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ARTICLE INFO ABSTRACT

Heat treatment is the main hurdle used to eliminate spores in foods but the pH conditions which spores en-
counter after the treatment have a tremendous impact on the spore ability to germinate, outgrow and grow. The
aim of this work was to discriminate the inactive permeable spores and the active spores in unfavorable acidic
conditions, after a heat treatment. In this study, Bacillus weihenstephanensis KBAB4 was used as model micro-
organism for psychrotrophic Bacillus. The spores were heat treated to inactivate 90% of the population, 12 min at
85°C, or 2min at 95 °C. After each treatment the spores were incubated at pH 5.50 or pH 7.40. The evolution of
dormant spores, permeable spores, germinated and vegetative cells was monitored by flow cytometry using a
double staining. LDS 751, stains in red all the permeable cells, and CFDA stains in green cells presenting an
esterase activity. Dormant spores did not show neither red fluorescence nor green fluorescence. Permeabilized
spores which did not recover metabolic activity were red fluorescent but not green fluorescent. Germinated
spores (permeabilized and having an esterase activity) appeared red fluorescent and green fluorescent due to
their permeability and their metabolic activity. This method allowed the differentiation of the impact of heat
treatment and post-treatment incubation pH on the two first steps of germination: spore permeabilization and
activity recovery. Having a better understanding of spore germination at unfavorable post-treatment pH allows a
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better control of spore forming bacteria in foods.

1. Introduction

Bacillus spores can resist heat treatment which is the main hurdle
used in food industry to preserve food stability. The survival spores are
able to germinate, outgrow and multiply in products leading to poi-
soning or spoilage issues (Abee et al., 2011). Quantifying the potential
of germination and outgrowth of bacterial spores in adverse conditions
is challenging. Indeed, spore capacity to germinate and outgrow are
impacted by sporulation conditions, heat treatment intensity and in-
cubation conditions (Mtimet et al., 2015; Trunet et al., 2015). From
germination to multiplication Bacillus spores pass through successive
steps. The germination consists in a first phase of partial rehydration of
the core followed by the lysis of the cortex peptidoglycan by dedicated
enzyme (Cortex Lytic enzymes). Then, the spore core is rehydrated,
swells up and outgrows from the outer layers of the spore. It is generally
considered that metabolic activity is recovered during the outgrowth
process (Setlow, 2014, 2013). Different methods can be used to observe
these different stages (Trunet et al., 2017). A widespread method used
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to observe spore germination is the phase contrast microscopy. Indeed,
dormant spores are highly dehydrated and appear phase bright using
contrast microscopy. Germinated spores are distinguished from dor-
mant spores thanks to the loss of the refractility observed when the
spores are rehydrated during germination (Pandey et al., 2013). Using
epifluorescence microscopy or flow cytometry, germinated spores are
discriminated from dormant spores thanks to their permeability to
fluorescent markers, such as Syto9 (van Melis et al., 2014, 2011). But
the permeabilization step of spores do not inevitably lead to outgrowth
(Mtimet et al., 2017; Wang et al., 2011). The proportion of spores able
to recover after permeabilization can be modulated by process such as
heat treatment, high pressure as well as the conditions encountered
after the treatment (Mathys et al., 2007; Mtimet et al., 2017).

The aim of this work was to discriminate the permeabilization step
from the activity recovery step of heat treated spores exposed to un-
favorable conditions for bacterial growth. Using flow cytometry, spore
permeability can be monitored using staining with small molecules,
such as Syto9, and metabolic activity can be observed via, for example,
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respiratory activity (CTC staining) or esterase activity (CFDA). Bacillus
weihenstephanensis KBAB4 was studied in this work as a model for B.
cereus. It needs to achieve germination, outgrowth and the recovery of
metabolic activity to produce toxins. In the same way, spoiling spor-
eforming bacteria must achieve the same process leading to the pro-
duction of enzyme and finally to the spoilage of the food.

