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a b s t r a c t

Electrolysed water (EW) is an activated liquid with a high oxidation-reduction potential. EW causes
oxidative damage to pathogenic microorganisms and as a result, may have utility in the food industry.
The molecular mechanism of EW's action is not understood. In this study, we exposed Escherichia coli
ATCC 25922 to a sub-lethal concentration of EW and examined structural and metabolic changes. Atomic
force microscopy revealed that EW caused damage to E. coli membranes. To understand the metabolic
responses to EW perturbations in of E. coli, multivariate data analysis of NMR spectroscopy demonstrated
that EW significantly influenced the metabolic state. This included reducing nucleotide and amino acid
biosynthesis, suppressing energy-associated metabolism, altering osmotic adjustment, and promoting
fatty acid metabolism. The results enrich our understanding of E. coli metabolic changes caused by EW
perturbation and support the effectiveness of the NMR metabolomics as a valuable tool to analyse and
evaluate such a complex biological system.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Electrolysed water (EW), also known as electrolysed oxidising
water, has a strong bactericidal effect on many pathogenic bacteria
(G�omez-L�opez, Gil, Pupunat, & Allende, 2015; Huang, Hung, Hsu,
Huang, & Hwang, 2008; Inatsu et al., 2010; Liu, Tan, Yang, &
Wang, 2016). The sanitising action of acidic EW has been attrib-
uted to the high oxidation-reduction potential and the oxidative
action of hypochlorous acid (Ding et al., 2015; Zhao, Zhang, & Yang,
2017). For this reason, EW is used as an alternative means to
improve the shelf life and safety of food (Forghani et al., 2013).

Although the bactericidal effects of EW on microorganisms are
well documented, there are few reports on the mechanism by
which EW inactivates pathogens. Kim (Kim, Hung, & Brackett,
2000) suggested that the oxidation-reduction potential (ORP) of
ogy Programme, c/o Depart-
Singapore 117543, Singapore.

ollege of South East Asia who
electrolysed water is a primary factor to consider in the inactivation
of microorganisms. The high ORP of EW is possibly due to the ox-
ygen released by the rupture of the unstable bond between chloric
radicals and hydroxyl produced in electrolysis (Venkitanarayanan,
Ezeike, Hung, & Doyle, 1999). This provides frequent changes in
the electron flow in the cell to modify metabolic flux (Huang et al.,
2008).

Microbial metabolomics has special biochemical significance in
the study of cellular systems. Metabolomics is a useful and versatile
tool for evaluating metabolic variations in microorganisms (Khoo
et al., 2015). By monitoring the global metabolite profile, metab-
olomics provides a precise snapshot of the physicochemical state of
the cell. In recent years, an increasing number of studies revealed
the metabolic effects in response to exogenous stress factors
(Jozefczuk et al., 2010; Metris, George, Mulholland, Carter, &
Baranyi, 2014; Wu et al., 2013).

Microbial metabolomics analysis is a universally applicable
approach capable of describing the cellular chemical fingerprint of
bacteria. Changes in themetabolite composition of microorganisms
in response to external stimuli can easily be measured using
analytical methods coupled with multivariate statistical analysis
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(Park et al., 2016). Currently, two analytical technologies are
routinely used to characterise the metabolomic profile in bacteria:
nuclear magnetic resonance (NMR) and mass spectrometry (MS)
(Coulier et al., 2006; Picone et al., 2013). NMR analysis can detect a
wide range of lowmolecular weight metabolites in a single test and
nowadays, NMR is the most frequently used method for the
determination and quantitation of microbial metabolites.

