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Abstract

The lethal effects of soundwaves on a range of microorganisms have been known for almost

a century whereas, the use of ultrasound to promote or control their activity is much more

recent. Moreover, the fundamental molecular mechanism influencing the behaviour of

microorganisms subjected to ultrasonic waves is not well established. In this study, we

investigated the influence of ultrasonic frequencies of 20, 45, 130 and 950 kHz on growth

kinetics of Lactobacillus sakei. A significant increase in the growth rate of L. sakei was

observed following ultrasound treatment at 20 kHz despite the treatment yielding a signifi-

cant reduction of ca. 3 log cfu/mL in cells count. Scanning electron microscopy showed that

ultrasound caused significant changes on the cell surface of L. sakei culture with the forma-

tion of pores “sonoporation”. Phenotypic microarrays showed that all ultrasound treated L.

sakei after exposure to various carbon, nitrogen, phosphorus and sulphur sources had sig-

nificant variations in nutrient utilisation. Integration of this phenotypic data with the genome

of L. sakei revealed that various metabolic pathways were being influenced by the ultra-

sound treatments. Results presented in this study showed that the physiological response

of L. sakei in response to US is frequency dependent and that it can influence metabolic

pathways. Hence, ultrasound treatments can be employed to modulate microbial activity for

specialised applications.

Introduction

A range of agri-food and bio-processing applications offered by ultrasound has been widely

documented. In the past two decades, ultrasound has gained renewed interest for modifying

the cell membrane permeability, thus delivering gene or macromolecules, chemotherapeutic

drug and genetic materials into cell nuclei. However, the efficiency at which these molecules

were delivered into the cell varies considerably between studies owing to various extrinsic

and intrinsic control parameters [1]. Ultrasound induced cell permeabilisation has been

termed as “sonoporation”, which can be defined as the transient and reversible increase in the
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permeability of plasma cell membranes when exposed to ultrasonic waves [2]. Sonoporation

results in the formation of pores on microbial cell membranes, thereby providing a channel

for transport of essential nutrients and removal of toxic substances across these membranes.

Such an alteration of the membrane bilayer has been reported to affect cellular functions such

as nutrient transport, enzymes activities, and cell growth and multiplication. Considering this,

appropriate selections of ultrasound intensities are crucial for the viability of cells and enhanc-

ing the production of bioactive metabolites for specialised applications [3, 4]. However, an

increase in ultrasonic power or exposure time can lead to inactivation or cell death due to thin-

ning/alteration of cell membranes resulting in leakage of cellular content, localized heating,

and production of free radicals. The effectiveness of ultrasound on microorganisms is strongly

influenced by various factors, including but not limited to, microbial ecology (e.g. microorgan-

ism type, growth medium and composition), ultrasound parameters (e.g. ultrasonic power,

intensity and frequency), exposure time, pH and temperature [5]. For example, studies have

shown that Gram-positive bacteria are more resistant to ultrasound compared to Gram-nega-

tive bacteria, possibly because Gram-positive bacterial cells possess a thick and more robust

cell wall due to cross-linking of peptidoglycan and teichoic acid [6].

Ultrasound can enhance the growth rate of microbial cells due to its ability to increase the

rate of transport of oxygen and nutrients to the cells and increase the rate of transport of waste

products away from the cells. Studies have shown the effect of ultrasound on viability, physio-

logical characteristics and growth at various stages. For example Lanchun, Bochu [7],[8]

reported that the appropriate ultrasonic frequency can accelerate the growth of Saccharomyces
cerevisiae by nearly 33.3%, with the stationary phase reached four hour earlier compared to the

control. Similarly, Jomdecha and Prateepasen [9] studied the effect of pulse ultrasonic irradia-

tion on the lag phase of S. cerevisiae. The lag durations were changed significantly due to ultra-

sonic energies and durations. In particular, application of sufficient amounts of ultrasonic

energies were shown to reduce the lag time, resulting in accelerated yeast growth whereas, a

higher level of ultrasonic energy delayed growth by increasing the lag phase. High intensity

ultrasound treatment of milk containing Bifidobacterium sp. has been shown to enhance the

production rates of organic acids and the growth of Bifidobacterium sp., while concurrently

reducing fermentation time [10, 11]. Similarly, Yang, Zhang [12] demonstrated that ultra-

sound pre-treatment, followed by incubation, enhances the growth of Brevibacterium sp.

Lactic acid bacteria (LAB) are Gram-positive microorganisms which are widespread in

nature and adapted to grow under different environmental conditions. Application of Lactoba-
cillus sp. in food products have shown to inhibit the growth of pathogenic and spoilage micro-

organisms and improve organoleptic properties of food [13, 14]. Additionally, Lactobacillus sp.

are reported to have beneficial effects on gut health and play a vital role in the alleviation of

metabolic diseases [15, 16]. Lactobacillus sakei is a lactic acid bacterium of commercial impor-

tance because of its ability to ferment various nutrients available in food. L. sakei is regarded as

a safe strain of LAB, with an ability to grow at diverse environmental conditions, including

low temperatures and high salt concentrations.

Genomics and/or proteomics approaches are being used to investigate the microbial

response to environmental conditions, which provides valuable information at the point of cell

harvesting. A high-throughput assessment of metabolic activities of cells can be achieved by

employing a phenotype microarray (PM) technique. The PM technique has highlighted differ-

ences in growth requirements, nutrient utilisation, sensitivity to toxins, and genetic diversity

in bacteria, fungi and mammalian cells. The PM technique is a convenient way of measuring

live cell performance under different environmental conditions [17]. Hence this technique was

employed in this study to understand the metabolic changes occurring at phenotypic level.

