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A B S T R A C T

In this study, we show that phosphate decreases the spore heat resistance by accelerating the rate of loss of
cations from spores. Heat resistance of spores of Geobacillus stearothermophilus A1, D1, P3 and ATCC 12980 were
determined in distilled water containing varying concentrations (0.1, 1 and 2% w/v) of di‑sodium phosphate.
The average decimal reduction times (D value) for strains A1, D1, P3 and ATCC 12980 in distilled water were
5.8, 6.8, 5.7 and 9 min at 110 °C respectively. On the addition of 0.1, 1 and 2% w/v of di‑sodium phosphate, the
average D110 values of all the strains in distilled water were lowered by 50, 61 and 70% respectively. Addition of
0.05% w/v of Na-EDTA to distilled water resulted in lowering of the average D110 value of all the strains by 55%.
Heat resistance of spores of A1, D1, P3 and ATCC 12980 was found to be associated with the Dipicolinic Acid
(DPA) content whose concentrations were 0.25, 0.30, 0.27 and 1.6 pg per spore respectively. Analysis by atomic
absorption spectroscopy revealed that the phosphate present in the heating medium causes excess release of
calcium from spores with 2% w/v phosphate being highly effective, thus confirming the chelating effect of
phosphate. This study provides insight into the heat resistance and the increased heat sensitivity of spores of G.
stearothermophilus A1, D1 and P3 in the presence of phosphate, which can be used in the design of Cleaning in
Place (CIP) systems involving phosphate based cleaning agents to combat biofilms and spores in the dairy in-
dustry.

1. Introduction

Thermophilic bacteria are prevalent during dairy powder manu-
facture where elevated temperatures (40–65 °C) prevail (Cempírková,
2007). These bacteria are capable of forming heat resistant spores in
dairy processing facilities and their presence is an indication of poor
plant hygiene (Burgess et al., 2010). Germination of spores upon at-
tachment to stainless steel surfaces leads to biofilm formation (Scott
et al., 2007). Upon maturation of the biofilm, vegetative cells and
spores can slough off and contaminate the processing line and end
product (Seale et al., 2010).

Heat resistance of bacterial spores is attributed to a variety of fac-
tors including the outer coat of the spore and the relatively imperme-
able inner membrane (Cortezzo and Setlow, 2005; Nicholson et al.,
2000; Sonenshein et al., 2002). In addition, the spore's central region of
the core contains DNA bound with soluble acid soluble proteins (SASP)
which protects the DNA from heat, desiccation and chemicals (Setlow,
1995; Sonenshein et al., 2002). The core of the spore apart from hosting
the DNA contains high levels (5 to 15% of dry weight) of DPA, which is

found as a 1:1 chelate with metal cations predominantly calcium
(Setlow, 2006). DPA, present within the core is responsible for main-
taining the low core water content which plays a vital role in the heat
resistance of spores to wet heat (Paidhungat et al., 2000). During initial
stage of spore germination, DPA is lost and is replaced with water
which leads to rehydration of the core and revival of spore metabolism
(Setlow, 2003).

In dried milk powder samples, the three commonly isolated spore
formers are Geobacillus stearothermophilus (formerly Bacillus stear-
othermophilus), Anoxybacillus flavithermus and Bacillus species
(Scheldeman et al., 2006). Owing to their high heat resistance, spores of
G. stearothermophilus are commonly used as a biological indicator to
validate the efficiency of sterilization processes (Gonzalez et al., 1995).
The heat resistance of spores is influenced by several factors including
sporulation temperature, pH of the heating medium and spore recovery
conditions (Cook and Gilbert, 1968; Fernandez et al., 1994; Gonzalez
et al., 1995). According to Cook and Gilbert (1968), the heat resistance
of spores of G. stearothermophilus is reduced when the pH of the heating
medium is lowered. In addition, they concluded that phosphate present
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in the heating medium might lower the heat resistance of spores. Al-
though, phosphate is known to lower the heat resistance of spores of G.
stearothermophilus (López et al., 1996b), only a few studies have re-
ported on the possible mechanism of action of phosphate. Amaha and
Ordal (1957) suggested that the effect of phosphate might be that of a
chelating agent, wherein phosphate may accelerate the rate of loss of
cations from within the spore which might contribute towards the heat
resistance of the spore. The role of phosphate as a chelating agent was
hypothesised but was not studied further.

