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18 ABSTRACT

19 Traditional and novel technologies for food preservation are being investigated to obtain 

20 safer products and fulfil consumer demands for less processed foods. These 

21 technologies inactivate microorganisms present in foods through their action on 

22 different cellular targets, but the final cause of cell loss of viability often remains not 

23 well characterized. The main objective of this work was to study and compare cellular 

24 events that could play a role on E. coli inactivation upon exposure to treatments with 

25 technologies of different nature. E. coli cells were exposed to heat, high hydrostatic 

26 pressure (HHP), pulsed electric fields (PEF) and acid treatments, and the occurrence of 

27 several alterations, including presence of sublethal injury, membrane permeabilization, 

28 increased levels of reactive oxygen species (ROS), DNA damage and protein damage 

29 were studied. Results reflected differences among the relevance of the several cellular 

30 events depending on the agent applied. Sublethally injured cells appeared after all the 

31 treatments. Cells consistently recovered in a higher percentage in non-selective medium, 

32 particularly in minimal medium, as compared to selective medium; however this effect 

33 was less relevant in PEF-treated cells. Increased levels of ROS were detected inside 

34 cells after all the treatments, although their order of appearance and relationship with 

35 membrane permeabilization varied depending on the technology. A high degree of 

36 membrane permeabilization was observed in PEF treated cells, DNA damage appeared 

37 as an important target in acid treatment, and protein damage, in HHP treated cells. 

38 Results obtained help to understand the mode of action of food preservation 

39 technologies on bacterial cells.

40 KEYWORDS: heat, acid, PEF, HHP, sublethal injury, cellular alterations.
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43 1. INTRODUCTION

44 Food preservation is a continuous fight against pathogenic and spoilage 

45 microorganisms in order to obtain safe products. However, consumers not only 

46 expect safe products, but also demand products which keep their nutritional and 

47 sensorial properties. With the purpose of achieving consumer demands, the food 

48 industry investigates novel technologies for food preservation. Some of the most 

49 investigated technologies are non-thermal technologies such as high hydrostatic 

50 pressure (HHP) and pulsed electric fields (PEF). Besides, optimization of traditional 

51 techniques such as heat treatments, acidity, natural antimicrobials, packaging 

52 systems, etc., continues to be an important research topic. To obtain a better profit 

53 of all these technologies and to design appropriate combined processes, it is necessary 

54 to gain deeper insight into their mode of action on microorganism.

55 Within a bacterial cell, there are many potential cellular targets that may be affected 

56 by a given stressing agent; some of them are considered as critical targets, whereas 

57 others are not essential for bacterial survival (Miles, 2006). In addition, there are 

58 tight interrelationships between the various structures and cellular functions; therefore, 

59 the alteration of a particular structure or function may indirectly affect another one 

60 (Mackey and Mañas, 2008). Furthermore, the degree of damage exerted to the 

61 different cellular targets is also an important factor, since damages in critical 

62 components at low intensity may produce sublethal injury; similarly, damages in non-

63 critical components may also render sublethally injured cells. These cells can repair 

64 their damages and resume growth only if the environmental conditions are 

65 appropriate (Mackey, 2000). In summary, identifying the particular structures and 

66 processes whose alteration leads to cell death is a difficult task.

67 Nowadays, it is generally accepted that heat treatment has a multi-target mode of 
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68 action on microorganisms, since it is able to cause alterations at different cellular 

69 levels. These include cytoplasmic membrane damage, outer membrane damage, DNA 

70 strand breaks, inactivation of enzymes, protein coagulation, etc (Lado and Yourself, 

71 2002; Mackey, 2000). HHP is also considered a multi-target technology, affecting 

72 envelopes integrity, DNA and protein conformation, ribosomes configuration etc. 

73 (Aertsen et al., 2005; Mackey and Mañas, 2008; San Martín et al., 2002). Studies about 

74 PEF have described that electroporation in the cytoplasmic membrane is the main 

75 cellular alteration during exposure to this technology (Mañas and Pagán, 2005). On 

76 the other hand, although much less information is available, envelopes, protein and 

77 DNA damage are considered as important targets to inactivate microorganisms by acid 

78 pH (Richard and Foster, 2004; Van de Guchte et al., 2002). Despite the different mode 

79 of action of the various technologies, the cytoplasmic membrane appears as a common 

80 target in most cases.

81 It is important to note that, despite these general observations about the different 

82 technologies are generally assumed, the precise mode of action on bacterial cells, and 

83 the relative importance of the various cellular alterations on cell survival or inactivation 

84 remains largely understudied. Currently, a new aspect is gaining importance as a 

85 possible common mechanism of microbial inactivation of all of these technologies: the 

86 oxidative component (Mols and Abee, 2011). There are scattered reports of increased 

87 ROS levels in cells treated by physical and chemical agents. In this way, it has been 

88 proven that higher levels of ROS are detected in heat treated E. coli cells (Baatout et al., 

89 2005; Marcén et al., 2017). Besides, some authors demonstrated that HHP treatment 

90 induces cytoplasmic oxidative stress in E. coli (Aertsen et al.,  2005; Malone et al., 

91 2006). Pakhomova et al. (2012) suggested that in PEF treatment (nanosecond 

92 pulses) the increase in non-selective transmembrane cation conductance may be in 
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93 part mediated by oxidative stress, and ROS formation could be a factor contributing to 

94 the cytotoxic effects in eukaryotic cells. Finally, Mols et al. (2010) supported the idea 

95 that acid stress also induced oxidative stress. These authors proposed that the formation 

