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A B S T R A C T

The antimicrobial effects of electrolysed water and ultrasound have been well reported; however, little attention
was paid to their effects on the metabolite changes of bacteria in different states. In this study, the metabolomic
variations of Escherichia coli ATCC 25922 in planktonic and adherent state (air-dried on stainless steel coupons)
after the combination treatment of low-concentration acidic electrolysed water (AEW, free available chlorine
(FAC): 4mg/L) and ultrasound were characterised, by conducting multivariate data analysis based on nuclear
magnetic resonance (NMR) spectroscopy. Overall, 43 metabolites were identified in two states of E. coli, in-
cluding a wide range of amino acids, organic acids, nucleotides and their derivatives. The quantification of
whole-cell metabolism in planktonic and air-dried cultures was quite different: air-dried E. coli exhibited more
resistance to ultrasound and AEW treatments due to initiating a protective response against oxidative and acid
stresses, which was not observed in planktonic E. coli, whose levels of all identified metabolites were decreased
significantly after the combined treatment. Further pathway analysis revealed that alanine, aspartate and glu-
tamate metabolism, glycolysis, pyruvate metabolism and tricarboxylic acid (TCA) cycle were changed sig-
nificantly in planktonic culture, but to a less extent in air-dried culture, in which some shifts in glutamate
decarboxylase (GAD) system and some shunts like mixed acid fermentation and pentose phosphate pathway
were observed for maintaining metabolic balance. These findings suggest that NMR-based metabolomics strategy
is promising in identifying different metabolic shifts in different states of bacteria. They also provide some
guidance for food equipment sanitisation, especially for organic food processing.

1. Introduction

Organic food has faced increasing safety challenges accompanying
by its rapid development over the past decades, due to using organic
fertilisers and its highly perishable nature (Adhikari, Syamaladevi,
Killinger, & Sablani, 2015; Chen, Zhang, Liu, Pang, Zhao, & Yang, 2019;
Yu & Yang, 2017). Harvey, Zakhour, and Gould (2016) summarised 18
foodborne disease outbreaks caused by organic foods from 1992 to
2014, with 779 cases of illnesses, 258 hospitalisations and 3 deaths in
the U.S., which could be attributed to a variety of pathogens, such as
Escherichia coli O157:H7, Salmonella spp. and Listeria monocytogenes. In
fact, organic food has great chance to be exposed to microbiological
contamination at any point in food production, distribution and con-
sumption. For example, during processing, work benches, conveyor

belts and kitchen utensils can all play a role in transferring pathogens to
food items (Heaton & Jones, 2008). Therefore, microbial control is an
important part in organic food industry, especially for food contact
surface sanitisation.
However, due to the strict regulations of organic operations, only

limited numbers of chemical sanitisers are allowed to be used on the
organic production line, including chlorine materials, hydrogen per-
oxide and ozone (USDA organic regulations 7 CFR 205.605, 2019).
Electrolysed water (EW), which is produced by electrolysing dilute
NaCl solution, has become increasingly popular in food industry as an
effective sanitiser, due to its strong antimicrobial activity and safe
characteristic (Liu, Jin, Feng, Yang, & Fu, 2019; Zhang & Yang, 2017;
Zhao, Zhao, Phey, & Yang, 2019). However, the concentration of
chlorine-based sanitisers allowed to use in organic food processing
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cannot exceed 4mg/L according to U.S. National Organic Program rules
(NOP 5026, 2011). Therefore, low-concentration EW needs to be
combined with another method to achieve a desirable sanitising effect,
and ultrasound could be one choice, which can cause cavitational
phenomenon to disrupt cellular structure and induce synergistic sani-
tising effect (Sagong et al., 2013).
Although the antimicrobial effects of EW and ultrasound have been

well reported (Sánchez, Elizaquível, Aznar, & Selma, 2015; Zhao,
Zhang, & Yang, 2017), little attention was paid to their effects on the
bacterial metabolite changes, especially for low-concentration acidic
electrolysed water (AEW, free available chlorine (FAC): 4mg/L)
meeting strict regulations of organic food. Metabolomics, as a novel
“omics” approach in the post-genomic era, has become a powerful tool
recently to profile metabolites of biological systems, discovering the
differences between stressed and unstressed cells (Chen, Wu, Li, Liu,
Zhao, & Yang, 2019; Zhao, Wu, Chen, & Yang, 2019).
Bacterial metabolomics is a comparatively late comer in the area of

“omics” studies, however, with the improvement of analytical tools,
screening larger number of intracellular metabolites becomes possible
(Odeyemi, Burke, Bolch, & Stanley, 2018). For example, Jozefczuk et al.
(2010) investigated E. coli from metabolite composition and gene expres-
sion levels respectively to describe its response to a variety of environ-
mental perturbations, like the cold, heat and oxidative stress. Moreover,
different states of bacteria are supposed to exhibit different metabolic re-
sponses even to same external treatments (Salaheen et al., 2016). For in-
stance, the metabolic responses of Pseudomonas fluorescens to metal stress
in planktonic and biofilm culture were quite distinct, as the latter could
initiate a protective response (Booth et al., 2011). Therefore, as microbial
colonisation on food contact surfaces (like plant processing equipment,
household kitchen items) is a quite common phenomenon, its metabo-
lomics study under sanitising treatment is of great significance in devel-
oping effective control strategy to ensure food safety.
Nuclear magnetic resonance (NMR) spectroscopy and mass spec-

trometry (MS) are two major equipment for metabolomics, both of
which are able to identify global metabolites' structures and con-
centrations (Nicholson & Lindon, 2008). At present, NMR is the most
used method in the research of microbial metabolomics, with un-
complicated sample preparation procedure. On the other hand, MS has
higher sensitivity and reproducibility compared to NMR, making it
possible to detect low concentration metabolites reliably, however, its
quantitative ability might be compromised (Villas-Bôas, Mas, Åkesson,
Smedsgaard, & Nielsen, 2005).
Considering global analysis of metabolite changes in different states

of E. coli after low-concentration AEW and ultrasound combined
treatment has not been performed, the main objective of this study was
to evaluate the metabolomic variations of E. coli in planktonic state and
adherent state (air-dried on stainless steel coupons) induced by the two
stresses, by conducting multivariate data analysis based on NMR
spectroscopy. This study would give a new insight into the anti-
microbial mechanisms of low-concentration AEW and ultrasound based
on metabolic profiling analysis.

2. Materials and methods

2.1. Bacterial strain and culture condition

E. coli ATCC 25922 was obtained from ATCC and in a 15% (v/v)
glycerol stock at −80 °C. After transferred to tryptic soy broth (TSB,
Oxoid, UK) and grown at 37 °C overnight for resuscitation, the bac-
terium was incubated on tryptic soy agar (TSA, Oxoid, UK) at 37 °C
overnight to isolate a single colony, which was subcultured again in
TSB for following use.

