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Definitions of terms

Term

Definition

Antianginal drugs
Depsipeptide
Germination
Sperm Combi
Assay
Sporulation
Thermal D value

Toxin

Abbreviations

Abbreviation

Drugs that are used to relieve the symptoms of angina by
restoring balance between oxygen supply and demand.
Peptide containing one or more ester bonds in addition to
peptide bonds

The process in which a spore grows into a vegetative cell.
Boar sperm motility inhibition assay with fluorescent dyes

The formation of spores

The time (minutes) needed at a specific temperature to reduce
the number of bacteria by one log

Substance produced by a living organism toxic towards other
living species

Full wording

Calcein AM
CDC
Aynm
JC-1

LC/MS
NRPS
oD
PBMC
PCR

Pl
PKTE
ROS

Calcein Acetoxy Methyl

Center for Disease Control and Prevention
Mitochondrial Membrane Potential

5,5",6,6 -tetrachloro-1,1",3,3 -tetraethylbenzimidazolyl-
carbocyanine iodide

Liquid Chromatography and Mass Spectrometry
Non Ribosomal Peptide Synthetase

Optical Density

Peripheral Blood Mononuclear Cells
Polymerase Chain Reaction

Propidium lodide

Porcine Kidney Tubular Epithelial Cell

Reactive Oxygen Species



Abstract

Bacillus cereus is a ubiquitous food poisoning bacterium, but only producers of the
emetic toxin, cereulide can be life threatening. Therefore a fast and reliable method
is needed for identifying strains that produce the toxin. In this thesis the previously
developed sperm bioassay was refined into a tool for the detection of microbially
produced mitochondria toxic substances. This refined tool, Sperm Combi Assay
effectively detected not only cereulide, but also other mitochondrial toxic
substances and yielded data for classifying the substances into 3 different classes.
The cereulide class (includes also valinomycin and enniatin) was characterised by a
spotted mitochondrial sheath when stained with the membrane potential responsive
dye JC-1. The gramicidin class (includes nigericin, calcimycin, monensin, narasin,
salinomycin and antimycin A) was characterised by gradual fading of the dye
during loss of the membrane potential. The ionomycin type (includes staurosporine,
oligomycin) was characterised by loss of sperm motility with no changes of the

mitochondrial membrane potential.

The novel Sperm Combi Assay was put to the test to clarify the cause of illness
connected to consumption of food supplements (seaweed capsules). The Sperm
Combi Assay revealed highly toxic contaminants in the capsules. The test revealed
that the poisonous substance was in the seaweed inside the capsule, not involving
the capsule shell. The currently available official methods had failed to disclose
this information. The test further helped to identify bacteria responsible for
producing the toxic substances in the seaweed. The effects shown by the Sperm
Combi Assay were similar to the gramicidin type of response.

Next the Sperm Combi Assay was used to track potential sources of cereulide

producers in food. We found cereulide producing B. cereus from potato tuber

originating from the consumer market and had not undergone industrial treatment.

We describe in this thesis how the initial plate count procedure can be improved to
8



recognise the cereulide producing B. cereus already on a plate. Cereulide producers
have been reported in industrial foods and rice by many researchers. Our report
appears to be the first one where potato crops were screened for cereulide
producers by methods that were effective for detecting cereulide producing B.
cereus. This development is important because the potato is a major food crop in
the European diet.

Not only potatoes but many other plants such as trees in the forest contain cereulide
producing B. cereus as an endophyte. The forest industry makes food packaging
material from wood pulp. To trace the behaviour cereulide producing B. cereus
contained in wood, we used the same protocol which was useful for finding the
cereulide producing B. cereus in potato. We found that, of the spores of cereulide
producing B. cereus, ca. 5 % may be retained in the paper product. The Sperm
Combi Assay was used to track the distribution of cereulide, potentially released
into the pulp slurry by cereulide producing B. cereus. We found that ca. 10 %
present in the pulp slurry was recovered in the paper product. We measured if
cereulide contained in paper could migrate from the paper product into packaged
food and found almost all cereulide leached into simulated fatty foods, but less than

the detection limit into warm or cold drinks.

Food waste contains valuable nutrients and should be recycled into agricultural
production. The question arises about the fate of cereulide producing B. cereus
contained in food. We studied the behaviour of cereulide producing B. cereus
spores throughout four seasons in an industrial scale biowaste processing plant that
involved a heating step of 24 min at 137 °C followed by anaerobic digestion. We
traced cereulide producing B. cereus in the digested biowaste with the same culture
methods and the Sperm Combi Assay which proved operative in potato and with
non culture based methods (PCR). We showed that the liquid biofertilizer
contained ca. 1000 total B. cereus per ml of which 10 % were cesB (indicator of
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cereulide synthase) positive. This persistence of cereulide producing B. cereus
under harsh conditions demonstrates that it is not possible to eradicate cereulide
producers from the food cycle. Instead, we have to learn to design our food
processing protocols so as to not give cereulide producers a chance to accumulate
the cereulide toxin in foods.

In this study we used porcine sperm cells as a tool to detect cereulide (their
sensitivity is high), with an EC100 (equal to lethal dose) 0.3 ng mlI™. The question is
if sperm sensitivity to cereulide reflects the sensitivity of other kinds of cells and
tissues, for instance in the human body. We assessed this question by comparing
the sensitivity of primary cells, cell lines and pancreatic islets towards cereulide.
We found that the EC;0o values for loss of mitochondrial membrane potential (24 h
exposure) to human peripheral blood mononuclear cells and keratinocytes, porcine
kidney epithelial cells and murine fibroblasts and pancreatic islets (containing the
beta cells which produce insulin) ranged from 0.4 to 2 ng of cereulide per ml. The
results show that different kinds of cells were similarly vulnerable to mitochondrial
toxicity by cereulide. These results strongly indicate that the Sperm Combi Assay
is useful not only for tracking cereulide in foods and environmental samples, but
can also be useful in assessing human health risk by materials contaminated by
cereulide. We also showed that the external concentration of potassium (300uM
increased to 850-950 uM) influences the speed of the potassium efflux, measured
in HaCaT and PBMC cells.

We introduced this Sperm Combi Assay to deal with a bacterium and/or toxin that
can hardly be eliminated in foods. This assay is a fast and reliable method to detect
mitochondria toxic substances as well as the reliable plating method for screening
the producing organisms.

Because it is not possible to eliminate cereulide producing B. cereus, it should be
kept under control by avoiding conditions permissive for cereulide production.
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Tiivistelma

Bacillus cereus on hyvin yleinen bakteeri ympéristdssa, erityisesti kasveissa ja
maaperassa. Elintarvikkeissa lisdantyessaan sen toksineeja tuottavat kannat
aiheuttavat ruokamyrkytyksid. Sen monista toksiineista eli myrkkyaineista
kereulidi, jota sanotaan myo®s oksetustoksiiniksi, on erityisen vaarallinen. Se
tunnetaan jopa kuolemaan johtaneiden, vakavien myrkytysten aiheuttajana. Siksi
tata toksiinia tuottamaan kykenevien B. cereus -kantojen tunnistaminen on tarkeaa.
Tassd tyossa kehitettiin kuumennusta kestdvien toksiinien mittausmenetelma,
Sperm Combi Assay (SCA). Menetelmassd hyoddynnetddn sikataloudessa
tuotettavaa siemennestettd. Eri toksiinit aiheuttavat sian siittidissa erityyppisia
soluvammoja. Mikroskooppisesti  todennettavien, kullekin  toksiinityypille
ominaisten  soluvaurioiden avulla toksiinit voidaan tunnistaa suoraan
elintarvikkeista ja mikrobindytteistd. Siittioreaktiivisia mikrobitoksiineja l6ytyi
kolmenlaisia: 1. kereulidi ja sen Kkaltaisesti vaikuttavat, kuten kymmen- tai
satakertaisesti vahemman myrkylliset, valinomysiini ja enniatiini. Naille myrkyille
on tunnusomaista siittion hannan vérjaytyminen pilkulliseksi JC-1 vériaineella,
joka vaihtaa véria solujen kalvopotentiaalin muuttuessa; 2. gramisidiinin kaltaiset
myrkkyaineet nigerisiini, kalsimysiini, monensiini, narasiini, salinomysiini ja
antimysiini A, joille tyypillistd oli JC-1 vaériaineen ilmaiseman korkean
kalvopotentiaalin ~ vahittdinen ~ sammuminen; 3.  jonomysiinin  kaltaiset
myrkkyaineet, joille tyypillistd oli siittididen lakkaaminen uimasta ilman, etté
niiden kalvopotentiaalissa ndkyy muutosta.