Integrated phenotypic-genotypic approach
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The objective of this study was to investigate the effect of different ultrasound frequencies on

growth, morphology, viability and metabolic activities of L. sakei.

Methods

Culture and sample preparation

L. sakei DSM 15831 was obtained from DSM, Germany. The bacteria were cultured in de Man

Rogosa Sharpe (MRS) broth (Oxoid Ltd, Cambridge, UK) medium at 30˚C in a microaerophi-

lic chamber for 48 h. Microbial cells were harvested at 7000×g for 10 min and subsequently

added to either to MRS broth or phosphate buffer saline (PBS) to achieve a target population

of ca. 107 cfu/mL for subsequent ultrasound treatment and analysed further. MRS broth and

PBS (Oxoid Ltd, Cambridge, UK) were prepared as per the manufacturer’s instruction.

Ultrasound treatment

Different ultrasound frequency exposures were examined using a 20 kHz probe system and

multiple bath systems operating at frequencies of 45, 130 and 950 kHz. For the 20 kHz ultra-

sound probe system, a L. sakei suspension (100 mL) was placed in a sterile container (250 mL)

and sonicated (for 10 min) by submerging the probe tip (Ø 1.9 cm) (Model: 500 HD, Hielscher

Ultrasonics GmbH, Germany) into the bacterial suspension. In the case of the bath systems,

treatments were carried out by placing the sterile flat bottom glass tubes (30 mL) containing 20

mL of L. sakei suspension into the ultrasonic baths of 45 kHz (Elma Schmidbauer GmbH,

Germany), 130 kHz (Elma Schmidbauer GmbH, Germany) and 950 kHz (Kaijo Shibuya

America Inc.) for 1 h. Samples without ultrasound treatment were considered as the control.

These conditions were selected based on prior studies carried out to establish exposure time.

For all treatments, the temperature was maintained at 4.0±1.0˚C by circulating cold water

using a temperature-controlled refrigerated water circulation system. Three biological repli-

cates were carried out for each of the treatment. The energy input (power, W) was measured

using calorimetric method outlined previously by Tiwari, Muthukumarappan [18]. Acoustic

cavitation pressures namely direct field pressure (Po, kPa), stable cavitation pressure (Ps, kPa)

and transient cavitation pressure (Pt, kPa) were measured using a Hydrophone (HCT-3010)

attached to a cavitation meter (Model: MCT-2000, Onda Co). Various ultrasonic parameters

obtained are listed in Table 1.

L. sakei growth measurement

The growth of control and ultrasound treated L. sakei was monitored by measuring a change

in optical density (OD) at a regular interval of 30 min intervals using 96 well plates in a tem-

perature controlled microbial growth analyser (MultiskanTM Microplate Spectrophotometer,

Thermo Scientific) at a wavelength of 595 nm and a temperature of 30˚C over a 24 h incuba-

tion time. Population of control and ultrasound treated L. sakei cultures (immediately after

treatment) were enumerated in duplicate on MRS pour-plates after 72 h incubation at 30˚C.

Table 1. Ultrasound parameters for various frequencies investigated.

Ultrasound frequency (kHz) 20.0 35.0 45.0 130.0 950.0

Direct field pressure (Po, kPa) 3.0 42.0 40.0 26.0 42.0

Stable cavitation pressure (Ps, kPa) 4.0 19.0 18.0 13.0 6.0

Transient cavitation pressure (Pt, kPa) 23.0 25.0 21.0 9.0 3.0

Ultrasonic power (W) 155.3 6.9 5.5 7.2 2.7

https://doi.org/10.1371/journal.pone.0191053.t001
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Phenotypic microarray assay

The control and ultrasonic treated L. sakei were examined for phenotypic divergence using an

Omnilog™ phenotypic microarrays (using PM 1 to 4) (BioLog Inc., Hayward, California).

Control and ultrasound treated L. sakei cell suspensions were prepared and PM plates were

inoculated by following manufacturers’ instructions. Control and ultrasound treated cell sus-

pensions (ca. 105 cells/ml) were prepared and 50 μL of the cell suspension were inoculated into

the wells of the PM panels. These plates were incubated at 30˚C for 48 h in an Omnilog™ micro

plate reader (BioLog Inc., Hayward, California). The digital imagery of this instrument tracks

changes in the respiration of L. sakei cultures growing in individual wells over the incubation

time. Incubation and recording of phenotypic data was performed automatically by the Omni-

LogTM instrument. The Omnilog™ output for a given plate consists of an OD reading for each

well, recorded at 15 min intervals over the 48 h incubation period. The data output for the con-

trol and ultrasound treated L. sakei cells were analysed using DuctApe software [19]. Negative

controls (wells containing the inoculated Omnilog™ growth medium, but without any sub-

strate for each PM plate was used to normalise differences in inoculums and redox dye oxida-

tion between samples) were subtracted from each reading for each plate.

