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A B S T R A C T

Bactericidal effects of low concentration electrolysed water (LcEW) on microorganisms are previously well re-
ported; however, the inactivation mechanism of EW is not understood. The lethal and sublethal injuries of L.
monocytogenes and L. innocua by EW treatments were determined and the metabolic profile changes for L. in-
nocua were characterised using nuclear magnetic resonance (NMR). Microbial metabolomics approach combined
with multivariate data analyses was used to interpret the cellular chemical fingerprints of L. innocua. The relative
amount of intracellular reactive oxygen species (ROS) was assayed using 2′,7-dichlorodihydrofluorescein dia-
cetate (H2DCFDA). The results showed that the proportion of the sublethally injured microbial cells L. mono-
cytogenes and L. innocua increased from 40% to 70% and from 35% to 65%, respectively, when the free available
chlorine (FAC) of LcEW increased from 2 to 8mg/L. Overall, 36 low-molecular-weight metabolic compounds in
L. innocua extracts were characterised by NMR spectroscopy. EW perturbation resulted in a drastic and multitude
disruption across a wide range of biochemical process including peptidoglycan synthesis, nucleotides bio-
synthesis and amino acid metabolism. Elevated levels of α-ketoglutarate and succinate implicated the enhanced
glutamate decarboxylase (GAD) system and γ-aminobutyric acid (GABA) shunt for the protection against oxi-
dative stress. These findings provided the comprehensive insights into the metabolic response of Listeria to EW
oxidative stress and can serve as a basis for better utilisation for sanitisation.

1. Introduction

Listeria monocytogenes is pathogenic bacterial species responsible for
severe infection, listeriosis (Morey et al., 2014). The high adaptation
ability of L. monocytogenes and the different responses of L. mono-
cytogenes to physicochemical interventions make its control in foods
difficult (Ignatova et al., 2010). L. innocua is another species from the
genus Listeria, and widely found in soil and ready-to-eat foods (Silva-
Angulo et al., 2014). L. innocua is an innocuous and thus harmless to
human health. L. innocua has been used as a nonpathogenic thermal
processing surrogate for L. monocytogenes. The high similarity of ser-
ological, biochemical and morphological properties with L. mono-
cytogenes and the fact that it is non-pathogenic makes L. innocua a great
surrogate for studies (Friedly et al., 2008).

Low concentration electrolysed water (LcEW) has been increasingly

used as a disinfectant in food decontamination due to its economic cost,
low corrosivity and convenient quick on-site production (Zhang et al.,
2016; Zhang et al., 2017; Zhao et al., 2017). The strong disinfection
efficacy of LcEW against microorganisms has been demonstrated by
many previous studies (Liu et al., 2017a; Sow et al., 2017; Yang et al.,
2013; Zhang and Yang, 2017). The bactericidal effect of LcEW is par-
tially due to its high oxidation potential (ORP) (940–1010mV), which
is outside the preferable redox potential range of most microorganisms
(Park et al., 2004; Park et al., 2009). The high ORP is reported to
generate oxidative damage to protein and DNA, resulting in the dis-
turbance of the electron flow, and metabolic flux changes in cells
(Huang et al., 2008). Liao et al. (2007) noted that the high ORP of EW
may induce the formation of disulfide bridges, depletion of energy
stores, and consequently disturbing metabolic pathways inside the cell.
Liu et al. (2017b) found that nucleotides and amino acids in Escherichia
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coli were greatly affected by EW, indicating that metabolite profiles of
bacteria can provide precise cellular responses resulting in EW-induced
biochemical alterations.

Emerging metabolomic techniques have made it more feasible to
acquire high-throughput profiles of bacteria metabolic status for en-
hancing the understanding of the mechanisms underlying oxidative
stress and the resulting bacterial response. Some spectroscopic techni-
ques, nuclear magnetic resonance (NMR) and gas chromato-
graphy–mass spectrometry (GC–MS), for instance, are increasingly used
in the metabolic profile analysis of microbial extracts. In combination
with multivariate analysis, NMR is able to give fast, informative, re-
producible and stable metabolic profiling of microorganisms in time
and require minimal sample preparation. Such metabolomic ap-
proaches have shown promising results in different fields including
environmental stress, infrastructure biofilms, detection and differ-
entiation of bacteria (Beale et al., 2014; Liu et al., 2017b; Ye et al.,
2012a).

Although many studies showed that EW could efficiently kill pa-
thogens, its impact on the global metabolic response of Listeria has not
been completely elucidated yet. The objectives of present study were to
examine metabolic profile changes and the affected pathways of L. in-
nocua after LcEW treatment by NMR spectroscopy coupled with mul-
tivariate data analysis. L. innocua is commonly chosen as a good sur-
rogate for L. monocytogenes in many preservation studies. It is of great
interest to compare the inactivation and sublethal injury by EW treat-
ments between the two microorganisms.

