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Naturally occurring organic acids (OAs) have demonstrated satisfactory effects in inhibiting common pathogens
on fresh produce; however, their effectiveness on “big six™ Escherichia coli serotypes, comprised of E. coli 026:
H11, O45:H2, 0103:H11, 0111, 0121:H19 and 0145, remained unaddressed. Regarding this, using nuclear
magnetic resonance (NMR) spectroscopy and ultra-high performance liquid chromatography-mass spectrometry

Foodomi

N?\;)Romms (UPLC-MS), the sanitising efficacy and the underlying antimicrobial mechanisms of 10-min treatments with 0.2
UPLC-MS mol/L ascorbic acid (AA), citric acid (CA) and malic acid (MA) against the “big six” strains on pea sprouts were
Sanitization thoroughly investigated in this study.

Despite the varying antimicrobial efficacy (AA: 0.12-0.99, CA: 0.36-1.72, MA: 0.75-3.28 log CFU/g re-
ductions), the three OAs induced consistent metabolic changes in the E. coli strains, particularly in the meta-
bolism of membrane lipids, nucleotide derivatives and amino acids. Comparing all strains, the most OA-resistant
strain, 026 (0.36-1.12 log CFU/g reductions), had the largest total amino acids accumulated to resist osmotic
stress; its ulteriorly suppressed cell activity further strengthened its endurance. In contrast, the lowest OA-
resistance of 0121 (0.99-3.28 log CFU/g reductions) might be explained by the depletion of putrescine, an
oxidative stress regulator. Overall, the study sheds light on the effectiveness of a dual-platform metabolomics
investigation in elucidating the metabolic responses of “big six” E. coli to OAs. The manifested antimicrobial
effects of OAs, especially MA, together with the underlying metabolic perturbations detected in the “big six”
strains, provided scientific basis for applying OA treatments to future fresh produce sanitisation.

Food safety

1. Introduction

With vigorous promotion of the health benefits of fresh produce by
the World Health Organization (WHO) (World Health Organization,
2003, 2014), global awareness of increasing fresh produce consumption
has been raised in recent years (Rekhy & McConchie, 2014). Concomi-
tantly, foodborne outbreaks related to fresh produce consumption are
also on the rise (Dewey-Mattia et al., 2019; Food and Drug Adminis-
tration, 2022). Shiga toxin-producing Escherichia coli (STEC) are
amongst the pathogens commonly contaminating fresh produce
(Dewey-Mattia et al., 2018). According to the Centers for Disease Con-
trol and Prevention (CDC), in the past decade, they are responsible for
13 fresh produce-related foodborne outbreaks within the U.S.
(https://www.cdc.gov/ecoli/outbreaks.html). Among the causative
STEC serotypes, 0157 is the most familiar to the public; for many years,

it dominated the cause of life-threatening STEC infections and relevant
food product recalls (Chung, Cho, & Rhee, 2018; Deng et al., 2011;
Wang et al., 2009). Apart from 0157, six emerging STEC serotypes
combinedly known as “big six”, including 026, 045, 0103, 0111, 0121
and 0145, are also noteworthy causes of the outbreaks. For instance,
026 was responsible for the 29 infections during a multistate outbreak
linked to sprouts consumption in 2012 (Centers for Disease Control and
Prevention, 2012). Moreover, 0121 and 0103 were the culprits of two
additional sprouts-related outbreaks in 2014 and 2020, respectively,
which together led to 70 infections and 10 hospitalisations (Centers for
Disease Control and Prevention, 2014, 2020). Regarding the high
occurrence and severity of the “big six” outbreaks related to fresh pro-
duce consumption, effective sanitisation approaches targeting “big six”
are urgently needed by the fresh produce industry to protect consumer
safety.
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Organic acids (OAs) are potential sanitisers to achieve this goal. To
date, many of the generally recognised as safe (GRAS)-affirmed OAs
have demonstrated sanitising capability against common microbes in
foods (Olaimat et al., 2017). For instance, Guo et al. (2022) reported
1.7-2.5 log reductions of Salmonella enterica strains on cucumber slices
by 1% citric acid (CA). Besides, both acetic acid and lactic acid were
proven to effectively inhibit the growth of E. coli 0157:H7 in beef
products (Fang & Tsai, 2003; Shen et al., 2011). Additionally, a range of
OAs, including CA, malic acid (MA), propionic acid, lactic acid and
acetic acid, exhibited significant antibacterial effects against E. coli
0157, Salmonella, and Listeria monocytogenes on organic apples, lettuce
and spinach at low concentrations in studies by Neal et al. (2012) and
Park et al. (2011). These reported antimicrobial effects on common
microbes suggested that OAs might be useful for “big six” inhibition as
well.

In this study, the antimicrobial effects of three plant-derived OAs
were specifically investigated. These were ascorbic acid (AA), which is
ubiquitous in fruits and vegetables, CA, which exists notably in citric
fruits, and MA, which is the main acid in apples, apricots, berries, grapes
and pears (https://fdc.nal.usda.gov/). As the three OAs are naturally
occurring in fresh produce, they seem to be more compatible with fresh
produce application compared to OAs from other sources, such as acetic
acid and propionic acid. In this way, once proven effective, they would
be more easily popularised in the fresh produce industry.

The mechanisms of the potential bactericidal effects of the three OAs
were also interested. Metabolomics, with the ability to acquire “snap-
shots” of metabolite profiles of bacterial cells at different cellular states,
is increasingly utilised for mechanism study (Chen et al., 2020b). Nu-
clear magnetic resonance (NMR) spectroscopy and ultra-high perfor-
mance liquid chromatography-mass spectrometry (UPLC-MS) are two of
the metabolomic techniques practically used; while the former shows
superiority in terms of reproducibility, non-destructiveness and non-
invasiveness (Emwas, 2015), with recent application in identifying the
metabolic disturbance in E. coli in sprouts under electrolysed water
treatment (Wang, Wu, & Yang, 2022), the latter offers an ingenious
unification of the high resolution of chromatography and the high
sensitivity of MS for the analysis of complex biological systems (Ashraf
et al., 2020), which thus has been applied to diagnose the metabolic
biomarkers in microbes under a wide range of stresses, such as heat,
oxidation as well as nutrient limitation (Ji et al., 2018; Lin et al., 2016;
Tian et al., 2018). In light of the respective advantages associated with
each technique, a parallel measurement by NMR and UPLC-MS may
provide comprehensive insights into the metabolic responses of the “big
six” E. coli strains in fresh produce toward the OA treatments.

Overall, in this work, the sanitising effects of three chosen OAs, AA,
CA and MA, against “big six”, were examined in vivo, using pea sprouts
as the food matrix. Besides, through a dual-platform metabolomics
investigation using the NMR and UPLC-MS techniques that complement
each other, the metabolic changes in the strains underlying the OA
antimicrobial processes were thoroughly elaborated at the molecular
level. The results of the study would provide scientific basis for applying
the plant-derived OA treatments in future fresh produce sanitisation.

