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ABSTRACT

The function of food microbiological analysis is to confirm the quality and safety of
food. Currently, the analysis is mainly done using standard plate counting methods. These
methods are time-consuming and often their results are obtained after the products have
reached the consumers. Increased transportation of foods, the emergence of new hazards,
quality control of the production strains have enhanced the need for rapid detection,
quantification and characterization methods in food microbiology.

The enterotoxins produced by some microorganisms related with food can cause
foodborne diseases to the consumers. Therefore, rapid and reliable detection and
quantification methods of the causative agents are needed. The MPN-PCR method can be
used to specifically detect enterotoxin C producing staphylococci. The MPN-PCR
methodology may be applied with various primer systems designed for the detection of target
microorganisms in food samples.

The screening for the hblA DNA sequence of Bacillus cereus in the samples yields
the same results as with the immunological enterotoxin assay, though the time required is
less than half of the time needed for immunological determination. Therefore, the DNA-
based detection is a more efficient method to detect the enterotoxin producing Bacillus
cereus causing the diarrheal form of food poisoning.

The characterization using DNA sequence information may be used to specifically
identify microbial strains. The 18S rDNA PCR-RFLP and Biolog methods together with
minimum growth temperature determinations were used to characterize the yeast strains
isolated in commercial fruit juice concentrates. The DNA based method separated the strains
as having different DNA fingerprints and thus, provided detailed information which could be
used in determining the contamination strains and thereby the source of the contamination in
the manufacturing lines rapidly and accurately even within 24 h. The quality control of the
production strains is important when production aims to produce products with good and
stable quality. The problems in the processes and in the final products may be related to
contamination of microorganisms from the food manufacturing environment or the
production strain may have changed physiological properties. Mutant strains may have been
selected/enriched in the production batches. Therefore, a characterization methods for
studying the sour dough yeasts used in sour dough bakeries were developed. The sour dough
yeasts were found to be rather similar according to 18S rDNA-RFLP analysis. The usage of
DNA sequence information from two different genes provided more accurate information. In
addition, different strains could be separated from each other by karyotype comparison. The
number of chromosomal bands were different within species and also some chromosome
length polymorphism was observed. The PCR method can be used in specific detection,
quantification and characterization of food related microorganisms. Further development of
sample preparation techniques will increase the practicability of the methodology in the food
industry.
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1. Introduction

Microorganisms have been used in the production of palatable foods, while the
actions of other microorganisms have been noted in the form of foodborne diseases or
spoilage of foods. The symptoms in foodborne diseases are often mild including nausea,
diarrhea, vomiting, though some severe diseases exist. The major sources of microorganisms
in food products include the environment, raw materials, and processing steps. Food
processing techniques reduce the number of microorganisms present or inhibit their growth
in food (Gould et al. 1995, Gould 1996), but the processing steps may also contaminate the
final product (Legan and Voysey 1996). The intrinsic and extrinsic conditions of food
products often do not totally exclude the possibility of the growth of microorganisms or the
transfer of microorganisms via food into humans. The spoilage of food may be delayed or the
spoilage will be due to the growth of different microorganisms if the extrinsic conditions of
food are changed (van der Zee and Huis in’t Veld 1997). In milk and dairy products most of
the natural flora are destroyed in pasteurisation process and therefore, pathogenic bacteria if
present are able to multiply and subsequently cause foodborne diseases (Wong et al. 1988,
Schmitt et al. 1990). Some microorganisms such as yeasts and lactic acid bacteria have a
dual role in the food industry, while dairies, breweries and bakeries use them in their
production, these microorganisms may cause spoilage of other products.

In food industry, the rapid detection (24 h or less) and identification of
microorganisms or contamination sources help in making decisions concerning production
lots, minimizing the expenses due to unnecessary storage and raw material losses (van der
Vossen and Hofstra 1996). There is increasing demand by the consumers for ready-to-serve,
natural and functional food products (Gould et al. 1995, Gould 1996, van der Vossen and
Hofstra 1996). Changed consumer demands, and corporate concentration together with trade
argeements have restructured food production (Wallace 1992). The problems in larger
production units have more detrimental effects when spoilage or food poisoning
microorganisms have entered the manufacturing lines (van der Vossen and Hofstra 1996).
The centralizations of production in Finland have forced food companies to use long distance
transportations. Furthermore, international transportation of commodities due to trade
agreements has increased (Rees et al. 1989), the emergence of new pathogens (Notermans
and Hoogenboom-Verdegaal 1992) and the increasing amount of sensitive populations,
including the very young, the elderly, pregnant women, and the immunocompromised, set
additional demands for microbiological quality control (Gerba et al. 1996).

In less developed countries up to 30 % of the food produced cannot be used due to
the spoilage by the actions of microorganisms, rodents, or insects (Waites and Arbuthnott
1990) and the number of acute enteritis cases is estimated to be around 300 cases per 1000
people per year, though only about 5 % of the foodborne disease cases are reported
(Notermans and Hoogenboom-Verdegaal 1992). Food poisoning diseases have been
increasing, and food with high protein content such as fish, meat, milk and poultry are the
main incriminating food products (Notermans and Hoogenboom-Verdegaal 1992, Kukkula
1998). In Finland between 1995-1997, the number of outbreaks caused by unknown agent
have been between 32-34 % (Rahkio et al. 1997, Kukkula 1998) and in 1993 as high as 64 %
(Hirn and Myllyniemi 1994). The number of food- and water-borne outbreaks annually in
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Finland have been less than 90 and the number of cases involved in the outbreaks less than
6000 persons. However, despite the small number of outbreaks, there is still reason to be
cautious. There are new emerging pathogens (enteropathogenic Escherichia coli) which have
caused severe outbreaks among humans. Traditionally, Bacillus cereus, Clostridium
perfringens, Salmonella spp. and Staphylococcus aureus have caused few outbreaks
annually. Occasional outbreaks caused by Campylobacter spp., Yersinia spp. or other
pathogens have also been reported (Kukkula 1998). In the beginning of 1999 the most
alarming outbreak was due to the comsumption of dairy product which contained Listeria
monocytogenes and was reported in media.

The introduction of the Control at source, Good Manufacturing Practices (GMP),
Hazard Analysis of Critical Control Points (HACCP) and Quantitative Risk Analysis (QRA)
have made food production more controlled in a cost-efficient way (Notermans and Mead
1996). GMP and HACCP protocols should verify for instance that only raw materials
without pathogens are used in production, and that processing conditions are well defined to
prevent the growth of harmful microorganisms present in the manufacturing lines
(Notermans and Mead 1996). QRA is a stepwise analysis of health risks associated with a
particular type of food product. In QRA an estimation is made of the probability of negative
health effects after consumption of products (Notermans and Teunis 1996).

Food microbiological analysis (Table 1) is still needed to verify the performance of
the production control systems. The essence of food microbiology has been the enumeration
of microorganisms using plate counting methods, though the goal is to verify that a product
is safe for human consumption (Sharpe 1979). It has been estimated that less than 1 % of the
microorganisms are culturable (Amann et al. 1995), and not all microorganisms, for instance,
different yeasts species are detected by the same media (Beuchat 1993). There are
microorganisms associated with food (Escherichia coli, Salmonella enteritidis, Shigella spp.,
Vibrio vulnificus, Campylobacter jejuni, Pseudomonas spp.) which are known to have viable
but non-culturable forms (VBNC), and they remain potentially virulent during the dormant
phase (Roszak and Colwell 1987, Chmielewski and Frank 1995, Rahman et al. 1996). Some
microorganisms can form spores or other dormant stages when environmental conditions are
unfavourable, these and VBNC cells can start to grow when environmental conditions
changes to allow their growth (Collins-Thompson et al. 1973, Smith et al. 1984, Scwabe et
al. 1990, Dukan et al. 1997, Whitesides and Oliver 1997, Watson et al. 1998). Furthermore,
in food samples about 90 % of the microorganisms can be injured (Hurst 1977). The
nonculturable and injured microorganisms can be detected e.g. by microscopic counting
(Wang and Doyle 1998) or by using polymerase chain reaction (PCR) to amplify their DNA
or nucleic acid probes (Brauns et al. 1991, Jaulhac et al. 1992, Josephson et al. 1993, Palmer
et al. 1995, Rahman et al. 1996, Weichart et al. 1997).
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Table 1. The food microbiological analysis listed in Finnish food legislation  (Anon 1998).

Products Type of analyses*

Milk and milk products Mesophilic aerobic bacteria
Staphylococcus aureus
Salmonella spp.
Listeria monocytogenes
Coliforms
Escherichia coli

Meat and meat products Mesophilic aerobic bacteria
Escherichia coli
Staphylococcus aureus
Salmonella spp.

Egg and egg products Mesophilic aerobic bacteria
Salmonella spp.
Staphylococcus aureus

Fish and fish products Mesophilic aerobic bacteria
Salmonella spp.
Fecal coliforms
Escherichia coli

* The analyses are performed by using internationally standardized methods (for instance ISO) which currently
are conventional methods.

There is a need for new, more rapid and specific detection, quantification and
characterization methods for food related microorganisms. The traditional testing has been
found unsatisfactory. For instance, biochemical tests used for identification of Shigella spp.
do not distinguish it from Escherichia coli and therefore a PCR based identification method
was developed (Lampel et al. 1990). The physiological and immunological methods used to
distinguish the yeast species Candida milleri, Saccharomyces exiguus, and Saccharomyces
cerevisiae have been found to be unsatisfactory (Middelhoven and Notermans 1993) and the
identification of microorganisms may change when new methods are applied (Oda et al.
1997). Furthermore, there is a lack of a rapid detection method for the causative agent for a
diarrheal form of food poisoning caused by Bacillus cereus. In order, that PCR methods
would be useful in food laboratories there is a need for PCR quantification methods. Rapid
and reliable fingerprinting methods should be developed for finding contamination sources.
For detection, quantification, and specific identification of food related microorganisms,
DNA based methods have and can be developed. Four separate studies were made in this
thesis for evaluating all these aspects. The article I describes a MPN-PCR quantification
method for enterotoxin producing staphylococci. In article II a specific detection method for
enterotoxic Bacillus cereus was developed. The amplification product was confirmed by
using commercial immunoassay, oligonucleotide hybridization and hemolysin PCR-RFLP.
In article III, the characterization studies were applied for yeast strains occurring in fruit juice
concentrates using Biolog and 18S rDNA PCR-RFLP characterization methods together with
minimum growth temperature studies. In article IV the Finnish commercial sour dough
yeasts were studied with 18S rDNA and EF-3 PCR-RFLP methods together with
karyotyping, Biolog and minimum growth temperature studies.
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1.1. Microorganisms in food

The microorganisms present in products are dependent on the microbiological quality
of raw materials, hygienic conditions in the production, and how the product has been stored
after the production (Table 2).

Table 2. Typical spoilage microorganisms associated with foods.

Jay (1992) have listed 36 bacteria genera, 16 mould genera, 14 yeast genera, and five
protozoa species associated with food. Several important microorganisms implicated with
foodborne diseases include (Gould 1995, Granum et al. 1995, Notermans and Mead 1996):
Acetobacter melanogenus, Aeromonas hydrophila, Bacillus brevis, Bacillus cereus, Bacillus
licheniformis, Bacillus subtilis, Brucella spp., Campylobacter coli, Campylobacter jejuni,
Citrobacter spp, Clostridium botulinum, Clostridium perfringens, Enterobacter cloacae,
enteropathogenic Escherichia coli, Franciella tularensis, Klebsiella spp., Listeria
monocytogenes, Proteus penneri, Salmonella spp., Shigella spp., Staphylococcus aureus,
Streptococcus spp., Vibrio parahaemolyticus, Vibrio cholerae and Yersinia enterocolitica.

The prevalence of microorganisms varies in different products depending on the
intrinsic and extrinsic conditions (Wong et al. 1988, van Netten et al. 1990, te Giffel et al.
1996, Halpin-Dohnalek and Marth 1989, Parrish and Higgins 1990, Fleet 1992, Deák and
Beuchat 1993b, Legan and Voysey 1996). The spoilage microorganisms have been divided
into five broad categories (van der Zee and Huis in’t Veld 1997):

Gram-negative rod shaped bacteria

The most common spoilage microorganisms are Pseudomonas spp., particularly in
aerobically stored foods with a high aw and relatively neutral pH conditions (meat, fish,
poultry, milk and dairy products). Other gram-negative rod shaped bacteria include
Aeromonas spp., Photobacterium spp., and Vibrio spp.

Gram-positive spore forming bacteria

Gram-positive, spore forming bacteria are capable of surviving the high temperatures used in
food production including species of Bacillus spp. and Clostridium spp. For the food
industry, especially strains which are able to grow in refrigeration temperatures may create
problems (Andersson et al. 1995). Only a few of the Clostridium spp. can grow in cold

Milk and dairy products Pseudomonas, Flavobacterium,

Alcaligenes, Aeromonas, Serratia, 

Bacillus

Meat and fish products Pseudomonas, lactic acid bacteria

Fruits and vegetables Yeasts
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storage conditions and Bacillus spp. are considered to be a more important bacteria causing
spoilage and foodborne diseases, though Clostridium perfringens was determined as a
leading causative agent of food poisoning in Finland in 1993 (Hirn and Myllyniemi 1994).

Lactic acid bacteria

The lactic acid bacteria (LAB) group contain several species in following genera:
Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, Carnobacterium, Enterococcus,
Oenococcus, Streptococcus, Tetragenococcus, Vagococcus, and Weissella (Stiles and
Holzapfel 1997). LAB have a dual role in food industry. While the production of certain
products relies on the actions of LAB, the production process of other products or the final
products themselves (beer, vacuum-packed meat) are spoiled by their growth (Tsuchiya et al.
1992, van der Zee and Huis in’t Veld 1997, Björkroth et al. 1998). In some products LAB
ferment sugars to form lactic acid, slime, and CO2 and as a consequence lower the pH. They
are also cabable in producing off-flavours, when causing spoilage. On the other hand, e.g. in
the production of sour rye bread, the LAB ferments substrates, lower the pH and thereby
helps the sour dough yeasts to grow and leaven the dough (Salovaara and Savolainen 1984).