Genotypic and phenotypic analysis

DuctApe was employed for the analysis of genomic and phenomic data to obtain metabolic

differences occurring due to ultrasound treatment. Briefly, three modules of DuctApe software

suite include 1) dgenome for genomic data analysis of L. sakei subsp. carnosus DSM 15831

(Control); 2) dphenome for PM data analysis (PM 1–4) of the ultrasound treated and control;

3) dape for combined analysis of genomics and phenomics for metabolic reconstruction

according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [20], by com-

bining outputs of the dgenome and dphenome modules. The genome sequence of L. sakei
subsp. carnosus DSM 15831 was obtained from National Center for Biotechnology Informa-

tion (NCBI)[21]. NCBI database resource organises information on various characterstics of

range of organisms including genomic sequences. The genome of L. sakei subsp. carnosus
DSM 15831 has a symmetrical identity of 88.005% with L. sakei subsp. sakei 23K. L. sakei
subsp. carnosus used in this study is a type strain CCUG 31331 (R 14 b/a, DSM 15831) which

has shown genomic variation within the subspecies carnosus [22]. Intraspecies genomic diver-

sity among L. sakei population has been extensively studied [23]. Strain diversity among L.

sakei populations and its linkages with evolutionary histories studied by Chaillou, Lucquin

[24] has shown variations among genomic sequences and protein patterns. The protein pattern

of L. sakei subsp. carnosus has been reported to be similar to that of the L. curvatus subsp. Meli-
biosus, with a significantly different pattern obtained from L. sakei subsp sakei [25].

Experimental phenotypic microarray datasets obtained from the OmniLog™ Phenotype

Microarray (PM) technology for the ultrasound treated and control samples were analysed

with the DuctApe software (Ver 0.16.2) suite capable of combining genotypic and phenotypic

data[19]. DuctApe programme code written in Python was carried out on Ubuntu Version

15.05.

Imaging

Cryo−scanning electron microscopy (SEM) was carried out using the Zeiss Ultra Plus Field

Emission Scanning Electron Microscopy with a Quorum Cryo Preparation chamber. Samples

were plunged into liquid Nitrogen slush (-190˚C) and transferred, under vacuum, into a subli-

mation/fracture/coating chamber. Here the samples were freeze fractured to expose the inter-

nal structure, sublimated at -100˚C for 20 min and coated in platinum. The samples were held
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under vacuum and transferred onto a cold stage in the SEM where it was maintained at a tem-

perature of -170˚C and imaged.

Mathematical modelling and statistical analysis

To evaluate the sigmoidal shape of the L. sakei growth curve, the primary growth parameters

were obtained by fitting OD595nm versus incubation time to three models namely Scale free,

Biphasic and the modified Gompertz model using the DMFit excel based tool [26]. Readers

are referred to Baranyi and Roberts [26] and Baranyi, Roberts [27] for theoretical derivation

and to obtain information about the explicit form of the models employed to obtain the pri-

mary growth parameters. The primary growth kinetic parameters of L. sakei populations fol-

lowing US treatment i.e. specific growth rate (μmax, OD unit/h) and lag phase (λ, h) were

calculated. It must be noted that the μmax obtained by fitting these models is only a potential

rate because, theoretically this exact rate cannot be obtained due to the applied limiting func-

tions which has effects even in the linear phase of the growth curve. However, the difference

between real rate and rate obtained by the model is negligible if the mCurve curvature parame-

ter obtained from the model fit is sufficiently large [26].

Goodness of model fit was analysed based on coefficient of regression (R2), Root Mean

Squared Error (RMSE) and by analysing residuals, experimental vs predicted OD values. Anal-

ysis of Variance (ANOVA) and Tukey’s test was carried out to separate means using SAS sta-

tistical software (SAS Ver 9.3). Mean values were considered significant at P<0.05. PROC

CORR procedure of SAS was carried out to obtained correlation between various parameters.

Results

Effect of ultrasound on L. sakei population and growth curve

Fig 1 shows the effect of ultrasound on the inoculated L. sakei population (6.96 log cfu/mL)

using a plate count method immediately after treatment at various US frequencies. The

Fig 1. L. sakei population of control (untreated) and surviving population after treatment at various ultrasound frequencies of 20, 45, 130 and 950 kHz.

(abColumns with similar letters are significantly different at P<0.05; LSD: Least significant difference).

https://doi.org/10.1371/journal.pone.0191053.g001
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surviving L. sakei population ranged from 3.96 log cfu/ml (20 kHz) to 7.02 log cfu/mL (45

kHz). No significant changes (P<0.05) in L. sakei population were observed with respect to

ultrasound frequency and control, with an exception of 20 kHz, where a significant (P<0.05)

decrease of 3 log cfu/mL was observed.

The growth of the surviving L. sakei cells was monitored over a 24 h period using optical

density measurements at 595nm. Fig 2 shows the plotted average optical density at each incu-

bation time (h) for L. sakei subjected to ultrasound treatments at various frequencies of 20

kHz, 45 kHz, 130 kHz, 950 kHz and control (no ultrasound treatment). The initial OD595nm

was in a range of 0.243 to 0.284 OD units irrespective of the treatment.

As can be seen from Fig 1 the starting population of L. sakei following US treatment was in

the range of 3.96 log cfu/mL (20 kHz) to 6.96–7.04 cfu/mL for all other treatments and control.

The growth rate of the control remained lower at all times compared to ultrasound treated

samples, irrespective of frequencies employed. It should be noted that different systems were

employed for the ultrasound treatment which operated at different frequencies. In the case of

the 20 kHz treatment, L. sakei showed a longer lag time followed by a subsequent high growth

rate. As can be seen from Fig 2, the slope of the exponential phase of treated and control L.

sakei cells were parallel, indicating the growth behaviour was relatively similar. However, a sig-

nificant increase in lag time was observed for samples treated with 20 kHz frequency.

