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Abstract: Geobacillus and Parageobacillus spores are major spoilage agents in thermally
treated, shelf-stable foods, particularly milk products, due to their high heat resistance.
This study aimed to investigate how spore purification, maturation time, and sporulation
temperature influence the germination and heat resistance of P. thermoglucosidasius, G.
thermodenitrificans, and G. stearothermophilus spores, with the goal of improving the reliability
of microbial risk assessment. All three species germinate efficiently in milk, likely triggered
by lactose and glucose. Ethanol-treated spores during purification germinated without
heat activation, while water-washed spores required it. At least four days of maturation
were needed for efficient germination, though extending maturation to seven days led to
strain-dependent changes in heat resistance: it increased in G. thermodenitrificans, decreased
in P. thermoglucosidasius, and remained stable in G. stearothermophilus. Sporulation at 55 °C
consistently favored germination at the same revival temperature. G. stearothermophilus
reached the highest heat resistance at 55 °C, whereas the other species were more resistant
when sporulated at 60 °C. These findings underscore the importance of standardizing
spore-preparation protocols, as key parameters such as purification, maturation time, and
sporulation temperature critically affect spore properties relevant to food stability.
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1. Introduction

The genus Geobacillus and the recently reclassified Parageobacillus consist of spore-
forming bacteria characterized by an optimal growth temperature ranging between 45 °C
and 65 °C [1,2]. Despite their thermophilic trait, these bacteria are ubiquitous in nature
and therefore can easily enter the food chain [1,3,4]. The Geobacillus and Parageobacillus
species are common contaminants in mildly acidic self-stable foods, particularly ultra-
high-temperature (UHT) processed or sterilized milk and milk powders [5,6]. Among
them, G. stearothermophilus is one of the most prevalent bacteria in dairy products [7-9],
although other species such as G. thermodenitrificans and P. thermoglucosidasius are also
frequently isolated [10-13]. This high prevalence likely originates from spores produced
in biofilms on manufacturing surfaces maintained at elevated temperatures, such as heat
exchangers and evaporation sections, rather than contaminated raw milk [6,14]. Spores of
Geobacillus and Parageobacillus are extremely high-heat resistant and can survive commercial
thermal treatments [12,15-17]. The germination and subsequent growth of surviving spores
during storage under warm conditions, which are becoming increasingly common due to
climate change [16,18], along with the proteolytic and lipolytic enzymes produced during
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vegetative growth under processing conditions, can lead to off-flavors and coagulation in
dairy products and their final applications [5,14,19,20].

Thermal processing conditions are often optimized to eliminate sufficient levels of
thermophilic spores, particularly G. stearothermophilus, while minimizing negative effects on
product quality [21]. Additionally, G. stearothermophilus spores are widely used as biological
indicators for sterilization validation, not only in food processing but also in the medical
and pharmaceutical industries [22]. These validation processes often involve challenge tests
to assess heat resistance and/or germination in end products using spores synthetically
produced under laboratory conditions.

Sporulation medium composition, incubation temperature, maturation time, and
purification techniques are known to significantly influence both germination and heat
resistance in model mesophilic Bacillus spp. spores [23-28]. However, the impact of these
factors on Parageobacillus and Geobacillus spp. spores, whose germination and resistance
properties widely differ from mesophilic Bacillus spp. spores [29,30], remains largely
unexplored. Addressing this knowledge gap is essential for designing effective thermal
processing strategies that accurately assess the risk of spore survival without compromising
food quality.

The aim of this study was to evaluate the effects of spore-purification methods, mat-
uration time, and sporulation temperature on the germination and heat resistance of P.
thermoglucosidasius (DSM 2542), G. thermodenitrificans (DSM 465), and G. stearothermophilus
(ATCC 12980) spores, after confirming that these three strains are representative candidates
for milk spoilage.

2. Materials and Methods

2.1. Obtention and Purification of Spore Suspensions

The strains P. thermoglucosidasius DSM 2542, G. thermodenitrificans DSM 465, and G.
stearothermophilus ATCC 12980 were provided by the Bacillus Genetic Stock Center (Colum-
bus, OH, USA). The strains were stored at —80 °C in 2TY broth (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 25% glycerol (Panreac, Barcelona, Spain). For revitalization,
cells were streaked on Tryptone Soya Agar (Oxoid, Basingstoke, UK) supplemented with
0.6% yeast extract (Oxoid) (TSAYE) and incubated at 55 °C for 24 h.

For sporulation, a single colony was inoculated into a 250 mL flask containing 20 mL of
2TY broth and was incubated at 55 °C overnight with shaking (130 rpm; Heidolph Promax
1010, Schwabach, Germany). Afterwards, a volume of 200 uL from the culture was inocu-
lated into a 500 mL Erlenmeyer flask containing 50 mL of liquid TYE sporulation medium.
The composition of this medium was optimized to reach the maximum sporulation yield in
the three species, and it was composed of 0.4% tryptone (VWR International Chemicals,
Radnor, PA, USA), 0.4% yeast extract, 1.13 mM CaCl, dihydrate (VWR International),
0.033 mM MnSO, monohydrate (Carlo Erba Reagents GmbH, Milan, Italy), 1 mM MgSO,
heptahydrate (Panreac), 0.04 mM FeSO, heptahydrate (Sigma-Aldrich), and 80 mM HEPES
of pH 7.0 (Sigma-Aldrich). As reference conditions, the sporulation cultures were incubated
at 55 °C with a magnetic stirring (250 rpm; MIXdrive 6, 2mag, Munich, Germany) for 4 d.
To study the effect of maturation time, the spores were also harvested at 1, 2, or 7 d of
incubation at 55 °C, and to study the effect of incubation temperature, sporulation was also
performed at 50 °C and 60 °C for 4 d. The sporulation yield was monitored over time by
phase-contrast microscopy (Nikon Eclipse E400, Tokyo, Japan), calculating the proportion
of bright-phase spores over total cells, and by plate counts, estimating the difference in
the number of CFU/mL before and after heat treatment at 80 °C for 15 min applied in an
Eppendorf thermoblock (LABNET International, Edison, NJ, USA).
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The spores were harvested by centrifugation at 3345x ¢ (Gyrozen 1736R, CIC Con-
troltecnica, Madrid, Spain) for 20 min at 4 °C, and the spores from the pellets were purified
using four different procedures:

