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Abstract
The poultry industry and associated regulatory bodies use whole bird carcass (WBC) rinsates to
evaluate different stages of broiler processing systems for the prevalence of food-borne
pathogens, including Salmonella spp. and Campylobacter spp. Within industry and research
groups, the same sample collections are enumerated to determine E. coli, Enterobacteriaceae
(EB), and Aerobic Plate Count (APC) microorganisms. Analysis of these indicator
microorganisms provides numerical data that can be used to demonstrate the effects of specific
process control steps where low occurrences of target pathogens hinder the exclusive use of
prevalence data. With the utilization of next generation sequencing (NGS), including analysis of
16s rDNA sequences, a more complete characterization of the microbial communities present
(the microbiota) can be identified. Microbiota analysis applied to samples collected within the
pre-evisceration stages of a commercial broiler processing facility highlighted shifts in enteric
microorganisms that were not fully recognized by traditional microbiological culture methods
and provided a better understanding of cross-contamination events within those stages of the
process. Additionally, microbiota data provided a more complete evaluation of spoilage and
sanitary dress indicator microorganisms which were not identified using the traditional culturing
methodologies. In addition to evaluating the processing system, microbiota analysis has also
helped to identify how a change in the applied rinse solution could affect downstream
microbiological analyses. Cultured microbiological methods indicated significant differences (P
≤ 0.05) in APC levels of the two rinsates, but no significant differences in EB, Salmonella spp.
or Campylobacter spp. prevalence. In contrast, beta diversity analysis of the microbiota
compositions of the two rinsate types and associated matrices used to assess those levels of

microorganisms revealed a marked difference (P < 0.05) at the operational taxonomic unit
(OTU) level.
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Introduction
Raw poultry carcasses and parts are commonly implicated as contributing sources of food

borne-disease caused by Salmonella spp. and Campylobacter spp. Commensal within the
gastrointestinal tract (GIT) of broilers, these human pathogens are often liberated from the
feathers, feet, crop, and GIT of processed carcasses. To aid in control of these microorganisms
and limit the amount of contamination and cross-contamination events, multi-hurdle
interventions including the use of carcass and equipment washes, product chilling, and the
application of antimicrobials are commonly employed. To measure antimicrobial efficacy of
applied control steps, whole bird carcass (WBC) rinses are collected at sites that represent preintervention(s) and post-intervention(s) locations within the processing system and evaluated for
target pathogenic microorganisms as well as indicator and spoilage microorganisms. The
microbiological evaluations of these rinses provide both processors and regulatory bodies
quantifiable information that can be used to assess the performance of specific processing steps
and interventions within a poultry harvest system.
While the determination of indicator microorganisms and food borne pathogen
prevalence levels using industry-specific culture based methodologies are informative for both
processors and researchers, co-currently determining the microbiota present in associated
samples enhances the microbiological findings. Furthermore, identifying how these shifts may
be altered with changes in collection and sampling methods, helps to identify and explain
conflicting results from different sample sets. A greater understanding of the microbial
populations present can be used to directly inform food safety quality assurance decisions in
poultry processing systems.
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2

Literature Review
The commercial processing of poultry to produce food is a complex process that requires

an extensive network of equipment, automation and process oversight to remain efficient, while
also maintaining quality and food safety standards (Chao et al., 2014; Handley et al., 2015;
Zweifel et al., 2015). Every stage of processing live poultry can be directly influenced by
several factors along the farm to fork continuum that may or may not be controllable but can
have an influential impact on the health of the birds being reared and the quality of product being
produced (Brown, 2000; Buncic and Sofos, 2012; Rajan et al., 2017; Roto et al., 2015). As such,
the industry employs a wide range of policies and procedures to maintain certain standards (fecal
and ingesta contamination, temperature control) which are governed by federal government
regulatory bodies so that risk associated with consumption of the food products is reduced or
altogether mitigated (Erdtsieck 1995; Sams and McKee, 2010; USDA, 1996; USDA, 2016).
Other standards or practices including scalding temperatures and chemical processing aids are
facility dependent and based on the commercial company or the target consumer’s preferences
(Belluco et al., 2016; Bowker et al., 2014; Buhr et al., 2014; Erdtsieck, 1995; Sams and McKee,
2010; Smith, 2014).
Policies and procedures often act as intervention strategies and target a specific aspect of
the processing system to reduce both the microbial and organic loads on the birds and carcasses
within each stage of the process. Intervention efficacies are often determined by enumerating
indicator microorganisms which provide a general microbial evaluation of the processing stage
and the resulting product (Belluco et al., 2016; Milios et al., 2014). Aerobic plate count
organisms, and Enterobacteriaceae organisms including Escherichia coli are relatively simple to
identify and quantify, while also occurring at high enough levels to be used as an adequate
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measure of slaughter process control (Altekruse et al., 2009; Belluco et al., 2016 González-Miret
et al., 2001).
While the determination of indicator microorganisms and target pathogen prevalence
levels within any stage of the poultry process can be informative for the processor, a more
complete understanding of the microbial shifts using next generation sequencing (NGS) could
enhance these evaluations by providing a more robust, exhaustive identification and
measurement of the microbiome. Furthermore, identifying the microorganisms along with the
genetic diversity, or microbiome, in a poultry processing system (from farm to fork) can be
informative for food safety quality assurance planning as it will facilitate a greater level of
understanding of the microbial community present during any stage of the process.
2.1

Live Bird: Vertical Integration
Most commercial poultry operations in the United States are vertically integrated so that

the company owns and thereby controls all aspects of the growth, development and processing
(Cowen et al., 2003; Dorea et al., 2010; Northcutt and Buhr, 2010). This level of integration
typically means that the company owns not only the processing facilities where the food product
is produced, but also the breeding stock, hatcheries, and feed mills associated with the live
production aspect of the operations (Cowen et al., 2003; Durrant, 1995; Liljebjelke et al., 2005;
Northcutt and Buhr, 2010). Also within the span of the processor’s controls, is the live
production environment, which is typically handled on a contract farm. Under contract, the
farmer will be expected to adhere to specific standards of feed, feed supplementation, treated
water, and environmental controls so that fully grown poultry flocks will be uniform in size,
shape and yield (Northcutt and Buhr, 2010). Additional controls involving litter treatments,
vaccinations, biosecurity measures, routine cleaning of transport equipment, antibiotics, and
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other medications are utilized to not only ensure the flock meets the physical attributes required,
but also ensure that the flock is healthy, free of disease, and undesirable or pathogenic
microorganisms are eliminated or at least minimized (Dorea et al., 2010; Newell and Davison,
2003; Sams and McKee, 2010).

However, even with controls in place, unwanted or undesirable

microorganisms may be introduced and have the potential to proliferate (Gabriel et al., 2006;
Handley et al., 2015; Liljebjelke et al., 2005; Stanley et al., 2014). Due to proximity and density
of the population within a commercial grower setting, any infections or disease can be easily
spread from bird to bird and rapidly infect an entire flock (Cox and Pavic, 2010; Jay, 2012;
Korver, 2012; Newell and Davison, 2003).
The microbial populations within the live production and rearing farm environments
directly influence the gastrointestinal tract (GIT) of individual chicks starting at hatch (Deusch et
al., 2015; Grau, 1986; Oakley et al., 2014; Rinttilä and Apajalahti, 2013). As chicks mature, the
GIT will undergo microbial shifts within each area or organ, resulting in a relatively stable but
distinct and diverse microbiome (Deusch et al., 2015; Pan and Yu, 2014; Rinttilä and Apajalahti,
2013; Roto et al., 2015). Some GIT microbial inhabitants will aid in proper digestion, nutrition,
immune responses, and protection from environmental stresses (Deusch et al., 2015; Gabriel et
al., 2006, Oakley et al., 2014; Roto et al., 2015). Other microorganisms present may have little
or no effect on the host’s health (Bailey, 1988; Bolder, 1998; Deusch et al., 2015). Some
microorganisms, if not eradicated somewhere along the farm to fork continuum, can cause shelflife and quality issues in the final product (Deusch et al., 2015; Gabriel et al., 2006; Nychas et
al., 2008) as well as infections in humans (Bailey, 1986; Barbut, 2002; Bolder, 1998; Deusch et
al., 2015; Oakley et al., 2013). In order to reduce the levels of unwanted or harmful
microorganisms from the final product, the poultry industry typically uses multi-hurdle
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intervention systems to manage aspects of the process, from grow-out to final product, and
reduce population levels of all microorganisms (Cox and Pavic, 2010; Gragg and Brashears,
2014; Horrocks et al., 2009; Nagel et al., 2013; Stopforth et al., 2007).
2.2

Live Bird: Intervention Systems
The earliest stages of the production of poultry food products, including egg hatching,

grow-out, and harvesting of the live birds, can elicit considerable impact on the microbial quality
of the final product (Mulder, 1999). Intervention practices involving diet phase programs and
restrictions (Ravindran, 2014), diet and water supplementation (Alali et al., 2013; Anderson et
al., 2005; Byrd et al., 2001; Chaveerach et al., 2004; Hermans et al., 2012), vaccination programs
(Barrow et al., 2003; Davies, 2005; Dorea et al., 2010; Korver, 2012), as well as cleaning,
sanitation (Davies and Wray, 1994;) and biosecurity measures to lessen the risk of any adverse
effects are applied to varying degrees within the industry (Cox and Pavic, 2010; Horrocks et al.,
2009; Mulder, 1999). The degree to which steps within the live production process have the
most impact on the microbial quality of the final product are not fully understood and are subject
to debate (Lahellec and Colin, 1985; Mulder, 1999), and in some applications, the impact may be
negated by marginal implementation and management practices (Davies, 2005; Dorea et al.,
2010; Newell et al., 2011).
As the GIT of commercial poultry is relatively short with limited surface area for
absorbing nutrients, consumed feed can be transported relatively rapidly (2 to 5 hours) through
the upper regions of the GIT and subsequently deposited in the ceca (Pan and Yu, 2014;
Ravindran, 2014; Sergeant et al., 2014; Svihus et al., 2002). Due to this short duration and the
high demand of nutrients needed to support the rapid growth within the muscular tissue of
commercial reared birds, flocks are typically fed ad lib, although the diet components will

5

change based on the age of the birds and the nutrient needs during each stage of growth
(Aviagen, 2014; NRC, 1994; Ravindran, 2014) . Typical feeding programs will include phases
of feed identified as “prestarters”, “starters”, “growers”, and “finishers” (Aviagen, 2014;
Ravindran, 2014; Roush et al., 2004). Each stage or phase of the diet will address specific
energy needs as well as ensure that the economic impact associated with feeding is optimized
(Miranda et al., 2015; Ravindran, 2014, Trevisan et al, 2014). It is well documented that changes
in diet cause microbial shifts within the GIT of poultry (Oviedo-Rondón, 2009; Pan and Yu,
2014), although the shifts or the origins of the changes may not be well understood (Dunkley et
al., 2009; Ramirez et al., 1997; Roto et al., 2015).
Results from practices involving the supplementation of feed and water further highlight the
challenges involved with understanding the microbiota shifts produced in the GIT of poultry
(Chambers and Gong, 2011; Pan and Yu, 2014). Water treatment trials performed by Hermans et
al., (2012) have shown a reduced colonization of Campylobacter within a flock when water was
supplemented with emulsions of medium chain fatty acids (MCFA). Supplementations of
MFCA were shown to reduce the Campylobacter populations in the upper and central part of the
GIT, thereby possibly reducing the probability of microorganisms colonizing the lower (cecum)
parts of the GIT (Hermans et al., 2012). Additionally, acidification treatments have been shown
to limit the proliferation of Campylobacter in drinking water, thereby eliminating or mitigating
the risk associated with this route of transmission (Chaveerach et al., 2004; Hermans et al.,
2012).
Evaluations of other water treatments have also shown reduced incidences of Salmonella
colonization within the GIT of poultry, although the level of reductions were not the same within
all regions of the GIT (Alali et al., 2013). In trials performed by Alali et al., (2013), the use of
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the non-pharmaceutical compounds in including organic acid mixtures, lactic acid, levulinic acid
and essential oils, all reduced the incidence of Salmonella colonization in the crops for both
inoculated birds and close proximity birds. Even with the reduced colonization in the crops,
however, there was no reduced incidence of Salmonella within the ceca (Alali et al., 2013).
The environment and equipment used in the early stages of poultry production (egg laying,
hatching, and transport to farm) have also been identified as sources of cross-contamination
when sanitation and handling practices are marginal or when equipment and ventilation designs
do not allow for proper cleaning and sanitation cycles between flocks (Davies, 2005; Davies and
Wray, 1994). Sanitization of hatching eggs is typically performed at both the farm and the
hatchery (Davies and Wray, 1994). In comparing intervention strategies for egg disinfection,
Davies and Wray (1994) found that the most effective disinfection practice involved a dip
treatment at the farm, a fog treatment during transport, followed by formaldehyde fumigation
after receipt at the hatcher. This practice led to no detectable incidences of Salmonella in the egg
handling and sorting areas of the hatchery (Davies and Wray, 1994). Conversely, eggs that were
only sanitized by being dipped into a sanitizing solution at the farm followed by a disinfectant
fogging at the hatchery, resulted in a 28.6% Salmonella incidence level within the egg handling
sorting areas, which is similar to the incidence levels experienced during the hatching process
when disinfectant or fumigation were not conducted at the hatchery (Davis and Wray, 1994).
Air handling and ventilation in hatcheries has also proven to be an important factor in the
control of Salmonella (Davies, 2005; Davies and Wray, 1994). Airflow from air handling units
that became contaminated with Salmonella can cause the bacteria to become established in other
areas of the hatchery (Davies, 2005; Davies and Wray, 1994). Furthermore, if building design
and air handling is not adequate, air sourced from “dirty” areas may be circulated to “clean”
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areas, directly compromising any cleaning and sanitation practices that may be occurring in these
areas (Davies and Wray, 1994).
As the live production process involved with rearing a commercial poultry flock is vast and
complicated, clear and concise standards are subject to interpretation as well as economic
constraints to maintain cost effectiveness (Barbut, 2002; Barrow et al., 2003; Bolder, 1997;
Corry et al., 2007b; Davies, 2005). Some practices have been identified with the successful
production of specific pathogen free flocks, but instituting these practices in a commercial setting
are typically cost prohibitive and are not sustainable for long term duration (Barbut, 2002;
Bolder, 1997; Callicott et al., 2008). Even with specific pathogen free flocks, microorganisms
that cause spoilage and other quality issues will still need to be addressed (Bolder, 1997). While
it is understood that live production practices to reduce the microbial load of a poultry flock
should be utilized whenever possible, the limitations associated with some of these applications
further highlight the importance of intervention strategies within the processing facility (Barrow
et al., 2003; Corry et al., 2007b; Kaneene and Potter, 2003; Lahellec and Colin, 1985).
2.3

Poultry Processing
Poultry processing is a multi-step system that begins with the harvesting of live birds on

farms and ends with the corresponding human food products emerging from the facility. After
live birds are harvested from the grow-out farm, the birds are transported to the abattoir for
processing to undergo several process steps including dressing operations, evisceration and
chilling (Barbut, 2002; Bolder, 1998; Maurer, 2003; Schilling et al., 2014). Due to the
complexity of the process and the risk of cross-contamination within the system, processors
apply intervention steps involving chemical, physical and biological components to help reduce
the risk of cross-contamination between individual birds and among flocks (Escudero-Gilete et

8

al., 2013; Linaou et al., 2012; Zweifel and Stephan, 2012). These treatments work individually
or in tandem to produce a multi-hurdle system, so that if the system is operating efficiently, each
step within the process generates carcasses with reduced microbial populations (Linaou et al.,
2012; Smith et al., 2015; Zweifel and Stephan, 2012). (See Figure 1: Multi Hurdle Intervention
Poultry Processing). Each step of the process can have profound effects on the final product and
must be managed so that the processor is not only compliant with regulatory standards related to
control of fecal contamination and contamination of pathogenic microorganisms, but can also
produce a safe and quality product while remaining profitable (Lyon et al., 1991; Schilling et al.,
2014; Yegani and Korver, 2008; Zweifel and Stephan, 2012).
2.3.1

Live Haul and Transport
Prior to harvest and transport, birds will often be subject to a period of feed withdrawal,

which empties the contents of the GIT and may reduce the likelihood of fecal contamination
during processing (Durrant, 1995; Maurer, 2003; Mead, 2012; Northcutt and Buhr, 2010;
Wabeck, 1972; Wesley, 2009) and produce a carcass with a lower microbial load compared to
carcasses produced from birds that have not undergone a feed withdrawal period (Izat et al.,
1989). There is evidence to suggest that the timing of this withdrawal can adversely affect the
rate of contamination due to the possibility of increased fecal shedding during transport (Mead,
2012; Wesley, 2009), and/or the weakening of the intestinal linings leading to rupturing of
viscera during processing. Suggested feed withdrawal times of 8 to 16 hours can result in the
intestines having the least amount of fecal material (Durrant et al., 1995; Mainali et al., 2009). In
cases where transport and staging time of the birds exceeds this optimum time, an increase in the
incidence of Salmonella contamination of processed carcasses has been observed (Buncic and
Sofos, 2012; Mainali et al., 2009). This could be attributed to the birds consuming litter and
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fecal material in the absence of feed which could serve to increase the incidence of pathogenic
organisms in the crop (Byrd et al., 2001; Corrier et al., 1999; Ramirez, 1997).
Equipment, vehicles, and personnel involved in the harvesting and transport of the flock
also provide opportunities for cross-contamination (Bunic and Sofos, 2012; Lahellec and Colin,
1985; Slader et al., 2002). Slader et al. (2002) reported that washing and disinfection steps used
to clean bird transport crates significantly reduced the levels of Campylobacter present, but did
not completely eradicate the microorganism from all crates. Visual inspection crates after
washing and disinfection demonstrated that in many cases, organic material was still present
which could provide microorganisms a protective niche from the washing process (Slader et al.,
2002). This was further highlighted when birds from previously Campylobacter-free flocks
became contaminated during collection and subsequent transport to the processing facility
(Slader et al., 2002). While the overall levels of Campylobacter contamination were at relatively
low levels and were reduced after processing to 20 ± 9 most probable number (MPN) per
carcass, the presence of Campylobacter on the crates could be exemplary of the possibility of
cross-contamination between flocks due to the reuse of contaminated equipment (Slader et al.,
2002).
2.3.2

Slaughter

After unloading the birds are placed on shackles within a rail system, stunned until rendered
unconscious, and incorporated into the slaughter system (Maurer, 2003; Sams and McKee, 2010;
Parry, 1995). The unconscious birds are moved through the cutting machine which uses a blade
to cut the jugular veins and carotid arteries of the neck allowing the blood to drain (Maurer,
2003; Sams and McKee, 2010; Parry, 1995). Proper exsanguination is necessary to help ensure a
timely, humane death, as well ensure sufficient blood loss is achieved to minimize residual blood
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within the bird (Barbut 2002; Gregory 1995; Sams and McKee, 2010). Insufficient blood loss
could cause quality issues in the final product due to discolorations, as well as potentially
influencing shelf-life stability (Gregory 1995; Sams and McKee, 2010). After sufficient blood
loss, the carcasses subsequently progress through the processing system through a series of
stages, involving feather removal, evisceration, and product chilling (Buncic and Sofos, 2012;
Handley et al., 2015; Sams and McKee, 2010).
2.3.3