Table 2 shows the growth parameters obtained by fitting OD595nm versus incubation time

(h) to three models, namely scale free, the Gompertz and biphasic model. Three models were

employed to obtain key growth parameters of specific growth rate (μmax, OD unit/h) and lag

phase (λ, h). μmax and λ were considered as key parameters required to investigate the effect of

treatment on the growth behaviour of L. sakei. All three models gave the highest μmax (OD

unit/h) and λ (h) for L. sakei samples treated with 20 kHz and lowest for control. Initial (Y0)

and final (Ymax) absorbance ranged from 0.251 to 0.273 and 0.813 to 0.947 respectively. In gen-

eral, all three models investigated to describe the growth behaviour of L. sakei predicted well

with an exception for L. sakei subjected to 20 kHz. The biphasic model failed to predict growth

behaviour for 20 kHz treated L. sakei samples (Fig 2C). μmax obtained by three models ranged

from 0.099–0.122 OD unit/h, 3.85×10−10–0.084 OD unit/h and 0.122–0.166 OD unit/h

whereas, λ ranged from 1.56–11.51 h, 7.33–9.39 h and 1.95–12.536 h for scale free, biphasic

and the Gompertz model respectively. Predicted growth models tested for the goodness of

model fit by using R2 and RMSE values, showed that the R2 values for all models were >0.902

and RMSE values were<0.017 for all growth curves. However, the biphasic model showed

higher RMSE values (0.017–0.095) and low R2 values (0.90–0.99) compared to the scale free

and the Gompertz model across all treatments including the control. A plot between model

predicted and experimental OD values showed that values for both the Gompertz and scale

free models were within the prediction and 95% confidence interval whereas, values obtained

from the biphasic model did not show good model prediction (Fig 2). Further, the Biphasic

model predicted low values for growth parameters compared to the other two models. Growth

model parameters provided by both the Gompertz and scale free models were comparable.

Considering goodness of fit, model predicted values and residual analysis, the Gompertz

model was found to be best suited to describe the growth model for all treatments. The Gom-

pertz model showed a good fit with the experimental data with low standard error (SE)

of< 0.042 and high regression coefficients (R2) of> 0.985. Analysis of growth curve for con-

trol and ultrasound treated L. sakei samples using Gompertz will be discussed here after.

Correlation analysis (Table 3) shows that the stable cavitation pressure (r = 0.643; P<0.01)

and standing wave pressure (r = 0.489; P<0.05) had a positive effect on μmax (OD unit/h)

whereas, both the stable (r = 0.580; P<0.05) and transient (r = 0.509; P<0.05) cavitation pres-

sure showed positive correlation. The L. sakei population was significantly affected by
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ultrasonic power as evident by high correlation coefficient between power and log (cfu/mL)

(r = -0.977; P<0.0001) and hence, it can be concluded that the higher power can inactivate

bacterial cells. Surprisingly, low microbial count observed for 20 kHz samples showed longer

lag phase followed by significantly higher growth rate.

Fig 2. L. sakei growth curve plot as measured by optical density over a 25 h incubation at 30˚C following various ultrasound treatments plotted using Scale free (a),

Gompertz (b) and Biphasic models (c) and corresponding model fitting.

https://doi.org/10.1371/journal.pone.0191053.g002
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The specific growth rate (μmax, OD units/h) and lag phase (λ, h) obtained from Gompertz

model for the control sample was 0.122±0.003 OD units/h (CI: 0.116–0.129) and 2.113±0.039

h (CI: 2.037–2.188) respectively. Significantly (P<0.05) higher μmax was observed for 20 kHz

(0.166±0.001 OD units/h) compared to other frequencies investigated and the control. In

general ultrasound treated samples showed significantly higher μmax compared to the control.

No significant differences were observed for μmax with respect to 45, 130 and 950 kHz even

though μmax was significantly higher compared to the control. In the case of λ, no significant

differences (P<0.05) were observed for control and ultrasound frequencies of 45, 130 and

950 kHz. Significantly higher λ (12.536±1.888 h (CI: 8.836–16.236 h)) was observed for L. sakei
samples subjected to 20 kHz frequency compared to the control and other frequencies

investigated.

Table 2. L. sakei growth parameters along with 95% confidence interval, regression coefficient (R2), root mean square error (RMSE) of model fit obtained for con-

trol and ultrasound treated L. sakei cells.

Treatment Model μmax

(OD unit h− 1)

Lag time

(λ, h)

Y0 (OD unit) Ymax (OD unit) R2 RMSE

Control Scale free 0.099±0.003 a

(0.094–0.104)

1.707±0.034 b

(1.640–1.773)

0.259 0.813 0.998 0.008

20 kHz 0.122±0.057 a

(0.011–0.233)

11.517±0.494 a

(10.549–12.486)

0.251 0.947 0.999 0.011

45 kHz 0.103±0.001 a

(0.102–0.105)

1.790±0.025 b

(1.741–1.838)

0.270 0.840 0.997 0.009

130 kHz 0.105±0.001 a

(0.103–0.107)

1.925±0.024 b

(1.877–1.972)

0.269 0.849 0.998 0.009

950 kHz 0.104±0.001 a

(0.101–0.106)

1.560±0.022 b

(1.517–1.603)

0.273 0.850 0.997 0.010

LSD 0.0441 0.3781

Control Gompertz 0.122±0.003 c

(0.116–0.129)