2.2. Treatment of planktonic cells

After grown to the stationary phase, E. coli cells (1 mL) was

transferred to 200mL freshly prepared TSB to grow at 37 °C overnight.
A total of four bottles of 200mL TSB containing E. coli were centrifuged
at 8000×g at 4 °C for 5min (Eppendorf, Centrifuge 5804 R, Germany),
followed by washing in phosphate-buffered saline (PBS, pH 7.2) twice,
and the cell pellets were subject to four treatments respectively: (I)
deionised water (DW, control group); (II) ultrasound (100W, 22.5 kHz,
JY92-IIN, Scientz, Ningbo, China); (III) AEW (with 4mg/L FAC, gen-
erated by electrolysing 0.9% NaCl solution in an electrolysis device
(ROX-10WB, Hoshizaki Singapore Pte Ltd)); (IV) the combination of
AEW and ultrasound. For ultrasound alone (II) and combined (IV)
treatments, the ultrasonic probe was immersed 2.0 cm into the DW and
AEW solution, respectively. All treatment solutions were 5mL and the
treatment time was 5min (for treatments containing ultrasound (II, IV),
the total work time of ultrasonic processer was 5min with every 5 s
pulse and 5 s stop), after which the cell cultures were quenched on ice
for 5min and centrifuged (10,000×g, 5 min, 4 °C) to remove the
treatment solutions. The chilling method was used to stop the treat-
ments by deactivating any unreacted molecules according to previous
studies (Liu et al., 2017, 2018), as well as to avoid the addition of other
chemical solvents to the extraction system. After washed with PBS for
three times, cell pellets were resuspended in 3mL of extraction solution
(mixture of equal volumes of acetonitrile and K2HPO4−NaH2PO4
buffer (0.1M, pH 7.4)) for later metabolite extraction use.

2.3. Treatment of air-dried cells on the coupons

Stainless steel coupons (2.5 cm in side length and 1mm in thickness,
type: 304, Jinchengyu Metal Material Co., Shenzhen, China) were used
as bacteria attached surface. After prepared according to the methods in
our previous study (Zhao et al., 2017), the coupons were inoculated
with 1mL suspension of E. coli ATCC 25922 prepared in Section 2.1 and
air-dried for 20 h in a laminar flow biosafety cabinet. The inoculated
coupons were immersed in sterile 50mL beakers containing 10mL AEW
(sterile 10mL DW as control). For ultrasound alone and combined
treatments, the beakers were placed in an ultrasonic tank (80W,
37 kHz, Elmasonic S 30H, Siegen, Germany). After 5-min treatments,
the adherent cells on coupons were scraped into solutions and cen-
trifuged (10,000×g, 5 min, 4 °C) to collect the pellets, which were
washed by PBS twice and resuspended in 3mL of extraction solution for
following metabolite extraction use.

2.4. Extraction of intracellular metabolites

All cell pellets suspended in extraction solution (for both planktonic
and air-dried cells) were sonicated on wet ice according to a previous
method (Liu et al., 2017), with a total of 25 cycles and each cycle in-
cluding 5 s pulses and 10 s stops. The supernatant containing metabo-
lites from lysed cells was collected by centrifugation at 12,000×g at
4 °C for 10min, whereas the solid residues were homogenised again in
the same volume of extraction solution using a vortex to get a sec-
ondary supernatant, which was pooled with the first one. The combined
supernatants were condensed in vacuum to remove acetonitrile and
water, and the rest of samples were stored at −80 °C for further NMR
analysis.

2.5. NMR spectroscopic analysis

For NMR analysis, the samples were dissolved in deuterated water
(D2O, 99.9%) containing 0.005% sodium 3-trimethylsilyl [2,2,3,3-d4]
propionate (TSP, Sigma-Aldrich, USA) and after centrifugation
(12,000×g, 10min, 4 °C), 600 μL supernatants were pipetted into 5-mm
NMR tubes. 1H NMR measurements of E. coli extracts were performed at
25 °C on a Bruker DRX-500 NMR spectrometer (Bruker, Rheinstetten,
Germany), which was equipped with a Triple Inverse Gradient probe op-
erating at 500.23MHz. The parameter settings for 1H NMR spectra were
based on a reported method (Liu et al., 2018; Ye et al., 2012), with recycle
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delay (RD) 2 s, mixing time (tm) 100ms, t1 6.5 μs and the 90° pulse length
around 10 μs in a first increment of NOESY pulse sequence (recycle de-
lay−90°−t1−90°−tm−90°−acquisition). Water suppression was con-
ducted during RD and tm by applying a weak continuous wave irradiation.
64 transients were obtained with a spectral width of 20 ppm and an ac-
quisition time of 1.36 s into 32 k data points. Before Fourier transforma-
tion, all free induction decays were transformed by multiplying an ex-
ponential window function with a 1-Hz line broadening factor. The assays
were done in triplicate.

2.6. Spectral processing and statistical analysis

The resulting NMR spectra were analysed using the software
TopSpin 4.0.3 (Bruker, Rheinstetten, Germany), for the phase, baseline
and TSP signal (0.0 ppm) corrections. After normalisation, the spectra
were divided into the region buckets from 9.5 to 0.5 ppm with equal
width of 0.004 ppm using the Amix package (version 3.9.15, Bruker).

The water and acetonitrile regions were removed before the data sets
were subject to multivariate analysis (SIMCA-P+, version 11.0,
Umetrics, Sweden). The principal component analysis (PCA) was per-
formed to show the structure of each data set and the orthogonal pro-
jection to latent structure discriminant analysis (OPLS-DA) was con-
ducted to analyse data in a scale of unit variance. Besides, the R2X
(representing the explained variables) and Q2 (representing the model
predictability) values were applied to evaluate the qualities of the
models. The coefficient plots were related to the metabolite changes
caused by ultrasound and AEW treatments and gained from back-
transformed data. The colour-coded lines plotted by MATLAB R2018a
(The Mathworks, Inc., Natick, USA) illustrated the weights of the dis-
criminatory variables, with absolute values of correlation coefficients
increasing from 0 to 1 while colour changing from blue to red (Lou
et al., 2018). Lastly, the relevant metabolic pathways were investigated
using MetaboAnalyst 4.0 (https://www.metaboanalyst.ca/) based on
the metabolic response changes.

Fig. 1. Representative 1H NMR spectra of planktonic E. coli extracts (A) and air-dried E. coli extracts (B) from different treatment groups. I: deionised water treatment;
II: ultrasound treatment; III: acidic electrolysed water (AEW) treatment; IV: combination of AEW and ultrasound treatment. Metabolites: 1: isoleucine; 2: leucine; 3:
valine; 4: β-hydroxybutyrate; 5: lactate; 6: lysine; 7: arginine; 8: acetate; 9: acetamide; 10: residual acetonitrile; 11: β-aminoadipate; 12: succinate; 13: aspartate; 14:
methylamine; 15: trimethylamine; 16: γ-aminobutyrate; 17: putrescine; 18: betaine; 19: methanol; 20: taurine; 21: glycine; 22: alanine; 23: glutamate; 24: uridine;
25: glyceric acid; 26: phosphorylcholine; 27: N-acetyl alanine; 28: β-glucose; 29: phosphoenolpyruvate; 30: α-glucose; 31: ribose-5-phosphate; 32: cytidine; 33:
adenosine 2′-3′-cyclic phosphate; 34: fumarate; 35: tyrosine; 36: xanthine; 37: uridine 5′-monophosphate (UMP); 38: hypoxanthine; 39: nicotinate; 40: adenosine
monophosphate (AMP); 41: formate; 42: inosine triphosphate (ITP); 43: nicotinamide adenine dinucleotide (NAD); 44: ethanol.

