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Recent events both here and abroad have focused attention on the need for ensuring a safe and secure food supply.
Although much has been written about the potential of particular select agents in bioterrorism, we must consider seriously the
more mundane pathogens, especially those that have been implicated previously in foodborne outbreaks of human disease, as
possible agents of bioterrorism. Given their evolutionary history, the enteric pathogens are more diverse than agents such as
Bacillus anthracis, Francisella tularensis, or Yersinia pestis. This greater diversity, however, is a double-edged sword; although
diversity affords the opportunity for unequivocal identification of an organism without the need for whole-genome sequencing,
the same diversity can confound definitive forensic identification if boundaries are not well defined. Here, we discuss molecular
approaches used for the identification of Salmonella enterica, Escherichia coli, and Shigella spp. and viral pathogens and
discuss the utility of these approaches to the field of microbial molecular forensics.

Several years ago, Nobel Laureate Joshua Lederberg
quipped that because of the countless numbers on their side,
we could at best expect to stay but even in a war with our
microbial adversaries. He went on to say that it would take
our ingenuity and technological advances to ensure that we
peacefully coexist within a world dominated by the evolving microbe. Today, his words resonate even more loudly
considering that a human adversary, the bioterrorist, is
poised to thwart our attempts at détente with the microbial
world.
With the events of 11 September 2001, and the incidents involving anthrax-laced letters, it is evident that our
food supply could become a target for terrorist activities.
Much attention, therefore, has been focused on particular
microbiological agents as the most severe threats to public
health. Improved methods for identifying Bacillus anthracis, Franciscella tularensis, Yersinia pestis, Brucella spp.,
and Burkholderia spp. are actively being developed, and
the application of these methods for detection of these
agents in foods is actively being assessed. The more conventional and established foodborne pathogens also could
be used as etiological agents in bioterrorist acts. Proper
tools for molecular discrimination also are needed for rapid
detection, identification, and tracing of foodborne bacteria
such as Escherichia coli, Shigella spp., and Salmonella enterica and the enteric viruses that have frequently contaminated the food supply.
The evolution and diversity of organisms are the bases
of the genetic approaches for identifying them; mutations
and recombinational exchanges ultimately define the unique
fingerprint and ‘‘personality’’ of an individual strain. The
* Author for correspondence. Tel: 301-827-8281; Fax: 301-827-8260;
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more time a bacterial species has had to evolve, the more
diversity might be expected among individual strains of that
species. For example, genetic methods for strain identification have been difficult to develop for B. anthracis because its genome and those of its siblings Bacillus cereus
and Bacillus thuringiensis are so similar (80). Although
whole genome sequencing of B. anthracis isolates has revealed polymorphic sites (82), characterization of variablenumber tandem repeats (VNTRs) is a more rapid means for
discriminating strains (51). Such methods have also been
developed for strain typing of Y. pestis (53) and F. tularensis (34). The lack of extensive diversity in these genomes is an indication that these pathogens are relatively
young as measured on an evolutionary time frame.
In contrast, over 100 million years of evolution have
elapsed since E. coli and Salmonella diverged (69). During
this time, multiple polymorphisms have accumulated, making it easier to develop methods for discriminating strains,
without the need for total genomic sequencing. Here, we
describe molecular approaches that will make strain discrimination among enteric pathogens achievable. Although
the technologies will continue to evolve for greater speed
and larger sample sizes, the methods based in cladistic analysis of genomic diversity should help establish and maintain the field of microbial molecular forensics. Such methodologies are essential for rapidly detecting and identifying
microbial contaminants and for determining whether the
contamination is accidental or deliberate.
METHODS USED IN THE IDENTIFICATION AND
DIFFERENTIATION OF BACTERIAL STRAINS
Historical perspectives. The identification and typing
of bacteria have relied upon phenotypic or biotypic methods. Many methods are based on the differences in bacterial
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RFLP-based methods of strain typing. Molecular
methods for strain differentiation exploit the nucleotide differences that accrue among strains over evolutionary time.
These nucleotide differences may be uncovered using specific restriction endonucleases, which cleave the DNA of
various strains at different places creating DNA fragments
of different lengths. One such method, ribotyping, makes
use of restriction fragment length polymorphisms (RFLPs)
that emerge within the intergenic spacer and flanking regions of the rRNA genes of bacteria (88). Although this
technique is applicable to all bacteria, its resolving power
is somewhat limited because of the highly conserved nature
of the bacterial rRNA operon and the limited number of
rRNA operons in many species of bacteria (99). Thus, ribotyping and its automated successor riboprinting (74) can
provide unique genotypic information about a bacterium at
the species level, yet many closely related bacteria yield
identical banding patterns. Subspecies resolution is not possible using RFLPs within rDNA sequences alone.
The most widely used method of RFLP-based bacterial
typing is pulsed-field gel electrophoresis (PFGE) (15). This
method uses restriction enzymes that cleave the entire bacterial genome into 30 to 50 very large fragments. The fragments of DNA are then separated using gel electrophoresis
with a pulsing electrical current capable of separating these
large segments. Although the technique has been exploited
widely in the typing of foodborne bacteria associated with
outbreaks (4), PFGE has limitations. Restriction of bacterial