2. Material and methods
2.1. Bacterial strain and cultures

The Bacillus weihenstephanensis strain KBAB4 (INRA, Avignon,
France) was stored at —80°C in 1.5mL aliquot Eppendorf tubes of
Brain Heart Infusion (BHI, Biokar Diagnostics, Beauvais, France) mixed
with 50% glycerol (vol.vol ™). A flask of BHI (100 mL) was inoculated
with 1 mL of the stock suspension and incubated for 8 h at 30 °C, then
1 mL was transferred into 100 mL of BHI for 16 hat 30 °C. Finally,
0.1 mL of B. weihenstephanensis suspension was added to 100 mL BHI
and was incubated for 6 hat 30 °C. The final cell concentration in the
culture was approximately 108 CFU.mL ™. The number of spores esti-
mated by the number of cells surviving a heat treatment of 5minat
70 °C was lower than 100 spore CFU.mL~'. This suspension was used
for spore preparation.

2.2. Spore preparation

Spores were produced through a two-step sporulation process (Baril
et al., 2011). A flask of 100 mL of the previously described culture were
centrifuged (6000 x g, 10 min, 12 °C) and the vegetative cells were re-
suspended in 100 mL of sporulation mineral buffer (SMB) at pH 7.00
(4.5 g.L"'K,HPO, at, 1.8 g.L. " 'KH,PO, at, 8.0 mg.L~* CaCl,, H,0 and
1.5 mg.L_anSO4, H,0) or in 100 mL of SMB at pH 5.50 (K,HPO, at
5.04g.L~!, KH,PO, at 0.35g.L~", CaCl,, H,0 at 8.0mg.L™! and
MnSO4, H,0 at 1.5mg.L ™Y, filter-sterilized using 0.2 um pore size fil-
ters (Baril et al., 2011). The cell suspensions in SMB at pH 7.00 were
incubated at 30 °C, 100 rpm. Spores in SMB were harvested when free
spores represented more than 95% of cells under X1000 magnification
in phase-contrast microscopy (Olympus BX50, Olympus Optical Co.,
Ltd, Hamburg, Germany), i.e. after 1-2 days of incubation at 30 °C. The
spore suspensions were centrifuged (6000 x g, 10min, 12 °C). Spore
pellets were suspended in 5mlL of sterile distilled water. The 5mL
suspensions were divided into 1 mL aliquot volumes and stored for
1 month at 4 °C before use. The final concentrations of the stock sus-
pensions were 10% spores.mL ™! for B. weihenstephanensis cultures in
SMB at 30 °C and pH 7.00 (Trunet et al., 2015).

2.3. Heat treatment

The spores of Bacillus weihenstephanensis KBAB4 were diluted in PBS
to a final concentration of around 10° spores/mL. Capillary tubes of
200 uL. were filled with 100 uL of spore suspension and sealed, then
immersed into a water/glycerol bath maintained at 85 °C during 12 min
or at 95 °C during 2 min (Baril et al., 2011; Trunet et al., 2015) in order
to obtain the inactivation of 90% = 0.2 of the initial spore population
when spores were incubated at pH 7.40, 30 °C after heat treatment, and
an inactivation of 96% * 0.2% when spores were incubated at pH
5.50, 30 °C after heat treatment.

In order to verify the heat treatment efficiency at 85°C or 95°C,
capillary tubes were removed from the heat treatment bath at appro-
priate times and immediately cooled in a water/ice bath for 30s. The
tips were broken and the heat-treated spore suspensions were diluted in
tryptone salt broth (Biokar Diagnostics, Beauvais, France). Volumes of
1 mL of the appropriate decimal dilutions of heat-treated spores were
mixed into molten Brain Heart Agar (BHA, Biokar Diagnostics,
Beauvais), and incubated at 30 °C. To estimate the spore concentration
at the initial time (t,), the microbial suspensions were treated in a water
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bath at 70 °C for 5 min using the same capillary tube method.
2.4. Evolution of heat-treated spores in different pH conditions

Control samples of dormant spores, inactive permeable spores, ac-
tive permeable spores and vegetative cells were analyzed on a flow
cytometer (Cyflow space, Sysmex Europe Gmbh, Norderstedt,
Germany) equipped with an excitement light source at 488 nm laser
(50 mW) and four detectors: FSC (Forward Scatter), SSC (Side Scatter)
(detecting light emission at 488 nm), Fluorescence Light detector with a
536/40 nm filter (FL1) and Fluorescence Light detector with a 610 nm
high-pass filter (FL2). The software used to collect and analyze the flow
cytometry data was Flomax 2.3 (Cyflow space, Sysmex Europe Gmbh,
Norderstedt, Germany). The control sample for dormant spores was
obtained by the suspension of spores stored at 4 °C in sterile distilled
water. The control sample for inactive permeable spores was obtained
by incubating dormant spores in sterile distilled water with 25 mM t-
alanine and 12.5mM inosine during only 10 min at 30 °C. The active
permeable spore control sample was obtained by incubating dormant
spores in BHI during 20 min at 30 °C. The vegetative cell control sample
was obtained incubating dormant spores in BHI during 2 h at 30 °C.