Many studies have shown that EW can efficiently inactivate
pathogens (Luo & Oh, 2016; Park, Guo, Rahman, Ahn, & Oh, 2009;
Yang, Feirtag, & Diez-Gonzalez, 2013; Zhang & Yang, 2017). How-
ever, there are only a few reports on its mechanism of action.
Specifically, comprehensive analyses of changes in bacterial me-
tabolites under oxidative stress have not been performed. The
primary aim of this study was to investigate the inactivation
mechanism of EW in E. coli. We hypothesised that the global
analysis of metabolites in E. coliwould define a metabolic signature
that would allow discrimination of oxidatively stressed cells from
normal cells. To test this hypothesis, we used NMR to profile EW
stressed E. coli and compared these to normal bacteria. Our results
illustrate the potential for metabolic profiling to provide new bio-
markers for microbiology studies.
2. Materials and Methods

2.1. Strains, media, and growth conditions

E. coli ATCC 25922 were inoculated from a glycerol stock and
cultivated overnight at 37 �C in M9 minimal medium (Na2HPO4 � 2
H2O, 7.1 g L-1; KH2PO4, 3 g L-1; NaCl, 0.5 g L-1; NH4Cl, 1 g L-1),
supplemented with 2 mL 1 M MgSO4, 20 mL 20% (w/v) D-glucose,
and 1 mL 0.1 M CaCl2.
2.2. Count of surviving cells

The numbers of cells were determined before and after treat-
ment. For bacterial viability experiments, E. coli ATCC 25922 cells
were cultivated in M9 minimal media until an A600 of 0.4e0.5 was
reached. Following this, the cells were washed twice with
phosphate-buffered saline (PBS) buffer and re-suspended in the
original volume of PBS buffer. The washed cells were distributed
into tubes, after which EW (2, 4, 10, 20 mg/L free available chlorine
(FAC)) was added and treated for 5 min. Cells were serially diluted
in neutralizing buffer (BD Biosciences) and spread onto tryptic soy
agar (TSA, Oxoid).
2.3. Morphology observation by atomic force microscopy (AFM)

E. coli suspension (108 CFU/mL) was first centrifuged at 10000 g
for 1 min, then washed twice with PBS and re-dispersed in
deionised (DI) water. EW was added into E. coli suspension at
various concentrations and treated for 5min. Untreated and treated
E. coliwere spread onto freshly cleaved mica sheets and air-dried in
a laminar flow cabinet. Characterisation of E. coli morphology was
carried out by TT- Atomic Force Microscope (AFMworkshop, Signal
Hill, CA, USA) that was equippedwith a Sensaprobe TM190-A-15 tip
(Applied Nanostructures, Mountain View, CA, USA), with settings of
512 pixels/line and 1 Hz scan rate. Gwyddion software was used to
process the AFM images and to describe quantitatively the topog-
raphy of the bacterial surface. Section analyses and root-mean-
square roughness (RMS) were taken from the height images. RMS
was calculated from two individual regions (0.4 � 0.4 mm2), on the
surface of one cell and roughness' results were average values taken
from the central parts of at least 15 cells.
2.4. Extraction of intracellular metabolites

After 18e24 h, cells were diluted to 1:20 and cultivated at 37 �C
in freshly prepared M9 minimal medium until an A600 of 0.5e0.6
was reached. A 200 mL of M9 aliquots containing E. coli were
subject to two treatments: untreated control and exposure to EW
stress (4 mg/L FAC) under short vortexing. E. coli was stressed at
37 �C for 30 min or 5 min was selected to evaluate the EW-related
metabolic effects. The cell cultures were quenched by a brief in-
cubation on ice, followed by centrifugation (12,000 g, 5 min, 4 �C).
The supernatant was decanted. The cell pellet was subsequently
washed three times with ice-cold PBS (pH 7.4) to remove the
glucose and other components from the medium. This was to
ensure that all detected metabolites were derived from the E. coli
cell and not from the media. Cell pellets were again suspended in
600 mL extraction solution and sonicated on wet ice for 25 cycles
with each cycle consisting of 5 s pulse and 10 s stops. The extraction
solutionwas prepared bymixing equal volume of NaH2PO4-K2HPO4
buffer (0.1 mol/L, pH 7.4, containing 10% D2O) and acetonitrile. The
metabolites from lysed cells were obtained by centrifugation at
1000g at 4 �C for 10 min. The remaining solid residues were further
extracted using the same extract solution and homogenized using a
vortex. The secondary supernatant was collected after centrifuga-
tion and pooled with the first one. The pooled supernatant was
condensed by vacuum to remove acetonitrile. The samples were
stored at �80 �C for NMR analysis.

