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Abstract

A survey of milk powders from eighteen different countries has established
that the same cohorts of strains of thermophilic bacilli are the major contaminants
regardless of source. In particular, Anoxybacillus flavithermus strain C emerges as the
most commonly encountered contaminant especially in powders with a medium- to
high thermophile count. Bacillus licheniformis strain F was the next most common
contaminant overall which dominated low- to medium count powders. This organism
was also the broadest distributed being present in 96% of the milk powders screened.
The thermophilic Geobacillus stearothermophilus strain A represented the third most
often occurring milk powder isolate. The presence of B. licheniformis strain G,
Bacillus subtilis and A. flavithermus strain D as low-level contaminants of milk
powder was reconfirmed.

Methods have been developed for the rapid and efficient extraction of bacteria
from milk powder and their enumeration using real-time PCR methodology based on
the 16S rRNA gene or the spo0A gene. Further modifications to these methods allow
discrimination between live and dead cells and between spores and vegetative cells.
The former is important because the majority of vegetative cells in milk powder are
dead as a result of processing stresses, yet their DNA remains available for
amplification. Limits of detection of these methods for viable cells and spores are less
than 1000 thermophiles per gram of milk powder. These methods can yield results
within a time period of 90 minutes and thus are amenable to real-time monitoring of
factory contamination in situ.

A range of other methodologies and approaches to detecte and enumerate
thermophilic bacilli were investigated but were not regarded as applicable. The use of
antibodies raised against thermophilic bacilli did not produce sufficient discrimination
between strains and did not allow enumeration of different strains with the same
efficiency of detection, and could not differentiate between live and dead cells.
DGGE-PCR performed on the highly conserved region of the 16S rRNA gene also
exposed the presence of organisms other than thermophilic bacilli in milk powder

compromising the resolution of the detection method. RAPD-PCR provided a high
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discrimination between the strains but was not applicable for the use in a factory

setting.

Overall, the discovery that virtually all milk powders produced internationally
and in New Zealand are dominated by thermophilic strains representing four species
is a fundamental finding regarding factory-derived contamination. This will have
long-term effects on the future operation and design of evaporator lines, and has
important economic implications with respect to optimizing day-to-day factory
operation and storage of milk powders. In addition, the quantitative real-time PCR
assays from this study should allow for a robust control of the drying process during
extended run times and thus, are of important economical benefices to milk powder

manufacturer.
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Chapter 1

Literature review

1.1. Milk Composition and Properties

Bovine milk is a complex nutritional fluid composed of water, lipids,
carbohydrates, proteins, minerals and vitamins. Approximately 87% of fresh bovine
milk consists of water (Jenness and Sloan, 1970) and thus, the physical properties of
milk are primarily those of an aqueous system. All other constituents, either polar or
apolar are dissolved, dispersed or emulsified. Milk contains an average of 4.8% a-
lactose (B-D-galactopyranosyl-(1-4)-p-D-glucopyranose) as the primary carbohydrate
which is regarded as the principle carbon source for the growth of contaminating
micro-organisms. Further, free glucose and galactose can be found at low
concentrations of approximately 0.1 mM (Jenness and Sloan, 1970).

Lipids contribute approximately 3.9% of the milk components, which are
mainly present as triglycerides (98%) (Walstra and Jenness, 1984). The remaining
lipids include mono- and diglycerides, free fatty acids, phospholipids and sterols. The
fat in milk occurs nearly entirely as globules of triglyceride which are surrounded by
a lipid bilayer membrane similar to the structure of a typical cell membrane, with the
polar groups on the outside stabilizing the fat globules, helping to form an emulsion.

Proteins in bovine milk make up approximately 3.25% of the milk of which
approximately 80% consists of caseins. There are four types of casein and they are
classified by their solubility upon acidification to pH 4.6 which include the o-, as-,
p-, and x-caseins. Principally, caseins are proteins which are conjugated by ester-
bound phosphate and serine residues. Most of the caseins exist as multi-colloidal
particles, also known as casein micelles, which are linked to each other mediated by
interactions involving calcium and phosphorous (Walstra and Jenness, 1984; Walstra,
1990). The remaining 20% of the protein component are the so called “whey
proteins” including mainly B-lactoglobulin, a-lactoglobulin, bovine serum albumin

and immunoglobulins.
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Milk also contains several minerals, particularly calcium, phosphorous,
potassium and zinc. Furthermore, all B vitamins and all fat soluble vitamins (A, D, E

and K) can also be found in milk.

1.2. Micro-organisms associated with milk

The highly nutritious properties of milk can allow for extensive growth of a
large variety of micro-organisms including Gram-negative and Gram-positive
bacteria, yeast and fungi (Phillips and Griffiths, 1990; Gilmour and Rowe, 1990). In
general, micro-organisms in milk are not classified by their Gram stain but with
reference to their capability to grow and multiply at various temperature ranges.
Accordingly, organisms which occur in milk products and elsewhere are divided into
psychrophiles, psychrotrophs, thermodurics, mesophiles and thermophiles.
Psychrophiles are micro-organisms whose cardinal growth temperatures (minimum,
optimum and maximum) are at or below 0, 15 and 20°C, respectively. Micro-
organisms which grow at psychrophilic conditions but also at higher temperatures are
termed “psychrotrophs” (Morita, 1975; Helmke and Weyland. 2004). The optimum
temperature of growth for psychrophiles and psychrotrophs is not well defined due to
the great diversity of such organisms that can occur in milk. However, most of these
organisms will grow rapidly at 21°C (Cousins et al., 1977), whereas many
psychrophiles are also able to grow under refrigeration conditions (Muir and Phillips,
1984 Greene and Jezeski, 1954; Richard, 1981). Psychrophiles and psychrotrophs are
essentially equivalent in regards to their sensitivity to heat, with these organisms
being destroyed by pasteurisation. Mesophiles are classified as the group of
organisms with an optimal growth temperature range of 20°C to 45°C whereas
thermophiles grow above 45°C (Singleton and Sainsbury, 1987). Thermoduric
organisms survive pasteurisation and heat-treatments of 63°C for 30 minutes (Phillips
and Griffiths, 1990) but do not grow at these temperatures.

Psychrophilic and psychrotrophic contaminants typically include genera of
Achromobacter, Acinetobacter, Aeromonas, Chromobacterium, Enterobacter,
Escherichia, Flavobacterium, Klebsiella, Pseudomonas, Bacillus and Serratia
(Phillips and Griffiths, 1990; Bramley and McKinnon, 1990). This group of

contaminants also includes pathogenic bacteria such as Bacillus cereus,
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Staphylococcus aureus, Salmonella typhiiltyphimurium, Escherichia coli, Yersinia
enterocolitica, Campylobacter jejuni, Listeria monocytogenes and some Clostridial
species. Phillips and Griffiths (1990) also reported that about 86% of the
psychrotrophic bacteria isolated from raw milk were Bacillus species such as B.
cereus, Bacillus circulans, Bacillus coagulans, Bacillus subtilis and Bacillus
licheniformis (Phillips and Griffiths, 1986; Mikolajcik, 1979).

Bacteria which are able to survive pasteurisation of 63°C for 30 minutes or
72°C for 15 seconds are classified as thermoduric organisms. Thermoduric genera
associated with milk are typically positive to the Gram strain and include members of
Bacillus and Clostridium. Alcaligenes tolerans is the only Gram-negative organism
associated with milk processing which is reported to survive pasteurization
procedures. However, the most important thermoduric bacteria in milk processing are
aerobic spore-formers of the genus Bacillus. Spores of bacilli are ubiquitously
distributed and occur in many environments such as soil, sediments and natural water
sources. For example, spores of Bacillus have been found in grass and silage ranging
from 10° to 10° colony-forming units per gram (cfu g') (Te Giffel et al., 2002). These
spores pass unaffected through the gastrointestinal tracts of cows, from which they
can be excreted in the faeces, thus, contaminating the udder and animal bedding.
Silage has also been shown to contribute substantially to the contaminating load of
raw milk (Te Giffel et al., 2002).

1.3. Thermophilic bacilli in milk powder processing

The duration and temperature conditions applied during the manufacture of
milk powders are especially suited for the growth of thermophilic bacilli (Stadhouders
et al., 1982; Kwee et al., 1986; Murphy et al., 1999). Due to the rather unique and
restrictive thermophilic environment during milk production the diversity of bacterial
species growing during the drying process is restricted to thermophilic bacilli only.
However, other groups of microorganisms such as psychrotrophs and mesophiles can
also compromise the quality of milk powders due to poor milk handling prior to milk
processing. In particular the transport and storage of the raw milk between the farms
and the factory site under non-refrigerated conditions can cause significant growth of

non-thermophiles. Poor milk handling can cause deterioration in protein structure,
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which can increase biofouling when subjected to temperature stress, and rupturing of
fat micelles and membranes can influence the lipid distribution, which can in turn
affect the microbial flora that can develop. Whereas previously all thermophilic
isolates from powder were commonly assigned to the ubiquitously distributed
Bacillus stearothermophilus, Bacillus licheniformis and Bacillus subtilis, modern
molecular genetic approaches can now be used to obtain more accurate results, which
help to distinguish species on strain and even on sub-strain level. Extensive
investigations of thermophilic contaminants being present in milk powder indicated
that one or more of four species of thermophilic bacilli normally dominate powders.
Furthermore, these contaminating species seem to be ubiquitous in milk powder
processing facilities throughout the world, and in an extensive survey these
thermophiles were found to constitute over 96% of all contaminants in milk powders
(Rueckert et al., 2004). These four species and their closely related sub-strains are
Geobacillus stearothermophilus (strain A), Anoxybacillus flavithermus (strains B, C
and D), B. licheniformis (strains F and G) and B. subtilis (strain BS), with strains C, F
and A being the predominant contaminants (Ronimus et al., 2003; Rueckert et al.,
2004). In both studies, the strain identification was performed by the molecular
procedure of Randomly Amplified Polymorphic DNA or RAPD profiling.

The typical number of bacilli (psychrotrophs, mesophiles and thermophiles) in
raw milk, usually as spores, is generally low, in the range of < 50 colony-forming
units per ml (Martin, 1974, Phillips and Griffiths, 1986; McGuiggan, et al., 1994;
Cook and Sandeman, 2001). Typically, B. licheniformis, Bacillus pumilus, Bacillus
brevis, Bacillus megaterium and B. subtilis are purportedly the most common species
(Martin, 1981; Phillips and Griffiths, 1986; Waes, 1976, Cook and Sandeman, 2001).
These thermo-resistant spores are introduced into the processing line with the raw
milk, and most are able to withstand the heat-treatment applied during processing to
milk powder, as was shown in laboratory experiments by JanStova et al. (2001).
Moreover, thermophilic strains of bacilli are capable to adhere and colonize on
surfaces (Biofilm) within the stainless steel tubes of the pre-heaters and evaporators in
areas where temperatures and viscosities allow for their growth. In general, biofilms
consist of a variety of different microorganisms (communities) colonizing
environmental surfaces. The mechanisms involved in biofilm formation are only

poorly understood and the simplified theories of adhesion suggest two stages in the
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process, involving van der Waals’s attractive forces, electrostatic forces, hydrophobic
and steric forces. In the second stage, bacteria attached to the surface produce, and
release, extra-cellular polysaccharides which provide a strong permanent adhesion
(Flint et al., 1997). Hausmark and Ronner (1992) observed that spores attach and
colonize more readily than vegetative cells on stainless steel surfaces, presumably due
to their relatively high hydrophobicity. These findings were supported by similar
experimentation by Flint et al. (2001). The effect of hydrophobicity on the efficiency
of adherence to surfaces was also investigated by Weincek et al. (1991) using two
strains of B. subtilis spores, which differed in hydrophobicity properties. The study
also reported that the more hydrophobic strain attached in greater numbers and that
exopolysaccharides secreted by the bacteria may have played a determinative role in
the formation and development of biofilms. The polymer matrixes produced by these
bacteria served as a protective matrix for the embedded cells from environmental
stress such as chemicals, turbulent flow or nutrient limitation (Davey and O'Toole,
2000). In addition, bacteria in biofilms are thought to have greater protection from
biocides and cleaning agents commonly used during CIP regimes in milk processing
factories than free-living planktonic cells. This protection has been attributed to
diffusion limitation or the neutralization of biocides through the exopolymer matrix
(Davey and O'Toole, 2000).

Parkar et al. (2003) could show that thermophilic bacilli readily attached to
stainless steel surfaces and formed mature biofilms within six hours of incubation in
pasteurized skim milk at 55°C. In addition, stainless steel surfaces covered with a
fouling layer after contact with pasteurized skim milk tended to attract 10 to 100
times more vegetative cells and spores of G. stearothermophilus than clean surfaces.
Similarly, foulant in suspension also promoted up to 90% of planktonic G.
stearothermophilus cells to be adsorbed (Flint et al., 2001). Fouling in the plant is due
to the mechanical and thermal denaturing of milk proteins, which adsorb to surfaces
(particularly hot surfaces) more readily and can form an accumulation (film) many
layers thick. Fouling is also thought to be the predominant mechanisms behind
bacterial attachment and colonization to stainless steel during processing in dairy
plants.

Barnes et al. (1999) reported that skim milk or individual milk proteins such as

a-casein, B-casein and k-casein adsorbed to stainless steel substantially reduced the
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number of attached bacteria compared to clean surfaces due to blockage of adhesion
sites for cell attachment. Thus, according to Barnes et al. (1999) the conditioning of
stainless steel with proteins could provide a short-term solution to reduce the
attachment of microorganisms to the surface of stainless steel. However, biofilm
development can be difficult to control, even with proper cleaning procedures such as
CIP. Within the working environment of a milk powder processing line it is generally
the case that biofilm formation of thermophilic bacilli on stainless steel surfaces will
establish and mature, usually within a period of 18 to 24 hours.

Biofilms are thought to represent the major cause of product contamination in
processing due to biotransfer of bacteria from the biofilm into the process stream.
Where thermophilic bacilli constitute the biofilm organism then both spores and
vegetative cells of the species can be transferred in this manner. Since sporulation is
normally a response to stress or nutrient limitation, the presence of spores might not
be expected in early development of biofilm. Flint et al (2001) reported that within
the first 18 hours of biofilm formation, vegetative cells exceeded spore-forms both in
the biofilm and in the processing stream passing over the biofilm. Presumably,
premature biofilms in the first 18 hours provide for sufficient nutrition to cells
embedded, whereas in mature biofilms, cells located below the surface layers are

likely to experience nutrient limitation and thus sporulate.

1.4. A general overview of milk processing for powder production

Fresh bovine milk as it is received from the cow is usually regarded as sterile
and contaminating bacteria are introduced into the milk by post-milking handling
when the milk comes in contact with environmental sources such as soil on
contaminated teats and/or the numerous surfaces of the milking equipment during
transport and processing (Muir, 1990; Christiansson et al., 1999). Silage as mentioned
previously, is also considered to be a source of contamination (Te Giffel et al., 2002;
Christiansson et al., 1999).