genomes, which are two to five million base pairs in size,
into only tens of subgenomic fragments clearly does not
provide the resolution necessary for surveying the full
breadth of mutational and recombination diversity that is
now widely known to exist among genomes of the same
species. Moreover, electromorphs revealed by PFGE need
not be related genetically, i.e., they can be derived from
distinctly different regions of the genome. Thus, PFGE similarity coefficients offer poor measures of relatedness, particularly with single-enzyme PFGE systems (25). PFGE
technology is not well suited for screening large numbers
of strains and, the resulting data are not easily standardized
between and among individual laboratories.
A recently introduced variation on the RFLP and PFGE
methods for detecting mutations and polymorphisms exploits the ability of the mismatch-specific endonuclease
CEL I to cleave heteroduplexes formed from the DNAs of
different bacterial strains (89). This method can be used as
a genomewide mutation scan because it is applicable to
large regions of the chromosome that are amenable to analysis by PFGE.
Amplification-based fingerprinting methods for
strain discrimination. Several methods now exist that allow for amplification-based fingerprinting of bacterial genomes. Some of these methods rely on the annealing of
degenerate oligonucleotide primer sequences to anonymous
regions of DNA in the bacterial genome. Genetic diversity
between strains then allows for differential primer annealing between them, resulting in a series of strain-specific size
differences among amplicons. Two examples of this technology are AFLP (amplification fragment length polymorphism) and RAPD (randomly amplified polymorphic DNA)
analyses. In AFLP analysis, bacterial DNA is enzymatically
restricted, yielding DNA fragments of various lengths (94).
Double-stranded adapter oligonucleotides are ligated to the
ends of the digested DNA fragments, and adapter-specific
primers containing selective 39 nucleotides are then used to
amplify a subset of fragments from the total pool of restricted fragments.
RAPD-PCR has been used to type closely related genomes (61, 98) and to map regions of plant genomes and
resolve fungal races (24). RAPD analysis uses a short single
random primer of 8 to 10 bp to amplify segments of the
bacterial genomes that share sequences complementary to
the primer. Strains that deviate by only several nucleotide
substitutions can be differentiated by the presence or absence of specific amplicons. Because of its high level of
sensitivity, the method has been particularly useful in the
tracking of nosocomial outbreaks and in other epidemiological investigations where there is a need to resolve highly homologous strains (61). One drawback of RAPD analysis is how readily the amplicon patterns are altered by
minor perturbations. Several factors are known to influence
RAPD-generated banding patterns, including template quality, source of thermostable (e.g., Taq) polymerase, and the
thermal cycling protocols employed (46).
Other amplification-based methods rely on specific
well-characterized iterations of short sequences scattered
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morphology, physiology, nutrient utilization, and serology
(11, 23, 99). For example, the Gram stain was developed
as a method for discriminating one bacterium from another.
Although they are relatively rapid, classical approaches to
bacterial typing have many limitations. In most cases, typing results can differ within or between individual laboratories, and variations can be due to subtle differences in
culture conditions. Both the relative dearth of phenotypic
characters and the chance that such characters are due to
convergent evolution may confound the correct typing of
microbial agents associated with a disease outbreak.
In general, the problem of accurate strain identification
(i.e., species assignment) has been largely circumvented by
the numerous molecular and phenotypic approaches now
available. Many of these approaches are more than adequate for species identification. These diagnostics are less
useful for discrimination of subspecies. Nonetheless, several serological and molecular genetic methods have been
developed that in many cases may be useful for subtype
identification of bacterial strains.
One of the most commonly used phenotypic tools for
differentiating bacteria is serotyping (70). This approach
sorts strains into distinct classes based on biochemical variations that accrue among bacterial cell surface antigens.
Serotyping has been a mainstay in the bacteriologist’s arsenal and will likely continue to play a key role in distinguishing strains. However, the inability of other phenotypic
methods to recapitulate strain origins and their distribution
patterns has led to development of molecular genetic methods for strain identification and differentiation.
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SNPs and the use of DNA sequence differences to
resolve strains. The most accurate means for strain identification and discrimination is direct examination of DNA
sequences. Random nucleotide mutation, horizontal gene
transfer, and/or intragenic recombination events often give
rise to substitution differences in the genomes of closely
related bacterial strains (97). Single nucleotide polymorphisms (SNPs), whether nonsynonymous (codon altering)
or synonymous (producing no difference in the coded protein), provide potential targets for strain identification.
Strain genotypes that are built upon SNP variation are highly amenable to evolutionary reconstruction and can be readily analyzed in a phylogenetic and population genetic context to (i) assign unknown strains into well-characterized
clusters (clades), (ii) reveal closely related siblings of a particular strain, and (iii) examine the prevalence of a specific
allele in a population of closely related strains. State-of-theart methods include the utilization of comprehensive SNP
collections for the comparison of whole genomic sequences
among closely related bacterial strains (42, 82) and SNP
analysis directly from genomic DNA by flow cytometry of
microspheres (81).