2. Materials and methods
2.1. E. coli strains and culture condition.

Six E. coli strains, including E. coli 026:H11 (ATCC BAA-2196), 045:
H2 (ATCC BAA-2193), 0103:H11 (ATCC BAA-2215), 0111 (ATCC BAA-
2440), 0121:H19 (ATCC BAA-2219) and 0145 (ATCC BAA-2192), were
utilised as representatives of “big six” to enable comparison of the re-
sponses of different E. coli serotypes to OAs. The strains (stored in 30%
glycerol under — 80 °C) were obtained from the Department of Food
Science and Technology, National University of Singapore. They were
activated by inoculation into 10 mL of tryptone soya broth (TSB, Sigma-
Aldrich, St. Louis, MO, USA) and incubated overnight at 37 °C. The
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activated strains were then adapted to 100 pg/mL of nalidixic acid
(Sigma-Aldrich, St. Louis, MO, USA) via consecutive transfers with
stepwise increments in nalidixic acid concentration. All media used in
this study were also supplemented with 100 pg/mL of nalidixic acid
accordingly to avoid interference of the naturally existing microbiota on
pea sprouts (Kharel et al., 2018). Working cultures of individual strains
were prepared by inoculating the adapted cultures into 10 mL of fresh
TSB (1:100, v/v) with subsequent incubation at 37 °C overnight. Cell
pellets were centrifuged at 4,500 x g for 10 min (20 °C), washed twice
with 0.1% peptone water (Sigma-Aldrich, St. Louis, MO, USA) and
finally harvested in 200 pL of 0.1% peptone water for pea sprouts
inoculation.

2.2. Sample inoculation

Pea sprouts were purchased from a local supermarket in Singapore
within 24 h before use and kept at 4 °C. Upon gentle rinsing for 60 s by
cold tap water to remove undesired residues, those with no visible
damage were air-dried and weighed into 10-g portions. Each weighed
sample was spot inoculated with E. coli by aseptically depositing the 200
pL of concentrated cell suspension prepared in 2.1 with a micropipette at
10 to 15 locations on the surface. The method could ensure complete
pellet delivery (Beuchat et al., 2017; Blessington, Theofel, & Harris,
2013), and led to homogeneous initial E. coli levels of approximately 8
log CFU/g across all samples. The six strains were inoculated individu-
ally, and each strain was inoculated on four samples for four different
treatments. After inoculation, samples were air-dried in a laminar flow
biosafety cabinet for at least 3 h to facilitate E. coli attachment.

2.3. Sanitising treatments

OAs were purchased from Sigma-Aldrich (St. Louis, MO, USA). Based
on the FDA regulations (Title 21 CFR designation) and relevant studies
(Allende et al., 2009; Chen et al., 2019; Min et al., 2007; Park et al.,
2011), the AA, CA and MA treatment solutions were all prepared to a
concentration of 0.2 mol/L by diluting in sterile deionised water (DW) to
a final volume of 200 mL. The pH of the 0.2 mol/L AA, CA and MA
solutions used in the study were 2.50 + 0.02, 2.00 + 0.01 and 2.10 +
0.01, respectively, as determined by a pH meter (Orion 410, Thermo
Scientific, Waltham, MA, USA) at room temperature.

The inoculated samples were randomly assigned to four treatment
solutions: (I) 0.2 mol/L AA; (II) 0.2 mol/L CA; (III) 0.2 mol/L MA; (IV)
DW (control). They were immersed in the solutions simultaneously at
room temperature for 10 min to ensure that the full sanitising potential
of the treatments was achieved. After that, samples were washed with
0.2 mol/L phosphate-buffered saline (PBS, pH 7.5) to neutralise the
residual acids (Burnett & Beuchat, 2002; Chen et al., 2020b; Haskard,
Binnion, & Ahokas, 2000). Successful neutralisation was confirmed by
checking the pH of the final wash solution. Samples were then dried in
the laminar flow biosafety cabinet for 30 min. Next, each sample was
transferred to a sterile stomacher bag containing 90 mL of 0.1% sterile
peptone water and homogenised for 180 s (Masticator Stomacher, IUL
Instruments, Germany). Serial dilution was performed and 100 pL of
diluent was plated on the nalidixic acid-supplemented tryptic soy agar
(TSA, Sigma-Aldrich, St. Louis, MO, USA). The bacterial populations
were counted after overnight incubation at 37 °C and the results were
expressed as log CFU/g of the fresh weight. For each strain, the differ-
ence in viable populations between each OA treatment and the control
was used to designate the sanitising efficacy of the OA.

2.4. Metabolite extraction and preparation for metabolomic analyses

For metabolomic analysis, each of the E. coli strains was conducted
individually. To obtain sufficient E. coli cells for the extraction of me-
tabolites, 200 g of inoculated pea sprouts were used for each treatment.
After being immersed in specific treatment solutions for 10 min, the pea
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Table 1
Reduction of Escherichia coli populations on pea sprouts under 10-min organic
acid (0.2 mol/L) treatment.”

Serotype Reduction of Escherichia coli population (log CFU/g)

AA CA MA All treatments
026 40.12 + 0.05° 40.36 + 0.08° A0.74 £0.18°  40.41 +0.29
045 AB0.26 + 0.04"  P1.72 +0.07° B1.90 £ 0.15°  P1.29 + 0.79
0103 B0.37 + 0.15% BC0.87 £ 0.04>  B2.05+0.07°  5¢1.10 + 0.75
0111 B0.36 + 0.04" $0.82 + 0.16" B1.97 £ 0.03°  %1.05+0.73
0121 €0.99 + 0.10" €1.02 + 0.06" P328 +0.17° F1.76 + 1.14
0145 A0.11 + 0.08" BC0.88 + 0.01°  ©2.49 +0.14° ©1.16 + 1.05
Total 0.37 + 0.31° 0.95 + 0.42° 2.07 + 0.79¢

2 AA: ascorbic acid; CA: citric acid; MA: malic acid. Data are presented as
means = standard deviation (n = 3). Values for the same treatment within each
column preceded by different uppercase letters are significantly different (P <
0.05). Values for the same serotype within each row followed by different
lowercase letters are significantly different (P < 0.05).

