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Introduction

Importance of aerobic spore formers in food

Abstract

A recent example of a micro-organism causing undesired growth in consumer
milk is Bacillus sporothermodurans producing highly heat-resistant spores
(HRS) which may survive ultra-high temperature (UHT) treatment or indus-
trial sterilization. Molecular typing showed a heterogeneous group of farm iso-
lates (non-HRS strains), but a clonal group of UHT isolates from diverse
European countries and other continents (HRS-clone) suggesting a common
source. During a survey of Belgian dairy farms for the presence of potentially
highly heat-resistant spore formers, high numbers of these spores were detected
in filter cloth, green crop and fodder samples. The strain collection showed a
high taxonomic diversity with 18 potentially new species and with Bacillus
licheniformis and Geobacillus pallidus as predominating species overall. Seven-
teen B. sporothermodurans isolates were identified, mainly originating from feed
concentrate. Heat resistance studies showed the UHT resistance of B. sporother-
modurans spores present in industrially contaminated UHT milk, but a lower
heat resistance of laboratory-grown strains (HRS and non-HRS). Hydrogen
peroxide, used as sanitizer in the dairy industry, was found to induce higher
heat resistance of laboratory-grown B. sporothermodurans strains to a certain
level. This indicates that sublethal stress conditions may affect the heat resist-
ance. By transmission electron microscopy, structural differences at the spore
level were found between HRS and non-HRS strains. The data indicate that the
attainment of extreme heat resistance is rather multifactorial.

tle or no competition from faster growing vegetative cells,
may germinate and proliferate rapidly in the product.
Thirdly, the adhesive characteristics of some spores facili-
tate their attachment to the surfaces of pipelines and pro-

Aerobic spore-forming bacteria are important in the food
industry for several reasons (Andersson et al. 1995; Hey-
ndrickx and Scheldeman 2002). First, the ubiquitous nat-
ure of these spore formers makes it basically impossible
to prevent their presence in raw food and ingredients.
When deficiencies occur in the filling apparatus or the
sterilization of the packaging material, contamination can
easily occur. Secondly, commonly used pasteurization
processes, although adequate in inactivating vegetative
cells, fail to kill spores. Surviving spores, experiencing lit-

cessing equipment, leading to the formation of biofilms
(e.g. Andersson and Ronner 1998). And last but not least,
there is a growing concern about the (increasing) toler-
ance or resistance of spores or vegetative cells to condi-
tions or treatments generally presumed to stop growth
(low temperatures and low pH), or to inactivate all living
material, such as sterilization and ultra-high temperature
(UHT) processing. These ‘super bugs’, either adapted or
new organisms with high intrinsic tolerance or resistance
properties, might be selected for by the use of new feed
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or food ingredients and processing or packaging technol-
ogies. In the food industry, problems arising form aerobic
spore-forming bacilli are basically twofold. A first and
increasing concern is the pathogen Bacillus cereus, which
can cause serious food-borne intoxications. Food prod-
ucts frequently contaminated by B. cereus include, among
others, milk, dairy products, dry foods, rice dishes, egg
and legume products (Granum 2002). A second concern
is food spoilage caused by spore formers during produc-
tion, storage and distribution (Huis in’t Veld 1996). Food
spoilage, generally defined as any change that renders a
product unsuitable for human consumption, often results
in considerable economic losses despite modern manufac-
turing techniques. Some examples are given in Table 1.
Related nonspoilage problems caused by aerobic spore
formers are nonsterility of UHT-treated and sterilized
milk.

Aerobic spore formers in milk

An overview of the psychrotolerant, mesophilic and ther-
mophilic aerobic spore-forming flora in raw milk, and at
several stages in milk processing, was given by Heynd-
rickx and Scheldeman (2002). Total aerobic spore counts
in raw milk are subjected to seasonal variation, with usu-
ally a higher incidence observed in the winter period,
when cows are housed indoors (Sutherland and Murdoch
1994). Generally, the average counts are in the range of
10-10° CFU ml™' (Waes 1976; te Giffel et al. 2002).
Despite some regional, seasonal and methodological dif-
ferences, there is mostly a predominance of Bacillus li-
cheniformis in raw milk (Phillips and Griffiths 1986).
Bacillus cereus often is the most common psychrotolerant
species, especially in the summer period.

In pasteurized milk, obtained by a conventional bulk
treatment at 61-66°C for 30 min or by a flash pasteuriza-
tion (also called high temperature short time) at 71-7°C
for at least 15 s (but usually 30—40 s), (most) vegetative
cells are killed but spores remain. Because pasteurized
milk has to be stored at low temperatures, the psychrotol-

Table 1 Bacillus species causing spoilage in foods

Highly heat-resistant spore formers in milk

erant spore formers, defined as those micro-organisms
that can grow at 7°C or less (irrespective of their optimal
growth temperature), are of particular concern. With the
longer refrigerated storage before processing, higher pas-
teurization conditions, reduction of postpasteurization
contamination and prolonged shelf-life combined with
the fact that pasteurization often activates germination of
spores (Hanson et al. 2005), the particular presence of
psychrotolerant spore formers is of increasing importance.
Not only is there the potential of food-borne intoxica-
tions as a result of B. cereus outgrowth, but also many
spoilage defects caused by enzymatic activity may also
occur (reviewed by Heyndrickx and Scheldeman (2002).
The possible sources of B. cereus contamination in both
raw milk and processing plants were also reviewed by the
same authors.

