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Preface

The food industry, with its diverse range of products (e.g. short shelf-life
foods, modified atmosphere packaged products and minimally processed
products) is governed by strict food legislation, and microbiological safety has
become a key issue. Legally required to demonstrate ‘due diligence’, food
manufacturers are demanding analytical techniques that are simple to use, cost
effective, robust, reliable and can provide results in ‘real time’.

The majority of current microbiological techniques (classical or rapid),
particularly for the analysis of foodborne pathogens, give results that are only of
retrospective value and do not allow proactive or reactive measures to be imple-
mented during modern food production. Rapid methods for microbial analysis
need to be considered in the context of modern Quality Assurance (QA) systems.

This book addresses microbiologists, biochemists and immunologists in the
food industry, the public health sector, academic and research institutes, and
manufacturers of kits and instruments. This volume is an up-to-date account of
recent developments in rapid food microbiological analysis, current approaches
and problems, rapid methods in relation to QA systems, and future perspectives
in an intensely active field.

P.D.P.
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1 History of and prospects for rapid and
instrumental methodology for the microbiological
examination of foods

D.A.A. MOSSEL, CM.L. MARENGO and C.B. STRUIJK

1.1 Introduction

The modest start, made in the 1920s, with microbiological safety assurance —
initially of milk and dairy products, later, to a lesser extent, of other foods — was
modelled after the well-established matrix of ensuring the chemical integrity of
food products. This originated from a branch of science termed ‘bromatology’.
It attempted to attain two main purposes: (i) to avoid the ingestion of foods
contaminated with toxic elements including arsenic, mercury and lead; and (ii)
to control the nutritive value of staple foods by detecting elevated water content
or increasing the weight by adulteration, i.e. the addition of non-nutritive
materials. The public was protected against such frauds by monitoring the food
supply at points of sale. If a contaminant or untoward stretching was observed,
the food was eliminated from the trade. This strategy was quite successful in
assuring the chemical safety and quality of foods for two reasons: (i) the
unwanted constituents were rather homogeneously distributed in the food, so
that any sample of sufficient size drawn from a consignment for analysis repre-
sented the lot; and (ii) the concentration of the analytes sought was fairly
constant in time, further contributing to the reliability of data obtained on
samples (Mossel et al., 1994).

It could have been anticipated, right from the beginning, that this scenario
could not even be expected to be applicable to ensuring microbiological food
safety. First and foremost none of the circumstances identified above as contrib-
utory factors to the efficacy of the retrospective approach apply in microbiology.
In the vast majority of foods, microorganisms are erratically distributed,
depriving negative results of tests of any significance (Mossel and Drion, 1954;
Habraken et al., 1986). Moreover, except for endospores of bacteria and
ascospores of moulds and yeasts, microbial populations of foods bear an
outspoken dynamic character; as a rule they either decrease or increase in
numbers of viable cells during storage and distribution (Mossel and Struijk,
1992), making the prediction of the microbiological condition of foods at the
moment of ingestion quite insecure. This awkward situation was compounded
by a tremendous shortage of readily available reliable analytical techniques
(Mossel, 1987). Whereas bromatological examination of foods dated back to
early in the 19th century, selective-diagnostic methods required in the microbio-

P. D. Patel (ed.), Rapid Analysis Techniques in Food Microbiology
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2 RAPID ANALYSIS TECHNIQUES IN FOOD MICROBIOLOGY

logical monitoring of foods had to be borrowed from clinical microbiology until
about 1960 — and still partly have to. Finally, while in bromatology, as well as
clinical microbiology, one discipline, i.e chemistry and medicine respectively,
was responsible for scientific progress and strategic decisions, food microbi-
ology was practised by six different professional groups. These include food
science, veterinary medicine, pharmacy, biology, agricultural sciences and, to a
lesser extent, medicine, which markedly hampered progress and above all the
elaboration of effective management policies (Mossel, 1991a).

It was therefore not at all surprising that the transmission of foodborne
diseases with a microbial aetiology was far from being brought under control
(Mossel, 1989; Bean and Griffin, 1990; Skjerve and Johnson, 1991; Bautista et
al., 1992; Du Pont, 1992). On the contrary, intoxinations provoked by
Staphylococcus aureus, Bacillus cereus and a few allied bacilli and a scala of
pressor-amine-producing bacteria (Mossel et al., 1994), but particularly the
incidence of the most prevalent food-transmitted infectious enteric disease —
salmonellosis — increased rather than decreased (Hedberg er al., 1991; Tauxe,
1991; Luby et al., 1993). Meanwhile, the aggressive serotype Salmonella enteri-
tidis came to the fore (Hedberg et al., 1991; Barnes and Edwards, 1992; Van der
Giessen et al., 1992; Vugia et al., 1993). It was joined by a multitude of entero-
pathogenic agents whose aetiological role was identified, or that re-emerged,
since the early 1960s. A selection of the most striking examples is collected in
Table 1.1. This dim picture was aggravated by the identification of a broad
spectrum of systemic complications, often very serious, occurring as a sequel to

Table 1.1 A few enteropathogenic agents transmitted by foods, identified after about 1960, when
salmonellae, Staphylococcus aureus, Clostridium perfringens and Clostridium botulinum had been
well established as foodborme pathogens

Pathogen Main source of transmission Reference

Adenovirus 40, 41 Faecal contamination Jarecki-Khan et al. (1993)
Aeromonas hydrophila Waterborne contamination Thomas et al. (1990)
Astrovirus Faecal contamination Lew et al. (1991)
Campylobacter spp. Chicken and pork Nachamkin et al. (1992)
Citrobacter spp. Faecal contamination Schmidt er al. (1992)

Cryptosporidium parvum  Calf, lamb, poultry, pig; Gatti et al. (1993)
waterborne contamination
Cyclospora cayetanensis Not yet clearly established  Bean and Griffin (1990); Long et al. (1991)

E. coli, enterohaemorrhagic Beef Le Saux et al. (1993)
pathotype(s)
Hafnia alvei Not yet clearly established Westblom and Milligan (1992);
Albert et al. (1992a); Reina et al. (1993)
Listeria monocytogenes, Ubiquitous in the farm Amgar (1991); Goulet et al. (1993)
serotype 4b environment
Norwalk virus group Faecal contamination Kapikian (1993)
Providencia spp. Faecal contamination Albert et al. (1992b)
Shigella spp. Faecal contamination Hedberg et al. (1992b)
Toxocara canis Animal environment Salem and Schantz (1992)

Vibrio vulnificus Waterborne contamination Wachsmuth er al. (1993)
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4 RAPID ANALYSIS TECHNIQUES IN FOOD MICROBIOLOGY

a primary spell of gastroenteritis, in itself of a relatively mild nature (Mossel,
1989; Mossel et al., 1994).