Uutta mittausmenelmaé testattiin erddn ravintolisdkapselien kayttoon liittyneen
epidemian yhteydessa (merilevakapseleita). SCA-mittaus paljasti kapselien sisallon
vahvan myrkyllisyyden, jota ei tavanomaisilla, viranomaiskaytossa olevilla
menetelmilla voitu todeta. Myrkkyvaikutus liittyi kapselin sisaltoon, ei kuoreen.
Testilla selvitettiin, ettd myrkyn tuottajia olivat bakteerit, jotka olivat kapselin

siséllossé epépuhtauksina. Niiden tuottama myrkkyaine oli gramisidiini-tyyppinen.
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SCA-testid sovellettiin my6s kereulidia tuottavien B. cereus -bakteerien
kulkureittien paljastamiseen elintarviketuotantoketjussa. Havaitsimme, ettd
perunassa on luontaisesti kereulidia tuottavia bakteereja jo ennen perunan
elintarvikkeeksi jalostamista. Tdassa vaitOskirjassa kerrotaan, miten kereulidin
tuottajat voidaan tunnistaa t&t& tuottamattomien B. cereus -bakteerityyppien
joukosta viljelymaljalla. Koska kereulidin  tuottajia  esiintyy  monissa
tuotantokasveissa, kuten riisissd, ja niiden iti0t kestavat poikkeuksellisen hyvin
kuumuutta, niitd 10ytyy my6s teollisesti  tuotetuissa valmisteissa ja
puolivalmisteissa. Tama asia on térked ymmértad, jotta kereulidin tuottajien
ldsndolo osataan ottaa huomioon ja pystytddn minimoimaan niiden lisddntyminen
tuotantoprosessin aikana. Kereulidia tuottavia B. cereus -bakteereja esiintyy
luultavasti lahes kaikissa kasveissa, koska niitda 10ytyi kuusien (Picea abies)
siséltéakin. Kuusihiokkeesta valmistetun sulpun siséltdémista kereulidin tuottajista n.
5 % kulkeutui valmiiseen paperiin saakka. Tutkimme simulointitestien avulla,
siirtyyk0 kereulidi pahvista elintarvikkeeseen. Havaitsimme, ettd kulkeutumista
tapahtui pahvista rasvaiseen elintarvikkeeseen mutta ei kuumaan tai kylméén
juomaan.

Osa elintarvikkeista paatyy yhteiskunnassa biojatteeksi. Koska biojatteen
ravinteet pitdisi saada kiertoon, peltojen lannoitteeksi, selvitimme kereulidia
tuottavien B. cereus -bakteerien kayttaytymista biojatteen kuumennus- (24 min,
137°C) ja méadatysprosesseissa. Mittausmenetelmind oli SCA-, viljely- ja PCR-
tekniikka (DNA tunnistus). Totesimme, ettd n. 10 % prosessin lapi selvinneisté B.
cereus -bakteereista oli kereulidi-geenin suhteen positiivisia eli todenndkdisia
tuottajia. Tulokset, jotka saatiin taysimittaisella biojatteen teollisen kasittelyn
laitteistolla, eri ty6vaiheineen osoittivat, ettd kereulidia tuottavat B. cereus -
bakteerit ovat osa luontoa, eivitkd ne ole tekniikan keinoin havitettavissa
elintarvikkeista.

Koska  siittiot  osoittautuivat  tehokkaiksi  ilmaisemaan  kereulidin

solumyrkyllisyyttd, halusimme selvittdd, mikd on elimiston muiden solutyyppien
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kereulidi-herkkyys. Kéytimme testisoluina ihmisen, sian ja hiiren primaarisoluja ja
solulinjoja. Mikroskoopilla ja ionielektrodeilla havaittiin, ettd solut vammautuivat
kun ne altistuivat 24 tuntia kereulidi-pitoisuudelle 0.4-2 ng ml™*. Tulokset
osoittivat, ettd nisakkaan, kuten ihminen, monet eri kudos- ja solutyypit ovat
herkkid kereulidin myrkkyvaikutuksille. Tarkein soluvammojen syntyreitti oli ehka
kalium-ionien massiivinen vuoto ulos soluista, jonka kereulidi aiheutti ihmisen
veren yksitumaisissa valkosoluissa ja ihon keratinosyytteissd jo muutaman
minuutin altistuksen seurauksena.

Tassa tyossa kehitetyllda SCA-menetelmalld voidaan tutkia vaikeasti tuhottavia
bakteereja ja niiden toksiineja elintarvikkeissa. Menetelmélld havaitaan
mitokondrioille myrkylliset aineet nopeasti ja luotettavasti. Liséksi ké&ytettiin
maljausmenetelmad, jolla voidaan I6ytaa kereulidin tuottajat.

Koska kereulidia tuottavien B. cereus -bakteerien tuhoaminen elintarvikkeesta
on mahdotonta, on térkedd pitdd tuotteiden sdilytysolosuhteet sellaisina, etta
kereulidin tuotto estyy.
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1. Review of the literature

1.1 Introduction

Everything needs to go faster and be faster. In times of economic crisis the
consumables also need to be cheaper. The world seems to be turning faster and
everything needs to keep up, like food needs to be ready faster, we have no time to
prepare it, we need the time to eat it. Many shops sell ready-to-eat foods which you
warm up in a microwave. Since microwave warming up neither sterilizes nor
pasteurizes the food, this fast way of food preparation and consumption comes
hand in hand with a need to introduce new ways to ensure microbiological safety.
Food needs to be edible and not harmful for the consumer. In days when more time
than nowadays was invested in preparing the meals, potatoes (20 min) and
vegetables (15 min) were boiled and meats were cooked or baked on the same day

when these foods were consumed.

Heating of the food stuffs may be sufficient to inactivate the vegetative microbial
cells; nevertheless the heat resistant microbial spores are likely to survive (Carlin et
al. 2006). Currently meals and cooked but not sterilized food ingredients may be
shelved for years (for instance: infant meals) and only need to be warmed up before
consuming. In an industrial process, the load of microorganisms in a food will be
effectively reduced when repeated steps of heating are applied, resulting in a shelf
life of ~2-3 years at room temperature, when combined with vacuum, modified
atmosphere packaging or reduced water activity (aw). Nevertheless, problems may
be caused by heat resistant endospore forming bacteria and/or by producers of heat
stable toxin(s) (Table 1).
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Table 1 Heat stable toxins and their producers linked to food borne illness
(Summarized from Rajkovic 2014)

Toxins by producers Heat stability of the toxin

Staphylococcal enterotoxin of 2 min at 80 °C (staphylococcal enterotoxin

Staphylococcus aureus, A, as staphylococcal enterotoxin B is more

enterotoxins heat stable than the staphylococcal
enterotoxin A)

Cereulide of Bacillus cereus 80 min at 121 °C

Enterotoxin from Clostridium 5 min at 60 °C

perfringens (CPE)

Botulin toxin of Clostridium 10 min at 80 °C

botulinum

B. cereus is readily isolated from ready-to-eat foods (Rosenquist et al. 2005,
Wijnands et al. 2006, Meldrum et al. 2009, Kotzekidou, 2013). An increase in
consumption of these foods over the past decades did not yet result into an
unacceptable increase of reported cases of food poisoning, possibly because of
underreporting of the mild cases involving B. cereus. Or, maybe because the emetic
type of food poisoning may be mistakenly reported as food poisoning caused by
Staphylococcus aureus and the diarrheal type of food poisoning misinterpreted as

Clostridium perfringens intoxication (Shinagawa, 1990).

In 2011, within the European Union 220 food-borne outbreaks were recorded as
being caused by Bacillus toxins (3.9 % of the total 5648 reported food-borne
outbreaks) (EFSA, 2013). Severe and even fatal cases of food borne illness by B.
cereus have sporadically been reported in several countries (Naranjo et al. 2011,
Shiota et al. 2010, Posfay-Barbe et al. 2008, Dierick et al. 2005, Mahler et al. 1997,
Dirnhofer et al. 1977, Takabe and Oya 1976, Temper 1963).

For reliable reporting, it is essential to be able to rapidly distinguish between the
cases involving Staph. aureus heat stable protein toxin and those involving the
peptide toxin of B. cereus. Currently this distinction is based on plating on specific

agar media, selective chromogenic medium bacara or MYP for B. cereus,
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incubating for 24 h (Talent et al. 2012) and Baird-Parker for Staph. aureus,
incubating 45-48 h (Bennett and Lancette 2001). One should ask if 24 h is fast
enough to detect B. cereus, when children have died within 13 h (Dierick et al.
2005) and 6% h (Shiota et al. 2010) after consuming the food contaminated with

emetic toxin producing B. cereus.