In UHT-processed milk, obtained by a treatment at
minimally 135°C for 1 s (but usually between 135 and
150°C for 1-8 s) in a continuous flow and subsequent
packaging in presterilized containers, virtually all micro-
organisms including spores are killed. The same applies
to sterilized milk, obtained by a preheating for 1-60 s at
120-135°C followed by a sterilization after bottling at
110-120°C for 10-20 min. Both products are ‘commer-
cially sterile’ (i.e. not more than one potential spoiled 1-1
container per 1000 and usually 1 per 10 000 or less) and
have a long shelf-life (more than 6 months) without refri-
geration. In Europe, UHT milk is mainly consumed in
amongst others France, Germany and Belgium. To meet
the legal requirements established by the European Union
Hygiene directive 92/46, the colony count at 30°C of
unopened packages after 15 days of incubation at 30°C
must be below 10 CFU per 0-1 ml (Anonymous 1992).
Spoilage infrequently occurs because of recontamination
during filling and is mostly caused by proteolytic activity
of some Bacillus species. The presence of aerobic spore
formers (including Bacillus sphaericus, B. licheniformis and
Brevibacillus brevis) below the EC directive level was, for
instance, shown in 30% of fresh Sardinian UHT milk
samples (Cosentino et al. 1997).

Species Food products affected

Type of spoilage References

Alicyclobacillus acidoterrestris Fruit juices, acidic beverages

Bacillus cereus Pasteurized milk, dairy products
Geobacillus stearothermophilus
Bacillus coagulans

Bacillus licheniformis

Evaporated milk, low-acid canned
vegetable tomato juice

Bacillus subtilis Bread

Off-flavours Splittstoesser et al. (1994),
Yamazaki et al. (1996), Jensen (1999)
Griffiths et al. (1981), Cousin (1982),

Meer et al. (1991)

Bitty cream, sweet
curdling, off-flavours

Flat sour Montville (1982),
Kalogridou-Vassiliadou (1992)
Ropy bread Rosenkvist and Hansen (1995)
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Bacillus sporothermodurans

Contamination of UHT and sterilized milk

Massive contaminations of entire commercial lots of
UHT- and sterilized milk with a then unknown mesophilic
aerobic spore former were first reported in Italy and Aus-
tria in 1985 and in 1990 also in Germany (Hammer et al.
1995). This organism was provisionally called a ‘highly
heat-resistant spore former’ (termed HHRS or HRS), as
the causative organism could be isolated from a bypass
directly after the heating section of an indirect UHT-heat-
ing device. Contrary to post-heat treatment contamin-
ation, this problem seemed to be caused by survival of the
UHT process by the HRS and occurred more frequently in
indirect UHT than in direct UHT processing. The prob-
lem subsequently spread to countries in and outside Eur-
ope (Hammer et al. 1995; Guillaume-Gentil et al. 2002).
Affected milk products included whole, skimmed, evapor-
ated or reconstituted UHT milk, UHT cream and choco-
late milk in different kinds of containers and also milk
powders (Hammer et al. 1995; Klijn ef al. 1997). The HRS
organism appeared as small, pinpoint colonies on plate
count agar incubated at 30°C, usually reaching a maxi-
mum of 10° vegetative cells and 10° spores ml™" milk after
a 15-day incubation at 30°C of unopened packages of con-
sumer milk according to the EC regulation. These densi-
ties do not affect the pH of the milk, and usually do not
alter the stability or sensory quality (Klijn et al. 1997).
However, this contamination level far exceeds the sterility
criterion of 10 CFU per 0'1 ml according to the EC regu-
lation. Recently, higher bacterial loads in 37% of Italian
contaminated UHT milk samples exceeding 10> CFU ml™"
have been reported (Montanari et al. 2004). Several HRS
strains were tested and showed no pathogenic potential
(Hammer and Walte 1996). The HRS organism was taxo-
nomically described as the new species B. sporothermodu-
rans based on isolates solely from UHT milk (Pettersson
et al. 1996). Despite its poor growth characteristics in
milk, UHT milk can be regarded as a new ecological niche
for B. sporothermodurans because of the lack of competi-
tion from other organisms in this product. The organism
has also been isolated from contaminated UHT-treated
coconut cream (F. Priest, pers. comm. and M. Heynd-
rickx, unpubl. data).

Detection and ecology

Isolation of B. sporothermodurans from UHT- or sterilized
milk is best performed on brain heart infusion (BHI)
plates supplemented with vitamin B, and incubation at
37°C, whereas growth on milk plate count agar, as used
by most dairies to test the milk downstream heat process-
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ing, is poor. The isolation of B. sporothermodurans from
raw milk or other farm sources, however, is not evident
because of the high competitive background microflora.
The best selection method is autoclaving for 5 min or
heating the sample at 100°C for 30—-40 min and subse-
quent plating on supplemented BHI. Phenotypic identifi-
cation of B. sporothermodurans is hampered by its poor
growth characteristics and its negative reactions in many
of the standard and API 50CHB tests (with the exception
of esculin hydrolysis) (Pettersson et al. 1996). Moreover,
some positive characters seem to be variable between
strains or between authors (Pettersson et al. 1996; Klijn
et al. 1997; Montanari et al. 2004), most probably because
of different media used. The presence of other, not yet
described potentially highly heat-resistant spore formers
in raw milk (see later) may also complicate unequivocal
confirmation of B. sporothermodurans.

