SOCIETY FOR

] weean  Applied and Environmental
-L MICROBIOLOGY MiCrObiO|09y®

FOOD MICROBIOLOGY

L)

Check for
updates

Metabolic Responses of “Big Six” Escherichia coli in Wheat Flour
to Thermal Treatment Revealed by Nuclear Magnetic Resonance

Spectroscopy

Yue Wang,*? Disheng Zhou,*® ?Hongshun Yang®®

2Department of Food Science and Technology, National University of Singapore, Singapore, Singapore
bNational University of Singapore (Suzhou) Research Institute, Suzhou, Jiangsu, People’s Republic of China

ABSTRACT Escherichia coli outbreaks linked to wheat flour consumption have kept
emerging in recent years, which necessitated an antimicrobial step being incorpo-
rated into the flour production process. The objectives of this in vivo study were to
holistically evaluate the sanitizing efficacy of thermal treatment at 60 and 70°C
against the “big six” E. coli strains (026:H11, 045:H2, O103:H11, O111, O121:H19, and
0145) in wheat flour and to assess the strain-specific metabolic responses using nu-
clear magnetic resonance (NMR) spectroscopy. The 70°C treatment temperature
indiscriminatingly inactivated all strains by over 4.3-log CFU/g within 20 min, sug-
gesting the high sanitization effectiveness of this treatment temperature, whereas
the treatment at 60°C inactivated the strains to various degrees during the 1-h pro-
cess. The most resistant strains at 60°C, 026 and 045, were characterized by amino
acid and sugar depletion, and their high resistance was attributed to the dual effects
of activated heat shock protein (HSP) synthesis and promoted glycolysis. 0121 also
demonstrated these metabolic changes, yet its thermal resistance was largely
impaired by the weakened membrane structure and diminished osmotic protection
due to phosphorylcholine exhaustion. In contrast, 0111, 0145, and O103 presented
a substantial elevation of metabolites after stress at 60°C; their moderate thermal re-
sistance was mainly explained by the accumulation of amino acids as osmolytes.
Overall, the study enhanced our understanding of the metabolic responses of big six
E. coli to heat stress and provided a model for conducting NMR-based metabolomic
studies in powdered food matrices.

IMPORTANCE “Big six” Escherichia coli strains have caused several outbreaks linked to
wheat flour consumption in the last decade, revealing the vital importance of adopting
an antimicrobial treatment during the flour production process. Therefore, the present
study was carried out to evaluate the efficacy of a typical sanitizing approach, thermal
treatment, against the big six strains in wheat flour along with the underlying antimicro-
bial mechanisms. Findings showed that thermal treatment at 60 and 70°C could mark-
edly mitigate the loads of all strains in wheat flour. Moreover, activated heat shock pro-
tein synthesis combined with expedited glycolysis and enhanced osmotic protection
were identified as two major metabolic alteration patterns in the E. coli strains to cope
with the heat stress. With the responses of big six in wheat flour to thermal treatment
elucidated, scientific basis for incorporating a thermal inactivation step in wheat flour
production was provided.

KEYWORDS Escherichia coli, flour, NMR, foodomics

heat, an energy-dense crop containing up to 71% carbohydrates and 10% gluten
protein, is a staple food of the world’s population (1, 2). Being cultivated on more
lands than any other crops, north to Scandinavia and Russia and south to Argentina,
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including elevated regions in the tropical areas (3), wheat was produced at 766 million
tons in 2019, only second to maize (1,148 million tons) (4, 5). While the high-calorie prop-
erty and the wide production set the foundation for wheat to dominate people’s diets,
the superior ability to be processed further consolidates its position on people’s dining
table. Flour is a commercial form of wheat; it can be processed into a huge variety of
food commodities, such as bread and pasta in Western diets and noodles in Eastern
diets, which largely enriches people’s food choices.

Foods made from wheat flour are normally consumed cooked, with boiling, baking,
steaming, and frying being the most common household cooking means. While the
high-temperature cooking processes are designed to enhance flavors, they simultane-
ously function as an antimicrobial step that wipes out microbiological hazards present
in wheat. Owing to this, a standard antimicrobial process is typically omitted in tradi-
tional wheat flour production (6). However, the drawbacks of such omission have been
revealed in recent outbreaks, an example being the one in 2016, which led to 63 infec-
tions, 17 hospitalizations, and one hemolytic uremic syndrome (HUS) case (7). The out-
break was caused by Shiga toxin-producing Escherichia coli (STEC) 0121 and 026.
Among 38 ill people interviewed, 19 (50%) reported eating or tasting raw, homemade
dough or batter. Although governments have warned the public not to eat uncooked
flour, it was palliative, as a later outbreak in 2019 caused by E. coli 026 and another
one earlier this year caused by E. coli 0121 again highlighted eating raw dough or bat-
ter among the ill (8, 9). These incidences clearly stressed the need to incorporate solid
antimicrobial interventions in wheat flour production to ensure that pathogens are
eliminated before flour is put on the market.

Based on the reported outbreaks, STEC are key culprits for wheat flour contamina-
tion, and among them, the serotypes commonly known as the “big six” (026, 0103,
0111, 0121, 045 and 0145) are of special concern (10). To mitigate the load of big six
in wheat flour, thermal treatment is no doubt the most applicable approach, since it
does not bring in water to affect the moisture content and texture of the low-water-ac-
tivity (a,,) food. The efficacy of this conventional sanitizing technique against common
foodborne pathogens has been extensively documented. For instance, a 5-min thermal
treatment at 60°C was found to effectively reduce E. coli O157 in broth by 3.78 log
CFU/mL, and the same setting also showed effectiveness against Listeria monocyto-
genes strains on salmon (11, 12). The effects of thermal treatment on disinfecting big
six in flour have also been explored in some studies (13-16); however, with limited
knowledge about the mechanisms underlying the antibacterial process, application of
heat treatment to decontaminate flour in real life was not examined.

