Accepted Manuscript £~

/
Food Microbiology

Sl 4

’

Enhanced control of Bacillus subtilis endospores development by hyperbaric storage [ : "—x :
at variable/uncontrolled room temperature compared to refrigeration ~f"

Carlos A. Pinto, Mauro D. Santos, Liliana G. Fidalgo, lvonne Delgadillo, Jorge A.
Saraiva

PII: S0740-0020(17)30686-X
DOI: 10.1016/j.fm.2018.03.010
Reference: YFMIC 2981

To appearin:  Food Microbiology

Received Date: 21 July 2017
Revised Date: 18 February 2018
Accepted Date: 17 March 2018

Please cite this article as: Pinto, C.A., Santos, M.D., Fidalgo, L.G., Delgadillo, |., Saraiva, J.A.,
Enhanced control of Bacillus subtilis endospores development by hyperbaric storage at variable/
uncontrolled room temperature compared to refrigeration, Food Microbiology (2018), doi: 10.1016/
j-fm.2018.03.010.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.fm.2018.03.010

© 00 N o o b~ w DN

=
L O

12
13
14
15

16

17

18

19

20

21

22

23

24

25

26

Resear ch paper

Enhanced control of Bacillus subtilis endospores development by hyperbaric
storage at variable/uncontrolled room temperature compared to refrigeration

Carlos A. Pinto, Mauro D. Santos, Liliana G. Fiaaldvonne Delgadillo, Jorge A.

Saraiva

QOPNA, Departamento de Quimica, Universidade dardy€ampus Universitario de
Santiago, 3810-193 Aveiro, Portugal

*Corresponding author:

Jorge A. Saraiva

jorgesaraiva@ua.pt



27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

Abstract

The effect of hyperbaric storage Bacillus subtilisendospores, as a new food
preservation methodology with potential to replabe conventional refrigeration
processes, was assessed and compared to refogerdd do so, three different
matrices (Mcllvaine buffer, carrot juice and br&ieart infusion broth, BHI-broth) were
inoculated with B. subtilis endospores and stored at 25, 50 and 100 MPa at
variable/uncontrolled room temperature (18-23 2@yer refrigeration (4 °C), and room
temperature at atmospheric pressure (0.1 MPa), cupQ days. Two different
quantification procedures were performed to assaiy lvegetative and endospores
(unheated samples) and endospores (heated samgeajsess germination under
pressure.

The results showed that hyperbaric storage yiefdedounced endospore loads
reductions in carrot juice and BHI-broth at 50 &@® MPa, while in Mcllvaine buffer,
lower endospore loads reductions were observed.2%tMPa, the endospores
germinated and outgrew in carrot juice. Under gefration conditions, both carrot juice
and BHI-broth underwent endospore germination artdrowth after 60 and 9 days of
storage, respectively, while in Mcllvaine buffeeth were no endospore outgrowth.

These results suggest that hyperbaric storageat temperature might not only
be a feasible preservation procedure regarding spailes, but also that the food
product (matrix characteristics) seems to influetheemicrobial inactivation that occurs
during HS.

Keywords. Hyperbaric storage, refrigeration, endospoBas;illus subtilis
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1. Introduction

Environmental concerns towards global warming aisimg issues concerning
the need of environmentally friendlier domesticliattial practises. Regarding food
industry, it is responsible for considerable enaissiof carbon dioxide (CQ along
with other greenhouse-effect gases. For instadames and James, (2010) reported
that 35 to 50% of the energetic consumptions iresapd hypermarkets are due to the
refrigeration (RF) and freezing facilities, beirgsponsible for approximately 1% of the
CO, emissions worldwide. RF is also the third majaurse of CQ of all food industry
(with 490 megatons of CQeleased to the atmosphere in 20@8i)bert, 2012). Thus,
the adoption of alternative and more efficient fardservation procedures than RF are
required, without compromising food quality andetgf

When it comes to food safety, pasteurized low acafhid high water activity
(aw) food products are to be permanently kept at RiaptFatures in order to
slowdown/inhibit the germination and outgrowth efcterial spores. Pasteurization only
destroys vegetative microorganisms, being many sules resistant structuréSoni
et al., 2016), which limit the product shelf-life. So, a presatien methodology that is
not only environmentally-friendlier but that coyb@érform equally or even better than
RF to slowdown/inhibit endospore germination antyomwth is of upmost interest.

