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A B S T R A C T

The metabolic diversity of Escherichia coli strains (non-pathogenic E. coli ATCC 25922, and pathogenic E. coli
O157:H7, O26:H11, O45:H2, O103:H11, O111, O121:H19, and O145) was tested using nuclear magnetic re-
sonance. Based on two representative two-dimensional 1H–13C spectra, 38 metabolites were identified in E. coli
intracellular samples. Principal component analysis indicated that metabolites including lysine, arginine, α-
ketoglutaric acid, adenosine, and fumaric acid were responsible for the separation of E. coli ATCC 25922.
Relatively large metabolic differences between ATCC 25922 and the pathogenic strains were recoded. The most
varied pairwise group (ATCC 25922 vs. O26:H11) was further analysed. The screened metabolites and enrich-
ment pathway tests revealed different amino acid metabolism and higher requirement for energy production in
the pathogenic strains. The acidic responses of the selected strains were further tested. The in vitro and in vivo
inactivation kinetics, morphological changes, and protein leakage showed higher acid tolerance of E. coli
O26:H11. Metabolic analysis of the two strains under acidic stress revealed alternative metabolites and pathways
in the two groups. Pathogenic O26:H11 was characterised by higher energy production and amino acid meta-
bolism (lysine and glutamic acid). Real-time PCR tests confirmed that glutamic acid dependent decarboxylase/
antiporter system was the major acid resistance mechanism.

1. Introduction

Each year, about 600 million illnesses and 420,000 deaths world-
wide occur because of contamination by foodborne pathogens.
Infections caused by Escherichia coli, Listeria monocytogenes, Salmonella,
and Campylobacter jejuni are responsible for the majority cases (Feng
et al., 2018; Han et al., 2018). E. coli are Gram-negative, rod-shaped,
facultatively anaerobic, and non-spore-forming bacteria that comprise
various subgroups. Most groups are part of the normal human bacterial
gut flora but certain groups are pathogenic and can cause illnesses such
as diarrhea and hemolytic uremic syndrome (HUS) (Tomat et al., 2018).
These pathogenic E. coli are highly adaptive to environmental stresses
and food products can be contaminated by E. coli at each stage of the
human food chain (Liu et al., 2019).

Among the diverse E. coli serotypes, E. coli O157 is considered as the
major life-threatening pathogen. A previous study revealed that an-
nually, E. coli O157:H7 causes 63,000 illnesses with a 46.2% hospita-
lization rate in the USA (Vidovic and Korber, 2016). Its disease pro-
gression is characterised by bloody diarrhea and HUS. O157:H7 is

grouped with the enterohemorrhagic E. coli, a subset of Shiga toxin-
producing E. coli (STEC). O157:H7 also produces other virulence fac-
tors, such as intimin (Gómez-Aldapa et al., 2016). In addition to
O157:H7, other serotypes producing Shiga toxins attract attentions
recently. Non-O157 STEC infection is estimated to be responsible for
113,000 cases of acute illnesses each year (Diodati et al., 2016). Six
non-O157 E. coli serogroups (O26, O45, O103, O111, O121, and O145),
known as the “big six”, were identified as the most common types found
in foods by the US Food and Drug Administration (Sheen et al., 2015).
Surveillance of the “big six” was limited and only after 2012, the Food
Safety and Inspection Service begin to test both O157:H7 and the “big
six” in ground beef (Sheen et al., 2015).

Recent studies have clarified different aspects of the “big six”, such
as rapid detection, inactivation methods, virulence factors, and mole-
cular mechanisms, to help reduce the risk of infection and enhance food
safety (Ås et al., 2018; Hsu et al., 2015). For example, Hsu et al. (2015)
showed that high pressure processing effectively inactivated the “big
six” and E. coli O157:H7 in ground beef. In addition, a genomic com-
parison of two O111 strains revealed differences in single-nucleotide
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polymorphisms (SNPs), which might be responsible for their different
virulence (McAllister et al., 2016). However, little information about
the global characteristics of the “big six” is available. The emerging
nuclear magnetic resonance (NMR) provide a feasible strategy to ac-
quire comprehensive metabolic profiles of microorganisms. For ex-
ample, the global metabolic responses of E. coli and Listeria treated with
electrolyzed water were studied by our previous reports (Liu et al.,
2017b; Liu et al., 2018; Zhao et al., 2019b). By monitoring the changes
of microbial metabolomics, a precise snapshot of cells with different
physicochemical states can be obtained. Thus, the metabolomics ana-
lysis of the “big six” may provide valuable insights into the serotype
diversity of STEC.

The aim of the present study was to investigate the overall meta-
bolic differences among eight typical E. coli strains from different ser-
otypes. In addition, the acidic responses of selected strains were tested.
In the present work, the intracellular metabolites in eight E. coli strains
were extracted and identified using their NMR spectra. The strains were
separated based on the principal metabolites screened by principal
component analysis (PCA). The representative strains were selected and
the pathway differences between pairwise strains were further analysed
by enrichment pathway analysis. In addition, the differential responses
of selected E. coli strains under acidic stress were assayed using NMR
and verified by quantitative real-time PCR (qPCR).