2. Methods and materials

2.1. Bacterial strains and their growth conditions

L. monocytogenes (smoked salmon isolate, serotype 3a) was kindly
provided by Food Science and Technology Programme, National
University of Singapore and stored at −80 °C. L. innocua ATCC®
33090™ was purchased from DSMZ (Deutsche Sammlungvon
Mikroorganismen und Zellkulturen GmbH, Germany) and stored at
−80 °C. Cells were resuscitated by inoculating into 10mL Tryptone
Soya Broth (TSB, Oxoid) and incubating at 37 °C for 24 h. A loopful of
the suspension was then streaked onto Tryptone soya agar (TSA; Oxoid)
and the plate was incubated at 37 °C for 24 h. To prepare cultures for
experiments a loopful of a single colony was transferred into 10mL TSB
at 37 °C for overnight incubation (16–18 h). Cultures in exponential-
phase were collected and processed by diluting the overnight culture
1:100 in fresh TSB and incubating at 37 °C until a final cell con-
centration of 108 CFU/mL was reached. The optical density (OD) of the
cultures was assayed at 600 nm to determine the cell concentration
(CFU/mL) using a previously established relation between OD600 and
CFU/mL. Bacterial viable counts were determined by enumerating cells
on TSA, using 0.1% (w/v) peptone water for decimal dilution.

2.2. Electrolysed water treatment and enumeration following treatment

EW was obtained from a model ROX-10WB Acidic EW generator
(Hoshizaki Electric Company Ltd., Toyoake, Aichi, Japan) and the free
chlorine level was measured using a reflectometer (Merck, Darmstadt,
Germany). The EW used in this study had a pH range of 3.6–4.4, an
oxidation reduction potential (ORP) of 910–1014mV and 2–8mg/L
free available chlorine (FAC). In a preliminary study, several con-
centrations of EW with 0.5–32mg/L FAC were tested to determine the
maximum concentration that did not completely inhibit the growth of
cells (data not shown). Based on the results obtained, 2–8mg/L FAC
levels for 5min were selected for use in the sublethal injury test. The
cells were washed twice with phosphate-buffered saline (PBS) buffer
and re-suspended in PBS buffer. Subsequently, 9.5mL of culture was
added to treatment test tubes containing 0.5mL EW (2, 4, 8 mg/L FAC
final concentration). The samples with sterile distilled water (pH 6.5,

FAC=0mg/L, ORP=365 ± 14mV) added at the same volume were
considered as controls. Following treatment, treated cells were serially
diluted in neutralising buffer (BD Biosciences) and spread onto non-
selective medium TSA with 0.6% yeast extract (TSA-YE) and onto TSA-
YE selective medium added with 5% sodium chloride (TSA-YE-SC).
Colonies were enumerated after 48 h incubation at 37 °C. Colonies
which appeared on TSA-YE were regarded as having developed from
uninjured plus injured cells, while those which appeared on TSA-YE-SC
were regarded as having developed by only uninjured cells. The ex-
periments were conducted independently in triplicate. The extent of
sublethal injured cells was expressed as the difference between the
count (CFU) on nonselective medium (TSA-YE) and the count on se-
lective medium (TSA-YE-SC). To determine the percentage of sub-
lethally injured cells, following equation (Uyttendaele et al., 2008) was
used:

− − − − ∗[1 (count on TSA YE SC/count on TSA YE)] 100 (1)

2.3. Detection and imaging of intracellular reactive oxidative species (ROS)

The oxidant-sensitive probe 2′,7-dichlorodihydrofluorescein diace-
tate (H2DCFDA) was applied to assess the intracellular ROS generation
levels in L. innocua. Briefly, bacteria were centrifuged, washed and
resuspended in PBS buffer (pH 7.4). To measure the ROS species gen-
erated during treatment of bacteria with EW, L. innocua cells were pre-
incubated with 200 μM final H2DCFDA in the dark at 37 °C for 1 h. After
the incubation with H2DCFDA, the bacteria were washed and re-
suspended in PBS. The suspension was then treated with EW for 5min.
Sodium thiosulfate of 0.5% was added to quench the excess FAC. The
bacteria were pelleted, washed, resuspended in the buffer and disrupted
by sonication. For all sanitation treatments, 100 μL of the L. innocua
suspension were transferred into each well of a 96-well plate (Corning,
Tewksbury, MA, USA). The fluorescence intensity was recorded by a
fluorescence plate reader (Spectrafluor Plus, Tecan, Durham, NC, USA),
with excitation/emission wavelengths of 488/520 nm. The pre-in-
cubated L. innocua were examined under confocal fluorescent (excita-
tion: 485 nm, emission: 535 nm) microscope (Olympus FV1000, Japan)
(Marcén et al., 2017). All conditions were tested in triplicate.