DNA sequence analysis and the targeting of SNPs offer
several advantages over many of the fingerprinting methods. Because each individual nucleotide is a useful genetic
character, the cumulative differences in two or more sequences provide a larger number of discriminators that can
be used to genotype and distinguish bacterial strains, thus
allowing a more determinant and evolutionarily reliable
identification. Genotypic results based on nucleotide variation are unambiguous and do not rely on secondary measurements such as amplicon length or size variations of restriction fragments; two amplicons or fragments, although
identical in size, may not be chromosomally syntenic or
even homologous.
These characteristics of the SNP analysis make this
approach valuable in the legal arena for the microbial forensic community. This technique is well-established in human forensic casework and largely unimpeachable as a molecular determinant for forensic identification (71). Because
most of the PCR approaches based on amplicon size have
yet to be challenged in a legal setting, it is unclear whether
those data would be consistently allowed in legal deliberations.
The utility of SNP analysis was highlighted recently
with the characterization of a B. anthracis strain associated
with the anthrax letters in the autumn of 2001 (82). SNP
analysis also has been used successfully to identify and resolve clinically relevant species and strains of Mycobacterium tuberculosis (43), Helicobacter pylori (33), E. coli
(95), and S. enterica (31).
For both E. coli and S. enterica, where substantial sequence variation exists between individuals, SNPs should
be very informative and could be used to establish a sequence-based strain identification system. Recently, we
have had success in identifying SNPs from the E. coli and
Shigella dysenteriae type 1 mutS gene to subdifferentiate
pathogenic strains into several smaller clades (Fig. 1), some
of which comprise only two individuals (12). Current
DNA-based methodologies for detection of enteric microbes have been aimed at discrimination at the genus, species, or at best the serovar or serotype level. Although important PCR methods exist that can be used to distinguish
among enteropathogenic, enterohemorrhagic, enterotoxigenic, and enteroaggregative E. coli (20, 58, 85, 95), none
of these methods are capable of distinguishing individual
strains from within these groups. Restriction endonuclease–
based strategies for discrimination of pathogenic E. coli,
Salmonella, and Shigella are likewise lacking. Although
PFGE has been used in molecular epidemiology studies,
this method lacks the resolution and discriminatory power
to distinguish individual strains. Its utility for forensic and
legal purposes, therefore, has been questioned.
CLADISTIC ANALYSIS AND THE CULLING OF
SIGNATURE NUCLEOTIDE SUBSTITUTIONS
Synapomorphies. Of particular interest is the development and application of bioinformatics and computational methodologies that will rapidly recognize SNPs and
identify a strain or group of strains containing a specific
SNP. Ideally, each SNP should be evolutionarily informa-
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throughout the bacterial genome. Repetitive PCR fingerprint analysis makes use of particular conserved families of
nucleotide repeat elements (e.g., REP, ERIC, and BOX) dispersed throughout the bacterial chromosome (100). Primers
are used to target these specific motifs and amplify the
chromosomal regions between them. The amplicon pattern
then is a function of the physical location of the repeat
element on the bacterial chromosome.
Another novel molecular strain typing system exploits
the variation in length found among regions of short sequence DNA repeat (SSR) elements in the prokaryotic genome (92). These repeated sequences are contained in a
single locus, a VNTR locus, and analysis reveals length
variability between individual strains (65). Changes in copy
number of repeat sequences among single-locus VNTRs
can be distinguished using flanking PCR primers. The polymorphisms among several different VNTR loci should provide a useful means to discriminate among strains. This
approach, termed multiple-locus VNTR analysis (51), has
been used with some success in distinguishing B. anthracis
strains (51). Because variation among VNTR loci seems to
occur at the individual level and VNTR detection is relatively rapid and simple, this approach is expected to play
a prominent role in strategies for detection and identification of individual microbial strains.
Although the various molecular techniques may be
useful for the differentiation of enteric bacterial strains (27),
it is unclear whether the resultant relationships that emerge
from many of these DNA repeat band-sharing analyses are
evolutionarily meaningful. The current distributions of
many of the genomic elements of enteric bacteria likely
arose by horizontal gene transfer. Because horizontal transfer obscures the evolutionary line of descent, phylogenetic
assignment of ancestry and/or familial relationship for these
elements among strains based on cladistic analysis is largely impossible.
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tive, i.e., capable of defining strains in a phylogenetic context. Synapomorphies are shared derived characters (e.g.,
nucleotide changes) that, when found in common between
two or more strains, serve as a genetic indication of the
relatedness of the strains harboring them (38). These types
of data are highly amenable to evolutionary studies of strain
relatedness. Phylogenetic trees (cladograms) are built hierarchically, combining the synapomorphies as derived from

FIGURE 2. Cladistic (maximum parsimony) concept. The nucleotide sequence matrix at the top consists of seven characters (nucleotide positions) for five hypothetical strains (A through E).
These characters have been transformed into two competing phylogenetic trees (cladograms). The tree to the left (tree 1) has a
length of eight steps (i.e., eight character changes). The tree to
the right (tree 2) has a length of ten steps. Hence, the eight-step
tree is more parsimonious and would be the preferred phylogenetic solution. Specific steps and their positions on the tree are
indicated by bars. The numbers beside each bar denote specific
characters in the nucleotide matrix. Parallel character changes
that were mapped onto the tree twice are indicated by #, and
reversed character changes are denoted by asterisks.

