
Food Research International 157 (2022) 111241

Available online 16 April 2022
0963-9969/© 2022 Elsevier Ltd. All rights reserved.

Integrated metabolomics and transcriptomics reveal the adaptive responses 
of Salmonella enterica serovar Typhimurium to thyme and cinnamon oils 

Lin Chen a,b, Xue Zhao a,b, Rui Li c, Hongshun Yang a,b,* 

a Department of Food Science and Technology, National University of Singapore, Singapore 117542, Singapore 
b National University of Singapore (Suzhou) Research Institute, 377 Lin Quan Street, Suzhou Industrial Park, Suzhou, Jiangsu 215123, PR China 
c School of Horticulture, Hainan University, Haikou, Hainan 570228, PR China   

A R T I C L E  I N F O   

Keywords: 
Essential oil 
Foodborne pathogen 
Resistance development 
Metabolomics 
Transcriptomics 
Foodomics 
Food safety 
Antimicrobial agent 

A B S T R A C T   

Essential oils (EOs), such as thyme (Thy) and cinnamon (Cin) oils, present promising antibacterial properties 
against foodborne pathogens (e.g., Salmonella enterica serovar Typhimurium). However, the food matrix might 
result in sublethal EO stress, and little information about direct and/or cross-resistance development after 
sublethal EO exposure is available. This study revealed that S. Typhimurium under sublethal Thy and Cin (50% 
minimum inhibitory concentration, MIC50) treatments exhibited a lower growth rate and an extended lag phase. 
EO adapted cells showed direct-resistance to subsequent lethal EO treatment, and cross-resistance to thermal 
(58 ◦C) and oxidative (hydrogen peroxide, 50 mmol/L) stresses. Metabolomics analysis revealed changes of 47 
significant metabolites (variable importance in projection > 1, false discovery rate (FDR) < 0.05), including 
lipids, oligopeptides, amino acids, nucleotide related compounds, and organic acids. Metabolic pathways, such as 
aminoacyl-tRNA biosynthesis, were shown to be involved in EO adaptation. Furthermore, a transcriptomics study 
identified 161 differentially expressed genes (DEGs, fold change > 2, FDR < 0.05) in MIC50 Thy treated cells, 
while more DEGs (324) were screened from the MIC50 Cin group. The integrated omics analysis allowed us to 
speculate on the molecular mechanisms. Under harsher Thy stress, S. Typhimurium cells adopted a conservative 
strategy to survive. By contrast, more radical responses were observed during Cin adaptation. In conclusion, the 
food industry should be more cautious in the use of EOs because sublethal EO stress might result in the devel
opment of resistance.   

1. Introduction 

Foodborne pathogens, such as Escherichia coli, Salmonella enterica, 
and Listeria monocytogenes, cause around 600 million illnesses and 
420,000 deaths worldwide annually (Chen et al., 2020). S. enterica are 
Gram-negative, facultatively anaerobic, flagellated rod-shaped bacteria 
with a low infectious dose. Salmonella-caused salmonellosis is charac
terized by acute enterocolitis, accompanied by inflammatory diarrhea. 
The control of pathogenic S. enterica in foods is difficult because of their 
high adaptive abilities and complex food environments. Moreover, food 
products can be contaminated by S. enterica at each point in the food 
supply chain, including processing, distribution, preparation, and con
sumption (Jarvis et al., 2016). 

Food safety scientists are constantly searching for effective natural 
antimicrobials, because of consumers’ increasing demand for safe and 
nutritive foods (Yuan et al., 2018). Plant-derived essential oils (EOs) 

have been used historically in food (as flavorings), cosmetics, traditional 
medicine, and aromatherapy. In the food safety field, EOs have attracted 
intensive interest in recent decades because of their antioxidant activ
ities, wide-spectrum antimicrobial properties, and generally recognized 
as safe (GRAS) status. For instance, thyme (Thy) and cinnamon (Cin) 
EOs have exhibited promising antimicrobial activities against S. enterica 
serovar Typhimurium, E. coli, and L. monocytogenes in different food 
matrices (Hyldgaard et al., 2012). Boskovic et al. (2017) reported that 
the counts of a Salmonella cocktail were reduced by 1.69–4.05 log CFU/g 
in minced pork meat after Thy treatment. Moreover, >5.0 log CFU/g 
reductions of Salmonella spp. and L. monocytogenes in cantaloupe melons 
under Cin nanoemulsion treatment were observed by Paudel et al. 
(2019). Therefore, EOs, such as Thy and Cin, could be a promising 
strategy to control S. enterica. 

Bacteria have evolved various adaptive strategies to cope with 
different environmental stresses. For example, the abuse of antibiotics 
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has led to the emergence of multi-drug resistant S. enterica, which has 
become a significant public health problem. Furthermore, hydrophobic 
EO components tend to interact with components of the food matrix (e. 
g., fat, starch, and proteins) in many food products. The antibacterial 
effects of EOs are reduced by food ingredients, resulting in a sublethal 
EO environment for pathogens (Hyldgaard et al., 2012; Yuan et al., 
2018). Previous studies have revealed that sublethal stresses, such as 
mild heat or acid, can induce adaptive responses in pathogens, thus 
making them more resistant to subsequent lethal treatments (da Silva 
et al., 2015; Wesche et al., 2009). Therefore, the frequent use of suble
thal levels of EOs might induce stress adaptation, resulting in EO- 
resistant bacteria. A report showed that E. coli exhibited increased 
direct and cross-resistance after 10-days’ consecutive adaptation to 
carvacrol and citral (Chueca et al., 2016). To the best of knowledge, 
little information about EO resistance development in S. Typhimurium is 
available. 

Emerging omics techniques, such as metabolomics, proteomics, and 
transcriptomics, provide a feasible method to obtain global physico
chemical profiles of microorganisms. For example, the transcriptomic 
responses of S. enterica to oxidative stress revealed by Wang et al. (2010) 
helped develop more effective hurdle interventions. Transcriptomics is a 
high-throughput application that can quantify the transcriptome in cells. 
It provides quantitative and qualitative information regarding gene 
expression differences. Proteomics is often applied as a complementary 
technique to study the expression, regulation, and function of the whole 
set of proteins (Tan et al., 2009). Compared with proteomics, metab
olomics provides distinct advantages: It is more closely related to the 
phenotype, such as tolerance, making it a powerful tool to study the 
molecular mechanisms in response to stresses (Tan et al., 2009; Teoh 
et al., 2015). Thus, the integrated transcriptomics and metabolomics 
analyses of sublethal EO–treated S. enterica might provide valuable in
formation about the adaptive mechanisms. 

We hypothesized that S. enterica, under sublethal EO stress, might 
develop EO resistance, and multiple molecular mechanisms would 
contribute to the adaptation process. Thus, the present study aimed to 
evaluate adaptation to EOs (Thy and Cin) and the underlying adaptive 
mechanisms. The minimum inhibitory concentrations (MICs) of selected 
EOs against S. Typhimurium were tested, and the induced resistances of 
bacteria cultured in sublethal EOs were further evaluated. Moreover, 
ultra-high performance liquid chromatography quadrupole time-of- 
flight mass spectrometry (UPLC-QTOF-MS) and RNA sequencing 
(RNA-seq) were applied to study the metabolomic and transcriptomic 
profiles of S. Typhimurium during resistance development. 