sprout samples were kneaded for 30 s to dissociate the E. coli cells. Af-
terwards, treatment solutions were collected and centrifuged at 500g for
3 min (4 °C) to precipitate pea sprouts debris. E. coli cells were harvested
from the solutions by centrifugation at 12,000g for 10 min (4 °C),
washed once with 0.2 mol/L PBS (pH 7.5) and twice with 0.1% peptone
water (Zhao et al., 2020). Upon collection, the cell pellets were dried
with clean nitrogen flow and immediately mixed with 1 mL of ice-cold
methanol-d4 (Cambridge Isotope Laboratories, Tewksbury, MA, USA)
for NMR analysis or ice-cold LC-MS grade methanol (Waters, Milford,
MA, USA) for UPLC-MS analysis to cease cellular enzymatic activities
and quench metabolomic changes (Sellick et al., 2011). Complete cell
lysis was achieved through three freezing-thawing cycles where the
mixture was frozen in liquid nitrogen and thawed on ice (Chen et al.,
2020b; Japelt et al., 2015; Winder et al., 2008). The mixture was then
kept at — 20 °C for overnight metabolite extraction before subjecting to
high-speed centrifugation at 12,000g (20 min, 4 °C). For NMR analysis,
the obtained supernatant was collected, spiked with 1 mM trimethylsilyl
propanoic acid (TSP; Sigma-Aldrich, Singapore; internal standard), and
transferred into a 5 mm NMR tube (Sigma-Aldrich, St. Louis, MO, USA).
For UPLC-MS analysis, the supernatant was spiked with 0.1 mM gallic
acid (Sigma-Aldrich, Singapore) before being injected through a sterile
nylon 0.22 pm filter (Waters, Milford, MA, USA) into the HPLC vial.
Quality control (QC) samples were also prepared for UPLC-MS analysis,
by pooling equivalent aliquot of all samples (Loh et al., 2021).

2.5. NMR analysis

The procedures for NMR analysis were adapted from our previous
works (Lou, Zhai, & Yang, 2020; Wang, Wu, & Yang, 2022). The Bruker
DRX-500 NMR spectrometer (Bruker, Rheinstetten, Germany) was used
to scan the samples via a Triple Inverse Gradient probe. The 'H spectra
with a width of 10 ppm were obtained using the standard Bruker NOESY
pulse sequence (noesyprld). Prior to Fourier transformation, the free
induction decays were multiplied by an exponential function equivalent
to a 1-Hz line-broadening factor. Besides, the 2D 'H-'3C heteronuclear
single quantum coherence (HSQC) spectra of two representative samples
were acquired to facilitate metabolite identification. Using the Bruker
hsqcedetgpsisp2.3 pulse sequence, the 'H spectra (10-ppm width) and
13C spectra (180-ppm width) were obtained in F2 and F1 channels,
respectively (Zhao et al., 2019).

2.6. UPLC-MS analysis

Samples were analysed by the ACQUITY UPLC™ I-Class PLUS sys-
tem (Waters, Milford, MA, USA) coupled to a VION ion mobility spec-
troscopy quadrupole time-of-flight mass spectrometer (IMS-QTOF-MS)
(Waters, Manchester, U.K.), with an electrospray ionization (ESI) source
operating in both positive (ESI") and negative (ESI”) modes. An
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ACQUITY UPLC HSS T3 column (2.1 x 100 mm, 1.8 pm; Waters,
Singapore) with temperature maintained at 30 °C was used to separate
metabolites. The sample flow rate was set at 0.3 mL/min. The mobile
phase consisted of 0.1% formic acid (FA) in water (Honeywell Burdick &
Jackson, Muskegon, MI, USA) (A) and acetonitrile (Honeywell Burdick
& Jackson, Muskegon, MI, USA) (B), and gradient conditions were as
follows: 0-1.5 min 5% B, 1.5-3 min 5-50% B, 3-13 min 50-80% B,
13-13.5 min 80 - 95% B, 13.5 - 16 min 95% B, 16-16.1 min 95-5% B,
and 16.1-20 min 5% B.

The capillary voltage was 2.0 kV for positive mode and 2.5 kV for
negative mode. Nitrogen was used for desolvation, nebulisation and
collision. The source temperature was set to 100 °C and desolvation gas
to 500 °C with a flow rate of 800 L/h. The mass spectrometer was
operated in accurate mass screening mode for QC data acquisition in
both ionization modes and MSE for all samples. The MSE experiments
acquired two acquisition functions simultaneously over an m/z range of
50-1200 Da at a scan time of 0.2 s. A low-energy function with a fixed
collision energy of 4 eV and a high-energy function with a collision
energy ramp from 20 to 40 eV were adopted. For automated mass
measurement, a leucine enkephalin solution (50 ppb) in acetonitrile/
H,0 (50:50, v/v) containing 0.1% FA was infused at 10 pL/min through
a lockspray needle and acquired every 5 min with a scan time of 0.2 s.
The protonated and deprotonated forms of leucine enkephalin were used
for lock-mass corrections at m/z 556.2771 and 554.2620 in ESI* mode
and ESI” mode, respectively, to ensure accurate mass measurements
along runs (Loh et al., 2021).

2.7. Spectral analysis

For all NMR spectra, baseline correction and phase distortion
adjustment were manually conducted on TopSpin 4.0.9 (Bruker). 1D 'H
and 2D 'H-'3C spectra were used cooperatively for metabolite identi-
fication, where the Madison Metabolomics Consortium Database
(MMCD), the Human Metabolome Database (HMDB) as well as relevant
studies were referred for identity confirmation. The full resolution 'H
spectra (0.5-10.0 ppm) excluding the methanol region (3.26-3.36 ppm)
were normalised to the sum intensities and binned into baskets with
0.02 ppm integral width using Mestrenova (Mestreab Research SL,
Santiago de Compostela, Spain). The binned spectral data were first
subject to principal component analysis (PCA) and hierarchical cluster
analysis (HCA) for group separation. Moreover, pairwise comparison
was performed by the supervised orthogonal projection to latent
structures-discriminant analysis (OPLS-DA) to identify the significantly
altered metabolites in each OA treatment compared to the control
(SIMCA 14.1, Umetrics, Umed, Sweden), using the selection criteria of
variable importance in projection (VIP) > 1 and P value < 0.05 (Chen
et al., 2020a).

The UPLC-MS spectra were processed using the Progenesis QI soft-
ware (V.2.4, Nonlinear Dynamics, Waters, Newcastle, U.K.), on which
baseline filtering, retention time alignment, 3D peak picking and
response normalisation were automatically performed. For metabolite
identification, the adducts [M + H]™, [M + NH4]", [M + Na]™ and [M +
K] were selected for the positive mode, and [M — H] ™ and [M — Hy0 —
H]™ were selected for the negative mode, and the E. coli Metabolome
Database (ECMDB), the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database as well as the HMDB were collectively used for refer-
ence. PCA and OPLS-DA of the spectral data were further carried out on
the EZinfo (V.3.0, Umetrics, Sweden). The significantly altered metab-
olites in each OA-treated sample compared to the control (VIP > 1, P
value < 0.05 and CV < 30) were carefully screened out. They were
combined with those obtained from NMR analysis for interpretation of
the main metabolic perturbations in the E. coli strains induced by the OA
treatments.
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Fig. 1. Venn diagram showing the overlap of metabolites detected by NMR and UPLC-MS (A); metabolite composition of the Escherichia coli strains (B).

