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ABSTRACT

Advances in molecular technologies and automated instrumentation have provided many opportunities for improved
detection and identification of microorganisms; however, the upstream sample preparation steps needed to apply these advances
to foods have not been adequately researched or developed. Thus, the extent to which these advances have improved food
microbiology has been limited. The purpose of this review is to present the current state of sample preparation, to identify
knowledge gaps and opportunities for improvement, and to recognize the need to support greater research and development
efforts on preparative methods in food microbiology. The discussion focuses on the need to push technological developments
toward methods that do not rely on enrichment culture. Among the four functional components of microbiological analysis
(i.e., sampling, separation, concentration, detection), the separation and concentration components need to be researched more
extensively to achieve rapid, direct, and quantitative methods. The usefulness of borrowing concepts of separation and con-
centration from other disciplines and the need to regard the microorganism as a physicochemical analyte that may be directly
extracted from the food matrix are discussed. The development of next-generation systems that holistically integrate sample
preparation with rapid, automated detection will require interdisciplinary collaboration and substantially increased funding.

A great deal of effort is spent on improving microbi-
ological methods. Each year, dozens of articles are pub-
lished, and hundreds of presentations are made at scientific
meetings in the category of ‘‘microbiological methods re-
search.’’ News items and press releases routinely herald de-
velopments of methods that promise more rapid and spe-
cific detection of microorganisms. These efforts are highly
commendable, given the difficulty, length of time, and ex-
pense associated with detecting and differentiating micro-
organisms.

Much of the research efforts, however, involve only the
final portion of the procedure, i.e., the detection or identi-
fication of the microorganisms. The ‘‘upstream’’ portions
that deal with sampling and sample preparation are often
overlooked. It is easy to understand why this is so. The
detection and identification aspects appeal to what is nat-
urally interesting to microbiologists, i.e., the intrinsic char-
acteristics of the microorganisms, which can be exploited
to differentiate one from another in an analytical method.
The unique metabolic traits, structural components, anti-
genic constituents, or nucleic acid sequences comprise the
cellular targets around which novel and very specific de-
tection or identification methods may be designed. The
huge advances in genomics and molecular microbiology are
uncovering ways to very specifically distinguish one mi-
croorganism from another, and they offer many opportu-
nities for novel application in methods research.
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Despite these efforts and advances, the food microbi-
ologist is often disappointed to find that the novel detection
technologies have not been developed with the food matrix
in mind. The upstream sample preparation steps necessary
for working foods into the novel assays have not been con-
sidered. In general, novel analytical technologies are often
developed for clinical microbiology applications—under-
standable, perhaps, due to the lucrative nature of the clinical
diagnostics market. In foods, the combination of low levels
of contamination and the complexity and diversity of sam-
ple matrices provides challenges when trying to adapt novel
molecular-based detection technologies outside of the clin-
ical realm. Biodefense and environmental interests have
served to broaden applications beyond the clinical focus by
supporting research in improved testing of air, water, and
environmental surfaces, but applications of the novel tech-
nologies to foods are still relatively uncommon.

Ideally, methods for preanalytical sample preparation
of foods should accomplish one or all of the following
functions: separate target cells from the food, increase their
concentration, purify them from extraneous material and
nontarget biota, achieve volume reduction in bulk samples,
produce a homogeneous sample, and exclude inhibitory
substances. Unfortunately, a food matrix is a tough chal-
lenge, which limits or defeats many novel method appli-
cations. Foods are messy and nearly unlimited in variety,
so that a ‘‘catch-all’’ preparative method seems virtually
impossible to develop. Also, despite our best efforts to pre-
pare the matrix for detection, residual, food-associated
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compounds frequently interfere with the detection assay.
So, although novel detection technologies will continue to
be sought to improve the efficiency of analysis, for the food
microbiologist, it is the upstream portions of the procedure,
i.e., those involving sampling and food sample preparation,
which need the greatest research attention now.

Novel technologies aside, a closer look needs to be
taken at upstream procedures, even as they are applied to
traditional detection technologies. There is inconsistency, if
not guesswork, in the ways in which various food samples
are prepared for standard (cultural) microbiological analy-
sis. While the detection and identification procedures are
generally straightforward and well described, preparative
methods are sometimes based on best judgment or personal
experience rather than well-validated scientific study.

In this article, we discuss the current state of sample
preparation and the hurdles to overcome in achieving more
rapid microbiological analysis of foods. Although the in-
consistency and lack of standardization in preparative meth-
ods for traditional, enrichment-based analysis is recognized
as an important issue, this discussion focuses on the need
to push technological developments toward nonenrichment
analysis for speed, quantification, and applications in which
enrichment may not be possible. It is hoped that an out-
growth of this discussion will be greater recognition of the
knowledge gaps and of the need to support research on
preparative methods for food microbiology.

THE WAY IT IS

Microbiological methods may be classified by the type
of data generated, i.e., qualitative or quantitative, and a
sample preparation method may need to be chosen depend-
ing on the type of data needed. Qualitative assays are de-
signed to detect and identify the presence of a particular
microorganism or microbial group. Quantitative assays pro-
vide estimates of the population of a microorganism or
group of microorganisms in a sample. Virtually all the path-
ogen detection methods available in food microbiology are
qualitative (presence or absence) rather than quantitative.

Qualitative assays generally include the technique of
enrichment culture as a starting point. Enrichment culture
involves adding the food (after some type of preparative
step) to an appropriate nutritional medium and incubating
for many hours to allow the target microbial cells to grow.
Enrichment culture conditions are designed to meet the spe-
cific growth requirements of the target organism(s) while
inhibiting, to the greatest extent possible, the growth of
other microorganisms. Thus, the target population, which
is often present at low levels relative to the ‘‘background’’
microorganisms in the food, is amplified relative to the
background microbiota. Enrichment culture may also help
to revive microbial cells that may have been stressed or
injured by exposure to chemical or physical treatments used
in food production or processing. Typically, in the enrich-
ment procedure, a 1:10 dilution of the food matrix is made
(e.g., 25 g of food in 225 ml of enrichment medium); thus,
interferences from the food in the detection assay may be
reduced. Enrichment culture is an extremely sensitive tech-
nique, because it can promote the amplification of a single

cell to levels �103 CFU/ml of enrichment broth, at which
point detection is possible.

Although enrichment culture techniques are the stan-
dard means by which to deliver the food matrix to a detec-
tion assay, they are problematic in certain respects: they are
lengthy and compromise rapid analysis; they are not avail-
able for certain important targets, e.g., viruses, parasites,
fastidious bacterial pathogens; they may fail to detect cer-
tain targets, e.g., sublethally injured microorganisms, if the
enrichment conditions are not permissive to their growth;
and they do not allow for enumeration of the target microbe
in the sample, a notable exception being the combination
of enrichment culture with the most-probable-number tech-
nique. As generally used, enrichment culture effectively
‘‘erases’’ valuable information about initial microbial num-
bers within a sample, downgrading a potentially quantita-
tive test into a qualitative one.

Enrichment methods have served us well for decades;
however, as food microbiology enters the 21st century,
there is a need for enumerative data on pathogen contam-
ination. For example, enumeration is necessary to achieve
improved understanding of the kinetics of microbial growth
or inactivation, to assess microbial behavior in foods and
processing environments for devising effective controls, to
estimate microbial populations for surveillance purposes,
and to inform quantitative risk assessments. While previ-
ously considered very difficult to obtain, i.e., by most-prob-
able-number analysis, enumerative data for specific patho-
gens in foods may become easier to generate by using more
rapid quantitative molecular assays, such as quantitative
real-time PCR.