A typical milk powder processing line is illustrated schematically in Figure
1.1. Immediately after the cow has been milked, the milk is cooled to 5°C or below
and stored under refrigeration until delivered to the milk plant. On arrival at the plant,
the raw milk is collected and stored at 8 to 10°C in silos, usually for no more than 16

to 24 hours, but for no longer than 72 hours. During this period of storage the milk is
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pasteurized at 72°C for 15 seconds and subsequently its butter-fat content is measured
and the milk brought to a constant butter-fat content so that a powder with consistent
characteristics is produced. The butter-fat content of raw milk can vary according to
season and feed supply and is normally adjusted to approximately 3.5% (w/v) for
whole powder manufacture. This involves heating the milk to approximately 50°C,
removing the fat by centrifugation and adding back fat to the required amount from
the cream. For skim milk powders no addition of removed fat occurs. Following
butter-fat standardization the milk is stored under refrigeration until processing begins
(Figure 1.1). In many plants the pasteurization step follows standardization in the
process line, though the position and timing of this treatment varies with the plant set-
up. Processing is initiated by passing the milk through the pre-heat section of the
evaporators, where it is heated using the waste heat of the evaporation line. The large
surface area of the heat exchanger and the temperature range from 45 to 75°C used in
these pre-heaters offer good growth conditions for thermophilic bacteria which can
colonize the surfaces and form biofilms (Flint at al., 2001; Parkar et al., 2003). As
processing time continues the bacilli growing in these biofilms can be transferred into
the product stream. At the end of the pre-heat section the milk will have reached a
temperature of approximately 72°C before being passed through the DSI (direct steam
injector), which raises the milk to the temperature specified for processing.
Temperatures of between 85°C to 92°C are most common and the chosen temperature
relates to the desired properties required for the powder end-use. These heat
treatments impart desired functional properties to the powder such as powder
solubility, the inactivation of lipases and proteases responsible for lipolysis and
proteolysis during powder storage (Chen et al., 2002), or the activation of natural
antioxidants, i.e. -SH groups originating from cysteine and methionine (GEA Niro
A/S; Denmark). Steam injection may be applied for periods of up to 45 seconds in
order to raise the milk to the specified temperature and this time/temperature exposure
will undoubtedly result in the death of a large number of the vegetative cells of
thermophilic bacilli formed in biofilms in the pre-heat section, and of any non-
thermophilic microbes present in the raw milk. Spores of thermophilic bacilli are
most likely to survive this heat exposure and are thought to be the major source of

contamination for the rest of the process line.
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Figure 1.1. Schematic flow diagram of a typical milk powder processing plant.

After heat-treatment the milk undergoes a two-step water-removal process,
which ultimately removes approximately 95% of the total water. The first step
involves the milk being pumped through the evaporation line operating typically from
72 to 46°C under vacuum in order to lower the boiling temperature of water.
Conventionally, a series of falling-film calandria are used whereby the milk is
distributed into steel tubes (up to 200 per calandria) so that a film of milk under
vacuum falls a distance of approximately 20 meters while in contact with the hot steel
surface (heated on the other side by hot water). As water is lost through evaporation
the milk cools, is collected at the base of the calandria and pumped to the top of the
next calandria in the series. Between 3 to 7 calandria are used in a processing line
frequently with more than one pass of the milk over a calandria in some
circumstances. After evaporation the milk will have been concentrated to
approximately 50 to 52% total milk solids and its temperature dropped to around 42
to 45°C. Milk concentrate is held at this temperature in a balance tank (typically for 1
to 2 hours) to ensure adequate volumes are available to maintain the operation of the
spray-drier for the desired run time. Prior to entry to the spray-drier the temperature
of the concentrate is again raised by DSI to temperatures of typically 70 to 75°C for 1
to 2 minutes in order to increase the efficiency of spray drying. The final step, spray
drying, involves the dispersion of the atomized milk concentrate into a stream of hot
air, typically at 180 to 200°C, where almost all moisture is removed from the

concentrate after a very short residence time of a few seconds. The atomizer can
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either be a pressure nozzle or a centrifugal disc. Spray-drying yields the final milk
powder. Following powder formation, the product immediately enters a system of
cyclones to cool and collect the powder. Finally, the product is packaged and stored,
in some cases in plastic impermeable layers under a nitrogen atmosphere. At the end
of milk processing the bacterial level of contaminants (thermophiles, etc.) is routinely
determined by plate counting to grade the final milk powder. The time is takes from
the point of entry into the evaporator pre-heat to the production of a bagged powder
will take no more than 30 minutes. In other words, a thermophilic bacterium
suspended in the milk entering the line would be unable to achieve more than one cell
division. Even this is unlikely since growth in many parts of the process line will be
slow or inhibited due to temperatures either being too high or low, or the water
activity of the milk being restrictive during the later stages of evaporation. Thus
increases in numbers of thermophilic bacteria in the powder reflect growth of biofilms
of thermophilic bacteria at particular parts of the plant suited to their growth, and the
shedding of organisms into the milk flow as biofilms develop and mature. The parts
of the plant that are implicated in major growth are the pre-heat line between 45 to
70°C, and those evaporators operating at temperatures at and above 55°C, and where
the water activity of milk is not restrictive (usually evaporators number 2 and 3 are
commonly implicated in a seven calandria line). The final thermophile count in the
powder will reflect the number of viable cells and spores shed into the line during
processing and the numbers killed during the DSI stages and the spray-drying.
Commonly, numbers of thermophiles are very low (<100 cfu g") when processing
proceeds after cleaning in place (where biofilms are reduced or removed) and remain
low for periods of up to 12 hours, and thereafter often exhibit a steep increase such

that by 18 to 24 hours more than 30,000 cfu g’ can often be present.
1.5. Methods for detection and identification of contaminants in milk and other foods

There are a variety of molecular, biochemical and microbiological methods
available to detect and identify micro-organisms associated with milk and food stuffs.
Microbiological methods include physiological and biochemical test kits such as, for
example, the API 20E (API, bioMerieux Vitek, Hazelwood, Mo.), the Vitek GNI card
(Vitek; bioMerieux Vitek), and the Becton Dickinson Cobas Micro ID-E/NF (Cobas;

Becton Dickinson Diagnostic Instrument Systems, Sparks, Md.). These kits are
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designed for a wide variety of micro-organisms covering nearly all bacterial groups.
In addition, these test systems are easy-to-use, not very labor intensive and results can
be gained after approximately 2 to 48 hours of incubation. However, physiological
tests have limitations and the results obtained are not always reproducible or well
correlated, for example, to molecular biological methods based on PCR. In addition,
many methods only allow identification of micro-organisms to the genus level
(O'Hara et al., 1993; Juang and Morgan, 2001). However, from the general
perspective of a dairy factory the enumeration of bacteria is of higher importance than
their identification at species- or strain-level. Commonly, groups of organisms either
psychrotrophs, mesophiles or thermophiles are assessed using selective media, which
are incubated under particular temperature conditions. On the other hand, the
detection and identification of food-borne microorganisms is sometimes required in
order to ascertain the absence of pathogenic or toxin-producing organisms in special
foods such as baby-food or in food for immuno-compromised patients. In addition,
the identification of thermophilic contaminants can also help in the understanding of
the distribution of thermophiles within the process run, especially, when new
processing technologies are applied. For example, the more heat-resistant and
osmoto-intolerant G. stearothermophilus will be found at locations with higher
temperature and water-activity such as those occurring after DSI prior to evaporation.
On the other hand, the relatively osmotolerant and more heat-sensitive B. lichenifomis
will be found further downstream in the evaporation line at lower operating
temperatures and water-activity.

Some molecular biological techniques used in scientific laboratories are
capable of assessing both, the number and types of organisms. However, their routine
application in a factory setting has to be validated for each individual technique
regarding complexity and cost.. These techniques are mostly based on the
amplification of single or multiple DNA segments, e.g. randomly amplified
polymorphic DNA-PCR (RAPD-PCR), arbitrarily primed PCR (AP-PCR), repetitive
extragenetic palindromic PCR (REP-PCR), restriction fragment length polymorphism
PCR (RFLP-PCR), PCR ribotyping, real-time PCR and denaturing gradient gel
electrophoresis PCR (PCR-DGGE).

REP-PCR, for instance, targets the repetitive extra-genetic interspersed
sequence elements whose size and distribution within the genome is unique and

conserved for individual bacterial strains (Malathum et al., 1998; Cherif et al., 2003).
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RFLP-PCR is based on the digestion of DNA with a restriction endonuclease
producing DNA fragment fingerprints which often differ between organisms. In order
to obtain sufficient DNA for restriction digest analysis a specific DNA sequence can
be amplified using PCR prior to RFLP. For instance, this technique has been
successfully use to distinguish the A, B and O alleles of the ABO blood group
polymorphisms in humans, demonstrating the discriminating power of this technique
(Mifsud et al, 1996). PCR-ribotyping is a technique amplifying the 16S-23S
intergenic spacer region of bacterial rRNA operons by using primers targeting the
highly conserved regions at the 3’- and 5’-end of the 16S and 23S rRNA gene,
respectively (Dasen et al., 1994; Bidet et al., 2000). The sequence heterogeneity and
sequence length polymorphism within the spacer region is reflected by a unique PCR
product fingerprint similar to those obtained by RAPD-PCR. Similarity or
dissimilarity of the amplicon patterns generated can be used to differentiate species.
Unfortunately, DNA fingerprinting methods are only useful in the determination of
unidentified organisms when appropriate reference fingerprint patterns are available
which can be used for comparative identification. In order to classify and identify new
or unidentified organisms 16S rRNA gene amplification and sequencing is then the
method of choice. When the sequence of an organism is obtained, it can be used in a
BLASTN search and sequence alignment against a large database of DNA sequences
(NCBI) to find its closest homologue by sequence alignment.

A non-PCR-based method such as flow cytometry has also been employed in
food microbiology, for example, to determine the total bacterial content in milk with a
detection limit of less then 10* bacteria ml (Gunasekera et al., 2000). This
technology employs instruments that are able to scan individual cells flowing through
an excitation source in a liquid medium. The technique can be used to distinguish
between viable and dead cells similar to the technique of fluorescence microscopy
with systems similar to live/dead staining techniques (Chapter 5). Accordingly, viable
cells have intact cell membranes impermeable to fluorescence dyes such as propidium
iodide, which only enters dead cells. SYTO BC or thiazole orange, for example, are
permeable dyes entering both, live and dead cells. Thus, the combination of these
different dyes provides for the discrimination of live and dead bacteria.

Three molecular methods have been used extensively in this thesis for the
identification and the enumeration of contaminating thermophilic bacilli in milk

powders. These methods are RAPD-PCR, real-time PCR using TagMan probes and
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SYBR Green I protocols, and DGGE-PCR. The principles and basis for using these
methods for this project are described in some detail.

In this thesis, RAPD-PCR has been used extensively as the method of choice
for identifying contaminating strains of thermophilic bacilli in milk powder. RAPD-
PCR was first described by Williams et al. in 1990 and is based on the variable
distribution of priming sites within the genome between different individuals. The
RAPD technique utilizes a single primer for random amplification of DNA segments.
A typical RAPD primer is usually 10 nucleotides long with 60 to 70% G + C content
(Péres et al., 1998) and can be designed either specifically or arbitrarily (AP-PCR).
The principle of this technique is that, according to randomly distributed sequence
homologies within the genome, e.g. so called sequence polymorphisms, amplification
under low-stringency annealing conditions occurs at multiple genomic loci generating
a defined set of PCR products. These PCR products can be separated into distinct
bands dependent on molecular weight by agarose gel electrophoresis producing
RAPD profiles specific to the strain or species. In general, sequence-polymorphisms
between different strains can be determined by RAPD-PCR through the presence or
absence of RAPD-marker bands which are either caused by priming-failure due to
sequence diversities in the priming site of different strains or because of insertions or
deletions within the amplification fragment located between the two priming sites.

RAPD-PCR for the identification and comparison of known and unknown
strains has advantages over 16S rDNA sequencing or physiological tests. In contrast
to the latter approaches, RAPD-PCR is relatively quick to perform and large numbers
of anonymous genomes can be screened simultaneously (Hadrys et al., 1992;
Ronimus et al., 1997) and thus, the method has found its application in numerous
studies (Welsh and McCelland, 1990; Gang and Weber, 1996; Klijn et al., 1997;
Christiansson et al., 1999; Te Giffel et al.,, 2002). However, RAPD-PCR has also
limitations. For instance, the generation of RAPD markers depends on the PCR
conditions applied and small changes in the protocol, such as temperature cycling
conditions and/or the concentration of magnesium, the primer and the Tag DNA
polymerase have been shown to affect the RAPD profile obtained (Péres et al., 1998;
Ronimus et al., 1997). Changes of these kinds can influence the reliability and
reproducibility and may result in misinterpretation of RAPD profiles especially when
the method is used in different laboratories. Thus, in order to maintain the accuracy

and reproducibility of the technique it is crucial to perform RAPD-PCR strictly under
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the same optimized protocol. On the other hand, Ronimus et al. (1997) have shown
that a RAPD-PCR protocol targeting thermophilic and mesophilic Bacillus species
was quite robust and that small changes in the PCR conditions did not affect the result
obtained. For instance, increasing the concentration of Tag DNA Polymerase resulted
in an enhancement in both the sensitivity and resolution of the RAPD-PCR with a
higher banding pattern density, but the characteristic RAPD profile was still evident.
The RAPD protocol of Ronimus et al. (1997) has been used in two independent
studies to determine and identify thermophilic bacilli in milk powders of various

sources (Ronimus et al., 2003; Rueckert et al., 2004).
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Figure 1.2. Randomly amplified polymorphic DNA (RAPD) PCR of the seven dairy strains isolated from New Zealand milk
powders. The track numbers and the corresponding type strains are: (2 to 4) G. stearothermophilus strain A; (5 and 6) 4.
Sflavithermus strain B; (7 and 8) A. flavithermus strain C; (9 to 11) A. flavithermus strain D; (12) B. licheniformis strain F; (13
to 15) B. licheniformis strain G and (16 and 17) B. subtilis. DNA Ladder (track 1 and 18) denotes the molecular size marker.
Amplicon size is indicated in the left margin.

A total of nearly 2400 isolates of thermophilic bacilli from milk powder were
compared by their RAPD profiles with a high degree of reliability and reproducibility.
As a result of the analysis about 98% of the isolate were assigned by RAPD profile
comparison to seven profile types (A, B, C, D, F, G and BS) belonging to four species
of bacilli. 16S rDNA gene sequencing and RAPD marker comparison with reference
strains revealed that three profiles (B, C and D) belong to the species 4. flavithermus,

and another two RAPD profiles (F and G) to the species B. licheniformis, illustrating
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the sensitivity of this method below the species level. Profiles A and BS were closely
related to the type-strains G. stearothermophilus (DSMZ 22) and B. subtilis (DSMZ
345), respectively.

Figure 1.2 demonstrates the RAPD fingerprints of the seven profiles in which
the most characteristic and highly reproducible bands of the profile are indicated with
an asterisk. In tracks 2 to 4 of Figure 1.2 G. stearothermophilus strain A is shown.
This isolate shared common RAPD markers with type strain DSMZ 22 at 1950, 1600,
1520, 1340, 900, 780 and 630 bp.

Tracks 5 to 11 show A. flavithermus strains. The profiles from track S and 6
could routinely be identified as the B isolate (Ronimus et al., 2003) using the
amplification products at 1700, 1600, 1200, 1000, 870, 750 and 500 bp. Track 7 and 8
show strain C, which lacks the bands between 450 and 950 bp but has characteristic
bands at approximately 450, 1000, 1250 and 1600 bp. The A. flavithermus strain D
profiles from tracks 9, 10 and 11 had consistent marker bands at 1600, 1400, 1150,
950, 750 and 500 bp.

In track 12 the RAPD profile of B. licheniformis strain F is shown which is
closely related to the DSMZ type strain 13 with two characteristic banding clusters at
positions 1850, 1700, 1600 and 1150, 1050, 1000 and 850 bp. The B. licheniformis
strain G isolates shown in tracks 13 to 15 has been classified by 16S rDNA
sequencing as another strain of B. licheniformis although significant differences in the
RAPD profile of both strains F and G were observed. Characteristic bands in the
strain G profile are at 1850, 1700, 1600, 950, 500 and 250 bp.

The RAPD profiles of isolates in tracks 16 and 17 are similar to the DSM type
strains of B. subtilis 347 and 10, with shared bands at 1050, 950, 750, 550 and 500 bp
with the amplicon at 950 bp being particularly prominent.

