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Abstract

The entire genome sequences of numerous foodborne pathogens have been
determined, and genome sequencing projects of many others are currently
underway. The resulting sequence information will permit detailed bioin-
formatic analyses and provide direction for subsequent functional analyses.
Genomics-driven studies will have many applications in food safety, such as
assisting with the development of tools for the rapid detection and identi-
fication of pathogens and helping to provide insights into their evolution,
biology, and ecological fitness. These studies will also aid in elucidating the
mechanisms employed by pathogens as they adapt to the variety of con-
ditions encountered throughout their life cycle, from the food-processing
environment to in vivo during infection. It is anticipated that genomics will
aid in the development of novel preventative and control strategies, which
in turn will ultimately lead to a safer food supply.
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INTRODUCTION

Morbidity and mortality resulting from the consumption of microbially contaminated foods re-
main significant problems in modern society. The Centers for Disease Control and Prevention
(CDC) has estimated that foodborne diseases are responsible for approximately 76 million ill-
nesses, 323,000 hospitalizations, and 5200 deaths in the United States annually (Mead et al. 1999).
In addition to the significant burden in terms of human health, the hospitalization and treatment
costs associated with foodborne illnesses, together with recalls of implicated food products, have
enormous economic impact.

Ensuring a safe food supply is a major challenge to the food industry, and there are several
factors that can impact the likelihood of contamination and subsequent disease. These factors
include an increased consumer demand for minimally processed, ready-to-eat convenience foods
and imported and ethnic foods, the globalization of the food industry, significant changes in the
methods used to control microbial spoilage (e.g., minimally processed foods, modified atmosphere
packaging, natural preservation methods such as bacteriocins), and changing population demo-
graphics (more elderly and immunocompromised individuals) (Abee et al. 2004, De Vos 2001,
Kuipers 1999).

Significant advances in DNA sequencing technologies have led to the elucidation of the entire
genome sequences of numerous foodborne pathogens and that information is now guiding future
efforts to link genotype to phenotype. The impact that this research has on food safety is discussed
below, concentrating on Listeria monocytogenes as a model to illustrate the impact of genomics on
our understanding of this important pathogen. L. monocytogenes was chosen as it is one of the most
thoroughly studied bacterial food pathogens, and the genome sequences of numerous strains have
been determined. Significant advances in our knowledge of listerial growth, survival, and virulence
mechanisms have been made possible by taking advantage of fundamental genomics studies.

“OMICS” TECHNOLOGIES

The relatively small size of bacterial genomes, together with improvements in large-scale se-
quencing methodologies, has meant that the number of bacterial genomes sequenced has ex-
ploded in recent years. Indeed, genome sequencing has become a relatively trivial task, often out-
sourced to dedicated service providers. The majority of sequenced genomes are freely available in
public databases such as the National Center for Biotechnology Information Genome Web site
(http://www.ncbi.nlm.nih.gov/sites/entrez). Individual or multiple strains of the most preva-
lent foodborne pathogens have been sequenced, including strains of Bacillus cereus (Han et al.
2006, Hoffmaster et al. 2004, Ivanova et al. 2003, Rasko et al. 2004), Campylobacter jejuni (Parkhill
etal. 2000), Clostridium botulinum (Sebaihia et al. 2007), Escherichia coli (Hayashi et al. 2001, Perna
et al. 2001), L. monocytogenes (Glaser et al. 2001), and Salmonella enterica serovar Typhimurium
LT2 (McClelland et al. 2001). The genome sequencing status of foodborne pathogens is briefly
summarized in Table 1.

Once an entire genome sequence has been determined, it can be analyzed using a variety of
computer-aided approaches. Major advances in bioinformatics mean that genomes can be mined to
generate a wealth of useful information (Bansal 2005, Bhagwat & Bhagwat 2008, Fratamico 2008).
For example, in silico analyses can compile detailed metabolic pathways and identify genes involved
in growth and survival in different environmental niches. The genome sequences of foodborne
pathogens can be compared with each other and to nonpathogenic organisms in order to identify
common and unique genes. Comparative genomics can have many potential applications, including
developing tools for discriminating between pathogen and nonpathogenic species within a given
genus and for identifying virulence genes (see below for specific examples).
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Table 1 Food-poisoning microorganisms and their genome sequence availability

Number of genome

sequences available on
Bacterium Relevant characteristics NCBI genome database
Listeria monocytogenes Gram positive 24
Yersinia enterocolitica Gram negative 1
Aeromonas hydrophila Gram negative, toxin producer 2
Clostridium botulinum Gram positive, toxin producer, spore former 15
Bacillus subtilis Gram positive, toxin producer, spore former 5
Bacillus licheniformis Gram positive, toxin producer, spore former 2
Bacillus cereus Gram positive, toxin producer 20
Salmonella Gram negative 20
Vibrio parahaemolyticus Gram negative, toxin producer 7
Escherichia coli Gram negative 20
Staphylococcus aureus Gram positive 20
Clostridium perfringens Gram positive 9
Campylobacter jejuni Gram negative 13

Information was obtained from the National Center for Biotechnology Information (NCBI) genome database
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi>db=Genome) on July 16, 2009.

Although our ability to successfully and precisely annotate gene function remains a significant
bottleneck, many useful sequence analysis tools and software programs are Web-based and freely
available. Most are very user friendly, and only a basic knowledge of bioinformatics is required.
For example, the KEGG PATHWAY database (http://www.genome.jp/kegg/pathway.html)
generates pathway maps from genomes and draws wiring diagrams of molecular interactions,
reactions, and relations. It is also common for the institutes that sequence genomes to design
dedicated Web sites that allow easy and rapid analysis of the genomes. For example, ListiList
(http://genolist.pasteur.fr/ListiList/), provided by the Institut Pasteur, allows the user to locate
a gene in the L. monocytogenes genome by name or function, perform pattern and homology
searches, and draw maps of chosen genomic regions.

