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With mounting evidence indicating an enhanced thermal resistance of Salmonella at lower ay, the effectiveness of
thermal treatment in wheat flour decontamination is challenged. Therefore, this study was carried out to eval-
uate the thermal resistance of three Salmonella strains, including Enteritidis (ATCC 13076), Typhimurium (ATCC

Salmone{la 14028) and Newport (ATCC 6962), at 65 °C in wheat flour at three a,, levels (0.33, 0.53 and 0.69), and to explore
Low-moisture food . . . . . .

NMR the mechanisms of the difference in thermal resistance via nuclear magnetic resonance (NMR)-based metab-
Foodomics olomics. The results showed that except for the insignificant difference between the reductions of S. Newport at

0.53 and 0.69 flour a,, (P > 0.05), a remarkable decreasing trend in Salmonella cell reduction with decreasing
flour a,, was observed after the 20-min thermal treatment. By comparing the metabolic profiles of each strain
recovered from the lower-a,, (0.33 or 0.53) flour with that from the a,-0.69 flour, the metabolic differences
implying more efficient misfolded protein degradation, higher availability of amino acids as osmoprotectants,
larger throughput of energy production by ATP synthase as well as wiser glucose allocation in the metabolic
network were suspected to contribute to the strains’ enhanced thermal resistance. Overall, the study adds to the
evidence for the effect of lower a,, in increasing the thermal resistance of Salmonella in wheat flour. Meanwhile,
the identified discriminative metabolic pathways may be artificially modified in the future to help ease Salmo-
nella inhibition during cooking or any types of thermal treatments.

1. Introduction

Salmonella contamination has long been a thorny issue for the flour
industry. Ever since the first documented outbreak occurred in Australia
in 1952 (Eglezos, 2010), Salmonella spp. have been implicated in mul-
tiple outbreaks of wheat flour and its related products worldwide
(McCallum et al., 2013; U.S. Food & Drug Administration, 2015; Zhang
etal., 2007). The long-term survival of Salmonella under desiccation is to
blame for the high outbreak incidence. According to previous research,
in the low-moisture condition, although the growth and proliferation of
Salmonella may not be supported, the pathogen can survive for several
months or even years (Beuchat et al., 2013; Canakapalli, Sheng, &
Wang, 2022; Hildebrandt, Marks, Anderson, & Grasso-Kelly, 2020;
Jarvis et al., 2016). As a result, it leaves a “time bomb” for consumers if
the flour has already been contaminated. Considering this, the Food and
Drug Administration has declared that flour and its related products
could not be considered as ready-to-eat foods and should be eaten only
after cooking (U.S. Department of Agriculture, 2022).

To respond to the government’s call, and simultaneously to meet the
demand for a wider variety of foods, multifarious cooking means (e.g.,
baking, boiling, frying and grilling) have been utilised to prepare wheat
flour-based foods. Nevertheless, the cooking processes cannot neces-
sarily guarantee the safety of these foods, the reason is the cross-
protection of low-water activity (ay,) exposure to heat stress in Salmo-
nella (Finn, Condell, McClure, Amézquita, & Fanning, 2013; Fong &
Wang, 2016). In fact, a positive correlation between Salmonella’s
desiccation resistance and thermal resistance has been well-documented
(Beuchat et al., 2013; Liu et al., 2018; Smith, Hildebrandt, Casulli,
Dolan, & Marks, 2016). Since McDonough and Hargrove initially pro-
posed a significantly prolonged cooking time in eliminating Salmonella
when the moisture content of dried milk powder was reduced from 25%
to 7% in the 1960s (McDonough & Hargrove, 1968), the increased heat
tolerance of Salmonella due to the decrease in a,, in other low-moisture
foods (LMFs), including wheat flour, has also been revealed successively
by researchers (Laroche, Fine, & Gervais, 2005; Liu, Sheng, Canakapalli,
& Wang, 2022; Smith & Marks, 2015; Villa-Rojas et al., 2013). However,
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the causes of such cross-protection phenomenon remained unclarified
yet. To unravel this mystery so as to develop countermeasures to the
increased thermal resistance, understanding the differences in Salmo-
nella’s thermal resistance mechanisms at different flour a, levels may be
useful.