There was, nonetheless, no shortage, in academic circles, of recognition of
the futility of simply mimicking, in attempts to assure microbiological safety,
what had ensured chemically sound food. As shown in Table 1.2, since about
1920 professorial ranks in the USA, the UK and France alike have emphasised
that the retrospective approach had to be replaced by a prospective one (Mossel,
1989). Their messages were not heeded, however, until the 1970s. At that time
Dr H. Bauman, chief microbiologist for a leading American food manufacturing
company, suggested a complete change in course with respect to ensuring
microbiological food safety (Bauman, 1974). Instead of relying on post mortem
inspections of doubtful significance of samples of uncontrolled history, he
advocated the introduction of a forward control strategy. Microbiological
hazards had to be identified and faulty practices and procedures to be rectified
before any monitoring would make sense. Bauman introduced the term ‘hazard
analysis and control of critical points’, abbreviated to HACCP (Bauman, 1990).
This strategy became extremely popular and is now, some 20 years after its
introduction, generally accepted by professional circles (Amgar, 1992; Bryan,
1992; Mossel et al., 1992; Pierson and Corlett, 1992; Shakespeare et al., 1992;
Macler and Regli, 1993). In Europe, Lord Hugo Plumb of Coleshill, a leading
politician with an agricultural background, strongly recommended to extend
HACCP from raw material to, and including, serving — ‘from farm to fork’
(Mossel, 1991b; Mossel and Struijk, 1992; Altekruse et al., 1993). The term
‘longitudinally integrated safety assurance’, or LISA, had earlier been suggested
for this most reasonable and effective strategy (Mossel, 1983; Jakobsen and
Lillie, 1992).

1.2 The contemporary role and the character of microbiological
examination of food samples

1.2.1 Principles

Substitution of the forward control approach for the ineffective retrospective
scenario also completely changed the role of microbiological monitoring of
foods. Had this previously and unsuccessfully been used to attain a safe food
supply, it would henceforth serve to assess whether good manufacturing and
distribution practices had been strictly followed. It would inter alia be utterly
unwise to refrain from such validation steps within the HACCP framework. First
and foremost, unfortunately, food manufacturers and caterers far too frequently
fail to allow well established practice guidelines to guide practice at all. In many
instances the LISA-maxim has indeed been adopted, but incidental breakdown
of effective control may nonetheless sometimes occur, due to instrumental or
human failure. Such hiatuses as a rule bring about only minor adverse effects,
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but may sometimes entail dramatic consequences and most expensive recalls of
distributed merchandise. The earlier reliable data, confirming or refuting
adherence to safe practices, are obtained, the more rapidly rectification can be
applied and, consequently, the more consistently will the public be protected
against products that have lost their microbiological integrity.

This calls for the introduction of a few essential elements into microbio-
logical inspection of food samples. First of all, examination of line specimens
including the food production environment (Slade, 1992) has an absolute
priority over analysing finished products. Moreover, data should become
available as fast as possible, because it allows earliest corrective action to be
taken against hiatuses. It is therefore not at all surprising that food microbiology,
ever since the 1970s, has been challenged to achieve the same speed, reliability
and facility that chemical examination of foods has displayed since the intro-
duction of the first ‘auto-analyser’.

In addition, it is worth noting that acceptance of, and adherence to, the
HACCP/LISA strategy will ensure that the majority of the samples reaching the
laboratory are of good microbiological quality. Consequently, a very minor
fraction will be found contaminated or colonised at a high level: in popular
laboratory jargon most specimens will give ‘negative results’. Laboratory
procedures have to be geared to this situation, which is essentially different from
that prevailing in the pre-proactive scenario era, when many trade samples
would, unfortunately, contain high levels of organisms of concern.

1.2.2 The part to be played by ‘rapid’ methods — semantics

This new situation entails two effects of a most important nature. On the one
hand, it markedly facilitates routine monitoring. However, it calls for a substan-
tially increased sensitivity of methodology, which, not infrequently, conflicts
with the desired rapidity, as is elucidated in detail below. In view of the main
subject of this presentation it seems therefore most desirable to define precisely
what the popular, customary term ‘rapid’ methods really wishes to convey.

In fact, the analyst seeks at least five attributes in methods aiming at
validating microbiological integrity of end-product samples or compliance with
hygiene standards in line specimens. These include: (i) facility, (ii) rapidity, (iii)
consistency, (iv) intrinsic guarantees for avoidance of errors, e.g. through the
exclusive use of reagents or ingredients certified by the supplier, and (v) mecha-
nisation, if not automation. The often-used term instrumental methods covers
these requirements fairly well in that laborious and subjective elements of
analytical methods have been eliminated; the designation does not, however,
explicitly include rapidity. In this chapter, the term ‘rapid’ will be used to
describe methods which have most of the advantages listed, though not neces-
sarily all; and even not consistently extreme rapidity, i.e. having data available
within an hour or so, if not instantaneously.
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1.3 Pitfalls in introducing ‘rapid’ methods