Perhaps most importantly, the information obtained from genome sequence analyses can pro-
vide testable hypotheses that can be used to design functional genomics experiments such as the
identification of genes for targeted mutagenesis. Information can also be employed to design ex-
perimental conditions for and analyze the results obtained from transcriptomic, proteomic, and
metabolomic studies. Such experiments generate enormous amounts of data, and allied devel-
opments in high-throughput analytical methods including microarrays, 2D electrophoresis, and
mass spectroscopy have resulted in “omics” technologies becoming increasingly more accessible,
faster, and more affordable.

“Omic” technologies are summarized in Figure 1 and definitions of “omics”-related termi-
nologies and technologies are provided in Table 2.

FOOD SAFETY: WHAT CAN WE LEARN FROM GENOMICS
AND “OMICS” TECHNOLOGIES?

The information obtained from genomics-driven studies will have many applications in food
safety, including the development of tools for rapid detection and identification of pathogens,
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Table 2 Explanations of key genomics-related terms

Term Explanation

Bioinformatics in silico biology: the use of computers to answer biological questions. It is the computational branch of
molecular biology.

Genome The full set of genes in an organism.

Genomics The study of the total DNA content of cells (includes chromosome and plasmids).

Genome annotation

The process of identifying the coding regions of genes in a genome and predicting function by
bioinformatic analyses.

Functional genomics

The examination of gene (and protein) functions and interactions.

Comparative genomics

The study of the relationship of genome composition and function across different species or strains.
Comparative genomics is used to identify genetic differences across entire genomes and correlate those
differences with biological function.

Transcriptomics

Global analysis of gene expression; the analysis of the activity of each genetic locus. Transcriptomics can
be used to examine expression of each gene under various conditions and identify when genes are up-
and down-regulated in response to changes in the environment of the cell.

Proteomics

The study of the complete set of proteins produced by a cell. Proteomics can be performed under
various conditions to identify when protein expression is up- and down-regulated in response to
changes in the environment.

Metabolomics

The study of small molecules or metabolites. It provides a snapshot of the amount of each metabolite in
the cell at a given point.

Systems biology

The study of organisms as systems; i.e., the study of the interactions between all of the genes, proteins,
and biochemical reactions and how these interactions contribute to the function and behavior of the
organism. Involves the integration of biological data into mathematical-based models such that
biological outcomes can be predicted with accuracy.

344

and provision of relevant information regarding the ability of pathogens to adapt to processing
conditions and survive and grow in various environments. Some of these applications will now be
discussed in more detail with specific examples from the literature.

Pathogen Detection, Identification, and Typing

The rapid and precise detection and identification of foodborne pathogens are critical for food
safety. In addition, the identification of bacteria at the strain level, i.e. bacterial strain typing, is
important for the purposes of surveillance and outbreak investigation. Genomics technologies can
aid in the development of improved pathogen detection, identification, and typing tools.

Detection and identification of food pathogens. Traditional detection and identification
methods are primarily phenotype based and characterize bacterial genes through the measure-
ment of biochemical and antigenic properties (Liu 2006). For example, L. monocytogenes can be
identified based on its ability to hemolyse horse or sheep red blood cells or by detection of surface
proteins (somatic O or flagellar H antigens) with antibodies. Traditional approaches are usually
laborious, time consuming, and costly. Furthermore, as the biochemical and antigenic properties
of bacteria can vary with changing environmental conditions, with growth phase etc., traditional
methods can give variable results and consequently may be unreliable (Liu 2006). In recent years,
numerous molecular-based diagnostic methods have been developed, and as they are less affected
by natural variation than phenotypic methods they are considered as being inherently more precise
(Call 2005, Giannino et al. 2009, Liu 2006, Mozola 2006, Scaria et al. 2008, Uttamchandani et al.
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2008, Volokhov et al. 2002, Yoo & Lee 2008, Wang et al. 2007, Woods et al. 2008). Four of the
most widely used molecular techniques, namely polymerase chain reaction (PCR), microarray,
nucleic acid sequence-based amplification (NASBA), and ligation detection reaction-universal ar-
rays (LDR-UA), are described and compared in a recent article by Lauri & Mariani (2009). These
molecular methods will benefit greatly from the availability of food pathogen genome sequences.
Analysis of genomes will enable the identification of regions unique to individual pathogens and
permit the design of primers and probes with increased specificity. For example, Listeria genome
information has been used to develop microarray-based strategies that can differentiate between
the six listerial species (Volokhov et al. 2002) and can discriminate different L. mzonocytogenes
serovars (Borucki et al. 2003) and phylogenetic lineages (Call et al. 2003). Genome analyses will
also aid in the development of assays that accurately allow the simultaneous detection of multi-
ple pathogens. This application of genomics on food pathogen molecular diagnostics has been
elegantly demonstrated by Kim et al. (2008). These researchers compared the entire genome se-
quences of 11 pathogens (B. cereus, L. monocytogenes, S. aureus, C. botulinum, C. perfringens, C. jejuni,
V. parabaemolyticus, Y. enterocolitica, E. coli O157:H7, S. typhi, and S. typhimuriun) and identified
regions specific to each. Oligonucleotide probes were subsequently designed for these regions
(10 probes for each pathogen) and used to develop DNA microarrays. These microarrays were
shown to be highly specific for each pathogen, and the authors suggest that their method can be
applied to the rapid and accurate detection of foodborne pathogens in the food industry (Kim etal.
2008).

