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Summary

Diallyl sulfide (DAS) and diallyl disulfide (DADS), two
constituents of garlic, can inhibit quorum sensing
(QS) systems of Pseudomonas aeruginosa. However,
the differences in the mechanism of QS inhibition
between DAS and DADS, and the functional chemical
groups of these sulfides that contribute in QS inhibi-
tion have not been elucidated yet. We assumed that
the sulfide group might play a key role in QS inhibi-
tion. To prove this hypothesis and to clarify these
unsolved problems, in this study, we synthesized
diallyl ether (DAE), and compared and investigated
the effects of DAS and DAE on the growth and pro-
duction of virulence factors, including Pseudomonas
quinolone signal (PQS), elastase and pyocyanin, of
P. aeruginosa PAO1. Transcriptome analysis and
qRT-PCR were used to compare and analyse the dif-
ferentially expressed genes between the different
treatment groups (DAS, DAE and control). The
results indicated that DAS did not affect the growth
dynamics of P. aeruginosa PAO1; however, DAS
inhibited transcription of most of the QS system

genes, including lasR, rhlI/rhlR and pqsABCDE/
pqsR; thus, biosynthesis of the signal molecules C4-
HSL (encoded by rhlI) and PQS (encoded by
pqsABCDE) was inhibited. Furthermore, DAS inhib-
ited the transcription of virulence genes regulated by
the QS systems, including rhlABC, lasA, lasB, lecA
and phzAB, phzDEFG, phzM and phzS that encode
for rhamnolipid, exoprotease, elastase, lectin and
pyocyanin biosynthesis respectively. DAS also
enhanced the expression of the key genes involved
in the biosynthesis of three B vitamins: folate, thi-
amine and riboflavin. In conclusion, DAS suppressed
the production of some virulence factors toxic to the
host and enhanced the production of some nutrition
factors beneficial to the host. These actions of DAS
may be due to its thioether group. These findings
would be significant for development of an effective
drug to control the virulence and pathogenesis of
the opportunistic pathogen P. aeruginosa.

Introduction

Pseudomonas aeruginosa is a ubiquitous gram-negative
opportunistic pathogen that causes a variety of infections
in human, including chronic infection of the airway in
patients with cystic fibrosis (Stover et al., 2000; Martin
et al., 2018; Kostylev et al., 2019). P. aeruginosa pro-
duces a large number of virulence factors that cause
persistent infections (Lee and Zhang, 2015). The bac-
terium also has many genes that confer strong resis-
tance against antibiotics, and its antibiotic resistance
may manifest through mutations and horizontal gene
transfer, which pose challenge for effective clinical treat-
ment (Fruci and Poole, 2018; Lopez-causape et al.,
2018; Moura-Alves et al., 2019). Therefore, it is neces-
sary to develop new treatment strategies for P. aerugi-
nosa infections. It has been reported that at least 3-6%
of the P. aeruginosa genome is regulated by quorum
sensing systems based on transcriptomic analysis (Hent-
zer et al., 2003; Smyth et al., 2010). Therefore, one fea-
sible option is to suppress the virulence and
pathogenicity of P. aeruginosa by inhibiting its quorum
sensing (QS) systems.
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Garlic (Allium sativum) is a common herb, which has
been used in folk medicine for thousands of years. Gar-
lic has a wide range of antimicrobial activities, including
antibacterial, antifungal and antiviral (Harris et al., 2001).
The antifungal activity of garlic is higher than its antibac-
terial activity (Avato et al., 2000). Garlic distilled oil con-
tains more than 20 organic sulfides with biological
properties (Ko et al., 2017), including diallyl sulfide
(DAS), diallyl disulfide (DADS), diallyl trisulfide (DATS)
and diallyl tetrasulfide (DATTS). The antibacterial activity
of the four sulfides against P. aeruginosa increases with
increase in the number of disulfide bonds (Tsao and Yin,
2001). Garlic oil also enhances host inflammatory
response to improve the ability of clearing P. aeruginosa
(Bjarnsholt et al., 2005). A previous study concluded that
the allyl group imparts antibacterial property to the four
sulfides (Casella et al., 2013). Researchers have also
found that garlic extract can inhibit virulence genes regu-
lated by the QS systems of P. aeruginosa (Rasmussen
et al., 2005). Later, researchers found that garlic extracts
inhibit the production of QS signal molecules and extra-
cellular virulence factors of P. aeruginosa (Harjai et al.,
2010), which was verified by in vitro and in vivo experi-
ments (Smyth et al., 2010). Two years later, researchers
found that the compound in garlic with QS inhibitory
activity against P. aeruginosa was ajoene, a sulfur-rich
compound (Jakobsen et al., 2012). Some other ingredi-
ents from garlic were also preliminarily detected to have
QS inhibitory activity on luxI/luxR, including DAS, DADS,
DATS, DATTS, 2-vinyl-4H-1,3-dithiine and 3-vinyl-3,4-di-
hydro-1,2-dithiine (Persson et al., 2005; Cady et al.,
2012). In our previous study, we verified that DADS in
garlic can inhibit QS of P. aeruginosa; DADS inhibits the
production of virulence factors in P. aeruginosa by
inhibiting the expression of the key genes in the three
QS systems, namely las, rhl and pqs (Li et al., 2018,
2019). At the same time, we also detected that DAS
from garlic inhibit QS of P. aeruginosa. However, is DAS
has the same effect as DADS on QS inhibition of P.
aeruginosa? What are the differences in the mechanism
of QS inhibition between them? These are problems that
have not been clarified. Moreover, the functional chemi-
cal groups of these sulfides that acted on the QS inhibi-
tion were also unknown. It was assumed that the sulfide
group possibly plays the main role in the process of QS
inhibition.
To prove this hypothesis and to clarify these unsolved

problems, in this study, we synthesized diallyl ether
(DAE), and compared and investigated the differences in
biological and molecular effects of DAS and DAE on
transcriptome of P. aeruginosa PAO1, on cell growth,
and on production of its virulence factors. DAS and DAE
have the same chemical structure, except for the pres-
ence of thioether group in DAS and ether group in DAE.

