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Abstract: Occurrence of Listeria monocytogenes (Lm), the causative agent of listeriosis, in food processing facilities presents
considerable challenges to food producers and food safety authorities. Design of an effective, risk-based environmental
monitoring (EM) program is essential for finding and eliminating Lm from the processing environment to prevent product
contamination. A scoping review was conducted to collate and synthesize available research and guidance materials on
Listeria EM in food processing facilities. An exhaustive search was performed to identify all available research, industry
and regulatory documents, and search results were screened for relevance based on eligibility criteria. After screening,
198 references were subjected to an in-depth review and categorized according to objectives for conducting Listeria
sampling in food processing facilities and food sector. Mapping of the literature revealed research and guidance gaps by
food sector, as fresh produce was the focus in only 10 references, compared to 72 on meat, 52 on fish and seafood, and
50 on dairy. Review of reported practices and guidance highlighted key design elements of EM, including the number,
location, timing and frequency of sampling, as well as methods of detection and confirmation, and record-keeping. While
utilization of molecular subtyping methods is a trend that will continue to advance understanding of Listeria contamination
risks, improved study design and reporting standards by researchers will be essential to assist the food industry optimize
their EM design and decision-making. The comprehensive collection of documents identified and synthesized in this
review aids continued efforts to minimize the risk of Lm contaminated foods.
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Introduction
Listeria monocytogenes (Lm) is an opportunistic invasive pathogen

that is the causative agent of listeriosis in humans, mostly associated
with consumption of contaminated food products. Compared to
other foodborne pathogens, listeriosis is not a common foodborne
illness, with an annual estimated 1,600 illnesses in the United States
(US), however its relatively high case fatality rate (approximately
20% compared to <1% for Salmonella or Escherichia coli O157:H7)
makes it a public health priority (Centers for Disease Control and
Prevention (CDC), 2016a; Scallan et al., 2011). Listeria is abundant
in the environment and has been isolated from a variety of natural
and urban environments, including soil, vegetation, surface water,
human contact surfaces, farms and food processing environments
(Sauders et al., 2006, 2012). Therefore, there are a number of
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possible mechanisms throughout the farm-to-table chain that lead
to contamination of food products with Listeria spp., including
Lm. Listeria may be introduced to or spread within food process-
ing environments via employees or transport equipment, animals
or pests, and raw materials or ingredients, for example (Ivanek,
Grohn, Tauer, & Wiedmann, 2005). Historically, listeriosis has
been associated with ready-to-eat (RTE) meats and dairy prod-
ucts, normally eaten with no further cooking by consumers, but
has also become a growing problem in other sectors such as fresh
produce (Gaul et al., 2013; McCollum et al., 2013) and frozen
foods (CDC,2017).

Recalls and outbreaks due to Lm are often traced back to con-
tamination sources in the environment and equipment of food
processing facilities (CDC, 2017; Ferreira, Wiedmann, Teixeira,
& Stasiewicz, 2014). As Listeria is able to grow and survive out-
side a host at temperatures down to 1 °C, at pH between 4.4 and
9.6, and at a water activity as low as 0.92, food processing facili-
ties provide suitable conditions for Lm to remain once introduced
(Carpentier & Cerf, 2011). In fact, studies have demonstrated that
Lm can become established in a food processing facility for months
to years (as reviewed by Ferreira et al., 2014; Moretro & Langsrud,
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2004). Although Lm is inactivated by thermal processes used in
food production, the risk of post processing contamination from
the facility environment and equipment to products challenges
the food industry to find and eliminate this potentially resident
pathogen. This is especially critical for RTE foods that support
the growth of Lm and have extended shelf-lives (FDA-CFSAN,
2017; Health Canada, 2011; USDA-FSIS, 2012). In response to
increased surveillance of and reported human listeriosis outbreaks
in various countries during the first decade of the 21st century
(Ferreira et al., 2014), numerous Listeria policies and guidance
documents have been established to provide industry with recom-
mendations for designing an effective, risk-based environmental
monitoring (EM) program. In addition, supply chain and buyer
EM requirements are increasingly scrutinizing food processors and
informing industry practices (Murugesan, Kucerova, Knabel, &
LaBorde, 2015).

Routine EM programs involve microbiological sampling of
equipment, tools, personnel, and facilities to detect contamina-
tion and to verify the adequacy of control measures. Although
Lm is the only human pathogen within the genus Listeria, test-
ing for Listeria spp. instead of specifically focusing on Lm pro-
vides more information on conditions likely to support Lm, if
present. However, the complexity of food processing environ-
ments and diversity of equipment present major barriers to sys-
tematic monitoring. Even within each industry sector, facilities
have unique production equipment and control practices that
contribute to Listeria harborage and risk of transmission to food
products. The general strategy for approaching EM is to classify
surfaces within the food processing facility into zones or areas ac-
cording to their different levels of control and to include multiple
zones during sampling to detect a loss of control and the poten-
tial for cross-contamination of food products during processing
(Tompkin, 2002). Characterization of the processing facility en-
vironment may be designated in several ways, including high-,
standard-, and low-care hygiene areas, wet versus dry areas, or
food contact and nonfood contact surfaces, and relates to allo-
cation of sanitation and EM efforts. Overall, the results of an
EM program help to identify the source of contamination and
take corrective actions necessary to eliminate Lm and the favor-
able growth or harborage conditions. Development of improved
approaches to implement science-based EM programs, especially
appropriate follow-up actions in response to Listeria detection, is
essential for processors across the food industry. This need has
accelerated further collaborative research into understanding the
ecology, improving detection, and preventing cross-contamination
of Listeria, resulting in a large body of research and literature related
to Listeria in food processing facilities.

A scoping review aims to comprehensively and transparently
examine the extent, range and nature of published material in a
particular topic area; to determine the value of conducting a full
systematic review; to summarize and disseminate research findings;
and/or to identify gaps in the literature (Arksey & O’Malley, 2005).
This approach of mapping the extent of literature related to a re-
search question has found increasing popularity in health science
and software engineering fields and may be gaining traction in
the interdisciplinary fields of agriculture and food systems, where
the complexity of literature is not typically suitable for compre-
hensive systematic reviews and meta-analysis (Arksey & O’Malley,
2005; Pham et al., 2014; Young et al., 2014). Particularly, the flex-
ible and broad nature of scoping reviews is such that all relevant
literature, both research and nonresearch material, are identified
to address policy-driven and open-ended questions and to provide

conceptual clarity in a specific topic (Davis, Drey, & Gould, 2009).
The objectives of this study were to (i) systematically search for
and categorize resources, (ii) collate findings and guidance, and
(iii) identify opportunities for Listeria EM in food processing fa-
cilities as relevant to the food industry, food safety scientists, and
risk modelers. This scoping review presents a synthesis of the key
design components of a Listeria EM program and the breadth of
supporting research, regulatory and industry publications.

Methods
Team, question, protocol, and definitions

A team composed of a food scientist, a veterinary/graduate
student and library scientist was assembled to identify and answer
the scoping review research question. The process was reviewed
by an epidemiologist and the results were discussed with a food
microbiologist. The scoping review was guided by the question,
“What are the key characteristics of research and guidance on EM
of Lm in food processing facilities?” As further explained below,
inclusion and exclusion criteria were defined to place specific
emphasis on surveillance studies conducted on surfaces within food
processing facilities over laboratory studies conducted using Listeria
environmental isolates without mentioning sampling sites. EM was
defined as routine microbiological sampling of food processing
equipment, tools, personnel, and the facility environment. Listeria
spp., including the pathogen Lm, was the main environmental
microbial population of interest. Food processing facilities were
defined as commercial establishments that manufacture, package,
store or prepare food for consumption; they do not provide food
directly to the consumer. The developed and tested search protocol
included relevant background and definitions (Table 1), key search
concepts, terms and strategy (Appendix), and inclusion/exclusion
criteria and characteristics for screening and assessment (Figure 1).
This protocol follows the general framework of scoping reviews
(Arksey & O’Malley, 2005).