1.2 Bacillus cereus

1.2.1 Bacillus cereus group

The Bacillus cereus sensu lato is a species in the genus Bacillus. The genus
Bacillus was established in 1872 by Ferdinand Cohn (Logan and de Vos 2009).
Bacillus is a genus within the phylum Firmicutes (Logan and de Vos 2009).
Ferdinand Cohn renamed the endospore forming aerobic Gram positive rod Vibrio
subtilis as Bacillus subtilis (Harwood, 1989). The first described species, Bacillus
subtilis, is the type species of this genus (Harwood, 1989). The genus Bacillus is
one of the largest and most diverse among the Firmicutes genera, consisting
presently (as of May 22", 2014) of 288 validly described species (Euzéby 2014).
Of the Bacillus species, 7 belong to the Bacillus cereus group: B. anthracis, B.
thuringiensis, B. mycoides, B. pseudomycoides, B. cereus, B. cytotoxicus and B.
weihenstephanensis (Guinebretiere et al. 2013). These members of the B. cereus
group are distinguished from each other based on biochemical characters as shown
in Table 2.

B. thuringiensis produces insecticidal 3-endotoxins and is used as an insecticide to
protect farm plants (discussed by Vachon et al. 2012). The most dangerous
member of the B. cereus group is the human pathogen Bacillus anthracis, causing
anthrax in humans and herbivorous mammals (reviewed by Beyer and Turnbull

2009). The second pathogen is B. cereus sensu stricto, mostly linked to food
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poisoning cases (Essen et al. 2000, Bennett et al. 2013, Agata et al. 2002, Kamga

Wambo et al. 2011).
Toxins produced by members of the B. cereus group are compiled in Table 3. The
strain Bacillus cereus var. toyoi is used as a probiotic in animal feed. It contributes

to a better feed conversion (Williams et al. 2009).
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Table 2 Differential characteristics of the species in Bacillus cereus group by biochemical traits (adopted from Logan and
De Vos, 2009; Guinebretiére et al. 2013; Goodwin et al. 1994)

Bacillus species Motility  Rhizoid  Parasporal Starch Tyrosine Haemolysi Glycogen  Salicin
colonies  crystals hydrolysis  degradation s fermentation

B. anthracis - - - + - - + -
B. cereus sensu stricto + - - +7 + + + d
B. weihenstephanensis + - - + d + + d
B. mycoides - + - + + + + d
B. pseudomycoides - + - nd + + + nd
B. thuringiensis + - + + + + + d
B. cytotoxicus + - - - nd nd - +

d different strains give different outcomes

nd no data

# excepting most cereulide producers
* negative for cereulide producers
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Table 3 Pathogenic substances in the B. cereus group (from Logan and de Vos

2009)

Bacillus species

Toxin(s)

Encoded by
plasmid(s) or
chromosomal

Reference

B. anthracis

lethal factor, edema
factor, protective
antigen

plasmids pXO1,
pX02

Pilo & Frey 2011

B. cereus sensu
stricto

hemolysin BL
non-hemolytic
enterotoxin
enterotoxin FM

cytotoxin K 270 kb plasmid Hoton et al. 2009
cereulide pCER270
B. cereulide large plasmid or ~ Thorsen et al. 2006,
weihenstephanensis chromosomal Hoton et al. 2009
B. mycoides none reported
B. pseudomycoides  none reported
B. thuringiensis d-endotoxins plasmid Fagundes et al. 2011

(Cry and Cyt toxins)
18 bacteriocins

plasmid and some

de la Fuente-Salcido

chromosomal et al. 2013
vegetative Sattar et al. 2008
insecticidal proteins
B. cytotoxicus cytotoxin K not known Guinebretiere et al.

2013

1.2.2 History of food-borne illness linked to B. cereus

Bacillus cereus is traditionally seen as a soil inhabitant. Although when the species

B. cereus was first described in 1887, it was isolated from air in a cow shed
(Frankland and Frankland 1887). Plazikowski was one of the first in 1906 to

associate B. cereus with food poisoning in Europe (cited by Jay et al. 2005). It was

not until the early 1950s that it was shown to cause food poisoning. The Norwegian

scientist Steinar Hauge isolated Bacillus cereus from a dessert that was implicated

in food borne illness of many people. Dr. Hauge turned to the Koch postulates,

prepared vanilla sauce, inoculated it with the isolated B. cereus culture and after 24
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h of incubation he drank the spiked vanilla sauce. He became ill 13 h later (Hauge
1955).

Reports on occurrence of the heat stable toxin of B. cereus, the active agent of the
emetic syndrome started to emerge in the 1970s in Europe and in the US (cited by
Jay et al. 2005, Anonymous 1975). In the USA it was related to mashed potatoes
and in Europe to rice dishes, mostly take away food (Taylor and Gilbert 1975).
Onset of the emetic illness occurred within 6 h and in most cases involved no
diarrhoea (reviewed by Granum 2007). Therefore, it was a different type of illness
compared to what Hauge described in 1955.

1.2.3 B. cereus in food

B. cereus is widespread in the environment. It has been isolated from plants, food
crops and foods (Table 4). When ingested it rarely causes reportable illness. B.
cereus does not spoil taste or consistency of the food, but it can cause serious
iliness, even death to consumers of the contaminated food (Takabe and Oya, 1976,
Dirnhofer et al. 1977, Mahler et al. 1997, Dierick et al. 2005, Pirhonen et al. 2005,
Kim J-B et al. 2010).

B. cereus is able to produce toxic metabolites and it produces heat stable spores
(see persistence properties 1.4.1). One of the metabolites is cereulide, a heat stable
peptide. The diarrheal toxins are proteins and assumed to be produced in the gut

where they cause illness.
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1.3 Toxic metabolites produced by B. cereus implicated in food
borne illness

1.3.1 Heat stable toxin, cereulide

Certain strains of B. cereus can produce an emetic toxin, cereulide, which has been
implicated in serious and fatal cases of food poisonings (Mahler et al. 1997,
Dierick et al. 2005, Naranjo et al. 2011). These cereulide producing strains have a
pXO1-like megaplasmid which encodes the cereulide synthetase (ces) NRPS
(Ehling-Schulz et al. 2006). The heat stable toxin of B. cereus is a small cyclic
depsipeptide, with a molecular formula of Cs7HgsO18Ng with a m/z 1152 (Figure 1)
and structure of (-OLeu-Ala-OVal-Val-); (Agata et al. 1994), highly lipophilic (log
Kow 0f 5.96) and an ion carrier specific for potassium (Teplova et al. 2006). It is
represented by two homologous molecules, cereulide and homocereulide (m/z 1166,
Rasimus et al. 2012). Cereulide passes the mammalian cell membrane and
dissipates the mitochondrial membrane potential, causing mitochondrial
dysfunction (Mikkola et al. 1999). Cereulide was inactivated when 0.5 pg ml*
cereulide was exposed to steam at 121 °C for > 20 min at pH > 9.5, whereas at pH
7 the cereulide retained its toxic activity for > 2 h when steam heated at 121 °C
(Rajkovic et al. 2008).
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Figure 1. Cereulide. Cyan indicate carbon, red oxygen, blue nitrogen, white

hydrogen and grey potassium (the picture was kindly provided by Dr R. Mikkola)

1.3.2 Diarrheal toxins

B. cereus produces several diarrheal toxins: hemolysin BL, enterotoxin FM, non-
hemolytic enterotoxin and cytotoxin K. Producers of these diarrheal toxins have
been isolated from foods (Kim et al. 2011, Batchoun et al. 2011, Granum 2007),
but only three protein enterotoxins (non-haemolytic enterotoxin, haemolysin BL
and cytotoxin K) have been implicated in food poisoning and were often connected
to foods like pasta, desserts and milk (for a review see Granum 2007). Symptoms
of the diarrheal illness start 10-24 h after ingestion (average 12 h).

