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Abstract
This thesis aimed at developing methods for tracking the environmental origins of microbial
contaminants of the food chain. We worked on three targets: i) environmental mycobacteria ii)
toxinogenic Bacillus species iii) post-harvest fungi in strawberry jam. Our aim was to develop
methods for early detection of the above contaminants, which have the potential to endanger
consumer health.
We developed a novel method based on 16S rRNA hybridization for tracking the reservoirs of
potentially pathogenic environmental mycobacteria in piggeries and soil. From 1010 to 1012 16S
rRNA molecules of environmental mycobacteria were found per gram of peat, wood shavings and
straw in piggeries with a high prevalence of infections. These beddings may thus be a source of
mycobacteria for pigs. We found 1010–1011 of mycobacterial 16S rRNA molecules per gram of
Finnish forest soil, indicating that the soil contained 107–109 mycobacteria per gram. These
numbers exceed the previous cultivation-based estimates of mycobacterial content in Finnish
soils.
To elucidate the role of mastitis in the input of toxinogenic Bacillus into the dairy production
chain, milks were sampled from mastitic cows. Twenty-three Bacillus isolates were screened for
toxins using the sperm cell motility inhibition assay. Four of the six toxinogenic isolates found
were identified as Bacillus pumilus and two as Bacillus licheniformis. The isolates produced toxic
substances that were heat-stable (100 °C) and soluble in methanol, thus being of non-protein
nature. The extracts prepared from the toxin-producing isolates disrupted the plasma membrane
of exposed sperm cells at concentrations 1–15 μg ml-1 (B. pumilus) 20–30 μg ml-1 (B.
licheniformis). The toxic action of the mastitis-associated B. licheniformis strains was similar to
that of the lipopeptide lichenysin A. The genes for lichenysin synthetase were found in these
strains by PCR. This study revealed that heat-stable toxin-producing strains of B. pumilus and B.
licheniformis occur in milk of mastitic milking cows. They may enter the dairy production chain
when milk of clinically healthy cows recovered from mastitis is sent to dairies.
Many foodborne contaminant fungi are known to produce volatile organic compounds. We
investigated the suitability of such metabolites as early indicators of fungal contamination of
strawberry jam. We found that volatile organic compounds commonly produced by the
contaminant fungi in strawberry jam were 2-pentanone, styrene, 3-methyl-1-butanol, 1,3pentadiene and ethanol. The results indicate that these compounds could be used to detect fungal
contamination of jam.

Keywords: 16S rRNA, Bacillus, environmental mycobacteria, food microbiology, jam,
mastitis, microbiological methods, Mycobacterium, pig, sandwich hybridization, soil,
toxin, VOC, volatile organic compounds

Preface
This study was conducted at the Department of Process and Environmental
Engineering, University of Oulu, and at the Department of Applied Chemistry and
Microbiology, University of Helsinki. Funding by the Academy of Finland (grant
no. 52796), TEKES (grant no. 2265/31/03), Faculty of Technology, University of
Oulu, NorNet Graduate School for Environmental Sciences, University of Oulu,
the Walter Ehrström Foundation, Valio Ltd. and the Centre of Excellence
“microbial resources” of the Academy of Finland is gratefully acknowledged.
My gratitude is due to my supervisors, Professors Peter Neubauer and Mirja
Salkinoja-Salonen. Peter arranged funding and working facilities and supervised
the RNA work. Mirja guided me through the writing process of the papers and
supervised the Bacillus and fungal studies which were mostly done at her
laboratory. Mirja’s and Peter’s deep knowledge about microbial life was highly
inspirational to me, as was their enthusiasm and can-do attitude.
I thank Docent Terhi Ali-Vehmas for her supervision in the field of
environmental mycobacteria and especially for her encouragement and support.
The official reviewers, Professor Atte von Wright and Doctor Ute Lechner are
thanked for their careful review of the thesis and the many valuable comments.
I thank Carol Pelli for precise language consulting.
I am indebted to my co-workers at the University of Helsinki: Jaakko
Pakarinen and Taneli Tirkkonen for fruitful cooperation and a positive team spirit
during the mycobacterium work and Nina Rintaluoma for major input in the
Bacillus work
My warmest thanks are owed to my co-workers in Oulu: Liisa Myllykoski for
taking care of administrative and financial matters, Jari Rautio for advice
concerning sandwich hybridization, Antti Vasala for computer support, Antje
Breitestein for helping me get started in Oulu and Marco Casteleijn for cloning
help. I thank all of my co-workers at the Bioprocess Engineering Laboratory for
sharing the ups, downs and peculiarities of laboratory life during my stay in Oulu.
I am grateful to all of my co-authors, Nina Rintaluoma, Jaakko Pakarinen,
Irina Tsitko, Antje Breitenstein, Terhi Ali-Vehmas, Seppo Sivelä, Soile Vatamo,
Petri Silfverberg, Maria Andersson, A.-M. Taimisto, Anna Seppälä, Outi Priha,
Taneli Tirkkonen, Mirja Salkinoja-Salonen, Terhi Ali-Vehmas and Peter Neubauer,
for their contributions to the individual publications.

5

Finally, I thank my wife Alina and my son Ukko. Eden Ahbez wrote "The
greatest thing you'll ever learn is just to love and be loved in return." and thanks
to my family, I know this to be true.
Helsinki, 17th of December 2008

6

Timo Nieminen

Abbreviations
aw
BCET-RPLA
cfu
EC50
FISH
MAC
MAP
NASBA
NRPS
PCR
RT-PCR
SHA
VOC
wt

Water activity
Bacillus cereus enterotoxin reversed passive latex agglutination
Colony-forming unit
Half-maximal effective concentration
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Mycobacterium avium subspecies paratuberculosis
Nucleic acid sequence-based amplification
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Polymerase chain reaction
Reverse transcription polymerase chain reaction
Sandwich hybridization assay
Volatile organic compound
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1

Introduction

Food production, manufacturing, distribution and retailing are becoming
increasingly complex. Raw materials are obtained from sources worldwide, an
ever-increasing number of processing technologies are utilized and a wider
selection of products is available to consumers. In addition, consumer
expectations are changing, with a desire for convenience and less-processed foods
with more natural characteristics and less preservatives. Against this background,
the food chain from acquisition of raw material through manufacture, distribution
and sale has to ensure that high standards of quality and safety are maintained.
Microbial testing continues to be an important part of quality and safety
control of foods. Changes in food production also challenge the methods applied
in microbial monitoring. Microbial safety must be ensured at various stages of the
production chain, not merely at the end. The current microbiological methods are
suboptimal or even unsuitable for many monitoring needs in the modern food
production chain. Thus, a need exists for novel methods that can be tailored to
meet specific requirements for sensitivity, specificity, cost, speed and
quantification. Novel methods may reveal new contamination routes and
reservoirs of harmful microbes, invisible with the traditional methods. Highly
specific genotypic methods enable the discrimination of harmful strains from their
harmless relatives and thus help to direct the preventive measures more accurately.
A wide array of detection techniques has been developed for microbial
diagnostics. The food microbiologist’s challenge is to understand the analytical
requirements and adapt these techniques to the complex food-related matrices
before the techniques can be used to improve the safety of the food production
chain.
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2

Review of the literature

2.1

Detection and enumeration of microbes in the agri-food
production chain

Compared with clinical diagnostics, food microbiology methods have to cope
with highly variable sample materials, even more so if the complete food
production chain is to be monitored. Clinical samples usually have none or
relatively well defined background microbiota, while sample materials from the
food production chain typically have undefined and highly variable background
reaching concentrations of several orders of magnitude higher than the target
organism. The acceptable level of undesired micro-organisms in foods may range
from less than one pathogen cell in 25 g of food to aerobic plate count below
5 × 106 g−1 (Regulation 2005/2073/EC, European Comission 2005). The method
requirements in these analytical settings are quite different.
2.1.1 Phenotypic methods
Phenotypic methods are based on the appearance of the organisms to be detected.
Phenotypic methods are typically simpler and cheaper than genotypic methods,
but are less specific. The dependency of phenotype on growth conditions may
hinder reliable measurements.
Cultivation
Detection of microbes has traditionally been based on cultivation. The number of
target cells is multiplied to a detectable level by cultivating the sample in
appropriate selective or non-selective growth medium. Further characterization or
identification of the cultivated microbes is achieved by testing metabolic reactions
typical to the targeted organism, although immunological and genotypic methods
can be used as well. There are an increasing number of culture media available
that utilize a fluorogenic or chromogenic reaction specific for the bacteria to be
detected, combining cultivation and identification steps.
Despite the ever-increasing numbers of alternative methods, cultivation has
remained the most popular method by far in routine food diagnostics, and most of
the novel methods continue to include an enrichment cultivation step. Cultivation
15

is an inexpensive and reliable way to amplify the target organism from a wide
range of matrices. Many alternative methods require sample pre-treatment to be
optimized for each matrix separately. Another major advantage of cultivation
methods is that only viable cells are detected by definition. On the other hand, the
standard cultivation methods fail to detect viable but non-culturable bacterial cells,
possibly leading to false-negative results (Keer & Birch 2003).
The major drawback of cultivation is the time required for visible growth,
typically some days, although considerably longer cultivation times may
sometimes be required. Total analysis time tends to be days also for presence /
absence tests that require a multistep enrichment cultivation, e.g. salmonella tests.
Formation of visible colonies on a solid medium takes longer than formation
of measurable turbidity in a liquid medium. Modern automated most probable
number techniques have been developed to replace the conventional colony
counting methods in quantitative analysis. Incubation time can be shortened by
applying highly sensitive fluorescence methods for growth detection (Fung 2002).
Growth may be also detected by monitoring the microbial metabolism-induced
conductivity change in the growth medium (Ellis & Goodacre 2006), offering the
possibility for simple and cost-efficient automation. The new developments
ensure that cultivation will be used as the primary means of amplifying the target
signal in food diagnostics also in the near future.
Immunochemical methods
Immunochemistry has been used for detection and identification of bacteria for
decades. Immunological methods lack the specificity of the genotypic methods,
but they require minimal sample pre-treatment and are thus better suited for
automation. The disposable lateral flow immunoassays are among the easiest and
fastest ways to detect specific bacteria in enrichment culture. The entire procedure
takes only about 10 min (Fung 2002). Genotypic methods with the same ease of
operation and speed are yet to be seen. Furthermore, immunoassays can be used
to detect both bacteria and many of their toxins, which cannot be accomplished
with genotypic methods. The production of monoclonal antibodies and modern
antibody engineering techniques has increased the specificity of immunoassays.
However, most of the immunological assays on the market provide presumptive
positive or presumptive negative screening test result. Positive pathogen findings
are usually confirmed with cultivation.
16

Non-specific cultivation-free methods
Microbes can be detected using a wide array of cell constituents or metabolites.
ATP can be used to monitor all viable micro-organisms in a matrix that does not
contain ATP. Carbon dioxide is a measure of respiration activity in the sample.
Ergosterol, a sterol specific to fungal cell membranes, can be utilized in the
detection of fungi (Magan 1993). Various micro-organisms produce volatile
compounds that can be utilized in the detection and even the identification of
microbes (see Section 2.2.3).
The direct epifluorescence filter method has been developed for microbial
contamination detection in milk and other dairy products (Pettipher et al. 1980).
In this method a homogenized milk sample is filtered through a membrane filter.
Retained bacteria are fluorescently stained and counted under an epifluorescence
microscope. Alternatively, bacteria can be counted automatically using a laser
scanning device (D'Haese & Nelis 2002).
Flow cytometry enables bacterial enumeration in liquids without filtration.
Flow cytometer passes the cells one by one through a laser beam in a thin stream
of fluid. Parameters such as cell size and shape can be monitored. The technique
can be combined with fluorescent antibodies to allow enumeration of pathogens
(Johnson et al. 2001, Yamaguchi et al. 2003).
Infrared spectroscopy has been tested to detect microbes and their effects in
food (Ellis et al. 2002, Rodriguez-Saona et al. 2004, Lin et al. 2004, Berardo et al.
2005, Burgula et al. 2006, Al Qadiri et al. 2006, Erukhimovitch et al. 2007).
Infrared spectroscopy involves the observation of molecules that are excited by an
infrared beam, resulting in an infrared absorbance spectrum. This spectrum can be
regarded as a “fingerprint” representing the chemical composition of the food.
Microbial growth changes the chemical composition, and thus, the infrared
spectrum. Infrared spectroscopy has a high potential in food microbiology
because it could enable online non-invasive detection of microbial spoilage and
even pathogens in selected food matrices. However, the specificity and sensitivity
of these methods need to be significantly improved before they can be applied to
routine analysis of food safety.
2.1.2 Genotypic methods
Phenotypic expression of cells is subject to growth conditions such as temperature
and pH. Genotypic characteristics are far more stable, making them an attractive
17

target in microbial diagnostics. In addition, genotypic methods can be highly
specific.
DNA or RNA can be used as the target
Genotypic methods can target either DNA or RNA. DNA is a more stable
molecule than RNA, thus being easier to process. Both DNA and RNA can persist
even after a cell has lost its viability. Non-viable cells can therefore also be
detected with nucleic acid methods. The persistence of a nucleic acid after cell
death depends on the nucleic acid and the environmental and cellular conditions.
DNA is more persistent than RNA, and DNA cannot therefore generally be
regarded as a measure of viable cells. McCarty and Atlas (1993) showed that the
detection of a 650-bp DNA sequence correlated more closely with the viability of
chlorine-inactivated Legionella than the detection of a shorter 168-bp DNA sequence.
The fluorescent dye ethidium bromide monoazide (EMA) has recently been used
as a DNA binding agent to differentiate between viable and non-viable bacterial
cells (Rudi et al. 2005, Wang & Levin 2006, Lee & Levin 2007). The
applicability of the method for routine monitoring has yet to be shown.
RNA is a better indicator of bacterial viability than DNA. However, intact
rRNA has also been detected also in non-viable cells (McKillip et al. 1998,
Sheridan et al. 1998). Most mRNAs are highly labile molecules with a very short
half-life (seconds), and therefore, their numbers should correlate with viability
more closely than rRNA numbers (Sheridan et al. 1998). It is important to
recognize that the persistence of both RNA and DNA species may vary greatly
depending on the prevailing conditions (Romanowski et al. 1992, Sheridan et al.
1999).
RNA molecules have a copy number of 102 to 105 per bacterial cell, while
genes usually have a copy number of <10 per cell. Consequently, targeting of
RNA should enable more sensitive detection than targeting of DNA. Ribosome
number in bacterial cells varies from 103 to 105 and reflects the cell activity
(Kramer & Singleton 1992, Bremer & Dennis 1996). Thus, ribosome content may
be considered a measure of general activity of the target population, but it is not
easily converted to cell number. mRNA may be used to detect specific microbial
activity.
RNA extraction is usually more laborious than DNA extraction due to its
instability. Another disadvantage of RNA is that in vitro amplification of RNA
requires 2 to 3 enzymes, while DNA can be amplified with a single enzyme.
18

Fig. 1. Sample pre-treatment steps required for nucleic acid based detection of
bacteria.

Nucleic acid extraction
Genotypic methods typically require release of genetic material from cells into
the solution before recognition and detection. Most of these methods are also
dependent on nucleic acid processing enzymes that may be inhibited by the
impurities extracted from the sample. These requirements render sample pretreatment more complicated in genotypic methods than in most phenotypic
methods.
The sample pre-treatment steps required for genotypic tests are shown in
Fig. 1. Efficient cell lysis and nuclease inhibition are critical. Nucleic acid
extraction and purification steps may be skipped provided that that sample matrix
contains no interfering substances.
Target amplification in vitro
Polymerase chain reaction (PCR) is the most widely used method for
amplification of nucleic acids in vitro. The method is based on heat-stable DNA
polymerase and thermal cycling. The number of target DNA molecules is doubled
during each cycle typically lasting 1 to 2 min. Target DNA can thus be amplified
19

a millionfold within a time frame of 20 to 40 min. Specificity of PCR assays is
dependent on the oligonucleotide primers required for amplification. The
amplicon can be further characterized by various techniques, including size or
melting point determination or hybridization with nucleotide probe(s). The
traditional end-point assay with agarose gel detection is being replaced by realtime PCR. In this technique, DNA amplification can be monitored continuously
using fluorogenic probes or intercalating dyes that emit fluorescent light when
bound to double-stranded DNA. Real-time PCR offers several advantages over
the traditional end-point assay: a possibility for quantification of the target, better
applicability for automation (no gels involved), increased sensitivity, better
control over cross-contamination and ease of hybridization of the amplicon with
probes for increased specificity.
PCR can be used to detect several DNA targets simultaneously by using
multiple primer pairs in a single reaction mixture (multiplex PCR). This technique
is becoming increasingly popular in detection and identification of harmful
bacteria in food and in the environment, although complex matrices with
undefined background flora can challenge the specificity of multiplex PCR assay
(Settanni & Corsetti 2007).
Reverse transcription PCR (RT-PCR) is a sensitive method for RNA detection.
RNA is first converted to DNA using reverse transcriptase and the resulting
cDNA is amplified by PCR. Real-time RT-PCR has been used to quantify RNA of
foodborne viruses (Yue et al. 2006, Dubois et al. 2007), fungi (Bleve et al. 2003)
and bacteria (Fey et al. 2004). The reverse transcription step makes reliable
quantification more challenging than PCR quantification of DNA (Freeman et al.
1999), especially if enzyme inhibitors are present in the RNA extract.
Different PCR techniques are combined to detect specific groups of microorganisms. Degola et al. (2007) developed a multiplex RT-PCR assay for the
detection of aflatoxinogenic strains of Aspergillus flavus, and Tsai et al. (2006)
used the same approach for the detection of viable enterohemorrhagic Escherichia
coli O157. However, the added complexity of these kinds of assays increases the
probability of error, especially when applied to complex matrices.
RNA can be amplified using nucleic acid sequence based amplification
(NASBA, Compton 1991). The method utilizes three enzymes, reverse
transcriptase, RNaseH and T7 RNA polymerase, which act in concert to amplify
sequences from an original single-stranded RNA template. Oligonucleotide
primers, complementary to sequences in the target RNA, are included in the
reaction. In contrast to PCR, the reaction is conducted at a single temperature,
20

usually 41 ºC. Real-time NASBA procedures similar to those used in PCR have
been reported recently and applied to a wide range of targets, including viruses
(Abd el-Galil et al. 2005) and bacteria (Nadal et al. 2007).
Detection of nucleic acids without amplification
Bacteria in food and in the environment can be detected by direct nucleic acid
hybridization without an in vitro amplification step. The exclusion of
amplification can simplify the assay and make quantitative analysis more reliable.
Furthermore, problems with enzyme inhibition may be avoided.
Blot hybridization is a conventional method for quantification of specific
nucleic acid species. The target nucleic acid is immobilized on a membrane and
hybridized with a labelled detection probe. The technique has been successfully
applied to quantify 16S rRNA of defined microbial groups in, for instance rumen
(Stahl et al. 1988), sediment (Sievert et al. 2000), cassava fermentation (Ampe
2000) and maize dough (Ampe et al. 1999). The method is labour-intensive, has a
limited linear range in quantitative analysis and has failed to gain much popularity
in food diagnostics.
Microarrays can be used to detect multiple target nucleic acids simultaneously.
The microarray consists of nucleotide probes immobilized on specific locations of
a solid surface. The array is hybridized with total DNA or RNA extract from the
sample. Occurrence of hybridization at a specific location on the array reveals the
presence of target nucleic acid. Stringent hybridization conditions and mismatch
control probes are used to ensure hybridization specificity. Tens of thousands of
target molecules can be detected simultaneously with a high-density array. Lowdensity arrays, consisting of tens or hundreds of probes, are sufficient for most
food diagnostics applications. Typical microarray analysis includes a PCR
amplification of target nucleic acids prior to hybridization on the microarray. An
alternative approach is to target rRNA (Small et al. 2001, Koizumi et al. 2002,
Chandler et al. 2003, 2006, Peplies et al. 2003, 2004, Wang et al. 2004, Kelly et
al. 2005) or mRNA (Gupta et al. 2003) directly without an amplification step. The
main problem with these types of assays has been the lack of sensitivity despite
the high copy number of RNA molecules in cells.
Sandwich hybridization is an alternative technique for sensitive and specific
nucleic acid detection and quantification (Dunn & Hassell 1977). The technique
utilizes two probes hybridized with the target molecule (Fig. 2). The capture
probe is used to immobilize the target sequence on a solid support. The second
21

probe, called a detection probe, contains a label for signal generation. Enzymatic
signal amplification enables sensitive detection. Since binding of two probes is
required to generate a signal, sandwich hybridization has the potential of being
more specific than single-probe hybridization techniques. Various solid supports,
immobilization techniques and signal generation systems have been applied. A
number of applications of the detection principle in clinical diagnostics of
microbial infections were published in the 1980s (Nicholls & Malcolm 1989).
More recently, non-clinical applications of rRNA-targeted sandwich hybridization
have been published, e.g. detection of Salmonella (Namimatsu et al. 2000) and
beer spoiling lactic acid bacteria (Huhtamella et al. 2007) in enrichment cultures
and Legionella in water (Leskelä et al. 2005). Some commercial food diagnostic
applications by, for instance, Neogen (Lansing, MI, U.S.A) or Scanbec Gmbh
(Halle, Germany) are on the market. Ribosomal RNA is a widely used target in
food diagnostic applications of sandwich hybridization, partly because the high
copy number of ribosomes enables relatively sensitive detection even without in
vitro amplification of the target molecule. DNA detection is also feasible; GabigCiminska et al. (2004) targeted toxin synthetase genes to detect enterotoxic
Bacillus cereus with a sandwich hybridization assay utilizing electric signal
generation (Hintsche et al. 1997).
Sandwich hybridization is a relatively complicated procedure that includes
multiple washing steps. Lyle and Nelson (1999) developed a simpler
homogeneous solution phase hybridization assay for the detection of bacterial
rRNA in enrichment cultures of clinical samples. The patented assay is based on
acridinium ester-labelled oligonucleotide probes that are protected from
degradation when bound to target RNA. So far, no applications for food
diagnostics have been published.
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Fig. 2. Sandwich hybridization. The target RNA is hybridized with the immobilized
capture probe and the labelled detection probe.