THE WAY IT COULD BE

It should be clear from the previous discussion that
reduction of total assay time with production of enumera-
tive results would be the ideal scenario for foodborne path-
ogen detection. Although many rapid assays have been in-
troduced that use a variety of detection platforms (including
PCR), they are still generally qualitative and rely on a time-
consuming enrichment step to increase population levels to
reach the lower limits of detection of the assays. If time is
not an issue, then enrichment provides a simple solution to
the problem of obtaining sufficient target for the assay;
however, given the speed and capacity of global food pro-
duction and distribution networks, time is the limiting fac-
tor, and analytical shortcuts are critically needed to take us
rapidly from the initial food sample to detection.

Nonetheless, assay developers still focus on improving
the detection component of the assay, and continue to rely
on the availability of enriched samples. Our thesis is that
the development of rapid detection methods in isolation is
inadequate if we are to eventually move the field of food-
borne pathogen detection forward. The fact remains that
detection is a final downstream event that has little intrinsic
value if it is not closely integrated with critical upstream
inputs such as effective separation of target cells from the
food matrix and their subsequent concentration to a suitable
volume. The dilemma would be solved by developing ef-
ficient non–enrichment-reliant methods to separate targets
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FIGURE 1. Functional components of food microbiological anal-
ysis.

from the food matrix and concentrate them to sufficient
levels for delivery to the assay, which ideally would pro-
duce quantitative data.

A HOLISTIC VIEW OF FUNCTIONAL
COMPONENTS

Regardless of whether qualitative or quantitative out-
puts are desired, there are four functional components of
any method: sampling, separation, concentration, and de-
tection. The relationship of these functional components to
each other is shown in Figure 1.

Sampling. Sampling, which involves considerations of
unit size (e.g., volume, mass, number) is usually dictated
by the purpose of the analysis (e.g., lot acceptance, screen-
ing, surveillance, outbreak investigation) and some knowl-
edge of the microbial load and distribution of the target in
the sample. Practical constraints of time and cost are also
a factor. The International Commission on Microbiological
Specifications for Foods has written extensively on sam-
pling and the development of sampling plans for food prod-
ucts (29, 30). Information addressing specific sampling pro-
posals for various commodities, as well as a spreadsheet
tool for calculating acceptance probabilities for foods hav-
ing different bacterial loads, have been made available as
free downloads from the Internet (http://www.icmsf.iit.
edu/main/home.html). Sampling, therefore, is not discussed
further in this article, although its importance in the design
and usefulness of any detection assay is critical.

Detection. How best to arrive at detection from sam-
pling is the pursuit of all methods researchers. In an ideal
world, a food could be analyzed directly, in real time, with
detection of microorganisms immediately after sampling.
Electronic nose and tongue technologies are continually im-
proving, yet reliable ‘‘sniff and find’’ or ‘‘taste testing’’ of
foods for the presence of microbes are goals that are still
far from practical realization (4, 43, 51, 64, 78). Current
detection assays use a variety of formats and instrumenta-
tion, beyond the scope of this discussion.

Concentration. Because target microorganisms may
be present at very low levels, and it is necessary to process
large volumes (�25 g, and as much as 375 g in some
cases), concentration is an essential functional component.
In other words, there is a need for some means by which
to increase the number of targets into a volume compatible
with the chosen detection assay. This ‘‘concentration’’ cur-

rently is achieved by target amplification methods: tradi-
tionally by enrichment culture (which involves amplifica-
tion of cell numbers), but also by PCR (nucleic acid am-
plification) and some immunoassays (ligand binding or sig-
nal amplification). During enrichment, a food microbe
multiplies from as few as a single cell to millions or billions
of cells, while the volume of the enrichment medium does
not change. This is effectively a multiplication-based con-
centration of the initial inoculum, as the sample volume
remains the same.

Nucleic acid amplification methods such as PCR are
capable of enriching a single specific DNA or RNA se-
quence up to a million-fold in a few hours and provide a
detection limit as low as a single copy of the nucleic acid
target. A primary advantage of this technology as applied
to the detection of foodborne pathogens is the theoretical
potential to replace cultural enrichment with specific nu-
cleic acid sequence enrichment, thereby substantially de-
creasing time to detection. Furthermore, these methods
have high specificity of detection and can facilitate the
identification of microorganisms that are difficult or im-
possible to culture, two additional features of interest to the
food microbiologist. Unfortunately, sample volume con-
straints (PCR uses volumes of a few microliters rather than
milliliter volumes) are an important limitation of PCR and
as the technology is currently marketed, can only be over-
come with prior cultural enrichment.

Separation. Concentration usually goes hand in hand
with perhaps the functional component most overlooked in
food microbiology: separation, or the removal of food ma-
trix components that might interfere with detection. Sepa-
ration constraints are also the factor that most often pre-
vents the application of very rapid methods. Food-associ-
ated inhibitory substances are often recalcitrant to removal
steps and frequently inhibit the activity of the enzymes used
in nucleic acid amplification, as well as reagents of im-
munoassays and biosensor components. Enrichment culture
may help to reduce interference from particulates or bio-
chemical inhibitors, simply through dilution (20), but gen-
erally, additional dilution steps or separation techniques are
still needed to remove inhibitors present in the enrichment
culture sample.

If our ultimate goal is to reduce time to detection, elim-
inate the need for cultural enrichment, and provide quan-
titative data on pathogen load, the techniques chosen for
preanalytical sample processing must adequately address
the separation and concentration issues that plague environ-
mental and food microbiologists: concentration to achieve
sample-size reduction and target amplification, and sepa-
ration of pathogens and removal of inhibitory compounds
associated with the matrix. Benefits of such separation-con-
centration techniques include not only increased sensitivity
(lower detection threshold), but also earlier and easier de-
tection (74). An apt analogy would be comparing the ease
and efficiency of shooting fish in a barrel of clear water
versus shooting the same number of fish in a murky lake.
It is clear that extraction, removal, and/or separation of cells
from the foods in which they are dispersed, or to which
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they are attached, is the major technological hurdle that
must be addressed in methods research. Various categories
of separation methods and their underlying principles are
compared in Table 1.

AS OLD AS MODERN MICROBIOLOGY

Although the importance of sample preparation to suc-
cessful detection of microbial pathogens in foods is under-
going a period of renewed recognition, the need for meth-
ods capable of separating and concentrating cells from sam-
ple matrices is as old as modern microbiology. Early ex-
amples (1905 to 1930) include descriptions of chemical
precipitation with alum or combinations of sodium hypo-
sulfite and lead nitrate for concentration of Bacillus typho-
sus from large volumes of water (92); electrophoretic con-
centration of bacteria, including Staphylococcus aureus and
Bacillus coli from liquid suspensions or urine (71); and a
method for ‘‘baiting’’ acid-fast bacteria with paraffin as a
means of separating them from buffer-based soil suspen-
sions (22). The remarkable timelessness of these early ap-
proaches attests not only to the ingenuity of these early
investigators, but also to the basic and lasting nature of the
problem: the underlying need to first separate and concen-
trate microbes from sample matrices so that we may then
detect them. Unlike these early researchers, we have an
almost cornucopic abundance of high-purity chemicals,
novel materials or components, and off-the-shelf processing
instrumentation at our disposal. There has never been a bet-
ter time for addressing (and hopefully solving) the basic
problems of preanalytical food sample preparation.