Phylogenetically, the closest relatives of B. sporothermo-
durans are Bacillus oleronius, Bacillus lentus, Bacillus firmus
and Bacillus benzoevorans. However, operon heterogeneity
could result in reading difficulties in direct cycle-sequen-
cing of the V1 and V2 regions of the 165 rRNA genes of
B. sporothermodurans for identification purposes (Petters-
son efal. 1996; Klijn etal. 1997). A PCR detection
method for B. sporothermodurans, with primers derived
from a unique sequence, obtained after subtractive hybrid-
ization of B. sporothermodurans DNA with DNA of a clo-
sely related raw milk strain, proved to be specific for a
subset of B. sporothermodurans. This subset encompassed
all UHT isolates and only a few farm isolates (Herman
et al. 1998; Guillaume-Gentil ef al. 2002), and conse-
quently this PCR was referred to as HRS-PCR. This PCR
detection method can be used in conjunction with a
chemical pretreatment of a raw milk sample followed by a
heat activation and cultivation of the spores on supple-
mented BHI to detect the HRS organism in the presence
of a background flora, without the need to isolate the
strain, which can be problematic as described above (Her-
man et al. 1998). A second, broader PCR-identification
test was also constructed on the basis of the 16S rDNA
sequence (Scheldeman et al. 2002). This PCR test not only
detects the subset of UHT isolates, but also all farm iso-
lates (Guillaume-Gentil et al. 2002). A similar approach
and range of detection was also achieved by using a DNA
probe prepared from a cloned 16S-23S rDNA spacer
region (de Silva et al. 1998). Several typing methods have
been used for B. sporothermodurans including random
amplified polymorphic DNA (Klijn et al. 1997), repetitive
element palindromic PCR (REP-PCR) with separation on
agarose (Klijn et al. 1997) or on polyacrylamide gels (Her-
man et al. 1998) and ribotyping (Guillaume-Gentil ef al.
2002). Especially the two latter techniques provide the
highest discrimination level (see later).
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With the above-described detection, identification and
typing techniques, the ecology of B. sporothermodurans
has been investigated in order to find the most probable
contamination and spreading routes for consumer milk
and milk products. A first source was, logically, sought in
raw milk. Only a temporal, local occurrence at a very low
contamination level was found in raw milk using the
above-described HRS-PCR detection method (Herman
et al. 2000); however, as this PCR method is more speci-
fic for UHT isolates, other strains may have been missed.
Still, one strain isolated from raw milk after a treatment
of 30 min at 100°C was identified and reported as the
first raw milk isolate of B. sporothermodurans (Scheld-
eman et al. 2002); this remains the only raw milk isolate
up to now. At the dairy farm level, B. sporothermodurans
spores were occasionally reported in feed concentrate,
silage, soy, pulp and compost (de Silva ef al. 1998; Vae-
rewijck et al. 2001; Scheldeman et al. 2002; Zhang et al.
2002). Most of the dairy farm isolates have been obtained
from feed concentrate at incubation temperatures ranging
from 20 to 55°C, but the majority at 37°C (Scheldeman
et al. 2002). This indicates feed concentrate as most prob-
able primary source with the other positive farm samples
probably resulting from contamination cycles on the
farm. However, it must be noted that the presence of B.
sporothermodurans on the farm is relatively rare, as only
17 isolates of this species were obtained on a total collec-
tion of about 700 potentially highly heat-resistant isolates,
which will be discussed later. Finally, contamination
could also result from reprocessing of contaminated lots
of UHT milk in the dairy factory or from processing of
contaminated milk powder (Hammer et al. 1995; Herman
et al. 1998).

The relative importance of these contamination sources
has been illustrated by different typing studies (Herman
et al. 1998; Guillaume-Gentil et al. 2002). The latter was
the most extensive study with the typing of UHT milk iso-
lates from different countries and continents (Europe,
South America, Asia) and of farm isolates with a combina-
tion of REP-PCR and ribotyping using two restriction
enzymes. Both cluster analysis and three-dimensional sca-
ling (Fig. 1) of the combined fingerprints revealed a very
compact cluster or group composed of most of the UHT
isolates. This suggests a clonal origin of these UHT iso-
lates, referred to as HRS clone, which is remarkable as
they were obtained from UHT- and sterilized milk sam-
ples produced on three different continents. In contrast to
the homogeneity found for the majority of the UHT iso-
lates, the combined typing data showed that the farm iso-
lates (feed concentrate, silage, soy, raw milk), including
two HRS-PCR-positive strains, formed a genetically very
diffuse group, different from the group of UHT isolates
(Fig. 1). These data indicate that there is no 100% concor-
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Figure 1 Three-dimensional representation (modified from Guilla-
ume-Gentil et al. 2002) of the genetic relatedness between Bacillus
sporothermodurans strains based on a combined clustering analysis
(Pearson correlation) of ribotyping patterns (EcoRl and Pvull) and REP-
PCR patterns. Black spots represent the HRS-clone. @ 22 B. sporother-
modurans strains from ultra-high temperature (UHT) products; & 3 B.
sporothermodurans strains from German UHT products; = 13 B.
sporothermodurans strains from dairy farms; ® B. oleronius strain
from raw milk.

dance between a positive result in the HRS-PCR and an
HRS clone pattern in polyphasic molecular typing. These
data also show that only a few clones, with a predomin-
ance of the HRS clone, have been (and still are occasion-
ally) responsible in the mid-1990s for the regular
contamination of UHT- and sterilized milk and milk
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products due to the production of highly heat-resistant
spores. Probably, the spread of the HRS clone has been
caused by reprocessing and circulation of contaminated
milk within and between UHT production units. Occa-
sionally, a new genetic type, as exemplified by the German
UHT isolates, is introduced in a UHT plant, probably via
raw milk. The spread to other continents may be
explained by the use of contaminated milk powder to
reconstitute milk for UHT processing. The question
remains of whether the extreme heat resistance of spores
to UHT and sterilization temperatures is restricted to the
subset of UHT isolates or whether it is a property more
widespread in B. sporothermodurans. The typing data seem
to indicate a restriction of this property to particular
clones with a possible common ancestor. Furthermore, the
genetic diversity of B. sporothermodurans as demonstrated
in the above study is not represented in the original des-
cription of the species (Pettersson et al. 1996), which was
only based on the phenotypically very unreactive UHT
isolates and inadequate media for phenotypic characteriza-
tion. An emended description of this industrially import-
ant species may thus be necessary, including some
phenotypically more reactive farm isolates (N. Logan, pers.
comm.).