- Protocol 1: four consecutive washes with distilled water [30];

- Protocol 2: one wash with distilled water followed by ethanol treatment (50%, v/v;
SAEQSA, Zaragoza, Spain) for 1 h at 25 °C and four washes with distilled water [31];

- Protocol 3: four washes with distilled water followed by Tween 80 treatment (0.01%,
v/v; Sigma-Aldrich) for 1 h at 25 °C and four washes with distilled water [32];

- Protocol 4: one wash with distilled water followed by three washes with 0.1% (v/v)
Tween 80, ethanol treatment (50%, v/v) for 1 h at 25 °C, three washes with 0.01%
Tween 80, and four washes with distilled water [33].

None of the procedures included gradient density centrifugation due to the low levels
of cell debris observed after each purification procedure and the fact that it may reduce
heat resistance [25].

After each method, the spore purity (99% bright-phase spores) was verified by phase-
contrast microscopy and the suspensions were kept at —20 °C until usage. To assess
biological variability, three different spore populations were obtained at each environmen-
tal condition.

2.2. Germination Assays

Germination was monitored by the reduction in optical density at 600 nm (ODgg)
resulting from the release of dipicolinic acid (DPA) and the rehydration of spores. The
germination of spore samples adjusted to an ODggy of 0.4-0.6 was induced by a GR-
saturating concentration of glucose (100 mM), lactose (100 mM), or casein hydrolysate (2%,
w/v; Merck Millipore, Rahway, NJ, USA) in 25 mM HEPES buffer (pH 7.4). Where indicated,
the spores were heat-treated at 100 °C for 30 min in an Eppendorf thermoblock and then
incubated on ice for 15 min before exposure to nutrients [34]. ODgg9 was measured using a
multiwell plate reader (CLARIOstar Plus, BMG, Ortenberg, Germany), which automatically
recorded data every 3 min. Each reading was preceded by 30 s of shaking to prevent spore
sedimentation. Samples were routinely germinated for 4 h at 55 °C, but also at 50 °C and
60 °C when evaluating the interaction between sporulation and germination temperatures.
Germination curves were constructed using the percentage of ODgq fall (OD;/ODy x 100,
where ODg and ODy represent the initial value and the value measured at further incubation
times, respectively).

At the end of the spectrophotometric assays, the percentage of germinated spores was
determined by phase-contrast microscopy. A total of 100 to 150 individuals per sample
were examined and categorized as either dormant (phase-bright cells) or germinated spores
(phase-dark and -grey cells). The lower and upper limits of quantification for germinated
spores were approximately 5.0% and 97.0%, respectively.

In addition, germination and growth was assessed in UHT whole, skim, or whole
lactose-free milk (DIA Supermercados, Madrid, Spain). The spores were inoculated in an
Eppendorf containing 250 pL of milk to a final concentration of ca. 3 x 10 CFU/mL, and
the samples were incubated at 55 °C in an Eppendorf thermoblock (LABNET International,
Edison, NJ, USA) with shaking (300 rpm). Germination was estimated by the evolution
of the plate count after heat treatment (80 °C, 15 min) over time (Log(N(/N;), where
Ny and N; represent the number of survivors in CFU/mL at time 0 and after different
intervals, respectively.

For each spore preparation and germination condition, we obtained germination
curves from at least three different biological replicates.
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2.3. Thermal Treatments

Heat treatments were conducted using a thermoresistometer TR-SC [35]. This piece of
apparatus consists of a 450 mL stainless steel chamber equipped with an electric heater,
a cooling coil, and a stirring mechanism to ensure the uniform distribution of inoculum
and temperature. Nitrogen gas at a pressure of 2.0 bars was introduced into the treatment
chamber to achieve temperatures exceeding 100 °C and facilitate sample extraction over
time. Once the target temperature was stabilized (0.1 °C), spores were introduced into the
treatment chamber containing Mcllvaine citrate-phosphate buffer at pH 7.0 [36], achieving a
final concentration of approximately 5 x 10* CFU/mL. Subsequently, 0.2 mL samples were
taken at different intervals of time, and viability was assessed according to the procedure
described below. For each spore preparation condition and treatment temperature, we
obtained three inactivation curves from different biological replicates.

2.4. Determination of Viability

Viability was determined by pour-plating in TSAYE; plates were incubated at 55 °C
for 48 h. Longer incubation times did not affect the survival counts. The plate counts were
obtained using an automatic colony counting system by using image analysis. The limit of
quantification was 1.5 x 102 CFU/mL for thermal inactivation assays and 3 x 102 CFU/mL
for growth assays.

2.5. Modeling of Heat Inactivation Curves

Inactivation curves were constructed by plotting the survival fraction (Log(N;/N))
against treatment time. As most survival curves displayed a shoulder phase, the data were
fitted to the Log-linear + shoulder equation proposed by Geeraerd, et al. [37] (Equation (1)),
using the GInaFiT Excel tool [38] (KU Leuven, Leuven, Belgium). In this model, Ny is the
initial cell concentration (CFU/mL), N} is the cell concentration (CFU/mL) at a specific time
t, Sl (shoulder length, min) is the time required to reach the exponential inactivation phase,
and Kjq¢ (inactivation rate, min—1) is the slope of the exponential portion of the survival
curve. The GInaFiT Version 1.6 software also provides the coefficient of determination (R?)
and the root mean square error (RMSE) to evaluate the goodness of fit.

Kinax t expKmax 51
Log Ni = Log No = Ln::fo +Log (1 + (eXmeaxI:;l — 1) exp—Knax t> (1)
For comparison, we calculated the time needed for 3 Log reductions (3Dr) for each
treatment temperature. To evaluate the impact of treatment temperature on heat resistance,
thermal death time (TDT) curves were generated by plotting Log 3Dt values against
temperature. z values, which represent the number of degrees required to decrease the 3Dy
value by one Log unit, were calculated as the inverse of the slope of the TDT curves.