Database sources, searches, and citation management
The review was conducted using guidelines from PRISMA

(Moher, Liberati, Tetzlaff, Altman, & Group, 2009) and adapted
to the scoping study framework proposed by Arksey and O’Malley
(2005), which was first applied in the field of food safety by Ilic
et al. (2012). An exhaustive search strategy was developed to iden-
tify all available research and guidelines pertaining to EM of Lis-
teria in food processing environments. The search strategy was
translated for and executed in 4 electronic bibliographic databases
(MEDLINE in PubMed, Food Science and Technology Abstracts
in Web of Science, Commonwealth Agricultural Bureaux Inter-
national (CAB) Abstracts in Web of Science, and BIOSIS Citation
Index in Web of Science) on February 7th, 2017. Search terms
included variations of the key concepts in the research question:
Listeria (including Listeria monocytogenes and L. monocytogenes), food
processing facilities (for example, food processing industry, food
production facility) and environmental monitoring (for example,
environmental sampling, survey, validation). The search strategies
for PubMed, FSTA, CAB Abstracts, and BIOSIS are provided in
their entirety in the Appendix. Additional citations were iden-
tified from US-based industry and regulatory sources (Food and
Drug Administration (FDA) guidance documents, United States
Dept. of Agriculture Food Safety and Inspection Service (USDA-
FSIS) guidance documents, USDA National Agriculture Library,
Grocery Manufacturers Association (GMA), Produce Market-
ing Association (PMA), United Fresh Produce Association, Meat
and Poultry Research and Education, International Dairy Foods
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Table 1–Criteria and definitions used in the screening process for identifying relevant references and for their categorization into key themes.

Scoping Stage Criteria Definition

Abstract screening 1. Food processing facility with description Food processing facility: a commercial establishment that
manufactures, packages, stores or prepares food for
consumption. It does not provide food directly to the
consumer.

2. Microbiological sampling of surfaces Microbiological sampling: wet or dry swabbing of areas for
isolation and identification of microorganisms

Surfaces: sites in food processing facility that have direct or
indirect contact with food products

3. Samples evaluated for Listeria spp. or
Listeria monocytogenes

Listeria spp.: genus of bacteria that includes Listeria
monocytogenes, a human pathogen.

4. Primary research, review paper or
guidance/regulatory document

Primary research: peer-reviewed publications or publicly
available reports of data collection and analysis by authors

Review paper: peer-reviewed publications synthesizing primary
research sources

Guidance document: instructions provided by industry groups
that provide practical expectations or compliance
recommendations for meeting regulations

Regulatory document: policy or compliance documents written
by government agency or body

Article screening Confirmation of criteria assessed above in abstract screening (when relevance was unclear from abstract)
Thematic characterization

of articles
1. Publication date Year in which the reference was published

2. Country Country in which the sampled food processing facility was
located or in which the study was conducted

3. Food industry sector: Dairy: made from or containing milk
Meat: comprised of or processed from animal flesh, including

beef, pork, and lamb
Poultry: comprised of or processed from domestic fowl, such as

chicken, turkey, duck, and goose
Fish and seafood: shellfish, sea fish or fresh-water fish
Fresh produce: fruits/vegetables that are minimally processed

to wash, package and/or cut the produce
Ready-to-eat: meal or product that has been prepared or fully

cooked in advance, with no further cooking required prior to
consumption

Other: products that do not fit the aforementioned categories
(for example, egg products, frozen foods, retail deli)

4. Theme: Environmental monitoring: routine microbiological sampling
for control of contamination of products

Subtyping contamination: molecular subtyping of isolates to
link or trace contamination within facility

Characterization: describing the phenotypic characteristics of
isolates from a food processing facility

Interventions: actions taken to reduce Listeria occurrence,
contamination or colonization

Detection methods: alternative reagents or swabbing
techniques for detection from surface samples or medias and
processes for enrichment of samples

Outbreak investigation: targeted sampling conducted for the
purpose of solving an outbreak of foodborne illness

Guidance: instructions provided by industry groups that provide
practical expectations or compliance recommendations for
meeting regulations

Regulatory: policy or compliance documents written by
government agency or body

Association). Citations retrieved from electronic database searches,
industry and regulatory sources, and hand-searching were im-
ported into a single folder in Zotero (Version 5.0.4, Fairfax, Vir-
ginia, 2017) and subsequently de-duplicated. Reference lists of
included review articles were examined to identify additional rel-
evant publications.

Inclusion and exclusion criteria
Defining inclusion and exclusion criteria was an iterative process

and terms were modified ad hoc in order to assess the unexpected
variety of articles obtained. Ultimately, to be included, a study
had to (1) take place in a food processing facility with descrip-
tion of environment/plant (including dairy, meat, “retail meat”,
“delicatessens”, fish, and “fresh-cut produce”); (2) include micro-
biological sampling conducted on specified/described surfaces; (3)
report samples evaluated for Listeria spp. and/or Lm; and (4) in the

case of government and industry regularly guidance documents,
present Listeria control regulations and compliance recommen-
dations. Studies were excluded if they (1) were conducted in an
environment not relevant to this study (home kitchen, institutional
kitchen, farm, or fresh-produce field); (2) described solely food
product sampling (for example, raw material or finished product),
a predictive microbial model in a food matrix, or an intervention in
food products; (3) presented laboratory studies conducted on lab-
inoculated surfaces; (4) were retrospective laboratory studies (such
as reports on virulence or diversity) on either clinical/food isolates
from outbreaks or food processing environment isolates without
detailing sampling procedures; (5) were published as personal opin-
ion materials (including blogs and trade magazines: Food Safety
Magazine, Food Quality); or (6) were irrelevant to the research
question (for example, studies not pertaining to Listeria, surveys
on consumer perception, models of Lm cross-contamination).
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Figure 1–Framework for searching, screening and characterizing published research and guidance documents. S1 refers to screening phase 1
conducted on reference abstracts and S2 refers to screening phase 2 conducted on the full text. aThe sum of studies in all thematic categories is
greater than the total, as several studies investigated multiple themes.

Abstract and full text screening
In an initial screening, titles and abstracts of all de-duplicated

citations were screened for relevance and excluded if inclusion cri-
teria were not met (Figure 1 and S1). Abstract screening was car-
ried out by three independent reviewers in the screening software
Rayyan (Ouzzani, Hammady, Fedorowicz, & Elmagarmid, 2016)
using the standardized and pre-tested inclusion and exclusion cri-
teria lists. Reviewers met at the beginning, middle and end of
the initial screening process to discuss and refine decisions around
inclusion and exclusion. Conflicts in abstract selection decisions
remaining at the end of screening were resolved by consensus or
the primary author. Relevant references after S1 were obtained
as full text articles, when possible. References with full text not
available or accessible were excluded (19 articles). While language
was not restrictive during S1, as it was possible to obtain all ab-
stracts in English, full text articles were excluded if they were not
in English. Full text screening was conducted using the same in-
clusion and exclusion criteria to confirm relevance (Figure 1, S2).
Full text screening was carried out by 2 independent reviewers in
Rayyan and conflicts were resolved by consensus or the primary
author.