However, culture-dependent methods are relatively labor-intensive and time-
consuming (often requiring a period of 2 to 3 days to obtain a result), since they are
based on the screening of individual bacterial colonies, which need to be isolated and
separately grown to acquire enough biomass for DNA extraction. In addition,
profiling these isolates is also relatively expensive, as they require growth media and
various plastic wares such as sterile petri dishes, micro-centrifuge tubes, aero-resistant
filter tips for pipetting and labour. A method which can be applied directly to milk
powder without the requirement for prior isolation and culturing of contaminants, yet

still retaining specificity would obviously have advantages.
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A major hurdle in being able to apply PCR methods directly to milk
contaminants without first culturing them is interference with the PCR by milk
constituents. For PCR to succeed it is essential that the bacterial DNA can be obtained
free from the huge relative quantities of milk proteins, lipids and carbohydrates. DNA
extraction methods have been described by numerous authors using either cell
culturing or enzymatic DNA extraction techniques (Lipkin et al., 1993; Rijpens et al.,
1996; Herman et al., 1997; Cornejo et al., 1998; Romero et al., 1999; Gunasekera et
al., 2000; Nogva et al., 2000; Timisjérvi and Alatossava, 2004), but are long and/or
expensive and not suitable for a quick routine method. A more recent study described
a rapid and inexpensive DNA isolation procedure and was based on the extraction of
milk by tri-sodium citrate and »n-decane to separate bacterial cells and spores from
milk constituents, followed by DNA release of bacterial cells and spores by ultra-
sonication (Rueckert et al., 2005a; Chapter 3). Trisodium-citrate chelates divalent
cations such as calcium causing the dissociation of the casein micelles (Walstra,
1990; Walstra et al., 1999) and the milk lipids are effectively separated by »n-decane
extraction and centrifugation.

Any PCR assay targeting different species or strains of contaminating bacteria
requires that primers specific to the target sequences are available in order to retain a
high degree of discrimination against background DNA. The specificity of such an
assay can be increased by applying TagMan-PCR (also known as 5' nuclease PCR).
TagMan-PCR employs an additional short oligonucleotide probe which has a
fluorescent dye attached at the 5'-end and a quencher dye at the 3'-end. The so-called
TagMan probe anneals between the forward and reverse primer sites illustrated in
Figure 1.3 (Heid et al., 1996). As long as both dyes are attached to the hybridization
probe the fluorescence energy emitted by the reporter dye is suppressed by the
quencher similar to the Forster-type energy transfer (Forster, 1948; Lakowics 1983).

Once the TagMan probe is hybridized to the target sequence and the PCR
reaction is in the extension phase, the 5'- to 3'-endonuclease activity of the Tag DNA
polymerase cleaves the hybridization probe if it is hybridized to the target sequence,
separating the reporter dye from the quencher which results in a higher fluorescence
signal of the reporter dye. This increase in fluorescence associated with the increasing
cycle number of the reaction is directly proportional to the amount of PCR product
generated. The PCR cycle at which the growth curve crosses a specified threshold

cycle can be utilized to estimate the initial quantity of DNA template in the reaction
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(Heid et al., 1996). The TagMan technique can be extended to multiplex PCR
(Chamberlain et al., 1988; Henegariu et al., 1997) allowing the simultaneous
amplification and detection of different DNA templates by the action of more than
one set of primers and hybridization probes in the same reaction (Courtney and
Massung, 2003). There is a broad range of reporter dyes and quenchers available for

the simultaneous detection of multiple fluorophores in a single tube.
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Polymerization completed Forster energy transfer which results in an increase
% in fluorescence. The probe fragments are then
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5 > Biosystems).
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Alternatively, real-time PCR can also be performed using the DNA
intercalating dye SYBR Green. The SYBR Green chemistry provides a convenient
and inexpensive way to substitute the traditional TagMan PCR, while maintaining the
accuracy of the qualitative and quantitative detection of PCR products. SYBR Green
in solution emits minimal fluorescence giving a low background signal during the
first PCR cycles. When SYBR Green intercalates with the double-stranded PCR
product during the extension step of the polymerization the fluorescence increases
significantly. Similar to the TagMan technology, the SYBR Green fluorescence
increases proportionally to the amount of amplification product generated. The

principle of the SYBR Green chemistry is demonstrated in Figure 1.4.
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The PCR-DGGE technique exploits the fact that otherwise identical DNA
amplicons, which may differ by only a single nucleotide will have different melting
properties when separated through a gradient of increasing chemical denaturant
(Fischer and Lerman; 1983). The method has recently been applied to food and food-
related samples (Ampe and Miambi, 2000; Dewettinck et al., 2001; Fasoli et al.,
2003) and a detailed description of the DGGE-PCR method is reviewed in Chapter 6.
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A RAPD-based survey of thermophilic bacilli in milk

powders from different countries

Published in the International Journal of Food Microbiology 96 (2004) 263-272.

2.1. Abstract

Twenty-eight milk powders from 18 different countries were examined for the
number and type of contaminating thermophilic bacilli. Of 742 isolates examined,
96.8% were assigned to the same strains of bacilli as previously found in New
Zealand powders. The dominant isolate was Anoxybacillus flavithermus strain C
followed by Bacillus licheniformis strain F. The former was also prevalent in New
Zealand powders and the results demonstrate that 4. flavithermus represents a
widespread contaminant, seemingly ubiquitous in factories producing milk powder.
The presence of thermophilic strains of Geobacillus stearothermophilus and to a

lesser extent of Bacillus subtilis in milk powders was reconfirmed.

Keywords: Milk Powder; Thermophiles; Anoxybacillus flavithermus, Bacillus

licheniformis.

2.2. Introduction

Thermophilic bacilli are widely recognised as industrially important
contaminants during the production of milk powders (Stadhouders et al., 1982; Kwee
et al., 1986; Murphy et al., 1999; Ronimus et al., 2003). Fresh bovine milk is usually
regarded as sterile and bacteria are introduced into the milk due to udder infections or
from environmental sources during milking and processing (Phillips and Griffiths,
1990). During processing the milk is heated; usually a pasteurisation step is followed
by either a low-, medium- or high temperature regime, depending on the end-use
application of the powder. Regardless, these heat treatments will influence the

survival of vegetative cells and spores entering the evaporation stage of processing.

18



Chapter 2 - A RAPD-based survey of thermophilic bacilli in milk powders from different countries

The milk is then homogenised and its water content is typically reduced by thermally-
enhanced evaporation in falling-film evaporators. During evaporation the milk is
exposed to temperatures between 75°C to 45°C, which is a range suitable for the
growth of thermophiles. In powder processing, the transit time for milk from the
storage tank to the spray dryer usually does not exceed 20 to 30 minutes, and
processing run times of up to 16 to 20 hours are typical before cleaning-in-place (CIP)
regimens are applied. After 16 hours processing, thermophile numbers are typically
increasing exponentially and can reach levels where the product is downgraded.
Although thermophilic bacilli are not a potential health hazard to the consumer, they
are used as an indicator of the processing plant hygiene and for good manufacturing
practice. Furthermore, numbers of thermophilic bacilli are a factor in grading the
quality of the milk powder and they can be of concern in spoilage of reconstituted
milk powder (Kwee et al., 1986) and in ultra-high temperature (UHT) milk (Mostert
et al.,, 1979; Westhoff and Dougherty, 1981). In addition, hydrolytic enzymes, e.g.
proteases and lipases, possibly derived from thermophilic bacteria may play a
detrimental role during short-to-medium term storage (Chen et al., 2003).
Thermophilic Gram-positive aerobic bacilli produce extremely heat-resistant
spores, which can result in both pre- and post-heat treatment contamination (Phillips
and Griffiths, 1990; White et al., 1993). Discounting any significant post-spray drying
contamination of the powder, the occurrence of thermophilic bacilli in milk powders
can only be derived from two sources; either from the raw milk as it is received from
the suppliers or from growth within the milk processing plant. The typical number of
thermophilic bacilli in raw milk, usually as spores, is generally small in the range of <
50 colony forming units per mL (cfu mL™") (Martin, 1974; Phillips and Griffiths,
1986; McGuiggan, et al., 1994; Cook and Sandeman, 2001). During processing, the
raw milk is concentrated approximately 10-fold to form a powder, so that the
expected number of thermophilic bacilli in the final product derived from the milk
itself would result in a maximum of 500 cfu g, provided that no significant growth
occurred within the process stream. The short transit time of the milk does not allow
for substantial growth of thermophilic bacteria within the process stream, thus growth
is thought to occur as bio-film within the plant resulting in bio-transfer to the product
stream (Stadhouders et al., 1982; Wirtanen et al., 1996; Flint et al., 2001). Cell counts
for thermophilic bacilli above the threshold of 500 cfu g" are thus indicative of
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factory-derived growth within the processing lines. Additionally, if it can be shown
that the proportion of species isolated from milk powders are significantly different
from those commonly found as contaminants in raw milk then factory-associated
growth is implicated.

Processing factories will have many different combinations of initial heat
treatment, evaporation and spray drying, and these might be expected to create
conditions that favour the growth of different strains of thermophilic contaminants. In
a previous study, 1470 thermophilic isolates from milk powders produced in six
different New Zealand factories and over five milking seasons were identified using a
random amplified polymorphic DNA (RAPD) method (Ronimus et al., 2003). The
results demonstrated the presence of seven strains representing four species of
thermophilic bacilli, which accounted for over 98% of all isolates. The two most
prevalent isolates were strains of Geobacillus stearothermophilus and Anoxybacillus
flavithermus. The G. stearothermophilus strain was very similar to the type strains
DSM 22 and DSM 1550 (equivalent to ATCC 12980) while three variants of the 4.
flavithermus RAPD pattern (B, C and D) were found to be related to the A.
flavithermus strain DSM 2641 with pattern C being the most common. Two groups of
isolates (F and G) were related to Bacillus licheniformis DSM 13 and DSM 8785.
Further, Bacillus subtilis isolates similar to the common B. subtilis type strains DSM
10 (B. subtilis subspecies subtilis) and DSM 347 (B. subtilis subspecies spizizeniri)
(Nakamura et al., 1999) were also isolated.

Although there are some variations in the manufacturing processing regimes
of the New Zealand factories which have been investigated (unpublished), there was
no simple correlation between factory type and the spectrum of isolated Bacillus
strains found. Indeed, close scrutiny of one factory showed that the composition of
dominant strains could change over the milking season, and in some instances even
between process runs. Thus, subtle changes in the process regime, milk composition
through the season, number and types of bacteria in the raw milk or other factors,
including CIP treatments, pre-heat temperatures, plant hygiene and dryer operating
conditions (Varnam and Sutherland, 1994a), might affect the occurrence of a
particular strain within the process line, altering the composition of the contaminants.
This publication extends the approach taken with New Zealand milk powders to
powders obtained from 18 different countries covering a very wide geographical

spread. The aim of this research was to examine whether the strains of thermophilic
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bacilli found to dominate powders produced in NZ (Ronimus et al., 2003) were also

dominant in powders produced elsewhere.

2.3. Materials and methods

Powders were obtained from normal retail outlets and wherever possible from
companies which stated they had been produced in the country of origin. Given the
commodity nature of the milk powder market there is no absolute guarantee that these
powders were derived from milk originating from the country indicated, but might
represent repackaged or re-processed powder obtained from the world market. For
some powders, which were obtained from domestic factories (Germany B,
Switzerland, France A, B and C) we are confident that the powders represent the
product of locally processed milk.

Powders were stored at room temperature until required and care was taken to
obtain samples from the packages in an aseptic manner and within the product use by
date. Measures to eliminate laboratory contamination included incorporation of
negative control plates, aerosol-resistant tips for pipetting and disposable spreaders
for cell harvesting. Powders were enumerated for thermophilic contaminants by plate
counting and isolates identified by RAPD-PCR as described previously (Ronimus et
al., 1997). Spore counts were obtained by heating reconstituted powders at 80°C for
10 minutes then plating (Falk Warnecke, personal communication). In general, after
enumeration twenty-eight individual colonies showing growth at the lowest dilution
for each powder were aseptically streaked to fresh tryptic soy-starch plates for RAPD
analysis. For some powders additional colonies were assessed by RAPD analysis and
for some low count powders less than 28 colonies were obtained on dilution plates.
For isolates which could not be unequivocally identified from their RAPD pattern, a
partial sub-unit of the 16S rDNA gene was PCR amplified and sequenced (Ronimus
et al., 2003). The DNA sequences were aligned to the NCBI BLASTN database
(Altschul et al., 1997) to find their closest homologues.

The RAPD patterns of individual isolates were identified by comparison to
Bacillus reference strains obtained from either the DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen) or the ATCC (American Type Culture
Collection). These included G. stearothermophilus (DSM 22 and DSM 1550)
Geobacillus thermocatenulatus (DSM 730), Geobacillus kaustophilus (DSM 7263),
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Bacillus caldolyticus (DSM 405), Bacillus caldotenax (DSM 406), Bacillus
caldovelox (DSM 411), A. flavithermus (DSM 2641), B. licheniformis (DSM 13 and
DSM 878S5), B. subtilis subspecies subtilis (DSM 10) and B. subtilis subspecies
spizizenii (DSM 347). Conditions for growth of all cultures followed
recommendations of the supplier. The seven thermophilic dairy cultures used as
reference strains, e.g. G. stearothermophilus strain A, A. flavithermus (strains B, C
and D), B. licheniformis (strains F and G) and B. subtilis were derived from New
Zealand milk powder samples (Ronimus et al., 2003) and are deposited in the

Thermophile Research Unit culture collection.
2.4. Results

Results for viable plate counts, spore counts and RAPD pattern distribution are
summarised in Table 2.1. The viable counts of the milk powders varied from the
lowest with 7 cfu g of Germany (A) to the highest with 2.2x10° cfu g of USA (A).
The proportions of spores to vegetative cells varied from practically none to 100%,
with no relationship to the viable plate count or powder origin. There are no obvious
correlations that can be drawn relating RAPD distribution to the source of the powder,
powder type (skim or whole milk), viable count or spore count. The conclusion is that
three strains of thermophilic bacilli are the most common contaminants of the milk
processing operation, contributing 91.9% of the RAPD profiles screened. These three
strains are G. stearothermophilus strain A, A. flavithermus strain C and B.
licheniformis strain F which were also the most frequently encountered in the
extensive longitudinal survey conducted on New Zealand milk processing factories
(Ronimus et al., 2003). The other four strains encountered in the previous survey
constituted a second ranking of strains detected in this survey (4.8% of RAPD
patterns), and less than 3.2% of all 742 RAPD isolates were of novel strains of bacilli.
For these isolates a partial 16S rDNA sequence was determined from which they were
identified (Altschul et al, 1997) as Bacillus circulans, Ureibacillus
thermosphaericus, Bacillus coagulans and Bacillus pumilus (Table 2.2).

The overall distribution of RAPD profiles is summarised in Table 2.3 and
shows that A. flavithermus strain C was the most commonly isolated profile

constituting 43.4% of all contaminants and was isolated from 20 of the 28 powders.
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Strain C tended to be the dominant isolate in milk powders with thermophile counts
above 500 cfu g'. For example, it was the dominant organism in twelve milk powder

samples, ten of these with thermophile loads ranging from 1.1x10° to 2.2x10° cfu g™

Table 2.1. Summery of the distribution [%] of RAPD profile types of thermophilic isolates found in milk powders,
total plate counts and spore counts

Country Powder Number A B C D F G B.sub Other Total plate Spore
type of count count
isolates [cfug') [cfug']®

Poland (A) whole 24 - - - - 100 - - - 2.8x10°  1.4x10°
Poland (B) skim 26 231 - 538 - 192 - 38 - 24x10°  1.5x10°
Poland (C) whole 48 146 - 437 - 313 - - 104 5.7x10°  9.4x10?
Germany (A) whole 8 - - 5 - 375 - 125 - 67x10° 8.0x10°
Germany (B) skim 42 71 - 476 - 333 71 24 24 52x10° NOD.
Switzerland skim 7 - - - - 286 428 286 - 8.8x10' 4.2x10'
France (A) whole 28 - - 36 - 893 71 - - 3.8x10°  2.4x10?
France (B) whole 27 - - 852 - 148 - - - 35x10*  2.7x10°
France (C) whole 9 - - - - 889 - 111 - 42x10°  3.8x10°
Portugal skim 19 - - - 53 368 53 263 263 7.5x10'  4.2x10'
Finland skim 10 - - - -5 10 30 10 2.7x10"  2.0x10'
Netherlands whole 4 25 - - - 75 - - - 1.4x10' 1.2x10"
Great Britain (A) skim 11 454 - 364 - 182 - - - 52x10' 2.5x10
Great Britain (B) skim 26 - - 769 - 192 - - 38 4.0x10*°  3.0x10°
Ireland skim 28 - - 71 71 75 - 36 71 1.0x10°  7.2x10°
Canada skim 31 - - 806 - 194 - - - 3.8x10°  2.7x10°
USA (A) skim 36 55 - 917 - 28 - - - 22x10°  5.0x10°
USA (B) skim 35 - - 457 - 514 - 29 - 44x10°  1.1x10°
Mexico whole 42 48 - 928 - - - 24 - 1.3x10°  8.0x10°
Chile whole 32 375 - 31 - 50 - - 94 6.8x10°  9.2x10'
Brazil whole 16 - - - - 8715 - - 12.5 14x10'  1.7x10
South African skim 29 34 - 414 - 379 - 34 138 2.7x10°  1.0x10?
Thailand whole 41 - - 976 - 24 - - - 59x10°  1.5x10°
Australia (A) whole 28 - - 36 - 857 36 1.1 - 8.6x10°  8.5x10%
Australia (B) whole 9 1.1 - - - 889 - - - 37x100 4.2x10"
New Zealand (A) whole 20 5 - 10 - 8 - 5 - 72x10° 4.3x10°
New Zealand (B) whole 55 564 - 40 - 18 - 18 - 23x10°  4.8x10°
New Zealand (C) skim 51 157 - 432 - 411 - - - 11x10°  1.7x10%
Number of isolates 742 80 0 322 3 280 11 22 24

Number of milk powders 28 13 0 20 2 27 6 14 9

Plate counts above the threshold >500 cfu g™ are indicated in bold. N.D.: Not determined.