Fluorescence in situ hybridization (FISH) is a microscopic method utilizing
fluorescent oligonucleotide probes. Hybridization takes place inside the
permeabilized cells. Different microbial taxons can be visualized using groupspecific probes. Ribosomal RNA is used as the target since the copy number of
other nucleic acids is generally too low. Some attempts have been made to apply
FISH in food diagnostics (Bottari et al. 2006). FISH has been combined with flow
cytometry for the enumeration of specific bacteria in soil (Thomas et al. 1997,
2000) and milk (Gunasekera et al. 2003a, 2003b). The technique is widely used in
microbial ecology because it can provide spatial information on specific microbes
in the environment. The method is too labour-intensive for routine food-safety
applications, partly due to the treatment needed to permeabilize cells before
intake of nucleotide probes.
2.2

Selected microbial hazards in the food chain and methods for
their control

2.2.1 Pathogenic mycobacteria in food and the environment
Mycobacteria are members of the order Actinomycetales and the only genus in the
family Mycobacteriaceae. The genus Mycobacterium contains more than 100
valid species. Mycobacteria can be divided into rapid and slow-growing species.
Rapid growers are able to form visible colonies in less than seven days. The slow23

growing M. tuberculosis, M. bovis, M. africanum and M. microti are obligate
pathogens collectively referred to as the M. tuberculosis complex because these
organisms cause tuberculosis in humans and/or animals. Infection is transmitted
from individual to individual. Mycobacteria that need no living host for growth
are called environmental mycobacteria (Falkinham 1996, Primm et al. 2004).
There are over 80 known species of environmental mycobacteria. Nearly 50 of
them are currently considered to cause disease in humans (Wagner & Young
2004). Mycobacterial taxonomy is in continuous transition and new pathogenic
species are likely to be found. Some common pathogenic species of
environmental mycobacteria are listed in Table 1. M. avium-intracellulare
complex (MAC) is the most infectious group of environmental mycobacteria,
being responsible of >20% of human cases (Martin-Casabona et al. 2004).
Altogether 26 000 environmental mycobacteria infections were reported in 14
countries worldwide in 1991–1996 (Martin-Casabona et al. 2004). In Finland
there were 9.5 infections per 100 000 inhabitants in 2007 (National Public Health
Institute in Finland, statistical database 2008). Official international prevalence
statistics are unavailable because the infections are not registered in most
countries.
Environmental mycobacteria cause chronic pulmonary disease, local
lymphadenitis, joint disease, soft tissue infections and cutaneous disease, among
others, in humans (Table 1). The patients are usually immunocompromised,
although immunocompetent individuals may also become infected (Han et al.
2005). The infections are often difficult to treat. Treatment typically requires a
combination of several antimicrobial agents that must be given for an extended
period of time (Wagner & Young 2004)
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Table 1. Sources and clinical significance of selected environmental mycobacteria.
Species

Environmental source

M. abscessus

Clinical significance

Reference

Chronic pulmonary disease,

Wagner &

osteomyelitis

Young 2004

M. avium-

Soil, water, brown-water

Chronic pulmonary disease, local

Kirschner, Jr. et

intracellulare

swamps, chickens, swine,

lymphadenitis and joint disease,

al. 1992, Yoder

complex

cattle, wild animals, milk, green disseminated disease in patients with et al. 1999

M. chelonae-

vegetables

AIDS, skin and soft-tissue infections

Water, soil, dust

Disseminated disease, cutaneous
tissue infections, keratitis

complex
M. kansasii
M. malmoense

Payeur 2000

lesions, pulmonary disease, soft

fortuitum
Tap water, tissues from cattle,

Chronic pulmonary disease, bone and Payeur 2000

deer, swine

joint disease,

Surface water

Chronic pulmonary disease,

Katila et al.

lymphadenitis

1995, Wagner &
Young 2004

M. marinum

Fresh- and salt-water fish,

Cutaneous disease

Payeur 2000

Cervical lymphadenitis in children,

Payeur 2000

amphibians, aquatic mammals,
swimming pools and aquariums
M. scrofulaceum Soil, water, raw milk, other
dairy products, oysters, acid,

chronic pulmonary disease in adults,

brown-water swamps

disseminated disease in children

(Kirschner, Jr. et al. 1992)
M. smegmatis

Tissues from cattle, raw milk

Mastitis in cattle, skin or soft-tissue

Payeur 2000,

infections

Wagner &
Young 2004

M. szulgai

Pulmonary disease, osteomyelitis,

Sanchez-

keratitis, cervical lymphadenitis

Alarcos et al.
2003

M. ulrecans

Aquatic insects

Ulcerative skin disease

Wagner &
Young 2004

M. xenopi

Swine tissues, surface water,

Chronic pulmonary disease

birds, hot-water systems

Payeur 2000,
Torkko et al.
2000

Environmental mycobacteria in the food chain
In addition to humans, environmental mycobacteria infect such animals as birds,
pigs and ruminants, which are used in food production and may be a source of
foodborne illnesses in humans.
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Pig mycobacteriosis is the most common animal mycobacterial disease in
Finland, with a long-term average prevalence of 0.34% and temporary peaks as
high as 0.85% (Ali-Vehmas et al. 2004). Mycobacteriosis has been diagnosed in
pigs worldwide (Thoen 2006). For example, 0.5% of slaughtered animals in the
Netherlands (Komijn et al. 1999), 10% in Germany (von Dürrling et al. 1998)
and 0.2% in USA (Thoen 2006) showed signs of infection. Mycobacterial
infections in swine are usually caused by the members of MAC, although other
species (M. fortuitum, M. cheloneae, M. peregrinum, M. terrae, etc.) have also
been isolated (Pavlik et al. 2003, Cvetnic et al. 2007). MAC consists of M.
intracellulare and four subspecies of M. avium: M. avium subsp. avium, M. avium
subsp. silvaticum, M. avium subsp. paratuberculosis and M. avium subsp.
hominissuis (Thorel et al. 2001, Mijs et al. 2002, Turenne et al. 2007). M. avium
subsp. hominissuis is most often associated with pig infections followed by M.
avium subsp. avium and M. intracellulare (Matlova et al. 2005, Cvetnic et al.
2007, Tirkkonen et al. 2007). M. avium subsp. paratuberculosis causes chronic
enteritis in ruminants and has not been associated with pig infections. MAC
infections in pigs are typically associated with the lymph nodes in the neck and
the gastrointestinal system (Matlova et al. 2005). The liver may be infected and
sometimes also the spleen and lungs (Thoen 2006). The animals usually show no
other signs of infection.
M. avium subsp. hominissuis infects both humans and pigs, and strains
similar to pig strains have been isolated from humans in the Netherlands (Komijn
et al. 1999), Finland (Tirkkonen et al. 2007) and Germany (Mobius et al. 2006).
This indicates that pigs may be an important vehicle for M. avium infections in
humans or that pigs and humans share common sources of infection. Since M.
avium is a potential zoonotic pathogen, it is necessary to exclude it from the food
chain. In accordance with European Union legislation (Regulation 2004/854/EC),
infections caused by mycobacteria in pigs are diagnosed presumptively in
slaughter houses by meat inspectors. The lymph nodes of slaughter pigs are
examined visually at post-mortem inspection for granulomatous lesions. Meat and
organs of infected animals may be condemned as conditionally consumable after
heat treatment (Matlova et al. 2005) depending on the country and the distribution
of the lesions. This practice causes economic losses to producers.
M. avium subsp. paratuberculosis (MAP) causes chronic enteritis in cattle,
goats, sheep and certain wild ruminants. Paratuberculosis is one of the most
prevalent and costly diseases of dairy cattle worldwide. MAP has been isolated
also from Crohn’s disease (a chronic, incurable, low-grade inflammation of the
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terminal ileum) patients, leading to concerns that it may be a human pathogen
(Behr & Kapur 2008). Milk and dairy products have been suggested to be
vehicles of transmission from cattle to humans since infected animals secrete high
numbers of MAP to faeces, which can contaminate the raw milk of
paratuberculosis-infected herds. MAP has been isolated also from milk of
subclinically infected cows (Sweeney et al. 1992, Streeter et al. 1995). There is
evidence that MAP may survive pasteurization (Grant 2005). However, Cerf et al.
(2007) estimated that the probability of detecting MAP in 50-mL samples of
pasteurized milk is lower than 1% in industrialized countries.
M. avium has been isolated from mushrooms and green vegetables (Argueta
et al. 2000, Zwielehner et al. 2008). Some M. avium isolates from food had
genotypes similar to clinical isolates (Yoder et al. 1999). MAC in vegetables may
originate from infected animals contaminating water used for irrigation.
Potentially pathogenic mycobacteria other than MAC have been isolated in raw
milk (Konuk et al. 2007).
Environmental reservoirs
Boreal soils have been shown to be rich in mycobacteria (Iivanainen et al. 1997,
Niva et al. 2006) as have other acidic soils (Brooks et al. 1984). Kirschner, Jr. et
al. (1992) isolated MAC from brown-water swamps. Several studies indicate that
pigs acquire mycobacterial infection by ingesting mycobacteria-containing peat
that is used as bedding (von Dürrling et al. 1998, Matlova et al. 2003).
Mycobacteria are able to utilize a large variety of hydrocarbons, including
recalcitrant aromatic and cyclic compounds (Krulwich & Pelliccione 1979),
which are abundant in pristine forest soils, swamps and peat. In fact,
mycobacteria are well-known degraders of xenobiotic compounds, and
mycobacteria may be enriched in contaminated soils (Uyttebroek et al. 2006,
Debruyn et al. 2007). Kirschner et al. (1999) demonstrated that humic and fulvic
acids stimulate growth of mycobacteria. Many mycobacteria have an acidic pH
optimal for growth, between 4.5 and 5.5 (Primm et al. 2004), favouring their
growth in acidic soils and peat.
Mycobacteria are frequently found in natural waters (Iivanainen et al. 1993,
Eaton et al. 1995, Katila et al. 1995, Torkko et al. 2000, Bland et al. 2005) and
sediments (Iivanainen et al. 1999). Whether mycobacteria are true inhabitants of
natural waters or merely leached from soils remains unknown. The results by
Niva et al. (2006) indicated that mycobacterial communities in lakes and
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catchments were different, suggesting that some mycobacteria may be specialized
for aquatic life.
As a probable consequence of their presence in natural waters, environmental
mycobacteria are commonly detected in municipal water distribution systems
(Vaerewijck et al. 2005). Mycobacterium strains isolated from infected patients
have been shown to be similar to those isolated from their water distribution
systems in three cases (von Reyn et al. 1994, Kauppinen et al. 1999, von Reyn et
al. 2002) suggesting that water was the infection source. The prevalence of
environmental mycobacteria in municipal drinking water supplies can be
explained by their high innate chlorine and biocide resistance (Primm et al. 2004),
their ability to form biofilms in water pipelines (Matlova et al. 2003, Stinear et al.
2004, Lehtola et al. 2006, Tsitko et al. 2006) and their extraordinary starvation
survival (Archuleta et al. 2002, Vaerewijck et al. 2005). According to Vaerewijck
et al. (2005), mycobacteria were isolated from 21% to 72% of public water
distribution systems in USA, France and Greece. The high frequency of
occurrence of mycobacteria in municipal water indicates that contact with
waterborne mycobacteria by drinking, washing or inhalation of aerosols is highly
common.
Pigs may acquire mycobacterial infection from bedding materials.
Mycobacteria have been isolated from peat, saw dust (Beerwerth & Popp 1971,
Windsor et al. 1984, Matlova et al. 2004), wood shavings (Songer et al. 1980)
and bark (Gardner & Hird 1989).
Environmental mycobacteria, including pathogenic species, have often been
isolated from protozoa and insects (Fischer et al. 2004, Biet et al. 2005), which
are possible vectors for human and animal infections.
Detection and enumeration in the environment
Further characterization of mycobacterial reservoirs requires suitable methods for
their detection and enumeration in the environment. Cultivation has traditionally
been used for this purpose, but this approach suffers from several drawbacks.
Mycobacterium generation times range from 2 to 48 h (Stinear et al. 2004).
Isolation and identification may take up to 6 weeks depending on the species.
Multiple types of media should be used and incubation conditions, such as
medium pH, temperature and atmospheric CO2 concentration, varied since growth
requirements differ within the genus (Stinear et al. 2004). Isolation from the
environment requires a selective chemical treatment to prevent the fast-growing
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soil bacteria and fungi from overgrowing the mycobacteria (Iivanainen et al. 1997,
Stinear et al. 2004). Such treatments may render an unknown portion of viable
mycobacteria in the environment non–culturable. Reduction levels of 1–2 log are
not uncommon (Dundee et al. 2001). Mycobacteria are known to adopt a viable
but non-culturable state even without a selective treatment (Shleeva et al. 2004),
resulting in an underestimation of the viable cell number by cultivation. Finally,
mycobacterial cells tend to clump due to their hydrophobic cell surface, and one
colony-forming unit (cfu) may consist of up to hundreds of cells (Parish & Stoker
1998).
The problems connected to cultivation have increased the interest in cultureindependent methods. FISH has been applied to detect mycobacteria in sputum
(Stender et al. 1999a, 1999b) and biofilms (Lehtola et al. 2006) using
hydrophobic peptide nucleic acid probes. Hydrophobic probes are thought to
penetrate the lipid-rich mycobacterial cell wall better than hydrophilic DNA
probes. The tendency of mycobacterial cells to clump may hinder accurate FISHbased quantification of mycobacteria.
An alternative to FISH is direct extraction of DNA or RNA from the sample
followed by in vitro amplification of the target molecule (optional), detection and
identification. Cook et al. (2007) used this approach in combination with realtime PCR to quantify MAP in soil and manure, reaching a detection limit of
between 20 and 115 cells of M. paratuberculosis g−1 soil. Nucleic acid extraction
is a critical step in mycobacteria-targeted assays due to the robustness of the
mycobacterial cell wall. Successful extraction of nucleic acids from mycobacteria
may require harsh methods like bead beating for cell disruption (Dietrich et al.
2000, Stinear et al. 2000).
RNA can be used instead of DNA to target the active mycobacterial
population. Rodriguez-Lazaro et al. (2004) applied real-time NASBA for the
detection of Mycobacterium avium subsp. paratuberculosis RNA in water and
milk.
Instead of direct extraction of nucleic acids from the environment, the target
cells can be extracted from a sample matrix prior to detection and identification.
Nucleic acid yields are usually lower with this approach, but interfering
substances can be avoided. Specific capture of target cells is possible using
antibodies and paramagnetic particles. The method can be partially automated.
Sweeney et al. (2006) used this technique in combination with PCR to detect M.
bovis in soil, faeces and urine.
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2.2.2 Heat-stable toxin-producing Bacillus spp. in the dairy
production chain
The members of the genus Bacillus are Gram-positive, spore-forming, motile,
facultative aerobic rods. Bacillus cereus is the most important Bacillus species
causing foodborne illness. E.g. in Finland, Bacillus cereus was identified as the
causative agent in 8% of the food poisoning cases in 1975–2001 (Johansson et al.
2003). Two types of B. cereus food poisonings are known, diarrhoeal and emetic.
The symptoms of diarrhoeal food poisoning include vomiting and nausea in
addition to diarrhoea. Symptoms occur from 8 to 16 h after ingestion. This food
poisoning type is caused by a group of protein toxins believed to be formed in the
intestine. Risk foods include rice, meat, grain, potatoes, dairy products and
vegetables. (Drobniewski 1993, Ehling-Schulz et al. 2004a, Granum 2007)
Emetic food poisoning of B. cereus is caused by a heat-stable nonribosomally synthesized cyclic peptide toxin, cereulide. Cereulide is formed in
food. Potentially, it may also be formed in the intestine (Apetroaie-Constantin et
al. 2008b). Ingestion of cereulide-contaminated food typically causes nausea and
vomiting, but may also cause liver failure. Fatal cases have been reported (Mahler
et al. 1997, Dierick et al. 2005). The symptoms start from 0.5 to 4 h after
ingestion.
Bacillus licheniformis, Bacillus subtilis and Bacillus pumilus form the socalled Bacillus subtilis group, also associated with foodborne gastroenteritis
(Kramer & Gilbert 1989, Salkinoja-Salonen et al. 1999, From et al. 2007a). The
symptoms include vomiting, diarrhoea and abdominal cramps and start 10 min to
14 h after ingestion. Concentrations of 105 to 109 cfu g−1 have been measured
from implicated food vehicles, typically meat, rice, bakery products and
vegetables (Kramer & Gilbert 1989). Short response times in B. subtilis groupinduced food poisonings imply the involvement of preformed toxins in food, as in
the case of B. cereus emetic food poisonings.
Bacillus species are able to form heat-stable endospores. The D-value for
B. cereus endospores at 90 ºC was 70–800 min for emetic strains and 30–300 min
for diarrhoeal strains (Carlin et al. 2006), meaning that the endospores are able to
survive most heat-treatments used to hygienisize food. Bacillus vegetative cells
are able to grow at a wide temperature (4–50 ºC) and a pH (4.4–9.3) range (Gibbs
2002, McClure 2006). Both types of B. cereus toxins are optimally produced at
20–30 ºC in laboratory conditions (Mahakarnchanakul & Beuchat 1999a, 1999b,
Apetroaie-Constantin et al. 2008b).
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Bacillus spp. non-ribosomally synthesized peptide toxins.
The emetic toxin cereulide has a ring-shaped structure of three repeats of four
amino and/or oxy acids: [D-Ala-D-O-Leu- L-Val-L-O-Val]3 (Fig. 3). This heatstable ring structure has a molecular mass of 1.2 kDa and is chemically and
functionally closely related to the potassium ionophore valinomycin (Mikkola et
al. 1999). Several biological effects of cereulide have been described. Agata et al.
(1995) studied emesis in an animal model and found that cereulide could cause
vomiting by binding to the 5-HT receptor and stimulating the vagus afferent.
Cereulide is also known to transport potassium ions through the mitochondrial
membrane, thus inducing mitochondrial dysfunction (Mikkola et al. 1999).
Mitochondrial damage particularly affects organs rich in mitochondria, such as
the liver, explaining the liver failures associated with B. cereus food poisonings.
Bacillus pumilus, B. licheniformis, B. subtilis, B. amyloliquefaciens and
B. thuringiensis are known to produce lipopeptides (Table 2) consisting of a
heptapeptide ring and a fatty acid chain (Fig. 3). These compounds are
biosurfactants having potential industrial (Mulligan 2005, Mukherjee 2007,
Whang et al. 2008) and antimicrobial use (Vollenbroich et al. 1997, Moyne et al.
2001, Singh & Cameotra 2004, Toure et al. 2004). However, some of them show
toxicity to mammalian cells (Hoornstra et al. 2003, From et al. 2007a, 2007b).
The biological activity of cyclic lipopeptides is based on their ability to disturb
and permeabilize the plasma membrane (Maget-Dana et al. 1985, Sheppard et al.
1991, Carrillo et al. 2003, Heerklotz & Seelig 2007, Deleu et al. 2008). The
amphipathic structure of lipopeptides enables their interaction with membrane
lipids.
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Table 2. Cyclic lipopeptides produced by Bacillus species.
Lipopeptide

Known producers

Number Molecular mass Biological effects
of amino

(Da)

cells

acids
Bacillomycins

B. subtilis

7

Reference

on eukaryotic

1030–1040

Fungicide,

Peypoux et al.

haemolytic

1980, Quentin et
al. 1982

Bacillopeptin

B. subtilis

7

1020–1050

Kajimura et al.
1995

Fengycin

B. subtilis,

10

1450–1510

Fungicide

2007

B. thuringiensis
Halobacillin

Vanittanakom et al.
1986, Hu et al.

B. amyloliquefaciens,
Bacillus sp.

7

1040

Isohalobacillin B Bacillus sp.

7

990–1030

Iturin A

7

1040

Trischman et al.
1994

B. subtilis,
B. amyloliquefaciens

Hasumi et al. 1995
Fungicide,

Quentin et al.

haemolytic

1982, Klich et al.