Lately, a new preservation methodology is beingraasingly studied with
potential to be a feasible alternative to RF. Unttiername of hyperbaric storage (HS),
it states that instead of controlling the storagyagerature, it is more advantageous to
control the storage pressure. Since energy israujyired for the short compression and
decompression phases of the pressure vessel, ad keep it along storage, together
with the needless temperature control (performedhadtirally variable/uncontrolled
room temperature, RT)Fernandes et al., 2014)., This allows substantial energetic
savings and, consequently, economic gains and edd@@( emissions. In fact,
Bermego-Prada et al. (2017) demonstrated that keeping 800 Kg of strawberrgejui
under HS/RT conditions for 15 days had an energetst of 0.002$, against 0.034$ of
RF. Still, equipment costs for HS were estimatedh®ysame authors as being currently
higher compared to RF. In an industrial point adwj the aforecited author also stated
that, if a liquid food product is to be stored untiS/RT conditions, it could be used as
the pressurization fluid itself.



92 HS performance at room-like temperatures is bégeasingly investigated
93 regarding the preservation of highly perishabledfpooducts (low acidity and highw®

94  namely watermelon juicéridalgo et al., 2014; Lemos et al., 2017; Pinto et al., 2017,

95 2016; Santos et al., 2015), carrot sougMoreira et al., 2015), requeijdo (Portuguese
96 whey cheese{Duarte et al., 2015), cooked hanfFernandes et al., 2015), raw bovine
97 meat(Freitaset al., 2016) and tilapia fillets(K o and Hsu, 2002). Moreover, the effect
98 of HS/RT has been also extensively evaluated famdterry juice (acidic food product)
99 when it comes to its microbiological, physicochemhi@and enzymatic parameters
100 (Bermejo-Prada et al., 2016, 2015; Ber mejo-Prada and Otero, 2016; Segovia-Bravo
101 et al., 2012). Moreover, it was recently proved that HS/RT perfed similarly (50
102  MPa) to better (75 and 100 MPa) than the conveali®F regarding the development
103 of pathogenic surrogated microorganisntssdherichia coliand Listeria innocua
104 (Pintoet al., 2017).

105 All these studies concluded that HS/RT performexilarly or even better than
106 RF concerning the preservation of the quality lagties (colour, volatile profiles
107  (strawberry juice), phenolic compounds, among ath@nd microbial development
108  control, resulting in potential shelf-life extensgowhen compared to RFreitaset al.,
109 2016; Lemoset al., 2017; Pinto et al., 2017, 2016).

110 When it comes to enzymatic activitBermego-Prada et al. (2015) reported a
111  significant increase of polyphenol oxidase (PPQjvag on strawberry juice stored
112 under different HS/RT conditions (50 and 200 MPadays) compared to RF storage.
113 Contrarily, significant peroxidase (POD) inactiwation longer HS/RT periods (200
114 MPa/15 days) were found, while pectin methyleste(@&ME) catalytic activity was not
115 affected by HS/RT compared to samples stored uRfer(Bermejo-Prada et al.,
116  2016). These results are generally in agreement witlseh@ported by,into et al.
117  (2017), who evaluated the impact of HS/RT (50, 75 and MWP®a/10 days) the
118 enzymatic parameters of PPO, POD and PME of watermjeice.

119 The aforementioned studies only reported the eff#ctHS on vegetative
120 microorganisms, and even though information regaydne effect of low pressures on
121 someBacillus spp. andClostridium spp. endospores is available, the cases reported
122  studied only short periods of time (few minutesispuFor exampleAoyama et al.
123 (2005) reported a germination rate of about 4 and 1.5claijes at 100 MPa for 1 h, at
124 40 and 60 °C, respectively f8acillus subtilisendospores suspended in glucose broth,

125 as well the reduction of about 1 log cycle on epados counts at 80 MPa for 1 h at 60
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°C in phosphate buffer. However, literature coniceynhe HS effect (25-220 MPa over
days of storage) on endospores is unavailable.

In fact, only three related papers are availabke,tfee authors are aware,
concerning this subject, suggesting that a comioinadf mild pressures (40 to 100
MPa) and moderate temperatures (30 to 80 °C) foogee up to 4 days enhances the
germination and inactivation ddacillus spp. and Clostridium spp. (Aoyama et al.,
2005, 2004; Shigeta et al., 2007). The authors of the aforecited studies meant tgerig
endospore germination by combining low hydrostatiessures with moderate/higher
temperatures (than those of the HS range), and witdifferent final objective,
consisting only in endospore germination induction subsequent inactivation by
further processing.