Other highly heat-resistant spore formers in milk

Besides B. sporothermodurans, a few other spore-forming
species have also been reported to sporadically contamin-
ate UHT- or sterilized milk with direct or indirect evi-
dence for the production of highly heat-resistant spores:

P. Scheldeman et al.

Geobacillus (formerly Bacillus) stearothermophilus (see ref-
erences in Rombaut et al. 2002), Br. brevis and/or Brevi-
bacillus borstelensis (de Silva et al. 1998; Rombaut et al.
2002), B. sphaericus, B. licheniformis and Br. brevis
(Cosentino et al. 1997) and Paenibacillus lactis (Scheld-
eman ef al. 2004a). The production of spores with high
resistance at 120-121°C is well known for G. stearother-
mophilus (Huemer et al. 1998; Brown 2000), but as this
organism is a thermophile, spoilage problems may only
occur in packs held at elevated temperatures. Brevibacillus
brevis has been shown to produce spores heat resistant at
130°C (Rombaut et al. 2002). The best documented
recent event is a periodical but tenacious contamination
of UHT milk packages from one dairy plant with spores
of P. lactis. Indirect evidence that this new species, des-
cribed by Scheldeman et al. (2004a), can produce highly
heat-resistant spores comes from the fact that the
contaminated UHT milk packages came from different
processing lines (direct and indirect UHT) and were co-
contaminated with B. sporothermodurans. Interestingly, P.
lactis strains had also been isolated on different dairy
farms from raw milk, milking apparatus and filter cloth.
One of these farm strains, isolated from a cluster of the
milking apparatus, showed the same REP-PCR patterns as
the UHT isolates. In this case, there seems to be for the
first time plausible evidence of a direct link of contamin-
ation with highly heat-resistant spores from the raw milk
on the dairy farm to the heat-treated milk in the dairy.
Only a few studies have addressed the presence of
highly heat-resistant spores at the dairy farm (Table 2),
which can be the original source for spores causing spoil-

Heat treatment

Spore-forming species Source applied

Table 2 Previous isolations of highly heat-
resistant spores at the dairy farm

Reference

Bacillus sporothermodurans 60 min 100°C
Brevibacillus borstelenis

Bacillus licheniformis

Three new species*

Two unassigned isolates

Grass silage

Bacillus licheniformis Grass & maize 120-130°C
Bacillus subtilis silage
Bacillus oleronius/
sporothermodurans
Paenibacillus
Brevibacillus

Aneurinibacillus

30 s 125°C
30 min 100°C

Bacillus cereus

Bacillus subtilis group
Bacillus sporothermodurans
Bacillus amyloliquefaciens
Bacillus oleronius

Bacillus pallidus

Grass silage
Feed concentrate

de Silva et al. (1998)

te Giffel et al. (2002)

Vaerewijck et al. (2001)

*One species was subsequently described as Bacillus siralis (Pettersson et al. 2000).
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age, poisoning or contamination of heat-treated milk
upon germination and growth in the final product with
long shelf-life. The most comprehensive study of poten-
tially highly heat-resistant spore formers was performed
recently by Scheldeman et al. (2005) investigating raw
milk, milking equipment after the heat-cleaning procedure
(teat cups, clusters, connection points, filter cloth, collec-
tion tank), green crop (silage, maize, hay/straw) and fod-
der (feed concentrate, pulp, cereals) in the winter period
at 17 dairy farms in geographically different locations in
Belgium. The notation ‘potentially highly heat-resistant
spore formers’ was used because the selective heat treat-
ment of the samples (30 min at 100°C) could not only
select for spores with a high intrinsic heat resistance but
also for spores with a lower heat resistance which were
very abundant in the sample. Depending on the incuba-
tion temperature, high average counts of potentially highly
heat-resistant spore formers were found in filter cloths
(10>-10° CFU g_1 at 37 and 55°C), green maize (10%-
10° CFU g~' at 37°C), hay/straw (>10> CFU g~' at 37°C)
and feed concentrate samples (10°-10° CFU g~ at 20, 37
and 55°C). It is noteworthy that 10-20% of the concen-
trate and self-made mixtures contained >10> CFU g™' of
psychrotolerant spore formers, which are of main interest
in the cold milk chain. After a polyphasic taxonomic char-
acterization of the potentially highly heat-resistant spore-
forming isolates, a very large taxonomic diversity was
found covering as much as seven genera (Aneurinibacillus,
Bacillus, Brevibacillus, Geobacillus, Paenibacillus, Ureibacil-
lus and Virgibacillus). In Fig. 2 a neighbour-joining tree is
shown to reflect the phylogenetic diversity of these spore
formers. Eighteen previously unknown taxa were found,
covering 23% of all isolates, of which five have been des-
cribed as a result of this study: Bacillus farraginis, Bacillus
fortis and Bacillus fordii (Scheldeman et al. 2004b), P. lactis
(Scheldeman et al. 2004a) and Bacillus ruris (Heyndrickx
et al. 2005). Overall, B. licheniformis and the thermophile
Geobacillus (formerly Bacillus) pallidus were the most fre-
quently isolated species. Besides these two species, also B.
farraginis and members of the Bacillus subtilis group were
the most widely spread species across the sampled farms.
In raw milk, 20 different species were found, of which B.
licheniformis far outnumbered the other species. All inves-
tigated samples, and especially feed concentrate, hay and
straw, silage, teat cups, clusters and filter cloth, were
identified as possible entry points for potentially highly
heat-resistant spores into raw milk. Sixty per cent of the
different species found in raw milk were also recovered
from feed concentrate, but some species such as P. lactis
and Ureibacillus thermosphaericus, were only recovered
from the milking equipment. Nevertheless, for five species,
other entry points must exist as they were only found in
raw milk in the course of this study.