Furthermore, we can analyse the differences in the
mechanism of QS inhibition between DAS and DADS
and to further identify and verify the chemical groups of
these sulfides that are responsible for their QS inhibition
activity.

Results
Effects of diallyl sulfide and diallyl ether on the
transcriptome of PAO1 strain

Volcano plot analysis. The transcriptome sequencing
data of control, DAS-treated and DAE-treated groups
were compared and analysed in the following manner:
DAE vs. DAS, control vs. DAS and control vs. DAE. The
details of the differentially expressed genes among the
three groups are shown in a volcano plot (Fig. S1). The
volcano plot showed that the number of differentially
expressed genes between DAE-treated group and DAS-
treated group was high (Fig. S1A, total 2195,
upregulated 1608, downregulated 587). There were
many differentially expressed genes in the PAO1 strain
between the control group and DAS-treated group
(Fig. S1B, total 2771, upregulated 1905, downregulated
866), while the number of differentially expressed genes
between the control group and DAE-treated group was
relatively low (Fig. S1C, total 770, upregulated 349,
downregulated 421). The volcano plots indicated that
DAS had much more effect on the PAO1 strain than
DAE.

Venn diagram analysis. In order to further analyse the
relationship between the differentially expressed genes
among the different groups, we analysed the
differentially expressed genes in the transcriptome by
constructing intergroup Venn diagram (Fig. 1B). The
Venn diagram shows that 621 genes were differentially
expressed after DAS and DAE treatments, but 285
genes among them were differently expressed between
DAS and DAE treatments, and 336 genes among them
had the same differential expression. More importantly,
1509 differentially expressed genes between control and
DAS-treated group were differentially expressed
between DAS and DAE treatment, but not differentially
expressed between control and DAE-treated group. The
Venn diagram also showed that the effects of DAS on
the transcriptome of the PAO1 strain were much more
significant than that of DAE, although some of the
changes by both the treatments were same.

The Kyoto encyclopedia of Genes and Genomes
enrichment analysis. After identifying the differentially
expressed genes in the transcriptome of the PAO1 strain
after DAS and DAE treatment, we classified and
enriched the differentially expressed genes in the three
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experimental groups in the Kyoto encyclopedia of Genes
and Genomes (KEGG) to explore the deep influence
and molecular mechanism of DAS on the PAO1 strain.
The KEGG enrichment map of the differentially
expressed genes in the three experimental groups is
shown in Fig. 2. The differentially expressed genes were
significantly enriched in 15 KEGG pathways (0.00 < q
value < 0.50) (Fig. 2A), when the transcriptome of the
DAE-treated group was compared with that of the DAS-
treated group. The enriched KEGG pathways with
significantly downregulated gene transcription were as
follows: phenazine biosynthesis, quorum sensing and
biosynthesis of siderophore group non-ribosomal
peptides; the enriched KEGG pathways with significantly
upregulated gene transcription were as follows: cationic
antimicrobial peptide (CAMP) resistance, folate
biosynthesis, thiamine metabolism, sulfur relay system,
pentose and glucoronate interconversions, beta-lactam
resistance, riboflavin metabolism, ascorbate and aldarate

metabolism, lipopolysaccharide biosynthesis, glycerolipid
metabolism and sulfur metabolism; many upregulated
genes as well as downregulated genes in the KEGG
pathway were responsible for biosynthesis of antibiotics.
Some of the detailed KEGG pathways are provided in
Fig. S2, including phenazine biosynthesis pathway
(Fig. S2A), quorum sensing pathway (Fig. S2B),
biosynthesis of siderophore group non-ribosomal
peptides (Fig. S2C), folate biosynthesis (Fig. S2D),
thiamine metabolism (Fig. S2E) and riboflavin
metabolism (Fig. S2F).
The differentially expressed genes of the PAO1

strain were significantly enriched in 18 KEGG pathways
(0.00 < q value < 0.50) (Fig. 2B), when the transcrip-
tome of control group was compared with that of the
DAS-treated group. Among them, the enriched KEGG
pathways with significantly downregulated gene expres-
sion were as follows: phenazine biosynthesis and quo-
rum sensing; the enriched KEGG pathways with

Fig. 1. Chemical structural formula of diallyl sulfide (DAS) and diallyl ether (DAE), and Venn diagram of differentially expressed genes (fold
change > 2, P value < 0.05) of the PAO1 strain in the control group, DAS-treated group and DAE-treated group based on RNA-seq.A. Chemi-
cal structural formula of DAS and DAE.B. Venn diagram of differentially expressed genes of the PAO1 strain in the control group, DAS-treated
group, DAE-treated group and their overlaps based on RNA-seq.
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significantly upregulated gene expression were as fol-
lows: ribosome, aminoacyl-tRNA biosynthesis, protein
export, thiamine metabolism, one carbon pool by folate,
lipopolysaccharide biosynthesis, biosynthesis of amino
acids, lysine biosynthesis and riboflavin metabolism; in
other enriched KEGG pathways, there were both
upregulated genes as well as downregulated genes.
Some of the detailed KEGG pathways are provided in
Fig. S3, including phenazine biosynthesis pathway
(Fig. S3A), quorum sensing pathway (Fig. S3B), biosyn-
thesis of siderophore group non-robosomal peptides
(Fig. S3C), thiamine metabolism (Fig. S3D), one car-
bonpool by folate (Fig. S3E) and riboflavin metabolism
(Fig. S3F).
The differentially expressed genes of the PAO1 strain

were significantly enriched in 10 KEGG pathways
(0.00 < q value < 0.50) (Fig. 2C), when the transcrip-
tome of the control group was compared with that of the
DAE-treated group. Among them, no pathway had signif-
icantly downregulated gene transcription; the 7

significantly enriched pathways with mainly upregulated
genes were as follows: ribosome, oxidative phosphoryla-
tion, citrate cycle (TCA cycle), aminoacyl-tRNA biosyn-
thesis, photosynthesis, protein export and carbon fixation
pathways in prokaryotes.