The spores and vegetative cell could be distinguished by their size,
corresponding to FSC values, and their granularity corresponding to
SSC. Spores and vegetative cells were stained with 5-
Carboxyfluorescein Diacetate (CFDA, Molecular Probes, Life
Technologies, Saint Aubin, France), a green fluorescent marker of es-
terase activity. Spores and vegetative cells were also stained with Laser
Dyes Styryl 8 (LDS751 Molecular Probes, Life Technologies, Saint
Aubin, France), a red fluorescent cell-permeant DNA intercalate al-
lowing the staining of all spores and cells excepting dormant spores.

The observation by flow cytometry was completed with phase
contrast microscopy and epifluorescence microscopy observations. The
spores were confirmed to be dormant as they appeared as phase bright
spores and no fluorescent. The permeable spores were confirmed as
they appeared phase dark and red fluorescence. The germinated spores
were confirmed as they appeared red and green fluorescent, as well as
vegetative cells.

The regions were confirmed analyzing mixes of refractive spores
and permeable spores; refractive spores and germinated spores;
permeable spores and germinated spores; refractive spores, permeable,
germinated spores and vegetative cells.

2.5. Germination, outgrowth and growth recovery kinetics by flow
cytometry

A volume of 10 mL of BHI was inoculated at 10° spores.mL ™' and
incubated. The BHI pH was 7.4 or was modified by 1M HCI addition to
pH 5.5 and flasks were placed under agitation (110 rpm). A volume of
0.1 mL was sampled at regular times and diluted to 10° spores/
cells.mL™! in Phosphate Buffer Saline (PBS, K,HPO, at 4.5 g.L’1 and
KH,PO, at 1.8¢g.L" %, NaCl at 8g.L.™!, 0.22um filtered) and stained
with LDS 751 at a final concentration of 0.5 mM and CFDA at 1 mM.
The spores and/or cells were quantified in exactly 200 uL using the
probe system of the flow cytometer (Cyflow space, Sysmex Europe
Gmbh, Norderstedt, Germany).

At each time the numbers of dormant spores, permeable spores,
germinated spores and vegetative cells were quantified in at least du-
plicates, each replication being performed with independently prepared
spore suspension. For each test, the assays were stopped when the first
cell divisions were observed, as the total cell number, determined by
flow cytometry, significantly increased.

2.6. Quantification of each physiological stage among time

During germination and outgrowth kinetics, the cell population was
hypothetically composed of dormant spores, permeable spores,
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germinated spores and vegetative cells. The total cell number over time
could be described as:

Nr(t) = Ne(t) + Np(t) + Na(t) + Ny () (@)

where, Ny was the total number of bacterial cells, Ny was the number of
refractive spores, Np was the number of permeable spores, Ny was the
number of active permeable spores, Ny was the number of vegetative
cells and t was the time of incubation.

The germination and outgrowth process is a succession of four steps
that could be distinguished by flow cytometry, ie. the transformation
from dormant spores to inactive permeable spores, from inactive
permeable spores to active permeable spores and from active permeable
spores to vegetative cells. Reverse transformation or direct transfor-
mation of dormant spores to vegetative cells was not demonstrated.
Moreover, the total number of events Ny(t) was stable during all the
assays. The evolution of each population was described using mathe-
matical models described afterwards.

The evolution curves of spore populations were fitted using the
model inspired from Weibull distribution (equation (2)).

B =1 - 10() @

where, P; corresponded to the Weibull distribution of time, t; was the
time needed to reach 90% of the maximal number of cells of population
i (refractive spores, inactive permeable spores, active permeable spores
or vegetative cells), S; was a reflection the scattering of t; within the
population: the higher S; was the lower the scattering was.