The spore-formerB. subtilis is a gram-positive, facultative aerobic, non-
pathogenic and rod-shaped bacteria whose endosoeesvidely used for food
processing design. In fact, they are used as satedgendospores of the pathogeBic
cereus(that are quite heat-resistant and its vegetdtu@ produces cereulide, a heat-
resistant emetic toxin) resulting in food poisoniligess (such as vomits and nausea)
(Agata et al., 2002; Checinska et al., 2015). B. cereus along with B. subtilis
endospores, are prevalent in low acidic food prtslsach as med&oni et al., 2016),
raw and pasteurized millChristiansson et al., 1999; Eneroth et al., 2001) and carrot
juice (Anga et al., 2014), among others. These products need to be presatvlé
conditions to inhibit endospore germination andyoamvth, since both pH angyalo not
hurdle the microbial development on the aforememttbproducts.

Given the importance of these biological structurasfood safety, HS/RT of
three different matrices was performed, consistihiyicllvaine buffer (pH 6.00), carrot
juice and brain-heart infusion broth (BHI-brothganeral, non-selective culture media)
(both at pH 6.00). Each matrix was inoculated vithsubtilisendospores and stored at
25, 50 and 100 MPa for up to 60 days at naturalyable/uncontrolled RT (18-23 °C)
and compared with atmospheric pressure (AP) staabfgeth RT and RF (4 °C). These
three different matrices were used since the essired B. subtilis endospores
germination increases in the order Mcllvaine buggenutrient-free matrix), carrot juice
(an intermediate nutrient matrix) and BHI-broth tio@al growth matrix), allowing to
evaluate the endospore behaviour at HS/RT undgrdiferent conditions, as well the

matrix composition influence on the endospore behawnder pressure.



160 2. Materialsand methods

161 2.1. Reagents and solutions

162 Physiological solution (0.9% NaCl) and citric acwlere purchased from
163  Applichem Panreac (Darmstadt, Germany), BHI-brotid 8HI-agar were obtained
164 from Oxoid (Cheshire, United Kingdom), and sodiuhogphate dibasic was purchased
165 from Riedel-de Haén (Seelze, Germany).

166
167 2.2. Matrices preparation
168 The Mcllvaine citrate-phosphate buffer (0.2 M of,NRO, and 0.1 M of citric

169 acid) at pH 6.00 and BHI-broth were prepared adogrtb Mcllvaine, (1921) and the
170 instructions provided by the supplier, respectively

171 Fresh carrots aucus carota subsp. Sativu3 were purchased at a local
172 supermarket. Then, the carrots were washed wittillelis water to remove dust and
173  other adhered particles and cut in small pieceswese crushed with a blender, (for
174  each 150 g of carrots, 300 mL of distilled waterevadded). The juice was then filtered
175  with a cotton filter to remove coarse patrticles.

176 The inoculation matrices were sterilized at 12C X6 15 min and were used on
177  the same day of its preparation. Moreover, as thm rpurpose of this study concerns
178 the HS evaluation on endospores, and as hp{savenich et al., 2015) and pH(Black

179 et al., 2007; Reineke et al., 2013a) are known to influence endospore behaviour under
180 hydrostatic pressurehe pH of both carrot juice and BHI-broth were atigd to 6.00
181  with sterile citric acid (0.1 M), while thejawas just measured using a hygrometer (Lab
182  Swift — ay, Novasina AG, Switzerland), being verified a samivalue for the three

183 matrices.

184
185 2.3. Endospor e preparation
186 The endospore preparation was carried out as peefbrby Reineke et al.

187  (2013), with minor modificationsB. subtilisATCC 6633 (DSM 347), purchased from
188 Deutsche Sammlung von Mikroorganismen und ZelllertyDSMZ, Braunschweig

189  Germany), was grown in BHI-agar at 30 °C for 24lhen, a single colony was isolated
190 to obtain an overnight liquid culture. Hereaftenge tliquid culture was aseptically
191  spread-plated onto BHI-agar plates and incubat@® &C for 24 h. The sporulation was



192
193
194
195
196
197
198
199

200
201
202
203
204
205
206
207
208
209
210
211
212
213

214
215
216
217
218
219
220
221
222
223
224

verified by phase-contrast microscopy, and it thélkdays to achieve more than 95% of
bright-phase endospores. Then, the endosporeshaerested by flooding the cultures
with cold (4 °C) sterile distilled water, and byaching the agar plates with a bend
glass rod. The endospores were afterwards washeel times with cold sterile distilled
water by centrifugation (10 min at 5,00Q at 4 °C). The washed endospores were

stored in distilled water and kept in the dark &C4until use.