Gene Ontology enrichment analysis. Gene Ontology
(GO) enrichment maps of differentially expressed genes
in the three experimental groups are provided in Fig. 3.
The differentially expressed genes were significantly
enriched in 11 GO terms (0.00 < q value < 0.50)
(Fig. 3A), when the transcriptome of the DAE-treated
group was compared to that of the DAS-treated group.
The 11 GO terms significantly enriched are as follows:
phenazine biosynthetic process, antibiotic biosynthetic
process, thiamine metabolic process, Mo-molybdopterin
cofactor biosynthetic process, thiamine biosynthetic
process, Mo-molybdopterin cofactor metabolic process,
response to drug, thiamine-containing compound
metabolic process, thiamine-containing compound

Fig. 2. KEGG enrichment column maps of differentially expressed genes of the PAO1 strain in the control group, DAS-treated group and DAE-
treated group based on RNA-seq (0.00 < q value < 0.05).A. DAE-treated group vs. DAS-treated group.B. Control group vs. DAS-treated
group.C. Control group vs DAE-treated group.
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biosynthetic process, molybdopterin cofactor metabolic
process and prosthetic group metabolic process.
A total of 195 (0.00 < q value < 0.50) of significantly

enriched GO terms of the differentially expressed genes
were identified when the transcriptome of the control
group was compared with that of the DAS-treated group
(Fig. 3B), and 375 (0.00 < q value < 0.50) enriched GO
terms of the differentially expressed genes were identi-
fied when the control group was compared with that of
the DAE-treated group (Fig. 3C). Most of these signifi-
cantly enriched GO terms were related to structural con-
stituent of ribosome, RNA binding, translation and
cellular biosynthetic process (Fig. 3B and C).

qRT-PCR validation results

The qRT-PCR validation map of some differentially
expressed key genes of the three QS systems in the
PAO1 strain after DAS and DAE treatments are provided
in Fig. 4. The map shows that there were significant dif-
ferences between the transcription levels of all nine
genes after DAS treatment based on the independent

Student’s t-test at P < 0.01, as well as significant differ-
ences after DAE treatment at P < 0.05. Moreover, the
transcription levels of lasR, rhlI, rhlR, pqsA, pqsR, lasA,
lasB and phzM were all downregulated with a fold
change > 2 after DAS treatment, with the exception of
lasI for which a fold change < 2 was observed. How-
ever, the transcription levels of lasI, lasR, rhlI, rhlR,
pqsA, pqsR and phzM were all downregulated with a
fold change < 2 after DAE treatment, but the transcrip-
tion levels of lasA and lasB were downregulated with a
fold change > 2 after DAE treatment. The qRT-PCR
results were consistent with that of the transcriptome
data analysis.

Growth curves of the PAO1 strain

The growth curves of the PAO1 strain exposed to differ-
ent concentrations of DAS or DAE are provided in
Fig. 5A and B, respectively. The growth curves in
Fig. 5A show that the growth curves of the PAO1 strain
exposed to 0.16–0.63 ll ml�1 DAS were almost the
same as that of the control group, showing a typical

Fig. 3. GO enrichment bubble maps of differentially expressed genes in the PAO1 strain in the control group, DAS-treated group, and DAE-
treated group based on RNA-seq (0.00 < q value < 0.05).A. DAE-treated group vs. DAS-treated group.B. Control group vs. DAS-treated
group.C. Control group vs. DAE-treated group.
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growth curve. However, DAS had minor effect on the
growth of the PAO1 strain, but it prolonged the lag
phase for several hours when the concentration of DAS
reached 1.25 ll ml�1 or above. Typical growth curves
were also observed when PAO1 was exposed to differ-
ent concentration (0.16–5 ll ml�1) of DAE (Fig. 5B).
Therefore, both DAS and DAE had little effect on the
growth of PAO1 under 1.25 ll ml�1 of concentration.

Determination of the virulence factors of the PAO1
strain. (i) Pseudomonas Quinolone Signal production

The histogram of the relative production of PQS in the
PAO1 strain cultures exposed to DAS and DAE for 72 h
is provided in Fig. 6A. Figure 6A shows that the PQS
concentration in DAS-treated group was significantly
lower than that of the control group, while the PQS con-
centration in DAE-treated group was not significantly dif-
ferent than that of the control group. Therefore, DAS
inhibited the PQS production of the PAO1 strain and
DAE had no effect on the PQS production of the PAO1
strain.

Elastase activity. Elastase activity of the PAO1 strain
exposed to different concentrations of DAS or DAE is
shown in Fig. 6B. The bar chart shows that the elastase
activity of the PAO1 strain was significantly lower than
that in the control (+) group (0 ll ml�1 DAS treatment)

and significantly higher than that in the control (�)group
(sterilized deionized water) both in the three DAS-treated
groups and in the 1.25 ll ml�1 DAE-treated groups.
However, there was no significant difference between
the control (+) group and 0.16 or 0.63 ll ml�1 DAE-
treated groups. The elastase activity decreased with the
increase of DAS or DAE concentration. In addition, the
elastase activity of the DAS-treated group was lower
than that of the DAE-treated group. Therefore, DAS
inhibited the elastase activity, whereas DAE had minor
effects on the elastase activity of the PAO1 strain in a
concentration dependent manner.