L. Zhao, et al. Food Research International 125 (2019) 108607

3

https://www.metaboanalyst.ca/


For quantitative analysis, the concentration variation of metabolites
was determined by comparing the integrals of each metabolite to that of
TSP, which was served as an internal reference with known con-
centration (Bisht, Bhatnagar, Bisht, & Murthy, 2018). Mean values with
standard deviation were compared using ANOVA (P < .05) and Dun-
can's multiple range test to assess the metabolite concentration differ-
ences among different treatment groups with an IBM SPSS statistical
software (version 24; IBM Corp., Armonk, USA).

3. Results and discussion

3.1. 1H NMR profile of planktonic and air-dried cells

The antimicrobial effects of ultrasound and AEW and their combi-
nation on planktonic E. coli cells were examined in our preliminary
experiment, showing best effect in combined treatment group with
around 4.5 log colony forming units (CFU)/mL reduction after 5min,

while ultrasound and AEW alone achieved only 1.0 and 3.8 log re-
duction, respectively (Fig. S1). However, beneath the reduction surface,
these treatments also caused a series of metabolic changes in bacterial
cells. The typical 1H NMR spectra of metabolite extracts from both
planktonic and air-dried E. coli cells after each treatment are shown in
Fig. 1. The assignments of the peaks were determined by several NMR
databases containing detailed information about biological compounds,
such as the Biological Magnetic Resonance Data Bank (BMRB) and The
E. coli Metabolome Database (ECMDB, http://www.ecmdb.ca/). Ac-
cording to the signals from 0.5 to 9.5 ppm, a total of 43 metabolites
(exclude the acetonitrile residue) either from planktonic or air-dried
cells were identified, including a range of essential primary and sec-
ondary metabolites, like the amino acids, organic acids, sugars, nu-
cleotides and their derivatives.
The typical 1H NMR spectra of E. coli extracts from both planktonic

and air-dried cells on coupons displayed high similarity in metabolite
variety, with a majority of amino acids both concentrated in the region
of 0.5–4.0 ppm, such as lysine, aspartate, taurine, alanine and gluta-
mate (Fig. 1A, B). Besides, in the range between 5.0 and 9.0 ppm,
aromatic compounds like adenosine 2′-3′-cyclic phosphate and nu-
cleotides like cytidine, AMP and UMP were shown in both states of E.
coli. Furthermore, the intensity and the diversity of some metabolite
signals were different among the four treatment groups in each state of
E. coli. For instance, the 1H signal at 1.33 ppm, which was assigned as
lactate, was detected in the spectra of planktonic E. coli after AEW
treatment, whereas not detectable in other three counterparts (Fig. 1A).
Decreased solubility of oxygen in AEW could be one possible reason for
lactate production, through mixed acid fermentation (Ebrahimi, Larsen,
Jensen, Vogensen, & Engelsen, 2016). A similar result also happened in
the air-dried E. coli extracts, with ethanol signal (1.19 ppm) only de-
tectable in groups containing ultrasound treatment (Fig. 1B), as ultra-
sound could promote ethanol production by enhancing the secretion of
related enzyme (Velmurugan & Incharoensakdi, 2016). The resonance
assignments of key identified metabolites either from planktonic or air-
dried cells are summarised in Table 1.

3.2. Principal components analysis

To investigate the effects of ultrasound and low-concentration AEW
on the metabolite profiles of different states of E. coli, PCA analysis was
carried out, providing an overview of the metabolic changes during 5-
min stresses by screening the principle metabolites.
For planktonic E. coli analysis, the first two principal components

(PC1 and PC2) explained 93.1% of the total variance obtained from the
four treated groups, with PC1 explaining 66.1% (Fig. 2A1). The visual
inspection of score plot demonstrated that the samples from the four
treatment groups were separated clearly into four clusters, each of
which contained the samples from the same treatment group (Fig. 2A2).
The control (I) and the AEW group (III) were both located in the po-
sitive side of PC1, however, they tended to be in the opposite sides of
PC2 compared with those of group II (ultrasound alone) and IV (ul-
trasound combined with AEW), the two of which were negatively and
mainly influenced by PC1.
PCA analysis of E. coli extracts from air-dried cells on coupons were

significantly different compared to that of planktonic cells, with lower
R2X and Q2 values of both PC1 and PC2, indicating the model fitness
might be compromised relatively (Fig. 2B1). Moreover, group I and II
were negatively affected by PC1 and located in the opposite sides of
PC2, while group III and IV were clustered in the positive side of PC1
and influenced differently by PC2 (Fig. 2B2).
PCA is a powerful tool to investigate the discriminative factors from

collected NMR spectra (Gjersing, Herberg, Horn, Schaldach, & Maxwell,
2007). In this study, the high R2X values (0.931 and 0.919 for plank-
tonic and air-dried cells respectively) and Q2 values (0.892 and 0.839
for planktonic and air-dried cells respectively) of the first two principal
components showed the good fitness of the model for both states of E.

Table 1
NMR data for metabolites of planktonic and air-dried E. coli extracts.

No. Metabolites δ1 H (ppm) and multiplicitya

1 Isoleucine 0.96(t), 1.45(m)
2 Leucine 3.74(m), 1.73(m), 0.98(d), 0.96(d)
3 Valine 1.04(d), 0.99(d)
4 β-hydroxybutyrate 1.12(d)
5 Lactate 1.33(d), 4.11(q)
6 Lysine 1.48(d), 1.73(m), 3.03(t), 3.76(t)
7 Arginine 1.70(m), 3.76(t), 3.21(t)
8 Acetate 1.92(s)
9 Acetamide 2.01(s)
10 Residual acetonitrile 2.10(s)
11 β-aminoadipate 2.20(s)
12 Succinate 2.40(s)
13 Aspartate 2.52(dd)
14 Methylamine 2.58(s)
15 Trimethylamine 2.87(s)
16 γ-aminobutyrate 3.01(t)
17 Putrescine 3.04(t), 1.75(m)
18 Betaine 3.27(s), 3.91(s)
19 Methanol 3.36(s)
20 Taurine 3.30(t), 3.42(t)
21 Glycine 3.57(s)
22 Alanine 3.79(q), 1.48(d)
23 Glutamate 3.77(m), 1.95 (d), 2.08 (d)
24 Uridine 3.80(dd), 3.91(dd), 4.12(m),

4.22(dd), 4.34(dd)
25 Glyceric acid 4.13(m), 3.78(m)
26 Phosphorylcholine 4.14(d), 3.21(s)
27 N-acetyl alanine 4.14(q), 1.32(d), 2.03(s)
28 β-glucose 4.65(d), 3.30(t)
29 Phosphoenolpyruvate 5.30(d), 5.12(d)
30 α-glucose 5.23(d)
31 Ribose-5-phosphate 5.62(m), 4.11(m), 4.06(m), 4.22(m),

3.67(dd), 3.78(dd)
32 Cytidine 6.01 (d), 4.22(t)
33 Adenosine 2′-3′-cyclic phosphate 6.12(d), 7.97(s), 8.25(s), 5.43(m),

4.43(m), 3.91(m)
34 Fumarate 6.51(s)
35 Tyrosine 6.92 (d), 7.17(m), 3.91(dd), 3.06(dd)
36 Xanthine 7.95(s)
37 Uridine 5′-monophosphate (UMP) 8.10(d), 5.99(d)
38 Hypoxanthine 8.17(s), 8.20(s)
39 Nicotinate 8.26(s), 8.62(d), 8.49 (d), 7.53
40 Adenosine monophosphate (AMP) 8.28(s), 8.61(s), 6.12(d), 4.51(m),

4.37(m), 4.02(m)
41 Formate 8.41(s)
42 Inosine triphosphate (ITP) 8.54(s), 8.28(s), 6.15(d), 4.77(m),

4.40(m), 4.25(m)
43 Nicotinamide adenine dinucleotide

(NAD)
9.34(s), 8.82(d), 8.18(m), 9.11(d),
6.11(d), 8.14(s), 8.41(s), 6.03(d)

44 Ethanol 1.19(t), 3.67

a Multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of
doublets; m, multiplet.
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coli. The distinct clusters revealed dramatic metabolic differences
among these four treatment groups, however, to further study the as-
sociated metabolites responsible for the class separation, pairwise
comparative tool OPLS-DA should be used to show intergroup meta-
bolomic differences (Wiklund et al., 2008).