Metabolomics, the analytical profiling technique which provides an
instantaneous snapshot of the metabolic status in a cell, has found its
increasing application in mechanism study (Manchester & Anand,
2017). Nuclear magnetic resonance (NMR) spectroscopy, with non-
invasive, non-destructive and high-reproducible properties, is one of
the most used metabolomics tools (Emwas, 2015). For instance, it has
been applied to study the mechanisms of inhibiting Listeria mono-
cytogenes on salmon by the combined treatment of electrolysed water
and moderate heat (Wu, Zhao, Lai, & Yang, 2021). It has also been used
to investigate the metabolic variations in Salmonella and Shiga toxin-
producing Escherichia coli on fresh vegetables under organic acid treat-
ments (Guo, He, Wang, & Yang, 2022; Wang, Gao, & Yang, 2022). Better
still, the bottleneck of isolating microbial cells from flour has been
broken through by our recent work (Wang, Zhou, & Yang, 2022), which
freed metabolomics studies from the constraints of food matrices. Tak-
ing advantage of this, NMR could be used in the current work to
enlighten us on the mechanisms of the increased thermal resistance of
Salmonella caused by the decrease in the a,, of wheat flour.

Overall, in this study, we aimed to verify the effect of flour a,, on
Salmonella’s thermal resistance in our experimental setting. Besides, by
using NMR spectroscopy, this would be the first study venturing into the
underlying mechanisms via metabolomics. The results of the study
would manifest the differences in heat-induced metabolic responses of
Salmonella at different flour ay, from which hints would be obtained for
the development of targeted measures to reduce the thermal resistance
of the Salmonella hazard before the wheat flour is put on the market.

2. Materials and methods
2.1. Bacterial strains and inocula preparation

Three Salmonella strains from the top human salmonellosis-causing
serotypes, including Enteritidis (ATCC 13076), Newport (ATCC 6962)
and Typhimurium (ATCC 14028) (Bugarel, Tudor, Loneragan, &
Nightingale, 2017; Centers for Disease Control and Prevention, 2018;
Petsong, Benjakul, Chaturongakul, Switt, & Vongkamjan, 2019), were
utilised in this study. Before use, the strains were resuscitated from their
glycerol stocks (stored at — 80 °C) by two consecutive transfers (24 h at
37 °C) in tryptone soya broth (TSB; Sigma-Aldrich, St. Louis, MO, USA)
(Forghani et al., 2019). Additional consecutive transfers with a stepwise
increase in nalidixic acid (Sigma-Aldrich, St. Louis, MO, USA) concen-
tration were then applied to gradually adapt the strains to 100 mg/L of
nalidixic acid (Wang et al., 2022). To rule out any effects that might be
exerted by the naturally existing microbes in wheat flour, media used in
the study were all supplemented with 100 mg/L of nalidixic acid
(Kharel, Adhikari, Graham, Prinyawiwatkul, & Yemmireddy, 2018;
Parnell, Harris, & Suslow, 2005).

Upon adaptation, the working culture of each strain was individually
prepared by inoculating the strain into 100 mL of fresh TSB (1:100, v/v)
and incubating at 37 °C for 24 h. The suspension was centrifuged at
4500g for 10 min (20 °C). After discarding the supernatant, cell pellets
were washed twice with 0.1% peptone water (Sigma-Aldrich, St. Louis,
MO, USA) and finally harvested in 100 pL of 0.1% peptone water. This
concentrated semiliquid cell suspension (approximately 9 log CFU) was
subject to subsequent flour inoculation.

2.2. Wheat flour conditioning
All-purpose wheat flour from the same batch was purchased from a

local supermarket in Singapore. It was equally divided into three por-
tions and dried at 55 °C (Memmert Incubator I, Singapore). The a,, of all
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flour portions was monitored by the a,, meter (Aqua Lab model 3TE;
Decagon Devices, Pullman, WA). Upon reaching around a, 0.3, 0.5 and
0.7 at room temperature (24.7 + 0.3 °C), respectively, the three portions
were separately transferred to air-tight jars containing saturated salt
solutions to control relative humidity (RH) for three weeks (Tadapaneni
et al., 2017b). The saturated salt solutions used in the study were
MgCl; (32.8% RH), Mg(NO3), (52.9% RH) and KI (68.9% RH), which
equilibrated the three portions to ay2s ¢ of 0.33, 0.53 and 0.69,
respectively (Greenspan, 1977).