Pyocyanin yield. The dynamic curves of pyocyanin
production of the PAO1 strain exposed to different
concentrations of DAS or DAE are shown in Fig. 6C.
Figure 6C shows that pyocyanin production after
incubation for 72 h was the most in the control (+) group
(0 ll ml�1 DAS treatment), while the absorbance at
520 nm was nearly zero in the control (�) group
(sterilized deionized water). There were significant
differences in both DAS- and DAE-treated groups
compared with in the control (+) group. In the 0.16–
0.63 ll ml�1 DAS-treated group, pyocyanin production
was decreased more than two fold change compared
with that of the control (+) group. In contrast, the
pyocyanin production was decreased less than two fold
change in all DAE-treated groups after 72 h of

Fig. 4. qRT-PCR validation map of some differentially expressed key genes in quorum sensing systems of the PAO1 strain exposed to
0.63 ll ml�1 of DAS. *, denotes significant difference with P < 0.05 based on the independent Student’s t-test; **, denotes an extremely signifi-
cant difference with P < 0.01.A. PAO1 growth curves of DAS treatment.B. PAO1 growth curves of DAE treatment.

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 14, 677–691

682 W.-R. Li et al.



incubation. Therefore, both DAS and DAE can inhibit
pyocyanin production of the PAO1 strain.

Discussion

The volcano plots show that the transcriptome of the
PAO1 strain changed significantly due to DAS treatment,
but the change caused by DAE was relatively small;

thus, DAS had more effect on the PAO1 strain than
DAE. However, Figure 5A and B show that both DAS
and DAE had minor effect on the growth dynamics of
this bacterium. Effects of DAS on the physiology and
metabolism of the PAO1 strain without affecting its
growth are analysed below.
There were 336 genes that had the same differential

expression after DAS and DAE treatments (Fig. 1B).

Fig. 5. Growth curves of the PAO1 strain exposed to different concentrations of DAS or DAE.A. PAO1 growth curves of DAS treatment.B.
PAO1 growth curves of DAE treatment.
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These changes could have been caused by the carbon
skeleton of DAS and DAE. The KEGG enrichment maps
in Fig. 2 show these common changes in detail. Five
enriched KEGG pathways were same in both of the
treatments, including ribosome, oxidative phosphoryla-
tion, citrate cycle (TCA cycle), aminoacyl-tRNA biosyn-
thesis and protein export. The differentially expressed
genes in these five pathways were mainly upregulated.
These results suggested that the same carbon skeleton
structure (diallyl) of DAS and DAE could have stimulated
these KEGG pathways and enhanced the expression of
the related genes in these pathways. Researchers have
reported that diallyl disulfide in garlic has antibacterial
activity in vitro, but dipropyl disulfide in leek has no
antibacterial activity, so it can be concluded that the allyl
group plays a fundamental role in the antibacterial activ-
ity of these sulfides (Casella et al., 2013). Our findings

also indicated that both DAS and DAE can promote
some important physiological functions and metabolic
activities of the PAO1 strain, such as ribosome, oxidative
phosphorylation, TCA cycle, aminoacyl-tRNA biosynthe-
sis and protein export. These stimulation and enhance-
ment effects of the DAS and DAE on the PAO1 strain
may have resulted from providing nutrition for the strain
or they were hormesis phenomena. The concentration of
DAS and DAE used in the experiment is very low
(0.63 ll ml�1), and LB medium is rich in nutrients.
Therefore, a hormesis phenomenon likely occurred.
Hormesis refers to the occurrence of negative responses
in some organisms to toxic chemicals at high doses
(such as inhibition of growth and development) but bene-
ficial responses to toxic chemicals at low doses (Chap-
man, 2001). Hormesis is a physiological mechanism
developed during the long-term evolution of organisms

Fig. 6. Charts of virulence factors of the PAO1 strain exposed to DAS or DAE.A. PQS yield determination.B. Elastase activity determination
map.C. Pyocyanin yield determination. Control (+) group: 0 ll ml�1 DAS-treated group; Control (�) group: sterilized deionized water; *, denotes
a significant difference with P < 0.05 based on the independent Student’s t-test; **, denotes an extremely significant difference with P < 0.01.
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to adapt to natural selection and improve the survival
rate under various low-level stresses. It is important for
rapid recovery of the organism when its self-stability is
destroyed (Calabrese and Baldwin, 2001). Therefore,
both 0.63 ll ml�1 DAS and DAE show low toxicity
toward the PAO1 strian and simulates its physiological
and metabolic functions, including protein synthesis (ri-
bosome, aminoacyl-tRNA biosynthesis), transportation
(protein export), glycolysis (TCA cycle) and respiration
(oxidative phosphorylation).
The 1509 differentially expressed genes (Venn dia-

gram, Fig. 1B) between the control and the DAS-treated
group have important analytical significance, because
they were differentially expressed between the DAS and
DAE treatments but not differentially expressed between
the control and DAE-treated group. The analytical results
suggested that these genes were differentially expressed
mainly because of the thioether group. The KEGG path-
ways that were significantly enriched in both treatments
(Fig. 2A and in Fig. 2B) reflected the enrichment of
these 1509 differentially expressed genes. These genes
were enriched in 8 KEGG pathways, including: phena-
zine biosynthesis, cationic antimicrobial peptide (CAMP)
resistance, quorum sensing, folate biosynthesis, thiamine
metabolism, riboflavin metabolism, lipopolysaccharide
biosynthesis and biosynthesis of antibiotics. Among
these pathways, phenazine (Figs S2A and S3A) and
quorum sensing (Figs S2B and S3B) pathways were
enriched with downregulated genes, while cationic
antimicrobial peptide (CAMP) resistance, folate biosyn-
thesis, thiamine metabolism, riboflavin metabolism and
lipopolysaccharide biosynthesis were mainly enriched
with upregulated genes.
The detailed phenazine pathway (Figs S2A and S3A)