Bacterial strain typing. Similar to bacterial species-specific identification, classical typing meth-
ods involve either analysis of bacterial phenotypes, i.e., phenotyping, or analysis of bacterial genetic
content, i.e., genotyping, which is also referred to as DNA fingerprinting. Examples of phenotypic
methods include serotyping and phage typing, whereas genetic methods include pulse-field gel
electrophoresis (PFGE), ribotyping, and PCR-based techniques such as random amplification of
polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), PCR-restriction
fragment length polymorphism (PCR-RFLP), and multiple-locus variable number tandem re-
peat analysis (MLVA) (Li et al. 2009, Liu 2006). In comparison to phenotypic typing, genetic
approaches are highly sensitive, discriminatory, and reproducible. The main genotyping methods
currently in use have recently been reviewed by Li et al. (2009).

Genome sequencing of food pathogens will provide detailed information of intraspecies diver-
sity (Binnewies et al. 2006, Fraser-Liggett 2005) and will enable the rational selection of adequate
targets for many genotyping methods (Li et al. 2009). For instance, MLVA will benefit from the
availability of genome sequences as highly polymorphic variable number tandem repeats (VN'TR)
or intergenic spacers can be identified (Van Belkum 2007). This approach was recently used by
Mullane et al. (2008), who analyzed the Enterobacter sakazakii ATCC BAA-894 genome for VNTR
and used the results obtained to develop a multiple-locus VN'TR analysis strategy for the molec-
ular subtyping of the bacterium. Their MLVA method successtully discriminated a collection of
112 isolates, leading the authors to suggest that their method could potentially be used to rapidly
monitor clonal outbreaks of the bacterium in food production facilities (Mullane et al. 2008). The
availability of food pathogen genome sequences also facilitates the rational choice of primers for
PCR-based genotyping methods and aids in probe design in DNA microarray-based genotyping
(Zhou 2003). For example, Doumith et al. (2004a) developed a rapid multiplex PCR using four
sets of primers to differentiate the major L. monocytogenes serovars isolated from food and patients
(1/2a, 1/2b, 1/2c, and 4b). The specificity and reliability of this multiplex assay were validated by
a multicenter study (Doumith et al. 2005).
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Growth and Survival Strategies

Genomics-driven studies can provide information regarding the ability of pathogens to survive and
adapt to various environmental conditions. These studies will enable the identification of genes
linked to niche adaptation and aid in understanding the molecular basis of bacterial diversity.
Genomics technologies will also be instrumental in deciphering the mechanisms employed by
pathogens to resist antimicrobial agents.

Stress adaptation and cross-adaptation. Foodborne pathogens encounter many environmental
insults during food production, preparation, and storage, including low pH, elevated osmolarity,
exposure to preservatives, and temperature fluctuations. As it is becoming increasingly popular for
food processors to use a combination of food preservation strategies (often referred to as hurdle
technology), food pathogens may have to overcome many stressful conditions in succession (Hill
etal. 2002, Leistner 2000). Research has shown that pre-exposure of bacteria to sublethal levels of a
given stress allows cells to adapt and protect themselves against subsequent exposure to normally
lethal levels of the same stress (stress adaptation). Pre-exposure to one stress may also confer
protection against another (stress cross-adaptation). This phenomenon, in which exposure of cells
to mild stresses allow them to be trained or prepared for exposure to harsher stresses, is termed the
bacterial stress response, and it undoubtedly contributes to the growth and survival of pathogens in
food. Understanding how bacteria sense and respond to stresses is therefore essential to designing
optimal processing regimes combining maximum safety with consumer demands for fresh food.

Several of the systems employed by bacteria to protect themselves against the conditions used
in food preservation were identified in the pregenome era, including low pH and salt survival
mechanismsin L. monocytogenes (Hill etal. 2002). However, itis anticipated that research in this area
will be accelerated by the availability of bacterial genome sequences. For example, potential stress
sensing and stress management systems can be identified based on homologies to characterized
systems in other bacteria, and comparative genomic analyses can be employed to identify strain- or
species-specific stress tolerance mechanisms. We have employed both of these approaches in our
laboratory to identify listerial stress survival mechanisms. Iz sifico analysis of the L. monocytogenes
EGDe genome revealed the presence of homologs of characterized arginine deiminase (a7c) genes
that were known to play a role in tolerating low pH in other bacterial genera (Ryan et al. 2009).
Mutation of the listerial genes confirmed that they encode a functional arginine deiminase system
that contributes to both growth and survival of the bacterium under acidic conditions. In a separate
study, our comparative genome analyses of all of the publicly available L. 7onocytogenes genomes
identified a group of five genes that were present in some strains (nonserotype 4 strains) but
consistently absent in others (serotype 4 strains) (Ryan 2006). A deletion mutant lacking all five
genes was created, and subsequent experiments revealed that this mutant was impaired in growth
at low pH and at high salt concentrations and demonstrated decreased ability to survive and grow
in a model food system (frankfurters). We suggest that this group of genes, which we term SSI-1
for stress survival islet, can contribute to increased environmental persistence of certain strains of
L. monocytogenes (see Figure 2 for an outline of the experimental approaches used to identify and
characterize SSI-1).