2.3. Inoculation

To minimise the influence of inoculation on the thermal resistance of
Salmonella in wheat flour (Hildebrandt et al., 2016), a concentrated cell
suspension inoculation method which has been proven to barely change
the a,, of wheat flour was used to inoculate the conditioned flour (For-
ghani et al., 2018; Forghani et al., 2019). The three portions of flour
were inoculated separately. The 100-uL cell suspension prepared in 2.1
was aseptically spot deposited into 10 g of flour in a sterile stomacher
bag and hand mixed for 5 min. Subsequently, another 90 g of flour was
added to the seed, followed by a 3-min manual mix, two sets of 3-min
mastication (Masticator Stomacher, IUL Instruments, Germany) and
another 3-min manual mix. The procedure resulted in homogeneous
initial microbial counts of approximately 7 log CFU/g based on the
enumeration results of three 1-g samples taken from random locations in
the inoculated batch. The post-inoculation ay 25 ¢ of the three flour
portions were checked, which were 0.33 + 0.01, 0.53 + 0.01 and 0.69
+ 0.01, respectively, representing no change in flour a,, by the inocu-
lation process. The inoculated flour was weighed into 0.6-g samples and
sealed in 1.5 mL centrifuge tubes to avoid moisture absorption from the
environment. The samples (0.60 + 0.03 g) were subject to thermal
treatment directly to prevent any possible pre-treatment bacterial loss.

2.4. Thermal treatment

Thermal treatment was performed at 65 °C for up to 20 min. This
moderate treatment temperature was chosen because it was unlikely to
affect the functional properties of wheat flour (Keppler, Bakalis, Lead-
ley, Sahi, & Fryer, 2018; Van Steertegem et al., 2013), thus ensuring that
a, would be the only variable influencing the inhibition effects. Samples
at different a,y levels were simultaneously immersed in a hot-water bath
(Julabo SW22, Singapore) that had been preheated to 65 °C and kept in
agitation. The sample temperature was monitored by a non-inoculated
blank with a thermometer located at the centre (Smith et al., 2016).
The come-up time (150 s) for the sample core to reach within 0.5 °C of
the target temperature was used as the zero time point (0 min). Starting
from the 0 min samples, samples were subsequently taken out from the
water bath at equally spaced time intervals and immediately put in an
ice-water bath to quench the inactivation (Paéz et al., 2012; Suehr,
Anderson, & Keller, 2019; Villa-Rojas et al., 2013; Ye et al., 2012).

2.5. Inactivation kinetics modelling

Each sample was transferred to 5.4 mL of 0.1% peptone water
aseptically to establish a 10-fold dilution. Suitable 10-fold serial di-
lutions were plated on nalidixic-acid supplemented tryptic soy agar
(TSA, Oxoid Limited, Hampshire, UK), followed by 24-h incubation at
37 °C (Ferreira, Horvath, & Tondo, 2013). The viable counts were
enumerated and log-transformed. The data were fit to the Weibull
model, N = Ny — (t/8)”, where N is the surviving population (log CFU/g)
at time t (min), Ny is the surviving population (log CFU/g) at O min, & is
the time (min) required for the first decimal reduction and f is the shape
parameter (Chen et al., 2019). The adjusted R? values and root mean
standard errors (RMSE) were calculated to determine the model’s fitness
to the inactivation data (Coe et al., 2022).
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Fig. 1. Parameters of thermal inactivation kinetics of Salmonella Enteritidis, Newport and Typhimurium strains in a,, 0.33-, 0.53- and 0.69- wheat flour at 65 °C for
20 min calculated by Weibull model (A), the corresponding inactivation curves (B), and the total population reduction of each strain after the treatment (C). Note: &
and tsp values for the same serotype preceded by different uppercase letters are significantly different (P < 0.05). Reductions are compared based on the mean results

of 6 replicates (n = 6). *: P < 0.05; ****: P < 0.0001; ns: not significant.

2.6. Metabolite extraction

Based on our experience in recovering E. coli cells from wheat flour
(Wang et al., 2022), a proper reduction in the size of wheat flour sample
being inoculated could greatly enhance the recovery rate of bacterial
cells. Therefore, to make sure the Salmonella cells would be recovered in
sufficiency for NMR analysis, the 100-uL. concentrated cell suspension
prepared in 2.1 was inoculated into 10 g of wheat flour at each a,, for
metabolomics. After being treated at 65 °C for 20 min in 50 mL centri-
fuge tubes, the 10-g flour samples were each diluted in 0.1% peptone
water, thoroughly vortexed and centrifuged at low speed (800 x g) for 2
min (4 °C) to precipitate flour. The supernatant was collected, and the
precipitate was diluted and centrifuged again. Same rounds of centri-
fugation were conducted for all samples and the process was repeated
until no cell pellets were visible on the top of the flour precipitate. Af-
terwards, the pooled supernatants were subject to a final round of low-
speed centrifugation to precipitate the remaining flour debris. Salmo-
nella cells were then harvested by centrifuging the liquids in new tubes
at 12,000g for 10 min (4 °C).