shows that majority of the key genes involved in PQS
synthesis, pyocyanin synthesis and 1-hydroxyphenazine
synthesis were downregulated in the phenazine path-
way, including phzAB, phzD, phzE, phzF, phzG, phzM
and phzS. Phenazine compounds are virulence factors
of P. aeruginosa, which serve as signal molecules for
QS, exert virulence to kill other microbial competitors
and influence biofilm formation (Huang et al., 2018). This
result was confirmed by PQS (Fig. 6A) and pyocyanin
(Fig. 6C) analysis and was consistent with the qRT-PCR
(Fig. 4) analysis. Pyocyanin is a virulence factor of P.
aeruginosa, which causes a wide spectrum of cellular
damage, including suppression of cell respiration, disrup-
tion of calcium homeostasis and inactivation of catalase
(Lau et al., 2004; Li et al., 2018). PQS, a signal molecule
of QS systems in P. aeruginosa, regulates the expres-
sion of some virulence genes (Kostylev et al., 2019).
This indicated that DAS inhibited the biosynthesis of
phenazine toxins regulated by the QS systems of the
PAO1 strain. Therefore, DAS played a positive role in

suppressing the virulence and pathogenicity of the bac-
terium.
The detailed quorum sensing pathway (Figs S1B and

S2B) shows that most of the key genes in QS systems
were downregulated, including lasR in las system, rhlI/
rhlR in rhl system, pqsABCDE/pqsR in pqs system, while
the expression level of lasI in las system and pqsH in
pqs system was not changed. This result was consistent
with the qRT-PCR analysis (Fig. 4). LasI is the syn-
thetase that synthesizes 3-Oxododecanoyl Homoserine
Lactone (3OC12-HSL), and LasR is the receptor of this
signal molecule (Rampioni et al., 2007; Li et al., 2020).
The quorum-sensing pathway suggested that DAS did
not inhibit the synthesis for signal molecule of 3OC12-
HSL but inhibited the receptor of the signal molecule.
Similarly, RhlI is the synthetase that synthesizes butyl-
Homoserine Lactone (C4-HSL), and rhlR is the receptor
of this signal molecule (Finch et al., 1998; Li et al.,
2020). The quorum-sensing pathway suggested that
DAS inhibited the synthesis of C4-HSL signal molecule
and simultaneously inhibited the receptor of this signal
molecule. The pqsABCDE in pqs system are encoding
genes for the synthesis of PQS signalling molecules,
and pqsR is the encoding gene for the PQS receptor
(Kostylev et al., 2019; Li et al., 2020). The quorum-sens-
ing pathway suggested that DAS inhibited the PQS sig-
nal production and suppressed the recognition and
transduction of PQS. This result was also confirmed by
PQS analysis (Fig. 6A) of the PAO1 strain. The viru-
lence genes regulated by the three QS systems were
also downregulated, including rhlABC involved in rham-
nolipid biosynthesis, lasA involved in exoprotease syn-
thesis, lasB involved in elastase synthesis and lecA
involved in lectin synthesis. Rhamnolipids, a mixture of
two or four different homologues, are a type of virulence
factors of P. aeruginosa and a kind of biosurfactant with
antimicrobial activity to compete with other microorgan-
isms in the environment (Bharali et al., 2013; Varjani
and Upasani, 2019). LasB elastase and LasA exopro-
tease contribute to the pathogenicity of P. aeruginosa,
because they have proteolytic activity to hydrolyse bioac-
tive proteins in host tissues (Elston et al., 2007). LecA, a
multifunctional virulence factor of P. aeruginosa, is not
only an invasion factor, but also an adhesion factor
(Zheng et al., 2017). This result was consistent with the
qRT-PCR analysis (Fig. 4) and elastase analysis
(Fig. 6B). A previous study reported that four diallyl sul-
fides (DAS, DADS, DATS, and DATTS) in garlic can
inhibit LuxR QS monitoring system (Persson et al.,
2005). In our previous study, we found that DADS from
garlic inhibited the gene expression of the QS systems
and related virulence genes of the PAO1 strain (Li et al.,
2019). The difference between DADS and DAS is that
DADS inhibited the transcription of all the key genes in
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the three QS systems, while DAS did not inhibit lasI and
pqsH. Therefore, DAS inhibited the biosynthesis of two
signal molecules of C4-HSL and PQS but did not inhibit
the biosynthesis of 3OC12-HSL. Moreover, DAS inhibited
the receptors of all the three signal molecules in las, rhl
and pqs QS systems. DAS also inhibited the expression
of virulence genes and the production of virulence fac-
tors regulated by the three QS systems of the PAO1
strain, including rhamnolipid, exoprotease, elastase, lec-
tin and pyocyanin. It can be concluded that DAS inhib-
ited the three QS systems to suppress the related
virulence factors of the PAO1 strain and this was mainly
due to its thioether group.
Interestingly, the KEGG pathway of biosynthesis of