Scalding and Feather Removal

After slaughter, carcasses are subjected to a scalding process to help open the feather follicles
and aid in the subsequent removal of the feathers via a feather removal system (Allen et al.,
2003a; Barbut, 2002; Bolder, 1998; Maurer, 2003). Feather removal in a commercial poultry
processing facility is typically performed by treating exsanguinated carcasses with heated water
which acts to loosen the muscles surrounding the follicles so that the feathers can be removed by
mechanical action. Mechanical action to remove the feathers typically involves revolving rubber
extrusion or pickers which pull or otherwise remove the feathers from the epidermis of the
carcass (Barbut, 2002; Bolder, 1998; Buncic and Sofos, 2012; Cason et al., 2000; Kim and
Doores, 1993; Nde et al., 2007; Sams and McKee, 2010). Actual scalding temperature and dwell
time can vary due to the desired end product and/or facility/company preferences (Bolder, 1998;
Maurer, 2003; Okrend et al., 1986; Sams and McKee, 2010) but generally, the process involves
submerging carcasses in 48 to 60°C water for 2 to 4 minutes (Barbut, 2002; Bolder, 1998; Kim et
al., 1993b; Maurer, 2003; McKee et al., 2008; Sams and McKee, 2010).
Changing the temperature and/or dwell time will change the appearance of the skin due to
loss of the layer of waxy cuticle or stratum corneum (Maurer, 2003; Sams and McKee, 2010) and
will result in a carcass that has been either subjected to a hard or soft scald (Barbut, 2002;
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Bowker et al., 2014; Maurer, 2003; Sams and McKee, 2010). Typically, a hard scald will be at
higher (55 to 62°C) temperatures for shorter periods of time (45 to 90 s) and will result in the
loss of most of the cuticle generating a lighter colored carcass with a smooth surface (Barbut,
2002; Bowker et al., 2014; Buhr et al., 2014; Luján-Rhenals et al., 2017; Maurer, 2003; Sams
and McKee 2010; Schilling et al., 2014; Shackelford, 1987; Smith, 2014). Alternatively, a soft
scald will be conducted at lower (48 to 54°C) temperatures for longer periods of time (120 to 210
s) and most of the cuticle will remain intact, and in some cases, the result will be a yellow tinged
carcass (Barbut, 2002; Bowker et al., 2014; Buhr et al., 2014; Luján-Rhenals et al., 2017;
Maurer, 2003; Sams and McKee, 2010; Schilling et al., 2014; Smith, 204). A medium scald may
also be performed by utilizing temperatures ranging from 54 to 58°C, with dwell times up to 120
s (Barbut, 2002; Buhr et al., 2014). This scald type would typically be reserved for mature birds
where the processed meat will undergo further processing steps including breading and frying
(Barbut, 2002). Regardless of the temperature and dwell time of this part of the process, it is
generally assumed that this step can help to reduce the organic load as well as the microbial load
that may be present on the feathers and skin surface of individual carcasses, but may also lead to
opportunities of cross-contamination of other carcasses (Allen et al., 2003a,b; Barbut, 2002;
Bolder, 1998; Clouser et al., 1995a; Dickens and Whittemore 1997; Nde et al., 2007;
Shackelford, 1987) and could increase the overall prevalence of microorganisms in the
processing system (Allen et al., 2003a,b; Buncic and Sofos, 2012).
The scald time and temperature will have an effect on the upper levels of the epidermis,
but can also effect other attributes of the bird and the final product produced (Buhr et al., 2014).
If temperatures are not sufficiently high enough, the picking efficiency of the feather removal
process could be reduced (Buhr et al., 2014; Sams and McKee, 2010) and lead to extra
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processing steps that would be cost prohibitive in a commercial setting. Conversely,
temperatures that are too high can begin to denature proteins on the skin’s surface and dermal
tissue of the bird, especially in those regions that have a limited number of feathers or protection
from exposure to these temperatures (Buhr et al., 2014). The denaturation of the proteins can
cause bands of discoloration and influence the texture and appearance of the final product (Buhr
et al., 2014; Sams and McKee, 2010; Schilling et al; 2014). Exposure to high temperatures can
also have an adverse effect on the final yield associated with the processed bird, as liquefied fat
could be lost from the bird during processing (Buhr et al., 2014; Sams and McKee, 2010).
Overall, the scald process step can have a significant impact on the visual and physical attributes
of the muscle meat, but can also have profound effects on the surface properties of the skin
surface (Clouser et al., 1995a,b; Sams and McKee, 2010; Thomas and McMeekin, 1980; 1982).
A scalding treatment and subsequent feather removal will remove layers of the epidermis
and leave behind a completely different surface than previously present (Thomas and McMeekin,
1982). This new surface may be generally smoother and less hydrophobic due to the removal of
the cuticle, and will possess grooves, pockets and feather follicles that can serve as harborage
areas or reservoirs for organic material, debris and microorganisms (Thomas and McMeekin,
1980; Thomas et al., 1987). In turn, the niche areas and surface properties of the skin may
provide any microorganisms that are present potential protection from exposure to washes and
antimicrobial interventions utilized during this and subsequent stages within the poultry
production process (Kim and Doores, 1993; Thomas and McMeekin, 1982).
Equipment design in an immersion scalding process has been identified as an important
consideration to combat cross-contamination that may occur in the scalding and defeathering
processes (Barbut, 2002; Bolder, 1998; Buncic and Sofos, 2012; Sams and McKee, 2010;
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Waldroup et al., 1993). Scald systems can be improved by the use of pre-scald brushes and by
increasing the influx and movement of clean water in the tanks (Bolder, 1998; Sams and McKee,
2010). Besides the mechanical removal provided by these features, designing a scald system in
which the influx of fresh water is incorporated at the end stages of the scald process allows the
carcasses to move through cleaner water while progressing through the system, which in turn,
may aid in the reduction of microorganisms and organic material the carcasses are exposed to
during this stage of the process (Barbut, 2002).
Waldroup et al. (1993) found that microbial populations of the drip from whole bird
carcasses (WBC) treated within a counter-current, multiple stage scalder when compared to a
conventional, non-counter current flow scalder were significantly lower. Reductions of 0.5 log
cfu/mL APC, 0.7 log cfu/mL coliform counts and 0.6 log cfu/mL E. coli counts were observed
when the counter-current samples were compared to the conventional scalder. Additionally,
Salmonella incidence for counter-current samples was 10% less than the conventional scalder
samples. Whole bird carcass sampling at post evisceration and post chilling did not show that
reductions observed with the counter-current scalder were evident in the other stages of the
process as the Salmonella incidence at post chilling was higher for the carcasses treated with the
counter-current scalder.
Cason and Hinton Jr (2006) described a scalding equipment design involving the use of a
counter flow system with three tanks in succession, resulting in coliform and E. coli log10 cfu/mL
levels in the final scald tank being at least 3.0 log10 cfu/mL lower than those levels seen in the
first tank. Additionally, Salmonella was only identified in the first and second scalder tanks
while there was no detectable incidence of Salmonella in the final scalder tank (Cason and
Hinton Jr, 2006). When the corresponding carcasses were tested by performing WBC rinses, 18
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out of 36 carcass rinses tested had Salmonella present and, coliform and E. coli levels were at
least 1.5 log10 cfu/mL higher than the scald waters (Cason and Hinton Jr, 2006).
Along with equipment design, antimicrobial and chemical interventions applied to the
scald tanks have been shown to have some efficacy in reducing the microbial load of scald
waters so that cross-contamination between carcasses can be mitigated (Humphrey et al., 1981;
Maurer, 2003; Okrend et al., 1986). The application of an acetic acid treatment in scalder
systems has been shown to reduce the thermal death rate of certain Salmonella serovars in
treated scald waters (Okrend, et al., 1986), suggesting that acid applications in a scalder system
could help to reduce the incidence of Salmonella in this part of the process. Even when
significant reductions in aerobic plate counts (APC, 2.25 log cfu/mL) and Enterobacteriaceae
(greater than 3.88 log10 cfu/mL) counts in acetic acid treated scald water occurred, the
corresponding WBC rinses did not prove to have significantly different APC and
Enterobacteriaceae loads compared to WBC rinses from an untreated scalder system (Lillard et
al., 1987). Treatments utilizing an alkaline scalder additive have been shown to be successful at
reducing Salmonella prevalence in the scalder water as well as resulting in greater than 1.50
log10 cfu/sample Salmonella reductions in rinses from the associated treated WBC (McKee et
al., 2008).
The design and function of the picking cabinets can also impact the microbial loads of the
carcasses during this step of the processing system (Dickens and Whittemore, 1997). In the
picking cabinets, fingers, or protrusions, will work to massage and remove feathers from the
carcass (Barbut, 2002; Maurer, 2003; Sams and McKee, 2010). While removing feathers, the
resulting drumming action can release fecal and ingesta material from the carcass, and the
rotation of the equipment and movement of the carcasses may help to spread this material and
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any microorganisms that are potentially present (Berrang et al., 2001; Dickens and Whittemore,
1997). The fingers used to remove the feathers will directly contact the skin, feathers, and
organic material present on all carcasses, increasing the likelihood of cross-contamination
(Barbut, 2002; Berrang et al., 2001; Dickens and Whittemore, 1997).
Cross-contamination can also occur from the production of aerosols, resulting in the
transfer of microorganisms through water droplets which likely become airborne due to the
actions and movements within the picking cabinets (Allen et al., 2003a,b; Barbut, 2002; Berrang
et al., 2004). The effect of aerosol cross-contamination was observed when a carcass previously
inoculated with a marked microorganism was processed through a system containing one of two
different defeathering systems (Allen et al., 2003a,b). The marked organism was recovered from
carcasses preceding and following the inoculated carcass, indicating that the production of
aerosols as well as the direct contact of the protrusions involved in feather removal support
proliferation and dissemination of microorganisms at this stage of the process (Allen et al.,
2003a,b).
The scalding and picking stages of the poultry process can be a point of crosscontamination between carcasses due to the comingling of carcasses in the scalder water and
within the picking process, as well as due to the production of aerosols which transfer the
microorganisms in water droplets (Allen et al., 2003b; Berrang et al., 2004; Clouser et al.,
1995a,b; Grau, 1986; Lillard et al., 1987; Lues et al, 2007; Okrend et al., 1986; Shackelford,
1988). Any cross-contamination during these steps may have limited impact on the overall
microbial load of carcasses, especially when compared to the later stages of processing,
including evisceration, spray washing, and chilling steps (Cason et al., 1997,1999; Munther et
al., 2016; Rivera-Perez et al., 2014). Theoretically, reductions in microbial counts at this early
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stage of the processing system could help ensure that the later stages of processing are both
effective and efficient (Okrend et al., 1986), although the complexity of the processing system
does not necessarily allow for the comparisons of microbial loads in scalder waters to be wholly
indicative of microbial loads of corresponding carcasses (Cason et al., 2000).
During scalding, the microorganisms present on the skin and feathers of the carcass will
be subjected to the heat treatment, but due to the short dwell time (45 s to 210 s), many
microorganisms will survive on the skin of the carcasses, as well as within the treatment water
itself (Carrasco et al., 2012; Yang et al., 2001). This would especially be true of microorganisms
that have heat resistance characteristics which can result in those microorganisms not only
surviving the heat treatment process, but also increasing the microbial load of the scalder water,
thereby increasing the probability of cross-contamination among carcasses (Humphrey, 1981).
Survival of some microorganisms is also enhanced by the attachment properties of the cells
which allow some microorganisms to become “embedded” in crevices, liquid films or otherwise
attached to skin (Corry et al., 2007b; Kim et al., 1993a; Tamblyn and Conner, 1997; Thomas and
McMeekin, 1982). Another concern can be the amount of organic material present in the
scalding and picking processes, as some studies have indicated that the thermal death rate of
microorganisms associated with poultry can be directly influenced by the organic materials
present (Humphrey, 1981). One explanation of this could be explained by the debris providing
niches of protection which allow survival, but also by the chemical changes occurring within the
scald water (Humphrey, 1981). A major component of poultry feces, ammonium urate,
disassociates in water to produce uric acid and ammonium hydroxide, and has been shown to
influence the pH level of the water to produce a more acidic scald water which could induce a
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stress response of some microorganisms, allowing for limited protection against heat stress that
may be encountered during the scalding process (Humphrey, 1981).
2.3.4

Evisceration
After scalding and feather removal, the heads are removed from the necks and the

carcasses progresses to the evisceration stage, where both inedible and edible viscera are
separated from the carcass (Maurer, 2003; Sams and McKee, 2010). In order to accomplish
evisceration, the carcasses progress through a series of automated steps that have three main
objectives: opening the body cavity, removal of the viscera including the intestinal tract and
associated organs, heart and lungs, and removal of the giblets (Bolder, 1998; Maurer, 2003;
Sams and McKee, 2010). To aid in evisceration steps and maintain consistencies so that the
automated equipment can function efficiently, the carcasses are inverted and suspended on
shackles that are transported on a rail system. Typically, the use of rotating equipment along
with guide bars and framework serve to position the carcass so that the automated equipment
will be able to perform efficiently and effectively. Vent cutters begin the evisceration process by
excising and removing the lower part of the intestines; the opener will subsequently enter the
cavity and act to widen the cavity and the opening previously exposed by the vent cutter
(Maurer, 2003; Sams and McKee, 2010). The larger opening allows for easier removal of the
viscera. The viscera must accompany the carcass after it has been removed so that it and the
associated carcass can be inspected for disease and contamination by regulatory personnel
working within the United States Department of Agriculture Food Safety Inspection Service
(USDA-FSIS) regulatory personnel (USDA, 2014). Some systems allow for the complete
removal and placement of the viscera pack in a tray or on a shackle line in direct proximity to the
carcass, while other systems allow the viscera to remain connected to the cavity, but hanging on
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the outside of the carcass (Barbut, 2002; Maurer, 2003; Sams and McKee, 2010; Schilling et al.,
2014; Smith, 2014). In systems where the viscera is still attached to the carcasses, there is an
additional step in which the viscera are completely removed from the bird. Once the viscera are
removed, the crop of the carcass is subsequently removed by a probe pushing it through the
cavity of the carcass to the opening at the neck (Parry, 1995; Schilling et al., 2014; Smith, 2014).
After the cropper, the lungs and remnant tissues are removed by either automated or manual
vacuum probes and the carcass passes through the neck breaker and subsequent neck puller
which serves to break the backbone and remove the neck from the carcass (Maurer, 2003; Parry,
1995; Sams and McKee, 2010; Schilling et al., 2014; Smith, 2014).
2.3.5

On-line and off-line reprocessing
Effective evisceration is an important step in the production of poultry as the viscera have

been identified as a potential source of contamination due to the diverse population of organisms
present in the GIT of commercial birds (Cunningham, 2012; Gabriel et al., 2006). During
evisceration, there is an increased likelihood of contamination as failure to fully remove and/or
rupture the viscera could increase the prevalence of unwanted microorganisms on carcasses and
equipment (Buncic and Sofos, 2012; Russell and Walker, 1997; Sams and McKee, 2010). Also
of concern in the evisceration process is that the constant reuse of equipment in this step of the
process which could lead to cross-contamination between carcasses (Bailey et al., 1986; Buncic
and Sofos, 2012; Mead, 1995; Sams and McKee, 2010). To determine the efficacy of the
evisceration systems and to satisfy regulatory requirements related to the production of
wholesome product, routine visual inspections of the external and internal surfaces of the
carcasses determine if additional trimming or washing (reprocessing) is required (USDA, 2014).
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Extensive off-line reprocessing is not favorable for the processor as it requires additional
labor to handle and manage the reprocessing steps, as well removing carcasses from the main
processing line, resulting in processing delays (Fletcher et al., 1997). Although it is generally
recognized that fecal and ingesta contamination cannot be avoided in the slaughter process
(Buncic and Sofos, 2012), regulatory policies have required controls to minimize the presence of
these contaminants, and have enacted a zero-tolerance policy on fecal and ingesta material
entering the chiller (USDA, 2014). This policy requires that all carcasses contaminated with
fecal and ingesta, regardless of the level of the contaminant, to be reprocessed to remove the
contamination (USDA, 2014). However, reprocessing carcasses that have minimal contaminants
has not been necessarily shown to significantly change the overall microbial loads of the
carcasses (Bilgili et al., 2002; Giombelli et al., 2015; Stefani et al., 2014). Furthermore, research
has concluded that fecal contamination does not necessarily indicate that the affected carcass or
carcasses are more likely to have higher microbial loads when compared to non-contaminated or
inspection passed carcasses (Bilgili et al., 2002; Jimenez et al., 2002). Findings published by
Jimenez et al. (2002), revealed that microbial loads on non-contaminated carcasses collected
after evisceration exhibited a higher incidence of Salmonella (20%) when compared to
contaminated carcasses (12.5%), and this trend persisted after chilling when non-contaminated
carcasses also demonstrated a greater level of Salmonella incidence.
In the past, carcasses with visual fecal contamination on the outside of the carcass would
have been removed from the processing system and reprocessed to trim and/or wash the affected
area(s) while carcasses with contaminated cavities would have been removed from the system
and condemned (Blankenship et al., 1975). Blankenship et al. (1975) provided evidence that
when comparing carcasses categorized as one of the following: passed inspection, condemned
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and washed, or condemned and removed from the process, the average bacterial counts for total
plate counts (TPC), Enterobacteriaceae and Clostridia were generally very similar and although
there were some statistically significant differences, the differences were relatively small (less
than 0.5 log10). Additionally, the authors suggested that since the wash system used in this
process was a 5-sec wash utilizing only 200 mL of water per carcass, improvements in the wash
system could lead to even smaller differences of bacterial counts between condemned and
inspection-passed carcasses (Blankenship et al., 1975).
Wash systems including inside-outside bird washes (IOBW) along with on-line
reprocessing (OLR) (also known as continuous online processing or COP) have become more
commonly utilized by processors to reduce the microbial loads of carcasses on the processing
line while also minimizing the number of carcasses requiring off-line reprocessing (Giombelli et
al., 2015; Kemp et al., 2001; Northcutt et al., 2003; Smith, 2014). The IOBW systems help to
remove any visible organic material from both the inside and outside of the carcass and these
“cleaner” carcasses progress into an OLR system typically equipped with an antimicrobial wash
or rinse (Bashor et al., 2004; Buncic and Sofos, 2012; Kemp et al., 2001; Schilling et al., 2014).
These systems may not eliminate the need for all off-line reprocessing, but the number of
carcasses requiring off-line reprocessing should be greatly reduced (Buncic and Sofos 2012;
Fletcher et al., 1997). Additionally, some wash systems have been shown to reduce microbial
populations of all treated carcasses (Kemp et al., 2001; Northcutt et al., 2003) although the
efficacy of the systems for these purposes are subject to debate and dependent on the spray
volume and pressure, type and concentration of the antimicrobial component as well as
application temperatures (Bashor et al., 2004; Corry et al., 2007b; Northcutt et al., 2005).
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In findings published by Kemp et al., (2001), an IOBW system followed by an OLR
system equipped with acidified sodium chlorite (ASC) reduced E. coli counts by 1.78 logs
cfu/mL, Campylobacter counts by 1.75 logs cfu/mL and Salmonella incidence by 21.6%, on
fecal contaminated carcasses compared to the standard off-line reprocessing washing practices.
These results are similar to findings published by Bashor et al., (2004) in which a wash system
equipped with both chlorinated water and a processing aid, trisodium phosphate (TSP) or ASC,
resulted in reduced Campylobacter counts of 1.03 log cfu/mL and 1.26 log cfu/mL, respectively.
Spray and wash systems equipped with pH neutral quaternary ammonium compounds, such
as cetylpyridinium chloride (CPC), have also been shown to be affective at treating carcasses
prior to the chilling step (Arritt et al., 2002; Oyarzabal, 2005). These compounds have not only
been observed to be germicidally effective against a wide range of microorganisms but have also
been reported to inhibit the attachment of certain microorganisms to poultry skin (Arritt et al.,
2002; Breen et al., 1995; Oyarzabal, 2005). When CPC, TSP and ASC compounds were applied
to inoculated poultry skin, 0.5% CPC was the most affective compound at reducing
Campylobacter jejuni counts for all contact times studied (Arritt et al., 2002). Campylobacter
jejuni reductions achieved with 0.5% CPC averaged 2.89 log cfu/skin, while reductions achieved
with 10% TSP and 0.1% ASC were 1.63 and 1.52 log cfu/skin, respectively. However, efficacy
of the CPC was markedly reduced when the concentration was reduced to 0.1%, and at this level,
CPC was generally less effective than the 10% TSP and 0.1% ASC compounds (Arritt et al.,
2002).
Pre-chiller intervention systems involving chlorinated washes and rinses with or without an
additional antimicrobial component have been utilized by poultry processors to reduce the
number of carcasses requiring off-line reprocessing not only due to fecal contamination but to
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also reduce the risks of cross-contamination (Oyarzabal, 2005). Efficacy of these washes are
dependent on several factors including carcass dwell time, spray volume, and antimicrobial
intervention concentrations (Arritt et al, 2002; Bashor et al., 2004: Keener et al., 2004).
Furthermore, efficacy can be measured by not only the germicidal activity of the intervention but
also the physical action and removal of microorganisms as well as the ability of the
corresponding intervention to inhibit attachment of microorganisms to the carcasses (Arritt et al.,
2002). If interventions are managed and operating as intended at this stage of the poultry
process, then the efficacy of the entire processing system should be enhanced due to the
decreased organic and microbial loads that are entering the chilling systems and subsequent
processing stages (Yang et al., 1998).
2.3.6

Chilling
After evisceration, the chilling component of poultry processing serves to reduce the

microbial population on the carcasses as well as aids in the transformation of muscle proteins to
meat (Barbut, 2002; Bowker et al., 2012; James et al., 2006; Petrak et al., 1999; Sams and
McKee, 2010; Sofos et al., 2013; Veerkamp, 1995; Zhang et al., 2011). Chilling is usually
accomplished with the use of chilled air or water although other forms of coolants such as liquid
nitrogen and solid carbon dioxide have been employed (Veerkamp, 1995; Zhang et al., 2011). In
the US, the most common form of chilling is the immersion chilling system which utilizes tanks
of chilled water with augers or paddles to move the carcasses through the system (Dickens and
Whittemore, 1995; Northcutt et al., 2008; Veerkamp, 1995). Efficient chilling is accomplished
by managing both the temperature of the water and the contact between the water and the
carcasses (James et al., 2006; Veerkamp, 1995). To manage water temperatures, fresh water that
is chilled to 0 to 4°C is added at a rate comparable to the outflux of water so that water levels are
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maintained and adequate to meet the chilling standards required of carcasses exiting the chiller
(USDA, 2014). The amount of fresh, chilled water will help determine the efficiency of the
chilling process but this efficiency must be balanced with the costs associated with operating
heat exchangers as well as the efforts to conserve water for sustainability purposes (Northcutt et
al., 2008). Mechanical or air agitation and the countercurrent flow of incoming water within the
chiller tanks also help to manage the efficiency of the chilling processes, by working to “wash”
the carcasses while also increasing the contact between individual carcasses and the chilled
water, thereby increasing the heat exchange efficiency of the chilling process (Bowker et al.,
2014; Northcutt et al., 2006; Petrak et al., 1999; Sofos et al., 2013; Veerkamp, 1995).
Similar to immersion scalders, the co-mingling of carcasses within the chiller can
represent an opportunity for cross contamination to occur (Carrasco et al., 2012; Lillard, 1990;
Mohamed et al., 2014). Along with maintaining chilled temperatures of the chiller water and the
fresh water being added to the system, the addition of an antimicrobial component has been
shown to aid in reducing microbial loads on carcasses as well as help mitigate the crosscontamination risks associated with co-mingling of carcasses (Bauermeister et al., 2008;
Veerkamp, 1995). Chlorine compounds possess enhanced antimicrobial efficacies when used at
lower temperatures, and therefore have been routinely used in chiller applications, although some
of chlorine’s efficacy is diminished when there are high organic loads or when the pH increases
above 7.0 (Bauermeister et al., 2008; Lillard, 1980; Russell and Axtell, 2005; Wabeck et al.,
1968). While the application of chlorine compounds has been shown to provide antimicrobial
reductions in immersion chillers, the variable organic loads inherent in commercial processing
systems can often overwhelm the chlorine levels and limit the establishment of residual levels of
freely available chlorine (Russell and Axtell, 2005; Zweifel and Stephan, 2012).
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Chiller treatments with ozonated water have been found to be effective due to the strong
oxidative potential, broad range of antimicrobial activity, and minimal impact on organoleptic
properties of ozone (Bolder, 1997; Fabrizio et al., 2002; Sheldon and Brown, 1986; Zweifel and
Stephan, 2012). The efficacy of ozone is dependent on the residual levels available after
application; a process or solution that has a high ozone demand will require a higher level of
ozone so that a residual level of ozone is established (Kim et al., 2003; Zorlugenc and Zorlugenc,
2012). Filter treatments, the addition of complimentary compounds or applying a separate
intervention to act in tandem to the ozone treatments may serve to increase the efficiency of
ozone applied to a system with a high ozone demand (Kim et al., 2003). The widespread use of
ozone in commercial poultry processing settings may be somewhat limited due to health hazards
to personnel within the establishments, as sensitivity to ozone differs from person to person and
higher concentrations of ozone may not be feasible for application in all processing areas
(Bolder, 1997; Zorlugenc and Zorlugenc, 2012).
The use of generally recognized as safe (GRAS) organic acids as antimicrobial
components in poultry chilling operations has been identified as a feasible option due to a low
economic impact coupled with a high level of effectiveness (Mani-Lopez et al., 2012; Ricke,
2003; Tamblyn and Conner, 1997; Zweifel and Stephan, 2012). Unfortunately, the use of acids
can greatly lower the pH levels of the chill water which can adversely affect the visual
appearance of carcasses by causing darkening or yellowing of the carcass tissue (Bilgili et al.,
1998; Dickens et al., 1994; Dickens and Whittemore, 1994; Zweifel and Stephan, 2012).
Treatment of poultry meat with acids has also been observed to result in meat with undesirable
flavor and odor profiles, although these side effects are specific to the acid, concentration,
temperature and contact time utilized (Bauermeister et al., 2008a,b; Bolder, 1997; Keener et al.,
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2004; Mani-Lopez et al., 2012). Adverse sensory properties that result from acidic treatments
can sometimes be mitigated by adding a separate compound which will minimize the negative
aspects of the low pH levels, while still maintaining the antimicrobial efficacy of the acid
compound (Bauermeister et al., 2008a,b). Peroxyacetic acid compounds have become
commonly used in poultry processing as the antimicrobial qualities of the acetic acid in
combination with hydrogen peroxide have proven to be effective with limited adverse effects on
visual and sensory attributes of the final product (Bauermeister et al., 2008a,b). Regardless, of
whether used alone or in combination, there is concern about using organic acids at sub-lethal
levels as this environment has been shown to induce acid resistance and virulence properties of
the targeted microorganisms (Mani-Lopez et al.; 2012; Ricke, 2003).
2.3.7