The collected cells were immediately suspended in 1 mL of ice-cold
methanol-d4 (Cambridge Isotope Laboratories, Tewksbury, MA, USA).
Upon frozen in liquid nitrogen and thawed on ice for three cycles to
destroy the cell membrane, the mixtures were stored at —20 °C for
overnight extraction. Intracellular metabolites were obtained by
centrifugation at 12,000 x g for 20 min (4 °C). The supernatants were
spiked with 1 mmol/L of trimethylsilyl propanoic acid (TSP, Sigma-
Aldrich, Singapore) as internal standard and transferred into NMR
tubes (Sigma-Aldrich, St. Louis, MO, USA) for immediate NMR analysis
(Chen et al., 2022b; Zhao, Chen, Wu, He, & Yang, 2020).

2.7. NMR analysis

NMR analysis was performed by the Bruker DRX-500 NMR spec-
trometer (Bruker, Rheinstetten, Germany) via a Triple Inverse Gradient
probe (He, Zhao, Chen, Zhao, & Yang, 2021). The H spectra (0-10 ppm)

of all samples were obtained using the standard Bruker NOESY pulse
sequence (noesyprld). Besides, the 2D 'H-!3C heteronuclear single
quantum coherence (HSQC) spectrum (H: 0-10 ppm; C: 0-180 ppm) of a
representative sample was also acquired, using the Bruker hsqcedetg-
psisp2.3 pulse sequence.

Metabolites on the 'H spectra were assigned by collectively referring
to the 2D 'H-3C spectrum, databases and relevant studies (Guo et al.,
2022; Wang, Wu, & Yang, 2022; Wang et al., 2022). To prepare the
spectral data for multivariate analysis, binned datasets of the spectra
were created by Mestrenova (Mestrelab Research SL, Santiago de
Compostela, Spain). Principal component analysis (PCA) and orthogonal
projection to latent structures-discriminant analysis (OPLS-DA) were
then performed on SIMCA (version 14.1, Umetrics, Umed, Sweden) for
an overall and pairwise comparison of the samples, respectively. The
correlation coefficients and VIP values of metabolites were obtained
from OPLS-DA. The criteria of |correlation coefficient| of > 0.602, VIP
value of > 1, and P of < 0.05 were combinedly used to screen the me-
tabolites that significantly discriminated each paired samples (Chen
et al., 2020). These metabolites were then collectively used for con-
structing the metabolic network perturbation schematic based on the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database to ratio-
nalise the different thermal resistance of Salmonella at different flour a,,.

2.8. Statistical analysis

The viable counts of each Salmonella strain at each time point were
calculated from two separately inoculated 100-g flour samples each
sampled in triplicate 0.6-g portions (n = 6). The NMR analysis was
performed in independent triplicates using separately prepared inocula
(n = 3). Analysis of variance (ANOVA) and the least significant differ-
ence (LSD) were conducted in SAS 9.4 (Statistical Analysis System, Cary,
NC, USA) for sample comparison. The significance of difference was
defined at P < 0.05.



Y. Wang and H. Yang

Food Research International 162 (2022) 112203

S. Enteritidis a_0.69 4_‘ 3 TSP—
M B
26 8
! | 1411 ‘/ \ 6
12 2 ‘ ] 10
2119
2, 0.69 82 Y 1‘; ‘223 ] ) 12 J} U u ‘\51
| J|A J.M{ " g fla ‘\/ Ul ‘W’“J o J«U{ LW VL ‘\‘JV“J;__.JJJ;.LW
a_0.53 s ”
N "y a,0.53 2 B
N ! m ey
a, 0.33
| L L‘ A I (
I
20
T — T 7
10 8 " \2524 \1|8 | k J{ fn | ﬂ\ 2
A Wil UL
a, 0.33 |
‘ T ‘ | T T T ‘ T
6 4 2 0 [ppm]
‘!
S. Newport a_0.69 Ii
I
|
|
|
(]
ol
a, 0.69 f J ‘l \‘ i [“‘ \ w‘\ |
" ) W ity J “‘N_A\Iw‘x.) w“')“) }J"’ W WLA i) “ "L._‘.j vul (MR R WYy \"--»\«__,_...‘JJVV“L"AW
! |
a, 0.53
a_0.53
) oo fuh " \
a, 0.33 \
e |
I T ‘ T T T \ | i
10 8 6 ;h M A WW“ ‘J I;\U\v} \
I B W W/ LM AR V 1JLJL_LJ \,ﬂ/ WY I e
o \
a 033
s UL
‘ T | T ‘ T T ‘ T
6 4 2 0 [ppm]