2.4. Endosporesinoculation

After sterilization, 2.7 mL of each matrix were pseally placed in UV-light
sterilized, low permeability polyamide—polyethyletags (PA/PE-90, Plasticos Macar
— Industria de Plasticos Lda, Palmeiras, Portugaging a laminar flow cabinet
(BioSafety Cabinet Telstar Bio 1l Advance, TerrgsSpain) to avoid contaminations.
Then, 300 pL oB. subtilisendospore suspension was inoculated in each matrix
concentration of about 2010’ cells/mL.

The endospores used in this study were not heatsed to avoid changes on
their pressure resistance, in order to simulate \west-case scenario on food
preservation (low acidic and elevategy anatrices containing non-heat-activated
endospores that are known to be more pressurdamtsthan those heat-activated, thus
the germination process could only be triggered norients and/or hydrostatic

pressurefVercammen et al., 2012).

2.5. Storage conditions

The storage experiments were carried out at 2560100 MPa for 60 days at
naturally variable/uncontrolled RT (18-23 °C), ugia high pressure equipment (SFP
FPG13900, Stanstead Fluid Power, Stanstead, UKitegdom). This equipment has a
pressure vessel of 30 mm inner diameter and 500 hmight, and a mixture of
propylene glycol and water (40:60 v/v) was used m@®ssurization fluid.
Simultaneously, two control samples were kept atoapheric pressure (AP) and RT
(AP/RT) and at RF (4 °C), submersed in the samsspreation fluid and kept in the
dark. Storage experiments at 25 MPa only took pfacearrot juice, since the main
goal of the present work was to infer the HS/RTsilgifity in a highly perishable food

product.
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2.6. Determination of endospor e ger mination and inactivation

To assess both germinated (vegetative cells) agdrannated spores (dormant
cells) after each storage condition, an aliquataxth matrix was heated at 80 °C for 20
min to inactivate vegetative bacteli@eineke et al., 2013b; Wuytack et al., 1998),
allowing to quantify not only both germinated anonrgerminated spores (unheated
samples, that will be termed total microbial loadL) as well non-germinated spores
(heated samples, that will be termed as total epatesloads TEL). Then, decimal
dilutions were performed (1.0 mL of each sampled@ mL of physiological solution)
that were plated in BHI-agar and incubated at 30f@C24 h. The results were
expressed as the decimal logarithm variation (ld{Ng)), obtained by the difference
between the microbial load at each storage daya(id)the initial microbial load (f).
The quantification limit of 2.00 log CFU/mL was allished.

2.7. Statistical analysis

All microbiological analyses were performed in kcpte, each one from
duplicated samples. The results were statisticaflglysed using one-way Analysis of
Variance (ANOVA), followed by Turkey’'s HSD test 8% of significance and were

expressed as mean + standard deviation.

3. Resaultsand discussion

Since statistical similarities were observed betw#e initial TML and TEL
loads in each matrifsupplementary material), it can be concluded &haiost all cells
were inoculated as endospores, being, thus, thi@litead inoculated in each matrix
referred to as TEL. Moreover, as the results arpressed as log (NN as

aforementioned, the initial endospore loads arglaygd in the supplementary material.

3.1. Mcllvainebuffer

At large, samples kept at AP/RT did not undergdistieally significant
(p>0.05) changes on both heated and unheated samlpleg the 9 days of storage,
when compared to the initial load. Further analysgsrding AP/RT storage conditions

did not take place, since Mcllvaine buffer is armut-free matrix, in which TEL
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germination (and further outgrowth) induced by rmuits is less likely to occur, as
observed during the 9 days of storage experimdrniseaaforesaid condition. Also for
AP/RF samples, the TML loads on unheated samplegmeed, globally, no significant
differences (p>0.05) between unheated and heateglss, Figure 1 (a-b), due to the
lack of nutrients.