3.3. Alterative metabolites during ultrasound and AEW stresses

Based on the PCA results, OPLS-DA was constructed in the following
pairwise groups: I and II; I and III; I and IV; II and IV; III and IV. I, II, III
and IV was deionised water, ultrasound, AEW and ultrasound + AEW
treatment, respectively. The five pairwise groups were compared for
both planktonic and air-dried E. coli cells, respectively, as shown in
Figs. 3 and 4.
Among the five pairwise comparisons for the metabolite changes of

planktonic E. coli extracts, the groups containing ultrasound treatment
(II and IV) showed downward peaks of all identified metabolites when
compared to the control group (I), indicating ultrasound induced a
significant decrease of a wide range of metabolite contents in plank-
tonic E. coli (Fig. 3A, C). On the other hand, in comparison to control
group, AEW treatment alone (III) elicited a significant increase in the
levels of leucine, valine, taurine, glycine, arginine, lactate, succinate,
acetate and acetamide, however, when combined with ultrasound,
opposite trend happened (Fig. 3B, C). In fact, the lowest level of most
metabolites belonged to the combined treatment group (IV), with fur-
ther decreasing trends compared to each treatment used alone (Fig. 3D,
E). Moreover, all pairwise comparisons showed strong separation and
high predictability (with all R2X > 0.639, Q2 > 0.933, data not
shown) of the OPLS-DA model (Fig. 3A–E left sides), indicating sig-
nificant intergroup differences and good model fitness.
Fig. 4 shows the biochemical levels of air-dried E. coli extracts,

which were significantly different to the planktonic counterpart. Ac-
cording to the coefficient-loading plots (Fig. 4 right sides), AEW in-
duced elevated levels of a wide range of metabolites, such as acetate, β-
aminoadipate, taurine, alanine, glutamate, glucose and xanthine,
whereas reduced the contents of putrescine, uridine, cytidine, fumarate
and AMP, compared to the control group (Fig. 4B). Although the ul-
trasound alone caused decreased levels of most identified metabolites,
like a variety of amino acids and organic acids concentrated in the
region of 0.5–4.0 ppm (Fig. 4A), when combined with AEW, upward
trends were presented, showing the most abundant contents of most
metabolites among four groups (Fig. 4CDE). Similar to the high cross-

validation parameters of OPLS-DA model for the planktonic E. coli ex-
tracts, the R2X and Q2 values for all pairwise comparisons of air-dried E.
coli were also> 0.701 and 0.978, respectively, indicating clear group
separation and equal model's suitability for analysing attached cells'
metabolites (Fig. 4A–E left sides, data not shown).
It has been believed that HOCl and −OCl, the major chlorine com-

pounds in AEW, could inhibit microbial growth by changing a series of
biological functions, such as membrane transport capacity and enzyme
activity (Hussain, Tango, & Oh, 2019; Sow, Tirtawinata, Yang, Shao, &
Wang, 2017). Moreover, AEW could induce reactive oxygen species
(ROS) production in bacteria, such as superoxide anion (·O2−), hy-
drogen peroxide (H2O2) and hydroxyl radical (·OH), which can interact
with biomolecules and cause their oxidative modifications to accelerate
necrosis and apoptosis of bacteria (Wall, Oh, Diers, & Landar, 2012).
Therefore, a wide range of metabolic changes such as DNA modifica-
tion, phospholipid damage and irreversible protein oxidation observed
in this study were in agreement with previous reports, due to various
reactive groups these biomolecules contain, like the thiol groups, amino
groups and peptide bonds, which were sensitive to oxidative stress and
induced a series of metabolic reactions (Nightingale et al., 2000).
On the other hand, ultrasound has been reported to elicit both

mechanical effects (shock waves, microstreaming, etc.) and sono-
chemical reactions (free radicals) to disrupt bacteria (Bastarrachea,
Walsh, Wrenn, & Tikekar, 2017). Although there is still no consensus
about ultrasound's antimicrobial mechanisms, acoustic cavitation is
most universally accepted, causing multifactorial changes of microbial
cells. Li et al. (2018) found the levels of extracellular H2O2 and in-
tracellular ROS in E. coli O157:H7 were increased significantly by ul-
trasonic processing, while the adenosine triphosphate (ATP) level of the
cells was reduced, which could be served as possible apoptosis-inducing
factors caused by ultrasonic actions. Considering cell membrane per-
meability was not changed significantly after ultrasound treatment in
our previous study (Zhao et al., 2017), the decreased levels of a wide
range of metabolitles shown in Fig. 3A indicated that the alterations in
metabolic performance induced by these apoptosis-related factors could
be happened during ultrasound stress.
More importantly, the combination of AEW and ultrasound ex-

hibited some synergistic effects, which might be attributed to several
mechanisms. First, ultrasound could scatter the bacterial clusters into
single cells, increasing their interaction opportunities with AEW.
Besides, the cavitation bubbles generated by ultrasound could damage
cell membranes, increasing penetration rate of AEW into the cells.

Fig. 2. Principal component analysis (PCA) for the
metabolite profile of planktonic E. coli extracts (A1
and A2) and air-dried E. coli extracts (B1 and B2). A1
and B1: the principal components explaining var-
iances used in PCA; A2 and B2: the score plot of PCA.
Note: R2X: explained variable value; Q2: model pre-
dictability value; I: deionised water treatment; II:
ultrasound treatment; III: acidic electrolysed water
(AEW) treatment; IV: combination of AEW and ul-
trasound treatment.
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Moreover, the damaged cells could be further broken up by ultrasound,
causing membrane integrity loss and cell death (Li et al., 2017).
It was also interesting to notice the different metabolic changes of

planktonic and air-dried E. coli under ultrasound and AEW stresses.
Once bacteria attach to the surface, more resistance will be shown to
antimicrobial treatments than their planktonic counterparts, and the
synergistic mechanisms of ultrasound and AEW combination mentioned
above might not be applied on attached cells (Maifreni et al., 2015). In
this study, the air-dried E. coli cells located at or near the surface of the
dried inoculum could serve as protection barriers for cells of internal
layers, improving their antimicrobial resistance and resulting in their
corresponding metabolic differences compared to the planktonic re-
sponse. Moreover, the dried cells on stainless steel coupons might un-
dergo starvation during 20 h drying accompanied by a series of meta-
bolic changes, which could also increase bacteria resistance to help
them survive under this combined treatment, a possible cause asso-
ciated with increased metabolite levels observed in Fig. 4 (Kim, Ryu, &
Beuchat, 2007).