The diarrheal toxins are proteins which can be inactivated by heating to 55 °C for
20 min (Turnbull et al. 1979).
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Table 4. Examples of sites where B. cereus has been reported

Habitat

Reference

Endophytes and epiphytes
Norway spruce tree (Picea abies)

broad-leaved dock (Rumex obtusifolius)
yellow-poplar (Liriodendron tulipifera L.)
apple leaf epiphyte, potato leaf, tomato leaf,
quinoa leaf, cacao plants, lamb's quarters
root (Chenopodium album), faba bean root

Hallaksela et al. 1991

Collier et al. 2005

Mikluscak and Dawson-Andoh 2004
Melnick et al. 2012

and leaf

figs Hormazabal et al. 2004
peach Mikami et al. 1994
Curly kale leaves Thorsen et al. 2006
Food crops

vegetable(s)

Wijnands et al. 2006

Farm environments, milk, milk products

free stall bedding

milk (raw, UHT heated and pasteurised,

milk powder)

dried milk products, milk with rice, flan,
milk pudding, milk substitute, milk —
cereal—rice, semolina with milk, mousse

milk powder
ice cream

evaporated whey
pasteurized milk filling machine
milk, milk products

Magnusson et al. 2007
Bartoszewicz et al. 2008, Ruusunen
et al. 2013, Reis et al. 2013

Reyes et al. 2007

Arslan et al. 2014, Messelhdusser et
al. 2010

Pirttijarvi et al. 1998

Eneroth et al. 2001

Wijnands et al. 2006

Retail and restaurant foods

retail foods marketed in Thailand
food products marketed in Belgium
food samples collected in Morocco
US rice

Chinese-style fried rice in Sri Lanka
rice dishes in Belgium

ground roasted coffee

rice and cereals in Korea

vegetable puree (broccoli, carrot, courgette,

split peas, potato)
poultry products sold in India

oil(s), fat(s), oil and fat products, fish, fish
products, meat, meat products, ready-to-eat

foods, vegetable products and pastry

Ananchaipattana et al. 2012
Samapundo et al. 2011
Merzougui et al. 2014
Ankolekar et al. 2009
Perera and Ranasinghe 2012
Delbrassinne et al. 2012
Chaves et al. 2012

Park et al. 2009

Choma et al. 2000

Sudershan et al. 2012
Wijnands et al. 2006




rice and sunsik in Korea Kim SK et al. 2009

Spices and additives

flavorings Wijnands et al. 2006

dried red pepper Kim SK et al. 2009

Soil and soilless environment

rice field soil Ueda and Kuwabara, 1993.

surface soil Hendriksen et al. 2006

pozzolana grains from a filtration unit in Déniel et al. 2004, Renault et al.
soilless culture tomato greenhouse 2007

1.4. Importance of spores

1.4.1. Persistence properties of B. cereus spores

B. cereus spores have a hydrophobic surface and as a result they adhere to steel and
plastic surfaces (Faille et al. 2002, Granum 2002, 2007). Carlin et al. (2006)
showed that B. cereus spores have a thermal D value at 90 °C of > 29 min and
higher depending on the strain. Examples of harsh conditions where B. cereus
spores were reported to persist or to survive are listed in Table 5. Préstamo et al.
(2001) showed that a hydrostatic pressure of 1000 MPa for 15 min only reduced B.
cereus viability to 40%. In the food and beverage processes 1-2 % w/v solutions of
sodium hydroxide is often used in cleaning-in-place (CIP) protocols (Faille et al.
2013). Eighty to 99 % of the attached spores could effectively be detached from
stainless steel coupons using a combination of mechanical and chemical action,
pressure (4 Pa) combined with 0.5 % sodium hydroxide at 60 °C (Faille et al. 2013).
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Table 5 Persistence properties of Bacillus cereus spores.

Showing conditions necessary to survive or not to survive

Condition

Reference

Survived

steam boxes (80 °C), washing machine

Dohmae et al. 2008, Hosein et al. 2013

washing machine (71°C, 25 min is CDC
guideline” and the disinfectant used was
a quaternary ammonium compound or
bleach)

Sifuentes et al. 2013

hydrostatic pressure (1000 MPa, 15 min
at 20 °C)

Préstamo et al. 2001

washing machine (80 °C, > 10 min,

requirement by Japanese law)

Sasahara et al. 2011

70% alcohol solution, 60 min

Turabelidze et al. 2013

pulsed light treatment (0.3 to 1.8 J cm™
under an input voltage of 2.5 kV, 100
nm to 1100 nm)”™

Planchon et al. 2011

antibacterial
(0.05 %)

dishwashing liquid

Kusumaningrum et al. 2002

Killed (> 90% reduction)

skin disinfecting solutions povidone
iodine solution (0.5 % wv iodine),

savion (1.5 % v/v chlorhexidine
gluconate solution and 3.0 % cetrimide
solution), “spirit” (70 % isopropyl
alcohol)

Patel et al. 2013

heat resistance (D value at 90 °C > 29

min)

Carlin et al. 2006

mechanical and chemical CIP (0.5 %
aqueous sodium hydroxide and 4 Pa)

Faille et al. 2013

* Sehulster and Chinn (2003) ** tested with spores produced at 30 °C
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1.4.2. Germination properties of Bacillus spores

The outgrowth of a spore to a vegetative cell is called germination. Most of the
published papers on germination of Bacillus spores deal with the species B. subtilis
(Setlow 2003, Moir 2006). Germination of the endospores is initiated when in the
close environment germinants are detected, germinants such as amino acids, sugars
or purine nucleosides, but the water activity (aw), pH and temperature should be
favouring bacterial growth. The germinants interact with the germinant receptors
located behind the outer coat and cortex layers of the Bacillus spore (Setlow 2003).
Subsequently the spore membranes increase in fluidity and monovalent cations
(including H*, K and Na’) are released from the spore core into the medium
followed by release of Ca** and dipicolinic acid (Moir 2006). Subsequently the
core becomes rehydrated, the peptidoglycan spore cortex is released and further
uptake of water as well as expansion of the cell wall will take place. When protein
mobility is returned, this allows enzyme action and the spore can germinate into a
growing cell (Setlow 2003). Onset of the germination is measured by reading the
optical density of the spore suspension at 600 nm. A drop of the optical density

indicates germination.

De Vries (2006) showed that germinants (L-alanine or inosine or a combination of
these two) affected B. cereus spores differently. Sixteen strains were analysed for
the speed of germination with and without prior heat treatment and adding either
one of the germinants or a combination of the two. The heat activated spores of 11
out of 16 strains responded to L-alanine (0.1 mM) and inosine (1 mM) by an ODggo
decrease of > 45 % in 40 min, indicating a fast germination. When only one
germinant was used (L-alanine or inosine) between one to four strains could
germinate quickly. Only the B. cereus type strain (ATCC 14579) germinated
rapidly under all tested conditions. Table 6 shows treatments to inhibit or promote

germination.
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Table 6 Germination of Bacillus cereus spores. Promoting and inhibiting

germination conditions

Promoting

germination

Strains studied

Reference

mild heat treatment
(20 min at 70 °C)

Bacillus cereus ATCC 145797

Den Besten et al.
2012

hypochlorite

treatment

Bacillus cereus

Dohmae et al. 2008

L-alanine, inosine

and heat activation

NIZO B436, N1ZO B439, PAL?2,
PAL3, PAL5, PAL17, PAL1S,
PAL22, PAL25, PAL27, 61, 72, 43-
92, 1230-88, F450183, ATCC
145797

Y de Vries 2006

Inhibiting

germination

temperature <10 °C

Emetic, diarrheal, clinical, food and

environmental (n = 100)

Carlin et al. 2006

3 mM undissociated  Bacillus cereus ATCC 14579" van Melis et al.
sorbic acid 2011

soya bean tempe B. cereus ATCC 10987, N1ZO Roubos -van den
extract B437, Hil et al. 2010

PAL?20, PAL28, 55, Bacillus
weihenstephanensis DSM11821"
and B. subtilis B20010

supercritical CO; +
ethanol

Bacillus cereus (KCTC 1012)

Park et al. 2013
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1.5 Importance of mitochondria for the mammalian cell

Mitochondria (Figure 2) are called the power plants of the cell because through
oxidative phosphorylation the mitochondria generate 80- 90 % of the ATP required
for the mammalian cell to function (Wojtczak & Zablocki 2008). The first step of
oxidative phosphorylation is the oxidation which takes place in the protein
complexes I-1V (Figure 2B). Protein complexes | and Il transfer electrons to
ubisemiquinone (Q in figure 2B) which transports electrons to protein complex Ill.
Cytochrome c transfers electrons to protein complex IV (Duchen, 2004). The redox
reactions in these protein complexes create a proton motive force which is used to
take the second step in the production of ATP. To synthesise one ATP it is
estimated that three or four protons need to be translocated (Stock et al 1999). The
processes (protein complexes 1-V) are coupled as ATP generation requires the
proton-motive force. Substances affecting this coupling are called uncouplers and
they affect mitochondrial function.

The mitochondria also play an essential role in apoptosis (Wojtczak & Zablocki
2008).
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Figure 2 Oxidative phosphorylation

Panel A shows the functional components of the mitochondrion. Panel B shows the
complexes in a more detailed scheme (Duchen 2004). ANT, Adenine Nucleotide
Translocase; AIF, Apoptosis Inducing Factor; VDAC, Voltage Dependent Anion
Channel; mPTP, Mitochondrial Permeability Transition Pore; TCA cycle, Tricarboxylic
acid cycle.

(Permission obtained from the publisher Elsevier, license number 3411781499932).
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1.5.1 Mitochondria as a vulnerable cellular organelle

1.5.1.1 Mitochondria as target for pharmaceuticals

Exposure to substances adversely affecting mitochondria may be harmful for
humans (Table 7). latrogenic mitochondrial toxic substances have been implicated
in diseases such as ischaemia, diabetes, several neurodegenerative diseases like
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS),
multiple sclerosis (MS), and cancer (compiled by Scatena 2012, Duchen 2004).
Currently, therapeutic pharmaceuticals are being reinvestigated to assess the risk
for mitochondrial dysfunction. Dysfunction can be the primary effect of the drug or
side effect, examples shown in Table 7 (from Szewczyk and Wojtczak 2002).