Post-Chilling
Ineffective chilling can have both food safety and quality implications for a processor

(James et al., 2006; Sams, 1999). The quality of meat produced from a slow chilling can result
in muscle meat that is pale, soft and exudative (PSE), which will be both aestically and texturally
unappealing (James et al., 2006; Sams, 1999). Conversely, fast chilling can result in muscle
fibers constricting, or “cold shortening” leading to the production of tough meat (James et al.,
2006). Quality of the final product can also be impacted if the meat temperature has not been
reduced enough to slow or prevent the outgrowth of spoilage microorganisms (James et al.,
2006). Along with controlling spoilage microorganisms, the chilling process has been shown to
be effective at reducing the prevalence of pathogenic microorganisms that pose food safety risks
(James et al., 2006).
As more stringent standards have been placed on poultry processors to reduce the
prevalence of pathogens on raw poultry carcasses and parts, post-chill intervention treatments
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have been become more commonly utilized in poultry processing systems (Nagel et al., 2013).
Post chill intervention applications usually involve a chemical intervention applied via a spray or
dip tank to carcasses directly after exiting the chiller. While the chemical intervention at the
post-chill application may be the same or similar as the chemical component in pre-chill
interventions and chiller systems, the contact time, chemical concentration, and organic load on
the carcasses will be different (Arritt et al., 2002; Nagel et al., 2013). As previously discussed,
effectiveness of chemical interventions is directly influenced by the organic and microbial loads
that may be present on the carcasses during treatment and overall, post-chill applications may
prove to be effective, but cannot be used to overcome inadequate interventions applied in
previous stages of the poultry processing system.
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2.3.8

Multi-Hurdle Intervention Poultry Processing Schematic
Live Production
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Transport

Pre-Harvest Interventions:
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Further
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Figure 1. Multi-Hurdle Intervention Poultry Processing
(Adapted from Barbut, 2002; Chen and Wang, 2003)
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2.4

Poultry Processing: History of Food Safety
The publication, “The Surgeon General’s Report on Health and Promotion of Disease and

Prevention” in 1979, led to different sectors of the US government becoming unified in
providing measurable and meaningful improvements in the health of the US population (PHS,
1979). In support of these objectives, a program entitled “Promoting Health/Preventing
Disease: Objectives for the Nation”, which outlined 226 objectives known as the “1990 health
objectives” were proposed to improve the health of the nation’s population by 1990 (PHS, 1980).
When a midcourse review was performed in 1985, noted improvements in human health had
already been achieved, but it was also apparent that several of the goals of the original program
would not likely be achieved and further, new challenges had increased the number of objectives
that needed to be addressed (U.S. Department of Health and Human Services, 1986). To address
these changes, the program and the associated objectives expanded, and with the publication of
“Healthy People 2000”, specific goals focused on food safety and reducing illnesses associated
with food borne diseases were introduced (U.S. Department of Health and Human Services,
1991). Review of the achievements obtained from the Healthy People 2000 and 2010 initiatives,
showed improvements in food safety and the reduction of some food borne illnesses, but also
identified areas requiring additional improvements (U.S. Department of Health and Human
Services, 2000; 2010). To help achieve Health People 2020 goals, USDA-FSIS was charged
with reducing the amount of food borne illnesses caused by poultry, and instituted policies to
help achieve a 25% reduction in human salmonellosis cases and a 33% reduction in human
campylobacteriosis cases attributed to poultry by the year 2020 (USDA, 2015).
In the US, it is estimated that foodborne pathogens are responsible for approximately 9
million illnesses, more than 50,000 hospitalizations and 1000 deaths, annually (Scallan, et al.,
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2011) and three of the four highest ranking causative agents for these illnesses (Salmonella,
Campylobacter and Clostridium), are pathogenic organisms in which poultry serve as natural
reservoirs/sources (Hayama et al., 2011). In a report released by the Interagency Food Safety
Analytics Collaboration (IFSAC) Project, four pathogens including Salmonella and
Campylobacter were identified as high priority due to the severity of the illnesses that can occur,
as well as the impact intervention strategies may have on the persistence and proliferation of
these organisms (IFSAC, 2015). Additionally, on-going surveillance performed by the
Foodborne Diseases Active Surveillance Network (FoodNet) identified Salmonella and
Campylobacter bacteria present on raw poultry as leading causes of foodborne disease and
illness (CDC, 2015).
Further highlighting poultry as a source of food borne illnesses, Batz et al., (2012) used
attribution and epidemiology studies to determine estimates of the number of illnesses,
hospitalizations and deaths as well as cost and quality-adjusted life year (QALY) estimates
associated with common pathogen-commodity pairs. From these calculations, it was determined
that the Campylobacter-poultry pair ranked number one and that Salmonella-poultry pair ranked
number four in the top 50 pathogen-commodity pairs (Batz et al., 2012). Additionally, in
attribution analyses obtained from outbreak data, Painter et al., (2013) determined that poultry
commodities caused more deaths from foodborne infections than any other commodity.
Numerous researchers, industry and regulatory agencies agree that poultry commodities have an
inherent amount of risk to cause food borne disease, (Cox et al., 2011), USDA-FSIS agencies
have been charged with reducing the risks associated with consumption of these products so that
any risks can be minimized or eliminated (USDA, 1996).
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Food safety has long been recognized by government bodies as a public health concern, and
as the amount of information that has been disseminated to the public has increased, due to the
increased numbers of media outlets and sources of public information, the attention the subject
receives from the general population has intensified in recent years (Durrant, 1995; Rutsaert et
al., 2013; Ricke et al., 2015; Torrence, 2003). As outbreaks have occurred, the identification and
attribution of certain commodities as causative agents in certain types of food borne illnesses
have become widely accepted as sources of disease and infection (Batz et al., 2012; 2014). As
Campylobacter and Salmonella infections are routinely identified as being caused by the
consumption of raw poultry products (Batz et al., 2012) or from other foods contaminated by raw
poultry products (Buncic and Sofos, 2012), the recognition that this commodity has some
inherent risk in its raw form have only increased as the reliance on poultry as a protein food
source has increased (Barbut, 2002; Cox et al., 2011; Durrant, 1995; Foley et al., 2011).
The increase in poultry consumption can likely be attributed to many factors, including the
ever-growing human global population as well as the social and dietary shifts that have occurred
in large segments of this growing population (Chen and Wang, 2003; Durrant, 1995; Nychas
2008; Kearney 2010; Rask and Rask 2011). In return, increased demand for poultry products has
caused exponential growth in the U.S. poultry industry (Luján-Rhenals et al., 2017), and over the
last two decades, production rates have had an average increase of 2.4% per year (Zhuang and
Moore, 2015). This has resulted in a 23.7% increase in the number of pounds of poultry being
inspected in the last two decades (Smith, 2014). The commodity’s increased demand along with
the increased rate (13.0%) of campylobacteriosis infections when 2014 rates were compared to
2006 to 2008 incidences, as well as the relatively steady rate of salmonellosis infections (CDC,
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2015) have led regulators to evaluate policies and procedures related to the production and
processing of this commodity (USDA, 2014).
2.5

Poultry Processing: History of Inspection and Regulatory Compliance
There is evidence to suggest the sale of unwholesome or contaminated meat was not an

accepted practice as far back as the 12th century, actual legislation did not come about until the
industrialization age evolved in European countries in the 19th century (Bilgili, 2010).
Generally, the early days of large scale poultry production would likely be considered
rudimentary and profit driven with limited focus on the food safety aspects of the processes
(Sinclair, 1906). With the publication of Sinclair’s “The Jungle” (1906), many aspects of the
poor conditions in slaughterhouses and meat packing became public knowledge, which led to an
increased focus toward food safety and animal welfare for these operations.
Over the next 50 years, voluntary inspection programs and regulations increased and in
1957, mandatory inspection for interstate poultry products was required under the “Poultry
Products Inspection Act” (United States Code, 2014). Under this act, antemortem and
postmortem inspections were established, as well as inspections related to the general processing
operations, sanitation procedures and labeling requirements. These laws covered interstate
products, but inspections for intrastate poultry products did not become mandatory until the
1968, under the “Wholesome Poultry Act” which required all states to maintain standards and
inspection programs equivalent to those required for the federal programs (United States Code,
2014).
The antemortem, postmortem, operations, sanitation, and labeling inspections continued to be
carried out under the authority of USDA-FSIS, with little change in policy or associated
procedures even as the industry’s size and the complexity of the processing systems had evolved.
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Debates about the values of extensive visual/organoleptic inspection of every bird/carcass
became commonplace within the industry and in response, USDA-FSIS charged the National
Research Council (NRC) with performing an independent evaluation of the current policies and
programs. In 1987, the NRC concluded that risk-based inspection could be utilized to address
any public health concerns within the poultry processing industry (NRC, 1987). This gave
USDA-FSIS the authority to vary inspection polices in processing plants based on that facility’s
history of compliance to the standards, product type(s) and personnel commitment, but also
determined whether the establishment of more scientific based inspections would be needed to
further improve the systems (NRC, 1987). In 1996, with implementation of the Pathogen
Reduction and Hazard Analysis Critical Control Point (PR-HACCP) system’s final rule, facilities
were charged with establishing HACCP plans to address any specific hazards associated with
poultry processing systems as well as meet performance standards established to reduce
pathogens associated with the products (USDA, 1996).
Based on the information gathered by researchers and regulatory bodies it has been
concluded that while a processor should work to ensure that all food produced is safe for human
consumption, complete elimination of all microbiological hazards may not be possible as
targeted pathogens are not able to be eliminated in a raw poultry processing system (Buncic and
Sofos, 2012; Selgas et al., 1993; USDA, 1996). Ongoing evaluations performed by USDA-FSIS
have been able to establish prevalence levels of targeted pathogenic organisms and other
indicator organisms within the production process of young broilers, and these levels have been
used to establish qualification measurements to determine how a processor is performing
(USDA, 1999; 2004; 2009).
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The baseline evaluation performed in 1994 (prior to PR-HACCP final rule) concluded that
levels of APC microorganisms on raw poultry after chilling and prior to any further processing,
were typically in the range of 3.0 to 4.0 log (USDA, 1994). Generic E. coli was found in 99.6%
of the samples, with the majority (85.0%) of these samples having less than or equal to 100
cfu/mL. For those samples positive for Campylobacter (88.2%) or Salmonella (20.0%), the
majority (87.3%) that were positive for Salmonella had less than 0.30 MPN/mL of that organism
and the majority (61.3%) that were positive for Campylobacter had less than 30.0 MPN/mL of
that organism. With these findings, the agency concluded that although the pathogens were
present, the levels were low enough that proper cooking and handling could render any
contaminated products safe to consume (USDA, 1994).
In a follow-up baseline evaluation performed in 1999 to 2000 (after the implementation of
PR-HACCP final rule), young chickens were evaluated for Salmonella and generic E. coli
prevalence (USDA, 1999). Escherichia coli was detected in 95.3% of the samples, with the
majority (93.5%) of those samples having less than or equal to 100 cfu/mL and Salmonella was
detected in only 8.7% of the samples (USDA, 1999). These findings reveal a reduction in E.
coli and Salmonella levels when compared to the results from the 1994 baseline, but also
highlighted that while improvements in processing have been able to reduce the populations of
pathogenic organisms present on raw poultry, complete elimination of pathogenic and spoilage
organisms from this commodity may not be possible (USDA, 1999).
Baseline evaluations performed in more recent years have expanded testing to include other
microorganisms to better understand the microbiological profile of poultry carcasses processed
in the US (USDA, 2007). Along with determining the prevalence of Salmonella and E. coli
levels on post-chill carcasses, the sampling also included testing for Campylobacter, APC and
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coliform microorganisms from both rehang (post-picker, pre-evisceration) and post-chill
carcasses (USDA, 2007). Carcasses collected from post-chill locations, were 97.07% positive
for APC, 57.40% positive for Enterobacteriaceae, 47.82% positive for coliforms and 38.66%
positive for E. coli. When comparing Salmonella and Campylobacter incidence on carcasses
from re-hang to post-chill carcasses, levels were reduced by 35.51% and 60.70%, respectively.
Overall, prevalence levels for Salmonella and Campylobacter on post-chill carcasses were
determined to be 7.5% with a standard error of 0.43% and 46.7% with a standard error of 0.87%,
respectively.
By determining prevalence levels of Salmonella and Campylobacter of post-chill poultry
carcasses, agencies were provided the opportunity to establish set points by which to measure
changes over time (USDA, 2007). These prevalence levels and associated changes are used for
the development of risk calculations and associated risk management practices, which help
determine policies and procedural changes that may be necessary to ensure that risk to human
health is mitigated (USDA, 2007). Comparisons of baseline samplings performed in 1994, 1999,
and 2007 (USDA, 1994; 1999; 2007) have shown that while there was a 11.85% reduction
(20.0% reduced to 8.15%) in Salmonella prevalence on post-chill poultry carcasses, the number
of illnesses caused by Salmonella has remained relatively constant, and the number of illness
caused by Campylobacter have increased by 13% since 2008 (CDC, 2015). While raw poultry is
not the only commodity that poses a risk of causing salmonellosis and campylobacteriosis, it has
been linked to 145 Salmonella and 6 Campylobacter outbreaks between 1998 and 2008, or
49.9% of the 309 outbreaks identified as being caused by bacterial etiological agent from poultry
products (MMWR, 2013). Furthermore, at 18.9%, poultry was the commodity most commonly
implicated in Salmonella illnesses reported to The Foodborne Disease Outbreak Surveillance
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System (FoodNet) between 1998 and 2008 (MMWR, 2013) and estimation models utilizing
FoodNet data from 2000 through 2008, reported that 1.0 million of the 9.4 million annual food
borne illnesses could be attributed to poultry (Scallan et al., 2011).
2.6

Poultry Processing: Good Manufacturing Practices and HACCP
Commercial operations for processing poultry carcasses for human food consumption

requires an extensive use of equipment and automation in order for the process to remain
efficient and cost-effective (Barbut, 2002; Erdtsieck, 1995; St. Cyr, 2003). To help maintain
efficiencies and produce final products with the desired level of quality, establishments operate
under a systemic set of principles typically referred to as good hygiene practices (GHP) or good
manufacturing practices (GMP) (Bolton et al., 2014; Escudero-Gilete et al., 2013; St. Cyr, 2003).
These practices dictate certain requirements from personnel and equipment within a processing
system to create standardized operations and universal practices to ensure that factors negatively
effecting the microbiological profile of the product, are removed or controlled, while also
continuously working to reduce the microbiological load present (Belluco et al., 2016; Bolton et
al., 2014; Chen and Wang, 2003; St. Cyr, 2003). Specifically, within a poultry processing
operation, GMP practices serve to promote the use of good hygiene practices and intervention
systems so that the risks of cross-contamination between individual carcasses and multiple flocks
are reduced or mitigated (Barbut, 2002; Bolton et al., 2014, Buncic and Sofos, 2012; EscuderoGilete et al., 2013). These systems work in conjunction to provide a multi-hurdle system that
works to continuously reduce or eliminate populations of pathogenic and/or undesirable
microorganisms by the time the bird has been processed into its final product (Barbut, 2002;
Buncic and Sofos, 2012). Any stage of the process where personnel and/or equipment are
handling the birds, carcasses, parts or final products, or where the birds, carcasses, parts, or final
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products are allowed to comingle have the potential to represent a possible point of crosscontamination (Barbut, 2002; Buncic and Sofos, 2012; Cunningham, 2012; Hayama and Tsutsui,
2011; Mead, 1995) and subsequently, considerable emphasis is placed on maintaining and
improving GMP related to equipment design, wash systems and process flows to help mitigate
these risks (Buncic and Sofos, 2012; Simonsen, 1995).
Along with a prerequisite GMP program, a processor is also required to have a HACCP
program which measures, as well as prevents or eliminates hazards and identifies Critical
Control Points (CCP) which may pose a potential risk to the product (Bolton et al., 2014; Curtis,
2005: Heggum et al., 2015). A HACCP program provides a systematic approach to the
monitoring and corrective action system by which the process is verified to be operating as
intended (Gould, 1990; Heggum et al., 2015; Hui et al., 2003; Simonsen et al., 1987). While
there are many factors that must be considered when determining how to assess the effectiveness
of a process and control of that process, at a minimum, assessments will include frequent
monitoring and data collection (Hui et al., 2003; Simonsen et al., 1987; Tompkin, 1990). One
aspect of data collection results in the collection of samples from the process in review and for a
poultry processing facility, this would include the collection of carcasses and/or associated parts
and organs (Simonsen et al., 1987; Tompkin, 1990).
In order to determine if control systems are functioning as intended, FSIS personnel visually
inspect as well as perform microbiological verification testing on applicable stages of the
production process (slaughter, first processing, and further processing) to determine prevalence
levels of target organisms, Salmonella and Campylobacter (USDA, 2014; 2015; 2016). The data
is utilized to categorize processing facilities in terms of process control. Processing facilities that
have a history of operating 50% below the regulatory standard performance levels in the last 3
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months (in a 52 week moving window), are considered to have a system under consistent process
control and fall under the title of Category 1 (USDA, 2016). A facility that is currently operating
at the regulatory standard performance levels, but had been 50% over the performance standard
level in the last 3 months (in a 52-week moving window), is considered to a have a system under
variable process control, or Category 2 (USDA, 2016). A facility that has exceeded the
regulatory standard performance in the last 3 months (in a 52-week moving window), is
considered to have a highly variable process control, or Category 3 (USDA, 2016).
2.7

Poultry Processing: Modernization of Poultry Slaughter Inspection
To help facilitate the reduction of Campylobacter and Salmonella in poultry products,

updated inspection programs have been outlined in the Federal Register (FR) under the title,
Modernization of Poultry Slaughter Inspection (USDA, 2014). Under this final rule, the New
Poultry Inspection Program (NPIP) requires processors to perform assessments on carcasses and
parts and identify any quality defects prior to on-line inspections, allowing more time for offline,
process control inspections (USDA, 2014). With these rules, the online carcass inspector (CI)
would be allowed more time to effectively inspect carcasses or parts since evaluations had
already been performed by plant personnel (USDA, 2014). Additionally, an offline verification
inspector (VI) is required to evaluate all procedures related to sanitation, HACCP and process
controls for compliance and ensure that the facility is managing its operation such that it meets
all regulatory demands (USDA, 2014).
Under NPIP, establishments are also required to assess and implement strategies to prevent
carcasses with visible fecal material from entering the chiller (USDA, 2014). These strategies,
including both on-line reprocessing and off-line reprocessing, must include detailed procedures
and policies and be incorporated into the facility’s HACCP systems (USDA, 2014). Assessment
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of these procedures will include (at a minimum) microbial testing of carcasses just prior to
entering the chiller (pre-chill) and carcasses exiting the chiller (post-chill), along with other
verification activities to ensure that the programs are performing as intended (USDA, 2014). In
the past, assessment of enteric microorganisms present within a poultry slaughter process were
based on the mandated enumeration of generic E. coli organisms (USDA, 1996), but under NPIP,
an establishment will now be able to choose the microorganism(s) by which to assess process
control (USDA, 2014). Additionally, under NPIP, the FSIS is removing specific time and
temperature chilling requirements and instead, establishments will be required to address chilling
requirements in associated HACCP systems (USDA, 2014).
2.8