2.8. Statistical analysis

All tests were performed on at least three replications, where each
replication was treated as an independent and autonomous experiment
using separately inoculated cultures. Analysis of variance (ANOVA) and
the least significant difference (LSD) were performed on SAS 9.4 (Sta-
tistical Analysis System, Cary, NC, USA) to compare the sanitising effi-
cacy of the different treatments against the six E. coli strains. Differences
with a P value < 0.05 were considered to be statistically significant.

3. Results and discussion

3.1. Reduction of E. coli on pea sprouts under different organic acid
treatments

The antimicrobial efficacy of the OAs against the “big six™ strains,
including 026:H11 (ATCC BAA-2196), 045:H2 (ATCC BAA-2193),
0103:H11 (ATCC BAA-2215), 0111 (ATCC BAA-2440), 0121:H19
(ATCC BAA-2219) and 0145 (ATCC BAA-2192), on pea sprouts is shown
in Table 1. Among the three OAs, MA was no doubt the most effective,
which reduced all strains, except for 045, by double or even triple
amounts (0.74-3.28 log CFU/g) that were reduced by CA. CA ranked
number two in sanitising efficacy, leading to reductions of the “big six”
strains by 0.36-1.72 log CFU/g. Both MA and CA have demonstrated
satisfactory anti-E. coli effects previously. For instance, Park et al.
(2011)’s finding that a 10-min treatment with either 0.075 mol/L MA or
0.05 mol/L CA mitigated E. coli O157:H7 by over 2.2 log CFU/g on
sprouts and by over 1.5 log CFU/g on apples illuminated the effective-
ness of the two OAs at very low levels. Compared to MA and CA, the
inhibitory efficacy of AA seemed to be trivial. Except for the relatively
high reduction achieved in 0121 (0.99 log CFU/g), reductions of all the
other strains by AA were kept below 0.37 log CFU/g. This inconspicuous
sanitising power suggested that AA might be more of a nutritional
supplement than a sanitiser if it was applied to foods.

For each strain, the resistance to the different OAs was interlinked.
The most resistant strain to MA, 026, for instance, showed superiority in
surviving AA and CA as well, diminished by <0.75 log CFU/g from all
three treatments (Table 1). At the opposite extreme, 0121 was generally
the most vulnerable towards the OA attacks (0.99-3.28 log CFU/g re-
ductions); only under CA treatment was its reduction significantly
exceeded by 045 (P = 0.001). Additionally, 0103 and 0111 exhibited
comparable sensitivity to each other under the same treatment, and
thus, similarity in their stress defence mechanisms was suspected.
Overall, despite the varying sanitising power among the three OAs, the

strains’ different resistance to the OA stresses in general could be
identified. To unravel the ultimate reasons for the uneven OA-resistance
among the strains, an investigation of their metabolic responses during
OA application may be helpful.

3.2. Metabolic profiling of E. coli on pea sprouts by NMR and UPLC-MS

The NMR and UPLC-MS metabolomic techniques combinedly iden-
tified a total of 72 metabolites in the E. coli strains, which demonstrated
a huge enhancement in metabolite coverage as compared to previous
metabolomic analyses carried out by NMR or UPLC-MS alone (Chen
et al., 2020b; Liu et al., 2020; Wang, Wu, & Yang, 2022; Wang, Zhou, &
Yang, 2022). From Fig. 1A, except for four metabolites (i.e., phenylal-
anine, adenosine, NAD and ADP) jointed identified on both platforms,
21 and 11 unique metabolites were detected by UPLC-MS ESI" and ESI’,
respectively, while 30 specific metabolites were solely detected by NMR.

NMR is the golden technique for untargeted metabolomics, which is
capable of generating metabolic profiles based on the complete set of
metabolites of a biological sample (Emwas, 2015). In line with this, the
set of metabolites annotated on the 'H NMR spectra was an epitome of
the complete E. coli metabolic profile, where amino acids, organic acids,
alcohols, sugars and nucleotide derivatives have all been detected
(Fig. S1-S4 and Table S1). In comparison, the UPLC-MS technique
seemed to specialise in lipid and nucleotide detection (Fig. S5 and
Table S2); however, it barely detected the metabolites with a polar na-
ture, such as sugars, organic acids, alcohols, polyols and some amino
acids, possibly due to the lack of retention and poor separation of
important isomers in the reversed-phase LC system (Lioupi et al., 2021).
Since the NMR technique is irrelevant to the polarity of metabolites, it
offers a perfect complement to the metabolome probed by UPLC-MS.
Overall, the composition of E. coli metabolites detected from the two
platforms is presented in Fig. 1B. It can be seen that while nucleotide-
related compounds accounted for almost half of the detected metabo-
lites, amino acids, organic acids, lipids, sugars, alcohols and others
collectively took up the other half.

3.3. Overadll differences in metabolic profiles of E. coli on pea sprouts from
different treatments

To obtain a global overview of the metabolic differences among
E. coli strains from different treatments, PCA was conducted using the
NMR, ESIt and ESI” datasets.

The NMR data compared all groups (6 strains x 4 treatments) in a
single PCA model. With the first three principal components (PCs)
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Fig. 2. Principal component analysis (PCA) of 'H NMR spectra of Escherichia coli strains on pea sprouts. Principal components explaining for the variances (A); score
plot (B); hierarchical clustering (C). Note: W: deionised water; A: ascorbic acid; C: citric acid; M: malic acid.

explaining 79.4% of the total variance (PC1: 50.3%, PC2: 23.0%, PC3:
6.1%) and the quality parameter Q2 being much higher than 0.5
(Fig. 2A), the model demonstrated satisfactory predictivity and inter-
pretability (He et al., 2021). The 24 groups showed clear separation on
the score plot (Fig. 2B). Meanwhile, the triplicates from each group were
tightly aggregated, indicating outstanding reproducibility of the sam-
ples prepared. The control samples of all strains were positioned close to
each other spatially on the plot, suggesting the similarity of the meta-
bolic status of the six strains originally. In contrast, the stressed samples
were scattered in all directions, which manifested that drastic metabolic
variations were induced by the OAs. Amongst the six strains, 026
demonstrated the meekest metabolic changes, for its metabolic profiles
were confined to the same quadrant regardless of the treatment applied;
this might be the inner embodiment of the strain’s low sensitivity to the
OA stresses.