SEPARATION AND CONCENTRATION METHODS

Methods of separation and concentration of microor-
ganisms from foods can be categorized as physical, chem-
ical, adsorptive, bioaffinity-based, etc. Many methods ac-
tually apply any number of these general principles in com-
bination (7, 80). Furthermore, separation and concentration
schemes can be used singly or in combination, but in all
cases, the goal is to provide a sample of extremely small
volume with high recovery of the target pathogen and re-
moval of inhibitory compounds. Some of the more com-
monly used separation principles are described below brief-
ly.

Physical separation. Centrifugation and filtration offer
effective primary means to separate pathogens from foods.
Although useful and available in ‘‘souped-up’’ versions
(e.g., continuous centrifugation versus batch, tangential
flow filtration versus ‘‘dead end’’), they are cumbersome,
often do not provide adequate separation alone, and must
be followed by other more refined methods.

Adsorptive processes. Metal hydroxides, resins, and
lectins have been used to capture bacteria so that they can
be separated from foods. These methods can be quite ef-
fective in reducing sample volume and removing inhibitors,
but their performance differs with both target pathogen and
sample matrix.

Bioaffinity separation. Biological reagents may be
used to separate targets from food matrices by virtue of

their specific recognition capabilities. The coupling of an-
tibodies to magnetic beads in immunomagnetic separation
was recognized two decades ago (76) as a way to both
separate and concentrate specific bacterial cells from a food
matrix. Bacteriophages have also been used as specific sep-
arators (6). Although initially applied to relatively small
sample volumes (1 to 10 ml), recent advances are facilitat-
ing application to more realistic sample sizes of �25 g and/
or the use of ligands other than antibodies (e.g., aptamers
or phage). These methods have the advantage of high spec-
ificity and binding avidity, but they are usually specific to
a single bacterial species (and sometimes a specific serovar,
as, for example, in the case of Escherichia coli O157:H7).
The use of immunomagnetic separation in the 2006 spin-
ach-associated outbreak of E. coli O157:H7 infections in
the United States vastly assisted the investigation and speed
of resolving that public health emergency.

Additional tools. The various methods available for
separation and concentration of bacterial cells from foods
have been comprehensively reviewed elsewhere (7, 80). Ta-
ble 1 summarizes these methods by general category, their
principles of operation, specific examples of each, and their
relative advantages or disadvantages.

Physical and biochemical challenges of the food ma-
trix. The sheer variety of foods that make up the human
diet presents unique challenges to the successful separation
and concentration of cells for downstream detection. Even
a seemingly simple commodity category, such as ‘‘vege-
tables’’ comprises not only different plant species, but also
different physical preparations: sliced, shredded, fresh, fer-
mented, etc. The range and diversity of surfaces available
for potential microbial colonization is dizzying enough for
fresh vegetables; however, the creation of additional surface
area, decompartmentalization of tissues or physical inocu-
lation of tissue interiors that accompanies processing, fur-
ther complicates the physical environment from which we
seek to extract target microbes. Adding further to the com-
plexity of finished foods is that most contain multiple in-
gredients, from mixed commodity groups (e.g., a spiced
chicken sandwich with vegetables and cheese), with each
ingredient contributing unique physical properties and en-
dogenous microbiota. The challenges to adequate cell sep-
arations from such environments are many and include par-
ticulate matter, fats, biochemical or inorganic food com-
ponents, and the presence of nontarget microbiota. For ex-
ample, particulates can foul filters or coprecipitate with
target cells, serve as microniches from which cells are hard
to extricate, interfere with visual or optical analyses, and/
or nonspecifically bind and sequester probes or stains. The
fat–water balance of a food can affect partitioning of the
cells within the matrix, and many food ingredients, includ-
ing fats, proteins, divalent cations, and phenolic com-
pounds, can act as PCR inhibitors. Nontarget microbiota,
especially when present in high concentrations, cause ad-
ditional difficulties for the food microbiologist interested in
detecting and quantifying comparatively low numbers of
target cells. Additional intrinsic physical factors complicat-
ing the microbial analysis of foods include viscosity (prob-
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lematic for pipetting, centrifugation, or filtration), hetero-
geneous distribution of target cells (microcolonies, ‘‘hot
spots’’), the presence of biofilms or microbial aggregates,
and ‘‘inhibitors’’ of optical analysis, such as autofluores-
cence from plant tissues.

BORROWING CONCEPTS

Although the fields of food, environmental, and clinical
microbiology represent separate and specialized subdisci-
plines, they also share many of the same basic needs and
goals, including those of obtaining a representative sample,
effectively separating cells from the sample matrix, con-
centrating them into an analytically relevant volume, and
labeling them for detection. Whether a microbiologist is
analyzing pâté, sludge, or sputum, many of the same pro-
cedures are common to all three fields. As food microbi-
ologists, we need to be aware of developments in such par-
allel (or even more distant) fields, and remain open to ap-
plying methods or solutions shown to be useful for solving
similar sample preparation problems in other complex, non-
food matrices.

More generally speaking, it may also be useful to bor-
row concepts (as well as expertise) from other disciplines.
Approaching or reframing a biological problem as a prob-
lem in chemistry or physics, for example, may be a useful
means by which to generate novel solutions. In food chem-
istry or biotechnology, extraction of valuable compounds
from plant or animal tissues involves several steps, from
disruption of the tissues for release of the compound, to its
eventual separation, concentration, and purification from
the tissue lysate. Biochemical analyses may be done at each
stage of sample preparation in an effort to evaluate the pu-
rity of the compound. In a similar fashion, the process of
separating, concentrating, and purifying microorganisms
from foods may also be framed as a problem in analytical
chemistry. Simply stated, we need to view the microorgan-
ism as a physicochemical analyte. This change in thinking
may be the first step toward successful appropriation of
‘‘nonmicrobiological’’ tools and techniques from other dis-
ciplines for application toward food-based analyses. By
way of example, detection of foodborne viruses may be
instructive. For the nonenrichable viral pathogens, detection
relies on PCR (or actually, reverse transcription PCR); how-
ever, product-specific techniques for separating and concen-
trating viruses from the food matrix rely on treating the
viruses as proteins, thereby using protein precipitation
(polyethylene glycol, acid precipitation) and elution (alter-
nation in ionic conditions and manipulation of pH) tech-
niques to promote extraction and concentration of the vi-
ruses from the matrix. In the world of foodborne viruses,
sample preparation is key and based on simple principles
of chemistry.

EXAMPLES OF THINKING ‘‘OUTSIDE THE BOX’’

An excellent example of this type of interdisciplinary
cross-pollination is in the application of capillary electro-
phoresis to whole microbial cells for the purpose of ‘‘sep-
arating microbes in the manner of molecules’’ (3). Another
example of how we might reexamine a microbiological

question through the lens of chemistry is Sharpe’s proposal
in 2003 (74) for a possible ‘‘mass action’’ effect governing
the detachment of bacterial cells from food matrices. In the
closed environment of a stomacher bag, Sharpe notes, bac-
terial detachment proceeds until cells in suspension reach
an apparently limiting concentration—a ‘‘wall’’ beyond
which no further detachment is observed. A possible mech-
anism for such an effect may involve competitive processes
such as cell readsorption to food particles, which may them-
selves increase in concentration as a food sample is agitat-
ed. If a mass action or equilibrium-based effect is involved,
it may be possible to drive the detachment ‘‘reaction’’ to-
ward completion based on classic physicochemical inter-
action mechanisms.