Poultry Processing: New Performance Standards for Non-Ready to Eat Comminuted
Chicken and Chicken Parts
During 2011, widespread salmonellosis outbreaks in the U.S. were attributed to the

consumption of comminuted turkey products which prompted federal investigations into the
production processes of both comminuted turkey and chicken products (USDA, 2012). After
performing investigations of the processes and the producers of the implicated products, findings
prompted USDA-FSIS to require establishments producing comminuted poultry product to
reassess HACCP programs in regards to Salmonella control (USDA, 2012). At this time,
establishments were also notified that the categorical performance labeling (Category 1, 2, 3)
used for ground poultry could also be applied to comminuted product as previous performance
standards were based solely on compliance or non-compliance (USDA, 2012). The agency also
indicated that on-going assessments of these product types would likely result in changes in the
performance standards for Salmonella and Campylobacter (USDA, 2012).
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In February 2016, USDA-FSIS published implementation schedules in which performance
standards and verification activities for non-ready to eat (non-RTE) comminuted poultry and for
chicken parts would be instituted (USDA, 2016). To achieve a 30% reduction of human
salmonellosis and campylobacteriosis infections caused by poultry products, performance
standards of non-RTE comminuted chicken samples would be assessed on a 52-sample window
with allowable prevalence levels of 25% and 1.9% for Salmonella and Campylobacter,
respectively. Likewise, for a 52-sample window, chicken parts were given allowable prevalence
levels of 15.4% and 7.7%, for Salmonella and Campylobacter, respectively. Furthermore, the
agency would begin to post results of a facility’s compliance performance, as well as perform
risk assessments and food safety audits as necessary (USDA, 2016).
2.9

Microbiology of Processed Poultry
The colonization and proliferation of several pathogenic and spoilage-related

microorganisms within the GIT of birds (both wild and domestic) are readily recognized as being
problematic to the poultry industry (Bailey, 1988; Bolder, 1998; Buncic and Sofos, 2012;
Cunningham, 2012; Dunkley et al., 2009; Horrocks et al., 2009; Newell and Davison, 2003;
Rabsch et al., 2003). While typically not problematic to the health of the birds, the introduction
of these microorganisms into the processing system can have a profound effect on the
microbiological quality of the final product (Buncic and Sofos, 2012). As previously discussed,
the intricacies involved in the poultry production process can lead to problems of cross
contamination (Bauermeister et al., 2008; Bolder, 1997; Davies and Wray, 1994; Olsen et al.,
2003;) and dissemination of microorganisms through the entire processing system (Buncic and
Sofos, 2012; Parveen et al., 2007).
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The necessity to ensure that the slaughter and production processes, and any associated
interventions are operating as intended as well as verifying that the facility is operating within
the standards required by regulatory bodies mandates the need to perform microbiological
evaluations of various stages within a commercial broiler operation (Chipley, 1987; Cox and
Pavic, 2009; Lillard, 1990; González-Miret et al., 2001; Oakley et al., 2013). Microbiological
evaluations are typically performed by analyzing samples from a variety of matrices using
culturing methods or molecular techniques or a combination of both (Oakley et al., 2013).
Samples collected within the live poultry production stage will obviously differ from the samples
collected within the poultry slaughter and processing stages. Furthermore, sample collections
performed as part of a verification program will typically be analyzed for one or more target
organisms, while sample collections performed as part of a whole or segmented process
evaluation will routinely be analyzed for target organisms and other indicator microorganisms
(Cox and Pavic, 2009; Martins and Germano, 2008; Todd, 2004).
2.9.1

Pathogenic Organisms in Poultry Processing
The Campylobacter genus is a diverse genus comprised of Gram-negative, curved, rod-

shaped bacteria with a distinct spiral or curved shape and a distinct spiral or corkscrew-like
motility (Barbut, 2002; Bolton, 2015; Corry and Line, 2015; Park, 2002; Sahin et al., 2003). Of
all the species, the thermophilic organisms, Campylobacter coli and Campylobacter jejuni, are
the most important species in relation to food safety (Corry and Line, 2015; Sahin et al., 2003).
Campylobacteriosis infection in humans is typically characterized by self-limiting diarrhea,
cramping and fever, but in some patients with compromised immune systems or other
contributing factors, more severe symptoms such as septicemia, arthritis, or Guillain–Barré
syndromes may develop (Altekruse et al., 1999; Janssen et al., 2008). Campylobacter is
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commonly found in the GIT of warm blooded animals and can often be isolated from
contaminated water and sewage (Barbut, 2002; Corry and Line, 2015; Kaneene and Potter, 2003;
Sahin et al., 2003). Generally, this genus survives and proliferates only under somewhat limited
temperature and pH ranges and has relatively specific nutrient and oxygen requirements (Corry
and Line, 2015; Park, 2002; Wesley, 2009).
Identifying the routes of transmission and colonization of human enteric pathogens of
commercial broiler flocks has been studied extensively for many years (Oakley et al, 2013;
Olsen et al., 2003). As Campylobacter has been identified as one of the most common causes of
foodborne illness in the United States (Altekruse et al., 1999), and the colonization of
Campylobacter organisms commonly occurs in poultry (Kaneene and Potter, 2003), there is an
obvious connection between the consumption of poultry meat and an increased risk in
campylobacteriosis infection (Altekruse et al., 2009; Horrocks et al., 2009). As Campylobacter
is a commensal organism of many animals and birds, as well as insects (Hald et al., 2004;
Horrocks et al., 2009), and has been isolated from water sources used for commercial farms
(Altekruse et al., 2009), horizontal transmission of a commercial flock would appear to be a
predominant mode of transmission (Herman et al., 2003; Newell and Fearnley, 2003).
Horizontal transmission of Campylobacter infection has been demonstrated to some extent, but
direct linkage of genotypes in the environment to those genotypes that have colonized poultry in
a commercial setting is still lacking (Stern et al., 2001). This lack of association between the
genotypes in the environment to the genotypes colonizing the birds may be due to the
susceptibility of Campylobacter to competitive exclusion and environmental conditions,
resulting in a low-level prevalence of Campylobacter genotypes within the environment (Davies,
2005). There is experimental evidence to suggest that vertical or pseudo-vertical transmission
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can occur either via oviduct colonization or from microorganisms penetrating the egg shell, but
evidence that this leads to infected chicks at hatch is limited and subject to debate (Davies, 2005;
Kaneene and Potter, 2003; Newell and Fearnley, 2003). Regardless of the route of transmission,
high colonization rates of a flock after an initial inoculation are likely due to the host’s
susceptibility to the organism as well as shedding of the bacteria (Kaneene and Potter, 2003).
Salmonella is a Gram-negative, facultative, bacilli microorganism (Galis et al., 2013)
comprised of over 2500 serovars, divided into two species: S. enterica and S. bongori (Foley et
al., 2013). S. enterica subspecies enterica comprises the majority of serovars that have the
potential to be pathogenic to birds and mammals (Brenner et al., 2000; Foley et al., 2013).
Commonly found in the GIT of animals, birds, and humans, Salmonella spp. are excreted with
feces, and transferred to water, insects and other animals in the environment (Barbut, 2002;
Buncic and Sofos, 2012). For those serovars known to cause infection or illness in humans, it is
generally understood that the leading source of meat and poultry contamination is from
gastrointestinal contents, feathers, hair, skin and debris on the surface of the animals being
transferred to carcasses and equipment during processing (Barbut, 2002; Buncic and Sofos,
2012; Carrasco et al., 2012; Rabsch et al., 2003).
After meat has become contaminated with Salmonella, limiting the proliferation and/or
eliminating the bacteria is required in order to ensure that the meat consumed will not cause
harm when ingested (Barbut, 2002; Carrasco et al., 2012). However, certain characteristics of
some serovars of Salmonella may hinder the effectiveness of intervention measures (Calhoun
and Kwon, 2010; Jarvis et al., 2016). Some Salmonella serovars are more readily capable of
adhering to both processing equipment and poultry skin (Chia et al., 2009; Marin et al., 2009;
Tamblyn and Conner, 1997) thereby becoming embedded within niches or biofilms that limit the
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microorganisms contact with any given intervention (Diez-Garcia et al., 2012; Marin et al., 2009;
Schonewille et al., 2012; Steenackers et al., 2012). Under stress, some Salmonella
microorganisms will undergo genetic mutations or genetic transfers that enable some strains to
survive and proliferate (Cosby et al., 2015). As the genus can survive and thrive in a wide range
of refrigeration temperatures (Barbut, 2002), there is a greater risk of microorganisms
multiplying during storage to reach levels that could cause illness if the contaminated product is
consumed (Pradhan et al., 2012). Additionally, some Salmonella serovars can proliferate over a
wide range of pH levels and can be relatively heat resistant, thereby necessitating cooking to
prescribed timing and temperature requirements (Barbut, 2002; Jarvis et al., 2016). Assigning
specific time and temperature requirements must consider the different serovars that could be
present, as well as the specific food matrix, and variability of the cooking equipment (Jarvis et
al., 2016). Also of concern, is the risk of cross-contamination of other food products during
processing and food preparation, exemplifying the necessity to maintain “dirty” or “raw” and
“clean” or “fully cooked” divisions within both commercial processing, retail and within the
consumer’s homes (Barbut, 2002; Buncic and Sofos, 2012; Carrasco et al., 2012; Cosby et al.,
2015; Mead, 1995; Zweifel and Stephan, 2012).
2.9.2

Spoilage Organisms in Poultry Processing
Fresh poultry has a relatively short shelf-life of 4 to 5 days (Bolton, et al., 2014

Fernández-Pan et al., 2014) and in the absence of intervention or control measures during
processing and subsequent storage, spoilage microorganisms may proliferate and compromise
product quality (Hinton et al., 2004; Veerkamp, 1995). Microbiological spoilage of poultry
typically results in a 7.0 to 8.0 log10 per cm dominance of psychrotrophic bacteria, namely
Pseudomonas, which are aerobic, Gram-negative, rod shaped microorganisms that can grow and
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multiply at relatively low temperatures (20 to 30 C˚) (Hinton et al., 2004; Lopez et al., 2015;
Mohareb et al., 2015; Oyarzabal and Hussain, 2010; Russell, 1996). The growth and
multiplication of these microorganism adversely affect product by producing by products that
lead to the proliferation of foul odors, textural changes and rancidity in the product (de Boer et
al., 2015; Remenant et al., 2015). The prolificacy of Pseudomonas in fresh poultry products is
largely due to specific phenotypic properties of many of the species including proteolytic,
lipolytic, saccharolytic, and biosurfactant mechanisms which allow certain species to persist and
thrive in refrigerated poultry products (Lopez et al., 2015; Morales et al., 2016; Remenant et al.,
2015)
2.9.3

Indicator Organisms in Poultry Processing
While specific pathogens of concern in a poultry processing environment would be those

known to cause human illness, there are several reasons why those organisms may not be the
most logical organisms to quantify (Cason et al., 1997). As pathogenic bacteria such as
Salmonella and Campylobacter generally occur in low numbers and are not uniformly distributed
on the carcass or within the processing system, enumeration of these organisms from poultry
samples would require extensive sampling to ensure complete absence from the product or
processing system (Cason et al., 1997, Oyarzabal and Hussain, 2010; Schaffner and SmithSimpson, 2014). Instead, efficacy studies are usually performed by enumerating other organisms
also known to colonize the GIT of poultry (Cason et al., 1997). For example, E.coli and other
coliforms have proven to be relatively easy to identify and quantify while also occurring at high
enough levels to be used as process control indicators (Altekruse et al., 2009). However, the
appropriate choice of indicator organisms continues to be debated as there is data that suggests
little correlation exists between indicator organisms such as aerobic plate count (APC),
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Enterobacteriaceae, and Pseudomonas and the hygienic quality of the process and associated
sanitary dress of the carcasses produced (Cason et al., 1997; Milios et al., 2014). Additionally,
bacterial culturing may have limited value in process evaluations as some microorganisms may
become dormant and not be culturable in routine microbiological evaluations (Ayrapetyan and
Oliver, 2016; Hutchison et al., 2006; Oakley et al., 2013). A microorganism’s state of viable but
not culturable (VBNC) may be induced under environmental stresses which could allow for
enhanced resistance to interventions, while still maintaining virulent properties (Ayrapetyan and
Oliver, 2016; Kassem et al., 2013; Saucier, 2016; Trevors, 2011).
2.9.4

Epidemiology of Pathogenic Bacteria in Poultry Processing

Campylobacter colonization of poultry can occur via a variety of sources, but contaminated
water is thought to be a major contributing factor (Hazeleger et al., 1998; Kaneene and Potter,
2003: Newell and Fearnley, 2003). Water sources on a commercial poultry farm are typically
subject to some sort of treatment in order to reduce the likelihood of bacterial contaminants
(Newell and Fearnley, 2003), but contamination can still occur due to a myriad of factors,
including transmission by wild animals or insects, introduction of water from untreated water
sources (groundwater), and lack of hygiene/biosecurity measures by workers/farmers when
working in more than one poultry house or when other animals are present on the farm (Davies,
2005; Kaneene and Potter, 2003). Once ingested, Campylobacter is known to colonize the GIT,
although the epithelial cells in the ceca and intestines may be more susceptible to colonization
than others areas of the GIT (Bolton et al., 2015; Byrd et al., 2001; Hargis et al., 1995; Newell
and Fearnley, 2003). Campylobacter colonization of the ceca can occur relatively quickly
(within 24 hours) after infection, which is likely due to the helical cell shape and flagella which
propel cells through the gastrointestinal environment (Bolton et al., 2014). Stress responses
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allowing for adaptation of the environment within the GIT, including chemotaxis movement
toward more favorable environments also aid in Campylobacter survival and persistence within
this environment (Bolton et al., 2014) Poultry meat likely becomes contaminated during
processing as the microorganisms from the feathers, skin, fecal and ingesta of infected carcasses,
are disseminated during the production process by aerosolization, equipment reuse, and comingling of carcasses in scalder and chiller waters (Berrang et al., 2000; Buncic and Sofos, 2012;
Hargis et al., 1995).
The processing of an infected flock can lead to the spread of the Campylobacter throughout
the processing system, which can lead to the spread of the microorganism(s) to other carcasses
being processed on the same day or subsequent days if cleaning and sanitation processes are not
adequate to remove all microorganisms from the processing equipment (García-Sánchez et al.,
2017; Peyrat et al., 2008). There is also evidence to suggest that certain physiological adaptations
of Campylobacter aid movement toward favorable substrates so viability of the microorganism
in stress environments is enhanced (Bolton et al., 2014; Hazeleger et al., 1998).
Broiler poultry flocks are typically infected with Salmonella by one or a combination of
sources: laying hens and breeding stock, direct or indirect contact with infected animals (wild or
domestic), insects or contaminated water, and contaminated feed products (Barbut 2002; Davies,
2005; Dorea et al., 2010; Simonsen, 1995). After ingestion and subsequent infection, the
microorganisms migrate to the lower parts of the GIT, and are excreted with fecal material
(Mead, 1995), although Salmonella has also been observed in the livers, gallbladders and spleens
of infected poultry (Cox et al., 2007).
It is understood that the Salmonella infection status of the breeder flock providing the
hatching eggs plays an important role in determining the presence and persistence of Salmonella
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infections in the chicks hatched from those eggs (Davies and Wray, 1994; Galis et al., 2013;
Wesley, 2009). Commercial operations usually make every attempt to ensure that the eggs
received for hatchery operations are from low prevalence or Salmonella-free breeding stock
(Davies, 2005), but when eggs from an infected flock are received, hatchery cleaning and
sanitation should be sufficient enough to ensure that any Salmonella present is at low enough
levels to not pose a threat to future flocks (Davies and Wray, 1994). However, improper or poor
air ventilation as well as improper or poor cleaning and antimicrobial procedures in the
environment within commercial laying and hatching operations can easily compound
opportunities for cross-contamination (Davies and Wray, 1994).
2.9.5

Epidemiology of Spoilage Bacteria in Poultry Processing

Relative abundance of psychrophilic bacteria, especially species belonging to the Shewenella,
Moraxella, Acinetobacter and Pseudomonas genera, on refrigerated raw poultry increases when
compared to poultry products directly after processing (Barnes, 1972; Hinton et al., 2004;
González-Miret et al., 2001; Russell, 1996). This is not necessarily surprising as these organisms
thrive and proliferate in temperatures between -2°C and 32°C (Barnes, 1972; Bautista and
Tortorello, 2014; Oyarzabal and Hussain, 2010). The isolation of psychrophilic microorganisms
from live production areas (including feet and feathers of live poultry) and processing
environments, indicate their presence and proliferation on raw poultry is a cross-contamination
and temperature control issue (Hinton et al., 2004; Mead, 1995; Nychas et al., 2008; Zhang et al.,
2017). Furthermore, generation time of certain psychrophilic microorganisms can be 30%
shorter than other microorganisms, so once established, proliferation can occur at a rate that
leads psychrophilic microorganisms to dominate in the spoiled product (Oyarzabal and Hussain,
2010; Russell, 1996). These microorganisms metabolize a variety of energy sources present
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within the processed meat to produce end products that cause adverse sensory attributes
including off-odors, discoloration and slime (Bautista and Tortorello, 2014; Nychas et al., 2008;
Russell 1996).
Spoilage of fresh poultry may also be influenced by the presence and proliferation of yeasts
(Hinton et al., 2002). While typically outnumbered on frozen or chilled poultry by psychrophilic
bacteria, the metabolic activities of yeasts could prove to be detrimental to the lipids and proteins
within the product as well as provide materials that could be used as substrates for other
microorganisms thereby aiding in the establishment and proliferation of those microorganisms
(Hinton et al., 2002).
2.9.6

Microbiological Evaluation of Multi-Hurdle Processing Systems

Process evaluations in the form of microbiological analysis or process biomapping, are an
integral part of any food safety program for a poultry processor and may be utilized for both
troubleshooting exercises (Belluco et al., 2016; Heggum et al., 2015), process performance
indicators (González-Miret et al., 2001; Sampers et al., 2010), as well as categorical labeling of
individual facilities reported by governmental agencies (USDA, 2016). Applying microbial
evaluations to a multi-hurdle poultry processing system, along the farm to fork continuum, will
require the use a variety of sampling methodologies and analyses (Cox et al., 2011; Sampers et
al. 2010). Considerable debate on how to perform sampling within the live production
environment (Davies and Wray, 1996) and slaughter systems has resulted in the evaluations and
comparisons of various sampling methods (Capita et al., 2004; Carrique-Mas and Davies, 2008;
Izat et al., 1989; Russell et al., 1997). The differences between the results from research studies,
regulatory and industry sampling may differ due to the sample types being collected (live
production versus finished product) as well as by program specification (USDA-FSIS regulatory
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programs versus industry), researchers’ preferences, and even lack of uniformity within the
samples (Corry et al., 2007a).
2.9.7

Sampling Methods for Evaluating Multi-Hurdle Poultry Processing Systems

Environmental sampling within the live production areas provides insight into the efficacies
of intervention measures put into place to mitigate cross-contamination between flocks (Davies
and Wray, 1996; Slader et al., 2002; Stern et al., 1995). With the vast space and numerous types
of equipment involved with live production areas, efficient, yet effective sampling is important
to understand true incidence rates of pathogenic bacteria as well as the effectiveness of any
intervention treatments utilized within this environment (Davies and Wray, 1996). Several types
of sampling techniques may therefore be used to sample one broiler house (Carrique-Mas and
Davies, 2008; Davies and Wray, 1996; Lahellec and Colin, 1985). The resulting different types
of samples will inherently have different culturing sensitivities which may lead to artificially
skewed recovery levels of target organisms during microbiological evaluations (Carrique-Mas
and Davies, 2008; Davies and Wray, 1996; Lahellec and Colin, 1985). In evaluations performed
within a poultry house by Davies and Wray (1996), environmental swabbing of feed hoppers and
nesting areas, yielded higher incident rates of Salmonella when compared to litter from the same
houses. However, Lahellec and Colin (1985) compared Salmonella incidence from collected
litter samples to water retrieved from the drinker systems, and found that the litter samples
demonstrated higher prevalence rates of Salmonella compared to the water samples, 27.1%
compared to 17.9%, respectively.
As a bird or carcass within the processing system will not have a homogenous
microbiological population, and sampling of both the internal and external portions of the carcass
are necessary to perform accurate microbiological assessments, common sampling methods have

50

utilized tissue swabs, nitrocellulose membrane transfers, excisions followed by blending, and
WBC rinses (Izat et al., 1989; Russell et al., 1997; Sarlin et al., 1998). Comparisons of these
methods have shown that not all methods will result in comparable or unequivocal evaluations,
especially when the target organism(s) are present in low numbers (Izat et al., 1989; Russell et
al., 1997). Additionally, depending on the frequency of sampling, destructive sampling (excision
and blending) is usually unfavorable as the excision could lead to damaged product which could
prove to increase the overall cost of the evaluations (Russell et al., 1997). Whole bird carcass
rinses or parts rinses have proven to be informative by providing an overall evaluation of the
whole carcass (Sarlin et al., 1998), but may be limiting in determining which area(s) of the
carcass are the major contributors to the microbial counts (Smith et al., 2007).
Process evaluations may also be performed by capturing water or solutions used during the
processing system, or by surface sampling of equipment within the processes being evaluated
(Jackson, 2014; Sampers et al., 2010). Examples would be an evaluation involving the sampling
of scald water to help determine the effect that the scalding process (Cason et al., 2000) has on
the treated carcasses or monitoring the surface of equipment within the process to determine risk
points related to cross-contamination (Sampers et al., 2010). While samples of these types do
provide information regarding the microbial loads in the water and associated equipment, and
can help to highlight possible routes of cross-contamination, the information gained from these
sample types could be limited if the microbiological impact on the product is not monitored
extensively as well (Cason et al., 2000).
2.9.8