2. Materials and methods 

2.1. Bacterial culture conditions 

A frozen stock of S. Typhimurium (ATCC 14028) was purchased from 
the American Type Culture Collection (ATCC, Manassas, VA, USA) and 
stored at − 80 ◦C. The strain resuscitation was conducted by inoculating 
the stock into 10 mL of tryptone soya broth (TSB, Oxoid, Basingstoke, 
UK) and incubating at 37 ◦C overnight. Daily transfer was conducted to 
keep cell viability. A working suspension of S. Typhimurium was pre
pared by inoculating the overnight cultures into 20 mL of TSB (1:100, v/ 
v) and then incubating at 37 ◦C for approximately 10 h. The bacterial 
concentration was examined by plate culture on tryptone soya agar 
(TSA, Oxoid). Cells at the early stationary phase were centrifuged at 
4500g for 10 min at 24 ◦C, and then washed with phosphate-buffered 
saline (PBS, 0.1 mol/L, pH 7.2) twice. The obtained cell pellets were 
resuspended and diluted to the appropriate concentrations in TSB (Chen 
et al., 2019). 

2.2. MIC determination 

Food grade EOs, including Thy (W306509), Cin (W229105), garlic 

(W250309), ginger (W252204), and fennel (W248207) oils, were pur
chased from Sigma-Aldrich (St. Louis, MO, USA). EO stock solutions 
(400 mg/mL) were prepared in analytical grade ethanol (Sigma-Aldrich) 
and stored at 4 ◦C in the dark before use. The Clinical and Laboratory 
Standards Institute microdilution method was applied to determine the 
MICs of the EOs (Yuan et al., 2018). Briefly, EOs were continuously 2- 
fold diluted in TSB in a 96-well plate (Thermo Fisher Scientific, Wal
tham, MA, USA). An equal volume (100 μL) of prepared EO and bacterial 
solutions were mixed. The final EO concentration range was 10.0 to 
0.02 mg/mL and the microbial inoculum level was 105 CFU/mL. After 
incubation at 37 ◦C for 24 h, 10 μL of resazurin (0.01%, w/v) was added 
into each well and the mixtures were further incubated for 2 h (37 ◦C) 
before examining the color change. The minimum EO concentration 
required to inhibit microbial growth was defined as the MIC. TSB with 
highest ethanol concentration (2.5%, v/v) was determined to have no 
effect on microbial survival (data not shown). TSB inoculated with S. 
Typhimurium and TSB without inoculation were used as positive and 
negative controls, respectively. 

2.3. Gas chromatography–mass spectrometry analysis of selected EOs 

The EOs showing antibacterial effects on S. Typhimurium were 
analyzed on a 7890A gas chromatography (GC)-7200 MS system (Agi
lent Corp., Santa Clara, CA, USA). The selected EOs (50 mg) were dis
solved in ethanol (10 mL) and mixed well. After filtering through a 0.45 
μm filter membrane, the samples were injected into the GC equipped 
with an HP-5MS column (30 m × 0.25 mm, 0.25 μm). The flow rate of 
the carrier gas (highly pure He) was 1.0 mL/min. The injector temper
ature was 250 ◦C, and the split mode was applied (1:50). The column 
temperature was increased from 100 to 200 ◦C at 4 ◦C/min, and then 
held for 5.0 min. The MS conditions were set as follow: Mass range, 
30–450 amu; 70 eV electron energy and scan mode electron impact; 
250 ◦C ion source temperature (Guo et al., 2021). The major compounds 
in the EO samples were identified by comparing the obtained 70 eV mass 
spectra with those in the Nist90 and Wiley5 libraries. The GC peak areas 
were used to calculate the relative contents of the identified 
components. 

2.4. Growth kinetics of S. Typhimurium in sublethal EOs 

Overnight cultured S. Typhimurium was inoculated into 10 mL of 
TSB containing the selected EO at one-half MICs (MIC50). The cells were 
cultured at 37 ◦C, and the growth kinetics were determined by sampling 
at appropriate time intervals, diluting in peptone water (Oxoid), and 
plating on TSA. The cell counts (log CFU/mL) were plotted against 
culture duration, and the obtained growth curves were fitted using the 
Baranyi and Roberts model (Zhao et al., 2020). Three independent 
biological replicates were prepared, and each biological replicate rep
resented three technical replicates. 

2.5. Direct and cross-resistances examination 

EO adapted and non-adapted cells at the early stationary phase were 
inoculated (final inoculum, 105 CFU/mL) into TSB containing Thy or Cin 
at the MIC. The mixtures were sampled at appropriate time intervals, 
diluted in peptone water, and plated on TSA. Survival curves were 
plotted and regressed using a linear model. D values (min) were calcu
lated to compare the induced direct-resistance (Yuan et al., 2018). 

Heat resistance was tested by inoculating S. Typhimurium cells into 
10 mL of pre–warmed TSB at 58 ◦C in a water bath. Aliquots were 
withdrawn and cooled in iced water immediately for 10 min before 
plating. 

Oxidative stress resistance was determined by inoculating S. Typhi
murium cells into 10 mL of PBS containing 50 mmol/L hydrogen 
peroxide (H2O2, Sigma-Aldrich) at room temperature. 

Acid resistance (AR) was tested using simulated gastric fluid (SGF), 
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which comprised the following components: 8.3 g/L proteose-peptone 
(Oxoid), 3.5 g/L D-glucose (Sigma–Aldrich), 2.05 g/L NaCl (Sigma- 
Aldrich), 0.6 g/L KH2PO4 (Sigma-Aldrich), 0.11 g/L CaCl2 (Sigma
–Aldrich), 0.37 g/L KCl (Sigma-Aldrich), 0.1 g/L lysozyme (Sigma
–Aldrich), and 13.3 g/L pepsin (Sigma-Aldrich). The final pH of the SGF 
was adjusted to 1.5 using 5.0 mol/L HCl (Sigma-Aldrich). The microbial 
resistance test was conducted in a water bath at 37 ◦C, and survival 
counts were determined by periodically sampling and plating. Three 
independent biological replicates were prepared, and each biological 
replicate represented three independent technical replicates. 

2.6. Metabolomics analysis 

UPLC-QTOF-MS-based metabolomics analysis was conducted to 
determine the metabolic differences between the adapted S. Typhimu
rium cells and the non-adapted control. Cells in each group were 
collected at the early stationary phase by centrifugation (4500g, 10 min, 
24 ◦C). The obtained bacterial pellets were immediately mixed with 
ice–cold methanol (Sigma-Aldrich), and frozen in liquid nitrogen. The 
mixtures were thawed on ice and then frozen in liquid nitrogen to 
destroy the cell membrane. The freeze–thaw cycles were performed 
three times, and the mixtures were stored at − 20 ◦C overnight for 
extraction. Intracellular metabolites were obtained by centrifugation at 
12,000g for 20 min (4 ◦C). Three biological replicates without technical 
replicates in each group were prepared. Samples were stored at − 80 ◦C 
before use (Zhao et al., 2020a,b). 