Fig. 2. Typical 'H nuclear magnetic resonance (NMR) spectra of Salmonella Enteritidis, Newport and Typhimurium strains after being treated at 65 °C for 20 min in

ay 0.33-, 0.53- and 0.69- wheat flour.
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Fig. 2. (continued).

3. Results and discussion

3.1. Thermal inhibition kinetics of Salmonella strains at different flour a,,
levels

Numerous studies have shown that the Weibull model is the most
appropriate model for describing the inactivation kinetics of bacteria in
LMFs (Chen et al., 2022a; Ma et al., 2009; Rachon, Penaloza, & Gibbs,
2016; Santillana Farakos, Schaffner, & Frank, 2014). In this study, with
high adjusted R? values (>0.868) and low RMSE (<0.201) obtained
(Fig. 1A), an exceptionally good fit of the Weibull model to the thermal
inactivation data of three Salmonella strains, namely Enteritidis (ATCC
13076), Newport (ATCC 6962) and Typhimurium (ATCC 14028), in
wheat flour was also demonstrated (Forghani et al., 2019; Gurtler,
Juneja, Jones, & Purohit, 2019; Liu et al., 2019).

The inactivation patterns of the strains from different a,, of flour,
0.33, 0.53 and 0.69, can be easily diagnosed from the resulting inacti-
vation curves (Fig. 1B). It can be seen that all strains in the driest wheat
flour (ay 0.33) maintained the highest viability throughout the 20-min
treatment process, which implied a superb protection effect of the low
ay on the Salmonella cells under the heat stress. Besides, the a,-0.53
wheat flour, which was the second driest, also seemed to offer some
protection to its Salmonella residents, though the protective effect did
not appear until the S. Enteritidis and S. Typhimurium strains were treated
for about 8 min based on the curves. Interestingly, this time coincided
with the comparable § values of the two strains at 0.53 and 0.69 flour a,
(Fig. 1A). Hence, an inference could be drawn that the protective effect
attributed to this a,, difference took place only after the first log CFU was

inhibited. From the Weibull model, the times required for a 5-log
reduction (tsp) were also calculated (Fig. 1A) (Cho, Kim, & Kang,
2020; Pala & Zorba, 2015; Pereira, Prestes, Silva, & Nascimento, 2020).
Despite some insignificance (P > 0.05), the largest tsp values were
demonstrated by the three strains in the driest flour, which from another
aspect, indicated the enhanced thermal resistance of Salmonella at lower
ay.

Furthermore, the total inhibition of Salmonella cells by the 20-min
heat treatment is summarised in Fig. 1C. Overall, except for the insig-
nificant difference between the reductions of S. Newport from the ay,
0.53- and ay 0.69- wheat flour (P > 0.05), a remarkable decreasing trend
in cell reduction with decreasing flour a,, was observed among the
strains, which adds to the evidence for the cross-protection of low-a,
exposure to the heat stress in wheat flour.

3.2. Overadll differences in Salmonella metabolomes after heat treatment
at different flour a,, levels

Representative 'H NMR spectra of the Salmonella strains in wheat
flour stressed at 65 °C for 20 min are shown in Fig. 2. By referring to the
two-dimensional (2D) g 3¢ spectrum, metabolic databases as well as
the literature, a total of 28 metabolites, which covered the main bac-
terial cell components, including amino acids (e.g., leucine, valine, and
alanine), organic acids (e.g., lactic acid and acetic acid), ethanol,
betaine, sugars (e.g., a-D-glucose, B-D-glucose, and glucose 1-phos-
phate) and nucleotide-related compounds (e.g., ATP, ADP, and adeno-
sine), were identified (Table S1).