Data charting and thematic categorization
In line with the Arksey and O’Malley scoping review frame-

work and the objective to present the breadth of research and
guidance literature, a quality assessment step was not appropri-
ate. Therefore, all full text articles were evaluated and categorized
into several thematic areas identified during the screening process
as relevant for addressing the research question and mapping the
literature. Using the definitions in Table 1, a standard template
was developed and applied to each article to extract pertinent
generic information, such as food sector, country in which the
study took place, year of publication, and sampling for Listeria spp.
or Lm. Several studies that explored multiple themes and applied
to several food sectors were counted in each category separately.
Standard templates were also developed and applied to articles
within each theme to extract theme-specific information, such as
study design, sites sampled, detection method used, intervention
and length of trial. This information was extracted by one reviewer
and responses were verified and synthesized by the primary author.
Relevant information was analyzed descriptively and presented in
narrative and table forms by research theme and food sector. Lm
outbreak data from USA, Canada and Europe from 1988 to 2017
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Figure 2–References included in this scoping review (n = 198) by year of publication and reported outbreaks of Listeria monocytogenes (Lm) in the
USA, Canada, and Europe from 1988 to 2017 (Centers for Disease Control and Prevention, 2016b; Clark et al., 2010; de Valk et al., 2005; European
Food Safety Authority (EFSA), 2006, 2007, European Food Safety Authority & European Centre for Disease Prevention and Control, 2013, 2014,
2015, 2016; Gillespie et al., 2006; Todd & Notermans, 2011).

(CDC, 2016b; Clark et al., 2010; de Valk et al., 2005; Euro-
pean Food Safety Authority (EFSA), 2006, 2007; European Food
Safety Authority & European Centre for Disease Prevention and
Control, 2013, 2014, 2015, 2016; Gillespie et al., 2006; Todd &
Notermans, 2011) were plotted by year along with the number of
included scoping references.

Results and Discussion
General characteristics of research and guidance
references

The full search process and results are outlined in Figure 1.
Briefly, 1,377 references from the 4 electronic databases, 81 docu-
ments from US-based industry and regulatory sources and 240 ar-
ticles from hand-searching review paper references, were reduced
to 198 and characterized. The 198 references represented vari-
ous food sectors, including meat (26%), fish and seafood (19%),
dairy (19%), RTE (in general, mixed product, or unspecified)
(14%), poultry (11%), fresh produce (4%), and other (7%). The
majority (93.5%) of relevant references were peer-reviewed jour-
nal articles, the top 3 journals being Journal of Food Protection
(n = 55 articles), International Journal of Food Microbiology (n = 26)
and Food Control (n = 10). Non journal sources included book
chapters and industry or government publications. The resulting
database included 46%, 42%, 5%, 4%, 2%, and 1% of publications
from Europe, USA/Canada, South and Central America, Asia,
Africa, and Australia/New Zealand, respectively. No date restric-
tions were imposed during searching, resulting in the range of
publication dates from 1989 to 2017. The number of references
and the number of reported foodborne outbreaks of Lm in USA,
Canada and Europe during this timeframe seem to follow a similar
upward trend (Figure 2).

The wide variety of documents represented among the 198 in-
cluded references required further development of thematic groups
beyond EM, industry guidance, and regulatory documents. Over-
all, references were categorized into themes (defined in Table 1)
according to their stated objectives for conducting Listeria sam-

pling in food processing environments. Research articles often
investigated multiple themes and food sectors. In those cases, a
single article was included in all respective categories (Table 2).
As expected, the majority of documents were research studies
conducting EM, either using traditional methods to determine
presence or absence of Listeria or using molecular methods to
subtype Listeria isolates from food processing equipment and en-
vironments in order to trace sources and routes of contamination.
These studies were conducted mainly in meat, fish and seafood,
and dairy products and their processing environments. Subtyping
studies most commonly targeted Lm, while EM targeted the pres-
ence of Listeria spp. and Lm (Table S1). Similarly, novel detection
methods, intervention studies, and further characterization of iso-
lates were mainly conducted in the meat, fish and seafood, and
dairy sectors. Although only nine outbreak investigations pub-
lished in peer-reviewed journals were identified from searching
databases, these spanned all food sectors with the exception of fish
and seafood.

Regulatory and industry guidance themes were covered by 15
and 29 references, respectively. Government documents were gen-
erally more focused on RTE products and control of Lm, while
industry documents were often geared to specific industry sectors
and referred to control of Lm by monitoring for either Liste-
ria spp. or Lm (Table S1). Three regulatory documents from the
United States, Canada, and the European Union were supported
by 4 background documents and risk assessments to provide ad-
vice to regulatory groups in designing policies, 6 guidance docu-
ments for assisting food processors with compliance and 2 direc-
tives for inspection personnel. In addition to government agency
guidance, food industry associations, including scientific advisory
panels, support specific food sectors in implementation of regu-
latory compliance policies. Such associations may fund research,
host workshops, provide comments to proposed regulations, cre-
ate management tools, and write guidance documents, for ex-
ample. The guidance documents identified here were composed
of review papers (12), industry reports (8), book chapters (3),
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Table 2–Map of scoping references related to each food sector by theme.

Subtyping
contamination

Environmental
monitoring

Characterizing
isolates

Validating
detection
method

Outbreak
investigations

Evaluating
interventions

Guidance
documents

Government
documents Totala

Fish and seafood 24 15 2 5 0 3 3 0 52
Meat 22 20 11 5 3 1 4 6 72
Dairy 13 19 3 7 3 1 4 0 50
Poultry 13 6 0 0 1 0 3 6 29
Fresh Produce 2 4 0 0 1 0 3 0 10
RTE products

(not specified)
7 4 1 1 0 0 15 8 36

Other 7 6 2 0 1 2 0 1 19
Totala 88 74 19 18 9 7 32 21 268
aThe total number of references is greater than 198 and the sum of studies by theme may not match the numbers in Figure 1, as multiple sectors and/or themes may have been investigated in a single reference.

conference proceedings and lectures (2), extension reports (2), a
research article (1) and an expert panel (1). Four main aspects of Lm
control policies were mentioned across the regulatory and guid-
ance documents: (i) definition of “ready-to-eat” foods or foods
that fall under regulations for Listeria control; (ii) inclusion of in-
dicator organisms in control strategies and subsequent interpreta-
tions for positive results; (iii) frequency with which environmental
sampling should be conducted and timing during shifts; and (iv)
specification of sites that should be sampled. Consequently, micro-
biological sampling of the food processing environment involves
several design aspects to comply with regulations and verify Liste-
ria control programs: number of samples to take, defined sampling
sites, time to sample, frequency of sampling, method of analysis,
and reporting of results. Typically, sampling design depends on the
food product being manufactured, the objective of sampling and
the available resources and this design will be critical to sampling
efficiency and efficacy. We begin by reviewing regulatory defini-
tions for the types of food products that require EM as a critical
component of Listeria control. Then, key parameters for EM de-
sign aspects are presented according to the methods utilized and
reported among the scoping review database of references.