2.5. NMR acquisition

For NMR analysis, 550 mL of the extract was transferred into a
5 mm NMR tube. All NMR measurements were performed at 298 K
using a Bruker DRX-500 NMR Spectrometer equipped with a Triple
Inverse Gradient (TXI) probe (Bruker, Germany). For all samples,
the 1H NMR spectra were acquired using a first increment of NOESY
pulse sequence (recycle delay-90�-t1-90�-tm-90�-acquisition).
Water suppression was achieved with a weak continuous wave
irradiation during both, the recycle delay (RD, 2 s) and the mixing
time (tm, 100 ms). The t1 was set to 6.5 ms and the 90� pulse length
was adjusted to approximately 10 ms. Sixty-four transients were
collected into 32 k data points for each spectrum with a spectral
width of 17 ppm and an acquisition time of 1.36 s. An exponential
window function with a line broadening factor of 1 Hz was applied
to all free induction decays (FIDs) prior to Fourier transformation
(FT).

2.6. Spectral processing and statistical analysis

AFM results were statistically analysed by Analysis of Variance
using SPSS statistical software (IBM, Armonk, NY, USA). A two-
tailed Student's t-test was used to determine the statistical signif-
icance where P < 0.05 was considered to be statistically significant.

The resulting NMR spectra were manually phased and baseline
corrected using TopSpin 4.2 (Bruker Biospin, Rheinstetten, Ger-
many) and data reduction was accomplished by dividing the
spectrum from d 8.5 to 0.5 into regions bucket with width of
0.02 ppm using Mnova (Mestreab Research SL, Santiago de Com-
postela, Spain). The solvents signals (water and acetonitrile) were
excluded and the standardized binned data was used for multi-
variate data analysis. The spectral dataset was then constructed and
imported into a SIMCA-Pþ software (version 13.0, Umetrics, Swe-
den) for multivariate analysis. Firstly, the principal component
analysis (PCA) of the 1H NMR spectra was performed to visualise
the general structure of each data set and to identify any abnor-
malities within the data set. Data sets were then subject to
orthogonal partial least squares discriminant analysis (OPLS-DA),



Fig. 1. AFM Morphology of fresh and treated E. coli by EW: untreated (aeb), EW treated (ced). The profiles of the black and red lines were shown in the figures: untreated (e), EW
treated (f). The cell morphology summary of E.coliwas shown in figure (g) at the bottom. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Q. Liu et al. / LWT - Food Science and Technology 79 (2017) 428e436430
an extension of the supervised partial least squares regression (PLS
regression) method in order to increase the quality of the classifi-
cation model (Sinanoglou et al., 2014). OPLS-DA facilitates model
interpretation by separating the systematic variation in X into two
parts, one that is linearly related to Yand one that is orthogonal to Y
(Piccinonna et al., 2016). Loading and coefficient plots were
extracted to reveal the variables that bear class discriminating
power. S-line plots were extracted in order to detect the metabo-
lites that influence the group membership (colour coding visual-
isation). 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 affecting the samples' differentiation. Specifically, terms
with a VIP value higher than 1 influenced mostly the extracted
OPLS models (Fotakis & Zervou, 2016).
3. Results and discussion

3.1. E. coli viability

E. coli was cultured up to an A600 of 0.4e0.5 and EW was then
added at concentrations of 2, 4,10 and 20mg/L. E. coliwere exposed
to EW for 5 min at 37 �C. No significant difference in viable cell
number was noted between the control samples (8.25 ± 0.46 log
CFU/mL) and those treated with 2 mg/L EW. However, the viable
cell number was slightly reduced (7.47 ± 0.02 log CFU/mL) by the
addition of 4 mg/L EW, while 10 mg/L EW decreased it further to
4.73 ± 0.27 log CFU/mL. EW at the maximum concentration tested
(20 mg/L) decreased the viable cell number to below the detection
limit (1 log CFU/mL). Therefore, the first indication of cell stress
occurred at 4 mg/l EW while the cells still showed high viability.
3.2. Morphology results from Atomic Force Microscopy (AFM)