Fungicide

Hasumi et al. 1995

1991
Kurstakins

B. thuringiensis

7

880–910

Lichenysin

B. licheniformis

7

1010–1030

Boar sperm

Yakimov et al.

motility inhibition,

1995, Hoornstra et

haemolytic

al. 2003,
Grangemard et al.
2001

Mycosubtilin

B. subtilis

8

1200

Fungicide,

Walton & Woodruff

haemolytic

1949, Besson &
Michel 1989,
Besson et al. 1989

Plipastatins

B. cereus, B. subtilis,

10

1450–1530

B. licheniformis

Inhibitors of

Roongsawang et

phospholipase A2 al. 2002,
Thaniyavarn et al.
2003

Pumilacidin

B. pumilus

7

1040–1080

Antiulcer activity

Naruse et al. 1990,

in rat, protein

From et al. 2007b

synthesis
reduction in Vero
cells
Surfactin
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Haemolytic,

Hoornstra et al.

B. subtilis,

sperm toxic,

2003, Dufour et al.

B. licheniformis

protein synthesis

2005, Tendulkar et

reduction in Vero

al. 2007, From et

cells

al. 2007a

B. amyloliquefaciens,

7

1040

Fig. 3. Peptide compounds toxic to eukaryotic cells produced by Bacillus strains. R in
the structures stands for n-, iso-, and anteiso-branched hydrocarbons of varying
lengths (C10–C20).
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Cereulide and Bacillus lipopeptides are synthesized non-ribosomally by the
action of large multienzyme complexes. The synthetase genes have been
identified and characterized for cereulide (Ehling-Schulz et al. 2006), lichenysin
(Yakimov et al. 1998), surfactin (Nakano et al. 1992, Moyne et al. 2004a),
bacillomycin D (Moyne et al. 2004b) and fengysin (Steller et al. 1999), among
others. Peptide synthetase genes contain highly conserved regions, making their
identification relatively straightforward (Borchert et al. 1992, Turgay & Marahiel
1994).
Bacillus spp. in the dairy production chain
Bacillus spp. are widely spread in the environment. On dairy farms, Bacillus spp.
can be found in soil and feed (Vaerewijck et al. 2001, Scheldeman et al. 2005), in
bedding (Svensson et al. 2006), on milking equipment (Scheldeman et al. 2005)
and in pipelines and bulk tanks (Scheldeman et al. 2005, Svensson et al. 2006).
Bacillus spp. are part of the teat skin normal flora (Woodward et al. 1988). Bacilli,
especially B. cereus, are known to cause bovine mastitis, albeit at a lower
incidence than the major udder pathogens Staphylococcus spp., Streptococcus spp.
and Escherichia coli (Logan 1988, Radostits et al. 2000). Miller et al. (1993)
reported a prevalence of 1.2% for Bacillus among cows with clinical mastitis in
Ohio in 1988–1989. Mastitis bacilli should not enter the food production chain
since milk from mastitic cows is not normally sent to dairies. However, milk from
cows with subclinical mastitis may be used in dairies.
Bacillus spp. are commonly found in raw milk (Svensson et al. 1999, Huck et
al. 2008). The spores survive pasteurization and some Bacillus strains may even
survive ultra-high temperature treatment, typically at 135 ºC for 2–5 s
(Scheldeman et al. 2006). Psychrotrophic Bacillus spp. limit the keeping quality
of pasteurized milk stored at 6 ºC if post-pasteurization contamination by gram
negative bacteria is prevented (Fromm & Boor 2004, Huck et al. 2007). The
lechinitase activity of B. cereus may cause aggregation of the creamy layer of
low-pasteurized milk, known as bitty cream. Further, B. cereus is responsible for
sweet curdling (without pH reduction) both in homogenized and nonhomogenized low-pasteurized milk. Bacillus spp. may thrive in the dairy
environment, leading to additional contamination of milk at the dairy plant (Giffel
et al. 1997, Svensson et al. 1999, Svensson et al. 2000). The hydrophobicity of
Bacillus spores (Andersson et al. 1995) helps them to attach to the pipelines.
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Svensson et al. (2006) studied the occurrence of heat-stable, toxin-producing
B. cereus in the dairy production chain. A collection of 5668 Bacillus cereus
isolates was screened for heat-stable toxin production. The frequency of
occurrence of emetic strains on dairy farms and in dairy plants was 1.9%, and
1.1%, respectively. The frequency of occurrence of other toxinogenic Bacillus
species in the dairy production chain is unknown.
Detection of heat-stable, toxin-producing Bacillus strains
Originally, monkey feeding and testing for emesis was the only available assay
for detection of cereulide (Kramer & Gilbert 1989). The finding that the culture
extract of the emetic strain caused vacuolation of HEp-2 cells (Hughes et al. 1988)
led to the development of cytotoxicity assays based on this and other cell lines
(Shinagawa et al. 1992, Beattie & Williams 1999, Beattie & Williams 2000).
Andersson et al. (1998, 2004) developed a bioassay for cereulide-producing
strains based on boar sperm cell motility inhibitory effects of the emetic toxin.
The sperm test is easier to perform than the other bioassays for toxicity and is
suitable for food laboratory use. The test has also been proven useful for detecting
toxinogenic B. licheniformis (Salkinoja-Salonen et al. 1999) and B. pumilus
(Suominen et al. 2001).
The most accurate methods for the detection of cereulide-producing Bacillus
strains are those based on chemical detection and identification of the toxin. For
example, reversed-phase high-performance liquid chromatography mass
spectrometry and matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry have been successfully used for this purpose (Mikkola 2006). These
methods are time-consuming and require expensive equipment and specially
trained personnel, making them unsuitable for screening of large numbers of
samples.
Non-ribosomal peptide synthetase genes have been identified and sequenced
for various Bacillus toxins, including cereulide (Ehling-Schulz et al. 2006),
lichenysin A (Yakimov et al. 1998), surfactin (Nakano et al. 1992) and
bacillomycin D (Moyne et al. 2004b). PCR assays targeting these genes have
been developed for detection of strains with genetic potential for toxin production
(Horwood et al. 2004, Hsieh et al. 2004, 2008, Fricker et al. 2007).
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2.2.3 Fungal spoilage of fruit preserves
Fruit preserves or jams are viscous or semi-solid products containing one or more
fruits together with permitted sweetening agents and gelling ingredients.
Strawberry jam, for instance, could have a following composition (g kg−1):
strawberries 400, sucrose 600, pectin 4, citric acid 5 and sorbic acid 0.3
(International Commission on Microbial Specifications of Foods 2005).
Fruit preserves are usually acidic (pH 3–4) due to the organic acids present in
the fruits and berries used as raw materials. Sucrose is added at concentrations of
40–65% (w/w) to add sweetness and prevent spoilage. Water activity (aw) of jam
is typically 0.82–0.94 (Brackett 1997). Other characteristics are low nitrogen
concentration, low oxygen concentration and low redox potential (International
Commission on Microbial Specifications of Foods 2005). Due to low pH and aw,
jam spoilage is caused by fungi. Fungal spoilage not only changes the aroma,
colour and texture of jam, but may also be a health hazard due to allergens and
mycotoxins introduced to the jam.
Jam is cooked during manufacturing, typically at 95–97 ºC for 5–7 min. This
heat treatment is usually sufficient to destroy the microflora of fruits and berries.
Ascospores of certain heat-resistant filamentous fungi, such as Byssochlamys
fulva, B. nivea and Neosartorya fischeri, may survive. They are frequently found
in raw berries and vegetables and are known spoilers of processed fruits (Beuchat
& Rice 1979). Jam may also be contaminated by airborne fungal spores after
cooking. Xerophilic Eurotium spp. are typical spoilers of fruit preserves
(Splittstoesser et al. 1989, Williams 2006). If jam aw is above 0.90, most fungi are
able to spoil it in the absence of preservatives. Decreasing the sucrose content of
jam to the lower energy content may lead to spoilage by potent toxin producers
like Aspergillus flavus.
Detection of moulds in food
Foodborne moulds can be detected and identified using the various
microbiological techniques discussed in Section 2.1. However, the detection of
moulds differs from the detection of bacteria in some respects. Compared with
bacteria, the distribution of moulds in food is more heterogeneous due to the
filamentous mode of growth. Thus, a representative sampling of moulds is often
challenging. Moulds can be quantified in food using direct microscopic counting,
which is usually possible for bacteria only after concentration. Unlike bacteria,
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moulds are multicellular organisms with specialized cells. Thus, moulds can be
identified based on morphology. On the other hand, mould plate count is heavily
dependent of the degree of sporulation and does not necessarily correlate with
biomass.
As an alternative to plate count, fungi can be detected in food by measuring
ergosterol, the predominant sterol of most fungi belonging to the classes
Ascomycetes and Deuteromycetes, or chitin, an important component of the
fungal cell wall (Magan 1993). However, chitin analysis lacks sensitivity and
reproducibility (Magan 1993, Cousin 2006). Furthermore, chitin in food may
originate from insects. Ergosterol concentration is a more specific measure of
fungal growth in food than chitin. The correlation between ergosterol and other
measures of fungal biomass varies between fungi and growth conditions (Magan
1993, Tothill & Magan 2003).
Fungi produce a wide array of extracellular enzymes to degrade polymers.
These enzymes can be utilized in detection of fungal activity in food. Enzymes
such as β-D-glucosaminidase, D-galactosidases and β-D-glucosidase have been
found to correlate with other measures of fungal growth in cereal-based media
(Keshri et al. 2002, Tothill & Magan 2003).
During exponential growth, many fungi release low molecular weight VOCs
as products of secondary metabolism. These compounds comprise a great
diversity of chemical structures, including ketones, aldehydes and alcohols as
well as moderately to highly modified aromatics and aliphatics. Detection of
volatile compounds offers a non-invasive way of sampling large quantities of
food with the possibility of online detection. The traditional way of sampling
volatiles is to collect them in an adsorbent medium or solvent, followed by
chromatographic separation and identification. This approach is, however, too
expensive and time-consuming for routine monitoring. Instead, a so-called
electronic nose may be used. Like a human nose, the electronic nose contains an
array of gas sensors with varying affinities for different types of volatiles. A given
mixture of volatile compounds generates a specific combination of sensor
responses. Microbial contamination can be detected on the basis of change in
sensor responses compared with an uncontaminated sample. Microbes ca even be
identified using the volatile compound profile that they generate (Larsen &
Frisvad 1995b), also using the electronic nose (Karlshoj et al. 2007a). Much
effort has been invested in ways to identify toxin-producing fungi on the basis of
the volatile compounds they produced, and in some cases, this approach is
feasible (Karlshoj et al. 2007b). Limitations related to electronic noses include
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sensor drift, low sensitivity, humidity and varying background that masks the
volatile compounds of microbial origin. New sensing technologies are constantly
being developed to solve these problems (Rock et al. 2008).
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3

Aims of this study

The aims of this thesis were the following:
1.
2.

3.

4.
5.

6.

To develop a method for extraction of mycobacterial RNA from soil and
beddings.
To develop a 16S rRNA sandwich hybridization method for direct
enumeration of mycobacterial ribosomes in the environment without a
nucleic acid amplification step.
To measure mycobacterial 16S rRNA content of selected soils and beddings
in order to identify reservoirs of potentially pathogenic environmental
mycobacteria.
To compare the 16S rRNA hybridization results with quantitative real-time
PCR for quantification of mycobacteria in soil and bedding.
To elucidate the occurrence of toxinogenic bacilli in milk of mastitic cows
and characterize the isolated strains and their toxicity. Tools for the detection
of Bacillus-strains with genetic potential for toxin production were developed
and tested.
To identify and quantify volatile organic compounds produced by spoilage
fungi in strawberry jam to uncover new spoilage indicators.
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4

Materials and methods

4.1

Materials

Materials used in the thesis are described in Studies I–IV. The heat-treated peat
was commercial trade sphagnum peat heated in a drum drier in an airstream of
300–400 ºC.
4.2

Methods

The methods used in this study are summarized in Table 3 and either described in
the original publications or described in detail below.
4.3

Methods in addition to those described in the original
publications

4.3.1 RNA extraction
Indirect RNA extraction
RNA was extracted from bedding materials with an indirect method. Bedding (5 g)
was added to a Bagfilter 400P stomacher bag (Interscience, St Norm, France) with
a separate filter bag inside and homogenized with 145 ml of saline solution (35
mM NaCl, 14 mM KCl, 7.5 mM CaCl2, 3.5 mM KH2PO4, 3.5 mM MgSO4) in a
stomacher 400 laboratory homogenizer (Seward, Norfolk, UK) for 4 min at low
speed. The obtained suspension was collected inside the filter bag and centrifuged
at 15 000 × g for 10 min. The pellet was suspended in 0.5 × TENS buffer (25 mM
Tris HCl, pH 8.0, 10 mM EDTA, 50 mM NaCl, 0.5% SDS), divided into 940-µl
aliquots and transferred to 2-ml tubes containing 1.5 g glass beads for lysis. The
cells were lysed with bead beating and RNA and DNA extracted as described for
soil in Section 2.4 of Study I.
Bead beating
RNA was extracted directly from beddings with bead beating in a mixture of
extraction buffer and phenol-chloroform, as described in Study I. The amount of
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bedding added to bead beating tubes ranged from 0.1 to 0.3 g (wet wt) per tube.
After bead beating, the aqueous phases were collected and precipitated with 0.6
vol of isopropanol. The tubes were incubated in ice for 10 min, and precipitated
RNA was collected with centrifugation at 16 000 × g for 20 min. The resulting
pellet was suspended in 1 ml of RNase-free water and mixed at room temperature
for 30 min to dissolve the RNA. Solid material was removed by centrifugation at
1800 × g for 5 min. Supernatant was collected and RNA was precipitated with
isopropanol as described above. The resulting pellet was dissolved in 100–300 µl
of Tris-EDTA buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8.0) and mixed with 350
µl of RLT buffer (RNeasy kit, Qiagen Valencia, CA, USA) and 250 µl of ethanol.
The mixture was added to RNeasy mini ion-exchange resin columns and RNA
was purified as described by the manufacturer.
Freeze-thawing and column purification
RNA was extracted directly from beddings by grinding in liquid nitrogen as
described by Hurt et al. (2001). Two modifications of the method were used. In
the first modification, i.e. freeze-thawing and column purification, 1–2 g (wet wt)
of beddings were mixed with 1–3 ml of denaturing solution (4 M guanidine
isothiocyanate, 10 mM Tris–HCl, 1 mM EDTA, 0.5% 2-mercaptoethanol) and 2–
6 g of 0.6-mm glass beads in mortar. Grinding in liquid nitrogen, incubation at
65 ºC, extraction with chloroform and isopropanol precipitation of nucleic acids
was performed as described by Hurt et al. (2001). The resulting pellet was
dissolved in water, reprecipitated and purified with ion-exchange columns as
described above for the bead beating method.
The method of freeze-thawing and acid phenol extraction is described in
Section 2.4 of Study II.
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Table 3. Summary of the methods used in Studies I–IV. For a more detailed description
of the materials and methods, see Studies I–IV or the Materials and methods section
of the thesis summary.
Objective

Method

Description Reference / manufacturer

DNA / RNA coextraction from

Direct extraction with bead

I

soils

beating combined with

Griffiths et al. 2000

phenol-chloroform extraction
RNA extraction from beddings

Various

Thesis

Soil DNA quantification

Densitometric analysis of

I

RNA quantification

Ribogreen RNA

I, thesis

Molecular probes, Eugene,

quantification kit; size

summary

OR USA; Agilent

summary
agarose gels

separation with Agilent

Technologies, Waldbronn,

bioanalyser followed by

Germany

densitometric analysis of the
electropherograms
In vitro transcription of

MAXIscript-TM kit

I

Ambion, Austin, TX, USA

Mycobacterium 16S rRNA

Sandwich hybridization

I

This thesis

quantification

assay

Mycobacterium 16S rRNA

Mycobacterium 16S rRNA operon Real-time polymerase chain I, II
quantification

reaction

Whole-cell fatty acid composition Fatty acid methyl ester

III

Pirttijärvi 1996, Suominen
et al. 2001

derivates analysed by gas
chromatograph
Ribotyping

Riboprinter

III

16S rRNA sequencing

Microseq kit

III

Du Pont, Wilmington, DE,
USA ; Pirttijärvi et al. 1999
Applied Biosystems, Foster
City, CA, USA

B. cereus enterotoxin production

Enterotoxin-reversed

III

Oxoid Ltd., Basingstoke,
UK

passive latex agglutination
test
Detection of heat-stable toxin

Boar sperm motility inhibition Thesis

production

assay

summary

Detection of genetic markers for

Polymerase chain reaction

III

Andersson et al. 1998
Nakano et al. 2004,

lichenysin, surfactin and cereulide

Horwood et al. 2004, Toh

production

et al. 2004, Ehling-Schulz
et al. 2004b, this thesis

Cloning of PCR fragment related
to cereulide production

TopoTA cloning kit

III

Invitrogen, Carlsbad, CA,
USA

43

Objective

Method

Description Reference / manufacturer

Sampling of volatile organic

Perkin Elmer static head-

IV

compounds, static method

space sampler

MA, USA

Sampling of volatile organic

Passive sampling with Tenax IV

Chrompack, Middleburg,

Perkin Elmer, Waltham,

compounds with adsorbent

TA adsorbent

The Netherlands

Separation, detection and

Gas chromatography – mass IV

Hewlett-Packard, Palo

quantification of volatile organic

spectrometry

Alto, CA, USA

compounds

4.3.2 Spiking of the beddings with Mycobacterium chlorophenolicum
Beddings were spiked with mid-exponential phase M. chlorophenolicum DSM
43826T cells, as described for soils in Section 2.6 of Study I.
4.3.3 RNA quantification
Total RNA was quantified from soil extracts with fluorescent dye, as described in
Study I. RNA from bedding extracts was quantified with gel electrophoresis using
Agilent Bioanalyser (Santa Clara, CA, USA). The percentage of RNA >500 bp
was calculated from the total RNA yields using the smear analysis function of the
Agilent Bioanalyser expert software.
4.3.4 Calculation of mycobacterium 16S rRNA molecules in
environmental extracts
Sandwich hybridization assay fluorescence signal values measured with the
environmental mycobacteria-targeted probe pair MycoARB210-Fmyco987 (Table
1, Study I) were divided by background fluorescence signal obtained with a probe
pair consisting of environmental mycobacteria-targeted detection probe
Fmyco987 and genus Sphingobium-targeted capture probe SPH120. A ratio of
two was considered the detection limit. The number of environmental
mycobacteria 16S rRNA molecules was calculated by subtracting the background
fluorescence value from the signal value and quantifying the difference using a
linear regression equation from a 16S rRNA standard curve prepared with in vitro
transcribed Mycobacterium chlorophenolicum DSM 43836T 16S rRNA.
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4.3.5 Sperm cell motility inhibition assay
The Bacillus strains were cultured on trypticase soy broth agar (Difco, Sparks,
MD, USA) at 28°C for 10 days. One hundred milligrams (wet wt) of bacterial
biomass was suspended per ml of sterile water. The suspension was subjected to a
freeze–thaw-sonication cycle three times and then centrifuged for 15 min at 4000
rpm. The supernatant was heated in a 100 ºC water bath for 20 min and tested for
sperm cell motility inhibition.
To detect methanol-soluble toxic substances, the colonies on trypticase soy
broth agar were extracted with 100% methanol. The extracts were heated for 10
min in a 100 ºC water bath and evaporated to dryness under a nitrogen stream.
The resin was dissolved in methanol and tested for sperm cell motility inhibition.
To test the sperm cell motility inhibition, 2 ml of extended boar semen
(30…60 × 106 sperm cells ml−1) was mixed with 20, 40 or 80 µl of the boiled
aqueous extract or 20 µl of methanol extract. Inhibition of sperm cell motility was
observed by microscope as described by Andersson et al. (1998).
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5

Results and discussion

5.1

Detection of environmental mycobacteria with 16S rRNA
sandwich hybridization assay (Studies I and II)

5.1.1 Sensitivity and specificity of the sandwich hybridization assay
We designed a 16S rRNA-targeted probe pair for the detection of environmental
mycobacteria and for the species Mycobacterium chlorophenolicum.
M. chlorophenolicum was used as a model to investigate whether species-specific
detection was possible. Sandwich hybridization assay (SHA, Fig. 2) was used for
detection. The hybridization conditions were optimized to compromise between
sensitive detection and hybridization stringency. Using the optimized protocol and
helper probes to open the 16S rRNA secondary structure in the target site, we
were able to detect in vitro transcribed 16S rRNA in the pM range (0.5 fmol in
100 µl hybridization reaction, Study I, Fig. I). Sensitivity was comparable with
similar sandwich hybridization assays reported earlier (Leskelä et al. 2005,
Huhtamella et al. 2007). Wicks et al. (1998) described detection of 0.02 fmol of
rRNA with a sandwich hybridization assay, but the stringency of the hybridization
was not shown.
To estimate the number of 16S rRNA molecules in mycobacterial cells, a
known number of M. chlorophenolicum cells was lysed under optimized
conditions. The number of 16S rRNA molecules was measured directly from the
cell lysate with the fluorescence SHA using in vitro transcribed
M. chlorophenolicum 16S rRNA as an external standard for quantification.
According to this calculation, the number of detected 16S rRNA molecules per
cell was about 6800. Consequently, the signal threshold of 0.5 fmol (3.0 × 108
molecules) should correspond to 4 × 104 cells in a 100-μl hybridization reaction
mixture (Study I, Fig. 1).
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Fig. 4. RNA (A) and DNA (B) yields from soils and wood shavings spiked (○) and non9

1

spiked (•) with 1 × 10 Mycobacterium chlorophenolicum cells g− (wet wt).