© 2006 The Authors
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Heat resistance

Heat resistance of spore formers

By subjecting raw materials to drastic heat treatments,
even extremely heat-resistant B. sporothermodurans spores
would be rendered inactive. Unfortunately, severe heat
treatments are not well tolerated by milk because of neg-
ative organoleptic and nutritional effects, e.g. a consider-
able increase in lactulose content exceeding 400 mg kg™
Therefore, a heat treatment process of milk has to be
designed to ensure a safe product with acceptable organo-
leptic and nutritional properties. To evaluate the safety of
commonly applied heat treatments in the dairy industry,
it is important to know the heat resistance of spores. The
heat resistance of a micro-organism or spores is deter-
mined by heat inactivation studies in function of time.
The current official methods to calculate sterility of
thermally processed foods are based on the assumption
that microbial heat inactivation follows a first-order kin-
etics. Hence, the decimal reduction time or ‘D-value’,
which is the time needed to reduce the size of the treated
population by a factor of 10, can be used as a measure of
the organism’s or spore’s heat resistance at the corres-
ponding temperature. It is also assumed that the tempera-
ture dependence of D is log linear, which produces the
‘z-value’, i.e. the temperature interval at which D will
decrease (or increase) by a factor of 10. Although there is
growing evidence that the isothermal semi-logarithmic
survival curves of micro-organisms and spores are more
of a nonlinear nature, this discussion is beyond the scope
of this review and we continue to use the widely accepted
D and z-concept here. We refer to others for a review on
the mathematical properties of nonlinear semi-logarith-
mic survival curves (Geeraerd et al. 2000) as well as for
non-isothermal inactivation patterns of B. sporothermodu-
rans spores as occurring in industrial thermal processes
(Periago et al. 2004; Peleg et al. 2005).

Classically, the wet heat resistance of spores is deter-
mined by heating spores in a medium with the glass
capillary tube method in an oil bath or in a pilot UHT
installation. While the first method is relatively simple to
perform, it is only reliable for temperatures up to 125°C
(Huemer et al. 1998); the latter method is preferred for
measurements in the UHT region (130-150°C), but it
requires large volumes of milk spiked with spores.
Recently, a rapid optical assay to monitor wet heat resist-
ance of spores based on the measurement of the release
of dipicolinic acid as a function of heating time and tem-
perature was applied on B. sporothermodurans spores
(Kort et al. 2005).

The heat resistance of spores is influenced by many fac-
tors, before, during and after the heat treatment such as
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Aneurinibacillus aneurinilyticus DSM 55627 (AB101592)

100 ——— Brevibacillus sp. R-7152 (AY397773)

100[g5 Brevibacillus sp. R-6469 (AY397767)
Brevibacillus brevis DSM 307 (AB101593)

Brevibacillus borstelensis R-7201 (AY373822)

g7 Brevibacillus sp. R-7745 (AY397774)

Brevibacillus sp. R-6774 (AY422983)

Paenibacillus sp. R-7487 (AY397771)
Paenibacillus sp. R-7204 (AY382190)
Paenibacillus sp. R-6466 (AY397766)
Paenibacillus polymyxa DSM 367 (AJ320493)
aenibacillus lactis R-6472 (AY257870)

aenibacillus lactis R-7191T (AY257868)

Paenibacillus sp. R-6928 (AY397772)

100' Paenibacillus sp. R-7196 (AY257871)
Paenibacillus sp. R-6507 (AY397765)

Paenibacillus sp. R-7652 (AY392189)

Virgibacillus pantothenticus NCDO 1765" (X60627)

10 Virgibacillus sp. R-7428 (AY422987)

87 Virgibacillus sp. R-6767 (AY422988)
Virgibacillus proomii R-6762 (AY373323)
Bacillus farraginis R-65407 (AY443036)

100 ooBacillus farraginis R-8039 (AY443034)
Bacillus farraginis R-6538 (AY443035)

Bacillus farraginis R-6915 (AY443037)

Bacillus sp. R-6930 (AY382191)

Bacillus fordii R-7190" (AY443039)
Bacillus fortis R-6514T (AY443038)

Bacillus barbaricus R-6782 (AY422984)

Bacillus sp. R-7413 (AY422985)
~< ———— Bacillus subtilis subsp. subtilis DSM 107 (AJ276351)
7

Bacillus smithii R-7170 (AY373319)
Bacillus sporothermodurans M2157 (U49078)

Bacillus ruris R-6760" (AJ535639)

Bacillus flexus R-6558 (AY422986)

Geobacillus pallidus R-7748 (AY373321)
. . T
100 [ o 0Geob::n.flllus stearothermophilus DSM 22" (AJ294817)
4 Geobacillus sp. R-7160 (AY397768)
_|: Geobacillus sp. R-6707 (AY397770)
Geobacillus sp. R-7653 (AY397769)