siderophore group non-ribosomal peptides was signifi-
cantly enriched in both DAE-treated group vs DAS-
treated group analysis (0.00 < q value < 0.50) and in
control group vs DAS-treated group analysis (q
value = 0.5137168). The detailed pathway showed that
six key genes were downregulated in pyochelin biosyn-
thesis from chorismate (Figs S2C and S3C), including
four genes (pchDEFG) encoding for pyochelin, while one
key gene was upregulated involved in enterochelin
biosynthesis from chorismate (Fig. S3F). This result sug-
gested that the pyochelin biosynthesis in the PAO1
strain was inhibited by DAS. Pyochelin, one of the P.
aeruginosa iron acquisition systems, binds extracellular
trivalent iron ion to transport into the cell with the sidero-
phores (Banin et al., 2005). Pyochelin is also a virulence
factor of P. aeruginosa, which is regulated by the QS
systems of P. aeruginosa (Kariminik et al., 2017).
Pyochelin not only assists bacteria to obtain iron nutrition
from the host but also aggravates oxidant injury of the
human pulmonary epithelial cells (Britigan et al., 1997;
Voss et al., 2000; Lyczak et al., 2002). This indicated
that DAS inhibited the virulence factor of pyochelin regu-
lated by the QS systems in the PAO1 strain.
More interestingly, most genes in the folate biosynthe-

sis (Figs S2D and S3D), thiamine metabolism (Figs S2E
and S3E) and riboflavin metabolism (Figs S2F and S3F)
pathways of the PAO1 strain were upregulated after
DAS exposure. Figure S2D shows that there were 26
key genes involved in folate biosynthesis that were sig-
nificantly upregulated. Figs S2E and S3E show 11 and
14 key genes, respectively, those are involved in thi-
amine synthesis and were significantly upregulated. Fig-
ures S2F and S3F show 10 and 11 key genes,
respectively, those are involved in riboflavin biosynthesis
and were significantly upregulated. Folate (vitamin B9),
thiamine (vitamin B1) and riboflavin (vitamin B2) are
essential for mammals, but mammals cannot synthesize
them (Xin et al., 2017; Alam et al., 2020). Therefore,
folate, thiamine and riboflavin are mainly provided
through dietary intake for mammals. The KEGG

enrichment showed that DAS enhanced the folate, thi-
amine and riboflavin biosynthesis and metabolism of the
PAO1 strain. P. aeruginosa is a ubiquitous bacterium,
which can survive in various environment, including
water, soil, air, human skin, respiratory tract and intesti-
nes (Pang et al., 2019). The B vitamins of folate, thi-
amine and riboflavin are generally the main
micronutrients both for human and for bacterial metabo-
lism, which primarily serve as precursors of enzymatic
cofactors (Obi et al., 2020; Soto-Martin et al., 2020).
DAS promoted the VB1, VB2 and VB9 biosynthesis of
the PAO1 strain. This is likely also a hormesis effect, as
described above, which is similar to our previous obser-
vation of the enhanced swarming motility of P. aerugi-
nosa PAO1 induced by farnesol (Li et al., 2020).
Therefore, the promotion of biosynthesis of the three B
vitamins is a positive response of P. aeruginosa PAO1
to DAS-induced stress. This is significant to promote
human to obtain essential B vitamins from the metabo-
lites of intestinal microorganisms. Thus, the experimental
results suggested that DAS has potential application in
the fermentation of these three B vitamins. Can DAS
improve the biosynthesis of these three B vitamins by
other bacteria? Further research required to confirm this.
In addition, the most differentially expressed genes in

the cationic antimicrobial peptide (CAMP) resistance and
lipopolysaccharide biosynthesis pathways were upregu-
lated after DAS exposure. These are likely also hormesis
effects, which are positive responses in this bacterium to
DAS-induced stress. In the CAMP pathway, the key
genes in two two-component systems of PhoQ-PhoP
and ParS-ParR were upregulated. The two-component
system of PhoQ-PhoP is related to antimicrobial peptide
and aminoglycoside resistance, and ParS-ParR system
is related to multidrug resistance, QS and phenazine
production (Francis et al., 2017). Some genes that were
related to amino sugar and nucleotide sugar metabolism
and were regulated by the two two-component systems
were also upregulated. In lipopolysaccharides biosynthe-
sis pathway, some genes involved in lipopolysaccharide
biosynthesis, and amino sugar and nucleotide sugar
metabolism were upregulated. Lipopolysaccharides, the
components of the cell envelope, are virulence factors of
P. aeruginosa and modulate the immune response of
the host (Lam et al., 2011; McCarthy et al., 2017). This
suggested that some key genes involved in lipopolysac-
charide biosynthesis and amino sugar and nucleotide
sugar metabolism of the PAO1 strain were upregulated
by DAS, which are significant to modulate host immune
response. DAS suppressed the production of some viru-
lence factors harmful to the host and enhanced the pro-
duction of some nutrition factors beneficial to the host.
On the basis of the above mentioned analysis, a sche-

matic diagram of the action mechanisms of DAS on the
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PAO1 strain was proposed in this study (Fig. 7). As
shown in Fig. 7, DAS inhibits the expression of some
key genes in las, rhl and pqs of the three QS systems of
the P. aeruginosa PAO1 strain, including lasR, rhlI, rhlR,
pqsABCDE and pqsR. Downregulation of rhlI results in a
decrease in the concentration of RhlI (synthetase for C4-
HSL), and this finally leads to the decrease of the con-
centration of the signal molecules of C4-HSL. Similarly,
the concentration of the PQS molecules decreases due
to the downregulated pqsABCDE. Moreover, downregu-
lation of lasR, rhlR and pqsR results in a decrease of
the corresponding signal molecule receptors, with
decreased LasR for 3OC12-HSL, RhlR for C4-HSL and
PqsR for PQS. As a result, DAS inhibits the three QS
systems of P. aeruginosa PAO1. Furthermore, the
biosynthesis pathways of a series of virulence factors
regulated by the three QS systems are also inhibited,
including phenazine biosynthesis, rhamnolipid biosynthe-
sis, pyochelin biosynthesis, exoprotease of LasA biosyn-
thesis, elastase of LasB biosynthesis and lectin of LecA
biosynthesis. On the other hand, DAS enhances the
expression of some key genes and corresponding
biosynthesis pathways, such as folate biosynthesis, thi-
amine biosynthesis, riboflavin biosynthesis and
lipopolysaccharide biosynthesis. These physiological
changes in P. aeruginosa PAO1 caused by DAS, as
mentioned in this schematic diagram, are mainly due to
its thioether group.
Similar to DAS, DADS inhibited key genes in the three