2. Materials and methods

2.1. Bacterial strains and culture condition

Eight E. coli strains from different serotypes [non-pathogenic E. coli
ATCC 25922, and pathogenic E. coli O157:H7 (ATCC 43895), O26:H11
(ATCC BAA-2196), O45:H2 (ATCC BAA-2193), O103:H11 (ATCC BAA-
2215), O111 (ATCC BAA-2440), O121:H19 (ATCC BAA-2219), and
O145 (ATCC BAA-2192)] were used in this study. The strains were
inoculated into 10 mL of Tryptone Soya Broth (TSB, Oxoid, Basingstoke,
UK) and incubated at 37 °C overnight for resuscitation. The prepared
culture was further inoculated into 20 mL of fresh TSB (1:100, v/v) and
cultured for 18 h (37 °C). The cultures with around 8 log colony forming
units (CFU)/mL were centrifuged at 4500×g (to avoid cell damage at
high speed) for at least 10 min (24 °C) and the obtained cell pellets were
washed by 0.1 M phosphate-buffered saline (PBS, pH 7.2). After cen-
trifugation, the pellets of the eight E. coli strains were used for sub-
sequent metabolites extraction.

2.2. Extraction of E. coli intracellular metabolites

The prepared E. coli pellet was immediately mixed with 1 mL of ice-
cold methanol-d4 (Cambridge Isotope Laboratories, Tewksbury, MA,
USA) and frozen in liquid nitrogen (Winder et al., 2008). The mixture
was then thawed on ice and further frozen in liquid nitrogen. The
freeze-thaw cycles were conducted three times to destroy the mem-
brane structure. The mixture was subsequently extracted at −20 °C
overnight and the metabolic extract was obtained by centrifugation at
12,000×g for 20 min (4 °C). Trimethylsilylpropanoic acid (TSP, dis-
solved in methanol-d4, 10 mM) was mixed with the collected extract as
an internal reference (final concentration: 1 mM). The obtained su-
pernatant (600 μL) was immediately subject to NMR test. Three bio-
logical replicates of each strain were determined.

2.3. NMR analysis of E. coli metabolic profiles

The prepared samples were determined using a Bruker DRX-500
NMR spectrometer (Bruker, Rheinstetten, Germany). The standard
Bruker NOESY pulse sequence (noesypr1d) was applied to obtain the 1H
spectrum of each sample and the data were collected using a 10.0 ppm
spectral width. Furthermore, the free induction decays were multiplied
by an exponential function equivalent to a 1-Hz line-broadening factor

before Fourier transformation (Chen et al., 2020). For the subsequent
identification of metabolic chemicals, the 2D 1H–13C heteronuclear
single quantum coherence spectroscopy (HSQC) of two representative
E. coli samples (E. coli ATCC 25922 and O145) was acquired using the
Bruker hsqcedetgpsisp2.3 pulse sequence at 25 °C. The 1H spectra with
a width of 10.0 ppm and the 13C spectra with a width of 180.0 ppm
were tested in the F2 and F1 channels, respectively (Chen et al., 2019b;
Zhao et al., 2019c).

2.4. Spectral analysis

The phase distortions and baseline of the resulting spectra of the
eight strains were manually modified using the software TopSpin 3.6.0
(Bruker). Identification of metabolites was conducted using one-di-
mensional (1D) 1H and 2D 1H–13C spectra cooperatively. The chemical
shifts were verified using ChenomX NMR Suite (ChenomX Inc.,
Edmonton, AB, Canada), the PubChem database (https://pubchem.
ncbi.nlm.nih.gov), the Madison Metabolomics Consortium Database
(http://mmcd.nmrfam.wisc.edu), the Biological Magnetic Resonance
Data Bank (http://www.bmrb.wisc.edu/metabolomics), the Human
Metabolome Database (http://www.hmdb.ca/), and related references.
Furthermore, the water (4.60–5.14) and methanol (3.28–3.33) regions
were excluded from the spectra and the processed spectra
(0.5–10.0 ppm) were normalized to the sum intensities. Buckets with
0.02 ppm width were obtained and the binned data were subject to
multivariate analysis (Mahmud et al., 2015a).

Hierarchical cluster analysis of the bucket tables was conducted by
SPSS (IBM, Armonk, NY, USA). In addition, the PCA was performed
using the bucket data (Vong et al., 2018). The Euclidean distances
among the variables were further calculated based on the obtained
score plots of PCA. The pairwise comparisons of strains with the highest
Euclidean distance were selected for further analysis of metabolic dif-
ferences. The fold changes (FCs) of the identified metabolites and re-
lated P values in pairwise groups were calculated based on the binned
data and a volcano plot was constructed (Feng et al., 2014). Metabolites
with a FC > 2 and P < 0.05 were considered as statistically sig-
nificant (Mahmud et al., 2015b). The enrichment pathway analysis was
then performed using MetaboAnalyst 4.0 (http://www.metaboanalyst.
ca/) with the screened metabolites.