A=G. stearothermophilus; B, C and D=A. flavithermus; F and G=B. licheniformis; B. sub=B. subtilis
* Incubation at 55°C for 16 hours.

® Activation by heat treatment at 80°C for 10 min.

The second most common thermophilic isolate was B. licheniformis strain F,
which represented 37.7% of the 742 isolates overall (Table 2.3) and was present in all
but one of the powders investigated. The common occurrence of this organism in milk
powders regardless of the country of origin is possibly a reflection of it being a
common thermophilic isolate in soil (Cook and Sandeman, 2001; unpublished
results). Strain F was the dominant strain in 13 milk samples, which were mainly low

count whole milk powders (s 500 cfu g'). However, five medium count powders

(500 < 30,000 cfu g') contained strain F as the dominant contaminant, e.g. Ireland,
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USA (B), Chile, Australia (A) and New Zealand (A) suggesting that growth had

occurred within the process line in at least some factories.

Table 2.2. 16S rDNA sequence alignments

Organism Isolate and country of origin Length [bp] Alignment Accession
identity [%] number

B. circulans Isolate form Finland 789 99 AY294318
Isolate B from South Africa 470 99 AY294321
Isolate B from Poland 718 99 AY294319

U. thermosphaericus Isolate C from Poland 492 98 AY294317
Isolate A from Poland 723 97 AY294316
Isolate from Ireland 686 99 AY299517
Isolate A from Portugal 514 95 AY294315
Isolate B from Chile 677 99 AY294314

B. coagulans Isolate A from Chile 649 98 AY294322
Isolate C from South Africa 408 96 AY294323
Isolate A from South Africa 548 97 AY294324

B. pumilus Isolate from Germany 784 99 AY294325

G. stearothermophilus strain A was the third most common isolate
representing 10.8% of the overall isolates tested and was present in approximately
half of the milk powders analysed. It was the dominant isolate in only one medium
count powder from New Zealand (B), but accounted for relatively high levels in two
other powders (45.4% of Great Britain (A) and 37.5% of the powder from Chile). G.
stearothermophilus strain A was not restricted to medium count powders being

present in several low thermophile count powders as well.

Table 2.3. Occurrence (number of isolates with stated strains)

Rank Organism QOccurrence [%] Number of isolates
1 Anoxybacillus flavithermus C 434 322
2 Bacillus licheniformis F 377 280
3 Geobacillus stearothermophilus A 10.8 80
4 Bacillus subtilis 29 22
5 Bacillus licheniformis G 1.5 11
6 Bacillus circulans 1.2 9

8 Ureibacillus thermosphaericus 1.2 9

7 Bacillus coagulans 0.7 5

9 Anoxybacillus flavithermus D 04 3
10 Bacillus pumilus 0.1 1

In agreement with the previous findings (Ronimus et al., 2003), B.
licheniformis strain G and B. subtilis constituted a minor proportion of the
contaminating isolates, but were distributed widely through the milk powder samples.
The remaining thermophilic strains occurred in insignificant numbers. For example,
A. flavithermus strain D accounted for only three individual isolates and was present
in only two milk powders (Portugal and Ireland). 4. flavithermus strain B was not

found in any sample.
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Figures 2.1a and 2.1b show a comparison of RAPD profiles of type strains
with milk powder isolates from different geographical sources. Tracks 2 to 9 show
(Figure 2.1a) that there is only a small degree of variation between the G.
stearothermophilus milk powder strains from Poland (C), New Zealand (B), Chile,
Australia (B) and the control New Zealand milk powder profile in track 3, despite
their different origins. However, strain A lacks the convincing 440 base pairs (bp)
marker band and possesses an additional band around 1390 bp (indicated with
asterisks in track 3 of Figure 2.1a). The isolate from Germany B (track 4) was the
most different, but still easily matched with those from New Zealand and DSM 1550.
In tracks 10 to 19 of Figure 2.1a the RAPD profiles of 4. flavithermus strain C
isolates are shown. In the large scale New Zealand investigation four bands were
universally present at approximately 460, 1000, 1250 and 1600 bp (indicated with
asterisks in track 10 of Figure 2.1a). Only the France B profile (track 13) lacks the
convincing 1000 bp band.

|2,000 bp——- “ g
5000 bp —
4000 bp—

3000 bp—
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1650bp—  wm
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500bp — e
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Figure 2.1a. RAPD fingerprint profiles of selected isolates of G. stearothermophilus A (tracks 4 to 9) and A. flavithermus C
(tracks 11 to 19) derived from milk powders. The countries of origin are indicated above each track. Tracks 2 and 3 show the
G. stearothermophilus reference strain DSM 1550 and A, respectively. The A. flavithermus isolate C from New Zealand is
shown in track 10. DNA Ladder (track 1 and 20) denotes the molecular size marker. The sizes of the bands are indicated in
the left margin. The Asterisks indicate the bands mentioned previously in the text.

Despite the high degree of conservation of these distinguishing markers, there
are noticeable variations amongst the profiles shown. For example, the Germany (B),

USA (A), France (B), South Africa, Thailand and New Zealand (B) profiles (tracks 11
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to 16) contain a prominent band at 1780 bp (indicated with an asterisk in track 11 of
Figure 2.1a) while the control strain C profile (track 10) and those from Great Britain
(B), Canada and Mexico (tracks 17 to 19) lack this marker while containing a band at
1715 bp (indicated with an asterisk in track 17 of Figure 2.1a). In tracks 2 to 12 of
Figure 2.1b the B. licheniformis F profiles are compared. Five bands at 677, 850,
1000, 1042 and 1147 bp are common to all of the isolates (indicated with asterisks in
track 12, Figure 2.1b). In tracks 9 and 11, a prominent band at 592 bp is present
(indicated with asterisks, Figure 2.1b), giving a profile that was also found in the
previous study. Although only a small number of B. licheniformis strain G and B.
subtilis isolates were found, overall the profiles of the isolates shown are nearly
identical to those from New Zealand and in the case of B. subtilis, to the type strain
DSM 10.
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Figure 2.1b. RAPD fingerprint profiles of selected isolates of B. licheniformis type F (tracks 4 to 12), B. licheniformis G
(track 14 and 15) and B. subtilis (track 18 and 19) derived from milk powders. The countries of origin are indicated above
each track. Tracks 2 and 3 show the B. licheniformis reference strain DSM 13 and F, respectively. B. licheniformis G and B.
subtilis, formerly isolated from New Zealand milk powders, are shown in tracks 13 and 17, respectively. B. subtilis reference
strain DSM 10 is shown in track 16. DNA Ladder (track 1 and 20) denotes the molecular size marker. The sizes of the bands
are indicated in the left margin. The Asterisks show the bands mentioned previously.

2.5. Discussion

This survey re-enforces that a limited number of strains of thermophilic bacilli

are responsible for the contamination of milk powders during processing. In this
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study, 96.8% of the 742 isolates could be identified by their RAPD profiles to be
similar to isolates identified in a previous study of 1470 thermophilic isolates from
New Zealand milk powders (Ronimus et al., 2003). The dominant profiles represent
four species, i.e. G. stearothermophilus (strain A), A. flavithermus (strains B, C and
D), B. licheniformis (strains F and G) and B. subtilis.

A direct comparative analysis of the data derived from this study and that from
the New Zealand investigation is constrained by several factors. The most important
is that the New Zealand study analysed "problem milk powders” that were near or
higher than the national specification limit of 30,000 cfu g for viable plate counts for
thermophiles. In contrast, this study investigated mainly powders available for retail
sale and that had presumably met national criteria for specification limits prior to sale.
Furthermore, it was not the intention of this study to assess the overall impact of
subtle differences in factory design, seasonal variation in spore numbers and type, the
different end-use specifications of milk powders, e.g. high, medium and low heat-
treatment (Kwee et al., 1986; Varnam and Sutherland, 1994b; Murphy et al., 1999),
evaporator number, operating temperatures and spray drier conditions. These
variations exist even between factories in New Zealand, and the results of this survey
indicate that such features are not the major determinants of the contaminating
species.

An important result stemming from the findings presented here is that the
facultative thermophile 4. flavithermus strain C is shown to be a relatively newly
described and particularly problematic contaminant during milk powder production.
Earlier studies of 4. flavithermus have been with those cultured from hot spring
habitats including Turkey (Beldiiz et al., 2000), Yellowstone National Park (Nold et
al., 1996), and the first characterised strain from New Zealand (Heinen et al., 1982).
A. flavithermus was recently validated as a new species (Pikuta et al., 2000), formerly
named Bacillus flavothermus (founding type strain is DSM 2641). This strain was
prevalent in powders with higher thermophilic counts, consistent with growth in the
process line and possibly indicates that contamination may be factory derived rather
than introduced with the milk.

B. licheniformis strain F has been demonstrated to represent an ubiquitously
distributed organism of milk powder, being present in 27 of 28 powders examined. B.
licheniformis is normally the most numerous mesophilic isolate in raw milk (Waes,

1976; Phillips and Griffiths, 1986; Bramley and McKinnon, 1990; Crielly et al., 1994
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Cook and Sandeman, 2001) and thermophilic strains have also been found to be
prevalent in milk (Chopra and Mathur, 1984; Phillips and Griffiths, 1986; Muir, 1990;
Crielly et al., 1994; Murphy et al., 1999). In this study, B. licheniformis strain F is
shown to be both a low level isolate possibly derived from factory-external sources
and also a likely source of factory-derived contamination in milk powders.

G. stearothermophilus strain A, which is similar to the type strains G.
stearothermophilus DSM 1550 and DSM 22, has been reconfirmed as a milk powder
isolate. In conjunction with the findings on New Zealand powders these strains may
be encountered more often in high-count milk powders. Significantly, G.
stearothermophilus strain A isolates are able to grow on 316L stainless steel
immersed in pasteurised skim milk with a calculated doubling time of only 19
minutes at 55°C (Flint et al., 2001) and thus show the potential to form bio-films in
milk processing factories (Langeveld et al., 1995). G. stearothermophilus is
considered to be an obligate thermophile unable to grow at 37°C. This is in contrast to
A. flavithermus strain C strains which is a facultative thermophile growing between
37°C and 75°C (Ronimus et al., 2003).

A total of 2.9% of the isolates examined were identified as B. subtilis related
to DSM 10. Thermophilic strains of B. subtilis are common in the environment (Deak
and Timar, 1988) and in milk products (Waes, 1976; Norris et al., 1981; Martin,
1981; Crielly et al., 1994). Some strains can grow in milk at 55°C (Basappa et al,,
1974). The occurrence of the other lower level isolates such as U. thermosphaericus,
B. coagulans, B. circulans and B. pumilus suggests these species are unlikely to
represent factory-derived organisms.

The low genetic variation of the isolated strains shown in Figures la and Ib
supports the ubiquitous prevalence of the strains. For example, the RAPD fingerprints
of G. stearothermophilus strain A isolates were identical in the Polish, New Zealand,
Chilean and Australian (B) powders. A similar situation was found for the profiles of
strain G of B. licheniformis for the isolates from Switzerland and Germany (B).
Further, the New Zealand strain C profile (track 10, Figure 2.l1a) was virtually
identical to those from Great Britain (B), Canada and Mexico. The profile with most
variation was that for B. licheniformis strain F. This is possibly because they were
more representative of the diversity of soil, compost and silage origins (Bramley and
McKinnon, 1990; Phillips and Griffiths, 1990; Gilmour and Rowe, 1990), than to

different milk powder processing conditions.
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The presence of high spore counts in the powder samples is intriguing.
Conventionally, all milk is pasteurised prior to processing and this, and additional
heat treatments prior to evaporation, should inactivate vegetative forms of
thermophilic bacilli. If pasteurisation and heat-treatment do not induce germination of
spores coming from the bulk milk, then the powder should only contain spore forms.
This is usually not the case and suggests either that large numbers of vegetative cells
survive pasteurisation and subsequent milk heating or that spore germination post-
heating occurs and the growth of vegetative cells ensues. The former can be
discounted because the previous study has shown (Ronimus et al., 2003) that
following CIP the thermophile count is very low and typically increases through the
processing run, provided that the milk supply is from the same bulk storage tank
where the number of contaminants entering the process line throughout the run is
essentially stable. Additionally, we have shown that mid-log cultures of A.
flavithermus strain C and B. licheniformis strain F are unable to survive heat-
treatment at 80°C for 10 minutes in tryptic soy-starch medium (results not shown),
which supports the growth of these strains within the plant. Where high spore
numbers are present it is likely that these have been formed within the process line;
this is interesting because superficially these bacteria exist in a rich medium
supporting vegetative growth. Presumably, the location of growth, either bio-film or
elsewhere, might not be as supportive of growth and there are advantages to the
organism to sporulate. Direct microscopic counts (results not shown) on re-suspended
powders indicates that all contained between one and several orders of magnitude
more bacterial cells than enumerated by viable counts (therefore presumed to be dead
cells), so that differences in spore percentage might simply reflect the difference in

survival of vegetative cells during stages of processing that are inhibitory such as

spray drying.

2.6. Conclusions

In conclusion, the main groups of thermophilic bacilli described here represent
a worldwide source of contamination with important economic dimensions regardless
of the geographic location, or the milk processing regimes and practices under which
the powders were produced. Medium and high count powders are deemed to reflect

factory-derived thermophile growth in the processing plant rather than concentration
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from the raw milk, and the evidence from this survey establishes the relatively
unknown A. flavithermus strain C within the dairy industry as a major contaminant on
a global scale. It also reconfirms the status of G. stearothermophilus, B. licheniformis,
and to a lesser extent of B. subtilis, as contaminants important to the manufacturing of

milk powders.
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3.1. Abstract

Thermophilic strains of Geobacillus, Anoxybacillus and Bacillus that are able
to grow at 55°C and above are recognized as commonly occurring contaminants
during the production of milk powders. In particular, Anoxybacillus flavithermus
strain C and Bacillus licheniformis strain F are often the most prevalent. We describe
here the development of a TaqMan-based real-time-PCR assay using a small
amplicon of the ribosomal 16S rRNA gene for the selective and quantitative detection
of thermophilic bacilli in milk powders. We further present an effective, rapid and
inexpensive method for the isolation of total bacterial DNA from milk powder for
quantitative PCR analysis within 20 minutes. With this method, the detection of
thermophilic bacilli in milk powder can be accomplished within 1 hour. The detection
limit for reconstituted and inoculated milk was 8 vegetative cfu ml™ and 64 spores ml

! respectively.

Keywords: Anoxybacillus, Bacillus; Geobacillus; Milk powder; Real-time PCR,

Spores, Thermophiles.