The extracts were separated using an Agilent Technologies 1290 
Infinity UPLC system (Agilent Corp.), equipped with an Acquity UPLC 
HSS T3 column (2.1 × 100 mm, 1.8 µm; Waters, Singapore). The column 
oven was maintained at 25 ◦C, and the auto–sampler was kept at 4 ◦C. 
The flow rate was 0.3 mL/min, and the injection volume was 2 µL. The 
mobile phase, consisting of 0.1% formic acid in water (A) and 0.1% 
formic acid in acetonitrile (B), was applied for gradient elution using the 
following program: 1% B, 0–1.5 min; 1–99% B, 1.5–18 min; 99% B, 
18–21 min; 99–1% B, 21–21.1 min; and 1% B, 21.1–26 min (Yu et al., 
2019). Mass spectrometry of the separated metabolites was performed 
using an Agilent 6540 UHD Accurate-Mass Q-TOF mass spectrometer 
(Agilent Technologies), equipped with an electrospray ionization (ESI) 
interface. The m/z range was set at 50–1000 with a scan rate of 2 
spectra/s. Nitrogen at 320 ◦C was used for desolvation at a flow rate of 
10 L/min. Other parameters were capillary voltage, 3500 V; skimmer, 
45 V; and nebulizer, 35 psi. Targeted MS/MS was conducted using 
collision energies (0, 10, 20, and 40 V). The scan m/z range was 
100–850, with a scan rate of 3.30 spectra/s. MS/MS data were acquired 
with an isolation width of ~ 4 amu. 

The obtained UPLC-MS raw data were converted to the mzXML 
format, and then uploaded to the MassIVE database (https://massive. 
ucsd.edu/ProteoSAFe/static/massive.jsp) with accession number 
MSV000088070. The mzXML files were further imported into XCMS (htt 
ps://xcmsonline.scripps.edu/) for non-linear alignment, time domain, 
filtering, and extraction of the peak intensities. Principal component 
analysis (PCA) was applied to discriminate groups with different meta
bolic profiles (Vong et al., 2018). The intensity profiles were further 
input into SIMCA software (version 13.0, Umetrics, Umeå, Sweden) to 
conduct pairwise orthogonal partial least squares discriminant analysis 
(OPLS-DA). The most significant features were screened using variable 
importance in projection (VIP) analysis. Features with a VIP > 1 and a 
false discovery rate (FDR) < 0.05 were identified using Metlin (https:// 
metlin.scripps.edu/), the Human Metabolome Database (https://hmdb. 
ca/), the PubChem Database (https://pubchem.ncbi.nlm.nih.gov/), and 
the MS/MS spectra. Enrichment and pathway analyses were conducted 
using MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/) (Liu et al., 
2020). 

2.7. Transcriptomics analysis 

RNA-seq was applied to study the transcriptional responses of S. 
Typhimurium under sublethal EO stresses. Cultures of S. Typhimurium 
at the early stationary phase in each group were stabilized using 
RNAprotect Bacteria reagent (Qiagen, Hilden, Germany). Thereafter, 
total RNA was extracted from the cells using an RNA Mini-Pre Kit (Bio 
Basic, Ontario, Canada) with on-column DNase digestion. A spectro
photometer (BioDrop, Biochrom, Cambridge, UK) was used to test the 
quality and concentration of the RNA in the samples. Moreover, the RNA 
integrity was checked using 1% (w/v) agarose gel electrophoresis. Pure 
RNA samples without contamination were further enriched using oligo 
(dT) beads. The RNA Integrity Number (RIN) was analyzed using an 
Agilent 2100 Bioanalyzer system (Agilent Corp.). Furthermore, rRNA 
was removed from the total RNA (RIN > 8.5) using a Ribo-Zero bacterial 
rRNA removal kit (Illumina, San Diego, CA, USA). The obtained mRNA 
was fragmented randomly by adding fragmentation buffer, and cDNA 
was synthesized according to the manufacturer’s instructions (Illumina). 
The final cDNA libraries were constructed by PCR using the purified 
cDNA fragments. The qualified libraries were sequenced in an Illumina 
sequencers (HiSeq 4000, Illumina) using the paired-end technology with 
a read length of 2 × 150 bp. Three biological replicates without tech
nical replicates in each group were prepared (Chin et al., 2017). 

The RNA-seq raw data were processed using the statistical software R 
(version 4.0.4). The qualities of the reads before and after quality and 
adaptor trimming were assessed using the FastQC package. Illumina 
adaptors and low quality reads were removed using the Trimmomatic 
program. The trimmed reads were then aligned to the reference genome 
(S. Typhimurium str. LT2, NC_003197) using HISAT2. Potential tran
scripts were assembled and quantified by the StringTie package. 
Differentially expressed genes (DEGs) were screened and annotated by 
inputting the gene count matrix into DeSeq2. The normalized gene 
counts were used to conduct PCA and generate expression heatmaps. 
MA-plots of features were produced by plotting counts against fold 
changes (FCs). Genes with an FC > 2 and an FDR < 0.05 were subject to 
Gene Ontology (GO, http://geneontology.org/) analysis to study the 
alterations in biological process (BP), cellular component (CC), and 
molecular function (MF). The top GO terms were visualized using 
GOCluster and GOChord programs in GOplot package (Walter et al., 
2015). In addition, Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis was performed using the enrichKEGG program in the cluster
Profiler package. 

2.8. Integrated analysis 

The identified significant metabolites were mapped to the S. Typhi
murium (taxonomy: 99287) metabolic network in the KEGG database, 
and the genes involved in metabolic reactions were collected and 
aligned with the transcriptional profiles obtained from the RNA-seq 
data. DEGs that did not participate in the metabolic network were 
manually examined and clustered according to their biological func
tions. Their function roles in EO adaptation were further integrated in 
the mechanism illustration. 

2.9. Quantitative real-time reverse transcription PCR validation 

Quantitative real-time reverse transcription PCR (qRT-PCR) analysis 
of selected genes in three S. Typhimurium strains (ATCC 14028, ATCC 
51812, and ATCC 25241) under MIC50 Thy and MIC50 Cin stress was 
conducted to verify the transcriptional conclusions. The culture, EO 
treatment, and RNA extraction of three strains were conducted as 
mentioned above. cDNA samples were synthesized using the obtained 
RNA as templates. The 16S rRNA gene (forward primer: 5′-CGGGGAG
GAAGGTGTTGTG-3′, reverse primer: 5′-GAGCCCGGGGATTTCACATC- 
3′) was used as the reference gene (Dong et al., 2021). The specific 
primers used in this work were obtained from former studies 
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(Supplementary material 1) (Arunima et al., 2020a,b; Di Pasqua et al., 
2013; Mühlig et al., 2014; Tsai et al., 2016). The qRT-PCR reaction was 
conducted according to our previous study (Chen et al., 2020). Three 
independent biological replicates were prepared, and each biological 
replicate represented three independent technical replicates. 

2.10. Statistical analysis 

Data were analyzed statistically using analysis of variance (ANOVA), 
and means were compared using the least significant difference (LSD) in 
SPSS (Version 22.0, IBM Corp., Armonk, NY, USA). Differences with a P 
value < 0.05 were considered significant. 

3. Results and discussion 

3.1. MIC test and GC–MS analysis of selected EOs 

The MIC test of five EOs showed that garlic, ginger, and fennel oils 
did not inhibit the growth of S. Typhimurium at the highest test con
centration (10 mg/mL). However, EOs Thy and Cin exhibited same MIC 
values (0.63 mg/mL) against S. Typhimurium. Previous studies showed 
similar MICs (from 0.32 to 1 mg/mL) for Thy and Cin against Salmonella 
serovars or E. coli (Boskovic et al., 2017; Zhang et al., 2016). Therefore, 
Thy and Cin oils were selected for further study. 