AFM has provided a way to investigate the nanoscale surface
characterisation of bacteria with high resolution (Yang, 2014;



Fig. 2. Two typical 1H NMR spectra of E. coli extracts from the untreated control group.
Metabolites: 1. isoluecine, 2. leucine, 3. valine, 4. b-hydroxybutyrate, 5. N-acetyl
alanine, 6. alanine, 7. lysine, 8. arginine 9. putrescine, 10. acetate, 11. glutamate, 12. g-
aminobutyrate, 13. b-aminoadipate, 14. succinate, 15. glyceric acid, 16. phosphor-
ylcholine, 17. betaine, 18. methanol, 19. glycine, 20. adenosine 20-30-cyclic phosphate,
21. a-glucose, 22. ribose-5-phosphate, 23. uridine, 24. cytidine, 25. nicotinate, 26.
fumarate, 27. xanthine, 28. hypoxanthine.
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Zhang & Yang, 2017). AFM has the capability to investigate micro-
organisms at level as even single microbe. AFM was used to reveal
morphological changes in E. coli following treatment with EW. Fig.1
shows themorphology of untreated E. coli compared to cells treated
with EW for 5 min. In the control group, the cell membrane
appeared intact and there were no obvious indentations or grooves
on the surface. The bacterial flagella could be clearly observed. After
treatment with EW, flagella were no longer visible and the E. coli
showed a compromisedmembrane. A small amount of intracellular
material could, in fact, be observed effusing from the cell. Despite
this, the cell membrane was not found collapsed, indicating that
most of the intracellular components remained inside the bacterial
cell.

The E. coli AFM images were analysed to obtain height and
width measurements and were then used to quantitate the
morphological changes. The width/height (W/H) ratio was used as
an index to indicate preservation of bacterial cell shape following
EW treatment, since for rod-shaped bacteria, a W/H ratio close to
one is representative of a healthy cell (Chao & Zhang, 2011). The
results show that the E. coli W/H ratio was reduced by more than
half following EW treatment compared to untreated cells. Treat-
ment with EW also induced elevated structures within the cell
since the width decreased by 35.33% while the height increased by
40.90%.

Surface roughness, in terms of the RMS value, is another quan-
titative index used to assess bacterial surface morphology,
indicating the standard deviation of all height values within the
given area (Camesano, Natan, & Logan, 2000). As shown in Fig. 1,
untreated E. coli cells had relatively smooth surfaces
(RMS ¼ 10 ± 1.5 nm) with small spherical structures typical of the
morphology found on the surface of Gram-negative bacteria. These
spherical structures have been observed in previous studies and are
thought to be lipopolysaccharides (LPS) (Tang, McEwen, Wu, Miller,
& Zhou, 2013) as well as protein aggregates embedded in the
exposed lipopolysaccharide layer (Micic et al., 2004); they form the
first line of defence for Gram-negative bacteria. When treated with
EW at 4 mg/L, wrinkled bundles and lesions were observed and an
increased RMS of 23 ± 4.4 nm was noticed. This rough surface and
deformed cellular structure demonstrate that EW stress causes
morphological changes in E. coli.

3.3. NMR profile

The typical 1H NMR spectra of E. coli extracts prepared from
untreated control cells are shown in Fig. 2. Several NMR databases
containing the 1H spectra of biological compounds have recently
beenmade accessible, significantly helping the assignment process.
The E. coliMetabolome Database (ECMDB, http://www.ecmdb.ca) is
a comprehensively annotated metabolomics database containing
detailed information about the metabolome of E. coli (Guo et al.,
2013). Twenty-eight key metabolites were identified from the
NMR spectra and the most predominant ones included a wide
range of amino acids, nucleotides, organic acids, and others.
Although peak overlap is one of the major factors that can
complicate the analysis of biomolecules, the resolution of over-
lapping signals in NMR spectrum is not always such a critical issue
as it is in mass spectrometry (MS) chromatographic methods (Puig-
Castellví, Alfonso, Pi~na, & Tauler, 2015). Since each metabolite al-
ways contains more than one identical resonance signal, if an
overlapping region cannot be resolved, it is possible that the
resonance signals comprised in that region come from metabolites
with equivalent signals in other regions of the spectrum, making
the related metabolites identifiable. In addition, NMR has the
inherent advantage of providing simultaneous access to both
qualitative and absolute quantitative information, whereas MS re-
quires a calibration curve for each compound, due to the variable
ionisation rates of different metabolites.