2.4. Extraction of intracellular metabolites

Overnight-grown cultures (1mL) were washed and diluted to 1:100
(v/v) in a freshly prepared TSB and cultivated at 37 °C until a final cell
concentration of 108 CFU/mL was reached. Following this, cells were
either added with distilled water (control) or stressed by adding EW at
4mg/L FAC with a short vortex duration. After 5min of treatment, the
cell cultures were quenched with a brief incubation on ice, followed by
centrifugation (5000 g, 5 min, 4 °C), the supernatant was decanted and
discarded (Bhattacharyya et al., 2016). The chilling method avoided
introducing other solvents to the extraction system. The cell pellets
were washed six times with ice-cold PBS (pH 7.4) to remove the glucose
and other components from the TSB and thus all metabolites detected
were coming from the Listeria cell and not from the medium. Cell pellets
were then resuspended in 600 μL extraction solution and sonicated
(80 kHz, 100W) on wet ice for 25 cycles with each cycle with 5 s pulse
and 10 s stops. Extraction solution was prepared by mixing equal vo-
lumes of NaH2PO4-K2HPO4 buffer (0.1 mol/L, pH 7.4, containing 10%
D2O and acetonitrile (Liu et al., 2017b; Ye et al., 2012a). The meta-
bolites from lysed cells were obtained by centrifugation at 5000 g at 4 °C
for 10min. The remaining solid residues were extracted further with
the same quantity of extract solution and homogenised by vortex. The
secondary supernatant was obtained after centrifugation and pooled
with the first extraction. Acetonitrile was then removed from pooled
supernatant by rotary evaporator. For each sampling point, 5 replicate
samples were prepared. The samples were then stored at −80 °C for
NMR and GC/MS analyses (Ye et al., 2012b).
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2.5. NMR acquisition

For NMR analysis, after solvent removal of acetonitrile, 550 μL of
the extract in phosphate buffer containing 10% D2O was transferred
into a 5-mm NMR tube. All NMR measurements were performed at
298 K using a Bruker DRX-500 NMR Spectrometer via a Triple Inverse
Gradient (TXI) probe (Bruker, Germany). For each sample, the 1H NMR
spectra were obtained using a first increment of NOESY pulse sequence
(recycle delay-90°-t1-90°-tm-90°-acquisition). Water suppression was
obtained by a weak continuous wave irradiation during both the recycle
delay (RD, 2 s) and the mixing time (tm, 100ms). The t1 was set as 6.5 μs
and the 90° pulse length was modified to around 10 μs. For each
spectrum, sixty-four induction decays were collected into 32 k data
points with a spectral width of 17 ppm. All free induction decays (FIDs)
were multiplied by an exponential function equivalent to a 1-Hz line-
broadening factor prior Fourier Transformation (FT) (Ye et al., 2012b).

2.6. Gas chromatography/mass spectrometry (GC/MS)

For GC/MS analysis, 600 μL of the collected extract was lyophilised,
resuspended in 200 μL of pyridine containing methoxyamine HCl
(20mg/mL), and incubated at 40 °C for 90min. The mixtures were then
treated with 100 μL of N-Methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA) at 50 °C for 30min. Metabolites were injected in a 1:10 split
mode at 260 °C, a helium column flow of 119mL/min was used. The
column was prepared at 70 °C for 5min via a temperature gradient of
5 °C/min to a final temperature of 360 °C, with a 2min holding time.

2.7. Spectral processing and statistical analysis

The resulting NMR spectra from control and EW treated samples
were phased and baseline corrected manually with TopSpin 4.2 (Bruker
Biospin, Rheinstetten, Germany)/Chenomx NMR Suite 8.1 (Chenomx
Inc., Edmonton, Canada). Data reduction was accomplished by dividing
the spectrum from δ 8.5 to 0.5 into regions bucket with width of
0.02 ppm using Mnova (Mestreab Research SL, Santiago de Compostela,
Spain). The solvents signals (water and acetonitrile) were excluded and
the standardised binned data was used for multivariate data analysis.
The spectral dataset was then constructed and imported into a SIMCA-
P+ software (version 13.0, Umetrics, Sweden) for multivariate analysis.
Data sets were subject to principal components analysis (PCA) and or-
thogonal partial least squares discriminant analysis (OPLS-DA), an ex-
tension of the supervised partial least squares regression (PLS regres-
sion) method in order to enhance the quality of the classification model
(Jadhav et al., 2015). OPLS-DA facilitates model interpretation by se-
parating the systematic variation in X into two parts: linearly related to
Y and orthogonal to Y, respectively (Wiklund et al., 2008). Loading and
coefficient plots were analysed to indicate the variables that has class
discriminating power in order to detect the metabolites that affect the
group membership (colour coding visualisation). Moreover, variable
importance in projection (VIP) was performed on the preprocessed
spectra using the algorithms included in the OPLS-toolbox. This was to
reveal the metabolites primarily influencing the samples' differentia-
tion. For instance, terms with a VIP value > 1 influenced mostly the
extracted OPLS models (Fotakis and Zervou, 2016). Metabolic path-
ways analysis was performed by MBrole (http://csbg.cnb.csic.es/
mbrole2/) to recognise the affected metabolic pathways and con-
tribute to further biological interpretation (Chagoyen and Pazos, 2011).
MBRole allows categorisation of metabolite compounds according to
their biological annotation (enrichment analysis) in metabolomics da-
tabase.