3.2. Introduction

Thermophilic bacilli which grow at 55°C, or above, are the bacterial
contaminants that are most commonly found in milk powders. RAPD-PCR studies on
skim, whole and buttermilk powders produced in factories of the major milk
producing countries have shown that over 96% of thermophilic contaminants could be
assigned to four species of bacilli, e.g., Geobacillus stearothermophilus (strain A),

Anoxybacillus flavithermus (strains B, C and D), Bacillus licheniformis (strains F and
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G) and Bacillus subtilis (Ronimus et al., 2003; Rueckert et al., 2004). Two strains, in
particular, were exceedingly prevalent and dominated the flora of the majority of milk
samples analysed. These were A. flavithermus strain C which contributed over 43%
and B. licheniformis strain F which contributed for 38% of the 742 milk powder
contaminating isolates subjected to RAPD analysis (Rueckert et al., 2004).

Although these contaminants do not constitute a health risk to the consumer
they are used as an index of plant hygiene. Accordingly, dairy plants adopt
specification limits for thermophile counts in their products, and practice strict
hygiene standards to meet them, in order to guarantee the marketability of their
products. In a typical powder processing run the product is formed continuously over
an 18 to 24 hours processing period. During this time period the increase in the
number of thermophilic bacilli in the powder formed can appear to be similar to a
typical bacterial growth curve, with numbers increasing exponentially by the end of
the operation. Factors such as product type (whole or skim milk), the microbiological
quality of the raw milk, operating conditions in the plant (low-, medium- and high-
heat treatment products) and the plant hygiene can all affect the growth of
thermophilic contaminants. Consequently, it is difficult to predict a processing time
whereby assurance that thermophile numbers will be below specification can be
guaranteed. Common practice is to end processing runs with the expectation that they
will not exceed specification limits and the plant subjected to a cleaning-in-place
(CIP) cycle. The transit time of the milk during processing is usually less than 30
minutes, and growth of thermophilic bacilli is not possible in all sections of the
processing line due to restrictive temperatures and/or viscosities of the product. Thus,
significant growth in thermophile numbers cannot occur in the milk being processed
but is thought to originate from bio-films (Langeveld et al., 1995; Parkar et al., 2003;
Parkar et al.,, 2004) in the process line in area suitable for growth — hence the
emphasis on CIP. The currently used method of monitoring thermophile contaminants
is based on plate counting on powder sample which produces results 24 to 48 hours
after the processing runs have been completed, i.e. it is retrospective. An accurate and
reliable real-time monitoring method for determining contamination levels would
allow processing to continue until specification limits were close to being met and
would maximise plant efficiency and reduce the amount of cleaning chemicals used.

In the present paper we describe the development and evaluation of a real-time

PCR assay for the selective, rapid and quantitative detection of the two major
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thermophilic milk powder bacilli. The quantitative PCR method is based on the
TaqMan technology using specific primers and probe which were designed to target
16S rRNA genes. Furthermore, the PCR assay was adapted to a field-portable Smart
Cycler II system (Cepheid, USA) allowing flexible and efficient application in non-
research laboratory environments. We further describe a rapid and inexpensive
method for total bacterial extraction from milk samples based on trisodium citrate and
n-decane extraction. This method, when combined with ultrasonic cell disruption,
previously described by Fykse et al. (2003) and Belgrader et al. (1999), gives a rapid

and efficient DNA isolation method suitable for quantitative PCR analysis.

3.3. Materials and methods

3.3.1. Bacterial strains and culture preparation

Cultures of 4. flavithermus C and B. licheniformis F, previously isolated from
milk powders (Ronimus et al., 1997), were grown at 55°C in tryptic soy broth (TSB)
supplemented with 0.2% (w/v) soluble potato-starch. Spores of 4. flavithermus C and
B. licheniformis F were produced by incubation of cultures at 55°C for 48 hours in
liquid Castenholz medium (DSMZ-Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Braunschweig, Germany). The extent of sporulation was
checked by phase-contrast microscopy (1000x magnification) and the spores
harvested with sterile deionised water and centrifuged at 16,100 g (5415 D,
Eppendorf). The spore suspensions were purified from contaminating DNA and
vegetative cells in the following way. Lysozyme (2 mg ml™') was added and the
suspensions incubated for 30 minutes at 37°C. The spores were then washed twice in
sterile deionised water and sonicated for 125 seconds (XL-2020, Misonix). The power
output was 120 W at 20 kHz. The spore suspensions were then further processed and
stored as described by Ryu et al. (2003) including washing with 1 M NaCl, 0.1 M
NaCl, 0.1% SDS and sterile deionised water and storage at 4°C. Spore and vegetative
cell counts were conducted by phase-contrast microscopy using a Thoma counting
Chamber and by plate counting in tryptic soy agar (TSA) with 0.2% (w/v) soluble
potato-starch at 55°C.

The growth condition for the non-thermophilic bacterial cultures e.g.,
Lactobacillus plantarum DSM 20205 (NCIB 6376, ATCC 8014), Pseudomonas
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aeruginosa DSM 5168, Streptococcus thermophilus DSM 20479 (NCIB 8779),
Streptococcus uberis NZRM 2266, Escherichia coli DSM 301 (ATCC 4157),
Clostridium paradoxum (DSM 7308), Clostridium perfringens (Clostridium welchii)
(Sigma-Aldrich), Micrococcus luteus (DSM 2786), and Bacillus megaterium (DSM

32) followed recommendations of the suppliers.
3.3.2. DNA preparation

DNA was extracted from all cultures by a modification of the procedure
described by Sambrook and Russel (2001). Following growth, 10 ml of each cell
suspension was harvested by centrifugation and re-suspended in 1 ml of 50 mM Tris
HCI (pH 8.0), 100 mM NaCl and 100 mM EDTA. A total of 2 mg ml™" lysozyme was
added and the samples incubated at 37°C for 30 minutes. SDS and proteinase K were
added to 1% (w/v) and 200 ug ml™ respectively, and the samples further incubated at
55°C for 1 hour. Subsequently, the samples were extracted with equal volumes of
phenol:chloroform (1:1) followed by chloroform and chloroform:isoamyl alcohol
(24:1). The DNA was then precipitated by addition of 0.1 (v/v) of 3 M sodium acetate
and 0.6 (v/v) of isopropanol and incubation at -20°C for 15 min. The DNA pellets
were washed twice with ice chilled 80% ethanol, air dried and re-suspended in 200 pl
of 1x TE (10 mM Tris-HCIl, 1 mM EDTA, pH 8.0). RNase was added (50 pg ml™)
and the DNA samples incubated at 37°C for 30 minutes. The DNA was then purified
and recovered as described above including phenol:chloroform, chloroform and
chloroform:isoamyl alcohol extraction and sodium acetate and isopropanol
precipitation. The DNA pellet was re-suspended in 100 pl of 1x TE (pH 8.0),
quantified by spectrophotometer (Pharmacia Biotech, Ultraspec 3000) readings at
A 60, A2s0 and A 329 and stored at -20°C. The DNA preparations were used as positive

controls and as quantification standards.
3.3.3. Ultrasonic treatment of vegetative cells
DNA release from vegetative cultures was accomplished by ultra-sonication

treatment using a modification of the method described by Fykse et al. (2003) and
Belgrader et al. (1999). Cultures of 4. flavithermus C and B. licheniformis F were
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grown in TSB-starch at 55°C until an optical density at 600 nm (ODsg) of 1.2 and
chilled on ice for twenty minutes. The cells were then washed twice in sterile
deionised water and their numbers determined by microscopic counting. The cell
suspension samples were kept in ice-water until ultrasonic treatment was conducted.
Sonication was performed with the ultrasonic liquid processor XL-2020 (Misonix)
using a 3.2 mm microtip disruptor horn in a 2 ml Eppendorf tube with a final volume
of 1 ml of bacterial suspension. Sonication was accomplished at 120 W at 20 kHz.
After sonication, the samples were briefly centrifuged at 16,100 g for 2 minutes in
order to remove the cell debris and 10 pl of the supernatant were used for PCR
analysis. The optimal sonication time for DNA release was determined in duplicate
with a 4.8x10% cfu ml™" culture of 4. flavithermus C using time periods between 5 and
250 seconds. After the optimal sonication time for DNA release had been determined,
a standard curve was constructed for the DNA released from cell concentrations over
the range 10 to 10® cfu ml"' and the threshold cycle (C,) values obtained by

quantitative PCR. All assays were run in triplicate at each cell concentration.
3.3.4. Ultrasonic treatment of spores

Spores of A. flavithermus C and B. licheniformis F were disrupted using a
modification of the protocol described by Belgrader et al. (1999). Ultrasonic
treatment of spores was conducted with the liquid processor XL-2020 (Misonix)
using a 3.2 mm microtip disruptor horn in 2 ml tubes. The optimal sonication time for
DNA release from B. licheniformis F spores was performed in duplicate using
6.7x10" spores ml™" in the presence of 50 mg of 0.1 mm glass beads (Biospec
Products) at 120 W at 20 kHz in a final volume of 1 ml sterile deionised water. Ultra-
sonication was performed for different periods of time ranging from 5 to 600 seconds.
Subsequently, triplicates from 10-fold serial dilutions between 107 to 107 spores ml”
were sonicated using the optimised sonication time following the protocol outlined
for vegetative cells. After ultrasonic treatment was accomplished the samples were
centrifuged for 2 minutes at 16,100 g and PCR analysis performed on the

supernatants.
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3.3.5. Extraction of vegetative cells and spores from milk powder for DNA

preparation

A whole milk powder which contained less than 300 cfu g of thermophilic
bacilli and no detectable thermophilic spores was reconstituted to 1x milk and
sonicated for 20 minutes at 120W output power at 20 kHz in order to release DNA
form vegetative cells and shear it below the level of detection of the PCR assay. Equal
numbers of 4. flavithermus C and B. licheniformis F vegetative cells or spores were
then inoculated into the re-constituted milk to give concentrations of 8x10 cfu ml’
for the vegetative cell sample and 6.4x10” cfu ml"' for the spore sample. The
inoculated milk samples were then 10-fold serially diluted into sterile milk to final
concentrations of 8x10% and 6.4x10° cfu ml”, respectively. Triplicates of 1 ml of each
milk dilution were used to recover the bacterial cells. A total of 200 ul of 1.2 M
trisodium citrate and 200 pl of n-decane (Merk-Schuchardt) were then added to 1 ml
of each milk sample followed by vortexing for 5 seconds and centrifugation at 16,100
g for 10 minutes. The upper layer of cream was carefully removed from the tube wall
using a sterile 200 ul tip and the supernatant poured off carefully by gently inverting
the tube. The samples were re-centrifuged for 1 minute to collect any remaining liquid
which was then carefully removed by pipetting while avoiding disrupting the cell
pellet. The pellet was re-suspended in 1 ml of sterile deionised water and the DNA

released by sonication as described above for vegetative cells and spores.
3.3.6. Probe and primer design

Partial 16S rRNA genes of all seven thermophilic bacilli found in New
Zealand milk powders including G. stearothermophilus (strain A), A. flavithermus
(strains B, C and D), B. licheniformis (strains F and G) and B. subtilis were obtained
by sequencing. The accession numbers are listed in Table 3.1. The genes were
amplified in an Eppendorf Mastercycler (Gradient) with forward primer 27f (5'-AGA
GTT TGA TCC TGG CTC AG-3") and reverse primer 1522r (5'-TGC GGT GGA
TCA CCT CCT T-3") (Johnson, 1994) using the following PCR protocol: 96°C for
225 seconds then 35 cycles of 92°C for 45 seconds, 45°C for 30 seconds, 72°C for 90

seconds and finally a 4 minutes extension step at 72°C.

38



Chapter 3 - Development of a rapid detection and enumeration method for thermophilic bacilli in milk powders

In order to define primer sequences for the real-time PCR assay the NCBI
database was searched for relevant 16S rRNA sequences. The 16S rRNA gene
sequences of 69 species were aligned incorporating those bacteria commonly isolated
from milk (Gilmour and Rowe, 1990) and sequences from representative thermophilic
bacterial (Ronimus et al., 2003) and archaeal genera. The sequences were aligned
using the CLUSTAL W multiple sequence alignment software provided by European

Bioinformatics Institute (http://www.ebi.ac.uk/clustalw/).

. flavithermus
. licheniformis

. flavithermus
. licheniformis

. flavithermus
. licheniformis

. flavithermus
. licheniformis

. flavithermus
. licheniformis

. flavithermus

AGGAACACCAGTGGCGAAG ¢eele
AGGAACACCAGTGGCGAAGEe®)N
SE5S353535555>5>5>>>>
Forward Primer
CTCTCTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATA
CTCTCTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCGAACAGGATTAGATA

CCCTGGTAGTCCACGCCGTAA TATCCGCCCTTTAG
CCCTGGTAGTCCACGCCGTAA TTTCCGCCCTTTAG
TagMan Probe
TGCTGTAGCTAACGCATTAAGCACTCCGCCTGGGGAGTACGCTCGCAAGAGTGAAACTCA
TGCTGCAGCAAACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCA

AAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCG
AAGGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCG

VNI NVACCTTACCAGGTCTTGACATCC
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Reverse Primer
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Figure 3.1. Partial 16S ribosomal sequence alignment for the selection of the TaqMan probe and primers for A. flavithermus
strain C and B. licheniformis strain F.

Primers were designed using the online Primer3 software

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi). Forward and reverse

primers were synthesized by Invitrogen, New Zealand, with the following sequences:
forward primer, 5'-AGG AAC ACC AGT GGC GAA G-3' and reverse primer, 5'-
GGA TGT CAA GAC CTG GTA AGG-3".

The primers were designed to target a small region within the 16S rRNA
genes at position 711-998 according to the numbering of Brosius et al. (1980) (Figure
3.1). Due to the conserved nature of the 16S rRNA genes among prokaryotes a
TaqMan probe specific to milk bacilli contaminants was designed and its efficiency to
bacilli BLASTN
(http://www.ncbi.nlm.nih.gov/BLAST/) (Altschul et al.,, 1997). The dual-labelled
TagMan probe contained the Cy™3 reporter dye at the 5'-end and the BHQ2 Dark

discriminate verified by search
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Quencher at the 3'-end. The sequence of the probe was 5'-ACG ATG AGT GCT AAG
TGT TAG AGG G-3'". The probe was synthesised by PROLIGO, Australia.

Table 3.1. 16S rRNA sequences

Organism strain sequence length [bp] Completion NCBI accession
number
Geobacillus stearothermophilus A 1527 partial AY672761
Anoxybacillus flavithermus B 1526 partial AY672762
Anoxybacillus flavithermus C 1523 partial AY643748
Anoxybacillus flavithermus D 1496 partial AY672763
Bacillus licheniformis F 1286 partial AY751776
Bacillus licheniformis G 1507 partial AY672764
Bacillus subtilis BS 1510 partial AY672765

3.3.7. Real-time PCR

Real-time PCR analysis was performed with a Smart Cycler II system
(Cepheid, USA) in 25 pl Smart Cycler reaction tubes. The amplification reactions
were performed with 4 mM MgCl,, 0.2 mM dNTPs, 10x Tag PCR reaction buffer,
1.25 units of AmpliTag DNA polymerase (Roche), 600 nM of forward and reverse
primer and 300 nM of TagMan probe. The amplification reaction for the DNA
standard curves contained 1 pl of DNA sample diluted between 15 fg and 15 ng, i.e.
DNA purified from pure cultures of 4. flavithermus (strain C) and/or B. licheniformis
(strain F). PCR reactions from sonicated vegetative cells and spores contained 10 pl
of sample. The PCR reaction was cycled once at 95°C for 120 seconds, 42 cycles at
95°C for 5 seconds and at 62°C for 20 seconds. Furthermore, negative controls (no
DNA template) and positive controls (0.1 ng of A. flavithermus C DNA) were
included in each experiment. The threshold cycle number C; was determined using the
primary curve analysis of the Smart Cycler software (Cepheid Smart Cycler Version
2.0b). The threshold cycle number C; was determined for each reaction by setting a
fixed manual threshold of 4.5 fluorescence units. The C, values were then plotted
against the log amount of DNA or colony forming units per ml using the Microsoft
Excel software and the equation, the correlation coefficient (R%) and standard

deviations of the corresponding triplicates determined.