In this study, the key aim is to validate the previously suggested
hypothesis on the role of phosphate as a chelating agent in lowering the
heat resistance of spores of G. stearothermophilus A1, D1 and P3 isolated
from a milk powder manufacturing plant.

2. Materials and methods

2.1. Production of spores

G. stearothermophilus A1, D1 and P3 were previously isolated from
the evaporator section of a New Zealand milk powder manufacturing
plant and the genotypic, phenotypic analyses revealed that these three
strains varied in their ability to produce biofilm and spores (Burgess
et al., 2014). In this study, G. stearothermophilus ATCC 12980 was used
as a reference strain. The strains used in this study were obtained from
−80 °C stocks. Tryptic soy agar (plates) and tryptic soy broth (BD di-
agnostic systems, Germany) were used as growth media unless men-
tioned otherwise. Serial dilutions were performed using 0.1% (w/v)
buffered peptone water (Difco, Germany). G. stearothermophilus A1, D1,
P3 and ATCC 12980 were first grown in 250 mL conical flasks con-
taining 25 mL tryptic soy broth supplemented with 0.2% soluble starch
(hBARSCI, USA). The mixture was shaken (150 rpm) for 24 h at 55 °C.
200 μL of the 24 h culture was spread onto sporulation agar (final
pH 7.2) consisting of 40 g/L tryptic soy agar supplemented with the
following minerals (/L) MgSO4·7H2O, 0.51 g; KCl, 0.97 g; CaCl2·2H2O,
0.2 g; MnSO4.H2O, 0.003 g; FeSO4. 7H2O, 0.55 mg. The plates were
then incubated at 55 °C for 5 days. Presence of spores was visually
confirmed through staining with malachite green and observed through
a light microscope (Olympus Bx41, Japan). Spores were harvested with
cold sterile distilled water (5 mL) by scraping the entire surface of the
sporulation agar using sterile hockey spreaders and were then subjected
to three centrifugation washings (9000 ×g, 10 min, 23 °C). After
washing, spore suspensions were stored at 4 °C in sterile water until
experimental use. Spore numbers were enumerated using heat treat-
ment at 90 °C for 30 min in a water bath to eliminate vegetative cells
then subsequently diluted using buffered peptone water and plated on
tryptic soy agar plates and incubated for 24 h at 55 °C.

2.2. Estimation of DPA content of spores

DPA concentration of spores was measured using a terbium com-
plexation method (Jamroskovic et al., 2016). Known concentrations of
DPA (0.005, 0.05, 0.5 μM) (Sigma-Aldrich, USA) were suspended in
sterile distilled water containing terbium chloride (TbCl3) (Sigma-Al-
drich, USA) at a final concentration of 30 μM. Photo luminescence was
measured using a spectro fluorimeter (Perkin Elmer LS55, USA) with
the following settings: excitation wavelength: 276 nm, emission wave-
length: 546 nm, slit width: 15 nm and scan speed: 500 nm/min. A
420 nm long pass filter was used in front of the emission mono-
chromator throughout the analysis to eliminate second order diffraction
effects. A sample containing 30 μM TbCl3 was used as a blank.

Spore suspensions of G. stearothermophilus A1, D1, P3 and ATCC
12980 containing 108 spores/mL were autoclaved at 121 °C for 30 min
to ensure the complete release of DPA. After autoclaving, the spore
suspension was centrifuged and the resulting supernatant was diluted
five times in sterile distilled de-ionized water. TbCl3 was then added to

each dilution at a final concentration of 30 μM and the photo-
luminescence was measured in triplicate. DPA concentration per mil-
lilitre of spore suspension containing 108 spores was determined and
used to calculate the DPA content per spore.

