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Introduction

Helicobacter pylori (H. pylori) is a Gram-negative bac-

terium that colonize more than half of the world’s popu-

lation [1−3]. Once the infection is established, H. pylori

continuously colonizes for decades in human gastric

mucosa [4]. Numerous studies have proved that H.

pylori infection is definitely associated with chronic gas-

tritis, peptic ulcers and gastric cancer [5, 6]. β-caryophyl-

lene is a volatile bicyclic sesquiterpene compound that

easily found in the essential oils of many plants such as

cloves, oregano and cinnamon (Fig. 1) [7−9]. Several

reports have shown that β-caryophyllene has antibacte-

rial, antifungal and antiviral activity [10−14]. The anti-

bacterial activity against cariogenic bacteria was

evaluated by β-caryophyllene isolated from the essential

oils of Plectranthus neochilus [10]. Antibacterial and

antifungal activity against known food-spoilage microor-

ganisms was also assessed by the oils from black pepper

which containing β-caryophyllene [11]. β-caryophyllene-

containing essential oils from Glechon spathulata and

Glechon marifolia showed antifungal and antiviral

activity in Vero cells [13]. Our previous report has shown

that β-caryophyllene have inhibitory effects against H.

pylori infection in vitro and in vivo [14].

Helicobacter pylori (H. pylori) establishes long-term infections associated with severe gastric diseases such

as peptic ulceration and gastric cancer. Exposure to an antibacterial agent can help regulate the expression

levels of its pathogenic genes. In this study, we analyzed the transcriptional changes in H. pylori genes

induced by β-caryophyllene. We used next-generation sequencing (NGS) to analyze RNA expression

changes, and reverse transcription-polymerase chain reaction (RT-PCR) was performed as required to

verify the results. The NGS results showed that 30 out of 1,632 genes were expressed differentially by β-

caryophyllene treatment. Eleven genes associated with DNA replication, virulence factors, and T4SS com-

ponents were significantly downregulated. RT-PCR confirmed that treatment reduced the expression lev-

els of 11 genes. RT-PCR showed the reduced expression of 11 genes (dnaE, dnaN, holB, gyrA, cagA, vacA,

secA, flgE, virB2, virB4, and virB8) following β-caryophyllene treatment. These results suggest that β-caryo-

phyllene can modulate various H. pylori pathogenic determinants and be a potential therapeutic agent for

H. pylori infection.
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Gene expression changes in response to various envi-

ronmental stimuli and control numerous cellular func-

tions. Therefore, measuring the expression of mRNA

enables an understanding of cellular functions. Next-

generation sequencing (NGS) is a computer program-

based method that can analyze large amounts of

sequence information faster. With rapid advances in

NGS, the plenty of cellular mRNA has been identified

via transcriptome sequencing [15]. NGS, especially

RNA-sequencing (RNA-Seq) technique, allows detection

and quantification of RNA transcripts in a variety of

samples. In the current study RNA-Seq technique based

on NGS and reverse transcription-polymerase chain

reaction (RT-PCR) were used to analyze the effect of β-

caryophyllene on the expression of various H. pylori

pathogenic genes.

Materials and Methods

Materials
H. pylori reference strain was purchased from ATCC

(ATCC49503, USA). Mueller-Hinton broth, Mueller-

Hinton agar and Brucella agar were purchased from

Becton-Dickinson (USA). Bovine serum was purchased

from Gibco (USA). β-caryophyllene (CAS number: 87-44-

5, C15H24) was purchased from Bordas (Sevilla, Spain)

and diluted with ethanol to set the stock concentration

(100 mg/ml). Trizol reagent, random hexamer, and Molo-

ney Murine Leukemia Virus Reverse Transcriptase

(MMLV-RT) were purchased from Invitrogen (USA) to

perform reverse transcriptase-polymerase chain reac-

tion (RT-PCR).