40



Chapter 3 - Development of a rapid detection and enumeration method for thermophilic bacilli in milk powders

3.4. Results

3.4.1. Real-time PCR optimization

The quantitative real-time PCR assay was optimized to minimise the threshold cycle
number (C;) while yielding the highest fluorescence intensity of the reporter dye
(Pfaffl, 2002; Teo et al., 2002; Decker et al., 2002; Ball et al., 2002; Vandesompele et
al.,, 2002). This included the titration of MgCl,, TagMan probe and primer
concentrations. Primer concentrations between 100 nM to 1100 nM were tested. The
mean value for the threshold cycle number (C;) for all primer concentrations was
14.92 £ 0.25 for 15 ng target DNA samples, while the formation of primer-dimers
increased gradually with increasing ratio of primer to target DNA concentration. The
best primer pair performance was observed using 600 nM for both forward and
reverse primer (Appendix 12.2.1.). The MgCl, concentration was varied between 1.5
and 5 mM with no significant effect on the PCR amplification efficiency or formation
of non-specific products or primer-dimers. The concentration of the TagMan probe
was titrated between 50 and 1000 nM using 15 ng of target DNA. The maximum
fluorescence reporter signal was obtained using 300 to 1000 nM of the probe
(Appendix 12.2.3.). The 16S rRNA PCR primers and TagMan probe worked well in a
range between 58°C to 62°C using a combined annealing-extension step of 20
seconds (Appendix 12.2.2.). The final annealing temperature for quantitative PCR of
62°C was chosen in order to reduce partial primer annealing due to single-base
mismatches in the priming sequence of species other than Bacillus, Geobacillus and

Anoxybacillus.

3.4.2. Primer and probe selectivity

Specific primers and a hybridisation probe were designed for all seven
thermophilic bacilli found in New Zealand milk powders (Ronimus et al., 2003)
including G. stearothermophilus (strain A), A. flavithermus (strains B, C and D), B.
licheniformis (strains F and G) and B. subtilis. Both primers were then tested for their
selectivity by NCBI (BLAST) search, multiple 16S rRNA alignments and real-time
PCR. Due to the highly conserved nature of the 16S rRNA genes the designed

primers were also specific for some non-Bacillus species.
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Figure 3.2a. Amplification plot of quantitative real-time PCR using the Smart Cycler Il detection system. The primers and
probe were tested for selectivity against 1 ng of initial genomic DNA of 4. flavithermus C, B. licheniformis F, B. megaterium
and against non-Bacillus species mentioned in the text. Both, 4. flavithermus C and B. licheniformis F crossed the manual
threshold line at 16.83 and 17.19, respectively. The mesophilic B. megaterium responded with a C, of 25.53. The PCR
reactions for non-Bacillus species showed no increase of the reporter dye during amplification and thus were negative for the
primers and probe combination.
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Figure 3.2b. Melting point analysis of 16S rRNA amplicons. The graphs show the melting curves and the corresponding bell-
shaped 1* derivatives. The PCR products were identified using melting point analysis by adding 0.25x SYBR Green I to the
completed PCR reaction (60°C to 95°C; 0.2°C sec’). Melting points were recorded for A. flavithermus C (89.58°C), B.
licheniformis F (89.99°C), B. megaterium (89.14°C), L. plantarum (89.38°C) and P. aeruginosa (89.58°C). The PCR
amplification of the non-Bacillus species resulted in the limited formation of unspecific amplification product at
approximately 80°C as also determined by agarose gel electrophoresis. Nonspecific PCR products were not observed for
reactions where the correct product was formed as shown in (C) for 4. flavithermus C.
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Multiple 16S rRNA alignments showed some degree of primer compatibility,
for instance to Lactobacillus, Enterobacter, Leptospira, Pseudomonas,
Staphylococcus and Streptococcus, while the probe-sequence was chosen to
exclusively target milk-derived thermophilic bacilli.

The specificity of the primers and probe were further investigated by real-time
PCR using 1 ng of target DNA against eight non-Bacillus stains (Lactobacillus
plantarum, Pseudomonas aeruginosa, Streptococcus thermophilus, Streptococcus
uberis, Escherichia coli, Clostridium paradoxum, Clostridium perfringens
(Clostridium welchii) (Sigma-Aldrich) and Micrococcus luteus, the thermophilic
milk-bacilli (4. flavithermus C and B. licheniformis F), one mesophilic Bacillus strain
(Bacillus megaterium) and against calf thymus DNA (Sigma-Aldrich).

The milk-derived thermophilic strains were positive for the primer and probe
combination while the other species were negative. The mesophilic B. megaterium
DNA had a C; of 25.53, approximately 5 amplification cycles later than the dairy
strains, which indicates either poor priming due to sequence diversity and/or a lower
ribosomal operon number (Figure 3.2a). Under the optimised PCR conditions some of
the non-Bacillus species e.g. L. plantarum and P. aeruginosa (Figure 3.2b) produced
an amplified product which could be detected by melting point analysis in the
presence of 0.25x SYBR Green I and by agarose gel electrophoresis. Similarly,
lowering the annealing temperature of the PCR assay also resulted in amplified
product formation for some of the non-target species. However, although the TagMan
probe was present in these reactions no corresponding increase in fluorescence was
obtained indicating the high degree of specificity of the probe for the target species
(Figure 3.2a).

3.4.3. DNA standard curve and PCR reproducibility

Standard curves for 16S rRNA genes were established using triplicates of
10-fold dilution series of 4. flavithermus C and B. licheniformis F genomic DNA. The
plots of the C, values and the log quantities of standard DNA were linear between 15
fg and 15 ng of initial target DNA per reaction. The correlation coefficient (R?) of
both standard curves were greater than 0.99 (Figure 3.3).
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Figure 3.3. Standard curves for (A) A. flavithermus C (y = -1.5448In(x) + 27.934) and (m) B. licheniformis F (y = -
1.3753In(x) + 27.542) genomic DNA for 16S rRNA quantitative real-time PCR. The DNA was serially diluted 10-fold and
the PCR reactions performed in triplicate. The mean values of the threshold cycle number C, were then plotted against the log
amount of initial DNA template and the equation and linear correlation coefficient (R”) determined in Microsoft Excel. One
microlitre of standard DNA was used in a 25 pl PCR reaction. The error bars are the standard deviation for three replicates.

3.4.4. Optimisation of DNA release from vegetative cells and spores by ultrasonic

treatment

Genomic DNA extraction from vegetative cells and spores was performed by
ultrasonic treatment. Ten micro-litres of the sonicated samples was used for 16S
rRNA quantitative PCR amplification in the Smart Cycler II and the relative yield of
released DNA quantified using the DNA standard curve for 16S rRNA genes. The
maximum DNA recovery for vegetative cells was achieved by sonication for 125
seconds (Figure 3.4). Exposure times beyond 125 seconds led to higher C, values,
presumed due to excessive DNA fragmentation. The extent of spore disruption by
sonication was similarly determined by 16S rRNA PCR analysis and ODsso
measurement of the sonicated samples. The maximum yield of DNA released from

spores occurred after 6 minutes of sonication (Figure 3.5).
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Figure 3.4. Effect of sonication on cell lysis and DNA released from a 16 hour culture of 4.8x10* A. flavithermus C
vegetative cells in 1 ml of sterile deionised water. Samples were prepared in duplicate and the efficiency of cell lysis assessed
by (m) 16S rRNA PCR and (A ) ODg readings. Relative quantities of DNA released were determined using the 16S rRNA
standard curve for A. flavithermus C (Figure 3.3) and mean values plotted against ultra-sonication time.
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Figure 3.5. Effect of ultra-sonication on spore disruption (m) and DNA release (A ) for a 6.7x 107 spore ml" suspension of B.
licheniformis F in 1 ml of sterile deionised water. The relative DNA yield was determined using the 16S rRNA standard
curve for B. licheniformis F (Figure 3.3). The maximum DNA yield was obtained after 360 seconds of sonication. The
unsonicated spore suspensions had a mean relative DNA yield of 0.4 ng ml".
However, the efficiency of spore disruption was 14 times less than for
vegetative cells based on the numbers of vegetative cells and spores and the

respective C; values. This may be due to two reasons: first, any spore disrupted early
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in the sonication treatment might have its DNA sheared as sonication continued, to a
point below the detection level. Second, spore disruption is inefficient due to their
resistance to mechanical shear forces resulting in poor spore lysis. The latter scenario
was investigated by plate counting spore suspensions containing 107 cfu ml™ after
having been sonicated for 6 minutes. The sonicated spores were heat-activated for 20
minutes at 80°C and poured into TSA-starch agar plates followed by incubation at
55°C for 36 hours. A mean of 88% of sonicated spores formed colonies suggesting
that the drop in the relative DNA yield beyond 6 minutes of sonication was due to

fragmentation of DNA of those few spores already fractured.
3.4.5. Correlation of C, value with number of vegetative cells

Standard curves were established for vegetative cells of separate cultures of
A. flavithermus C and B. licheniformis F in sterile deionised water and for a mixed
culture containing equal numbers of both organisms in reconstituted milk powder

(Figure 3.6).
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Figure 3.6. Semi-logarithmical plot of C, value against vegetative cell concentration of (m) A. flavithermus C (y = -1.605In(x)

+43.766), (#) B. licheniformis F (y = -1.4963In(x) + 42.855) and (A) a mixed culture (y = -1.6462In(x) + 43.131) in milk.
An aliquot of 10 pl of sonicated sample was used in a 25 pl PCR reaction. The error bars are the standard deviation for three
sonicated replicates.
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The Smart Cycler PCR amplifications for pure cultures were linear over a
range of 2x10” to 2x107 cfu ml™" and 8x107 to 8x10% cfu ml™" for the mixed culture of
both organisms recovered from milk. The correlation coefficient (R?) for all standard

curves were greater than 0.99.
3.4.6. Correlation of C, value with number of spores

The standard curves for spores used 10-fold diluted spore suspensions of A.
flavithermus C and B. licheniformis F in sterile deionised water and from a mixed
spore suspension of both organisms in reconstituted milk. The 16S rRNA PCR assays
were linear for pure cultures in a range between 1.15x10® to 1.3x10* spores ml™' and
6.4x10" to 6.4x10° spores ml™" for mixed cultures of both organisms in milk (Figure
3.7).
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Figure 3.7. Semi-logarithmical plot of C, value against spore concentration for (A) 4. flavithermus C (y = -1.3554In(x) +
42.647; R* = 0.99), (w) B. licheniformis F (y = -1.3185In(x) + 42.404; R* = 0.98) and a mixed spore culture of (e) both
organisms in milk (y = -1.4723In(x) + 43.563; R? = 0.99). The error bars are the standard deviation for three sonicated
replicates.

3.5. Discussion

Thermophilic strains of A. flavithermus C and B. licheniformis F can have a

significant impact on the overall economy of the milk powder processing operations
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(Ronimus et al., 2003; Rueckert et al., 2004). Thus, there is a need for a rapid and
quantitative detection method for the real-time monitoring of these organisms within
the plants to overcome unnecessary plant down time. Real-time PCR with specific
primers and TagMan probe can provide a highly selective and sensitive method for
the accurate quantification of individual species from a background of diverse DNA
species. However, real-time PCR detection of milk powder contaminants requires a
rapid bacterial and DNA extraction method to remove fat, proteins and minerals and
yet be still sensitive and robust enough for quantitative analysis. DNA and bacterial
cell extraction methods of milk contaminants have been described (Cornejo et al.,
1998; Herman et al., 1997; Rijpens et al., 1996; Gunasekera et al., 2000; Nogva et al.,
2000) allowing in at least one case the detection of 5 to 50 cfu ml™ (Romero et al.,
1999). Unfortunately, these procedures employ either time consuming bacteriological
isolations or complex DNA extraction methods to obtain amplifiable PCR targets. In
this investigation, a rapid and inexpensive DNA extraction method from milk, based
on trisodium citrate and n-decane extraction of vegetative cells and spores combined
with ultrasonic treatment, was developed which produces DNA samples suitable for
quantitative PCR in less than 20 minutes. Trisodium citrate is known for its ability to
chelate traces of divalent cations, including calcium ions. The removal of calcium
ions associated with casein micelles of the milk leads to the dissociation of the §3-
casein (Walstra, 1990; Walstra et al., 1999) and milk clearance. Furthermore, milk
lipids can be easily separated using n-decane.

Quantitative real-time analysis was accomplished using specific primers and a
TagMan probe targeting the ribosomal 16S rRNA genes of thermophilic milk powder
bacilli. The majority of prokaryotes contain multiple ribosomal operons which can
vary from one to 15 copies per genome (Klappenbach et al., 2001; Shaver et al.,
2001). B. subtilis strain 168, for instance, contains 10 ribosomal 16S rRNA copies in
its genome (Bott et al., 1984) and some laboratory B. subtilis strains were reported to
contain nine rather than ten ribosomal operons due to deletion (Widom et al., 1988).
In addition, analysis of the 16S-23S rRNA intergenic transcribed spacer regions from
six species of the Bacillus cereus group have indicated that the number of ribosomal
operons varied between 8 to 12 (Cherif et al., 2003; Daffonchio et al., 2000). The
number of 16S rRNA copies from A. flavithermus C and B. licheniformis F was
investigated by southern hybridization of restricted genomic DNA, and it could be

shown that at least 8 copies of the 16S rRNA gene occur in both target organisms
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(Chapter 7). The ratio of 16S rRNA copies for both organisms was also examined by
16S rRNA quantitative PCR using 1 ng of genomic DNA. The fluorescence profiles
for amplification product for both organisms crossed the threshold base line at a mean
Ci of 17.01 £ 0.24 supporting the notion that near equivalent copies of 16S ribosomal
RNA genes were likely to be located on the genomes (Figure 3.2A). In addition, the
detection of the other contaminating strains of thermophilic bacilli, e.g., G.
stearothermophilus (strain A), A. flavithermus (strain B and D), Bacillus licheniformis
(strain G) and B. subtilis was also checked using 9 ng of initial genomic target DNA
in comparison to A. flavithermus (strain C) and B. licheniformis (strain F). The mean
C, value for all bacilli was 14.75 + 0.41 (section 7.3.4.).

The quantitative PCR analysis of small regions of the 16S rRNA genes has the
potential to detect genomic DNA in a linear range from 15 ng to 15 fg (Figure 3.3).
This indicates a lower detection limit of approximately 2 to 10 cells for the current
method assuming an average DNA content of 2 to 8.9 fg per cell (Bakken and Olsen,
1989). However, the sensitivity and reproducibility of the quantitative PCR assay can
be limited by the effectiveness of the DNA isolation method applied, especially for
very low DNA target samples.

Sonication using 120 W at 20 kHz of a 16 hour 4.8x10® cfu ml" vegetative
culture of A. flavithermus C in sterile deionised water for 125 seconds was sufficient
to obtain the highest yield of PCR amplifiable genomic DNA. Ultra-sonication
beyond this threshold led to a progressive degradation of the DNA template similar to
that reported by Bakken and Olsen (1989) and Fykse et al. (2003). DNA release by
boiling cultures in a water bath for 10 minutes was also investigated but was deemed
to be unsuitable for quantitative analysis. The relative yield of DNA for boiled
samples of a 4.8x10® cfu ml™ culture of A. flavithermus C was 39.5 ng + 1.13 ng ml”
and not significantly different from an untreated control sample (31.13 ng + 3.51 ng
ml") whereas the 125 second sonicated sample contained twenty times more DNA
(761.4 ng + 10.74 ng ml™).