Despite the same metabolite composition, the metabolic profiles of
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Fig. 3. Principal-component analysis (PCA) of 'H NMR spectra of Salmonella Enteritidis, Newport and Typhimurium strains after being treated at 65 °C for 20 min in
ay 0.33-, 0.53- and 0.69- wheat flour. Principal components explaining the variances (A) and score plots (B). Note: triangles represent a,, 0.33, squares represent a,,

0.53 and circles represent a,, 0.69 on score plots.

each strain at different flour a,, may vary by the metabolite concentra-
tion. To illustrate the overall metabolic differences in the strains induced
by the 20-min thermal treatment, metabolomes of the treated strains
recovered from the a, 0.33-, ay, 0.53- and ay 0.69- flour samples were
first compared via PCA. Three PCA models were built for the S. Enter-
itidis, S. Newport and S. Typhimurium strains separately, all of which
demonstrated good predictability and interpretability based on the high
R%X (0.88-0.96) and Q2 values (>0.5) accumulated by the first three
principal components (PCs) (Fig. 3A).

Score plots were generated based on the PC1 and PC2 of each model
(Fig. 3B). On each plot, clear separation of metabolomes from different
ay levels was observed, which affirmed us that the difference in thermal
resistance due to flour a,, could be manifested at the metabolic level.
Besides, for all strains, an obvious triangle shape was formed by the

points denoting the metabolomes from the different flour a,, levels,
where those from ay 0.69 and ay 0.53 were typically separated by the
PC2 and those from ay, 0.53 and a,, 0.33 were further separated by the
PC1. This observation, on one hand, implied that the thermal resistance
enhancement pattern caused by the decrease in flour a,, was similar
among the three Salmonella strains. On the other hand, it also revealed
that although the thermal resistance of Salmonella may be continuously
improved along with the decrease in a,,, the underlying metabolic
mechanism was not a linear process but was rather complex.

3.3. Alterative metabolites in Salmonella after heat treatment at different
flour ay, levels

A more supervised multivariate analysis tool, OPLS-DA, may provide
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Fig. 4. Orthogonal projection to latent structures-discriminant analysis (OPLS-DA) of "H NMR spectra of Salmonella Enteritidis, Newport and Typhimurium strains
after being treated at 65 °C for 20 min in a, 0.33-, 0.53- and 0.69- wheat flour. Score plots (A) and coefficient plots (B). Note: G1P: glucose 1-phosphate; R5P: ribose
5-phosphate. Note: triangles represent a,, 0.33, squares represent a,, 0.53 and circles represent a,, 0.69 on score plots.

a deeper view of the complex mechanism. For each Salmonella strain,
through pairwise comparison of its metabolomes after being treated in
the a,, 0.33-, a,, 0.53- and a,, 0.69- flour samples, the metabolic activ-
ities characterising its thermal resistance at the specific a,, level could be
indicated. A total of nine OPLS-DA models were built for the compari-
sons and all of them showed good fitness to the NMR spectral data based
on the high R?Y and Q2 values (Table S2) (Pu, Vinitchaikul, Gu, Mao, &
Zhang, 2021. Windarsih, Wijayanti, Irnawati, & Rohman, 2021; Ye
et al., 2012). Corresponding to the well-separated metabolomes on the
score plots in PCA, evident pairwise discriminations were illustrated on
the OPLS-DA score plots as well (Fig. 4A). Based on the criteria of cor-
relation coefficient of > 0.602, VIP value of > 1 and P of < 0.05, the
significantly discriminative metabolites contributing to the pairwise
discriminations were screened out and summarised in Fig. 4B.

For S. Enteritidis, compared to the cells recovered from the a,-0.69
flour, cells from the two lower flour a,, (0.33 and 0.53) had significantly
higher contents of an array of metabolites, including amino acids (e.g.,
Glutamic acid, Arginine and Tyrosine), sugars (e.g., glucose 1-phosphate
and p-D-glucose) as well as nucleotides (adenosine and uridine) (P <
0.05) (Fig. 4B). The S. Newport and S. Typhimurium strains from the
lower a,, levels (0.33 and 0.53) also had higher contents of these me-
tabolites compared to their respective counterparts from a,, 0.69, and in
addition, the former also showed higher possession of ethanol and lactic
acid. In general, when the flour a,, decreased from 0.69 to either 0.53 or
0.33, a conspicuous metabolite increasing trend was demonstrated by all

three Salmonella strains.