Other gram-positive bacteria

Gram-positive spoiling bacteria include Brochothrix thermosphacta which also spoils
vacuum-packed fresh meat products and Micrococcus spp. which spoil products with high
salt concentration. Many of the strains are thermoduric surviving pasteurisation processes
(van der Zee and Huis in’t Veld 1997).

Yeasts and moulds

Yeasts and moulds are able to utilise a variety of substrates (sugars, pectines, organic acids,
proteins and lipids) and furthermore they are relatively tolerant to low pH, low aw, low
temperatures and various preservatives (van der Zee and Huis in’t Veld 1997). These
microorganisms have also a dual role in food production, while Penicillium roqueforti is
used in the production of blue mould (roquefort) cheese, some other cause disease by
producing mycotoxins (Moss 1998) and some other strains cause spoilage of products.

Biotechnological processes have been and will continue to be important technological
processes in the food industry. For instance yeasts are used to produce 60 million ton of beer,
30 million ton of wine and 600 000 ton (dry matter) of baker’s yeast annually (Demain et al.
1998). Some microorganisms, especially, some LAB have beneficial effects on human health
(Daly et al. 1998), and one yeast species, namely Saccharomyces boulardii, has also even
been found to possess therapeutic properties for treating diarrhoea (McFarland and
Bernasconi 1993). The quality control of production strains may be done using DNA based
fingerprinting methods to verify the quality of the production strain or/and the purity of the
production lots (Tsuchiya et al. 1992, Roy et al. 1996).
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1.1.1. Bacillus cereus

Bacillus cereus and Bacillus spp. are widely distributed in nature (Drobniewski
1993). Species of the genus Bacillus are rods, which sporulate in aerobic conditions. The
endospores are resistant to heat, dehydration, or other physical and chemical stresses. Some
strains of B. cereus and other Bacillus spp. cause food poisoning (for a review see Lund
1991) and other infections (for a review see Drobniewski 1993) (Table 3).

Table 3. A list of Bacillus species which have potential to cause diseases (Farrar and Reboli 1992); the species

in bold have been implicated with food poisoning according to Drobniewski (1993).

There are two principal types of food poisoning caused by B. cereus, namely
diarrheal and emetic types of food poisoning (Kramer and Gilbert 1989). Diarrheal type of
enterotoxin is commonly associated with dairy products while some emetic outbreaks have
been transferred via cooked rice (Lund 1991). Approximately half of the B. cereus strains
produce diarrheal enterotoxin (Granum et al. 1993a, Shinagawa 1993, Pirttijärvi et al. 1996),
also in cold storage (Christiansson et al. 1989, Griffiths 1990, Granum et al. 1993a).
Furthermore, the spores survive heat treatment (Kramer and Gilbert 1989), and therefore,
they may cause spoilage and/or food poisoning via food products (Overcast and Atmaram
1974, Christiansson 1993, Andersson et al. 1995).

There have been several reports of proteins causing diarrheal form of food poisoning
(Turnbull et al. 1979, Thompson et al. 1984, Bitsaev and Ezepchuk 1987, Shinagawa et al.
1991, Agata et al. 1995). Some of these proteins have been suspected to be identical
(Granum et al. 1993b). Beecher and MacMillan (1991) showed that hemolysin BL (HBL)
consists of the binding component B which either binds or alters the cells allowing the
second component (component L) to lyse the cells. Previously, Bitsaev and Ezepchuk (1987)
found a DL-toxin which was composed of two components with similar effects. However,
tripartite HBL have been concluded as the enterotoxin which causes diarrheal form of B.
cereus food poisoning. HBL causes fluid accumulation in ligated rabbit ileal loops, and it is
composed of B, L1, and L2 protein components which possess hemolytic, cytotoxic,

Bacillus alvei Bacillus anthracis

Bacillus cereus Bacillus brevis

Bacillus circulans Bacillus coagulans

Bacillus licheniformis Bacillus laterosporus

Bacillus macerans Bacillus megaterium

Bacillus pumilus Bacillus thuringiensis

Bacillus subtilis

Bacillus sphaericus
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dermonecrotic, and vascular permeability activities (Beecher et al. 1995). However, the
results of HBL and DL-toxin indicate that these toxin proteins might be the same (Beecher
and MacMillan 1991). Recently, Andersson et al. (1998) found that some strains of B. cereus
produce spores which are able to adhere to human epithelial cells. Their adhesion capability
together with the hydrophobicity of the spores may contribute to toxic effects in humans.
Cereulide protein has been concluded as the causative agent of the emetic food poisoning
(Agata et al. 1995).

1.1.2. Staphylococcus aureus

Currently, the genus Staphylococcus consists of 33 species (Kloos et al. 1992,
Tanasupawat et al. 1992, Chesneau et al. 1993, Webster et al. 1994, Zakrzewska-Czerwinska
et al. 1995, Lambert et al. 1998). The members of the genus Staphylococcus have been found
to be common to all animals (in skin and in mucosal membranes) (Kloos 1980, Bergdoll
1989). Therefore, their presence in food manufacturing lines have been considered as an
indicator of poor hygienic conditions (Notermans and Wernars 1991). For instance in one
food factory, 44% of the workers were found to harbour enterotoxic staphylococci in their
noses (Polledo et al. 1985). S. aureus and certain other Staphylococcus species including S.
capitis, S. cohnii, S. equorum, S. haemolyticus, S. hyicus, S. intermedius, S. lentus, S.
simulans, and S. xylosus have been implicated with the production of enterotoxin. Though,
only S. aureus has been considered to be one of the most important bacteria causing food
poisoning (Genigeorgis 1989, Bergdoll 1990, Notermans and Hoogenboom-Verdegaal
1992). About half of the S. aureus strains have been found to be enterotoxigenic (Troller
1976, Ahmed et al. 1978, Ewald 1987, Ewald and Christensen 1987, Halpin-Dohnalek and
Marth 1989). In microbiological analysis the coagulase positive S. aureus has been used as
an indicator organism, though enterotoxin production by coagulase negative staphylococcal
species have been reported (Breckinbridge and Bergdoll 1971, Adesiyun et al. 1984, Hirooka
et al. 1988, Bautista et al. 1988, Gunn 1989, Vernozy-Rozand et al. 1996).

There are at least ten immunologically different enterotoxins produced by
staphylococci and furthermore some immunologically unrecognized toxins (Bergdoll 1989,
Su and Wong 1995), which are produced during all phases of growth (Czop and Bergdoll
1974). These enterotoxins are water-soluble proteins (Swaminathan et al. 1992), which
contain many lysine, aspartate, glutamate and tyrosine residues in their protein primary
structure (Bergdoll 1990) and in their native biologically active form they are resistant to
heat and proteolytic enzymes (Bergdoll 1989). Staphylococcal enterotoxins act as
‘superantigens’ and activate human defense systems when causing foodborne and other
diseases (Marrack and Kappler 1990).

1.1.3. Yeasts

Yeasts are predominantly unicellular fungi. Taxonomically, yeasts are rather
heterogeneous and belong to the division of Eumycota, and have been divided into three
classes based on their reproduction modes. Ascomycetes form ascospores, while
Basidiomycetes form basidia and ballistospores, or teliospores, and the third class
Deuteromycetes (Fungi imperfect) lacks a sexual reproduction mode and reproduces only
asexually. In the production of bakery products, enzymes, beverages, and in home-cooking,



15

the metabolic activity of yeasts have been utilized. The most important yeast species which
are used in food production include Saccharomyces cerevisiae, S. pastorianus syn. S.
carlsbergensis, S. bayanus syn. S. uvarum, Candida milleri, and Torulaspora delbrueckii.
Only a few species, namely Candida albicans and Cryptococcus neoformans are known to
be pathogenic to human (Ahearn 1998). Yeasts can grow in low and high pH's or aw's
conditions causing food spoilage (Deak and Beuchat 1993b) even at low storage
temperatures (Fleet 1992).

1.2. Factors influencing microorganisms in food production

Food manufacturing practises, such as heating, modified atmoshaere packaging, cold
storage, and others, have been designed to reduce the numbers of microorganisms present in
the raw materials (Gould et al. 1995, Gould 1996). Inadequate treatments only injure
microorganisms making them unable to form colonies in the selective plates used for
detection and they therefore go undetected through quality control (Baird-Parker and
Davenport 1965, Hurst 1977). The ability of microorganisms to adapt to changes in growth
conditions in food is poorly known (Huis in’t Veld 1996). The range of temperature and pH
conditions in which microorganisms are able to grow have often been estimated from
laboratory experiments which do not correspond to the conditions found in food. The
proteins and fats in food are known to protect staphylococcal enterotoxins and the spores of
Bacillus cereus (Smith et al. 1983, Kramer and Gilbert 1989). The excistance of certain
indicator organisms in the products, has been considered as a risk factor. Especially, foods
which are manually handled after precooking or pasteurisation may be considered to be at
high risk (Schmitt et al. 1990).

Microorganisms are affected by temperature, pH, chemicals, moisture content, water
activity (aw), oxidation-reduction potential (Eh), nutrient content of the raw materials,
antimicrobials, and biological structures of food products. Generally, moulds and yeasts are
more resistant to different external factors than bacteria e.g. many pathogenic bacteria do not
grow below pH 4 (Thomas et al. 1993). Low temperatures will slow the metabolic activity of
microorganisms, though psychrophilic microorganisms can grow or prefer growing at low
temperatures (Legan and Voysey 1996). Spores of thermophilic bacteria, can survive heat
treatments commonly used in food production and create a risk for food manufacturing
processes (Andersson et al. 1995). The strict aerobic microorganisms are not able to grow in
modified atmosphere packagings which do not contain oxygen (Gould 1996), though some
microorganisms (yeasts and moulds) are not totally inhibited in flexible bakery packages in
which the concentration of CO2 is lower (Legan and Voysey 1996). Preservatives such as
potassium sorbate (Troller 1986, Thomas et al. 1993) and nisin produced by some LAB
(Blom and Mørtvedt 1991, Beuchat et al. 1997) may inhibit the growth of other
microorganisms. However, the actions of preservation compounds like salt and sugar
together with other preservatives, are dependent on the concentration of the compounds in
the products (Halpin-Dohnalek and Marth 1989). Starters used in food production and the
growth of microorganisms in products affect the growth of pathogenic microorganisms,
either promoting or inhibiting their growth rates (Smith et al. 1983, Otero et al. 1993,
Cavadini et al. 1998). The natural compounds (oils, lactoferrin, lysozyme, lactate) found in
some products are also known to possess antimicrobial activity (Jay 1992) together with the
natural biological structures of food. The outer coverings of fruits, seeds, shells of eggs, and
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hides of animals provide a barrier against microorganisms. The best preservation action will
be achieved by combining many influencing factors (Untermann and Müller 1992, Thomas
et al. 1993, Legan and Voysey 1996). The processing techniques and subsequent food
inspection analysis should ensure that the products do not contain enterotoxins which remain
active after processing or harmful microorganisms which may survive and start to grow in
the final product when conditions become favourable.

2. Current methods in food microbiology

The safety of food is often determined by detecting the colonies of the ‘indicator
microorganisms’ in suitable media (Table 4). Making the change to more modern techniques
is often considered to be difficult (Andrews 1997) as plate counting methods are standard
methods required by legislation to be done by the producer or food inspection offices. High
amounts of coliforms in a sample indicate a fecal contamination. Gram-negative bacteria can
be found in products with insufficient pasteurisation, and staphylococci are present in
products which are produced in poor hygienic conditions (Notermans and Wernars 1991).
The coliforms are often the only microorganisms which can be determined using plate
counting after overnight incubation. Most of pathogenic microorganisms used as targets in
hygienic quality control, psychrophiles and other slow growing microorganisms require
longer incubation times to be detected. This type of post-testing serves only as a trend
analysis (van der Zee and Huis in’t Veld 1997). One single microorganism or small amounts
of microbial toxins can be considered potentially harmful in food microbiological analysis
and therefore low detection limits are required of the methods used for analysis (Evenson et
al. 1988, Wolcott 1991). The culture based methods are slow for industrial quality control
where the contamination source and contaminating strains should be identified preferably
before the products reaches the consumers (Cox et al. 1987, Beuchat 1993, van der Vossen
and Hofstra 1996). Though, there are reports that a certain media performs significantly
better than others in detection of specific microorganisms (Niskanen and Aalto 1978,
Rayman et al. 1988), often time-consuming confirmation tests must be applied for reliable
results (Niskanen and Aalto 1978, Noleto and Bergdoll 1980). For identification of suspected
colonies API system have been used successfully (Jasper et al. 1985, Griffiths 1990, Török
and King 1991, Te Giffel et al. 1996). The plate counting methods have other disadvantages
in addition to their inherent slowness and unspecificity. The enumeration of some
microorganisms may require additional cultural conditions. For microaerophilic
Campylobacter jejuni a suitable oxygen content is needed (Skirrow 1990), for anaerobes the
exclusion of oxygen and for thermophiles high temperatures should be applied (Brock and
Freeze 1969). The common errors associated with microbiological plating are media
deficiencies, erroneous incubation temperatures, and mistakes in calculations or writing up
of the results (Peterz et al. 1989, Peterz and Steneryd 1993).
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Table 4. The targets used in food microbiology (van der Zee and Huis in’t Veld 1997).