Culture Dependent Analyses of Multi-Hurdle Poultry Processing Systems

Due to the complexity of poultry processing systems coupled with the diverse microbial
ecology of the various stages, culture dependent evaluations will typically involve microbial
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enumeration analyses for identification of specific spoilage, pathogens, or indicator
microorganisms (Milios et al., 2014; Oyarzabal and Hussain, 2010). Quantifiable determination
of microbial loads for poultry processing samples and associated materials can be performed a
variety of ways, including serial dilutions of homogenized samples followed by enumeration on
specified media, as well as MPN analyses in which serial dilutions are replicated and values are
determined from the number of replicates that are positive for the target organism (Corry et al.,
2007a; Oyarzabal and Hussain, 2010). For samples that may have a low number of the target
organisms, prevalence levels can also be determined by enrichment and incubation followed by
testing for the presence or absence of target organisms utilizing PCR methods or other selective
methods (Corry et al., 2007a; Oakley et al., 2013; Oyarzabal and Hussain, 2010).
As Salmonella and Campylobacter have different physiological characteristics and metabolic
requirements, samples requiring analysis of both Salmonella and Campylobacter, are divided
into two samples. While measures to ensure homogeneity in the original sample can be utilized,
the division of the sample, nevertheless results in the analyses being performed on two different,
albeit closely related, samples. These sampling schemes can be further complicated by the fact
that only aliquots of the original sample are used for analysis, and if the pathogens are present in
low numbers, then there could be a reduced likelihood of the either of the samples containing the
target pathogens (Simmons et al., 2003).
Regardless of the sample type or analysis methods, culturing limitations can arise due to the
differences in selectivity of media used, incubation atmospheres and temperatures, especially
when samples that typically contain a wide range of microorganisms are subjected to specific
requirements to select for target microorganisms (Deusch et al., 2015; Oakley et al., 2012; Ricke
et al., 2015). Due to the low pH and anaerobic conditions of poultry GIT, it is hypothesized that
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only 20 to 50% of the microorganisms present within the GIT of poultry have been cultured
(Oakley et al., 2012; Patterson and Burkholder, 2003; Ricke and Pillai, 1999; Wei et al., 2013).
This could apply limitations to understanding shifts and changes of the microbial ecology of the
poultry processing and dressing process as identification of all the microbiological members in
the consortia will be limited to those cultured microorganisms (Ricke et al., 2015). Selectively
culturing enriched samples containing a wide variety of microorganisms can be problematic if
the enrichment, and subsequent culturing media are not selective enough to successfully isolate
the target organisms or if selectivity is such that some serotypes are inadvertently selected for
over others (Chon et al., 2012; Gorski, 2012; Oakley et al., 2012). However, selectivity must
also be balanced with nutrient density while being respectful of injured cells as the unsuccessful
resuscitation of these microorganisms may prove to severely limit the culturing potential within
any given sample (Ayrapetyan and Oliver, 2016; Juste et al., 2008). Furthermore, while a
number of culturing methods utilize a very basic growth media, the ingredients or concentrations
of the ingredients as well as the atmosphere used to prepare the agar and culture the
microorganisms, may substantially differ from the natural environment in which the
microorganisms exist which could prove to be relatively toxic and limit the success of culturing
methods (Connon and Giovannoni, 2002; Deusch et al., 2015; Ricke and Pillai, 1999).
Disparities also arise when multiple strains of the same serotypes are present in a cultured
aliquot, as metabolic rates and growth characteristics may differ from strain to strain in any given
medium (Gorski, 2012).
2.9.9

Microbiome Mapping of Multi-Hurdle Poultry Processing Systems

The abundant number of microorganisms represented in a poultry processing system are
derived from a variety of internal and external sources (Handley et al., 2015; Zhang et al., 2017).
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Some microorganisms may be introduced at the farm, while others are inherently part of the
processing facility, and still others are derived solely from the carcasses being processed
(Handley et al., 2015). Additionally, the pressures exerted on the microorganisms during each
step of the process, can influence proliferation or lack of proliferation, as well as dispersion
within the processing system (Arnold and Silvers, 2000; Oakley et al., 2013; Todd et al., 2009).
Identifying the microorganisms along with the genetic diversity, or microbiome (Dumas et al.,
2011; Roto et al., 2015: Waite and Taylor, 2015) in a poultry processing system (from farm to
fork) can be informative for food safety quality assurance planning as the genotypic
identification and classification of human pathogens in the process may help further identify
more prevention strategies that can work to eliminate these specific pathogens in the final
product (Diaz-Sanchez et al., 2013; Kim et al., 2017; Oakley et al., 2014; Parveen, 2007; Rouger
et al., 2017; Vongkamjan and Wiedmann, 2014). Identifying the microbiome of poultry
processing can also aid in identifying areas of improvement related to the monitoring,
enumeration and reduction of spoilage organisms within the process (de Boer et al., 2015;
Ercolini, 2013; Mayo et al., 2014; Remenant et al., 2015). Furthermore, ecological analysis of
the processing system can result in a microbiological process map which can provide a visual
assessment of the specific microorganisms present, point of introduction and how dispersion
through the processing system occurs, which can be informative in mitigating risks that may be
prove to be detrimental to the quality and wholesomeness of the final product (Bokulich et al.,
2015; Rouger et al., 2017).
The development and refinement of molecular identification techniques, offers a more
advanced technology to better understand process control, the microbiological ecology of any
given organism or system, as well as changes or shifts in microbial populations that may have
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previously been studied by using culturing methods or molecular techniques targeting specific
organisms (Deusch et al., 2015; Dumas et al., 2011; Ercolini, 2013; Kim et al., 2011; Leonard et
al., 2015; Remenant et al., 2015; Ricke et al., 2015; Ricke and Pillai, 1999; Samarajeewa et al.,
2015). Initial molecular subtyping or sequencing methods would have utilized Sanger
sequencing techniques which resulted in fragmented DNA strands that could be separated based
on size (Diaz-Sanchez et al; 2013; Hall, 2007). While Sanger sequencing allows for an increased
sequence read length (up to 900 bp) the number of bp per run are limited, hindering the
application to large sample sets outside of genome centers (Hall, 2007; Morozova and Marra,
2008; Wei et al., 2013). To overcome some of the limitations of Sanger sequencing, various
next-generation sequencing (NGS) technologies have been developed, in which the amount of
labor and expense involved in obtaining sequences as well as the analyzing and identification of
sequences has been enormously reduced (Diaz-Sanchez et al., 2013; Ghanbari et al., 2015;
Hellberg et al., 2013; Jarvis et al., 2015; Wei et al., 2013). The advancements have included an
increase in the output of sequences per run so that as many as 1 trillion bp can be sequenced,
where the Sanger method has a limited capacity of only producing thousands of bp per run
(Foster et al., 2012; Wei et al., 2013). Relying on PCR technology to amplify genetic material
(eliminating the need to perform culturing and isolation techniques) as well as applying barcodes
to individual samples (multiplexinig), a single sequence run is capable of analyzing several
sample sets at one time (Foster et al., 2012; Parameswaran et al., 2007). Additionally, due to the
commercialization of this technology, the cost has been dramatically reduced, allowing for use in
a broad range of applications (Ghanbari et al., 2015; Hellberg et al., 2013; Waite and Taylor,
2015; Voelkerding et al., 2009; Wei et al., 2013).
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The application of NGS technologies to microbiome map poultry processing is in the
beginning stages, but the possibilities of applying the technologies in this manner are likely to be
of great importance to quality and food safety concerns within the poultry industry (Oakley et al.,
2013; Kim et al., 2017; Park et al., 2016; Ricke et al., 2015; Rothrock et al., 2016; Wei et al.,
2013). One NGS platform currently being utilized with poultry processing research is the
Illumina MiSeq platform based on the amplification and identification of the highly conserved
regions (V3-V4) of the 16S rRNA gene in bacterial cells (Gall-David et al., 2017; Kim et al.,
2017; Park et al., 2016).
Utilizing NGS to evaluate the effects of prebiotic feed amendments on gastorintestinal
microbiomes of poultry have provided a glimpse into specific microbiota changes that would
have been previously studied with culturing or qPCR methods (Deusch et al., 2015; Park et al.,
2016; Wei et al., 2013). Understanding these microbiota shifts and the subsequent effects
exerted on the host, could help to provide more complete explanations about the effects of
specific diet components (Deusch et al., 2015; Wei et al., 2013), specifically in regards to any
effects on known foodborne pathogens (Park et al., 2016). In a study where pasture raised
poultry were divided into three groups and fed either a control diet, or one of two diets
supplemented with brewer’s yeast as a probiotic, the resulting ceca sequencing data showed no
statistically significant differences in the relative abundance of Campylobacter OTUs between
the two yeast supplemented diets (1.43% and 1.78%). Conversely, the relative abundance of
Campylobacter OTUs in the ceca samples from the control group were significantly lower, at
0.17%, than either of the supplemented diets (Park et al., 2016). Quantitative PCR analysis
confirmed these findings, demonstrating that the birds fed the test diets had similar log10 counts
of Campylobacter (3.85 ± 0.17 and 3.71 ± 0.17, Test Diet 1 and Test Diet 2, respectively), and
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those values were smaller than the log10 counts (3.34 ± 0.16) observed in the birds fed the control
diet (Park et al., 2016). Direct plating of samples on Campylobacter selective agar, CampyCefex, was also performed and although log10 values of the enumerated counts could not be
directly compared to relative abundance values obtained with sequencing analysis, the
researchers site previous research in which background growth on Campy-Cefex plates was not
adequately inhibited and ascertain that this could reduce the accuracy of this enumeration
method (Park et al., 2016).
During poultry processing, understanding the microbiome shifts that occur within each
step could be informative in understanding the routes of cross-contamination for both pathogenic
and spoilage microorganisms (Rothrock et al., 2016). As chiller and scalder tanks have been
identified as points where cross-contamination can occur, understanding how these processing
waters may shift during a processing day, could be informative to the processor so that risk of
cross-contamination is reduced or mitigated (Rothrock et al., 2016). When scalder waters from
three different days of processing were evaluated at a commercial poultry processing facility, the
pooled samples showed a significant shift in microbiota from water collected at the start of the
processing day compared to waters from the middle and end of the processing days (Rothrock et
al., 2016). The scald water collected at the beginning of the processing day represented 8
different phyla operational taxonomic units (OTUs), with approximately 25% of the sequences
belonging to the phyla Firmicutes, while samples collected from the middle and end of the
processing days resulted in Firmicutes representing 99.7% and 95.5% of the OTUs, respectively.
This is not too surprising as the GIT of poultry has been identified as being dominated by
Firmicutes (Waite and Taylor, 2015) but could prove to be informative because many species in
this phylum, belonging to the genus Lactobacillus, have been identified as influential in the
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development of spoilage in poultry products (Remenant et al., 2015). Also, identified within
these scalder samples was the thermophilic genus Anoxybacillus, which was also present in the
chiller water samples (Rothrock et al., 2016). The presence of Anoxybacillus in chiller waters
could likely be attributed to scalder waters being carried by processed carcasses entering the
chiller throughout the processing day (Rothrock, et al., 2016). Anoxybacillus has been recently
isolated from wastewater systems affiliated with poultry processing facilities, so the
microorganism’s presence could be utilized to help understand how and why certain
microorganisms become established and are able to persist in this environment (Rothrock, et al.,
2016).
In research performed by Kim et al., (2017), NGS analysis and direct plating culturing
methods demonstrated that the prevalence of Campylobacter populations on WBC were higher
than Salmonella levels, which was similar to findings previously published by other researchers.
While direct plating enumeration counts and OTU relative abundances cannot be directly
compared, inferences about the population levels can be made as there were no OTUs identified
as Salmonella while Campylobacter OTUs represented 1.6% of the OTUs present. These
findings are also supported by comparing the results of enumeration performed by direct plating,
which demonstrated mean Campylobacter levels at 3.75 log10 cfu/WBC, while Salmonella
could only be detected after enrichment steps due to a low number of cells being present within
the samples (Kim et al., 2017). Sequence analysis of the pooled colonies obtained on CampyCefex agar plates demonstrated variable selectivity levels in regards to Campylobacter OTUs. At
the phyla level, OTUs were predominately (62.76% ± 4.30) Proteobacteria. This would be
expected as the agar is selective for Campylobacter microorganisms, but when the relative
abundances were evaluated at the genus level, there were other OTUs present belonging to
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several other genera, including Oscillospira, Acinetobacter, Enterococcus, Bacillus,
Paenibacillus, Sporanaerobacter, Lactobacillus, and Clostridium, at relative abundance levels
ranging from 12.70% to 1.02% (Kim et al., 2017). This may indicate that the accuracy achieved
with the selectivity of this particular agar plate could be compromised by the presence of
background microorganisms, and while enumerated counts utilizing this agar could provide
information in terms of relative population levels, the analysis could be hindered when used with
samples containing a wide range of microorganisms.
Applying NGS to samples from several steps within the farm to fork continuum of
poultry processing, has shown to be informative in showing not only the reductions in food
pathogen microorganisms along the continuum, but also unique microbiota communities during
each stage of poultry processing that had not been previously identified (Oakley et al., 2013).
Review of relative abundance values of Campylobacter OTUs from fecal and litter samples
demonstrated that Campylobacter was present at levels equal to 1.0 to 3.0 log10 gene copies per
ng DNA compared to carcass rinse and retail carcass weep samples where Campylobacter OTUs
were reduced to less than 0.75 log10 gene copies per ng DNA (Oakley et al., 2013). Core
microbiota analysis of samples from each stage of the process demonstrated that each stage of
the process was represented by a unique community microbiome and that microbiome overlap
between the stages was limited (Oakley et al., 2013). These differences could prove to be
informative in developing strategies to prevent the establishment and proliferation of food borne
pathogens within the poultry processing system (Oakley et al., 2013).
Recent published research has established that the application of NGS to any step within
the poultry process can provide valuable information related to understanding microbial and
genetic shifts occurring throughout the continuum (Kim et al., 2017; Oakely et al., 2013; Park et

59

al., 2016; Rothrock et al., 2016). For example, establishing a microbiome map of the poultry
production process, from the farm to fork, including feed and feed ingredients, the equipment
and environment in the processing facility, as well as the microbiome shifts during shelf-life
storage of a product could help to highlight the problematic areas within the process.
Furthermore, a microbiome map could highlight possible sanitary design issues, foodborne
pathogen harborage areas, points of cross-contamination, and intervention inefficiencies. The
identification of poultry processing plant specific microbiomes may allow a deeper
understanding of microbiological differences between facilities, which could help to categorize
facility and regional variances so that applied interventions and practices could be targeted
toward specific microbiomes. Additionally, microbiome analysis of processed poultry could aid
in identifying more suitable indicator organisms that could be used to assess and manage food
safety and quality assurance interventions within any processing facility.
In an initial step in understanding how microbial populations might differ in the earliest
stages of poultry processing, including scalding and feather removal, microbiome analysis was
performed in the current study on WBC rinsates collected at three different commercial poultry
processing facilities. The samples collected represented three different age and types of
commercial broilers, including Cornish broilers, mid-size broilers (4 to 6 lbs or 1814 to 2722 g)
and large size broilers (6 to 8 lbs, or 2722 to 3629 g). Understanding from previous research that
microbial shifts within the rearing environment and subsequently the GIT of poultry, occur
throughout the life cycle of commercial broilers, the three different broilers represented three
different ages of poultry. While the processing steps of the three different aged broilers are
similar, the different microbial populations present could inherently differ, and understanding the
differences could aid in process improvements of food safety and quality assurance programs.
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3

Microbiome Comparisons of Poultry Carcass Samples at Pre-Evisceration Sites Within
Commercial Processing Facilities
Co-Authors: Kristina M. Feye, Si Hong Park, Sun Ae Kim, and Steven C. Ricke.
Poultry processing systems are a complex network of equipment and automation systems

that require a proactive approach to monitoring in order to protect the food supply. Process
oversight requires the use of multi-hurdle intervention systems to ensure that any undesirable
microorganisms are reduced or eliminated by the time the carcasses are processed into final
products. In the present study, whole bird carcass rinses (WBCR) collected at the post-scalder
and post-picker locations from three different poultry processing facilities (Plant A: mid-weight
broiler processing, B: large-weight broiler processing, C: young broiler (Cornish) processing)
were subjected to next generation sequencing (NGS) and microbial quantification using direct
plating methods to assess the microbial populations present during these stages of the poultry
process. The quantification of aerobic plate counts (APC) and Enterobacteriaceae (EB)
demonstrated that reductions for these microbial classes were not consistent between the two
sampling locations for all facilities, but did not provide a clear picture of what microorganism(s)
may be affecting those shifts. With the utilization of NGS, a more complete characterization of
the microbial communities present including microorganisms that would not have been identified
with the employed direct plating methodologies were identified.

Although the foodborne

pathogens typically associated with raw poultry, Salmonella and Campylobacter, were not
identified, sequence analysis performed by Quantitative Insights of Microbiology Ecology
(QIIME) indicated shifts of Erwinia, Serratia and Arcobacter, which are microorganisms closely
related to Salmonella and Campylobacter. Additionally, the presence of Chryseobacterium and
Pseudomonas at both sampling locations and at all three facilities provides evidence that these
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microorganisms could potentially be utilized to assess the performance of multi-hurdle
intervention systems.
3.1

Introduction

The complexity of commercial processing of poultry requires an efficient and extensive network
of equipment, automation; and oversight to maintain quality and food safety standards (Chao et
al., 2014; Handley et al., 2015; Zweifel et al., 2015). The industry employs a wide range of
policies and procedures to control and monitor fecal and ingesta contamination. Upon arrival to
the abattoir, live chickens will be dirty, with microorganisms and environmental contamination
on their feet, feathers and skin. Furthermore, the nature of slaughter liberates microorganisms
from the alimentary tract onto the surface of the carcass and abattoir (Grau, 1986; Handley et al.,
2015; Oakley et al., 2014; Rinttilä and Apajalahti, 2013). The dispersal of some
microorganisms, namely Salmonella and Campylobacter, in poultry processing is a constant
concern to the industry due to the risk of food borne disease that can be caused by consuming
raw poultry (Batz, et al., 2012; Buncic and Sofos, 2012).
The scalding and feather removal stages in commercial poultry processing has been
identified as one of the first steps within the process with the potential to contaminate poultry
carcasses (Allen et al., 2003a,b; Berrang et al., 2001; Buncic and Sofos, 2012; Dickens and
Whittemore, 1997). Contamination events have been identified via microbiological culturing
techniques including enumeration of indicator microorganism(s) and/or pathogenic
microorganism(s), as well as qualitative molecular methods (Corry et al., 2007; Oakley et al.,
2013; Oyarzabal and Hussain, 2010). However, the advancements of NGS has allowed for a
more comprehensive characterization of the ecology of microbiota on poultry carcasses within
the evisceration and chilling stages of poultry processing (Handley et al., 2018; Kim et al., 2017;
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De Cesare et al., 2018). Analysis of the microbiome profiles of the poultry carcasses sampled at
the latter stages of the process have provided information about the efficacy of multi-hurdle
interventions, as well as identified both indicator and pathogenic microorganisms impacting food
safety and quality (Handley et al., 2018). With this knowledge, it would suffice that the earlier
stages of the process, including scalding and feather removal could also benefit from microbiome
analysis utilizing NGS technologies. If the microbial communities from these processing stages
at different plants are better understood, there could be a possibility to tailor the employment of
different antimicrobials based on microbial communities present at the facility level.
This data serves to provide insight into the microbial ecology present within the early stages
of poultry processing utilizing both traditional methods and un-restrained-NGS microbiome
sequencing. A comparison of traditional microbiological and molecular screens with the
unrestrained, culture-free NGS microbiome analysis will determine if weaknesses exist in current
methods for the detection of pathogens and indicator organisms. With the application of NGS, a
deeper understanding of these shifts will enable the poultry industry to identify new microbiome
patterns and indicator organisms, which has the potential to elicit more specific intervention
measures and improve food safety.
3.2

Poultry Processing Plant Selection and Operations

Sixty whole bird carcass rinses in total were collected from 3 different commercial poultry plants
(n=20) located in the southern geographical region of the United States during the summer
months (May to June) of 2015. At each plant, 10 whole bird carcasses were collected from the
process line at the post-scalder and post-picker locations. The post-scalder and post-picker
locations were chosen for collection sites as these process points represent the early stages of
processing and theoretically, carcass rinses performed at these stages would have the highest
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CFU/mL microbial counts in terms of APC and EB. To limit variation in data, collections at
each processing facility were limited to carcasses from the same flock/lot. Sample collection
occurred at three different processing facilities, each equipped to process three different classes
of broilers. Each class of broiler represented different stages of the grow out period: Cornish
hens weighing 2 to 4 lbs. (907 to 1,814 g), mid-weight broilers weighing 4 to 6 lbs. (1,814 to
2,722 g), and larger broilers weighing 6 to 8 lbs. (2,722 to 3,629 g). The poultry processing
facilities were chosen to provide microbial data related to bird age, as well as data related to
facility specificity as the equipment and operations used are typically tailored to process
carcasses of specific sizes as well as the final food product produced.
The commercial processing systems at each facility had similar scalding and picker operations.
All facilities had scalder tanks equipped with a counter-flow water influx in which fresh water
was added to the final tank. Tank overflow was released from the initial tank, which is where the
organic load would be expected to be the highest. This allows carcasses to move through
progressively cleaner water in the scalder tanks. The water temperature and immersion time
varied slightly for each facility due to the size of the bird and its end consumer use. Plant A and
B operated a soft scald system in which carcasses were immersed in a 52 to 57°C scalding tank
for 180 seconds. Plant C also operated a soft scald system, however as the carcasses were
smaller, the dwell time was slightly reduced to between 90 to 100 seconds. After scalding, the
carcasses moved into the feather removal or picking machines where rubber fingers or
protrusions applied pressure to pull and remove feathers from the follicles. The operations of the
picking machines were similar for all three facilities, in which the carcasses were subjected to 3
banks (each 0.91 meter in length) of rubber fingers. Total picking time averaged 180 s for each
carcass.
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3.3