3.4. Metabolite quantification analysis

In order to get more detailed information about the metabolite
changes under different stresses, the concentrations of identified me-
tabolites without overlapping chemical shifts were quantified and
shown in Table 2 (for planktonic E. coli) and Table 3 (for air-dried E.
coli), respectively.
Correlation coefficient values were used to evaluate each variable's

contribution to a total class discrimination. In this study, the absolute
coefficient value of 0.602 was applied as a cutoff point to determine the
statistical significance (Ye et al., 2013). The coefficient test revealed
that among all of the identified metabolites, around 30 (including a
wide range of amino acids, organic acids and nucleotides) played an
important role in discriminating stressed E. coli cells from the normal
cells, with obvious concentration variation among four treatment
groups in the two bacteria states (Tables 2 and 3).
Energy associated metabolism is a prime target for “attack” under

stresses. In planktonic culture of our study, a significant drop of glucose
level was observed during ultrasound and AEW combined treatment,
indicating energy was needed in response to the stress. Whereas in the
air-dried cells, the glucose level was not changed so significantly after
the combined treatment, showing an energy conservation strategy
adopted by the dried cells, to maintain lasting energy for their survival
(Jozefczuk et al., 2010). Meanwhile, phosphoenolpyruvate, an im-
portant intermediate involved in glycolysis and gluconeogenesis, was
detected in this study. Considering phosphoenolpyruvate could be
converted to pyruvate in the generation of ATP, its lower level in
planktonic and air-dried E. coli after ultrasound and AEW combined
treatment also indicated a perturbation of energy metabolism, albeit in
different degrees (Ye et al., 2012).
Amino acids are also major targets during oxidative and osmotic

stresses. As mentioned in Section 3.3, ultrasound and AEW could both
stimulate ROS generation in bacterial cells, inducing amino acid oxi-
dase system and decreasing amino acid levels (Lushchak, 2011). In this
study, a marked depletion of isoleucine, leucine, valine, lysine, arginine
and alanine levels in planktonic E. coli cells were observed after com-
bined treatment, due to their sensitivity to oxidation (Feng, Yang, &
Hielscher, 2008). On the other hand, amino acids can play a role in
maintaining the stabilisation of cell osmolarity, which can explain why

some amino acid levels (isoleucine, leucine, valine, lysine, etc.) in air-
dried cells were increased under ultrasound and AEW stresses, showing
the effort for survival and the attached cell's resistance in response to
stresses (Malmendal et al., 2006). In addition, as a most common and
effective osmoprotectant in E. coli, betaine can relieve osmotic stress by
controlling protein disaggregation and synthesis (Miranda, Campos-
Galvão, & Nero, 2018). As shown in Table 2, the content of betaine in
planktonic E. coli cells was decreased significantly after ultrasound
treatment, and when combined with AEW, the situation was even
worse. However, its level in air-dried E. coli cells was relatively stable
after all treatments, thus could protect the cells from osmotic stress
(Table 3).
The biosynthesis of nucleotides was also influenced under the

stresses, such as cytidine and uridine, whose levels in the planktonic E.
coli cells were decreased more after ultrasound and AEW combined
treatment than each used alone. However, in the air-dried E. coli cells,
these two contents were increased after combined treatment, showing
opposite trends compared to other groups and reflecting air-dried cell's
resistance. Concomitantly, ribose-5-phosphate, as the precursor for
nucleotide synthesis, exhibited a decreasing level in the planktonic E.
coli cells after all treatments, making depressed nucleotide biosynthesis
reasonable (Jozefczuk et al., 2010).

3.5. Pathway analysis

To investigate the metabolic responses to ultrasound and AEW
stresses globally, analysis of related metabolic pathways in different
states of E. coli is necessary, providing a more in-depth understanding of
metabolic network activity on a comprehensive basis. By using
MetaboAnalyst 4.0, a total of 44 pathways were predicted and listed in
Table S1, according to the metabolite involvement in each state of E.
coli.
The pathways with a false discovery rate P < .05 were considered

as the most relevant metabolic pathways affected by stress exposure
(Liu et al., 2018). For the planktonic E. coli cells, 12 biological pathways
were suggested to be most likely to be affected by the ultrasound and
AEW stresses, including aminoacyl-tRNA biosynthesis; alanine, aspar-
tate and glutamate metabolism; nitrogen metabolism; butanoate me-
tabolism; arginine and proline metabolism; methane metabolism; ni-
cotinate and nicotinamide metabolism; pyruvate metabolism; glycolysis
or gluconeogenesis; glycine, serine and threonine metabolism; cya-
noamino acid metabolism and citrate cycle (TCA cycle). A similar
finding was shown in air-dried E. coli cells, with also 12 key pathways in
response to ultrasound and AEW stresses but nicotinate and nicotina-
mide metabolism substituted by glutathione metabolism (Table S1). In
addition, an overview of all matched pathways was displayed in Fig. 5
as circles, expressing the P value and the impact value of each pathway
through the colour and size, respectively.
These results show again that the metabolic responses to ultrasound

and AEW stresses were very different between planktonic and air-dried
E. coli cells, based on an overall profile of metabolic network. The main
pathways affected by the combined treatment in E. coli of each state are
summarised and shown in Fig. 6, including carbohydrate metabolism,
amino acid metabolism, nucleotide metabolism and fatty acid meta-
bolism.
Glycolysis is the most fundamental pathway of glucose consumption

and its end-product, pyruvate, is changed into acetyl-CoA by dec-
arboxylation and goes into the tricarboxylic acid (TCA) cycle under

Fig. 3. Orthogonal projection to latent structure discriminant analysis (OPLS-DA) score plots (left) and coefficient-coded loading plots (right) for planktonic E. coli
extracts. (A) Comparison results between group I (black square) and group II (red circle); (B) Comparison results between group I (black square) and group III (blue
diamond); (C) Comparison results between group I (black square) and group IV (green star); (D) Comparison results between group II (red circle) and group IV (green
star); (E) Comparison results between group III (blue diamond) and group IV (green star). I: deionised water treatment; II: ultrasound treatment; III: acidic elec-
trolysed water (AEW) treatment; IV: combination of AEW and ultrasound treatment. Metabolites keys to the numbers are the same as Fig. 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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aerobic conditions (Fernie, Carrari, & Sweetlove, 2004). In this study,
the TCA cycle flux was repressed in planktonic E. coli after ultrasound
and AEW combined treatment, according to the lower contents of TCA
cycle related metabolites (Fig. 6A). Whereas in the air-dried E. coli cells,
more active TCA activity was observed after combined stress, with
higher contents of succinate and NAD, showing attached cells' re-
sistance to adverse conditions (Fig. 6B). In fact, due to the decreased
solubility of oxygen in AEW, lactate, acetate and ethanol in air-dried E.
coli were produced through mixed acid fermentation, which could be
served as shunts for maintaining glycolysis concomitantly (Ebrahimi
et al., 2016). Besides, the pentose phosphate pathway (PPP) is also a
shunt which can be served as an alternative to glycolysis, playing an
important role in subsequent nucleotide synthesis and causing different

level changes of nucleotides as mentioned in Section 3.4.
In addition to the degradation of glucose, TCA cycle is a key me-