The alternative methods in food microbiology have been reviewed by Sharpe (1994).
Specific staining techniques have been developed for selective detection of viable cells for
microscopic counting (Vida and Emr 1995). ATP measurement is a rapid method for
detection of hygienic conditions, though the method does not distinguish the source of ATP,
and therefore, cannot be used for the sensitive detection of specific microorganisms (Barney
and Kot 1992). Microorganisms have been detected via their immunological properties (Fey
et al. 1984, Ewald 1988, Ewald et al. 1990, Bergdoll 1990, Candlish 1991, Notermans and
Wernars 1991), but often an incubation period is needed for microorganisms to grow and
produce enough antigens to get the results (Notermans and Wernars 1991). The
immunoassays are sensitive to non-specific reactions (Notermans and Wernars 1991, Chart
et al. 1998), and results with DNA based detection and ELISA may not agree with each other
(Notermans and Wernars 1991). Furthermore, two commercial kits designed to detect
enterotoxic Bacillus cereus have been found to detect different antigens (Christiansson 1993,
Beecher and Wong 1994, Buchanan and Schultz 1994, Day et al. 1994). There should be
internationally standardized both positive and negative controls for performing
immunoassays in order to verify the results (Notermans and Wernars 1991). The use of
several commercial immunoassays simultaneously have also been proposed for ensuring
reliable results (Wieneke 1994). The indicator organisms (total viable counts, coliforms,
yeasts) can also be determined using impedimetry, bioluminescence and flow cytometry
(Silley and Forsythe 1996, van der Zee and Huis in’t Veld 1997), though the analysis times
may be long with impedance methods (Fleischer et al. 1984, Deák and Beuchat 1993a).
These methods are not labour-intensive and the results correlate fairly well with traditional
plating methods (Deák and Beuchat 1993a). Flow cytometric methods provide a fast method
which are more applicable with liquid samples (Pettipher 1991, Jespersen et al. 1993). DNA
probes have been used to confirm the presence or absence of e.g. enterotoxic Staphylococcus
aureus (Jaulhac et al. 1992). A suitable amount of cells (105 to 106) is needed to yield a
positive DNA hybridization result, with PCR the time needed for analysis using DNA
sequence information is reduced (Hill and Keasler 1991). However, Deák (1993) stated that

1)  Groups of indicator and spoilage organisms

•  Total viable count

•  Coliforms

2)  Pathogenic microorganisms

3)  Bacterial toxins (e.g. Staphylococcus aureus enterotoxins, Bacillus cereus toxins, and Escherichia

coli toxins)

4)  Yeasts, moulds and mycotoxins
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sophisticated biochemical or molecular methods cannot easily be applied in an industrial
environment. The costs, labour and time needed before obtaining the results affect the
applicability and usability of new methods (Sharpe 1994, van der Zee and Huis in’t Veld
1997). However, for diagnostic purposes the accuracy and specificity of methods should be
weighed while choosing the assay. As the fast and accurant results from a product may save
consumers of detrimental health effects and re-sampling after a failed or insufficient assay is
often the most expensive alternative.

3. Polymerase chain reaction and factors affecting the amplification

PCR is a method in which a target DNA sequence is amplified with specific primers
and DNA polymerase enzyme. Kleppe et al. (1971) showed that DNA polymerases can
repair short synthetic DNA. However, the actual discovery of PCR was described later (Saiki
et al. 1985, Mullis and Faloona 1987). The sensitivity and specificity of the amplification
was further improved by including thermostable DNA polymerase (Saiki et al. 1988). The
PCR is composed of thermal steps. In the first step the DNA to be amplified is denatured, in
the second step the primers are allowed to anneal with single stranded DNA and in the third
step the DNA polymerase synthetizes a new DNA strand using target DNA as the template.
The polymerization occurs in the 5’-3’ direction and newly synthesized DNA sequences act
as templates in the next cycle. Theoretically, DNA will be amplified in PCR, 2n times after n
cycles (Xu and Larzul 1991). (Figure 1).

A)

ATGTGACCTGATGCATGCTGTGAC

TACACTGGACTACGTACGACACTG

repetition of thermal cycles denaturation of DNA

B)

ATGTGACCTGATGCATGCTGTGAC          amplification products

ATGTGAC

2. annealing of the primers

3. and DNA polymerase will synthetizate new DNA strands

CTGTGAC

TACACTGGACTACGTACGACACTG number of cycles

Figure 1. a) The basic principles of PCR reaction, b) hypothetical accumulation of amplification products.

The reaction mixture includes primers, dNTPs, DNA polymerase, and divalent cation
(often MgCl2) in a suitable buffer, and the initial amounts of the components affect the



19

efficiency of the amplification (Czerny 1996). The buffer may for instance contain 10 mM
Tris-HCl (pH 8.8 at 25°C), 50 mM KCl, and 0.1% Triton X-100 (Dynazyme enzyme buffer,
Finnzymes Oy, Espoo, Finland). The optimization of the reaction buffer may be required. It
has been found that KCl is not optimal when amplifying GC-rich sequences and it may be
replaced by NaCl (Cha and Thilly 1993, Hengen 1996). All known DNA polymerases
require a divalent cation for activity and magnesium has been found to prevent errors most
efficiently (Loeb and Kunkel 1982). The final reaction conditions should be chosen using the
experimental approach (Xu and Larzul 1991). The specificity and efficiency of the
hybridization between a primer and a target sequence depends on the sequences of
oligonucleotide primers and the difference between the sample temperature and the melting
temperature Tm of the primer target sequence complex (Xu and Larzul 1991, Cha and Thilly
1993, Dieffenbach et al. 1993). Several computer programs have been designed to help in the
selection of primers (Dieffenbach et al. 1993). High annealing temperature and low MgCl2

concentrations increase specificity (Erlich 1991). The specificity of the reaction can be
improved by adding an enzyme or some other essential component after the reaction mixture
is heated at 80°C temperature - the so-called “hot start” (D’Aquila et al. 1991, Chou et al.
1992). Kaijalainen et al. (1993) and others (Bassam and Caetano-Anollés 1993, Wainwright
and Seifert 1993) have refined this methodology by embedding one reaction component in
paraffin wax. Addition of single strand binding protein of Escherichia coli (Chou 1992) or
dimethyl sulfoxide (DMSO) in the reaction may also improve the performance of the
amplification reaction by destabilizing dsDNA (Masoud et al. 1992). Betaine, bovine serum
albumin and T4 gene 32 protein in amplification reaction will remove some PCR inhibitors
and thereby improve sensitivity (Kreader 1996, Hengen 1997).

The PCR method cannot differentiate DNA from dead or living microorganisms or
contaminating DNA from previously amplified amplicons (Sarkar and Sommer 1990,
Josephson et al. 1993, Altwegg 1995, Carrino and Lee 1995). In food microbiological
analysis living microorganisms pose higher risk, though some toxin producing strains may
have produced enough toxin for causing diseases. In routine analysis service, however, more
careful laboratory practices (Kwok and Higuchi 1989) and separate rooms for handling of the
samples before and after the amplification reaction are required to avoid cross-contamination
(Xu and Larzul 1991). For avoiding carry-over contamination several approaches have been
applied. UV-light effectively destroys nucleic acids (Sarkar and Sommer 1990, Ou et al.
1991). Other effective ways to avoid carry-over contamination is to incorporate modified
bases such as dUTP (Longo et al. 1990) or reagents such as isopsoralen (Cimino et al. 1991)
which can be treated with enzyme digestion or modified after PCR amplification. Modified
amplification products cannot serve as templates in subsequent PCR reactions. Meier et al.
(1993) developed an effective system by combining 8-methoxypsoralen and UV treatment to
prevent unwanted amplification.

In addition to contamination problems there have been many reports of substrates and
reagents which inhibit PCR amplification. These include some culture media (e.g.
Rappaport-Vassiliadis medium for enrichment of Salmonella) used to grow microorganisms,
fats, proteins, many chemicals used in DNA extractions (detergents, lysozyme, NAOH, SDS,
alcohols), and furthermore bacterial cells, particularly thermonuclease-producing
staphylococci and the thermonuclease enzyme itself inhibits the amplification reaction as
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well as high amounts of RNA in samples (Rossen et al. 1992, Grant et al. 1993, Pikaart and
Villeponteau 1993, Wilson et al. 1994). The detection of silent or mutant copies of
enterotoxin by DNA probes may be considered as a false positive result (Okoji et al. 1993).
However, the presence of DNA sequences of toxic microorganisms indicates that a potential
problem exists in the manufacturing lines.

3.1. PCR applications in food microbiology

3.1.1. Basic principles of PCR detection methods

Genetic information is coded in the base composition of DNA sequences, which can
be used for classification and studying the evolutionary relationships between
microorganisms (van der Vossen and Hofstra 1996). The use of PCR method in food
microbiology has been reviewed by Harris and Griffiths (1992) and more recently by
Candrian (1995). In food laboratories, where the enrichment of pathogenic microorganisms
by culture methods introduces potential health hazard and contamination source to
production environment, PCR provide a culture-free detection method (Candrian 1995). The
basic steps needed for PCR detection are illustrated in Figure 2. DNA sequences provide
identification targets for differentiation from genus to strain level and it can be used in food
microbiological analysis as a rapid method for detection and finding the source of
contamination (van der Vossen and Hofstra 1996). The international standard methods of
detection or food related microorganisms are still largely culture based methods. The
detection limits in various food products are, therefore, presented in the form of colony
forming units per gram or per milliliter of the original sample. The detection sensitivity of
culture based methods depend on the capability of microorganisms to grow in
microbiological media. The detection limits of food related microorganisms vary from zero
with some pathogenic (e.g. Listeria monocytogenes) to several thousands (total aerobic
microorganisms) of colony forming units in a sample. It should be possible to detect these
different target concentrations with PCR before it can be applied in routine analysis.

Figure 2. The detection of microorganisms with PCR include three basic steps.

sample preparation to extract the nucleic acid

target amplification

analysis of amplification products
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3.1.2. Sample preparation

Food samples have been mixed with solutes and the mixture has been homogenized
to liberate the microorganisms. The microorganisms have then been lysed using enzymatical
(lysozyme, lysostaphin, lyticase, proteinase), chemical or physical treatments (Candrian
1995). The purification of nucleic acids has been commonly done using extraction with
phenol-chloroform (Wallace 1987), CTAB (Ausubel et al. 1987), or guanidium thiocyanate
(Boom et al. 1990, Nelson and Krawetz 1992) or alternatively by using commercial DNA
extraction kits. Guanidium thiocyanate has been included in many successful sample
preparation protocols (Hill et al. 1991, Giesendorf et al. 1992, Jones et al. 1993, Bej et al.
1994). Wernars et al. (1991b) found that some samples contain more inhibitory components
than others and therefore sample preparation techniques should be designed carefully. The
immunomagnetic separation technique has facilitated the specific separation of
microorganisms or their nucleic acid sequences (Olsvik et al. 1994, Safarík et al. 1995). The
superparamagnetic particles developed by Ugelstad et al. (1979) become magnetic when an
external magnetic field is applied. The cells or preformed toxins can be separated using
antibodies, lectins, or other specific attachment molecules bound to magnetic particles, and
after an efficient separation system has been developed the targets can be detected with
ELISA, PCR, standard plating, microscopy, fluorimetry, impedimetry, or flow cytometry
(Olsvik et al. 1994, Safarík et al. 1995). Kapperud et al. (1993) compared two sample
preparation protocols: immunomagnetic separation and a series of centrifugation steps
combined with proteinase treatment. With nested PCR assay, they were able to detect with
both sample preparation techniques 10-30 cfu of Yersinia enterocolitica cells from one gram
of meat. The enrichment step overnight improved the sensitivity to two cfu/g (Kapperud et
al. 1993).

3.1.3. The efficiency of target amplification

Many PCR applications are based on amplification of DNA sequences of the
virulence factors such as toxin sequences or ribosomal small subunit sequences. Other
workers have concentrated on the study of the epidemiological and phylogenetical
relationships of microbial strains. Most of the methods have been developed for specific
detection of pathogenic or harmful microorganisms. In the future, these detection methods
may be more common in the quality control of production strains. PCR applications can be
divided into two main categories: the direct detection methods and the indirect detection
methods. The theoretical sensitivity of PCR have been suggested to be one single cell.
However, the comparison of the detection limits of PCR have often been done using plate
counting methods. Injured and dead microorganisms cannot form colonies in selective media
(Roszak and Colwell 1987) and therefore detection limits may be affected by this fact. In
direct detection, the DNA to be amplified is extracted from the sample. Lampel et al. (1990)
were able to detect 104 cells of Shigella flexneri in one gram of lettuce. The enrichment step
dilutes the DNA from dead cells away and thereby the rate of false positive should be lower.
Tsen and Chen (1992) were able to detect one to ten cells of Staphylococcus aureus
producing enterotoxin in one milliliter of milk or in one gram of meat samples using a
simple proteinase K incubation procedure in DNA extraction. Using centrifugation steps
combined with steps liberating DNA in raw milk, soft cheese, and water samples made
possible to detect ten bacteria in one gram or in one milliliter of sample (Wegmüller et al.
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1993). A direct extraction procedure has been successful with ‘nested’ primer system to
detect five to ten cells of Listeria monocytogenes in one milliliter of raw milk (Herman et al.
1995). Sensitivity may be improved by increasing sample sizes (Niederhauser et al. 1994).
Fluoropore filters were used to detect a single cell in 100 ml of water by Bej et al. (1991).
Filterable samples can therefore easily be used in PCR detection. Tsuchiya et al. (1992)
filtrated beer and detected 30 cells of spoiling Lactobacillus species in 250 ml. Meyer et al.
(1991) used centrifugation steps after pronase treatment to recover Escherichia coli which
were then lysed with proteinase K and lysozyme and were able to detect 103 cfu/g of soft
cheese. However, it is evident that PCR is a very fast and sensitive detections method when
suitable sample preparation techniques are applied.

3.1.4. The analysis of amplification products

Traditionally, the performance of PCR have been analyzed in agarose gel
electrophoresis based on the amount of PCR products with correct molecular weight. The
performance of the amplification reaction analysis have relied on analyzing the amplified
fragments stained with ethidium bromide under UV illumination. The sensitivity and the
reliability of the analysis of PCR amplification have been improved by hybridization with
oligonucleotide probes (Saiki et al. 1985, Saiki et al. 1988). The development of DNA
sequence analysis techniques improved the reliability of the PCR amplification even further
when the sequences of the amplified products where studied using restriction length
polymorphism (RFLP) or by determining the correct base composition with DNA
sequencing methods. RFLP method have been widely used as this technique may be applied
without expensive apparatus. However, there are special apparatus designed using RFLP
methodology e.g. Riboprinter (E.I. du Pont de Nemours and Company, Wilmington,
Delaware). DNA sequencing has recently started to be even more applicable when DNA
sequencing apparatus have been improved. The sequencing of amplified DNA fragments is
the most reliable method when verifying the performance of amplification and therefore, it
will be more common analysis method in the future.

3.1.5. Improvements for PCR applications

In applications with food related microorganisms the usage of capture
oligonucleotide probes in detection has been used to lower the detection limits (Galindo et al.
1993, Cano et al. 1993). However, with probe hybridization methods, the analysis of the
results may take days to perform (Furrer et al. 1991). In addition to oligonucleotide capturing
a ‘nested’ PCR technique, in which the additional primer or primer pair amplifies an internal
part of the PCR product from the first amplification products, improves both the specificity
and sensitivity of the PCR (Bloch 1991, Harris and Griffiths 1992). Wilson et al. (1991) used
‘nested’ PCR to detect enterotoxigenic 105-106cfu/ml Staphylococcus aureus from dried
skim milk within 5 hours. The sensitivity could be improved by 100- to 1000-fold by
Southern hybridization but then the analysis time increased to days.