Types of food products that require routine environmental
monitoring

It is acknowledged that across the food industry, and even within
each food sector category, there are a variety of processing controls
that may reduce listeriosis risks to public health. As such, regula-
tory agencies often categorize or classify food products based on
their ability to support growth of Lm and/or their risk of being
linked to listeriosis in order to guide design of adequate control
programs. The USDA-FSIS and the Canadian Food Inspection
Agency (CFIA) recognize alternative (Alt.) methods to address
postlethality Lm contamination of RTE meat and poultry prod-
ucts. Briefly, the product may have 2 major hurdles against Lm,
including both exposure to a postlethality treatment that reduces
or eliminates Lm and formulation with an antimicrobial agent or
process that limits growth of Lm (Alt. 1). The product may rely
solely on either exposure to a postlethality treatment (Alt. 2a) or
the use of an antimicrobial agent or process (Alt. 2b). Lastly, the
facility may rely solely on sanitation of the processing equipment
and environment to control Lm contamination in the final prod-
uct (Alt. 3). For facilities producing products under Alt. 2b or Alt.
3, routine EM is required and sampling plans are to be designed
in consideration of the production volume, while for facilities
producing products under Alts. 1 and 2a, less frequent sampling
independent of production volume is required (Farber, Duquette,
& Kozak, 2011; USDA-FSIS, 2001, 2012). Similarly, the US FDA
recognizes Lm as an environmental pathogen that must be included

in hazard evaluation whenever RTE foods (under FDA regulatory
jurisdiction) are exposed to the environment prior to packaging
and do not receive any listericidal treatment or control measure
to significantly minimize Lm (21 CFR 117.130). The FDA ap-
proach to EM strategies categorizes RTE foods into low and high
risk products based on use of a listericidal treatment, formulation
designed to prevent the growth of Lm or to be lethal to Lm, a liste-
ricidal control measure in the package, and whether the packaged
product supports Lm growth under normal storage conditions
(FDA-CFSAN, 2017). Similarly, Health Canada assigns relative
importance of EM in processing facilities depending on risk to
consumers if the food becomes contaminated. Category 1 (Cat.
1) RTE products may support the growth of Lm to levels >100
CFU/g during their shelf-life, while Category 2A RTE prod-
ucts may support limited growth (<100 CFU/g) and 2B do not
support growth of Lm over the product shelf-life (Health Canada
2011). It is recommended that these RTE food processing facilities
design, implement and maintain an EM program, though facili-
ties producing high risk products (for example, RTE foods that
support growth of Lm) would require stronger EM programs to
prevent Lm contamination (for example, more frequent sampling
and larger sample numbers) and more stringent corrective actions
in response to Listeria detection (Codex Alimentarius, 2007; FDA-
CFSAN, 2017; Health Canada, 2011). The Commission of the
European Communities (EC) Regulation No 2073/2005 recom-
mends that RTE foods that can support Lm growth should contain
no more than 100 CFU/g throughout the duration of the prod-
uct’s shelf life, whereas RTE foods intended for infants or for
medical purposes cannot contain Lm in 25 g of product sampled.
Similar to recommendations from the United States and Canada,
the EC requires that facilities processing RTE foods conduct EM
for Lm but does not explicitly make the distinction that certain
RTE processing environments should be sampled more frequently
than others (Commission of the European Communities, 2005).
Beyond government-mandated EM, supply chain and buyer re-
quirements are becoming more common industry-wide, as con-
tamination events are often traced back to processing facilities
(CDC, 2017; Ferreira et al., 2014; Murugesan et al., 2015).

Number of samples taken during routine environmental
monitoring

The decision regarding the required number of samples to take
at a given sampling time is important to the design of an EM pro-
gram. Too many samples may reduce resources available for other
food safety measures, while too few samples weaken the value of
the program (Cochran, 1977). Traditionally, sample size calcula-
tions depend on several factors such as total possible sample sites
(population size), expected proportion of contaminated samples
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and desired precision or power, which may not be known for Lis-
teria spp. or Lm in a food processing facility. It is acknowledged that
for food facilities the number of routine samples to be taken will
likely not be determined using a calculation, but rather on a case-
by-case basis according to nonstatistical considerations, including
availability of resources, and risk-based approaches. As mentioned
above, guidance documents for RTE meat products suggest mini-
mum considerations for numbers of samples to be taken in facilities
requiring EM. For example, for both large, small and very small
volume processing plants under Alt. 3, USDA-FSIS suggests col-
lection of at least three to five food contact surface (FCS) samples
per processing line per sampling, with the frequency of sampling
related to production volume (further discussed below) (USDA-
FSIS, 2012). Health Canada suggests that the number of samples
on each processing line of facilities producing RTE foods (both
Cat. 1 and 2) should depend upon the complexity of each line,
but should preferably be 10 FCS and 10 nonfood contact surfaces
(NFCS) (Health Canada, 2011). The FDA regulations indicate a
number “adequate to determine whether Listeria control measures
are effective” and their guidance documents recommend consid-
ering the size of the plant, features of the plant, product flow,
characteristics of the RTE product, processing methods, and pre-
vious sampling data, if available (FDA-CFSAN, 2017). The US
FDA suggests that even small producers of RTE foods sample
at least five FCS and five NFCS sites per production line, with
larger producers adjusting based on the size of their facility (FDA-
CFSAN, 2017). This information can serve as a starting point for
facilities building their EM program and understanding of their
Listeria risks. With experience, a well-designed sampling program
can still be quite sensitive to detecting loss of Listeria control even
without statistical sample number calculations (Tompkin, 2002).

For research studies conducted in food processing facil-
ities to survey Lm prevalence and quantify the risk of Lm
cross-contamination or persistence, clearly stated objectives
and justification of the sample size improves confidence in the
interpretation of the results. This is especially important if these
studies are to provide the scientific basis for public health and
food safety policies. The majority of peer-reviewed research
articles included in this scoping study reported the number of
samples taken (85.3%). The median number of environmental and
equipment samples reported per study was 344 but ranged from
four to 30,000 samples. The wide range of samples taken per study
can be explained by the varied objectives among studies and the
common study design of conducting sampling in multiple facili-
ties, spanning several months to years, and combining them when
reporting the results. For example, the study that included just 4
samples was interested in characterizing biofilm communities in
drain biofilms and did not conduct repeated sampling or sample in
multiple facilities (Dzieciol et al., 2016). In contrast, the study with
30,000 recorded samples visited multiple food processing facilities
to survey disinfectant use, microbial disinfectant resistance, and
to characterize microbial communities throughout the facilities
in the UK over 3 years (Holah, Taylor, Dawson, & Hall, 2002).
The majority of studies (83%) reported results for less than 1000
samples.

The number of samples taken per facility could often not be
determined and was not typically justified in the study design, with
the size of the facility and production volume seldom reported, and
appeared to be determined by nonstatistical considerations, such
as availability of resources. One study reported making sample
size calculations based on previously obtained prevalence data,

according to the formula

n = z2 (p ) (1 − p ) /d 2 (1)

where z is the critical value associated with the confidence level,
p is the a priori estimate of the proportion (or prevalence) from a
previous study, and d is the desired degree of precision equal to half
the desired length of the confidence interval (Syne, Ramsubhag, &
Adesiyun, 2013). This is a formula for estimating the true sample
proportion with a desired precision, such as the prevalence of
Listeria spp. on equipment surfaces. As the stated study objective
was to verify the efficacy of controls during processing of RTE
meats, which presumably eliminates Listeria from the environment,
equipment and products, a more appropriate formula may have
been one for the sample size required to confirm the absence of
Listeria. The sample size required to claim something is absent with
a given confidence first assumes a minimum level or prevalence
(of Listeria) if it is present and then uses the formula

n =
(
1 − α

1
D

) (
N − D − 1

2

)
(2)

where α is 1-confidence level, D is the estimated minimum num-
ber of contaminated surfaces (total number of surfaces∗minimum
expected Listeria prevalence) and N is the total number of possi-
ble surfaces (Dohoo, Martin, & Stryhn, 2010). Here, determining
the total number of possible surfaces (N) of which a certain pro-
portion could be contaminated (prevalence, p) is quite elusive for
complex, heterogeneous food processing facilities. Furthermore,
the estimated minimum level if present may not be intuitive from
previous samplings. How to more meaningfully approach sample
size calculation for detection of microorganisms in heterogeneous
food processing environments is an open problem.