Bacterial culture
H. pylori was grown on the Brucella agar plate supple-

mented with 10% bovine serum at 37℃ for 72 h in a

humidified atmosphere with 5% CO2. For cultivation in

broth, bacterial colonies were collected and suspended in

Mueller-Hinton broth supplemented with 10% bovine

serum. The number of bacterial particles in the H. pylori

suspension was set to McFarland scale 0.5 and incubated

at 37℃ for 72 h in a humidified atmosphere with 5%

CO2. For untreated control, the final concentration of

ethanol was calculated and treated consistently in all

culture media. In the experimental groups, the results

were compared with untreated control groups in each

same batches, and same experiments were repeated

three times.

Agar dilution method to determine Minimum inhibitory
concentration (MIC)

H. pylori ATCC 49503 strain grown on Brucella agar

plates were collected and resuspended in saline. The

number of bacterial particles in the H. pylori suspension

was set to McFarland scale 2 (6 × 108 cells/ml). Ten μl of

the bacterial suspension was placed on Mueller-Hinton

agar supplemented with 10% bovine serum including

various concentrations of β-caryophyllene (125−2000 μg/

ml). The bacteria were incubated for 72 h and the MIC

was determined based on the lowest concentration at

which inhibition of growth was observed.

Next generation sequencing (NGS)
The mRNA molecules were purified and fragmented

from 2 µg of total RNA using oligo (dT) magnetic beads.

The libraries were prepared for 100 bp paired-end

sequencing using TruSeq RNA Sample Preparation Kit

(Illumina, USA). The fragmented mRNAs were synthe-

sized as single-stranded cDNAs through random hex-

amer priming. By applying this as a template for second

strand synthesis, double-stranded cDNA was prepared.

After the sequential process of end repair, A-tailing and

adapter ligation, cDNA libraries were amplified with

polymerase chain reaction (PCR). Quality of these cDNA

libraries was evaluated with the Agilent 2100 BioAna-

lyzer (Agilent, USA). They were quantified with the

KAPA library quantification kit (Kapa Biosystems, USA)

according to the manufacturer’s library quantification pro-

tocol. Following cluster amplification of denatured tem-

plates, sequencing was progressed as paired-end (2 ×

100 bp) using Illumina HiSeq2500 (Illumina).

Gene expression estimation
Gene expression level was measured with Cufflinks

v2.1.1 using the gene annotation database of the species

[16]. Non-coding gene region was excluded from gene

expression measurement using -mask option. To

improve the accuracy of the measurement, multi-read-

correction and frag-bias-correct options were applied. All

other options were set to default values.
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Differential Expressed gene (DEG) analysis
Differential expression analysis was performed by

Cuffdiff [17]. To enhance the analysis accuracy, multi-

read-correction and frag-bias-correct options were

applied. All other options were set to default values.

DEGs were identified based on the p-value threshold

less than 0.05 for correcting errors caused by multiple-

testing [18].

RT-PCR (reverse transcription-polymerase chain reaction)
Cultured bacteria were collected and washed twice

with phosphate-buffered saline (PBS). After washing,

total RNA was extracted by using Trizol reagent as

described in the manufacturer’s instructions. cDNA was

synthesized by reverse transcription with 2 μg total

RNA, 0.25 μg of random hexamer and 200 U of MMLV-

RT for 50 min at 37℃ and 15 min at 70℃. Subsequent

PCR amplification using 0.2 U of Taq polymerase was

performed in a thermocycler using specific primers. The

PCR primer sequences and PCR conditions used in this

study are listed in Table 1.

Fig. 1. Chemical structure of β-caryophyllene. 

Table 1. List of primer sequences and PCR conditions for RT-PCR.