The decrease of refractive spore population could be described by
the proportion of spores which were able to be permeabilized, within
the initial population of refractive spores.

Ng(t) = Nro-(1 — . By (1)) 3)

where Ny(t) was the refractive spore number, Ng, was the initial
number of refractive spores, 7, was the maximal proportion of refractive
spores able to be permeabilized and P,(t) was the distribution as de-
scribed of the permeabilization time (equation (2)).

The permeable spore population was submitted to two phenomena.
Firstly, the permeable spore population increased as refractive spores
decreased and secondly, a proportion of permeable spores was able to
recover a metabolic activity (then considered as germinated). The
evolution curves of permeable spores were fitted using the model pre-
sented in equation (4).

Np(t) = (Np = Nr(0). (1 = Tact Pt (1)) 4

where (N,) was the permeable spore number, Ng, was the number of
refractive spores at the initial time, Nz was the number of refractive
spores, 7, was the proportion of permeable spores able to be germi-
nate. As previously described, B, was the distribution of activity re-
covery time (equation (2)).

The active permeable spore population increased from the per-
meabilization of spores. A proportion of the germinated spores was able
to outgrow so the germinated spore population decreased. The evolu-
tion of the germinated spore population was fitted using the model
presented in equation (5).

Ny(t) = (NR() — Np (t))(l - ToutgrR)utgr(t)) 5)

where (N) was the active permeable spore number, Np, was the
number of refractive spores at the initial time, Ny was the number of
refractive spores, 7., Was the proportion of germinated spores able to
outgrow. As described for permeable spores, P, was the distribution
of outgrowth time (equation (2)).

The vegetative cells increased as the germinated spore population

decreased, and were fitted using the model presented in equation (6).
NV (t) = (NVmax)'(l - Toutgr'Poutgr(t)) (6)

where (Nyc) was the vegetative cell number, Ny, was the maximal
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number of vegetative cells, 7o, Was the proportion of germinated
spores able to outgrow.

The four equations allowed the quantification of time and propor-
tion of permeabilization, germination and outgrowth of heat treated or
untreated spores, incubated in different conditions of pH.

2.7. Statistics

The model was fitted on the observations by minimizing the sum of
squared errors (SSE) using Isqcurvefit function from MatlabR2012b (The
Math-works, Natick, USA). The goodness of fit of the model was
checked by the RMSE (Root Mean Square Error) (Huet et al., 2010;
Scherrer et al., 2009). The smaller the RMSE were, the better the model
was fitted the data. The 95% confidence intervals were calculated using
the niparci function from MatlabR2012b. The fitting performance of the
model was statistically evaluated by the F test, comparing the mean
square error of the model to the mean square error of the data. The
computed f value was compared to the F table value (0.05 significance
level). If the f value was lower than the F value from the table, the F test
was accepted indicating that the model fitting was statistically accep-
table. Moreover, variance comparison tests were performed using the
anova and anova2 functions from MatlabR2012b.

3. Results

The refractive spores, inactive permeable spores, active permeable
spores and vegetative cells were distinguished thanks to their perme-
ability and/or their metabolic activity. The dormant spores which are
impermeable to many molecules were stained neither with LDS 751 nor
CFDA. Mean value of green and red fluorescence for dormant spores
were respectively 0.35 + 0.14 a.u. (FL1), corresponding to no meta-
bolic activity, and 0.31 *+ 0.16 (FL2) corresponding to no perme-
ability.

The spore population which was stained with LDS 751 and showed a
low fluorescence with CFDA, meaning that they did not show esterase
activity, was identified as the inactive permeable spore population. The
mean fluorescence values for permeable spores were 0.37 = 0.16 a.u.
(FL1) and 4.08 = 1.98 a.u. (FL2).The spores which were stained with
LDS 751 and CFDA were identified as active permeable spores as they
were permeable to LDS 751 and recovered an esterase activity. The
mean fluorescence values for active permeable spores were 6.72 + 3.7
a.u. (FL1) and 3.91 + 0.27 a.u. (FL2). Finally, the vegetative cell po-
pulation was identified thanks to their higher fluorescence intensity
with LDS 751 and CFDA staining. Indeed, the mean fluorescence values
for vegetative cells were 49.68 = 27.6 a.u. (FL1) and 16.52 * 7.07
a.u. (FL2). The populations described previously are shown in Fig. 1.
The flow cytometry method we developed allowed the quantification of
events belonging to each population regarding time.