Using the NMR dataset, HCA based on Euclidean distance and Ward
algorithm was further performed for a more sophisticated classification
of the groups. Two major categories were illustrated on the dendrogram
(Fig. 2C). Congruent with the observations on the PCA score plot, all the
control samples were grouped into the same category. In addition, all
the AA-treated ones were also assigned to this category, revealing
relatively mild stimulation of AA on the strains at the metabolic level.
The other major category, in contrast, was exclusively comprised of the
CA- and MA-treated samples; no clear demarcation was observed be-
tween the two treatments, whereby some internal coherence in their
antimicrobial mechanisms was suspected.

Twelve PCA models were built separately using the UPLC-MS ESI*
and ESI datasets. All models showed good fitness to the data based on
the R?X (close to 1) and Q2 (>0.5) accumulated by the first 5 PCs
(Table S3). Moreover, as the QC samples were correctly located in the
centre of most score plots (Fig. 3), good data quality was ensured (Loh
et al., 2021). For all strains, the metabolomes of the unstressed cells
were distant from those stressed on the score plots, which ascertained

that the change of the E. coli’s metabolomes induced by OAs was
effectively captured on the UPLC-MS platform. Besides, the metab-
olomes of E. coli from the CA and MA treatments were closely positioned
in both modes of detection, implying that similar trends of metabolic
changes might have been stimulated by the two OAs. This was consistent
with that observed from the NMR analysis mentioned above, which
suggested that the results obtained from the two metabolomic tech-
niques could be mutually authenticated.

3.4. Altered metabolites in E. coli on pea sprouts by different organic acid
treatments

To elucidate the detailed metabolic changes induced by OAs in the
E. coli strains, the significantly altered metabolites after each OA treat-
ment were identified by OPLS-DA. The NMR spectral data were well
fitted to the OPLS-DA models (R2Y: 0.95 — 0.99, Q% 0.82 — 0.99). S-plots
were generated based on the covariance, p, and correlation, p(corr),
between the metabolites and the modelled class designation, where
points below and above the x-axis indicated features with lower and
higher signals in the control sample (Fig. 4, Fig. S6-S7). Metabolites with
VIP > 1 that made credible contributions to the separation of the paired
samples were highlighted at the far left or right sides (coloured in red)
on the plots (Wiklund et al., 2008). They were further screened based on
the P values to enable the diagnosis of the metabolites that significantly
differentiated each stressed-and-unstressed sample pair (Table 2). All
metabolites detected from UPLC-MS were also screened in this way,
where those significantly altered after the OA treatments are summar-
ised in Table 3. From the Tables, it can be seen that both platforms were
able to capture the strain-specific metabolic changes under the OA
stresses. To aid comparison among the strains, a full list of the signifi-
cantly discriminative metabolites identified is provided in Fig. 5, with
arrows pointing upwards and downwards highlighting increasing and
decreasing contents after each OA stress. Based on these metabolites, an
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Fig. 3. Principal component analysis (PCA) of UPLC-MS spectra of Escherichia coli strains on pea sprouts. Score plots from the positive mode of detection (ESI*) (A);
score plots from the negative mode of detection (ESI') (B). Note: W: deionised water; A: ascorbic acid; C: citric acid; M: malic acid; QC: quality control.
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Fig. 4. Orthogonal partial least squares discriminant analysis (OPLS-DA) S-plots of NMR analysis of Escherichia coli strains from deionised water-treated and 0.2 mol/

L ascorbic acid-treated pea sprouts.

assumptive schematic map showing the major perturbations in the
E. coli’s metabolic networks is proposed in Fig. 6 to facilitate ration-
alisation of the strains’ different resistance against OAs in the following
section.

3.5. Metabolic network perturbations in E. coli on pea sprouts under
organic acid treatments

3.5.1. Lipid metabolism

For all bacteria, cell membrane is the first barrier encountering
extracellular stresses. Concomitantly, remarkable changes in an array of
membrane lipids were observed in the OA-stressed strains, showing a
general upward trend (Fig. 5; Fig. 6). Among the significantly discrim-
inative lipids (P < 0.05), lysophosphatidylethanolamine (LPE) is the
hydrolysed product of the most dominant cell membrane constituent,
phosphatidylethanolamines (PE) (Tepperman & Soper, 1999). Conver-
sion of LPE from PE typically happens during activities that compromise
the integrity of cell membranes, such as heat shock (de Geus et al., 1983;
Tian et al., 2018), T4 phage infection (Cronan Jr & Wulff, 1969), and
exposure to antimicrobial lipopeptide (Wright et al., 1990), marking the
beginning of E. coli cell lysis (Weiss, Beckerdite-Quagliata, & Elsbach,
1979). Similarly, lysophosphatidylglycerol (LPG) and Lysophosphati-
dylcholines (LPC) are also derived by hydrolysis of major membrane
phospholipids, from phosphatidylglycerol (PG) and phosphatidylcho-
lines (PC), respectively (Zheng et al., 2017). In our work, from the
elevated levels of all three lysophospholipids, cell membrane impair-
ment was highly suspected in the OA-stressed E. coli strains. Besides, a
significant decline in phosphorylcholine was observed in the AA-
stressed 0121 and 0145 cells. As phosphorylcholine is a key mem-
brane phospholipid precursor (Geiger, Lopez-Lara, & Sohlenkamp,
2013), its reduction provided additional evidence of a weakened
membrane structure.

Elevation in osmotic stress might be responsible for the weakened
membrane under the OA treatments. Based on a prevailing opinion, as
weak acids, OAs can cross the bacterial cell membrane freely in the
undissociated form and dissociate once inside the cell (Brul & Coote,
1999; Olaimat et al., 2022; Salmond, Kroll, & Booth, 1984). The released

anions are trapped in the cytoplasm and accumulated, which increases
the ionic strength and osmotic stress (Russell, 1992). The osmotic stress
subsequently causes irreversible damage to the E. coli’'s morphology
(Alemohammad & Knowles, 1974; Wood, 1999), with the formation of
small vesicles on the cell membrane being the most evident change
(Mille, Beney, & Gervais, 2002). Previous studies have also documented
the impairment of E. coli cell membrane towards OA treatments. For
instance, in Chen et al. (2022)’s study where E. coli 0157 treated with
2% lactic acid was viewed under the atomic force microscope, a severely
impaired outer membrane that exposed the inner membrane of the cells
has been observed. Additionally, Zhang et al. (2019)’s study also high-
lighted membrane impairment as a cause of the death of E. coli 0157
under octanoic acid treatment. Combining these with our results, cell
membrane disintegration is a key disinfectant mechanism of OAs on the
E. coli cells.