2.113±0.039 b

(2.037–2.188)

0.259 0.813 0.999 0.005

20 kHz 0.166±0.001 a

(0.164–0.168)

12.536±1.888 a

(8.836–16.236)

0.251 0.947 0.999 0.010

45 kHz 0.128±0.001 b

(0.126–0.129)

2.187±0.022 b

(2.145–2.230)

0.270 0.840 0.999 0.005

130 kHz 0.129±0.001 b

(0.127–0.132)

2.326±0.023 b

(2.281–2.370)

0.269 0.849 0.999 0.005

950 kHz 0.128±0.002 b

(0.124–0.132)

1.955±0.026 b

(1.904–2.006)

0.273 0.850 0.999 0.004

LSD 0.0033 1.4502

Control Biphasic 0.079±0.002b

(0.075–0.082)

7.617±0.124 a

(7.373–7.861)

0.259 0.813 0.989 0.017

20 kHz 3.85±1.12×10−10 c

(1.64–6.06×10−10)

9.396±2.734 a

(4.038–14.754)

0.251 0.947 0.902 0.095

45 kHz 0.080±0.001 b

(0.078–0.082)

7.710±0.032 a

(7.647–7.773)

0.270 0.840 0.988 0.020

130 kHz 0.079±0.001 b

(0.078–0.080)

7.966±0.082 a

(7.804–8.127)

0.269 0.849 0.986 0.022

950 kHz 0.084±0.001 a

(0.082–0.087)

7.334±0.049 a

(7.238–7.430)

0.273 0.850 0.990 0.019

LSD 0.0019 2.0728

(abcValues with different letters are significantly different at P<0.05; LSD: Least significant difference)

https://doi.org/10.1371/journal.pone.0191053.t002
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Genomic and phenomic characteristics

The genomic sequence of L. sakei subsp. carnosus DSM 15831 was used to study the metabolic

response of L. sakei following ultrasound treatment. The control L. sakei strain showed prote-

ome/genome size of 1904, out of which 1007 were mapped to KEGG with 877 KEGG orthol-

ogy IDs, 95 pathways, 829 reactions and 586 unique reactions based on genomic sequence

available for the L. sakei strain employed (S1 Fig). As can be seen only 53.4% of genes were

mapped to KEGG because most of genes are not involved in metabolism hence were not anno-

tated through KEGG.

The metabolic abilities of control and ultrasound treated L. sakei were tested using the PM

system (Biolog). Using PM plates 1 to 4, 571 different growth conditions were tested, including

190 different carbon sources, 95 nitrogen sources, 59 phosphorus sources and 35 sulphur

sources. Metabolically active conditions were scored using a threshold calculation based on

growth curve data. The activity index (AV) was calculated using five clusters (k = 5) which

were chosen through an elbow test.

Unique metabolic functions represent the number of wells for which a single treatment

shows an exclusive phenotype, with respect to the others. Results showed that the highest num-

ber of unique “more active” metabolic features was detected in PM plates inoculated with 20

kHz treated culture and control (N = 31 and N = 23 respectively) suggesting a higher metabolic

potential of these strains as compared to the others. Whereas, the 20 kHz treated culture and

control culture strains exhibited “less active” phenotypic traits in only one and five conditions

respectively, as shown in Table 4. In contrast, the 45 kHz treated culture seems to be the least

metabolically active strain, as it showed a lower number of “more active” metabolisms (N = 9)

and the highest number of “less active” metabolisms (N = 19). When looking at the single PM

compound categories, the control culture was able to metabolise 19.27% of carbon sources,

25.00% of nitrogen sources and 31.25% of phosphorus and sulphur sources (Table 4). The L.

sakei culture treated at 950 kHz frequency showed highest metabolic activity (24.48%) in car-

bon plates followed by 130 kHz (22.91%), 20 kHz (19.27%), Control (19.27%) and 45 kHz

(7.81%). In the case of nitrogen plate, culture treated at 20 kHz had highest activity (31.25%)

followed by control (25.00%), 950 kHz (21.87%), 130 (18.75%) and 45 kHz (8.33%). The con-

trol showed highest activity (31.25%) for phosphorus and sulphur sources followed by 20 kHz

(26.04%), 45 kHz (18.75%), 130 kHz (14.58%) and 950 kHz (13.54%). Here, all the phenotypes

Table 3. Correlation analysis showing relationship between various ultrasonic parameters and L. sakei growth parameters.

Fo

(kPa)

Po

(kPa)

Ps

(kPa)

Pt

(kPa)

Power (W) μmax

(OD unit/h)

λ
(h)

Fo (kPa) 1.000

Po (kPa) 0.389ns 1.000

Ps (kPa) -0.476� 0.619�� 1.000

Pt (kPa) -0.827���� -0.246ns 0.410 ns 1.000

Power (W) -0.324 ns -0.923���� -0.640�� 0.408 ns 1.000

μmax (OD unit/h) -0.228 ns 0.489� 0.643�� 0.420 ns -0.376 ns 1.000

λ (h) -0.297 ns 0.368 ns 0.580� 0.509� -0.238 ns 0.976���� 1.000

Log (cfu/mL) 0.273 ns -0.367ns -0.557�� 0.229ns -0.977���� -0.998���� 1.000

nsNot significant (P<0.05)

�significant at P<0.05

��significant at P<0.01

����significant at P<0.0001.

https://doi.org/10.1371/journal.pone.0191053.t003
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were grouped based on the type of PM source molecules. Individual differences among each of

the 571 PM metabolic conditions of the cultures treated at different US conditions were then

assessed and represented in detail as circular plots (Activity Ring). Any difference in higher/

lower metabolic reaction between the reference control culture and the culture treated at dif-

ferent ultrasonic conditions can be visualised using the ‘diff mode’ (Fig 3). Fig 3 shows concen-

tric circles (from outer to inner ring) represent control L. sakei and delta activity of L. sakei
treated at 950, 45, 20 and 130 kHz respectively, whereas each radial strip corresponds to a sin-

gle tested phenotype. The higher colour intensity appeared in the carbon plates in the case of

950 and 130 kHz, confirming the lower metabolic activity of the control as compared to the

culture treated at 950 and 130 kHz.