Metabolomics has been increasingly involved in the food science field for mecha-
nism study. Among the emerging tools, nuclear magnetic resonance (NMR) spectros-
copy, able to acquire snapshots of the comprehensive bacterial metabolic profiles
under external stresses, is applied with high popularity (17). It has been applied to
investigate the metabolic variations occurring in L. monocytogenes on shrimp after the
combined antimicrobial treatment of nisin and grape seed extract (18). It has also been
used to detect the metabolic responses of E. coli 0157, L. monocytogenes, and L. inno-
cua on fresh vegetables under electrolyzed water sanitizing treatment (19, 20). On this
basis, NMR spectroscopy may provide insights in understanding the heat-induced met-
abolic responses of big six in wheat flour as well.

To perform NMR analysis, microbial cells must be first separated from the food sam-
ple before the cell metabolites are extracted for analysis. However, compared to fruit
and vegetables from which microbial cells can be rinsed out directly, the powdered
format of flour makes the microbe isolation a difficult task; consequently, flour has
always been circumvented in metabolomic studies in the past. This study is the first
time that microorganisms in wheat flour are recovered and subject to metabolomic
analysis, and the recovery procedure would serve as a template for future microbial
metabolomic studies carried out on powdered foods. With interests in the responses
of big six in wheat flour to heat stress, the present study was undertaken to assess the
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60 026:H11 12.85% 1.19 0.54 0.04 0.994 0.066

045:H2 2.35° 0.45 0.34 0.02 0.995 0.071

0103:H11 3.18¢ 0.46 0.46 0.03 0.996 0.086

0111 8.25P 0.53 0.62 0.02 0.998 0.054

O121:H19 1.354 0.35 0.38 0.03 0.993 0.117

0145 3.22° 0.56 0.43 0.03 0.994 0.093

70 026:H11 1.142 0.12 0.51 0.02 0.999 0.058

045:H2 1.102 0.19 0.53 0.04 0.998 0.102

0103:H11 1.562 0.20 0.60 0.03 0.997 0.089

0111 1.05% 0.27 0.51 0.05 0.993 0.144

O121:H19 1.112 0.11 0.53 0.02 0.999 0.057

0145 1.30% 0.11 0.54 0.00 0.999 0.052

FIG 1 Thermal inactivation curves of E. coli 026:H11, 045:H2, O103:H11, 0111, 0121:H19, and 0145 in wheat flour at 60°C for up to 60 min (A) and 70°C
for up to 20 min (B), and the corresponding inactivation kinetics parameters were calculated by Weibull model (C). Survivals are presented as means *
standard deviation (n = 6). § values for the same treatment temperature followed by different letters are significantly different (P < 0.05).

viability of each individual big six E. coli serotype in wheat flour under thermal treat-
ment. By revealing the metabolic changes in the strains underlying the antimicrobial
process, additional scientific basis for incorporating a thermal treatment step in flour
production would be provided.

RESULTS AND DISCUSSION

Sanitizing efficacy of thermal treatment against E. coli strains in wheat flour. As
shown in Fig. 1A, when the inoculated wheat flour samples were heat treated at 60°C,
the viable counts of the six E. coli strains (026:H11 [ATCC BAA-2196], O45:H2 [ATCC
BAA-2193], 0103:H11 [ATCC BAA-2215], 0111 [ATCC BAA-2440], O121:H19 [ATCC BAA-
2219], and 0145 [ATCC BAA-2192]) decreased markedly from 7.01 = 0.20 log CFU/g at
0 min to an average of 3.65 log CFU/g by the end of the process. The 026 and 045
strains were the only two inactivated by less than 3 log CFU/g, which had final surviv-
ing populations of 4.73 = 0.19 and 4.01 = 0.09 log CFU/qg, respectively. The treatment
was more effective against the 0111 and 07145 strains, resulting in significantly
reduced survival to 3.60 = 0.16 and 3.49 = 0.14 log CFU/g, respectively (P < 0.05).
Higher lethality was observed in the 0103 strain, with 3.20 = 0.10 log CFU/g surviving
the treatment. Moreover, with a final surviving count of only 2.85 + 0.16 log CFU/g,
the 0121 strain was the least resistant among the six at 60°C.
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Generally, the inactivation rate of E. coli increases drastically as the treatment tem-
perature increases. For instance, Suehr et al. reported that the logarithmic reduction (d
value) of E. coli 0121 in wheat flour was achieved at 18.16, 6.47, and 4.58 min when
treated at 70, 75, and 80°C, respectively (21). Consistent with this, upon elevating the
treatment temperature to 70°C in our study, a more than 4.30-log CFU/g reduction of
all six strains was achieved within 20 min (Fig. 1B). In fact, the six strains had similar sur-
vival counts at multiple sampling time points during the treatment process; therefore,
significant overlap was observed in their thermal inactivation curves. These observa-
tions indicated that the heat stress imparted at 70°C had comparable effectiveness
against the big six members. A recent study by Daryaei et al., which reported massive
inactivation of all tested E. coli strains in wheat flour stressed at 82°C for 5 min, further
revealed that the inactivation capability of a sufficiently high temperature was irrele-
vant to the E. coli serotype (14). Since the treatment only lasted 20 min and the inacti-
vation curves did not reach a plateau by the end, complete inhibition of the E. coli cells
seemed to be achievable if the treatment process was slightly extended. Although
stressful enough for wiping out the big six in wheat flour, the relatively mild tempera-
ture and short treatment time in combination was unlikely to affect the functional
properties of wheat flour (22, 23), which was an additional advantage of the 70°C ther-
mal treatment. In industrialized flour production, wheat flour may be heated to the
desired temperature in rotating drums or heated conveyors, with the right time of
heating calculated via unsteady-state heat transfer to the cold spot.