3.5.2. Nucleotide metabolism

Inside the cells, nucleotides presented a consistent alteration pattern
among the six strains (Fig. 5; Fig. 6). For instance, a uniform reduction in
NAD (exists as NAD" or NADH) was observed. NAD is a ubiquitous co-
enzyme participating in hundreds of enzymatic oxidation-reduction
reactions (Dong et al., 2014; Foster & Moat, 1980; Ozment et al., 1999),
and thus, the drop in its content revealed a compromise in virtually all
metabolic pathways in a living cell. Previous studies have documented
the switch of E. coli cells from exponential growth to stationary-phase
growth under adverse environmental conditions (Kanjee & Houry,
2013; Liu et al., 2017). The lowering of NAD observed in this study,
therefore, indicated that this energy-saving strategy was also adopted
for OA stress endurance. During this phase, the intracellular metabolic
activities were constrained to the most essential functions only, whereas
those irrelevant to maintaining basal metabolism were depressed (Gray
et al., 2019; Kempes et al., 2017). For instance, with lower energy re-
quirements, the metabolism of glucose, the core energy source in E. coli,
was decreased, as evidenced by the significant declination of o-D-
glucose, ethanol, lactic acid, acetic acid and 1,2-propanediol in most
strains (Jain et al., 2015). Likewise, the synthesis of coenzyme A from
pantothenic acid via the formation of dephospho-CoA was also retarded,
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Table 2
Significantly differential metabolites (P < 0.05) in Escherichia coli strains on pea sprouts from each organic acid treatment in comparison to the control detected by
NMR spectroscopy .

Serotype Metabolite AA CA MA
VIP VIP Trend VIP Trend

026 Leu 3.05 2.56 [ 2.87 el

Ile 1.74 1.12 1 2.24 1%

Ethanol 1.72 * 1.20 1*

Lactic acid 5.95 T 4.63 P 6.47 T

Acetic acid 2.26 Ui 1.81 sl

Glu 1.77 e 1.04 1*

Met 1.77 i 1.01 Ll

Putrescine 2.60 el

His 2.61 I 2.07 1*

Uridine 1.80 i 1.77 e 1.59 1

Uracil 1.61 el 1.52 i 1.69 1*

Xanthine 2.37 P 2.47 1 2.13 el

Hypoxanthine 1.94 f 2.11 e 1.98 e
045 Leu 1.02 i 1.77 e

Ile 1.72 ekl 1.63 i

1,2-propanediol 1.26 el

Ethanol 2.14 1* 3.07 e

Lactic acid 2.74 1* 1.66 1* 3.67 el

Acetic acid 2.67 1 1.55 | 2.12 1

Met 1.35 1* 1.31 i

Putrescine 4.13 2.80 el 2.30 1%

His 2.07 2.04 1 2.21 1F*

Uridine 1.29 1.48 i 1.79 1

Adenosine 1.21

o-D-glucose 1.26

Phe 1.06 i

Xanthine 1.89 % 1.69 e 2.10 1

Hypoxanthine 1.88 el 1.67 1 2.05 il
0103 Leu 2.15 1*

Ile 1.86 *

Ethanol 3.26 1* 1.84 1* 1.75 1*

Lactic acid 4.73 el 2.58 1* 3.08 1*

Arg 1.70 1%

Acetic acid 3.03 ekl 2.03 Ui 1.88 Uil

Glu 1.85 1* 1.16 el

Met 1.76 1* 1.11 I 1.00 1*

His 1.60 1* 2.05 L** 1.85 L**

Uridine 1.21 1 1.24 el

Adenosine 1.05 L

a-D-glucose 1.24 i

Phe 1.11 el

Uracil 1.09 e

Xanthine 1.67 1.46 1 1.55 e

Hypoxanthine 1.52 1.27 i 1.45 Pk
0111 Leu 1.99 2.62 [

Ile 2.50 L**

Ethanol 4.47 i 5.04 i 3.89 Ll

Lactic acid 4.90 el 5.04 1 5.17 el

Arg 1.32

Acetic acid 2.32 1.66 1 1.79 ¥

Glu 1.08 1.35 i

Met 1.08 1* 1.16 1*

Putrescine 2.36 e 211 ek

His 1.81 2.16 L

Uridine 1.43 1.01 1 1.02 1E*

Adenosine 1.48 1.03 1

a-D-Glucose 1.06

Xanthine 1.85 1.25 i 1.23 el

Hypoxanthine 1.81 1.25 P 1.22 e
0121 Leu 1.87 1.06 1* 1.75 i

Ile 2.34 2.04 Ui 2.04 el

1,2-propanediol 1.47

Ethanol 2.39 2.82 i 1.93 1*

Lactic acid 4.90 3.57 e 2.25 1

Arg 1.92

Acetic acid 3.39 1.30 L 1.74 el

Met 1.60 1.28 L**

Putrescine 4.74 2.04 1*

Phosphorylcholine 1.13

His 1.25 1.70 L** 2.08 L **

Uridine 1.27 1.20 el

Adenosine 1.53

(continued on next page)
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Table 2 (continued)

Serotype Metabolite AA CA MA
VIP Trend VIP Trend VIP Trend
a-D-glucose 1.39 1**
Uracil 1.04 1
Xanthine 1.88 1.17 1 1.50 1
Hypoxanthine 1.97 1.09 1 1.47 e
0145 Leu 2.41 2.43 i 1.66 Pk
Ile 2.68 1.05 1* 1.98 1**
1,2-propanediol 1.34 1.14 L**
Ethanol 1.59 1
Lactic acid 4.47 [l 4.65 P 3.61 el
Arg 1.37 1
Acetic acid 2.66 i 1.23 e 1.59 L**
Glu 1.96 ekl 1.04 1* 1.62 sl
Met 1.23 el
Putrescine 3.74 1 1.66 1o 1.05 i
Phosphorylcholine 1.21 ik
His 1.53 el 1.86 el
Uridine 1.07 1 1.06 1*
Uracil 1.04 P 1.28
Xanthine 1.25 el 1.35 1 1.42
Hypoxanthine 1.39 i el 1.26 1 1.28 el

@ AA: ascorbic acid; CA: citric acid; MA: malic acid; VIP: variable importance in projection. *P < 0.05, **P < 0.01.

Table 3
Significantly differential metabolites (P < 0.05) in Escherichia coli strains on pea sprouts from each organic acid treatment in comparison to the control detected by
UPLC-MS “.