96 of radicals such as OH•- may be a common mechanism of cellular death when 

97 bacteria are exposed to different stress conditions. Increased ROS levels have been 

98 attributed to disturbances in the electron transport as a consequence of alterations in 

99 cytoplasmic membrane integrity and functionality. However, levels of ROS within 

100 bacterial cells may also increase depending on other factors such as the loss of activity 

101 of scavenging enzymes, the loss of antioxidant molecules, or the presence of free 

102 iron in the cytoplasm, among other factors (De Spiegeleer et al., 2004; Gusarov and 

103 Nudler, 2005; Imlay, 2013).

104 This research was aimed to obtain robust and systematic data in order to clarify the 

105 main cellular events involved in the inactivation of bacteria by food preservation 

106 technologies of different nature and the possible relationship between them. To reach 

107 this objective, the presence of ROS and the permeabilization of the membrane after 

108 heat, HHP, PEF and acid treatments was determined and comparisons among the 

109 different agents were made. Moreover, other cellular alterations that could be involved 

110 in cell inactivation were also studied in order to gain knowledge about the mode of 

111 action of these stressing agents on bacteria.

112 2. MATERIAL AND METHODS

113 2.1. Bacterial strains and growth conditions

114 Escherichia coli BW25113 and its isogenic mutants JW0013 (ΔDnaK:kan) and, 

115 JW2669 (ΔRecA:kan) were used in this study. The strains were stored at -80ºC. To 

116 prepare preculture, a flask containing 10 mL of sterile TSBYE (Tryptic Soy Broth 

117 with 0.6% Yeast Extract, Oxoid, Basingstoke, UK) was inoculated with one single 
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118 colony from a TSAYE plate (Tryptic Soy Agar with 0.6 % Yeast Extract, Oxoid) for 

119 parental strain, and a TSAYE plus kanamycin (0.05 mg/mL) plate for mutant strains. 

120 The preculture was incubated overnight at 37ºC, under agitation. Subsequently, a 

121 culture was obtained by inoculating a flask with 50 mL TSBYE with 100 µL of the 

122 preculture, and incubating under agitation at 37ºC for 18-24 hours until stationary 

123 phase of growth (1-2×109 CFU/ mL, approximately).

124 2.2. Heat treatment

125 Heat treatments were carried out in glass tubes, which contained 4.5 mL of sterile PBS 

126 (Phosphate Buffered Saline, Sigma, San Louis, Missouri, USA) as treatment medium, 

127 submerged and prewarmed at 58ºC in a thermostated water bath. Five hundred L of 

128 the bacterial culture was inoculated to reach an initial concentration of 108 CFU/ mL, 

129 approximately, and after different heating times, samples were collected, immediately 

130 cooled and kept for further analysis.

131 2.3. High hydrostatic pressure treatments

132 Stansted Fluid Power S-FL-085-09-W (Harlow, London, England) equipment was 

133 used to carry out HHP treatments (Ramos et al., 2015). A mixture of propylene glycol 

134 and distilled water (50/50, v/v) was used as the pressure transmitting fluid. An 

135 automatic device was employed to set and/or record the pressure, time and temperature 

136 during the pressurization cycle. Cell suspensions were centrifuged and diluted to a cell 

137 concentration of 108 CFU/ mL in PBS, approximately. Samples were packed in plastic 

138 bags, which were sealed and introduced in the equipment treatment chamber. 

139 Treatments were applied at 300 MPa during different treatment times up to 30 min, 

140 and temperature never exceeded 40ºC.

141 2.4. Pulsed electric field treatment
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142 PEF equipment used in this investigation was supplied by ScandiNova (Modulator PG, 

143 ScandiNova, Uppsala, Sweden). The equipment and treatment chamber used in this 

144 investigation were previously described by Saldaña et al. (2010). For PEF treatments, 

145 cells were dissolved in McIlvaine buffer, which allowed a simultaneous adjustment of 

146 pH (7.0) and conductivity (1 mS/cm), at a concentration of 108 CFU/ mL. Samples 

147 were introduced in the treatment chamber of the PEF equipment, which had a gap of 

148 0.25 cm. A square pulse with a width of 3 µs, a frequency of 0.5 Hz (1 pulse per 2 

149 seconds), electric field strength of 20 kV/cm and <40ºC of temperature were used 

150 during the treatment. Under these experimental conditions, the energy per pulse was 

151 1.20 kJ/kg. Treatments of up to 100 pulses (300 µs) were applied.

152 2.5. Acidity treatment

153 TSBYE was acidified to pH 3.0 with lactic acid and then filter-sterilized. Cells were 

154 added to a concentration of 108 CFU/ mL, and temperature was kept constant at 25ºC. 

155 One hundred L samples were withdrawn at intervals, up to 120 min, and transferred 

156 into 900 µL of TSBYE for neutralization (Cebrián et al., 2010).

157 The treatment parameters for heat, HHP, PEF and acidity (intensity and exposure 

158 times) were chosen from preliminary experiments (data not shown), in order to achieve 

159 a slow E. coli inactivation, to study damages in different cellular targets under 

160 equivalent lethality conditions for the four agents.