2.5. Acid response of selected strains

The acid stress-tolerances of selected strains (serotypes E. coli ATCC
25922 and O26:H11) were checked using in vitro and in vivo tests based
on our previous work (Chen et al., 2019c). For the in vitro test, the
bacterial pellets from 40 mL of TSB cultures were prepared as men-
tioned above. Moreover, the microbial cells were concentrated by re-
suspension in 8.5 g/L sterile saline (1 mL). The concentrated bacterial
solution was then mixed well with 9 mL of lactic acid (LA, 2%, v/v final
concentration, pH 2.56). During the acid treatment, 1 mL of the sus-
pension was mixed with 2 mL neutralizing buffer (0.2 M PBS, pH 7.5) at
0, 5, 15, 30, 60, and 120 s. The obtained neutralised bacterial solutions
were serially diluted and spread onto TSA for cell counting after cul-
turing overnight at 37 °C.

For the in vivo test, the two strains were adapted to 100 μg/mL of
nalidixic acid (Sigma-Aldrich, St. Louis, MO, USA) by several rounds of
transfer with stepwise increments in the nalidixic acid concentration.
Cultures (200 mL) of the two E. coli strains were prepared in TSB
(100 μg/mL of nalidixic acid) after culturing for 18 h (37 °C). Organic
broccoli sprouts (Brassica oleracea var. italica) were planted by our
previous study (Chen et al., 2018a). The harvest sprouts were immersed
in the prepared E. coli cultures for 10 min and then air-dried for 30 min.
The inoculated sprouts were subsequently submerged in the LA solution
(2%, v/v) for 0, 5, 15, 30, 60, and 120 s. After the sanitizing treatment,
the sprouts were washed by sterile water to remove the residual LA. The
broccoli sprouts (1 g) collected at each time point were ground in 6 mL
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8.5 g/L sterile saline by a sterile mortar and pestle. The appropriate
dilutions (0.1 mL) were spread on the TSA with 100 μg/mL of nalidixic
acid. Cell counting was conducted after overnight culture at 37 °C and
the results were expressed as log CFU/g fresh weight (FW) (Liu et al.,
2017a). To check the different acidic tolerances of the two strains sta-
tistically, the in vitro and in vivo antibacterial effects (log CFU/mL re-
duction of each time point compared with the initial counts at 0 s) were
fitted using the Weibull model: N = (t/t1)a, where N is the log CFU/mL
(or log CFU/g FW) reduction, t is the time in s, t1 is the time needed for
1 log CFU/mL (or log CFU/g FW) reduction, and a is the shape para-
meter (Chen et al., 2019c).

Morphological changes of the two E. coli strains under acid stress
were monitored using atomic force microscope (AFM). The bacterial
suspensions were prepared as mentioned in the in vitro study subsec-
tion. Suspensions after treatment of acid for 0 and 30 s were spread
onto mica sheets and immediately dried using an aurilave (Zhang and
Yang, 2017). The sheets were then air-dried in a laminar flow cabinet
for 4 h and the prepared sheets were scanned using a tabletop atomic
force microscope (AFM workshop, Signal Hill, CA, USA) in 4 h. The
images were scanned under a 0.4 Hz scan rate for 512 scan lines
(tapping mode). The offline software Gwyddion was used to analyse the
obtained images and the width, height, and roughness of the cells were
recorded (Chen et al., 2018b). Roughness was calculated from the
central region (0.2 × 0.2 μm) of individual cell surfaces and 20 mea-
surements were conducted for data analysis. Protein leakage of E. coli
was tested according to a previous study (Zhao et al., 2017). The
neutralised bacterial solutions at 0 and 30 s were collected and cen-
trifuged at 12,000×g for 10 min (4 °C). The protein concentration of
the suspension was determined using Coomassie brilliant blue G-250
solution. The protein leakage of the selected strains was calculated as
C30 s–C0 s.