A third approach to sampling study design may be to compare 2
independent samplings of a facility’s equipment and environment
and test with a given power whether the resulting prevalences
differ. In this case, the required sample size is given by the formula

n =
[
Zα

√
2q p − Zβ

√
p1q1 + p2q2

]2

(p1 − p2)
2 (3)

where Zα is the critical value associated with the confidence level,
Zβ is the critical value associated with the power, p1 and p2 are
the preliminary estimates of two prevalences to compare, then
p = p1+p2

2 , and q = 1 − p (Dohoo et al., 2010). This third
approach was utilized to assess Listeria spp. prevalence determined
through a facility’s routine EM plan, with presumably more valid
prevalence determined through external sampling conducted by
an independent party (Beno et al., 2016). Equation (3) was used to
determine the number of external “validation” samples needed to
be able to detect at least two times higher Listeria spp. prevalence
in external validation compared to a facility’s routinely collected
samples with 80% power. The resulting statistical comparison of
prevalences of Listeria spp. by external and routine sampling il-
lustrated a statistically supported approach that could be utilized
by facilities in collaboration with external experts to periodically
assess the routine EM program implemented in a given facility.

Timing and frequency of collecting environmental and
equipment samples

Along with determining the number of samples to take, imple-
mentation of EM requires defined sampling times and frequencies.
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Temporal variation in the presence of Listeria may be due to pro-
duction activity, cleaning and sanitation schedules, and season of
the year. Therefore, as with sample sizes, the timing and frequency
of sampling is defined on an individual processing facility basis. In
food processing facilities, the timing of sampling is in reference to
the time during a shift that sampling is conducted, for example
prior to production, during production, after production, or after
cleaning and sanitation. The subtleties of this timing concern the
use of equipment and activity in the environment, so depending
on the sampling times, results may verify control strategies for
Listeria in the production environment, find harborage sites, or
ensure corrective actions have eliminated contamination, for ex-
ample. As such, the objective of EM will inform the timing and
frequency of sampling. For example, nine outbreak investigations
from years 1989 to 2016 reported focused and detailed sampling
investigations of food processing facilities, taking between 19 and
282 samples when production was stopped in order to find the
source of Lm associated with cases of human listeriosis (Acciari
et al., 2016; Awofisayo-Okuyelu et al., 2016; Dalton et al., 1997;
Gaul et al., 2013; Jacks et al., 2016; McLauchlin, Greenwood,
& Pini, 1990; Salvat, Toquin, Michel, & Colin, 1995; Wenger
et al., 1990; Winter et al., 2009). On the other hand, studies
evaluating the efficacy of interventions conducted sampling im-
mediately before and after the intervention, but may also have
followed up after months or years of production to determine the
long-term effect of plant-specific interventions, such as employee
training, equipment disassembly during sanitation, or a new dis-
infectant compound or procedure (Eglezos, Thygesen, Huang,
& Dykes, 2010; Lappi et al., 2004a; Lappi et al., 2004b; Ortiz,
Lopez-Alonso, Rodriguez, & Martinez-Suarez, 2015).

For the purpose of using EM to verify Lm control, regulatory
documents suggested that some FCS should be sampled before
production, but most during production and at the start of rou-
tine breaks (USDA-FSIS, 2009, 2012). Regulatory documents
also suggested that sampling occur about 3 to 4 hr, ideally at least
4 hr, into production and that it is best to avoid sampling right after
cleaning and disinfecting, due to the effects of residual sanitizer
(Carpentier & Barre, 2012; FDA-CFSAN, 2017; Health Canada,
2011; USDA-FSIS, 2012). Since sampling during production was
a common recommendation from regulatory documents, we eval-
uated the proportion of studies that sampled during production
hours. Overall, only 31% of studies included in this review sampled
food processing facilities during production. None of the outbreak
investigation studies sampled during production (as the production
had stopped), and very few detection method studies (6.3%) sam-
pled during production. The subtyping contamination theme had
the highest proportion of studies where sampling was conducted
during production (45%), and about 20% of studies across each
of the other themes sampled during production. It is obvious that
the decision whether or not to collect samples during production
hours depends on the objective of the study/investigation, but if
the purpose of the study is to evaluate, trace or monitor the risk of
food contamination with Lm, sampling during production hours
would be meaningful.

Frequency of sampling refers to the length of time between
sampling occasions and may differ across different sampling sites
within a facility, for example FCS versus NFCS. United States and
Canadian regulatory guidance documents suggest that frequency
of sampling should be based on risk to consumers and production
volume, especially in RTE meat and poultry products under Alt.
3. For example, in large volume processing plants under Alt. 3, it is
suggested to sample FCS four times per line per month, whereas in

small volume plants it is suggested to take FCS samples one to two
times per line per month (Farber et al., 2011; USDA-FSIS, 2012).
FDA guidance materials recommend a risk-based approach when
designing EM procedures, citing that the greater the risk an RTE
food could become contaminated with and support the growth
of Lm, the greater the frequency of EM. Specific FCS should be
sampled weekly, with all FCS in the facility sampled at least once
per month, and representative sets of NFCS sampled weekly, bi-
weekly and monthly, with all NFCS in the facility sampled at least
once per quarter (FDA-CFSAN, 2017; NACMCF, 1991). When
sampling is not performed daily, but perhaps weekly, it was sug-
gested that sampling should not occur on the same day of the week
(Carpentier & Barre, 2012). True random selection of sampling
days (with random number generators) represents a best practice.

Depending on the study objective, the same facility or even the
same location in the facility may be repeatedly sampled. Nearly 3
quarters (71%) of included studies reported environmental sam-
pling data from sampling the same factories more than once over
time. The objective of the sampling was shown to influence the
sampling frequencies utilized. Few of the outbreak investigations
sampled a facility more than once (11%), presumably because the
intensity of the initial sampling identified the source of contamina-
tion, whereas most of the subtyping contamination studies (88%)
sampled more than once to allow for tracking subtype diversity
and persistence in the facilities over time. Unsurprisingly, all the
intervention studies sampled more than once, as it was necessary
to sample the same locations before and after an intervention to
evaluate the effect of the intervention. Studies with the objectives
of characterizing resistance, persistence or phenotypes of Listeria
and of testing novel detection methods in food production en-
vironments often sampled multiple food processing facilities at
intervals spanning several months to years. Intuitively, frequency
of sampling has a strong effect on the findings and effectiveness
of EM. Industry guidance documents tended to converge on at
least weekly sampling of facilities producing RTE products posing
medium to high risk to consumers and monthly for facilities pro-
ducing low risk RTE products. Among the varied research studies,
optimization of sampling frequency was not fully presented or dis-
cussed; sampling was conducted most often on a monthly basis,
depending on the research objective.