The spectrum of each extract shows, in the range between 0 and
4 ppm, a preponderance of signals related to organic acids and
amino acids. In the region between 5 and 8.5 ppm, as expected from
the use of acetonitrile for extraction, aromatic compounds such as
adenosine 20-30-cyclic phosphate (20, 3'-cAMP), as well as uridine
and cytidine nucleotides were noted. These metabolites were
readily assignable on the basis of database or literature data. The
key diagnostic metabolites are summarised in Table 1.

3.4. Chemometrics: metabolic alteration

The overall cellular processes affected by EW stress were
captured by the whole metabolome analysis. Initially, PCA analysis
was performed to generate an overview of the metabolic alter-
ations during 30 min stress. The metabolic trajectories of untreated
control and stressed groups were drawn by taking the mean posi-
tion in the scores plot for samples and connecting the coordinates
chronologically (Fig. 3). As shown in Fig. 3, the score trajectory
indicated relative stable metabolic profiles of the control E. coli
during the first 5 min and the deviation from the stable space can
be observed at 30 min. The trajectories of untreated control and
EW-stressed were similar in the change pattern along the first
principle component (PC1), which indicated the comparable
metabolic profiles for the control and stressed groups. However, it

http://www.ecmdb.ca


Table 1
1H NMR chemical shifts of low-molecular-weight metabolites.

No. Metabolic compounds Chemical shifts (ppm) and multiplicity

1 Isoleucine 0.89 (t)
2 Leucine 0.93 (d), 3.53 (d)
3 Valine 1.06 (d)
4 b-hydroxybutyrate 1.12 (d)
5 N-acetyl alanine 1.21 (s)
6 Alanine 1.38 (d)
7 Lysine 1.35 (t), 1.63 (t), 2.91 (t)
8 Arginine 1.58 (d)
9 Putrescine 1.65 (t)
10 Acetate 1.80 (s)
11 Glutamate 1.95 (d), 2.08 (d)
12 g-aminobutyrate 2.17 (t)
13 b-aminoadipate 2.18 (t)
14 Succinate 2.29 (s)
15 Glyceric acid 4.13 (m)
16 Phosphorylcholine 3.13
17 Betaine 3.25 (s), 3.89 (s)
18 Methanol 3.33 (s)
19 Glycine 3.39 (s)
20 Adenosine 20-30-cyclic phosphate 5.00 (m), 5.30 (m), 6.03 (m), 7.85 (m), 8.09 (m)
21 a-glucose 5.17 (d)
22 Ribose-5-phosphate 5.50 (m)
23 Uridine 5.69 (d) 5.79 (d), 7.42 (d)
24 Cytidine 5.79 (d), 5.95 (d)
25 Nicotinate 5.95 (d), 7.72 (d), 8.49 (d)
26 Fumarate 6.40 (s)
27 Xanthine 7.78 (s)
28 Hypoxanthine 8.12 (s)

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

Fig. 3. Trajectory plot derived from PCA of 1H NMR spectra of E.coli extracts. (square: control group; circle: EW stressed group).
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is worth noting that the points of mean score of the stressed group
moved further away from the initial state with respect to the score
at 0 min. The EW-related metabolic effects were further evaluated
by OPLS-DA. This was accomplished using the score and correlation
coefficient plots of selected sampling time point (5 min) for which
are shown in Fig. 4. OPLS-DA was capable of discriminating be-
tween untreated and EW stressed E. coli. This observation showed
that NMR is a powerful tool that can be used to define EW stress.
Furthermore, the s-line (Fig. 4B) identifies the chemical shifts based
on correlation coefficient values responsible for the differentiation
using a colour code that indicates the weights of the discriminatory
variables. Specifically, as the colour of the peak gradually changes
from blue to red, the absolute value of the correlation coefficient
increases from 0 to 1, indicating the resonances important for
discriminating the metabolite profiles of pairwise untreated and
EW stressed group.