2.6. Metabolic responses of selected strains under acidic stress

The neutralised bacterial solutions after acidic treatment for 30 s
were prepared as mentioned in in vivo test subsection. The bacterial
suspensions were centrifuged at 4500×g for 10 min (24 °C) and washed
twice by 0.1 M phosphate-buffered saline (PBS, pH 7.2). Extraction of
the metabolites from the obtained pellets was conducted as mentioned
above. NMR testing was performed under the same condition as those
used for metabolic analysis of the eight E. coli strains. The 1H spectra of
two selected strains under acid stress for 30 s were processed and tested
by supervised orthogonal partial least squares discriminant analysis
(OPLS-DA). The R2X and Q2 values were applied to verify the qualities
of the models. Color-coded loading and coefficient plots were obtained
to illustrate the discriminated metabolites that were related to acid
stress in the two E. coli strains (Chen et al., 2019b). Moreover, variable
importance in projection (VIP) analysis was performed to identify the
most influenced metabolites. The screened metabolites were subject to
analysis of the related metabolic pathways in MetaboAnalyst 4.0
(http://www.metaboanalyst.ca/) and the hypothetical interpretations
were concluded based on the database Kyoto Encyclopedia of Genes
and Genomes (KEGG) (https://www.genome.jp/kegg/pathway.html).

2.7. Quantitative real-time PCR for selected genes

According to the biological pathways study, the expression patterns
of four genes [glutamic acid decarboxylases (GadA, GadB), glutamate/
γ-amino butyric acid antiporter (GadC), and lysine decarboxylase
(CadA)] involved in acid stress tolerance were studied using qPCR
(Lund et al., 2014). Total RNA was extracted from bacterial pellets
obtained from 3 mL of neutralised bacterial solutions after acid treat-
ment for 30 s. A Total RNA Mini-Pre Kit (Bio Basic, Ontario, Canada)
was used and the qualities and concentrations of the RNA samples were
tested using a spectrophotometer (BioDrop, Biochrom, Cambridge, UK).
The RNA integrity was further checked using 1% (w/v) agarose gel

electrophoresis, and the cDNA was synthesised. The rrsA gene (en-
coding the 16S ribosomal RNA; sense primer: 5′-CTCTTGCCATCGGAT
GTGCCCA-3′; antisense primer: 5′-CCAGTGTGGCTGGTCATCCTC
TCA-3′) was used as the reference gene. The specific primers used in
this study were obtained from previous studies (Chattopadhyay et al.,
2015; Vazquez-Juarez et al., 2008). The qPCR reaction was performed
according to our previous study (Chen et al., 2019a).

2.8. Statistical analysis

Data were statistically analysed with analysis of variance (ANOVA),
and the least significant difference method was applied to compare the
means. Differences with a P value < 0.05 were regarded as statistically
significant.

3. Results and discussion

3.1. Identification and comparison of metabolites in E. coli strains

E. coli ATCC 25922 is extensively applied in food microbiology
studies as a surrogate for pathogenic serotypes, and O157:H7 is one of
the most prominent Shiga toxigenic foodborne pathogens (Kanankege
et al., 2017). Thus, the metabolic differences among E. coli ATCC
25922, typical strains from serotypes of O157: H7 and “big six” were
studied in this work. The metabolic spectra of eight E. coli strains [I:
ATCC 25922; II: O157:H7 (ATCC 43895); III: O103:H11 (ATCC BAA-
2215); IV: O26:H11 (ATCC BAA-2196); V: O145 (ATCC BAA-2192); VI:
O121:H19 (ATCC BAA-2219); VII: O45:H2 (ATCC BAA-2193); VIII:
O111 (ATCC BAA-2440)] are shown in Fig. 1. Multiple 1H peaks were
located in the region of 0.5–10 ppm. Most of the signals in the eight
spectra were recorded in around 0.5–5 ppm. Aliphatic acids and sugars
are designated to this range (Chen et al., 2019b). Nucleoside derivatives
assigned at around 4.0–4.5 ppm were also observed (Planchon et al.,
2017). The signals located in the 5–10 ppm region represented other
metabolites, including nucleotides and sugars (Liu et al., 2017b). In
addition, based on two representative 2D 1H–13C spectra of re-
presentative E. coli samples, a total of 38 metabolites were identified
(Fig. 1; Table S1). Various amino acids (e.g., valine, arginine, lysine,
and glutamic acid) and sugars (e.g., β-D-glucose, and glucose-1-phos-
phate) were detected. Moreover, multiple nucleotide assignments, such
as ATP, cyclic AMP, ADP, and NADP, were recorded. The results were in
accordance with a previous metabolic study of E. coli K-12 in that the
dominant intracellular metabolites were amino acids, nucleotides, and
central carbon intermediates (Bennett et al., 2009).