Primers
Sequences(5'-3') Product

length 
(bp)

Annealing
temperature

(℃)
Cycles Reference

Forward Reverse

DnaA GGGCATGACTTTAGCGGTTA TTAACGAATTGCACGCCAAC 128 55 27 [29]

DnaB AATGGGCCGTTTATCGTCTC CAAATCCGCTTGCAACTACG 231 55 27 [29]

DnaE AATCCACCGGCTCCAAATAC GCCAAACAAGTGTGGGAGTA 184 55 27 [29]

DnaN GTTAGCGGTGGTTGAAAACG CGGTTTCGCTATGCTCAGAA 233 55 27 [29]

DnaQ CGCATGAAGCTTTGCAAGAA GCATAGGCTCTATGGCTGAC 244 55 27 [29]

HolB TGCAAGCCTTTTTGAACACC CGCGTTTTGGGCTTCTATAC 196 55 26 [29]

GyrA GTGCATAGGCGTATTTT CATTCTGGCTTCAGTGTAACG 246 52 25 This study

CagA TGGCAGTGGGTTAGTCATA CCTGTGAGTTGGTCTTCTTGT 278 45 35 [30]

VacA AAACGACAAGAAAGAGATCAGT CCAGCAAAAGGCCCATCAA 291 57 22 [31]

SecA AAAAATTTGACGCTGTGATCC CCCCCAAGCTCCTTAATTTC 274 47 27 [32]

FlaA TAGACACCACCAACGCTAAA TGCATTCTAGGGGGTTGTAT 239 62 29 [33]

FlaB GTCAATGGCGTGAATGATTA ATTCACGGTCCCAATTTCTA 213 60 29 [33]

FlgE CCGATCAAATCCTTAACACC AGGCTTAAAAACATGCGAAC 381 52 29 [33]

FlhA TCATTGGAGGGTTTTTAGTGG GGTGCGAGTGGCGACAAT 155 60 28 [33]

VirB2 CAGTCGCCTGACCTCTTTTGA CGGTCACCAGTCCTGCAAC 156 62 25 [34]

VirB4 GTTATAGGGGCAACCGGAAG TTGAACGCGTCATTCAAAGC 449 62 37 [34]

VirB5 TACAAGCGTCTGTGAAGCAG GACCAACCAACAAGTGCTCA 436 62 30 [34]

VirB6 CCTCAACACCGCCTTTGGTA TAGCCGCTAGCAATCTGGTG 225 62 25 [34]

VirB7 GATTACGCTCATAGGCGATGC TGGCTGACTTCCTTGCAACA 202 62 25 [34]

VirB8 GTTGATCCTTGCGATCCCTCA CGCCGCTGTAACGAGTATTG 218 62 25 [34]

VirB9 GCATGTCCTCTAGTCGTTCCA TATCGTAGATGCGCCTGACC 269 62 25 [34]

VirB10 TCCACTTCATCAGCTTGTCG CTAACGACAGAGCGGCTATC 361 62 31 [34]

VirD4 CCGCAAGTTTCCATAGTGTC GCGAGTTGGGAAACTGAAGA 263 62 25 [34]

GalE ATGGCATTATTATTCACAGG GCTCCATAAGGATTAATGGG 461 59 27 [35]
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Statistical analysis
Data in the bar graphs are presented as mean ± stan-

dard error of mean (SEM). All the statistical analyses

were performed using GraphPad Prism 5.02 software

(GraphPad Software, USA). All the data were analyzed

by unpaired Student’s t-test and p < 0.05 was considered

to be statistically significant (*p < 0.05, **p < 0.01 and

***p < 0.001). 

Results and Discussion

Determination of the MIC
In this study, the MIC of β-caryophyllene against H.

pylori was determined by the agar dilution method.

Mueller-Hinton agar plates containing various concen-

trations of β-caryophyllene (125, 250, 500, 1,000 and

2,000 μg/ml) were prepared and H. pylori reference

strain (ATCC 49503) was grown on the agar plates for

72 h. The result from the agar dilution test showed that

the MIC of β-caryophyllene against H. pylori was

1,000 μg/ml (Fig. 2). Therefore, 500 μg/ml concentration

of caryophyllene was used for subsequent experiments

to investigate the transcriptional changes. Since only

one reference strain was used to determine the MIC of β-

caryophyllene, further study would be necessary to

apply to other reference strains or clinical isolates.