Spores are extremely resistant to the sonication disruption method (Levi et al,,
2003; Berger and Marr, 1960) and need extended sonication times in the presence of
glass beads (Belgrader et al., 1999). Glass beads can help to increase the energy
release by implosion and facilitate the crushing of the spores. However, the maximum
DNA yield for spores was still fourteen times lower compared to equivalent numbers

of vegetative cells. The reasons are due to the extreme resistance of spores against
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mechanical forces. This was confirmed by spore counts in which 88% of the spores
survived the sonication procedure and were still able to form viable colonies. Another
reason for the poor DNA yield from spores could be that the prolonged sonication
time of 6 minutes could have caused excessive fragmentation of DNA released earlier
in the sonication process. Thus, with spore suspensions, DNA release is a
compromise between extending the sonication time to try and break open as many
spores as possible weighed against the rapid fragmentation of DNA once it is
released. The maximum DNA yield for 6.7x107 spore ml™ cultures of B. licheniformis
F in the presence of 50 mg of 0.1 mm glass beads was determined to be 53.75 ng ml
after 6 minutes of ultrasonic disruption. Surprisingly, the effect of sonication beyond
6 minutes did not cause progressively more spores to be lysed as shown by the ODyso
reading, indicating that the rate of spore disruption is not constant to the sonication
time (Figure 3.5). The unsonicated spore suspension responded with a mean value
equivalent to a DNA concentration of 0.4 ng ml' which we assume reflects
extraneous DNA (possibly derived from lysed mother cells) still adhering to the
outside of the spore (Belgrader et al., 1999).

In conclusion, the methods described in this study can help to optimize the
plant running time for milk powder production, as it enables the quantitative and
selective real-time assessment of thermophilic contaminants in milk powders in less
than 1 hour. The quantitative PCR assay has a lower detection limit of 8 vegetative
cell ml™" and 64 spores ml™" of reconstituted milk and is linear over six and five orders
of magnitude, respectively. The next logical step is the application of the current
method to the analysis of contamination in a factory setting during processing runs. It
is envisaged that the cumulative data from multiple sampling times during processing
runs, starting soon after CIP treatment and continuing to sub-specification thresholds,
would aid in generating an accurate and reliable enumeration and identification of the

thermophilic flora.
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Development of a real-time PCR assay targeting the
sporulation gene, spo0A, for the enumeration of

thermophilic bacilli in milk powder

Published in the Journal Food Microbiology 23 (2006) 220-230.

4.1. Abstract

Thermophilic bacilli, such as Anoxybacillus, Geobacillus and Bacillus, are
common contaminants growing within the processing lines of milk powder producing
factories. These contaminants are used as indicator organisms for plant hygiene and
specification limits based on their numbers have been implemented to ensure milk
powder quality. In this study, we present a SYBR Green-based real-time PCR assay
for the rapid detection and enumeration of these thermophilic bacilli in milk powder
using the spo0A sporulation gene as quantification target. With this method the
detection of thermophilic bacilli in milk powder can be accomplished within 1 h. The
detection limit for reconstituted and inoculated milk was 80 vegetative cfu ml” and

640 spores ml™', respectively.

Keywords: Anoxybacillus; Bacillus; Geobacillus, Milk powder; Real-time PCR,
SYBR Green; spo0A sporulation gene, Thermophiles.

4.2. Introduction

Seven strains of thermophilic bacilli able to grow at 55°C or above have been
recognized as the major contaminants growing in the processing lines of New Zealand
milk powder plants (Ronimus et al., 2003). These are Geobacillus stearothermophilus
(strain A), Anoxybacillus flavithermus (strains B, C and D), Bacillus licheniformis
(strains F and G) and Bacillus subtilis (strain BS). Furthermore, a second
investigation on milk powders derived from eighteen different countries demonstrated

that A. flavithermus strain C, B. licheniformis strain F and G. stearothermophilus
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strain A represent world-wide sources of contamination being near-ubiquitously
present in milk powders, and are thus of economic importance in processing
(Rueckert et al., 2004). Although it is universally accepted that these thermophilic
bacilli do not constitute a health risk to the consumer, they have been deemed to be an
indicator of plant hygiene during processing, and specification limits have been
implemented based on numbers of thermophilic bacilli in products (Stadhouders et
al., 1982; Murphy et al., 1999; Kwee et al., 1986; Ronimus et al., 2003). Typically,
milk powder is produced continuously over an 18 to 24 hour processing period during
which the number of thermophilic bacilli in the product often mirrors that of a typical
bacterial growth curve. Thus, with increased processing time, the number of
thermophiles increases until specification limits are reached and the process run is
terminated to prevent product downgrading. Many factors, such as the
microbiological quality of the raw milk or the thermal operating conditions in the
plant (low-, medium or high heat treatments) or the plant hygiene can all affect the
growth of thermophiles in the processing line, making it difficult to predict a
processing time that ensures thermophile numbers at the end of the run are below
specified limits. In practice, actual numbers of contaminants in milk powders are
determined retrospectively by plate counting, providing results commonly after 16 to
48 hours. Due to these microbiological constraints, it is common practice to terminate
processing runs by initiating CIP (cleaning in place) with the expectation that the
numbers of thermophilic bacilli will be below their specification limits. A real-time
method for monitoring contamination level during production would allow processing
to continue until specification limits were close to being met, could maximise plant
efficiency and reduce the amount of cleaning chemicals used.

In the present study we describe the development of a rapid method for the
detection and enumeration of the seven major thermophilic bacilli in milk powder.
For this purpose, the complete and near-complete nucleotide gene sequences of the
sporulation transcription factor spo0A were obtained and used to develop a
quantitative real-time PCR assay based on SYBR green technology. The current
assay, combined with previously described methods for total bacterial extraction from
reconstituted milk and DNA preparation from vegetative cells and spores (Belgrader

et al., 1999; Fykse et al., 2003; Rueckert et al., 2005a), represents an effective
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protocol to enumerate these bacilli during milk processing within 60 minutes of

sampling.
4.3. Material and methods
4.3.1. Bacterial strains and culture preparation

Geobacillus stearothermophilus (strain A), A. flavithermus (strains B, C and
D), B. licheniformis (strains F and G) and B. subtilis (BS) were isolated from New
Zealand milk powders by Ronimus et al. (2003). Strains of Ureibacillus
thermosphaericus, Bacillus circulans, Bacillus coagulans and Bacillus pumilus were
isolated from milk powders and their origin listed in Table 4.3 (Rueckert et al., 2004).
All cultures were grown at 55°C in tryptic soy broth (TSB) supplemented with 0.2%
(w/v) soluble potato-starch (Sigma; S2004). Bacillus cereus DSM 31, Bacillus smithii
DSM 459, Bacillus megaterium DSM 32, Clostridium paradoxum DSM 7308,
Streptococcus thermophilus DSM 20479, Escherichia coli DSM 301, Micrococcus
luteus DSM 2786 and Lactobacillus plantarum DSM 20205 were obtained from
DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany) and cultured according to the supplier’s recommendation.
Genomic DNA from Clostridium perfringens (Clostridium welchii) was purchased
from Sigma-Aldrich (D5139).

Spores of A. flavithermus C and B. licheniformis F were produced in liquid
Castenholz medium (DSMZ) by incubation at 55°C for 72 hours of an inoculum
grown in TSB-starch. On completion of sporulation the spores were harvested by
centrifugation at 16,100 g (5415 D, Eppendorf) and the pellet re-suspended in sterile
deionised water. The suspensions were purified of vegetative cells by lysozyme-
treatment (2 mg ml™) for 30 minutes at 37°C, followed by sonication for 125 seconds
(XL-2020, Misonix) at 120 W at 20 kHz and washing in two changes of sterile
deionised water. The spores were then washed successively with 1 M NaCl, 0.1 M
NaCl, 0.1% SDS and sterile deionised water before storing at 4°C. Spore and
vegetative cell counts were conducted by phase-contrast microscopy using a Thoma
counting chamber and by plate counting on tryptic soy agar (TSA) with 0.2% (w/v)
soluble potato-starch at 55°C.
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4.3.2. Ultra-purification of genomic DNA

DNA was extracted from all cultures by a modification of the procedure
described by Sambrook and Russel (2001). Following growth, 10 ml of cell
suspension were harvested and re-suspended in 1 ml of 50 mM Tris HCI (pH 8.0),
100 mM NaCl and 20 mM EDTA. A total of 2 mg ml" lysozyme and 50 pg ml”
RNase was added and the samples incubated at 37°C for 45 minutes. SDS and
proteinase K were added to 1% (w/v) and 200 pg ml”, respectively, and the samples
incubated at S5°C for 1 hour. Subsequently, the samples were extracted with equal
volumes of phenol:chloroform (1:1) followed by chloroform and chloroform:isoamyl
alcohol (24:1). The DNA was then precipitated by the addition of 1/10 volumes of 3
M sodium acetate and 0.6 volumes of isopropanol and incubating at -20°C for 15
minutes. The DNA pellets were washed twice with ice chilled 80% ethanol, air dried
and the DNA pellets re-suspended in 500 pl of 1x TE (10 mM Tris-HCI, 1 mM
EDTA, pH 8.0). The samples were quantified by spectrophotometer (Pharmacia
Biotech, Ultraspec 3000) readings at A;sp for DNA, A4 for contaminating proteins
(containing tryptophan, tyrosine and/or phenylalanine) and at 43,9 to compensate for
background effects. The samples were stored at -20°C. The DNA preparations were

used as quantification standards and positive controls.

4.3.3. Sequencing of the spo0A genes

Degenerate oligonucleotide primers targeting small regions of the spo0A genes
of Bacillus sp. were synthesized (Invitrogen, New Zealand) as previously described
by Brill et al. (1997). The primers were used to amplify a region of 300 bp of the
spo0A gene of G. stearothermophilus strain A, A. flavithermus (strains B, C and D),
B. licheniformis (strains F and G) and B. subtilis strain BS according to the protocol
listed (Brill et al. 1997). Following PCR, the amplification reactions were
electrophoresed through a 1.5% (w/v) agarose gel (SeaKem, LE Agarose) at 55 or 98
Volts (Power Pack Model 250; Life Technologies, GIBCO BRL) using a HORIZON
11-14 or 20-25 electrophoresis box (Life Technologies, GIBCO BRL), respectively.
Gels were stained with ethidium bromide (20 ug ml™") and de-stained with sterile

distilled water for 10 minutes. The gels were then viewed on a UV transilluminator
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and the spo0A amplification products excised with a sterile razor blade. The excised
bands were wrapped between sheets of parafilm and frozen at -20°C. Subsequently, a
firm and constant pressure was applied to the wrapped gels and the exudates collected
into 1.5 ml Eppendorf tubes. These DNA samples were extracted with
phenol:chloroform, chloroform and chloroform:isoamyl alcohol, then further
precipitated with sodium acetate/isopropanol and quantified as described. The PCR
amplified spo0A products were sequenced in order to design eight strain-specific
inverse PCR oligonucleotide primers (Table 4.1). The PCR products were
additionally used as oligonucleotide probes for southern hybridization in order to find
suitable restriction enzymes for inverse-PCR (Ochman et al., 1988). For this purpose,
aliquots of 3 pg of genomic DNA of G. stearothermophilus A, A. flavithermus
(strains B, C and D), B. licheniformis (strains F and G) and B. subtilis were used for
total restriction digestion employing Eco Rl, Cla I, Eco RV, Hae 11 and Pst I (Roche).
Restriction digestion was performed according to the manufacturers recommendations
and the restricted DNA samples purified by phenol, chloroform and isoamyl alcohol
extraction and precipitation. An aliquot of 1 pug of the restricted DNA was then
separated though a 0.7% (w/v) agarose gel by electrophoresis and southern lifts
performed using the alkali transfer method (Sambrook and Russel, 2001). Southern
hybridization employed o-*P-dCTP incorporation method described in Sambrook
and Russel, (2001) (section 7.2.5, 7.2.6. and 7.2.7). Restriction digested samples,
which produced hybridization signals in the range of 700 to 2000 bp were used for
ligation and inverse PCR. For this purpose, an aliquot of 0.5 ug of restricted DNA
was used in a 100 pl reaction using 1.5 units T4 Ligase and 20 ul of 5x ligase buffer
(Invitrogen). The reactions were incubated over night at 15°C and an aliquot of 10 ng
of circular DNA used to carry out inverse PCR on a Mastercycler (Gradient;
Eppendorf) using 4 mM MgCl,, 0.2 mM dNTPs, 10x Tag PCR reaction buffer, 1.25
units of AmpliTaq DNA polymerase (Roche), 500 nM of forward and reverse inverse
primer. The PCR amplifications were cycled once at 95°C for 120 seconds and 35
cycles at 92°C for 30 seconds, 48°C for 30 seconds and at 72°C for 90 seconds. The
PCR included a final extension step of 5 minutes at 72°C. Subsequently, the PCR
products were separated by electrophoresis through a 1.5% (w/v) agarose gel and the
PCR bands of interest purified from the gel as described above and used for

sequencing. Additionally, two conventional PCR primer pairs were designed from the
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spo0A gene sequences of G. stearothermophilus (Muchova, et al., 1999) and B.
subtilis (Ferrari et al., 1985) (Table 4.1) to obtain sequence information for DNA
samples which could not be sequenced by inverse PCR. These amplification reactions
contained 2.5 mM MgCl,, 0.2 mM dNTPs, 10x Taqg PCR reaction buffer, 1.25 units
of AmpliTag DNA polymerase (Roche), S00 nM of both primers and 10 ng of
genomic DNA. Both amplification reactions were cycled as follows: 95°C for 120
seconds and 35 cycles at 95°C for 30 seconds, 47°C for 30 seconds, 72°C for 90
seconds and finally, a 5 minutes extension step at 72°C.

Multiple sequence alignments were performed on-line with CLUSTAL W

1.82  (European  Bioinformatics Institute;  http://www.ebi.ac.uk/clustalw/).

Phylogenetic analysis employed CLUSTAL X using the neighbour-joining algorithm
while the analysis was statistically validated using 100 bootstraps (Thompson et al.,
1994). The phylogenetic cladogram was illustrated using NJPLOT provided by
CLUSTAL X.

Table 4.1 Primers

Primer Organism Strain Orientation  Oligonucleotide sequences (5'-3')'
Inverse PCR G. stearothermophilus A forward ACTTAGCCCACCATATTC
reverse ACTTGGACGCGAGCATTA
A. flavithermus B,C,D forward AGCAGTTGAACTTGGMGC
reverse CCAATTCGTGACGGAAA
B. licheniformis F,G forward TGACATGGAGAAYTTAGT
reverse ATCACGACCATCATCCA
B. subtilis BS forward TACTTTATTCTCAAACCGT
reverse AAAGCAGTATTATACGCA
Conventional G. stearothermophilus B4419 forward AGCATTAAAGTGTGTATTGCCGA
PCR
reverse TTATGACGCTTTATGCTCAA
B. subtilis w168 forward GAGAAAATTAAAGTTTGTGTTGCT
GA
reverse TTAAGAAGCCTTATGCTCTAACCT
Real-Time PCR Geobacillus, Bacillus, forward ATYATGYTVACRGCVTTYGGBCAR
GAAGA
Anoxybacillus reverse TAKCCTTTWATRTGIGCDGGIACR
CCGATTTC

* Nucleotide substitution according to the universal degenerate code (Invitrogen; https:/catalog.invitrogen.com/): M=(A/C),
R=(A/G), W=(A/T), Y=(C/T), K=(G/T), V=(A/G/C) B=(T/C/G), D=(A/G/T) and I=(A/G/C/T). R=(A/G), W=(A/T),
Y=(C/T), K=(G/T), V=(A/G/C) B=(T/C/G), D=(A/G/T) and I=(A/G/C/T).
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4.3.4. Sequencing

DNA sequencing was carried out by the Waikato DNA Sequencing Facility on
a MegaBACE capillary DNA Analysis System.