the cladistic analysis of nucleotide sequence data to define
the various groups (clades) of strains (see Fig. 2).
Cladistic analysis. Cladistics, also known as maximum parsimony, is a method of phylogenetic analysis that
can be used to develop testable hypotheses of natural relationships among bacterial strains (38). These hypotheses
of strain relatedness can be tested mathematically and used
for evolutionary discrimination of strains. Clades are defined by synapomorphies so that organisms within a clade
are more closely related to each other than to members
outside of this group. The clades and their synapomorphies
can be illustrated by a cladogram showing the most parsimonious tree (Fig. 2). The approach follows the idea of
Occam’s Razor, i.e., the preferred solution is the simplest
when compared with all other possible competing theories
(the most parsimonious solution). Three basic premises underpin cladistic analyses for bacterial strains: (i) any group
of strains is related by descent from a common ancestor,
(ii) changes in characters occur over time (i.e., DNA mutates), and (iii) divergent evolution occurs between strains.
Cladistic methodology differs from other phylogenetic
algorithms (i.e., nearest neighbor and likelihood approaches) in that it uses the nascent sequence data as characters
and does not invoke an a priori model of gene evolution.
In cladistic phylogenies, character gains and losses throughout evolution are placed on a tree, allowing for robust comparisons between distinct genes or populations to ascertain
the congruence or evolutionary compatibility of various hypotheses of relationships. Because the data used for this
type of cladistic analysis are the DNA sequences themselves, the approach is amenable to the concatenation of
multiple gene sequences into a single data matrix (101).
Because a multilocus sequence analysis can be constructed
for an unknown strain, the addition of gene sequences to
the analysis, providing additional SNPs that define groups,
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FIGURE 1. mutS clades of pathogenic E.
coli and Shigella and their defining signature synapomorphic nucleotide substitutions. (A) Cladogram of mutS nucleotide
sequences from pathogenic E. coli and S.
dysenteriae type 1 strains. Strains are organized into six distinct clades (1 through
6) that are designated by brackets to the
right of the tree. Measures of clade confidence are reported below each node as
bootstrap values. (B) List of signature synapomorphies (SNPs) defining each of the
strain clades. The SNP defining a particular clade is bracketed. Clade numbers are
listed across the top, and the nucleotide
position in the alignment is listed at the
left. This figure demonstrate the utility of
cladistics in the identification of SNPs.
(Adapted from Brown et al. (14).)
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Cladistic analysis for detection of aberrant gene
evolution. Cladistics is a valuable method for the study of
enteric bacterial evolution. It is particularly useful in cases
of enteric gene evolution where a phylogeny of DNA sequences acquired laterally will be incongruent with the phylogenies of stable housekeeping genes or with the phylogeny of the whole chromosome (29). Deviation from a common evolutionary pattern can serve as a signal for horizontal gene transfer and usually indicate a role for
recombination of a particular sequence (Fig. 3). Our laboratory has employed cladistics as an independent and confirmatory method in detecting recombination among mutS
alleles in pathogenic populations of E. coli and Salmonella
(11–14). Cladograms can also reveal a lack of diversity in
specific loci, as for the E. coli polA gene, where recombinational shuffling of polA alleles has led to a near uniform
sequence in the nucleotide binding domain. The underrepresentation of third-position substitutions in this sequence
suggests that a preferred polA allele is being transferred and
maintained among feral E. coli strains (14, 72).
An additional application of cladistic methodology extends beyond the examination of individual alleles. Recently, we mapped segmental polymorphisms in the mutSrpoS genomic region onto a cladogram composed of various enteric species. The most parsimonious solution was a
pattern of evolution for this region that included genomic
expansion by horizontal transfer events and subgenomic rearrangements of DNA from diverse origins (54).
Cladistics also can be used to detect incongruence
within a single sequence. Intragenic fragments that retain
unique histories decoupled from that of adjacent sequences
can be readily identified. Specifically, the ILD test is capable of measuring the evolutionary discordance that exists
within a single gene sequence (35). For example, using the
ILD test and the sliding-window approach, the mutS gene
from Salmonella was identified as an evolutionary mosaic

FIGURE 3. Use of phylogenetic analysis to detect mosaic gene
structure. (A) A gene (x) that has been evolving intact on the
bacterial chromosome will display phylogenetic concordance
when distinct intragenic sections of the sequence are compared
in a phylogenetic context. Trees constructed for taxa A, B, C, and
D across three separate regions of gene x are in perfect concordance. (B) The insertion of a foreign sequence (y) in place of a
portion of gene x often will be detectable through phylogenetic
analysis. In the region of transposed DNA, strains D and B are
in discordance with their phylogenetic positions in the other regions of gene x. ILD testing can aid in delimiting the breakpoints
of foreign DNA that has been inserted into a gene (12).

composed of a recombined patch of DNA surrounded by
two evolutionarily stable flanking sequences (12). Whether
screening DNA sequences for intergenic or intragenic horizontal exchange, such discriminatory power is powerful
for deducing the foreign origins of gene sequences may be
important from a forensic perspective. The lack of diversity
between certain strains may be pivotal in assigning forensic
origins and potential reservoirs from which specific bacterial threat agents emanate.
Cladistic applications should greatly augment subtyping data as they become available for individual enteric
strains. Examination of the diversity or its lack frames these
data in an evolutionary context while allowing for assignments regarding siblings, ancestry, and gene stability. Forensic investigations can benefit from the ability to use cladistic methods to detect horizontal exchanges of gene sequences, either naturally occurring or manmade.
SNPs and biomarkers: a one-two forensic punch.
SNPs are the forensic building blocks from which an evidentiary conclusion regarding strain identification must be
made, and cladistic analysis can be used to identify and
characterize those SNPs. Such applications of this technique has produced major advances in the forensic analysis
of human mitochondrial sequences. The compilation of the
Scientific Working Group on DNA Analysis Methods mitochondrial sequence data matrices in a phylogenetic context has allowed for the rapid identification of SNPs that
can be used to define specific individuals or clades composed of a small number of individuals (3). Once identified
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allows for a substantially more refined resolution of strains.
As an example, our laboratory recently used the combined
sequences of three housekeeping genes (mdh, icd, and
gapA) to fully resolve the S. enterica strains in the Salmonella Reference Collection into a tree reflective of Salmonella subspecies relationships (12).
Several programs are now available that augment cladistic analysis. WINCLADA (67) is a Windows-based cladistics interface that when coupled with NONA, its parsimony search engine (39), is a rapid and powerful analytical
tool. This package is particularly useful for the analysis of
larger data sets containing numerous strains and multiple
gene sequences. PAUP* (90) supports cladistic analysis in
association with detailed statistical and postanalysis tree
confidence measures (e.g., bootstrap, jackknife, g statistic,
and F test). The program also has other cladistic-based
methods associated with it, such as the incongruence length
difference (ILD) test (35), that test for character compatibility and evolutionary congruence among strains. PHYLIP
(36) offers a comprehensive set of phylogenetic analysis
programs, including MAXPARS, a parsimony algorithm for
tree construction.

1275

1276

CEBULA ET AL.