161 2.6. Recovery after treatments and survival curves

162 After each treatment, samples were serially diluted in MRD (Maximum Recovery 

163 Diluent, Oxoid) and pour-plated in TSAYE for survival counts. Plates were incubated 

164 at 37ºC in aerobic conditions and after 24-72 h CFU were counted. With the purpose of 

165 constructing survival curves, the fraction of survivors (Log Nt/N0) was represented vs the 

166 treatment time (min for heat, HHP and acid treatments, and µs in PEF treatment). Under 
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167 most experimental conditions deviations from linearity were observed, and therefore the 

168 Geeraerd inactivation model-fitting tool (GInaFiT) (Geeraerd et al., 2005) was used to fit 

169 survival curves and to calculate resistance parameters. As survival curves obtained in this 

170 investigation generally showed shoulders, the log linear regression plus shoulder model 

171 was used in the majority of the experiments (Equation 1). However, in the particular case 

172 of PEF treatments, survival curves showed a linear portion plus a tail, so in this case the 

173 log linear regression plus tail was used (Equation 2) (Geeraerd et al., 2000).

174        (1)𝑁(𝑡) = 𝑁(0) ∙ 𝑒 ‒ 𝑘𝑚𝑎𝑥 ∙ 𝑡 ∙ [ 𝑒
𝑘𝑚𝑎𝑥 ∙ 𝑆𝑙

1 + (𝑒
𝑘𝑚𝑎𝑥 ∙ 𝑆𝑙 ‒ 1) ∙ 𝑒

‒ 𝑘𝑚𝑎𝑥 ∙ 𝑡]
175  (2)𝑁(𝑡) = (𝑁(0) ‒  𝑁𝑟𝑒𝑠) ∙ 𝑒 ‒ 𝑘𝑚𝑎𝑥 ∙ 𝑡 + 𝑁𝑟𝑒𝑠

176 In these equations N(t) represents the number of survivors, N(0) the initial count and t 

177 the time for treatments. Furthermore, to describe the survival curves, these two models 

178 use the following parameters: shoulder length (Sl), defined as the time before the 

179 exponential inactivation begins; inactivation rate (kmax), defined as the slope of the 

180 exponential portion of the survival curve; and Nres which describes the residual 

181 population density (tail). 

182 The traditional decimal reduction time value (D) of each survival curve was calculated 

183 from kmax (Equation 3). 

184 D = 2.303/kmax (3)

185 2D values were also calculated. In this case 2D is defined as the dose necessary to 

186 inactivate 2 Log10-cycles of the initial population, and is calculated by Equation 4. 

187 2D= Sl+ 2×D (4)

188 Where Sl is the shoulder length duration and D is the inactivation parameter calculated 

189 from Equation 3.

190 Where indicated in the text, cells were also recovered in minimal M9 glucose-salts agar 
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191 enriched with 3 mM L-cysteine HCl (MM-cys) (Sigma Aldrich, Milan, Italy) under 

192 anaerobic atmosphere (MACS VA500 Microaerophilic Workstation, DW Scientific, UK). 

193 M9 agar was prepared as described previously (Gerhardt et al., 1994), supplemented with 

194 FeSO4 (10 mg/L) to improve bacterial growth (Stanier et al., 1992), and with cysteine to 

195 create a low redox potential medium (Gerhardt et al., 1994; Suh and Knabel, 2000). On 

196 the other hand, a selective medium which consisted of TSAYE with the maximum non 

197 inhibitory concentration of NaCl (4%) determined in previous experiments (data not 

198 shown) (Panreac S.A, Barcelona, Spain), was used to detect the number of sublethally 

199 damaged cells (Mackey, 2000). In order to quantify and compare the proportion of 

200 sublethally damaged cells appearing after exposing cells to the different agents, the area 

201 under the curve (time units × Log Nt/N0) was calculated with the GraphPad PRISM 5 

202 software (GraphPad Software, Inc., San Diego, CA, USA) as described by Lou and 

203 Yousef (1997), fixing a treatment time corresponding to 2 Log cycles of inactivation 

204 under standard recovery conditions (TSAYE). The population displaying sublethal 

205 damage corresponds to the area under the curve of cells recovered in selective medium, 

206 minus the area under the curve of cells recovered in non-selective one for a fixed 

207 exposure time. Since survival curves corresponding to the different technologies were 

208 not directly comparable because of their different treatment lengths; the ratio between 

209 both areas was calculated, instead of the difference, in order to establish meaningful 

210 comparisons.

211 2.7. ROS and membrane permeabilization determinations

212 The presence of ROS and membrane permeabilization in cells after exposure to the 

213 treatments was studied through staining with specific fluorochromes followed by 

214 epifluorescence microscopy. Treated cells were collected and stained separately with 

215 DHE (dihydroethidium) (Life Technologies), HPF (hydroxyphenyl fluorescein) (Sigma 
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216 Aldrich) and PI (propidium iodide) (Sigma Aldrich). In some experiments, where 

217 indicated in the text, double staining was performed, by the use of two dyes combined 

218 simultaneously. The combinations used were DHE plus HPF, and HPF plus PI. Treated 

219 cells were incubated with the fluorescent dye at a cell concentration of approximately 108 

220 CFU/mL, then centrifuged and resuspended in PBS. A positive and a negative control 

221 were always included. Staining conditions were 50 µM/90 min for DHE and HPF and 3 

222 µM/30 min for PI (Klotz et al. 2010; Marcén et al., 2017; Mols et al., 2009; Patsoukis et 

223 al., 2005). The results obtained were analyzed by phase contrast and fluorescence 

224 microscopy (Nikon Eclipse E400, Nikon Corporation, Japan), in order to obtain the 

225 percentage of stained cells. Images were obtained with a high resolution camera 

226 (AxioCam MRc, Zeiss, Germany) and processed with the software ZEN 2012 (Zeiss, 

227 Germany). Total and fluorescent cells were counted from photographs taken from each 

228 sample, and at least three different representative microscopic fields, containing 100-200 

229 cells, approximately, were used for quantification. 