2.6. Statistical Analysis

Two-way ANOVA with Tukey’s and Sidak’s multiple comparisons test and unpaired
parametric ¢-test were performed using GraphPad PRISM 8.4.2 (GraphPad Software Inc.,
San Diego, CA, USA). Statistical significance was considered when the p value was <0.05.
The data presented in the figures represent averages and standard deviations derived from
a minimum of three biological replicates.
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3. Results and Discussion
3.1. Germination in Milk Products

We investigated spore germination of P. thermoglucosidasius, G. thermodenitrificans,
and G. stearothermophilus strains in whole milk, skim milk, and whole lactose-free milk
at 55 °C to assess their potential as representative food-spoilage agents (Figure 1). P.
thermoglucosidasius spores germinated the fastest, reaching an average of 0.62 Log CFU/mL
of germinated cells (75.9% germination) after 15 min, and 1.17 Log CFU/mL (93.3%) after
30 min across all of the milk products. G. stearothermophilus spores germinated at a similar
rate to P. thermoglucosidasius in whole and lactose-free milk (ca. 0.68 Log CFU/mL, 79.2%,
at 15 min, and 1.05 Log CFU/mL, 91.0%, at 30 min). In skim milk, the germination of G.
stearothermophilus spores was slower, reaching only 0.53 Log CFU/mL (70.3%) at 30 min, and
increasing to 1.12 Log CFU/mL (92.5%) at 45 min. G. thermodenitrificans spores germinated
more slowly, requiring 90 min in whole milk and 180 min in skim and lactose-free milk
to exceed 90.0% germination. After 7 h, the germination efficiency was similar (p > 0.05)
among the three strains in whole and skim milk (on average 1.37 Log CFU/mL, 95.7%).
In lactose-free milk, P. thermoglucosidasius and G. thermodenitrificans reached the highest
germination efficiency (1.78 Log CFU/mL, 98.5%), which was significantly (p < 0.05) higher
than that of G. stearothermophilus (1.26 Log CFU/mL, 94.5%). Extending incubation to 24 h
did not improve germination (p > 0.05). It is important to note that P. thermoglucosidasius
and, to a lesser extent, G. stearothermophilus proliferated in the three milk products, while G.
thermodenitrificans could not grow (Figure S1). However, lactose-free milk contaminated
with G. thermodenitrificans exhibited signs of spoilage (coagulation) after 24 h, as did the
P. thermoglucosidasius and G. stearothermophilus samples, suggesting that some germinated
spores may resume metabolic activity.

G. thermodenitrificans DSM 465 G. stearothermophilus ATCC 12980
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Figure 1. Germination kinetics of P. thermoglucosidasius DSM 2542, G. thermodenitrificans DSM 465,
and G. stearothermophilus ATCC 12980 spores in whole milk (red dots), skim milk (blue dots), and
whole lactose-free milk (green dots) at 55 °C. Spores were produced at 55 °C for 4 d and purified
using ethanol treatment followed by water washes (protocol 2). Germination was determined by the
decrease in plate counts after mild heat treatment (80 °C, 15 min) over time (Log(Ny/Ny¢)). Data in the
figures correspond to mean values and standard deviations calculated from three biological replicates.

To identify potential germinants, we explored germination in response to milk con-
taining carbohydrates (lactose and glucose, the latter as a lactose breakdown product) and
casein hydrolysate (an amino acid source) by measuring the ODggy decrease over 4 h at
55 °C. As shown in Figure 2, the three strains germinated in glucose and lactose, but not
in the amino acid mixture. Only the P. thermoglucosidasius spores showed a significant
ODg decrease, but to a lower level than in both sugars. This is in contrast to the typical
germination of Bacillus and Clostridium spp. spores, which germinate efficiently in the
presence of certain L-amino acids [39,40]. Closer examination of the germination efficiency
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at the end of the 4 h assays by phase-contrast microscopy revealed that P. thermoglucosidasius
exhibited a significantly (p < 0.05) higher proportion of phase-dark spores than the other
two species in both lactose and glucose, and that all three species germinated between 1.2-
and 1.7-fold more efficiently (p < 0.05) in glucose than in lactose.

G. thermodenitrificans DSM 465 G. stearothermophilus ATCC 12980
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Figure 2. Germination kinetics of P. thermoglucosidasius DSM 2542, G. thermodenitrificans DSM 465,
and G. stearothermophilus ATCC 12980 spores in casein hydrolysate (green dots), glucose (red dots),
or lactose (blue dots) at 55 °C. Spores were produced at 55 °C for 4 d and purified using ethanol
treatment followed by water washes (protocol 2). Germination was determined by the percentage of
ODgp fall over time (OD;/ODy x 100). Data in the figures correspond to mean values and standard
deviations calculated from three biological replicates. The dotted line represents the mean ODgg
decrease in samples with no germinants added.

Overall, P. thermoglucosidasius DSM 2542, G. thermodenitrificans DSM 465, and G.
stearothermophilus ATCC 12980 spores germinated efficiently in milk products, likely trig-
gered by lactose or, in lactose-free milk, by glucose. Interestingly, although G. stearother-
mophilus ATCC 12980 spores responded to lactose, this strain lacks the genetic capacity for
lactose usage [41]. Similarly, many P. thermoglucosidasius isolates are unable to metabolize
lactose [42,43]. However, lactose metabolism may not be essential for growth in milk.
Although G. stearothermophilus ATCC 12980 and G. thermodenitrificans DSM 465 exhibited
limited or no growth, respectively, in the tested dairy products (Figure S1), previous studies
have demonstrated that the same strains can adhere, form biofilms, and sporulate on milk
contact surfaces [10,44]. Thus, the ability of both Geobacillus strains to grow and sporulate
in milk may depend on the physical state of the culture, in addition to variations in milk
composition [45,46].