We evaluated the hybridization stringency using probes that had mismatching
nucleotides with the in vitro transcribed M. chlorophenolicum 16S rRNA. The
hybridization signal of the mismatch probes was compared with that of perfect
match probes. To describe the hybrid-destabilizing effect of mismatches, we used
the probe match tool of the ARB software package (Ludwig et al. 2004) to
calculate weighted mismatch values for the probes. Weighting took into account
the number, position and type of mismatch. Our rough estimation was that four
weighted mismatches caused >90% decreases in the hybridization signal (Study I,
Table 3). The applied 16S rRNA database had only 11 non-target sequences
having 3–5 weighted mismatches with the probe pair. More than a ten fold excess
of these sequences may be needed to generate a signal similar to target sequences.
The remaining 13 000 non-target sequences in the database had more than five
mismatches and were unlikely to interfere.
5.1.2 RNA extraction from soil
Mycobacterial RNA was recovered from soils by lysing the microbial cells
directly in soils with bead beating in a mixture of phenol-chloroform and a high
ionic strength buffer. We were able to extract 3–50 µg of RNA per gram (dry wt)
of the four soils described in Study I. RNA was mostly intact (Study I, Fig. 4).
Our total RNA yields from soils were similar to those reported in other studies,
e.g. by Griffiths et al. (2000) and Hurt et al. (2001).
To estimate the total RNA yield from mycobacteria in soil, we spiked 1 × 109
M. chlorophenolicum cells per gram of soil. We were able to extract only 0.5–2
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µg of RNA per 1 × 109 stationary-phase mycobacterial cells (0.7 mg dry wt)
spiked to one gram of soil (Fig. 4). This RNA yield corresponds to 0.7–6% of
total RNA in spiked bacteria, assuming that 5–10% of cell dry weight was RNA.
The RNA yield from mycobacteria naturally occurring in soil may have been even
lower due to cell attachment to soil particles. The RNA extraction step was thus
the threshold-limiting step in our method. The yield of DNA from 1 × 109
mycobacteria spiked to the same soils was 4–7 µg. DNA was thus extracted 10–
20 times more efficiently than RNA, assuming an RNA/DNA ratio of 3:1 in the
spiked cells.
5.1.3 RNA extraction yields from animal beddings
We tried several methods for extracting RNA from the animal beddings. The
yields of high molecular weight (>500 bp) RNA obtained with four extraction
methods are listed in Table 4. Table 4 shows that highest average yields from the
used and unused peat and straw beddings were obtained by freeze-thawing
combined with acid phenol extraction.
Table 4. Yields of high molecular weight RNA from beddings using four extraction
methods. Figures are averages ± standard deviation. Number of parallel extractions
ranged from 3 to 6.
Yield of >500 bp RNA µg g−1 (dry wt)

Bedding

Direct extraction

Indirect
extraction

Bead

Freeze-thawing and column

Freeze-thawing and acid phenol

beating

purification

extraction

3.7 ± 0.11

14 ± 2.6

1.5 ± 1.0

51 ± 29

Used peat

35 ± 4.2

ND

ND

69

Unused

17 ± 6.4

ND

ND

160 ± 75

ND

24 ± 14

59 ± 66

86 ± 32

Unused
peat

straw
Used straw

When this method was used to extract RNA from wood shavings, we found that
the average RNA content of wood shavings increased from 1.5 to 200 µg g−1
during piggery use, probably due to increased microbial load. In contrast, the
amount of RNA recovered from straw decreased from 160 to 86 µg g−1 during use
in the piggery (Table 4). This indicates that part of the RNA recovered from
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unused straw was high molecular weight plant RNA that degraded during piggery
use.
To estimate the mycobacterial RNA yield from the bedding materials, we
spiked 108 Mycobacterium chlorophenolicum cells per gram of bedding and
extracted total RNA. RNA was then hybridized with environmental mycobacteriatargeted probes and the hybridization signal was compared with the background
fluorescence signal obtained with a nonsense probe pair consisting of
environmental mycobacteria and genus Sphingobium-targeted probes (Study I,
Table 1). The calculated signal-to-background ratios for the three extraction
methods are presented in Table 5. Table 5 shows that spiking of 1 × 108
M. chlorophenolicum per gram of straw or peat bedding did not increase the
signal-to-background ratios compared with the non-spiked samples when RNA
was extracted with the indirect method. When the bead beating method was used,
spiking increased the signal-to-background ratios measured from peat, but not
from straw. However, when the freeze-thawing method with acid phenol
extraction was used, the spiking increased the average signal-to-background ratio
2- to 3-fold. Because freeze-thawing with acid phenol extraction also yielded
more RNA than the three other methods tested (Table 4), this method was selected
for further RNA extractions from beddings, although the repeatability of the
method was modest.
Table 5. Mycobacterial 16S rRNA-targeted sandwich hybridization assay response to
8

RNA extracts from beddings. The beddings were spiked or not spiked with 1 × 10

Mycobacterium chlorophenolicum per gram (dry wt). The range is shown for 2–4
parallel RNA extractions.
Bedding
material

Sandwich hybridization assay signal-to-background ratio (not spiked Æ spiked bedding)
Indirect extraction

Direct extraction
Bead beating

Freeze-thawing and acid phenol extraction

Peat

0.9 Æ 1.0

1.2 Æ 2.1

0.8–2.3 Æ 1.4–8.4

Straw

1.1 Æ 0.8

0.7–1.7 Æ 0.6–0.7

0.6–1.7 Æ 1.8–6.4

As evident in Table 5, the signal-to-background ratio measured from spiked
beddings did not always exceed two, even when the freeze-thawing method was
used. This indicates that 108 M. chlorophenolicum per gram of bedding was close
to the detection limit. This was from two to three orders of magnitude higher than
the detection limit for beddings calculated based on the minimum amount of in
vitro transcribed 16S rRNA detected with the assay (see Section 3.2 of Study I for
calculation details, RNA extracted from 0.02 to 0.6 g of bedding was hybridized
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in one reaction). The difference was probably explained by low 16S rRNA yields
from M. chlorophenolicum cells spiked to beddings. In addition, the background
fluorescence values measured with the nonsense probe pair from the bedding
extracts were up to sixty times higher than the values measured from the reagents
only. The high background fluorescence values of the bedding extracts raised the
detection limit. More extensive RNA purification could have improved the
sensitivity, assuming that it was not the non-target RNA from the beddings that
generated the high background fluorescence signal.
5.1.4 Assessment of mycobacterial 16S rRNA content in soils
We measured mycobacterial 16S rRNA molecules in soil extracts using SHA. The
signal-to-background ratios for soils spiked or non-spiked with varying numbers
of M. chlorophenolicum cells are shown in Study I, Fig. 2. The result of the RNA
hybridization based assay was repeatable for multiple extractions from the soil
(Fig. 2A, B). The signal-to-background ratio exceeded 2 when 106–107
mycobacteria were spiked per gram of Mud or Sandy Till 1. This was considered
as the detection limit for these soils. When Sandy Till 2 was assayed, no signal
above detection limit was detected even when 108 M. chlorophenolicum was
spiked per gram of soil. The reason for the high detection threshold was that we
were unable to extract high molecular weight RNA from Sandy Till 2 (Study I,
Fig. 3), even when spiked with mycobacteria. This soil seemed thus to possess
high potential for RNA degradation or adsorption. The different responses to
spiked M. chlorophenolicum in Sandy Till 1 and 2 illustrate the need for internal
controls if nucleic acids are used to quantify bacteria in the environment.
Probe pairs targeting environmental mycobacteria and M. chlorophenolicum
generated similar dose responses for Mud and Sandy Till 2 (Study I, Fig. 2B). The
16S rRNA hybridization signal measured from non-spiked Sandy Till 1 with an
environmental mycobacteria-targeted probe pair was 10 times higher than that
from the other non-spiked soils (Study I, Fig. 2A). Spiking with 4 × 107
mycobacteria per gram of soil doubled the signal-to-background ratio in this soil.
No signal exceeding two times the background was obtained with the M.
chlorophenolicum-targeted probe pair from Sandy Till 1 when no mycobacteria
were spiked (Fig. 2B). We concluded that this soil contained 16S rRNA of 107–
108 g−1 indigenous mycobacteria other than M. chlorophenolicum or M. wolinsky,
the two species with 100% match to the M. chlorophenolicum-targeted probe pair.
When investigated with real-time quantitative PCR using the primers
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MycoARB210F and MycoARB587R, 108 presumably mycobacterial rRNA
operons were found per gram of Sandy Till 1 (Fig. 2C). The rRNA operontargeted PCR thus confirmed the result obtained with SHA, indicating that Sandy
Till 1 contained a large number of indigenous mycobacteria.
Part of the mycobacterial nucleic acids detected in our study may originate
from non-viable cells. DNA is known to persist in the environment (Masters et al.
1994, Keer & Birch 2003). RNA is generally less stable than DNA, but intact
rRNA has also been detected in non-viable cells (McKillip et al. 1998, Sheridan
et al. 1998). However, the environmental mycobacteria-targeted SHA used in this
study should not detect small (<700 bp) rRNA fragments. This favours the
detection of viable cells in such communities as soil, which possess high RNA
degradation potential.
For over a century, soils have been known to contain mycobacteria (Kazda
2000). Particularly boreal soils, typically having a low pH of 3 or 4, have been
identified as important mycobacterial reservoirs. The results by Niva et al. (2006)
indicated that mycobacteria were the dominating actinobacterial group in Finnish
boreal soil. Iivanainen et al. (1997) studied 47 samples of Finnish soil from
different locations and measured log 4 to log 6 mycobacteria per gram. Our RNA
and DNA measurements suggest that mycobacteria may reach higher
concentrations in boreal forest soil than previously thought.
5.1.5 Assessment of mycobacterial 16S rRNA yield from animal
beddings
To elucidate the effect of the different bedding extracts on the outcome of the
SHA, 20 fmol of in vitro transcribed 16S rRNA fragments of M.
chlorophenolicum was added to each hybridization reaction. The hybridization
signal was measured in the presence and in the absence of substances extracted
from 60–200 mg (dry wt) of bedding per 100 μl of SHA reaction mixture. The
fluorescence signal measured with the probe pair MycoARB210–Fmyco987 from
the M. chlorophenolicum in vitro transcribed 16S rRNA in the presence of
bedding extract was 74–157% of the corresponding signal measured in the
absence of bedding extract. The results indicate that bedding materials contained
substances that interfered with SHA, but approximate (within an order of
magnitude) quantification of mycobacterial 16S rRNA molecules with external in
vitro transcribed 16S rRNA standards was justified. We used the in vitro
transcribed M. chlorophenolicum 16S rRNA standard curve to calculate
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approximate mycobacterial 16S rRNA concentration in beddings. A signal-tobackground ratio of two was used as the detection limit for bedding extracts. The
background value of each bedding extract was measured with the nonsense probe
pair, as described in Section 5.1.3.
We measured mycobacterial 16S rRNA and rRNA operons from 22 bedding
samples with SHA and real-time PCR assay, respectively. SHA and PCR signals
higher than the detection limit were measured from three beddings: unused straw,
used wood shavings and reference peat. Two beddings, used peat and used mixed
bedding, generated a positive signal with the SHA, but were negative with realtime PCR. These beddings had higher real-time PCR assay detection limits than
the other samples, possibly explaining the discrepant results.
The 16S rRNA content in beddings ranged from log 9 to log 12 molecules g−1
(Table 6). When log 9.0 M. chlorophenolicum cells were spiked per gram of
bedding, we were able to detect 200–600 16S rRNA molecules per spiked cell.
Using these figures, the measured 16S rRNA content in the beddings would
correspond to log 6 to log 10 mycobacterial cells g−1 of bedding.
We detected mycobacterial 16S rRNA in unused and used peat (Table 6).
Mycobacteria, including MAC, were isolated from peat by Jorgensen (1983) and
Matlova et al. (2003). Peat fed to piglets as a food supplement has been identified
as an important risk factor for mycobacterial infections (von Dürrling et al. 1998,
Matlova et al. 2005). Peat is a favourable habitat for mycobacteria because of the
low pH and recalcitrant carbon sources that reduce the competition by rapidly
growing bacteria (see Section 2.2.1). Sphagnum vegetation has been shown to
harbour high numbers of mycobacteria (Kazda 2000). Schroder et al. (1992)
reported that sphagnum vegetation in Madagascar contained alcohol acid-fast
bacilli from log 5 to log 6 per gram. Multiplication of mycobacteria in the grey
layer of sphagnum was shown by Kazda (1978). The grey layer of peat has been
estimated to contain up to 106–107 cfu of mycobacteria per gram (Trckova et al.
2005). Our results allow for estimating the mycobacterial 16S rRNA content of
log 9 to log 11 mycobacterial 16S rRNA molecules per gram of unused reference
peat, corresponding to log 6 to log 9 cells. Log 7.7 mycobacterial 16S rRNA
operons were measured per gram of the same peat, confirming our view of the
high mycobacterial content in this peat. Mycobacteria are heat-sensitive and could
be eliminated in peat and other beddings by heat-treatment prior to piggery use.
We detected mycobacterial 16S rRNA in peat before but not after heat treatment
(Table 6), indicating that heat treatment degraded mycobacterial 16S rRNA.
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The highest mycobacterial 16S rRNA concentrations in our studies, ranging
from log 11 to log 12 molecules per gram of bedding, were measured from used
wood shaving beddings from piggeries 3 and 5 (Table 6). These numbers
correspond to log 8 to log 10 mycobacteria per gram of bedding, assuming that
we were able to detect log 2 to log 3 of 16S rRNA molecules per mycobacterial
cell in bedding, as indicated by the spiking experiments. The highest number of
mycobacterial 16S rRNA molecules, log 11.4 to log 11.8 g−1 was measured from
used bedding in piggery 5 (Table 6). These numbers correspond to 0.2–0.5 µg of
mycobacterial 16S rRNA when a molecular weight of 497 kDa is used in the
calculations. Table 6 shows that we were able to extract 34–560 µg RNA g−1 (dry
wt) of bedding. Thus, the mycobacterial 16S rRNA comprised 0.09–0.6% of the
total amount of >500 bp RNA extracted from this sample. We were able to extract
only 1 µg of RNA per gram of unused wood from the same piggery, indicating
that RNA from the used wood shavings was not of wood origin. Assuming that all
of the RNA from used wood shavings was of microbial origin and 16S rRNA
consisted of 20% of total RNA in mycobacteria, mycobacterial RNA comprised
0.5–3% of microbial RNA extracted from wood shavings. This percentage is high
but feasible. Log 8 to log 9 mycobacterial 16S rRNA operons were detected in the
used wood shavings of piggery 5 using the real-time PCR assay. The PCR results
thus support the surprisingly high mycobacterial 16S rRNA content measured
with the SHA in the used wood shavings.
Mycobacteria, including MAC, have been previously isolated from sawdust
(Beerwerth & Popp 1971, Windsor et al. 1984, Matlova et al. 2004, Pavlik et al.
2004), wood shavings (Songer et al. 1980) and bark (Gardner & Hird 1989).
Schliesser and Weber (1973) showed that pathogenic M. avium can survive up to
160 days at room temperature in sawdust. Interestingly, endophytic
Mycobacterium sp. was isolated from the buds of Scots pine (Pinus sylvesteris)
(Pirttilä et al. 2005), indicating that living trees contain mycobacteria. Moist
sawdust could provide favourable conditions for multiplication of these and other
mycobacteria, although this has not yet been shown. Schliesser and Weber (1973)
inoculated fresh sawdust with M. avium, but under the conditions employed no
evidence emerged of multiplication of the mycobacteria in sawdust. We detected
mycobacterial 16S rRNA from used wood shavings, but not from unused wood
shavings from the same piggeries (Table 6). Mycobacterial 16S rRNA gene
content of wood shavings from piggery 5 was shown to increase from log 5 to log
9 per gram during piggery use. The results of both methods thus show that the
number of mycobacteria increased in wood shavings during piggery use,
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indicating mycobacterial proliferation. The proliferation occurred either in the
wood shavings or in the intestinal lesions of pigs known to excrete mycobacteria
to faeces (Thoen 2006).
The replacement of wood shavings with straw halted outbreak of pig
mycobacteriosis in England (Windsor et al. 1984) and Arizona (Songer et al.
1980). However, straw may also contain mycobacteria (Matlova et al. 2003).
Beran et al. (2006) isolated M. avium frequently from plants in the piggery
environment. We detected mycobacterial 16 rRNA and/or 16S rRNA genes from
two samples of unused straw, supporting the view that straw may also be a source
of environmental mycobacteria in piggeries. Mycobacteria were recently
identified as a member of the epiphytic community on lettuce (Zwielehner et al.
2008), and high numbers of alcohol acid-fast bacilli have been detected in
sphagnum vegetation (Schroder et al. 1992). Similar epiphytic interactions may
occur on grain crop, the raw material for straw bedding.
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Table 6. Mycobacterial 16S rRNA and rRNA operon content of beddings. Ribosomal
RNA was measured with sandwich hybridization assay (SHA) and ribosomal operons
with real-time PCR. The range is shown for 2–4 parallel RNA/DNA extractions.
Piggery

Material

Yield of >500 bp RNA,

Environmental mycobacteria-

µg (g dry wt)−1

number

targeted
SHA

Real-time
PCR2

16S rRNA, log

1

2
3

4

5

6

rRNA operons,

copies

log copies

(g dry wt)−1

(g dry wt)-1

Unused straw

70

11.1

6.1

Used straw

13

<10

<8.2

Used straw

9.0

<10

<7.1

Used straw

70–150

<10

<7.3

Unused peat

29

<12

5.7

Used peat

69

11.2

<9.2

Unused straw

340

<11

6.5

Unused wood shavings

13

<11

5.4

Used bedding1

170

11.6

<8.3

Unused straw

190

<11

<6.5

Unused wood shavings

0.14

<10

<5.0

Used beddings

ND

<10

<8.0

Unused straw

260–1100

<11

ND

Unused wood shavings

0.86–1.1

<11

5.1

Used wood shavings

34–560

11.4–11.8

8.6–8.9

Used straw

172

<10

<7.0

Unused straw

120

<11

<7.0

55–58

11.1

7.7

Sphagnum peat 2

11

10.4

ND

Sphagnum peat 2, heat-treated

3

<10

ND

Reference Sphagnum peat 1
peat

1

Straw and wood shavings mixed

2

Measurements by Jaakko Pakarinen, University of Helsinki

< Indicates the detection limit determined separately for each bedding
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5.2

Toxinogenic Bacillus pumilus and Bacillus licheniformis in
mastitis milk (Study III)