The Weibull model provides more information of the antimicrobial effect of thermal
treatment on different strains in wheat flour (Fig. 1C). Previous studies have demon-
strated that the Weibull model was a good fit for describing the kinetics of E. coli inacti-
vation in food samples (24, 25). The high adjusted R? values (>0.99) and low root
mean standard errors (RMSE) (<0.15) obtained in this study further confirmed the suit-
ability of the Weibull model for describing E. coli inactivation. At 70°C, the & of differ-
ent strains were comparable, with the longest (0103) and the shortest (0111) differing
by only 0.51 min and all of them staying under 1.56 min. The generic effectiveness of
the 70°C thermal treatment in eliminating these potent STEC was once again evi-
denced. On the contrary, the 60°C treatment led to hugely differing 6 values among
the strains, from the longest in 026 (12.85 min) to the shortest in 0121 (1.35 min). This
also illustrated the highest and lowest tolerance of 026 and 0121, respectively, to the
temperature. The outstanding thermal resistance of 026 in wheat flour has also been
documented in previous studies, where this serotype showed longer § than the other
big six members and even O157 at 60°C (15, 16). Contradicting our expectations, the
second most resistant strain at 60°C, 045, had a relatively short §. Several studies have
shown that thermotolerance was gradually acquired in bacteria with extended heating
time (26, 27). Thus, it was possible that a large number of 045 cells were killed before
the strong defense mechanisms were fully launched. The gradual establishment of
thermal defense mechanisms was also reflected in the concave shape of the surviving
curves (B < 1) (Fig. 1A and B). In fact, bacterial cells surviving a sublethal stress would
initiate a series of corresponding metabolic alterations as an instinct to enhance their
chance of survival in subsequent stresses (28). Therefore, it was no wonder that the
slowing downtrend in cell reduction was observed.

Experimental settings for metabolomic analysis. Metabolomic analysis can pro-
vide useful information regarding the dynamic metabolic changes in the E. coli strains
during the treatment process. In spite of the great challenge of recovering E. coli cells
from wheat flour, an in vivo setting was chosen for the metabolomic experiments
based on its necessity in the following two main aspects. First, the composition of
foods was proven to have an impact on the metabolic responses of microbes. For
example, previous studies have shown that the fatty acid component of shrimp, in
addition to providing better nutritional support for the survival of L. monocytogenes
than TSB, also resulted in fewer metabolic perturbations in the living Listeria cells dur-
ing the same sanitizing treatment (17, 29). On this basis, findings from an in vitro study
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Experimental basis

Comments

Sufficient amount of E. coli cells with stress-induced metabolic

changes could survive.

E. coli cells might not have sufficient time to establish metabolic

responses before they were inactivated.

Metabolites could be gathered to sufficient levels so as to generate

strong enough signals on NMR spectra.

Moderate E. coli recovery.

Exist risks of not detecting the signals of certain metabolites on

Too low metabolite levels to pass the detection threshold of NMR.
The precipitate after high-speed centrifugation still contained a

large portion of wheat flour.

Temperature 60 °C Reduced E. coli load by an average of 3.36 log CFU/g
within 60 min.
70 °C Reduced E. coli load by an average of 4.48 log CFU/g
within 20 min.
Wheat flour size 10g High E. coli recovery.
Recovered E. coli pellets
20g
NMR spectra.
50¢g 100+ Low E. coli recovery.
<y
2
]
ot
=2
X
100 g Low E. coli recovery.

10

20 50
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Metabolite levels might not pass the detection threshold of NMR.
The precipitate after high-speed centrifugation still contained a

large portion of wheat flour.

FIG 2 Experimental setting optimization for metabolomic analysis. Columns with different letters on top are significantly different (P < 0.05).

may be of limited reference value in predicting the microbial metabolic responses in
real food decontamination processes. For wheat flour specifically, on the one hand, it
is a typical carbohydrate- and gluten-rich food, so it could serve as an inexhaustible
source of carbon and nitrogen for the residing E. coli cells (30). On the other hand, its
low a,, would threaten the proliferation of E. coli, which has no growing capability at
a,, of <0.95 (56). The two factors of wheat flour can exert obvious but contradicting
effects on E. coli, making the heat-induced metabolic responses in E. coli cells
unpredictable.

Second, wheat flour may have a hindrance effect on the microbes being sanitized
(31). Unlike the germs found on the surface of fresh fruits and vegetables that are
exposed to the external stresses directly (32-35), bacterial cells in wheat flour are typi-
cally well dispersed and completely hindered by wheat flour granules, which are sev-
eral orders of magnitude larger. This required an external stress to penetrate the thick
layer before reaching the E. coli cells to inactivate them; the power of stress could be
impaired during the process, potentially resulting in milder metabolic responses in E.
coli compared to that observed in studies conducted with fresh produce. Therefore,
only metabolomic experiments carried out in the in vivo setting would accurately
mimic E. coli's metabolic responses during flour sanitization.

To obtain effective metabolomic results underlying the antimicrobial process, some
minor factors to proceed with the metabolomic part also needed to be carefully opti-
mized. As shown in Fig. 2, first was the thermal treatment temperature, for it deter-
mined whether the metabolic variations could be detected. Reflecting on the sanitizing
effects in “Wheat flour inoculation,” below, treatment at 70°C massively and indiscrim-
inately killed the STEC cells within a short period of time. This was not a merit of
metabolomic analysis, however, as the strains may not have developed decent defense
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mechanisms before they were killed. The treatment at 60°C, in comparison, imposed
milder stress to the cells; it killed the STEC cells at a much slower pace, which enabled
the sublethal cells to gain tolerance to the stress and build up corresponding defense
mechanisms during the treatment period (19, 36). As a consequence, stress-induced
metabolic changes could be viewed in a sufficient number of surviving cells.
Additionally, as the metabolomes might change dynamically during the treatment pro-
cess, the metabolomes of each strain stressed for 5 and 60 min were captured at that
temperature and were compared with the ones at 0 min to unravel the initial and last-
ing metabolic responses of each strain to the heat stress.