Description of sampling sites in food production equipment
and environment

The wide variety of surfaces to be monitored in food process-
ing facilities makes the selection and description of sampling sites
a critical, yet difficult, component of a well-designed program.
For a routine verification program, sampling should be targeted
at sites that are good indicators of control and should reflect prior
knowledge of facility risks (Tompkin, 2002). In this manner, site
selection is not necessarily based on random or systematic random
sampling methods, but is allocated by a site’s proximity to food
products (and risk of contaminating products), previously men-
tioned as zoning. It has been recommended that sampling plans
should incorporate sites that are always sampled (“static”), sites
that are frequently sampled (“rotating”) and sites that are chosen
at the time of sampling (“random”) across the equipment and
environment (International Dairy Foods Association, 2016). In
general, regulatory documents suggest that routine sampling plans
include both FCS and NFCS samples in addition to areas that have
tested positive previously or in areas that are likely to be contami-
nated, such as wet areas, hard to reach places, and poorly cleanable
equipment (Carpentier & Barre, 2012; USDA-FSIS, 2012). FDA
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Figure 3–The ratio of samples from food contact surfaces (FCS) to samples from nonfood contact surfaces (NFCS) as reported by studies across themes
included in this scoping review. The number in brackets following each theme indicates the total number of studies.

guidance states that the number of samples is generally higher in
Zones 1 and 2 (which are defined as FCS and NFCS in close
proximity to food and FCS, respectively) due to the increased risk
to product contamination and if a zone-based system is not estab-
lished or used, sampling sites should be otherwise characterized in
a way that distinguishes between FCS and NFCS (FDA-CFSAN,
2017). Most studies reviewed here sampled both FCS (for exam-
ple, conveyor belts, knives, and processing equipment) and NFCS
(for example, carts, walls, coolers, floors and drains) as suggested
by regulatory and industry guidance materials. Similar to sampling
numbers, determination of sampling locations was not often jus-
tified or well-explained and it was difficult to distinguish between
NFCS samples that were in close proximity to food and FCS ver-
sus those that were more remote NFCS within the processing
area. One exception was a study in the characterization theme
that reported use of a random number generator to determine
50% of their sampling locations from a predetermined list of sites
(Kushwaha & Muriana, 2009). In this review, the distribution of
samples taken across equipment and environmental sites was sum-
marized for each study, when possible, as a ratio of the number
of samples taken from FCS to the number of samples taken from
NFCS. Overall, the objective of sampling was found to influence
the selection of sampling sites (Figure 3). Proportionally, studies
in the outbreak investigation theme had the greatest number of
unknown sampling ratios. Interestingly, detection and interven-
tion studies relied heavily on sampling FCS, whereas routine EM
studies tended to focus on sampling NFCS. Few studies focused
on FCS and NFCS sites with equal numbers of samples.

Methods of detection, confirmation and subtyping
It is recommendedthat methods of detection approved by an

appropriate regulatory body or validated by a recognized entity
(for example, AOAC, AFNOR, DANVAL, EMMAS) are used
for determining the presence of Listeria spp. or Lm in environ-

mental samples (Kornacki, 2012). While Lm is the only human
pathogen in the genus Listeria, routine EM programs most often
rely on screening for the presence of the genus Listeria rather than
specifically detecting Lm. Tests for Listeria spp. typically include
an enrichment followed by agar-based detection methods (using
selective and differential media) or rapid screening procedures such
as genus-specific immunoassays, genetically-based or other assays
in which a positive is obtained and typically not confirmed to the
species level (USDA-FSIS, 2012). USDA-FSIS-regulated establish-
ments may also test for Listeria-like organisms (LLO) to screen for
bacteria that have biochemical characteristics, such as the ability
to hydrolyze esculin, that are typical but not necessarily exclusive
to Listeria spp. (USDA-FSIS, 2012). As conditions that support
Listeria spp. or LLO are indicative of conditions that would sup-
port Lm, if present, this screening practice is thought to provide
a preventive approach to finding and eliminating contamination
sources. In addition to Listeria spp. detection, some studies may
include specific detection or identification of Lm contamination,
although Lm detection for environmental samples is typically lim-
ited to research studies or for-cause investigations following Lm
detection in finished product samples. In addition, Listeria spp. and
Lm isolates from environmental samples may be further character-
ized by subtyping methods, such as pulsed-field gel electrophoresis
(PFGE) (Hitchins, Jinneman, & Chen, 2017) in order to further
determine Lm or Listeria sources, transmission, and persistence.
While the relationship between Listeria spp. and Lm will depend
on the unique ecology of each food processing facility, it is im-
portant that facilities respond to all positive Listeria spp. samples
as if they are Lm (Tompkin, 2002). Rapid response to a positive
sample to address a problem or contamination risk depends on the
time in which and type of information that is received. A vari-
ety of references identified by the systematic search and included
in this scoping review reported development and validation of
new methods to provide more rapid detection of Listeria spp. and
confirmation and subtyping of Lm isolates.
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Table 3–Subtyping methods used in molecular characterization and tracing of Listeria in food processing environments.

Subtyping Approach Subtyping Method No. Studiesa

Restriction Endonuclease Analysis Pulsed Field Gel Electrophoresis (PFGE) 47
EcoRI Ribotyping 15
Restriction Fragment Length Polymorphism (RFLP) 1
Plasmid Profiling 1

Surface molecules and antigens Serotyping (by slide agglutination or multiplex PCR) 41
Phage Typing 1

DNA-sequence based Multilocus Sequence Typing (MLST) 4
Random Amplified Polymorphic DNA (RAPD) 4
Amplified Fragment Length Polymorphism (AFLP) 3
Repetitive Element Sequence-based PCR (such as, ERIC-PCR) 3
sigB Allelic Typing 3
Virulence gene/DNA-sequence based Allele Typing 2
Multilocus Enzyme Electrophoresis (MLEE) 1
Multilocus Variable-Number Tandem Repeat Analysis (MLVA) 1
Allele-Specific Oligonucleotide PCR (ASO-PCR) 1
Whole Genome Sequencing (WGS) 1

aThe total number of studies exceeds 78 (Figure 1) as some studies used more than 1 subtyping method.

The evaluation of novel rapid detection and confirmation meth-
ods typically includes validation against standard methods on sam-
ples taken from “naturally contaminated” equipment and envi-
ronmental surfaces in food processing facilities. Fifteen studies
and one review paper included in this scoping review examined
novel Listeria spp. detection or Lm confirmation methods by sam-
pling surfaces in fish/seafood, meat and dairy food processing
facilities. The overarching goal of these studies was to develop
and test detection methods that were more sensitive, more rapid
and/or more cost effective, focusing on optimizing the enrich-
ment steps and differential culture media or developing automated
molecular methods. Eight studies validated detection techniques
involving PCR (both commercial and lab-scale) compared to tra-
ditional culturing methods (either ISO or FDA approved meth-
ods) (Bolocan et al., 2016; D’Amico & Donnelly, 2008; Dalmasso
et al., 2014; Hoffman & Wiedmann, 2001; Kovacevic et al., 2009;
Medrala, Dabrowski, & Szymanska, 2003; Norton, Wiedmann,
Boor, & McCamey, 2000; Pagadala, Parveen, Schwarz, Rippen, &
Luchansky, 2011). Three studies compared commercial detection
techniques (Kabuki, Boor, Wiedmann, & Kuaye, 2004; Schirmer,
Langsrud, Moretro, Hagtvedt, & Heir, 2012; Vongkamjan,
Fuangpaiboon, Jirachotrapee, & Turner, 2015). Two studies eval-
uated the efficacy of different enrichment media (D’Amico &
Donnelly, 2009; Kells & Gilmour, 2004), and one evaluated a
repair broth for freeze-injury protection (Flanders & Donnelly,
1994). As the inclusion criteria used in the screening process re-
quired that articles mention sampling site details, we recognize
that the number of studies we have identified may underrepresent
the volume of work conducted in laboratories and food processing
facilities to validate Listeria detection methods.