HS/RT at 50 MPa performed similarly to AP/RF maining the TML load on
unheated samples, at least until ti&day of storage experiments, wherein statistical
similarities (p>0.05) were observed between cood#iand storage periods. Then, both
TML and TEL decreased (p<0.05) more pronouncedbpa 1.76 and 1.64 log units,
respectively) from the"™to the 6¢ day of storage. HS/RT at 100 MPa yielded a more
remarkable TML and TEL loads reduction along sterdgve days of HS/RT resulted
in a similar (p>0.05) TML and TEL load reduction df7 and 1.8 log units on both
unheated and heated samples, respectively, wherpareth to the initial values
(p<0.05). Both TML and TEL loads inactivation ratelsserved at 100 MPa slowed
down along storage from that day onwarBgg(re 1 a-b), being practically the same
(p>0.05) on the remaining days of storage experisaen

Contrarily to HS/RT at 100 MPa, at 50 MPa the epdos loads were less
affected by hydrostatic pressure, presenting adgimilar evolution throughout storage
comparable with AP/RF storage, while at 100 MPa wase evident endospore
inactivation throughout storage, which means tHat, a nutrient-free matrix as
Mcllvaine buffer, a storage pressure of at leasM® should be set to perform HS/RT
instead of AP/RF.

These results are in agreement with those repdoye@baidat et al. (2015),
who found negligible inactivation rates Bf subtilisendospores in Mcllvaine buffer
(pH 6.0) after being kept under pressure (80 MBR&a)lf h at 25 and 30 °C. More
pronounced reductions were reported when the teatyrer increased above 33 °C,
which is closer to the optimal temperature of thaex lytic enzymes that are known to
have a fundamental role on the endospore germmatd inactivatiofAoyama et al.,
2005; Shigeta et al., 2007).
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3.2. Carrot juice

Samples kept at AP/RT conditions quickly underwanpronounced (p<0.05)
TML and TEL growth (1.0 and 1.2 log units, respesly), thus causing severe juice
spoilage, which was the reason why further micriolgizcal analyses to these samples
did not take place further.

The AP/RF storage allowed to maintain both TML artel loads at similar
levels (p>0.05) when compared to the initial valuesl the 3¢' day of storag¢Figure
2 a-b), inclusive. Then, at the B0day, the TML increased (p<0.05) about 0.64 log
units, which was accompanied by a significant TEduction (p<0.05) of 0.90 log units
on heated samples, attributed to the germinati@hcartigrowth of TEL (thus reducing
the endospore loadAbel-Santos, 2014).

At 25 MPa, HS/RT yielded a significant increaseqj®%) of the TML £0.9 log
units) right after 2 days of storage, which wasoagganied by an accentuated TEL
reduction (p<0.05) of about 4.0 log units. This agkable reduction on the TEL loads
might be related to a combined effect of nutrient dnydrostatic pressure-induced
germination (also known as nutrient-like physiotagigermination) and loss of defence
mechanisms, such as was reported for heat resssfReimeke et al., 2013a), with this
pressure level (25 MPa) not hurdling the microdevelopment. Further experiments at
25 MPa/RT did not take place due to the severdapmitate of samples.

By increasing the storage pressure to 50 MPa, ti& Were reduced along
storage, although at a lower rate when compareshmaples kept at 100 MPa, which
was more evident until the™oday of storage, wherein a TML and a TEL loads
reductions (p<0.05) of about 2.0 and 4.0 log uni¢se observed, respectively, which
means that pressure might be triggering the endeggrmination, but a pressure level
of 50 MPa is less likely to affect the TML (on umibed samples). By the B@lay, the
TML was reduced (p<0.05) of about 5.4 log units pamnatively to the initial load,
compared with a reduction (p<0.05) of 5.1 log ufmisthe TEL. A storage pressure of
50 MPa seems to unleash endospores germinatiomn gikke more pronounced
reduction of the TEL loads when compared to the TRlthough, outgrowth might not
be fulfilled, possibly due to the pressure huréle: example, the same storage pressure
(at RT) allows microbial proliferation>( 2 log units) in food products such as
watermelon juicdLemos et al. 2017; Pinto et al. 2017), raw bovine meatFreitas et
al. 2016) and salmorfFidalgo et al. 2018), leading to food spoilage, similarly to AP/RF

10
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storage, while in carrot juice in the present wibrére was no microbial development at
50 MPa.