Furthermore, the 1D 1H spectra results showed that metabolic di-
versity existed among the eight strains. E. coli ATCC 25922 showed
some differences in the featured 1H signals compared with those for the
pathogenic STECs. For example, peaks with high intensities at around
8.20 and 8.32 ppm were recorded in sample I (E. coli ATCC 25922) and
were assigned as adenosine. The peaks located at around 8.20 and
8.48 ppm were identified as ATP, which presented higher intensities in
the seven pathogenic STECs compared with that in ATCC 25922
(Fig. 1). As the most important metabolic activity, energy production is
crucial for the physiological functions of E. coli, such as proliferation
(Orth et al., 2011). The results implied that the pathogenic STECs might
require a higher amount of energy for their cellular activities compared
with non-pathogenic E. coli. Furthermore, signal differences of in-
tracellular metabolites were also observed among the seven selected
STECs (Fig. 1). For instance, the 1H signal at 5.47 ppm, which was
identified as glucose-1-phosphate, was detected in the spectra of four
strains (IV, V, VI, and VII), while it was not detectable in the other three
pathogenic strains (II, III, and VIII). This indicated that the energy
metabolism may be different among STECs. E. coli have evolved to
utilise diverse carbon and energy sources under different environments
and thus individual strains present characteristic sugar and energy
metabolisms (Fabich et al., 2008).
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3.2. Multivariate analysis

Based on the binned dataset from the 1H spectra, hierarchical
clustering analysis was performed (Fig. 2A). The metabolic patterns of
the eight E. coli strains were separated into two major clusters (C1 and
C2). Two subgroups (C1a and C1b) of C1 were also recorded. C1a
comprised E. coli ATCC 25922 (I) and O157:H7 (II). C1b showed si-
milarities between O103:H11 (III) and O111 (VIII). The cluster dis-
tribution of C2 was different to that of C1. Strain O26:H11 (IV) was
distinguished from the other three strains and O145 (V) and O45:H2
(VII) exhibited relative higher similarities. A previous study showed
that of the five surrogates of E. coli O157:H7, E. coli ATCC 25922 pre-
sented the most similar cell surface characteristics and attachment
ability (Kim and Harrison, 2009). Our results further verified their si-
milarities at the metabolic level. The molecular profiles of the STECs
revealed a high level of genetic diversity among serotypes, which might
contribute to the various metabolic characteristics (Balière et al., 2016).

PCA is a useful tool to screen the principal metabolites from high
throughput profiles. In the present study, the separation of variables
was analysed and the discriminative metabolites were highlighted using
PCA. The first five principal components (PCs) explained 89.1% of the
total data (PC1: 32.5%; PC2: 25.1%; PC3: 15.0%; PC4: 9.5%; PC5:
7.2%) and the Q2 value (0.65 > 0.5) indicated the good model pre-
diction (Fig. 2B). The score plot exhibited the well separations of the
eight groups (Fig. 2C). Moreover, the loading plots (Fig. 2D) presented
the discriminative metabolites for the separated variables. For example,
group I was negatively affected by PC1 and PC2 (Tables S2 and S3).
Metabolites including lysine, arginine, α-ketoglutaric acid, adenosine,
and fumaric acid were closely related to group I (Tables S4 and S5). In
addition, group VII, which was characterised by proline, pyruvic acid,
and α-D-glucose, was positively related to PC2 and PC5 (Tables S2–S5).

The increasing availability of genomic sequences of different E. coli
serotypes has revealed their genomic diversity. For instance, the
genome of the extensively used model organism E. coli K-12 is around

20% smaller than that of E. coli O157:H7. However, genome annotation
does not provide an understanding of the integrated function of gene
products (Monk et al., 2013). The PCA of metabolic differences of STEC
strains from different serotypes in the present study revealed the me-
tabolic diversity. The reuslts may reveal core sets of metabolic cap-
abilities of STECs and further provide new insights to prevent and
control STEC infections.

The Euclidean distances of pairwise variables were calculated based
on the PCA score plot (Fig. 2E). The results showed Euclidean distances
ranging from 15.18 to 53.81 among the eight strains. Group I generally
showed long Euclidean distances compared with the other groups. The
results implied large metabolic differences between non-pathogenic and
pathogenic E. coli strains. Similarly, Monk et al. (2013) observed sig-
nificantly different metabolic capabilities between non-pathogenic E.
coli K12 and pathogenic (both extraintestinal and intestinal) serotypes
based on simulated growth phenotypes. Furthermore, the highest Eu-
clidean distance, 53.81, was observed between group I (ATCC 25922)
and IV (O26:H11) (Fig. 2E), indicating their notable metabolic differ-
ences. Moreover, a previous study of virulence-associated gene targets
in 28 STEC and 75 enteropathogenic E. coli strain showed that the
O26:H11 was associated with a large number of virulence-associated
genes (Balière et al., 2016). Thus, the pairwise metabolic differences of
groups I-IV were further studied.