Investigation of natural processes may provide inspi-
ration for novel methods of cell separation from liquid
foods or food slurries. An excellent example is that of bub-
ble-mediated movement of microbes in aquatic environ-
ments (77). Briefly, bubbles rising through the water col-
umn come in contact with suspended microbes through a
process of interception and attachment. As the bubbles con-
tinue to rise, additional cells may be collected. The bubbles
burst when they reach the water’s surface, ejecting the at-
tached cells, where they may become aerosolized. The ef-
ficiency of this bubble-mediated microbial scavenging de-
pends on a number of factors, including bubble size and
motion, the surface properties of the bacterial cell, and si-
multaneous interceptive collection of surface-active mate-
rials at the bubble’s surface. Bubble-mediated transfer can
theoretically concentrate bacterial cells by factors ranging
from hundreds or thousands of times their concentrations
within the bulk fraction of the water (10, 12, 18, 89). This
type of natural ‘‘physical enrichment’’ has been document-
ed to increase virus concentration up to 50 times that in the
bulk phase (5). Evaporative concentration and aggregative
effects known to occur during aerosolization of virus par-
ticles (84) may be other strategies that can be borrowed in
devising physical concentration measures.

Use of this effect for adsorptive bubble-based separa-
tion of microbial cells from bulk fluids is not a new phe-
nomenon, and has in fact been capitalized upon for more
than half a century (87). Originally adapted from the min-
ing industry for separation and concentration of precious
metals and minerals, flotation-based methods for recovery
of microbial cells have been used advantageously by bio-
process engineers for separation of bacteria, yeasts, and al-
gae from fluid bioreactors (69, 85, 87). Similar applications
for foods may therefore be informed by the extensive
knowledge bases present in the allied fields of environmen-
tal microbiology and bioprocess engineering. Interestingly,
one early study using bubble-mediated processes for en-
richment of Serratia marcescens from liquid suspensions
showed that pigmented variants of this organism were con-
centrated to a higher degree than were nonpigmented strains
(16). This type of effect, attributed to strain-to-strain, pig-
ment-mediated differences in cell surface hydrophobicity,
may indicate the potential for selective concentration of
pigmented bacteria of importance to food microbiologists,
such as some strains of Cronobacter (formerly Enterobac-
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ter) sakazakii. Taking fresh perspectives on old problems
by borrowing concepts from fields outside of food micro-
biology may be a powerful means for effecting change and
advancing the state of the art for pre-analytical food sample
preparation.

Another set of principles that may facilitate the con-
centration and separation of pathogens from foods capital-
izes on the active participation of living microbes. Because
these approaches depend on a contribution from the mi-
crobes themselves (motility and taxis or chemical change,
for example), they might be termed ‘‘collaborative’’ in na-
ture—with the microbe signaling its presence and facilitat-
ing its own recovery from the food. A good example of a
collaborative approach is optimized Penn State University
broth (37). Food samples inoculated into this semisolid me-
dium pass first through an anaerobic recovery stage at the
bottom of the tube, and then migrate to the surface of the
medium where they effect a color change (formation of a
black zone due to esculin hydrolysis). The selective agents
in Penn State University broth suppress the growth of com-
petitive microbiota, such as Bacillus spp., yet still allow
recovery of injured listeriae. Migration of Listeria to the
surface of the medium effectively separates motile (e.g. vi-
able) cells from the food matrix and its associated inhibi-
tors, and allows the cells to signal their presence through a
color change; it also concentrates them where they can be
easily accessed for additional testing if so desired (37).

Another motility-based collaborative approach for the
separation and concentration of microorganisms from com-
plex (nonfood) samples includes ‘‘baiting,’’ in which motile
target cells are enriched at a solid surface, usually immersed
in liquid. Solid surfaces can be the sole source of carbon
added to the system (as with paraffin, described below), or
a substrate to which the microorganisms are naturally at-
tracted and preferentially colonize. Examples include par-
affin baiting, which has been used to isolate acid-fast bac-
teria from soils or Nocardia spp. and Pseudomonas aeru-
ginosa from clinical samples (22, 47, 48), and the use of
pollen or hair, which can serve as baits for the isolation of
motile zoospores of Actinoplanes spp. from soil (60). More
recently, a bacterial ‘‘trap’’ has been described for the im-
proved isolation of actinobacteria from soil or sediment
(25). The device is a diffusion chamber containing sterile
agar, bounded on either end by semipermeable membranes.
The bottom membrane, which is in contact with the soil
sample, has a 0.2-�m pore size that permits the free dif-
fusion of nutrients and allows entry of filamentous bacteria
and their subsequent growth, while excluding fungi. The
trap was found to boost cultivation rates from marine sed-
iments from 0.05% on petri dishes to 40%, thereby per-
mitting the isolation of rare and previously ‘‘uncultivable’’
bacteria (25). The timeframes for these approaches, as de-
scribed, typically range from 2 days to several weeks and
rely not only on attraction of existing cells to the bait, but
also on concomitant enrichment via growth. A method
much more rapid would need to be devised if a similar
approach were to be adapted for the ‘‘collaborative’’ iso-
lation of pathogens from foods. However, perhaps our ex-
panding knowledge of bacterial chemical communication

will enable the syntheses of organism-specific signaling
molecules or their analogs, which then may be used as che-
moattractants to lure these target organisms into capillaries
as a means of isolating them from food slurries—perhaps
for direct processing and analysis via capillary-based, so-
called lab-on-a-chip–type detection systems.

‘‘Cutting out the middleman’’: direct extraction of
microbial analytes from the food matrix. Although our
primary focus so far has been on the need to separate and
concentrate intact (and ideally living) microbes from com-
plex food matrices, there are some instances in which a
route more direct from matrix to measurement may be pos-
sible. For tests such as PCR and some types of immuno-
assay, which detect ‘‘disembodied’’ cellular components,
we can think of the cell simply as a carrier for freighting
and delivery of the target analyte to a point of analysis.
Because of their relatively large sizes, microbial cells are
inherently easier to manipulate via physical means such as
centrifugation and filtration than are individual macromol-
ecules. Once delivered to a suitable collection point (i.e.,
the surface of a filter, the bottom of a microcentrifuge tube),
cells may be lysed to release the target analyte for detection.
For highly labile analytes such as some forms of RNA, the
‘‘packaging’’ provided by the microbial cell may help en-
sure intact delivery to the point of analysis.

In some situations, it may be possible to cut out the
middleman (the need to deal with intact microbial cells),
so to speak, by extracting diagnostic microbial analytes di-
rectly from the food matrix. The direct extraction of my-
cotoxins from foods prior to their detection sets a precedent
for this type of approach, where physicochemical methods
such as supercritical fluid extraction can be used to remove
microbial analytes such as mycotoxins from bulk food ma-
trices like flour (98); however, mycotoxins are relatively
hardy molecules secreted by toxigenic fungi into their local
environments. It may be possible to use similar bulk ex-
traction processes for other analytes more labile that are
compartmented (and protected) within intact microbial cells
distributed throughout a food, with the cells, their contents,
and the surrounding food matrix treated as a single bulk
sample from which target macromolecular analytes are ex-
tracted for detection.