2.3. Heat resistance of spores

2.3.1. Heat treatment of spores
Spores were subjected to three centrifugal washings (2500 ×g,

4 min, 23 °C) before every heat treatment. Microscopic observation of
the washed spore suspensions revealed the presence of vegetative cells
which were inactivated by heating at 90 °C for 30 min in a water bath.
The heat resistance of spores was estimated using the capillary tube
method (Sadiq et al., 2016). 50 μL of spore suspension was aseptically
transferred into a soda glass capillary tube (Globe Scientific, USA) with
an inner diameter of 1 mm and the ends of the tube were heat-sealed.
Heat treatments were carried out at 110 °C in a thermostat controlled
oil bath containing silicone oil. Each tube was completely submerged in
the oil for a selected time interval. After heating, tubes were im-
mediately transferred to cold water (temperature < 4 °C) for 30 s, then
washed with 70% ethanol, cut aseptically and serial diluted using 0.1%
peptone water. Serial dilutions were then plated on tryptic soy agar and
incubated at 55 °C up to 24 h. The minimum detection limit was
1.7 log CFU/mL. Decimal reduction time (D value) was calculated
through the negative inverse of the slope of the regression line plotted
with values of the survival curve. All heating experiments were carried
out as triplicate experiments involving three individual spore suspen-
sions.

2.3.2. Role of the heating medium
To study the effect of pH of the heating medium on the heat re-

sistance of spores, citrate phosphate buffer of pH 4, 7 and 8 were pre-
pared as described previously (McIlvaine, 1921) by mixing 7.7, 16.5
and 19.5 mL of 0.2 M solution of di‑sodium phosphate (Sigma- Aldrich,
USA) with 12.3, 3.5 and 0.5 mL of 0.1 M solution of citric acid (Sigma-
Aldrich, USA) respectively.

Di‑sodium phosphate solution of varying concentrations (0.1, 1 and
2%) (w/v) were prepared in sterile distilled water and were used as the
heating medium for experiments as described below. The pH of the 0.1,
1 and 2% di‑sodium phosphate solutions before heating were 8, 8.2 and
8.6 respectively. The effect of phosphate on the heat resistance of spores
was further studied in the presence of an equimolar concentration of
calcium acetate (Sigma-Aldrich, USA) and di‑sodium phosphate
(0.07 M) as the heating medium. The effect of EDTA on the heat re-
sistance of spores was studied in the presence of 0.05% of EDTA (Sigma-
Aldrich, USA) in distilled water as the heating medium.

2.4. Effect of phosphate on the release of calcium

Atomic absorption spectroscopy was used to determine the influ-
ence of di‑sodium phosphate on the release of calcium from within
spores. Spore suspensions containing 108 spores/mL were centrifugally
washed three times at 9000 ×g in deionized distilled water prior to the
heat treatment step to get rid of cell debris. The procedures employed
were adopted from those described previously (Rotman and Fields,
1969; Bulgarelli and Shelef, 1985). In short, release of calcium from
spores exposed to 0.1, 1 and 2% w/v of di‑sodium phosphate was de-
termined before and after incubation of spores at 110 °C for 5 min. After
heat treatment, 1 mL of spore suspension was filtered through a
0.45 μm syringe filter to eliminate intact spores. The filtrate was then
transferred to Pyrex glass tubes (Corning, USA) and were subjected to
dry ashing at 500 °C overnight. The ash was then dissolved in 1 mL of
6 M ion free sulphuric acid and 5 mL of 5000 ppm lanthanum chloride
solution was added (Udoh, 2000). The solution was then warmed
carefully to boiling and contents were transferred quantitatively to a
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10 mL volumetric flask and made to volume using deionized distilled
water. An Xplor AA atomic absorption spectroscope (GBC Scientific
Equipment, Australia) was used in all analyses. A nitrous oxide- acet-
ylene flame was used to minimize chemical interference by phosphate.
The amount of calcium released was determined through the differ-
ences in content of control and heat-treated samples. Total calcium
content of spores after autoclaving the spores at 121 °C for 15 min was
also determined through atomic absorption spectroscopy. Values ob-
tained were used to calculate the percentage release of calcium from
spores. All data in the study represents the average of triplicates.

3. Results and discussion

3.1. Heat resistance of spores

Spore suspensions obtained by plating of cultures of each strain for
5 days were heated in distilled water at 110 °C and plated to determine
viability. Heat survival curves of spores of G. stearothermophilus A1, D1,
P3 and ATCC 12980 were generated for each strain (Fig. 1). Regression
lines were established for each strain studied and the D110 values were
obtained as the negative inverse of the slope of the regression line.