According to the S-line plot, chemical bins of 0.8e3 ppm rep-
resented the most altered metabolites, and these can mostly be
assigned to amino acids. Among biological molecules, amino
groups, peptide bonds (amide bond), and thiol groups are suscep-
tible to oxidation by free radicals (Nightingale et al., 2000). Amino
acids have been previously reported to be useful as potential
markers of oxidative stress because they contain reactive residues.
Free amino groups (e.g. lysine) can be converted into unstable



Fig. 4. The OPLS score (A), S-line (B) and coefficient (C) plots comparing the metabolic profile of EW treated and control E. coli. The black dots indicate which metabolites contribute
significantly to the OPLS-DA models (VIP > 1, see Materials and Methods for further details). R2 X ¼ 0.797, Q2 Y ¼ 0.687.
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chloramines by reaction with HOCl/OCl� and further broken down
to nitrogen-centred radicals via haemolysis of N-Cl bonds, which
are the key species involved in the fragmentation of proteins
(Hawkins, Pattison, & Davies, 2002).

The coefficient plot (Fig. 4C) shows the increase or decrease in
concentration for each of the metabolites identified. The analysis
shows that untreated and EW stressed E. coli are different at the
biochemical level. The levels of amino acids including isoleucine,
lysine, leucine, arginine and alanine were significantly lower in EW
treated cells. The levels of other metabolites including succinate,
acetate, putrescine and glutamate were also severely reduced,
highlighting the general changes in the metabolic network caused
by EW.

In order to identify the metabolites that were most significant
for allowing for discrimination of EW-elicited effects, VIP scores
were calculated as a composite measure of a metabolite's impor-
tance in explaining the statistical variance and the predictive value
of the model. In the OPLS-DA analysis, the VIP scores allow a
ranking of the metabolites ordered according to how much they
influenced the separation of the two treatment groups. Variables
with a VIP score greater than 1 are the most relevant for explaining
Y and can be considered important in a given model (Kuligowski,
Quint�as, Herwig, & Lendl, 2012). The metabolites with VIP scores
greater than 1 are depicted with black dots in Fig. 4C. The results
show that changes in the levels of acetate, isoleucine, lysine,
leucine, glycine, putrescine, arginine, phosphorycholine, uridine,
ribose-5-phosphate, alanine, N-acetyl alanine, cytidine, nicotinate
and glutamate upon addition of EW were important in
discriminating EW treated E. coli from untreated E. coli in the OPLS-
DA model. Accordingly, the most relevant metabolites were phos-
phorylcholine and ribose-5-phosphate. Phosphorylcholine is a key
membrane phospholipid precursor and ribose-5-phosphate is a key
intermediate in carbohydrate and nucleotide metabolism.
3.5. Pathway analysis

To identify the relevant metabolic pathways involved in the
metabolic response to EW stress, a differential metabolite pathway
analysis was performed using MetaboAnalyst 3.0 (Fig. 5). As a
result, thirty-two pathways were predicted and five pathways were
suggested to be associated with the response to EW (P < 0.05).
These pathways included aminoacyl-tRNA biosynthesis, valine,
leucine and isoleucine biosynthesis and degradation, glycine, serine
and threonine metabolism, alanine, aspartate and glutamate
metabolism, butanoate metabolism, and arginine and proline
metabolism. A complete list of pathway analysis results can be
found in Table 2.

Oxidative stress occurs when an imbalance arises between the
production and removal of the reactive oxygen species in the bac-
terial environment. Fig. 6 reveals an overall profile of the metabolic
perturbations caused by EW stress in E. coli. The results demon-
strate that E. coli appears to react to oxidative stress by altering
general metabolic pathways, including nucleotide and amino acid
metabolism, fatty acid metabolism, energy metabolism and car-
bohydrate metabolism.