The utilisation of carbon (C), nitrogen (N), phosphorus (P) and sulphur (S) by the L. sakei
strain subjected to ultrasound treatment is shown in Fig 4. As can be seen from Fig 4, the utili-

sation of nutrients was significantly affected due to ultrasound treatment. Significant varia-

tions in the utilisation of carbon sources was observed for ultrasound treated and control

samples. The control was able to ferment various sugars including ribose, lyxose, glucosamine,

2 deoxy-D ribose, arabinose and tagatose whereas low utilisation (AV<2) was observed for

melibiose. Ultrasound treated L. sakei at 130 kHz and 950 kHz showed higher D-mannose,

dulcitol, thymidine, sucrose, uridine, 2‘-deoxyadenosine, adenosine, D-cellobiose and inosine

as a carbon source compared to control or 20 kHz. In the case of carboxylic acids, relatively

higher activities for butyric acid, itaconic acid, sorbic acid and tartaric acid was observed in the

case of 20 kHz treated L. sakei samples compared to 45 kHz and control. The utilisation of

malic acid and galacturonic acid was observed in the case of 130 and 950 kHz samples com-

pared to other ultrasound treated and/or control samples. Among alcohols, higher activity

value was observed in all cases for dihydroxyacetone and 2,3-butanedione however, 2-ami-

noethanol and 2,3-butanedione was utilised only in the case of ultrasound treated samples.

Amino acids as a source of carbon was not utilised for control or ultrasound treatment

whereas, alcohols as a source of carbon was utilised by all treated and control samples. Among

nitrogen sources, ultrasound treated L. sakei did not show any utilisation for nitrate, with

exception to the control. No utilisation of amino acids as a nitrogen source was also observed

for all samples, with the exception of cysteine, tryptophan and ornithine. Some activity

(AV = 1) was observed for 20 kHz samples for threonine, valine and citrulline. Amino acids as

a nitrogen source was utilised by 20 kHz samples compared to other treatments whereas, pep-

tides as a nitrogen source seems not to be utilised by 45kHz and inorganic form of nitrogen

was not utilised by both 20 and 45 kHz. No significant changes in utilisation of organic sulphur

was observed among various treatments with some variations observed for 20 kHz samples

whereas, in the case of inorganic phosphorus higher activity was observed for the control com-

pared to ultrasound treatment. In the case of phosphorus, organic source of phosphorus was

Table 4. Unique and metabolic activity statistics obtained from DuctApe analysis.

Unique metabolic functions (% of wells with Δ� 1)

Control 20 kHz 45 kHz 130 kHz 950 kHz

More active 23 31 9 8 5

Less active 5 1 19 3 6

Percentage (%) 7.29 8.33 7.29 2.86 2.86

Metabolic activity statistics (% of active wells with AV�2)

Carbon sources 19.27 19.27 7.81 22.91 24.48

Nitrogen sources 25.00 31.25 8.33 18.75 21.87

Phosphorus and sulphur sources 31.25 26.04 18.75 14.58 13.54

https://doi.org/10.1371/journal.pone.0191053.t004
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utilised in the case of 20 kHz and control whereas, inorganic source of phosphorus was exclu-

sively utilised by the control compared with ultrasound treated with no utilisation observed

for 20 kHz.

The phenotypic variability identified from PM1-4 were combined with genome of the L.

sakei subsp. carnosus DSM 15831. Figs 5 and 6 shows that the ultrasound treatment influenced

the utilisation of various nutrients resulting in variations in various metabolic pathways.

Metabolic reconstruction Citrate cycle (KEGG map20), Glycolysis/ Gluconeogenesis (KEGG

map10) and Pentose phosphate pathway (KEGG map 30) were influenced by ultrasound

treatment compared to control. Various other metabolic pathways seems influenced by ultra-

sound treatments were degradation of lysine (KEGG map310), metabolism of biotin (KEGG

map780), glutathione (KEGG map480), carbon (KEGG map1200), purine (KEGG map230),

biosynthesis of valine, leucine and isoleucine (KEGG map290). Specifically, ultrasound

Fig 3. High-throughput metabolic activity in difference mode: The difference with the AV value of control culture is reported when AV�2; it is grey otherwise;

purple indicates a higher activity to; orange colour indicates a lower activity of ultrasound treated samples with respect control.

https://doi.org/10.1371/journal.pone.0191053.g003
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treatment showed highest number of genome related sustrate used differently by ultrasound

treated samples compared to control (Fig 5). This difference was noted mainly for biosynthesis

of amino acids (KEGG map1230). Further, a higher utilisation of ribose for the ultrasound

treated samples compared to the control was observed, ribose sugar is linked to pentose phos-

phate pathway. A considerable number of nutrients metabolised by ultrasound treated L. sakei
culture associated with the pentose phosphate pathway (KEGG map30) (S2 Fig) were pyruvate

(C00022), D-ribose (C00121), D-gluconate (C00257) and deoxyribose (C01801) with varied

level of activities; the highest being noted for ribose and deoxyribose in the case of 20 kHz and

45 kHz (AV>5) compared to control.