3. Results and discussion

3.1. Survival of L. monocytogenes and L. innocua after EW treatments

The inactivation of L. monocytogenes and L. innocua after EW treat-
ment at 2, 4, 8 mg/L FAC for 5min were studied by counting survivors

Fig. 1. Surviving of L. monocytogenes (A) and L. innocua (B) and sublethally injured
percentage (C) of cells treated by electrolysed water (EW) at different concentrations
(n=3). Data are presented as means ± standard deviation. Means within same con-
centration with different small case letters are significantly different; means for same
medium at different concentrations with different capital letters are significantly dif-
ferent.
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on the nonselective (TSA-YE) and selective (TSA-YE-SC) media. Fig. 1
shows that L. monocytogenes and L. innocua exhibited similar trends of
decreased survival population with increased EW treatment. The initial
population of L. monocytogenes and L. innocua were approximately
8.0 ± 0.2 and 8.2 ± 0.2 log CFU/mL, respectively. No significant
differences (P > 0.05) of the TSA-YE survival populations were found
among control and the 2mg/L FAC group of both L. monocytogenes and
L. innocua. However, the number of both TSA-YE and TSA-YE-SC sur-
vival cells in 4mg/L treated group was significantly less than numbers
in control group (P < 0.05) of both L. monocytogenes and L. innocua.
Populations measured on TSA-YE-SC of both L. monocytogenes and L.
innocua were consistently lower than those on TSA-YE by approxi-
mately the same 0.2–0.5 log CFU/mL indicating that cell injury had
occurred and that injury was more pronounced at higher EW con-
centration.

As shown in Fig. 1c, when bacterial cells were treated with EW, the
proportion of sublethally injured cells increased with increasing EW
doses; the one-way ANOVA indicated significant differences between
EW levels (P < 0.05) for both Listeria species. Regarding the sublethal
percentage of Listeria species caused by exposure to EW, sublethally
injured percentage of L. monocytogenes and L. innocua ranged from 40%
to 70% and from 35% to 65%, respectively. The highest proportion of
injured cells was found when the cells were treated with EW at 8mg/L
FAC. These results are consistent with those obtained by Xuan et al.
(2017) for L. monocytogenes. The study showed that a 40-s treatment
with EW (FAC=7.5mg/L) led to a reduction of L. monocytogenes by
3.5 log CFU/mL and sublethally injured rate of 80%. Microbial in-
activation by EW is thought to be generated by the perturbation and
effects of EW on redox couple, membrane transport capacity and
functionality, DNA synthesis and enzyme activity essential for bacteria
growth (Liao et al., 2007; Rahman et al., 2016).

L. innocua was widely proposed as a good surrogate for L. mono-
cytogenes in a variety of disinfection technologies. In this study, the
pathogenic and nonpathogenic strains showed nearly equal resistance
to EW treatment and exhibited similar sublethal injury at 2–8mg/L FAC
levels. Therefore, these identical findings suggest that L. innocua ATCC
33090 has the potential for use as a surrogate in EW treatments.

Microorganisms that survive a given stress often have increased
resistance to antibiotics and altered virulence characteristics via cross-
protection. Therefore, the occurrence of sublethally injured cells in
foods may pose public health concerns and is critical assessing the
microbial response to food preservation treatments. Sub-lethal injury
usually relates to stress adaptation of microorganisms and the injury
could be either structural or metabolic. Usually, metabolic injury is due
to damage to various functional components of the cells and antibiotic
resistance in bacteria is often associated with a metabolic burden
(Wesche et al., 2009). On the basis of the current results in which
sublethally damaged cells after exposure to EW were observed, the
study of metabolic changes in L. innocua treated with EW were pro-
ceeded at the sublethal concentration.