93 Bacillus sp. R-6488 (AY397764)
20 Bacillus thermoamylovorans R-7499 (AY373320)
[ Ureibacillus thermosphaericus DSM 106337 (AB101592)

100! Ureibacillus thermosphaericus R-7750 (AY373318)

Figure 2 Neighbour-joining tree from nearly complete 16S rDNA sequences, showing the phylogenetic positions of the potentially highly
heat-resistant dairy farm isolates and a few type species of Bacillus and related genera (in bold face). GenBank accession numbers are given in
parentheses and bootstrap values (expressed as percentages of 1000 replications) are shown at branch points when higher than 70%. R, Research
collection Laboratory of Microbiology (Ghent University). Unknown bases were not considered for the analysis.

sporulation conditions (sporulation temperature and
medium), the physiological state of the organism (e.g.
heat-induced resistance after sublethal heat treatment of
spores or sporulating cells), composition of the heating
medium (e.g. pH) and recovery conditions for enumer-

ation of heated bacterial spores. This means that heat
resistance data can only be interpreted within the same
study or between studies with comparable methodology.
Published data on the heat resistance of B. sporothermo-
durans spores are very scarce, probably due to the diffi-
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culty in obtaining a sufficient quantity of B. sporothermo-
durans spores for the heat resistance determination. An
overview of heat resistance determinations is given in
Table 3. Hammer et al. (1995) showed the wide variation
in D- and z-values obtained by different laboratories and
the difficulty to draw clear conclusions based on these
results. In a broader study, Huemer et al. (1998) reported
the extreme heat resistance of B. sporothermodurans
spores from UHT milk isolates with D;4goc-values varying
between 3-4 and 79 s , determined in spiked milk. Com-
pared with G. stearothermophilus spores, this means that
B. sporothermodurans spores are equally or even less heat
resistant as G. stearothermophilus at sterilization tempera-
ture (121°C), but are exceptionally heat resistant at ultra
high temperatures. This author also reported that the heat
resistance of B. sporothermodurans spores from the ori-
ginal stock culture were twice as high as for spores from
a culture that underwent 10 culture passages, indicating a
loss of natural heat resistance under laboratory cultivation
conditions. Scheldeman (2004) compared the heat resist-
ance of B. sporothermodurans spores from different origins
(heat-treated milk products vs dairy farm strains) and a
different history (industrial vs laboratory grown spores)
as well as of spores of potentially highly heat-resistant
spore formers isolated in the dairy farm study. Species
other than B. sporothermodurans could display other gen-
eral features (toxigenic, pathogenic, proteolytic or lipolyt-
ic activity, antibiotic resistances, etc.), each with their
own implications for the food industry. Heat resistance
determinations with spiked or industrially contaminated
milk in a UHT pilot installation and with spore suspen-
sions in milk or Ringer solution heated at 100°C were
used; the latter method is a simple test system allowing a
quicker detection of different levels of heat resistance with
possible relevance for UHT resistance. From these heat
resistance determinations at 100°C, large differences were
observed between the B. sporothermodurans strains inves-
tigated (Table 3). Surprisingly, the highest Djggoc-value
was obtained for feed concentrate and soy isolates. The
lowest D;gpoc-value was obtained for the raw milk isolate.
The UHT milk isolate, cultivated in the lab, showed
either a comparable or a lower heat resistance at 100°C
compared with some feed strains, depending on the batch
of spores used (within a same batch D-values were repro-
ducible). Also spores present in industrially contaminated
semi-skimmed UHT milk were tested directly for their
heat resistance at 100°C without prior isolation and culti-
vation in the lab: a very high Djgpec-value of approx.
800 min was observed, exceeding the heat resistance of all
other spores tested. Upon isolation and cultivation of
these ‘industrial’ spores, it was seen that the resulting iso-
late displayed a positive HRS-PCR and a HRS clone pat-
tern in REP-PCR, but a much lower D;ypoc-value of 165
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or 262 min (depending on the culture medium), which is
comparable with the heat resistance of the other UHT
milk isolate under lab cultivation conditions. These find-
ings corroborate a previous observation that laboratory
cultivation causes gradual loss of heat resistance of the
spores together with a decreased capacity of the strain to
grow in milk (Huemer et al. 1998) as well as a recent
observation that the relatively high heat resistance of
spores is not always maintained after germination and
culturing under nutrient-rich conditions (Kort et al
2005).

For the determination of the heat resistance at 100°C
for spores of potentially highly heat-resistant isolates from
the dairy farm screening, predominantly raw milk isolates
were chosen (Table 3). The Djgpec-values varied from
141 to 111-2 min for respectively P. lactis MB 1871" and
Virgibacillus proomii MB 1865. Also, the heat resistance of
the raw milk isolates belonging to the same species varied
strongly (Table 3). Most of the spores of raw milk isolates
had comparable heat resistances with Djggoc-values
between 14 and 32 min, which are significantly higher
than the spores of a B. cereus isolate from mastitis milk.
For a B. licheniformis and a V. proomii raw milk isolate,
even higher Djgpoc-values of approx. 100 min were
obtained. As this is in the same range as observed for lab-
cultivated UHT milk isolates of B. sporothermodurans and
of P. lactis, this may indicate that spores of these raw
milk strains have the potential to survive higher heat
treatments. Further UHT experiments are necessary to
prove this.