D110 value of G. stearothermophilus A1, D1, P3 and ATCC 12980 in
distilled water were between 5.7 and 9.0 min (Table 1). The D110 value
of the reference strain ATCC 12980 was the highest whereas the dairy
strain P3 exhibited the lowest D110 value among all the strains that
were studied. Strain variability of the heat resistance of spores between
the dairy strains and the reference strain is notable. Variation in the
spore heat resistance among different strains of G. stearothermophilus
has been reported to be caused by strain variability and cultivation
media conditions during sporulation (Wells-Bennik et al., 2018). In this
study, the spore cultivation conditions were kept uniform for all strains,
which suggests that the observed variability in the spore heat resistance
is due to strain variability.

3.2. DPA content of spores

DPA content per spore is not constant and varies depending on the
size of the spore with a larger spore containing a higher DPA content
and vice versa (Huang et al., 2007). In this study, DPA concentration
per spore was calculated assuming that all spores are uniform in size.
Our results indicate that spores from dairy and non-dairy environments
exhibit a considerable difference in their DPA content (Table. 1).

DPA content per spore was the highest among spores of ATCC
12980. Spores of the dairy strains exhibited lower DPA content per
spore in comparison with the reference strain. On comparing the D110

values of spores of G. stearothermophilus A1, D1, P3 and ATCC 12980
suspended in distilled water with their respective DPA content per
spore, we suggest that the D value of the spores may be associated to
their respective DPA content. Our findings are in accordance with
previous findings, discussing the role of DPA on the heat resistance of
bacterial spores (Magge et al., 2008; Setlow et al., 2006).

3.3. Effect of pH of the heating medium on the heat resistance of spores

Survival curves of spores of G. stearothermophilus A1, D1, P3, ATCC
12980 in citrate-phosphate buffer at pH 4, 7 and 8 are shown in Fig. 2.
D110 values of spores of A1, D1, P3 and ATCC 12980 at pH 4, 7 and 8
are shown in Table A.1. Maximum heat resistance of spores of A1, D1,
P3 and ATCC 12980 was obtained at pH 7. Heat resistance was lowered
at pH 8 and at pH 4 in comparison with the heat resistance at pH 7 for
all the strains.

Moreover, we observed that the D110 values of spores in citrate-
phosphate buffer were lower than the values obtained in distilled water.
Our findings are in agreement with Cook and Gilbert (1968), who found
that spores of Bacillus stearothermophilus (now Geobacillus) were more
heat resistant when heated in water than in citrate-phosphate buffer.
López et al. (1996a) found that the heat resistance of spores of B.
stearothermophilus was at a maximum when the pH of the heating
medium was 7 and decreased as the pH of the heating medium was
altered. Variation among heat resistance of spores is known to be af-
fected by the pH, the strain and the composition of the heating medium
(Berendsen et al., 2015; López et al., 1996a). Demineralization of spores
leading to the lowering of the heat resistance of spores under acidic pH
conditions has also been reported previously (Alderton et al., 1976).

3.4. Effect of phosphate in lowering the heat resistance of spores

Based on the result from the previous experiment, we observed that
the heat resistance of spores suspended in citrate phosphate buffer was
lower in comparison with distilled water.
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Fig. 1. Survival curves of spores of Geobacillus stearothermophilus A1, D1, P3 and ATCC 12980 heated at 110 °C in distilled water. Error bars represent standard
deviation of triplicates.

Table 1
Comparison of the D110 value and the dipicolinic acid content of spores of
Geobacillus stearothermophilus A1, D1, P3 and ATCC 12980.

Strain DPA content per spore
(pg)

Estimated D110 value in distilled
water (min)