Microarrays can be employed to look at the response of pathogens to food-related stress condi-
tions and identify stress stimulons (Puttamreddy et al. 2008). For example, microarray technology
has identified L. monocytogenes genes whose expression alters in response to exposure to alkali
(Giotis et al. 2008), low temperature (Chan et al. 2007), and high hydrostatic pressure processing
(Bowman etal. 2008). Microarrays have also been performed to explore strategies used by L. mzono-
cytogenes when growing in microbial consortia on ripening smear cheese, which is an important
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Figure 2

Correlating genes and functions: identification of a five gene islet in Listeria monocytogenes. (a) Comparative
genomics revealed a five gene islet present in some strains of L. monocytogenes that is absent in others
(replaced by a single gene at the same chromosomal location). (b) Bioinformatic analysis predicts that genes
are involved in regulation, penicillin resistance, and pH homeostasis, suggesting that the islet may be
involved in stress survival (stress survival islet —1, SSI-1). (¢) Functional genomics: The five gene islet is
excised from the chromosome and the behavior of the parent and mutant strains is compared in
homogenized hotdog slurry at 4°C, confirming a role for SSI-1 under stressful conditions.

source of food poisoning strains (Hain et al. 2007). The consortium was grown on agar plates,
and filter membranes were placed on top onto which L. monocytogenes was spread. L. monocytogenes
gene expression at specific time points was examined by microarray analyses and it was found
that nearly 400 genes are up- or down-regulated upon contact with the antilisterial consortium.
Microarrays have recently been employed to examine B. cereus gene expression in response to oxy-
gen limitations (van der Voort & Abee 2009) and salt (den Besten et al. 2009). Steil et al. (2003)
utilized a transcriptional profiling approach to investigate the responses of B. subtilis following sud-
den exposure to low salinity (0.4 M NaCl) and also following prolonged growth at high salinity
(1.2 M NaCl). Experiments revealed that initial adaptation to salt shock and continuous growth
at high salinity share only a limited set of differentially expressed genes, suggesting that these two
phases of adaptation require different strategies employed by B. subtilis. Budde et al. (2006) used a
combined transcriptomic and proteomic approach to analyze the adaptational responses of B. sub-
tilis atlow temperature (minimal medium at 15°C). Propagation of B. subtilis under these conditions
triggered induction of 279 genes and the repression of 301 genes in comparison to growth at 37°C.
Microarrays have been used to examine alterations in B. subtilis gene expression during compe-
tence development and initiation of sporulation (Veening et al. 2006). Allen et al. (2008) employed
microarrays to examine the response of E. coli O157:H7 to acid stress and low temperature.
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Microarrays can be performed on strains that are sensitive and resistant to a particular environ-
mental condition to provide more in-depth analyses of microbial stress responses. For instance,
Malone et al. (2006) exposed high pressure-resistant and pressure-sensitive strains of E. coli to a
sublethal pressure (100 MPa for 15 mins at 23°C) and identified genes associated with decreased
resistance to pressure (e.g., genes encoding Fe-S cluster assembly proteins) and others associated
with barotolerance (e.g., a gene encoding a trehalose synthesis protein, OtsA).

Although technically challenging, the ultimate aim is to perform global transcriptional gene
expression profiling of pathogens in real food matrices and under actual processing conditions.
One such study by Liu & Ream (2008) monitored the gene expression profiles of L. nonocytogenes
strain F2365 in ultrahigh-temperature-processed (UHT) skim milk.

An enormous amount of data can be gleaned from microarray experiments. However, it is
important to remember that microarrays indicate only alterations in transcription levels of genes
and subsequent functional experiments are essential in order to confirm the role of specific gene
products in growth and survival in food. Proteomics can be employed to examine bacterial protein
expression in foods. Lippolis et al. (2009) recently examined proteomic changes in E. co/i in milk,
and Mujahid et al. (2008) explored L. monocytogenes proteins expressed in meat. Future studies
should focus on combining various approaches (transcriptomics, proteomics, mutant analysis) in
order to obtain a detailed picture of the mechanisms that are central to pathogen survival in foods.

Environmental sensing and coordination of stress responses. In order to survive at various
stages of the food chain, pathogens must have the ability to assimilate information about their en-
vironment and process this information quickly to adapt to their surroundings by expressing genes
that assist in survival and repressing those that are unnecessary. Genomics will aid in discovering
the molecular mechanisms involved in stress sensing and coordination of stress responses.

Stress may be sensed by two-component systems (T'CSs) consisting of a membrane-associated
histidine kinase and a cytoplasmic response regulator. The histidine kinase senses alterations in
an environmental parameter, and the associated response regulator effects changes in cellular
physiology, often via regulation of gene expression. Williams et al. (2005) identified 16 TCSs
in the L. monocytogenes EGDe genome and successfully mutated 15 of the response regulators.
Characterization of the resultant mutants demonstrated that only the deletion of degU had a
significant effect on the in vitro and in vivo growth of the bacterium (Williams et al. 2005).