Sample Collection

Conforming to USDA protocols (USDA, 2013), whole carcasses were randomly selected from
the operating lines at the designated sampling points (post-scalder and post-picker) and placed in
sterile rinse bags. Carcasses were selected in quick succession at both locations and samples
were representative of the same lot/flock. After collection, 400 mL of Butterfield’s Phosphate
Buffer solution were poured over the surface of the carcass and the rinse bag was folded close.
The carcasses were rinsed for 1 minute in an arcing motion to ensure that rinsate could move
along the carcass surface. Collected rinsate was transferred to the original container and these
containers were placed on ice in a cooler and then transported to the testing laboratory.
3.4

APC and Enterobacteriaceae Analyses

Upon receipt at the testing laboratory, 1.0 mL aliquots of rinsates and associated serial dilutions
were enumerated for APC and EB counts with 3M™ APC or EB count petrifilm™ (3M™, St.
Paul, MN, USA). The gelling and nutrient components of 3M™ Petrifilm™ allow for the
analysis and enumeration of a wide range of microorganisms. Analyses for APC counts were
performed per Official Methods of Analysis (OMA) 990.12 published by the International
Association of Official Analytical Chemists (AOAC) and analysis for EB counts were performed
according OMA 2003.01 with a modified incubation temperature (35±1°C) per Compendium of
Methods for the Microbiological Examination of Foods recommendations (Kornacki, et al.,
2015).
3.5

16S rDNA Microbiome Sequencing

Aliquots (50 mL) of the rinsates were centrifuged (Sorvall Lynx 6000, Thermo Fisher Scientific,
Langenselbold, Germany) for 15 min at 8,000•g, to pellet the bacterial cells. Genomic DNA
extraction of the formed pellets were performed using a QIAamp DNA Stool Mini Kit (Qiagen,
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Valencia, CA, USA) following the kit’s standard protocol except for reducing the elution volume
to 50 µL. The DNA concentration and purity were measured for each extraction using a
NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE, USA). Aliquots were stored -20°C
until further analysis could be performed.
The sequencing pipeline is as per Kozich et al. (2013) and Park et al. (2016). The individual
rinsate sample DNA was diluted to 10 ng/µL and an Illumina MiSeq Library was prepared, and
targeted the V4 region of 16S rRNA using dual-indexed primers via Eppendorf Mastercycler pro
S (Eppendorf, Westbury, NY, USA). Confirmation of amplicon presence and relative size was
conducted via a 1% agarose gel. The library was normalized via SequalPrep™ Normalization kit
(Life Technology) as per the manufacturer’s instructions, except that the final elution volume
was modified to 15 µl. The library was pooled and assessed for purity and concentration was
evaluated via quantitative polymerase chain reaction (qPCR) using the standard protocol from
the KAPA Library Quantification Kit (Kapa Biosystems, Woburn, MA, USA). The qPCR
reactions were performed on an Eppendorf Mastercycler EP Gradient S (Eppendorf, Westbury,
NY, USA) (R2=0.999; Efficiency=0.97). The amplicon size and concentration was further
confirmed by Agilent 2100 Bioanalyzer System (Agilent, Santa Clara, CA, USA). Amplicons
were diluted to 4 nM and combined with prepared PhiX Control v3 (5%, v/v) (Illumina, San
Diego, CA, USA) and sequenced. Sequencing was carried out as per the Illumina MiSeq v2
(500 cycle) Reagent Cartridge (Illumina) instructions.
3.6

QIIME Sequence Data Processing and Analysis

The sequence output (FASTA files) was downloaded from the Illumina Biospace Website and
the following protocol is based on Park et al. (2016). The analysis of the sequence reads was
performed using Quantitative Insights into Microbial Ecology (QIIME) pipeline version 1.9.0,
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which provides analysis of the sequence, classification of Operational Taxonomic Units (OTUs),
and species diversity and richness of the reads. Sequences were assigned to taxonomic levels
based on 97% identity levels to those found on the Greengenes 16S rRNA gene database and
chimeric sequences were discarded. Samples for each facility (Plant A, B and C) were
normalized to a fixed read depth based on the lowest number of sequences achieved for that
sample set. Associated alpha and beta diversity measurements were obtained from QIIME
package using these read depths. Taxonomic tables of sequences were limited to sequences
present at relative abundances greater than or equal to 0.5% within that facility’s sample set.
3.7

Statistical Analysis

Enumerated counts (CFU/mL) obtained from 3M™ petrifilm™ analyses for each carcass were
log10 transformed. The log10 transformed average values were compared for mean differences in
microbial populations between post-scalder and post-picker sample collections within each
facility, and used to provide numerical values for comparisons among the three processing
facilities. The log transformed count data were evaluated using an analysis of variance
(ANOVA) in SAS (Statistical Analysis Software, Cary, NC), where collection site was treated as
a main effect and location means were separated using Duncan’s multiple range test. Statistical
significance is determined at p<0.05.
Alpha and beta diversity calculations were used to analyze the resulting OTU sequences. Alpha
diversity measurements including Chao 1 indices and OTU rarefaction curves, provided
information about the OTU richness and diversity of individual samples within each population.
Beta diversity measurements including both weighted and unweighted UniFrac diversity plots of
principal coordinate analysis (PCoA) (Lozupone and Knight, 2005) were used to evaluate OTU
diversity between the post-scalder and post-picker populations. Utilizing these diversity

89

measurements, the microbiomes were analyzed to determine what differences existed in
sampling locations (post-scalder and post-picker) for each of the facilities.
3.8

Results: APC and Enterobacteriaceae Load Quantitation

Average bacterial counts of APC and EB on chicken carcass rinsates from post-scalder and postpicker at three different processing plants are presented in Figure 1. The average log APC counts
of rinsates from the post-picker location at Plant A and Plant B were 0.53 log CFU/mL and 0.61
log CFU/mL lower, respectively, and significantly different (p ≤ 0.05) than the rinsates collected
from the post-scalder locations (Figures 1A and 1C). In contrast, there was no significant
difference in APC levels between post-scalder and post-picker location at plant C (Figure 1E).
At Plant C, EB counts for the post-picker rinsates were 0.84 log CFU/mL higher than rinsates
from the post-scalder location (Figure 1F). While the increase in EB counts between the two
sampling locations at Plant C was significantly different (p ≤ 0.05), there were no significant
differences in EB levels from plant A and B (Figures 1B and 1D).
3.9

Results: Microbiome Analysis

Alpha and beta diversity are important tools that are utilized as a component of microbiome
analysis to assess the diversity of sequencing depth (alpha) and the compositional variety
between samples (beta). Normalization of the OTU sequences that were analyzed per facility,
ensured that the depth of sequences was equal and allowed for alpha diversity measurements via
Chao1 and OTU rarefaction curves (Figures 2 and 3, respectively). Overall, the samples
collected at the post-picker site were generally less diverse in terms of OTU richness when
compared to the samples collected at the post-scalder locations. The largest difference between
the two sampling locations was observed at Plant C, while the smallest difference was observed
at Plant B. Observed OTU rarefactions indicated there were lower numbers of OTUs observed
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in samples collected at the post-picker locations when compared to those samples collected at the
post-scalder locations. The largest number of OTUs for both sampling locations was observed at
Plant A.
Weighted and unweighted principal coordinated analysis (PCoA) UniFrac plots generated by the
beta diversity analysis from the three plants are presented in Figure 4. Beta diversity
measurements from Plant A demonstrated clustering based on location for both the weighted and
unweighted PCoA plots. Comparing the two PCoA plots, the communities appear to have
mostly different compositions, although clustering is somewhat reduced in the weighted plots
which suggest the populations are slightly more similar than what was depicted by the
unweighted measurements. Conversely, for Plants B and C, the weighted PCoA plots do not
demonstrate distinct separation between the two communities, whereas the unweighted PCoA
plot does demonstrate clustering based on sample location, although the separation is slightly
more pronounced at Plant B.
The major bacterial phyla represented in the pooled rinsates are presented in Figure 5, and the
major genera identified within the pooled rinsates from each facility are presented in Figures 6-8.
Samples collected at Plant A at the post-scalder location had the largest number of OTUs present
with most the OTUs being derived from three major phyla groups: Firmicutes, Proteobacteria,
and Bacteroidetes. At the post-picker location for Plant A, no OTUs represented the phyla
Firmicutes, but there was a large increase in relative abundance of phyla Proteobacteria (47.50%
to 74.65%), and a small increase in phyla Bacteroidetes (16.19% to 18.89%). The most
abundant sequences (29.74%) within the phyla Proteobacteria belong to the Pseudomonadaceae,
and 24.73% are identified to genus level as Pseudomonas, and 4.74% are identified to species
level as Pseudomonas viridiflava (Figure 6). There was also an increase in OTUs representing
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the phyla Bacteroidetes, and furthermore, post-picker samples appeared to be more diverse as
there were five OTUs identified (Flavobacterium, Chryseobacterium, Sphingobacterium,
Dysgonomonas and Bacteroides) while only three OTUs were identified (Flavobacterium,
Chryseobacterium, and Bacteroides) in post-scalder samples (Figure 6).
Plant B relative abundance values of OTUs were like Plant A, with the exception that OTUs
belonging to phyla Firmicutes were still present at the post-picker location, albeit at low levels
(1.31%) (Figure 7). This is interesting as the relative abundance levels (16.41%) of Firmicutes at
the post-scalder location were lower than those observed within Plant A levels (29.85%). Like
Plant A, the relative abundance levels of Proteobacteria at the post-picker location (83.12%)
were higher than the relative abundance levels of Proteobacteria at the post-scalder location
(59.47%). For both sampling locations, the most abundant sequences from the phyla of
Proteobacteria were from Pseudomonadaceae (31.67% and 52.76%, post- scalder and postpicker, respectively), although none of the sequences are identified past the genus level at the
post-scalder site, and only one species was identified at the post-picker site (Pseudomonas
veronii) (Figure 7).
At Plant B, there was an increase in relative abundance values of OTUs identified as belonging
to Enterobacteriaceae between the two sampling locations (1.96% and 3.04%, post- scalder and
post-picker, respectively). At the post-picker location, the Enterobacteriaceae was represented
by Serratia (0.95%) and an unidentified sequence (2.09%). At the post-scalder location, none of
the sequences were representative of Campylobacteraceae, while 5.59% of the OTUs present at
the post-picker location could be attributed to Campylobacteraceae, identified as Arcobacter.
While there was an increase in Proteobacteria OTUs between the two sampling locations, the
relative abundance level of phyla Bacteroidetes decreased (19.32% and 12.96%, post-scalder and
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post-picker, respectively), although the genera diversity between the two sites appears to be
similar as the same OTUs were present in both locations (Flavobacterium, Chryseobacterium,
Pedobacter, and Sphingobacterium).
Many of the OTUs obtained from both sampling locations at Plant C represent microorganisms
belonging to phyla Proteobacteria and Bacteroidetes, although there were a small percentage of
members of phyla Firmicutes and Actinobacteria present at the post-scalder location. The
relative abundance of Proteobacteria OTUs at each sampling location increased from 60.75% to
72.19%. The most abundant OTUs from the Proteobacteria phyla were identified as
Stenotrophomonas (15.96%) at the post-scalder location, and Pseudomonas (27.87%) at the postpicker location (Figure 8). Like the other plants, there was an increase in the relative abundance
of OTUs belonging to Enterobacteriaceae (represented by genus Erwinia) between the two
sampling locations (1.92% and 6.07%, post-scalder and post-picker, respectively). At Plants A
and B, there was a decrease in Bacteroidetes OTUs, between the two sampling locations
(35.09% and 23.96%, post-scalder and post-picker, respectively), as well as a decrease in the
genera diversity as only two of the three genera present at the post-scalder location
(Chryseobacterium, Pedobacter, and Sphingobacterium) were present at the post-picker location
(Chryseobacterium and Sphingobacterium).
3.10 Discussion
Traditional microbiological methods have been employed to detect pathogen and indicator
organism carriage and load on rinsates. Interestingly, the same methods have also detected the
differences in the growth conditions, transport and processing facility environments, and bird age
at processing (Davies, 2005; Davies and Wray, 1994; Grau, 1986; Kim et al., 2017; Lyon et al.,
1991; Oakley et al., 2014; Rinttilä and Apajalahti, 2013; Schilling et al., 2014; Zweifel and
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Stephan, 2012). This research uses these methods as well as microbiota data to assess and
quantify differences between microbial loads on different sized carcasses before and after feather
removal (picking) to potentially provide a more robust microbiological profile of these process
stages at three different processing facilities.
The age of the broiler, and the specificities of equipment and operations within the processing
facility undoubtedly play roles in creating microbial ecology diversity. Understanding how the
microbiomes are established as well as how they differ between facilities could be used by
processors to tailor intervention strategies on a plant by plant basis. Further, the identification
and monitoring of closely related microorganisms belonging to the same family as the target
pathogen(s) can provide a more robust indication of the risk of those pathogens in the process or
system being evaluated. Particularly, for this data set, shifts of phyla Proteobacteria, which
encompass OTUs from Enterobacteriaceae and Campylobacteraceae, could be used to
determine how these process steps influence the presence or persistence of those microorganisms
that can cause food borne illnesses, namely Salmonella and Campylobacter. Determining the
most inclusive indicator microorganism(s) is dependent on several factors including whether the
microorganism(s) are adequate in terms of their response to the environment and conditions that
the target pathogen(s) encounter (Sinclair et al., 2012). Response of microorganisms in any
given environment is controlled by the genetic makeup, and taxonomically related
microorganisms will typically respond similarly (Sinclair et al., 2012), so close evaluation of
related microorganism(s) present within a system could be informative when microbiologically
evaluating a process or system. At Plant A, OTU composition of samples collected at the postscalder site demonstrated a relatively large proportion of the phyla group Proteobacteria
(47.50%), although only 0.81% of the OTUs represented Enterobacteriaceae, of which
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Salmonella belong. The Enterobacteriaceae present were instead identified as belonging to the
genus Erwinia (Figure 6). Similar results from plants B and C also indicated increases as well
as changes in OTU composition of phyla Proteobacteria abundancies between the two sampling
locations. At Plant B, OTUs representing Enterobacteriaceae at the post-scalder location
(unidentified OTU) were different than those identified at the post-picker location (unidentified
OTU and Serratia) and at Plant C, Enterobacteriaceae OTUs present were identified as genus
Erwinia. None of the sequences represented OTUs from Campylobacteraceae, of which
Campylobacter belong, although 5.59% of the sequences identified at the post-picker location at
Plant B were identified as genus Arcobacter. Arcobacter, previously identified as “aerotolerant
Campylobacters” (Phillips, 2002), can grow at colder temperatures when compared to
Campylobacter sp., and have also been isolated from human feces in patients presenting with
intestinal distress (Atabay et al, 1998; Kabeya et al., 2004). Arcobacter has been isolated at
various rates in broiler meat, fecal and cloacal sampling (Kabeya et al., 2004), but the rates of
isolation in poultry carcasses compared to those obtained from caecal sampling indicate that
carcass contamination is a function of the processing environment and not necessarily due to
infection present within the entire flock (Driessche and Houf, 2007; Phillips, 2001). As the
processing steps evaluated in this study occur prior to any evisceration steps, the presence of
microorganisms belonging to Enterobacteriaceae indicate that the enteric microorganisms are
present within the scald waters and associated equipment surfaces and could likely be attributed
to expulsion of the viscera as well as external contamination of the bird’s feet and feathers. The
persistence of these microorganisms in the environment could also be a factor of their abilities to
adhere to various surfaces including stainless steel which could allow for their survival in
process waters (Assanta et al, 2002; Driessche and Houf, 2007).
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The presence and increase in relative abundance of the phyla Bacteroidetes within this sample
set may also be an indication of the effect the processing environment has on possible cross
contamination events within these stages. Members of this phyla, have been identified as major
constituents in the microbial consortium of the lower GIT of poultry (Han et al., 2016; Oakley et
al., 2016). Similar to findings by Handley et al., (2018), the presence of Chryseobacterium at
both post-scalder and post-picker sites, which occur prior to an evisceration steps, indicate that
this microorganism could be indicative of cross-contamination due to presence of fecal material
and soil on the feathers and feet of processed carcasses. Isolation and identification of this class
of microorganisms could therefore be useful in evaluating processing systems to better
understand the impact of fecal material, soil, and feather contamination as well as provide
information regarding the extent of cross contamination events that may occur between flocks.
It is well documented that species belonging to Pseudomonadaceae are often isolated from raw
and spoiled poultry products (Deusch et al., 2008; Nychas et al., 2008). Pseudomonadaceae are
introduced into the processing environment on the feet, feathers, dirt and debris of the birds
being processed, and the associated sterile muscle meat produced becomes contaminated with
these spoilage microorganisms via equipment, water and aerosol production in the processing
environment (Firildak et al., 2015; Geornaras et al., 1999; Rouger et al., 2017). Understanding
the microbiome of these poultry process stages can help to determine shifts in
Pseudomonadaceae populations including when the microorganisms are introduced, dispersal
routes, as well as response to sanitation practices and environment changes. While some of these
shifts may be identified by direct plating techniques, including 3M™ petrifilm™, the increase of
spoilage organisms represented by Pseudomonadaceae may not be specifically identified due to
the selectivity induced by the mesophilic incubation temperatures used for the petrifilm analyses
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(Barnes, 1972; Oyarzabal and Hussain, 2010). Moreover, as biofilm formation of some
Salmonella species has shown to be enhanced in the presence of Pseudomonas, understanding
the effect of environment changes on Pseudomonadaceae could aid in understanding the effects
that those changes may also exert on Salmonella (Habimana et al., 2010). Specifically, in this
data set, the dominance of species from the Pseudomonadaceae could represent an opportunity
to address interventions/measures that could better control the presence and proliferation of both
spoilage and pathogenic microorganisms that may be present. The detection of Pseudomonas
within different stages of the processing system serves to illustrate that these microorganisms
could also be used as indicators of process performance as suggested previously by Handley et
al. (2018).
3.11 Conclusion
This study is a unique approach to the application of microbiome analysis of the earliest, and
microbial diverse stages (scalding and feather removal) within a commercial poultry processing
system. Moreover, it highlights how diversity can differ among facilities, and that this diversity
may change depending on the facility’s equipment designs and operational standards as well as
the age of the birds. Although, Salmonella and Campylobacter OTUs were not identified, the
identification of closely related genera including Erwinia, Serratia, and Arcobacter could
indicate that these stages could be further evaluated for possible improvements in terms of
reducing Enterobacteriaceae microorganisms, which could help to reduce incidence of these
microorganisms in later stages of the processing systems. Specifically, the presence of genus
Erwinia at both post-scalder and post-picker locations at Plants A and C could indicate that these
microorganisms could be used as predictors of Enterobacteriaceae prevalence and persistence in
the environment which could provide information about potential carcass and flock cross-
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contamination events. Additionally, the differences in OTU populations between post-scalder
and post-picker locations for all three plants could indicate that the sources of the OTUs differed
between the two locations, and specifically increases in diversity on post-picker carcasses could
be attributed to the processing environment being influenced by other carcasses or flocks being
processed on the same day. While this is somewhat expected, microbiome analysis provides a
deeper understanding of the complete microbiome present, and provides specific identities of
microorganisms to help determine the extent of the microbial cross contamination between these
two stages within the process. Repeating this experiment and considering flock or shift
variations could be used to help identify and evaluate the risks within these and other processing
stages.
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3.13 Figures
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Figure 1 | Average Log APC (A,C,E) and EB (B,D,F) counts of rinsates collected at postscalder and post-picker location for Plants A, B, and C. abLog values denoted with different
letters were significantly different between the post-scalder and post-picker collection sites at P ≤
0.05.
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A

B

C

Figure 2 | Chao 1 alpha diversity metrics for sampling locations within each facility. (A)
represents richness measurements for Plant A OTUs. (B) represents richness measurements for
Plant B OTUs. (C) represents richness measurements for Plant C OTUs.
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A

B

C

Figure 3 | OTU rarefaction curves depicting number of OTUs versus sequence depth for
sampling locations within each facility. (A) represents Plant A observed OTUs. (B) represents
Plant B observed OTUs. (C) represents Plant C observed OTUs.
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Figure 4 | Weighted and Unweighted UniFrac plots depicting OTU diversity between
microbiome populations of rinsates collected at post-scalder and post-picker locations. Weighted
plots consider the relative abundance values of the OTUs present, and unweighted plots are
based on the number of unique OTUs. Weighted UniFrac plots for Plant A, B, and C are
represented in left column (A, C, and E), respectively. Unweighted UniFrac plots for Plants A,
B, and C are represented in right column (B, D, and F), respectively.
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Figure 5 | Relative abundancies of phyla represented by OTUs present at post-scalder and
postpicker sites for Plant A, B, and C. OTUs at Plants A and B were representative of
Proteobacteria, Bacteroidetes, and Firmicutes. OTUs at Plant C were representative of
Proteobacteria, Bacteroidetes, Firmicutes, and Actinobacteria.
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Figure 6 | Relative abundancies of OTUs at Plant A. (A) Post-scalder collection site. (B) Postpicker collection site. OTUs in bold were present at both sampling locations.
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Figure 7 | Relative abundancies of OTUs at Plant B. (A) Post-scalder collection site. (B) Postpicker collection site. OTUs in bold were present at both sampling locations.
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Figure 8 | Relative abundancies of OTUs at Plant C. (A) Post-scalder collection site. (B) Postpicker collection site. OTUs in bold were present at both sampling locations.
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4