QS systems of the PAO1 strain (Li et al., 2018, 2019).
One difference between DAS and DADS is that DADS
inhibits the transcriptions of all key genes in the three
QS systems of the PAO1 strain, including lasI and pqsH,
whereas DAS does not. The similarities and differences
between DADS and DAS in inhibiting P. aeruginosa
PAO1 QS systems indicated that DADS has stronger
QS inhibitory activity than DAS, as DADS has two
thioether groups, whereas DAS has one.
In conclusion, DAS from garlic did not affect the

growth dynamics of P. aeruginosa PAO1; however, DAS
inhibited transcription of most of the key genes in the
QS systems, including lasR of las system, rhlI/rhlR of rhl
system and pqsABCDE/pqsR of pqs system. Further-
more, DAS also inhibited the transcription of some viru-
lence genes regulated by the QS systems, including
rhlABC, lasA, lasB, lecA, and phzAB, phzD, phzE, phzF,
phzG, phzM and phzS. DAS also suppressed the pro-
duction of the virulence factors. DAS enhanced the
expression of the key genes involved in biosynthesis of
three B vitamin of folate, thiamine and riboflavin. Inhibi-
tion of three QS systems and enhancement of the three
B vitamins of P. aeruginosa PAO1 induced by DAS
occur mainly because of its thioether group. In addition,
DAS simulates and enhances some physiological and

metabolic functions in this bacterium, including protein
synthesis, transportation, glycolysis and respiration. DAS
suppressed some virulence factors harmful to the host
but enhanced some nutrition factors beneficial to the
host. Therefore, DAS may be a potential oral anti-inflam-
matory drug for inhibiting the virulence and pathogenicity
of P. aeruginosa by inhibiting QS systems.

Experimental procedures

Strains, media, culturing conditions and reagents

Pseudomonas aeruginosa PAO1 was used for experi-
ments in this study, which was given by the CAS Key
Laboratory of Pathogenic Microbiology and Immunology
(Beijing, China). Luria-Bertani (LB) medium and the cul-
turing conditions were the same as described in a previ-
ous study (Li et al., 2018). DAS (purity > 98%, SG: 0.89,
CAS RN: 592-88-1, product encoding: A0235) and DAE
(purity > 98%, SG: 0.81, CAS RN: 557-40-4, product
encoding: A0229) were both purchased from Tokyo
Chemical Industry (Tokyo, Japan). The chemical struc-
tural formulas of DAS and DAE are provided in Fig. 1A.

High throughput sequencing analysis of transcriptome

Pseudomonas aeruginosa PAO1 cells in log-phase (1–
2 9 108 Colony Forming Unit (CFU) ml�1) were inocu-
lated in 9 equal parts of 100 ml LB medium. Among
these cultures, three equal parts were the control
group, and the remaining six parts were divided into
DAS treatment group and DAE treatment group (three
each). The concentration of DAS and DAE was
0.63 ll ml�1 (equivalent to 0.56 mg ml�1 DAS) in the
DAS-treated group and DAE-treated group, while equal
volume of PBS buffer solution was added in the con-
trol group. All the experimental cultures were incubated
at 37°C and 180 r.p.m. for 5 h. The cultures were cen-
trifuged, and the bacterial precipitates were rapidly fro-
zen at �80°C.
RNA sample preparation, library construction and

sequencing were done as described in a previous study
(Li et al., 2020). The transcriptome sequencing was per-
formed at BGI Genomics (Shenzhen, China). The
sequencing data were filtered with SOAPNUKE v1.5.2 (Li
et al., 2008). The clean reads were mapped to the refer-
ence genome using HISAT2 v2.0.4 (Kim et al., 2015). BOW-

TIE2 v2.2.5 (Langmead and Salzberg, 2012) was applied
to align the clean reads to the reference coding gene
set; then, the transcription level of the gene was calcu-
lated by RSEM v1.2.12 (Li and Dewey, 2011). Differential
expression analysis was performed using the DESEQ 2
v1.4.5 (Love et al., 2014) with a Q value ≤ 0.05. To eval-
uate the change in phenotype, GO (http://www.geneontol
ogy.org/) and KEGG (http://www.kegg.jp/) enrichment
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analysis of annotated different expressed gene was per-
formed by PHYPER (http://en.wikipedia.org/wiki/Hyperge
ometric_distribution) based on hypergeometric test. The
significant levels of terms and pathways were corrected
by Q value with a rigorous threshold (Q value ≤ 0.05) by
Bonferroni correction (Abdi, 2007). The RNA-seq data
sets are available at the NCBI Gene Expression Omni-
bus (GEO) database (GSE151292).

qRT-PCR analysis

For qRT-PCR, the PAO1 culture condition, control, DAS
and DAE treatments were the same as described in
Section 2.2. The total RNA extraction, PCR primer
design and synthesis, as well as qRT-PCR reaction were
done as described in a previous study (Li et al., 2020).
The experiments were performed with three replicates.