Figure 2 (a-b) evidences that, at 100 MPa, there were accentuatkettions
(p<0.05) on the TML and TEL loads along storageictvtwere more pronounced than
those found at 50 MPa. By the"@ay of HS/RT, a TML and TEL load reductions
(p<0.05) of 4.2 and 3.7 log units, respectively.tde 3¢ day of HS/RT at 100 MPa,
TML reached the quantification limit (of 2.00 logFG/mL), which was maintained
until the 60" day for unheated samples, pointing to a potentiatobiological shelf-life
extension. A similar behaviour was observed for TEL

The higher TEL on heated samples (when comparednteeated samples,
namely at 100 MPa), in some cases (supplementaigrigy might be related with the
presence of superdormant endospores that are otiwated by heat-shock, since they
lack the majority of the GR’s required to triggdretgermination process on both
nutrient and hydrostatic pressure-induced gernongbrocessefReineke et al., 2013;
Setlow et al., 2012; Wl et al., 2010), as aforementioned.

The composition of the food matrix (or food-like tme) is known to play a key-role on
the endospore germination and inactivation ratedeumild pressures. Few authors
have studied the influence of the matrix compositim B. subtilisendospores while
under pressure, but also at high pressure. FariosfAoyama et al. (2005a) reported

B. subtilisendospore load reductions of 1.0 and 3.0 log-syirigohosphate buffer and
glucose broth, respectively, after a combined pmegtemperature treatment at 80
MPa/60 °C/24 h, stating that the main reason fas thifference might be the
composition of the inoculation media. In anotheidgt Shigeta et al. (2007) inducedB.
subtilis germination process at mild conditions, showingt tim a range of pressures
(20-100 MPa, and 40 °C/60 min), the endosporeshesha germination rate eb log-
cycles in glucose broth at 40 MPa (and forward)jlevin phosphate buffer, the
maximum germination rate wagl log-cycles at 100 MPa, being considerably lovter a
inferior pressures. These differences might beted|aas reviewed black et al.
(2007), with a combined effect of nutrient-induced anditogtatic pressure-induced
germination procesgReineke et al., 2013a), which means that nutrient-rich matrices
are more likely to evidence higher endospore geatiun rates under hydrostatic

pressure than nutrient-poor matrices.

11
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3.3. BHI-broth

Samples kept at AP/RT faced a significant incregs€0.05) of TML, as
expected. In fact, at thd2day, a total microbial load increase of about detpunits
was verified, which was accompanied by a TEL loaduction (p<0.05) of 1.16 log
units Figure 3 a-b), attributed to the germination and outgrowth ad #ndospores to
vegetative forms, as previously observed in cauate. Additional microbiological
analyses regarding AP/RT samples were not perforrdad to the advanced
putrefaction state of the samples.

At AP/RF conditions, the TML of the unheated sassplwas, generally,
statistically similar (p>0.05) to the initial loadtil the gh day of storage experiments,
being thereafter observed a significant increas®.(5) of 1.47 log units at thd"@ay,
while the TEL remained, generally, similar (p>0.0&) the initial one. Further
experiments at AP/RF conditions did not take pldie to the severe spoilage state of
the samples.

Contrarily to AP storage (at both RT and RF candg), HS/RT at 50 and 100
MPa caused both TML and TEL inactivation along &gy, as seen iRigure 3 (a-b),
that were more accentuated at 100 MPa. One day BlitPa yielded a TML inactivation
(p>0.05) of about 0.23 log units that was accomgrbly a TEL load decrease (p<0.05)
of about 0.91 log units. At the"sday of HS/RT at 50 MPa significant differences
(p<0.05) between unheated and heated samples, iwhievik. and TEL reductions of
0.89 and 3.54 log units, respectively, were foufklis suggests that the endospores
germinated (thus causing the loss of resistancehamesms, given the TEL loads
reduction on heated samples), but were not abgde under pressure (observed by
the TML reductions on unheated samples), but wése aot quickly inactivated
(TML), as observed on carrot juice, especially f88/RT at 100 MPa, which is
supported by the statistical differences (p<0.0&8ween TML and TEL loads. This
might be possibly attributed to a protective effemtferred by the BHI-broth nutritional
richness, although, more studies in this field aeeded to understand endospore
inactivation at HS/RT conditions in nutritionallystinct matrices. After 30 days at 50
MPa/RT, both TML and TEL loads reached the quamdifon limit (of 2.00 log
CFU/mL).