The compositions of Thy and Cin were analyzed by GC–MS. In total, 
12 and 16 compounds were identified in Thy (Table 1) and Cin (Table 2), 
respectively. In Thy, the erpenes cymene and thymol are the major 
volatile components. Bagamboula et al. (2004) reported that Thy com
prises 45–47% thymol and 32–34% cymene. Similar contents of thymol 
(31.74%) and cymene (33.67%) were detected in the present study. 
Moreover, 12.48% γ-terpinene and 6.24% linalyl acetate were present in 
Thy. It has been reported that thymol is the major antibacterial 
component in Thy, while cymene shows weak antibacterial effects on 
certain bacteria (e.g., Staphylococcus aureus) (Bagamboula et al., 2004; 
Höferl et al., 2009). In addition, some compounds (e.g., linalyl acetate, 
4-carvomenthenol, and pinene) with relatively lower contents, also 
present antimicrobial properties to different degrees (Swamy et al., 

2016). 
Cin mainly consisted of cinnamaldehyde, which comprised 61.35% 

of the total relative content (Table 2), followed by eugenol (9.16%), 2- 
methylene-4,8,8-trimethyl-4-vinyl-bicyclo[5.2.0]nonane (7.75%), cin
namyl acetate (5.48%), and others. A previous study showed that in Cin 
extracted from bark, cinnamaldehyde is the major substance, with a 
content ranging from 62 to 90% (Nabavi et al., 2015). Our results agree 
with this conclusion. Moreover, eugenol is the main component in Cin 
extracted from leaves. Cinnamaldehyde and eugenol are important 
compounds contributing to the antibacterial effects of Cin (Nabavi et al., 
2015). Fraňková et al. (2014) reported that the MICs of Cin against 
Cronobacter sakazakii and C. malonaticus were similar to that of pure 
cinnamaldehyde, while eugenol presented higher MIC values. This 
implied that cinnamaldehyde has stronger antibacterial activity 
compared with eugenol. 

3.2. Growth kinetics under sublethal EO stresses 

The 16 h growth kinetics of S. Typhimurium in the presence of 0.31 
mg/mL (MIC50) Thy or Cin were monitored (Fig. 1) and the growth 
parameters are summarized in Table 3. In the control, the lag phase and 
maximum growth rate were 2.16 h and 1.80 h− 1, respectively. The lag 
phase represents the time needed to repair injury and return to normal 
cell conditions, which enables microorganisms to proliferate (Wesche 
et al., 2009). However, a significantly longer lag phase was observed in 
the cells treated with MIC50 Thy (2.88 h) and MIC50 Cin (4.75 h) (P <
0.05). Furthermore, the maximum growth rate was significantly 
decreased to 1.26 h− 1 in the MIC50 Cin group (P < 0.05) (Table 3). 
Similarly, Mazzarrino et al. (2015) observed extended lag phases during 
the growth of S. Typhimurium and L. monocytogenes cultured in medium 
containing different EOs. Moreover, lower growth rates of S. 

Table 1 
Gas chromatography–mass spectrometry analysis of a thyme oil sample.  

No. RT 
(min)a 

Name Formula CAS No. Relative 
Content 
(%) 

1  2.35 (1R,5R)-α-pinene C10H16 7785–70-8 4.23 ±
0.89 

2  2.50 2,2-Dimethyl-3- 
methylenenorbornane 

C10H16 79–92-5 1.33 ±
0.31 

3  2.70 (1S)-(-)-β-Pinene C10H16 18172–67-3 1.61 ±
0.27 

4  3.12 o-Cymene C10H14 527–84-4 33.67 ±
3.55 

5  3.49 γ-Terpinene C10H16 99–85-4 12.48 ±
1.96 

6  3.96 Linalyl acetate C12H20O2 115–95-7 6.24 ±
1.17 

7  4.87 D-Camphor C10H16O 464–49-3 2.27 ±
0.54 

8  5.13 Isocamphol C10H18O 124–76-5 0.82 ±
0.22 

9  5.26 Isoborneol C10H18O 507–70-0 1.61 ±
0.15 

10  5.39 4-Carvomenthenol C10H18O 562–74-3 1.33 ±
0.21 

11  7.49 Thymol C10H14O 89–83-8 31.74 ±
2.58 

12  10.88 Bicyclo[5.2.0]nonane, 
2-methylene-4,8,8- 
trimethyl-4-vinyl- 

C15H24 242794–76- 
9 

2.68 ±
0.34  

a Retention time. 

Table 2 
Gas chromatography–mass spectrometry analysis of a cinnamon oil sample.  

No. RT 
(min)a 

Name Formula CAS No. Relative 
Content 
(%) 

1  2.50 2,2-Dimethyl-3- 
methylenenorbornane 

C10H16 79–92-5 0.39 ±
0.10 

2  2.72 4(10)-Thujene C10H16 3387–41-5 0.38 ±
0.12 

3  2.95 α-Fellandrene C10H16 99–83-2 1.29 ±
0.35 

4  3.05 α-Terpinene C10H16 99–86-5 0.60 ±
0.14 

5  3.13 o-Cymene C10H14 527–84-4 3.56 ±
0.88 

6  3.22 β-Phellandrene C10H16 555–10-2 3.56 ±
0.79 

7  3.96 Linalyl acetate C12H20O2 115–95-7 2.45 ±
0.75 

8  5.40 4-Carvomenthenol C10H18O 562–74-3 0.19 ±
0.04 

9  5.64 L-α-Terpineol C10H18O 10482–56-1 0.35 ±
0.01 

10  7.27 Cinnamaldehyde C9H8O 14371–10-9 61.35 ±
4.98 

11  9.04 Eugenol C10H12O2 97–53-0 9.16 ±
0.92 

12  9.73 Copaene C15H24 3856–25-5 1.22 ±
0.14 

13  10.88 Bicyclo[5.2.0]nonane, 
2-methylene-4,8,8- 
trimethyl-4-vinyl- 

C15H24 242794–76- 
9 

7.75 ±
1.54 

14  11.44 Cinnamyl acetate C11H12O2 103–54-8 5.48 ±
0.85 

15  11.81 α-Humulene C15H24 6753–98-6 1.37 ±
0.27 

16  15.19 Caryophyllene oxide C15H24O 1139–30-6 0.90 ±
0.21  

a Retention time. 
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Typhimurium in the presence of sublethal terpenes were reported by 
Dubois-Brissonnet et al. (2011). The lower growth rates of S. Typhi
murium under EO stress might be associated with greater resistance 
because of the increased expression of stress related proteins (Yuan 
et al., 2018). 

3.3. Direct and cross-resistance 

To confirm whether sublethal EO exposure led to measurable resis
tance, S. Typhimurium cells cultured in MIC50 Thy and MIC50 Cin were 
challenged by lethal treatments, including acid (SGF, pH 1.5), heat 
(58 ◦C), oxidant (H2O2, 50 mM), Thy (0.63 mg/mL), or Cin oil (0.63 mg/ 
mL). The induced stress resistances, as represented using D values, are 
shown in Table 4. In the human body, acidic gastric fluid plays an 
important role in the defense against foodborne pathogens. The results 
showd that, compared with the control, no significant differences in SGF 
resistance were observed in the EO adapted groups. The D values in 
three groups were all around 7 min (Table 4). Yuan et al. (2018) also 
reported a lack of induced acid tolerance in E. coli O157:H7 after 
exposure to thymol and cinnamaldehyde, which are major constituents 
of Thy and Cin oils, respectively. To survive under acid stress, S. 
Typhimurium has evolved complex AR systems, namely, AA-dependent 
decarboxylase/antiporter systems, F1-F0 ATPase, and modifications of 
the cell membrane (Lund et al., 2014). EO stress might not induce the 
AR-related systems, and this hypothesis will be further examined in the 
following metabolomic and transcriptomic analyses. 