Fig. 7. Schematic diagram of the action mechanisms of DAS on the PAO1 strain. DAS induces some various cellular effects in the Pseu-
domonas aeruginosa PAO1 cells. First, DAS inhibits the transcription level of some key genes in las, rhl, and pqs of the three QS systems of
the P. aeruginosa PAO1 strain, including lasR, rhlI, rhlR, pqsABCDE and pqsR. LasI is the synthetase of the 3OC12-HSL signal molecule, which
is encoded by lasI. LasR is the receptor of 3OC12-HSL and encoded by lasR. Downregulation of the transcription level of lasR leads to a
decrease in the LasR receptor of 3OC12-HSL, preventing 3OC12-HSL from effectively binding to LasR; this results induced by DAS finally inhi-
bits the subsequent functions of the las QS system. Similarly, RhlI is the synthetase of the C4-HSL signal molecule, which is encoded by rhlI.
RhlR is the receptor of C4-HSL and encoded by rhlR. Downregulation of the transcription levels of rhlI and rhlR leads to a decrease in the RhlI
synthetase and RhlR receptor of C4-HSL, respectively, which reduces the production of C4-HSL and RhlR receptor. These results induced by
DAS inhibit the functions of the rhl QS system. Similarly, the genes of pqsABCDE encoded the synthetase of the HHQ signal molecule, which
is the precursor of the PQS signal molecule. The enzyme encoded by pqsH catalyses HHQ into PQS. PqsR is the receptor of the PQS signal
molecule encoded by pqsR. Downregulation of the transcription level of pqsABCDE and pqsR leads to a decrease in HHQ, PQS signal mole-
cules, and PqsR receptors respectively. These results induced by DAS finally inhibit the function of the pqs QS system. Second, the biosynthe-
sis pathways of a series of virulence factors regulated by the three QS systems are also inhibited, including phenazine biosynthesis,
rhamnolipid biosynthesis, pyochelin biosynthesis, exoprotease of LasA biosynthesis, elastase of LasB biosynthesis and lectin of LecA biosyn-
thesis. Third, DAS enhances the expression of some key genes and corresponding biosynthesis pathways, such as folate biosynthesis, thi-
amine biosynthesis, riboflavin biosynthesis and lipopolysaccharide biosynthesis. Abbreviations: DAS, diallyl sulfide; 3OC12-HSL, N-(3-
oxododecanoyl)-L-homoserine lactone; C4-HSL, N-butanoyl homoserine lactone; PQS, 2-heptyl-3-hydroxy-4-quinolone; HHQ, 2-heptyl-4(1H)-qui-
nolone.
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The independent Student’s t-test was used to compare
the DAS- and DAE-treated groups to the control group.

Growth curves of the PAO1 strain

PAO1 culture condition, control, DAS and DAE treat-
ments were the same as described in section 2.2. Con-
centration gradients of DAS and DAE used in the growth
curve were as follows: 0, 0.16, 0.63, 1.25, 2.50 or
5.00 ll ml�1 (equivalent to 0, 0.14, 0.28, 0.56, 1.11, 2.23
or 4.45 mg ml�1). The inoculation density of PAO1 strain
used for the experiment was 1-2 9 106 CFU/mL, and
the incubation time was 72 h. The experiments were
performed with three replicates. The independent Stu-
dent’s t-test was used to compare the DAS- and DAE-
treated groups to the control group.

Determination of the virulence factors of the PAO1
cultures

Pseudomonas Quinolone Signal production. PAO1
culture condition, and control, DAS and DAE treatments
were the same as described in section 2.2. PQS from
the control group, DAS-treated group and DAE-treated
group was extracted after 72 h incubation of P.
aeruginosa PAO1. The extraction and quantification of
PQS were done as described in a previous study (Li
et al., 2020).

Elastase activity. PAO1 culture condition, control, DAS
and DAE treatments were the same as described in
section 2.2. The extraction of elastase and determination
of elastase activity were done as described in a previous
study (Li et al., 2018). The experiments were performed
with three replicates. The independent Student’s t-test
was used to compare the DAS- and DAE-treated groups
to the control (+) group.

Pyocyanin production. PAO1 culture condition, control,
DAS and DAE treatments were the same as described
in section 2.2. After incubation for 72 h, the cultures
were sampled and extracted for the pyocyanin.
Extraction and quantification of pyocyanin were done as
described in a previous study (Li et al., 2018). The
experiments were performed with three replicates. The
independent Student’s t-test was used to compare the
DAS- and DAE-treated groups to the control (+) group.
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Fig. S1. Volcano plots of differentially expressed genes (fold
change > 2, P value < 0.05) of the PAO1 strain in the con-
trol group, DAS-treated group, and DAE-treated group
based on RNA-seq. Each gene is represented by a dot in
the map; the up-regulated genes are represented in red
dots and the down-regulated genes are represented in blue
dots. A, DAE-treated group vs. DAS-treated group; B, Con-
trol group vs. DAS-treated group; C, Control group vs. DAE-
treated group.
Fig. S2. The significantly enriched KEGG pathways based
on transcriptome data of the PAO1 strain (DAE-treated
group vs DAS-treated group). A, phenazine biosynthesis; B,
quorum sensing; C, biosynthesis of siderophore group non-
ribosomal peptides; D, folate biosynthesis; E, thiamine
metabolism; F, riboflavin metabolism.
Fig. S3. The significantly enriched KEGG pathways based
on transcriptome data of the PAO1 strain (Control group vs.
DAS-treated group). A, phenazine biosynthesis; B, quorum
sensing; C, biosynthesis of siderophore group nonroboso-
mal peptides; D, one carbon pool by folate; E, thiamine
metabolism; F, riboflavin metabolism.
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