Unfortunately cardinal differences between the mechanisms of loss of chemical
integrity and microbial deterioration of foods interfere in the pursuit of elabo-
ration of rapid methods. First, as emphasised previously, the pertinent levels of
detection in foods processed for safety are often extremely low, e.g. 1 cfu kg™';
but worse, these low concentrations have sometimes to be isolated amongst
innocuous populations exceeding the target organism by a factor of up to 106.
The combination of the required sensitivity and the necessary selectivity is of an
order of magnitude of 1079, calling for extremely selective procedures. These
include the following steps: (i) concentration of primary food macerates by
centrifugation (Mossel and Visser, 1960; Hawa et al., 1984; Van Netten et al.,
1987; Fleet et al., 1991; Mossel et al., 1991) or filtration (section 1.5.1); or else
by the advanced technique of immunoabsorption onto magnetic beads (Skjerve
et al., 1990; Cudjoe et al., 1991; Lund et al., 1991; Vermunt et al., 1992;
Mansfield and Forsythe, 1993); and (ii) highly selective enrichment and
isolation procedures which are not yet as perfect as one would wish
or suppose.

Problems surrounding the latter methods are compounded by the observation,
made, for the first time, by Eijkman (1908) that the majority of microorganisms
of significance in foods have incurred sublethal lesions as a result of having
been exposed to adverse external conditions. These are either directly injurious,
like heating, or indirectly so, e.g. lowered food pH or a,, and sometimes even
both (Mossel and Van Netten, 1984; Ray, 1989; Turpin et al., 1993). If highly
selective procedures, including the use of particular antimicrobial agents or
increased incubation temperature, are applied to such debilitated populations,
the combined stress will result in cell death, causing erroneously low results
(Sallam and Donnelly, 1992; Morinigo et al., 1993). This would lead to failure
to take corrective measures where these were required. Consequently, meticu-
lously elaborated resuscitation procedures (Figures 1.1-1.3) are required to
restore the viability and unlimited culturability (Roszak et al., 1984; Jones et al.,
1991; Nilsson et al., 1991; Saha et al., 1991) of debilitated populations, ensuring
their inclusion in colony counts or most probable number (MPN) determinations.

A third factor accounting in part for the slow progress made in introducing
more substantial modernisation in analytical food microbiology and particularly
with respect to the use of molecular microbiological methodology is related to
the nature of foods themselves. Methods that work remarkably well with pure
cultures of target organisms, like the polymerase chain reaction (PCR)-approach
(Section 1.5.2) failed initially when applied to ‘real world’ specimens, e.g.
chicken carcasses. This results from the presence in many foods of contami-
nating inhibitory material (De Leon et al., 1992; Abbaszadigan, et al., 1993;
Payne et al., 1993; Bej et al.,, 1994). Such interferences were overcome by
previous concentration and purification of target organisms, obviously at the
expense of simplicity and rapidity. A remaining difficulty arises from the failure
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Figure 1.1 Repair versus proliferation as it occurs in various resuscitation procedures.

of PCR techniques to allow determination of viability of bacteria whose
presence they visualize (Bej et al., 1994).

A fourth hurdle is raised by rather successful novel rapid methods measuring
parameters distinct from the classically accepted ones. This compounds the
already, in general, most difficult problem of interpreting the results of micro-
biological examination of foods and particularly gauging analytical data
against reference ranges, the much disputed microbiological specifications for
foods (Mossel and Van Netten, 1991).

In essence, methods yielding non-conventional data may be very useful and
should not, therefore, be rejected lightheartedly. They may provide most
serviceable information of the semaphora (‘traffic light’) type. This indicates
that a specimen belongs to one of the following three broad categories: pass
(‘green’), doubtful (‘orange’) or reject (‘red’).
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Figure 1.2 Destruction—repair (DR) curves. @, colony counts obtained on non-selective, optimal
recovery medium, with or without resuscitation; O, ditfo, obtained with optimal selective medium,
affected by resuscitation time; (], ditto, obtained with suboptimal selective medium.

In some cases, no better selective enumeration medium than the suboptimal one ([7J) is yet available.
A procedure to assess true lethality (A) has then yet to be elaborated.
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Figure 1.3 Repair of stressed organisms on a solid recovery medium, followed by overlaying or
replication onto a selective-diagnostic enumeration medium.

1.4 An overall appraisal of analytical principles suggested

Even before the present scramble for resources occurred, for example in times
such as during the listeriosis scare, immense workloads compelled the search for
methods which would relieve the pressure on laboratory facilities — quite distinct
from the tendency to sophistication indicated above. This often lead to severe
disillusionment — in fact, so frequently that a special term was coined: the
excitement —> disappointment syndrome (Persing, 1991; Wolcott, 1991; Yolken,
1991).

To allow a critical evaluation of available methodology in general and also to
enable appreciation of progress made as well as identification of needs for future
development, a distinction will be made between two essentially different
analytical purposes. These are (a) identification of well-defined food isolates;
and (b) enumeration of organisms belonging to groups of significance from the
point of view of consumer protection or microbiological quality, including
sensory properties and time to spoilage under specified conditions. An inventory
of this sort is presented in Table 1.3.
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Table 1.3 1994 Review of realised and unrealised potentials of simplification, mechanisation,
automation and acceleration in the microbiological monitoring of foods

(1) Identification methodology
(i) Simplification of in essence conventional approaches
— Galleries of microsize tubes
¢ Customary reading times
» Accelerated tests: reading time approx 2 h
— Microtitre plates (‘trays’) with prepared diagnostic media
e Classical I: ‘fermentation’ (dissimilation) tests
* Classical II: assimilation tests
* Enzyme profile assays
— Immunological principles: ELISA, latex agglutination, etc.
(ii) Novel techniques, ready for application
— Turbidometry
— Radiometric methods
— Flow cytometry
— DNA/DNA hybridisation
« First generation radioisotope and colorimetric labels
« PCR approach
* Restriction fragment length polymorphism probes
— Pyrolysis derivatisation GC-MS
(iii) Innovative advances not yet endowed to affect working practices
— Fourier transform infrared spectroscopy
— Ultraviolet resonance Raman spectroscopy
— Polarisation light scattering