The other important factor to consider was the sample size of the wheat flour being
inoculated, for it primarily decided the difficulty level of recovering E. coli cells from
the homogenized E. coli-wheat flour mixture. In the optimization experiment, the E.
coli recovery rates from different amounts (10, 20, 50, and 100 g) of wheat flour were
examined. As shown on the histogram (Fig. 2), the percent recovery was negatively
correlated with the sample size, where the E. coli cell recovery from 10 g of wheat flour
(81.8% = 1.3%) far outweighed that from the larger sample sizes. A possible rationale
was that when E. coli cells were surrounded by larger amounts of wheat flour, during
low-speed centrifugation, the difficulty for the cells to escape from the bulky mixture
to the upper liquid portion would be higher; thus, more cells would precipitate to-
gether with the flour, leading to a lower percent recovery. Worse still, the low recovery
would lead to low metabolite signals on the NMR spectra, which would undoubtedly
impair the accuracy of metabolite quantification and even cause fewer metabolites to
be identified if their concentrations did not pass the detection threshold of NMR.
Based on these findings, 10 g was selected as the size of the wheat flour sample to be
inoculated for subsequent metabolomic analysis.

Metabolic profiles of E. coli strains in wheat flour. Representative '"H NMR spectra
of the six strains stressed at 60°C for 0, 5, and 60 min are shown in Fig. S1 in the supple-
mental material. Cooperatively referring to the two-dimensional (2D) "H-"3C spectra,
metabolic databases, and the literature, a total of 30 metabolites were identified in all
strains (Table S1), which was in accordance with the set of metabolites in the big six
isolated from TSB in a previous study (17). Amino acids (e.g., leucine, isoleucine, valine,
alanine, arginine, and methionine) and organic acids (e.g., lactic acid, acetic acid, and
a-ketoglutaric acid) dominated the high field region (0.5 to 4.0 ppm) of the spectra.
Ethanol and betaine were assigned in this region as well. In the lower field region (4.0
to 10.0 ppm), most signals belonged to sugars (e.g., a-d-glucose, B-p-glucose, and glu-
cose-1-phosphate) and nucleotide-related compounds (e.g., ATP, ADP, and adenosine).

Despite the high similarity in metabolic composition, diversity in metabolites’ signal
intensity existed among the strains and treatment time. For visualization of the relative
metabolite abundance, the signals of 23 metabolites with no overlapping chemical shifts
were quantified, and a heatmap was plotted on a blue-red color scale (Fig. 3). Lactic
acid, shown in a spectrum of red colors, represented the most dominant metabolite in
all samples. In contrast, nucleotide-related compounds, including ATP, adenosine, and
uridine, mainly presented in bluish colors, represented the minor components of the
E. coli metabolome. Furthermore, 11 amino acids were quantified in the E. coli samples,
among which alanine was the rarest. According to the color transition, the low concen-
tration of alanine was slightly compensated throughout thermal treatment in 026, 045,
and 0145, whereas it was further depleted in 0103, 0111, and O121.

Temporal changes of metabolic profiles of E. coli strains in wheat flour. An over-
view of the endogenous metabolic alterations of all strains throughout the 60°C ther-
mal treatment was generated by PCA, which compared the metabolic profiles of the
six strains recovered from the flour treated for 0 min, 5 min, and 60 min. Clear separa-
tion of the profiles was illustrated, where the first three principal components (PCs)
explained 84.6% of the total data (PC1, 42.7%; PC2, 25.1%; PC3, 16.8%) with good
model fitness (Q? = 0.78) (Fig. 4A).

Based on the first two PCs, the metabolic trajectory of each strain was plotted by
connecting the mean coordinates in the score plot chronologically (Fig. 4B). In this
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FIG 3 Heatmap of metabolites in E. coli 026:H11, 045:H2, O103:H11, O111, O121:H19, and 0145 in wheat flour
treated at 60°C for 0, 5, and 60 min.

plot, each metabolic profile was denoted as a single point from which the magnitude
and pattern of each strain’s metabolic changes during treatment could be visualized.
Among all strains, the one from 0103 presented the largest magnitude of metabolic
variation during the heating process, as its metabolic profile deviated the longest dis-
tance along PC1 and moved from the negative side to the positive side of PC2. Axis
crossing was also observed in O111’s and O145’s trajectories, which crossed PC1 and
PC2, respectively. Combining with the observations in Fig. 1A that the reductions of
the three strains were within the range of 3 to 4 log CFU/g, which represented moder-
ate thermal resistance among the six, the large magnitude of metabolic changes indi-
cates the launching of decent thermal defense mechanisms in the strains. In contrast,
the metabolic trajectories of the 026 and 045 strains were confined to the second
quadrant; as they moved downwards throughout the 60-min heating process, they
both became less affected by PC2. Interestingly, the two strains were also those dem-
onstrating the highest thermal resistance in “Sanitizing efficacy of thermal treatment

A B o
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FIG 4 Principal-component analysis (PCA) of 'H NMR spectra of E. coli 026:H11, 045:H2, O103:H11, 0111, O121:H19, and 0145 in wheat flour treated at
60°C for 0, 5, and 60 min. Principal components were explained for the variances (A) and trajectory plot (B).
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against E. coli strains in wheat flour,” above, which implied that this similar metabolic
alteration pattern offered them a similarly high level of protection against the heat
stress. Lastly, as the 0121 strain presented minimal metabolic profile shifting, a failure
in adequate defense mechanism implementation was suspected in the strain, which
was incongruent with vast elimination of viable cells observed in “Sanitizing efficacy of
thermal treatment against E. coli strains in wheat flour,” above.

Alternative metabolites in E. coli strains in wheat flour under thermal treatment.
While the PCA results primarily manifested the inextricable linkage between the
strains’ thermal resistance and their heat-induced metabolic alterations, a more super-
vised model, orthogonal projection to latent structures-discriminant analysis (OPLS-
DA), was applied to pairwise samples to examine the specific differences in their
metabolomes. For each strain in wheat flour treated at 60°C, the metabolomes at
5 min and 60 min were separately compared with that obtained at 0 min, the control.
All established OPLS-DA models demonstrated good predictability and interpretability,
as guaranteed by the R?Y and Q? values, respectively (Table S2) (17). Their robustness
was further verified with the 200-iteration permutation test in which the order of the
categorical variable Y was randomly permuted. As shown in Fig. S2, with all permuted
Q? to the left lower than the original values to the right and the Q2 regression lines
intersecting the vertical axis below zero, the criteria for validity of the original models
were met, which proved that the original OPLS-DA models were not overfitted and
random (37).