A1 0.25 ± 0.07 5.8 ± 1.9
D1 0.30 ± 0.1 6.7 ± 2.7
P3 0.27 ± 0.08 5.7 ± 1.5
ATCC 12980 1.6 ± 0.05 9.0 ± 2.1

Strains isolated from the dairy environment are indicated in bold.
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The lowering of the heat resistance of spores in the presence of
phosphate in the heating medium has been reported previously (Amaha
and Ordal, 1956; El-bisi and Ordal, 1956; Williams and Hennessee,
1955). El-bisi and Ordal (1956) hypothesised that this was due to the
carryover of phosphate into the plating medium that influenced results.
Results from preliminary experiments conducted in our laboratory
suggest that the reduction in the heat resistance of spores is not caused
by the carryover of phosphate into the plating medium (data not
shown). Amaha and Ordal (1957) offered an alternative explanation
that phosphate present in the heating medium acts as a chelating agent
for divalent cations present within the spore thereby lowering the heat
resistance of spores through enhancing the rate at which divalent ca-
tions are removed from the heated spores. It was of interest, therefore,
to determine whether phosphate added to the heating medium would

affect the heat resistance of spores. To validate this hypothesis, we
determined the heat resistance of spores in the presence of varying
concentrations of di‑sodium phosphate in the heating medium.

Survival curves of spores of G. stearothermophilus A1, D1, P3 and
ATCC 12980 suspended in distilled water containing varying con-
centration of di‑sodium phosphate (0.1, 1 and 2% w/v) are shown in
Fig. 3. D110 values of G. stearothermophilus A1, D1, P3 and ATCC 12980
in distilled water containing 0.1, 1 and 2% w/v di‑sodium phosphate
are shown in Table A.2.

We observed that the heat resistance of spores was maximum when
suspended in distilled water and decreased as the phosphate con-
centration in the heating medium increased. 2% di‑sodium phosphate
was highly effective in reducing the heat resistance of spores whereas
0.1% of di‑sodium phosphate had the least effect. Reduction in the heat

Fig. 2. Survival curves of Geobacillus stearothermophilus A1, D1, P3 and ATCC 12980 in citrate-phosphate buffer at pH 4 (A), pH 7 (B) and pH 8 (C). Error bars
represent standard deviation of triplicates.

Fig. 3. Survival curves of spores of G. stearothermophilus A1, D1, P3 and ATCC 12980 heated at 110 °C in distilled water containing 0.1% (A), 1% (B) and 2% (C) (w/v)
of di‑sodium phosphate. Error bars represent standard deviation of triplicates.
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resistance varied between strains. Amaha and Ordal (1957) suggested
that the rate of loss of cations from within spores should be greater in
the presence of more powerful or more specific chelating agents. To
determine whether the heat resistance of spores was altered in the
presence of a strong chelating agent, we determined the heat resistance
of spores suspended in 0.05% w/v of EDTA (Fig. 4).

D110 values of spores of G. stearothermophilus A1, D1, P3 and ATCC
12980 in the presence of 0.05% w/v Na-EDTA are shown in Table A.3.
We observed that the heat resistance of spores in the presence of 0.05%
w/v of EDTA in the heating medium (Fig. 4) was lower than the heat
resistance in distilled water (Fig. 1). Our finding is in accordance with
Santos and Zarzo (1997), who concluded that EDTA when present in
the heating medium lowers the heat resistance of spores.

3.5. Effect of phosphate on the release of calcium

In order to validate our previously mentioned hypotheses, we esti-
mated the release of calcium from within the spore in the presence of
0.1, 1 and 2% w/v of di‑sodium phosphate through atomic absorption
spectroscopy. Percentage release of calcium following the heat treat-
ment of spores at 110 °C in the presence of 0.1, 1 and 2% w/v of di‑s-
odium phosphate in the heating medium is summarised in Table 2. The
amounts released were calculated as the difference in concentration

between the control and heat-treated samples. It was observed that the
release of calcium from spores increased with increasing concentration
of di‑sodium phosphate in the heating medium. Maximum release of
calcium was obtained in the presence of 2% w/v of di‑sodium phos-
phate whereas the minimum release of calcium was obtained in the
absence of di‑sodium phosphate in the heating medium.

Dairy strains exhibited a higher percentage release of calcium than
the reference strain irrespective of the concentration of di‑sodium
phosphate in the heating medium. The reason for this is unknown and
needs further investigation. The release of calcium is closely associated
with the loss of spores heat resistance (Vries, 2004). Results of this
study primarily point towards the effect of phosphate in accelerating
the release of calcium, thus contributing towards the lowering of the
heat resistance of spores as observed previously in our heat resistance
studies.