(2) Enumeration of cfu or derived attributes
(i) Simplifications of essentially customary measuring principles
— Agar droplet method
— Spiral plating methodology
— Loop plating instruments
— HGMF technique
— Automatic microcolony (Frost’s ‘little plate’) counting
(i1) Novel principles, ready for application
— Conductimetric and impedimetric methods
— Turbidometry
— Fluorometric immunological visualised flow cytometry

(3) Presence-or-absence (semi-quantitative) methodology
(i) Luminometric ATP assays
(ii) Biosensor principle
(iii) Semi-solid motility related detection methods
(iv) Sub-enrichment, immunomagnetic concentration, PCR method

Source: Mossel et al. (1994)

When assessing the suitability of any technique offered or considered for
application, a rationale, taking into account all aspects of the procedure, has to
be followed. A key which may be useful in a first-step appreciation is suggested
in Table 1.4. Obviously, the classical analytical principles, summarised in Table
1.5, will have to be considered with respect to section 1 of Table 1.4. It is of
utmost importance, in addition, to divorce facts from fables with respect to the
attribute ‘rapidity’. In Table 1.6 an attempt has been made to put this important
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Table 1.4 Attributes to be considered in the primary selection, and with respect to the ultimate
adoption of instrumental methods, aiming at markedly enhanced simplification and acceleration,
linked to mechanisation or even automation in analytical food microbiology*

(1) Strictly microbiological criteria
Sensitivity
Productivity
Selectivity
Electivity
Correlation of data with those obtained in reference method
(2) Logistic aspects
Sample preparation
Operation
Attributes of reagents: preparation, stability, availability, consistency
Required training and whether possible on site or mandatorily elsewhere
Speed
Capacity: number of samples/day
Space requirements
Reputation of company marketing hardware/software
Technical service: availability, speed, quality
(3) Economic considerations
Acquisition
Reagents
Maintenance
(4) Strategic facets — acceptability of results by
Suppliers
Buyers
Regulatory agencies: local, national, regional, international

a Data taken from Perales and Mossel (1989).

element into proper perspective. It is quite obvious from this review that when
the term rapid methods is used, in fact rapidity, facility, mechanisation and
automation are often to some extent confused, as noted earlier.

Once again, with respect to the crucial parameter rapidity, it should be
emphasised that there is a limit to what is achievable within the microbiological
framework. Three traits of microorganisms impede speeding-up of methods to
the extent that they become genuine ‘real-time’ techniques. First and foremost,
as indicated before, virtually all microorganisms occurring in foods originating
from production/distribution chains meticulously adhering to LISA practices are
ipso facto sublethally stressed, requiring resuscitation procedures lasting
between 0.5 and > 8 h (Figure 1.2). In addition, the very low colony levels to be
expected in such foods, correctly processed for safety and not recontaminated or
recolonised subsequently (Figure 1.4), forcibly call for a short period of
enrichment, if necessary completed by concentration, to attain detectable
(‘threshold’) levels of the order 105109 cfu ml-'. Finally, when using more or
less rapid methods, not intrinsically relying on isolation of target organisms, in
many instances isolation will nonetheless have to be attempted, because, for
example, in legal or commercial disputes the organism itself rather than a signal
indicating its presence is demanded as proof.
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Table 1.5 Elements to be taken into account in the development and application of analytical
methods in food microbiology?®

(1) Sampling plan
Randomisation
Numbers to be drawn per predefined lot
(2) Handling before examination
Transportation — time/temperature integral
Challenge
Incubation
Inoculation in case of survival studies or assessment of resistance against colonisation
(3) Preparation for examination
Defrosting — time/temperature integral; squeezing to release fluid
Cleaning/disinfection of containers
(4) Drawing of sub-samples (‘aliquots’)
Randomisation
Size of sub-sample
Diminution and homogenisation
(5) Preparation of macerate and dilutions
Size of second sub-sample, i.e. aliquot to be examined
Preparation of macerate
Composition of maceration fluid
Procedure, including time/temperature regimen
Mode of dispersion
Preparation of serial dilutions
Composition of diluent
Procedure, including time/temperature regimen
(6) Monitoring of culture media
Choice of test strains
Selection of inoculation procedure
Incubation, time, and temperature
Reading
Reference values to be used
(7) Resuscitation procedure
Composition of resuscitation medium
Time/temperature programme, including tolerance
Mode of processing of resuscitated system
(8) Enumeration procedure
Composition of medium
Preparation of medium
Decontamination of medium
Tempering of medium
Holding or drying time/temperature
Aseptic precautions during inoculation
Inoculation
Procedure, qualitative
Procedure, quantitative
Incubation
Procedure, qualitative
Circulation, ventilation, and temperature tolerances
Duration, including tolerances
Reading
Definition of target colonies
Accuracy of colony counting
‘Emergency’ handling of plates showing too few or too many colonies
Reference ranges
Confirmation/identification
Extent of picking per given type of colony
Subculture for examination
Preliminary taxonomic grouping
Presumptive grouping identification
Complementary testing — intramural/extramural
Expression of results

Essential annexes
Justification and documentation of techniques
Laboratory precautions to be observed (‘GLP’)
Reference centres available for consultation
Recommended reporting form(s); storage and retrieval of data

2Data taken from Mossel (1991a).
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Table 1.6 Benefits of ‘rapid’ methods categorised according to contributions made to the ultimate
goal