A mathematical model was proposed in order to describe the evo-
lution of each population as a function of time (Fig. 2). The model was
based on Weibull model, which takes into account the individual
variability within each studied population, as well as on a set of para-
meters describing the evolution of each population: the initial number
of spores (Ny), the time needed to reach 90% of the inactive permeable
spore population (t,), the dispersion of individual permeabilization
times (Sp), the time needed to reach 90% of the active permeable spore
population (t,), the dispersion of individual activity recovery times
(Saco), the time needed to reach 90% of the vegetative cell population
(tougr), the dispersion of individual outgrowth times (Syy). All para-
meters were estimated for each tested condition of heat treatment and
incubation pH.

The control condition corresponded to untreated spores incubated
at pH 7.4. Within the initial population, 95 * 1% (mean value *
standard deviation) of spores was able to lose their permeability, z,,
and the time of permeabilization, t, was 3.32 * 0.55min. Then
95 *+ 1% of permeable spores were able to recover an esterase activity,
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colony on nutrient agar. The flow cytometry assays revealed that the
time of permeabilization (t,) was significantly extended to
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Fig. 1. Evolution of (A) dormant spores
presenting a staining neither by LDS 751
nor CFDA by flow cytometry (A.1), bright
phase state was verified by phase contrast
microscopy (A.2) and fluorescence by epi-
fluorescence microscopy (A.3); (B) inactive
permeable spores presenting a staining with
LDS 751 but not with CFDA (B.1), dark
phase state was verified by phase contrast
microscopy (B.2) and fluorescence by epi-
fluorescence microscopy (B.3); (C) active
permeable spores presenting a staining with
LDS 751 and CFDA, dark phase state was
verified by phase contrast microscopy (C.2)
and fluorescence by epifluorescence micro-
scopy (C.3); (D) vegetative cells presenting
higher intensity staining with LDS 751 and
CFDA (D.1), morphological state was ver-
ified by phase contrast microscopy (D.2)
and fluorescence by epifluorescence micro-
scopy (D.3).

Spores are permeable to LDS 751
and esterase activity is stained with CFDA
Spores swell up to the size of a vegetative cell

35.33 = 6.81 min or 38.46 *= 12.81 min, for 85°C or 95°C heat
treatments respectively and a significantly lower proportion of perme-
able spore (z,) was observed, 54 + 2%; or 70 = 8% (ANOVA test
a = 0.05). Heat treatment also led to an extended time of activity re-
covery (ts) which was estimated at 83.79 * 36.6min or
64.4 + 25.7min, and a lower proportion of active permeable spores
(7qe) Was estimated at 52 + 2% or 68.2 = 1.2%, for 85°C or 95°C
heat treatments respectively (ANOVA test @ = 0.05) (Table 1).

After heat treatment, Bacillus weihenstephanensis spores were in-
cubated at pH 5.5. The number of permeable spores at pH 5.50 was

B

3 L

I I I I
100 150 200 250
Incubation Time (minutes)

0 50

Fig. 2. Evolution of dormant spores (0), permeable spores (#), germinated spores (@) and vegetative cells (A) regarding incubation time for (A) untreated spores
incubated at pH 7.4 and (B) spores treated at 85 °C, 12 min, then incubated at pH 7.4. The lines represent the model presented in material and methods.
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Table 1
Parameters describing permeabilization and activity recovery (mean value
5.5.

+
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SD) for spores treated at 85 °C, 12 min, or 95 °C, 2 min and incubated at pH 7.4 or pH

Heat treatment temperature No heat treatment

Heat treatment 85 °C

Heat treatment 95 °C

Incubation pH 7.4 7.4 5.5 7.4 5.5

Tperm (%) 95 + 1 54 + 2 30 =11 70 + 8 31 =2

tperm (Min) 3.32 £ 0.55 35.34 * 6.81 40.90 * 1.24 38.46 + 12.8 80.26 + 1.06
Tgerm (%) 99 + 0 52 £ 2 11 =5 82 + 4 12 £ 0

toerm (Min) 8.41 * 1.20 83.79 + 36.65 24.61 = 1.9 64.36 = 25.7 124.91 + 42.02
Sgerm 2.44 = 0.97 1.71 + 0.38° 58 + 1.3 2.09 + 1.38° 3.22 + 1.90°

? Parameters not significantly different from the control condition, namely untreated spores incubated in pH 7.4.