4. Conclusion

In conclusion, this study indicated that phosphate lowers the heat
resistance of spores of G. stearothermophilus by accelerating the release
of calcium from within the spore. The reason behind the variation in the
percentage release of calcium between the dairy isolates and the re-
ference strains is unknown and needs further investigation. In addition,
the D values of the spores were found to be associated with their re-
spective DPA content. The outcome of this study can be beneficial in the
design of thermal processing steps involved in the manufacture of
commercially sterile dairy products. Cleaning in place (CIP) method of
cleaning currently employed in the dairy industry to combat biofilms
and spores involves the use of acid or alkali based detergents (Thomas
and Sathian, 2014). The increased heat sensitivity of spores in the
presence of phosphate as shown in this study suggests the use of a
phosphate based cleaning agent in the future.
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Fig. 4. Survival curves of spores of Geobacillus stearothermophilus A1, D1, P3 and ATCC 12980 heated at 110 °C in distilled water containing 0.05% w/v Na-EDTA.
Error bars represent standard deviation of triplicates.

Table 2
Effect of phosphate on the percentage release of calcium from spores of
Geobacillus stearothermophilus A1, D1, P3 and ATCC 12980.

Strain Percentage release of Caa in distilled water containing concentration
of phosphate (% w/v)

0 0.1 1 2

A1 11 ± 0.9 30 ± 2.1 31 ± 1.4 36 ± 3.6
D1 24 ± 1.6 24 ± 3.3 30 ± 5.7 56 ± 2.6
P3 10 ± 1.9 12 ± 3.6 16 ± 1.5 44 ± 1.7
ATCC 12980 4.2 ± 0.4 8.7 ± 0.9 9.9 ± 0.8 11 ± 1.8

Incubation time for all samples was 5 min at 110 °C.
All values are based on average of triplicates ± standard deviation.
Strains isolated from the dairy environment are indicated in bold.

a Expressed as percent of average Ca concentration of 108 inactivated spores
(Table A.4).
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Appendix A

Table A.1
Heat resistance of spores of Geobacillus stearothermophilus A1, D1, P3 and ATCC 12980 in citrate phosphate buffer at pH 4, 7 and 8.

Strain D value (min) in citrate phosphate buffer at

pH 4 pH 7 pH 8

A1 0.37 ± 0.01 2.4 ± 0.48 1.9 ± 0.02
D1 0.38 ± 0.07 2.4 ± 0.29 2.0 ± 0.34
P3 0.38 ± 0.02 2.2 ± 0.2 1.7 ± 0.13
ATCC 12980 0.4 ± 0.02 2.2 ± 0.09 1.6 ± 0.14

All values are average of triplicates ± standard deviation.
Strains isolated from the dairy environment are indicated in bold.

Table A.2
Heat resistance of spores of Geobacillus stearothermophilus A1, D1, P3 and ATCC 12980 in distilled water containing 0.1, 1 and 2% w/v di‑sodium phosphate.

Strain D value (min) in distilled water containing concentration of phosphate (% w/v)

0.1 1 2

A1 2.9 ± 0.33 2.1 ± 0.97 1.6 ± 0.07
D1 3.0 ± 0.48 2.7 ± 0.66 2.4 ± 0.57
P3 3.7 ± 1.1 2.6 ± 0.1 2.0 ± 0.11
ATCC 12980 3.7 ± 0.75 2.8 ± 0.04 1.8 ± 0.35

All values are average of triplicates ± standard deviation.
Strains isolated from the dairy environment are indicated in bold.

Table A.3
Heat resistance of spores of Geobacillus stear-
othermophilus A1, D1, P3 and ATCC 12980 in distilled
water containing 0.05% w/v Na-EDTA.

Strain D value (min)

A1 2.9 ± 0.47
D1 2.3 ± 0.29
P3 3.9 ± 1.7
ATCC 12980 2.3 ± 0.49

Strains isolated from the dairy environment are in-
dicated in bold.

Table A.4
Total calcium content of spores of Geobacillus stear-
othermophilus A1, D1, P3 and ATCC 12980.

Strain D value (min)

A1 1.8 ± 0.5
D1 1.0 ± 0.34
P3 1.9 ± 0.03
ATCC 12980 6.4 ± 1.0

All values are average of triplicates ± standard devia-
tion.
Strains isolated from the dairy environment are in-
dicated in bold.
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