Table 7. Examples of drugs identified as harmful to mitochondria

Class of the drug Therapeutic use  Adverse effect Reference
nonsteroidal anti- arthritis inhibition of fatty Mehta et al. 2008
inflammatory drugs (e.g. acid p-oxidation

pirprofen, ibuprofen)

antianginal drugs, treatment controlling affects thyroid, Mehta et al. 2008
for myocardial ischemia cardiac lung pulmonary,

(e.g. amiodarone) arrhytmias liver

antidepressant drugs blocking the hepatotoxicity Dykens et al. 2008
(nefazodone, trazodone, serotonine uptake

buspirone)

antidiabetic drugs to increase the mito Skalska et al. 2005
(glibenclamide, insulin level in Karpchannel was

glibonuride, glisoxepide) blood blocked

1.5.1.2 Mitochondria as target for microbially produced toxins

Several microbially produced mitochondrial toxic substances and their producers
are found in the environment, food, food crops or indoor (air) environments
(Andersson 1999).
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In the pharmaceutical industry the tools used for assaying mitochondrial toxicity of

synthetic chemical substances include in vitro assays, measurement of the reactive

oxygen species (ROS), the membrane potential and intracellular ATP (Table 8).

Table 8. In vitro mitochondrial toxicity assays used in the pharmaceutical

industry
Bioindicator What and how Reference
HepG2 cells cellular ATP content using CellTiter-GloCell Dykens et
(human liver Viability Assay al. 2008
carcinoma cell
line)
isolated rat liver  respiration, using oxygen sensitive probe Dykens et
mitochondria al. 2008
human 1. mitochondrial membrane potential using  Dykens et
hepatocyte tetramethyl rhodamine methyl ester al. 2008
imaging assay 2. nuclei and lipids DNA using 1,5-bis[[2-
(dimethylamino)ethyl]amino]-4,8-
dihydroxyanthracene-9,10-dione
3. reactive oxygen species (ROS) using 5-
(and-6)-chloromethyl-2"7'-
dichlorodihydrofluorescein diacetate
acetyl ester
PBMC thymidine kinase 2 (TK2) and R2 subunit of Liu et al.
ribonucleotide reductase (P53R2). qRT-PCR, 2013
Western blotting
HepG2 cell mitochondrial membrane potential using Tsiper et al.
tetramethyl rhodamine methyl ester, 2012

plasma membrane permeability (TO-PRO-3),
nuclear morphology using Hoechst33342

1.6 Methods for the detection of heat stable mitochondrial toxin(s)
produced by B. cereus

1.6.1 Bioassays for the emetic B. cereus toxin

In 1976 the first toxin detection method was published for detecting the emetic

toxin of B. cereus. This involved a test using whole animals, executed using rhesus
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monkey (Melling et al. 1976). Table 9 compiles the currently described in vitro and
in vivo methods for the detection of B. cereus emetic toxin. The emetic B. cereus
toxin in vivo testing was long delayed because rodents proved to be insensitive in

feeding tests towards this toxin (Yokoyama et al. 1999).

Table 9 Methods for the detection of the emetic toxin of B. cereus

in vitro methods Reference

HEp2 cell assay Hughes et al. 1988, Mikami et al. 1994

Boar sperm motility inhibition assay =~ Andersson et al. 1997, Andersson et al.
2004

in vivo methods

Rhesus monkeys (Macaca mulatta)  Melling et al. 1976

Asian house shrew (Suncus Agata et al. 1995

murinus)

Chemical assay

HPLC Agata et al. 1994, Mikkola et al. 1999
LC/MS Haggblom et al. 2002

The HEp-2 cell (human carcinoma of the larynx) assay was introduced in 1988 to
replace the animal (monkey) feeding test (Hughes et al. 1988). The Asian house
shrew was introduced in 1995 as a reliable test animal for detection of the emetic
toxin (Agata et al. 1995). The boar sperm motility assay was the second in vitro
test, introduced in 1997, to detect heat stable toxins in bacterial methanol extracts
(Andersson et al. 1997). A year later it was the tool used for quantifying the

mitochondrial toxic substance cereulide (Figure 3, Andersson et al. 1998).
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Figure 3. Fluorescence micrographs
of boar sperm cells exposed to
cereulide for 24 h and then stained
with the fluorophoric dye JC-1, a dye

that changes fluorescence emission in
response to decreasing Ay, by a shift
from orange to green. Panel A,
spermatozoa exposed to 0 ng
cereulide per ml. Panel B exposed to 5

ng cereulide per ml. Panel C exposed

to 50 ng cereulide per ml. The sperm
head is ca. 8 um by 4 um

1.6.2 Chemical assays for cereulide

Chemical methods for detecting the toxin cereulide using HPLC were described by
Agata et al. (1994), Mikkola et al. (1999) and a quantitative LC/MS assay by
Héggblom et al. (2002).

1.6.3 Detection of cereulide synthase genes

Cereulide is not a protein, but rather a molecule consisting of amino acids and

hydroxyl acids linked by alternating ester bonds and peptide bonds.
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The genes responsible for the biosynthesis of cereulide were first identified in 2004
(Toh et al. 2004, Horwood et al. 2004, Ehling-Schulz et al. 2005). Since then,
specific PCR primers have been developed for the genes responsible for the
biosynthesis of cereulide, as listed in Table 10.

Table 10. PCR methods for detection of the cereulide genes

Target Primer Primer sequence Reference
gene identification
CesA CER1 ATCATAAAGGTGCGAACAAGA Horwood et
EMT1 AAGATCAACCGAATGCAACTG al. 2004
CesB EM1-f GACAAGAGAAATTTCTACGAGCAAG Ehling-
EM1-r TACAAT Schulz et
GCAGCCTTCCAATTACTCCTTCTGCC al. 2004
ACAGT
NRPS BE-f ACTTAGATGATGCAAGACTG Tohet al.
BE-r TTCATAGGATTGACGAATTTT 2004
Ces CesF1 GGTGACACATTATCATATAAGGTG Ehling-
CesR1 GTTTTCTGGTAACAGCGTTTCTAC Schulz et
CesR2 GTAAGCGAACCTGTCTGTAACAACA al. 2005
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2. Aims of the study

1. Upgrade the boar spermatozoa motility inhibition in vitro bioassay to detect
toxic substances targeted to mitochondria, simple to perform and widely applicable.
2. Determine the applicability of the in vitro assay to food stuffs as well as bacterial
cultures.

3. Use the assay to track the environmental reservoirs of emetic toxin producing
Bacillus cereus and their potential ports of entry into food processes and food
packaging.4. Assess the potential for the presence of cereulide producing B. cereus
in liquid fertilizer processed from biowaste and its possible concerns for organic
farming.

5. Evaluate the adverse effects of cereulide on mammalian primary cells and cell

lines.

3. Materials and methods

The methods used by the author of this study are described in the publications, as
shown in Table 11.

Table 11. Methods used in this thesis

Method Described in Paper

Toxicity assay

Sperm Combi Assay I
Rapid sperm motility inhibition assay \Y

Methods for extraction/leaching of the toxin

Methanol extraction I

Mechanical extraction 11
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Ethanol leaching Il

Chemical assay for quantification of cereulide

LC/MS analysis V, il

Bioassay for toxic effects of cereulide

Fluorogenic dyes for visualizing the membrane |
potential (Ay) and intactness of the cell
membrane: JC-1, Pl I
Viability staining with calcein-AM

Methods for identification of B. cereus

Automated ribotyping \/

PCR with primers specific for B. cereus vV

PCR method for verifying the presence of the
cereulide synthethase gene(s)

PCR primers specific for cesB v

4. Results and Discussion

4.1 Detection of mitochondrial toxicity using eukaryotic cells as
indicators

We extended the boar sperm motility inhibition assay initially described by
Andersson et al. (1997) to make it applicable for assessing the presence of
mitochondrial toxic substances, known and unknown and microbial metabolites in
composite matrices. Boar spermatozoa were shown to be useful for this purpose
because the rapid sperm motility mainly depends on intact mitochondrial function
(Andersson 1999). Mitochondria are located in the proximal part of the sperm tail
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(Figure 4). The porcine sperm cell contains around 70 mitochondria (Andersson
1999) and damage to the mitochondria results to cessation of sperm motility.

A big difference between human, bovine sperm cells and boar spermatozoa is that
boar spermatozoa are essentially unable to support rapid motility by anaerobic
glycolysis and depend to a much greater degree on oxidative respiration than e.g.

human sperm cells (Pasupuleti, 2007).

head
acrosome T midpiece

nucleus

mitochondrial sheath

Figure 4. Microscopic view of a boar sperm cell showing the membranes,
mitochondria and sperm head. The sperm head is ca. 8 um by 4 pm.
(the picture was kindly provided by Dr C. Constantin-Apetroaie).