D values for thermal treatment (58 ◦C), as shown in Table 4, 
demonstrated that both adapted groups presented significantly stronger 
thermal resistance (26.88 and 14.77 min in the MIC50 Thy and MIC50 Cin 
groups, respectively; P < 0.05) compared with that of the non-adapted 
control (4.57 min). Similarly, the EO-adapted cells displayed signifi
cantly enhanced resistance (D values, around 50 min) against oxidative 
stress, compared with that in the control (12.89 min) (P < 0.05). It is 
widely accepted that pore formation and subsequent oxidative stress 
contribute to the antibacterial effects of EOs (Kovács et al., 2016). For 
instance, the expression levels of oxidative stress response genes (sodA 
and soxR) were increased significantly in E. coli after exposure to cin
namaldehyde, which is the major component of Cin (Visvalingam et al., 
2013). Therefore, the MIC50 Thy and MIC50 Cin treatments might induce 
the antioxidant response in S. Typhimurium cells, resulting in improved 
survival abilities in 50 mM H2O2. 

The resistances of EO-adapted S. Typhimurium against lethal levels 
of Thy and Cin oils were also determined (Table 4). The D values of Thy 
and Cin to kill 90% non-adapted cells were 3.65 ± 0.45 and 81.22 ±
8.21 min, respectively, indicating the greater sanitizing effect of Thy oil. 
Pei et al. (2009) reported that thymol and cinnamaldehyde exhibited 
similar antibacterial effects against E. coli. Therefore, other compounds 
(e.g., γ-terpinene) in Thy might contribute to the improved antimicro
bial activity (Table 1). S. Typhimurium adapted to MIC50 Thy presented 
more resistant to subsequent Thy (6.87 min) and Cin (117.59 min) 
treatments. However, cells adapted to MIC50 Cin only developed direct- 
resistance to Cin treatment (215.42 min). Similarly, Bacillus cereus 
exhibited enhanced survival under lethal carvacrol stress after exposing 
to sublethal levels of carvacrol (5). To date, limited information about 
the EO adaptation mechanism is available because of the complex 
antibacterial targets of EOs. 

3.4. Metabolomics analysis 

The overall metabolic responses of S. Typhimurium exposed to 
sublethal levels of Thy and Cin were studied using UPLC-QTOF-MS. PCA 
showed that the replicates in each group were aggregated, and the three 
groups were well separated (Fig. 2A). The results indicated that Thy and 
Cin might induce different metabolic responses. MS profiles exhibited 
30,199 features with their normalized intensities in the three groups 
(Supplementary material 2). The intensity profiles of the pairwise 
comparisons (control vs. MIC50 Thy; control vs. MIC50 Cin; MIC50 Thy vs. 
MIC50 Cin) were subject to supervised OPLS-DA to screen the significant 
features. The S-plots in Fig. 2B-D show the VIP features in each paired 
comparison. Compared with the control group, MIC50 Thy treatment 
induced 2501 significantly changed features, while MIC50 Cin induced 
more changed features (3138, supplementary material 2). In the pair
wise comparison MIC50 Thy vs. MIC50 Cin, 2063 notable features were 
screened. 

The screened VIP features were identified based on MS/MS spectra, 
related databases, and references. In total, 47 metabolites including 

Fig. 1. Growth curves of S. Typhimurium grown in TSB containing 2.5% (v/v) 
ethanol (control), 0.31 mg/mL thyme oil, or 0.31 mg/mL cinnamon oil for 16 h 
at 37 ◦C. 

Table 3 
Growth parameters of S. Typhimurium cultured in TSB containing 2.5% (v/v) 
ethanol, 0.31 mg/mL thyme, or 0.31 mg/mL cinnamon oil.   

Growth parametersb 

Treatmenta Initial cell 
density (log 
CFU/mL) 

Lag phase 
duration (h) 

Maximum 
growth Rate 
(h− 1) 

Final cell 
density (log 
CFU/mL) 

Control 5.62 ± 0.42A 2.16 ±
0.14C 

1.80 ± 0.12 A 9.00 ± 0.33 A 

MIC50 Thy 5.44 ± 0.37 A 2.88 ±
0.27B 

1.90 ± 0.25 A 9.10 ± 0.31 A 

MIC50 Cin 5.58 ± 0.54 A 4.75 ± 0.69 
A 

1.26 ± 0.11B 8.94 ± 0.45 A  

a Control, 2.5% (v/v) ethanol; MIC50 Thy, 0.31 mg/mL thyme oil; MIC50 Cin, 
0.31 mg/mL cinnamon oil. 

b Different uppercase letters in the same column represent significant differ
ences (P < 0.05) among three groups. 

Table 4 
D values of non-adapted, and thyme or cinnamon oil adapted, S. Typhimurium 
treated with acid, thermal, hydrogen peroxide, thyme, or cinnamon oil.   

D values (min)b 

Treatment Control MIC50 Thy MIC50 Cin 

Acid (SGFa, pH 1.5) 7.14 ± 0.54 A 7.80 ± 0.63 A 6.75 ± 0.89 A 
Thermal (58 ◦C) 4.57 ± 0.66C 26.88 ± 3.57 A 14.77 ± 1.24B 
Hydrogen peroxide (50 

mM) 
12.89 ±
0.97B 

45.25 ± 4.26 A 51.55 ± 8.31 A 

Thy (0.63 mg/mL) 3.65 ± 0.45B 6.87 ± 1.21 A 4.12 ± 0.62B 
Cin (0.63 mg/mL) 81.22 ±

8.21C 
117.59 ±
9.74B 

215.42 ± 12.58 
A  

a SGF, simulated gastric fluid. 
b Different uppercase letters in the same row represent significant differences 

(P < 0.05) among three groups. 
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lipids, oligopeptides, amino acids (AAs), nucleotide related compounds 
(NRCs), and organic acids (OAs) were identified (Fig. 2F, supplementary 
material 2). The contents of 8 intracellular metabolites increased in both 
EO treated groups, while the levels of 33 metabolites decreased 
(Fig. 2E). Lipids and related compounds 1–5 presented higher concen
trations in the control. By contrast, the synthesis of lipid compounds 
were enhanced significantly (by 6–8 fold) in the EO-treated groups. 
Lipid metabolites, including phospholipids, glycolipids, and fatty acids, 
are associated closely with stress adaptation and cell fitness mainte
nance (Rowlett et al., 2017; Giotis et al., 2007). For instance, 
L. monocytogenes adapts effectively to mild or moderate pH stress by 
regulating the proportions of branched-chain fatty acids (Giotis et al., 
2007). Our study showed that lipid transformation occurred and 
contributed to the EO stress adaptation of S. Typhimurium. 