3.2. Measurement of intracellular reactive oxidative species (ROS) and
protein leakage of bacteria suspension

The fluorescence intensity was measured for the control L. innocua
sample as well as for the sample treated with EW (FAC=1, 2, 4 and
8mg/L). The increased fluorescence intensity indicated the activation
of the fluorescent dye probe by peroxide molecules and hydroxyl ra-
dicals. The samples treated with EW showed a significant higher in-
tensity as compared to the control, indicating generation of in-
tracellular ROS in L. innocua immediately upon EW exposure (Fig. 2A).
As shown in Fig. 2B, number of fluorescent L. innocua labelled with
H2DCFDA increased with an increase in EW concentration, compared to
the control cells. Correlation analysis between fluorescence signals and
log reduction of bacteria cells showed a strong correlation (P < 0.05)
with Pearson Correlation Coefficient (PCC) value of 0.93, indicating the

significant relationship between the survival count reduction and
fluorescence intensity changes from H2DCFDA labelled cells. Jeong
et al. (2006) demonstrated that ROS as the additional disinfectants,
such as O3 and %OH generated by EW, can contribute a lot in micro-
organism inactivation, as much as chlorine component in the electro-
chemical disinfection. The changes of bacteria induced by EW were
viewed as similar to that caused by the %OH formed from Fenton re-
action (Diao et al., 2004).

The changes of protein leakage of L. innocua as the treatment with
EW proceeded are shown in Fig. 2C. The leakage of protein after EW
treatments at 1, 2, 4 and 8mg/L significant increased due to the da-
mage on the cell outer membrane. However, the results were un-
expected as the protein leakage did not show any trend when subject to
different EW concentrations. Correlation analyses assured the absence
of correlation between the protein leakage and the logarithmic reduc-
tion of the bacterial count (Fig. 2D). The leakage of cytoplasmic pro-
teins indicated the damage of the cell's outer permeability barriers and
the marked conformational changes in cell membrane. The results in
this study indicated that EW could induce significant effects on func-
tionality of outer membrane. However, this damage may not be the
leading mechanisms of low concentration EW for bactericidal activity
since the correlation analyses suggested no correlation between the
fluorescence intensity and the log reduction in bacterial survival of L.
innocua. Possible antimicrobial mechanism of EW may be due to po-
tential oxidative damage to intracellular enzyme and perturbations of
metabolite levels (Rahman et al., 2016).

3.3. 1H NMR metabolic profile

The resonances signals were assigned to individual metabolites with
1H data according to previous investigations (Ye et al., 2012a, b) and
confirmed by comparing the resonance to the Chenomx NMR Suite,
Human Metabolome Database (HMDB) and Biological Magnetic Re-
sonance Data Bank (BMRB). The typical NMR spectrum of L. innocua
extracts from control group is shown in Fig. S1. Full width 1H NMR
spectra of the control and EW treated L. innocua are shown in supple-
mental Fig. S2. A visual inspection of these spectra revealed differences.
The corresponding resonances were in good agreement with the data-
base standard assignment. To the best of our knowledge, this was the
first comprehensive report of the low-molecular-weight metabolites in
L. innocua upon electrolysed water treatment. Thirty-eight metabolites
were detected in extract samples, including organic acids, amino acids,
nucleic acids. The peaks observed were due to the chemical shifts
arising from protons being in different positions of the molecules, and
the chemical shifts ranged from roughly 0 to 10 ppm, and was depen-
dent on the nature of other adjacent protons atoms and the functional
groups on the protons atoms. Since each detectable metabolite usually
contains more than one resolvable resonance signal, if one overlapping
spot cannot be identified, it is possible that the 1H chemical shift signals
comprised in other regions coming from the same metabolites with
equivalent signals in the spectrum.

The NMR typical spectrum of L. innocua extract reveals a pre-
ponderance of signals linked to amino acids like leucine, valine, ala-
nine, lysine and aspartate, between 0.5 and 4.5 ppm. Some metabolites
involved in citric acid cycle were present as well (acetate, 2-ox-
oglutarate, and succinate). In the region between 5.0 and 9.0 ppm,
aromatic compounds such as adenosine 2′-3′-cyclic phosphate (2′,3′-
cAMP), as well as ribose-5-phosphate, fumarate, and nicotinate, and
nucleotides like AMP and UMP. The key identified metabolites are
summarised in Table 1.

3.4. Alteration of metabolites upon EW treatment on L. innocua

Metabolic profiles of L. innocua extracts, obtained by 1H NMR
spectroscopy, were therefore analysed with multivariate analyses (PCA,
OPLS-DA) conducted on bucket reduced NMR spectra. The bucket
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reduced NMR spectra dataset was then constructed for the following
multivariate data analysis. Initially, PCA analysis was performed to
generate an overview of the metabolic alterations, which was accom-
plished using the score plot (Fig. 3A). The PCA analysis of the

Fig. 2. Effect of electrolysed water on intracellular ROS accumulation and protein leakage in L. innocua. (A) Oxidative stress in L. innocua upon treatment with EW was measured by
H2DCFDA; (B) Representative confocal images of cells from different treatments stained with H2DCFDA probe; (C) Protein amounts released into the cell suspension from electrolysed
water (EW) treated L. innocua cells; (D) The Pearson correlation coefficient (PCC) between the logarithmic reduction, protein leakage and the H2DCFDA fluorescence intensity. (n=3).