To distinguish between cellular damages affecting or not affecting the
mitochondria we used the membrane potential responsive fluorescent stain
5,5,6,6 -tetrachloro-1,1",3,3 -tetraethylbenzimidazolyl-carbocyanine iodide (JC-1).
A down shift in the mitochondrial membrane potential is visible as the change of
the fluorescent emission of JC-1 from bright orange to green (Fig 1A and 1D in
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Paper 1). The electric potential across the mitochondrial inner membrane is 180 to
200 mV (reviewed by Wojtczak and Zablocki, 2008), created by a proton gradient.

Staining with propidium iodide combined with calcein AM was used to reveal the
permeability barrier status of the cell membrane. Uptake of propidium iodide (PI)
by the cells indicates damage to the cell membrane permeability barrier. Calcein
AM was used to show intactness of the cell membrane, as the cytoplasm fluoresces
green when calcein is liberated from its acetoxymethyl ester by intracellular
esterases. Green fluorescence in the cytoplasm indicates that the cell membrane is
intact, preventing leak out of the calcein. When PI enters the cell, DNA (nucleus)
will fluoresce red revealing that the plasma membrane permeability barrier had

been lost.

In Paper | twenty substances were analysed for mitochondrial effects. Of these 18
were microbially produced and 12 were previously known to affect mitochondria
(Table 12). Exposure of the sperm cells to each of the 20 substances affected the
sperm motility; 14 substances also caused loss of the mitochondrial membrane
potential visible in JC-1 stained cells. Six substances (cereulide, gramicidin,
ionomycin, nigericin, oligomycin, valinomycin) affected the spermatozoan
mitochondria, inside of an intact plasma membrane of cells, when exposed in
extended boar semen to concentrations of <5 ng mI™* within 4 d of exposure. This
was shown by staining the cells with the live dead stain calcein AM and propidium
iodide (Table 2 in Paper I). Gramicidin and cereulide depolarized the mitochondrial
sheath inside the sperm cells at exposure concentrations of 0.5-1 ng ml * of
extended boar semen (Table 2 in Paper I). Gramicidin and cereulide displayed
different toxicokinetics: the time required to reach the maximal depolarizing effect

was for cereulide 24 h and for gramicidin several days (4 d).
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Combining the parameters obtained for motility inhibition, loss of Ayyand loss of
the cell (plasma) membrane permeability barrier function, revealed three distinct
modes of mitochondrial toxicity. First type: cereulide, valinomycin, a mixture of
enniatin A, A;, B, B; caused spotwise depolarisation of the mitochondrial sheath
(Figure 3 B and Fig 1 C in Paper I). Valinomycin and cereulide reached their
maximal toxic effect on the mitochondria (motility inhibited and Ay, lost) within
24 h, whereas with the enniatin mixture it took a much higher concentration and
longer time, up to 4 d. Valinomycin and cereulide were > 200 times more toxic

towards the sperm cells than was the enniatin mixture (Table 2 in Paper 1).

The second mode of mitochondrial toxicity was displayed by gramicidin (a mixture
of A, B, C, D), antimycin A, calcimycin A23187, monensin, narasin, salinomycin
and nigericin. These substances caused a gradual quenching of the JC-1
fluorescence in the mitochondrial sheath (Fig. 1B in Paper 1). Antimycin A,
calcimycin A23187, gramicidin and nigericin reached their full toxic potential
within 24 h, whereas narasin, salinomycin and monensin, were after 4 d of

exposure 1000 times more toxic than after 24 h (Table 2 in Paper 1).

A third interesting mode of toxic action towards the spermatozoan mitochondria
was observed with staurosporine, oligomycin (a mixture of A, B, C) and ionomycin.
These substances terminated sperm motility at an exposure concentration 200-1000
fold below that where the mitochondrial membrane potential was dissipated. When
exposed for 4 d to motility inhibiting concentrations of these substances, the
mitochondrial Ay was similar to that of none exposed sperm cells (Fig 1A in Paper

).
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Table 12. Microbially produced mitochondrial toxic substances (compiled from
Wong et al. 1977, Mikkola et al. 1999, Grafe 1992)

Substance and Producing Target in lonophoric affinity
the known organism mitochondria for
biochemical (Fig 2)
activity
Potassium
ionophore
cereulide Bacillus cereus complex V K> Na">H" > Ca**
(Mikkola 1999)
enniatin Fusarium sp. complex V NH,>K" >Rb" > Na"
valinomycin Streptomyces complex V Rb* > K™>> NH,"
tsusimaensis
S. fulvissimus
S. griseus
salinomycin S. albus complex V K* > Na' >Cs* >Ca’”
Protonophore
nigericin S. hygroscopicus complex V K">Rb" > Na* > Cs"
> Li
gramicidin Brevibacillus brevis H*>Rb" > NH;" > K"
> Na'> Li
Calcium
ionophore
calcimycin S. chautreusensis complex V Mn“* > La’*> Ca**
ionomycin S. conglobatus Ca” > Mg®* >> Sr*
Sodium
ionophore
monensin S. cinnamonensis complex V Na" >> K" >Rb" > Li"
> Ca2+
lonophoric
antibiotic
narasin S. aureofaciens Complex V Na" > K" =
Rb* >Cs" >Li"
Other Mechanism of action
antimycin A Streptomyces sp. complex I11 Inhibits electron
transfer from
cytochrome b to
cytochrome c
staurosporine S. staurosporeus complex V Inhibitor of protein
kinase C
oligomycin Streptomyces sp. complex V Inhibitor of the

mitochondrial ATPase




4.2 Introducing the Sperm Combi Assay to test extracts prepared
from cultured bacteria or from food

We tested a food supplement marketed as ‘health promoting’. A sample of capsules
containing seaweed had been sent to the Finnish Food Safety Authority EVIRA
after consumers of the capsules had reported illness, repeated vomiting 30 min after
consumption. By the time when the seaweed capsules were delivered to us, EVIRA
had already investigated the capsules, applying standard food analytical methods
by International Organization for Standardization (ISO) and Nordisk Metodik
Kommitté for Livsmedel (NMKL) (Table 2 in Paper Il). These tests involve
culturing for 24 h. Slow growers, if present, would have been unlikely detected.
We cultivated the capsule content on tryptic soy agar plates at room temperature
for up to 20 d to include also the slow growing bacteria. Colonies showing
antagonism towards co-growing bacteria or molds on the same plate were selected

for analysis.

The capsule coat and the content (seaweed powder) were separately extracted with
methanol and analysed using Sperm Combi Assay. We found that methanol soluble
substance(s) from the seaweed powder, but not those from the capsule coat,
inhibited motility and also depolarised the mitochondrial membrane potential of the
sperm cells (Table 13). These events took place at exposure concentrations as low
as 11 pg of seaweed extract d.wt. mI™ in extended boar semen within 4 days (Table

1 in Paper 11).

Extracts were also prepared from individual bacterial colonies subcultured from the
extended culture plates of the seaweed content. These extracts were analysed for
mitochondrial toxic substances using the spermatozoan motility inhibition assay. It
was found that spore forming actinobacterial and endospore forming Bacillus
isolates from the seaweed vyielded extracts that inhibited sperm motility and
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depolarised the mitochondrial membrane potential of the sperm cells (Table 4 in

Paper II).

Extracts prepared from the capsule content indicated a distinct mode of action
towards sperm cells (motility inhibition and depolarisation of the mitochondrial Ay,
Table 13). We then saw a similar mode of action with extracts prepared from
bacteria isolated from the capsule content (Table 13). We compared the
mitochondrial effects to the known effects observed in Table 2 in Paper 1. An
actinobacterial isolate “A” showed similarity to the cereulide type of toxicity. Other
actinobacterial isolates, “B” and “C”, showed similarity in the toxic response to
gramicidin. Further actinobacterial isolates, D, E, F, revealed responses similar to
ionomycin. The Bacillus isolate, “G”, showed a response not seen in any of the 18
substances tested in paper I: it depolarised the Ay of the plasma membrane as well
as that of the mitochondria.