Serotype Metabolite Polarity AA CA MA
FC Trend FC Trend FC Trend
026 NADP" ESI* 24.88 1 0 1 © 1
NADP™ ESI' 3.90 1 39.94 l 29.67 l
CMP ESI™ 1.72 l 4.82 1 3.18 1
CMP EST" 1.65 1 2.84 1 1.82 1
CMP-Neu5Ac EST’ 18.34 1 655.91 1 541.06 1
GDP-colitose ESI 23.61 1 13.79 1
ADP ESI™ 6.05 l 33.63 1 16.19 1
cADP-ribose ESI™ 6.08 1 29.28 1 13.34 1
cADP-ribose ESI 5.79 1 18.73 1 9.78 1
NAD ESI™ 11.50 l 68.59 1 29.96 1
AMP ESI* 1.55 1 8.06 1 6.78 1
Adenine ESI™ 3.38 1 27.15 1 22.08 l
GMP ESI™ 6.26 1 5.60 1
dAMP ESI™ 6.36 1 6.60 1
Glutathione disulphide ESI" 7.53 l 44.01 | 22.05 |
c-di-GMP ESI 2.12 1 4.76 1 3.78 1
Coenzyme A ESI 24.39 1 87.28 | 95.15 |
Pantothenic acid ESI" 13.38 l 84.62 | 64.87 |
FMN ESI™ 2.88 1 8.92 1 8.15 1
FMN ESI 2.50 1 5.97 1 5.66 1
LPC (7:0) ESI* 2.14 T
LPE (14:0) ESI™ 1.47 T 1.98 T 2.07 T
LPE (16:0) ESI™ 1.48 1 1.51 1
LPG (16:0) ESI* 2.35 T 4.65 1 5.74 1
045 CMP-NeuGce ESI’ 9.85 1 317.61 1 o 1
CMP-NeuGce ESI 6.67 1 219.10 1 o 1
NAD" ESI 1.99 l 140.37 1 9324.74 1
ADP ESI* 7.40 1 141.39 1 0 1
cADP-ribose ESI™ 5.66 1 71.19 l o l
cADP-ribose ESI 2.93 l 20.05 1 198.37 1
NAD ESI* 6.96 1 127.64 1 2176.02 1
Adenine ESI™ 12.03 1 22.87 l
Dephospho-CoA ESIT 3.80 1 322.61 1 0 1
0103 CMP-Neu5Ac ESI’ 9.83 1 17.20 1 43.94 1
CMP-Neu5Ac EST’ 6.48 1 49.64 1 22.26 1
CMP-NeuGe ESI 6.65 1 20.81 1 38.19 1
CMP-NeuGce ESI 4.56 l 29.47 1 69.72 1
NAD™" ESI’ 2.03 1 29.37 1 104.64 1
cADP-ribose ESI™ 8.01 1 15.44 1
cADP-ribose ESI’ 1.96 | 5.51 1 12.34 1
NAD ESI* 3.06 1 17.56 1 38.61 1
AMP ESI" 1.73 1 3.36 l 7.30 l
Pyridoxine ESI™ 132.89 1 97.46 1 125.23 1

(continued on next page)
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Serotype Metabolite Polarity AA CA MA

FC Trend FC Trend FC Trend
Dephospho-CoA ESI™ 7.38 l 22.09 l
Pantothenic acid ESI™ 19.09 1 33.59 1 39.70 1
LPE (14:0) ESI 3.32 1 3.08 T 3.14 T
LPE (16:1) ESI™ 2.46 1 2.59 1 2.54 1
UDP-3-ketoglucose EST 1.76 1 1.94 1 1.98 1
LPE (16:0) ESI* 2.72 1 2.67 1 2.63 1
LPE (18:1) ESI™ 2.53 1 2.64 1 2.59 1
LPG (16:0) ESI™ 2.28 T 2.20 1

0111 CMP ESI™ 5.3 1
CMP-Neu5Ac EST’ 8.14 ! 9.34 1 19.44 1
CMP-Neu5Ac ESI 10.18 l 47.25 1 25.43 1
CMP-NeuGce EST 9.39 l 22.67 1 57.83 1
CMP-NeuGe EST’ 6.61 ! 30.26 1 60.84 l
ADP ESI™ 5.64 l 15.60 1 36.73 1
cADP-ribose ESI™ 4.62 1 11.90 1 19.20 1
cADP-ribose ESI' 3.24 | 5.19 | 7.20 |
NAD ESI™ 4.99 ! 12.96 ! 28.68 1
AMP ESI™ 1.57 1 5.72 1
Adenine ESI™ 9.79 1 27.29 1
Glutathione disulphide ESI™ 24.96 | 150.32 | oo |
Adenosine ESI™ 11.27 1 48.97 1 29.47 1
Dephospho-CoA ESI* 6.40 l
Coenzyme A ESI* 11.63 1 o 1 o 1
Pantothenic acid ESI™ 26.98 | 40.78 | 163.94 |
LPE (14:0) ESI™ 2.93 T 8.30 1 2.30 1
LPE (16:1) ESI* 2.78 T 8.60 1 9.86 1
LPE (18:1) ESI™ 2.27 1 2.35 1 2.83 1
LPE (19:1) ESI™ 2.30 T 2.26 1 1.91 1

0121 CMP-Neu5Ac EST’ 9.37 1 43.54 1 7.81 1
CMP-NeuGe EST’ 4.35 ! 4.54 ! 6.11 1
CMP-NeuGe ESI 2.89 ! 5.14 ! 4.48 1
ADP ESI™ 26.30 1
cADP-ribose ESI* 5.47 1 19.18 1 7.34 1
cADP-ribose ESI 3.53 | 5.48 15 3.63 1
NAD ESI™ 5.68 l 29.75 1 9.19 1
XDP ESI" 71.46 1
AMP ESI™ 6.46 ! 413 1
Adenine ESI™ 13.23 1
LPE (14:0) ESI™ 1.91 T 1.36 1
LPE (19:1) ESI* 1.54 1 1.55 !

0145 CMP-Neu5Ac ESI 25.97 1 34.49 1 58.89 1
CMP-Neu5Ac ESI" 12.50 1 112.39 1 22.96 1
CMP-NeuGe EST’ 11.51 ! 39.14 1 73.83 1
CMP-NeuGce ESI 7.81 1 40.51 1 55.97 1
ADP ESI™ 8.10 l 28.79 1 21.88 1
cADP-ribose ESI™ 5.87 1 21.08 1 11.60 1
cADP-ribose EST’ 3.58 ! 7.49 1 5.34 l
NAD ESI™ 6.46 1 24.95 1 9.55 1
AMP ESI™ 1.13 T 3.18 1 3.86 1
Coenzyme A ESI™ 23.11 1 0 1 © 1
Pantothenic acid ESI™ 28.37 l 16.51 1 4457.68 1
LPE (14:0) ESI™ 1.66 T
LPE (19:1) ESI* 1.64 1 1.09 1 1.30 1

@ AA: ascorbic acid; CA: citric acid; MA: malic acid; FC: fold change.

illustrating a decreased need for fatty acid synthesis and oxidation as
well as energy production during the OA treatments (Leonardi et al.,
2005). Apart from NAD, NADP' and FMN are also pivotally important
enzyme cofactors in E. coli, which are most notable for their role in
amino acid catabolism, beta-oxidation of fatty acids and electron
transport (Foster & Moat, 1980; Mansoorabadi, Thibodeaux, & Liu,
2007). The reduced levels of these two compounds were observed in
026 specifically, revealing ulteriorly suppressed metabolic activities in
the strain compared to the others. Such change led to more efficient
energy allocation within the 026 cells, which might explain for the
highest resistance of 026 amongst the strains towards the OA stresses.