A common strategy that bacteria use to counter stressful conditions is to activate a specific
alternative stress sigma factor, which leads to transcription of a set of genes (regulon), the products
of which protect the cell against the adverse conditions. In Gram-positive bacteria (L. monocytogenes,
B. subtilis, S. aureus), the alternative sigma factor SigB is the key sigma factor controlling the
stress response, whereas in Gram-negative bacteria (E. coli, Salmonella, Vibrio), stress responses
are controlled by the alternative sigma factor Sigma S (RpoS). These regulators have been shown
to be involved in tolerance of low pH, elevated osmolarity, temperature, ethanol, bacteriocins,
antibiotics, and prolonged starvation and have also shown to play a role in biofilm formation and
sporulation (Abram et al. 2008a, 2008b; Becker et al. 1998; Begley et al. 2005, 2006; Cebriin
etal. 2009; Dodd & Aldsworth 2002; Dong & Schellhorn 2009; Hengge 2008; Klauck et al. 2007;
Pané-Farré et al. 2006; Raengpradub et al. 2008; Senn et al. 2005; van Schaik & Abee 2005; van
Schaik et al. 2007). Genome sequence analyses and whole genome microarrays can be employed
to identify genes under the control of stress sigma factors. For example, Hain et al. (2008) used
whole genome-based transcriptional profiling to identify L. monocytogenes SigB-dependent genes
at different growth phases. This study identified 105 positively regulated genes and 111 genes
that appear to be under negative control of SigB. It was concluded that the SigB regulon includes
approximately 7.6% of all genes in the L. monocytogenes genome (Hain et al. 2008). Functional
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genomic experiments can confirm the regulation of genes by SigB. For example, the bile salt
hydrolase gene bsh was shown to be regulated by SigB at the transcriptional level (Begley et al.
2005, Hain et al. 2008, Kazmierczak et al. 2003, Sue et al. 2003). This finding was subsequently
confirmed by bile hydrolysis assays with a sigB mutant as the ability of the mutant to hydrolyze
bile was significantly reduced compared with the wild type (Begley et al. 2005, Sue et al. 2003).

Microarray analyses can also aid in uncovering the interplay between regulators and help elu-
cidate the complex regulatory networks governing the response of a bacterium to its environment.
For instance, microarrays have revealed that L. monocytogenes SigB can interact with regulators CtsR
(Hu et al. 2007b), HrcA (Hu et al. 2007a), and PrfA (Milohanic et al. 2003, Ollinger et al. 2009).

The science of genomics has been recently advanced significantly by Toledo-Arana et al.
(2009), who used tiling microarrays to determine the transcriptional profile of L. monocytogenes
under a variety of conditions. This landmark study revealed the presence of 50 small RNAs that
are expected to play a variety of regulatory roles under different environmental conditions. This
discovery layers an additional level of complexity on an already poorly understood network of
regulatory factors at work within the cell and will have to be factored into future systems biology
approaches to understanding bacterial behavior in food and in vivo.

Strain-Specific Genes with Roles in Niche Adaptation

It has been widely demonstrated that strains within a given species can show significant diversity
in terms of their general physiology, but in most instances a definitive explanation for this hetero-
geneity has not been established. Itis anticipated that the data generated from genome sequencing
projects will be crucial to our understanding of the molecular basis of this strain variation.

L. monocytogenes strains show major differences in their ability to grow and survive under
various environmental conditions (e.g., foods, soil, intestine, etc.). For example, serotype 4 strains
are less frequently detected in foods than other serotypes but are responsible for more outbreaks
of listeriosis (Gilbreth et al. 2005, Gilot et al. 1996). This may suggest that serotype 4 strains are
better adapted to surviving environmental conditions encountered during infection of the host
than they are to surviving food environments. Analysis of the complete genome sequences of
several L. monocytogenes strains (of different serotypes) has revealed high levels of similarity in both
gene content and organization. This indicates that genomic compositions of different strains of
Listeria are highly stable, and consequently it is the relatively small number of distinct regions
that may play significant roles in the capability to adapt to specific niches (Buchreiser et al. 2003,
Doumith et al. 2004b, Nelson et al. 2004). Nelson et al. (2004) compared the genomes of three
strains of L. monocytogenes that have been associated with foodborne illness in the USA: F2365
(serotype 4b, cheese isolate), F6854 (serotype 1/2a, frankfurter isolate), and H7858 (serotype 4b,
meatisolate). Their whole genome comparative analyses identified numerous strain- and serotype-
specific genes that may contribute to the ability of strains to grow in their respective environmental
niches, a hypothesis that can be verified by future functional genomics experiments.

Analysis of an L. monocytogenes gndD1T1 mutant demonstrated that these genes, which encode
a glutamate decarboxylase and associated transporter, contribute to growth of the bacterium at
mildly acidic pH (Cotter et al. 2005b). Subsequent L. 7zonocytogenes genome analyses revealed the
strain variable nature of gadDITI genes, and it was observed that the ability of L. monocytogenes
strains to grow at mildly acidic pH could be correlated with the presence or absence of gadDIT1
genes, in that strains that possessed these genes were better able to grow at low pH (Cotter et al.
2005b, Van der Veen et al. 2008).

The aforementioned L. monocytogenes studies demonstrate the use of genomics in identifying
genes linked to niche adaptation. Similar studies have been carried out or are underway for other
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food pathogens. An excellent example is the study by Mols et al. (2007), which assessed the growth
performance of two B. cereus strains for nearly 2000 phenotypes and analyzed both genomes for
strain-specific genes. Several food-relevant phenotypic differences were found between the strains
and these differences could be linked with corresponding genetic features (Mols et al. 2007). The
authors concluded that their results provided detailed insights into the metabolic capacity of the
two strains and may provide indicators for their performance in different ecological niches.

Biofilm Formation

Biofilms are surface-associated communities of bacteria embedded in an organized, self-produced
polymeric matrix (Jefferson 2004). The formation of biofilms is thought to be a microbial survival
strategy that allows cells to survive hostile conditions (Hall Stoodley et al. 2004, 2005). Biofilm for-
mation has been demonstrated by a wide variety of bacteria including several foodborne pathogens,
e.g., L. monocytogenes (Yang et al. 2009), E. coli O157:H7 (Silagyi et al. 2009), Cronobacter sakazakii
(Beuchat et al. 2009), and S. enterica (Mangalappalli-Illathu et al. 2008). Biofilms can occur on
food-handling and food-processing surfaces, conveyer belts, stainless steel equipment, floors, and
drains. Biofilms are a major concern in the food industry as they provide a means of bacterial
persistence and transmission. Bacteria can be shed from biofilms to contaminate new surfaces; for
example, the surviving microflora from meat carcasses can contaminate surfaces of equipment, and
this in turn can lead to contamination of products placed on these surfaces. Biofilms can also be
transferred to food products postprocessing, leading to reduced shelf life of the product (Kumar
& Anand 1998).