3.2. Effect of Purification Method on Germination and Heat Resistance

We evaluated the effect of different spore-purification methods (for simplicity, protocol
1—water washes, protocol 2—ethanol treatment, protocol 3—Tween (0.01%) treatment, pro-
tocol 4—Tween (0.1%) washes followed by ethanol treatment and Tween (0.01%) washes)
on the germination and heat inactivation kinetics of P. thermoglucosidasius, G. thermodenitrifi-
cans, and G. stearothermophilus sporulated at 55 °C for 4 d. It is important to note that none
of the methods affected spore viability, as confirmed by growth on the TSAYE plate. The
proportion of germinated spores after 4 h exposure to glucose or lactose, as major inducers
of germination, is shown in Figure 3A. Most notably, the germination efficiency remained
<5.0% in all populations washed only with water, but all samples subjected to ethanol
treatment before water washes responded to both glucose and lactose. Additionally, the
purification method had particular effects on germination in certain strains and nutrient
conditions. P. thermoglucosidasius spores treated with Tween or subjected to Tween washes
with intermediate ethanol treatment germinated in both nutrients, but the fraction of ger-
minated spores in glucose was significantly higher (p < 0.05) in ethanol-treated samples
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compared to those treated with Tween-based methods. G. stearothermophilus spores purified
with Tween washes and intermediate ethanol treatment germinated only in lactose, achiev-

ing an efficiency comparable (p > 0.05) to those treated with ethanol treatment followed by
water washes.

G. thermodenitrificans DSM 465

G. stearothermophilus ATCC 12980

Germination efficiency (%

Germination efficiency (%)

(A)

100

100, 2 2
80
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40-

Germination efficiency (%)

Germination efficiency (%)

(B)

Figure 3. Germination efficiency of non-heat-activated (A) and heat-activated (B) spores of P. ther-
moglucosidasius DSM 2542, G. thermodenitrificans DSM 465, and G. stearothermophilus ATCC 12980
purified using different methods (protocol 1—water, protocol 2—ethanol, protocol 3—Tween, proto-
col 4—Tween + ethanol) after 4 h exposure to glucose (purple bars) or lactose (blue bars) at 55 °C.
Sporulation was performed at 55 °C for 4 d. The dotted lines indicate the lower and upper limits of
quantification (<5.0% and >97.0%, respectively). Data in the figures correspond to mean values and
standard deviations calculated from three biological replicates. Letters above each bar allow data
to be statistically compared. There are significant differences (p < 0.05) among spore-purification
methods within each strain and germinant when they do not share the same letter.

The effect of heat-activation treatment (100 °C, 30 min), previously shown to reduce
the germination initiation time and increase germination efficiency in G. stearothermophilus
NGB101 [34], was also examined (Figure 3B). Unlike non-activated spores, only heat-
activated spores washed with distilled water or treated with Tween germinated in glucose
and lactose, while those treated with ethanol followed by either water or Tween washes did
not germinate (<5.0%). In P. thermoglucosidasius and G. thermodenitrificans, no significant
(p > 0.05) differences were found in germination efficiency between heat-activated spores
purified with water washes or Tween treatment, regardless of the nutrient. However, in G.
stearothermophilus, Tween-treated spores exhibited a 1.4-fold and 2.3-fold higher (p < 0.05)
proportion of germinated spores in glucose and lactose, respectively, compared to water-
washed spores. Interestingly, P. thermoglucosidasius was the only strain in which both
non-activated and heat-activated spores treated with Tween responded to nutrients. Heat
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activation slightly increased germination efficiency 1.2-fold (p < 0.05; Figure 3A,B) and
doubled the germinigucose but had no effect in lactose.

In conclusion, the purification method determines the response of P. thermoglucosida-
sius, G. thermodenitrificans, and G. stearothermophilus spores to nutrients and the effectiveness
of prior heat activation. In general, and except for some particularities in specific nutrients
and strains, spores purified with ethanol treatment followed by water washes germi-
nated without requiring heat activation, whereas heat treatment was strictly necessary for
spores prepared without ethanol exposure. Ethanol treatment (50%) is commonly used
for spore purification to kill vegetative cells [31,33]. On the other hand, ethanol expo-
sure (ca. 20-80%) has also been reported to activate germination in certain Bacillus and
Clostridium species [47-49]. Our results suggest that ethanol purification can activate Para-
geobacillus and Geobacillus spores for nutrient germination, yielding efficiency comparable
to heat-activated spores purified with just water washes (Figure 3).

Another intriguing finding was that ethanol-treated spores failed to germinate after
heat-activation treatment. It has been suggested that sublethal ethanol and heat treatments
individually enhance germination by conformational changes in essential proteins that
unblock or enhance their function, with GRs thought to be the primary target in the case of
heat activation, or by altering the properties of the inner membrane where such proteins
reside [48,50,51]. However, ethanol treatment at an elevated temperature can damage
spores, likely by disrupting spore permeability, including a reduction in inner-membrane
viscosity [52-54]. In addition, the combined heat and ethanol treatment impairs the germi-
nation of surviving spores, presumably due to the denaturation of some critical proteins
such as cortex lytic enzymes, as observed in C. perfringens and B. thuringiensis [48,55]. Thus,
it can be hypothesized that transient exposure to ethanol may alter inner membrane or
critical germination proteins, favoring spore germination while rendering them sensitive to
subsequent heat perturbation.