Confounding effects and practical uses of bacterial
mutators. Given the need to establish a solid evidentiary
base for SNP analysis within foodborne pathogen populations, it is important not to overlook the potential impact
of mechanisms that can accelerate bacterial evolution. Understanding these effects is critical to the application of
SNPs to forensic analysis. Bacterial mutators (cells capable
of enhancing the bacterial mutation rate) can invade and
propagate in populations of normal bacteria (87). Such mutators, which constitute more than 1 in 100 isolates of E.
coli and Salmonella (55), can accelerate mutation rates 100to 1,000-fold. In addition to the dramatic effect that mutators have on the basal mutation rate of the bacterial genome, methyl-directed mismatch repair–deficient mutators
may also play important roles in enhancing homologous
recombination between and among bacterial strains and
species (16, 17, 55, 79). Estimates indicate that mutators

can accelerate bacterial adaptation from acquired DNA of
up to 30% divergence (91). Although the effects of mutators on recoverable mutations are minimal in continuous
cultures (.20,000 generations) of E. coli (56), it is unclear
what effect mutators have on the genomes of progeny bacteria that persist within an infected host. Selection pressures
in vivo could have more determinant effects on mutator
biology and alter the interplay between mutators and the
populations in which they reside.
Mutators are a double-edged sword for the forensic
community. Mutators might confound accurate interpretation of the cladistic relatedness and DNA sequence identity
among strains, but they also may delimit the upper limits
of diversifying mutations that occur as a function of in vivo
growth and selection, providing a worst-case scenario. A
typical bacterium falls well short of accruing the levels of
nucleotide diversity that can collect within the mutator over
the same time period. Thus, mutator studies afford the forensic scientist unique opportunities for evaluating whether
evidence linking an individual strain with an intentional
outbreak is incontrovertible.
DETECTION OF FOODBORNE
VIRAL PATHOGENS
Within the context of accelerated evolution, the RNA
viruses, in particular the two most common groups of foodborne viral pathogens, hepatitis A virus (HAV) and Norwalk-like viruses (NLVs), are the yardstick against which
broad genomic diversity can be measured. Detection of
HAV or NLVs by infectivity assays is currently not possible
because of the lack of a cell culture host for human NLVs
and the slow and noncytopathic replication of wild-type
HAV strains. Detection of these viruses normally utilizes
reverse transcription (RT) coupled to PCR (5, 41, 49). Identification of genetic variants of a known pathogen such as
HAV is possible by RT-PCR but is predicated upon postPCR operations such as DNA sequencing or single-strand
conformation polymorphism (40). Another drawback in using PCR or any other nucleic acid sequence–based detection of viral pathogens in food or water is the apparent lack
of correlation between the PCR signal and the infectivity
of the virus (57, 68, 86). However, a methodology has been
proposed to overcome this deficiency (7), and criteria have
been established to discriminate between infectious and inactivated HAV, a necessary requisite for making a nucleic
acid–based detection method relevant to public health concerns.
For this method, a set of RT-PCR primers is positioned
to detect damage in template RNA induced by common
chemical or physical agents (e.g., heat or UV irradiation),
rendering it unsuitable for RT. Priming with oligo(dT)15 and
amplification of virus-specific sequence is then initiated using a collection of primers directed to the 59 end of the
viral genome. Any damage to the viral genomic RNA due
to heat or UV treatment results in a truncated cDNA, which
cannot be amplified by primers targeting the 59 end. The
correlation between residual infectivity following UV treatment and the intensity of PCR signal is excellent, with no
PCR signal detectable for inactivated virus. These experi-
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from a cladogram, the frequency of an SNP can be calculated and its relative importance in a population assessed.
Such information ultimately will determine the degree to
which a particular SNP can be relied upon in evidentiary
proceedings.
Unlike many of the bacteria traditionally associated
with biological warfare, the enteric foodborne pathogens
have broader niches and consequently richer genetic diversity. In coping with a survive-or-die dictum over evolutionary time, the foodborne pathogens have encountered and
overcome the manifold stresses induced by factors such as
oxidative damage, pH changes, and nutrient deprivation.
Thus, these pathogens have many unique phenotypic and
genotypic variations that parse and distinguish the individual from otherwise closely related strains. Even when SNP
analysis has resolved clades to only a limited number of
foodborne isolates (e.g., 1 to 5%), secondary biomarkers
can be utilized in the final delineation of a strain. Given the
prevalence of antibiotic resistance among outbreak and other feral foodborne enteric strains (45), antibiotic resistance
phenotypic patterns could be useful for resolving intractable
clades or could be further exploited at the sequence level.
For example, because widely different virulence factor profiles exist among pathogenic populations of E. coli (50),
differences in these profiles could be extremely useful for
developing individual strain identification strategies. Likewise, subtle metabolic differences can now be exploited
using automated systems to discriminate strains. Phenotype
microarray systems (e.g., Biolog, Hayward, Calif.) are now
available for screening of 2,000 metabolic substrates. Given
the vast number of genes associated with metabolic function within the cell, such a system holds promise for differentiating closely related strains based on alterations of
one or more of these pathways (10). The horizontally derived segmental genomic differences that differentiate many
pathogen populations should not be overlooked as potential
targets for the development of unique and rapid strain identification systems. This approach seems especially promising for pathogenic E. coli, where numerous segmental differences have been identified between and among individual strains (54, 73).
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ments indicate that any detection of an RT-PCR signal in
suspect samples is cause for public health concern.
HIGH-THROUGHPUT GENOTYPING:
METHODS AVAILABLE

Resequencing with high-density microarrays. The
most accurate method for strain identification and discrimination remains determination of the nucleotide sequence of
the DNA itself. Oligonucleotide microarray-based hybridization analysis is a powerful technique that provides a rapid and cost-effective analysis of all possible mutations and
sequence variations in genomic DNA. One application of

FIGURE 4. Resequencing with DNA microarrays. High-density
oligonucleotide-based microarray chip (Affymetrix) carrying
;105 25-nucleotide probe sequences. Genomic regions being investigated are first amplified by PCR in the presence of a fluorescently tagged dNTP. Long PCR amplicons are fragmented
and denatured to maximize hybridization efficiency. The maximum
hybridization signal will be observed for perfectly matched duplexes. SNPs are identified by a loss of hybridization signal resulting from the single mismatch. The exact position and identity
of the SNP is determined by the increased hybridization signal
observed from the single probe that forms a perfect match (59).