Compared with standard microbiological means for de-
tecting cell growth (i.e., appearance of a colony on a plate
or an increase in turbidity of a liquid culture), the tools of
analytical chemistry and molecular biology are orders of
magnitude more sensitive, allowing detection of just a few
molecules. With this type of approach, the problem can be
(literally) boiled down to an exercise in detection of micro-
bial macromolecules instead of microbial cells, and prepar-
ative chemical methods such as solvent extraction or high-
performance liquid chromatography (HPLC) can also be
leveraged to sift through the chaff for the molecule(s) of
interest. A recent example of this type of approach is the
use of a guanidinium thiocyanate–phenol–chloroform ex-
traction and physical disruption with zirconium beads for
the direct isolation of Lactobacillus lactis rRNA and
mRNA from cheese (49). These authors found that this in-
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tense physicochemical treatment was capable of simulta-
neously disrupting the cheese matrix, lysing cells of this
starter culture, and inhibiting endogenous RNases that may
have otherwise degraded target RNA in the sample.

Thinking even further outside the box, Lang et al. (41)
used supercritical fluid extraction and HPLC analysis to de-
tect microbial reduction-oxidation components (e.g., ribo-
flavin, flavin adenine dinucleotide, or hemin) from bacteria
associated with sand and soil, with an ultimate intent of
developing tools capable of detecting extraterrestrial micro-
bial life. A similar approach for detection of other microbial
biomarkers (neutral lipids, phospholipids, dipicolinic acid,
for example) from environmental and clinical samples sug-
gests that, in some cases, food microbiologists may also cut
out the middleman through direct extraction of microbial
analytes from food matrices (91). While this approach may
be desirable in some situations, a critical limitation is that
subsequent cultural analysis is not possible, as it would be
with methods capable of extracting living microbial cells
from foods.

CURRENT REALITIES: IMPROVING
ENRICHMENT-BASED METHODS

Shortening lag time and cultivating the uncultiva-
ble. Recognizing the limitations of cultural enrichment, and
ultimately aspiring to methods that forgo this step, we
should also recognize that enrichment, in some form, will
realistically be a feature of the microbiological landscape
for some time to come, and that it still has a valid role to
play in methods for microbial detection. This stated, we
might also aspire to improve it. A key drawback to enrich-
ment processes is that when microbial cells are transferred
to a new environment, they exhibit a lag phase—a period
during which cell division is arrested. Typically explained
simply as an ‘‘adjustment’’ period in which cells are adapt-
ing to new conditions, recent evidence suggests that bac-
teria experience true stresses during transfer from one me-
dium to another. Cuny et al. (19) used strains harboring
appropriate lacZ-reporter fusions and proteomic analyses to
demonstrate that transfer of exponential-phase E. coli to
agar plates immediately induced global stress regulons in-
cluding those for heat shock and oxidative stress. The lag
phase is of considerable practical importance to food mi-
crobiologists, as it may add several hours to overall time
to detection for assays dependent on an enrichment step
(19). New knowledge of what microbial cells are experi-
encing at a molecular level during a transfer from one me-
dium to another, or perhaps more significantly, from a
stressful food environment to laboratory growth media,
may suggest approaches for shortening or even someday
bypassing any significant lag phase.

Observations of microbial responses to microgravity
and advances in our understanding of bacterial chemical
communications may also pay dividends in our efforts to
shorten or eliminate the lag phase. Remarkably, experi-
ments conducted in space and in simulated microgravity
conditions on Earth (low-shear modeled microgravity
[LSMMG]) show significant effects on microbial growth
kinetics, including shortening of the lag phase and gener-

ation times, extension of exponential growth, and higher
final growth yields as compared with controls grown under
normal gravitational conditions (56). For example, for E.
coli grown in liquid media aboard the space shuttle, lag
times were up to 4 to 8 h earlier than for matched ground
controls (33, 36), and the lag phase for Saccharomyces cer-
evisiae grown under LSMMG conditions was shortened by
90 min as compared with cultures grown under ‘‘regular’’
conditions (67). Similarly, generation times for Salmonella
Typhimurium grown under LSMMG conditions were also
noted to be 25 to 30 min shorter than for controls grown
under normal conditions of gravity (56). The mechanisms
underlying these observations have not been elucidated, but
could stem from altered mass transfer equilibria governing
nutrient uptake and metabolite removal from the cell’s im-
mediate environment, or from effects of low gravity on
mechanosensitive processes that microbes may use to sense
and respond to their environments (36, 56). These obser-
vations suggest that culture under microgravity or LSMMG
conditions may have significant implications for modula-
tion of bacterial growth kinetics, with potential applications
to food microbiology. Further studies might focus on the
effects of microgravity or LSMMG on growth kinetics of
cells grown in the selective media used for enrichment of
foodborne pathogens and the impact of these conditions on
cellular production of target macromolecules (surface an-
tigens, mRNA, rRNA, etc.) used for rapid detection of these
pathogens.

Another fundamental limitation of enrichment stems
from the fact that some organisms are uncultivable on ar-
tificial media, either because these media do not meet some
unknown nutritional requirement of the organism, or be-
cause some aspect of the cell’s physiological state prevents
it from growing (i.e., the cell is in a viable but not cultur-
able, or VBNC state). Apart from the use of diffusion
chambers or ‘‘bacterial traps,’’ which allow growth of oth-
erwise-uncultivable organisms under the ambient nutrition-
al conditions of their natural environments (25, 34), other
approaches may also be leveraged to initiate or promote the
growth of uncultivable microorganisms, including the use
of spent media containing unspecified, autostimulatory
compounds (90, 95), coincubation with protective ‘‘helper’’
cultures (50), or the addition of defined signaling mole-
cules, such as short peptides (55). In the case of spent or
‘‘conditioned’’ media (sterilized supernatants from cultures
of either stationary-phase E. coli or exponential-phase Lis-
teria innocua), these were found to shorten lag times for
E. coli and L. innocua by up to �50% (90, 95). Although
the exact nature of the autostimulatory compound(s) pres-
ent in these supernatants is not known, the effect is none-
theless remarkable. If such an approach could be used to
reliably promote the growth of wild-type food pathogen
isolates, the undefined and ‘‘raw’’ nature of this technique
could make it especially valuable, as it should be relatively
simple and low cost to implement (versus addition of a
potentially costly, defined synthetic agent to media). To
avoid false positives from inadvertent inoculation of oth-
erwise-negative enrichment samples, great care would be
required to ensure sterility of the added supernatant.
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The recent use of helper bacteria to facilitate growth
of Prochlorococcus spp. in laboratory media provides an-
other example of how cultural conditions might be modified
to enhance an enrichment outcome for an organism that
does not respond to traditional conditions. Although no im-
mediate corollary for this example is apparent for food-
based applications, it was hypothesized that these helper
cultures may be instrumental in reducing oxidative stresses
experienced by Prochlorococcus spp., stresses already
known to limit the growth of sublethally injured foodborne
pathogens (79). Such helper cultures might also actively
produce signaling molecules capable of initiating or stim-
ulating the growth of otherwise-uncultivable bacteria. A
case in point is the recent discovery of a biologically active
eight–amino acid peptide capable of stimulating the growth
of a marine bacterium isolate (55). It is not known if this
peptide is identical to, or simply similar to, a factor ex-
pressed by a cultivable helper organism observed to pro-
mote the growth of this isolate, but its activity is clear.
Interestingly, the same uncultivable marine isolate also re-
sponded to unknown factors expressed by Salmonella Ty-
phimurium, highlighting the potential for wider cross-spe-
cies chemical communications that may have direct appli-
cations in food microbiology.