The effect of the spore-purification method on heat resistance was assessed by obtain-
ing survival curves of P. thermoglucosidasius, G. thermodenitrificans, and G. stearothermophilus
spores prepared using the four purification protocols at a temperature appropriate for each
strain (112 °C, 114 °C, and 120 °C, respectively). Table 1 displays the heat inactivation
parameters, Ky;x and SI, along with the 3Dt values. While the purification method did not
affect G. stearothermophilus heat resistance, P. thermoglucosidasius and G. thermodenitrificans
spores exposed to Tween (with or without intermediate ethanol treatment) exhibited higher
(p < 0.05) 3Dt values than spores purified by the methods excluding this compound. How-
ever, these differences were minor compared to other methodological factors studied, such
as maturation time and sporulation temperature (see below). Despite the fact that Tween
compounds are commonly used in spore preparation to kill vegetative cells and prevent
spore aggregation [32,56], to the best of our knowledge there is little information on the
effect of these chemicals on spore structure. In vegetative cells, growth in media supple-
mented with Tween 80 or Tween 20 provides protection against acidity, high pressure, and
freeze-drying [57-59], likely due to the incorporation of the oleic acid moiety into the cell
membrane, altering its properties [57,59]. In addition, Tween compounds provide thermal
stability to proteins [60,61]. Since damage to proteins related to energy metabolism—Tlikely
embedded in the inner membrane—is a key process responsible for the heat inactivation of
spores, and inner membrane properties have been shown to affect heat resistance [62-64],
it is plausible that Tween exposure may change inner membrane characteristics, thereby
increasing thermal stability and thereby enhancing spore survival.
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Table 1. Heat resistance parameters (SI, Ky, and 3Dt) of P. thermoglucosidasius DSM 2542, G.
thermodenitrificans DSM 465, and G. stearothermophilus ATCC 12980 spores purified by different
methods (protocol 1—water, protocol 2—ethanol, protocol 3—Tween, protocol 4—Tween + ethanol).
Sporulation was performed at 55 °C for 4 d. Data in brackets represent the standard deviations of the

mean values calculated from three biological replicates.

Treatment Purification
Strain Temperature SI (min) Kyax min—1) 3Dy (min) R2 RMSE
©0) Method

Water 0572 (0.08)  2472(0.58) 3.352(040) 0990  0.125

P the.;m".g - o Ethanol 0.12°(0.07) 2293 (0.64) 3232(0.75) 0988  0.151
1505511\4”25;152 Tween 0273 (053)  1.61°(021) 457P(057) 0970 0414
Tween + ethanol ~ 1.13 € (0.23) 1.88(0.09) 4.81°(0.07) 0973  0.351

Water 1212 (0.10)  4.612(1.09) 2722(0.28) 0988  0.133

G. thermod- Ethanol 1252 (0.16)  4332(020) 2852 (0.11) 0981  0.280
eglélr\’j[ﬁffg;s 114 Tween 0512(099)  2.87(0.88) 341P(0.38) 0989  0.136
Tween + ethanol ~ 0.322 (0.75) 1.97b(0.43) 447P(1.23) 0982  0.148

Water 2322(032)  190%(0.35) 6.12°2(0.82) 0984  0.145

G. stearother- Ethanol 2152 (0.86) 1162 (0.02) 8.183(1.77) 0957  0.248
mophilus 120 Tween 2052 (0.36)  1272(0.35) 7579(1.03) 0965  0.333
ATCC 12980 Tween + ethanol 2232 (056)  1.229(0.07) 7.912(0.83) 0983  0.145

b, ¢ Letters allow data to be statistically compared. In each resistant parameter, there are significant differences
(p < 0.05) among spore-purification methods within each strain when they do not share the same letter.

From a practical standpoint, the purification procedure of Parageobacillus and Geobacil-
lus spores influences resistance and especially germination. The substantial impact on
germination may help explain discrepancies in the literature regarding the ability of spores
from the same strain to germinate in specific nutrients and the need for thermal acti-
vation [30,34,65]. However, other methodological factors, such as sporulation medium
composition, the germination assay method, and the intensity of thermal treatment, may
also contribute. For subsequent research, the spores were routinely purified using ethanol
treatment followed by water washes, as this method rendered the spore activated for
germination, avoiding the need for heat activation and without affecting heat resistance.

3.3. Effect of Maturation Time on Germination and Heat Resistance

To investigate the effect of maturation time on germination and heat resistance, spores
cultured at 55 °C were collected after 1, 2, 4, or 7 d of incubation. Please note that the
maximum spore yield and spore release from sporangia occurred at 24 h, with the total
spore counts and viability remaining unchanged over time. Reain (Figure 4), the P. ther-
moglucosidasius spores harvested on d 1 did not germinate (<5.0%) after 4 h exposure to
lactose, while those collected between d 2 and 7 germinated in glucose and lactose to
reach a similar (p > 0.05) efficiency. More striking was the effect of maturation time on
the germination of the Geobacillus spp. spores. None of the spores collected on d 1 and
2 responded to glucose, whereas spores incubated for 4 to 7 d germinated to an equal
(p > 0.05) extent. Moreover, only G. thermodenitrificans and G. stearothermophilus spores
collected on d 4 were able to germinate in lactose. The requirement of a maturation period
after spore release in the spent sporulation medium to detect population-wide germination,
with the necessary duration depending on the strain and type of germinant, appears to be
a unique characteristic of Parageobacillus and Geobacillus spores. In B. subtilis, the effect of
maturation time has been observed at the single-cell level [26,66], but this effect may vary
depending on the composition and physical state of the sporulation medium, spore age,
and incubation temperature [26,67].
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Figure 4. Germination efficiency of non-heat-activated spores of P. thermoglucosidasius DSM 2542, G.
thermodenitrificans DSM 465, and G. stearothermophilus ATCC 12980 with different maturation times (1,
2,4, or 7 d) after 4 h exposure to glucose (purple bars) or lactose (blue bars) at 55 °C. Sporulation
was performed at 55 °C and spores were purified using ethanol treatment followed by water washes
(protocol 2). The dotted lines indicate the lower and upper limits of quantification (<5.0% and
>97.0%, respectively). Values in the figures correspond to mean values and standard deviations
calculated from three biological replicates. Letters above each bar allow data to be statistically
compared. There are significant differences (p < 0.05) among spores with different maturation time
within each strain and germinant when they do not share the same letter.

