park et al. (2015)

S. Typhimurium 25°Cthan at 4 or 12°C.

S. Heidelberg

S. Hartford

S. Newport

S. Infantis 5.5,25.5 Salmonella on eggshells declined by 2 logs at both Lublin et al.
temperatures after 4 weeks of inoculation. At 25.5°C, (2015)
Salmonella grew to 8 log CFU/mL in egg content after
4 weeks post-inoculation.

S. Singapore 20, 37 Salmonella load was higher on eggshell surfaces at Gole et al.

S. Adelaide 20°C than at 37°C. (2014b)

S. Worthington

S. Livingstone

S. Enteritidis 10, 15, 20, The first day of unrefrigerated storage did not affect Gast et al. (2010)

25 the ability of S. Enteritidis to migrate to the egg yolk.
The migration of S. Enteritidis towards the yolk was
driven by the inoculation site.

S. Enteritidis 4,20, 37 S. Enteritidis replicated better at 20°C than at 4°C, but Rehault-Godbert
eggs stored at 20°C prior to contamination better et al. (2010)
retained antimicrobial activity of egg white than did
eggs stored at 4 or 37°C over 30 days.

S. Enteritidis 7,10, 23,37 The growth of Salmonella was inhibited at 7°C after 8 Gurtler and
days post-inoculation, while the load of Salmonella Conner (2009)
was significantly high in yolk and whole egg when
eggs were stored at 10°C.

S. Enteritidis Constant: At constant temperatures, S. Enteritidis multiplied Okamura et al.

10, 20, 30 rapidly at 30°C, however, S. Enteritidis did not (2008)
Changing: replicate at 10 or 20°C over 6 weeks.
22-30, 25-35

S. Enteritidis 4,10, 22 Storage of infected eggs at 4 and 10°C could Chenand

effectively inhibit the growth of S. Enteritidis in eggs Thesmar (2008)

over three weeks post-inoculation, but storage at
22°Cdid not.
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n

. Enteritidis
. Virchow

6, 25

Serovar type, storage temperature, and time post-
inoculation significantly affected Salmonella survival
in eggs.

Lublin and Sela

(2008)

. Enteritidis
. Heidelberg

20, 30

Salmonella penetration and multiplication in egg
yolks were significantly reduced at 20°C compared to
30°C.

Gast et al. (2007)

. Enteritidis

15, 20, 25

Salmonella survival on eggshells decreased over time,
with higher viability at lower temperatures and
humidity. The penetration of S. Enteritidis was not
affected by storage temperature or relative humidity.

Messens et al.
(2006)

. Enteritidis

7,30

Refrigeration decreased the level of S. Enteritidis
migration from vitelline membrane to yolk. A reduced
frequency of S. Enteritidis penetration was seen when
eggs were refrigerated.

Gast et al. (2006)

n

. Enteritidis
. Typhimurium

37,42

Salmonella level decreased significantly when eggs
were incubated at 42°C.

Guan et al. (2006)

. Enteritidis

4,10, 22

Growth was inhibited in albumen when eggs were
stored at 4 and 10°C, whereas Salmonellae thrived at
22°C. The egg quality was maintained when eggs
were stored at 4°C.

Chen et al. (2005)

. Enteritidis

4-8, 25

S. Enteritidis persisted on eggshells for 21 days of
storage at 25°C and 4-8°C. Within 24 h of storage,
S. Enteritidis migrated from the eggshell to the yolk.
The refrigeration had no effect on S. Enteritidis
migration to yolk.

Oliveira and Silva

(2000)

. Enteritidis

10,175, 25

S. Enteritidis inoculated in yolks grew at 17.5 and
25°C, but bacteria replicated slowly at 10°C. When
Salmonellae were inoculated from exterior surface,
the bacterial cells could reach to a higher level within
1 day at 25°C, while a slower growth was observed at
17.5°C.

Gast and Holt
(2000)

. Enteritidis

4,23

Minimal or no growth of Salmonella was recorded in
eggs stored at 4°C for 2-3 days, while a significant
growth at room temperature (23°C) was recorded
within 3 days post-inoculation.

Saeed and Koons

(1993)

n

. Enteritidis
. Typhimurium

8,10,12,15

None of the Salmonella strains grew in the yolk at 8°C
during the three weeks of the inoculation period;
bacteria grew slowly at 10°C, and relatively rapidly at
12°C and above.

Humphrey
(1990a)

S. Enteritidis 2-8, 26 S. Enteritidis growth was minimal in eggs held in Hammack et al.
refrigerated temperatures for up to 16 days post- (1993)
inoculation, but when eggs were stored at room
temperature for the same period, the population of
the organism rose by more than 8 log.

S. Enteritidis 7,15.5, 37 No Salmonella growth in eggs was observed at 7°C Bradshaw et al.
after 94 days post-inoculation; a rapid Salmonella (1990)
growth was recorded at 15.5 and 37°C.

S. Enteritidis 4,10, 16,21, The load of S. Enteritidis increased significantly with  Kim et al. (1989)

27 the increase of egg storage temperature, and

significantly decreased when eggs were stored at 4°C.
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