this technology, known as resequencing, is a powerful tool
for searching large sections of a microbial genome for the
presence of SNPs that could serve as markers for further
cladistic analyses. The increasing availability of high-density oligonucleotide arrays should allows for the resequencing of tens of thousands of nucleotide positions in parallel on a single chip (19, 59). Most chip-based sequence
analyses have been carried out with arrays designed to evaluate specific sequences and have been produced most often
by using a photolithographic method developed by Affymetrix, Inc. (Santa Clara, Calif.).
In a typical assay (Fig. 4) designed to search both
strands of a target DNA sequence (of length N) for all possible single nucleotide substitutions, an array consisting of
8N probes, typically 20 to 25 nucleotides in length, would
be required. For each position within each strand, four
probes are designed to differ at only one position and represent all possible substitutions at this position (G, A, T, or
C). These probes are designed such that the location of the
base under investigation is in the center position of the
potential target-probe hybrid. This design allows for the
best discrimination for hybridization specificity (60). With
this technique, therefore, an analysis of all possible nucleotide substitutions at every position on both strands of a
30-kb DNA target would require 240,000 probes; standard
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Microarray-based genome composition analysis.
Recent advances in technology are allowing the categorization of bacteria based on their genetic makeup rather than
their phenotypic markers. This genotype information provides a deeper insight into the evolutionary relationships
between species that are phenotypically indistinguishable.
DNA microarray technology is increasing in popularity as
a technique for investigating genetic relationships among
closely related organisms.
Microarray-based genome composition analysis is typically performed by hybridization of labeled genomic DNA
from the organism being investigated to an array of DNA
probes representing all or most of the genes present in a
reference organism. These arrays have typically been constructed by PCR amplification of entire open reading frames
that have been annotated from an organism’s sequenced genome and therefore can provide a comparison between organisms at the resolution of a single gene. A number of
organisms have been analyzed using this method, including
Salmonella (18, 75–77), H. pylori (9, 48, 84), Campylobacter (28), mycobacteria (6), Staphylococcus aureus (37),
obligate endosymbionts of the tsetse fly (1, 2), Shewanella
oneidensis (63), Pseudomonas species (22), and Vibrio
cholerae (30).
Decoding of the complete genome sequence of the
foodborne pathogen S. enterica serovar Typhimurium strain
LT2 (62) allowed researchers to construct an LT2 microarray of PCR-amplified open reading frames that represented
over 97% of the annotated coding sequences from this organism. With this array, the genetic content of the entire
Salmonella clade was surveyed with respect to the Salmonella Typhimurium LT2 genome. Results from these analyses were in agreement with the phylogenetic relationships
predicted from sequence data available from housekeeping
or invasion genes from each of these Salmonella serovars.
Although microarray-based genome composition assays are very powerful for obtaining information on the
genome composition of many strains of a given species,
this technique can be used to categorize genes only as either
present or divergent, based on the amount of signal indicating hybridization to the reference strain (52). Any genes
unique to the strain under investigation will go unnoticed
using this method. Furthermore, the resolution provided by
this technique is limited to a single gene, and therefore this
assay cannot be used to discriminate between identical
strains that differ by only an SNP.
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photolithographic techniques routinely yield 500,000 to
700,000 probes in a small area (1 to 1.5 cm2). To maximize
the hybridization efficiency between target and probe, target
DNA amplification is designed to yield many small (approximately 200 bp) amplicons or several long PCR amplicons that are then fragmented prior to hybridization.

FIGURE 5. Single-base extension assay. Oligonucleotide probes
are hybridized with PCR-amplified denatured DNA. These perfect
match probes end immediately adjacent to the position of the SNP
being investigated. The DNA polymerase–based single base extension is carried out in the presence of ddNTPs. Array-based
SBE assays utilize fluorescently tagged ddNTPs that allow for the
subsequent identification of the incorporated nucleotide using a
microarray scanner. Single base extensions using unlabeled
ddNTPs can be analyzed via MALDI-TOF mass spectrometry to
identify the SNP of interest.