1.0
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0.0

aln

5.5 7.4

Fig. 3. Proportion of permeable spores (A) and germinated spores (B) for spores
treated at 85 °C (white) or 95 °C (grey) and incubated at pH 7.4 or pH 5.5.
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Fig. 4. Time of spore permeabilization (A) and spore germination (B) for spores
treated at 85 °C (white) or 95 °C (grey) and incubated at pH 7.4 or pH 5.5.

7.4

threefold lower than in control conditions for both treatments and the
time of permeabilization was extended 24.15 times or 12.8 times, for
spores treated at 85°C or 95°C respectively. The number of active
spores significantly decreased by an 8.33 fold or 9.25 fold, for spores
treated at 85 °C or 95 °C respectively. Interestingly, the time of activity
recovery was more impacted by an incubation at pH 5.5 after a heat
treatment at 95 °C, as it was extended to 124.9 + 42.0 min, than after a
heat treatment at 85°C as the germination was only extended to
24.6 = 1.9min. B. weihenstephanensis spores treated at 85°C and in-
cubated at pH 5.5 showed a time of activity recovery which was lower
than the time of permeabilization and a scattering of activity recovery
time significantly higher than in control conditions (ANOVA, a = 0.05)
(Figs. 3 and 4).

4. Discussion

The first step of germination consists in the release of CaDPA from

119

the spore core which is partially rehydrated (Setlow, 2003). To achieve
this first step, corresponding to the permeabilization step in the present
work, no metabolism is necessary and the DNA can be reached by DNA
intercalate markers (Setlow, 2007). Thus, spores which were in this
state of partial rehydration were stained by LDS 751, binding the DNA,
but the CFDA was not processed by esterase. The germination is com-
pleted by the hydrolysis of the cortex peptidoglycan by Cortex Lytic
Enzymes (CLE) which are triggered by CaDPA or other unknown me-
chanisms in Bacillus spores (Setlow, 2007). Then spore core extends and
metabolic activity can be observed as it was previously showed during
B. anthracis spores germination using esterase activity as a marker of
metabolic activity. Indeed, esterase activity could be observed in B.
anthracis spores rapidly after the rehydration of the spore (Ferencko
et al., 2004).

In previous works, germination process has been described by the
discrimination between dormant spores (phase bright spores, or im-
permeable to markers) and permeable spores (phase dark spores, or
permeable to markers) (Mathys et al., 2007; Pandey et al., 2013; van
Melis et al., 2011). However, it has been showed that spores of B. subtilis
can lose their refractivity, and that G. stearothermophilus spores can be
permeable to some markers, such as Syto9, after a heat treatment and
remain in this state for an extended period (Mtimet et al., 2017; Pandey
et al.,, 2015). The actual state of the spores remaining permeable to
Syto9 (or other molecules of Syto family) or remaining as phase dark
spores after a heat treatment was unclear. The discrimination between
inactive permeable spores and active permeable spores was necessary
to determine the physiological state of the spores remaining phase dark
after an extended period. This discrimination also helps to reach a
better understanding of the heat treatment impact on spores, and a
better quantification of this impact. The method developed in this work
allowed the discrimination of inactive permeable spores and active
permeable spores thanks to double staining with LDS 751 and CFDA.
The spores appeared in red if they were only rehydrated, then con-
sidered as permeable. Then, the spores appeared red and green as they
were permeable and showed an esterase activity. CFDA has been shown
to efficiently stain bacterial activity (Hoefel et al., 2003). In this work,
the proportion of CFDA positive cells corresponded to the number of
cells able to form colonies on nutritive agar medium (data not shown).