In summary, there are a number of potential tricks that
food microbiologists might be able to borrow from envi-
ronmental microbiology. These may allow us to shorten lag
time, cultivate otherwise-uncultivable organisms, and ma-
nipulate the population composition of nonselective enrich-
ments. Together, these potential strategies highlight the no-
tion that while cultural enrichment is not quite perfect, it is
also not quite dead, and therefore may still remain valuable
for some time to come.

Alternative dilutions. It is important to recognize that
standard methods developed by governmental regulatory
agencies and now widely used by food microbiologists
worldwide were generated in response to prevailing con-
ditions of the day. Because nothing in science is static,
these methods may contain historical elements or motiva-
tions, and should therefore not be considered as exempt
from periodic reevaluation. One canonical element in food
microbiology that may bear reexamination is the decimal
dilution.

Dilution serves a number of functions: it enables us to
count (via extrapolation from the 25 to 250 countable CFU
on a plate) the number of CFU present in the original, un-
diluted sample; it effectively removes food particles, in-
tense coloration, or opacity that may interfere with accurate
counting of colonies on a plate; and it facilitates removal
of inhibitory substances such as antimicrobials or metabolic
end products that may interfere with cell growth. Dilution
also removes biochemical inhibitors that may interfere with
molecular methods such as PCR. Decimal dilutions not
only effectively serve these functions, but they are also in-
tuitively calculated, and are therefore convenient and sim-
ple. The standard analytical unit is 25 g of food; however,
when pathogens may be present at very low levels and/or
may be heterogeneously distributed within a bulk food sam-

ple, the use of a larger analytical unit can increase chances
for detection (62, 63, 97). If the same dilution ratio is used,
though, the amount of media required may quickly become
burdensome and expensive, especially if a large number of
increased-volume samples must be examined (63, 97).
Thus, the cost of microbiological media may represent a
significant economic barrier to the use of nonstandard pro-
cedures, such as examination of larger analytical units.

To address these concerns, several laboratories have
recently sought to compare the performance of alternative
dilutions and/or less expensive nonselective media against
that of more commonly used dilutions (i.e., 1:10) and more
complex, selective media for recovery of various patho-
gens. For example, Guerini et al. (26) evaluated 12 different
media for their abilities to support the growth of E. coli
O157:H7. Both selective and nonselective media were ex-
amined at 37 or 42�C, under static or shaking conditions,
and doubling times for each condition were calculated. The
eight top-performing media from this initial round of test-
ing were scrutinized further for practical factors, including
cost and ease of use (26). The best-performing, most prac-
tical medium was found to be Trypticase soy broth (TSB),
with static incubation at 42�C. Initial data from this study
also indicated that a 1:3 ratio of sample to medium was
equivalent to a 1:10 ratio in a test-and-hold procedure for
E. coli O157:H7 on beef samples (26). In a subsequent
study by this same group, Bosilevac and Koohmaraie (13)
investigated the use of reduced volumes of TSB for enrich-
ment of E. coli O157:H7 in raw beef prior to detection via
PCR, including two commercial tests. Volumes tested were
3, 1, 0.5, and 0� TSB, where the 0� treatment represented
incubation of the meat without added medium, which was
followed by a postincubation homogenization in 1 volume
of TSB. These authors found that presence or absence de-
tection of E. coli O157:H7 in ground beef via immuno-
magnetic separation culture or PCR was not affected by the
volume of TSB used for enrichment, and that optimal re-
sults for all test and sample conditions examined were ob-
tained by using 1 volume of TSB per unit of sample. In
another study reassessing both media requirements and en-
richment ratios, Oyarzabal et al. (63) investigated buffered
peptone water supplemented with blood and antibiotics as
a potential replacement for Bolton broth for enumeration of
thermotolerant Campylobacter spp., and also compared a
1:4 enrichment ratio with the standard ratio of 1:9. These
authors found that modified buffered peptone water at an
enrichment ratio of 1:4 was statistically similar to Bolton
broth or buffered peptone water used in the traditional ratio
of 1:9 (63).

Together, these studies suggest the utility (and the pos-
sibility) of using nonstandard or alternative dilutions and/
or nonselective media in enrichments for various pathogens.
Apart from the economic advantages associated with re-
duced media consumption, the ability to use lower levels
of media and/or nonselective media may have additional
benefits, such as physical concentration of cells from large
analytical units into relatively small amounts of media and
assay simplicity. Potential drawbacks of this type of ap-
proach may be the effects on the growth of background
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microbiota at different sample to medium ratios, especially
for nonselective enrichments (13), and a lack of dilution for
foods formulated with preservatives or other growth inhib-
itors (97). Additionally, the higher fat or biochemical in-
hibitor content expected in less dilute media could affect
recovery rates via immunomagnetic separation or amplifi-
cation via PCR.

PUSHING FORWARD NEXT-GENERATION
SYSTEMS: PRACTICAL CONSIDERATIONS

Keep it simple: sampler. Complex is not always bet-
ter. Although some sampling, separation, or concentration
approaches may involve specialized instrumentation (e.g.,
wet vacuum–based surface sampling, recirculating immu-
nocapture, continuous flow centrifugation), some samples
may be amenable to the use of approaches much simpler
and less capital intensive. Examples include the use of
Scotch tape (or similar adhesive tapes) for sampling of pro-
duce, meats, or food contact surfaces (9, 24); Kimwipe ab-
sorbent tissues for recovery of Listeria monocytogenes
from stainless steel surfaces (86); and simple filtration or
centrifugation steps for PCR-based detection of Salmonella
or E. coli O157:H7 from chicken rinsate, alfalfa sprouts or
mung bean, and sprout irrigation waters (32, 93). Advan-
tages of very simple methods for sampling or sample prep-
aration include their relative ease to learn, apply, and trou-
bleshoot, the wide availability of the raw materials or
equipment needed to conduct the assay, speed (as a result
of fewer and/or more rapidly accomplished steps), accept-
able or improved efficacy or reproducibility vis-à-vis exist-
ing methods, and reduced expense on both per-assay and
capital investment bases.

Magnetic capture hybridization. Elsewhere in this ar-
ticle, we have promoted the idea of reframing our thinking
about whole microorganisms to treat them as simple bio-
chemical analytes. Because turnabout is fair play, we may
also leverage methods that have been primarily applied to
whole cells for the separation and concentration of bio-
chemical analytes such as DNA from complex samples. An
example is magnetic capture hybridization (MCH), a con-
ceptual cousin to immunomagnetic separation. In the MCH
approach, magnetic particles are decorated with nucleic
acid probes designed for hybridization-based capture of
specific nucleic acid sequences.

MCH is beneficial on at least two levels: it provides a
physical approach for purification of nucleic acids away
from inhibitory substances found in the food matrix, but it
also enriches for specific nucleic acid sequences, allowing
these to be selectively purified away from nontarget nucleic
acids that could arise from either nontarget bacteria or from
the food matrix itself. Downstream detection of MCH-cap-
tured nucleic acids can then be performed via either PCR
(1) or reverse transcription PCR (31), and has been applied
to the detection of L. monocytogenes in milk (1) or Sal-
monella in artificially contaminated soil or chicken manure
(31).

Alternative binders. Molecular-recognition events
play critical roles throughout the biological world, medi-

ating processes as diverse as DNA replication, genetic reg-
ulation of biochemical pathways, selective uptake of nutri-
ents, directed transport of proteins within a cell, chemotax-
is, cell-cell communication, and attachment of bacteria to
host cells or of phage to bacteria. Antibody binding and
nucleic acid hybridization exemplify how the power of
these naturally evolved molecular-recognition mechanisms
can be harnessed for use in diagnostics, allowing detection
of specific cellular components. Other types of naturally
occurring binder-ligand interactions can also be exploited
for detection of target biomolecules. At the level of the
whole cell, these might also be used as a means for sepa-
ration and concentration of target organisms from physi-
cally and microbiologically complex food environments.