Itis clear that biofilms are undesirable in the food industry environment. However, as biofilms
are more resistant to disinfectants and sanitizing agents than planktonic cells, their elimination
from food-processing facilities presents a significant challenge and more effective measures are
required for their prevention and removal. In order to develop such strategies, there is a need to
fully understand the factors affecting bacterial attachment and biofilm formation, and this will be
greatly aided by bacterial “omics” technologies. Considerable insights have been obtained on E.
coli biofilm formation from whole-transcriptome profiling in combination with phenotypic assays,
in vivo DNA binding studies and analysis of specific mutants (Wood 2009). For example, very
recent experiments by Amini et al. (2009) revealed that lipopolysaccharides are crucial to the
formation of E. co/i biofilms and multiple pathways, including acid tolerance, capsule biosynthesis,
and regulation of cell morphology, modulate this phenotype.

Ithasalso been suggested that biofilms may contribute to the survival of pathogens in the human
gastrointestinal tract (MacFarlane & Dillon 2006), and exposure to bile has been shown to improve
biofilm formation of several pathogens (Begley et al. 2009b). Biofilm may protect bacteria against
host defenses and the action of antimicrobial agents, but also planktonic cells may be shed from
biofilms to reinfect the same host or be transmitted. Future studies on food pathogens may lead to
a greater understanding of bacterial biofilm formation in food, food-processing environments, and
in vivo and may lead to the identification of potential targets for the development of antibiofilm
agents. In addition, “omics” technologies can be employed to fully investigate the mode of action
of antibiofilm agents as recently demonstrated by Attila et al. (2009). As strains of a species differ
greatly in their ability to form biofilms, it will be important to include a large collection of strains
in all future experiments.

Resistance to antimicrobial agents. Foodborne pathogens may come into contact with antimi-
crobial agents at various stages of their life cycle, including exposure to bacteriocins in food prod-

ucts, sanitizers and detergents in food-processing environments, and antibiotics during infection.
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Bacteriocins. Bacteriocins are microbially produced, gene-encoded peptides that have a bacte-
ricidal or bacteriostatic effect on other species. They have been shown to have many potential
applications in the preservation of various foods, including extension of the shelf life of products
by inhibiting spoilage organisms and generating safer foods by targeting food pathogens (Cotter
et al. 2005a). Bacteriocins can be used either alone or in combination with other preservation
techniques as part of hurdle technologies that can help reduce or eliminate the need for chem-
ical preservatives as well as diminish the intensity of heat treatments (Galvez et al. 2007, 2008).
The use of bacteriocin-based strategies for food preservation is therefore viewed as an attractive
alternative by the food industry to satisfy consumer demands for more naturally preserved, min-
imally processed foods. However, one concern with the use of bacteriocins is the development
of resistant foodborne pathogens. Genomics-related studies (microarrays, targeted mutagenesis,
proteomics, etc.) should aid in understanding the development of bacteriocin-resistant pathogen
derivatives in food and help in developing strategies to mitigate their emergence. In addition,
although numerous bacteriocins have been identified and characterized, the need still exists to
identify novel bacteriocins with more desirable properties such as enhanced potency, target speci-
ficity, or physicochemical properties. In silico analyses of bacterial genomes can be considered
an attractive alternative to traditional functional assays for the identification of novel bacteriocin-
producing strains and can identify excellent candidate strains for further investigation (Begley
etal. 2009a, de Jong et al. 2006, Pfeiler & Klaenhammer 2007).

Sanitizers and disinfectants. Infood-processing facilities, product contact surfaces may typically
be cleaned and sanitized several times per day, whereas environmental surfaces may be cleaned
on a weekly basis. The emergence and spread of resistance among foodborne organisms to the
microbiocides used in these cleaning and sanitizing treatments are becoming concerns as such
resistance may explain the persistence of organisms in food-processing facilities (Poole 2002).
In addition, it has been suggested that pathogens that develop resistance to microbiocides may
also become resistant to clinically important antibiotics. It is therefore of utmost importance to
uncover the mechanisms involved in resistance. This can be achieved through genomics-related
experiments such as transcriptional profiling and mutant analyses. Results may identify generalized
resistance mechanisms and may aid in choosing targets and cleaning formulations for optimal safety
and effectiveness.

Antibiotics. The prevalence of antimicrobial resistance among foodborne pathogens has proven
to be a problem in the treatment of humans with antibiotics. Experiments similar to those men-
tioned for determining bacteriocin and detergent resistance could also be employed to reveal
molecular mechanisms underlying antibiotic resistance. For example, efflux pumps are thought to
be important determinants for intrinsic and/or acquired resistance to antimicrobials (Poole 2007).
The availability of pathogen genomes means that efflux pump genes can now be identified and
targeted.