Maturation time also influenced heat resistance at the reference treatment temperature
set for each strain (112 °C, 114 °C, and 120 °C for P. thermoglucosidasius, G. thermodenitrificans,
and G. stearothermophilus, respectively). To examine the thermal dependence of this effect,
inactivation kinetics were evaluated at additional temperatures (Table S1), from which
TDT curves were constructed using 3Dt values (Figure 5). P. thermoglucosidasius spores
incubated for 7 d exhibited lower (p < 0.05) 3Dt values than those collected on d 1 and
2, with greater differences observed at lower treatment temperatures: 7 d mature spores
were ca. 1.5-fold, 2.0-fold, and 2.3-fold more sensitive (p < 0.05) than the youngest spores
when treated at 112 °C, 110 °C, and 107 °C, respectively (Figure 5, Table S1). Additionally,
4 d mature spores showed lower (p < 0.05) 3D119<c and 3Dygy oc values than 1 d mature
spores but significantly higher heat resistance than 7 d mature spores. Consequently, z
values estimated from the TDT curves increased with harvest time but not significantly
(p > 0.05, Table 2). In contrast, G. thermodenitrificans spores collected on d 7 exhibited higher
(p < 0.05) 3Dt values than the younger spores at all of the tested temperatures (114 °C,
112 °C, and 110 °C; Figure 5, Table S1). The heat resistance of G. stearothermophilus spores
remained unchanged with maturation time at all temperatures, except for a minor increase
(1.2-fold, p < 0.05) in 3D118 < values in 7 d mature spores compared to 1 and 4 d mature
spores (Figure 5, Table S1). z values for both G. thermodenitrificans and G. stearothermophilus
did not correlate with changes in maturation time (Table 2).

The observed increase in heat resistance with maturation time in the spent medium
for G. thermodenitrificans aligns with findings for mesophilic Bacillus spp. spores [66—70].
This effect, together with changes in germination behavior, has been linked to increased
cross-linking between coat proteins [66,69,71], with this structure playing a crucial role in
both spore properties [72,73]. However, it remains unclear whether these changes in spore
behavior are directly due to alterations in the coat structure itself, or rather to indirect effects
on other components, such as the inner membrane properties or the state of embedded
germination- and heat resistance-related proteins [26,74]. Additionally, Camilleri et al. [70]
reported that core wet density increased with spore age, suggesting that reduced water
content may also contribute to the development of heat resistance in mature spores. Further
research is necessary to elucidate the relationship between changes in heat resistance
with spore age and modifications in the coat, inner membrane, water content, and other
structural components in each species.
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Figure 5. Thermal death time (TDT) curves, plotting 3Dt values against treatment temperature,
for P. thermoglucosidasius DSM 2542, G. thermodenitrificans DSM 465, and G. stearothermophilus ATCC
12980 spores with different maturation times: 1 d (red dots), 2d (blue dots), 4 d (green dots), and 7 d
(orange dots). Sporulation was performed at 55 °C and spores were purified using ethanol treatment
followed by water washes (protocol 2). Values in the figures correspond to averages and standard
deviations calculated from three biological replicates.

Table 2. z values calculated from TDT curves (Figure 5 nr P. thermoglucosidasius DSM 2542, G. thermod-
enitrificans DSM 465, and G. stearothermophilus ATCC 12980 spores produced at different maturation
times (1, 2, 4, or 7 d) and temperatures (50 °C, 55 °C, or 60 °C). Sporulation was performed at 55 °C and
spores were purified using ethanol treatment followed by water washes (protocol 2). Data in brackets
represent the standard deviations of the mean values calculated from three biological replicates.

. Maturation Sporulation o

Strain Time (d) Temlfa)eratura “Q) 20 R®
1 55 6.22 2 (0.69) 0.962
P 2 55 6.12 2 (0.33) 0.979
thermogluéosidasius 4 > 6547 (092) 0964
DSM 2542 7 55 8.22 2 (1.23) 0.990
4 50 7.03 2 (0.59) 0.974
4 60 6.48 2 (0.83) 0.958
1 55 78620 (1.73)  0.990
C 2 55 7.36 2 (1.23) 0.986
thermoden'itriﬁcans 4 2 9.78 < (0.88) 0.996
DSM 465 7 55 6.98 2 (1.70) 0.948
4 50 10.83 € (0.63) 0.877
4 60 7.03 2 (0.54) 0.914
1 55 8.212 (0.41) 0.993
2 55 7.38 2 (0.67) 0.990
G. stearothermophilus 4 55 7.08 # (1.10) 0.958
ATCC 12980 7 55 8.47 2 (0.49) 0.992
4 50 5.07  (0.49) 0.925
4 60 7.112(0.21) 0.992

ab,¢ Letters allow data to be statistically compared. There are significant differences (p < 0.05) among spores
of different maturation times and sporulation temperatures within the same strain when they do not share the
same letter.

Since P. thermoglucosidasius and both Geobacillus strains required at least 2 and 4 d of
incubation, respectively, to germinate in lactose, and given that extending the harvest time
from 4 to 7 d affected heat resistance—either increasing or decreasing it, particularly in P.
thermoglucosidasius and G. thermodenitrificans spores—the maturation time for all strains
was standardized to 4 d for subsequent investigations.
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3.4. Effect of Sporulation Temperature on Germination and Heat Resistance

To examine the impact of sporulation temperature, spores were produced at 50 °C,
55 °C, and 60 °C. The sporulation rate and spore release were minimally affected by tem-
perature changes, ensuring consistent maturation times. Although sporulation temperature
did not affect spore viability, it did influence germination efficiency of the first germinating
individuals in glucose and lactose when revived at 55 °C (Figure 6). Only spores produced
at 55 °C exhibited a response (>5.0%) after 4 h exposure to glucose or lactose, except for
P. thermoglucosidasius spores prepared at 50 °C and 60 °C in glucose. In this scenario,
the germination efficiency of P. thermoglucosidasius spores produced at 55 °C and 60 °C
exceeded 97.0%, while spores cultured at 50 °C reached a lower extent (84.0%).
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Figure 6. Germination efficiency of non-heat-activated spores of P. thermoglucosidasius DSM 2542, G.
thermodenitrificans DSM 465, and G. stearothermophilus ATCC 12980 produced at different temperatures
(50 °C, purple bars; 55 °C, blue bars; or 60 °C, green bars) after 4 h exposure to glucose (A) or
lactose (B) at germination temperatures of 50 °C, 55 °C, or 60 °C. Sporulation was performed for 4 d,
and spores were purified using ethanol treatment followed by water washes (protocol 2). The dotted
lines indicate the lower and upper limits of quantification (<5.0% and >97.0%). Values in the figures
correspond to averages and standard deviations calculated from three biological replicates. Letters
above each bar allow data to be statistically compared. There are significant differences (p < 0.05)
among spores produced at different temperatures at each germination temperature, strain, and
germinant when they do not share the same lowercase letter, while there are significant differences
(p < 0.05) among germination temperatures within spores produced at each sporulation temperature,
strain, and germinant when they do not share the same capital letter.