Morphological changes

Fig 7 shows SEM images of control and 20 kHz treated L. sakei cells. It shows that the control

(A) bacterial cells are intact with uniform surface whereas 20kHz treated L. sakei cells show

formation of pitting (B–D). Some bacterial cells visualised showed physical damage, leading to

a formation of pores on the cell surface (highlighted by arrow) which may be reversible, while

certain cells within the treated suspension showed rupturing of L. sakei cells leading to leakage

of cellular component (highlighted with a circle, D), causing irreversible damage to the cells.

Discussion

Previous studies have shown that ultrasound treatment can significantly inactivate bacteria

depending on the ultrasound conditions. High power ultrasound treatment has been shown to

Fig 4. The utilisation of various carbon, nitrogen, phosphorus and sulphur sources by L. sakei subjected to ultrasonic frequencies of 20 kHz, 45 kHz, 130 kHz, 950

kHz and control, (�indicates outliners).

https://doi.org/10.1371/journal.pone.0191053.g004
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inactivate various pathogenic and spoilage microorganisms including Enterobacter aerogenes,
Bacillus subtilis and Staphylococcus epidermidis, Escherichia coli and Listeria monocytogenes in

various media [28, 29]. Inactivation is mainly due to various physical and chemical phenom-

ena occurring due to inertial and non-inertial cavitation occurring alone or in combination. A

previous study by these authors investigated the effect of ultrasound power at a frequency of

20 kHz and showed a significantly higher specific growth rate with a short lag phase at low US

power (2.99 W), while a significant decrease (P<0.05) in specific growth rate and increase in

lag phase was observed following treatment with increased ultrasound power and treatment

time [30].

Use of OD data for the estimation of bacterial growth model parameters has been reported

extensively [31]. The growth models investigated in this study are often argued to be of limited

Fig 5. Heatmap of chemicals obtained from phenomic analysis for various PM plates (PM1-2: Carbon source;PM3: Nitrogen source; PM4:

Phosphorus and Sulphur source for control and ultrasound treated L. sakei culture.

https://doi.org/10.1371/journal.pone.0191053.g005

Fig 6. Combined genotypic and phenotypic variability of L. sakei culture as influenced by various treatments.

https://doi.org/10.1371/journal.pone.0191053.g006
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biological significance for being empirical in nature compared to mechanistic models. How-

ever, empirical models can help in elucidating the effect of a single environmental factor such

as temperature, pH, treatment etc. on relevant biological growth parameters i.e. growth rate

and lag phase [32]. The Gompertz model has been previously reported to describe the growth

behaviour of Lactobacillus species in range of media [30, 33–35]. The empirical modelling

approach using the Gompertz model approximates cell growth over incubation time and con-

siders the growth inhibition as microbial cells move into the late growth phase[36].

Previous studies have shown the application of various growth models including scale free,

Gompertz, logistic, and Richards models to describe the growth behaviour of a range of patho-

genic, spoilage and probiotic strain [37–40]. Hence, these models were employed to describe

the effect of ultrasound treatment on the growth behaviour of L. sakei. Previously, a study has

shown that a decrease in lag phase is proportional to an increase in initial population because

the culture requires less time to reach a concentration which can increase detectable optical

density [41]. The longer lag phase for 20 kHz samples can be attributed to the fact it took cer-

tain amount of time for injured cells to recover but which then grew at a faster rate compared

Fig 7. Cryo SEM images of L. sakei strain (A: Control; B–D: 20 kHz samples). Arrow indicates formation of pores on cellular surface and circle shows the rupture of L.

sakei cells.

https://doi.org/10.1371/journal.pone.0191053.g007
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to other treatments and control. It may be hypothesised that bacteria grew at faster rate due to

enhanced movement of nutrients into the cell via pores formed as a result of ultrasound treat-

ment. Studies have shown that the sublethally stressed populations, i.e., the bacteria population

which is slightly damaged by environmental conditions are believed to be more susceptible to

change and exhibit greater phenotypic variations and have different response to nutrients [42–

44] as can be deduced from the variations in metabolic pathways and L. sakei response to vari-

ous nutrients investigated in this study. Further, microscopic images (Fig 7) show that ultra-

sound can induce pits or pores leading to a sublethal or lethal injury to the microbial cells.

This injury can be attributed to sonoporation which would have led to the formation of revers-

ible pores which can improve permeability of the cell membrane[2]. However, formation of

large size pores may cause permanent cell injury as can be seen from Fig 7D. in a study Wor-

don, Mortimer [45] observed a extensive boundary damage and disintegration of S. cerevisiae
cells as a result of ultrasound treatment at 20 kHz when exposed to ultrasound.