In association with the impeded metabolic processes, a decreasing
trend in adenine, adenine derivatives (adenosine, AMP, dAMP, ADP, and
cADP-ribose), cytosine derivatives (CMP, CMP-Neu5Ac and CMP-
NeuGce) as well as guanine derivatives (GMP, c-di-GMP and GDP-

10

colitose) was observed in all E. coli strains, with the most extensive
depletion still found in 026 (Fig. 5; Fig. 6). As these nucleotides are
synthesised during DNA replication, cell division and cell growth, their
reduced biosynthesis again, proposed retarded cell proliferation during
the OA-stressed period (Bhat et al., 2015). Along with this pattern,
higher levels of xanthine and hypoxanthine were generated from purine
degradation as per the decreased nucleotide needs in cell multiplication.
Besides, unlike the other nucleotides, uracil, together with its de-
rivatives, showed an upward tendency after the OA treatments. Since
uracil is only present in RNA, its change suggested a promoted RNA
synthesis, potentially to be used for synthesising proteins and enzymes
needed to function at low pH for acid resistance.

3.5.3. Amino acid metabolism
Amino acid decarboxylases and inner membrane antiporters, with
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Fig. 5. Significantly differential metabolites (P < 0.05) in Escherichia coli strains on pea sprouts from each organic acid treatment in comparison to the control
detected by NMR and UPLC-MS.
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(3 Active engagement of acid resistance systems
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low pH optima, are amongst the most demanded enzymes and proteins
under acidic conditions (Kanjee & Houry, 2013; Lund, Tramonti, & De
Biase, 2014; Zhao et al., 2022). In E. coli, they constitute the amino acid-
dependent acid resistance systems, where the cytoplasmic decarbox-
ylases catalysing proton-dependent decarboxylation of substrate amino
acids and the inner membrane substrate/product antiporters continu-
ously exchanging internal product for external substrate work cooper-
atively for maintaining pH homeostasis (Foster, 2004; Kanjee & Houry,
2013). Glutamic acid-dependent acid resistance system and arginine-
dependent acid resistance system are two of the acid resistance sys-
tems, which use glutamic acid and arginine as the substrate, respec-
tively. In this study, an elevation in glutamic acid and/or arginine levels
was observed in most of the strains (026, 0103, 0111 and 0121) (Fig. 5;
Fig. 6), which indicated that the acid resistance processes were actively
engaged in the E. coli strains to cope with OAs. Moreover, pyridoxal-5-
phosphate is the cofactor of the decarboxylases (Kanjee & Houry,
2013); from the reduced level of pyridoxine in 0103, the conversion of
pyridoxine to pyridoxal-5-phosphate was likely promoted, which pro-
vided further evidence that the amino acid-dependent acid resistance
systems were strongly induced by the OA treatments. Additionally, ac-
cording to previous transcriptomic-based studies, the genes encoding
decarboxylases and antiporters involved in the acid resistance systems
are under the control of the stationary-phase sigma factor, RpoS (Cas-
tanie-Cornet et al., 1999; Lin et al., 1995). Therefore, echoing the down-
regulation pattern of DNA nucleotides as mentioned in 3.5.2, the stim-
ulation of the acid resistance systems substantiated the E. coli strains’
entry into the stationary phase.

Although less involved in the decarboxylation processes, other
amino acids were also modulated during the stressed period. For
example, a uniform decrease in histidine content was observed in all
strains (Fig. 5; Fig. 6). This could be the result of an imbalanced amino
acid anabolism and catabolism under the OA treatments, since the
amino acid anabolic process is highly sensitive to hostile environmental
conditions, such as heat, oxidation and acid (Jozefczuk et al., 2010;
Wang, Wu, & Yang, 2022). Other discriminative amino acids included
leucine, isoleucine and methionine, and they were all significantly
accumulated in 026. Due to the fact that amino acids are natural
osmolytes in E. coli (Wu et al., 2021), the massive amino acid accumu-
lation might have helped with osmotic stress mitigation in the 026 cells,
which contributed to the high OA-resistance of the 026 strain.

3.5.4. Oxidation protection
Metabolic changes relevant to oxidation protection were observed in
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the E. coli strains (Fig. 5; Fig. 6). According to previous studies, both low
pH and hyper-osmolarity could co-induce oxidative damage to bacterial
cells, due to the overlaps in bacterial genes stimulated by the three
stresses (Maurer et al., 2005; Smirnova, Muzyka, & Oktyabrsky, 2000).
Putrescine, through regulating the key adaptive response regulators (e.
g., SoxR, SoxS and OxyR) to restore the reduced form of intracellular
redox couples, plays an essential role in re-equilibrating the redox bal-
ance disturbed by the oxidative stress (Murray, Messner, & Kowdley,
2006; Tkachenko, Nesterova, & Pshenichnov, 2001). In this study, from
the unchanged or decreased levels of glutathione disulphide observed in
all six strains, it can be interpreted that putrescine was requisitioned in
the oxidative stress defence mechanisms to convert glutathione disul-
phide back to glutathione. During this process, while putrescine was
mostly retained in the other strains, it was significantly expended in
0121 (P < 0.05). Exhaustion of putrescine undoubtedly impaired the
oxidative protection in the strain, which potentially resulted in 0121's
low resistance to OAs as was shown in 3.1.

Overall, under the OA treatments, the metabolic perturbations in the
“big six” strains were largely identical, whereas the minor differences in
the strains’ metabolic responses, such as variations in the levels of co-
enzymes, amino acids and oxidative stress alleviator, contributed to the
differential OA-resistance of the strains.

4. Conclusions

The effectiveness of OAs, especially MA, in mitigating “big six” E. coli
strains on pea sprouts was manifested in this work. Through a dual-
platform metabolomics investigation, metabolic changes implying a
weakened cell membrane, activated amino acid decarboxylation and
depressed cell activity were found to underlie the key antimicrobial
mechanisms of the OA treatments. In addition, strain-specific metabolic
changes, including ulteriorly suppressed cellular activity and large total
amino acid accumulation, potentially contributed to 026’s outstanding
resistance to the OA stresses. Meanwhile, depletion of the oxidative
stress regulator, putrescine, might explain for the lowest OA-resistance
of the 0121 strain. Overall, the study provides valuable insights into
OAs’ bactericidal activity against “big six” E. coli on pea sprouts, and the
findings can serve as scientific basis for future OA application in fresh
produce sanitisation.
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