As the effect of sporulation temperature may depend on the germination tempera-
ture [75,76], the response to glucose and lactose was also tested at 50 °C and 60 °C (Figure 6).
Lowering the germination temperature from 55 °C to 50 °C significantly (p < 0.05) de-
creased the efficiency of all P. thermoglucosidasius spores in glucose, while the differential
effect of sporulation temperature vanished. It also inhibited (< 5.0%) the germination
of P. thermoglucosidasius spores in lactose and Geobacillus spp. spores in both nutrients.
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Increasing the germination temperature from 55 °C to 60 °C enhanced the germination of
P. thermoglucosidasius spores produced at 50 °C in glucose. It also stimulated the response
of P. thermoglucosidasius spores prepared at 50 °C and 60 °C in lactose, with the fraction
of germinated spores produced at 50 °C being approximately 1.4-fold higher (p < 0.05)
than in the other two populations. No germination (<5.0%) was detected at 60 °C in G.
thermodenitrificans spores, including those produced at 55 °C. Overall, sporulation tem-
perature is a key factor influencing germination, with effects that vary depending on the
strain, germinant type, and germination temperature. Generally, the three species exhib-
ited the highest germination efficiency when sporulated and germinated at a moderate
thermophilic temperature (55 °C). In B. subtilis, changes in germination kinetics induced by
variations in sporulation temperature have been attributed to differences in active GR or
GerD levels [27], alterations in the coat structure [72,77,78] and /or variations in the inner
membrane properties [79,80]. For P. thermoglucosidasius and G. stearothermophilus, the germi-
nation of spores produced at temperatures lower or higher than 55 °C was enhanced by
increasing the germination temperature in the presence of either lactose or glucose, but not
in G. thermodenitrificans. The increase in germination efficiency with incubation temperature
observed in P. thermoglucosidasius and G. stearothermophilus spores has also been reported
for other Bacillus spp., where it has been hypothesized that elevated temperatures enhance
molecular motion and membrane permeability, thus facilitating germination [81]. More
research is needed to fully elucidate the effects of sporulation temperature on germination
in mesophilic Bacillus spp. and, by extension, Parageobacillus and Geobacillus spp. spores.

As the sporulation temperature was expected to significantly influence heat resistance,
inactivation curves were obtained at different treatment temperatures, and the TDT curve
was generated from 3Dy values for each strain (Figure 7, Table S2). The 3Dt values of P.
thermoglucosidasius spores increased progressively (p < 0.05) with sporulation tempera-
ture across all treatment temperatures (Figure 7, Table 52), following similar (p > 0.05) z
values (Table 2). In G. thermodenitrificans, spores produced at 60 °C exhibited the greatest
(p < 0.05) resistance at all treatment temperatures (Figure 7, Table S2). The z values of G.
thermodenitrificans spores prepared at 60 °C were significantly (p < 0.05) lower than those
sporulated at 50 °C (Table 2). Conversely, G. stearothermophilus spores produced at 55 °C
displayed the highest (p < 0.05) heat resistance at all temperatures, and spores prepared at
60 °C showed greater (p < 0.05) resistance at 120 °C and 118 °C than those sporulated at
50 °C (Figure 7, Table S1). In agreement z values of spores produced at 50 °C were lower
than those sporulated at 55 °C and 60 °C.
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Figure 7. Thermal death time (TDT) curves, plotting 3Dt values against treatment temperature, for P.
thermoglucosidasius DSM 2542, G. thermodenitrificans DSM 465, and G. stearothermophilus ATCC 12980
spores prouced at different temperatures: 50 °C (red dots), 55 °C (green dots), and 60 °C (blue dots).
Sporulation was performed for 4 d, and spores were purified using ethanol treatment followed by
water washes (protocol 2). Values in the figures correspond to averages and standard deviations
calculated from three biological replicates.
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In general, heat resistance in spore-forming bacteria, including thermophilic spores,
increases with rising sporulation temperature up to a certain threshold, beyond which it ei-
ther plateaus or declines [82-84]. Indeed, it is well established that the specific temperature
range in which heat resistance positively correlates with sporulation temperature varies
between species and strains [29,84,85]. The findings of this study are consistent with this
trend. In G. stearothermophilus, spores produced at 55 °C exhibited greater heat resistance
than those sporulated at 50 °C or 60 °C, which aligns with the results of Mtimet et al. [82],
who reported that the highest heat resistance for the same strain (ATCC 12980) occurs at
sporulation temperatures near 57 °C. In contrast, spores of P. thermoglucosidasius and G.
thermodenitrificans showed increased heat resistance when the sporulation temperature
increased from 50 °C or 55 °C to 60 °C. Further experimental work is needed to determine
whether additional increases in sporulation temperature led to a peak in heat resistance,
followed by a decline in these two strains. Leguérinel et al. [29] reported that the rate of
increase in heat resistance with sporulation temperature (i.e., the increase in sporulation
temperature required to change Dt values 10-fold) in G. stearothermophilus ATCC 12980
spores was higher than in other strains of B. subtilis, B. cereus, and B. licheniformis. It
would be worthwhile investigating whether the magnitude of the dependence of heat
resistance on sporulation temperature is similar in thermophilic microorganisms such as P.
thermoglucosidasius and G. thermodenitrificans.