Differential expression profiles of transcriptome between
untreated control and caryophyllene-treated H. pylori
analyzed by NGS

H. pylori ATCC 49503 strain was treated with or

without β-caryophyllene (500 μg/ml) and their transcrip-

tome were analyzed by the next generation sequencing

(NGS) following RNA isolation and cDNA synthesis.

Because β-caryophyllene MIC against H. pylori was

1,000 μg/ml in the agar dilution test, 500 μg/ml concen-

tration of β-caryophyllene was used for NGS analyze to

avoid the RNA expression changes resulting from

bacterial cell death. A total of 1,632 complete H. pylori

transcripts were analyzed. Only 1,076 out of 1,632 genes

were already known genes, but the remaining 556

transcripts were predicted coding regions. The NGS

result showed that a total of 62 out of 1,632 genes were

significantly differentially expressed between untreated

control and β-caryophyllene-treated H. pylori tran-

Fig. 2. Minimum inhibitory concentration of β-caryophyllene
against H. pylori. H. pylori (ATCC 49503) was grown on Mueller-
Hinton agar containing indicated concentrations of β-
caryophyllene (125, 250, 500, 1,000 and 2,000 μg/ml). MIC of
β-caryophyllene against H. pylori was determined after 72 h of
incubation. 

Fig. 3. The volcano plot depicting the fold differences in
gene expression levels of H. pylori after caryophyllene
treatment. The volcano plot representation of differential
expression analysis of genes in the untreated H. pylori versus
caryophyllene-treated H. pylori. The x-axis shows log2 fold
changes in expression and the y-axis the log odds of a gene
being differentially expressed. Red and blue points mark the
genes with significantly increased or decreased expression
respectively in untreated H. pylori compared to caryophyllene-
treated H. pylori. 



444 Woo et al. 

http://dx.doi.org/10.48022/mbl.2107.07001

scriptomes. The volcano plot illustrates a high number

of statistically significant differences (Fig. 3). Moreover,

the ratio of the differential expression (fold change,

illustrated in the abscissa of the volcano plot) is also

fairly noteworthy. Therefore, there was a very good

correlation between the fold change differences and p-

values. There were 32 up-regulated genes and 30 down-

regulated genes by β-caryophyllene treatment to H.

pylori. Considering the genes associated with DNA

replication, virulence factors and type IV secretion

system (T4SS) components, among the 62 differentially

expressed genes, 11 genes (dnaE, dnaN, holB, gyrA,

cagA, vacA, secA, flgE, virB2, virB4 and virB8) were sig-

nificantly down-regulated by β-caryophyllene treatment

(Table 2). 

Effects of caryophyllene on gene expression involved in
DNA replication of H. pylori

In the NGS analysis, it was found that caryophyllene

treatment reduced expression of genes associated with

DNA replication, virulence factors and T4SS compo-

nents. Therefore, RT-PCR was conducted to confirm

whether the mRNA expressions of the identical genes

are reduced by caryophyllene treatment in H. pylori.

RNA was extracted from H. pylori-treated with β-

caryophyllene and subjected to RT-PCR. Firstly, the

expressions of DNA replication-associated genes (dnaA,

dnaB, dnaE, dnaN, dnaQ, holB and gyrA) were ana-

lyzed by RT-PCR. The RT-PCR results revealed the

down-regulation of dnaE, dnaN, holB and gyrA mRNA

levels in H. pylori-treated with β-caryophyllene (Fig. 4).