Simplification = labour saving
— Industrially prepared, conventional galleries, saving ‘drudgery’
— Hydrophobic grid membrane filtration, allowing to save the effort of preparing dilutions
— Use of quadrant plates, also allowing to avoid errors during crowding of the laboratory upon
receipt of many samples at the same time
Acceleration = genuine rapidity
— Adoption of industrially manufactured galleries relying on biochemical traits of target
organisms, requiring no more than 2—4 h of incubation, instead of 1848 h
— Centrifugation of food macerates, markedly reducing the time to attain reliable estimates of
colonisation
— Microscopical enumeration reducing reading times to about 0.5 h (viable + dead cells
classically) and selective counts by modern cytochemical methods to 4 h when relying on
Frost’s ‘little plate’ or ‘microcolony’ approach
— ATP estimation by bioluminometry: almost instantaneously, but, so far, lacking selectivity
Mechanisation and automation = facilitating the work load and personnel requirements
— Camera-operated colony counting
— Conductimetry/impedometry
— Turbidometry
— Automated ‘reductase’ techniques
— Glucose/nitrate dissimilation methodology
— Automated DEFT techniques

@ L wm © @

Log,, cfu/g

Time

Figure 1.4 Critical points and stages. The extent to which various practices affect contamination and
colonisation of perishable foods. (a) Raw material. (b) Processing for safety. (c) Distribution. (d)
Culinary preparation. , Longitudinally integrated safety assurance through meticulous adherence
to good manufacturing and distribution practices; ...... , more or less deficient practices followed.
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1.5 Suitability of the most promising, available principles

1.5.1 Enumeration

One of the most versatile, simple and selective more-or-less conventional
approaches is constituted by the hydrophobic grid membrane filtration (HGMF)
principle (Entis, 1990; Szabo et al., 1990; Peterkin et al., 1991, 1992). It has the
following advantages: (i) relying on sound classical quantitative microbiological
foundations; (ii) using thoroughly tested, well-established selective media; (iii)
allowing tentative taxonomic, and recently also molecular, grouping of primary,
well-isolated colonies; and (iv) enabling pertinent organisms to be obtained in
pure culture without much effort.

It hence satisfies all requirements of quantitative-differential examinations.
Clearly, HGMF has the disadvantage common to all colony-count techniques —
intrinsic slowness. However, this can be overcome by linking HGM filtration to
Frost’s principle (Frost, 1921) of microscopic identification of microcolonies
within 4-6 h incubation (Nickerson, 1943; Winter et al., 1971; Rodrigues and
Kroll, 1989). Automatic pattern recognition by video-image analysis is within
reach in this area (Brodsky er al., 1982; Pettipher et al., 1992).

A fascinating novel principle for the quantitative-differential microbiological
examination of biological specimens can be found in flow cytometry. This relies
on the forcing of cell suspensions out of a small orifice and their subsequent
illumination, e.g. by a laser source (Hutter and Eipel, 1978; Donnelly and
Baigent, 1986; Donnelly et al., 1988; Nir et al., 1990a, b; Goldschmidt, 1991;
Patchett et al., 1991). The intensity of the light that is scattered at different
angles provides information about the cell that can be translated by suitable
software into data allowing the microbiologist to count and identify microbial
populations to a certain level. A second generation of flow cytometry uses
various fluorochromes to label surface antigens and DNA in an attempt to
increase the selectivity of the procedure (Bauman and Bentvelzen, 1988;
Edwards er al., 1992). Flow cytometry allows the enumeration of at least 10°
cells min! and, hence, constitutes a most attractive method, once problems with
cross-reactions are solved. User-friendly automation is consequently eagerly
anticipated by the food microbiology profession.

Sometimes conventional quantitative differential results are not the prime
objective of the analysis. Examples are (i) studies aiming at predicting
shelf-life; (ii) estimation of levels of various toxins; (iii) determination of
metabolites with marker value, e.g. compounds released by bacteria or moulds
before their viable cells were eliminated by heat processing (Mossel et al.,
1994). In such instances direct tests for such factors rather than viable cell
counts are in order.

Customary colony counting for the estimation of ‘total’ colonisation or of
specific groups of organisms has also been replaced by less laborious
procedures. These include spiral plating of food macerates (Gilchrist et al.,
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1973; Manninen, 1991), automatic colony counting (Sharpe et al., 1986),
conductimetric or impedimetric (Stewart, 1899; Cady er al., 1978; Martins and
Selby, 1980; Sorrells, 1981; Firstenberg-Eden, 1986; Mirhabibollahi et al.,
1991; Mossel, 1991b; Parmar et al., 1992) methods, turbidometry (Mattila,
1987; Mattila and Alivehmas, 1987; Wirtanen et al., 1991), use of radioactive-
labelled substrates (Mafart et al., 1981), reductometric assessments (Alexander
and Rothwell, 1950; Bartlett and Tetro, 1992; Casemore et al., 1992), ELISA-
techniques (Cousin et al., 1990; Notermans and Kamphuis, 1990; Kamphuis et
al., 1992) and the estimation of the production of catalase (Dodds et al., 1983;
Wang and Fung, 1986; Kroll et al., 1989; Bendall et al., 1993) or cellular ATP
(Kennedy and Oblinger, 1985; Tebbutt and Midwood, 1990; Boismenu et al.,
1991) — though the latter procedure requires thorough precautions to avoid
inclusion of masquerading eukaryotic ATP in determinations; cf. section
1.6.2. Another elegant example is constituted by the selective glucose dissimi-
lation/nitrate  reduction test (SGDNR)-principle, providing reasonably
reliable data on colonisation levels of foods or catered meals with
Enterobacteriaceae, Staphylococcus aureus and yeasts, within 2-6 h (Van
Netten et al., 1987).