HOST-PATHOGEN INTERACTIONS

Tolerance of Physiologically Relevant Stress Conditions

As similar types of stresses can be encountered both in food and in vivo, genes necessary for survival
of suboptimal food-processing conditions may also be required for efficient colonization of the
host during infection. The genomics-related experiments described in the previous section used
to uncover stress adaptation systems may also identify systems that contribute to the virulence
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of foodborne pathogens. Although lowering the pH, the addition of salt, or the limitation of
oxygen levels are approaches often used in the preservation of foods, pathogens will also encounter
low pH in the stomach and intracellularly in macrophages and be exposed to varying levels of
osmolarity and oxygen tensions during gastrointestinal transit. Therefore, acid-, salt-, and low
oxygen-tolerance loci identified through genomics experiments may be important to the growth
and survival of pathogens both outside and within the host. Recent experiments by Bo Andersen
etal. (2007) with L. monocytogenes support the hypothesis that conditions that may be encountered
in food-processing environments may influence the virulence of pathogens. Their study revealed
that oxygen deprivation increases the infective potential of the bacterium in vitro in Caco-2
cells and in vivo in guinea pigs (Bo Andersen et al. 2007). Furthermore, the listerial general stress
regulator SigB has been shown to contribute to survival within the host by regulating expression of
genes involved in intestinal survival and by interacting with PrfA, the global regulator of virulence
(Garner et al. 2006, Ollinger et al. 2009).

Therefore, as it is becoming increasingly evident that the environmental conditions to which
pathogens are exposed prior to ingestion may influence the outcome of infection, the concept
of stress adaptation or cross-adaptation is highly relevant for safety assessment. The number of
pathogenic bacteria present in a given food item is important for food safety, but their physiological
condition and the food environment can also affect the likelihood of disease (Bo Andersen et al.
2007). Consequently, it is of critical importance to fully understand how preservation regimes can
affect survival of pathogens within the host, and genomics-related experiments will be instrumental
in achieving this goal.

Identification of Virulence Factors

The availability of genome sequences of food pathogens can greatly increase our understanding of
host-pathogen interactions as virulence factors can be identified through the use of bioinformatics,
targeted mutant construction, and microarrays (Burrack & Higgins 2007, Hamon et al. 2006,
Raskin et al. 2006). These different approaches have been very successfully applied to decipher
the genetic basis of virulence in L. monocytogenes, and in this review we have highlighted specific
examples from the literature to illustrate these approaches.

Genes thatare presentin the genome of a pathogenic species but absent from closely-related but
nonpathogenic species can be identified and analyzed. Comparison of Listeria genomes revealed
that a bile salt hydrolase (bsh) gene is present in the pathogenic L. monocytogenes but absent from
the nonpathogenic L. innocua. Creation and analysis of an L. monocytogenes bsh mutant revealed that
BSH contributes to bile tolerance and intestinal survival (Begley etal. 2005, Dussurget etal. 2002).
In another example, postgenomic analysis has also revealed that although bacteria usually possess
one pathway of isoprenoid biosynthesis, either the classical mevalonate pathway or the alternative
nonmevalonate 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, L. monocytogenes unusually
possesses the genes for both pathways (Begley et al. 2004). Creation and analyses of mutants
confirmed that both pathways are functional and that the MEP pathway has an intermediate,
HMB-PP, which stimulates human Vy9/V52 T cells and also contributes to virulence in mice
(Begley etal. 2008). Examination of the L. innocua genome revealed that this nonpathogenic species
naturally lacks the last two genes of the MEP pathway (and thus does not produce HMB-PP), and
bioinformatic analysis strongly suggests that the genes have been lost through evolution (Begley
et al. 2008).

Genes can be selected from the genome for functional analyses based on their homology to
previously characterized virulence factors in other organisms. Cotter et al. (2008) performed in
silico analyses of bacterial genomes to search for homologs of Streptolysin S (SLS), a hemolytic
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and cytotoxic virulence factor of Group A Streptococcus. Potential SLS-related gene clusters were
identified in the food pathogens L. monocytogenes, S. aureus, and CL botulinum. Comparative
analyses of sequenced L. monocytogenes genomes revealed that the gene cluster (designated Lis-
teria pathogenicity island 3 LIPI-3) is found predominantly among those strains responsible for
the majority of listeriosis outbreaks (i.e., lineage I strains). More detailed functional analyses in
L. monocytogenes strain F2365 revealed that expression of these genes results in the production of a
hemolytic and cytotoxic factor that contributes to virulence of the pathogen (Cotter et al. 2008).
This work represents the first identification of a virulence factor that is unique to certain epidemic
strains of L. monocytogenes. In the future, studies such as this may permit greater discrimination by
food regulators between strains with high and low virulence potential, such as is already the case
between verotoxic E. coli and commensal strains that do not produce the toxin.

Whole genome DNA arrays can be used to screen large collections of strains of a pathogenic
species and can be used to identify genes that are present in and specific to all virulent strains.
Comparative genomics of a large collection of L. monocytogenes strains by genomic hybridiza-
tion revealed important differences in gene content among different isolates, giving some clues
as to how differences in virulence potential might have evolved (Doumith et al. 2004b). Subse-
quent comparative transcriptomic analyses of strains of the two major L. monocytogenes lineages by
Severino et al. (2007) revealed differences in expression of genes encoding proteins involved in
cell wall synthesis, the stress-related SigB regulon, and virulence. The authors suggest that these
findings indicate different patterns of interaction with host cells and the environment as well as
key factors for host colonization and survival in the environment.