Immunomagnetic separation techniques have been included for various PCR
applications: 1) for separation of cells or DNA for PCR (Kapperud et al. 1993, Docherty et
al. 1996, Uhlen 1989) or 2) for detection of amplified products of PCR using labelled
primers (Wahlberg et al. 1990). Docherty et al. (1996) found that immunomagnetic
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separation improved the sensitivity down to 420 cfu of Campylobacter jejuni in one gram of
chicken after an 18 hours enrichment phase. For direct detection of C. jejuni in milk 6.3 ×
106 cfu/ml of milk was needed for positive results and adding immunomagnetic separation in
the direct detection procedure improved sensitivity by 10-fold. However, after 36 hours
enrichment the detection limits were 6.3 cfu/ml for milk and 4.2 cfu/g for chicken (Docherty
et al. 1996).

3.1.6. The indirect PCR applications

In the indirect method, an enrichment culturing phase is performed and the PCR
sample is taken from enrichment culture. Generally, an overnight enrichment culturing, but
already a short incubation have improved the sensitivity of detection (Wernars et al. 1991a,
Mahon et al. 1994, Fach et al. 1995). In some applications longer enrichment steps have been
described (Rossen et al. 1991). The sensitivity has varied between different products from
104 cfu/g with cooked ham to 10 cfu/ml with tap water (Fach et al. 1993). The addition of
oligonucleotide dot blot detection has been applied for detection Clostridium botulinum with
the detection limit of 100 vegetative cells in one milliliter of culture broth (Ferreira et al.
1993).

3.2. PCR quantification methods

As the polymerase chain reaction is an enzymatic reaction, the exponential
accumulation of amplification products usually declines to linear accumulation when a
product concentration reaches 10-8 M and the accumulation of products ceases at the product
concentration of 10-7 M (Bloch 1991). Therefore, the efficiency of the amplification is
affected by the amount of initial number of target molecules (Bloch 1991, Cimino et al.
1991). The PCR amplification is quantitative only during the exponential amplification stage
(Xu and Larzul 1991). Several approaches to solve the quantification problem have been
proposed:

1) The internal standard technique relies on amplification of known amounts of modified
target sequence together in same reaction mixture. The amount amplified is determined by
comparing the amount of standard versus target in a sample (Choi et al. 1989, Wang et al.
1989, Gilliland et al. 1990). The amplification rate is affected by primer and target
concentrations and the half-life of the DNA polymerase (Xu and Larzul 1991). This approach
requires careful selection of primers that amplify both target and standard sequences with the
same efficiency (Ferre 1992). The products can then be separated and quantified. A
competitive PCR method using an internal standard has been described for the detection of
bacteria in the rumen (Reilly and Attwood 1998).

2) The Most Probable Number (MPN) concept was developed for estimation of the number
of organisms based on the probability (Cochran 1950). The method is based on the
assumption of a Poisson distribution of particles in the sample. The principles of MPN have
been widely used in microbiology. The numbers of positive and negative amplifications in
different dilutions of sample are recorded. From these results the MPN scores are obtained
and transformed into density estimates. Detection methods based on MPN-PCR have been
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described for enumeration of soil microorganisms (Picard et al. 1992, Myrold and Huss-
Danell 1994).

3) There have also been efforts to quantificate PCR products by oligonucleotide
hybridization in solution and subsequent capture of the biotinylated PCR products using
streptavidin bound to microtitre wells (Landgraf et al. 1991) or DNA bound to microtitre
plate (Rasmussen et al. 1991). The final detection and quantification of PCR products was
based on the bioluminescent reaction of luciferase enzyme (Balaguer et al. 1991) and other
chemiluminescent, fluorescent, or colorimetric detection (Vlieger et al. 1992). Recently, the
quantitative approach has been applied when enumerating bacteria in refrigerated raw milk
and meat samples using a quantitative PCR-ELISA method (Gutiérrez et al. 1997, Gutiérrez
et al. 1998).

4) Kinetic PCR analysis systems are based on quantification of dsDNA fragments formed in
amplification process. The monitoring is achieved by measuring increasing fluorescence of
dsDNA stained with ethidium bromide or other DNA specific stains. The increase in
fluorescent molecules during thermal cycles is recorded using video camera linked with
optical instruments. The proportion of increased fluorescence is related to the initial amount
of target molecules (Higuchi et al. 1993).

However, there is still a lack of reliable methods to estimate the amplification rates
(Peccoud and Jacob 1996).

4. Methods for studying phylogenetic relationships

The detection of contamination sources in food manufacturing processes and in the
quality control of food products rapid and reliable classification methods are needed. In
microbiology, however, there are no official generally used practices for classification and
nomenclature for all microorganisms (Stackebrandt and Goodfellow 1992). The basic unit in
the taxonomy of microorganisms is species level (Cowan 1978). The nomenclature in
microbial taxonomy labels the taxonomic units (species) into groups (genus). The organisms
are assigned into species and genera according to morphological characteristics,
physiological properties, genomic G+C -content, protein profiles, and molecular sequence
data. Kreger-van Rij (1980) defined a genus as a group of species who share one or more
characters. The classification of microorganisms should be phylogenetically sound and
should present the correct evolutionarily relationships. The analysis of numerous observed
properties including genomic sequences of microorganisms yields phenetic grouping which
reflects the phylogenetic relationships of microorganisms (Sneath 1989). Reliable
phylogenetic relationships cannot be based on morphological and physiological features. The
DNA sequences of microorganisms comprises of many evolutionarily independent residues
which may be used in resolving phylogenetical relationships. DNA sequences may change in
time though the phenotypic functions are not altered therefore sequences may serve as
‘evolutionary clocks’. The primary aims of taxonomy are to construct phenetic groups and a
classification that is useful for various purposes. DNA sequence data are genomic and
therefore it is also a good basis for determining phenetic relationships (Olsen and Woese



25

1993). At the molecular level, sequence similarity indicates the common origin of the
corresponding genes and gene products (Ludwig and Schleifer 1994). Conserved
macromolecules such as ribosomal rRNA, elongation factor, ATPases, and RNA
polymerases have been used as phylogenetically important target molecules. The sequence
data of these other macromolecules generally agree with rRNA sequence data, but when
studying more distant relatives the correlation decreases as gene transfers may have occured
during evolution in these less conserved genes (Olsen and Woese 1993, Ludwig and
Schleifer 1994).

4.1.Nucleic acid sequence analysis
The molecular methods, and especially sequencing of ribosomal rRNA, have

improved the possibilities to compare the taxonomic relationships between microorganisms
(Woese 1987, Kurtzman 1994). Recent developments in molecular characteristics have
changed the taxonomy of microorganisms (Ash et al. 1991, Ash and Collins 1992, Kurtzman
1994). The ribosomal rRNA sequences have been extensively used to resolve phylogenetic
relationships between different species and genera (Magee et al. 1987, Barns et al. 1991,
James et al. 1997) and the amount of sequence data is expanding rapidly. The Ribosomal
Database Project (Maidak et al. 1994) in 1994 contained a total of 2100 bacterial, and 440
eukaryotic small subunit ribosomal RNA sequences compared to more recent release in 1997
which contained 6205 prokaryotic, and 2055 eukaryotic sequences (Maidak et al. 1997).
Furthermore, the number of microorganisms which genome have been sequenced is
increasing. In November 1998 total of 18 genomes was sequenced (Table 5) including
Saccharomyces cerevisiae, Escherichia coli K-12, Helicobacter pylori. There are several
genome sequence projects in progress, including important food related microorganisms
Listeria monocytogenes, Staphylococcus aureus, Pseudomonas aeruginosa, and Salmonella
typhimurium. Recent developments of the genome sequencing projects are updated and may
be followed at the www-site http://www.tigr.org/tdb/mdb/mdb.html. The DNA sequence
information of food related microorganisms and other microorganisms may be used to in
developing detection methods. Gendel (1996) analyzed and produced specific signature
sequences for most of food related microorganisms using DNA sequence data (16S rDNA
sequences) and computational analysis. The industrial environment may in future trace
contamination source faster using specific DNA fingerprinting methods. The rapid
determination of contamination sources help in targeting disinfection and cleaning
procedures.

Efforts have been made to develop mathematical methodologies which most reliably
estimate evolutionary and phylogenetic relationships based on sequence information. The
analysis of sequence data involves several steps (Sneath 1989):

1) alignment of the sequences to recognize similar and variable regions

2) the proportion of matching and mismatching bases between the aligned 
sequences are calculated

3) then there are several techniques to summarize the taxonomic relationships
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Three major approaches for analysis of relationships of aligned sequences have been
proposed: 1) Distance methods (Fitch and Margolish 1967) use only overall dissimilarity
values and all information about the behaviour of individual sequence positions is
disregarded. 2) Parsimony methods tend to misplace distant organisms or groups as it infers
phylogenetic relationships based on fewest changes. 3) The maximum likelihood method
(Felsenstein 1988) analyses the sequences on a site-by-site basis. However all the available
methods are based on assumptions which may differ from the real events (Ludwig and
Schleifer 1994). The distance methods are widely used, especially in microbiology and the
distances between the species may be calculated from the fractions of sites which are
different between the two sequences (Felsenstein 1988).

Saitou and Nei (1987) designed Neighbor-joining method for constructing
phylogenetic trees from evolutionary distance data. However, in the construction of
dendrograms several other mathematical models (e.g. UPGMA) can be used depending on
the methods used. The sequence comparisons of rRNA sequences of different species have
resolved the phylogenetic relationships between them. However, in future the secondary and
tertiary structures of rRNA’s may have more impact in determining the phylogenetic
relationships between different organisms (Gutell et al. 1994). For these application
mathematical and computational methods are also developed.

Table 5. The microbial genomes that has been sequenced before November 25th 1998.

4.1.1. Karyotyping

Pulsed field gel electrophoresis makes it possible to separate large DNA fragments in
alternating electrical fields (Schwartz and Cantor 1984). The method was improved by

species reference

Haemophilus influenzae Rd Fleischmann et al. Science 269: 496-512 (1995)
Mycoplasma genitalium Fraser et al. Science 270: 397-403 (1995)
Methannococcus jannaschii Bult et al. Science 273: 1058-1073 (1996)
Synechocystis sp. Kaneko et al. DNA Res. 3: 109-136 (1996)
Mycoplasma pneumoniae Himmelreich et al. Nucl. Acids Res. 24: 4420-4449 (1996)
Saccharomyces cerevisiae Goffeau et al. Nature 387 (Suppl.): 5-105 (1997)
Helicobacter pylori Tomb et al. Nature 388: 539-547 (1997)
Escherichia coli Blattner et al. Science 277: 1453-1474 (1997)
Methanobacterium thermoautotrophicum Smith et al. J. Bacteriol. 179: 7135-7155 (1997)
Bacillus subtilis Kunst et al. Nature 390: 249-256 (1997)
Archaeoglobus fulgidus Klenk et al. Nature 390: 364-370 (1997)
Borrelia burgdorferi Fraser et al. Nature 390: 580-586 (1997)
Aquifex aeolicus Deckert et al. Nature 392: 353 (1998)
Pyrococcus horikoshii Kawarabayasi et al. DNA Res. 5: 147-155 (1998)
Mycobacterium tuberculosis Cole et al. Nature 393: 537 (1998)
Treponema pallidum Fraser et al. Science 281: 375-388 (1998)
Clamydia trachomatis Stephens et al. Science 282: 754-759 (1998)
Rickettsia prowazekii Andersson et al. Nature 396: 133-140 (1998)
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applying orthogonal electrical field in CHEF gel electrophoresis (Chu et al. 1986). The
method has been used to study the taxonomic relationship between different yeast species
(De Jonge et al. 1989, Boekhout et al. 1993), though some chromosome length
polymorphism exists among yeasts (Zolan 1995). Thus, the patterns of different strains of
yeast species may be quite divergent.

4.1.2. Restriction fragment length polymorphism (RFLP)

Restriction fragment length polymorphism is a widely used method to study
differences in DNA sequences. The restriction enzymes cleave specific DNA nucleotide
sequences. The recognation sites are highly specific and therefore the higher the similarity
between two sequences the closer the cleavage patterns are in agarose gels (Nei and Li
1979). RFLP analysis can be used to recognize individual species and even individual strains
within species (Kurtzman 1992). PCR based 16S rDNA-RFLP studies have been used in
ecological studies as a method for studying the diversity of strains isolated from nature
(Schraft et al. 1996, Urakawa et al. 1997, Vallaeys et al. 1997, Nick 1998). The 18S rDNA-
RFLP method have been used to study the taxonomical positions of yeast species (Bruns et
al. 1991, Bowman et al. 1992, Masneuf et al. 1996). These methods often do not provide
enough information to identify isolates to the species level, as recombination events are quite
common in bacteria (Maynard Smith et al. 1993). The phenon lines described by Sneath and
Sokal (1973) can serve as a tool for comparing the results obtained with different strains. The
ribosomal gene region has been often used in phylogenetical analysis and Mannarelli and
Kurtzman (1998) recently proposed D1 and D2 regions to be used in phylogenetical studies
of yeasts (Figure 3).

Figure 3. Yeast ribosomal genes and the position of primers used in this study (yfor2 and yrev2) and as a

comparison the primers proposed by Mannarelli and Kutrzman (1998).

18S (ca. 1800 bp) 5.8S (ca. 120 bp) 26S (ca. 3200 bp) 5S (ca. 120 bp)

yrev2         D2
   990bp 600bp

yfor2    D1

4.2. Numerical taxonomy

The numerical taxonomy was an early polyphasic approach, and it is based on
grouping by numerical methods morphological, physiological and other features of isolates
(Sneath and Sokal 1973). The results of the separate analysis are transferred into numerical
form which then is used to distinguish members of different species and genera. There are
several principles of numerical taxonomy methods. These include (modified from Sneath and
Sokal 1973) that every character has equal weight when creating taxa. Distinct taxa can then
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be recognized by evaluating correlations of characters which differ in the groups of
organisms under study. The UPGMA method (Sokal and Sneath 1963) is one of the most
common clustering methods for different species, though distant relatives may be misplaced
(Felsenstein 1988). The correlation coefficients of Dice, Jaccard and simple matching
coefficient (Table 6) have been used in microbiology.