For storage at 100 MPa/RT, it was verified a pregire reduction of the TML
and TEL loads. At the 30day of HS/RT, the TML reached the quantificationit (the

12



390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406

407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

same level was reached by the TEL loads by tHed2), and these values remained
thereafter until the end of the storage experiments

As far as the authors are aware, this is the §irgtly regarding the effect of
HS/RT onB. subtilisendospores inoculated in three nutritionally ddéfgr matrices,
despite other studies concerning the effect of ppessures (in the HS range) but at
higher temperatures (above 40 °C) in different iw@dt The main purpose of these
other studies was to trigger endospore germinatiyprcombining mild pressure and
temperaturegAoyama et al., 2005; Aoyama et al., 2004, 2005; Shigeta et al., 2007),
while the present work aimed to test the feasybiit a new preservation methodology
on endospores, at RT and for longer periods of.time

In short, HS/RT at 50 and 100 MPa showed to beeb#tan AP/RF controlling
the development oB. subtilis endospores, since these pressures caused endospore
inactivation, while AP/RF allowed endospore gerrtiovaand outgrowth, thus pointing
for HS to be potentially able to extend the shédf-bf pasteurized foods compared to
RF.

4, Conclusion

Preservation by HS performed at 50 and 100 MPa aturally
variable/uncontrolled RT for 60 days caug&dsubtilisendospores reductions on all the
studied matrices, with this decrement increasinghan order Mcllvaine buffer>carrot
juice>BHI-broth, with the cause for this being httpesized to be due to the increment
of the nutritional conditions fdB. subtilisSATCC 6633 germination in the same order.

Contrarily, AP/RF storage kept the endospore codntsughout storage in
Mcllvaine buffer and carrot juice, but allowed génation on BHI-broth, while AP/RT
storage promoted endospore germination and outgrtaster, as expected.

These results are of great importance and potefdgrabreservation of low
acidity/high g pasteurized foods, whose shelf-life is limiteddmglospore development
under RF, since HS at 50 and 100 MPa at naturalijable/uncontrolled RT resulted in
endospores load reductions in the three matriceliest. This opens the possibility for
considerable shelf-life extensions of these praglumt HS/RT, with the additional
advantage of HS/RT beirggasienergetically costless, since energy is only meguior
compression and decompression of the pressurelyvassgenot during storage. Further

experiments are of interest to fully explore théeptial of HS/RT for pasteurized foods

13



423  preservation, namely the study of other sporesthadestimation of achievable shelf-
424  life. However, equipment development for practiapplications of HS/RT remains a
425 challenge.
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Captions:

Figure 1. Total microbial load (unheated samples, a) and tradospore load (heated samples, b) evolution in
Mcllvaine buffer (pH 6.00) kept at atmospheric grae (AP) and naturally variable/uncontrolled rommperature
(18-23 °C, AP/RT), AP and refrigeration (4 °C, AP/RIRg hyperbaric storage (50 and 100 MPa, HS) atailjtu
variable/uncontrolled RT. In the table, differentpeplower case letters (A-D)/(a-e) indicate sigrdfit differences
(p<0.05) between different storage conditions/gferdimes. The Greek letter indicates values that are not
statistically different (p>0.05) from the initiadlue.

Figure 2: Total microbial load (unheated samples, a) andgpare load (heated samples, b) evolution in cauicd

(pH 6.00) kept at atmospheric pressure (AP) andirraly variable/uncontrolled room temperature (B3<Z,
AP/RT), AP and refrigeration (4 °C, AP/RF) and hypei® storage (25, 50 and 100 MPa, HS) at naturally
variable/uncontrolled RT. Black filled symbols me&attthe quantification limit (2.00 log CFU/mL) wasached.
Different upper/lower case letters (A-D)/(a-d) ioalie significant differences (p<0.05) between défifie storage
conditions/storage times. The Greek letteéndicates values that are not statistically défer (p>0.05) from the
initial value.

Figure 3: Total microbial load (unheated samples, a) andspare load (heated samples, b) evolution on BHthbro
kept at atmospheric pressure (AP) and naturallialiBa/uncontrolled room temperature (18-23 °C, AP/RBP and
refrigeration (4 °C, AP/RF) and hyperbaric storage #8d 100 MPa, HS) at naturally variable/uncontidIRT.
Black filled symbols mean that the quantificatiomiti (2.00 log CFU/mL) was reached. In the tablefedént
upper/lower case letters (A-D)/(a-f) indicate sfgrint differences (p<0.05) between different sgera
conditions/storage periods. The Greek letténdicates values that are not statistically défer(p>0.05) from the
initial value.
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Figure 2:
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Figure 3:

150 Total microbial load in BHI-broth (a) Total endosporeload in BHI-broth (b)
50 - 1.50
0.00 0.00 : . . .
30 40 50 60
Z -1.50 - 5 ]
s g -1.50
g g
-3.001 -3.00
a a
-4.50 1 -4.50 -
-6.00 - 6.00 ¢ ¢
Storage period (days) Storage period (days)
——AP/RT --AP/RF -0-50 MPa/RT =4-100 MPa/RT

22



Supplementary material

Tables;

Table 1. Initial endospore loads on unheated and heategbleanm each matrix before the storage experiments
(expressed as mean + standard deviation, in Log @EWU/The information within parenthesis in the sipe
conditions column refers to the initial load at thepective storage condition.