quantification. Among the technologies tested for allele frequency estimation, mass spectrometry detection appears to
be one of the most sensitive. Although potentially capable
of delivering 10,000 to 50,000 genotypes per day at minimal cost, initial set-up fees are significant and have limited
the widespread use of this technique.
Sequencing by synthesis: pyrosequencing. Pyrosequencing is a fairly new technique for investigating short
stretches of DNA by synchronized primer extension. Marketed by Pyrosequencing AB (Uppsala, Sweden), this clev-
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Polymerase-based single base extension methodologies. Single base extension (SBE), or minisequencing, derives from the ability of DNA polymerase to extend a DNA
strand from 59 to 39 in a template-directed manner. Based
on this simple principle, DNA polymerase-based SBE assays have been designed to allow SNP genotyping. This
technique has been applied in many diverse genotyping assays, many of which have become available commercially.
SBE assays are performed initially in a manner similar to
that described for resequencing assays. The allele of interest
is first amplified by PCR, and this amplicon is then hybridized to a complementary oligonucleotide probe that ends
immediately adjacent to the position of the SNP being investigated. The probe is then extended by a single nucleotide by adding DNA polymerase and dideoxy nucleoside
triphosphates (ddNTPs). The missing 39-hydroxyl groups
cause these ddNTPs to act as terminators and therefore prevent the primer from extending more that one nucleotide.
The N 1 1 oligonucleotides can then be analyzed by several methods that can determine the identity of the incorporated nucleotide and therefore reveal the presence or absence of an SNP at that position (Fig. 5).
Various methods are available for determining the
identity of the extended oligonucleotide, including visualization with a confocal scanner (microarray scanning) and
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (44). For visualization
via confocal scanning, the oligonucleotide probes can be
arrayed onto a glass slide at high density (500,000 to
700,000 unique probes per slide). In this, the SBE reactions
would be carried out in the presence of fluorescently tagged
ddNTPs such that each of the four ddNTPs added (G, A,
T, or C) will fluoresce at a different wavelength and therefore emit light that is characteristic of the nucleotide incorporated. This array-based SBE technique is very robust,
has a high success rate, and allows screening for many different SNPs in parallel.
For mass spectrometry-based SBE detection, oligonucleotide probes are not arrayed onto glass slides but rather
used in 96-well or 384-well plates that allow high-throughput robotic automation. These probes typically are modified
at their 59 end to include a streptavidin moiety. Following
PCR amplification of the allele of interest, the amplicon is
denatured and annealed to the oligonucleotide probe, and
the enzymatic SBE reaction is carried out. The ddNTPs
used for these techniques need not be tagged with fluorophores because mass spectrometry detection is based on the
difference in the molecular weight of the N 1 1 extended
probe. The slight differences in the molecular weights of
ddATP, ddTTP, ddCTP, and ddGTP can be quickly (fractions of a second) and easily detected by mass spectrometry. Another benefit of mass spectrometry detection is its
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erly designed method consists of a careful balance of enzyme activities that use pyrophosphate (a normal by-product of DNA synthesis) to generate ATP, which is a substrate
for the enzyme luciferase and results in a quantifiable bioluminescent signal (83).
As for other methods described, the allele(s) of interest
is first amplified by PCR. The amplicons are denatured, and
a sequencing primer is annealed to the single-strand PCRamplified DNA template. This DNA substrate is then added
to a reaction cocktail consisting of the enzymes DNA polymerase, ATP sulfurylase, apyrase, and luciferase. The primer extension reaction is initiated by adding the first of four
dNTPs to the reaction. The DNA polymerase incorporates
the deoxyribonucleotide into the DNA strand if it is complementary to the PCR-amplified template strand. Each incorporation event results in the release of an equimolar
amount of pyrophosphate. ATP sulfhydrase quickly and
quantitatively converts this pyrophosphate into ATP in the
presence of adenosine 59 phosphosulfate. This ATP is then
used by luciferase to convert luciferin to oxyluciferin and,
in so doing, generates stoichiometric amounts of visible

light. A charged couple device camera detects the light produced by this reaction, which is recorded as a peak in a
pyrogram (see Fig. 6). Unincorporated dNTPs are quickly
degraded by apyrase, quickly extinguishing the light, and
the reaction mixture is regenerated. The next dNTP is now
ready to be added, and the series of reactions is repeated
for each dNTP addition.
For bacterial typing and strain identification, pyrosequencing has already proved itself a powerful tool with
many advantages over other methods. Primers can be designed to flank regions known to contain polymorphisms
and real time sequence data can be acquired from many
reactions performed in parallel in as little as 10 min. Pyrosequencing has been used to group 24 naturally isolated
strains of different Listeria monocytogenes serovars by sequence analysis of a short region of the inlB gene covering
the two variable positions (78).
Data acquired with this method reflect underlying allele
frequencies of SNPs in a very accurate and reproducible
way. The stoichiometric relationship between peak height
(displayed on the pyrogram) and the number of nucleotide
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FIGURE 6. Estimation of allele frequency via pyrosequencing. SNP analysis can be performed from pooled sample populations. (A)
Individual isolates of a particular strain of interest are cultured, and genomic DNA is extracted. In this example, 1 of 10 samples
carries a G-A single nucleotide polymorphism within a particular allele. (B) Equal amounts of genomic DNA from each sample are
pooled into a single tube and amplified by PCR using primers specific for the allele of interest. (C) Following PCR, pyrosequencing is
performed on the pooled PCR sample. Pyrosequencing utilizes the pyrophosphate (PPi) produced as a by-product of DNA synthesis to
generate a quantifiable chemiluminescent signal. (D) A pyrogram displays the quantity of light emitted following the sequential addition
of dCTP and dTTP to the pyrosequencing reaction. The relationship between the peak height and number of nucleotides incorporated
at any position allows accurate determination of the allele frequency at any position.
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incorporations allows allele frequencies in a large population to be determined. These allele frequencies can be determined from pools of PCR products and from pooled populations of genomic DNA samples, therefore requiring only
a single PCR amplification step followed by a single sequencing reaction for each region of interest. Allele frequencies as low as 2% can be accurately detected using this
technique (42, 66).
MICROARRAY-BASED DETECTION OF
FOODBORNE PATHOGENS