The expressions of dnaE, dnaN, holB and gyrA genes

were significantly decreased by treatment with 250 μg/

ml or higher concentration of β-caryophyllene. DnaE and

DnaN are components of DNA polymerase III holoen-

zyme protein [19]. HolB encode sliding clamp and clamp

loader [20]. Some studies demonstrated that the DnaE,

DnaN and HolB are indispensable for the bacterial

growth and survival [19−21]. GyrA is one of DNA gyrase

subunit which is pivotal for the process of bacterial DNA

replication [22]. For that reason, down-regulation of

dnaE, dnaN, holB and gyrA genes by caryophyllene may

be a possible inhibition mechanism against H. pylori

growth.

Effects of caryophyllene on the expression of virulence
factors of H. pylori

CagA and VacA proteins are the major virulence fac-

tors of H. pylori. Both CagA and VacA proteins is known

to disrupt intracellular signaling in host cells that lead

Table 2. Summary of down-regulated genes associated with DNA replication, virulence factors and T4SS after treatment with
caryophyllene analyzed by NGS.

Category GeneNamea) Locus Description
Gene expression Control : 

Caryophyllene
ratiob)Control Caryophyllene

DNA 
replication

dnaE HP_1460 DNA polymerase III alpha-subunit (DnaE) 662.42 518.17 0.78

dnaN HP_0500 DNA polymerase III beta-subunit (DnaN) 914.15 427.89 0.47

holB HP_1231 DNA polymerase III delta prime subunit (HolB) 106.97 73.59 0.69

gyrA HP_0701 DNA gyrase, subunit A (GyrA) 463.92 183.38 0.40

Virulence 
factors

cagA HP_0547 cag pathogenicity island protein (CagA) 4433.27 2554.74 0.58

vacA HP_0887 vacuolating cytotoxin (VacA) 4234.46 2025.68 0.48

secA HP_0786 preprotein translocase subunit (SecA) 380.11 239.01 0.63

flgE HP_0870 flagellar hook (FlgE) 166.12 74.51 0.45

T4SS virB2 HP_0546 cag pathogenicity island protein (CagC) 6865.81 2996.32 0.44

virB4 HP_0017 virB4 homolog (VirB4) 168.62 60.17 0.36

virB8 HP_0530 cag pathogenicity island protein (CagV) 423.43 144.77 0.34

a) Gene designation of H. pylori strain was obtained according to the NCBI (http://www.ncbi.nlm.nih.gov/) and KEGG database (http://
www.genome.jp/kegg/). 
b) The ratio of gene expression-change amount was calculated as follows: quantity of gene expression with caryophyllene treatment/quantity of
gene expression without caryophyllene treatment.



Caryophyllene Reduces mRNA Expression in H. pylori  445 

September 2021 | Vol. 49 | No. 3

Fig. 4. mRNA expression levels of DNA replication-related genes in β-caryophyllene treatment conditions. H. pylori specimens
were cultured with indicated concentrations of β-caryophyllene in Mueller-Hinton broth for 72 h and RNA was extracted. (A) Expres-
sion of DNA replication machineries (dnaB, dnaE, dnaN, dnaQ, holB and gyrA) in H. pylori treated with β-caryophyllene. Constitutively
expressed galE was used as an internal control. (B) Densities of the PCR bands were illustrated as a graph and the data in the bar
graphs are presented as mean ± standard error of the mean (SEM) of triplicate experiments were analyzed by Student’s t-test
(* p < 0.05, ** p < 0.01 and *** p < 0.001). 

Fig. 5. mRNA expression levels of virulence factors in β-caryophyllene treatment conditions. H. pylori specimens were cultured
with indicated concentrations of β-caryophyllene in Mueller-Hinton broth for 72 h and RNA was extracted. (A) Expression of major
virulence factors (cagA, vacA and secA) and flagella components (flaA, flaB, flgE and flhA) in H. pylori treated with β-caryophyllene.
Constitutively expressed galE was used as an internal control. (B) Densities of the PCR bands were illustrated as a graph and the
data in the bar graphs are presented as mean ± standard error of the mean (SEM) of triplicate experiments were analyzed by
Student’s t-test (* p < 0.05, ** p < 0.01 and *** p < 0.001). 
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to uncontrolled growth of the cells and inflammatory