Bacteria internalize oligopeptides from the extracellular environ
ment using ATP–binding cassette transporters to sustain their nutritive 
demand and biological synthesis. For Salmonella, peptide transportation 
might be the main pathway providing the AAs required for survival 
inside the host and the establishment of infection (Garai et al., 2017). 
Our results showed that most of the detected oligopeptides were 
degraded to meet the AA requirements of S. Typhimurium under the EO 
treatments (Fig. 2F, Dupplementary material 2). AA metabolism is 
complex and vital during stress adaptation. For example, during the 

exponential growth of E. coli, glutamic acid is a key metabolite, ac
counting for around 40% of total intracellular metabolites. Moreover, 
glutamic acid-related metabolism plays important roles in bacterial 
stress tolerance, such as that to acid, metal, and oxidation (Ramond 
et al., 2014; Djoko et al., 2017). Our results showed that glutamic acid 
levels were notably increased (VIP > 1, FDR < 0.05), by 1.85 and 2.25 
fold, in the MIC50 Thy and MIC50 Cin groups, respectively (Fig. 2F, 
supplementary material 2), implying its crucial role during EO adapta
tion. Metabolic analysis also showed significantly altered contents of 
some NRCs during the EO adaptation of S. Typhimurium (Fig. 2F, sup
plementary material 2). The notable changes in these NRCs implied that 
EOs might accelerate nucleotide turnover, which could indicate 
increased levels of DNA damage (Belenky et al., 2015). 

The enrichment analysis was conducted, as shown in Fig. 3A, based 
on the screened significant metabolites (VIP > 1, FDR < 0.05). In total, 
14 metabolic pathways were altered significantly (P < 0.05) (Supple
mentary material 3). Aminoacyl-tRNA biosynthesis, which provides AA 
donors for protein translation, was the most affected metabolic pathway. 
Moreover, 10 significant AA metabolic pathways could provide sub
strates for aminoacyl-tRNA biosynthesis (Bullwinkle & Ibba, 2016). 
Therefore, altered protein synthesis might be induced by sublethal EO 
treatments. The pairwise pathway analyses are shown in Fig. 3B-D and 
supplementary material 3. Sublethal Thy treatment resulted in 12 

Fig. 2. (A) Principal component analysis (PCA) score plot of the intracellular metabolic profiles of the three groups; (B) S-plot of pairwise comparison control vs. 
MIC50 Thy. Red dots represent the significant features (VIP > 1, FDR < 0.05) screened from orthogonal partial least squares discriminant analysis (OPLS-DA); (C) S- 
plot of pairwise comparison control vs. MIC50 Cin; (D) S-plot of pairwise comparison MIC50 Thy vs. MIC50 Cin; (E) Venn diagram showing the overlap of significant 
metabolites between the group control vs. MIC50 Thy and control vs. MIC50 Cin; (F) Heatmap of 54 identified metabolites in the three groups. In MetaboAnalyst 5.0, 
the data were normalized by sum, and processed by logarithmic transformation and Pareto scaling. Group clustering was conducted using the Ward algorithm. 
Default color contrast was applied, and the color bar was standardized using the autoscale feature method. Note: NRC, nucleotide-related compound; OA, organic 
acid. (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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significantly up or down-regulated pathways (P < 0.05). Glutamine and 
glutamate metabolism, purine metabolism, and arginine and proline 
metabolism, were markedly altered, indicating their important roles 
during adaptation. Previous studies also showed significant alterations 
of these pathways in bacteria under stresses, such as electrolyzed water, 

ultrasound, and acid (Chen et al., 2020; Liu et al., 2017; Zhao et al., 
2019). Similarly, MIC50 Cin induced pathways such as aminoacyl-tRNA 
biosynthesis, and suppressed the arginine and proline metabolism. The 
different pathways between MIC50 Thy and MIC50 Cin adapted cells 
(Fig. 3D) revealed their different adaptive mechanisms. 

Fig. 3. Metabolite pathways analysis. (A) Pathway enrichment pathway analysis showing the top 25 affected pathways with their significant metabolites. Numbers 
1–3 represent the times of each metabolite detected in three pairwise groups. The color bar was scaled using the P values of the metabolic pathways; (B) Pathway 
analysis of the pairwise comparison control vs. MIC50 Thy; (C) Pathway analysis of the pairwise comparison control vs. MIC50 Cin; (D) Pathway analysis of the 
pairwise comparison MIC50 Thy vs. MIC50 Cin. 
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3.5. Transcriptomics analysis 

The comprehensive transcriptional responses of S. Typhimurium 
treated with sublethal Thy and Cin were studied using RNA-seq. PCA 
discriminated the three groups at the transcriptional level (Fig. 4A). In 
total, 3928 genes were mapped to the reference S. Typhimurium genome 
(NC_003197) (Supplementary material 4). In addition, the MA plots, 
shown in Fig. 4B-D, present the gene expression patterns in pairwise 
groups. Genes, including rnpB, sopD, lpp, and csrB, exhibited high mean 
counts (>105) in the three groups, indicating their important roles in S. 
Typhimurium’s basic physiological activities. For example, the gene 
sopD, encoding an effector protein, is involved in the Salmonella type III 
secretion system (T3SS). It might also play an important role in the 
development of antibiotic resistance (Khoo et al., 2015). The heatmap 
presented in Fig. 4F, shows the expression patterns of DEGs with FC > 2 
and FDR < 0.05. In the pairwise comparison, control vs. MIC50 Thy, 161 
DEGs were identified (Supplementary material 4), and their biological 
functions were annotated in supplementary material 5. Moreover, MIC50 
Cin treatment resulted in 324 DEGs, indicating more reactive responses 
during Cin adaptation compared with those induced during Thy adap
tation. The 260 DEGs identified between the MIC50 Thy and MIC50 Cin 

treatments further confirmed their different adaptive mechanisms. 
In the pairwise comparison, control vs. MIC50 Thy, 161 genes were 

significantly altered (FC > 2, FDR < 0.05) (Supplementary material 4). 
Top 10 up-regulated genes (citT, yjcC, ybhS, ypeC, htpG, ybfA, pspA, ttrS, 
ybhQ, and rspA) are involved in various physiological activities. For 
example, the gene ttrS controls the expression of ttr, which is a compo
nent of T3SS that facilitates pathogenesis (Edrees et al., 2018). The 
genes citT and ybhS, both encoding permeases, that function to trans
locate various nutrients across biological membranes (Garai et al., 
2017). By contrast, the top 10 down-regulated genes (Supplementary 
material 4; including rbsB, rbsD, rbsA, rbsC, and mglA) are responsible for 
synthesizing the transporters of ribose and galactose/methyl galacto
side. These results implied that the uptake of ribose and galactose/ 
methyl galactoside were compromised by MIC50 Thy treatment. 

Compared with Thy treatment, adaptation to Cin treatment resulted 
in more DEGs (Supplementary material 4). Some of the top altered genes 
(e.g., citT, htpG, and ribH) exhibited similar expression patterns under 
the two EO treatments. However, the expression levels of some genes, 
such as pspA and fliC, were only significantly altered under MIC50 Thy 
treatment. In the pairwise comparison, control vs. MIC50 Cin, some 
different DEGs were listed in top 10 up and down-regulated genes. For 

Fig. 4. Differentially expressed genes analysis. (A) Principal component analysis (PCA) score plot of the transcriptional profiles of the three groups; (B) MA-plot of 
the pairwise comparison control vs. MIC50 Thy. Red and blue dots represent the significantly (Fold change, FC > 2, FDR < 0.05) upregulated and downregulated 
genes, respectively; (C) MA-plot of the pairwise comparison control vs. MIC50 Cin; (D) MA-plot of the pairwise comparison MIC50 Thy vs. MIC50 Cin; (E) Venn diagram 
showing the overlap of significant genes between the control group vs. MIC50 Thy and control vs. MIC50 Cin; (F) Heatmap of differentially expressed genes (FC > 2, 
FDR < 0.05) in the three groups. In MetaboAnalyst 5.0, the data were normalized by sum, and processed by logarithmic transformation and Pareto scaling. Group 
clustering was conducted using the Ward algorithm. Default color contrast was applied, and the color bar was standardized by the autoscale feature method. (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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instance, pps, encodes a phosphoenolpyruvate synthase that participates 
in glycolysis and gluconeogenesis in S. Typhimurium. The notable dif
ferences in altered gene number and function between MIC50 Thy and 
MIC50 Cin treatments indicated the different adaptive responses of S. 
Typhimurium cells. 