Consistent with the decrease in the levels of metabolites related



Fig. 5. Pathways analysis by using the MetaboAnalyst. (A) Summary plot for metabolite set enrichment analysis of metabolic response to EW stress. (B) Overview of pathway
analysis offers a metabolomics view, which displays all matched pathways as circles. The colour and size of each circle is based on the p value and the pathways impact value,
respectively.
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to glycolysis, the pentose phosphate pathway was found to be one
of the pathways most affected by EW-induced oxidative stress.
Particularly noteworthy is the decrease in levels of ribose-5-
phosphate, which is a key precursor in biosynthesis of nucleo-
tides. The decrease in nucleotide biosynthesis is also often strongly
reflected at the transcript level, being one of the most pronounced
responses common to diverse stress conditions (Gasch et al., 2000).
Therefore, it was not surprising that the levels of cytidine and
uridine also decreased since these were predicted to decrease DNA
and RNA biosynthesis.

EW stress also decreased the levels of betaine (data not shown),
which is believed to be the most active naturally occurring osmo-
protectant molecule in E. coli (Ly, Henderson, Lu, Culham, & Wood,
2004). The decrease in amino acid levels following EW oxidative
stress is in agreement with amino acid synthesis being very sen-
sitive to oxidation (Jozefczuk et al., 2010). In addition, wide-ranging
oxidative stress, such as that caused by EW, may induce the amino
acid oxidase system instead of the more common glucose oxidase
system (Lushchak, 2011).

The depleted levels of amino acids also indicate that EW causes
osmotic stress. Numerous studies have suggested that a number of
amino acid function to maintain the normal osmolality of the
cytoplasm, retain cellular water and prevent the collapse of sub-
cellular structures (Ye et al., 2012).

In response to oxidative stress, bacteria may react rapidly to
attempt to repair the damage incurred, using, for example, induc-
ible genetic systems such as the oxyR regulon. Bearson demon-
strated that the glutamate decarboxylase system could provide
E. coliwith protection against oxidative stress during acid challenge
(Bearson, Lee, & Casey, 2009). In addition, g-aminobutyric acid
(GABA) is a four carbon, non-protein, amino acid that can play a role
in antioxidant defence. The synthesis of GABA is catalysed by
glutamate decarboxylase. In this study, a marked elevation of
glutamate was observed in EW treated E. coli along with a
concomitant decrease in succinate derived from a-ketoglutarate.
Based on these findings, it is likely that the increased levels of
glutamate are used for synthesis of GABA during EW stress.

Under adverse environmental conditions, microbes adopt an
energy saving strategy tomaintain sufficient energy for growth and
survival. Many microbes have evolved to regulate the metabolic



Table 2
List of metabolic pathway by enrichment analysis for the metabolites.

Pathway name Total Hits Raw P FDR

Aminoacyl-tRNA biosynthesis 66 6 0.00258 0.224
Valine, leucine and isoleucine degradation 23 3 0.0135 0.418
Valine, leucine and isoleucine biosynthesis 26 3 0.0190 0.418
Glycine, serine and threonine metabolism 32 3 0.0332 0.481
Alanine, aspartate and glutamate metabolism 18 2 0.0407 0.603
Butanoate metabolism 18 2 0.0411 0.603
Arginine and proline metabolism 41 3 0.0623 0.603
Citrate cycle (TCA cycle) 20 2 0.0734 0.628
Glutathione metabolism 21 2 0.0800 0.628
Phosphonate and phosphinate metabolism 4 1 0.0881 0.628
Phenylalanine metabolism 23 2 0.0938 0.628
Glyoxylate and dicarboxylate metabolism 29 2 0.139 0.862
D-Glutamine and D-glutamate metabolism 7 1 0.149 0.865
Cyanoamino acid metabolism 8 1 0.169 0.917
Tyrosine metabolism 10 1 0.206 0.997
Taurine and hypotaurine metabolism 10 1 0.206 0.997
Lysine degradation 11 1 0.224 0.998
Lysine biosynthesis 13 1 0.260 0.998
Sulphur metabolism 13 1 0.260 0.998
Nicotinate and nicotinamide metabolism 13 1 0.260 0.998
Pyrimidine metabolism 44 2 0.264 0.998
Glycerolipid metabolism 14 1 0.277 1
Nitrogen metabolism 18 1 0.341 1
Selenoamino acid metabolism 18 1 0.341 1
Propanoate metabolism 20 1 0.372 1
Pantothenate and CoA biosynthesis 23 1 0.414 1
Pyruvate metabolism 26 1 0.454 1
Pentose phosphate pathway 26 1 0.454 1
Glycolysis or Gluconeogenesis 29 1 0.492 1
Purine metabolism 73 2 0.504 1