The score plots showed significant intergroup metabolomic differences (Fig. 5A),
indicating that heating for as short as 5 min could lead to detectable changes in E.
coli's metabolome. The prominent metabolites that differentiated the paired samples
were screened based on their correlation coefficient and variable importance in projec-
tion (VIP) values obtained from the OPLS-DA models. All metabolites with correlation
coefficient of >0.602 were filtered and presented in Fig. 5B, and those that simultane-
ously fulfilled the criteria of VIP value of >1 and P value of <0.05 were deemed the sig-
nificant discriminative metabolites and depicted with stars.

A universal depletion of metabolites was observed in 026 and 045, with most decli-
nation occurring within 5 min (Fig. 5B). A major difference between the two was that
the levels of a-p-glucose and nucleotide-related compounds (e.g., ATP and adenosine)
were decreased in 026 from 5 min onwards, while they were decreased in 045 only at
60 min. The swift decrease of metabolites in 026 represented a prompt defense reac-
tion toward the stress, which may explain the significantly longer 6 in 026 than 045
(Fig. 1C). In contrast, 0103 illustrated an opposite pattern of metabolic variation.
Except for the decrease in acetic acid observed from 5 min, all other metabolites var-
ied, which included an array of amino acids (e.g., leucine, isoleucine, glutamic acid, and
aspartic acid), lactic acid, and ATP, presented an upward tendency.

While the aforementioned strains had their metabolite levels altered in a single
direction during the whole course of thermal treatment, the temporal changes in the
other three strains’ metabolomes were more complicated. In 0111 and 0145, multiple
amino acids (e.g., leucine, isoleucine, and glutamic acid) and lactic acid underwent a
significant decrease transiently at 5 min (Fig. 5B). This momentary depression of
metabolite levels might be the instantaneous reactions of the strains to the sudden
elevation of temperature, causing the rapid cell reductions within a short time. After
that, the metabolite levels rebound, which was associated with steadier cell reductions,
suggesting that adequate metabolic adjustments were gradually made for the two
strains to antagonize the heat stress. As for 0121, in accord with the short displace-
ment on the trajectory plot (Fig. 4B), only four metabolites (isoleucine, valine, glutamic
acid, and a-p-glucose) were markedly affected at 5 min, and depletion of metabolites
(e.g., tyrosine, histidine, a-p-glucose, and phosphorylcholine) was observed only in its
60-min metabolome (Fig. 5B).

Alterative metabolic pathways in E. coli strains in wheat flour under thermal
treatment. Based on the screened metabolites that significantly discriminated each

strain at the beginning of the treatment (0 min) and at the end of the treatment
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FIG 5 Orthogonal projection to latent structures-discriminant analysis (OPLS-DA) score plots (A) and coefficient
plots (B).
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(60 min), perturbations in the strains’ metabolic networks during the thermal treat-
ment course were examined by MetaboAnalyst 5.0. The significantly affected pathways
(P < 0.05) in each strain are listed in Table S3 and marked as circles in Fig. 6. Several
pathways were disturbed universally. For instance, aminoacyl-tRNA biosynthesis, the
pathway in amino acid metabolism responsible for correct pairing of an amino acid
with its cognate tRNA, and carbapenem biosynthesis, the pathway for antibiotic syn-
thesis in which glutamic acid is an intermediate, were significantly altered in all six
strains. Additionally, biosynthesis and degradation of valine, leucine, and isoleucine as
well as alanine, aspartic acid, and glutamic acid metabolism were each significantly
changed in five strains (026, 045, 0103, 0111, and 0145; 026, 045, 0103, 0121, and
0145). Glycolysis/gluconeogenesis, arginine biosynthesis, and pyruvate metabolism
were each significantly changed in four strains (026, 045, 0111, and 0O145; 026, 0103,
0121, and 0145; 026, 045, 0103, and O145).

Referring to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, a
schematic showing the metabolic changes of the six strains, along with the possible ra-
tionale for each strain’s thermal resistance, are summarized in Fig. 7. In general, the
metabolic perturbations between 026 and 045 showed high similarities, while those
among 0103, 0111, and O145 were also relatively consistent.

Associated with the dynamic change of amino acid contents, amino acid metabo-
lism was the most disturbed pathway in all E. coli strains studied. The finding was in ac-
cordance with previous studies, which documented the particularly high sensitivity of
amino acid metabolism in various microorganisms to external stresses, including heat,
oxidation, and acidity (11, 12). On one hand, the 026, 045, and 0121 strains presented
a substantial reduction in an array of amino acids. This was unsurprising indeed, since
the amino acids might be used largely for synthesizing heat shock proteins (HSPs).
HSPs, mostly molecular chaperones, can be synthesized in all species when cells are
briefly exposed to temperatures above normal growth temperature (38). In E. coli spe-
cifically, the primary chaperone machinery contains DnaK, Dnal, and GrpE (39). They
facilitate acclimating the cells to the elevated temperatures by degrading denatured
and misfolded proteins, inhibiting irreversible aggregation of unfolded proteins, and
restoring proteins to their native structures at the cost of depleting amino acids (40).
Apart from HSP production, energy deficiency might be another causative factor for
the amino acid reduction. Based on previous studies, energy expenditure was expe-
dited in response to heat stress (41, 42). Concomitantly, as an ATP-dependent process
was energy supply retarded, amino acid synthesis would lack sufficient support (43).
Furthermore, amino acid reduction also indicates decreased cell activity (44). For
instance, glutamic acid, an amino acid that serves as a primary precursor in multiple
biosynthesis pathways, was found to be synthesized abundantly in actively growing
cells (45). The downregulation of glutamic acid in 026 and 045, therefore, revealed a
lowered cell activity of the strains under the heat stress.

On the other hand, the 0103, 0111, and 0145 strains were highlighted with signifi-
cantly upregulated amino acid contents. Possible sources of the amino acids include
breakdown of abnormal, misfolded proteins under heat stress and degradation of
some proteins for the synthesis of new proteins vital at high temperatures (46). As
many amino acids (e.g., leucine, alanine, and glutamic acid) are natural osmotic regula-
tors that help sustain cytoplasmic osmolarity and prevent collapse of subcellular struc-
tures (47), their accumulation indicated enhanced osmotic protection in these strains.
As was mentioned before, 0103, 0111, and 0145 presented moderate thermal resist-
ance among the six serotypes, which suggested that relieving osmotic pressure was a
mediocre strategy for survival compared with those focusing on producing HSPs.