The method developed in this work was applied to the monitoring of
the physiological evolution of Bacillus weihenstephanensis KBAB4 spores
after to different heat treatments. The impact of heat treatment could be
quantified on spores treated at 85 °C during 12 min or at 95 °C during
2 min, then incubated at pH 7.4. These treatments inactivated 90% of
the initial population, which was verified by classical cultural methods.
Both heat treatments led to a significantly lower proportion of inactive
permeable and active spores and an extended time of permeabilization
and activity recovery. These observations were consistent with previous
work in which spores of Bacillus subtilis presented a lower proportion of
spores losing their refractivity or releasing their CaDPA (monitored by
Raman spectroscopy) after heat treatment (Pandey et al., 2015; Wang
et al., 2011). The time of outgrowth was also significantly extended and
the proportion of vegetative cells was significantly lower after heat
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treatment. Interestingly, two different heat treatment conditions led to
different spore behaviors. Indeed, a heat treatment at 85°C during
12 min led to a significantly lower proportion of permeable spores than
a heat treatment at 95 °C during 2 min. This observation suggests dif-
ferent impact of heat treatment temperature and/or time on some
proteins involving the induction of germination process as it was
mentioned in previous works (Coleman et al., 2007; Setlow, 2013). In
addition, the proportion of permeable spores able to recover a meta-
bolic activity was lower after a heat treatment at 85 °C during 12 min. It
is not clear if the temperature or the time of treatment, or the combi-
nation of both parameters, is the main factor of this difference.

After heat treatment, the spores were incubated in conditions al-
lowing the growth (pH 5.5 and pH 7.40). The proportion of permeable
spores was significantly lower when spores were incubated at pH 5.5
whatever the heat treatment. The binding of germinant on the germi-
nant receptor might be faintly impacted by the environmental pH. The
incubation pH had also a significant impact on proportion of active
permeable spores - inner pH spore increases from ~ 6.5 to ~7.5 during
germination-, mainly due to the presence of weak acids in rich media,
as the one used in this work(van Beilen and Brul, 2013). Thus, a sub-
optimal environmental pH may have an impact on the recovery of
metabolic activity within Bacillus spores. Interestingly, the time of
permeabilization was significantly impacted by the incubation pH of
5.5 only after a heat treatment at 95 °C during 2 min. The underlying
molecular mechanism(s) leading to this behavior (impact on binding
step of germinant, CaDPA channel, etc.) remains unclear and further
experiments must be necessary to unravel if this due to the temperature
of treatment, the time of treatment, the pH of incubation or a combi-
nation of all or part of these parameters. Interestingly, for spores treated
at 85°C during 12 min then incubated at pH 5.5, 90% of the spores
recovered an esterase activity after 25 min. However, a fewer part of
refractive spores lately lost their permeability after 40 min but were not
able to recover an activity in less than 250 min of incubation. The
spores kept the ability to rehydrate but the environmental lower pH
inhibited the metabolic activity or the heat treatment has inactivated
key targets needed for the metabolism recovery. As previously speci-
fied, further experiments are necessary to unravel the relative im-
plication of heat treatment and/or incubation conditions on the spore
behavior in these conditions.

5. Conclusion

Flow cytometry associated with double staining, with LDS 751 and
CFDA, allows a satisfactory discrimination of dormant spores, inactive
permeable spores, active germinated spores and vegetative cells. The
method developed in this work quantifies the number of spores in each
stage over time, regarding the conditions the spores are subjected to.
This method allowed distinguishing the impact of heat treatment and
post-treatment incubation pH on the two first steps of germination:
spore permeabilization and activity recovery. The heat treatment con-
ditions, temperature and time of treatment, have an impact on spore
permeabilization and germination as a treatment at 85 °C, 12 min, leads
to a lower proportion of permeable spores and germinated spores
compared to a heat treatment at 95 °C, 2 min. This can be due to the
permeabilization process occurring during the heat treatment itself, or
the fact that different treatment intensity affect different targets within
the spore structure. A lower incubation pH after heat treatment lead to
lower proportion of permeable and germinated spores in growth con-
ditions. These results are of interest for food industry as it allows a
better understanding of the impact process parameters (heat treatment
intensity) or formulation (pH the spores can encounter after the heat
stress) on spore ability to recover metabolic activity and to spoil the
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food product. Two different heat treatments have been investigated in
this study and further work is needed to unravel whereas the tem-
perature or the duration of heat treatment have the main impact on
spore ability to recover a metabolic activity.
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