Bacterial Gene Expression During Infection

Genes expressed by a pathogen within the host milieu can be identified by microarray experi-
ments. This approach has provided valuable insights into the behavior of L. monocytogenes during
infection. Chatterjee et al. (2006) infected a murine macrophage cell line (P288D1) with L. mzono-
cytogenes strain EGDe and examined the bacterial gene expression profile inside the vacuolar and
cytosolic environments of the host cell using whole genome microarray followed by analyses of
selected mutants. They found that approximately 17% of the total genome was mobilized to en-
able adaptation for intracellular growth. Adaptative intracellular gene expression involved genes
associated with virulence and general stress response, cell division, and changes in cell wall struc-
ture and numerous other genes with unknown functions. Joseph et al. (2006) used microarray
analyses to investigate the transcriptional profile of intracellular L. monocytogenes following infec-
tion of epithelial cells (Caco-2). Approximately 19% of genes were differently expressed relative
to their level of transcription in brain-heart infusion medium, including genes encoding trans-
porters, stress proteins, and transcriptional factors. These studies provide critical insights into the
strategy of intracellular survival and the measures taken by L. monocytogenes to escape the host cell
responses. Camejo et al. (2009) utilized DNA macroarray technology to profile the transcriptome
of Listeria during murine infection. They compared the expression profiles of L. monocytogenes
grown in standard culture medium in the exponential phase to bacteria recovered from mouse
spleens 24, 48, and 72 hours after intravenous infection. Their results demonstrate that during
infection L. monocyrogenes shifts the expression of its entire genome to promote virulence, sub-
verting host defenses and adapting to host conditions. Toledo-Arana et al. (2009) analyzed the
transcription of the entire L. monocytogenes genome in vitro (brain-heart infusion broth), in vivo
(cells extracted from mice intestines), and ex vivo (growth in human blood). Their data elegantly il-
lustrate successive and coordinated global transcriptional changes in these different environmental
locations.
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CONCLUSIONS

It is evident that information obtained from genomics-driven studies can have many applications
to the field of microbial food safety. In addition to providing important insights into the evolution,
biology, and ecological fitness of food pathogens, genomics studies will assist in the development of
tools for their rapid and reliable detection and identification. Furthermore, genomics-based studies
will permit analysis of bacterial behavior across the entire food production process from the raw
material to the consumer, “from farm to fork,” and will provide more accurate and precise data
on the inactivation kinetics and growth inhibition of pathogens in food products and in the food-
processing environment. The examination of the responses of pathogens to various environmental
conditions will contribute to the field of predictive microbiology by allowing the construction of
models that predict more accurately whether they are likely to grow, survive, or die in products or
upon product processing in the food industry (Brul et al. 2002a, 2002b, 2006, 2008). Knowledge
gained from stress-related experiments could potentially be incorporated into concepts that can be
used for food preservation. For example, the activation of SigB may lead to a considerable increase
in stress resistance and so SigB could serve as an important biomarker to assess the resistance of
strains to preservation (Van Schaik & Abee 2005). In addition, the knowledge gained on SigB
could be used to support the design of a process with sequential preservation steps in which the
stress response is not activated or even repressed, thereby sensitizing the bacteria to subsequent
preservation and inactivation treatments. Altogether, genomics and other “omics” technologies
will permit the precise design of effective preservation strategies and hence make it possible to
attain a balance between ensuring product safety and maintaining product quality. Genomics-
related studies will also be instrumental in deciphering the mechanisms employed by pathogens to
survive within the host. It is hoped that results obtained will aid in identifying the Achilles heel of
pathogens and aid in the development of prevention and control strategies (Tang & Moxon 2001).
In conclusion, it is evident that any new technology, such as the “omics” technologies, that
provides new biological insights can be applied to the science of food safety. The ability of food
scientists to recognize the opportunities presented by these new technologies, and the willingness
of regulators to respond to new information regarding the level of threat presented by individual
strains or novel processing conditions, will determine the extent of the benefits for the food
industry and consumers that can be derived from these exciting advances in basic science.

SUMMARY POINTS

1. Foodborne pathogens represent a serious threat to food safety and public health. The
main challenges faced by food processors in ensuring a safe food supply include changing
population demographics, changes in eating habits, alterations in the methods used to
control microbial spoilage, and the development of novel products.

2. The entire genome sequences of several foodborne pathogens have been determined,
and the genomes of many more are currently being sequenced. The analyses of these
genome sequences and the results of subsequent experiments with “omic” technologies
will significantly impact our ability to ensure food safety.

3. Genomics technologies can (#) aid in the development of pathogen detection and identifi-
cation tools, (b) identify mechanisms used by pathogens to survive the various conditions
encountered in the food-processing environment, e.g., low pH, preservatives, or salt
(identify pathogen stress response mechanisms), (c) provide insights into the physiology
and evolution of pathogens, and () identify systems important for pathogen survival in
vivo during infection (virulence factors).
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4. Genomics and related technologies may help food processors develop effective preser-
vation strategies by using a knowledge-based combination of preservation hurdles [pre-
dictive modeling, hazard analysis and critical control points (HACCP)].

FUTURE ISSUES

1. Given the significant microbial diversity within species the genome sequences of a large
collection of strains should be determined. This will allow more accurate conclusions to
be drawn from in silico and comparative genome analyses.

2. As a consequence of microbial diversity, it is important that conclusions on the phys-
iological properties of a pathogen not be based on a single strain of a species. Large
collections of strains should be included in all experiments.

3. The functions of a large proportion of the genes identified in bacterial genomes are
unknown and cannot be predicted from computational and homology analyses. Future
efforts should focus on the mutation of these loci and analysis of the phenotypes of the
resultant mutants.

4. Expression studies should be performed in real life situations including actual food matri-
ces and not just under standard laboratory conditions. However, the technical challenges
associated with accurately measuring bacterial gene expression in complex matrices will
need to be overcome to realize this goal.

5. The knowledge gained from experiments on bacterial stress responses will have to be
incorporated into practical concepts that can be used for food preservation. Results from
these experiments should allow the development of a knowledge-based combination
rather than an empirical combination of appropriate preservation hurdles.

6. Novel methods of food pathogen detection need to be tailored to the practical needs of
the food industry.
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