Studies have shown that low frequency high intensity ultrasound causes inactivation com-

pared to high frequency low intensity ultrasound [46]. Inactivation of various microorganisms

in model solution and food matrices has been reported at 20 kHz [47, 48]. The effect of

ultrasound on L. sakei suspensions can be attributed to dispersion effect on L. sakei clumps,

disruption of bacterial cells, modification of cellular activity, either due to introduction of

morphological changes on the cell membrane, or cavitation effects within the cell leading to

changes in microbial growth parameters and inactivation. Physical and chemical phenomena

of ultrasound associated with ultrasound frequencies include agitation, vibration, pressure,

shock waves, shear forces, microjets, compression & rarefaction, acoustic streaming, cavitation

and formation of free radicals [49]. These effects on the microbial cell are mainly due to physi-

cal and chemical mechanisms and/or combination of these occurring due to various types of

cavitation namely direct field pressure (Po, kPa), stable cavitation pressure (Ps, kPa) and tran-

sient cavitation pressure (Pt, kPa). Po causes oscillation of microbial cells at the fundamental

frequency whereas, Ps (non-inertial) cavitation causes oscillation of cavitating bubbles and

is responsible for microstreaming. Pt (inertial cavitation) is mainly responsible for micro-

streaming, formation of shockwaves and jetting due to collapse of cavitating bubble. Collapse

of cavitating bubble causes formation of free radicals (e.g. OH–) due to sonolysis of water

(H2O!OH−+ H+) and formation of hydrogen peroxide.

L. sakei has an ability to produce all amino acids with exception to aspartic and glutamic

acids for its growth and survival [50]. L. sakei being facultative heterofermentative in nature,

hence can utilises glucose for glycolysis and ribose using phosphoketolase pathway. Irrespective

of treatments, utilisation of ribose, arabinose, lyxose, xylose was unaffected whereas, no utilisa-

tion of glucose was observed. Arabinose utilisation was comparatively higher for 20 kHz, 45

kHz and 950 kHz with AV = 4 compared to 130 kHz and control with AV = 3. L. sakei are able

to ferment many pentoses including ribose, arabinose, ribulose and xylulose by using the phos-

phoketolase pathway[51]. Phenotypic characteristics of various L. sakei strains including subsp.

carnosus studied by Koort, Vandamme [25] showed arabinose, galactose, maltose, melibiose

sucrose, trehalose can be utilised with weakly positive results for β-Gentiobiose and Gluconate.

The genome of L. sakei strain was mapped with phenotypic variations for ultrasound treated

and control L. sakei culture. Linking genome with high throughput phenotypic characteristics

revealed significant differences in metabolic responses to various ultrasonic frequencies.

The genetic diversity of L. sakei strains has been studied and reported extensively [14, 52,

53]. Previous studies have shown that phenotypic variations exist and the ability of strains to

utilise carbohydrates varies significantly depending on the environment and growing condi-

tions [54]. Various metabolic pathways were influenced as a result of the ultrasound treatment

and concomitant nutrient utilisation. The focus of the following discussion is restricted to the
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utilisation of ribose sugar and the effect of ultrasound treatment on the phosphate pentose

pathway. The L. sakei strain employed in this study has been reported to have limited utilisa-

tion of ribose [14]. The major heterolactic fermentation pathway of ribose is via the phospho-

ketolase pathway. In accordance with the literature, low activity was observed for ribose

utilisation in the case of the control whereas, higher activity was observed in the case of ultra-

sound treated L. sakei culture, indicating possible changes in protein expression for ribose uti-

lisation via phosphate pentose pathway. The utilisation of ribose sugar leading to an impaired

growth on ribose is reported due to the inactivation of rbsK which encodes ribokinase. More-

over, both rbsK and rbsR, encoding a ribokinase are shown to be divergent in various strains of

L. sakei [22] which may have been expressed differently owing to ultrasound treatment. Cata-

bolic pathways for utilisation of various sugars exist in almost all strains identified to date for

L. sakei species. Release of ribose via ATP hydrolysis with intermediates such as inosine and

IMP are the most abundant intermediates of ATP breakdown. Metabolism of ribose for energy

production in L. sakei include conversion of Ribose-1P!Ribose-5P (enzyme:phosphopento-

mutase); Ribose!Ribose-5P (Enzyme: Ribokinases) and conversion of Ribose-5P!Ribulose-

5P (enzyme: ribose-5-phosphate isomerase)[55]. Metabolism of pyruvate is very important for

the phosphoketolase pathaway which is converted to lactate by a NAD-dependent lactate dehy-

drogenase. The phosphoketolase pathway along with glycolysis is responsible for production

of lactic acid depending on the metabolism of glucose or ribose.

The comparative PM analysis of the growth or no-growth response of ultrasound treated or

control strains provided significant differences as shown in Figs 5 and 6. Higher metabolic

activity of ultrasound treated culture may be due to a change in gene expression leading to the

utilisation of various nutrients.

Phenotypic alterations and application of genomic-phenomic approach of a culture sub-

jected to environmental stress e.g. adaption to cold environment has been successfully demon-

strated [56]. Phenotypic variations identified as a result of ultrasound treatment and links

associated with the various metabolic pathways demonstrates the relevance of PM technology

in providing in-depth analysis of L. sakei growth which may be useful in understanding the

influence of processing technologies on microorganisms, which to now has been restricted

mainly for inactivation and growth studies. This study signifies that the genomic-phenomic

approach for understanding the key underlying mechanism and adaptive response to emerg-

ing technologies. Understanding phenotypic variations and differences in nutrient utilisation

will also enable tailoring the food processes for specialised applications of probiotic strains.
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S1 Fig. Genome statistics of L. sakei strain employed showing the size of proteome, and
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S2 Fig. Pentose phosphate metabolic pathway analysis using the DuctApe (KEGG
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