Table 1
Chemical shifts assignment, multiplicities and some coupling constants (J) of metabolites
present in L. innocua extract.

No. Metabolic compounds Chemical shifts (ppm) and multiplicity
(J in Hz)

1 2-Hydroxyisovalerate 0.8 (d), 2.0 (m), 3.8 (d)
2 Valine 0.9 (d, 6.9 Hz)
3 β-Hydroxybutyrate 1.20 (d, 6.26 Hz)
4 N-Acetyl alanine 1.33 (d, 7.28 Hz)
5 Lactate 1.49 (d)
6 Alanine 1.59 (d, 7.3 Hz)
7 Leucine 1.72 (t)
8 Putrescine 1.78 (m)
9 Lysine 1.87 (t), 3.03 (t, 7.5 Hz)
10 Acetate 1.92 (s)
11 Acetamide 2.01(s)
12 Methionine 2.21 (m)
13 2-Oxoglutarate 2.40 (d), 2.08 (d)
14 Succinate 2.41 (s)
15 Aspartate 2.52 (dd, 8.8, 17.5 Hz)
16 Methylamine 2.57 (s)
17 Dimethylamine 2.61 (s)
18 Malate 2.68 (d)
19 Trimethylamine 2.90 (s)
20 Choline 3.21(s)
21 o-Phosphocholine 3.22 (s)
22 Betaine 3.29 (s), 3.89 (s)
23 Glycine 3.56 (s)
24 Ribose-5-phosphate 5.48 (m)
25 Uridine 5.93 (d) 5.79 (d), 7.42 (d)
26 Cytidine 5.79 (d), 6.01 (d, 6.9 Hz)
27 Fumarate 6.38 (s)
28 Tyrosine 6.90 (d)
29 Phenylalanine 7.28 (m)
30 Uracil 7.40 (d, 7.6 Hz)
31 Xanthine 7.91 (s)
32 UMP 8.06 (d)
33 Oxypurinol 8.21 (s)
34 AMP 8.23 (s)
35 Adenosine 2′-3′-cyclic phosphate 8.37 (s)
36 Nicotinate 8.47(d, 5.4 Hz)

Multiplicity: s-singlet, d-doublet, t-triplet, q-quartet, m-multiplet.

Fig. 3. PCA score plot (A) and coefficient-coded loading plots (B) by OPLS-DA analysis
derived from NMR data of L. innocua for electrolysed water (EW) stress and control group.
The lower sections in OPLS loading plot represent the metabolites that were higher in the
control group compared to those from EW stress group.
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normalised NMR data from bacterial extract samples was constructed
based on the first two principal components (PC1 and PC2) for evalu-
ating the metabolic alteration induced by EW stress. First two compo-
nents explained 74.3% of total variance indicating the metabolites
distribution in the space. The visual inspection of score plot showed a
clear and strong separation for the L. innocua extract samples along PC1
component (R2 (X)= 0.973, Q2= 0.819).

For further revealing the metabolites compounds responsible for the
class separation, supervised data analysis tool OPLS-DA was applied
with the corresponding NMR data via the pair-wise cell groups. The
NMR spectra data was scaled to unit variance to reveal the effects of EW
stress on the metabolic profiles (van den Berg et al., 2006; Ye et al.,
2012b). The values for R2 and Q2 were employed as initial indicators for
evaluating the goodness of fit (percentage variation explained by the
model) and the predictability (fraction of the total variation of the Xs
that is predictable) of the models generated by the analyses. Metabo-
nomic analyses of L. innocua NMR spectra revealed strong separation
and high predictability (R2 (Y)= 0.997, Q2= 0.855) of the OPLS-DA
model.

Incorporated colour-coded correlation coefficient based on chemical
shifts is shown in Fig. 3B. The coefficient loading plot was drawn by
extracting statistically and potentially significant metabolites in bio-
chemical pathways, from their contributions to the model reliability
(Wiklund et al., 2008). Peaks which pointed upwards showed higher
amounts of specific metabolites detected from the EW stressed group,
while peaks which pointed downwards had metabolites found in higher
concentrations in the control group. Correlation coefficient values il-
lustrated the weights of the discriminatory variables in terms of their
strength to discriminate the classes. Specifically, as the colour of the
peak gradually changes from cool colours (i.e. blue) to hot colours (i.e.
red), the absolute value of the correlation coefficient increases from 0 to
1, indicating the resonances important for discriminating the metabo-
lite profiles of pairwise control and EW stressed group (Liu et al.,
2017b). The dominant metabolites (with significant correlation) that
differed between concentrations are displayed in OPLS-DA coefficient
plots.