5.2.1 Occurrence and identification of toxic strains among the
mastitis-associated Bacillus isolates
To elucidate the potential for heat-stable toxin production among mastitisassociated Bacillus isolates, 23 mastitic milks with Bacillus as the dominant
bacterial genus were analysed. The Bacillus isolates from these milks were
identified using fatty acid profiling, ribopattern analysis and partial 16S rRNA
sequencing. Six isolates were identified as B. cereus, three as B. licheniformis,
five as B. pumilus and eight as B. subtilis (Study III, Table 2). The isolates were
tested for toxicity with the sperm cell motility inhibition assay (for more
information, see Section 2.2.2, last paragraph) and the Bacillus cereus enterotoxin
reversed passive latex agglutination (BCET-RPLA) test. The three isolates
positive in the BCET-RPLA test were B. cereus. Six isolates out of 23 inhibited
sperm cell motility. Two of these were B. licheniformis and four B. pumilus.
These species are known to produce compounds potentially toxic to mammalian
cells (Table 2). The ribopatterns (Study III, Fig. 1) of the two mastitis-associated
B. licheniformis isolates were highly similar and possibly identical with an infant
food isolate 553/1 implicated in a fatal case of food poisoning (Salkinoja-Salonen
et al. 1999). The mastitis-associated B. pumilus strain NR 19/5 had a ribopattern
highly similar to that of B. pumilus ES20, a toxinogenic strain originating from
indoor air (Suominen et al. 2001).
Svensson et al. (2006) studied the occurrence of heat-stable toxin-producing
B. cereus in a dairy production chain. The frequency of occurrence of emetic
strains on dairy farms and in dairy plants was no higher than 1.9%, and 1.1%,
respectively, among the 5668 Bacillus cereus isolates examined. By contrast,
Suominen et al. (2001) tested 33 B. pumilus strains isolated from various
environments and found seven strains which inhibited sperm cell motility. Our
results and those of Suominen et al. (2001) suggest that the frequency of toxin
production among B. pumilus and B. licheniformis strains may be higher than
among B. cereus, although further studies are needed to confirm this.
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5.2.2 Toxic properties of the strains
To characterize the toxic heat-stable substances from the six mastitis-associated
B. licheniformis and B. pumilus isolates, the heated (100 ºC) water and methanol
extracts prepared from the bacterial biomass were tested for toxicity in the sperm
cell motility inhibition assay. The half-maximal effective concentration (EC50)
values for the water and methanol extracts from mastitis-associated isolates and
reference strains are shown in Table 3 of Study III. The biomasses of the six
mastitis-associated Bacillus isolates contained methanol-soluble substances that
inhibited sperm motility at exposure concentrations less than 0.03 mg ml−1. The
results show that the mastitis-associated B. pumilus and B. licheniformis strains
contained toxic agents that were heat-stable and methanol-soluble thus being of
non-protein nature.
The methanol-extracted substances from the mastitis-associated strains
inhibited sperm cell motility at exposure concentrations of 1–15 µg ml−1
(B. pumilus) or 20–30 µg ml−1 (B. licheniformis, Study III, Table 3). The loss of
sperm motility in response to exposure to the methanol-extracted substances
occurred at exposure concentrations that damaged the plasma membrane, as
indicated by live-dead staining (Study III, Fig. 2). No loss of motility was
observed at exposure concentrations below those causing plasma membrane
damage. To investigate whether mitochondrial damage was involved, the sperm
cells exposed to the methanol-soluble substances from the mastitis-associated
isolates were stained with JC-1, a fluorescent dye indicating mitochondrial
membrane potential. No change in the sperm mitochondrial membrane potential
was observed with any of the methanol extracts from the Bacillus isolates when
the sperm cells were exposed to concentrations where the plasma membrane
remained undamaged. The toxic substances therefore inhibited sperm cell motility
by damaging the plasma membranes rather than by causing mitochondrial damage.
The toxic effect was thus different from cereulide, the emetic toxin of the
B. cereus group, or from amylosin, a heat-stable peptide toxin produced by the
B. subtilis group (Mikkola et al. 2004, 2007, Apetroaie-Constantin et al. 2008a).
Cereulide (Hoornstra et al. 2003) and amylosin (Mikkola et al. 2007) are known
to dissipate mitochondrial membrane potential at exposure concentrations leaving
the plasma membrane intact.
The toxic action of the methanol extracts from the six mastitis-associated
Bacillus isolates was similar to that of lichenysin A and surfactin (Hoornstra et al.
2003). These lipopeptides damage the plasma membrane, as indicated by the
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uptake of propidium iodine by cells exposed to a minimum of 4–8 µg ml−1 of
lichenysin A or 25 µg ml−1 of surfactin (Mikkola et al. 2000, Hoornstra et al.
2003). The crude methanol extracts from the mastitis-associated Bacillus isolates
were toxic to sperm cells at concentration of 1–15 µg ml−1 (B. pumilus) and 20–
30 µg ml−1 (B. licheniformis). These crude methanol extracts contained all
methanol-soluble substances from the cells. Experiments with bacilli (Andersson
et al. 1998, Mikkola 2006) showed that ≥ 90% of the methanol extracts were
structural cell components, i.e. lipids and some carbohydrates. Other substances,
such as fat- soluble toxins, comprise a maximum of 10% of the extracts.
Therefore if sperm motility inhibition was caused by one type of toxin in each
mastitis-associated Bacillus extract, the toxin EC50 could be in the range of 0.1–
1.5 µg ml−1 for B. pumilus and 2–3 µg ml−1 for B. licheniformis. The toxic
substances of the mastitis-associated Bacillus strains were thus more toxic than
surfactin. With PCR, we searched for but did not find the surfactin synthetase
genes in the mastitis-associated isolates, confirming that the toxic substances
were indeed not surfactin.
Based on the EC50 values, the toxin in the mastitis-associated B. licheniformis
isolates could have been lichenysin A, a substance known to be produced by
B. licheniformis strains (Yakimov et al. 1995). We detected the lichenysin
synthetase genes lchAA, lchAB and lchAC in the mastitis-associated
B. licheniformis isolates by PCR, indicating genetic potential for lichenysin
production.
The toxin synthetase genes for lichenysin were sought but not found in the
toxic B. pumilus strains, suggesting that the toxic substance was not lichenysin.
B. pumilus strains have been reported to produce an antifungal lipopeptide called
pumilacidin (Naruse et al. 1990, Kalinovskaya et al. 2002, From et al. 2007b),
which has similar bioactivity and solubility properties as the toxins detected in
this study. Pumilacidin has a structure similar to surfactin and lichenysin A,
except for two amino acids that differ in the peptide ring consisting of seven
amino acids (Fig. 3). From et al. (2007b) reported that at least 8 µg ml−1 of
pumilacidin A was required to cause 90% motility loss in boar spermatozoa.
Pumilacidins B, C, D, E and G were less toxic than pumilacidin A. Thus, the toxic
compounds produced by the mastitis-associated B. pumilus strains in this study
were more toxic to boar spermatozoa than the pumilacidins tested by From et al.
(2007b). To our knowledge, the methanol-soluble substances from the mastitisassociated B. pumilus strains damaged plasma membrane permeability barrier at
lower exposure concentrations than any other substance tested with the sperm cell
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motility inhibition assay. Possibly, the mastitis-associated B. pumilus strains
produced several toxic compounds with synergistic effects explaining the high
plasma membrane-damaging potential of these strains.
The mastitis-associated Bacillus strains and reference strains were screened
for cereulide synthetase genes by PCR. We used primers CER1/EMT1 (Horwood
et al. 2004) and EM1-f/EM1-r (Ehling-Schulz et al. 2004b), which are associated
with cereulide production. We searched the binding sites of these primers against
the cereulide synthetase gene cluster published by Ehling-Schulz et al. (2006) and
found that the primers CER1/EMT1 and EM1-f/EM1-r targeted cereulide
synthetase genes cesA and cesB, respectively. Using these primers, we amplified
DNA from mastitis-associated and reference strains of B. pumilus and
B. licheniformis strains by PCR. We detected no amplicons with the primers
EM1-f/EM1-r (Study III, Table 4). Surprisingly, amplicons of the correct size
were obtained from B. licheniformis NR 5160 and B. pumilus NR 19/5 with the
cesA-targeted primer pair CER1/EMT1, although the amplicon yields were lower
than from the cereulide producing B. cereus strains IH 41385 and NC 7401 (Study
III, Fig. 3). The amplicons from B. licheniformis NR 5160, B. pumilus NR 19/5
and B. cereus strain IH 41385 were cloned and sequenced. The complete 146-bp
(priming sites not included) amplicons obtained from the strains B. licheniformis
NR 5160 and B. pumilus NR 19/5 were identical to that obtained from the
cereulide-producing strain B. cereus IH41385. Comparison of the obtained
sequence with the EMBL database showed 100% similarity with the
corresponding fragment in B. cereus cesA gene (EMBL accession number
DQ360825). The results suggest that B. licheniformis NR 5160 and B. pumilus
NR 19/5 have obtained the cesA gene or a fragment of it by horizontal gene
transfer.
5.2.3 Potential hazard in the dairy production chain
The toxic effect of mastitis-associated B. licheniformis and B. pumilus isolates on
boar sperm cells indicates that the toxic substances were lipopeptides. Similar
compounds are known to induce a range of toxic effects in mammalian cells
(Table 2). Lichenysin was isolated from a B. licheniformis strain associated with
food poisoning (Mikkola et al. 2000). From et al. (2007a) believed that the
various toxic effects induced by a B. mojavensis strain were caused by surfactin,
although the strain was recently shown to also produce amylosin (ApetroaieConstantin et al. 2008a). From et al. (2007b) isolated pumilacidin from food
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poisoning associated strain of B. pumilus. Although less toxic than cereulide of
B. cereus, the lipopeptides produced by B. licheniformis and B. pumilus may have
the potential to cause food poisonings, but more toxicological studies are required
to elucidate their importance as a food hazard.
B. licheniformis and B. pumilus are common contaminants of raw and
pasteurized milk (Sutherland & Murdoch 1994, Fromm & Boor 2004). The spores
of B. licheniformis and B. pumilus are able to survive the heat treatments used in
the dairy industry. In a study by Scheldeman et al. (2005), B. licheniformis was
the dominant species among dairy farm isolates, surviving heating at 100 ºC for
30 min. B. licheniformis and B. pumilus have also been isolated from ultra-high
temperature-treated (at 135 ºC for 1–2 s) milk (Cosentino et al. 1997) and gelatine
(de Clerck & de Vos 2002). Moreover, B. pumilus and B. licheniformis may
survive treatments in the production of low-heat milk powder and can proliferate
at later stages of production (Murphy et al. 1999). Some B. licheniformis and
B. pumilus strains proliferate at refrigeration temperatures and have been
identified as important spoilers of heat-treated milk (Fromm & Boor 2004, Huck
et al. 2008).
B. licheniformis and B. pumilus are ubiquitous in the dairy production chain,
form heat-stable spores and may possess potential for psychrotrophic growth. The
occurrence of toxinogenic strains among these species is of food safety concern
for industries using such dairy products as milk powder.
5.3

Volatile compounds produced by fungi grown in strawberry
jam (Study IV)

To find volatile biomarkers for fungal spoilage of strawberry jam used for
extended shelf-life dairy products, we cultivated ten contaminant and indoor
fungal strains representing six genera in strawberry jam and strawberry jam agar.
The emitted volatile compounds were identified and quantified using gas
chromatography and mass spectrometry.
The fungal strains used in this study belonged to the genera Aspergillus,
Emericella, Mucor, Penicillium, Trichoderma and Cladosporium. The origins of
the strains are presented in Study IV, Table 1. The genera represent typical aerial
fungi in Finland and cover the most probable post-cooking contaminants of jam in
the temperate zone. The typical spoilage fungi of strawberries, e.g. Phytophora
cactorum or Botrytis cinerea, were not studied in this thesis since these fungi
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cannot survive the industrial cooking of jam at 95–97 ºC for 5–7 min and they
were not detected in factory air.
The most commonly produced volatile metabolites by fungi growing on
strawberry jam-based growth media were 2-pentanone, styrene, 1,3-pentadiene,
3-methyl-1-butanol and ethanol (Study IV, Tables 2-4). From 17 to 5200 ng of
these compounds were measured per gram of mouldy strawberry jam agar already
after two days of incubation (Study IV, Table 2), suggesting that these compounds
could be of use as biomarkers for fungal spoilage.
The detection of 3-methyl-1-butanol and ethanol in mouldy strawberry jam
was not surprising since alcohols are typical products of anaerobic metabolism.
Oxygen was probably consumed in the sealed vessels during the early stage of
growth. 3-methyl-1-butanol production is connected to growth media with a high
C to N ratio. Fungi growing under nitrogen limitation convert 2-keto-3-methyl
pentanoic acid, a precursor of leucine, to 3-methyl-1-butanol (Jelen & Wasowicz
1998). In our study, 3-methyl-1-butanol was not detected in non-inoculated
strawberry jam. 3-methyl-1-butanol is known to be produced by a wide array of
fungi under varying growth conditions (Larsen & Frisvad 1995a, Jelen &
Wasowicz 1998). We therefore conclude that 3-methyl-1-butanol is a promising
biomarker of fungal contamination of jam.
Ethanol was detected in all the inoculated samples of strawberry jam (Study
IV, Tables 3–4) indicating its ubiquitous production by the contaminant fungi in
this study. However, ethanol was also detected in non-inoculated strawberry jam,
albeit at a lower concentration. Unspoiled strawberries are known to contain
ethanol (Pyysalo et al. 1979, Hirvi & Honkanen, 1982) possibly hindering the use
of ethanol as a spoilage indicator.
Styrene was connected to growth of eight of the ten fungal strains used in this
study (Study IV, Tables 3–4). Styrene was not detected in non-inoculated jam or
in jam inoculated with the genera Mucor or Cladosporium. Our results indicate
that styrene is a potent indicator of fungal contamination of strawberry. although
it was not produced by all of the fungal strains included in the study. The high
volatility of styrene in aqueous solution and the high concentrations produced,
320–710 ng g-1, indicate that detection of this VOC with an electronic nose sensor
should be feasible. Styrene is a well-known fungal VOC (Larsen & Frisvad
1995a). Karlshoj et al. (2007b) correlated the concentration of styrene with
patulin in Penicillium expansum-infected apples. Jelen et al. (2005) studied the
VOC production of the fungus Phytophora cactorum grown on strawberries and
detected several phenyl compounds, but not styrene, in infected and non-infected
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strawberries. The results by Jelen et al. (2005) confirmed our view that styrene
does not occur in unspoiled strawberries and that styrene is not produced by all
fungi growing on strawberries.
From 17 to 61 ng g-1 of 1,3-pentadiene was detected in mouldy strawberry
jam agar (Study IV, Table 4). This was surprising since fungal 1,3-pentadiene has
earlier been connected mainly to decarboxylation of sorbate (Horwood et al. 1981,
Kinderleler & Hatton 1990, Casas et al. 1999), which was absent from strawberry
jam in our study. Sunesson et al. (1995) showed, however, that Aspergillus
versicolor produced 1,3-pentadiene when cultivated on dichloran glycerol agar
without sorbate. 1,3-pentadiene is a potent biomarker of fungal contamination of
strawberry products because of its high volatility and because 8 of the 10 fungal
strains investigated here produced it in strawberry jam agar (Study IV, Table 4).
This VOC was not, however, detected in plain strawberry jam, which differed in
pH, water content and heat treatment from the strawberry jam agar. These
properties may thus affect the fungal production of 1,3-pentadiene in strawberry
jams.
2-pentanone was produced by all ten fungal strains in strawberry jam agar
(Study IV, Table 4). The concentration ranged from 33 to 110 ng g-1 of mouldy
strawberry jam agar after two days of cultivation. 2-pentanone was not detected in
non-inoculated strawberry jam agar. However, when the adsorbent method was
used, 2-pentanone was detected also in the non-inoculated strawberry jam (Study
IV, Tables 2–3), although the concentration was lower than in inoculated jams.
The results indicate that 2-pentanone, produced by all fungal strains studied in
strawberry jam agar, is a potent indicator of fungal spoilage, but its occurrence in
unspoiled strawberries warrants further investigations.
We identified fungal VOCs to find indicators for fungal growth in jam.
However, the gas chromatography-mass spectrometry methods used in this study
are not applicable to industrial use. VOCs and VOC profiles can be monitored
more economically and faster with electronic nose sensors. The information about
the identity and concentration of VOCs detected in our study can be used to select
and train electronic nose sensors applicable for industrial use.
Fungal VOCs similar to those identified here have been successfully detected
with electronic nose sensors in fruits (Jelen et al. 2005, Karlshoj et al. 2007b) The
industrial jam containers are well suited for electronic nose detection since the
humidity and background VOC levels are relatively stable. Jam homogeneity is
also an advantage; for example, fungi growing in apples produce different VOC
patterns depending on whether the fungus grows on the surface or in the core
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(Karlshoj et al. 2007b). This type of variation is not of concern in relatively
homogeneous jam.
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Conclusions
The RNA sandwich hybridization method (SHA) developed in this thesis was
used to enumerate 16S rRNA of environmental mycobacteria without nucleic
acid amplification. The detection limit was 0.5 fmol of Mycobacterium
chlorophenolicum 16S rRNA, corresponding 4 × 104 cells. The assay was
shown to be specific for environmental mycobacteria.
When the environmental mycobacteria-targeted 16S rRNA sandwich
hybridization method was applied to soils and animal beddings, the detection
thresholds were from ≥ 106 to ≥ 108 mycobacterial cells per gram. The low
sensitivity was established to be due to low efficiency of RNA extraction
from environmental samples. Once the RNA extraction technology improves,
the SHA will become a more attractive alternative for detecting reservoirs of
environmental mycobacteria than it is today.
The presence of 1010–1012 mycobacterial 16S rRNA molecules,
corresponding to 107–1010 mycobacteria per gram (dry wt) of peat, wood
shavings and straw used in beddings, proved that bedding materials are a
source of mycobacteria for pigs.
When mycobacterial 16S rRNA content was measured in used and unused
wood shaving and peat beddings from the same piggeries, mycobacterial 16S
rRNA was found only in used beddings. This shows that mycobacteria
proliferated in the piggeries, either in the beddings or in the pigs excreting
mycobacteria to the beddings.
The result of 6 × 1010 mycobacterial 16S rRNA molecules, corresponding to
107–108 mycobacteria per gram of Finnish forest soil, suggests that
mycobacteria may reach higher concentrations in boreal forest soil than
previously estimated with cultivation methods.
We isolated Bacillus pumilus and Bacillus licheniformis strains producing
heat-stable compounds toxic to mammalian cells from the milk of mastitic
cows. Such strains may persist in the teat environment after the cow has
recovered from clinical mastitis and may enter the dairy production chain as
contaminants of farm milk. B. pumilus and B. licheniformis produce heatstable spores. The heat-stable toxin-producing strains of these species may
endanger the safety of such dairy products as milk powder and ultra-high
temperature-treated milk, which rely on heat-treatment for and extended
shelf-life.
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We studied volatile metabolites produced by contaminant fungi in strawberry
jam to find compounds suitable for indicators of fungal spoilage. Each of the
ten fungal strains investigated produced at least two of the compounds
2-pentanone, styrene, 1,3-pentadiene, 3-methyl-1-butanol and ethanol within
two days of contamination. These compounds could be used for early
detection of fungal contamination of strawberry jam by, for instance, an
electronic nose.

References
Abd el-Galil KH, el Sokkary MA, Kheira SM, Salazar AM, Yates MV, Chen W &
Mulchandani A (2005) Real-time nucleic acid sequence-based amplification assay for
detection of hepatitis A virus. Appl Environ Microbiol 71: 7113–7116.
Agata N, Ohta M, Mori M & Isobe M (1995) A novel dodecadepsipeptide, cereulide, is an
emetic toxin of Bacillus cereus. FEMS Microbiol Lett 129: 17–20.
Al Qadiri HM, Lin M, Cavinato AG & Rasco BA (2006) Fourier transform infrared
spectroscopy, detection and identification of Escherichia coli O157:H7 and
Alicyclobacillus strains in apple juice. Int J Food Microbiol 111: 73–80.
Ali-Vehmas T, Moisander A-M & Soini H (2004) Yleiskatsaus mykobakterioosien
esiintymisestä ja Suomen tilanteesta [Mycobacteriosis – A review and survey in
Finland]. Suomen eläinlääkärilehti 110: 79–84.
Ampe F (2000) Design and evaluation of a Lactobacillus manihotivorans species-specific
rRNA-targeted hybridization probe and its application to the study of sour cassava
fermentation. Appl Environ Microbiol 66: 2224–2226.
Ampe F, ben Omar N & Guyot JP (1999) Culture-independent quantification of
physiologically-active microbial groups in fermented foods using rRNA-targeted
oligonucleotide probes: application to pozol, a Mexican lactic acid fermented maize
dough. J Appl Microbiol 87: 131–140.
Andersson A, Ronner U & Granum PE (1995) What problems does the food industry have
with the spore-forming pathogens Bacillus cereus and Clostridium perfringens? Int J
Food Microbiol 28: 145–155.
Andersson MA, Jääskelainen EL, Shaheen R, Pirhonen T, Wijnands LM & SalkinojaSalonen MS (2004) Sperm bioassay for rapid detection of cereulide-producing
Bacillus cereus in food and related environments. Int J Food Microbiol 94: 175–183.
Andersson MA, Mikkola R, Helin J, Andersson MC & Salkinoja-Salonen M (1998) A
novel sensitive bioassay for detection of Bacillus cereus emetic toxin and related
depsipeptide ionophores. Appl Environ Microbiol 64: 1338–1343.
Apetroaie-Constantin C et al.Bacillus subtilis and Bacillus mojavensis strains connected to
food poisoning produce the heat-stable toxin amylosin. Applied Microbiology (in
press)
Apetroaie-Constantin C, Shaheen R, Andrup L, Smidt L, Rita H & Salkinoja-Salonen M
(2008b) Environment driven cereulide production by emetic strains of Bacillus cereus.
Int J Food Microbiol 127: 60–67.
Archuleta RJ, Mullens P & Primm TP (2002) The relationship of temperature to
desiccation and starvation tolerance of the Mycobacterium avium complex. Arch
Microbiol 178: 311–314.
Argueta C, Yoder S, Holtzman AE, Aronson TW, Glover N, Berlin OG, Stelma GN, Jr.,
Froman S & Tomasek P (2000) Isolation and identification of nontuberculous
mycobacteria from foods as possible exposure sources. J Food Prot 63: 930–933.