In contrast to the huge metabolic differences between cells from the
ay-0.69 flour sample and the two lower-a,, (0.33 and 0.53) flour sam-
ples, the metabolic differences of cells within the two lower-a,, samples
themselves were far less obtrusive. Specifically, in S. Enteritidis, none of
the identified metabolites showed significantly differential contents at
the two lower ay levels (P > 0.05) (Fig. 4B). In S. Newport and S.
Typhimurium, while some metabolites’ contents did decrease when the
flour a,, dropped from 0.53 to 0.33, the change was not huge enough to
reverse the metabolite increasing trend when the a,, decreased from
0.69 to 0.33. Overall, as the metabolic differences between each strain
from ay, 0.69 and a,, 0.53 and between the same strain from a,, 0.69 and
ay 0.33 were essentially the same, these differences may represent the
major metabolic changes contributing to the increased thermal resis-
tance as the flour a,, decreased in this study. Regarding this, in the
following section, we would mainly focus on these metabolic changes to
demystify the thermal resistance improvement mechanisms in the Sal-
monella strains.

3.4. Differences in heat-induced metabolic network perturbations in
Salmonella at 0.69 and lower (0.53 and 0.33) flour a,, levels

The significantly discriminative metabolites in the heat-stressed cells
from the a,-0.69 and the two lower-ay, (0.53 and 0.33) flour samples
were mapped onto the metabolic pathways in Salmonella to indicate the
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Fig. 5. Differences in heat-induced metabolic network perturbations in Salmonella Enteritidis, Newport and Typhimurium strains from a,, 0.69- wheat flour and
lower-a,, (0.53 and 0.33) wheat flour. Note: R5P: ribose 5-phosphate; G6P: glucose 6-phosphate; F6P: fructose 6-phosphate; PPP: pentose phosphate pathway.

major differences in Salmonella’s metabolic network perturbations at
these a, levels (Fig. 5). Based on this, an assumptive schematic diagram
rationalising Salmonella’ increased thermal resistance at the lower flour
a,, was also proposed (Fig. 6).

3.4.1. Amino acid metabolism

In all three strains, as amino acids accounted for a substantial portion
of the significantly changed metabolites, their metabolism was believed
to play a pivotal role in discriminating the thermal resistance of Sal-
monella at a,, 0.69 and the two lower flour a,, (Fig. 5; Fig. 6). Two
mechanisms in line with these metabolic changes were presumed.
Firstly, the amino acid contents may reflect the strains’ capability to
deplete the abnormal proteins formed as a result of heat stress. During
thermal treatment, some intracellular proteins which are rendered
abnormal and misfolded can aggregate in the bacterial cell (Jozefczuk
et al.,, 2010; Xie et al., 2021). Uncontrolled accumulation of these
aggregated proteins may induce a cascade of toxic effects on the cell,
which eventually leads to apoptotic or necrotic cell death (Bednarska,
Schymkowitz, Rousseau, & Van Eldere, 2013). In this case, prevention of
aggregate accumulation via protein degradation is critical for cell sur-
vival (Mandelstam, 1963; Willetts, 1967). In this study, from a vast
elevation in a spectrum of amino acids (e.g., isoleucine, glutamic acid
and threonine) in the lower-a, cells as compared to the ay,-0.69 cells of
all three strains, a more efficient protein degradation process in the
former was suggested, which potentially explained the higher Salmonella
viability achieved by the lower-a,, samples. Meanwhile, with more free
amino acids released from abnormal protein degradation, the building
blocks for new proteins and enzymes vital at the elevated temperature
would be more sufficient, which may strengthen the cells in another way
(Jozefczuk et al., 2010; Willetts, 1967).

The second speculated mechanism was that the amino acid-related
metabolic differences may underly the different ability to cope with
osmotic stress (Fig. 6). Osmotic stress is a secondary stress always
accompanying heat stress (Qu, Ding, Jiang, & Zhu, 2013). In this study,
it may be induced by the slight uplifting of sample a,, during heating due

to the sorption isothermal effect (Syamaladevi et al., 2016; Xu et al.,
2019). Many amino acids (e.g., leucine, alanine, and glutamic acid) are
natural osmotic regulators in bacterial cells (Wiesenthal, Miiller, Harder,
& Hildebrandt, 2019; Zhao, Zhao, Wu, Lou, & Yang, 2019), which
protect bacteria cells through sustaining cytoplasmic osmolarity and
preventing the collapse of subcellular structures. As a result, with more
amino acids accumulated as compared to the a,-0.69 cells, the thermal
resistance of cells from the lower flour a,, may also be reinforced by the
enhanced osmotic protection.