GO enrichment analysis was conducted to investigate the functions 
of the screened DEGs (Fig. 5, supplementary material 6). During Thy 
adaptation, BP locomotion (GO:0040011), which is defined as self- 
propelled movement of a cell, was the most affected (Fig. 5A). By 
contrast, GO terms metabolic process (GO:0008152), cytoplasm 
(GO:0005737), and small molecule binding (GO:0036094) were 
remarkably affected by Cin, indicating that transmembrane material 
exchange and related intracellular metabolism were induced strongly by 
Cin. More top GO terms induced during EO adaptation are shown in 
Fig. 5B. For instance, chemotaxis (GO:0006935) and fumarate reductase 
complex (GO:0045283), were highlighted. The correlations between the 
top altered genes and GO terms were examined using GOChord analysis 
(Fig. 5C-E). In the pairwise comparison, control vs. MIC50 Thy, all the 
selected genes were associated with the CC cellular anatomical subgroup 
(GO:0110165). This implies that intracellular metabolism and biological 
synthesis were induced strongly during Thy adaptation. By contrast, 
during Cin adaptation, genes, such as metG and hns, correlated with CC 
GO:0005829 (cytosol). Thus, these genes might participate in certain 
cytosolic activities. 

KEGG analysis was performed to study the metabolic pathways 
related to the DEGs (Fig. 5F-H and Supplementary material 6). During 
Thy adaptation, five pathways, including two-component system, bac
terial chemotaxis, TCA cycle, flagellar assembly, and butanoate 

metabolism, were affected significantly (P < 0.05) (Fig. 5F). The 
enriched pathways in the control vs. MIC50 Cin group are shown in 
Fig. 5G. Nine metabolic pathways, including methane metabolism and 
glycolysis/gluconeogenesis, were altered markedly (P < 0.05). The re
sults indicated that some basic metabolisms, such as sugar metabolism, 
AA metabolism, and carbon metabolism, are involved in Cin adaptation. 
The pathway differences between MIC50 Thy and MIC50 Cin treatments 
are presented in Fig. 5H. The enriched pathways were almost repre
sented by the combined pathways shown in Fig. 5F and Fig. 5G. This 
further showed the distinct adaptation mechanisms of S. Typhimurium 
against Thy and Cin EOs. 

3.6. Integrated omics analysis 

To comprehensively investigate the molecular mechanisms of EO 
adaptations in S. Typhimurium, integrated analysis was conducted and 
the speculative molecular mechanisms are summarized in Fig. 6. S. 
Typhimurium cells adopted a conservative strategy to survive under 
harsher Thy stress (Fig. 6A), as evidenced by the significantly lower D 
value (P < 0.05) compared with that under Cin treatment (Table 4). Cell 
motility was inhibited because of the downregulation of genes involved 
in flagellar assembly (flgK, flgL, fliC, motB, and fljB) and chemotaxis 
(cheA, cheW, cheM, and tsr) (Jarrell & Albers, 2012). Moreover, trans
membrane material exchange was strongly compromised. The genes 
encoding proteins that involves in the translocation of sugar (mglA, 
cboQ, fhuC, glpT, and manZ), AAs (sbp, argT, dcuA, and sdaC), dipeptides 
(dppF), and other small molecules (ompC and nmpC), were significantly 
downregulated (FC > 2, FDR < 0.05) (Tanaka et al., 2018). Thus, S. 

Fig. 5. Functional analysis of DEGs. (A) A circular dendrogram showing the expression spectrum clustering. The inner ring represents the screened differentially 
expressed genes (DEGs) colored by the times detected in three pairwise groups. The outer ring indicates the assigned functional gene ontology (GO) terms; (B) GO 
terms enrichment analysis showing the top terms involved in essential oil stress adaptation; (C-E) GOChord plot showing the correlation between the top DEGs and 
GO terms in the pairwise comparison control vs. MIC50 Thy, control vs. MIC50 Cin, and MIC50 Thy vs. MIC50 Cin; (F-H) KEGG pathway analysis in the pairwise 
comparison control vs. MIC50 Thy, control vs. MIC50 Cin, and MIC50 Thy vs. MIC50 Cin. 
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Typhimurium cells under MIC50 Thy treatment seem to adopt certain 
critical and fundamental strategies to survive and replicate. 

Intracellular metabolic analysis of S. Typhimurium cells during Thy 
adaptation showed that sugar and lipid metabolisms were compromised. 
The related gene expression levels (e.g., fba, glpK, glpQ, and yfbE) and 
metabolite contents were downregulated. Nevertheless, purine and py
rimidine metabolisms were induced, and metabolites, including 

adenine, xanthine, and cytosine, accumulated (Fig. 6A). AA metabolism 
is crucial and complex in bacterial stress responses. Glutamic acid is 
accumulated from the transformation of other AAs such as proline and 
arginine (Chen et al., 2020). Sugar, AA, and lipid metabolisms might 
provide substrates for certain key functional compounds. For instance, 
dipeptide D-Ala-D-Ala was consumed, which participates in the syn
thesis of peptidoglycan and is further utilized for cell wall repair and the 

Fig. 6. The molecular mechanisms of S. Typhimurium cells during adaptation to sublethal concentrations of thyme (A) and cinnamon (B) oils. Genes or metabolites 
labeled in red indicate a significantly increased expression level or content in EO-treated cells, compared with those in the control group. By contrast, genes or 
metabolites labeled in green indicate a significantly decreased expression level or content in EO-treated cells. Note: EO, essential oil; AA, amino acid; SOD, superoxide 
dismutase; TCA, tricarboxylic acid; 2-OG, oxoglutaric acid; m-DAP, meso-diaminoheptanedioate; PG, phosphatidylglycerol; PS, phosphatidylserine; PC, phosphati
dylcholine; PE, phosphatidylethanolamine;G3P, glycerophosphoric acid; ABC, ATP-binding cassette; SPD, spermidine; GSP, glutathionylspermidine; F6P, D-fructose 
6-phosphate; G6P, D-glucose 6-phosphate; Gal, galactose. (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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cell envelope. Expression levels of mtgA and ycfS, encoding the key en
zymes monofunctional biosynthetic peptidoglycan transglycosylase and 
L,D-transpeptidase, respectively, were notably induced (Mitchell & Sil
havy, 2019). The degradation of oligopeptides and the transformation of 
related AAs provided substrates for the syntheses of functional proteins. 
For example, stress resistance proteins and molecular chaperones were 
massively synthesized. Furthermore, superoxide dismutase, encoded by 
soda, was induced to destroy superoxide anion radicals. Abundant 
studies have proved their important roles in bacterial resistance against 
environment stresses (Lima et al., 2013). 