3.3. Metabolic difference between E. coli ATCC 25922 and O26:H11

The fold changes of identified metabolites between E. coli ATCC
25922 and O26:H11 were calculated based on the relative contents
obtained from the 1H spectra (Fig. 3A). Among the 28 compounds
without overlapping shifts, the contents of 13 metabolites were sig-
nificantly different, by more than 2 fold (P < 0.05) between the two
strains. Moreover, metabolites including ATP, pyruvic acid, glucose-1-
phosphate, and succinic acid in O26:H11 were present at 3.55–56.17
times higher levels than those in strain ATCC 25922 (Fig. 3A and B). By

Fig. 1. 1H nuclear magnetic resonance spectra of eight E. coli strains. Note: I, ATCC 25922; II, O157:H7; III, O103:H11; IV, O26:H11; V, O145; VI, O121:H19; VII,
O45:H2; VIII, O111; TSP, trimethylsilylpropanoic acid.
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contrast, higher relative contents of α-ketoglutaric acid, arginine, his-
tidine, phenylalanine, lysine, adenosine, ADP, NADP, and uracil were
recorded in ATCC 25922. This indicated that under a rich-nutritive
environment, pathogenic E. coli O26:H11 might have a higher tri-
carboxylic acid (TCA) cycle rate and require higher levels of ATP to
maintain its physiological activities. It has been proposed that gluco-
neogenesis and the TCA cycle are essential when E. coli infects the ur-
inary tract (Fuchs et al., 2012). The requirement of host infection
ability might result in the higher energy requirement of pathogenic
serotypes. The higher proportions of metabolites such as amino acids in
E. coli ATCC 25922 serve as substrates for nutritive growth (Dai et al.,
2011).

To further study the metabolic pathway differences, metabolite-
based enrichment pathway analysis was conduced and the results are
shown in Fig. 3C and D. The screened metabolites in group I and IV
were subject to MetaboAnalyst 4.0 analysis. Of the fifty analysed me-
tabolic sets in strain I, ten (β-alanine metabolism, arginine and proline
metabolism, phytanic acid peroxisomal oxidation, urea cycle, lysine
degradation, ammonia recycling, histidine metabolism, glucose-alanine

cycle, glutamate metabolism, and alanine metabolism) were recognised
as the significant sets, with P < 0.01 (Table S6). Moreover, group IV
was characterised by 19 metabolic sets, such as glycolysis, the TCA
cycle, and gluconeogenesis (Table S7). The results further confirmed
our hypothesis that pathogenic O26:H11 might require higher energy
production to fuel its physiological activities compared with those in
the non-pathogenic strain ATCC 25922.

3.4. Acid responses of selected E. coli strains

Although E. coli ATCC 25922 is extensively applied in food micro-
biology as a surrogate of pathogenic E. coli serotypes because of their
similar physiological characteristics (Liu et al., 2017b; Zhao et al.,
2017; Zhao et al., 2019a), increasing evidence suggests that E. coli
serotypes present different responses to sanitizing stresses. For example,
E. coli ATCC 25922 and K-12, which show higher sensitivity to pulsed
electric field treatment, were not considered as valid surrogates for
either Salmonella or E. coli O157:H7 (Gurtler et al., 2010). Our data
revealed a wide metabolic diversity among E. coli strains from different

Fig. 2. Hierarchical cluster analysis of eight strains (A). The principal components explaining variances used in principal component analysis (PCA) (B). The 3D score
plots of PCA (C). The 3D loading plot of PCA (D). Euclidean distances among the eight variables (E).
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serotypes, suggesting that they might show different stress responsess.
An acidic environment is a common stress factor in the food industry.
Our previous work showed the inactivation effect of lactic acid (LA, 2%,
v/v) on Listeria under in vitro and in vivo conditions (Chen et al., 2019c).
In the present study, the basic physiological characteristics of selected
E. coli strains under LA treatment were compared. The different meta-
bolic responses of the strains were further tested using NMR.

The acid tolerances of E. coli ATCC 25922 (I) and O26:H11 (IV)
were assessed and the in vitro results showed that group I was more
sensitive than group IV under the first 15 s of acidic stress (Fig. 4A).
Weibull fitting showed that the time needed for a 1 log CFU/mL re-
duction of strain I (2.05 s) was significantly less than that of strain IV
(8.45 s). Similar results were found for two E. coli strains inoculated in
organic broccoli sprouts (Fig. 4B). It took longer to reach a 1 log CFU/g
fresh weight (FW) reduction for strain IV. The results indicated that the
pathogenic E. coli O26:H11 was more acid-tolerant compared with non-
pathogenic ATCC 25922. King et al. (2010) suggested that pathogenic
E. coli serotypes possessed additional molecular mechanisms con-
tributing to acid resistance and that they might have greater abilities to
survive under more complex acidic environments in hosts or during
food processing.

The morphologies of the two E. coli strains under acid stress were
monitored using AFM (Fig. 4C–G). The images revealed adhered bac-
terial cells in each group. Rod-shaped E. coli ATCC 25922 (I) cells
(width: 0.64 μm; height: 0.17 μm) with rough outer membranes
(3.18 nm) were observed. Moreover, Fig. 4D shows larger
O26:H11 cells (width: 1.46 μm; height: 0.24 μm) with a surface
roughness of 2.53 nm. After 30 s of LA treatment, the cell width of
strain I increased to 1.19 μm. However, the height and roughness de-
creased significantly (P < 0.05) to 0.11 μm and 1.75 nm, respectively.