230 2.8. Measurement of DNA damage by qualitative PCR assays.

231 Bacterial DNA damage was measured semi quantitatively following the fundamentals of 

232 the method reported by Park and Imlay (2003), based on the fact that damaged DNA 

233 renders a less effective amplification with a high fidelity polymerase. Total genomic 

234 DNA, either from untreated or from treated cells, was isolated from 1 mL of culture using 

235 a genomic DNA extraction kit (Realpure, Real Laboratory, Valencia, Spain). DNA was 

236 quantified spectrophotometrically and diluted in MilliQ water to 10 ng/µL (Simplinano, 

237 Biochrom, Cambridge, UK). A 1860 pb fragment upstream and downstream rpoS gene 

238 was used for amplification. Primer sequences were as follows: 5’-

239 ACTGTCAGCAGTACATCAACCAGTA (forward primer) and 5’-

240 GTTACCAGCCGCATTTATTATTTC (reverse primer). The 20 µL PCR mixture 
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241 contained 20 ng of genomic DNA as a template, a 40 µM concentration (each) of the two 

242 primers, 20 mM of the deoxynucleotide mix (Sigma), 5X Phusion HF Buffer and 1 µL of 

243 Phusion DNA Polymerase 2 U/µL (Thermo Scientific, Massachusetts, USA). Thermal 

244 cycling was performed with a MultiGene II Personal Thermal Cycler (Labnet Biotecnica, 

245 Madrid, Spain). The genomic DNA was initially denatured for 3 min at 98°C, and then 

246 the DNA was subjected to 30 cycles of PCR, with 1 cycle consisting of denaturation at 

247 98°C for 10 s and annealing at 66ºC for 30 s and extension at 72°C for 90 s. A final 

248 extension step at 72°C was performed for 10 min at the completion of the profile. PCR 

249 products were separated by 1% agarose gel electrophoresis, stained with SYBR safe DNA 

250 gel stain (Invitrogen, Carlsbad, CA, USA) and photographs were obtained with Gel Doc 

251 XR (Bio-Rad Laboratories, Hercules, CA, USA).

252 2.9. Statistical analysis

253 All the experimental determinations were performed at least in triplicate with 

254 independent microbial cultures, and data in Figures correspond to the average and the 

255 mean standard deviation (error bars). Survival curve fitting was carried out individually 

256 for each replicate, resistance parameters obtained (Sl, kmax, Nres, D, 2D) and included in 

257 Table 1 as the average and the mean standard deviation. Fitting performance was 

258 indicated by the parameters RMSE (root mean squared error) and R2. Student´s t tests 

259 were carried out using the GraphPad PRISM 5 software (GraphPad Software, Inc., San 

260 Diego, CA, USA), and differences were considered significant for p ≤ 0.05. 

261 3. RESULTS AND DISCUSSION

262 3.1. Survival of E. coli to heat, HHP, PEF and acid.

263 The resistance of E. coli cells to different agents was evaluated. In this way, cells were 

264 treated by heat (58ºC), HHP (300 MPa), PEF (20 kV/cm), and lactic acid (pH 3.0). 

265 Figure 1 shows the survival curves of E. coli to the four technologies, obtained in 
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266 TSAYE, TSAYE-NaCl and MM-Cys. The level of inactivation of E. coli cells to 

267 heat, HHP, PEF, and lactic acid obtained was similar to that reported by other 

268 authors, using a complex nutritional medium for the recovery of cells (Aertsen et al., 

269 2005; Álvarez et al., 2003; Benito et al., 1999; Cebrián et al., 2007). Experimental data 

270 were fitted to the Geeraerd equation, and the parameters obtained are included in Table 

271 1. All the survival curves were adequately described by the Geeraerd equations 

272 (R2≥0.97), except the curve corresponding to acid treatment and MM-cys as recovery 

273 medium, due to the insufficient inactivation attained after the longest exposure time 

274 tested. As it can be observed in the graphs, the shape of the survival curves depended 

275 on the agent applied. Convex or close to straight curves were obtained for heat, HHP 

276 and acid treatments, whereas for PEF treatment the profile of the survival curves was 

277 concave. For this reason, curves were fitted to the shoulder log-linear Geeraerd, 

278 except those corresponding to PEF treatments, which needed the log-linear Geeraerd 

279 equation provided with the mathematical adjustment to describe the tail portion. In this 

280 study, tails appeared at an inactivation level of 3 Log cycles, approximately. The 

281 presence of tails in PEF survival curves has been frequently reported and has been 

282 associated to different phenomena, such as the presence of cells in the population with 

283 different resistance to the treatment, adaptation phenomena along the treatment time or 

284 heterogeneity within the treatment chamber. In contrast, convex curves are often 

285 associated with the presence of a shoulder phenomenon, which has been attributed to 

286 the occurrence of sublethally injured cells within the treated population (Cebrián et al., 

287 2007; Lou and Yourself, 1997; Mackey, 2000; Mañas and Pagán, 2005). To this regard, 

288 the occurrence of an injured population is frequently estimated by the difference 

289 between the number of viable cells in non selective medium (TSAYE) and in selective 

290 medium, and normally the loss of the ability to grow in a selective medium with 
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291 sodium chloride (TSAYE-NaCl) is interpreted as the loss of functionality of the 

292 cytoplasmic membrane (Mackey, 2000; Wuytack et al., 2003). In this research we also 

293 used minimum salts-glucose media with cysteine (MM-cys) under anaerobic 

294 conditions to improve cells recovery. As Figure 1 shows, the four technologies here 

295 studied lead to the appearance of sublethally damaged cells. For the four agents, 

296 statistically significant differences (p<0.05) were found among 2D values obtained for 

297 the three different recovery conditions, and these differences were highly significant 

298 (***) for heat, HHP and acidity. 