Amino acids are important carbon and energy sources in E. coli (17). The depletion
of amino acids in 026, 045, and 0121 therefore necessitated the strains to turn to al-
ternative sources for energy supply. Glucose is the core energy source of E. coli under
detrimental circumstances. Previous study has shown that the transcription of glycoly-
sis genes, including pgi, pgk glk, and pykF, that encode glucose-6-phosphate isomerase,
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FIG 6 Metabolic pathways altered in E. coli 026:H11, 045:H2, O103:H11, 0111, O121:H19, and 0145 in wheat flour during
the 60-min thermal treatment 60°C.
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FIG 7 Schematic of metabolic alterations relevant to thermal resistance of E. coli 026:H11, 045:H2, O103:H11, 0111, O121:H19, and 0145 in wheat flour
during the 60-min thermal treatment at 60°C.

phosphoglycerate kinase, hexokinase, and pyruvate kinase |, respectively, was signifi-
cantly activated in E. coli in acidic environments, which illustrated the key role of the
glycolysis pathway for energy release under stress (48). Concomitantly, significant
reduction of a-p-glucose was observed in the three strains, which supported their
expediting glycolysis for energy generation. Additionally, as evidenced by the note-
worthy decrease of ribose-5-phosphate, the pentose phosphate pathway (PPP), which
shunts from glycolysis by consuming the glycolysis intermediate glucose-6-phosphate
to generate fructose-6-phosphate (49), were also influenced. Since PPP does not pro-
vide ATP, its depression would gather all available glucose into the glycolysis pathway,
enabling the strains to continuously replenish the heavy energy expenditure. However,
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the downregulation of PPP also brought about negative side effects. As fructose-6-
phosphate is the key precursor in the biosynthesis of nucleotides (50), it was unsurpris-
ing to see that the level of adenosine significantly decreased in the three strains, which
suggested a decrease in the biosynthesis of DNA and RNA as well (11). Similarly, Ye et al.
also reported a significantly reduced ribose-5-phosphate level in thermally stressed
E. coli; in that study, a massive decrease in uridine, cytidine, and adenosine was observed
simultaneously (37).

Glucose consumption in 0103, 0111, and 0145 seemed to be undisturbed through-
out the heating process, as no significant glucose loss was detected. A possible reason
was the abundance of amino acids remaining in the strains could provide ample sub-
strates to energy production, which largely relieved the burden on glucose. With
amino acids accumulated, osmotic protection was strengthened in the strains, which
deemphasized the need for employing other defending approaches. Consequently,
energy for molecular chaperone synthesis could be saved, requiring less ATP genera-
tion from glucose metabolism.

Pyruvic acid is the end product of glycolysis. In facultative anaerobes like E. coli, it
can be metabolized downwards either to the aerobic tricarboxylic acid (TCA) cycle for
energy production or to the anaerobic mixed-acid fermentation pathway for producing
other organic compounds (17). The reduced level of organic acids (lactic acid and ace-
tic acid) and/or ethanol production in 026 and 045 implied a metabolic switch from
fermentation to oxidation based on the underlying principle that the TCA cycle is more
energy efficient (37). In 0103, 0111, and 0145, the TCA cycle was not reinforced, as the
repression of acetic acid or ethanol production seemed to be cancelled out by the
stimulated lactic acid production. This was reasonable, as ATP was not in huge demand
in these strains. The alteration in the fermentation product composition was intriguing
as well. Since high temperatures can cause oxygen extrusion from the media, the
change in oxygen availability might have varied the fermentation preference in these
strains (37, 51). Similar changes have been observed in E. coli BW25113 previously; in
that transcriptomic study, the increased lactic acid and decreased ethanol under heat
stress were attributed to the upregulation of pflA and IdhA genes and downregulation
of the adhE gene, respectively (42). 0121 was more inactive than the other strains,
with both the TCA cycle and the mixed-acid fermentation remaining unmodified dur-
ing the thermal treatment process. The cost of such inaction was an aggravated imbal-
ance between the supply and demand of ATP, which hastened the demise of the 0121
cells, as was observed.

In addition, a decreased phosphorylcholine level was only noticed in 0121, which
might be another rationale for the high vulnerability of 0121 to the heat stress.
Phosphorylcholine is a key membrane phospholipid precursor (52). Being involved in
bilayer formation and membrane protein folding, it plays a crucial role in the maintenance
of cell membrane integrity (53, 54). Moreover, phosphorylcholine can be metabolized to
betaine, a molecule believed to be the most active naturally occurring osmoprotectant in
E. coli (55). The significant decrease of phosphorylcholine in 0121 strain, therefore, implied
both a weakened membrane structure and an impaired osmotic protection, which in turn
exposed the cells to higher magnitudes of stress.

Conclusions. The study manifests that thermal treatment is a feasible strategy for
the food industry to mitigate big six E. coli contamination in wheat flour. Facilitated by
NMR-based metabolomics, the metabolic responses of the strains underlying their dif-
ferent resistances at 60°C were unraveled. The 026, 045, and O121 strains shared the
common metabolic changes of enhanced HSP synthesis and stimulated glycolysis,
whereas the difference in osmotic protection and membrane structure intactness dif-
ferentiated their thermal resistance. The 0111, 0145, and O103 strains also demon-
strated similar metabolic alteration patterns, and their moderate thermal resistance
was mainly achieved through relieving osmotic pressure by amino acid accumulation.
Overall, findings from the study provide valuable insights in understanding the inacti-
vation effect of thermal treatment against big six E. coli harbored in wheat flour, which
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can serve as the theoretical basis for future application of thermal treatment in wheat
flour production.