Table 6. The Correlation coefficients of Dice, Jaccard and simple matching coefficients used in microbiological
analyses.

where the letters in the pairwise comparison of strains refer to the frequencies of the following cases: a) both

positive, b) first strain positive the second negative, c) first strain negative and the second positive, and d) both

negative.

Jaccard's coefficient is preferred when negative matches are to be excluded, while
Dice's coefficient gives more weight to the matches than to mismatches. The mathematical
models used in numerical taxonomy may be used when analysing the RFLP data sets. In
bacteriological work exclusion of negative matches from the computation of a coefficient
may be done, since a large group of negatives may on occasion be due to an unrecognized
metabolic block preventing the expression of many other characters (Sneath and Sokal
1973). However, when analyzing DNA fingerprints obtained using random or arbitrary
primers, the Pearson product-moment correlation coefficient could be more reliably than
band matching algorithms such as Jaccard's and Dice's correlation coefficients (Häne et al.
1993). García et al. (1990) used numerical taxonomy to distinguish several staphylococcal
isolates (n=53) of goat's milk. The classification of nine isolates was unresolved even with
the 43 different characters used. The physiological features are known to be affected by the
culture conditions (Wolcott 1991, Codón and Benitez 1995). Therefore, DNA based methods
should perform better in the classification of microorganisms. However, new systems for
studying numerous physiological characters simultaneously in one microtitre plate have been
presented, i.e. the Biolog system, in which a total of 94 test are performed and a
physiological fingerprint of strains is obtained. However, with the current database for
instance only 68% of food related yeasts were identified correctly (Praphailong et al. 1996).

     2a           a
Dice coefficient SD=     Jaccard's coefficient SJ=

2a + b + c        a + b + c
a + d

Simple matching coefficcient SSM=
            a + b + c + d
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5. AIMS

The aim of food microbiological analyses is to confirm the quality and the safety of
the products for human consumption. The performance of the analysis is dependent on the
accuracy of the detection and the time needed to complete the analysis. The aim of this thesis
was to apply molecular methods to the microbiological analysis of food by 1) developing
rapid and reliable methods for the detection of important pathogenic bacteria and spoiling
microorganisms and 2) to develop methodology for the characterization of beneficial
production strains.

Staphylococcus species have almost identical small subunit ribosomal rDNA
sequences (Bentley et al. 1993) and furthermore only some staphylococci are able to cause
food poisoning. Similarly, Bacillus cereus have similar ribosomal sequences with other
Bacillus species (Ash et al. 1991, Ash and Collins 1992). Therefore, the suitable target
molecules, would be the specific enterotoxin sequences of these pathogenic microorganisms.
For general detection of yeasts the ribosomal small subunit DNA sequences were chosen as
target sequences.

The studied organisms were of general interest to the food industry especially for
dairy and bakery industries. During this project efforts have been made to design and
develop methodologies in such a way that it can be used in the laboratory of food companies
in practise.

The specific aims were:

•  To test the applicability and the general performance of a MPN-PCR quantification
methodology, which would be widely applicable using different primer systems (I).

•  To develop a rapid and reliable detection method for enterotoxigenic B. cereus (II).

•  To characterize yeasts strains isolated from fruit juice concentrates and to compare a
physiological method (Biolog system) and a DNA based PCR-RFLP method to
characterize these strains (III).

•  To apply a polyphasic approach to characterize yeasts occurring in the sour dough
ferments of five Finnish commercial bakeries (IV).
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6. Materials and Methods

6.1. Microorganisms and DNA extraction

6.1.1. Staphylococcus aureus

Staphylococcus aureus NCTC 10655 (enterotoxin C1 producing strain) was used in
article I. The pure culture was stored on Brain Heart Infusion (BHI) agar plates at 4°C during
the study. The DNA extraction was done from the cheese samples. Shortly, cheese samples
were diluted and homogenized in sterile quarter-strength Ringer solution with trypsin. This
treatment dissolves the solid cheese material into a suspension of small particles. The
suspension was filtered and centrifuged. The pellets were resuspended in TE buffer and
lysostaphin was added to lyse the cells. The suspensions were incubated at 37°C and after
that proteinase K, SDS, and Ca-acetate were added and the samples were vortexed. After the
incubations the nucleic acids samples were purified with CTAB (N-Cetyl-N,N,N-trimethyl-
ammoniumbromide) - and chloroform-isoamylalcohol extraction according to Ausubel et al.
(1987). The sample material was precipitated using isopropanol. The pellet was resuspended
into TE buffer. The concentration and purity of the DNA samples were determined using
absorbances at 260 nm and 280 nm.

6.1.2. Bacillus cereus

The Bacillus strains used in this study are illustrated in Table 1 of the article II.
Eighty strains representing enterotoxic and non-enterotoxic B. cereus and other Bacillus
species (Table 1, some of the strains have previously been used in Christiansson et al. 1989,
Pirttijärvi et al. 1996) were grown overnight in brain heart infusion broth supplemented with
glucose at 37°C or with some thermophilic strains a higher growth temperature was needed.
The strains were stored in BHI plates during this study. The cells were collected by
centrifugation and resuspended in TE buffer. DNA was extracted using lysozyme enzyme
digestion followed by CTAB-chloroform extraction and isopropanol precipitation.

6.1.3. Yeasts

6.1.3.1. Fruit juice concetrate isolates

One hundred-and-twenty-five yeast strains were randomly isolated from apple (22
strains), orange (90 strains), and pineapple (13 strains) fruit juice concentrates using two
media (OGYE, OSA) designed for the detection of yeasts. The colonies were transferred into
YPD media, stored as live cultures at 4°C. Thirty-four reference strains were included in
article III (Table 1).

6.1.3.2. The sour dough yeast strains

The sour dough yeasts were isolated from five industrial sour doughs from Finnish
bakeries using the daily back-slopping procedure and furthermore 36 reference strains were
included in article IV (Table 1 in article IV).
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Yeast strains were grown to the stationary phase in 10 ml of YPD broth at room
temperature, reaching a density of approx. 108 CFU/ml. The cells were collected by
centrifugation, washed, resuspended in TE buffer and SDS, β-mercaptoethanol, lyticase and
proteinase K were added for lyse the cells. The nucleic acids were purified with a slightly
modified method originally described by Ausubel et al. (1987). After phenol - chloroform
extractions, nucleic acids were precipitated with isopropanol and resuspended in TE buffer.

6.2. PCR primers

6.2.1. MPN-PCR development using Staphylococcus aureus enterotoxin C primers

The primer sets (Table 7a) used to amplify the entC1 gene were the same as
published by Wilson et al. (1991).  All the primers (primer 1, 2, 3, and 4) were purchased
from The Institute of Biotechnology, University of Helsinki, Finland.

6.2.2. Primers used to develop a specific method for enterotoxic Bacillus cereus

The hemolysin hblA gene specific primers (Table 7b) were designed using the GCG
program package (The Genetics Computer Group, Wisconsin, USA) using EMBL and
GenBank data banks. The B component of the hemolysin BL gene of Bacillus cereus
F837/76 (Heinrichs et al. 1993) DNA sequence (L20441) was used for sequence analysis.
The primers (Table 7b) for bceT gene were designed using the corresponding DNA sequence
of B. cereus B-4ac (D17312). The same DNA sequences were used for selection of
restriction enzymes in Restriction map analysis (GCG package). For 16S rDNA
amplification rD1 and fD1 primers (Table 7c) described by Weisburg et al. (1991) were
used.

6.2.3. Yeast primers

The details of the designing of the 18S rDNA primers (Table 7b) for yeasts are
described in articles III and IV. For EF-3 analysis specific primers (Table 7b) are presented
in article IV.
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Table 7. a) Primers used for PCR amplification reactions in article I.

7 b) Primers developed in this thesis.

7 c) 16S rDNA primers described by Weisburg et al. (1991).

Study I

staphylococcal enterotoxin C 1 primers (Wilson et al. 1991).

primer 1: 5'-ATG AAT AAG AGT CGA TTT ATT TCA T-3'

primer 2: 5'-TTA TCC ATT CTT TGT TGT AAG GTG G-3'

primer 3: 5'-ACA CCC AAC GTA TTA GCA GAG AGC C-3'

primer 4: 5'-CCT GGT GCA GGC ATC ATA TCA TAC C-3'

study II

Bacillus cereus assays

HblA1: 5’GCTAATGTAGTTTCACCTGTAGCAAC-3’

HblA2: 5’-AATCATGCCACTGCGTGGACATATAA -3’

BceT1: 5’-GAATTCCTAAACTTGCACCATCTCG-3’

BceT2: 5’-CTGCGTAATCGTGAATGTAGTCAAT-3’

studies III and IV study IV

yeasts 18S rDNA primers yeast EF-3 primers

yfor2: 5'-GCAGTTAAAAAGCTCGTAGTTGAAC-3' ef3for: 5'-ATTGCTGTCATTGGTCCAAATGGTG-3'

 yrev2: 5'-CTTACTAGGAAT TCCTCGTTGAAGA-3' ef3rev: 5'-CAATCTTGTTACCCATAGCATCGAA-3'

Study II

fD1 5'- CCG AAT TCG TCG ACA ACA GAG TTT GAT CCT GGC TCA-3'

rD1 5'- CCC GGG ATC CAA GCT TAA GGA GGT GAT CCA GCC-3'
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6.3. Optimization of the PCR reactions

The primer pairs were optimized for Dynazyme enzyme, version 2 (Finnzymes Oy,
Espoo, Finland) in separate reactions, in order to develop a nested PCR system.  The
optimization was achieved by varying the MgCl2 concentration (1 - 5 mM in 0.5 mM steps)
and annealing temperature (40 - 70°C with 5°C steps).

One µl of DNA (approx. five ng of DNA) from different Bacillus strains and with
yeasts one µl of extract which corresponded to approx. 10 pg of DNA was amplified using
PCR. The final reaction mix for separate amplification have been described in the separate
articles (I to IV). The Dynazyme DNA polymerase enzyme was added after the reaction
mixture had been cooled to an 80°C “hot start” (D’Aquila et al. 1991). PCR amplifications
were performed in a MJ PTC-200 thermocycler with a heated lid. The thermal cycles used
have been described in the separate articles (I to IV).

6.4. Agarose gel electrophoresis of PCR amplification products

The PCR products were stained using ethidiumbromide solution (0.1 mg/ml) and run
in gel electrophoresis at 200 V for 30 min in 1 % agarose, in 0.5 × Tris-acetate buffer, using
a water cooled gel electrophoresis apparatus.  The gels were photographed under UV light
(302 nm) using a Kodak Wratten 22 A filter, a 4 × 5 instant 55 positive/negative film
(Polaroid, Corporation, Cambridge, MA, USA) and a Polaroid camera (article I). In articles
II to IV the gels were photographed using CCD video camera (Panasonic CCTV, model WV-
BP500/G, assembled by Matsushita Communication Deutschland GmbH, Germany) and a
picture capturation program (Screen machine II, Fast Electronic GmbH, München, Germany)
under UV light (302 nm) using a Kodak Wratten 22 A filter.  The illustration was made with
videocopy processor (Mitsubishi videocopy processor, model P68E, Mitsubishi Electric
Corporation, Japan).

6.5. Development of MPN-PCR quantification methodology

6.5.1. Preparation of cheese samples and a DNA extraction method for fresh cheese

The traditional Finnish fresh cheese samples were prepared and spiked for MPN
quantification analysis. The cheese samples were diluted and homogenized in a Stomacher
homogenizer together with a trypsin enzyme treatment. The suspension was filtered and
centrifuged. The pellets were resuspended in TE buffer; lysostaphin and proteinase K were
used to lyse the cells. For DNA purification CTAB purification together with chloroform-
isoamylalcohol extractions were used and the water phase was recovered by isopropanol
precipitation. The pellets were resuspended in TE buffer.

6.5.2. MPN-PCR method

A portion of DNA extraction from spiked cheeses served as a template in
amplification reactions using the nested polymerase chain reaction approach. The numbers of
positive and negative amplifications in different dilutions were recorded. From these results
the MPN scores were obtained and transformed into density estimates using a computer
program by Klee (1993), followed by multiplication with dilution factors. The assumption of
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a Poisson distribution of DNA particles in the sample was evaluated by testing the
exponentiality of the dilution series according to Moran (1954).

6.6. Development of DNA based test for enterotoxic Bacillus cereus

6.6.1. Southern hybridization assay

The hblA amplification product of Bacillus cereus F837/76 was cloned in Epicurian
coli  (Stratagene, USA) using the pZero vector (Invitrogen , USA) and used as a probe in
Southern blot hybridization. Total DNA (approx. 100 ng) was run overnight at 30 V in 0.8 %
agarose gel. The DNA was transferred into the positively charged nylon membrane using
vacuum-blotting. The hybridization reaction was done overnight according to the Dig
hybridization protocol (Boehring Mannheim DIG-DNA labeling and detection -
nonradioactive applications manual, Mannheim, Germany) using 60°C as hybridization
temperature. The membrane was washed and hybridization reaction was detected using
colorimetric assay protocol.

6.6.2. Bacillus cereus enterotoxin immunoassays

The strains which were positive in the PCR assay were analysed using two
commercial immunoassay kits, BCET-RPLA (Oxoid, Unipath Ltd., Basingstoke, England)
and BDE (Tecra Diagnostics, Biotech Australia, Roseville, Australia). The assays were
performed according to the manufacturer’s instructions.

6.7. Restriction fragment length polymorphism analysis (RFLP)

6.7.1. Hemolysin and 16S rDNA-RFLP analyses

The hemolysin amplification fragment was digested with RsaI, TaqI and XbaI. The
digested PCR products were run at 200 V in 5 % agarose gels (0.5 × TAE buffer) containing
0.25 mg/ml of ethidiumbromide using a water cooled gel electrophoresis apparatus. The
results were analyzed with the GelCompar program package (GelCompar, Comparative
Analysis of electrophoresis patterns version 4.0, Applied Maths, Kortrijk, Belgium) using
Pearson’s correlation coefficient and UPGMA clustering method.