299 According to our results, the relevance of sublethal damage seemed to be lower in 

300 PEF-treated cells than in the other three technologies, since survival curves obtained 

301 under the three recovery conditions used were closer in the case of PEF treatment, 

302 which, in addition, showed absence of shoulder phenomena. The parameter area under 

303 the curve (AUC, Table 1) offers an overall indication of the relative inactivation 

304 provided by each treatment, therefore meaningful comparisons among recovery 

305 conditions can be made. The ratios between the areas associated to the survival 

306 curves obtained in TSAYE and in TSAYE- NaCl for heat, HHP, PEF and acid 

307 treatments were 2.8, 2.2, 1.5 and 4.5, respectively (calculated from values in Table 1). As a 

308 whole, these results would indicate that in PEF treated cells, and under the 

309 experimental conditions here used, damage to the cytoplasmic membrane would be 

310 more difficult to repair, and thus, probably more directly related to cell inactivation.

311 Conversely, when cells were recovered in minimal medium MM-cys and anaerobic 

312 atmosphere, the amount of survivors was higher for the four technologies studied (Fig 

313 1, Table 1). Thus, these later conditions can be considered as more adequate for cell 

314 repair after all the treatments applied. It has to be noted that anaerobic atmosphere 

315 was not the only factor that favored cell recovery, since the number of survivors 
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316 obtained in TSAYE and anaerobiosis was very similar to that obtained under aerobic 

317 recovery (data not shown). Also in this case, the ratios between the areas associated to 

318 survival curves obtained in MM-cys and in TSAYE (3.0, 3.6, and 1.9 for heat, HHP 

319 and PEF respectively) confirmed that for PEF treatments, the amount of cells with 

320 sublethal injuries, able of recover and resume growth, was always lower. With regards 

321 to the higher cell recovery observed in minimal medium MM-cys and anaerobic 

322 atmosphere, it is reasonable to think that the protective effect observed in MM-cys 

323 medium could be ascribed to its low redox potential and to the absence of oxidative 

324 species generated during autoclaving, as previously demonstrated by other authors 

325 (Mackey, 2000). These observations suggested that an oxidative component was 

326 involved in cell inactivation and/or recovery after treatment, for the four technologies 

327 here studied. It is important to keep in mind that, according to recovery data, also 

328 cytoplasmic membrane alterations seemed to occur in cells treated by the four agents.

329 3.2. Exposure of E. coli cells to different technologies caused increase of ROS 

330 levels and membrane permeabilization.

331 Treated cells were stained with different dyes to evaluate ROS presence. DHE 

332 (dihydroethidium) was used for the detection of O2
•- due to its relative specificity for 

333 this radical. Superoxide oxidizes the dye producing oxyethidium, which binds to DNA 

334 showing strong red fluorescence (Gomes et al., 2005), although other reactive species 

335 can also react with DHE (Zielonka and Kalyanaraman, 2010). We also used HPF 3′-(p-

336 hydroxyphenyl-fluorescein) which is oxidized by hydroxyl radicals producing green 

337 fluorescence (Gomes et al., 2005). On the other hand, propidium iodide was used to 

338 detect membrane permeabilization after treatment. This dye is not permeable, thus 

339 it does not penetrate the cell unless the membrane is damaged. Once inside, it binds 

340 to DNA and RNA and produces red fluorescence.
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341 Figure 2 shows the percentage of stained and inactivated cells along time for each 

342 treatment. It has to be noted that the inactivation is represented in a linear scale to 

343 allow comparisons with the amount of stained cells. Treatments were applied in order 

344 to obtain up to 90-99% of inactivation under standard recovery conditions (TSAYE, 

345 aerobiosis) to enable comparisons among different treatments. Results showed that there 

346 was an increase in ROS level and membrane permeabilization in E. coli cells upon exposure 

347 to the four agents. The kinetics and order of appearance of both phenomena differed among 

348 the technologies.

349 Inactivation of heat treated cells proceeded progressively as the treatment time increased, 

350 following a profile similar to the acquisition of DHE staining (Fig 2A). Staining with HPF 

351 occurred later in time. The last phenomenon to happen was permanent permeabilization to 

352 PI. For instance, after 2 min of exposure to 58ºC, only 20% of the cells were permeable to 

353 PI, whereas 90% of the cells were stained with DHE and also 90% were inactivated, 

354 approximately. Under these treatment conditions, 70% of the cells, approximately, 

355 presented staining with HPF. The response of E. coli to HHP treatments (Fig 2B) was 

356 similar, although in this case DHE staining was faster and slightly above cell inactivation, in 

357 the first min of treatment. Also in this case the percentage of cells permeabilized to PI 

358 remained always lower than the percentage of inactivated cells. 

359 For PEF treated cells (Fig 2C) close percentages of cell inactivation, membrane 

360 permeabilization to PI and DHE staining were observed, whereas HPF staining took place 

361 in a lower percentage of cells. Finally, acid-treated cells (Fig 2D) presented a high 

362 percentage of staining with HPF and DHE, which was higher than that of inactivated cells.  