MATERIALS AND METHODS

E. coli strains and inoculum preparation. Six E. coli strains, including 026:H11 (ATCC BAA-2196),
045:H2 (ATCC BAA-2193), O103:H11 (ATCC BAA-2215), 0111 (ATCC BAA-2440), O121:H19 (ATCC BAA-
2219), and 0145 (ATCC BAA-2192), were employed in this work as representatives of the big six to ena-
ble comparison of the responses of different E. coli serotypes to thermal treatment. All cultures (stored
in 30% glycerol at —80°C) were obtained from the Department of Food Science and Technology,
National University of Singapore; before use, they were resuscitated by inoculation into 10 mL of tryp-
tone soya broth (TSB; Oxoid, Basingstoke, UK) and incubated at 37°C overnight. The activated cultures
were then acclimatized to 100 wg/mL nalidixic acid by consecutive transfers with stepwise increments in
nalidixic acid concentration (56-58). Media used in the study were also supplemented with 100 wg/mL
nalidixic acid to eliminate the interference of background bacteria (20).

After acclimation, the strains were individually inoculated into 100 mL of fresh TSB (1:100, vol/vol)
and incubated 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, and finally harvested in 200 uL of 0.1% peptone water. This concen-
trated semiliquid cell suspension was subjected to subsequent flour inoculation.

Wheat flour inoculation. The commercial all-purpose wheat flour was purchased from a local super-
market in Singapore. To minimize the influence of inoculation on the microbial thermal resistance deter-
mined in low-moisture foods (59), a concentrated cell suspension inoculation method by Forghani et al.
that has been proven to barely change the a,, of wheat flour was adopted in this work (15, 16). The con-
centrated cell suspension of each strain prepared as described above was aseptically spot inoculated
into 10 g flour in a sterile stomacher bag (Bolsa Stomacher; Deltalab, Spain) and hand mixed for 5 min.
Subsequently, another 90 g flour was added to the seeded flour sample and manually mixed for 3 min,
followed by two sets of stomaching (Masticator Stomacher; IUL Instruments, Germany) for 3 min and a
final manual mix for 3 min. Compared to dry inoculation, which may cause variability in inoculum level,
and liquid inoculation, which may affect the texture of flour (60, 61), this method could effectively
deliver homogeneous microbial counts without significantly influencing the flour characteristics (15).
The procedure resulted in consistent initial inoculum levels of approximately 8 log CFU/g based on the
enumeration results of our pretreated samples. The pre- and postinoculation a,, of the flour samples
were 0.64 * 0.01 and 0.65 = 0.01, respectively, as measured by a water activity meter (Aqua Lab model
3TE; Decagon Devices, Pullman, WA) at room temperature (25.2 = 0.2°C). Since the a,, of flour was not
significantly changed due to inoculation, samples were subject to subsequent thermal inactivation
directly with no need to undergo an a,, reequilibration process like many other microbial thermal inacti-
vation studies did (59, 62).

Thermal treatments. Thermal inactivation was performed at 60°C (for up to 60 min) and 70°C (for
up to 20 min) using the combination of a water bath (Julabo SW22; Singapore) set two degrees higher
and a block heater (Stuart Scientific, United Kingdom) set at a much higher temperature placed side by
side. According to our preliminary test, this setup could significantly shorten the time for the samples to
reach the target temperatures, which therefore prevented massive cell death during the temperature-
rise period. Inoculated flour samples (0.60 + 0.03 g) were weighed into 1.5-mL centrifuge tubes. They
were first put in the block heater for rapid temperature increase, and upon reaching an internal temper-
ature of 60 or 70°C, they were immediately transferred into the water bath to maintain temperature.
Sample temperature was monitored using a noninoculated blank with a thermocouple located at the
center (63). The come-up times, 30 and 45 s, were used as the respective zero time points (0 min) for the
60 or 70°C treatments. Starting from the 0-min samples, samples treated for 5, 10, 20, 30, 45, and 60 min
at 60°C and those treated for 2.5, 5, 10, 15, and 20 min at 70°C were subsequently taken out of the water
bath. Once removed, the tubes were placed in an ice-water bath immediately to quench the
inactivation.

Microbiological analysis. Each tube’s content was aseptically transferred to 5.4 mL 0.1% peptone
water. Serial dilution was prepared and 100 L diluent was spread plated on the nalidixic acid-supplemented
tryptic soy agar (TSA; Oxoid Limited, Hampshire, UK). The colonies were enumerated after incubating at 37°C
overnight and expressed as log CFU/g. To compare the antimicrobial effect against different E. coli strains
statistically, the survival at each time point was estimated by Weibull model, N = N, - (t/5)?, where N is the
surviving population (log CFU/g) at time t (min), N, is the surviving population (log CFU/g) at 0 min, § is the
time (min) required for the first decimal reduction (min), and B is the shape parameter (15, 16, 64).

Sample size optimization for metabolomic analysis. Considering the difficulty of recovering E. coli
cells from wheat flour, prior to the metabolomic analysis, the size of the wheat flour samples being ino-
culated was optimized to ensure that E. coli cells could be recovered in sufficient amounts for NMR anal-
ysis. 026:H11 ATCC BAA-2196 was utilized as an example strain for the optimization experiment, where
each inoculum was prepared in 100 mL of TSB (1:100, vol/vol) by overnight incubation and then individ-
ually inoculated into 10, 20, 50, and 100 g of wheat flour. This amount of cells incubated, as a rule of
thumb, was capable of generating recognizable NMR signals of the key metabolites in E. coli and other
pathogens (19, 29, 32). In addition, the four sizes of wheat flour samples inoculated could all result in
inoculum concentration of around 8 to 9 log CFU/g, which was the most common inoculation level uti-
lized in wheat flour decontamination studies (65-70).

Next, to recover the E. coli cells, the inoculated samples were each diluted in 0.1% peptone water,
thoroughly vortexed, and centrifuged at low speed (500 x g) for 2 min (20°C) to precipitate flour. The
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supernatant then was collected while the precipitate was diluted again for another centrifugation. The
process was repeated until no cell pellets were visible on the top of the precipitate. All supernatants
were pooled and left to stand for 5 min to precipitate the remaining flour debris. Afterwards, the liquids
were transferred to new tubes, followed by centrifugation at high speed (12,000 x g) for 10 min (4°C) to
harvest E. coli cells. The recovered cells were enumerated on TSA by overnight incubation at 37°C and
compared with that in the original inoculum to determine the percent recovery from different portion
sizes of wheat flour. The size that resulted in the maximum recovery would be adopted for subsequent
metabolomic analysis.