1.5.2 Presence-or-absence tests

An important advance, to be discussed in section 1.5.3 for application to pure
isolates and of great importance in that area, is presented by capitilisation on
molecular attributes of target organisms. Previous attempts to apply probes to
biological specimens were hampered, as discussed before, by (i) lack of sensi-
tivity (Donnelly et al., 1988; Ninet et al., 1992; Ogden and Strachan, 1993); and
(ii) interference by food constituents (De Leon et al., 1992; Payne et al., 1993).
This was not at all an exceptional situation: similar difficulties were encountered
when approaches to some extent failed when applied to the complex biological
materials to be examined in clinical or environmental microbiology (Stewart,
1899; Alexander and Morris, 1991; Miller and Rhoden, 1991; Pfaller et al.,
1991; Stager and Davis, 1992). Upon combining meticulously designed
enrichment steps with immunomagnetic separation (Lund et al., 1991; Skjerve
et al., 1990; Cudjoe er al., 1991; Fratamico et al., 1992; Vermunt et al., 1992;
Mansfield and Forsythe, 1993) and concentration, followed by PCR-identifi-
cation (Lampel et al., 1990; Gannon et al., 1992; Giesendorf et al., 1992; Islam
and Lindberg, 1992; Starbuch et al., 1992; Grant et al., 1993; Islam et al., 1993;
Kopecka et al., 1993; Muir et al., 1993) both shortcomings indicated above can
apparently be overcome. Most promising results have already been scored with
enteric bacterial and viral pathogens (Islam and Lindberg 1992; Widjojoatmodjo
et al., 1992; Muir et al., 1993) and an important agent of spoilage of meat
products (Grant et al., 1993).

What is called for next in this sector are concerted efforts to avoid a repetition
of the excitement — disappointment syndrome discussed before. For this purpose
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every candidate method — like any other innovative approach — should be
evaluated along the lines of the fully objective referee procedure, substantiated
by proficiency testing of laboratories using it (In’t Veld and Notermans, 1992;
Donnison et al., 1993; Peterz and Steneryd, 1993; Scotter et al., 1993), that, in the
past, has resulted in the emergence of excellent recommended standard operating
procedures, now in general use.

1.5.3 Identification

One of the main successes in pursuing facilitation and also acceleration of micro-
biological methods is, beyond a shadow of doubt, the introduction of galleries
relying on sets of small plastic tubes or microtitre plate wells containing suitable
substrates and pH-indicators, or else a selection of antibiotics aiding in identifi-
cation. Many of such sets produce results of high reliability within 2-4 h (Heard
and Fleet, 1990; Freney et al., 1992; Gruner et al., 1992; O’Hara et al., 1992;
Shakespeare et al., 1992; Visser et al., 1992; York et al., 1992; Kerr et al., 1993).

Prerequisites for success in these instances are (i) starting from entirely pure
colonies; (ii) having sufficiently large quantities of biomass available. This
invariably calls for experience in purification of primary isolates and moreover
requires the customary amount of time for producing adequately sized colonies.

A major contribution was made by the molecular microbiological techniques
referred to in section 1.5.2. These introduced an entirely novel approach,
although neither necessarily real time or even very rapid, nor open to minimally
trained line staff or even laboratory personnel as we demonstrated in section
1.3.1. Molecular methods include the now already well established DNA/DNA
hybridisation methods (Bauman and Bentvelzen, 1988; Van Damme-Jongsten et
al., 1990; Nesbakken e? al., 1991; Peterkin et al., 1991; Wolcott, 1991; Kwaga et
al., 1990; Peterkin et al., 1991, 1992; Goverde et al., 1993) and serological
approaches (Szabo et al., 1990; van Poucke, 1990; Cudjoe et al., 1991; Ngrrung
et al., 1991; Wieneke, 1991) including highly specific latex agglutination
methodology (Perales and Audicana, 1989; Bouvet and Jeanjean, 1992;
Hazeleger et al., 1992; Hansen and Freney, 1992).

1.6 Achievements and prospects 1994

1.6.1 Overview

Much has been achieved since, in 1985, Jarvis emphatically called for immedi-
ately available and reliably performing instrumentation (Jarvis, 1985). The era of
all promises and no performance has certainly passed. Nonetheless much remains
to be done before the innovations through which chemistry laboratories have
gone since the second World War will also prevail in laboratories for applied
microbiology.
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On the other hand, a word of caution should be said against exercising too
much orthodoxy with respect to accuracy and precision of novel rapid or instru-
mental methods. First and foremost it cannot be emphasised too frequently that
the intrinsic variability of enumerations of viable (Barnard and Glass, 1975;
Mossel and Van Netten, 1991), but particularly debilitated (Rodrigues and Kroll,
1989, 1990) and even more so of in no way culturable (Bouwer-Hertzberger and
Mossel, 1982) microbial populations in foods is immense and quite outside the
range accepted by chemical analysts (Fleisher, 1990). This is compounded by
the far from perfect functioning of almost all selective-diagnostic methods in
current use for the enumeration of pathogenic organisms transmitted by foods.
These include Salmonella (Perales and Audicana, 1989; Rodrigues and Kroll,
1990; De Zutter et al., 1991; Mossel and Van Netten, 1991; D’Aoust et al.,
1992; Eckner et al., 1992; Feng, 1992; In’t Veld and Notermans, 1992; Rohner
et al., 1992; Tate et al., 1992), Campylobacter jejuni (Endtz et al., 1991; Peterz,
1991; Giesendorf et al., 1992; Wang et al., 1992; Scotter et al., 1993), Yersinia
enterocolitica (Kwaga et al., 1990, 1992; Nesbakken et al., 1991; Goverde et al.,
1993), Listeria monocytogenes (Cassiday et al., 1990; Lund et al., 1988; Slade,
1992; Van Netten et al., 1991; Jensen, 1993), Clostridium species (Ingram,
1963; De Mesquita et al., 1991; Weenk et al., 1991, 1994) and shigellae
(Gannon et al., 1992; Islam et al., 1993). Rapid methods should obviously
approach the best conventional equivalent in accuracy and precision, but not
necessarily exceed it (Nemes and Altwegg, 1992; Imperatrice and Nachamkin,
1993).

This introductory overview cannot pursue a detailed appreciation of those
methods that are more or less ready for immediate, or short-term adoption in
laboratories engaged in the microbiological monitoring of foods. Such efforts
will be made in Chapters 2-8 by specialists in the various approaches. The
presently available results of one of our own investigations in this area will be
summarised. Finally, an attempt will be made to arrive at a broad general
evaluation of the prospects for instrumental and real time methodology for
laboratory managers — in trivial terms: what are, in the middle of 1994, the
benefits for the laboratory chief and staff?