363 The percentage of permeabilization to PI remained always below 30%, even when 90% of 

364 cells appeared to be inactivated.

365 Thus, results obtained in this study revealed that the kinetics and order of appearance 
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366 of oxidative species and membrane permeabilization differed among the technologies. 

367 Membrane permeabilization to PI seemed to occur simultaneously to cell inactivation 

368 only in PEF treated cells, whereas in the other three technologies, a large percentage 

369 of inactivated cells maintained a non permeable membrane to PI. Thus, inactivation 

370 by heat, HHP and acidity seems to require additional cellular events other than loss 

371 of permeability to PI of the cytoplasmic membrane. Although we cannot discard that 

372 more subtle membrane alterations, that may contribute to cell inactivation, occurred in 

373 these cells before permanent permeabilization to PI takes place, it seems clear from 

374 our data that the degree of membrane alteration and its relevance in cell survival is 

375 different depending on the technology applied. The results here obtained confirm the 

376 pivotal role of the cytoplasmic membrane in cell inactivation by PEF, in comparison to 

377 other agents. It is noteworthy, according to our results, that the use of the so-called 

378 vital dyes to estimate bacterial viability requires a careful interpretation, since the 

379 response to PI of E. coli seems to depend on the agent applied.

380 On the other hand, also the order of appearance of the different ROS seemed to vary 

381 depending on the treatment applied. For heat, HHP and PEF treatments, the amount of 

382 cells stained with HPF was lower than the amount of cells stained with DHE, and only 

383 after longer treatments, able to attain more than 95% of inactivation, both staining 

384 percentages were similar. However, in the case of acid-exposed cells, the amount of 

385 HPF-stained cells was slightly superior to that of DHE-stained cells. 

386 In order to confirm the order of appearance of these phenomena, DHE-HPF and HPF-PI 

387 double staining was carried out. Cells were stained simultaneously with the two dyes, and 

388 the amount of cells stained in red, in green, and with both colors was estimated. The results 

389 are shown in Figure 3. We would like to point out that these experiments were repeated at 

390 different treatment intensities for each agent, and the observations were similar (data not 
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391 shown). As shown in Fig 3A, when cells were exposed to heat, the appearance of HPF 

392 staining in a particular cell was always accompanied by DHE staining. On the contrary, 

393 there was a certain percentage of cells (55%) which presented DHE staining, that did not 

394 show HPF staining. On the other hand, every heat-treated cell with a PI-permeabilized 

395 membrane showed HPF staining, but a certain percentage of cells (67%) with HPF 

396 staining maintained a non permeabilized membrane. For HHP treated cells, results 

397 (Fig 3B) indicated an order of cellular events similar to that observed for heat-treated 

398 cells.

399 Results obtained for PEF treated cells were different (Fig 3C), since a great 

400 percentage of cells (73%) with a PI-permeabilized membrane did not show HPF 

401 staining. Finally, in acid-treated cells (Fig 3D), it is remarkable that the appearance of 

402 increased levels of DHE staining was always accompanied by HPF staining, indicating 

403 a different mechanism involved in ROS formation and/or elimination in these cells. 

404 For heat, HHP and PEF treated cells, hydroxyl radicals could be formed as a 

405 consequence of superoxide radicals presence. According to some authors, under 

406 physiological conditions, ROS production takes place in the order O2
•-→H2O2→OH• 

407 (superoxide→hydrogen peroxide→hydroxyl), due to the consecutive addition of one 

408 electron to the oxygen molecule (Imlay, 2003; Lushchak, 2011). For acid- treated cells 

409 hydroxyl radicals appeared more intensely than in cells treated by the other agents, 

410 suggesting a different origin of the oxidative radicals present.

411 As a whole view, and taking into account results from Fig 2 and 3, increased levels 

412 of ROS and membrane permeabilization were detected in cells treated by the four 

413 technologies, therefore the two phenomena could be involved in cell inactivation. 

414 However, the relative importance of the two cellular events on cell survival and 

415 inactivation seems different. We can hypothesize that increased ROS levels could be 
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416 the consequence of an extensively damaged cytoplasmic membrane in the case of PEF 

417 treatment, but not in the case of the other three technologies. Thus, no clear-cut 

418 relationship between these two phenomena can be established, although the occurrence 

419 of subtle membrane alterations leading to increased ROS levels, such as for instance 

420 damages in particular enzymes in the respiratory chain, cannot be ruled out. Besides, in 

421 the particular case of acid-treated cells, probably additional cellular mechanisms are 

422 taking place giving rise to an increased level of hydroxyl radicals. For instance, if 

423 particular enzymes or structures involved in iron homeostasis were more affected by 

424 acid exposure, increased intracellular Fenton reaction could rise to uncontrolled 

425 hydroxyl levels inside the cell.

426 Relationship between cell recovery and cellular staining

427 Although results obtained so far suggested that increased levels of ROS after 

428 treatments could be related to cell inactivation in some of the technologies studied, it 

429 has to be kept in mind that apparent cell inactivation may widely vary depending on 

430 the recovery conditions (Fig 1, Table 1). Figure 4 represents the percentage of 

431 inactivated cells, measured as cells unable to grow in TSAYE, in TSAYE-NaCl, and in 

432 MM-cys, for cells treated with the four technologies. Treatment conditions applied 

433 were chosen to obtain an inactivation close to 60% for the four technologies, 

434 measured in standard recovery conditions (TSAYE, aerobiosis). The percentage of 

435 cells with positive staining with DHE, HPF and PI has also been included in the 

436 graph for comparison purposes. Data in Fig 4 show that the percentage of cells with 

437 ROS (DHE staining for heat, HHP and PEF or HPF staining for acid) was coincident 

438 with loss of viability measured in TSAYE-NaCl, for the four technologies (p>0.05). 