By contrast, the cell morphology of strain IV mostly maintained after
acid treatment. Gram-negative E. coli cells are covered by a thick outer
membrane of lipopolysaccharide, which represents a barrier for stresses
(Liu and Yang, 2019; Putker et al., 2015). The AFM results indicated
that the acid treatment might destroy the outer membrane structure,
resulting in the emergence of the smooth cytoplasmic membrane.
Moreover, the bacterial cells (in group I) had collapsed without the
structural support of the outer membrane. However, acid treatment
caused less damage to the membrane of pathogenic strain IV than to
that of strain I. This observation was supported by the protein leakage
results (Fig. 4H). The leakage of cytoplasmic proteins indicates struc-
tural changes of the outer membrane (Liu et al., 2018). A previous study
reported that organic acid inactivates bacteria via enhancing the
membrane permeability (Wang et al., 2013). Compared with the
leakage from strain IV (20.60 μg/mL), significantly higher protein
leakage (54.35 μg/mL; P < 0.01) was observed from strain I cells,
indicating more severe membrane damage to strain I.

3.5. Alterative metabolites of selected strains under acidic stress

The metabolic spectra of the two selected strains under acid stress
are shown in Fig. 5A. The binned data were obtained and subject to
supervised OPLS-DA. PC1 was the dominated component (R2: 0.99) to
separate the two groups (Fig. 5B). Also, the high Q2 value (0.99) re-
vealed good-fitness of the model. The extracted loading S-line presented
discriminative metabolites of the two groups. The metabolic peaks that
point upwards indicate higher relative contents in group I, while the
downward peaks indicate higher relative contents in IV (Fig. 5C). In
addition, the red color of most of the peaks implied significant meta-
bolic differences between the two groups. The coefficient plots shown

Fig. 3. Volcano plots of screened metabolites in E. coli ATCC 25922 (I) and O26:H11 (IV); the red symbol indicates metabolites with higher relative contents in
O26:H11, while the green symbol indicates metabolites with higher relative contents in ATCC 25922 (A). Average fold changes of screened metabolites (O26:H11/
ATCC 25922) (B). Enrichment pathway analysis of E. coli ATCC 25922 based on screened metabolites (C). Enrichment pathway analysis of E. coli O26:H11 based on
screened metabolites (D). Note: for C and D, nodes represent –log(P) values of metabolic sets and edges represent the interaction between two sets. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in Fig. 5D statistically summarise the discriminative metabolites be-
tween I and IV. Of the 28 quantified metabolites, 11 metabolites, in-
cluding pyruvic acid, α-D-glucose, proline, aspartic acid, arginine, iso-
leucine, glucose-1-phosphate, succinic acid, phenylalanine, NADP, and
glutamic acid showed higher contents in group I. Higher levels of the
remaining 17 compounds were recorded in IV. Metabolites with a
VIP>0.5 and P < 0.05 were selected as statistically significant
compounds. Thus, α-D-glucose, pyruvic acid, and proline were the
featured metabolites for group I. For strain IV, there were 7 significant
factors (adenosine, lysine, uracil, α-ketoglutaric acid, uridine, NAD, γ-
aminobutyric acid) for pair-wise discrimination (Fig. 5D).

Pathway analysis was performed to screen the most relevant path-
ways involved in the acid responses of the two strains, based on the
selected discriminative metabolites. Pathways showing P < 0.05 (ar-
ginine and proline metabolism; alanine, aspartate and glutamate

metabolism; butanoate metabolism; citrate cycle; glycolysis or gluco-
neogenesis; biphenyl degradation; carbazole degradation) were con-
sidered as significant metabolic pathways (Fig. 5E, Table S8). Based on
the discriminated metabolites, pathway, KEGG, and MetaboAnalyst 4.0
database analyses, the hypothesised different biochemical responses of
the two E. coli strains under acid stress are shown in Fig. 5F. Higher
contents of TCA cycle related metabolites revealed more active TCA
activity in strain IV. The results were in accordance with metabolic
differences of the two strains under normal culture conditions (Fig. 3D).
In addition, compared with that in strain I, strain IV (O26:H11) pre-
sented more complex mechanisms, such as amino acid and purine
metabolisms. For E. coli, mechanisms including F1–F0 ATPase, amino
acid-dependent decarboxylase/antiporter system, deiminase and dea-
minase systems, are involved in survival in acidic environments (Lund
et al., 2014). Protons can be actively pumped out to the extracellular

Fig. 4. In vitro antibacterial effect of lactic acid on E. coli ATCC 25922 (I) and O26:H11 (IV) (A). In vivo antibacterial effect of lactic acid on stains I and IV (B).
Nanostructure of strain I before lactic acid treatment (C). Nanostructure of strain IV before lactic acid treatment (D). Nanostructure of strain I after lactic acid
treatment for 30 s (E). Nanostructure of strain IV after lactic acid treatment for 30 s (F). Statistical parameters of E. coli cells (G). Protein leakage of two strains after
acid treatment for 30 s (H). Note: the symbol * indicates a significant difference (P < 0.05), ** indicates a very significant difference (P < 0.01).
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space using energy provided by ATPase. A non-significantly higher ATP
content was recorded in pathogenic strain IV (Fig. 5D), indicating that
O26:H11 could utilise more energy for proton pumping.