tabolic pathway connecting carbohydrate, fat and protein metabolism,
due to many precursors and intermediates it can provide (Sweetlove,
Beard, Nunes-Nesi, Fernie, & Ratcliffe, 2010). For example, alanine and
aspartate are synthesised by the transamination of pyruvate and ox-
aloacetate, respectively, and the acetyl-CoA and citrate are associated
with fatty acid degradation and synthesis, respectively. Therefore, as
shown in Fig. 6, the disturbance of one metabolic trajectory could make
whole E. coli metabolic network affected by ultrasound and AEW
combined treatment, which was observed in both cultures.
Considering the pH of AEW in this study was around 3.8, E. coli

might initiate a series of mechanisms to cope with acid stress, from

Fig. 4. Orthogonal projection to latent structure discriminant analysis (OPLS-DA) score plots (left) and coefficient-coded loading plots (right) for air-dried E. coli
extracts. (A) Comparison results between group I (black square) and group II (red circle); (B) Comparison results between group I (black square) and group III (blue
diamond); (C) Comparison results between group I (black square) and group IV (green star); (D) Comparison results between group II (red circle) and group IV (green
star); (E) Comparison results between group III (blue diamond) and group IV (green star). I: deionised water treatment; II: ultrasound treatment; III: acidic elec-
trolysed water (AEW) treatment; IV: combination of AEW and ultrasound treatment. Metabolites keys to the numbers are the same as Fig. 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Coefficients from OPLS-DA and metabolite contents in planktonic E. coli after different treatments.

Metabolites Coefficient1 Contents (mg/L)2

II/I III/I IV/I IV/II IV/III I II III IV

Isoleucine −0.96 0.97 −0.98 −0.95 −0.99 0.52 ± 0.01a 0.38 ± 0.00b 0.54 ± 0.02a 0.27 ± 0.01c

Leucine −0.98 0.98 −0.99 −0.97 −0.99 0.33 ± 0.01b 0.22 ± 0.00c 0.36 ± 0.01a 0.15 ± 0.00d

Valine −0.97 0.98 −0.92 −0.94 −0.99 0.46 ± 0.01b 0.34 ± 0.00c 0.51 ± 0.02a 0.27 ± 0.00d

β-hydroxybutyrate −0.21 −0.87 −0.95 −0.99 −0.99 0.18 ± 0.01a 0.15 ± 0.00b 0.18 ± 0.00a 0.08 ± 0.00c

Lactate −0.81 0.99 −0.93 −0.97 −0.99 0.36 ± 0.00b 0.30 ± 0.00c 1.16 ± 0.03a 0.22 ± 0.00d

Lysine −0.97 −0.97 −0.99 −0.98 −0.99 3.27 ± 0.01a 2.31 ± 0.01c 2.62 ± 0.12b 1.53 ± 0.01d

Arginine −0.96 0.99 −0.96 −0.93 −0.99 0.81 ± 0.01b 0.63 ± 0.02c 0.97 ± 0.06a 0.45 ± 0.01d

Acetate −0.77 0.99 −0.99 −0.83 −0.99 0.16 ± 0.00b 0.14 ± 0.00c 0.24 ± 0.01a 0.10 ± 0.00d

Acetamide −0.55 0.99 −0.95 −0.94 −0.99 0.19 ± 0.00b 0.15 ± 0.00c 0.20 ± 0.01a 0.11 ± 0.00d

β-aminoadipate −0.99 −0.99 −0.99 −0.85 −0.97 4.51 ± 0.06a 3.04 ± 0.03b 3.15 ± 0.16b 2.45 ± 0.02c

Succinate −0.64 0.99 −0.41 −0.63 −0.98 0.10 ± 0.00b 0.07 ± 0.00c 0.21 ± 0.01a 0.07 ± 0.00c

Aspartate −0.96 −0.82 −0.99 −0.98 −0.99 3.60 ± 0.05a 2.68 ± 0.02c 3.24 ± 0.19b 1.58 ± 0.02d

Methylamine −0.36 −0.74 −0.97 −0.97 −0.96 0.03 ± 0.00a 0.03 ± 0.00b 0.03 ± 0.00c 0.02 ± 0.00d

Trimethylamine −0.99 −0.99 −0.99 0.98 0.91 0.04 ± 0.00a 0.00 ± 0.00c 0.00 ± 0.00c 0.01 ± 0.00b

γ-aminobutyrate −0.98 −0.99 −0.98 −0.99 −0.95 5.29 ± 0.01a 3.41 ± 0.03b 3.25 ± 0.17b 2.26 ± 0.02c

Putrescine −0.99 −0.99 −0.99 −0.99 −0.99 4.50 ± 0.04a 3.11 ± 0.02c 3.58 ± 0.2b 1.87 ± 0.01d

Betaine −0.97 −0.50 −0.98 −0.84 −0.99 0.35 ± 0.00a 0.21 ± 0.00c 0.30 ± 0.02b 0.08 ± 0.00d

Methanol −0.99 −0.92 −0.99 −0.57 −0.98 0.43 ± 0.00a 0.02 ± 0.00c 0.25 ± 0.02b 0.02 ± 0.00c

Taurine −0.98 0.99 −0.99 −0.97 −0.99 1.13 ± 0.01b 0.78 ± 0.01c 1.76 ± 0.10a 0.58 ± 0.01d

Glycine −0.95 0.99 −0.65 −0.69 −0.99 0.63 ± 0.00b 0.40 ± 0.00c 1.02 ± 0.06a 0.37 ± 0.00c

Alanine −0.98 −0.99 −0.99 −0.98 −0.99 11.94 ± 0.10a 8.30 ± 0.08c 10.58 ± 0.53b 5.50 ± 0.04d

Glutamate −0.98 −0.99 −0.99 −0.99 −0.99 18.84 ± 0.11a 13.27 ± 0.11c 17.13 ± 0.83b 8.65 ± 0.09d

Uridine −0.99 −0.70 −0.99 −0.99 −0.99 3.05 ± 0.02a 2.21 ± 0.02c 2.65 ± 0.14b 1.49 ± 0.02d

Glyceric acid −0.98 −0.91 −0.99 −0.98 −0.99 3.97 ± 0.02a 2.65 ± 0.03c 3.44 ± 0.17b 1.81 ± 0.02d

Phosphorylcholine −0.99 −0.99 −0.99 −0.84 −0.98 5.76 ± 0.01a 2.92 ± 0.02c 3.41 ± 0.16b 2.28 ± 0.01d

N-acetyl alanine −0.93 0.99 −0.97 −0.93 −0.99 0.37 ± 0.00b 0.28 ± 0.00c 0.39 ± 0.02a 0.22 ± 0.00d

β-glucose −0.97 −0.97 −0.97 −0.96 −0.98 3.54 ± 0.04a 2.38 ± 0.02c 2.65 ± 0.11b 1.68 ± 0.05d

Phosphoenolpyruvate −0.98 −0.99 −0.96 −0.88 −0.91 2.68 ± 0.09a 1.88 ± 0.07b 1.94 ± 0.13b 1.48 ± 0.05c

α-glucose −0.90 0.99 −0.99 −0.97 −0.99 1.17 ± 0.04b 1.04 ± 0.03c 1.29 ± 0.07a 0.44 ± 0.02d

Ribose-5-phosphate −0.83 −0.82 −0.96 −0.84 −0.95 0.70 ± 0.03a 0.51 ± 0.02b 0.66 ± 0.04a 0.34 ± 0.03c