439 These results were also observed for other experimental conditions (data not shown). 

440 This fact could indicate that cells with increased levels of ROS would present sublethal 
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441 injuries, able to be repaired by the cellular machinery. The relationship was lost when 

442 cells were recovered under milder environmental conditions, for instance TSAYE or, 

443 most notably, minimal medium plus anaerobic atmosphere (MM-cys). Thus, these 

444 latter conditions could help cells to effectively control ROS levels and to repair their 

445 damages. Therefore, the role of increased levels of ROS on cell inactivation and 

446 survival remains unclear, since a certain proportion of cells with increased levels of 

447 ROS were able to recover and survive under appropriate environmental conditions. 

448 Whether increased ROS levels arise from unbalances in the electron transport chain 

449 located in the membrane, as suggested by other authors (Mols and Abee, 2011), or 

450 from other cellular alterations such as the massive loss of activity of detoxifying 

451 enzymes, disassembly of intracellular iron-sulfur clusters, or loss of antioxidant 

452 intracytoplasmic molecules (for instance glutathione), is something that remains to be 

453 investigated. Also, the exact reason behind the protective effect of MM-cys-

454 anaerobiosis is not known. As discussed above, the most plausible explanation is that 

455 it could be ascribed to the fact that it represents a lower oxidative-stress burden, as 

456 compared to other recovery conditions. In any case, these results underscore the need 

457 to optimize recovery media and conditions, in order to more accurately evaluate the 

458 number of survivors to food processes. From our results it can be concluded that 

459 complex media under aerobic recovery conditions underestimate the number of 

460 survivors to all the technologies studied.

461 A great percentage of heat-, HHP-, and lactic acid-treated cells was unable to grow in 

462 the presence of NaCl, while maintained impermeability to PI (Fig 4). Only in the 

463 particular case of PEF, both percentages were coincident, results that are in 

464 concordance with those previously reported (Cebrián et al., 2016). These results 

465 indicate that the nature, magnitude and relevance of membrane damage are different 
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466 depending on the technology used. We can hypothesize that heat, HHP and acid 

467 may be either affecting structures other than the membrane itself, but also involved 

468 in NaCl homeostasis, or, alternatively, may be causing subtle alterations in the 

469 cytoplasmic membrane, unable to increase permeability to PI, but still relevant to 

470 NaCl homeostasis.

471 3.3. Protein and DNA damage

472 In order to obtain a deeper insight into the mechanisms of inactivation of the four 

473 technologies, we studied the importance of two additional cellular events: protein and 

474 DNA damage. On the one hand, we checked the inactivation of two mutant strains 

475 defective either in the chaperone DnaK, involved in refolding of aberrant proteins 

476 within the cell, or in the RecA protein, responsible for the DNA-repair mechanism 

477 through homologous recombination (Doyle et al., 2015; Sharma et al., 2013). And on 

478 the other hand, we directly evaluated the degree of DNA damage, through agarose 

479 electrophoresis of a fragment amplified from DNA extracted from treated cells, 

480 respectively (Park and Imlay, 2003).

481 Figure 5 shows the difference in Log cycles of inactivation of the mutant strains as 

482 compared to the parental BW25113. Results showed that the ΔDnaK mutant strain 

483 was particularly sensitive to HHP treatments, suggesting a primary role of protein 

484 damage and recovery, mainly in HHP inactivation. 

485 Conversely, the ΔRecA mutant strain was more sensitive to heat treatment and to acid 

486 treatment. In fact its sensitivity to acid treatment was especially notable. Neither of 

487 the two mutant strains showed more sensitivity than the parental to PEF treatments, 

488 suggesting that this technology would cause neither DNA nor protein damage in cells.

489 From the results in Figure 5 it can be inferred that DNA is a primary cellular target upon 

490 acid exposure. Fig 6 shows the DNA electrophoresis of an 1860 bp fragment amplified 
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491 from DNA extracted from BW25113 cells treated by the four technologies applied at 

492 equivalent lethality. As it can be observed in the Figure, DNA from acid-exposed cells 

493 showed poor amplification, in comparison to DNA from native cells or from heat-, HHP- 

494 and PEF-treated cells. This poor amplification can be interpreted as a consequence of 

495 extensive damage, and could be possibly related to the increased presence of hydroxyl 

496 radical (Fig 2, Fig 4), which is recognized as highly toxic for the genetic material 

497 (Park and Imlay, 2003). 

498 Conclusions

499 In summary, results show that increased ROS levels are found inside E. coli cells after 

500 all the treatments applied and their appearance is progressive along treatment time, 

501 despite the different nature of these agents. Only in the particular case of PEF-

502 treated cells occurrence of increased ROS level was coincident with permanent 

503 permeabilization to PI, which can be considered as indicative of seriously 

504 compromised membranes. On the contrary, for the other three technologies, the 

505 presence of increased ROS levels occurred well before permeabilization to PI. In cells 

506 treated by heat, HHP and PEF, DHE staining preceded HPF staining, and only in the 

507 particular case of acid-treated cells, HPF staining preceded DHE staining, suggesting 

508 that in these cells, hydroxyl radicals were formed through a different mechanism, and 

509 possibly played a more relevant role, particularly in relation to DNA damage. 