Elucidating Microbiome Shifts using 16S and Culture Based Microbiological Analyses
of Whole Bird Carcass Rinses Collected with nBPW and BPW from a Commercial
Broiler Processing Facility
The poultry industry and associated regulatory bodies use whole bird carcass (WBC)

rinsates to evaluate different stages of broiler processing systems for the prevalence of foodborne pathogens, including Salmonella spp. and Campylobacter spp. Within industry and
research groups, the similar samples collections are enumerated to determine E. coli,
Enterobacteriaceae (EB), and Aerobic Plate Count (APC) microorganisms. Analysis of these
indicator microorganisms provides numerical data that can be used to demonstrate the effects of
specific process control steps where low occurrences of target pathogens hinder the exclusive use
of prevalence data. In 2016, USDA FSIS established guidelines which altered the Buffered
Peptone Water (BPW) rinsate material to include additional compounds that would better
neutralize residual processing aids and allow for better recovery of sublethal injured Salmonella
organisms. While the compounds added were identified as aiding in the recovery of Salmonella
spp., specific data to understand how the new rinsate, neutralizing Buffered Peptone Water
(nBPW), effected the recovery of other microorganisms (including Campylobacter spp. and
indicator microorganisms) was not initially available. This study was conducted to determine
how the rinse solutions (BPW or nBPW) used in WBC sample collections could influence
microbiome compositions of collected rinsates and in turn, how those compositions could
influence results obtained from culturing methodologies. Paired carcasses exiting a peroxyacetic
acid (PAA) finishing chiller were rinsed in 400 mL of either nBPW or BPW and resulting
rinsates were analyzed for both prevalence levels of Salmonella spp. and Campylobacter spp. as
well as count levels of APC and EB. Genomic DNA was extracted from the rinsates, petrifilm,
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agar plates and enrichment media and amplified based on V4 region of 16S rRNA gene
sequences, and resulting sequences were multiplexed, pooled and sequenced using MiSeq® v2
Reagent cartridge on the Illumina MiSeq®. Raw data sequences were analyzed using
QIIME2.2018.11 and taxonomic analyses including alpha, beta and ± compositional analyses
were performed using MicrobiomeAnalyst. Cultured microbiological methods indicated
significant differences (P ≤ 0.05) in APC levels of the two rinsates, but no significant differences
in EB, Salmonella spp. or Campylobacter spp. prevalence. In contrast, beta diversity analysis of
the microbiome compositions of the two rinsate types and associated matrices used to assess
those levels of microorganisms revealed a marked difference (P < 0.05) at the operational
taxonomic unit (OTU) level.
4.1

Introduction
Raw poultry carcasses and parts are commonly implicated as contributing sources of food

borne-disease caused by Salmonella and Campylobacter (Antunes et al., 2016; Bryan and Doyle,
1995; Painter et al., 2013; Skarp et al., 2016; Tompkin, 1990). Commensal within the
gastrointestinal tract (GIT) of broilers, the human pathogens are often liberated from the feathers,
feet, crop, and GIT of processed carcasses (Josefsen et al., 2015; Roccato et al., 2016). To aid in
control of these microorganisms and limit the amount of contamination and cross-contamination
events, multi-hurdle interventions including the use of carcass and equipment washes, product
chilling, and the application of antimicrobials are commonly employed (Dogan et al., 2019;
Stopforth et al., 2007; Wideman et al., 2016). To measure antimicrobial efficacy of applied
control steps, whole bird carcass (WBC) rinses are collected at sites that represent preintervention(s) and post-intervention(s) locations within the processing system and evaluated for
target pathogenic microorganisms as well as indicator and spoilage microorganisms (Milios et
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al., 2014; Saini et al., 2011). The microbiological evaluations of these rinses provide both
processors and regulatory bodies quantifiable information that can be used to assess the
performance of specific processing steps and interventions within a poultry harvest system
(Milios et al., 2014; Stopforth et al., 2007).
With the implementation of the final rule “Pathogen Reduction and Hazard Analysis
Critical Control Point” (PR-HACCP) in 1996, carcasses from commercial broiler processing
establishments were subject to periodic sampling and microbiological analysis by United States
Department of Agriculture-Food Safety and Inspection Services (USDA-FSIS) (USDA, 1996).
The results provided information related to the prevalence of Salmonella in post-chill broilers
which was used to determine if an establishment’s processing system was “in control” and
capable of reducing microbial loads on processed carcasses. In 2011, USDA-FSIS also began
concurrently analyzing samples for prevalence of Campylobacter spp. The application of this
final rule was in response to increased cases of Campylobacteriosis and the need to evaluate
commercial processing systems for levels of Campylobacter spp. as well as determine an applied
system’s ability to reduce and control Campylobacter spp. (USDA, 2011).
As more stringent standards were placed on processors to reduce both Salmonella spp.
and Campylobacter spp. levels in poultry carcasses and parts, the implementation of novel
interventions systems and antimicrobials became standard practice (Smith et al., 2015). Some
changes included the addition of a post-chill chemical spray or dip, with a short dwell time as
well as antimicrobial solutions with different modes of actions and chemical properties not
previously applied to poultry processing systems (Gamble et al., 2016; Smith et al., 2015). The
changes in intervention systems and chemical applications introduced opportunities to further
evaluate the materials and methods used to perform sample collections in commercial poultry
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processing. In the case of WBC rinses, the use of a buffered peptone water (BPW) rinsate had
been used to aid in the recovery of Salmonella from collected samples, as it provided a nonselective nutrient source with a built-in phosphate buffering system which helped to maintain
neutral pH levels (Baylis et al., 2000). However, as the industry had evolved and introduced new
interventions and post-chill applications, research by Gamble et al., (2016), indicated that use of
BPW alone may not be wholly suitable to mitigate the antimicrobial carryover that may occur
during WBC rinse sample collection. Further, the presence of a non-neutralized antimicrobial in
the rinsate could hinder the recovery of some microorganisms, namely Salmonella, from the
collected rinsates and lead to false-negative results (Gamble et al., 2016).
In response to the identified limitations of BPW as a resuscitative medium, in 2016
USDA-FSIS began using a specialized neutralizing buffered peptone water (nBPW) to analyze
WBC. The modified BPW solution included sodium thiosulfate, sodium bicarbonate, and soy
lecithin to provide more effective neutralization of a broader spectrum of antimicrobials and
further aid in recovery of Salmonella from collected rinsates (Gamble et al., 2017). Specifically,
the addition of sodium thiosulfate aids in the neutralizing antimicrobial properties of chlorine
and iodine, sodium bicarbonate increases the acid neutralizing capacity of the solution and soy
lecithin neutralizes the effects of quaternary ammonia compounds.
While the application of nBPW had been identified as aiding in the recovery of
Salmonella from poultry processing samples, the application of these materials to address the
recovery of Campylobacter spp. had not been specifically evaluated prior to the introduction of
the new rinsate. Additionally, processors and researchers often concurrently analyze collected
rinsates for both Salmonella spp. and Campylobacter spp. as well as indicator organisms,
including APC, EB, and E. coli. (Bourassa et al., 2019, Yu et al.,). As Salmonella spp. and
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Campylobacter spp. may be present at low levels and not necessarily homogenously dispersed
within the process system, the use of APC and other indicator organisms are often used in
conjunction with verification programs to monitor both sanitary dress measures and applied
process controls (Boroussa et al. 2019; Yu et al.).
In this study, microbiome analysis was used to better understand the effect of rinse
solutions on the recovery of Salmonella spp., Campylobacter spp., as well as indicator
microorganisms using traditional, industry-specific, culturing methodologies typically applied to
samples collected within a poultry processing system. Specifically, compositional analysis of the
microbiomes present in nBPW and BPW rinsates that were collected after carcasses exited a
finishing chiller equipped with PAA at a commercial broiler processing facility. Additionally,
the microbiomes present within Salmonella spp. and Campylobacter spp. enrichment broths, as
well as bacterial growth from CCPM agar plates used to ascertain Campylobacter spp.
prevalence, and corresponding 3M™ Petrifilm™ used to obtain indicator counts of APC and EB
were compared. Elucidating the microbiome compositions of the different rinsates and materials
from associated culturing methodologies provides an improved understanding of how the rinsate
alters results of microbiological analyses which can help explain why conflicting results may
result if different rinsate solutions are utilized.
4.2

Sample Collection
Sample collection occurred within a USDA-inspected, commercial facility, processing

approximately 240 birds per min using two evisceration lines which fed one chilling system.
Samples were collected after exiting a 20 to 30 second finishing chiller containing 800 to 1000
ppm peroxyacetic acid (PAA) of a Cornish hen broiler commercial processing facility on two
different days. To ensure that the carcasses collected were representative of the same flock, and
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subjected to similar processing conditions, all collections occurred in quick succession. During
the first day of collection, eighteen total WBC were collected, and the first and last pair of
samples were collected within 30 minutes of each other. During the second day of collection, 80
total WBC were collected, and the first and last pair of samples were collected within 1.5 hours
of each other.
Carcasses were collected in pairs using a new pair of sterile gloves for each carcass.
Collected carcasses were hung by legs on shackles and allowed to drip for 1 minute and then
placed in sterile rinse bags (Fisher Scientific, Pittsburgh, PA, USA). For each pair of WBC
collected, 400 mL of either nBPW (CultureMediaConcepts, Millennium Life Sciences, Inc.,
Anaheim, California) or BPW (Becton, Dickinson and Company, Sparks, MD, USA) was poured
over the surface and interior cavity of the individual carcass. Conforming to USDA collection
practices (USDA, 2013), the carcasses were rinsed for one minute in an arcing motion to ensure
that rinsate could move along the carcass surface and cavity. At the end of one minute rinse, the
rinsate was transferred to the original container and the carcass was returned to the processing
line. After collection, all rinses were placed on ice in a cooler and transported to the testing
laboratory for same day analysis.
4.3

Microbiological Analysis
On the same day of collection, rinsates and associated serial dilutions were enumerated

for APC counts and EB counts with 3M™ APC petrifilm™ and 3M™ Enterobacteriaceae
petrifilm™ (3M™, St. Paul, MN, United States) per Official Methods of Analysis (OMA)
990.12 and 2003.01, respectively, published by the International Association of Official
Analytical Chemists (AOAC). In brief, 1.0 mL aliquots of original rinse material and prepared
serial dilutions were pipetted onto the surface of petrifilm which includes both gelling and
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nutrient agents for the detection of APC or EB microorganisms, dependent on the class of
petrifilm used. Incubation and subsequent enumeration of petrifilm occurred per prescribed
published protocols except for incubation temperature of the EB petrifilm which was altered to
align with USDA-FSIS Microbiological Laboratory Guidebook (MLG) Chapter 3.02 (USDA,
2015), in which EB detection for meat and poultry products are typically incubated at 35 ± 1 °C.
In addition to EB count data, the presence or absence of EB typical growth from direct plating
analysis was used to determine EB prevalence within the sample sets.
To determine prevalence of Campylobacter spp., 30 mL aliquots of rinsates were
enriched in 30 mL 2X blood-free Bolton broth (ThermoFisher, Oxoid Ltd., Basingstoke,
Hampshire, UK) and incubated at 42 ± 1 °C under microaerophilic conditions (85% nitrogen,
10% carbon dioxide, and 5% oxygen) for 48 ± 2 h per guidelines in Chapter 41.04 of USDAFSIS MLG (USDA, 2016). After incubation, presence of Campylobacter spp. was determined
by inoculating a R & F® Campylobacter jejuni/C. coli Chromogenic Plating Medium (CCPM; R
& F Products, Downers Grove, IL, USA) agar plate with 10 µL of incubated sample. Inoculated
plates were incubated at 42 ± 1 °C under microaerophilic conditions for 48 ± 2 h per guidelines
from manufacturer. After incubation, plates were evaluated for presence of typical
Campylobacter spp. colonies which appear pink or salmon in color.
To determine prevalence of Salmonella, 30 mL aliquots of rinsates were enriched in 30
mL of BPW (Becton, Dickinson and Company, Sparks, MD, USA) and incubated at 35 ± 1 °C
for 20 to 24 h. Incubated samples were analyzed for Salmonella prevalence utilizing Hygiena©
BAX® (Hygeina, LLC, Camarillo, California, USA) PCR based testing system and Salmonella
assay kit per guidelines provided in OMA 2003.09 AOAC.
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4.4

DNA Extraction and Library Preparation
Aliquots (80 mL) of the original nBPW and BPW rinses, as well as 40 mL aliquots of

Salmonella spp. and Campylobacter spp. incubated enrichments (BPW and 2X blood-free Bolton
broth) were centrifuged (Sorvall Lynx 6000, Thermo Fisher Scientific, Langenselbold, Germany)
for 15 min at 8,000 g to achieve initial pellet material. Pellets were re-suspended in room
temperature PBS at volumes equal to 2X the approximate size of the pellet (Oxoid Microbiology
Products, Thermo Scientific, Wilmington, DE, United States) centrifuged for 15 min at 8,000 g.
This wash step was repeated 2 times and after the final wash, the remaining pellet was resuspended in 500 µL PBS and placed in -80 °C freezer.
Genomic DNA extraction of the pelleted material from the rinses, BPW and Bolton broth
suspensions were performed using a QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA,
USA). In brief, 1.0 mL of supplied InhibitEx buffer was added to the 500 µL pellet suspensions
and vortex mixed continuously for 1.0 minute or until the sample appeared thoroughly
homogenized. The resulting mixture was heated for 5 min at 70 °C to lyse cells and after
heating, the lysed mixture was vortex mixed for 15 s and then centrifuged (Sorvall Legend Micro
21, Thermo Fisher Scientific) for 1 minute to pellet particles. Further steps were performed as
indicated in the manufacturer’s standard protocol except doubling the volume of proteinase K
used and using DNAse/RNAse free water (Fisher Scientific) at a reduced volume of 30 µL for
the final eluent.
Prior to extraction, petrifilm plates were held at -20 °C to limit further changes in bacteria
counts and growth. The gelled matrices of the petrifilm were harvested using a sterile loop and
the material was placed into a 2 mL microcentrifuge. Samples were immediately extracted using
DNeasy Blood and Tissue Kit (Qiagen) following the standard protocol except adding 400 µL
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(instead of 180 µL) enzymatic lysis buffer, and incubating mixtures at 56°C for up to 60 min as
needed to achieve homogenous mixture of gelled matrices. Low level DNA concentrations,
likely due to limited EB growth on most of the samples, from EB petrifilm precluded those
samples from being further evaluated.
Agar plates used to evaluate Campylobacter spp. prevalence were held at refrigerated
temperatures (0 to 4 °C) until the surface of the agar plate could be harvested. The surfaces of
the CCPM agar plates were harvested by sweeping a sterile loop across the entire surface of the
agar plate, and then collected material was deposited into a microcentrifuge containing 200 µL of
PBS. The mixture was vortex mixed thoroughly for 1 min and then centrifuged for 1 min at
17,000 g to pellet the material. The supernatant was removed and 500 µL of PBS was added to
the pellet for a wash step. To wash the pellet, the mixture was vortex mixed for 1 min and then
centrifuged again for 1 min at 17,000 g to pellet the material. The final pellet was re-suspended
in 200 µL of PBS and DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen)
following the same steps as outlined for the petrifilm samples.
The extracted genomic DNA from the two days of collection were sequenced at different
times but steps for multiplexing and amplification of gene libraries were similar for both sample
sets. In short, targeted 16S rRNA gene libraries from all samples were constructed by
multiplexing and amplifying the V4 region of the 16S rRNA gene sequences using mixtures of
AccuPrime™ Pfx (Thermo Scientific) and forward and reverse primer sets which included dual
indices as described in Kozich et al., (2013). Resulting amplicons were normalized using
SequealPrep™ Normalization Plate Kit (Thermo Scientific) to achieve similar nucleic acid
concentrations in each sample. Normalized samples were pooled and sequenced using MiSeq®
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v2 (500 cycle) Reagent cartridge on the Illumina MiSeq platform (Illumina, San Francisco, CA,
USA), per the manufacturer’s instructions.
4.5

Analysis of Sequences
Illumina sequence data was retrieved from BaseSpace Hub Account (Illumina) and raw

sequence reads were assigned to taxonomic features or operational taxonomic units (OTUs)
based on analysis performed using the “moving pictures” tutorial available within the
Quantitative Insights into Microbial Ecology 2 (QIIME 2) pipeline version 2019.7 (Bolyen et al.,
2018). Quality filtering steps including the removal of any phiX reads and chimeric sequences
were performed separately on each of the two sequence runs, following the DADA2 plug-in
procedures (Bolyen et al., 2018). Reads were trimmed to remove lower quality regions based on
Phred scores by viewing the “Interactive Quality Plot” tab in the demux.qzv files of each run and
trimming reads where base call quality scores averaged less than 30. After filtering and
normalization of the separate runs, the runs were merged and resulting features were assigned to
taxa using trained classifier “Silva 132 99% OTUs” with an applied confidence level of 95%. To
analyze the Campylobacter spp. enrichment and Campylobacter plate extraction sample sets,
feature tables were filtered to exclude Campylobacter spp. OTUs so that the other features would
be amplified and composition differences could be better evaluated. The rinsates, petrifilm, and
Salmonella enrichments sample sets were analyzed using the complete feature tables (including
Campylobacter spp.).
After taxonomic assignments were made, MicrobiomeAnalyst (Dhariwal et al., 2017)
was used to evaluate taxonomy compositional and statistical analyses including alpha and beta
diversity of the different sample sets. Using the Marker Data Profile (MDP) module within
MicrobiomeAnalyst, 140,611,144 sequences representing 455 samples and 643 different features
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were analyzed to determine differences between microbiome compositions of the rinsates
(nBPW and BPW) and the materials obtained from microbiological enumeration and prevalence
testing. Sequences obtained from the rinsates, petrifilm, Salmonella spp. and Campylobacter
spp. enrichments were analyzed separately using the sample editor feature so that overall
compositional shifts due to the use of nBPW or BPW on those samples sets could be easily
delineated. For each separate analysis, features were filtered using default parameters set up
within the “feature filter” section of the MDP module. In short, features identified as rare or low
abundancies (≤ 4 counts in ≤ 20% of the samples), and features identified in the samples as
present at a rate of 10% in all samples based on inter-quantile range (IQR) scores were limited
from downstream analyses. Reads were normalized based on total sum scaling (TSS), in which
the number of feature reads were divided by the total number of reads obtained.
4.6

Statistical Analyses
Count values from cultured microbiological analyses were Log10 transformed and

averaged for each rinsate type. Count data was analyzed using analysis of variance (ANOVA)
and prevalence data determined from enriched samples was analyzed using a chi-squared test
with P < 0.05 considered significant.
Alpha diversities of the individual samples within the two populations (nBPW and BPW
samples) was evaluated using the average number of observed OTUs per sample and the
Shannon index which is a measurement of the diversity and evenness of OTUs within a sample.
Calculated observed OTUs and Shannon diversity metrics of paired nBPW and BPW samples
(original rinsates, enrichment broths, growth from agar and petrifilm plates), were evaluated
using the Mann-Whitney U test to determine statistical differences (P < 0.05) between
microbiome compositions of each of those populations. Beta diversity including Bray-Curtis

121

dissimilarity metrics visualized using Principle Coordinates of Analysis (PCoA) and analyzed
using analysis of group similarities (ANOSIM) to determine population composition differences
between each of the paired sample sets. Linear discriminant analysis (LDA) effect size (LEfSe)
was used to determine statistical significant differences (P ≤ 0.05) in specific features within
paired populations as well as identify and quantify differentially abundant OTUs (LDA scores ≥
2.0) between the two sample types.
4.7