Cytidine −0.95 −0.36 −0.94 −0.87 −0.89 1.24 ± 0.01a 0.95 ± 0.03b 1.02 ± 0.06b 0.64 ± 0.02c

Adenosine 2′-3′-cyclic phosphate −0.84 −0.75 −0.92 −0.90 −0.90 1.63 ± 0.02a 1.27 ± 0.03b 1.30 ± 0.09b 0.84 ± 0.04c

Fumarate −0.80 −0.91 −0.76 −0.61 −0.83 0.07 ± 0.00a 0.04 ± 0.00b 0.04 ± 0.00b 0.02 ± 0.00c

Tyrosine −0.90 −0.34 −0.91 −0.45 −0.86 0.09 ± 0.01a 0.05 ± 0.01b 0.08 ± 0.01a 0.03 ± 0.01b

Xanthine −0.99 −0.99 −0.99 0.98 −0.11 0.45 ± 0.01a 0.13 ± 0.02b 0.16 ± 0.02b 0.16 ± 0.00b

UMP −0.98 −0.97 −0.98 −0.86 −0.98 0.76 ± 0.00a 0.50 ± 0.02c 0.70 ± 0.04b 0.36 ± 0.02d

Hypoxanthine −0.58 −0.88 −0.96 −0.96 −0.69 0.71 ± 0.00a 0.56 ± 0.01b 0.55 ± 0.03b 0.37 ± 0.01c

Nicotinate −0.34 0.99 −0.44 −0.50 −0.99 0.08 ± 0.00b 0.06 ± 0.01c 0.16 ± 0.01a 0.04 ± 0.01d

AMP −0.72 −0.96 −0.99 −0.82 −0.78 0.97 ± 0.03a 0.60 ± 0.02c 0.69 ± 0.04b 0.29 ± 0.02d

Formate −0.50 −0.92 −0.93 −0.60 −0.56 0.21 ± 0.00a 0.16 ± 0.00b 0.17 ± 0.01b 0.11 ± 0.00c

ITP −0.58 −0.68 −0.92 −0.97 −0.83 0.69 ± 0.04a 0.52 ± 0.03b 0.46 ± 0.03b 0.35 ± 0.03c

NAD −0.82 −0.86 −0.98 −0.98 −0.95 2.71 ± 0.02a 2.19 ± 0.04b 2.05 ± 0.12b 1.46 ± 0.02c

Note: UMP: uridine 5′-monophosphate; AMP: adenosine monophosphate; ITP: inosine triphosphate; NAD: nicotinamide adenine dinucleotide. I: deionised water
treatment; II: ultrasound treatment; III: acidic electrolysed water (AEW) treatment; IV: combination of AEW and ultrasound treatment.
1 A positive value indicates an increase in the concentration of metabolites, and a negative value indicates a decrease in the concentration of metabolites.
2 Within each row, means with different letters are significantly different among different treatments (P < .05).
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Table 3
Coefficients from OPLS-DA and metabolite contents in air-dried E. coli after different treatments.

Metabolites Coefficient1 Contents (mg/L)2

II/I III/I IV/I IV/II IV/III I II III IV

Isoleucine −0.98 −0.94 0.98 0.99 0.99 15.69 ± 0.27b 13.80 ± 0.21c 13.46 ± 0.07c 18.37 ± 0.02a

Leucine −0.75 −0.60 0.94 0.98 0.99 1.73 ± 0.04b 1.64 ± 0.02c 1.70 ± 0.02bc 1.97 ± 0.01a

Valine −0.80 −0.62 0.78 0.99 0.98 3.96 ± 0.11b 3.51 ± 0.04d 3.77 ± 0.03c 4.29 ± 0.01a

Ethanol 0.97 0.62 0.99 0.99 0.99 1.77 ± 0.04c 3.97 ± 0.04b 1.82 ± 0.04c 10.95 ± 0.04a

Lactate −0.65 0.71 0.76 0.91 0.71 4.59 ± 0.21bc 4.39 ± 0.03c 4.71 ± 0.06b 5.08 ± 0.03a

Lysine −0.70 0.99 0.99 0.99 0.99 42.82 ± 0.76c 41.45 ± 0.57d 60.69 ± 0.11b 66.79 ± 0.23a

Arginine −0.62 −0.98 −0.82 0.73 0.97 7.48 ± 0.34a 6.95 ± 0.15b 4.36 ± 0.18c 7.35 ± 0.15ab

Acetate −0.96 0.96 0.97 0.99 −0.82 4.64 ± 0.11c 3.29 ± 0.05d 8.28 ± 0.09a 7.06 ± 0.01b

Acetamide −0.80 −0.84 0.90 0.98 0.77 1.95 ± 0.05b 1.79 ± 0.02c 1.80 ± 0.01c 2.12 ± 0.01a

β-aminoadipate −0.97 0.42 −0.36 0.99 −0.57 70.90 ± 1.04a 45.43 ± 0.85c 72.23 ± 0.19a 68.84 ± 0.26b

Succinate 0.96 0.92 0.98 0.65 0.92 18.77 ± 0.25d 34.14 ± 0.74b 29.64 ± 0.11c 39.80 ± 0.22a

Aspartate −0.96 −0.94 −0.99 −0.99 −0.96 60.03 ± 0.79a 52.69 ± 0.38b 51.47 ± 0.16b 36.69 ± 0.64c

Methylamine 0.75 −0.72 −0.78 −0.67 0.49 0.27 ± 0.01b 0.30 ± 0.01a 0.25 ± 0.01c 0.26 ± 0.00bc

γ-aminobutyrate −0.95 0.92 0.92 0.99 0.98 69.19 ± 1.37c 61.67 ± 0.71d 89.91 ± 0.23b 101.53 ± 0.28a

Putrescine 0.97 −0.99 −0.99 −0.99 0.94 26.60 ± 0.23b 30.18 ± 0.45a 7.56 ± 0.05c 8.07 ± 0.08c

Betaine −0.65 −0.82 −0.85 −0.73 0.86 3.17 ± 0.06a 3.08 ± 0.03a 2.57 ± 0.01a 2.07 ± 1.22a

Methanol 0.75 0.70 0.98 0.99 0.99 0.46 ± 0.02b 0.52 ± 0.00b 0.53 ± 0.01b 7.37 ± 0.12a

Taurine −0.98 0.74 −0.97 −0.97 −0.99 25.58 ± 0.70b 19.92 ± 0.10c 29.29 ± 0.23a 17.05 ± 0.08d

Glycine −0.99 −0.98 −0.99 −0.99 −0.99 7.80 ± 0.12a 5.79 ± 0.07c 7.00 ± 0.02b 3.49 ± 0.01d

Alanine −0.98 0.87 −0.99 0.91 −0.99 187.44 ± 2.02b 137.19 ± 2.24d 195.93 ± 0.36a 154.52 ± 0.55c

Glutamate −0.98 0.65 −0.99 0.91 −0.99 271.34 ± 4.10a 190.85 ± 2.29c 274.90 ± 0.56a 223.75 ± 1.17b

Uridine −0.99 −0.86 0.81 0.99 0.99 92.97 ± 0.86b 76.61 ± 2.00d 87.95 ± 0.22c 98.52 ± 0.62a

Glyceric acid −0.98 0.73 −0.98 0.98 −0.99 45.18 ± 0.45a 32.07 ± 0.43c 44.78 ± 0.06a 39.95 ± 0.26b