The coefficient plot shows the increase or decrease in concentration
of the metabolites identified. The analysis shows that control and EW
stressed L. innocua are different at the biochemical level. Compared
with the control, L. innocua treated with 4mg/L FAC EW induced ele-
vated levels of xanthine, fumarate, aspartate, glycine, betaine, malate,
succinate, acetamide, leucine and decreases level of AMP, UMP, nico-
tinate, uracil, phenylalanine, tyrosine, uridine, ribose-5-phosphate,
valine, highlighting the general changes in the metabolic network
caused by EW. According to coefficient loading plots, chemical shift
bins of 0.8–3.5 ppm displayed the most altered compounds, and these
can mostly be assigned to organic acid and amino acids. In the presence
of EW, a number of free radical systems are capable of catalysing the
oxidative modification of functional molecules (Mahmoud et al., 2006).
Among biological molecules, small peptide bonds (amide bond), amino
groups, and thiol groups have high susceptibility to oxidative stress
(Nightingale et al., 2000). Amino acids contain various reactive re-
sidues, making them potentially useful markers for oxidative stress.
Free radicals are predicted to react with amino groups (e.g. histidine,
lysine residues) to yield chloramines and further decomposed to pro-
tein-derived nitrogen-centred radicals via NeCl bonds, which are the
key species involved in the DNA oxidation and proteins fragmentation
(Hawkins et al., 2002).

In order to identify the vital metabolites that were significant for
EW-elicited effects to discriminate classes, VIP scores were calculated
and assigned to metabolite variable as a composite indicator of a me-
tabolite's importance to the model from the overall contribution to R2

and Q2 (Liu et al., 2017b). The absolute value, VIP= 1, was applied as
the cutoff point for statistical significance based on the discrimination
significance. Variables with a VIP score > 1 implied a significant
contribution of metabolite intensity to the multivariate model and

could be considered important in a given model (Fotakis and Zervou,
2016).

The metabolite concentration alteration of control and stressed were
compared using OPLS-DA and the coefficient plot is shown in Fig. 4.
The compounds with VIPscore> 1 and P < 0.05 for comparison of
control and treated group were considered as statistically significant for
discrimination of two classes, and thus possibly biochemically con-
nected metabolites for the characterisation of the EW response to L.
innocua. The analyses showed that control and EW stressed L. innocua
were different at biochemical level, with valine and glycine causing the
most difference between the classes. The results here revealed that the
variations of several metabolites such as valine, leucine, uridine, cyti-
dine, alanine, methylamine, fumarate, ribose-5-phosphate, uracil, ma-
late, 2-oxoglutarate, succinate, glycine upon addition of EW were im-
portant in discriminating EW treated L. innocua from the control in the
OPLS-DA model. The concentration variation of some important me-
tabolites including fumate, malate, α-ketoglutamate, alanine, proline,
lysine, valine was determined by GC/MS. Fig. 5 shows the difference in
concentrations of certain specific metabolites found in both the control
and the EW treated samples.

Fumarate and malate are organic acids which are critical

Fig. 4. The OPLS coefficient plots comparing the metabolic profile of electrolysed water
(EW) treated and control L. innocua. The black dots indicate which metabolites contribute
significantly to the OPLS-DA models (VIP > 1, see Materials and Methods for further
details). R2 X= 0.765, Q2 Y=0.855.

Fig. 5. Comparison of metabolite concentrations in L. innocua determined by GC/MS.
*P < 0.05 (Student's t-test).
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metabolites in the TCA cycle. After EW treatment, their concentrations
increased drastically, implying the elevated rate of TCA flux.
Ketoglutarate is a precursor of gamma-aminobutyric acid (GABA),
which is an important metabolite used to resist oxidative stress
(Bearson et al., 2009). The increased production of α-ketoglutarate
implied that the microorganism took the advantage of GABA metabo-
lism in response against EW stress (Feehily and Karatzas, 2013).

3.5. Metabolic pathway analysis

To identify the most relevant pathways that are most probability to
be linked to the EW response, metabolic pathway analysis was per-
formed according to the metabolite involvement in pathways that
combined functional enrichment analysis and network analysis (Huang
et al., 2009). In this study, MBrole (Chagoyen and Pazos, 2011) was
used to explore the affected metabolic pathways, each providing vir-
tually identical values. Only the metabolites with a VIPscore > 1 were
submitted to MBrole analysis. Pathways with a false discovery rate
P < 0.05 were thought as affected by EW stress exposure.