The Sperm Combi Assay thus enables a conclusion that several differently acting
toxins and their producers were involved in the adverse health effects of the
capsules. The results cited above also demonstrate the value of the sperm cell assay
for distinguishing between the constituents of a commercial product from

metabolites emitted by bacteria contaminating the product.
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Table 13. Compilation of the toxic effects of the bacterial isolates and capsule
content from paper 11

Tested toxicity outcomes

Tested sample Motility  Awy of plasma Ay of
inhibition membrane mitochondria

Capsule content of

batches + no effect depolarisation

El 2242 + no effect depolarisation

E1 3037 + depolarisation

E1 3038

Spore forming

actinobacteria + hyperpolarisation depolarisation

“A” + no effect depolarisation

“B” and “C” + no effect no effect

“D”, “E” and “F”

Endospore-former

“G” and “H” + depolarisation depolarisation

4.3 Scientific and practical impact of the Sperm Combi Assay.

Since the year 2003 when Paper I, introducing the Sperm Combi Assay, was
published the assay has repeatedly been used by other research groups to detect
cereulide (Stenfors Arnesen et al. 2008, Rajkovic et al. 2007, From et al. 2007,
Bauer et al. 2010). Our method has been compared to more recently introduced
assays by Yamaguchi et al. (2013) and Stark et al. (2012). It has been applied to
reference substances other than cereulide, enniatin (Uhlig et al. 2006, Ivanova et al.
2006, Jestoi 2008, Logrieco et al. 2008, Lee et al. 2008) and salinomycin
(Boehmerle and Endres 2011). Paper | has also been cited showing the known
effects of cereulide on sperm cell motility and the ionophoric properties (Rajkovic
et al. 2006, 2007).

Since then, improvements for extraction of cereulide have been introduced by
Yamaguchi et al. (2013) for extracting cereulide from foods and quantifying it with
the LC/MS method. Synthetic cereulide has been used as an external standard by
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Ueda et al. (2012) and Biesta-Peters et al. (2010) instead of valinomycin used by
Haggblom et al. (2002). *3Cs cereulide was used as an internal standard by Stark et
al. (2012). The Sperm Combi Assay is semi quantitative, with a detection limit of
0.3 ng cereulide mI™. Our test additionally distinguishes at least 3 different types of
mitochondrial toxicity which have not been reported as detectable by the other
assays (as of 24.07.2014). Boar spermatozoa are commercially available in most

countries and do not need advanced cell cultivation facilities to be maintained.

If a drug is found toxic for mitochondria there is a reason for re-evaluation of its
safety. Mitochondrial toxicity is the main reason for withdrawal of drugs from the
market (Dykens et al. 2008). The Sperm Combi Assay is a useful addition to the
tests available for this purpose as it is fast and metabolically significant because it
results in motility inhibition.

In further work the Sperm Combi Assay was used for screening, tracking and
quantifying mitochondrial toxic substances produced by microorganisms. One of
my colleagues could identify the toxin (Antimycin A) of a Streptomyces isolated
from potato (Kotiaho et al. 2007). Other colleagues showed that also other toxic
heatstable mitochondria toxic substances, besides cereulide, could be detected in
extracts prepared from foods after an exposure of 1 h (Rasimus et al. 2012,

Apetroaie-Constantin et al. 2009).

4.4 Where are the environmental reservoirs of cereulide producing
B. cereus?

Bacillus cereus is widely distributed in the environment and has been isolated from
almost everywhere (Table 4). However cereulide producing strains have so far been
found in only a few environments: as endophytes in spruce, potatoes (This thesis
Papers 11, V), from peach fruit (Prunus persica, 5 out of 20 isolates, Mikami et al.
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1994), from dried figs (Hormazébal et al. 2004) and from unhulled rice, chaff and
rice bran (Ueda and Kuwabara, 1993).

Endophytic B. cereus is reported in plant materials: leaves, branches and tree roots
(Mikluscak and Dawson-Andoh 2004, Melnick et al. 2012). Nevertheless,
cereulide producers were so far reported from two species only: spruce trees
(Hallaksela et al. 1991) and potato (in the present work). Being an endospore
former, this species is likely to survive most kinds of industrial processing, for
example processing timber into pulp and paper, or fermenting and drying cacao
beans to manufacture chocolate products.

4.5 Migration of cereulide and the producing organism in
industrial non-food processing

4.5.1 Migration during paper making

Paper Ill describes problems potentially arising from the presence of cereulide
producing endophytic B. cereus when spruce wood is processed into pulp for paper
making. We tracked the route of migration of viable B. cereus during the
processing of paper pulp into packaging paper.

Migration of B. cereus and cereulide containing pulp slurry was simulated by
spiking the wood pulp (Fig 1 in paper Il1, point A) with a known amount of an
endophytic B. cereus strain originating from live Norway spruce (Picea abies). In
parallel, similar pulp was spiked with an inactivated (autoclaved) spruce endophyte
B. cereus NS58 (contained 90 pg of cereulide per 600 ml of pulp slurry). From this
pulp we produced handsheets using a laboratory sheet former (Figure 1 in paper

I11). Five percent of the spiked cfu B. cereus were recovered from the handsheets,
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two percent of the cfu as spores. Ten percent of the 90 pg cereulide spiked in the
slurry was recovered from the handsheets.

If cereulide producing B. cereus are present in materials used to package food, the
question arises whether the contained cereulide could leach from the package into
the packaged food. We simulated the leaching of cereulide from the handsheets
(2.9 pg cereulide per g of hand sheet) by the method described in the European
Standards, EN 645:1993, EN 647:1993, EN 1186-15:2002. Ethanol was the
surrogate for fatty foods.

The results showed that almost all cereulide present in the handsheets leached into
ethanol but none into cold or hot drink. Therefore, if cereulide is present in the
packaging material it may be expected to readily leach into fatty food. The high
leachability into fatty foods is explicable by the high octanol/water partition
coefficient, Log Kow 5.96, of cereulide (see 1.3.1). Other chemicals with a similarly
high Log Kow (PCDD/PCDF, Urbaniak 2013) have been reported to readily migrate
from the body of the paper board into the hydrophobic coating (polyethylene) of
the paperboard (Kitunen and Salkinoja-Salonen 1991).

4.5.2 Fate of B. cereus and cereulide during industrial biowaste processing

Cereulide producing B. cereus are frequently found in many foods e.g. rice, pasta,
ice cream and infant foods (Shaheen 2009, Messelhdusser et al. 2010). Therefore,
cereulide producers will be present in food waste. We asked the question whether
cereulide or cereulide producers would pass in an active state through thermophilic
anaerobic bioprocessing of food waste at an industrial scale.

The flow sheet in Figure 5 explains the processing of municipal biowaste at an
industrial size biowaste processing facility in Norway. The biowaste is processed

into biogas and digestates (liquid and solid). The solid digestate fraction is mixed
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with wood chips and further processed by composting and offered for sale. The

liquid digestate is recycled as biofertilizer for organic farming.

Process tlow sheet

PRESORTING /

! Electricity Fuel?
RECEIVING

| |
SHREDDING -.— Biogas Gas from

l storage landfill

Process

STORAGE/ storage| [ .
SEPARATION tank |5 | 2gestion| | Flotation, 1‘_emoving
OF INERT [ plastics
MATERIAL

Liquid digestate
Dewatering

Fiber digestate

Figure 5 Flow sheet of the biowaste gasification plant of Mjgsanlegget AS, located
at Lillehammer, Norway. The biowaste entered the process at the presorting.
Samples were taken at the indicated with arrows.

Liquid digestate was sampled from the biowaste process throughout different

seasons of the year and analysed for B. cereus, by viable counting and non-culture

based methods. B. cereus was isolated from the digestates by plating on tryptic soy

agar, mannitol egg yolk polymyxin B agar (MYP) and chromogenic B. cereus agar.

The B. cereus-like colonies were pure cultured and analysed for toxicity using the
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sperm motility inhibition assay (Paper 1). DNA was extracted from the liquid
digestate, quantified and inspected for the presence of B. cereus group members
using primers as described by Hansen et al. (2001) specific for B. cereus group
members. Cereulide synthethase genes were searched for and quantified using
primers specific for the cesB gene (listed in Table 10). For quantitation the
cereulide producing standard strain B. cereus F4810/72 was used as reference
material (Mikkola et al. 1999, Ehling-Schulz et al. 2004, Dierick et al. 2005,
Ankolekar et al. 2009).

We found an average of 10* B. cereus genomes per ml of the liquid digestate and of
this 10 % contained the cesB gene. Heat stable spore content in the liquid fraction
ranged from 10% to 10° CFU ml™. Of these 10%to 10° per ml, i.e. 0.1 to 10 %, were
identified by PCR as viable B. cereus. Eleven pure cultured B. cereus isolates were
checked with the sperm assay, two produced substance(s) that inhibited sperm
motility and one isolate possessed the cesB gene. The isolates negative for the cesB
gene produced a substance similarly toxic as cereulide. This substance could be the
substance paenilide previously described by Rasimus et al. (2012) produced by
Paenibacillus tundrae, as Paenibacilli are ubiquitous in plant (vegetable) material
(Suominen 2005).