Advancements in molecular tools have introduced further char-
acterization of Listeria spp. and Lm isolates beyond the species,
subspecies or serotype as an additional step for not only confirma-
tion of Lm presence but also for linking positives to contamination
sources and identifying potential contamination routes within a
food processing facility. This has important implications for trac-
ing the source of contamination and harborage within a facility, as
well as connecting isolates with other available clinical or environ-
mental data. Subtyping, strain typing and fingerprinting are often
used interchangeably to describe this process of differentiation and
can generally be divided into conventional or phenotypic, and
genetic or DNA-based methods (Wiedmann, 2002). As almost
all Lm strains related to human cases belong to a small number
of serotypes, improved discrimination in typing is necessary and

important (Chen, Silva, Jung, Pyla, & Kim, 2010). Seventy-eight
studies included in this scoping review collected equipment and
environmental samples and used subtyping methods to track Lm
contamination patterns and/or study persistence in different food
production plants. The subtyping methods used in environmen-
tal tracing of Listeria in food processing facilities were grouped
into three broad categories: (i) targeting surface molecules and
antigens, (ii) restriction endonuclease analyses, and (iii) DNA-
sequence based, which includes both PCR-based and DNA se-
quencing based methods (Table 3). PFGE has been considered the
“gold standard” for molecular characterization and was found to
be the most common method used among the studies included
in this scoping review, despite its time-consuming and laborious
procedure. Serotyping, either by slide agglutination or multiplex
PCR, was the second most utilized method as it is typically used
in combination with methods of higher discriminatory power
in order to effectively track outbreak strains (Morobe, Obi, Ny-
ila, Matasheka, & Gashe, 2012). Ribotyping, an alternative DNA
based typing method which generates banding patterns based on
the chromosomal location of ribosomal RNA operons, was fre-
quently utilized and is a fully automated commercially available
method. The use of multiple typing methods or multiple en-
zymes (for example, for ribotyping) may increase discriminatory
power and provide additional information on contamination pat-
terns (Norton et al., 2001). Whole genome sequencing (WGS)
was adopted by US regulatory agencies in 2013 and is routinely
used in public health surveillance and outbreak investigations in the
US and selected other countries (Awofisayo-Okuyelu et al., 2016;
Center for Food Safety and Applied Nutrition (CFSAN),2014;
FDA, 2017). WGS provides for improved discrimination of iso-
lates and is rapidly replacing PGFE as the “gold standard” for
subtyping of Lm. For example, WGS has already been used in
food safety laboratories to understand Lm biology, evolution and
virulence (Bergholz, Switt, & Wiedmann, 2014; Orsi & Wied-
mann, 2016; Orsi, Bakker, & Wiedmann, 2011), and persistence
and transmission in food production environments (Stasiewicz,
Oliver, Wiedmann, & Bakker, 2015). From the studies included
in this scoping review, WGS was only employed in 1 EM study to
trace Lm in a cured ham food chain (Morganti et al., 2015) and
in another to investigate persistent and disinfectant-resistant Lm
in a newly built RTE pork processing plant (Ortiz et al., 2015).
Subtyping and advanced molecular methods present a valuable
tool for improving Lm surveillance efforts and may soon find
more widespread adoption by food processing facilities in routine
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EM programs for improving detection and elimination of Listeria
contamination.

Records and metrics used to report EM
Depending on the objective, detection method and analysis cho-

sen, sampling results of the articles included in this scoping review
presented a range of information, both qualitative/descriptive and
quantitative, on Listeria spp., LLO and Lm in food processing
facilities. Guidance recommends that EM procedures be docu-
mented, results recorded and data reviewed often to identify pat-
terns, trends, or loss of control within a facility. Records should
include results from past samplings (for example, the past 7 sam-
plings), as well as a quarterly or annual report to consider short-
and long-term trends (Tompkin, 2004). Records of the sampling
times are important to identify the shift and timing when a pos-
itive occurred (such as during production or after cleaning and
sanitation) in order to implement appropriate corrective action.
Visualization of sampling results using a facility map has also been
recommended to provide insight on where positive results occur
in relation to traffic patterns, equipment, work flow or environ-
mental conditions (International Dairy Foods Association, 2016)
and was utilized in a number of publications included in this scop-
ing review (Hu et al., 2006; Malley et al., 2013; Muhterem-Uyar
et al., 2015; Murugesan et al., 2015; Ruckerl et al., 2014; Strydom,
Vorster, Gouws, & Witthuhn, 2016; Syne et al., 2013; Viswanath
et al., 2013).

Future Directions
The efficacy of Listeria control depends not only on the design

of EM, but also on the company or industry-wide policies and
actions in response to a positive sample. Interpretation of Listeria
spp. or Lm presence on equipment or in the environment should
consider a matrix of factors, especially when developing optimal
and sustainable approaches for corrective actions. Beyond contin-
uous improvements in sanitary design of food processing facilities
and equipment, there are several future directions identified from
this scoping review and literature mapping that may provide in-
dustry with the science and data upon which to improve their
management of Lm and cross-contamination risks.

Across the reviewed research studies, interpretation and analysis
of EM results seem to be obscured by the tendency to general-
ize results across facilities, in some cases those producing a similar
product. For example, positive sites were often reported as a per-
centage of the total number of samples aggregated over multiple
sampling times, multiple facilities or types of equipment. This sim-
plification of the EM design often made it difficult to determine
the number of samples taken and the location of sampling sites
within the environment. Although sample size calculations may
not always be appropriate, it has been suggested that the number of
samples relate to facility characteristics such as the size or produc-
tion volume. The influence of these facility characteristics on the
efficiency of sampling plans to verify Listeria controls was rarely
referenced in the methods utilized by studies in this review. How
to approach sample size calculation in heterogeneous food pro-
cessing environments is an open problem that may require new or
adapted statistical approaches or development of EM study design
and reporting standards suitable for such environments.

Advancements in molecular methods have the potential to
provide food processing facilities more information on individual
contamination risks. Not only does molecular subtyping address
the important and recent call for more data collection towards
elucidation of listeriosis food-source attribution as a critical factor

to controlling Lm in RTE foods (Luber et al., 2011), but it also
allows for development of facility-wide and facility-specific inter-
ventions to disrupt and prevent transmission. The subset of articles
utilizing molecular subtyping methods identified in this review
may lend itself nicely for a more focused, perhaps systematic,
review to identify common factors for contamination patterns and
persistence of specific subtypes in food processing environments.
An opportunity also exists to expand upon the established findings
of smoked seafood and RTE meats, who have supported research
and application of these methods for tracing contamination in
facility environments. For example, the fresh produce and frozen
food industries would benefit from using subtyping to identify
Listeria contamination patterns in their facilities, especially as
the advancement of cheaper, more scalable methods is likely to
continue.

Lastly, there appears to be potential for translating the unique
heterogeneous features of a food processing facility and its his-
torical data into an environmental sampling design. For exam-
ple, risk factors for introduction, transmission and harborage of
Listeria within equipment and the environment, including traf-
fic patterns, flow of raw materials, presence of water, sanitary
design of machines, cleaning and sanitation procedures, are well-
documented among guidance materials. What the industry still
needs is a method or procedure for connecting these risk fac-
tors, specific to their facility, with Listeria EM design. One aim
of this review was to summarize the available literature to sup-
port this endeavor, however it is clear that even more focused,
product-specific reviews and/or development of individualized
decision-making tools are needed.

Limitations
As the scoping review method is relatively new, consensus on

terminology, documentation of procedures and guidelines for re-
porting data, and the need for qualitative assessment is still forth-
coming and may be perceived as a limitation to interpretation
of synthesized results. The more iterative nature of searching and
screening the literature according to the scoping framework, em-
phasizes identification of all relevant literature regardless of study
design (Arksey & O’Malley, 2005). This is particularly advanta-
geous for food safety studies, where randomized controlled trials,
as in clinical research, and experimental standards are not in place
to provide strong evidence of causality and be the gold standard
basis for quality assessment. Furthermore, for the food safety re-
search question here, we argue the importance of first reporting
all identified references without conducting a quality assessment
(available in the Supporting Information) for the purpose of pre-
senting an overview of the existing literature and research progress.
In doing so, we identified an approach to group the literature into
key subtopics, in which a more rigorous and focused synthesis may
be conducted in the future. If such further meta-analysis is desired
to aggregate findings and optimal EM methods, then some form
of quality assessment would be fitting.