For the determination of UHT resistance pilot scale
experiments were performed with B. sporothermodurans
spores spiked in raw milk or directly in contaminated
UHT milk, so called ‘industrial’ spores (Scheldeman 2004;
Table 3). From Fig. 3, it can be seen that at the lower tem-
peratures activation of the spores is observed, implying
that a heat shock of 10 min 80°C or 30 min 100°C is not
sufficient to obtain complete germination and thus count-
ing of the initial spore population. The ‘industrial’ spores
from contaminated UHT milk can clearly be distinguished
by their extreme heat resistance in the UHT temperature
range (135-140°C). The obtained D;4pec-value of 4-7 s for
these ‘industrial’ spores corresponds well with the D, 4pec-
values determined by Huemer et al. (1998). These D-val-
ues can be considered reference values for UHT-resistant
spores. The feed concentrate strains showed a similar acti-
vation at 120-125°C as the ‘industrial’ spores, but were
killed quickly at UHT temperatures. The gradation in
D-values at ultra high temperatures for the tested spores
corresponded well with the ones of the D;goc-values, indi-
cating that Djgp-c-values can be a good indicator of poten-
tial UHT resistance (Table 3). It is noteworthy that strains
belonging to the same, genetically homogeneous HRS
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Figure 3 Survival of Bacillus sporothermodurans spores from differ-
ent origins in a pilot ultra-high temperature (UHT)-installation (direct
mode). @, Feed concentrate isolate MB 1316; O Feed concentrate
isolate MB 1317; A industrial spores.

clone display such different spore heat resistance charac-
teristics. The observed gradual decrease in heat resistance
combined with the fact that the few B. sporothermodurans
strains at the dairy farm level are not extremely heat resist-
ant, suggests that certain parameters or conditions may
induce higher heat resistance.

Induction of higher heat resistance

The observations on heat resistance of highly heat-resis-
tant spores described above suggest that certain environ-
mental- and/or sublethal stress conditions may affect the
heat resistance of B. sporothermodurans spores. It has
indeed been observed previously that spores or sporulat-
ing cells imposed to sublethal stress conditions or treat-
ments such as sublethal heat treatment of spores (e.g.
Movahedi and Waites 2000), acid shock (Lee et al. 2003)
and ethanol, puromycin or cold shock treatment (Movah-
edi and Waites 2002) during the sporulation process of B.
subtilis induce an increased heat resistance of the resulting
spores. In aseptic packaging systems used in the dairy
industry, packaging materials are sterilized by various
methods in order to kill micro-organisms contained in
the packaging during forming and transport through the
machine prior to filling. Hydrogen peroxide, with concen-
trations up to 30%, temperatures of up to 80°C and con-
tact times up to 15 s, has been found to be a successful
sterilization method for inactivation of micro-organisms
during inline aseptic filling (Ansari and Datta 2003).
Scheldeman (2004) compared the heat resistance of
spores of a B. sporothermodurans UHT strain before and
after a sublethal H,O, treatment. The heat resistance was
determined at 100°C on the spores generated by incuba-
tion at 37°C immediately after the H,O, treatment of the
initial spore suspension. The results are summarized in
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Table 4 Heat resistance of spores of Bacillus sporothermodurans UHT
milk isolate MB 372 after different sublethal H,O, treatments for
30 min at room temperature (Scheldeman 2004)

D10gec (min)
Treatment* BHIT SP+
Untreated - 91
Single
10% H,0, 175 217
5% H,0, 138 -
Successive
1st 10% H,0, 175 -
2nd 10% H,0, 162 -
1st 10% H,0, 175 -
2nd 150 min 100°C 93 -
3rd 10% H,0; 177 -
Combined
150 min 100°C/2% H,0, 105 -
150 min 100°C/5% H,0, 154 -

*Treatment of spores with H,0, was essentially as described by Sagri-
panti and Bonifacino (1996). In short, vegetative cells were killed by
heating for 10 min at 80°C and the resulting spore suspension divided
in 50-ul aliquots. In single treatments, 50 ul H,O, double-concentra-
ted solution was added to 50 ul spore suspension to give the indica-
ted final H,0, concentrations. Control experiment consisted of adding
50 ul water instead. After 30 min exposure at room temperature (giv-
ing at least 3 log reduction of the initial spore population), 900 ul ice
cold BHI broth was added and the resulting volume was spread
entirely on large diameter BHI or SP agar plates. Plates were incubated
at 37°C until surviving colonies showed a sufficient sporulation degree
(monitored by phase contrast microscopy). These resulting spores
were harvested and suspended in Ringer solution for the subsequent
heat inactivation study, as described in the second footnote to
Table 1. In successive treatments, a second H,0, treatment was exe-
cuted on the spores obtained after the first treatment as described
above. In combined treatments, the same spore suspension was first
heat treated and then H,0, treated, as indicated.

ftMedium on which spores were obtained after H,O, treatment and
incubation at 37°C: BHI, brain heart infusion agar supplemented with
vitamin B,; SP, sporulation agar (see second footnote to Table 1).