FDR: False Discovery Rate, Raw P: Raw P value.
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expenditure of the cell and thereby reduce the energy burden of
metabolism. Our results showed a significant drop in glucose levels
in EW stressed cells. It is well known that glucose is the preferred
carbon and energy source for E. coli, therefore it is likely that EW
restricted this energy resource. Besides the decreased consumption
of glucose, the lower level of acetate indicated the inhibition of
phosphate acetyltransferase-acetate kinase, an important enzyme
in the carbon fixation pathway. Taken together, these observed
Fig. 6. Metabolic pathways affected by EW stress. Metabolites coloured in green and red rep
control E. coli. Metabolites in black were not detected. (For interpretation of the references
metabolic changes, namely the decrease in the pentose phosphate
pathway and glycolytic pathways, are in general agreement with
the energy conservation strategy previously reported for the tran-
scriptomic response (Jozefczuk et al., 2010).

Fatty acids are also major targets during oxidative stress. Free
radicals can directly fatty acid resulting in lipid peroxidation
(Cabiscol, Tamarit, & Ros, 2000). In this study, the higher level of 3-
hydroxybutyrate, one of the three key ketone bodies, was observed,
indicating the transient increase in fatty acid metabolism as a
response to EW treatment. This can be illustrated by the sigma
factor Repos, which is upregulated by elevated concentrations of
the global regulator (p)ppGpp ((guanosine 5-triphosphate, 3-
diphosphate) guanosine 3, 5-bispyrophosphate) (Janßen&
Steinbüchel, 2014). Repos, which can regulate ~200 genes, is
involved in multiple stress responses, including responses to acid,
heat, oxidative stress, UV light, or starvation (Chiang & Schellhorn,
2012; Small, Blankenhorn, Welty, Zinser, & Slonczewski, 1994).

Here, we have found a panel of metabolites, which we consider
to have a strong association with EW stress. These metabolites
show either an increase or a decrease in EW treated E. coli. How-
ever, further investigation of the metabolic response induced by
oxidative stress is needed in order to elucidate the bactericidal
mechanism of EW, especially for processing organic produce (Yu &
Yang, 2017).

4. Conclusions

The present work shows that information on cellular metabo-
lites obtained by NMR analysis might serve as a basis for future
mechanistic studies. In this context, we have demonstrated
changes in amino acids, organic acids and nucleotides in E. coli after
EW stress. Analysis of the data using OPLS-DA was particularly
useful. The target of such analysis is to build linear combinations of
the original data, but orthogonal to each other. This study is an
example of how metabolomics, the study of multiple metabolic
changes caused by a biological perturbation, may easily enrich the
knowledge in a field of increasing importance such as the use of EW
in food processing. It should be noted that the interpretation of
metabolomics data is not always straightforward because of its
resent a higher and lower level in EW stressed E. coli extracts respectively compared to
to colour in this figure legend, the reader is referred to the web version of this article.)
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inherent complexity. We believe that the uses of novel omics ap-
proaches (as depicted by advanced NMR or mass spectrometry
methods), greatly aid in the assessment of low-molecule-weight
metabolite targets and biomarker discovery. For further valida-
tion, these potential biomarkers could be readily determined by
specific chemical quantification approaches such as targeted
chromatography.
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