1.6.2 A truly real time check on adequate ‘sanitation’

As indicated before in section 1.2.1, inspection of the food environment is one of
the monitoring priorities. It is only too obvious from the data collected in Table
1.1 that contamination or recontamination of initially microbiologically safe
commodities is amongst the most frequent causes of food-borne infections and
intoxinations of microbial aetiology. Consequently, within the HACCP/LISA
concepts, verification of adequate cleaning and disinfection — termed sanitation
in the US literature — of all food contact surfaces has to constitute one of
the major assignments of those employed to assure food safety and quality
(Mossel, 1983).
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As also emphasized in section 1.2.1, particularly in this instance a real time
method that can be applied on-site would be most useful in an attempt to mend
the pace of rectification of incidental hiatuses in overall excellent hygienic
practices. We have adopted bioluminometry to this end (Poulis ef al., 1993).
This was achieved by linking the use of one of the many, commercially
available, portable ATP-monitoring instruments to examination of sufficiently
large surfaces by test paper methodology currently used in bedside and consul-
tation room diagnostics. The latter included paper strips allowing the detection
of minute traces of peptides, glucose, myoglobin and nitrate reducing bacteria as
used for the detection of bacteriuria. In order to be able to also detect significant
taxa failing to reduce nitrate, including a most important class of so-called
marker organisms (Mossel, 1982), viz. Enterococcus spp., a strip is being
developed relying on rapid dissimilation of glucose by these — and most other —
bacteria (Van Netten ez al., 1987). The combined use of bioluminometry and,
ideally, one e.g. 10 X 10 cm strip containing all five reagents, will enable
immediate differentiation between ATP of respectively eukaryotic, prokaryotic
and inanimate origin. This far from constitutes an lart-pour-l'art exercise,
because it allows identification of the source of inadequately eliminated contam-
ination, e.g. meat tissue and juice, fruit juice, skin exudate, bacteria, and hence
enables to apply improved cleaning and/or disinfection within minutes.

In instances where a more differentiated diagnosis is required to design
systematic improvement of ‘sanitizing’ regimes, recourse to classical micro-
biology is unavoidable. This is not a marked drawback, since immediate
corrective action has already been implemented. Current methods, like
swabbing or impression release of target organisms will require, where an expert
choice of media and incubation conditions has been made, no more than some
14-18 h, an acceptable delay. All elements of this new approach require a
minimum of microbiological training and expertise. This constitutes an
additional asset, as it allows checking to be done and corrective action to be
taken by minimally skilled personnel when the professional laboratory staff are
fully occupied eisewhere, or not readily available, e.g during night or weekend
shifts.

1.6.3 Theorising on a Quo vadis — a presumptuous exercise

The experience with the promising enrichment-immunomagnetic concentration-
PCR triad (Fluit e al., 1993a,b) indicates that progress will, probably, result
in molecular traits enhancing rather than supplanting conventional methodology
(Starbuch et al., 1992). This is likely to be the case for yet another reason which
deserves reiteration. In delicate matters like the rejection of consignments of foods
because of the ‘presence’ of an aggressive pathogen, like Listeria monocytogenes,
serotype 4b, observed in a sample drawn from the lot, the case will often — for
scientific as well as legal reasons — call for the bacterium to be isolated, allowing
third parties to pass a verdict. This will anyway require some element of classical
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methodology. This does not detract, however, from the essential advantage of an
early indication of the absence of the pathogen.

In summary, when reason is allowed to substitute ritual it seems that flasks
and Petri dishes will remain in use, also in the future when probes and other
analytical tools derived from molecular microbiological advances will become
part and parcel of the food microbiologist’s analytical armamentarium.

1.7 Impact for education at undergraduate and postgraduate level

From the previous considerations it follows, that, in the not too distant future,
simplified and accelerated methods, appropriately associated with the required
classical scenarios will become the current test repertoire in analytical food
microbiology. This prospect calls for timely incorporation of a ‘rapid methods’
module into curricula of food microbiology at all the customary educational
levels (Park, 1990). Where this need would be ignored, lack of familiarity with
promising novel key approaches, secondary to infrequent and superficial
confrontation with the new methodology, would not allow graduates to arrive at
balanced verdicts in cardinal instrumentation matters.

A curriculum aimed at such teaching goals should definitely include thorough
familiarisation with the essential elements of the microbiological monitoring of
biological specimens in general, summarised in Table 1.5. As in surgery, lectures
and demonstrations cannot possibly suffice to acquire the necessary proficiency.
Well designed, elaborated, taught, supervised and examined practical exercises
are imperative; and these should include, as expounded above, training in statisti-
cally sound procedures for the comparison of data obtained by novel methods
with those acquired with standard operating procedures generally accepted by
trade, industry and national and international legislation.

Such training programmes at undergraduate as well as postgraduate levels
will not only be essential for the future of the profession, and hence for industrial
and regulatory employers of graduates in the food and catering industries.
Manufacturers of laboratory equipment and instruments constitute an additional
group of beneficiaries. This educational strategy will ensure a constant flow of
qualified staff at research, development and sales level — the latter being allowed
to arrive at a thorough consensus with potential customers. The patterns
presented in Tables 1.3 and 1.4 may facilitate such an unbiased evaluation of
new developments in simplified, facilitated, accelerated and automated methods.