67

Beattie SH & Williams AG (1999) Detection of toxigenic strains of Bacillus cereus and
other Bacillus spp. with an improved cytotoxicity assay. Lett Appl Microbiol 28: 221–
225.
Beattie SH & Williams AG (2000) Detection of toxins. In Robinson RK, Batt CA & Patel
PD (eds) Encyclopedia of Food Microbiology. Academic Press, Bath, Great Britain:
141–149.
Beerwerth W & Popp K (1971) Zur epizootologischen Bedeutung der Sägemehleinstreu
für das Auftreten der Schweinetuberculose (In German) [Epizootological significance
of sawdust bedding in the occurrence of swine tuberculosis]. Zentralbl Veterinarmed
B 18: 634–645.
Behr MA & Kapur V (2008) The evidence for Mycobacterium paratuberculosis in Crohn's
disease. Curr Opin Gastroenterol 24: 17–21.
Beran V, Matlova L, Horvathova A, Bartos M, Moravkova M & Pavlik I (2006)
Mycobacteria in the animal's environment in the Czech Republic. Veterinarski Arhiv
76: S33–S39.
Berardo N, Pisacane V, Battilani P, Scandolara A, Pietri A & Marocco A (2005) Rapid
detection of kernel rots and mycotoxins in maize by near-infrared reflectance
spectroscopy. J Agric Food Chem 53: 8128–8134.
Besson F & Michel G (1989) Action of mycosubtilin, an antifungal antibiotic of Bacillus
subtilis, on the cell membrane of Saccharomyces cerevisiae. Microbios 59: 113–121.
Besson F, Quentin MJ & Michel G (1989) Action of mycosubtilin on erythrocytes and
artificial membranes. Microbios 59: 137–143.
Beuchat LR & Rice SL (1979) Byssochlamys spp. and their importance in processed fruits.
Advances in food research 25: 237–288.
Biet F, Boschiroli ML, Thorel MF & Guilloteau LA (2005) Zoonotic aspects of
Mycobacterium bovis and Mycobacterium avium-intracellulare complex (MAC). Vet
Res 36: 411–436.
Bland CS, Ireland JM, Lozano E, Alvarez ME & Primm TP (2005) Mycobacterial ecology
of the Rio Grande. Appl Environ Microbiol 71: 5719–5727.
Bleve G, Rizzotti L, Dellaglio F & Torriani S (2003) Development of reverse transcription
(RT)-PCR and real-time RT-PCR assays for rapid detection and quantification of
viable yeasts and molds contaminating yogurts and pasteurized food products. Appl
Environ Microbiol 69: 4116–4122.
Borchert S, Patil SS & Marahiel MA (1992) Identification of putative multifunctional
peptide synthetase genes using highly conserved oligonucleotide sequences derived
from known synthetases. FEMS Microbiol Lett 71: 175–180.
Bottari B, Ercolini D, Gatti M & Neviani E (2006) Application of FISH technology for
microbiological analysis: current state and prospects. Appl Microbiol Biotechnol 73:
485–494.
Brackett RE (1997) Fruits, vegetables and grains. In Doyle MP, Beuchat LR & Montville
TJ (eds) Food microbiology: fundamentals and frontiers. ASM Press, Washington D.C.

68

Bremer H & Dennis PP (1996) Modulation of chemical composition and other parameters
of the cell by growth. In Neidhardt FC et al. (eds) Escherichia and Salmonella;
cellular and molecular biology, vol. 2. 2 ed. ASM press, Washington: 1553–1566.
Brooks RW, Parker BC, Gruft H & Falkinham JO, III (1984) Epidemiology of infection by
nontuberculous mycobacteria. V. Numbers in eastern United States soils and
correlation with soil characteristics. Am Rev Respir Dis 130: 630–633.
Burgula Y, Khali D, Kim S, Krishnan SS, Cousin MA, Gore JP, Reuhs BL & Mauer LJ
(2006) Detection of Escherichia coli O157:H7 and Salmonella typhimurium using
filtration followed by Fourier-transform infrared spectroscopy. J Food Prot 69: 1777–
1784.
Carlin F, Fricker M, Pielaat A, Heisterkamp S, Shaheen R, Salkinoja SM, Svensson B,
Nguyen-The C & Ehling-Schulz M (2006) Emetic toxin-producing strains of Bacillus
cereus show distinct characteristics within the Bacillus cereus group. Int J Food
Microbiol.
Carrillo C, Teruel JA, Aranda FJ & Ortiz A (2003) Molecular mechanism of membrane
permeabilization by the peptide antibiotic surfactin. Biochim Biophys Acta 1611: 91–
97.
Casas E, Valderrama MJ & Peinado JM (1999) Sorbate detoxification by spoilage yeasts
isolated from marzipan products. Food Technology and Biotechnology 37: 87–91.
Cerf O, Griffiths M & Aziza F (2007) Assessment of the prevalence of Mycobacterium
avium subsp. paratuberculosis in commercially pasteurized milk. Foodborne Pathog
Dis 4: 433–447.
Chandler DP, Jarrell AE, Roden ER, Golova J, Chernov B, Schipma MJ, Peacock AD &
Long PE (2006) Suspension array analysis of 16S rRNA from Fe− and SO(4)2reducing bacteria in uranium-contaminated sediments undergoing bioremediation.
Appl Environ Microbiol 72: 4672–4687.
Chandler DP, Newton GJ, Small JA & Daly DS (2003) Sequence versus structure for the
direct detection of 16S rRNA on planar oligonucleotide microarrays. Appl Environ
Microbiol 69: 2950–2958.
Compton J (1991) Nucleic acid sequence-based amplification. Nature 350: 91–92.
Cook KL & Britt JS (2007) Optimization of methods for detecting Mycobacterium avium
subsp. paratuberculosis in environmental samples using quantitative, real-time PCR. J
Microbiol Methods 69: 154–160.
Cosentino S, Mulargia AF, Pisano B, Tuveri P & Palmas F (1997) Incidence and
biochemical characteristics of Bacillus flora in Sardinian dairy products. Int J Food
Microbiol 38: 235–238.
Cousin MA (2006) Detection, enumeration and identification methods for spoilage molds.
In Blackburn CdW (ed) Food spoilage microorganisms. Woodhead, Cambridge: 55–
85.
Cvetnic Z, Spicic S, Benic M, Katalinic-Jankovic V, Pate M, Krt B & Ocepek M (2007)
Mycobacterial infection of pigs in Croatia (abstract). Acta Veterinaria Hungarica 55:
1–9.

69

D'Haese E & Nelis HJ (2002) Rapid detection of single cell bacteria as a novel approach in
food microbiology. J AOAC Int 85: 979–983.
de Clerck E & De Vos P (2002) Study of the Bacterial Load in a Gelatine Production
Process Focussed on Bacillus and Related Endosporeforming Genera. Syst Appl
Microbiol 25: 611–617.
Debruyn JM, Chewning CS & Sayler GS (2007) Comparative quantitative prevalence of
Mycobacteria and functionally abundant nidA, nahAc, and nagAc dioxygenase genes
in coal tar contaminated sediments. Environ Sci Technol 41: 5426–5432.
Degola F, Berni E, Dall'Asta C, Spotti E, Marchelli R, Ferrero I & Restivo FM (2007) A
multiplex RT-PCR approach to detect aflatoxigenic strains of Aspergillus flavus. J
Appl Microbiol 103: 409–417.
Deleu M, Paquot M & Nylander T (2008) Effect of fengycin, a lipopeptide produced by
Bacillus subtilis, on model biomembranes. Biophys J 94: 2667–2679.
Dierick K, Van Coillie E, Swiecicka I, Meyfroidt G, Devlieger H, Meulemans A,
Hoedemaekers G, Fourie L, Heyndrickx M & Mahillon J (2005) Fatal family outbreak
of Bacillus cereus-associated food poisoning. J Clin Microbiol 43: 4277–4279.
Dietrich G, Schaible UE, Diehl KD, Mollenkopf H, Wiek S, Hess J, Hagens K, Kaufmann
SH & Knapp B (2000) Isolation of RNA from mycobacteria grown under in vitro and
in vivo conditions. FEMS Microbiol Lett 186: 177–180.
Drobniewski FA (1993) Bacillus cereus and related species. Clin Microbiol Rev 6: 324–
338.
Dubois E, Hennechart C, Merle G, Burger C, Hmila N, Ruelle S, Perelle S & Ferre V
(2007) Detection and quantification by real-time RT-PCR of hepatitis A virus from
inoculated tap waters, salad vegetables, and soft fruits: characterization of the method
performances. Int J Food Microbiol 117: 141–149.
Dufour S, Deleu M, Nott K, Wathelet B, Thonart P & Paquot M (2005) Hemolytic activity
of new linear surfactin analogs in relation to their physico-chemical properties.
Biochim Biophys Acta 1726: 87–95.
Dundee L, Grant IR, Ball HJ & Rowe MT (2001) Comparative evaluation of four
decontamination protocols for the isolation of Mycobacterium avium subsp.
paratuberculosis from milk. Lett Appl Microbiol 33: 173–177.
Dunn AR & Hassell JA (1977) A novel method to map transcripts: evidence for homology
between an adenovirus mRNA and discrete multiple regions of the viral genome
(abstract). Cell 12: 23–36.
Eaton T, Falkinham JO, Aisu TO & Daniel TM (1995) Isolation and characteristics of
Mycobacterium avium complex from water and soil samples in Uganda (abstract).
Tubercle & Lung Disease 76: 570–574.
Ehling-Schulz M, Fricker M, Grallert H, Rieck P, Wagner M & Scherer S (2006)
Cereulide synthetase gene cluster from emetic Bacillus cereus: structure and location
on a mega virulence plasmid related to Bacillus anthracis toxin plasmid pXO1. BMC
Microbiol 6: 20.
Ehling-Schulz M, Fricker M & Scherer S (2004a) Bacillus cereus, the causative agent of
an emetic type of food-borne illness. Mol Nutr Food Res 48: 479–487.
70

Ehling-Schulz M, Fricker M & Scherer S (2004b) Identification of emetic toxin producing
Bacillus cereus strains by a novel molecular assay. FEMS Microbiol Lett 232: 189–
195.
Ellis DI, Broadhurst D, Kell DB, Rowland JJ & Goodacre R (2002) Rapid and quantitative
detection of the microbial spoilage of meat by fourier transform infrared spectroscopy
and machine learning. Appl Environ Microbiol 68: 2822–2828.
Ellis DI & Goodacre R (2006) Quantitative detection and identification methods for
microbial spoilage. In Blackburn C (ed) Food spoilage microorganisms. Woodhead
publishing limited, Cambridge: 3–19.
Erukhimovitch V, Tsror LL, Hazanovsky M, Talyshinsky M, Souprun Y & Huleihel M
(2007) Early and rapid detection of potato's fungal infection by Fourier transform
infrared microscopy. Appl Spectrosc 61: 1052–1056.
Falkinham JO, III (1996) Epidemiology of infection by nontuberculous mycobacteria. Clin
Microbiol Rev 9: 177–215.
Fey A, Eichler S, Flavier S, Christen R, Hofle MG & Guzman CA (2004) Establishment of
a real-time PCR-based approach for accurate quantification of bacterial RNA targets
in water, using Salmonella as a model organism. Appl Environ Microbiol 70: 3618–
3623.
Fischer OA, Matlova L, Dvorska L, Svastova P, Peral DL, Weston RT, Bartos M & Pavlik
I (2004) Beetles as possible vectors of infections caused by Mycobacterium avium
species. Vet Microbiol 102: 247–255.
Freeman WM, Walker SJ & Vrana KE (1999) Quantitative RT-PCR: pitfalls and potential.
BioTechniques 26: 112–115.
Fricker M, Messelhausser U, Busch U, Scherer S & Ehling-Schulz M (2007) Diagnostic
real-time PCR assays for the detection of emetic Bacillus cereus strains in foods and
recent food-borne outbreaks. Appl Environ Microbiol 73: 1892–1898.
From C, Hormazabal V, Hardy S & Granum P (2007a) Cytotoxicity in Bacillus mojavensis
is abolished following loss of surfactin synthesis: Implications for assessment of
toxicity and food poisoning potential. Int J Food Microbiol 117: 43–49.
From C, Hormazabal V & Granum PE (2007b) Food poisoning associated with
pumilacidin-producing Bacillus pumilus in rice. Int J Food Microbiol 115: 319–324.
Fromm HI & Boor KJ (2004) Characterization of Pasteurized Fluid Milk Shelf-life
Attributes. Journal of Food Science 69: 207–214.
Fung DYC (2002) Rapid Methods and Automation in Microbiology. Comprehensive
rewievs in food science and food safety 1: 3–22.
Gabig-Ciminska M, Andresen H, Albers J, Hintsche R & Enfors SO (2004) Identification
of pathogenic microbial cells and spores by electrochemical detection on a biochip.
Microb Cell Fact 3: 2.
Gardner IA & Hird DW (1989) Environmental source of mycobacteriosis in a California
swine herd. Can J Vet Res 53: 33–37.
Gibbs P (2002) Characteristics of spore-forming bacteria. In Blackburn CdW& McClure
PJ (eds) Foodborne pathogens – hazards, risk analysis and control. Woodhead
publishing and CRC press.
71

Giffel MCT, Beumer RR, Langeveld LPM & Rombouts FM (1997) The role of heat
exchangers in the contamination of milk with Bacillus cereus in dairy processing
plants. International Journal of Dairy Technology 50: 43–47.
Grangemard I, Wallach J, Maget-Dana R & Peypoux F (2001) Lichenysin: a more efficient
cation chelator than surfactin. Appl Biochem Biotechnol 90: 199–210.
Grant IR (2005) Zoonotic potential of Mycobacterium avium ssp. paratuberculosis: the
current position. J Appl Microbiol 98: 1282–1293.
Granum P (2007) Bacillus cereus. In Doyle MP& Beuchat LR (eds) Food Microbiology Fundamentals and frontiers. ASM Press, Washington, DC: 445–455.
Griffiths RI, Whiteley AS, O'Donnel AG & Bailey MJ (2000) Rapid method for
coextraction of DNA and RNA from natural environments for analysis of ribosomal
DNA- and rRNA-based microbial community composition. Appl Environ Microbiol
66: 5488–5491.
Gunasekera TS, Dorsch MR, Slade MB & Veal DA (2003a) Specific detection of
Pseudomonas spp. in milk by fluorescence in situ hybridization using ribosomal RNA
directed probes. J Appl Microbiol 94: 936–945.
Gunasekera TS, Veal DA & Attfield PV (2003b) Potential for broad applications of flow
cytometry and fluorescence techniques in microbiological and somatic cell analyses of
milk. Int J Food Microbiol 85: 269–279.
Gupta V, Cherkassky A, Chatis P, Joseph R, Johnson AL, Broadbent J, Erickson T &
DiMeo J (2003) Directly labeled mRNA produces highly precise and unbiased
differential gene expression data. Nucleic Acids Res 31: e13.
Han XY, Tarrand JJ, Infante R, Jacobson KL & Truong M (2005) Clinical significance and
epidemiologic analyses of Mycobacterium avium and Mycobacterium intracellulare
among patients without AIDS. J Clin Microbiol 43: 4407–4412.
Hasumi K, Takizawa K, Takahashi F, Park JK & Endo A (1995) Inhibition of acyl-CoA:
cholesterol acyltransferase by isohalobacillin, a complex of novel cyclic acylpeptides
produced by Bacillus sp. A1238. J Antibiot (Tokyo) 48: 1419–1424.
Heerklotz H & Seelig J (2007) Leakage and lysis of lipid membranes induced by the
lipopeptide surfactin. Eur Biophys J 36: 305–314.
Hintsche R, Paeschke M, Uhlig A & Seitz R (1997) Microbiosensors using electrodes
made in Si-technology. EXS 80: 267–283.
Hirvi T & Honkanen E (1982) The volatiles of two new strawberry cultivars, "Annelie"
and "Alaska pioneer", obtained by backcrossing of cultivated strawberries with wild
strawberries, Fragaria vesca, Rügen and Fragaria virginiana. Lebensmittel
Untersuchung und -Forschung 175: 113–116.
Hoornstra D, Andersson MA, Mikkola R & Salkinoja-Salonen MS (2003) A new method
for in vitro detection of microbially produced mitochondrial toxins. Toxicol In Vitro
17: 745–751.
Horwood JF, Lloyd GT, Ramshaw EH & Stark W (1981) An off-flavour associated with
the use of sorbic acid during feta cheese maturation. The australian journal of dairy
technology 36: 38–40.

72

Horwood PF, Burgess GW & Oakey HJ (2004) Evidence for non-ribosomal peptide
synthetase production of cereulide (the emetic toxin) in Bacillus cereus. FEMS
Microbiol Lett 236: 319–324.
Hsieh FC, Li MC, Lin TC & Kao SS (2004) Rapid detection and characterization of
surfactin-producing Bacillus subtilis and closely related species based on PCR. Curr
Microbiol 49: 186–191.
Hsieh FC, Lin TC, Meng M & Kao SS (2008) Comparing methods for identifying Bacillus
strains capable of producing the antifungal lipopeptide iturin A. Curr Microbiol 56: 1–
5.
Hu LB, Shi ZQ, Zhang T & Yang ZM (2007) Fengycin antibiotics isolated from B-FS01
culture inhibit the growth of Fusarium moniliforme Sheldon ATCC 38932. FEMS
Microbiol Lett 272: 91–98.
Huck JR, Hammond BH, Murphy SC, Woodcock NH & Boor KJ (2007) Tracking SporeForming Bacterial Contaminants in Fluid Milk-Processing Systems. Journal of dairy
science 90: 4872–4883.
Huck JR, Sonnen M & Boor KJ (2008) Tracking heat-resistant, cold-thriving fluid milk
spoilage bacteria from farm to packaged product. J Dairy Sci 91: 1218–1228.
Hughes S, Bartholomew B, Hardy JC & Kramer JM (1988) Potential application of a HEp2 cell assay in the investigation of Bacillus cereus emetic-syndrome food poisoning.
FEMS Microbiol Lett 52: 7–11.
Huhtamella S, Leinonen M, Nieminen T, Fahnert B, Myllykoski L, Breitenstein A &
Neubauer P (2007) RNA-based sandwich hybridisation method for detection of lactic
acid bacteria in brewery samples. J Microbiol Methods 68: 543–553.
Hurt RA, Qiu X, Wu L, Roh Y, Palumbo AV, Tiedje JM & Zhou J (2001) Simultaneous
Recovery of RNA and DNA from Soils and Sediments. Appl Environ Microbiol 67:
4495–4503.
Iivanainen E, Martikainen PJ, Räisänen ML & Katila ML (1997) Mycobacteria in boreal
coniferous forest soils. FEMS Microbiol Ecol 23: 325–332.
Iivanainen E, Martikainen PJ, Vaananen P & Katila ML (1999) Environmental factors
affecting the occurrence of mycobacteria in brook sediments. J Appl Microbiol 86:
673–681.
Iivanainen EK, Martikainen PJ, Vaananen PK & Katila ML (1993) Environmental factors
affecting the occurrence of mycobacteria in brook waters. Appl Environ Microbiol 59:
398–404.
International commission on microbial specifications of foods (2005) Soft drinks, fruit
juices, concentrates and fruit preserves. Micro-organisms in foods 6: microbial
ecology of food commodities, 2nd ed. Kluwer Academic / plenum publishers, New
York: 544–573.
Jelen HH, Krawczyk J, Larsen TO, Jarosz A & Golebniak B (2005) Main compounds
responsible for off-odour of strawberries infected by Phytophthora cactorum. Lett
Appl Microbiol 40: 255–259.
Jelen HH & Wasowicz E (1998) Volatile fungal metabolites and their relation to the
spoilage of agricultural commodities. Food Reviews International 14: 391–426.
73

Johansson,T, Markkula,A, Hatakka,M, Oivanen,L, Maijala,R (2003). Opas
elintarvikkeiden
ja
talousvesien
mikrobiologisista
vaaroista.
1/2003,
Elintarvikevirasto ja Eläinlääkintä- ja elintarviketutkimuslaitos.
Johnson PE, Lund ML, Shorthill RW, Swanson JE & Kellogg JL (2001) Real time
biodetection of individual pathogenic microorganisms in food and water. Biomed Sci
Instrum 37: 191–196.
Jorgensen JB (1983) Spagnum som årsag til mykobakteriose hos svin. Forelobig
meddelelse. Dansk veterinaertidsskrift 66: –1093.
Kajimura Y, Sugiyama M & Kaneda M (1995) Bacillopeptins, new cyclic lipopeptide
antibiotics from Bacillus subtilis FR-2. J Antibiot (Tokyo) 48: 1095–1103.
Kalinovskaya NI, Kuznetsova TA, Ivanova EP, Romanenko LA, Voinov VG, Huth F &
Laatsch H (2002) Characterization of surfactin-like cyclic depsipeptides synthesized
by Bacillus pumilus from ascidian Halocynthia aurantium. Mar Biotechnol (NY) 4:
179–188.
Karlshoj K, Nielsen PV & Larsen TO (2007a) Differentiation of closely related fungi by
electronic nose analysis. J Food Sci 72: M187–M192.
Karlshoj K, Nielsen PV & Larsen TO (2007b) Prediction of Penicillium expansum
spoilage and patulin concentration in apples used for apple juice production by
electronic nose analysis. J Agric Food Chem 55: 4289–4298.
Katila ML, Iivanainen E, Torkko P, Kauppinen J, Martikainen P & Väänanen P (1995)
Isolation of potentially pathogenic mycobacteria in the Finnish environment (abstract).
Scandinavian Journal of Infectious Diseases – Supplementum 98: 9–11.
Kauppinen J, Nousiainen T, Jantunen E, Mattila R & Katila ML (1999) Hospital water
supply as a source of disseminated Mycobacterium fortuitum infection in a leukemia
patient. Infect Control Hosp Epidemiol 20: 343–345.
Kazda J (1978) [Multiplication of mycobacteria in the gray layer of sphagnum vegetation
(author's transl)] (abstract) Zentralbl Bakteriol [Orig B] 166: 463–469.
Kazda J. (2000). The ecology of mycobacteria. Springer
Keer JT & Birch L (2003) Molecular methods for the assessment of bacterial viability. J
Microbiol Methods 53: 175–183.
Kelly JJ, Siripong S, McCormack J, Janus LR, Urakawa H, el Fantroussi S, Noble PA,
Sappelsa L, Rittmann BE & Stahl DA (2005) DNA microarray detection of nitrifying
bacterial 16S rRNA in wastewater treatment plant samples. Water Res 39: 3229–3238.
Keshri G, Voysey P & Magan N (2002) Early detection of spoilage moulds in bread using
volatile production patterns and quantitative enzyme assays. J Appl Microbiol 92:
165–172.
Kinderleler JL & Hatton PV (1990) Fungal metabolites of sorbic acid. Food additives and
contaminants 7: 657–669.
Kirschner RA, Jr., Parker BC & Falkinham JO, III (1992) Epidemiology of infection by
nontuberculous mycobacteria. Mycobacterium avium, Mycobacterium intracellulare,
and Mycobacterium scrofulaceum in acid, brown-water swamps of the southeastern
United States and their association with environmental variables. American Review of
Respiratory Disease 145: 271–275.
74