Matrix Storage conditions U?Lh:;‘tg?:imfl)% I?Legéeg%r?rg:_e;
Mcllvaine  Initial 6.01 +0.01 6.09 + 0.03
buffer nitial (50 MPa) 7.68 +0.03 7.85 +0.03
Initial 6.21 +0.30 5.99 +0.11

Carrot juice Initial (25 MPa) 6.44 + 0.01 6.37 £ 0.01
Initial (50 MPa) 7.63+0.02 7.62+0.01

Initial (100 MPa) 6.02 +0.03 6.05 +0.04

BHI-broth Initial (AP/RT and RF) 6.70 £ 0.08 6.67 + 0.02
Initial (50 MPa) 7.58 +0.01 7.62+0.01

Table 2: pH and water activity (aw) values of each matriteafiutoclaving at 121.1 °C for 15 min (expressed as
mean + standard deviation).

Matrix pH aw
Mcllvaine buffer 6.01 +0.01 0.984 + 0.001
Carrot juice 6.00 + 0.01 0.979 + 0.001
BHI-broth 6.00 £ 0.01 0.977 £0.001
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Table 3: Statistical analyses of the results obtained a&fdeh storage condition/period for each matrixtfanleft, total microbial load; on the right, toemdospore load). Different upper/lower
case letters (A-D)/(a-f) indicate significant diéeces (p<0.05) between different storage condifgiarage times, while similar upper/lower caseetstindicate no significant differences

(p>0.05). The Greek letterindicates values that are not statistically défer(p>0.05) from the initial value.

M cllvaine buffer

Condition/Stor age period

e 1 2 5 9 2 30 60 a‘;r;‘i;“or‘/ Storageperiod 4, 5 9 2y 30 60
AP/RT aG aBe aCG aBe - - - AP/RT aC aeé aBe aBe - - -
AP/RF aB b aB bB abB abB - AP/RF bG aC abB aB abG abG -

50 MPa/RT bB bB ce cBe bB bB aB 50 MPa/RT cdB c¢B dB eBe cB bB aB
100 MPa/RT eA dA cA cA bA bA aA 100 MPa/RT dA CcA bA bA aA aA aA
Carrot juice

(Cdc;r;/(i;tion/Storage period 1 2 5 9 20 30 60 gj(;r;ds)ition/Stor age period 1 5 5 9 20 30 60
AP/RT aB aC bB cD - - - AP/RT aC ab aB bD - - -
AP/RF bG aC abG abG abB bG cC AP/RF bG bDe bBe bC bC bC aC
25 MPa/RT a bD - - - - - 25 MPa/RT bA aA - - - - -
50 MPa/RT B Be eB dB CcA bA aB 50 MPa/RT eB dC CcA bA aA aA aA
100 MPa/RT dA Ac bA aA aA aB aA 100 MPa/RT dA cB bA bB abB aB aB
BHI-broth

(Céc;r;c'is)ition/ Storage period 1 2 5 9 20 30 60 (Céc;r;c'is)ition/ Storage period 1 2 5 9 20 30 60
AP/RT abD bC - - - - - AP/RT bB aC - - - - -
AP/RF bG aB abB cC - - - AP/RF aB bD bC aG - - -

50 MPa/RT B B eB dB CcA bA aA 50 MPa/RT eC dB CcA bA aA aA aA
100 MPa/RT fA eA dA CA bA aB aB 100 MPa/RT dA dA cB bB aB aB aB
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Highlights:

Hyperbaric storage/room temperature (HS/RT) avoided Bacillus subtilis spores
growth

At 50/100 MPa, HS/RT reduced spore loads in Mcllvaine buffer, carrot juice
and BHI

Spores in carrot juice and BHI reached the quantification limit (2.00 log
CFU/mL)

Globally, HS/RT enhanced B. subtilis spores germination control versus RF

HS can extend pasteurized foods shelf-life by spore inactivation