Phosphorylcholine −0.99 0.99 0.99 0.84 −0.98 / / / /
N-acetyl alanine −0.93 0.99 0.97 0.93 −0.99 / / / /
β-glucose −0.97 0.64 −0.71 0.94 −0.91 36.89 ± 0.72b 23.85 ± 0.23d 38.20 ± 0.44a 34.62 ± 0.60c

Phosphoenolpyruvate −0.98 0.60 −0.87 0.96 −0.91 38.38 ± 0.23a 24.07 ± 0.62c 38.99 ± 0.16a 36.44 ± 0.17b

α-glucose −0.95 0.81 0.87 0.93 −0.77 2.09 ± 0.08c 1.44 ± 0.07d 2.80 ± 0.09a 2.44 ± 0.04b

Ribose-5-phosphate 0.65 0.84 −0.61 −0.88 −0.96 6.81 ± 0.32c 7.37 ± 0.18b 8.26 ± 0.18a 6.19 ± 0.04d

Cytidine −0.85 −0.52 0.66 0.80 0.68 22.20 ± 0.09b 19.39 ± 0.58d 21.09 ± 0.21c 23.97 ± 0.06a

Adenosine 2′-3′-cyclic phosphate −0.98 −0.83 −0.92 0.93 0.98 18.23 ± 0.29a 10.55 ± 0.73d 12.01 ± 0.24c 15.00 ± 0.13b

Fumarate 0.78 −0.97 −0.98 −0.97 0.45 2.17 ± 0.10b 2.83 ± 0.14a 0.38 ± 0.02c 0.46 ± 0.01c

Tyrosine −0.45 −0.80 −0.88 −0.73 −0.50 1.93 ± 0.04a 1.72 ± 0.09b 1.40 ± 0.09c 1.27 ± 0.05c

Xanthine −0.91 0.95 0.75 0.98 −0.66 2.36 ± 0.04c 1.44 ± 0.07d 3.32 ± 0.06a 3.16 ± 0.06b

UMP −0.99 −0.79 0.83 0.99 0.89 7.53 ± 0.02b 4.10 ± 0.11c 7.51 ± 0.06b 8.09 ± 0.02a

Hypoxanthine −0.56 −0.81 0.83 0.81 0.74 7.36 ± 0.12ab 7.05 ± 0.23bc 6.77 ± 0.13c 7.55 ± 0.04a

AMP −0.77 −0.96 −0.95 0.75 0.66 14.42 ± 0.42a 8.51 ± 0.73b 7.32 ± 0.29c 9.30 ± 0.08b

Formate −0.74 −0.90 0.72 0.79 0.94 3.87 ± 0.04b 3.55 ± 0.07d 3.71 ± 0.02c 4.40 ± 0.02a

ITP −0.75 0.98 0.94 0.91 0.96 6.16 ± 0.10c 5.03 ± 0.43d 8.04 ± 0.18b 9.92 ± 0.14a

NAD −0.58 −0.51 0.67 0.74 0.75 54.23 ± 0.75b 52.05 ± 1.34c 53.14 ± 0.19bc 61.24 ± 0.31a

Note: UMP: uridine 5′-monophosphate; AMP: adenosine monophosphate; ITP: inosine triphosphate; NAD: nicotinamide adenine dinucleotide. I: deionised water
treatment; II: ultrasound treatment; III: acidic electrolysed water (AEW) treatment; IV: combination of AEW and ultrasound treatment. /The concentration was not
determined due to signal overlapping.
1 A positive value indicates an increase in the concentration of metabolites, and a negative value indicates a decrease in the concentration of metabolites.
2 Within each row, means with different letters are significantly different among different treatments (P < .05).

Fig. 5. Overview of the pathway analysis of planktonic E. coli (A) and air-dried E. coli (B). Each circle represents one pathway, and the colour and size of each circle is
based on the P value and the pathway impact value, respectively.
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transcriptional and translational aspects. Lund, Tramonti, and De Biase
(2014) summarised several mechanisms E. coli adopts to survive in acid
environment, including deiminase and deaminase systems, F1-F0 AT-
Pase, amino acid-dependent decarboxylase/antiporter systems and
modifications of cell membrane. In this study, putrescine, a polyamine
related to cell division, was detected in both states of E. coli. It was
reported that potABD (encoding spermidine/putrescine import protein)
and speB (encoding an enzyme catalysing the formation of putrescine)
could be upregulated in E. coli with a high growth rate (Gutierrez-Ríos
et al., 2007). Therefore, a decrease in putrescine levels in both two
cultured E. coli revealed an inhibited growth due to the ultrasound and
AEW stresses in our work. Additionally, its precursor, glutamate, offers
acid-stress protection to E. coli through glutamate decarboxylase
system, with the help of two glutamate decarboxylase isozymes (GadA
and GadB), either of which can bind cytoplasmic protons to produce γ-
aminobutyrate (GABA). After then, GABA is exported from the bacterial

cytoplasm to exchange with extracellular glutamate by GadC antiporter
(Bearson, Lee, & Casey, 2009). The higher contents of GABA and suc-
cinate and lower contents of glutamate and putrescine were observed in
air-dried E. coli after ultrasound and AEW combined treatment, in-
dicating putrescine served as a good source to be converted into GABA
and succinate to maintain TCA cycle and enhance acid resistance.
Whereas in the planktonic culture, the decreased levels of above me-
tabolites showed its sensitivity and poor resistance to the combined
sanitising treatments.
In addition to acid stress, oxidative and osmotic stresses (mentioned

in Section 3.4) also caused intracellular damage in our work. Thus,
other systems like OxyR- and RpoS-dependent stress response systems
might also be involved against the damage, with their genes upregu-
lated in AEW exposed cells as suggested in former studies (Liu, 2018).
Besides, choline is a chemical chaperone that plays a role in the
maintenance of structural integrity and synthesis of cell membranes, as

Fig. 6. Proposed schematic of metabolic alterations upon ultrasound and AEW combined treatment in planktonic E. coli (A) and air-dried E. coli (B). Metabolites
coloured in green, red or black represent lower, higher or similar level in ultrasound+AEW treated E. coli compared to the control group, respectively. Metabolites in
italic black were not detected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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well as can be metabolised into betaine, offering osmoprotective effect
(Michel, Yuan, Ramsubir, & Bakovic, 2006). In this study, the higher
level of phosphorylcholine (choline precursor) and stable level of be-
taine were identified in air-dried E. coli, a fact not observed in plank-
tonic cells, indicating attached cells' attempt to repair the damage
under ultrasound and AEW stresses, which might be beyond the range
of planktonic cells' ability.

4. Conclusion

The analysis of global metabolomic responses of planktonic and air-
dried E. coli to ultrasound and AEW stresses were investigated in this
study. The two states of E. coli responded quite differently to the
combined treatment, with different concentration changes in amino
acids, organic acids and nucleotides. Further analysis revealed that
these metabolite changes were associated with disturbed energy me-
tabolism, altered amino acid metabolism and depressed growth pattern,
which were identified in both two states of E. coli but to different ex-
tent, as air-dried E. coli exhibited more resistance to adverse conditions.
This study shows that NMR-based metabolomics strategy was effective
to identify the stress effects that ultrasound and AEW caused and to
elucidate global metabolic differences between different states of bac-
teria, providing an example for future mechanism studies as well as
some guidance for food contact surface sanitisation.
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