Kirschner RA, Parker BC & Falkinham JO (1999) Humic and fulvic acids stimulate the
growth of Mycobacterium avium. FEMS Microbiol Ecol 30: 327–332.
Klich MA, Lax AR & Bland JM (1991) Inhibition of some mycotoxigenic fungi by iturin
A, a peptidolipid produced by Bacillus subtilis. Mycopathologia 116: 77–80.
Koizumi Y, Kelly JJ, Nakagawa T, Urakawa H, el Fantroussi S, Al Muzaini S, Fukui M,
Urushigawa Y & Stahl DA (2002) Parallel characterization of anaerobic toluene- and
ethylbenzene-degrading microbial consortia by PCR-denaturing gradient gel
electrophoresis, RNA-DNA membrane hybridization, and DNA microarray
technology. Appl Environ Microbiol 68: 3215–3225.
Komijn RE, de Haas PE, Schneider MM, Eger T, Nieuwenhuijs JH, van den Hoek RJ,
Bakker D, Zijd Erveld FG & van Soolingen D (1999) Prevalence of Mycobacterium
avium in slaughter pigs in The Netherlands and comparison of IS1245 restriction
fragment length polymorphism patterns of porcine and human isolates. J Clin
Microbiol 37: 1254–1259.
Konuk M, Korcan E, Dulgerbaki S & Altindis M (2007) Isolation and identification of
Mycobacteria from raw milk samples in Afyonkarahisar district of Turkey. Int J Food
Microbiol 115: 343–347.
Kramer JG & Singleton FL (1992) Variations in rRNA content of marine Vibrio spp.
during starvation-survival and recovery. Appl Environ Microbiol 58: 201–207.
Kramer JM & Gilbert RJ (1989) Bacillus cereus and other Bacillus species. In Doyle MP
(ed) Foodborne bacterial pathogens. Marcel Dekker, INC., New York: 21–70.
Krulwich TA & Pelliccione NJ (1979) Catabolic pathways of coryneforms, nocardias, and
mycobacteria. Annu Rev Microbiol 33: 95–111.
Larsen TO & Frisvad JC (1995a) Characterization of volatile metabolites from 47
Penicillium taxa. Mycol Res 99: 1153–1166.
Larsen TO & Frisvad JC (1995b) Chemosystematics of Penicillium based on profiles of
volatile metabolites. Mycol Res 99: 1167–1174.
Lee JL & Levin RE (2007) Quantification of total viable bacteria on fish fillets by using
ethidium bromide monoazide real-time polymerase chain reaction. Int J Food
Microbiol 118: 312–317.
Lehtola MJ, Torvinen E, Miettinen IT & Keevil CW (2006) Fluorescence in situ
hybridization using peptide nucleic acid probes for rapid detection of Mycobacterium
avium subsp. avium and Mycobacterium avium subsp. paratuberculosis in potablewater biofilms. Appl Environ Microbiol 72: 848–853.
Leskelä T, Tilsala-Timisjärvi A, Kusnetsov J, Neubauer P & Breitenstein A (2005)
Sensitive and genus-specific detection of Legionella by a 16S rRNA based sandwich
hybridization assay. J Microbiol Methods 62: 167–179.
Lin M, Al Holy M, Mousavi-Hesary M, Al Qadiri H, Cavinato AG & Rasco BA (2004)
Rapid and quantitative detection of the microbial spoilage in chicken meat by diffuse
reflectance spectroscopy (600–1100 nm). Lett Appl Microbiol 39: 148–155.
Logan NA (1988) Bacillus species of medical and veterinary importance. J Med Microbiol
25: 157–165.

75

Ludwig W, Strunk O, Westram R, Richter L, Meier H, Yadhukumar, Buchner A, Lai T,
Steppi S, Jobb G, Forster W, Brettske I, Gerber S, Ginhart AW, Gross O, Grumann S,
Hermann S, Jost R, Konig A, Liss T, Lussmann R, May M, Nonhoff B, Reichel B,
Strehlow R, Stamatakis A, Stuckmann N, Vilbig A, Lenke M, Ludwig T, Bode A &
Schleifer KH (2004) ARB: a software environment for sequence data. Nucleic Acids
Res 32: 1363–1371.
Lyle A & Nelson N (1999) Hybridization protection assay. Gen-Probe Incorporated (San
Diego C). US patent 6004745.
Magan N (1993) Early Detection of Fungi in Stored Grain. International Biodeterioration
& Biodegradation 32: 145–160.
Maget-Dana R, Ptak M, Peypoux F & Michel G (1985) Pore-forming properties of iturin A,
a lipopeptide antibiotic. Biochim Biophys Acta 815: 405–409.
Mahakarnchanakul W & Beuchat LR (1999a) Influence of temperature shifts on survival,
growth, and toxin production by psychrotrophic and mesophilic strains of Bacillus
cereus in potatoes and chicken gravy. Int J Food Microbiol 47: 179–187.
Mahakarnchanakul W & Beuchat LR (1999b) Influence of temperature shifts on survival,
growth, and toxin production by psychrotrophic and mesophilic strains of Bacillus
cereus in potatoes and chicken gravy. Int J Food Microbiol 47: 179–187.
Mahler H, Pasi A, Kramer JM, Schulte P, Scoging AC, Bar W & Krahenbuhl S (1997)
Fulminant liver failure in association with the emetic toxin of Bacillus cereus. N Engl
J Med 336: 1142–1148.
Martin-Casabona N, Bahrmand AR, Bennedsen J, Thomsen VO, Curcio M, FauvilleDufaux M, Feldman K, Havelkova M, Katila ML, Koksalan K, Pereira MF, Rodrigues
F, Pfyffer GE, Portaels F, Urgell JR, Rusch-Gerdes S, Tortoli E, Vincent V & Watt B
(2004) Non-tuberculous mycobacteria: patterns of isolation. A multi-country
retrospective survey. Int J Tuberc Lung Dis 8: 1186–1193.
Masters CI, Shallcross JA & MacKey BM (1994) Effect of stress treatments on the
detection of Listeria monocytogenes and enterotoxigenic Escherichia coli by the
polymerase chain reaction. J Appl Bacteriol 77: 73–79.
Matlova L, Dvorska L, Ayele WY, Bartos M, Amemori T & Pavlik I (2005) Distribution
of Mycobacterium avium complex isolates in tissue samples of pigs fed peat naturally
contaminated with mycobacteria as a supplement. J Clin Microbiol 43: 1261–1268.
Matlova L, Dvorska L, Bartl J, Bartos M, Ayele WY, Alexa M & Pavlik I (2003)
Mycobacteria isolated from the environment of pig farms in the Czech Republic
during the years 1996 to 2002. Veterinarni Medicina 48: 343–357.
Matlova L, Dvorska L, Palecek K, Maurenc L, Bartos M & Pavlik I (2004) Impact of
sawdust and wood shavings in bedding on pig tuberculous lesions in lymph nodes,
and IS1245 RFLP analysis of Mycobacterium avium subsp. hominissuis of serotypes 6
and 8 isolated from pigs and environment. Vet Microbiol 102: 227–236.
McCarty SC & Atlas RM (1993) Effect of amplicon size on PCR detection of bacteria
exposed to chlorine. PCR Methods Appl 3: 181–185.
McClure PJ (2006) Spore-forming bacteria. In Blackburn CdW (ed) Food spoilage
microorganisms. Woodhead, Cambridge: 579–623.
76

McKillip JL, Jaykus LA & Drake M (1998) rRNA stability in heat-killed and UVirradiated enterotoxigenic Staphylococcus aureus and Escherichia coli O157:H7. Appl
Environ Microbiol 64: 4264–4268.
Mijs W, de Haas P, Rossau R, Van der LT, Rigouts L, Portaels F & van Soolingen D (2002)
Molecular evidence to support a proposal to reserve the designation Mycobacterium
avium subsp. avium for bird-type isolates and 'M. avium subsp. hominissuis' for the
human/porcine type of M. avium. Int J Syst Evol Microbiol 52: 1505–1518.
Mikkola R (2006) Food and indoor air isolated Bacillus non-protein toxins: structures,
physico-chemical properties and mechanisms of effects on eukaryotic cells PhD,
Department of Appliled Chemistry and Microbiology, Facultry of Agriculture and
Forestry, University of Helsinki.
Mikkola R, Andersson MA, Grigoriev P, Teplova VV, Saris NE, Rainey FA & SalkinojaSalonen MS (2004) Bacillus amyloliquefaciens strains isolated from moisturedamaged buildings produced surfactin and a substance toxic to mammalian cells. Arch
Microbiol 181: 314–323.
Mikkola R, Andersson MA, Teplova V, Grigoriev P, Kuehn T, Loss S, Tsitko I, Apetroaie
C, Saris NE, Veijalainen P & Salkinoja-Salonen MS (2007) Amylosin from Bacillus
amyloliquefaciens, a K+ and Na+ channel-forming toxic peptide containing a polyene
structure. Toxicon 49: 1158–1171.
Mikkola R, Kolari M, Andersson MA, Helin J & Salkinoja-Salonen MS (2000) Toxic
lactonic lipopeptide from food poisoning isolates of Bacillus licheniformis. Eur J
Biochem 267: 4068–4074.
Mikkola R, Saris NE, Grigoriev PA, Andersson MA & Salkinoja-Salonen MS (1999)
Ionophoretic properties and mitochondrial effects of cereulide: the emetic toxin of
B. cereus. Eur J Biochem 263: 112–117.
Miller GY, Bartlett PC, Lance SE, Anderson J & Heider LE (1993) Costs of clinical
mastitis and mastitis prevention in dairy herds. J Am Vet Med Assoc 202: 1230–1236.
Mobius P, Lentzsch P, Moser I, Naumann L, Martin G & Kohler H (2006) Comparative
macrorestriction and RFLP analysis of Mycobacterium avium subsp. avium and
Mycobacterium avium subsp. hominissuis isolates from man, pig, and cattle. Vet
Microbiol 117: 284–291.
Moyne AL, Cleveland TE & Tuzun S (2004b) Molecular characterization and analysis of
the operon encoding the antifungal lipopeptide bacillomycin D. FEMS Microbiol Lett
234: 43–49.
Moyne AL, Cleveland TE & Tuzun S (2004a) Molecular characterization and analysis of
the operon encoding the antifungal lipopeptide bacillomycin D. FEMS Microbiol Lett
234: 43–49.
Moyne AL, Shelby R, Cleveland TE & Tuzun S (2001) Bacillomycin D: an iturin with
antifungal activity against Aspergillus flavus. J Appl Microbiol 90: 622–629.
Mukherjee AK (2007) Potential application of cyclic lipopeptide biosurfactants produced
by Bacillus subtilis strains in laundry detergent formulations. Lett Appl Microbiol 45:
330–335.

77

Mulligan CN (2005) Environmental applications for biosurfactants. Environ Pollut 133:
183–198.
Murphy PM, Lynch D & Kelly PM (1999) Growth of thermophilic spore forming bacilli in
milk during the manufacture of low heat powders. International Journal of Dairy
Technology 52: 45–50.
Nadal A, Coll A, Cook N & Pla M (2007) A molecular beacon-based real time NASBA
assay for detection of Listeria monocytogenes in food products: role of target mRNA
secondary structure on NASBA design. J Microbiol Methods 68: 623–632.
Nakano MM, Corbell N, Besson J & Zuber P (1992) Isolation and characterization of sfp: a
gene that functions in the production of the lipopeptide biosurfactant, surfactin, in
Bacillus subtilis. Mol Gen Genet 232: 313–321.
Nakano S, Maeshima H, Matsumura A, Ohno K, Ueda S, Kuwabara Y & Yamada T (2004)
A PCR assay based on a sequence-characterized amplified region marker for detection
of emetic Bacillus cereus. J Food Prot 67: 1694–1701.
Namimatsu T, Tsuna M, Imai Y, Futo S, Mitsuse S, Sakano T & Sato S (2000) Detection
of Salmonella by using the colorimetric DNA/rRNA sandwich hybridization in
microtiter wells. J Vet Med Sci 62: 615–619.
Naruse N, Tenmyo O, Kobaru S, Kamei H, Miyaki T, Konishi M & Oki T (1990)
Pumilacidin, a complex of new antiviral antibiotics. Production, isolation, chemical
properties, structure and biological activity. J Antibiot (Tokyo) 43: 267–280.
Nicholls PJ & Malcolm ADB (1989) Nucleic acid analysis by sandwich hybridization.
Journal of Clinical Laboratory Analysis 3: 122–135.
Niva M, Hernesmaa A, Haahtela K, Salkinoja-Salonen M, Sivonen K & Haukka K (2006)
Actinobacterial communities of boreal forest soil and lake water are rich in
mycobacteria. Boreal Environment Research 11: 45–53.
Parish T & Stoker NG (1998) Mycobacteria: bugs and bugbears. In Parish T& Stoker NG
(eds) Mycobacteria protocols, vol. 101. Humana Press Inc., Totowa, New Jersey: 1–
15.
Pavlik I, Matlova L, Dvorska L, Bartl J, Oktabcova L, Docekal J & Parmova I (2003)
Tuberculous lesions in pigs in the Czech Republic during 1990–1999: occurence,
causal factors and economic losses. Vet Med - Czech 48: 113–125.
Pavlik,I, Matlova,L, Dvorska,L, Bartos,M (2004). Distribution of Mycobacerium avium
subsp. hominissuis isolates in tissue samples of pigs reared on deep litter or fed with
peat and kaolin as a supplement. 2, 435–456, FAO/WHO Collaborating Centre fro
Research and Training in Food Hygiene and Zoonoses. 5th World congress foodborne
infections and intoxications. 7-6-2004.
Payeur J (2000) Mycobacterium. In Robinson RK, Batt CA & Patel PD (eds) Encyclopedia
of Food Microbiology. Academic Press, Bath, Great Britain.
Peplies J, Glockner FO & Amann R (2003) Optimization strategies for DNA microarraybased detection of bacteria with 16S rRNA-targeting oligonucleotide probes. Appl
Environ Microbiol 69: 1397–1407.

78

Peplies J, Lau SC, Pernthaler J, Amann R & Glockner FO (2004) Application and
validation of DNA microarrays for the 16S rRNA-based analysis of marine
bacterioplankton. Environ Microbiol 6: 638–645.
Pettipher GL, Mansell R, McKinnon CH & Cousins CM (1980) Rapid membrane
filtration-epifluorescent microscopy technique for direct enumeration of bacteria in
raw milk. Appl Environ Microbiol 39: 423–429.
Peypoux F, Besson F, Michel G, Lenzen C, Dierickx L & Delcambe L (1980)
Characterization of a new antibiotic of iturin group: bacillomycin D. J Antibiot
(Tokyo) 33: 1146–1149.
Pirttijärvi THG (1996) Bacterial contaminants in liquid packaging boards: assessment of
potential for food spoilage. J Appl Microbiol 81: 445–458.
Pirttijarvi TS, Andersson MA, Scoging AC & Salkinoja-Salonen MS (1999) Evaluation of
methods for recognising strains of the Bacillus cereus group with food poisoning
potential among industrial and environmental contaminants. Syst Appl Microbiol 22:
133–144.
Pirttilä AM, Pospiech H, Laukkanen H, Myllyla R & Hohtola A (2005) Seasonal variations
in location and population structure of endophytes in buds of Scots pine. Tree Physiol
25: 289–297.
Primm TP, Lucero CA & Falkinham JO, III (2004) Health impacts of environmental
mycobacteria. Clin Microbiol Rev 17: 98–106.
Pyysalo T, Honkanen E & Hirvi T (1979) Volatiles of wild strawberries, Fragaria vesca L.,
compared to those of cultivated berries, Fragaria × ananassa cv. Senga Sengana. J
Agric Food Chem 27: 19–22.
Quentin MJ, Besson F, Peypoux F & Michel G (1982) Action of peptidolipidic antibiotics
of the iturin group on erythrocytes. Effect of some lipids on hemolysis. Biochim
Biophys Acta 684: 207–211.
Radostits OM et al. (2000). Veterinary Medicine. 9th ed. Edinburgh, WB Saunders.
Rock F, Barsan N & Weimar U (2008) Electronic nose: current status and future trends.
Chem Rev 108: 705–725.
Rodriguez-Lazaro D, Lloyd J, Herrewegh A, Ikonomopoulos J, D'Agostino M, Pla M &
Cook N (2004) A molecular beacon-based real-time NASBA assay for detection of
Mycobacterium avium subsp. paratuberculosis in water and milk. FEMS Microbiol
Lett 237: 119–126.
Rodriguez-Saona LE, Khambaty FM, Fry FS, Dubois J & Calvey EM (2004) Detection
and identification of bacteria in a juice matrix with Fourier transform-near infrared
spectroscopy and multivariate analysis. J Food Prot 67: 2555–2559.
Romanowski G, Lorenz MG, Sayler G & Wackernagel W (1992) Persistence of free
plasmid DNA in soil monitored by various methods, including a transformation assay.
Appl Environ Microbiol 58: 3012–3019.
Roongsawang N, Thaniyavarn J, Thaniyavarn S, Kameyama T, Haruki M, Imanaka T,
Morikawa M & Kanaya S (2002) Isolation and characterization of a halotolerant
Bacillus subtilis BBK-1 which produces three kinds of lipopeptides: bacillomycin L,
plipastatin, and surfactin. Extremophiles 6: 499–506.
79

Rudi K, Moen B, Dromtorp SM & Holck AL (2005) Use of ethidium monoazide and PCR
in combination for quantification of viable and dead cells in complex samples. Appl
Environ Microbiol 71: 1018–1024.
Salkinoja-Salonen MS, Vuorio R, Andersson MA, Kampfer P, Andersson MC, HonkanenBuzalski T & Scoging AC (1999) Toxigenic strains of Bacillus licheniformis related
to food poisoning. Appl Environ Microbiol 65: 4637–4645.
Sanchez-Alarcos JM, Miguel-Diez J, Bonilla I, Sicilia JJ & Alvarez-Sala JL (2003)
Pulmonary infection due to Mycobacterium szulgai. Respiration 70: 533–536.
Scheldeman P, Herman L, Foster S & Heyndrickx M (2006) Bacillus sporothermodurans
and other highly heat-resistant spore formers in milk. J Appl Microbiol 101: 542–555.
Scheldeman P, Pil A, Herman L, de Vos P & Heyndrickx M (2005) Incidence and
diversity of potentially highly heat-resistant spores isolated at dairy farms. Appl
Environ Microbiol 71: 1480–1494.
Schliesser T & Weber A (1973) Untersuchungen über die Tenazität von Mykobakterien
der Gruppe III nach Runyon in Sägemehleinstreu (In German) [Studies on the tenacity
of Mycobacteria of the Runyon Group III in sawdust litter]. Zentralbl Veterinarmed B
20: 710–714.
Schroder KH, Kazda J, Muller K & Muller HJ (1992) Isolation of Mycobacterium simiae
from the environment (abstract) Zentralbl Bakteriol 277: 561–564.
Settanni L & Corsetti A (2007) The use of multiplex PCR to detect and differentiate foodand beverage-associated microorganisms: a review. J Microbiol Methods 69: 1–22.
Sheppard JD, Jumarie C, Cooper DG & Laprade R (1991) Ionic channels induced by
surfactin in planar lipid bilayer membranes. Biochim Biophys Acta 1064: 13–23.
Sheridan GE, Masters CI, Shallcross JA & MacKey BM (1998) Detection of mRNA by
reverse transcription-PCR as an indicator of viability in Escherichia coli cells. Appl
Environ Microbiol 64: 1313–1318.
Sheridan GE, Szabo EA & MacKey BM (1999) Effect of post-treatment holding
conditions on detection of tufA mRNA in ethanol-treated Escherichia coli:
implications for RT-PCR-based indirect viability tests. Lett Appl Microbiol 29: 375–
379.
Shinagawa K, Otake S, Matsusaka N & Sugii S (1992) Production of the vacuolation
factor of Bacillus cereus isolated from vomiting-type food poisoning. J Vet Med Sci
54: 443–446.
Shleeva M, Mukamolova GV, Young M, Williams HD & Kaprelyants AS (2004)
Formation of 'non-culturable' cells of Mycobacterium smegmatis in stationary phase in
response to growth under suboptimal conditions and their Rpf-mediated resuscitation.
Microbiology 150: 1687–1697.
Sievert SM, Ziebis W, Kuever J & Sahm K (2000) Relative abundance of Archaea and
Bacteria along a thermal gradient of a shallow-water hydrothermal vent quantified by
rRNA slot-blot hybridization. Microbiology 146: 1287–1293.
Singh P & Cameotra SS (2004) Potential applications of microbial surfactants in
biomedical sciences. Trends Biotechnol 22: 142–146.