While a thorough and transparent method was used to search
and screen literature relating to this specific research question, our
search may not have identified all relevant research and guidance,
especially due to the difficulty of searching gray literature and
international guidance and regulatory documents. Although full
text exclusions due to foreign language (6/319) and missing full
text (19/319) comprised a small portion of the references, their
exclusion may have reduced the breadth of information presented
here. Due to the number and variety of documents obtained in
the search, additional or alternative subtopics may be identified for
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synthesis and mapping of the resulting database of references. Ad-
ditionally, as studies and documents commonly referred to mul-
tiple food sectors, we encountered challenges to appropriately
categorize each reference by sector. For example, several studies
described RTE food processing facilities without naming the prod-
uct in terms of a specific food sector (as in Keto-Timonen, Tolva-
nen, Lunden, & Korkeala, 2007; Saludes, Troncoso, & Figueroa,
2015), so a separate RTE food category was created (Table 1 and
2). It is important to note that several studies sampled on both
the raw and finished product side of a facility, which has signif-
icant impact on the interpretation of sampling results. Although
we recognize that regulations focus on control of Lm in RTE
food processing facilities and differ between regulatory agencies,
for example, we were interested in EM conducted in all types
of food processing facilities and have thus mapped the literature
accordingly. More detailed subsets of references, such as those cat-
egorized in a particular sector/objective theme, are available upon
request to the authors.

Conclusions
The scoping review method was chosen for this topic because

the literature around Listeria control in the food industry is quite
vast in volume, variety and intention. In an attempt to focus this
body of literature around making practical recommendations to
the food industry on development of EM programs, references
were mapped according to themes and were evaluated on key de-
sign aspects of environmental sampling. Mapping of the literature
not only presented the opportunity for more focused in-depth re-
views in the future, but also revealed gaps in the extent of research
studies conducted across food sectors, specifically in fresh produce
and frozen food. Using this map, industry readers may refer to lit-
erature relevant to their processing facility and sampling objective.
While the results from this scoping review demonstrate that there is
a vast amount of information available on Listeria in food process-
ing facilities, it was not possible to draw conclusions on the optimal
EM design for a food processing facility. At this time, conducting
a meta-analysis on the results of EM studies would be misleading
due to the inconsistencies in study design and reporting, as well as
the diversity of facilities and food products represented. Therefore,
caution should be taken when interpreting reported prevalence as
generalizable to all facilities of a specific sector or food product.
Instead, emphasis should be focused on how certain facility fea-
tures (for example, age, size, volume of production, and flow of
traffic) and the chosen sampling design (for example, timing and
frequency of sampling, ratio of samples between FCS and NFCS)
may explain reported Listeria prevalence. Furthermore, while fu-
ture field studies in different food processing facilities, coupled
with subtyping of isolates, may advance understanding of Listeria
prevalence and persistence, synthesis across data sources should be
done with great care considering the heterogeneity of food pro-
cessing facilities and the variety of EM methods applied. We call
for more standardized reporting of EM research studies in order
to allow for further synthesis efforts, and potentially even meta-
analysis of research endeavors, aimed at optimization and validation
of routine EM programs in food processing facilities. Researchers
are encouraged to provide more details regarding the choice of
sampling design for a given facility, specifically the number, lo-
cation and frequency of samples taken; to report raw prevalence
data with numerator and denominator or as a proportion and nu-
merator or denominator; and, to acknowledge and address how
the unique and complex environment of individual facilities influ-
ences Listeria presence, ecology and cross-contamination risks, as

well as sampling design. In conclusion, this review identified and
synthesized a unique and comprehensive collection of data and
resources relevant to design of EM programs, which is expected
to serve as a point of reference for industry, policy-makers and
researchers in their continued efforts to minimize the risk of Lm
contaminated foods.
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Appendix: Search Strategy

Medline (PubMed)

#1 Listeria[Mesh] OR Listeria[tiab] OR L. monocytogenes
[tiab] OR listeriosis[tiab]

#2 food-processing industry[Mesh] OR food manufacturing
facilit∗[tiab] OR food production plant∗[tiab] OR food
production facilit∗[tiab] OR food-processing[tiab] OR
food processing[tiab] OR processing plant∗[tiab] OR pro-
cessing environment∗[tiab] OR processing equipment[tiab]
OR food factor∗[tiab] OR food industry[tiab]

#3 environmental monitoring[Mesh] OR environment∗
monitor∗[tiab] OR environment∗ sampl∗[tiab] OR
surve∗[tiab] OR validat∗[tiab] OR verif∗[tiab]

#4 #1 AND #2 AND #3

FSTA (Web of Science)

#1 DE = (Listeria OR Listeria monocytogenes) OR TS =
(Listeria OR “L. monocytogenes” OR listeriosis)

#2 TS = (“Food-Processing Industry” OR “food manufactu-
ring facilit∗” OR “food production plant∗” OR “food
production facilit∗” OR food-processing OR “food
processing” OR “processing plant∗” OR “processing
environment∗” OR “processing equipment” OR “food
factor∗” OR “food industry”) OR DE = (food industry
OR processing equipment OR food factories)

#3 TS = (“environment∗ monitor∗” OR “environment∗
sampl∗” OR surve∗ OR verif∗ OR validat∗)

#4 #1 AND #2 AND #3

CAB Abstracts (Web of Science)

#1 DE = (Listeria OR Listeria monocytogenes) OR TS =
(Listeria OR “L. monocytogenes” OR listeriosis)

#2 TS = (“Food-Processing Industry” OR “food manu-
facturing facilit∗” OR “food production plant∗” OR
“food production facilit∗” OR food-processing OR “food
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processing” OR “processing plant∗” OR “processing
environment∗” OR “processing equipment” OR “food
factor∗” OR “food industry”) OR DE = (food industry
OR processing equipment OR food factories)

#3 TS = (“environment∗ monitor∗” OR “environment∗
sampl∗” OR surve∗ OR verif∗ OR validat∗)

#4 #1 AND #2 AND #3

BIOSIS Citation Index (Web of Science)

#1 DE = (Listeria OR Listeria monocytogenes) OR TS =
(Listeria OR “L. monocytogenes” OR listeriosis)

#2 TS = (“Food-Processing Industry” OR “food manu-
facturing facilit∗” OR “food production plant∗” OR
“food production facilit∗” OR food-processing OR “food
processing” OR “processing plant∗” OR “processing
environment∗” OR “processing equipment” OR “food
factor∗” OR “food industry”) OR DE = (food industry
OR processing equipment OR food factories)

#3 TS = (“environment∗ monitor∗” OR “environment∗
sampl∗” OR surve∗ OR verif∗ OR validat∗)

#4 #1 AND #2 AND #3

AGRICOLA (Ebsco)

#1 TX (Listeria OR Listeria monocytogenes) OR TS (Listeria
OR “L. monocytogenes” OR listeriosis)

#2 TX (“Food-Processing Industry” OR “food manufacturing
facilit∗” OR “food production plant∗” OR “food produc-
tion facilit∗” OR food-processing OR “food processing”
OR “processing plant∗” OR “processing environment∗”
OR “processing equipment” OR “food factor∗” OR “food
industry”) OR DE (food industry OR processing equip-
ment OR food factories)

#3 TX (“environment∗ monitor∗” OR “environment∗
sampl∗” OR surve∗ OR verif∗ OR validat∗)

#4 #1 AND #2 AND #3

Supporting Information
Additional supporting information may be found online in the

Supporting Information section at the end of the article.

Table S1 – Mapa of scoping references related to each food
sector by theme and by organism(s) evaluated.
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