As illustrated in the previous sections, the field of instrumentation is a rapidly
changing and developing one. Food microbiologists cannot possibly be expected
to keep abreast of new achievements by following the literature or attending
occasional meetings in this area. Enrolling in refresher courses taught by acade-
mically employed leaders in this field (Huis in’t Veld et al., 1988; Adams and
Hope, 1989; Stannard et al., 1990; Fung, 1991, 1992) constitutes an essential
part in the general framework of recredentialling of graduate scientists in more



20 RAPID ANALYSIS TECHNIQUES IN FOOD MICROBIOLOGY

general terms (Skovgaard, 1990; Gellhorn, 1991; Davis et al., 1992; Manning
and DeBakey, 1992).
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2 Development and evaluation of membrane
filtration techniques in microbial analysis

A.N. SHARPE

2.1 Brief history of membrane filters

Membrane filters (MFs) were used before agar was adopted by microbiologists,
when Fick (1855) made nitrocellulose membranes as substitutes for animal
membranes in dialysis experiments (Presswood, 1981). However, it was some
time before a useful preparation method was developed (Zsigmondy and
Bachmann, 1918), leading to commercial production by Sartorius-Werke AG
(Gottingen, Germany). Before World War II, MFs were used primarily for steril-
ization. However, devastation of laboratories and contamination of water
supplies by bombing raids led to their application for determining water safety
by German hygiene institutes. After the war, the first MF methods for culturing
organisms were published (Muller, 1947a, b).

Until 1963, MFs were predominantly manufactured from nitrocellulose or
cellulose acetate esters. Today they are available in nylon, polyvinyl chloride,
polysulfone, polycarbonate, polyester, and even metals. Most MFs, being
prepared by deposition from solvent, have tortuous structures, with pore length
to width ratios of 750 or more (Presswood, 1981). They have been valuable in
techniques based on the growth of organisms to form colonies; for this, they are
usually placed on agar plates or soaked pads of nutrients. More recently, the
Nuclepore polycarbonate and polyester MFs (in which straight cylindrical pores
are produced by etching the tracks of nuclear particles) have been introduced.
Because these are extremely thin (10 wm) and are rendered invisible by the
proper mountant, they have permitted development of sensitive techniques
based on direct microscopic observation of microorganisms. Even more
recently, MFs (particularly nitrocellulose and nylon) have found application as a
vehicle in a variety of immunological and DNA-based ‘blotting’ techniques;
however, this chapter will not cover that aspect, and will be confined to micro-
scopic and growth techniques.

Some of the potential advantages and disadvantages of MFs, when used in
modifications of conventional procedures, are listed below.

1. Filtration of larger volumes of sample through MFs can improve limits of
detection, a feature exploited dramatically in water microbiology, in the
direct epifluorescent filter technique (DEFT), and to a lesser extent in
hydrophobic grid membrane filter (HGMF) methods.

2. Inoculation by filtration eliminates the possibility of injuring organisms by
exposing them to hot agar.

3. Filtration removes most of any growth inhibitors or interfering substances in samples.
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. Since microbial cells are confined to upper surfaces, and receive nutrients by

diffusion from beneath, MFs may be transferred from one type of nutrient
surface to another without disturbing the individuality of the developing
growths. Thus, MF techniques can provide injured cells with a full recovery
period on a benign medium before exposing them to selective conditions,
without losing the quantitative nature of the analysis.

. The same property allows MFs to be transferred across media so that

biochemical characteristics of growths can be determined.

. Although colonies tend to be slightly smaller, the small growth area of

conventional MFs (typically 35 mm for 47 mm circles) leads to relative
colony crowding compared with plates. Thus, the overlap error introduced
when one attempts to count crowded colonies may be worse on normal MFs.
However, this does not apply to the HGMF, on which dense growth is
encouraged, and which yields linear counts over four orders of magnitude.

. One type of MF, the HGMF, permits the use of electronic counters which

combine a satisfactory degree of reliability and versatility in the automated
count.

. Membrane filters, through their large surface area, can affect microbial

systems by adsorbing selective agents, proteins, and metabolic products. The
range of materials in which MFs are available allows surface properties to be
exploited to advantage.

. Analyses carried out using MFs (but particularly HGMFs) may be less

expensive than conventional methods.

These attractions should be considered together with potential disadvantages:

1.

MFs and HGMFs increase the direct cost of single agar plates. Their
attraction thus depends on, for example, improved sensitivity, reduced
analysis time, or on the potential for automation or their ability to reduce
labor or the number of dilution steps or platings carried out.

. Inoculation of MFs, if by filtration, increases the amount of labor required at

the start of an analysis.

. Some sample suspensions do not naturally filter easily through MFs, and

preparing them in a suitable form may introduce additional steps to the
analysis.

2.2 Early uses of membrane filters

Leaving aside the enormous consumption of MFs for clarification and steril-
ization in the electronics, pharmaceutics, and other industries, the major
application of MFs is in the field of water microbiology. It is hard to imagine
how public health authorities could accommodate the numbers of samples and
statutory limits of detection necessary to maintain current levels of control over
drinking-water supplies, sanitary operations, recreational waters, and so on,
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without the MF. There is an enormous body of literature devoted to MFs and
water quality, which is mentioned only where it bears relevance to membrane
filter food microbiology.

Up to 1980, although a few food microbiologists explored the potential
advantages, MF methods in general excited little interest amongst regulators,
authors of standard texts, and others in a position to encourage their devel-
opment. The situation is changing, with increasing popularity of the direct plate,
direct epifluorescent filter, and hydrophobic grid-membrane filter techniques,
and particularly as molecular methods using antibodies and nucleic acid probe
procedures become more practical and popular.

There are numerous descriptions in the literature of the use of MFs for rapid
analyses of beers or wines, either by direct microscopy of the filtered sample, or
after incubation to develop microcolonies. A staining procedure for direct
microscopic counts on MFs was described by Ehrlich (1955) as applicable to
‘liquids in which the concentration of microorganisms is relatively low’, with
discussion of the obscuration of bacteria by debris, though it is not clear just
what liquids the technique was intended to be applied to. Schiemann (1955) used
MFs in the control of brewery operations, both by a culture method and as a
direct microscopic method. Haas (1956) filtered an unspecified volume of beer
through a variety of MFs, examining the filter after 36-48 h incubation.
Middlekauff et al. (1967) described a 2-3 h technique for detecting yeast
colonies in beer; 10 1 of beer were fi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>