responses [1−3, 23]. SecA protein is an ATPase responsi-

ble for the regulation of type Va secretion system

(T5aSS), and VacA protein is secreted by T5aSS [6, 24,

25]. The mRNA levels of cagA, vacA and secA genes in

H. pylori treated with caryophyllene were also assessed

by RT-PCR to confirm the NGS result. The RT-PCR

analysis showed that β-caryophyllene reduced the

expression of cagA, vacA and secA genes in a β-caryo-

phyllene dose-dependent manner (Fig. 5). H. pylori pos-

sesses various virulence factors necessary to colonize

and induce pathological changes in the gastric mucosa.

Flagella are necessary for H. pylori to promote success-

ful infection because it should move toward the gastric

epithelium where the bacteria bind for colonization.

FlgE is a hook protein which forms a bend just outside

the outer membrane [4]. The RT-PCR analysis also

showed that β-caryophyllene diminished the expression

of flgE genes in H. pylori (Fig. 5). Therefore, the results

in this study imply that the down-regulated expression

of cagA, vacA, secA and flgE by caryophyllene treatment

may contribute to the alleviation of H. pylori-induced

pathogenesis in gastric epithelium.

Effects of caryophyllene on the expression of T4SS com-
ponents of H. pylori

T4SS is one of the protein secretion systems in H.

pylori that responsible for translocation of CagA protein

Fig. 6. mRNA expression levels of T4SS components in β-caryophyllene treatment conditions. H. pylori specimens were cultured
with indicated concentrations of β-caryophyllene in Mueller-Hinton broth for 72 h and RNA was extracted. (A) Expression of T4SS
components (virB2, virB4, virB5, virB6, virB7, virB8, virB9, virB10 and virD4) in H. pylori treated with β-caryophyllene. Constitutively
expressed galE was used as an internal control. (B) Densities of the PCR bands were illustrated as a graph and the data in the bar
graphs are presented as mean ± standard error of the mean (SEM) of triplicate experiments were analyzed by Student’s t-test
(* p < 0.05, ** p < 0.01 and *** p < 0.001). 
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to host cells [26]. The T4SS apparatus commonly con-

sists of 11 VirB proteins, encoded by the virB1-B11

genes and VirD4 protein [26, 27]. NGS analysis showed

that caryophyllene treatment diminished the expression

of several T4SS components including virB2, virB4 and

virB8 (Table 2). Thus, RT-PCR was conducted to confirm

whether mRNA levels of virB2, virB4 and virB8 are

reduced by β-caryophyllene treatment in H. pylori.

Expressions of T4SS components including virB2, virB4,

virB5, virB6, virB7, virB8, virB9, virB10 and virD4 in H.

pylori were investigated after caryophyllene treatment.

In the results, mRNA expression levels of virB2, virB4

and virB8 were lessened in a β-caryophyllene dose-

dependent manner (Fig. 6). The external pilus of T4SS is

generally composed of VirB2 and VirB5, and VirB2 is

the major pilin subunit [28]. VirB4 and VirB8 are the

components of the cytoplasmic/inner membrane com-

plex. VirB4 acts as a cytoplasmic NTPase which pro-

vides the energy for assembly of the T4SS apparatus

and delivery of CagA protein [28]. Consequently, these

results suggest that inhibition of T4SS expression by β-

caryophyllene might be in part associated with the

decreased translocation of CagA. In conclusion, it was

found that β-caryophyllene shows the transcriptional

changes by reducing the expression of various patho-

genic determinants. Eleven genes associated with DNA

replication, virulence factors and T4SS components were

significantly down-regulated in NGS as well as RT-PCR.

Our findings suggest that β-caryophyllene is a candidate

of a therapeutic agent for H. pylori infection.
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