thousands of different bacterial species based on their
rDNA sequences.
In a second approach, arrays of oligonucleotides can
be generated for detecting genes encoding bacterial antigenic determinants and virulence factors from different bacterial strains. This method could potentially replace many
of the current multiplex PCR-based assays designed to amplify regions unique to an individual serovar (21). For the
detection of E. coli O157:H7 for example, several of the
common target genes for multiplex PCR are the conserved
regions of slt-I, slt-II, and eaeA (64, 102), which mediate
the adherence of the organism to host cells. However, because these regions are not unique to E. coli O157:H7, several more specific target genes have been used, including
rfbE and fliC, which are involved in the biosynthesis of the
O157 and H7 antigens, respectively (8, 26, 47). As an alternative to multiplex PCR, genomic DNA purified from an
individual serotype or from pools of different serotypes
could be fluorescently labeled and hybridized to a microarray that contains one or more oligonucleotide probes complementary to these unique regions. Oligonucleotide microarrays containing probe sequences complementary to
DNA regions encoding serotype-specific antigens from
many different serotypes could be constructed to allow for
the detection of many different strains in parallel.
Viral pathogens. Microarray-based detection of viral
foodborne pathogens has lagged behind that for bacterial
pathogens. As with bacterial pathogens, microarray-based
detection of viruses when developed as a multicomponent
system along with methods for the concentration and amplification of multiple viral genomes in a single sample will
significantly enhance our ability to detect and respond to
emergencies involving major viral diseases. To accomplish
these aims, we are developing a set of RT-PCR primers for
the global and sequence-independent amplification of all
nucleic acid molecules (including viral nucleic acids) in a
sample and then for detection of specific virus strains based
on oligoprobe hybridization in a microarray. Such amplification is made possible by adapting either anti-sense RNA
(aRNA) amplification technology (93) (Ambion, Inc., Austin, Tex.) or PCR-based amplification strategies. Both processes involve synthesis of cDNA using T7 oligo(dT)15 for
the RT step, followed by conversion of the cDNA to double-stranded form using DNA polymerase. For the aRNA
approach, double-stranded cDNA synthesis is carried out
using a combination of RNase H to create nicks in the
RNA-cDNA hybrid and is followed by nick translation with
DNA polymerase. Multiple copies of RNA are then synthesized using T7 RNA polymerase and a mixture of ribonucleoside triphosphates containing one or more labeled
nucleotides. For the PCR-based approach, double-stranded
cDNA synthesis is conducted using tagged random hexamers as the primer for second strand synthesis. PCR amplification is then performed using T7 oligo(dT)15 and
T7N6 as primers. By the incorporation of biotin-labeled
(deoxy)nucleotides during the amplification step, the resulting mixture would be a highly representative population
of biotin-labeled RNA or DNA. Specific sequences (e.g.,
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Bacterial pathogens. The application of DNA microarrays for the detection and identification of bacterial
pathogens in the food supply is in its infancy, but useful
technologies have been developed. These oligonucleotidebased microarrays provide a means for detecting and discriminating among strains of bacteria based on the presence
of short DNA sequences that are unique for each organism.
Short oligonucleotides (20 to 70 nucleotides) arrayed onto
glass slides can potentially probe for the presence or absence of multiple unique gene sequences within a single
bacterial strain. Furthermore, the density at which these
probes can be arrayed allows simultaneously screening for
many unique gene sequences from many different species
in parallel.
Two general approaches using this technique have been
developed and applied by several laboratories to detect
many prominent human intestinal bacteria. In one approach,
a single universal gene is probed for the presence of polymorphic regions that can be used to identify different species. The most widely used example of this approach is the
rDNA genes found in all organisms. Historically, the 16S
rDNA gene sequences have been used to identify and classify different species of bacteria. The presence of highly
conserved regions within the 16S rDNA molecule allows
amplification of this gene in many organisms using a single
universal primer pair. A fluorescently labeled 16S rDNA
amplicon can then be hybridized to an oligonucleotide array
that contains multiple probes that uniquely identify variable
regions within the rDNA strand that differ in bacteria of
different species. This method has been used to detect 20
different human intestinal bacteria from fecal samples (96):
Bacteroides thetaiotaomicron, Bacteroides vulgatus, Bacteroides fragilis, Bacteroides distasonis, Clostridium clostridiiforme, Clostridium leptum, Fusobacterium prausnitzii,
Peptostreptococcus productus, Ruminococcus obeum, Ruminococcus bromii, Ruminococcus callidus, Ruminococcus
albus, Bifidobacterium longum, Bifidobacterium adolescentis, Bifidobacterium infantis, Eubacterium biforme, Eubacterium aerofaciens, Lactobacillus acidophilus, E. coli, and
Enterococcus faecium. Two universal primers were able to
amplify the entire 16S rDNA molecule from all 20 bacterial
species tested, and three oligonucleotide probes specific for
16S rDNA sequences from each bacterial species were sufficient for successful identification. This technique is useful
for detecting multiple types of bacteria with minimal preparation. With the availability of high-density oligonucleotide microarrays, a single array could be used to detect
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HAV or NLV) are detected by hybridization of the RNA
or DNA to an oligonucleotide filter array containing immobilized complementary sequences, and the biotin label
is detected with a streptavidin conjugate, further increasing
sensitivity. If successful, the procedure could be adapted to
glass microarrays and to detection of hybridized probe by
fluorescence. This regimen would achieve identification at
the level of virus strain, as currently envisioned for bacterial
pathogens.
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In the aftermath of 11 September 2001, food security
measures have proceeded in parallel with food safety procedures to ensure that our nation’s food supply remains the
safest and most wholesome worldwide. The possibility of
intentional contamination of our food supply makes it necessary to include a microbial forensic component in our
existing system. Forensics would allow prompt pathogen
identification at the strain level, thus permitting proper attribution of the contaminating agent. Although recent efforts have emphasized the select agents that may be introduced intentionally into foods, foodborne pathogens are just
as likely to be used as agents of bioterrorism. As pointed
out in a Science News Focus, others share this thought even
at a time when the lists of bioterrorist weapons do not include agents such as E. coli and Salmonella (32).
Although the goal of forensic discrimination of E. coli,
Salmonella, and the other typical foodborne pathogens
seems daunting, the task may be more readily achievable
than it appears. We are dealing with versatile enteric organisms, each carrying unique sets of phenotypic characters, traits that help define distinct niches. These phenotypic
properties have been exploited in the food safety arena for
years. Genotypic signatures that have accrued over millions
of years of evolution are now accessible by a variety of
molecular techniques. Those techniques are likewise being
exploited in genotyping protocols. The combinatorial power
of these phenotypic and genotypic methods should allow
the unique personalities of individual strains to be revealed.
The analysis of these traits, both phenotypic and molecular,
within a cladistic framework would elucidate to the unique
fingerprints of microbes that could be used for purposes of
bioterrorism. The database obtained would serve the needs
of the microbial forensic community should a suspect strain
have to be identified within statistical certainty. The database will also be helpful for public health laboratories and
other food safety entities in their continual surveillance to
ensure a safe food supply.
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