Additionally, the phylogenetic relationships between enterotoxic and non-enterotoxic
strains were studied using 16S rDNA-RFLP analysis with primers described by Weisburg et
al. (1991). The restriction patterns were obtained using CfoI, HaeIII, MspI, and RsaI
restriction enzymes. Further analysis were performed as above.

6.7.2. 18S rDNA PCR-RFLP assay with yeast strains (III and IV)

The 18S rDNA amplification products of different yeast strains were digested with
four restriction enzymes, AluI, HinfI, MboII and MvaI and the samples were run in agarose
gel electrophoresis. Further analysis of the gel results was done with the GelCompar program
package (GelCompar, version 4.1). A dendrogram was created from these restriction patterns
in GelCompar using the Dice’s band-matching coefficient and the UPGMA clustering
method.
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6.7.3. EF-3 PCR-RFLP

In the article IV the DNA sequence of the elongation factor (EF-3) was used in a
comparison with 18S rDNA PCR-RFLP assay. MboII, MspI, RsaI, and TaqI were used for
EF-3 amplification products and further analysis was done as the analysis with the 18S
rDNA-RFLP data.

6.8. Physiological characterization methods

6.8.1. Karyotyping (IV)

The samples were prepared as in article IV, according to Naumov et al. (1991).
Shortly, the strains were grown in YPD broth overnight or longer for some slow growing
strains. The cells in buffer were embedded in low melting point agarose containing
zymolyase enzyme (Sigma, St. Louis, MO, USA). The mixture was incubated for 1 h and the
buffer was changed to a buffer optimal for proteinase K treatment with N-lauroylsarcosine
and the samples were incubated for 3 h. The DNA plugs were stored in 0.5 M EDTA
solution at 4°C until analysis. The pulsed field gel electrophoresis (CHEF-DR II apparatus,
BioRad Laboratories, Richmond, CA, USA) was carried out at 12°C and 150 V with a
switching time ramping from 110 s to 150 s for 24 h and followed by a switching time
ramping from 240 s to 300 s for 24 h. Saccharomyces cerevisiae YNN 295 was used as the
chromosome standard for electrophoresis.

6.8.2. Biolog identification (III and IV)

Yeast strains were analyzed with the Biolog system (Biolog Inc. Hayward, CA, USA)
according to the manufacturer’s instructions. A suspension of the grown yeasts strains was
inoculated in YT Microplate™ plates which consists of 94 physiological tests. The plates
were incubated for either 24, 48 or 72 hours to allow a pattern to form. The metabolic pattern
was then interpreted by Biolog´s MicroLog 3 computer program (Yeast database release
3.50). If an adequate match was found, the system identified the isolate. The metabolic
patterns were also coded as binary responses and subjected to numerical taxonomy analysis
using the program NTSYS-pc2.0 [Applied Biostatistics Inc., Exeter Software, USA]. The
Simple matching coefficient SSM was used, and clustering of strains was carried out by the
UPGMA method.

6.8.3. Minimum growth temperature (III and IV)

An overnight broth culture was used to inoculate the YPD agar cuvettes which were
placed in the gradient temperature apparatus Gradiplate® W10 (Biodata Oy, Finland). The
temperature gradient in these compartments were achieved with two cold water baths
containing 15 % ethylene glycol. The one end of the sample compartment had a lower
temperature than the other end. The temperature gradient was formed between the two ends.
The samples were grown for three weeks, the edge of growth was measured using a stereo
microscope and the results were transformed from growth distances into temperatures.
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7. Results

7.1. Staphylococcus aureus enterotoxin gene PCR-MPN quantification method (I)

In this study the DNA extraction method took approximately three hours to perform,
and the positive amplification results were obtained from samples containing 20 cfu of
Staphylococcus aureus NCTC 10655 in one gram of fresh cheese. The MPN-PCR
amplification results were obtained using triplicate samples from each dilution and the
numbers of positive and negative amplifications were recorded. According to Moran’s test
the majority of the MPN series of the positive results might well have arisen from samples
where DNA particles were distributed according to a Poisson distribution i.e., the dose-
response curve is not flatter than expected. The MPN values were transformed into density
estimates by multiplying the values by dilution factors. The correlation between MPN-PCR
and the Baird-Parker plate counting method was 0.925, indicating similar trends in both sets
of results. Though, MPN-PCR tended to give higher estimates than plate counting.

7.2. Bacillus cereus enterotoxin assay development (II)

The prevalence of two suspected genes responsible for enterotoxigenic effects of
Bacillus cereus was studied. The hemolysin gene fragment was found to correlate well
(r = 0.94) with the ability to produce enterotoxins according to the immunological assay
(BCET-RPLA-kit). In the optimized PCR reaction conditions an hblA amplification product
was obtained from 33 Bacillus strains (Table 1 in article II), representing both enterotoxic
and non-enterotoxic Bacillus species according to previous reports. Only B. cereus B-4ac
gave an amplification product with primers designed to detect the bceT DNA sequence.

7.2.1. The Southern hybridization assay

To confirm that the PCR amplification products were obtained from the DNA
sequence corresponding to hblA sequence of Bacillus cereus F837/76, Southern blots with
total DNA from 16 strains were hybridized with a hblA probe. Results from the hybridization
assay confirmed that the hemolysin hblA gene is present both in enterotoxic and non-
enterotoxic strains.

7.2.2. Bacillus cereus enterotoxin immunoassays

The strains which were positive in the hemolysin PCR assay were also toxin positive
when tested with the BCET-RPLA enterotoxin kit.

7.2.3. Hemolysin and 16S rDNA PCR-RFLP analyses

The amplification products were digested with RsaI, TaqI, and XbaI. Twenty-four of
the strains had similar digestion patterns as the reference strain Bacillus cereus F837/76.
Nine strains which gave positive amplification results with HBL primers showed
polymorphism, giving different digestion patterns either with TaqI alone or with RsaI and
TaqI (Table 1 in article II). In 16S rDNA PCR-RFLP analysis, the strains which were found
to harbour hemolysin sequence, were closely related. However, Bacillus species which did
not have hemolysin DNA sequence were dispersed among the positive strains, this therefore
indicated that the genes have a different evolutionary history.
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7.3. Yeasts studies

7.3.1. Characterization of unknown yeast isolates found in fruit juice concentrates (III)

To study the efficiency of DNA based and physiological methods for separating
different yeast strains, 125 yeast strains were isolated from commercial fruit juice
concentrates. It was possible to grow eighty-three out of 125 strains in laboratory conditions
and only 29 % of the reference strains and 83 % fruit juice isolates were identified to the
species level with the Biolog system (Table 1 in article III). The 18S rDNA PCR-RFLP gave
seven groups and some isolates were separated as single isolates. The dendrogram in article
III (Fig. 2) describes the grouping in detail. The overall grouping was similar to the grouping
obtained with the physiological (Biolog) method, though the DNA based 18S rDNA PCR-
RFLP method differentiated the strains in greater detail.

7.3.2. Characterization of sour dough yeasts (IV)

The quality of the food products produced using metabolic activity of
microorganisms is dependent on the stability of the production strains. A rapid and reliable
method for analysis of yeasts was developed. The DNA based methods generally provided
more information to separate the strains tested, though it was found that karyotyping
provided most efficient separation of the sour dough yeasts found in commercial Finnish
bakeries.

7.3.2.1. RFLP analysis of 18S rDNA (III, IV)

Thirteen of the baker’s isolates were clustered at the 80 % confidence limit with
Candida milleri and Saccharomyces exiguus strains according to 18S rDNA PCR-RFLP
analysis. They were intermixed with other Ascomycetes species. The baker’s isolates, except
C11, were found to be almost identical by 18S rDNA PCR-RFLP analysis. Candida albicans
strains were distinctly different from all sour dough yeasts.

7.3.2.2. EF-3 PCR-RFLP analyses (IV)

The baker’s isolates formed two distinct groups according to EF-3 PCR-RFLP assay.
Ten of the baker’s isolates were grouped close to the Candida milleri reference strains and
Saccharomyces exiguus strain (Figure 2 in article IV). Three of the baker’s isolates, which
later were identified as Saccharomyces boulardii by the Biolog assay were grouped closely
together with the strains of Saccharomyces cerevisiae. Furthermore, Candida albicans
strains were also distinctly different from all sour dough yeasts in the EF-3 assay. The
baker’s isolate C11 was only distantly grouped together with Candida glabrata and
Saccharomyces servazzii. The overall results with EF-3 PCR-RFLP did not totally agree with
the results of the 18S rDNA PCR-RFLP assay.

7.3.2.3. Karyotyping (IV)

The bakery isolates fell into two distinct groups in pulsed field gel electrophoresis
karyotyping patterns. The isolates which were similar in PCR-RFLP assays were similar also
in their karyotypes (Figure 3 in article IV). Using the EF-3 PCR-RFLP assay ten isolates,
which grouped together with Candida milleri strains, and one Saccharomyces exiguus strain
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all had a karyotype characteristic for C. milleri except for the isolates from bakery A, which
had similar, though distinct, karyotype with C. milleri CBS 2664. The characteristic pattern
for C. milleri was 14 bands ranging from about 430 kb up to 1600 kb. The isolates which
were grouped closely with Saccharomyces cerevisiae strains in the EF-3 PCR-RFLP assay
and which were later identified as Saccharomyces boulardii in the Biolog system each had
similar karyotype with S. cerevisiae strains.

7.4. Minimum growth temperature (III, IV)

The environmental conditions affect the microorganisms.  The frozen fruit juice
concentrates were found to contain many strains which could grow in cold storage
conditions. This was in contrast to the yeast strain which were isolated from a sour dough
environment. The sour dough ferments are kept in cold storage only for short periods of time
between production batches, and therefore low temperature tolerance is not as important in a
sour dough environment as it is in the cold conditions found in fruit juice concentrates.
Therefore, the selection process seem to favour certain types of yeast in various conditions.
Half of the fruit juice isolates could grow below 5°C and an additional twenty strains had a
minimum growth temperature between 5 to 8°C. Thus, a majority of the isolates were able to
grow in cold storage conditions. The minimum growth temperatures of the yeast strains are
presented in Table 1 in article III. The minimum growth temperature of sour dough yeasts
were on average 8.4°C. This was also so for Candida milleri reference strains.

7.5. Biolog identification (III, IV)

The Biolog system identified only a few reference strains correctly, and five
additional strains were identified to the genus level.

7.5.1. Unknown yeasts isolated from fruit juice concentrates

Only 29 % (10/34) of the reference strains and 83 % (69/83) fruit juice isolates were
identified to the species level with the Biolog system. A total of 24 of the isolates were
identified as Zygosaccharomyces rouxii, 14 isolates were from orange juice and ten from
apple juice. Other yeast species identified were (in decreasing order) Zygosaccharomyces
bailii (6), Candida sorboxylosa (5), Issatchenkia scutulata var exigua (4),
Schizosaccharomyces octosporus (4), Pichia membranaefaciens (3), Saccharomyces
dairensis (3), Torulaspora globosa (3), Candida etchellsii (2), Cryptococcus albidus var
albidus (2), Saccharomyces cerevisiae (2), Arthroascus javanensis, Candida glabrata, C.
parapsilosis, Debaryomyces hansenii B, Debaryomyces maramus, Pichia kluyveri, P.
pastoris, Rhodotorula acheniorum and Schizosaccharomyces pombe var. malidevora. Three
isolates were identified as Pichia spp..

7.5.2. Sour dough yeasts (IV)

The Biolog system identified nine of the baker’s isolates as Kluyveromyces lodderae
and three as Saccharomyces boulardii which is a synomym for Saccharomyces cerevisiae.
There were single isolates of the species Candida spandovensis (C11) and Trigonopsis
triangularis var. variabilis (B11). However, all eight Candida milleri and four
Saccharomyces exiguus reference strains were also identified as K. lodderae. Other strains of
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C. milleri that have been previously isolated from sour doughs gave a lower identification
score K. lodderae yeast.

8. Discussion

Rapid and reliable detection, quantification and characterization methods are required
for a successful food microbiological analysis. The pathogenic and spoiling microorganisms
together with microorganisms used in food production have to be detected, quantified and
characterizated. Contamination of food production have been analyzed using plate counting
methods which are too time-consuming for verifying the safety of the products with short
shelf-lives. The identification of microorganisms help in finding the contamination sources
and in defining the causative agents in foodborne disease epidemics. Therefore, rapid and
reliable characterization methods are needed. Using the current methodology and
infrastructure of the analysis services the number of foodborne outbreaks caused by unknown
factors are alarmingly high. The occurence of antibiotic resistant strains of microorganisms
have been increasing and the rapid methods for detection, quantification and characterization
of these microorganisms will become more important in the future. The determination of the
causative agent of foodborne diseases and the safety of food with new faster methods using
DNA based detection, quantification and characterization will therefore become more
common also in the food industry and national food inspection laboratories. The DNA
methodology allows the analysis to be done within 24 hours or even within a working day.