Results
The only significant differences (P < 0.05) in microbiological analyses of the BPW and

nBPW rinsates were the resulting average Log10 APC CFU/mL counts, in which the BPW counts
were 0.39 Log10 CFU/mL higher compared to the nBPW rinsates (Table 1). Average EB counts
and EB prevalence levels for the two rinsates were not significantly different as both BPW and
nBPW average counts for EB were 0.27 Log10 CFU/mL, and prevalence levels were 77.55%
and 73.47% for BPW and nBPW, respectively. Like the observed EB prevalence levels,
Salmonella spp. and Campylobacter spp. prevalence levels were not significantly different (P <
0.05) although levels for both were higher in nBPW rinsates compared to BPW rinsates (48.98%,
and 91.84% for Salmonella spp. and Campylobacter spp. in nBPW rinsates compared to 32.65%,
and 79.59% in BPW rinsates, respectively).
Microbiome analysis of the collected rinsates revealed the presence of 45 different OTUs
with 20 of those OTUs were present at relative abundancies greater than or equal to 1% in at
least one of the rinsate types (nBPW or BPW) (Figure 1). The relative abundance values for the
observed OTUs in both nBPW and BPW rinsates indicated that the major constituents of both
microbiomes belonged to the genus Pseudomonas; with those OTUs representing 29.22% and
28.14% of the total number of identified OTUs for BPW and nBPW rinsates, respectively. The
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second most abundant OTU in the BPW rinsates was Escherichia_Shigella at 17.18%, while the
second most abundant OTU in the nBPW rinsates belonged to Psychrobacter at 15.19%.
Comparisons of alpha diversities of nBPW and BPW rinsates did not reveal significant
differences (P < 0.05) of either the observed OTUs or Shannon indices of the two microbiome
compositions (Table 2). Overall, the diversity of the populations appears to be very similar in
regards to the number of OTUs per sample, with the BPW rinsates comprised of 38.09 ± 14.94
OTUs and the nBPW rinsates comprised of 37.78 ± 16.40 OTUs. Similarly, the distributions of
OTUs within the individual samples of the two rinsates were not significantly different, and
Shannon indices for the microbiome compositions of the rinsates were 1.98 ± 0.88 for the nBPW
and 1.72 ± 1.03 for BPW rinsates. In contrast, the calculated Bray-Curtis dissimilarity beta
diversity metric did indicate a significant difference (P ≤ 0.05) in overall diversity between the
two populations (Figure 2a). LEfSe analysis highlighted 16 OTUs that were differentially
abundant (P < 0.05) within the two populations (Figure 6a). Of those 16, 13 were differentially
more abundant in the BPW rinsate microbiome, with the most differentially abundant OTU
identified as Escherichia_Shigella. Of the three OTUs that were underabundant in the BPW
rinsate, the most differentially abundant was an OTU belonging to the genus Clostridium.
The microbiome compositions obtained from the associated 3M™ APC Petrifilm™
indicated a significant difference (P < 0.05) in the number of observed OTUs represented. The
growth obtained from the BPW rinsates was more microbially diverse than the nBPW rinsates
although the average number of observed OTUs per sample for the two groups were relatively
similar at 11.86 ± 2.27 and 10.58 ± 2.16, for BPW and nBPW, respectively (Table 2). Shannon
indices of the two populations were also statistically different (P < 0.05) as distribution of OTUs
within the samples was more even for the BPW samples than the nBPW samples (1.20 ± 0.38
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and 0.89 ± 0.42, for BPW and nBPW, respectively). Likewise, beta diversity measured by BrayCurtis dissimilarity and compared using ANOSIM for the two APC populations indicated
significant differences (P < 0.05, R=0.4731) (Figure 2c).
Of the ten different OTUs or features identified from the APC petrifilm,
Escherichia_Shigella was the most prevalent in both populations (53.93% and 34.85%, nBPW
and BPW, respectively) (Figure 3). The second most abundant feature for nBPW was identified
as Staphylococcus while the second most abundant feature for BPW was identified as
Streptococcus. While the largest proportion of OTUs within each of the populations belonged to
the same feature (Escherichia_Shigella), LEfSe analysis of the two microbiomes indicated that
there were 7 differentially abundant OTUs, with 5 of those being more abundant in the APC
growth obtained from the BPW rinsates (Figure 6d). The two features that were underabundant
in the APC growth obtained from the BPW rinsates, were Escherichia_Shigella and
Pseudomonas. This is line with the alpha and beta diversity metrics previously discussed, in
which there was a higher overall diversity in BPW samples, even though the most abundant
feature for both populations was identified as Escherichia_Shigella.
Review of microbiome compositions of the Salmonella spp. enrichment samples,
revealed that calculated alpha indices were not significantly different (P < 0.05) for either
calculated metrics (Table 2). The average number of OTUs per sample were similar for both
enrichment types, with an average of 12.26 ± 2.51 and 11.53 ± 2.17 OTUs represented in the
nBPW and BPW based enrichments, respectively. Similarly, the calculated Shannon indices
used to measure diversity within individual samples were similar at 1.19 ± 0.38 and 1.19 ± 0.27
for nBPW and BPW samples, respectively. In contrast, beta diversity Bray-Curtis metrics of the
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two populations indicated that the populations were significantly (P < 0.05) dissimilar. (Figure
2b).
Seventeen different OTUs were represented in the microbiome compositions of the
Salmonella spp. enrichments, with 15 OTUs present at relative abundance levels greater than or
equal to 1% in at least of one of the enrichment types (Figure 4). The most abundant feature
within the BPW enrichment was an OTU belonging to Aeromonadales, representing 39.65% of
the sequences. In contrast, the most abundant feature within the nBPW enrichments was
Escherichia_Shigella, representing 43.33% of the sequences. LEfSe analysis identified 11
differentially abundant (P < 0.05) features represented within the microbiomes of the two
enrichments (Figure 6b). Of the 11 differentially abundant OTUs, 7 of those, including
Lactococcus, Planococcaceae_OTU1, Enterococcaceae_OTU1, Fusobacterium, Streptococcus,
Enterococcus, and Escherichia_Shigella were differentially underabundant in the BPW
enrichments. Features differentially more abundant in the BPW enrichments included
Aeromonadales_OTU1, Burkholderiaceae_OTU2, Acinetobacter, and Aeromonas.
Metrics for alpha diversities did not indicate significant differences for either observed
OTUs or Shannon diversity indexes (Table 2) in the Campylobacter spp. enrichments prepared
from BPW and nBPW rinsates. In contrast, Bray-Curtis beta diversity indices did indicate a
significant difference (P < 0.05, R=0.1344) in the compositions of the two enrichment matrices
(Figure 2d). Eleven different features were present at relative abundance levels greater than or
equal to 1.0% in Campylobacter spp. enrichment matrices prepared from the two rinsate types
(Figures 5a and 5b). Of those, the most abundant feature identified in the BPW enrichments was
Lactobacillus (92.48%), while this same feature was only abundant at 1.70% in the nBPW
enrichments. The most abundant feature identified in the nBPW was Escherichia_Shigella
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(72.18%), while the same feature was only abundant at 2.31% in the BPW enrichments.

LEfSe

analysis indicated 4 different OTUs were differentially abundant in the BPW enrichment
matrices, with Staphylococcus being more abundant and Escherichia_Shigella,
Burkholderiaceae_OTU2, Aeromonadales_OTU1 being underabundant.
In contrast to the alpha metrics observed with the Campylobacter spp. enrichments, the
alpha diversity metrics for the CCPM extractions prepared from the two different rinsates were
significantly different (P < 0.05) with the nBPW samples exhibiting a higher average number of
observed OTUs (3.83 ± 0.92) compared to the BPW samples (3.23 ± 1.07) (Figure 2). Similarly,
Shannon diversities of the individual samples within the each of the extractions were also
significantly different (P < 0.05). Overall, the two rinsates were represented by significantly
different (P < 0.05, R=0.1384) populations as observed by the PCoA plot of the beta diversity
metric (Figure 2e). After features identified as Campylobacter spp. were removed, six different
features were present in the extractions collected from the surfaces of the CCPM agar plates. Of
those features, the most abundant feature was identified as Escherichia_Shigella, representing
60.28% of the sequences in the BPW samples and 55.93% sequences in the nBPW samples
(Figure 5). The second most abundant feature in BPW samples was Enterococcus (18.80%),
while the second most abundant feature in the nBPW samples was Staphylococcus (19.74%).
LEfSe analysis indicated only one differentially abundant feature was present within the
extractions; with Staphylococcus being underabundant in the BPW extractions.
4.8

Discussion
Microbiome analysis of nBPW and BPW rinsates and associated materials used to

ascertain pathogen and indicator microorganism levels revealed diversities in microbial
populations that were not fully recognized by the applied culturing methodologies. At the OTU
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or feature level, it would be expected that the samples within each group of rinsates would be
similar in terms of overall diversity as the rinse solution is acting as a “rinse” of the surface of
the carcass, and in theory should not impart any selectivity in regards to what microorganisms
are recovered from the carcasses being sampled. This was confirmed with the alpha indices
measured, which did not indicate that there were any significant differences in the number of
observed OTUS or the distribution of those features within the samples. In contrast, the PCoA
plot and associated Bray-Curtis beta index did indicate a significant difference (P ≤ 0.05)
between the two populations, however, these differences appear to be due to a few outlying
samples representative of both rinsate types. If the beta diversity was more significantly
different (lower P-value) or if one rinsate type appeared to be more divergent away from the
average population, it could indicate that the rinsate choice could alter microorganism recovery
even at collection which in turn would most assuredly affect the detection of both pathogen
microorganisms as well as indicator organisms. Additionally, as the diversity of the microbiome
compositions for each rinsate were compromised of the same top 6 OTUs (Pseudomonas,
Escherichia_Shigella, Psychrobacter, Acinetobacter, Ruminococcaceae_OTU11, and
Campylobacter), it appears that either rinsate can recovery microorganisms typically found on
the surfaces of processed carcasses and neither rinsate exerts any selective pressures on the
microorganisms that may be present.
Salmonella spp. prevalence levels determined by culturing methods of the two types of
collected rinsates were not significantly different (P<0.05), but beta diversity metrics used to
evaluate differences at the OTU or feature level did indicate there were differences in the overall
diversity of the two enrichments. While Salmonella spp. was not specifically identified, the
presence of the Escherichia_Shigella OTU is often presumed to be indicative of Salmonella spp.
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in these sample types, due to the close phylogenetic relationship of the three species which may
hinder the ability of 16S rDNA sequencing to fully delineate sequences as belonging to genera
Salmonella, Escherichia, or Shigella (Ceuppens et al., 2017; Grim et al., 2017). Thus, the higher
relative abundancy of Escherichia_Shigella OTUs (43.33%) in nBPW enrichments does indicate
there could be improved detection of Salmonella spp. in nBPW rinses of WBC collected at a
post-PAA finishing chiller location. This is further demonstrated by the lower relative
abundance (22.34%)of the Escherichia_Shigella OTU in the Salmonella spp. enrichments
prepared from BPW rinses. The presence and higher relative abundancies of other OTUs
representing additional enteric microorganisms including Enterobacteriaceae_OTU1 (15.55%),
Enterococcus (11.16%), and Enterococcaceae_OTU1 (1.97%) also indicate that the recovery of
Enterobacteriaceae could be positively influenced when nBPW is used. While these features
represented approximately 28.68% of the sequences in the nBPW Salmonella spp. enrichments,
the same features only represented 9.35% of the sequences in the enrichments prepared with
BPW.

Coinciding with the higher abundancies of Enterobacteriaceae OTU present in the

nBPW enrichments, there was a greater proportion of non-enteric OTUs belonging to the order
Aeromonadales (39.65% and 8.73%, in BPW and nBPW prepared enrichments, respectively)
and a member of the family Burkholderiaceae (15.77% and 0.97%, in BPW and nBPW prepared
enrichments, respectively) in the BPW enrichments, which are not typically indicative of enteric
or fecal contamination associated with processing poultry.
After the implementation of nBPW by USDA-FSIS in 2016, it became apparent that
microbiological methods that use 3M™Petrifilm™ or other direct plating materials may have
been unintentionally affected by the rinse solution as the initial pH of the rinsate was slightly
higher (pH 7.7 +/- 0.5 at 25ºC.) when compared to BPW (pH 7.2 +/- 0.2 at 25 ºC.) solutions
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(Anonymous, 1996; 2018). Microbiome analysis as well as APC indicator counts of this sample
set confirm that the pH level of the rinse solution may alter recovery as selectivity may be
introduced due to a microorganisms’ tolerance to pH fluctuations or pH levels outside of neutral
ranges. Within this sample set, the only samples that had significantly different results for both
the microbiological culturing methods as well as the microbiome analyses, were the APC
Petrifilm™ associated with evaluating Log10 APC CFU/mL indicator levels. Overall, the BPW
rinsates recovered a higher level of APC, 1.60 Log10 CFU/mL compared to 1.21 Log10 CFU/mL
for the nBPW. Review of the abundancies of the major features indicated that the major
difference in relative abundancies between the two populations was a lower percentage of
Escherichia_Shigella (34.85%) in the APC counts recovered from the BPW rinsates, compared
to 53.93% in the APC counts recovered from the nBPW rinsates. In turn, APC counts from the
BPW rinsates had a higher proportion of Streptococcus (20.64%) compared to 4.61% in the
nBPW rinsates. As Streptococcus is a lactic acid bacteria, it is typically favored in slightly acidic
environments, so this shift could be possibly be attributed to the pH levels of the collected
rinsates. Results from randomly selected samples within each sample group, indicated an average
pH range of 6-6.5 pH for the BPW rinses and an average pH range of 7-7.5 for the nBPW rinses
(crude measurements using pH strips were performed; data not shown). It appears that within
this sample set, the nBPW solutions provided a more robust buffering capacity so that collected
rinsates were more likely to remain at a neutral pH level. This would be especially important to
consider for collections made to evaluate acid or acid blend interventions, in which buffering the
pH of collected samples is important to ensure microorganism recovery. However, in the case of
this sample set it is important to note that while the nBPW solution effectively buffered the
collected rinsate, the same effects could have likely been achieved by sampling carcasses with
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BPW and then pH adjusting the sample to a more neutral pH level after collection, as
theoretically, if the pH of sample is within the neutral range, residual acids could be considered
effectively neutralized. In addition, if a facility is only using acid interventions, allowing for
adequate drip time prior to rinsing the carcass may prove to be just as effective as neutralizing
the sample after collection and BPW could be considered an effective rinse solution as long as
the sample is at a neutral pH range after collection. Additionally, while the built-in buffering
capacity of the nBPW solution is convenient, since the initial starting pH of the solution used is
slightly higher than the BPW, the use of nBPW solutions may still require pH adjustment to
reach neutral ranges especially at collection sites prior to the application of acids, especially for
those methods that may be more sensitive to pH, i.e. petrifilm or direct plating methodologies. In
fact, samples collections by industry and research personnel who may be collecting WBC rinses
to determine sanitary dress indications, perform process control evaluations or verify HACCP
programs may not always need to use nBPW for all collections sites and in some cases, the use
of nBPW for these collections could add an extra neutralization step.
Review of industry-wide Salmonella spp. and Campylobacter spp. prevalence trends of
broiler carcasses after the implementation of nBPW identified a significant (P < 0.05)
proportional increase (0.02 to 0.08) in Salmonella-positive samples within the commercial
broiler processing sector while the Campylobacter spp. prevalence levels in carcasses remained
constant at 0.027 (Williams et al., 2018). The increase in Salmonella spp. prevalence provided
meaningful data in support of the theory that ineffective neutralization of antimicrobials in
collected rinsates may have resulted in lower detection rates of Salmonella spp. in some samples,
but also highlighted the need to further evaluate the impact of rinsate solution on recovery of
Campylobacter spp. as expectations would be that effective neutralization of residual sanitizer
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would have an impact on Campylobacter spp. prevalence levels as well (Williams et al., 2018).
While the initial implementation of nBPW did not specifically address whether results in
Campylobacter spp. prevalence would be affected, the continued concern of Campylobacter
spp. food borne diseases and implication of poultry products, and therefore the need to accurately
estimate Campylobacter spp. levels on WBC collected from commercial broiler processing
systems, continues to spur interest in better understanding the effect of rinse solution on these
sample collections and the recovery of Campylobacter spp. (Berrang et al., 2018). In research
performed by Bourassa et al., (2019), in which a multi-hurdle poultry process system with PAA
interventions was evaluated from pre-chill to post finishing chiller using both rinse solutions,
overall prevalence levels of Campylobacter spp. within the processing system were lower in
nBPW rinsates compared to BPW rinsates, with nBPW rinsates being only 55% positive while
BPW rinsates were 70% positive. In contrast, in this study, there was not a significant difference
in Campylobacter spp. prevalence levels, and overall, prevalence was higher in nBPW samples.
Analyzing the microbiome of the different rinse solutions, and associated materials from
culturing methodologies pinpoints shifts in OTUs which can help explain the difference in
results obtained from different data sets. It is generally understood that to ensure that the
samples collected from a poultry processing system are a true reflection of the microbial loads
present, including sublethal injured microorganisms, it is necessary to either perform carcass
collections using a resuscitative medium or supplement rinsates with a resuscitative medium
prior to microbiological evaluations. Up to this point, most of the research in understanding
how to best recovery sub-lethally injured cells in WBC rinses has been focused on recovery of
Salmonella spp. While introducing materials and methods in sample collections to aid in the
recovery of injured Salmonella spp. is necessary to ensure that informative data is obtained for
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regulatory bodies, industry and research personnel, failure to ensure the materials and methods
are adequate to aid in recovery of other target pathogens, namely Campylobacter spp., as well as
indicator microorganisms, including APC and EB, may result in skewed data not completely
indicative of the system being analyzed. Further, the application of one rinse material to all
processors, all sampling locations, without consideration for the antimicrobial intervention could
introduce conflicting results between processors, regulatory bodies and researchers.
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4.10 Tables and Figures
Table 1 | Average Log10 APC and EB CFU/mL counts for each rinsate type. EB prevalence
data based on detection by direct plating. Salmonella spp. and Campylobacter spp. prevalence
levels based on enrichment data obtained for each rinsate type. Values (ab) denoted in same
columns with different subscripts were significantly different (P < 0.05).
RINSATE
TYPE
nBPW
BPW

Log10
Log10
APC
EB
CFU/mL CFU/mL
1.21a
0.27
b
1.60
0.27

EB
Prevalence
77.55%
73.47%
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Salmonella
spp.
Prevalence
48.98%
32.65%

Campylobacter
spp.
Prevalence
91.84%
79.59%

Table 2 | Alpha diversity metrics: Average OTUs and Shannon indices.

Sample Type

137

nBPW Rinsate
BPW Rinsate
nBPW Salmonella spp. Enrichment
BPW Salmonella spp. Enrichment
nBPW Campylobacter spp. Enrichment
BPW Campylobacter spp. Enrichment
nBPW CCPM Extractions
BPW CCPM Extractions
nBPW APC Petrifilm
BPW APC Petrifilm

Number
of
Samples
n=49
n=46
n=47
n=45
n=17
n=18
n=37
n=39
n=48
n=49

Average
Number of
PMannPMannObserved
Shannon
value Whitney
value Whitney
OTUs per
Sample
37.78 ± 16.40
1.72 ± 1.03
0.74
1083
0.28
1274
38.0 9 ± 14.94
1.98 ± 0.88
12.26 ± 2.51
1.19 ± 0.38
0.08
838
0.85
1033
11.53 ± 2.17
1.19 ± 0.27
8.00 ± 2.83
1.22 ± 0.34
0.07
98
0.83
160
6.17 ± 2.36
1.17 ± 0.57
3.83 ± 0.92
1.03 ± 0.24
<0.02
496
<0.05
480
3.23 ± 1.07
0.84 ± 0.33
10.58 ± 2.16
0.89 ± 0.42
<0.05
1504
<0.05
1652
11.86 ± 2.27
1.20 ± 0.38

0.08%
0.46%
1.46%
1.38% 1.09% 0.00%
1.76% 1.59%
2.05%
2.47%
2.47%
2.47%
29.22%
1.34%

3.51%
4.18%
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(a)

1.77%

8.99%

17.18%

1.02%

3.26%

28.14%

0.31%
5.22%
7.77%

4.39%
4.64%

1.61% 0.67%
0.94% 1.22%
0.90%
0.43%
1.30%
3.38%
3.10%

1.14%
2.59%

11.03%
15.19%

(b)

Figure 1 | (a). OTU composition of most abundant sequences in BPW rinsates. (b). OTU Composition of most
abundant sequences in nBPW rinsates.

(a)

P=0.05
R=0.0326

(b)

P<0.05
R=0.4731

(c)

P<0.05
R=0.1006

(d)

P<0.05
R=0.1344

(e)

P<0.05
R=0.1384

Figure 2 | Beta diversity: Principle Coordinates of Analysis and Bray-Curtis Dissimilarity
evaluated with ANOSIM. Purple shaded eclipses and dots represent BPW samples and yellow
shaded eclipses and dots represent nBPW samples. (a). Rinsates (b). Salmonella spp.
enrichments. (c). APC extractions. (d). Campylobacter spp. enrichments (e). CCPM extractions.
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1.87%

20.64%

3.18%

3.27%
2.62%
2.45%

10.37%

4.61% 3.24%

0.08%

18.07%

2.97%
0.37%

7.88%

2.97%

15.12%
34.85%

53.93%
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1.51%
4.78%
(a)

(b)

Figure 3 | (a) OTU composition of most abundant sequences of extracted gel from 3M™ APC Petrifilm™ prepared from
BPW rinsates. (b) OTU composition of most abundant sequences of extracted gel from 3M™ APC Petrifilm™ prepared
from nBPW rinsates.

1.48%
1.54%
2.26%

1.04%
1.08%

0.26%
0.15%

1.97%

0.03%

1.85%
4.20%

3.07% 2.71%

5.56%
8.73%

1.31%
8.27%

39.65%

15.77%

11.16%
3.01%
0.58%
0.40%
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22.34%

43.33%
15.55%

0.97%
0.97%

(a)

(b)

Figure 4 | (a) OTU composition of most abundant sequences in Salmonella spp. enrichments prepared from BPW
rinsates. (b) OTU Composition of most abundant sequences in Salmonella spp. enrichments prepared from nBPW
rinsates.

2.31%

0.54% 0.93% 1.11% 1.38%
0.81% 0.49%
1.38%
1.64%
2.73% 0.41% 0.34% 2.48% 1.70%
1.70% 3.75%
4.20%
3.34%
3.21%

92.48%

72.18%

(a)

5.14%
4.51%

(b)

11.27
%

10.76 10.79
%
%

18.80
%

19.74
%

60.28
%

2.78
%

55.93
%

(d)

(c)

Figure 5 | (a) OTU composition of most abundant sequences in Campylobacter spp. enrichments
prepared from BPW rinsates. (b) OTU Composition of most abundant sequences in
Campylobacter spp. enrichments prepared from nBPW rinsates. (c) OTU composition of most
abundant sequences from CCPM agar plates prepared from BPW rinsates. (d) OTU
composition of most abundant sequences from CCPM agar plates prepared from nBPW rinsates.
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)
Figure 6 | Histograms of significantly (P < 0.05) differentially abundant OTUs determined by LEfSe analysis (blue OTUs
overabundant in BPW rinsates, red OTUs underabundant in BPW rinsates). (a). Collected rinsates. (b). Salmonella spp.
enrichments. (c). Campylobacter spp. enrichments. (d). APC Petrifilm™ extractions.
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Conclusion
Mitigating and controlling the microbiological food safety and quality risks associated

with raw poultry products requires the use of extensive process control and multiple hurdle
interventions within commercial broiler harvest and processing systems. Verification of applied
controls are typically obtained by documentation and monitoring of operations, along with
microbiological sampling. Microbiological sampling is accomplished using identified, industryspecific methodologies which exploit the culturability of those microorganisms typically found
in the associated environment. The concurrent application of non-culture based microbiota
characterization using 16s rDNA sequencing to these processing steps provides an improved
understanding of the microbiological shifts related that may alter the risks of food-safety
concerns as well as assure the quality of associated poultry products. Microbiota
characterization of poultry processing systems can be considered an informative molecular
microbiological tool that researchers, industry and regulatory personnel can apply to inform
decisions within poultry processing systems.
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6.1

Appendix
Letter from Frontiers in Microbiology, allowing reuse of previously published
materials, regarding article “Comparison of 16S rDNA Next Sequencing of
microbiome communities from post-scalder and post-picker stages in three different
commercial poultry plants processing three classes of broilers”
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6.2

Email correspondence with Tyson Legal and FSQA departments regarding
publishing “Comparison of 16S rDNA Next Sequencing of microbiome communities
from post-scalder and post-picker stages in three different commercial poultry plants
processing three classes of broilers”

146