4.3.5. Extraction of vegetative cells and spores from reconstituted milk

Bacterial cells and spores were separated from milk as described in Rueckert
et al. (2005a). This included the addition of 200 pl of 1.2 M trisodium citrate and 200
ul of n-decane (Merk-Schuchardt) to 1 ml of reconstituted milk powder in sterile
water (0.1 g ml""). The sample was vortexed for 10 seconds and centrifuged at 16,100
g for 10 minutes. The upper layer of cream was carefully detached from the tube wall
using a sterile 200 pl pipettor tip and the supernatant poured off carefully by gently
inverting the tube. The samples were re-centrifuged for 2 minutes to collect any
remaining liquid, which was then carefully removed by pipetting while avoiding
disrupting the cell pellet. The bacterial pellet was re-suspended in 1 ml of sterile

deionised water and the DNA released by sonication.
4.3.6. DNA preparation from vegetative cells and spores

DNA extraction from cells and spores for quantitative PCR analysis was
accomplished by sonication as described in Rueckert et al. (2005a). Sonication was
performed with the ultrasonic liquid processor XL-2020 (Misonix) at 120 W at 20
kHz using a 3.2 mm microtip disruptor horn on 1ml of bacterial suspension in a 2 ml
Eppendorf micro-tube. DNA from vegetative cells was released by sonication for 125
seconds. Spores were sonicated in the presence of 50 mg of 0.1 mm glass beads
(Biospec Products) for 360 seconds. After sonication, the samples were centrifuged at
16,100 g for 2 minutes and a 10 pul aliquot of the supernatant subjected to quantitative

PCR analysis.
4.3.7. Real-time PCR

PCR analysis was performed with a Smart Cycler II system (Cepheid, USA) in
25 ul optical reaction tubes. The reactions were performed with 4 mM MgCl,, 0.2
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mM dNTPs, 10x Tag PCR reaction buffer, 1.5 units of TaKaRa Tag™ Hot Start
enzyme (TaKaRa Bio INC.), 0.25x SYBR Green I (Sigma-Aldrich; S9430) and 600
nM of forward and reverse primer. The amplification reactions for DNA standard
curves utilised 1 pl of a 10-fold dilution series of template DNA, i.e. ultra-purified
DNA from A. flavithermus strain C and B. licheniformis strain F. Quantitative PCR
analysis used a 10 pl aliquot of the DNA preparations of sonicated cells or spores
extracted from reconstituted milk samples. The real-time PCR was cycled once at
95°C for 120 seconds, 40 repetitions at 95°C for 5 seconds, 57°C for S seconds, 68°C
for 20 seconds and fluorescence acquisition at 83°C for 6 seconds. On completion of
cycling, amplicons were directly identified using the melting point analysis protocol
of the Smart Cycler instrument (60°C to 95°C; 0.2°C sec’'). Quantitative real-time
PCR was performed in triplicate for each sample and negative controls (no DNA
template) and positive controls (0.1 ng of ultra-purified 4. flavithermus C genomic

DNA) were included in each experiment.
4.4. Results
4.4.1. Sequencing of the spo0A genes and primer design

Complete and near-complete DNA sequences of the spo04 genes were
obtained by inverse PCR for restriction digested and circularized genomic DNA of G.
stearothermophilus A (Eco Rl), A. flavithermus C (Cla 1), B. licheniformis (strains F
and G) (Eco RV) and B. subtilis (BS) (Eco RI). Inverse PCR did not produce
informative sequence data for the upstream regions starting from the spo04
hybridization probe for B. subtilis and A. flavithermus strain C and thus, these
sequence data were acquired by conventional PCR using the PCR primers designed
from the spo0A gene sequences of G. stearothermophilus (Muchova, et al., 1999) and
B. subtilis (Ferrari et al., 1985), respectively (Table 4.1). Similarly, due to the
presence of an Eco RV restriction site downstream from the probe hybridization site
within the spo0A4 gene sequences of B. licheniformis strain F and G, inverse PCR was
not capable of providing full gene sequences for these strains. However, these
sequences were acquired using the B. subtilis specific primer pair (Table 4.1).

Southern hybridization did not produce a hybridization signal within the expected
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molecular size range for A. flavithermus B and D. The near-complete spo0A
sequences of both strains were obtained using the G. stearothermophilus specific PCR
primer pair (Table 4.1).

The spo0A protein alignment of the translated nucleotide sequences is shown
in Figure 4.1 and the NCBI accession numbers are listed in Table 4.2. From the
alignment of the seven new spo0A4 nucleotide sequences, a degenerate oligonucleotide
primer pair for real-time PCR was designed targeting the phosphor-acceptor and
effector-domain of the encoding spo0A protein (Table 4.1; Figure 4.1). The protein
sequences of both regions are highly conserved and identical for all bacilli from
Figure 4.2. A contrary situation was found for the internal domain, the so-called

connector-segment that exhibits a high degree of sequence divergence (Figure 4.1).

Table 4.2 NCBI accession numbers of spo0A sequences

Organism strain Sequence length Completion NCBI accession
[bp] number
Geobacillus stearothermophilus A 780 full AY 672766
Anoxybacillus flavithermus B 720 partial AY672767
Anoxybacillus flavithermus C 743 partial AY672771
Anoxybacillus flavithermus D 714 partial AY 672768
Bacillus licheniformis F 772 partial AY672770
Bacillus licheniformis G 772 partial AY672769
Bacillus subtilis BS 773 partial AY672772

4.4.2 Real-time PCR optimization

The quantitative real-time PCR assay was optimized following
recommendations by Cepheid, Pfaff (2002), Teo et al. (2002), Decker et al. (2002),
Ball et al. (2002) and Vandesompele et al. (2002). This included primer titration
between 100 nM to 1100 nM against low, medium and high DNA target
concentrations (0.01 ng, 0.1 ng and 1 ng) with the primer performance being rated by
threshold cycle number (C,) response, end-point fluorescence and primer-dimer
formation. A concentration of 600 nM for both forward and reverse primer performed
with the highest efficiency; at higher concentrations the formation of primer-dimers
became more evident while at lower concentrations, less product formation was
observed (Appendix 12.3.4). The MgCl, concentration was titrated between 1.5 and
8.5 mM; concentrations of 2.5 mM MgCl, or less gave poor amplification on the

Smart Cycler II and resulted in the formation of primer-dimers (Appendix 12.3.1).
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A. flavithermus D = = =  ==-ceeeme—ee- SGIVHLLEEYITSQGDMEVIGVAYNGQDCLQLLRERDPDVLVLDIIMP 48
A. flavithermus B -QXLGIVHLLEEYITSQGDMEVIGVAYNGQDCLQLLRERDPDVLVLDIIMP 50
A. flavithermus C VVHLLEEYITSQGDMEVIGVAYNGQDCLQLLRDRDPDVLVLDIIMP 46

G stearothermophilus A -MSIKVCIADDNRELVSLLDEYISSQPDMEVIGTAYNGQDCLQMLEEKRPDILLLDIIMP 59

B. licheniformis F MEKIKVCVADDNRELVGLLSEYIEGQSDMEVLGVAYNGQECLSLFKDKEPDVLVLDIIMP 60
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B. subtilis BS HLDGLAVLERLRESDLKKQPNV& 1% ¢ N yels) 5-DVTKKAVDLGASYF ILKPFDMENLVGHIR 109
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A. flavithermus D HVCGKKPALLKRP 160
A. flavithermus B HVCGKKPALLKRP 162
A. flavithermus C HVCGKKPAVFKRP 158
G. stearothermophilus A QVYGKTTPVVRKA 172
B. licheniformis F QVSGNGSQLTHRAPSSQSSVLRP-QPESPKKNLDASITTIIH 179
B. licheniformis G QVSGNGSQLTHRAPSSQSSVLRP-QPESPKKNLDASITTIIH 179
B. subtilis BS QVSGNASSVTHRAPSSQSSIIRSSQPEPKKKNLDASITSIIH, 169
P R . : Ihkkkhhkkk Khkkhkhkhkkkkhkkkk ok k k&
A. flavithermus D AMVYNDVELLGSITKVLYPDIAKKYNTTASRVERAIRHAIEVAWSRGNLESISSLFGHTV 220
A. flavithermus B AMVYNDVELLGSITKVLYPDIAKKYNTTASRVERAIRHAIEVAWSRGNLESISSLFGHTV 222
A. flavithermus C AMVYNDVELLGSITKVLYPDIAKKYNTTASRVERAIRHAIEVAWSRGNLESISSLFGHTV 218
G. stearothermophilus A AMVYHDIELLGSITKVLYPDIAKKYNTTASRVERAIRHAIEVAWSRGNLDSISSLFGYTV 232
B. licheniformis F SMVYNDIELLGSITKVLYPDIAKKFNTTASRVERAIRHAIEVAWSRGNIDSISSLFGYTV 239
B. licheniformis G SMVYNDIELLGSITKVLYPDIAKKFNTTASRVERAIRHAIEVAWSRGNIDSISSLFGYTV 239
B. subtilis BS SMVYNDIELLGSITKVLYPDIAKKFNTTASRVERAIRHAIEVAWSRGNIDSISSLFGYTV 229
phhkko ko kbbb hhhhhh bbbk ok bbb bbbk bbbk kbbb shhhhkdkd s ko
A. flavithermus D SMSKAKPT-TQSYAMC-~========= 235
A. flavithermus B SMSKAKPT-TQSYAMC-~-—-—====—~ 237
A. flavithermus C SMSKAKPTNSEFIAMVADRLRLEHKAS 245
G. stearothermophilus A SVSKAKPTNSEFIAMVADKLRLEHKAS 259
B. licheniformis F SMSKAKPTNSEFVAMSQQ-~======= 257
B. licheniformis G SMSKAKPTNSDGRDVADK=-======== 257
B. subtilis BS SMTKAKPTNSEFIAMVADKLRLEHKGS 256

Kpakkkkk g :

Figure 4.1. CLUSTAL W (1.82) multiple sequence alignment of spo0A protein sequences derived from the seven
thermophilic milk powder bacilli. Reference numbers at the right margin correspond to the position of amino acid in each
sequence; "*" means that the residues are identical; ":" means that conserved substitutions have been observed; "." means that
semi-conserved substitutions are observed and sequence gaps are indicated by “-“. According to Brown et al. (1997), the
location of the phosphor-acceptor domain, the connector-segment and the effector-domain are approximately at residue
positions 0-122, 123-142 and 143-259, respectively, referring to the numbering of G. stearothermophilus strain A. The
primer annealing sites for PCR amplification are highlighted in grey at positions 80-89 (forward primer) and 164-174
(reverse primer).
Magnesium concentrations between 3.5 and 8.5 mM MgCl, amplified equally
well, while end-point fluorescence readings were highest between 3.5 and 5.5 mM
MgCl, (Appendix 12.3.1). Thermal cycling was optimized for template denaturing,
annealing, and extension following recommendation from Cepheid (Getting Started
. . ®
with Smart Cycler® Real Time PCR; SYBR® Green I Assays on the Smart Cycler
System). Primer pair annealing was optimized between 45°C and 63°C using a 20
second elongation step (Appendix 12.3.2).
The fluorescence acquisition temperature was 83°C for a period of 6 seconds
subsequent to elongation to reduce the detection of non-specific amplification
products (Vandesompele et al., 2002). The SYBR Green I titration was performed

between dilutions of 0.125x and 1x of reporter dye. The reproducibility of the
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reactions were consistent using 0.125 to 0.25x SYBR Green I. A concentration of
0.5% led occasionally to PCR inhibition, especially at low template number while

concentrations above 0.75x resulted in PCR failure (Appendix 12.3.3).

Clostridium innocuum ATCC14501
Bacillus pumilus U09974

_rBacillus licheniformis strain G
B

acillus licheniformis strain F
_[Bacillus subtilis BS
Bacillus subtilis M10082
_Il:Bacillus megaterium VT1660
Bacillus circulans ATCC 4513
]Bacillus thuringiensis X80639
] LBacillus anthracis UM23Cl1

{Geobacillus stearothermophilus strain A
Geobacillus stearothermophilus AJ002297

M — Anoxybacillus flavithermus strain C

[Anoxybacillus flavithermus strain B
Anoxybacillus flavithermus strain D

Bacillus halodurans AP001516
Bacillus brevis ATCC 8185
Bacillus sphaericus ATCC 14577
Clostridium thermoaceticum ATCC 39073
Clostridium difficile X94328

Clostridium acetobutylicum NCIMB 8052
}&{ —| Clostridium pasteuriam?r}n ATCC 6013

Figure 4.2. Phylogenetic cladogram of complete and near-complete spo0A protein sequences using the neighbor-joining
method. The scale bar length of 0.05 denotes the number of amino acid replacements per site validated with 100 bootstraps.
The NCBI accession numbers or type strain numbers are indicated after the species nomenclature. The new spo0A sequences
are indicated in bold and their accession numbers are shown in Table 4.2.

4.4.3. Primer selectivity

The real-time PCR primers were tested against 13 bacilli, two clostridial
strains and four non-spore-formers using 5 ng of genomic DNA per 25ul reaction. All
the bacilli produced an amplicon of the expected size although slight variations in
amplicon-length were observed (Figure 4.3a). Melting point analysis performed on
the PCR amplicons showed that the melting point temperatures (T,,) varied between
81.93 to 89.02°C for the Bacillus strains examined. Melting analyses were performed

in triplicate for each sample and the mean values and standard deviations are listed in
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Table 4.3. The clostridial strains, the non-spore-formers and the negative controls

produced no amplicon with the primer combination used (Figure 4.3b).
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Figure 4.3a. Agarose gel electrophoresis of amplification products of a small region of spo0A genes from diverse
bacilli using the real-time PCR primers. DNA size marker: 1 Kb Plus DNA Ladder (Invitrogen); Negative control:
PCR reaction did not contain any DNA template.

Table 4.3. Melting point analysis of spo04 amplicons

Organism Tn[°C]

B. licheniformis strain G 89.0+0.1
B. licheniformis strain F 88.7+0.1
G. stearothermophilus strain A 88.7+0.2
B. subtilis BS 87.9+0.1
B. coagulans Chile isolate 20 859+0.2
B. pumilus Germany B isolate 6 85.3+0.1
A. flavithermus strain B 84.6+0.1
A. flavithermus strain C 84.6+0.1
A. flavithermus strain D 84.6+0.1
B. megaterium 83.9+0.1
B. smithii 83.5+0.1
B. cereus 83.3+£0.1
B. circulans Finland isolate 9 82.5+0.1
U. thermosphaericus Ireland isolate 6  82.5+0.1
U. thermosphaericus Chile isolate 8 82.5+0.1
B. circulans Poland C isolate 14 81.9+0.1
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4.4.4. Real-time PCR specificity and sensitivity

The specificity of the real-time PCR assay was investigated using 10 ng of
genomic DNA from each of the seven milk powder derived bacilli (Ronimus et al.,
2003). The results are shown in Figure 4.4 (a, b and c). All strains produced positive
results with amplicon density producing a fluorescent response which exceeded the
threshold baseline at a mean C; of 16.95 £ 0.53 indicating near identical amplification
rates achieved with the primer pair.

The sensitivity range of the PCR assay was assessed in triplicate using 10-fold
dilution series of A. flavithermus C and B. licheniformis F ultra-purified genomic
DNA. The standard curve obtained for 4. flavithermus C was C,; = -1.8022xIn(DNA
[ng]) + 21.266 and for B. licheniformis F was C; = -1.6521xIn(DNA [ng]) + 21.607
(Figure 4.5). The assays were linear over a DNA concentration of six orders of
magnitude from 15 ng to 150 fg of initial amplification target. The correlation

coefficients were greater than 0.99.
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Figure 4.4a. Amplification plot of quantitative real-time PCR on the Smart Cycler II targeting the spo0A4 sporulation genes of
G. stearothermophilus A, A. flavithermus (strains B, C and D), B. licheniformis (strains F and G) and B. subtilis BS. The PCR
reactions were performed under identical conditions using 10 ng of genomic DNA as initial template. The bacilli responded
with a mean C, of 16.95 + 0.53 indicating near identical amplification rates. The negative control (no template) did not cross
the manual threshold base line at 30 within the set 40 amplification cycles.
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Figure 4.4 b and c. Melting curve analysis of spo04 amplification products. The graph (b) shows the melting curves derived
by increasing temperature over the range 60°C to 95°C with a temperature transition of 0.2°C s”'. The melting temperatures
(T,) of the amplification products can be seen in the points were the fluorescence signal experiences its most rapid decrease.
This is the temperature at which 50% of the double stranded DNA of a reaction is dissociated. Figure (c) illustrates the
corresponding melting peaks derived from the negative first derivative of the melting curve fluorescence plotted over the
temperature (- dF/dT versus T).
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Figure 4.5. DNA standard curves for quantitative real-time amplifications of a small region of the spo04 gene of 4.
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