Gendel (1996) listed specific small subunit ribosomal sequences for most food
related microorganisms and concluded that specific sequences may be created for various
microorganisms associated with food. A suitable target for enterotoxin producing strains may
be the DNA sequences of enterotoxins (Candrian 1995). Many problems provided by
foodborne microorganisms are protein products of these organisms (enterotoxins of Bacillus
cereus and Staphylococcus aureus) which can therefore be tested by immunological or DNA
based methods. Generally, plating methods do not correlate with the toxic potential but
indicate only that some problematic species are present in the products. It may be sufficient
to show that a certain bacteria is detectable in the product i.e., there is a potential risk
involved and a contamination exists in the production environment. Products with short
shelf-lives should be tested as quickly as possible, due to limited time in which the products
can be transported and marketed. If the microorganisms are detected via their DNA
sequences using probes or the PCR method, the products with positive results can then be
tested more carefully before transporting further, avoiding detrimental health effects together
with costly market withdrawals and bad publicity. The DNA based detection methods
provide a further benefit.  The microorganisms can be identified and classified by differences
in their DNA sequences. Van Lith and Aarts (1994) were able to get serotype specific
fingerprints of Salmonella with ERIC primers (the enterobacterial repetitive intergenic
consensus sequence primers) which were originally developed by Versalovic et al. (1991). A
source of contamination of a product can be traced with DNA typing methods and then
eliminated accurately and quickly by cleaning and disinfecting in approriate places.
Furthermore, some microorganisms cannot be grown and the use of DNA techniques is often
the only way to detect unculturable organisms. There lies also the dilemma with PCR
analysis methods. Direct PCR, without enrichment steps, will recognize culturable, viable
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but nonculturable, and even nonviable cells. This would be a method which introduce a
whole new concept to food microbiology. Though, the inability to separate living and dead
cells has been considered as a negative aspect when analysing food samples. Living
microorganisms pose higher risk in food, though some unviable toxin producing strains may
have produced enough toxin in the products for causing diseases when consumed.
Microbiological analysis which can be finished in less than two days would improve the
performance of microbiological hygiene control. DNA based methods can at least be used for
the rapid screening of negative samples (Candrian 1995). The positive lots can then be
analyzed more carefully. Generally, it is believed that DNA probes detect more positive
strains, though Ewald et al. (1990) found approximately 15% more Staphylococcus aureus
strains producing enterotoxin when using immunological method than with DNA probes.
Harris and Griffiths (1992) listed 31 primer pairs described in the literature for the detection
of various virulence genes of seven foodborne pathogens. These included Clostridium
botulinum, Escherichia coli, Listeria monocytogenes, Salmonella spp., Shigella flexneri, S.
aureus, and Vibrio vulnificus. Candrian (1995) listed fifteen applications for the detection of
ten different pathogens after an enrichment step and fourteen applications for the direct
detection of thirteen pathogens. The additional pathogenic target organisms included
Campylobacter spp. (C. jejuni, C. coli, C. psittaci), Shigella spp., Vibrio cholerae, and
Yersinia enterocolitica.

In this thesis three aspects of food microbiology, namely detection, quantification and
characterization of microorganisms, have been studied and evaluated using four separate
cases in order to evaluate the applicability of the PCR methodology in food applications. In
article I a specific quantification method for enterotoxigenic staphylococci was developed.
The specific detection method for the causative agent for diarrheal food poisoning of
Bacillus cereus have been described in article II. In article III the physiological and DNA
based methods were compared for characterization of unknown yeasts isolated in fruit juice
concentrates. A similar approach was used to study the beneficial Finnish sour dough yeasts
isolated from five commercial bakeries (article IV).

8.1. Evaluation of the MPN-PCR quantification methodology

A rapid and sensitive PCR-based assay for the detection and enumeration of
Staphylococcus aureus NCTC 10655 from fresh cheese was developed in article I. Wilson et
al. (1991) obtained positive amplification results of S. aureus NCTC 10655 from dried
skimmed milk containing 105cfu/g, with the same primers used in this study. Fresh cheese
used in this MPN-PCR assay represents an even more complex sample matrix and the
sensitivity was improved to 20 cfu/g by modifying the sample preparation protocol and PCR
reaction conditions together with annealing temperatures. Food samples, the reagents used
for DNA extraction and nucleases produced by S. aureus have been found to inhibit the PCR
amplification (Wernars et al. 1991b, Rossen et al. 1992, Wilson et al. 1994). The
optimization of the DNA extraction protocol in fresh cheese removed these materials and no
inhibition was seen. PCR based detection assays will become more tempting to food
laboratories when the sample preparation techniques have been made even faster and more
efficient. The sample preparation techniques should be evaluated separately for each sample
type until a specific method for a given application has been developed and certified.
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In article I the MPN-PCR tended to give higher estimates than plate counting which
was probably due to DNA from dead and injured cells which were not able to form colonies
(Roszak and Colwell 1987). This is an issue that should be remembered when evaluating the
results obtained from food samples. Another reason for higher density estimates might be
that some target sequence in cheese extracts failed to be amplified or the DNA was not
distributed evenly in the cheese samples. More extensive data are necessary to demostrate
conclusively that the basic mathematical assumption of MPN are not violated. Perhaps DNA
behaves differently from bacteria in the dilution series or the target sequence does not
respond evenly in an MPN series. Quantification with PCR has some limitations as do most
of the numerical estimation methods. Therefore, this is also a problem that should always be
considered when using DNA based techniques. However, the 95 % confidence limits based
on Cornish and Fischer algorithms for the MPN estimates were broad due to the nature of
MPN statistics. In this study the plate counting results fell well within these confidence
limits, but were consistently lower than MPN-PCR results. The MPN methodology combines
the traditional microbiological procedure of diluting samples with molecular detection and is
widely applicable for use with any primer system, though the methodology has not yet been
widely applied.

8.2. Evaluation of a specific detection method for enterotoxic Bacillus cereus

Bacillus cereus diagnostics is important because strains produce many proteolytic
enzymes and many of those are toxic to animals and humans.  A rapid and reliable method
for the detection of enterotoxic Bacillus strains was developed based on the amplification of
the B component of the hblA gene of B. cereus F837/76. In PCR, a gene product
corresponding to hblA was detected in 33 out of the 80 tested strains. The hblA PCR assay
correlated well with a commercial BCET-RPLA -kit which is designed to detect enterotoxin
of B. cereus. The bceT gene detection system was also developed, though it was found not to
correlate with enterotoxigenicity. The screening of hemolysin gene fragment, thus provides a
fast method to analyse the food samples for possible enterotoxicity.

The hybridization studies with the hblA probe proved that DNA sequences which
code for the HblA could be found in the PCR positive strains, and the hybridization signals
were similar, i.e. some length variation was observed, with the strains tested. To study the
discrepancies observed in the hybridization results an RFLP analysis of the hblA PCR
product was performed.

The hblA PCR products were found to be slightly heterogenous in PCR-RFLP (Table
1 in article II). RsaI and TaqI grouped the amplification products into three types (I, II, and
III as in article II). The PCR product of nine strains could be separated from the model strain
by cutting with RsaI and/or TaqI. These minor differences seemed not to affect the
enterotoxic potential of the strains because they were positive in immunological assays with
the RPLA-kit. The different restriction patterns obtained from the amplification products
with hemolysin primers could reflect rearrangements in the gene region or may be results of
mutational changes.  The results presented in this study show that the hemolysin hblA gene
could be detected both in strains which according to previously published information were
enterotoxic and in non-enterotoxic strains (Christiansson et al. 1989, Pirttijärvi et al. 1996,
and culture collection information). With the BCET-RPLA test (Oxoid) 85 % of
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psychrotrophic Bacillus spp. were reported to be enterotoxin positive (Griffiths 1990),
whereas the average for enterotoxic strains of B. cereus is 50 %. With our PCR assay 45 %
of the tested B. cereus strains were positive and these strains also gave a positive
immunological reaction with the RPLA-kit. Contamination levels of B. cereus may be low
and the detection method should be sensitive enough to be able to detect low numbers of this
organisms as fast as possible. The PCR method for testing hblA sequence is a sensitive and
fast method for testing the food products for their enterotoxic potential. The 16S rDNA-
RFLP analysis showed that the strains which harboured the hemolysin B component ie. were
positive in PCR analysis with hblA primer, were closely related (Figure 1 in article II).  Only
B. pasteurii was separated further from other hemolysin positive strains according to 16S
rDNA-RFLP analysis.  However, Bacillus species which did not have hemolysin detected
were dispersed between the strains harbouring the hemolysin gene.  Therefore, we conclude
that 16S rDNA gene and hemolysin gene have different evolutionary history.

In the literature several successful PCR assays are reported in which the detection has
been obtained within one day (Galindo et al. 1993, Wegmüller et al. 1993). The hemolysin
PCR amplification step, with preparation of master mixtures, thermal cycles and reading of
the results, takes around 2 h. In the reviews of the PCR methodology in food microbiology,
the target sequences have often been the virulence genes of these pathogenic microorganisms
(Harris and Griffiths 1989, Candrian 1995). Furthermore, PCR amplification products can be
further analyzed using restriction enzyme digestions, which help in epidemiological studies.
Additional target genes such as 16S rDNA provides further information for epidemiological
studies, therefore the use of this methodology should prove beneficial to food laboratories.

8.3. The comparison of different characterization methods for studying yeast strains

Polyphasic studies using several methods to classify and characterize microbial
strains approach a phenetic species concept and could be used as an approach to study both
yeast strains contaminating fruit juice concentrates and beneficial sour dough yeast strains.

8.3.1. Fruit juice concentrate isolates

A total of 125 yeast strains were isolated from three different fruit juice concentrate
types using two different media. The Biolog system, the 18S rDNA PCR-RFLP method, and
determination of minimum growth temperatures were used to characterize and group these
isolates together with 34 reference strains. The Biolog system identified a total of 69 fruit
juice isolates. According to previous reports which mainly have been done using traditional
tests such as the use of various carbon or other subtrates for growth (oxidationally or
assimilatory). The most common genera of yeasts associated with fruit juices are
Saccharomyces, Zygosaccharomyces, Candida, Torulaspora, and Cryptococcus (Fleet 1992,
Deak and Beuchat 1993b). Similar results were obtained with the Biolog system in this
study. However, with the current data base only a few reference strains were identified and
many of the closely related reference strains were identified as belonging to the same species
according to similar physiological patterns. Furthermore, there were several species included
in the study described in article III which were not included in the Biolog database, at least
the species Candida milleri, Saccharomyces exiguus, S. castellii, S. servazzii, S. unisporus
were not included in the database. Therefore, the identification percentage was low. As in all
previous biochemical based studies some of the isolates were not clearly identified. When
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the identification is based on probabilistic measurements of characters and computer
programs which do not recognize new species, some isolates will be identified (i.e.
misidentified) at a low score (Török and King 1991).

The two methods used in the classification of the fruit juice isolates showed that the
physiological method grouped the isolates more closely together than the 18S rDNA-RFLP
method. The small variations in the DNA sequence were not apparent in the Biolog system.
The cabability to use various substrates in metabolism may be due to the different metabolic
routes and therefore small differencies between species will go undetected with the Biolog
system. However, there were strains which grouped similarly with both methods.
Metabolically similar strains will therefore be grouped closely with the methods used in this
study. The DNA based method, when using the 55 % phenon line as a criteria for grouping
of fruit juice isolates, gave seven groups and some isolates were separated as single isolates
(Figure 2 in article III).

Most of the close relatives according to the 18S rDNA PCR-RFLP assay were similar
in their minimum growth temperature capabilities. An exception was Saccharomyces
kluyveri CBS 3082 (3.5°C) and Candida albicans ATCC 18804 (7.3°C), which were close in
the 18S rDNA PCR-RFLP but which differed according to their minimum growth
temperature by 3.8°C. Half of the fruit juice isolates could grow below 5°C. And fourteen of
these 37 strains could grow below one degree of Celsius. Also twenty strains of the total of
74 tested had a minimum growth temperature between 5-8°C. Thus, the growth of yeasts is
not totally inhibited by commonly used cold storage temperatures 4-8°C. The importance of
hygienic production environment is therefore essential together with an unbroken cold chain.
This basic growth requirement can be used as an additional criteria when classifying yeasts.

8.3.2. Sour dough yeasts

Commercial Finnish sour dough yeasts were characterized using 18S rDNA PCR-
RFLP, Biolog method, EF-3 PCR-RFLP, minimum growth temperature determinations, and
karyotyping assays. According to 18S rDNA PCR-RFLP analysis thirteen baker’s isolates
formed their own unique cluster close to strains of Candida milleri and Saccharomyces
exiguus. The “sour dough yeast” clusters were intermixed with ascomyceteous strains. The
results agree with reports of 18S rDNA sequence data which show that the members of the
genera Kluyveromyces, Saccharomyces, Torulaspora and Zygosaccharomyces intermix  with
each other (Cai et al. 1996, James et al. 1997).

Nine strains of the Finnish bakery starters were identified by their metabolic patterns
as Kluyveromyces lodderae, which is closely related to Saccharomyces exiguus and its
anamorph Candida holmii according to 18S rRNA DNA sequence studies (James et al.
1997). The strains also formed their own cluster in EF-3 analysis. The species Candida
milleri is not included in current data base version of the Biolog system. However, if the
current Biolog data base is made broader then the identification percent may improve further.

The relatively large group of Candida milleri and Saccharomyces exiguus strains,
together with the majority of baker’s isolates, were clustered in their own branch according
to the EF-3 assay. Both 18S rDNA and EF-3 PCR-RFLP analyses gave similar overall
classification on the baker’s isolates, although the distances between the strains were greater
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in EF-3 assay than in 18S rDNA assay and the strains identified as Saccharomyces boulardii
in the Biolog system were nicely separated in the EF-3 assay together with the
Saccharomyces cerevisiae strains. The results obtained in this assay indicated that the EF-3
gene sequence is rather heterogeneous among yeasts.

Sour dough yeasts and Candida milleri reference strains exhibited similar minimum
growth temperature requirements. Therefore, this assay agreed with the results of most of the
DNA based assays performed in this study.

Chromosome length polymorphism have been found to be common for yeasts (Zolan
1995). The reference strains of C. milleri were found to exhibit extensive chromosome
length polymorphism. The sour dough yeasts which were grouped closely in 18S rDNA and
EF-3 PCR-RFLP assays were also similar in their karyotypes (in Fig. 3 in article IV). The
Finnish sour dough yeasts had similar karyotypic characters with most C. milleri reference
strains. They all were found to be distinct from Saccharomyces cerevisiae and Torulaspora
delbrueckii strains, which have been identified from other sour doughs as bread leavening
yeasts (Almeida and Pais 1996). The karyotypes of the reference strains of S. cerevisiae and
T. delbrueckii included in this study agreed with earlier studies (e.g. Naumov et al. 1992,
Oda and Tonomura 1995). The karyotypes of all Finnish sour dough yeasts differed from the
karyotype of Candida albicans, even isolate C11 (lane 15 in Fig.3 in article IV), which was
identified as Candida spandovensis according to the Biolog system.