3.4.2. Energy metabolism

Through various metabolic pathways, amino acids can finally enter
the TCA cycle for energy production (Fig. 5; Fig. 6). Therefore,
concomitant with the higher amino acid levels, a higher yield of ATP,
the energy storage molecule, was generated in the lower-a,, samples.
However, the higher amino acid contents cannot be credited alone for
the high ATP production. In fact, while the amino acids provide carbon
skeletons to keep the TCA cycle in operation, the ATP formation itself is
carried out by the ATP synthase, a molecular machine that catalyses the
formation of ATP from the lower-energy molecule, ADP, and inorganic
phosphate (P;). According to a transcriptomics study by Mandal and
Kwon (2017), all genes encoding the 9 subunits of ATP synthase were
shown to be important for S. Typhimurium’s survival under desiccation.
Moreover, the ATP synthase genes were also abundantly expressed
under desiccation in Plectus murrayi and chickpeas (Adhikari, Wall, &
Adams, 2009; Jaiswal et al., 2014). In this study, the lower wheat flour
ay provided a more desiccated environment for the bacteria, and thus, a
more stimulated transcription of these ATP synthase genes was specu-
lated. Consistent with the speculation, a higher level of ADP was
observed in parallel to the higher ATP content in the lower-ay, cells,
which suggested an elevated ADP-ATP conversion throughput poten-
tially associated with the enhanced expression of the ATP synthase
genes. Overall, with more amino acids maintaining the function of the
TCA cycle and increased expression of the ATP synthase genes, higher
energy production in the Salmonella strains from the lower-a,, samples
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compared to that from the ay-0.69 samples was unsurprisingly resulted,
which provided the lower-a,, cells with more fuels to sustain their
physiological functions and their lives.

3.4.3. Glucose metabolism

As amino acids provided abundant substrates for energy production,
there remained less burden on glucose for energy production in cells at
lower-a,, levels. Consequently, more glucose from these cells can be
shunted from glycolysis to other metabolic pathways to support addi-
tional metabolic activities (Fig. 5; Fig. 6). The pentose phosphate
pathway (PPP) was one of the pathways to shunt glucose (Ge et al.,
2020), as evidenced by the significantly higher level of ribose 5-phos-
phate detected in the lower-ay, cells (P < 0.05). Ribose 5-phosphate is
a key precursor for nucleotide synthesis in bacteria (Stincone et al.,
2015), which, in this study, resulted in increased levels of adenosine and
uridine to support RNA synthesis in the lower-a,, cells.

3.5. Differences in heat-induced metabolic network perturbations in
Salmonella at 0.53 and 0.33 flour a,, levels

Amino acids were the most noteworthy metabolites discriminating
cells at the two lower flour a,, (0.53 and 0.33) in both S. Newport and S.
Typhimurium (Fig. 4B). Differences in the concentration of these amino
acids might be attributed to the different extents of “unintentional”
degradation of normal proteins. Based on a common perspective, during
a heating process, while the misfolded proteins can be intentionally
degraded to avoid aggregation, there are also chances for some normal
proteins to be “unintentionally” degraded by the vibration of the sur-
rounding water molecules (Earnshaw, Appleyard, & Hurst, 1995).
Compared to samples with high ay, this “unintentional” protein degra-
dation is less likely to happen in the more desiccated samples, partly
because of the reduced amount of vibrating water molecules and partly
because of the conformational modification (rigidification) of proteins
induced by low water availability (Klibanov, 1989; Laroche et al., 2005;
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Tadapaneni et al., 2017a). In this study, from the significantly lower
contents of certain amino acids in the most desiccated (a-0.33) cells (P
< 0.05), the greater cell viability achieved at 0.33 a,, than that achieved
at ay, 0.53 may be explained by this mechanism.

4. Conclusions

In this study, the increase in thermal resistance of Salmonella asso-
ciated with the decrease in the a,, of wheat flour was verified in our
experimental setting. Besides, through NMR-based metabolomics, the
differences in the heat-induced metabolic responses of the Salmonella
strains, including the efficiency of misfolded protein degradation, the
availability of osmoprotectant molecules, the ATP generating
throughput by the ATP synthase and the allocation of glucose in the
metabolic pathways, were found to underly the varying thermal resis-
tance at the different flour a,,. Overall, our study is the first attempt to
unravel the mechanisms of Salmonella’s enhanced thermal resistance at
lower flour ay,. The results would enable the development of measures to
remove the relevant metabolic changes artificially so as to reduce the
thermal resistance of Salmonella in future wheat flour production.
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