Amino acid metabolism was screened as the most influenced
pathway between I and IV under acidic stress (Fig. 5E, Table S8).
Higher levels of amino acid and related derivatives, such as lysine and
γ-aminobutyric acid (GABA) were observed in strain IV (Fig. 5D, F).
Indeed, glutamic acid, lysine, and arginine-dependent decarboxylase/
antiporter systems are the major anti-acid mechanisms in E. coli. In-
tracellular protons can be consumed via biochemical reactions cata-
lysed by amino acid decarboxylases (Lund et al., 2014). For example,
cytoplasmic protons are bound to carbon atoms of glutamic acid by
GadA and GadB to produce GABA. The generated GABA is then

exchanged with extracellular glutamic acid through the activity of
GadC (Ma et al., 2013). The higher contents of lysine and GABA in
strain IV indicated that amino acid metabolism might contribute to the
enhanced acid resistance of pathogenic O26:H11.

3.6. Expression patterns of selected genes

To further understand and confirm the hypothesis that amino acid
metabolism might contribute to the enhanced acid resistance of pa-
thogenic O26:H11, the expression levels of acid resistance-related
genes, including GadA, GadB, GadC, and CadA, were checked using
qPCR. CadA catalyses lysine and proton to produce cadaverine (He
et al., 2017). The results indicated that, under acid stress, the

Fig. 5. 1H spectra of E. coli ATCC 25922 (I) and O26:H11 (IV) after lactic acid treatment for 30 s (A). Orthogonal partial least squares discriminant analysis (OPLS-
DA) score plot of group I and IV, R2 = 0.99, Q2 = 0.99 (B). OPLS-DA loading S-line (C). Coefficient plot of group I and IV; metabolites marked with * indicate a
significant contribution to the OPLS-DA models (VIP > 0.5, P < 0.05) (D). Overview of the pathway analysis of group I and IV (E). Biochemical pathway analysis of
acidic responses of selected strains; metabolites colored in red and green represent higher relative contents in I and IV, respectively (F). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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expression levels of three genes from the glutamic acid dependent
decarboxylase/antiporter system (GadA, GadB, and GadC) in strain VI
were 1.71–4.11 folds (P < 0.01) higher than those in strain I. How-
ever, no significant differences in CadA expression were observed be-
tween strains I and IV. The results suggested that although lysine was
enriched in strain IV during the acid response, the glutamic acid de-
pendent decarboxylase/antiporter system was the major pathway re-
lated to the acid resistance mechanism of O26:H11. This conclusion
agreed with those of previous studies (He et al., 2017; Moreau, 2007).
Different amino acid-dependent decarboxylases are characterised by
different pH ranges for induction and proton consumption. CadA is
thought to be ineffective in E. coli at pH 2.5, but peaks at around pH 6.0.
Furthermore, the glutamic acid-dependent system is by far the most
effective acid resistance mechanism in E. coli (Lund et al., 2014). The
characteristic metabolites (Fig. 5) and gene expression levels (Fig. 6)
suggested that the different metabolic responses might contribute to the
different stress tolerances of E. coli strains.

4. Conclusion

This study investigated the metabolic diversity of E. coli strains from
different serotypes using NMR. Based on the observed metabolic dif-
ferences, the acid responses of selected strains were further tested.
Among the eight tested E. coli strains, the non-pathogenic strain ATCC
25922 was characterised by lysine, arginine, α-ketoglutaric acid, ade-
nosine, and fumaric acid, and presented relatively large differences in
intracellular metabolism compared with the pathogenic strains. Further
enrichment analysis of pairwise strains (ATCC 25922 and O26:H11)
with the greatest Euclidean distance showed that the pathogenic
O26:H11, which was characterised by glycolysis, gluconeogenesis, and
TCA cycle metabolism sets, might require higher energy production for
its physiological activities. The acid tolerances of the two strains were
assessed using in vitro and in vivo inactivation effects, morphological
changes, and protein leakage. E. coli O26:H11 presented higher acid
resistance compared with that of ATCC 25922 and the different amino
acid metabolic responses between the two strains might contribute to
this difference. qPCR of selected genes confirmed the hypothesis that
O26:H11 possessed a more effective glutamic acid dependent dec-
arboxylase/antiporter system compared with that in non-pathogenic
ATCC 25922. The results also implied more cautious uses of surrogates
of E. coli serotypes such “big six” for certain metabolic and stress-
treated studies.
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