4.6 Environmental impact of B. cereus in food waste

When liquid digestate from biowaste biogasification is used to fertilize agricultural
soil, the B. cereus present will meet indigenous soil B. cereus. Does this have an
impact on the agro crops? To answer that question we should know the B. cereus
content in food crops and in soil. Scottish agricultural soil was reported to contain
10° CFU of B. cereus per gram (Altayar and Sutherland, 2006).
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Rice, pasta and potatoes are foods daily consumed all over the world. Rice and
pasta have been regularly investigated for B. cereus and been implicated in food
borne illness (Bennett et al. 2013, Pirhonen et al. 2005, Mahler et al. 1997,
reviewed by Logan 2011). In Northern countries like Norway and Finland, potato
is the likely bulk crop, not rice. Potato as a source for B. cereus has only sparsely
been investigated (Altayar and Sutherland 2006, Doan and Davidson 2000, Fangio
et al. 2010). Ready-to-eat potato products, potato purée, dehydrated and rehydrated
potato products have been analysed for B. cereus content (Carlin et al. 2000,
Rajkovic et al. 2006, Turner et al. 2006, King et al. 2007). Turner et al. and
Rajkovic et al. investigated the samples for emetic toxin producers, but found none.

We investigated the occurrence and toxigenicity of cereulide producing B. cereus
of locally purchased potatoes (Figure 6). Cereulide producers represented around
10% of the colonies on non-selective culture plates, tryptic soy agar, after
incubation for 7-10 days. Based on these findings cereulide producing B. cereus is
in my opinion approximately as common in raw potato as it is in raw rice (Ueda
and Kuwabara, 1993). In Korea Kim SK et al. (2009) investigated raw rice, but did
not find any cereulide producing isolates. This may have been because they
investigated the samples according to the ISO standard protocol i.e. with MYP agar
and 24 h incubation at 30 °C, continued by looking for “typical” B. cereus colonies
(B-haemolytic). We showed in our Paper V that cereulide producers are atypical B.
cereus colonies, being mostly starch and salicin negative and weakly haemolytic
(Apetroaie et al. 2005). Ekman et al. (2012) showed that in potassium low media
cereulide producers out competed non-producers. This ability will give competition
advantage for cereulide positive endophytes, because potassium levels inside the
extracellular space of plant tissue are low, due to uptake of potassium by the plant

from the soil water for its own growth.
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Figure 6. Identification of the presumptive Bacillus cereus isolates from the tuber interior of potatoes. The ribopatterns in panel
A are obtained after cleavage of the DNA obtained from the presumptive B. cereus isolates with the restriction enzyme EcoRl

and panel B is cleaved with Pvull.

Cereulide producing strains were AB1A, AB1B, AB1D, AB1A1, AB1B1 and AB11D.
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Would the views on the prevalence of cereulide producing B. cereus change, if like
we described in Paper V, the researchers would look for atypical colonies which
are weakly haemolytic, salicin and starch negative? As the famous Dutch scientist,
Professor David Mossel wrote in 1967: “it might be wise to study also a reasonable
proportion of egg yolk-negative, mannitol-negative Bacillus colonies cultured from
foods on MYP-agar. When these are found morphologically typical, they should be
submitted to the tests which were found invariable positive for B. cereus: anaerobic
dissimilation of glucose, gelatin liquefaction, nitrate reduction, and profuse growth
on chloral hydrate agar” (Mossel et al. 1967).

4.7 Patterns of cereulide toxicity on mammalian cells and cell lines

Cereulide producing B. cereus have been isolated from foods and from health
troubled indoor environments (Apetroaie et al. 2005). Cereulide, the mitochondrial
toxic substance, has been shown to cause emetic illness in humans, apes and
shrews. Cereulide is toxic to boar sperm cells (1.6.1) but is this similar toxicity

towards cells of other body organs?

To answer this question we exposed human (peripheral blood mononuclear cells,
keratinocytes), porcine (sperm, kidney tubular epithelial cell line) and murine
(pancreatic islets and fibroblasts) cells to cereulide. We found that the cytotoxic
effects on four of the cells tested (except the MIN-6 cells) were similar as for the
porcine sperm cells. The murine pancreatic islets lost their cell membrane integrity,
indicating necrotic cell death, by exposure to cereulide at concentrations 2 log units
lower (< 0.007ug ml™) than did the other five cell types. In the six tested cell types,
exposure to cereulide caused dissipation of the mitochondrial AY within 24 h at
exposure concentrations below 10 ng ml™ in absence of disruption of the plasma

membrane barrier towards propidium iodide. Earlier was shown that low
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concentrations of cereulide (1 ng cereulide ml™) caused necrosis of porcine
pancreatic Langerhans islets (Virtanen et al. 2008). The question remains, why the
pancreatic islet (MIN-6) cells lost the plasma membrane permeability barrier in
response to extremely low exposure concentration of cereulide. The pancreatic islet
has an architecture structure and pattern of ATP generation different from that of
the other cells. This may explain the extreme sensitivity of the beta cells to
cereulide. Other cells shift to anaerobic glycolysis when the rate of ATP generation
by oxidative phosphorylation is too low for the cell maintenance and
proliferation.For anaerobic glycolysis one of the proteins required is a
monocarboxylate transporter that helps lactate and pyruvate diffuse through the
membrane, but this protein MCT1 needs to be very low in beta cells to prevent
inappropriate insulin release (Schuit et al. 2012). Also the generation of pyruvate in
anaerobic glycolysis would cause problems in pancreatic islets as it is essential in

the secretion of insulin (Patterson et al. 2014).

4.8 Practical use of this thesis outcome

We showed that cereulide producing B. cereus are everywhere. The formation of
highly heat resistant spores as well as the heat stable toxin makes it essential to
have a way to detect and identify the toxin and the producer in food. In the
preparation of food it is essential to make sure the heat stable spores possibly
present in the food do not get the chance to germinate. Dangerous practices are
preparing the food and leaving it for hours or days at room temperature before
consumption. Or storing heated foods or leftovers so that the food is not fast
enough cooled down to a temperature below 6 °C or is not heated to above 55 °C
i.e. conditions allowing cereulide biosynthesis to proceed. When cooking for
example potatoes, the vegetative B. cereus cells will not survive. In heated food

spores will germinate due to nutrients available from the broken potato cells.
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It is not possible to eliminate cereulide producing B. cereus from foods. To prevent
intoxication of the consumer it is essential to avoid conditions of food storage that

are permissive for cereulide production.

4.9 Final comments

In vitro and in vivo assays for identifying adverse effects on mitochondria in
substances intended as drugs are needed in the pharmaceutical industry to improve
drug safety (reviewed by Dykens and Will 2007). The pharmaceutical industry
focuses on identifying drugs with undesired effects towards mitochondria, but as
shown here, not only pharmaceuticals can cause negative effects towards
mitochondria. We showed that microbially produced substances should be taken
into account when the toxic load on mitochondria is assessed.

We introduced in this thesis a fast assay which unlike the PCR methods can detect
more than just one toxin in a target oriented way. We showed the method to be
useful also when searching for toxins affecting different mitochondrial targets in
the oxidative phosphorylation chain, not just those caused by cereulide. The
principal difference between PCR based methods and the sperm motility inhibition
assay is the detection of the toxin by its toxicity. The presence of the gene (ces)
does not reveal whether and how much toxin is actually being produced (Shaheen
2009). There are factors that can influence the amount of cereulide produced, like
free amino acids. Glycine (Apetroaie-Constantin et al. 2008) L-leucine and L-
valine (Jaaskeldinen et al. 2004) have been implicated to increase cereulide
production, when supplied as free amino acids. Nevertheless, these amino acids are

still used as food additives without requirement for EU-registration (E-code).
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5. Conclusions

1. The bioassay utilizing porcine spermatozoa as test cells was shown suitable
for distinguishing mitochondrial toxic effects from other cytotoxic effects
of known and unknown microbially produced toxins.

2. We showed that combining the boar sperm motility inhibition assay with
the membrane potential responsive dye (JC-1), and the live-dead dyes
propidium iodide and calcein-AM, yielded a test set that was uniquely
effective in detecting mitochondrial toxic substances in the metabolome of
bacteria isolated from potato crop, in food supplements or in industrial
waste processing residues.

3. Our results indicate that when B. cereus is present in the wood pulp used for
manufacturing food packaging paperboard, B. cereus spores may end up in
the packaging material. Results of experimental leachings indicated that
cereulide, if present in paper, may leach from the paper into a packaged
fatty food.

4. The distribution of cereulide during paper making was: ~ 10 % of the
cereulide present in pulp was recovered in the paper.

5. Cereulide was > 100 fold more cytotoxic towards murine insulin producing
pancreatic islet cells, than to other mammalian somatic cells or porcine
spermatozoa. Necrotic death of pancreatic islet cells to following exposure
to cereulide arouses concern when assumed that cereulide is toxic towards

human pancreatic islet cells (beta cells) similarly as to the murine.
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