According to our results, the inactivation temperature should be carefully consid-
ered when comparing the effects of sporulation conditions on different strains. While
variations in sporulation temperature did not affect the z value of P. thermoglucosidasius
spores, it did influence those of G. stearothermophilus and G. thermodenitrificans spores. It is
important to note that other researchers did not observe a dependency of the z value of G.
stearothermophilus spores, including the strain used in this study, on sporulation tempera-
ture [29,86]. This discrepancy may be attributed to the influence of other environmental
factors on the interaction between heat resistance and sporulation temperature, such as
sporulation medium and treatment medium composition [21,85-88], as well as differences
in the calculation methods used for heat-resistance parameters. Regarding the latter, z
values can change when varying the Log reduction target in non-linear inactivation kinetics
due to the differing weight of the shoulder length and inactivation rate [38]. Moreover, the
relationship between shoulder length and inactivation rate depends on the sporulation
temperature [86].

Therefore, sporulation temperature modulates heat resistance, with the extent of this
effect varying depending on the strain and the treatment temperature. Heat resistance in-
creased with the sporulation temperature in P. thermoglucosidasius and G. thermodenitrificans,
while in G. stearothermophilus, the highest resistance was observed at the moderate sporula-
tion temperature. The increased heat resistance with sporulation temperature in mesophilic
Bacillus spp. has been linked to reduced core water content, elevated mineral and DPA
levels, and /or structural modifications in the cortex and coat [69,73,84,89-91]. Therefore,
investigating these characteristics in thermophilic spores could provide valuable insights.

Altogether, based on previous studies, mainly on model Bacillus spp. spores, it
can be speculated that changes in coat structure, inner membrane properties, and/or
reduced core water content may underlie the increased heat resistance associated with
maturation time in G. thermodenitrificans, as well as the enhanced resistance observed with
sporulation temperatures up to 60 °C in both G. thermodenitrificans and P. thermoglucosidasius.
Additionally, it can be hypothesized that shorter maturation times and lower sporulation
temperatures may alter the levels of active GRs and/or other structures, such as the
coat and inner membrane, making spores less responsive to nutrients, despite ethanol
treatment during purification. This suggests that such activation treatment alone may
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be insufficient to overcome other critical alterations affecting spore germination. Further
research is needed to mechanistically elucidate the spore components driving behavioral
changes under each studied factor, as well as to understand the variability in these effects
among different strains. In addition, it would be interesting to investigate the interactions
between purification, maturation time, and sporulation temperature at both phenotypic
and mechanistic levels.

4. Conclusions

To the best of our knowledge, this is the first study to systematically examine how
sporulation conditions, specifically temperature and maturation time, as well as spore-
purification methods influence the germination and heat resistance of various Parageobacil-
Ius and Geobacillus species. Although these factors have been extensively studied in Bacillus
spp., limited information is available for thermophilic spore-formers. Thus, our findings
provide new insights into the behavior of Parageobacillus and Geobacillus spp. spores, which
is particularly relevant given the anticipated increase in food spoilage caused by ther-
mophilic spores due to climate change, as well as the growing interest in exploiting these
bacteria in the biotechnology industry.

This study demonstrates that the spore purification method, maturation time, and
sporulation temperature influence spore germination and heat resistance. These parameters
should be carefully considered when designing challenge tests for research or industrial
validation purposes. Based on representative strains of P. thermoglucosidasius, G. ther-
modenitrificans, and G. stearothermophilus, we propose general recommendations for spore
preparation. However, it should be noted that the impact of each factor may vary depend-
ing on additional methodological conditions, such as the composition of the sporulation
medium and spore storage conditions, as well as intraspecific variations.

For germination studies, ethanol purification followed by water washes is recom-
mended, as it promotes efficient nutrient-induced germination without requiring heat
activation. A minimum maturation period of 4 d in spent sporulation medium is necessary
to obtain germination-competent spores. Optimal germination was observed when spores
were produced at 55 °C and germinated at the same temperature. However, the limited
germination response of P. thermoglucosidasius and G. stearothermophilus spores produced at
suboptimal sporulation temperatures (50 °C or 60 °C) could be partially offset by increasing
the germination temperature from 55 °C to 60 °C.

For heat resistance assays, the purification method had no effect, but increasing the
maturation time had strain-specific outcomes: resistance increased in G. thermodenitrificans,
decreased in P. thermoglucosidasius, and remained stable in G. stearothermophilus. The
sporulation temperature also had strain-dependent effects: G. stearothermophilus spores
were most resistant at 55 °C, while P. thermoglucosidasius and G. thermodenitrificans showed
highest resistance when sporulated at 60 °C.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods14122061/s1, Figure S1. Growth curves of P. thermoglucosi-
dasius DSM 2542, G. thermodenitrificans DSM 465, and G. stearothermophilus ATCC 12980 spores in
whole milk (o), skim milk (e), and whole lactose-free milk (e) at 55 °C. Data in the figures correspond
to mean values and standard deviations calculated from three biological replicates. The dotted line
represents the limit of quantification (3 x 102 CFU/ mL); Table S1. Heat resistance parameters (SI, Kyax,
and 3Dr) of P. thermoglucosidasius DSM 2542, G. thermodenitrificans DSM 465, and G. stearothermophilus
ATCC 12980 spores with different maturation times (1, 2, 4, or 7 d). Sporulation was performed at
55 °C and spores were purified using ethanol treatment followed by water washes (protocol 2). Data
in brackets represent the standard deviations of the mean values calculated from three biological
replicates. Different letters indicate statistically significant differences (p < 0.05) in resistance param-
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eters among spores of different ages within each strain and treatment temperature; Table S2. Heat
resistance parameters (S, Kyuuy, and 3Dr) of P. thermoglucosidasius DSM 2542, G. thermodenitrificans
DSM 465, and G. stearothermophilus ATCC 12980 spores produced at different temperatures (50 °C,
55 °C, and 60 °C). Spores were collected at day 4 and purified using ethanol treatment followed by
water washes (protocol 2). Data in brackets represent the standard deviations of the mean values
calculated from three biological replicates. Different letters indicate statistically significant differences
(p < 0.05) in resistance parameters among spores prepared at different temperatures within each

strain and treatment temperature.
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