80

Small J, Call DR, Brockman FJ, Straub TM & Chandler DP (2001) Direct detection of 16S
rRNA in soil extracts by using oligonucleotide microarrays. Appl Environ Microbiol
67: 4708–4716.
Songer JG, Bicknell EJ & Thoen CO (1980) Epidemiological investigation of swine
tuberculosis in Arizona. Can J Comp Med 44: 115–120.
Splittstoesser DF, Lammers JM, Downing DL & Churey JJ (1989) Heat resistance of
Eurotium herbariorum, a xerophilic mold. Journal of Food Science 54: 683–685.
Stahl DA, Flesher B, Mansfield HR & Montgomery L (1988) Use of phylogenetically
based hybridization probes for studies of ruminal microbial ecology. Appl Environ
Microbiol 54: 1079–1084.
Steller S, Vollenbroich D, Leenders F, Stein T, Conrad B, Hofemeister J, Jacques P,
Thonart P & Vater J (1999) Structural and functional organization of the fengycin
synthetase multienzyme system from Bacillus subtilis b213 and A1/3. Chem Biol 6:
31–41.
Stender H, Lund K, Petersen KH, Rasmussen OF, Hongmanee P, Miorner H &
Godtfredsen SE (1999a) Fluorescence In situ hybridization assay using peptide
nucleic acid probes for differentiation between tuberculous and nontuberculous
mycobacterium species in smears of mycobacterium cultures. J Clin Microbiol 37:
2760–2765.
Stender H, Mollerup TA, Lund K, Petersen KH, Hongmanee P & Godtfredsen SE (1999b)
Direct detection and identification of Mycobacterium tuberculosis in smear-positive
sputum samples by fluorescence in situ hybridization (FISH) using peptide nucleic
acid (PNA) probes. Int J Tuberc Lung Dis 3: 830–837.
Stinear T, Davies JK, Jenkin GA, Hayman JA, Oppedisano F & Johnson PD (2000)
Identification of Mycobacterium ulcerans in the environment from regions in
Southeast Australia in which it is endemic with sequence capture-PCR. Appl Environ
Microbiol 66: 3206–3213.
Stinear T, Ford T & Vincent V (2004) Analytical methods for the detection of waterborne
and environmental pathogenic mycobacteria. In Pedley S et al (eds) Pathogenic
Mycobacteria in Water: A Guide to Public Health Consequences, Monitoring and
Managment. IWA Publishing, London: 55–73.
Streeter RN, Hoffsis GF, Bech-Nielsen S, Shulaw WP & Rings DM (1995) Isolation of
Mycobacterium paratuberculosis from colostrum and milk of subclinically infected
cows. Am J Vet Res 56: 1322–1324.
Sunesson A, Vaes W, Nilsson C, Blomquist G, Andersson B & Carlson R (1995)
Identification of volatile metabolites from five fungal species sultivated on two media.
Appl Environ Microbiol 61: 2911–2918.
Suominen I, Andersson MA, Andersson MC, Hallaksela AM, Kampfer P, Rainey FA &
Salkinoja-Salonen M (2001) Toxic Bacillus pumilus from indoor air, recycled paper
pulp, Norway spruce, food poisoning outbreaks and clinical samples. Syst Appl
Microbiol 24: 267–276.

81

Sutherland AD & Murdoch R (1994) Seasonal occurrence of psychrotrophic Bacillus
species in raw milk, and studies on the interactions with mesophilic Bacillus sp. Int J
Food Microbiol 21: 279–292.
Svensson B, Eneroth A, Brendehaug J, Molin G & Christiansson A (2000) Involvement of
a pasteurizer in the contamination of milk by Bacillus cereus in a commercial dairy
plant. J Dairy Res 67: 455–460.
Svensson B, Monthan A, Shaheen R, Andersson MA, Salkinoja-Salonen M &
Christiansson A (2006) Occurance of emetic toxin producing Bacillus cereus in the
dairy production chain. International Dairy Journal 16: 740–749.
Svensson B, Eneroth Å, Brendehaug J & Christiansson A (1999) Investigation of Bacillus
cereus contamination sites in a dairy plant with RAPD-PCR. International Dairy
Journal 9: 903-912.
Sweeney FP, Courtenay O, Ul-Hassan A, Hibberd V, Reilly LA & Wellington EM (2006)
Immunomagnetic recovery of Mycobacterium bovis from naturally infected
environmental samples. Lett Appl Microbiol 43: 364–369.
Sweeney RW, Whitlock RH & Rosenberger AE (1992) Mycobacterium paratuberculosis
cultured from milk and supramammary lymph nodes of infected asymptomatic cows.
J Clin Microbiol 30: 166–171.
Tendulkar SR, Saikumari YK, Patel V, Raghotama S, Munshi TK, Balaram P & Chattoo
BB (2007) Isolation, purification and characterization of an antifungal molecule
produced by Bacillus licheniformis BC98, and its effect on phytopathogen
Magnaporthe grisea. J Appl Microbiol 103: 2331–2339.
Thaniyavarn J, Roongsawang N, Kameyama T, Haruki M, Imanaka T, Morikawa M &
Kanaya S (2003) Production and characterization of biosurfactants from Bacillus
licheniformis F2.2. Biosci Biotechnol Biochem 67: 1239–1244.
Thoen CO (2006) Tuberculosis. In Straw B et al. (eds) Diseases of swine. 9th ed.
Blackwell Publishing, Ames: 807–816.
Thomas JC, Desrosiers M, St Pierre Y, Lirette P, Bisaillon JG, Beaudet R & Villemur R
(1997) Quantitative flow cytometric detection of specific microorganisms in soil
samples using rRNA targeted fluorescent probes and ethidium bromide. Cytometry 27:
224–232.
Thomas JC, St Pierre Y, Beaudet R & Villemur R (2000) Monitoring by laser-flowcytometry of the polycyclic aromatic hydrocarbon-degrading Sphingomonas sp. strain
107 during biotreatment of a contaminated soil. Canadian Journal of
Microbiology/Revue Canadienne de Microbiologie 46: 433–440.
Thorel MF, Huchzermeyer HF & Michel AL (2001) Mycobacterium avium and
Mycobacterium intracellulare infection in mammals. Revue Scientifique et technique
de l office international des epizooties 20: 204–218.
Tirkkonen T, Pakarinen J, Moisander AM, Makinen J, Soini H & Ali-Vehmas T (2007)
High genetic relatedness among Mycobacterium avium strains isolated from pigs and
humans revealed by comparative IS1245 RFLP analysis. Vet Microbiol 125: 175–181.

82

Toh M, Moffitt MC, Henrichsen L, Raftery M, Barrow K, Cox JM, Marquis CP & Neilan
BA (2004) Cereulide, the emetic toxin of Bacillus cereus, is putatively a product of
nonribosomal peptide synthesis. J Appl Microbiol 97: 992–1000.
Torkko P, Suomalainen S, Iivanainen E, Suutari M, Tortoli E, Paulin L & Katila ML (2000)
Mycobacterium xenopi and related organisms isolated from stream waters in Finland
and description of Mycobacterium botniense sp. nov. Int J Syst Evol Microbiol 50:
283–289.
Tothill I & Magan N (2003) Rapid detection methods for microbial contamination. In
Tothill I (ed) Rapid and On-Line Instrumentation for Food Quality Assurance.
Woodhead publishing limited, Cambridge: 136–160.
Toure Y, Ongena M, Jacques P, Guiro A & Thonart P (2004) Role of lipopeptides
produced by Bacillus subtilis GA1 in the reduction of grey mould disease caused by
Botrytis cinerea on apple. J Appl Microbiol 96: 1151–1160.
Trckova, M. Matlova, L., Hudcova, H., Faldyna, M., Zraly, Z., Dvorska, L., Beran, V. and
Pavlik, I. (2005) Peat as a feed supplement for animals: a review. Vet Med -Czech 50:
361–377.
Trischman JA, Jensen PR & Fenical W (1994) Halobacillin: A cytotoxic cyclic acylpeptide
of the iturin class produced by a marine Bacillus. Tetrahedron Letters 35: 5571–5574.
Tsai TY, Lee WJ, Huang YJ, Chen KL & Pan TM (2006) Detection of viable
enterohemorrhagic Escherichia coli O157 using the combination of immunomagnetic
separation with the reverse transcription multiplex TaqMan PCR system in food and
stool samples. J Food Prot 69: 2320–2328.
Tsitko I, Rahkila R, Priha O, Ali-Vehmas T, Terefework Z, Soini H & Salkinoja-Salonen
MS (2006) Isolation and automated ribotyping of Mycobacterium lentiflavum from
drinking water distribution system and clinical specimens. FEMS Microbiol Lett 256:
236–243.
Turenne CY, Wallace R, Jr. & Behr MA (2007) Mycobacterium avium in the postgenomic
era. Clin Microbiol Rev 20: 205–229.
Turgay K & Marahiel MA (1994) A general approach for identifying and cloning peptide
synthetase genes. Pept Res 7: 238–241.
Uyttebroek M, Breugelmans P, Janssen M, Wattiau P, Joffe B, Karlson U, Ortega-Calvo JJ,
Bastiaens L, Ryngaert A, Hausner M & Springael D (2006) Distribution of the
Mycobacterium community and polycyclic aromatic hydrocarbons (PAHs) among
different size fractions of a long-term PAH-contaminated soil. Environ Microbiol 8:
836–847.
Vaerewijck MJ, de Vos P, Lebbe L, Scheldeman P, Hoste B & Heyndrickx M (2001)
Occurrence of Bacillus sporothermodurans and other aerobic spore-forming species in
feed concentrate for dairy cattle. J Appl Microbiol 91: 1074–1084.
Vaerewijck MJ, Huys G, Palomino JC, Swings J & Portaels F (2005) Mycobacteria in
drinking water distribution systems: ecology and significance for human health.
FEMS Microbiol Rev 29: 911–934.

83

Vanittanakom N, Loeffler W, Koch U & Jung G (1986) Fengycin–a novel antifungal
lipopeptide antibiotic produced by Bacillus subtilis F-29-3. J Antibiot (Tokyo) 39:
888–901.
Vollenbroich D, Pauli G, Ozel M & Vater J (1997) Antimycoplasma properties and
application in cell culture of surfactin, a lipopeptide antibiotic from Bacillus subtilis.
Appl Environ Microbiol 63: 44–49.
von Dürrling H, Ludewig H, Uhlemann J & Gericke R (1998) Torf als Quelle einer
Infektion mit aviären Mykobakterien bei Schweinen. Tierärztl Umschau 53: 259–261.
von Reyn CF, Arbeit RD, Horsburgh CR, Ristola MA, Waddell RD, Tvaroha SM, Samore
M, Hirschhorn LR, Lumio J, Lein AD, Grove MR & Tosteson AN (2002) Sources of
disseminated Mycobacterium avium infection in AIDS. J Infect 44: 166–170.
von Reyn CF, Maslow JN, Barber TW, Falkinham JO, III & Arbeit RD (1994) Persistent
colonisation of potable water as a source of Mycobacterium avium infection in AIDS.
Lancet 343: 1137–1141.
Wagner D & Young LS (2004) Nontuberculous mycobacterial infections: a clinical review.
Infection 32: 257–270.
Walton RB & Woodruff HB (1949) A crystalline antifungal agent, mycosubtilin, isolated
from subtilin broth. J Clin Invest 28: 924–926.
Wang D, Zhu L, Jiang D, Ma X, Zhou Y & Cheng J (2004) Direct detection of 16S rRNA
using oligonucleotide microarrays assisted by base stacking hybridization and
tyramide signal amplification. J Biochem Biophys Methods 59: 109–120.
Wang S & Levin RE (2006) Discrimination of viable Vibrio vulnificus cells from dead
cells in real-time PCR. J Microbiol Methods 64: 1–8.
Whang LM, Liu PW, Ma CC & Cheng SS (2008) Application of biosurfactants,
rhamnolipid, and surfactin, for enhanced biodegradation of diesel-contaminated water
and soil. J Hazard Mater 151: 155–163.
Wicks B, Cook DB, Barer MR, O'Donnell AG & Self CH (1998) A sandwich
hybridization assay employing enzyme amplification for determination of specific
ribosomal RNA from unpurified cell lysates. Analytical biochemistry 259: 258–264.
Williams AP (2006) Other types of spoilage moulds. In Blackburn C (ed) Food spoilage
microorganisms. Woodhead publishing limited, Cambridge: 488–503.
Windsor RS, Durrant DS & Burn KJ (1984) Avian tuberculosis in pigs: Mycobacterium
intracellulare infection in a breeding herd. The veterinary record 114: 497–500.
Woodward WD, Ward AC, Fox LK & Corbeil LB (1988) Teat skin normal flora and
colonization with mastitis pathogen inhibitors. Vet Microbiol 17: 357–365.
Yakimov MM, Kroger A, Slepak TN, Giuliano L, Timmis KN & Golyshin PN (1998) A
putative lichenysin A synthetase operon in Bacillus licheniformis: initial
characterization. Biochim Biophys Acta 1399: 141–153.
Yakimov MM, Timmis KN, Wray V & Fredrickson HL (1995) Characterization of a new
lipopeptide surfactant produced by thermotolerant and halotolerant subsurface
Bacillus licheniformis BAS50. Appl Environ Microbiol 61: 1706–1713.

84

Yamaguchi N, Sasada M, Yamanaka M & Nasu M (2003) Rapid detection of respiring
Escherichia coli O157:H7 in apple juice, milk, and ground beef by flow cytometry.
Cytometry A 54: 27–35.
Yoder S, Argueta C, Holtzman A, Aronson T, Berlin OG, Tomasek P, Glover N, Froman S
& Stelma G, Jr. (1999) PCR comparison of Mycobacterium avium isolates obtained
from patients and foods. Appl Environ Microbiol 65: 2650–2653.
Yue ZQ, Liu H, Wang W, Lei ZW, Liang CZ & Jiang YL (2006) Development of realtime polymerase chain reaction assay with TaqMan probe for the quantitative
detection of infectious hypodermal and hematopoietic necrosis virus from shrimp. J
AOAC Int 89: 240–244.
Zwielehner J, Handschur M, Michaelsen A, Irez S, Demel M, Denner EB & Haslberger
AG (2008) DGGE and real-time PCR analysis of lactic acid bacteria in bacterial
communities of the phyllosphere of lettuce. Mol Nutr Food Res 52: 614–623.

85

86

Original articles
I

Nieminen T, Pakarinen J, Tsitko I, Salkinoja-Salonen M, Breitenstein A, Ali-Vehmas
T & Neubauer P (2006) 16S rRNA targeted sandwich hybridization method for direct
quantification of mycobacteria in soils. J Microbiol Methods 67: 44–55.
II Pakarinen J, Nieminen T, Tirkkonen T, Tsitko I, Ali-Vehmas T, Neubauer P &
Salkinoja-Salonen MS (2007) Proliferation of mycobacteria in a piggery environment
revealed by Mycobacterium-specific real-time quantitative PCR and 16S rRNA
sandwich hybridization. Vet Microbiol 120: 105–112.
III Nieminen T, Rintaluoma N, Andersson M, Taimisto AM, Ali-Vehmas T, Seppalä A,
Priha O & Salkinoja-Salonen M (2007) Toxinogenic Bacillus pumilus and Bacillus
licheniformis from mastitic milk. Vet Microbiol 124: 329–339.
IV Nieminen TT, Neubauer P, Sivelä S, Vatamo S, Silverberg P & Salkinoja-Salonen M
(2008) Volatile compounds produced by fungi grown in strawberry jam. LWT-Food
Sci Technol 41: 2051–2056.

Reprinted with permission from Elsevier (I-IV).
Original publications are not included in the electronic version of the dissertation.

87

88

C314etukansi.fm Page 2 Thursday, December 11, 2008 10:13 AM

ACTA UNIVERSITATIS OULUENSIS
SERIES C TECHNICA

297.

Karkkila, Harri (2008) Consumer pre-purchase decision taxonomy

298.

Rabbachin, Alberto (2008) Low complexity UWB receivers with ranging
capabilities

299.

Kunnari, Esa (2008) Multirate MC-CDMA. Performance analysis in stochastically
modeled correlated fading channels, with an application to OFDM-UWB

300.

Särkkä, Jussi (2008) A novel method for hazard rate estimates of the second level
interconnections in infrastructure electronics

301.

Mäkelä, Juha-Pekka (2008) Effects of handoff algorithms on the performance of
multimedia wireless networks

302.

Teräs, Jukka (2008) Regional science-based clusters. A case study of three
European concentrations

303.

Lahti, Markku (2008) Gravure offset printing for fabrication of electronic devices
and integrated components in LTCC modules

304.

Popov, Alexey (2008) TiO2 nanoparticles as UV protectors in skin

305.

Illikainen, Mirja (2008) Mechanisms of thermomechanical pulp refining

306.

Borkowski, Maciej (2008) Digital Δ-Σ Modulation. Variable modulus and tonal
behaviour in a fixed-point digital environment

307.

Kuismanen, Kimmo (2008) Climate-conscious architecture—design and wind
testing method for climates in change

308.

Kangasvieri, Tero (2008) Surface-mountable LTCC-SiP module approach for
reliable RF and millimetre-wave packaging

309.

Metsärinta, Maija-Leena (2008) Sinkkivälkkeen leijukerrospasutuksen stabiilisuus

310.

Prokkola, Jarmo (2008) Enhancing the performance of ad hoc networking by
lower layer design

311.

Löytynoja, Mikko (2008) Digital rights management of audio distribution in mobile
networks

312.

El Harouny, Elisa (2008) Historiallinen puukaupunki suojelukohteena ja
elinympäristönä. Esimerkkeinä Vanha Porvoo ja Vanha Raahe. Osa 1

312.

El Harouny, Elisa (2008) Historiallinen puukaupunki suojelukohteena ja
elinympäristönä. Esimerkkeinä Vanha Porvoo ja Vanha Raahe. Osa 2

313.

Hannuksela, Jari (2008) Camera based motion estimation and recognition for
human-computer interaction

Book orders:
OULU UNIVERSITY PRESS
P.O. Box 8200, FI-90014
University of Oulu, Finland

Distributed by
OULU UNIVERSITY LIBRARY
P.O. Box 7500, FI-90014
University of Oulu, Finland

C314etukansi.fm Page 1 Thursday, December 11, 2008 10:13 AM

C 314

OULU 2009

U N I V E R S I T Y O F O U L U P. O. B . 7 5 0 0 F I - 9 0 0 1 4 U N I V E R S I T Y O F O U L U F I N L A N D

U N I V E R S I TAT I S

S E R I E S

SCIENTIAE RERUM NATURALIUM
Professor Mikko Siponen

HUMANIORA
University Lecturer Elise Kärkkäinen

TECHNICA
Professor Hannu Heusala

MEDICA
Professor Olli Vuolteenaho

ACTA

UN
NIIVVEERRSSIITTAT
ATIISS O
OU
ULLU
UEEN
NSSIISS
U

Timo Nieminen

E D I T O R S

Timo Nieminen

A
B
C
D
E
F
G

O U L U E N S I S

ACTA

A C TA

C 314

DETECTION OF HARMFUL
MICROBES AND THEIR
METABOLITES WITH NOVEL
METHODS IN THE AGRIFOOD PRODUCTION CHAIN

SCIENTIAE RERUM SOCIALIUM
Senior Researcher Eila Estola

SCRIPTA ACADEMICA
Information officer Tiina Pistokoski

OECONOMICA
University Lecturer Seppo Eriksson

EDITOR IN CHIEF
Professor Olli Vuolteenaho
PUBLICATIONS EDITOR
Publications Editor Kirsti Nurkkala
ISBN 978-951-42-9002-2 (Paperback)
ISBN 978-951-42-9003-9 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

FACULTY OF TECHNOLOGY,
DEPARTMENT OF PROCESS AND ENVIRONMENTAL ENGINEERING,
UNIVERSITY OF OULU

C

TECHNICA
TECHNICA