Theoretically, any type of interaction that allows cap-
ture and/or concentration of biomolecules or cells can be
used diagnostically. These include interactions based on
simple, charge-based affinities, as well as more specific
mechanisms, such as lock-and-key docking. For some sim-
ple capture applications, high specificity is not prerequi-
site—bioaffinity reagents capable of nonspecifically adsorb-
ing microbial cells could be used for first-level capture of
a variety of microbial cells or structures present in a sample,
similar to the present use of metal hydroxides or silica par-
ticles for this purpose (80, 96). Natural molecules that have
attracted interest as alternative binders include antibiotics,
proteins such as lectins and pig gastric mucin (83), or pep-
tide binders, including antimicrobial peptides (2, 54). Syn-
thetic or engineered binder molecules include DNA or RNA
aptamers (54, 65), recombinant antibodies or antibody frag-
ments (21), combinatorial binders based on randomizable
protein scaffolds (38, 61, 75), artificial antibodies, or ‘‘plas-
tibodies’’ based on molecularly imprinted polymers (54),
and synthetic glycopolymers (66).

The effective use of an alternative binder involving
magnetic beads functionalized with porcine gastric mucin
for pre-PCR binding and concentration of human norovi-
ruses has been demonstrated (17, 83). Histo-blood group
antigens are carbohydrate eptitopes present on human gut
mucosal cell surfaces that serve as receptors for noroviruses
(28). Tian et al. (83) found that porcine gastric mucin con-
tains a mixture of histo-blood group antigens able to bind
human noroviruses, and took advantage of this result to
develop a porcine gastric mucin–mediated magnetic capture
method for concentrating noroviruses belonging to geno-
groups I and II. Using this approach, these authors were
able to concentrate and detect noroviruses in spiked feces,
with a 2-log improvement in sensitivity over their existing
RNA extraction procedure (83). Cannon and Vinje (17)
demonstrated the utility of histo-blood group antigen–coat-
ed magnetic beads to recover low levels of noroviruses
from environmental waters. Polyclonal antibodies have
been used similarly in the magnetic concentration of no-
roviruses; however, human norovirus antibodies are typi-
cally strain specific, which may significantly affect the de-
velopment of broadly reactive, sensitive reagents. The
widespread use of pigs as food animals provides a ready
source of porcine gastric mucin, which could provide an
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additional economic incentive for use of this protein for
norovirus capture and concentration.

The dilemma of sublethally injured cells. Proof of
concept work for most detection protocols is carried out by
using laboratory cultures—pure cultures or well-defined
mixtures of known isolates grown under optimal condi-
tions. We expect these cells will be healthy and vigorous,
producing abundant quantities of the target structures or
molecules necessary for detection. Ideally, we would hope
that cells extracted from foods would be in as good con-
dition and as robust as those grown in media. For some
combinations of pathogens, foods and growth conditions,
we may be able to approach, if not meet, this ideal situation.
More commonly, though, we can expect that our samples
may contain cells exposed to stress conditions common to
foods or food processing environments, including salt, ex-
tremes of temperature (hot or cold), limited water avail-
ability or desiccation, acidic conditions, nutrient limitation
or starvation, natural or applied antimicrobials, buildup of
toxic metabolites, or any combination of these. These con-
ditions may induce physiological (and on occasion, genetic)
responses that affect cellular characteristics such as cell
shape, size, flagellar expression, surface charge or hydro-
phobicity, and macromolecular integrity or content. Unfor-
tunately, these cellular characteristics may also be those we
seek to take advantage of for separation, concentration, and/
or detection of target cells from foods.

Presuming we are able to effectively separate stressed
or dormant target cells from the food matrix and concen-
trate them into an analytically suitable volume, they still
may contain degraded structures or low levels of target
macromolecules, both of which could affect our abilities to
detect them. Although an enrichment step may enable the
repair, resuscitation, and robust growth needed to counter
the negative effects of stresses from the food environment,
enrichments are time-consuming and confound attempts at
quantitative detection. In some cases, brief exposure of ex-
tracted cells to nutrients may facilitate sufficient production
of target molecules to enhance detection within timeframes
where substantial cell proliferation would not be expected
to occur. An example is the brief postsampling exposure of
L. monocytogenes to a dilute nutrient medium, which stim-
ulates increased production of rRNA, facilitating detection
of these cells by using a combination of Listeria-specific
fluorescence in situ hybridization and flow cytometry (15).
In this example, cells of L. monocytogenes that had been
growing for 1 week on vacuum-packaged turkey hot dogs,
under conditions of mild temperature abuse (8�C), were ex-
posed to dilute (1:4) deMan Rogosa Sharpe broth and in-
cubated at 30�C for 70 min. Cells treated in this fashion
demonstrated increases in both light scatter and fluores-
cence, indicating the beginnings of cell elongation as might
occur during the stationary phase, as well as enhanced pro-
duction of the probe’s rRNA target. This approach enabled
full separation of the L. monocytogenes population from the
particulate and nontarget microbial backgrounds when
viewed by posthybridization flow cytometry. The term nu-
trient amendment may be used to describe this sort of pre-

analytical resuscitative step, differentiating this use of liq-
uid growth media (or other nutrient source) from the mul-
tiplication-based term enrichment.

Recovery and detection of living cells. An inherent
advantage of culture-based detection methods is the ability
to confirm the viability of the isolate. Nucleic acid–based
methods are limited in this regard because they cannot de-
finitively differentiate living or dead pathogenic bacteria, as
DNA is very stable and quite persistent in the environment.
Recently, the DNA-intercalating agents ethidium mono-
azide and propidium monoazide have been used in con-
junction with PCR for the selective detection of live cells
of a variety of foodborne pathogens (58, 59, 70, 88). These
compounds selectively penetrate the membranes of dead
cells and form stable DNA monoadducts on photolysis, re-
sulting in DNA that cannot be amplified. With further op-
timization, an approach such as this may help address the
problem of detection of nonliving cells.

Although the current legal and regulatory climate has
not yet addressed this issue, the time is coming when one
or more pathogen-specific nucleic acid sequences will like-
ly be evidence for contamination and may serve as a con-
firmation step. This may be particularly important for the
nonculturable agents (such as the noroviruses). For the time
being, PCR methods for pathogen screening are easily de-
fensible if followed by culture-based confirmation.

Lysis and nucleic acid extraction. Because nucleic
acid is an internal component of microbial pathogens, both
lysis and subsequent nucleic acid purification must precede
PCR. In fact, the reliability of nucleic acid–based detection
approaches depends in large part on the purity of the target
template and the number of target molecules. Therefore,
DNA or RNA extraction methods have several purposes:
(i) to make the nucleic acids available for amplification and
detection, (ii) to provide for further sample concentration,
and (iii) to remove residual matrix-associated inhibitory
substances that might remain even after the initial pathogen
concentration steps are completed. This is particularly ap-
parent when dealing with low template level, which is in
fact the issue with low levels of contamination. Over the
course of the last decade, many commercial kits and even
some automated systems have been produced to facilitate
nucleic acid extraction, and some are designed specifically
for use in complex sample matrices. While facilitating de-
tection, further improvements to make these methods more
user friendly with better extraction efficiencies are needed
to further improve limits of detection that can be achieved
by using PCR-based detection methods.