Metabolite extraction. Metabolomic analysis was conducted with the strains in the 60°C treated
samples collected at 0, 5, and 60 min. The basic inoculation and thermal treatment procedures described
in “Wheat flour inoculation” and “Thermal treatments,” above, were followed, except that the size of
each wheat flour sample was changed to 10 g (determined from “Sample size optimization for metabo-
lomic analysis,” above), which led to an inoculum level of approximately 9 log CFU/g, and the samples
were subject to heating in 50-mL centrifuge tubes.

E. coli cells were separately recovered from samples stressed for 0, 5, and 60 min, with the same
rounds of low-speed centrifugation conducted. All centrifugations were performed at 4°C. Afterwards,
the cell pellets collected were immediately suspended in 1 mL of ice-cold methanol-d4 (Cambridge
Isotope Laboratories, Tewksbury, MA, USA). The low temperature throughout the cell recovery process
facilitated capturing the real-time metabolic profiles of the E. coli cells by halting the cellular enzymatic
reactions and other cellular metabolic activities rapidly (71). The mixture was frozen in liquid nitrogen
and then thawed on ice; the freeze-thaw cycle was repeated three times to enable complete cell mem-
brane destruction and release of intracellular metabolites into the solvent (72-74). An overnight extrac-
tion was conducted at —20°C afterwards (75). The extract then was centrifuged at 12,000 x g for 20 min
(4°C), and 1 mM trimethylsilyl propanoic acid (TSP; Sigma-Aldrich, Singapore) was added to the superna-
tant as the internal standard. After homogenizing by vortex, 600 uL of samples was transferred into 5-
mm NMR tubes (Sigma-Aldrich, St. Louis, MO, USA) for immediate NMR analysis.

NMR analysis. NMR measurements were conducted on the Bruker DRX-500 NMR spectrometer
(Bruker, Rheinstetten, Germany) via a triple inverse gradient probe at 298 K. The 'H spectra with a width
of 10.0 ppm were obtained using the standard Bruker nuclear Overhauser effect spectroscopy pulse
sequence (noesyprid), and the data were collected with an acquisition time of 3.3 s. Moreover, 128
scans and 4 dummy scans were utilized, and the relaxation delay was set at 2 s. The free induction
decays were multiplied by an exponential function equivalent to a 1-Hz line-broadening factor before
Fourier transformation. The 2D 'H-"3C heteronuclear single quantum coherence (HSQC) spectrum of a
representative sample was acquired using the Bruker hsqcedetgpsisp2.3 pulse sequence to facilitate
metabolite identification. The "H spectra with a 10.0-ppm width and the '3C spectra with a 180.0-ppm
width were collected in the F2 and F1 channels, respectively (29, 55).

Spectral analysis. Baseline correction and phase distortion adjustment of all NMR spectra were man-
ually conducted on TopSpin 4.0.9 (Bruker). The 1D 'H and 2D 'H-'3C spectra were cooperatively used for
metabolite identification, and the chemical shifts were confirmed by referring to the Biological Magnetic
Resonance Data Bank (http://www.bmrb.wisc.edu/metabolomics), the Human Metabolome Database (http://
www.hmdb.ca/), the Madison Metabolomics Consortium Database (http://mmcd.nmrfam.wisc.edu), and rele-
vant metabolomic studies (17, 37, 76). Afterwards, the spectra (0.5 to 10.0 ppm) excluding the methanol
region (3.30 to 3.35 ppm) were normalized to the sum intensities and divided into 0.02-ppm bins using
Mestrenova (Mestrelab Research SL, Santiago de Compostela, Spain) (17). Referring to the binned informa-
tion, a heatmap was plotted on ClustVis (https:/biit.cs.ut.ee/clustvis/) to preliminarily compare the metabo-
lite contents of the six E. coli strains sampled at different time points.

While all peaks on the spectra were used for metabolite identification and quantification, those after
6.0 ppm were eliminated from further multivariate analysis due to their weak signals. This was feasible
as the metabolites with peaks after 6.0 ppm also had homologous peaks in the 0.5- to 6.0-ppm region
that could be processed. Principal-component analysis (PCA) and orthogonal projection to latent struc-
tures-discriminant analysis (OPLS-DA) were performed on SIMCA software (version 13.0; Umetrics, Ume3,
Sweden) for group separation and pairwise comparison between different treatment times, respectively.
The R? (representing the explained variables) and Q? (representing the model predictability) values were
calculated to evaluate the quality of the acquired models. The OPLS-DA models were further validated
by permutation test (n = 200) to determine if they were overfitted. The correlation coefficient and VIP
values were obtained from OPLS-DA. Using the criteria of correlation coefficient of >0.602, VIP value
of >1, and P value of <0.05 in combination, the statistically significant metabolites in differentiating the
paired samples were comprehensively screened (17, 19, 77). The screened metabolites were then subject
to MetaboAnalyst 5.0 (http://www.metaboanalyst.ca/) for pathway analysis to diagnose the main path-
ways disturbed in the thermal treatment process.

Statistical analysis. The surviving counts of the E. coli strains at each time point were the results of
two separately inoculated 100-g flour samples, each sampled in triplicate 0.6-g portions (n = 6). For the
optimization experiment, triplicates from separately prepared inocula were performed for each size of
wheat flour sample (n = 3), and the averages obtained were used to plot the graph. NMR analysis at
each sampling time point was also performed in triplicates independently using separately prepared
inocula (n = 3). One-way analysis of variance (ANOVA) and least significant difference (LSD) were con-
ducted in SAS 9.4 (Statistical Analysis System, Cary, NC) to compare the effects of thermal treatment
against the different E. coli strains in wheat flour. The significance of difference was defined at a P value
of <0.05.
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