Table 4. After a single treatment with H,O, during
30 min at room temperature, followed by resporulation
on supplemented BHI or sporulation medium (SP), a sig-
nificant increase of the heat resistance at 100°C was
observed. This was also observed at 121°C when autocla-
ving H,0,-treated spores for 4 min (data not shown).
This heat resistance induction effect was dependent on
the H,0, concentration applied and was highest after
sporulation on sporulation medium. The application of
successive H,O, treatments (with each time a sporulation
phase in between treatments) led to the following obser-
vations: (i) after a second H,O, treatment approximately
the same heat resistance was found as after a single H,O,
treatment, indicating no cumulative effect and (ii) the
heat resistance induced by a first H,O, treatment,
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dropped to approximately initial values after an interim
heat treatment, and increased again following a second
H,0, treatment. When sublethal heat and peroxide treat-
ments were combined (successively on the same spore
suspension), no additional induction effect was observed.
The peroxide-induced heat resistance effect also had only
a temporary character as spores obtained from a stress-
free sporulation after a sublethal H,O, treatment returned
to the initial heat resistance (data not shown). It thus
seemed that the sporulation characteristics and the heat
resistance of spores of a B. sporothermodurans UHT strain
are greatly affected by a sublethal hydrogen peroxide
treatment in a H,O, concentration (and to a lesser extent
also temperature)-dependent manner. The heat resistance
observed with ‘industrial’ spores at 100°C was, however,
never achieved by the tested H,O, sublethal treatments or
by combination with a sublethal heat treatment. To
evaluate the possible universality of the phenomenon of
increased heat resistance, the heat resistance before and
after a sublethal H,O, treatment was also determined for
some other B. sporothermodurans strains and spore-form-
ing species (Scheldeman 2004). Remarkably, no heat
resistance induction effect was observed for B. sporother-
modurans strains from other sources than UHT milk, nor
for a P. lactis strain from UHT milk, but a very slight
induction effect was observed for a B. cereus strain (data
not shown). It can be concluded that hydrogen peroxide
can induce heat resistance induction effects for some
spores, but other unknown stress conditions and/or fac-
tors (environmental conditions) and the genetically deter-
mined physico-chemical spore properties probably act
together for inducing some spores to the extreme UHT
heat resistance observed in practice.

Spore structure

Scheldeman (2004) determined the mineral composition
of B. sporothermodurans spores of strains of different ori-
gin and for spores of other species (B. cereus, P. lactis)
sporulated on sporulation medium. There appeared to be
a correlation between heat resistance and the amount of
calcium. The Djggoc-value varied between 521 min for a
B. cereus strain and 400 min for a feed concentrate isolate
of B. sporothermodurans, while the amount of calcium in
the spores of these strains was 22:24 and 189-44 ug mg™'
spores respectively. Spores with intermediate heat resi-
stances also had intermediate calcium levels (77—
117 ug mg™" spores). A correlation between mineraliza-
tion and wet heat resistance of spores has been shown
previously (Nicholson et al. 2000). It is speculated that
mineralization as well as other factors exert their effect
indirectly through modulation of the spore core water
content. The latter is clearly a major factor determining
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the spore wet heat resistance, as an inverse correlation
has been observed over a wide range of core water con-
tents in spores of different species between core water
content and heat resistance (Beaman and Gerhardt 1986).
It is thought that reduced water content decreases the
amount of water associated with spore proteins, thereby
stabilizing these to thermal denaturation.

Electron microscopy revealed structural differences
between spores of B. sporothermodurans isolates from dif-
ferent origin and of other species (Fig. 4) (Scheldeman
2004). In spores of the UHT strains either belonging to
B. sporothermodurans or P. lactis, the core was very com-
pact and the surrounding cortex comparatively large. In
the spores of the B. sporothermodurans raw milk isolate
and of B. cereus, the core was proportionally larger (less
compact) in relation to the cortex size. The spores of the
B. sporothermodurans feed concentrate isolate showed
intermediate properties. A compact core could be attrib-
uted to a more complete dehydration, an essential factor
in defining the heat resistance of bacterial spores (e.g.
Nicholson et al. 2000). In a recent study (Novak et al.
2003), transmission electron microscopic shots of several
Clostridium perfringens spores indeed revealed a negative
correlation of the average core size with D-values
obtained at 100°C. Another observation of a less electron
dense, lighter coloured cortex for the UHT isolates, also
seems to be correlated with higher levels of heat resistance
(S. Foster, pers. comm.).

Conclusions

Highly heat-resistant spores have appeared as a problem
in the dairy industry only relatively recently. It can be
assumed that these spores were and still are initially
introduced as the cause of important changes in dairy
farming with the change from land-own crops to the
extensive use of new feeds and feed ingredients such as
concentrate. This feed component may contain ingredi-
ents such as manioc, coconut meal and citrus pulp, which
probably harbour new and unknown spore-forming spe-
cies. Fortunately, the load of these highly heat-resistant
spores in raw milk is low and the occurrence of some of
them such as B. sporothermodurans is highly infrequent in
the dairy farm environment. Therefore, the carry-over
from raw milk to the dairy plant is very limited. Several
findings suggest that it is not very likely that the extreme
heat resistance at ultra high temperatures is a natural
property. On the contrary, they support the hypothesis
that highly heat-resistant spores were adapted by sublethal
stress conditions in the industrial process and selected for
by the heating step. As a result, considerable problems
may occur through recirculation in the international dairy
industry environment, leading to contaminated lots of
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Figure 4 Transmission electron microscopic images of spores obtained on sporulation medium. (a) Bacillus sporothermodurans German ultra-high
temperature (UHT)-isolate (MB 372), magnification 78 000x, (b) B. sporothermodurans raw milk isolate (MB 385), 21 0000x, (c) B. sporothermo-
durans UHT milk isolate (MB 1313, HRS-clone), 104 000x, (d) B. sporothermodurans feed concentrate isolate (MB 1317), 146 000x, (e) B. cereus
mastitis milk isolate (MB 1632), 146 000x, (f) Paenibacillus lactis UHT milk isolate (MB 1928), 210 000x. c, spore core; Cx, spore cortex; sc, spore
coat; pcw, primordial cell wall.

milk and milk products. There are also indications that Further research on the influence and the nature of
this adaptation is restricted to some species and maybe stress conditions on the heat resistance of spores and on
even some clones within species (e.g. HRS clone). the molecular mechanisms behind them is of great
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importance to develop preventive measures and to
accommodate industrial heat treatments.
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