Validation and cost. The need for a new vision for
preanalytical sample processing technology is clear, if we
are to move foodborne pathogen detection methods forward
so that they can be truly more rapid while also offering
enumerative capabilities. As newer methods become avail-
able, they will need to be fully validated and standardized.
In fact, some of this validation burden could potentially be
alleviated by the introduction of sample purification and
preparation methods to remove interfering compounds prior
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to detection. Additionally, the introduction of sample pu-
rification might increase the range of sample types that
could by analyzed by using a single-assay format.

Unfortunately, the introduction of sample preparation
steps to the front end of detection will likely increase test-
ing costs and complexity. Issues surrounding complexity
can be alleviated by automation, again at a cost. The end
user will need to recognize that improved time to result,
and the greater value of enumerative data will not come
without attention to preanalytical sample processing and its
associated costs.

Instrumentation design: next-generation systems. A
common trend in the design of new microbiological detec-
tion systems is the development of instruments that can be
used at or near the location where the sample is obtained,
as opposed to collecting the sample and transporting it to
a laboratory for subsequent processing and detection. This
trend is forcing instrument developers to build systems that
are smaller, lighter, and more rugged than systems available
today. Additionally, it is forcing instruments to become
more user friendly for operation by less experienced or
well-trained staff. This trend will drive future sample prep-
aration approaches, since these methods will need to be
automated and integrated along with next-generation detec-
tion instrumentation. These smaller and more user-friendly
instrument profiles will also need to address sample con-
centration so that nucleic acid or immunological targets are
presented to the detection module in smaller volumes.

Next-generation PCR systems under development si-
multaneously detect many different pathogens from a single
sample. This is currently done either by multiplexing (per-
forming many tests in the same sample volume) or by per-
forming large numbers of independent, but parallel reac-
tions. Regardless of the approach used, both methods rely
on the ability to generically purify nucleic acids from a
sample without regard to sequence. In other words, any
DNA present in the sample will be purified regardless of
the type of origin of that DNA. There are advantages to
this approach: if only sequence-specific purification meth-
ods were available, then many different purification reac-
tions would have to be performed to test a single sample.
In this case, then, the sample preparation technology is ac-
tually facilitating the ability to detect multiple targets and
hence multiple agents. The success of multiplexing and
chip-based molecular approaches has led to a desire to use
a similar approach for next-generation immunological de-
tection systems whereby many different immunological tar-
gets could be detected simultaneously from a single sample;
however, the lack of generic protein purification approaches
is a significant impediment to these efforts.

Another trend prevalent in the development of rapid
detection platforms is to use multiple different detection
strategies to analyze a single sample. In the relatively near
term, this would involve combining PCR- and immunolog-
ical-based detection strategies into a single-instrument plat-
form. The use of multiple detection strategies based on a
highly parallel, redundant, orthogonal testing strategy could
improve the confidence in and accuracy of rapid test results;

however, this approach has significant implications for sam-
ple preparation, since the system would not only need to
employ multiple detection methodologies, but would also
be required to produce samples appropriate for two or more,
perhaps very different, detection platforms. For this type of
system, the best sample processing method would be to use
a single, universal strategy capable of purifying all target
molecules simultaneously, thereby eliminating the need to
split the sample. However, there are no currently available
methods capable of copurifying multiple targets, such as
nucleic acids and proteins, or nucleic acids and cell mem-
branes.

In the final analysis, the development of fieldable, in-
tegrated, and automated detection systems that are capable
of multianalyte detection will drive the need for new and
novel sample preparation strategies. For the most part, the
sample preparation strategies needed for these next-gener-
ation systems do not exist today and a significant effort will
be required for their development, automation, and integra-
tion.

SUMMARY

Over the past several decades, many improvements
have been made in the microbiological analysis of foods,
particularly with respect to detection platform. Enrichment
culture, coupled with molecular recognition of microbial
targets, currently provides the greatest sensitivity and spec-
ificity of detection. However, this workhorse of the micro-
biological laboratory is not applicable in important cases
(e.g., viruses, parasites), is not readily amenable to quan-
titative needs, and perhaps most importantly, has not al-
lowed us to circumvent the need for lengthy cultural en-
richment. Together, these issues impede our progress to-
ward truly rapid detection (time to result, �4 h) of patho-
gens in foods.

To make truly rapid detection a reality, we must devote
major efforts and resources to developing strategies that
will ultimately reduce our reliance on enrichment culture.
Such strategies must involve a holistic consideration of the
component parts (sampling, separation, concentration, de-
tection) in an integrated analytical scheme. It is particularly
critical to devote greater time and resources to developing
practical, simple, and reliable separation and concentration
technologies, with an eye on the microorganism as a phys-
icochemical analyte. Perhaps the most difficult aspect of
this task will be the methodical application of these tech-
nologies to the full spectrum of existing food commodities
and potential contaminating microbes. Nevertheless, we
need to begin somewhere, and a logical direction is by pro-
moting interdisciplinary collaboration and directing ade-
quate funding resources to solving this long-standing prob-
lem.
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68. Rossmanith, P., B. Süß, M. Wagner, and I. Hein. 2007. Development
of matrix lysis for concentration of gram positive bacteria from food
and blood. J. Microbiol. Methods 69:504–511.

69. Rubin, A. J., E. A. Cassel, O. Henderson, J. D. Johnson, and J. C.
Lamb III. 1966. Microfloatation: new low gas-flow rate foam sepa-
ration technique for bacteria and algae. Biotechnol. Bioeng. 8:135–
151.

70. Rudi, K., K. Naterstad, S. M. Drømtorp, and H. Holo. 2005. Detec-
tion of viable and dead Listeria monocytogenes on gouda-like chees-
es by real-time PCR. Lett. Appl. Microbiol. 40:301–306.

71. Russ, C. 1909. The electrical reactions of certain bacteria, and an
application in the detection of tubercle bacilli in urine by means of
an electric current. Proc. R. Soc. Lond. Ser. B Biol. Sci. 81:314–322.

72. Schindler, B. D., and L. A. Shelef. 2006. Immobilization and detec-
tion of Listeria monocytogenes. Appl. Environ. Microbiol. 72:4426–
4428.

73. Seo, K.-H., P. S. Holt, H. D. Stone, and R. K. Gast. 2003. Simple
and rapid methods for detecting Salmonella enteritidis in raw eggs.
Int. J. Food Microbiol. 87:139–144.

74. Sharpe, A. N. 2003. Separation and concentration of samples, p. 52–
68. In T. A. McMeekin (ed.), Detecting pathogens in food, 1st ed.
CRC Press, Boca Raton, FL.

75. Skerra, A. 2008. Alternative binding proteins: anticalins—harnessing
the structural plasticity of the lipocalin ligand pocket to engineer
novel binding activities. FEBS J. 275:2677–2683.

76. Skjerve, E., L. M. Rorvik, and O. Olsvik. 1990. Detection of Listeria
monocytogenes in foods by immunomagnetic separation. Appl. En-
viron. Microbiol. 56:3478–3481.

77. Snyder, J. C., B. Wiedenheft, M. Lavin, F. F. Roberto, J. Spuhler, A.
C. Ortmann, T. Douglas, and M. Young. 2007. Virus movement
maintains local virus population diversity. Proc. Natl. Acad. Sci.
USA 48:19102–19107.
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