Compared with Thy adaptation, the adaptive responses to Cin in S. 
Typhimurium cells were more radical and active (Fig. 6B). Cell motility 
was enhanced via the increased syntheses of receptor (trg) sensing ribose 
and galactose, chemotaxis protein (cheW), and flagellin (flgN) (Jarrell & 
Albers, 2012). Transmembrane material exchange was strongly acti
vated. For instance, the expression levels of transport proteins of oli
gopeptides, AAs, sugars, sulfates, metal ions, and other small molecules 
were altered significantly. The multidrug transporters, encoded by ydhE, 
yidY, and acrD, were also activated. They are major mechanisms un
derlying multidrug resistance, and can secrete antimicrobials and ther
apeutic drugs effectively (Lu et al., 2013). Interestingly, some 
physiological activities were inhibited during Cin adaptation. For 
example, genes coding pilus proteins ((fimA, fimC, fimD, and fimI)) were 
downregulated, indicating that the pilus synthesis was inhibited. 
Moreover, the expression of ycbW, encoding the FtsZ-binding compo
nent of the Z ring, was inhibited (Hale et al., 2011). Some genomic DNA 
replication related genes (dnaX, recN, and ybaB) were also down
regulated. These results indicated that the cell division of sublethal Cin- 
treated cells was compromised. This was in consistent with the growth 
kinetics results, with the MIC50 Cin treatment resulting in the longest lag 
phase time (Table 3). 

MIC50 Cin treatment also resulted in more complex intracellular 
metabolism. For instance, besides being a precursor of purine and py
rimidine metabolism, glutamic acid reacts with ferrous ions to form 
cytochrome c, which acts as an electron carrier in cellular energy 
transduction (Sanders et al., 2010). Moreover, glycolysis was inhibited, 
while gluconeogenesis related genes (fbp and glgS) were upregulated to 
produce glycogen. This implies the alteration of carbon metabolism in S. 
Typhimurium under EO stress (Alteri & Mobley, 2012). In addition, 
genes (cysC, cysH, and cysI) in sulfur metabolism, associated with the 
production of sulfur–containing AAs (e.g., cysteine), were suppressed 
(Grossoehme et al., 2011). Intracellular AAs are transported from the 
extracellular environment (e.g., by the products of xapB, dctA, and putP), 
or produced from oligopeptide hydrolysis (by the products of hslU, hslV, 
and prlC). Moreover, AA metabolism is utilized to synthesize functional 
compounds such as peptidoglycan and proteins (Fig. 6B). In addition, 
more genes encoding stress related proteins were upregulated during 
Cin adaptation. For instance, ymdF and ycfR, encoding the proteins 
YmdF and YcfR, respectively, were induced markedly. YmdF plays a role 
in the flagellum-dependent motility and general stress response of S. 
Typhimurium, while YcfR is a stress resistance protein involved in acid, 
heat, hydrogen peroxide, and cadmium stress responses (Arunima et al., 
2020a,b; Zhang et al., 2007). 

The integrated analysis might also help to explain the results of 
induced direct and cross-resistance (Table 4). Compared with non- 
adapted cells, higher levels oxidative and thermal resistance in EO 
adapted cells were observed. The increased expression of stress resis
tance proteins and antioxidant systems played a crucial role in the 
induced resistance. However, the D value results showed that sublethal 
EO treatment did not induce acid tolerance of S. Typhimurium cells. 
However, alterations to some acid resistance mechanisms were observed 
in the EO-treated cells. For example, the lysine decarboxylase system 
(cadA and cadB) was activated in Thy-treated cells (Chen et al., 2020). 
Moreover, the induced molecular chaperone DnaK (dnaK) and GroES 
(mopB) prevent toxic protein aggregation and ensure proteome integrity 
(Lund et al., 2014). One possible explanation for the lack of an induced 

AR is that S. Typhimurium cells have evolved multiple AR mechanisms. 
Therefore, the up and downregulation of one or two AR systems might 
not induce a physiological effect (Yuan et al., 2018). Furthermore, 
lysine-dependent AR is effective at moderate acidic pH. Hence, the SGF 
conditions (pH 1.5) used in the present study might be an extreme acid 
challenge for adapted S. Typhimurium cells to show a physiological 
effect. Therefore, the sublethal Thy and Cin adaptations cannot induce 
acid tolerance in S. Typhimurium. 

3.7. qRT-PCR validation 

qRT-PCR was conducted to verify the transcript expression patterns 
in three S. Typhimurium strains (Supplementary material 7). The five 
DEGs tested were from the MIC50 Thy or MIC50 Cin treatment froups, 
and are responsible for different physiological functions. The results for 
strain ATCC 14,028 confirmed the increased expression of genes related 
to protein protection (htpG and clpB) and lysine decarboxylase system 
(cadA), and decreased expression of yqjI (transcriptional regulator) and 
pgtP (major facilitator superfamily transporter), under MIC50 Thy 
treatment. Moreover, the expression patterns of htpG, clpB, katG, sopD, 
and cadA under MIC50 Cin treatment were consistent with the results of 
the transcriptomic analysis. The fold change values obtained from qRT- 
PCR were lower than those from the RNA-seq, indicating a wider dy
namic range in the RNA-seq analysis. Similar results were observed by 
Yuan et al. (2018) and King et al. (2010). Generally, the expression 
patterns among the three strains exhibited similar up and down
regulations. The results implied that these strains might share similar 
molecular mechanisms to adapt to the sublethal EO stress. However, 
some DEGs (e.g., sopD) indicated the occurrence of strain-dependent 
variations. Thus, more S. Typhimurium strains should be analyzed to 
reveal more general molecular mechanisms. 

Lastly, the different pathways, transcripts, and metabolites affected 
by Thy or Cin treatments implied that the combination of the two EOs 
might help to prevent the development of resistance. For example, the 
combined use of EOs (e.g., lemongrass and rosemary) synergistically 
increased the inactivation efficacies against different pathogenic and 
spoilage bacteria (e.g., Staphylococcus sciuri and Pseudomonas hibiscicola) 
(György et al., 2020). The molecular mechanism of the synergistic ef
fects should be studied in a future work. 

4. Conclusion 

In the present study, S. Typhimurium was found to successfully 
develop direct and cross-resistances to subsequent EO, thermal, and 
oxidative stresses, after exposure to sublethal levels of Thy and Cin. 
Integrated metabolomic and transcriptomic analyses were applied to 
investigate the adaptive mechanisms. Multivariate analysis of the results 
of the omics studies showed significant differences in adaptive strategies 
under the two EO stresses. MIC50 Thy-treated cells adopted more con
servative strategies: Cell motility and transmembrane material exchange 
were inhibited. Some intracellular metabolisms (e.g., glutamine and 
glutamate metabolism, and purine metabolism) were activated to pro
vide substrates for the syntheses of key functional compounds, such as 
peptidoglycan and restress resistance proteins. By contrast, more active 
responses were observed in the MIC50 Cin group. For instance, cell 
motility and transmembrane material exchange were activated. The 
synthesis of some important components, such as cytochrome c and 
glycogen, was enhanced. However, cell division and pilus synthesis were 
inhibited. Similar to those in the Thy group, many stress resistance 
proteins were synthesized in S. Typhimurium cells under Cin treatment. 
These data provide valuable information related to the prevention of the 
development of resistance by S. Typhimurium. 
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