As shown in Fig. 6, sixteen pathways were suggested to be asso-
ciated with the response to EW (P < 0.05). These pathways included
citrate cycle (TCA cycle), pyrimidine metabolism, alanine, aspartate
and glutamate metabolism, aminoacyl-tRNA biosynthesis, glyoxylate
and dicarboxylate metabolism, etc. A complete list of pathway analysis
results can be found in Fig. 6. Furthermore, KEGG database was used to
link and integrate the metabolic pathways, which clearly clarified the
perturbation upon EW stress treatment.

The main pathways of L. innocua metabolism affected by EW stress
are summarised and sketched in Fig. 7. The figure indicated that EW
stress perturbed the metabolic status of L. innocua involving many re-
lated metabolic pathways. Metabolites coloured in green refers to an
increased concentration of metabolites in EW-treated cells while me-
tabolites in red refers to a decreased concentration.

A balance between ROS generation and ROS destruction system is
critical for maintaining cellular function. The excessive amount of ROS
inside cells results in oxidative stress, loss of cell function, and necrosis
or apoptosis. Peptidoglycan confers significant mechanical strength to
Gram-positive bacteria and is known to be composed of linear pepti-
doglycan strands cross-linked N-acetylmuramic acid. In the EW treated
group, the deceased level of alanine and lysine inhibited the cell pro-
liferation since alanine and lysine are muramyl pentapeptide precursors
that required for peptidoglycan biosynthesis (Liu et al., 2017b; Ye et al.,
2012a). With alanine and lysine metabolism affected, the regeneration
cell walls of L. innocua could be an obstacle to EW-treated samples. The
depleted levels of amino acids such as valine, lysine, phenylalanine
following EW treatment was in agreement with amino acid biosynthesis

being very sensitive to oxidation (Jozefczuk et al., 2010). Amino acids
are major osmoregulation solutes, which are capable of maintaining the
normal osmolality of the cytoplasm and preventing the collapse of
subcellular structures. The decrease level of several amino acids implied
the osmotic alteration caused by EW (O'Byrne and Booth, 2002).

After sublethal injury, many microorganisms have manifested in-
creased resistance to environmental stress and microbial control stra-
tegies, and maintained or enhanced their virulence. For example, in
response to oxidative stress, microorganisms may react rapidly to at-
tempt to repair the damage caused, using, for example, the glutamate
decarboxylase (GAD) system and γ-aminobutyric acid (GABA) shunt
(Bearson et al., 2009; Coleman et al., 2001). GAD system is one of the
principle systems utilised by bacteria to cope with oxidative stress, a
reaction that yields γ-aminobutyric acid (GABA) from glutamate. The
GABA shunt, a pathway that metabolises GABA to succinate, presenting
a possible compensatory pathway to partially overcome the incomplete
TCA cycle of Listeria, which has been demonstrated that this pathway
plays a critical role in the survival of bacteria under acidic and oxida-
tive stress (Coleman et al., 2001). Previous studies have suggested that
GABA shunt-related metabolites (GABA, glutamate) attempt to accu-
mulate in response to oxidative stress (AL-Quraan, 2015). In this cur-
rent report, a marked elevation of α-ketoglutarate and succinate was
observed in EW treated L. innocua. Based on these findings, it is likely
that the increased levels of α-ketoglutarate are used for synthesis of
GABA during EW stress.

The pentose phosphate pathway was also found affected by EW-
induced oxidative stress. The particular highlight was the depleted level
of ribose-5-phosphate, which was a vital precursor for the synthesis of
nucleotides. The uridine and cytidine was diminished correspondingly
and therefore in turn led to the decrease of DNA and RNA biosynthesis.
Such effects of decrease in nucleotide biosynthesis were direct in-
dicators of DNA replication, cell division and growth status, revealing a
pronounced adverse effect on cell proliferation (Bhat et al., 2015).

4. Conclusion

The present study shows that informative data obtained by NMR on
the cellular metabolites may serve as an efficient method to identify the
EW induced stress effect. The oxidative stress of EW produced a panel of
metabolites response involving the alteration of organic acids, amino
acids, nucleotide bases. Such changes led to a series of primary pathway
alteration with reduced cell division as a possible mechanism of bac-
tericidal action of EW. This study was an example of how microbial
metabonomics approach combined with multivariate data analysis
might contribute the knowledge of understanding low electrolysed
water and low strength sanitisation treatment in food matrix. However,

Fig. 6. Summary plot for metabolite set enrichment analysis of metabolic response to electrolysed water (EW) stress by using MBrole.
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more in-depth investigations are necessary for revealing the specific
molecular targets response for better understanding the associated
bactericidal mechanism on bacteria communities.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijfoodmicro.2018.02.014.
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