510 Results obtained in this investigation add new data to help to understand the mode of 

511 action of food preservation technologies on bacterial cells. This knowledge would help 

512 in the design of more effective processes.
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629 Table 1. Resistance parameters (Sl, kmax, Nres, D and  2D) obtained from the fitting of 

630 Geeraerd model, and area under the curve (AUC) corresponding to survival curves of E. 

631 coli treated by different agents (heat, HHP, PEF and acidity). 

 Heat 
 TSAYE TSAYE + NaCl MM-cys

Sl 1.41 ± 0.34 0.80 ± 0.13 2.01 ± 0.14
kmax 3.40 ± 0.48 7.43 ± 0.79 1.84 ± 0.15
D 0.68 ± 0.09 0.31 ± 0.03 1.26 ± 0.20
2D 2.78 ± 0.16 1.43 ± 0.12 4.52 ± 0.10

RMSE 0.137 0.434 0.125
R2 0.97 0.98 0.98

AUC 1.79 5.07 0.596
HHP

 TSAYE TSAYE + NaCl MM-cys
Sl 2.90 ± 0.26 0.21 ± 0.19 6.52 ± 1.88

kmax 0.57 ± 0.02 0.81 ± 0.03 0.17 ± 0.02
D 4.04 ± 0.15 2.84 ± 0.13 13.37 ± 1.96
2D 10.98 ± 0.22 5.90 ± 0.20 33.27 ± 2.04

RMSE 0.058 0.070 0.058
R2 0.99 0.99 0.99

AUC 9.08 19.5 2.55
PEF

 TSAYE TSAYE + NaCl MM-cys
kmax 0.03 ± 0.01 0.05 ± 0.01 0.02 ± 0.00
Nres -2.96 ± 0.29 -3.06 ± 0.12  
D 76.25 ± 2.50 49.82 ± 2.24 139.16 ± 2.37
2D 152.51 ± 3.31 99.64 ± 4.27 278.33 ± 4.74

RMSE 0.204 0.224 0.149
R2 0.97 0.98 0.97

AUC 161 243 84.5
Acidity

 TSAYE TSAYE + NaCl MM-cys
Sl 65.10 ± 7.97 5.67 ± 1.51  

kmax 0.09 ± 0.02 0.13 ± 0.01  
D 24.32 ± 2.53 17.64 ± 0.94  
2D 113.75 ± 3.33 40.96 ± 2.44  

RMSE 0.086 0.037  
R2 0.97 0.99  

AUC 68.15 307.6  
632

633 Sl (shoulder length): min; kmax(inactivation rate): 1/min (heat, HHP and acidity) and 1/µs (PEF); Nres (residual population density): 
634 (Log10 CFU/mL); D (decimal reduction time value) and 2D (time for inactivation of the first two Log cycles): min (heat, HHP and 
635 acidity) and µs (PEF); AUC (Area Under the Curve): min x log10 CFU (heat, HHP and acidity) and µs x log10 CFU (PEF).
636 Goodness of fit is indicated by maximum RMSE (root mean squared error) and minimum R2 (determination coefficient).
637

638
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641 FIGURE CAPTIONS

642

643 Fig. 1. Survival curves of E. coli BW25113 obtained in TSAYE (●), TSAYE-NaCl (■) 

644 and MM-cys (▲) after treating cells by heat (58ºC) (A), HHP (300 MPa) (B), PEF (20 

645 kV/cm) (C) and acidity (pH 3.0) (D). 

646

647 Fig. 2. Percentage of inactivated (●) and stained cells with DHE (○), HPF (∆) and PI 

648 (□) of E. coli BW25113 along time for each treatment applied: heat (58ºC) (A), HHP 

649 (300 MPa) (B), PEF (20 kV/cm) (C) and acidity (pH 3.0) (D). 

650

651 Fig. 3. Single (DHE, HPF, PI) and double staining (DHE-HPF and HPF-PI) of E. coli 

652 cells treated by heat (58ºC/1 min) (A), HHP (300 MPa/8 min) (B), PEF (20 kV/cm/30 

653 µs) and acidity (pH 3.0/30 min) (D). 

654

655 Fig. 4. Comparison between the percentage of inactivated cells recovered in TSAYE, 

656 TSAYE-NaCl and MM-cys and the percentage of cells stained with DHE, HPF and PI 

657 after treating E. coli BW25113 with different technologies: heat (58ºC/1 min) (white 

658 bars), HHP (300 MPa/4 min) (soft grey bars), PEF (20 kV/cm/30 µs) (dark grey bars) 

659 and acidity (pH 3.0/ 60min) (black bars).

660

661 Fig. 5. Difference in Log cycles of inactivation of the mutant strains ∆DnaK (grey bars) 

662 and ∆RecA (black bars) in comparison to the parental strain for the treatments with each 

663 technology: heat (58ºC/3 min), HHP (300 MPa/8 min), PEF (20 kV/cm/225 µs) and 

664 acidity (pH 3.0/60 min). Cells were recovered in MM-cys.

665
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666 Fig. 6. DNA electrophoresis of an 1860pb fragment amplified from DNA extracted 

667 from E. coli BW25113 native cells and cells treated by heat (58ºC/3 min), HHP (300 

668 MPa/8 min), PEF (20 kV/cm/225 µs) and acidity (pH 3.0/60 min) at equivalent lethality 

669 (1.7±0.3 log cycles). Samples appear in the following order from left to right: DNA 

670 ladder, native cells, heat, HHP, PEF and acidity.
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