Polyphasic approach to phylogeny will give confidence to the taxonomical estimates
obtained with different methods (Vandamme et al. 1996) and RFLP studies are well suited
when investigating population structure (Bruns et al. 1991). However, RFLP analysis may
serve as a poor phylogenetic tool when evolutionary distances increase (Kurtzman 1994). In
science and in taxonomy the names of the microorganisms have been important and many
changes of names have been made based on findings in various analysis. However, for
industry the exact taxonomical positioning or the names of spoilage organism are of little
importance, instead, a rapid screening method for contamination sources is necessary. The
DNA based methods are likely to overcome traditional taxonomical methods when studying
the taxonomy of yeasts. The present study showed that fruit juice concentrate yeast isolates
can be nicely grouped both with metabolic and DNA based methods, though DNA based
method separates the isolates more and that the yeast strains isolated from fruit juice
concentrates exhibited a broad range of taxonomically different yeasts. The sour dough yeast
were classified using a similar methodological approach. The usage of DNA sequences from
two different genes provided more accurate information. With karyotyping even different
strains of the same species were found to be distinguishable. The number of chromosomes
were different among strains and some chromosome length polymorphisms were seen.

8.4. Future prospects of molecular methods in food microbiology

PCR based methods are not yet widely approaved by legislative organizations, and
more investigations will be needed to ensure the general applicability of these techniques as
standard methods. However, the DNA based methods will have a role in the near future in
the food laboratories. For instance, PCR with proper control tests, can be used for confirming
colonies more rapidly and more specifically than biochemical tests. Already some gene
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hybridization probe methods have been described in food analysis manuals (Hill et al. 1992)
and some of the methods have already received approaval from international organizations
(Anon 1990a, Anon 1990b, Sharpe 1994). The rapid detection of the different genes
responsible for toxic effects on humans serves as an early warning system and the products
can then be tested further with immunological methods (e. g. staphylococcal enterotoxins).

The liberalization of international trade requires preparation of global
recommendations and guidelines, development of standardized food laws and development
of standardized inspection procedures (Rees 1989, ANON 1991). Legislation in many
countries requires testing with standard plate count methods which have been described in
international standards (e.g. ISO). The collaborative studies in which several laboratories are
participating provide a good basis to evaluate and develop methods for detection and
enumeration of microorganisms from products (Westöö and Peterz 1992). The performance
of analysis in different laboratories can be evaluated in international intercalibration studies.
These collaborative studies require homogeneous and stable samples which can be used in
quantitative and qualitative microbiological analyses (Peterz and Steneryd 1993). In Europe,
the European Union has issued legislative rules in which the quality control has to be done
primarily by the manufacturer - control-at-source. In Finland, the industry has been adapting
to this situation and many food companies apply HACCP principles. In Finland the dairies
have applied control-at-source the most efficiently, 53 % of dairies have applied the control-
at-source plan. However, in the packaging establishment only 7 % of the companies have
accepted plans to control their processes (Anon 1996). Therefore, there is an increasing
demand of microbiological knowledge in food industry.

The legislation has governed the laboratories by laws in which the standard methods
for different microorganisms have been presented. The laws do not prohibit the use of
modern methods, but the legislation only accepts the results obtained with standard methods,
and therefore, it delays application of novel methods. The utilization of several methods,
including laboratory's custom method, to obtain results is not cost effective. However, no
matter, how accurate and correct results a laboratory might get using standard culture based
methods, the fact remains that plate counting is slow and often the products are consumed
before the results are obtained. This is only satisfactory when the products are free of
contaminating and pathogenic microorganisms.

In addition to standards, there are patents which might restrict the use of new
methods. The PCR method has been the subject of debate (Ezzell 1989, Dickson 1993b),
even the patent of the DNA polymerase (Taq DNA polymerase) used in PCR have been a
subject of dispute (Dickson 1993b, Dickson 1994). The actual inventors of the method have
been questioned. The early reports by Kleppe et al. (1971) have made some scientist to state
that PCR as a method is a product of prior art. Therefore, the patent should be invalid. The
broad applicability of the method have meant global marketing opportunity and therefore
companies have evolved patent strategies. The patent attorneys design and follow the
patents. Hoffmann-La Roche, the current PCR patent holder, has tried to force some
institutions to have a licence to use PCR which would add 12 % to the cost of each screening
test (Dickson 1993a). Patent infringements have caused court cases. The market for
diagnostic PCR kits was expected to be around 1500 million US dollars by 1998 (Ezzell
1989). Several workers have reported alternative techniques for amplifying nucleic acids,
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maybe partly due to the patent claims of PCR (for review see Carrino and Lee 1995,
Landegren 1996). The usage of these alternatives have been limited in food microbiology.
However, Uyttendaele et al. (1995) were able to detect less than 10 cells of Campylobacter
jejuni in artificially contaminated foods after an 18 h enrichment step using NASBA
(Nucleic Acid Sequence Based Amplification) which is one of the alternative amplification
methods.

However, the number of PCR applications with food related samples have increased
rapidly. Laboratory personell have becomed more aware of the basic concepts related with
detection using DNA information as the amount of information related with PCR and DNA
sequences have conquered the scientific field of microbiology including food microbiology.
However, as Candrian (1995) concluded, PCR may have a role in future in food
microbiology, but more validation of the method should be done. Successful quality control
needs new better detection methods and a better understanding of the physiology of the
microorganisms (Knochel and Gould 1995). In Table 8 several objectives and future trends
for food microbiology are presented (Gould et al. 1995, Knochel and Gould 1995, Andrews
1997).

Table 8. The objectives and future trends in food microbiology.

The increased number of trade agreements will make the transportation of food easier
and therefore new risks may emerge for food safety. These new risks can be antibiotic
resistant strains of pathogenic bacteria and new species of pathogens. For rapid detection and
enumeration of these microorganisms, the use of DNA sequence based techniques is
convenient and efficient. With PCR based methods food microbiologists are better prepared

1) To determine the physiological, biochemical and genetical bases of the organisms’ survival of and responses to

food-relevant stresses

2) To determine the physiological and genetical factors influencing infectivity and toxinogenesis

3) To understand the physiological bases of those synenergistic systems that are already empirically applied or that

have future potential

4)  To make a wide range of modern techniques in which particular members have expertise more widely available

5)  The introduction of the rapid test kits

6)  Increased use of microbiological reference material (Intercalibraton test among laboratories, organized by e.g. the

National Institute of Public Health and Environmental Protection, Bilthoven, The Netherlands or National Food

Administration, Uppsala, Sweden)

7)  Method harmonization by international organizations (AOAC, the Association of Official Analytical Chemists,

ISO, International Organization for Standardization; IDF, the International Dairy Federation; the European

Committee for Standardization; the Institute of Food Technologists, the Nordic Committee on  Food Analysis,

etc.)
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to detect these new hazards more specifically. The use of the DNA based methods in quality
control of the production strains has also become more tempting. The increased production
of e.g. functional foods and the health claims related with them, force companies to use strict
quality surveillance of the stability of the beneficial production strains. The future will show
the practicability of the methodology in food industry. Currently, usage of DNA based
methods have been limited to larger food companies where the method have been tested or
the attempts to adopt the methods for routine use has been made.

9. Conclusions

The microbiological analyses confirm the quality and the safety of food. Rapid and
reliable detection, quantification and characterization methods are needed for successful
analyses. The recent developments in molecular methods have made it possible to detect
microorganisms via their specific DNA sequences. In this thesis a detection method for
enterotoxic Bacillus cereus, a quantification method for enterotoxin C -producing
staphylococci and characterization methods for yeasts were developed.

The hemolysin hblA gene region was found common in enterotoxic Bacillus cereus
strains. The bceT gene fragment was only found in control strain (B. cereus B4-ac). The
screening of hemolysin hblA gene region from the samples gives the same result as will be
obtained with immunological detection method (BCET-RPLA kit). The detection of hblA
using specific primers will indicate that there is a possible risk involved in the products. The
analysis may be performed within one working day, though the sample preparation
techniques should be made even more convenient for routine use.

The quantification of microorganisms using MPN methodology can be applied with
many PCR primer systems. The assay presented in this thesis shows the general principles of
MPN-PCR methodology. However, the dose response of the assay could not be conclusively
shown. Whether one single microorganisms can be detected in PCR assays should be studied
further in more controlled system (e.g. Escherichia coli in liquid culture). The clump
forming staphylococci seemed to give higher estimates in the PCR assay compared to plate
counting.

The unknown contaminants may spoil production lots in food industry. There is a
need for methods which can detect and identify the contaminants from the production batch
before the products reach the consumers. DNA based characterization method developed in
this thesis may prove to be a useful tool for identification of yeasts found in the products.
The yeasts harbouring in raw materials, in machines, or by food handlers may be
differentiated from each others with molecular methods. The 18S rDNA PCR-RFLP method
described here, does not give conclusive results from all of the strains. The primer systems
should be developed further to find a even more selective gene region. In the future direct
sequencing may prove more useful in determining the source of contamination. The PCR-
RFLP method is, however, more easily applicable in smaller food companies.

The molecular methods may be used for quality control of the production strains. The
quality of the products produced using the metabolic activity of microorganisms depends on



48

the quality of the production strains. Several molecular methods were needed to separate
sour dough yeasts found in sour ferments of industrial bakeries in Finland. It seems that the
environment of the sour dough bread will select similar yeast strains into the different sour
ferments. Candida milleri strains found in different sour ferments may be identified using
methodology described in this thesis, and the quality of the strains may be studied in the
future. The production deficiences may be found to be related with problems with the
production strains if the DNA fingerprints of the production strains have changed.

The molecular methods may be faster and more specific than conventional methods,
but there are some application in which the PCR based methods, at present, will not give
answers to all questions. For instance, the viability of the microorganisms may not be
controlled with PCR methods. Furthermore, in food production, viable microorganisms
which possess beneficial metabolic activity, are used, and therefore in food production the
culture methods are needed e.g. when producing sour ferments for sour rye bread processes.

10. Yhteenveto

Elintarvikemikrobiologisilla tutkimuksilla varmistetaan elintarvikkeiden
mikrobiologinen laatu. Nykyisin analyysit tehdään perinteisillä maljaviljelymenetelmillä.
Nämä menetelmät ovat hitaita ja tulokset mikrobiologisesta laadusta valmistuvat usein vasta
sen jälkeen, kun tuotteet ovat jo kuluttajilla. Elintarvikkeiden kuljetusten lisääntyminen,
uusien riskien ilmaantuminen ja tuotannossa käytettävien mikro-organismikantojen
tunnistamisen lisääntynyt tarpeellisuus, on samalla luonut tarpeen kehittää uusia nopeampia
mikro-organismien havaitsemis-, mikro-organismien lukumäärien määrittämis- ja kantojen
tunnistusmenetelmiä, joilla mikrobiologinen analyysi olisi mahdollista suorittaa 24 tunnin
sisällä tai jopa nopeammin.

Eräiden stafylokokkien tuottamat enterotoksiinit aiheuttavat kuluttajille
ruokamyrkytyksen. MPN-PCR -menetelmää voidaan käyttää spesifisesti havaitsemaan
enterotoksiini C:tä tuottavat stafylokokit. MPN-PCR -metodiikkaa voidaan soveltaa eri
alukesysteemien kanssa määrittämään kohdemikrobeja näytteistä.

Immunologisilla menetelmillä voidaan havaita eräiden Bacillus cereus -
bakteerikantojen tuottamat enterotoksiinit, mutta tulosten saamiseksi tarvitaan usein
inkubointivaihe, jonka aikana toksiinimolekyylejä muodostuu riittävästi, jotta ne voidaan
havaita. Kannan kyky tuottaa enterotoksiineja voidaan tutkia monistamalla osa hemolysiini
geenistä (hblA-geeni). Tässä työssä havaittiin, että hemolyysi-geenin havaitseminen kannasta
antoi nopeammin tuloksen kannan kyvystä tuottaa enterotoksiinia, kuin mikä on mahdollista
saada käyttämällä immunologista enterotoksiinin määritysmenetelmää. PCR-menetelmällä
voidaan nopeasti tutkia kannan mahdollinen vaarallisuus, ja geenin havaitseminen tuotteesta
osoittaa tarpeen lisätutkimuksiin kyseisen tuote-erän kohdalla.

Mikro-organismien tunnistus voidaan tehdä spesifisesti käyttäen hyväksi niiden DNA
sekvenssien sisältämää tietoa. Ribosomaalisen 18S rDNA PCR-RFLP - ja Biolog -
menetelmiä käytettiin yhdessä minimikasvulämpötilamääritysten kanssa tunnistamaan
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pakastetusta tuoremehutiivisteestä eristettyjä hiivakantoja. DNA -menetelmä antoi
yksityiskohtaisemman tunnistuksen näistä hiivakannoista. Tunnistusmenetelmää voidaan
käyttää etsittäessä kontaminaatiolähdettä tuotantolinjoista.

Tuotannossa käytettävien kantojen stabiilisuuden seuraaminen on tärkeä osa
tuotettaessa hyvälaatuisia tuotteita. Tuotantoprosessissa ja lopputuotteessa esiintyneet
ongelmat voivat johtua vieraista mikro-organismeista, jotka ovat kulkeutuneet tuotantoon
tuotantoympäristöstä tai tuotannossa käytetty mikro-organismikanta on muuttunut.
Hapanleipähiivojen tunnistusmenetelmä kehitettiin. Suomalaisten leipomoiden
hapanleipähiivojen havaittiin olevan melko samankaltaisia 18S rDNA PCR-RFLP
analyysissä. Kahden eri DNA sekvenssin käyttö kantojen vertailussa mahdollisti useiden
kantojen erottelun toisistaan. Kannat, jotka oli tunnistettu Saccharomyces boulardii -
hiivoiksi Biolog menetelmällä erosivat selvästi Candida milleri -tyyppisistä
hapanleipähiivoista EF-3 PCR-RFLP analyysissä. Nämä voitiin erottaa toisistaan tutkimalla
niiden kromosomistoa karyotyyppauksella. Kantojen välillä oli eroja kromosomien määrissä
sekä pieniä kromosomien kokoeroja voitiin havaita. Tulokset osoittivat, että samankaltaisten
mikro-organismien erottamiseen tarvitaan useiden menetelmien käyttöä. Vaihtoehtoisena
menetelmänä tulevaisuudessa, myös mikro-organismien identifioinnissa, yleistynee
ribosomaalisten geenien sekvensointi. Laitteistojen kehittyessä ja yleistyessä myös niiden
hinta alentuu, mikä helpottaa niiden käyttöönottoa teollisuudessa.

PCR -menetelmiä voidaan käyttää havaitsemaan, kvantitoimaan ja karakterisoimaan
elintarvikkeissa esiintyviä mikro-organismeja. Menetelmän käyttö myös teollisuudessa
yleistyy alan kehittyessä.
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