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quiterpenes from the cultured
mycobiont Diorygma pruinosum against
methicillin-resistant Staphylococcus aureus
isolated from Vietnamese street foods†

Thi-Kim-Dung Le, ab Thuc-Huy Duong,*c Huy Truong Nguyen,b

Nguyen-Kim-Tuyen Pham,d Thi-Phi-Giao Vo,e Ngoc-Hong Nguyen,f

Nakorn Niamnont,g Jirapast Sichaemh and Thi-Minh-Dinh Tran*i

Traditionally, lichen has been used for many purposes, but there remains a lack of understanding regarding

the chemical composition and antimicrobial characteristics of Diorygma pruinosum, a lichen native to

Vietnam. In this study, four sesquiterpenes, diorygmones B–E (1–4), one phenolic compound, 3,5-

dihydroxy-4-methoxybenzoic acid (5), and one sterol, b-sitosterol (6), were isolated and structurally

elucidated from the cultured mycobiont of the lichen Diorygma pruinosum. Additionally, two

compounds, stictic acid (7) and norstictic acid (8), were also isolated from the lichen D. pruinosum.

Compounds 2–4 were new compounds. Their chemical structures were established using

comprehensive spectroscopic data, and the absolute configurations were confirmed through the analysis

of NOESY and electronic circular dichroism (ECD). Moreover, Staphylococcus aureus, a Gram-positive

bacterium, has been responsible for various infections, including food poisoning. Herein, we identified

and isolated 13 strains of S. aureus from street food sources. Among these strains, one was identified as

a multidrug-resistant variant, designated as SAX15, and was subsequently used for further antimicrobial

testing. Compounds 1–3 produced zones of inhibition against S. aureus SAX15 (each 5 mm) in

comparison to commercial drugs such as penicillin, ciprofloxacin, gentamicin, cefoxitin, and

clarithromycin, which displayed inhibitory zones of 7, 5, 10, 9.7, and 7 mm, respectively.
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1. Introduction

Staphylococcus aureus is a Gram-positive bacterium that
produces staphylococcal enterotoxins, which can cause gastro-
enteritis worldwide.1 Staphylococcal enterotoxins are found in
a diverse range of food items, including meat and meat prod-
ucts, poultry, eggs, dairy products, salads, baked goods like
cream-lled pastries and cakes, as well as sandwich llings.2 In
addition, S. aureus is also a leading cause of sepsis, infective
endocarditis, bone, skin, and so tissue infections, pleura, and
medical device-related infections.3 The treatment of diseases
caused by S. aureus is facing many difficulties due to the
increasing rate of antibiotic resistance in S. aureus bacteria.4

Even more concerning, multidrug-resistant strains of S. aureus
have been detected in a variety of foods, including meat,
poultry, seafood, and dairy products.5 These strains are
considered a potential route for the transmission of antibiotic-
resistant bacteria to humans.6

Lichens represent a symbiotic partnership between fungi and
cyanobacteria and/or green algae.7 Lichens are employed for
various purposes by traditional peoples, including their utilization
asmedicines, cosmetics, aphrodisiacs, and food.8 Lichens are well
RSC Adv., 2024, 14, 4871–4879 | 4871
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known to produce a wide range of characteristic secondary
metabolites, some of which exhibit antibiotic, antifungal, anti-
viral, antitumor, and anticancer properties.7,9 Vietnam has a trop-
ical climate and is home to various common crustose lichens, yet
only a few Vietnamese lichens have undergone chemical exami-
nation.10 Researchers believe that lichen-derived mycobionts hold
promise as valuable sources for discovering new compounds.11–13

Nevertheless, the understanding of the chemical composition and
antimicrobial properties of Diorygma pruinosum, a lichen native to
Vietnam, remains quite limited. To date, only three phytochem-
ical investigations have been carried out on the Diorygma genus,
uncovering the presence of ve new compounds, funiculosone,14

pruinosone, hydroxypruinosone,13 and diorygmones A–B.15
2. Results and discussion

In this investigation, we described the isolation of methicillin-
resistant S. aureus strains derived from street food collected in
Ho Chi Minh City, Vietnam. Additionally, we reported the
isolation of three new diorygmones C–E (2–4) together with
three known compounds, diorygmone B (1), 3,5-dihydroxy-4-
methoxybenzoic acid (5), and b-sitosterol (6) from the
cultured mycobiont of the lichen D. pruinosum. The structures
and absolute congurations of new compounds were estab-
lished via extensive analyses of spectroscopic data and high-
resolution electrospray ionization mass spectrometry data as
well as by comparison with literature values. Compounds 1–4, 7,
and 8 were evaluated for their antimicrobial activity against the
selected methicillin-resistant S. aureus strain, namely SAX15.

The isolation and identication of these compounds hold
signicant value in advancing our comprehension of the
chemical composition of D. pruinosum, a lichen species that has
previously received limited attention in the realm of scientic
investigation. The discovery of new compounds 2–4, carries
particular importance, as they may possess distinctive proper-
ties and potential applications. These ndings contribute to the
broader eld of natural product discovery and could have
implications for the development of novel bioactive compounds
with potential uses in various areas, including medicine and
agriculture.
2.1. Staphylococcus aureus isolation

In the process of isolating S. aureus from street food samples
collected in Ho Chi Minh City, a specic approach was
employed due to the unique characteristics of S. aureus. This
bacterium has the ability to ferment mannitol, leading to
a distinctive change in the color of the pH indicator phenol red
when grown on mannitol salt phenol red agar (MSA) medium.
As a result, colonies that exhibited a yellow color with
surrounding yellow zones onMSA were carefully selected. These
selected colonies were then transferred onto Baird-Parker agar
with tellurite egg yolk, a medium conducive to the growth of S.
aureus. Notably, 18 colonies displaying typical characteristics of
S. aureus were identied during this process. These character-
istics included the colonies being convex, shiny, black, and
encompassed by a halo of lightening egg yolk (Fig. S1†).
4872 | RSC Adv., 2024, 14, 4871–4879
This isolation and selection methodology underscores the
precision and importance of identifying S. aureus in street food
samples, as it capitalizes on the bacterium's distinctive
fermentation properties. Subsequent experiments, such as
Gram staining and biochemical tests, were conducted on these
colonies to conrm their identity as S. aureus.
2.2. Biochemical tests for identication of S. aureus strains

In the biochemical tests conducted for the identication of S.
aureus strains, all 18 presumptive S. aureus strains exhibited
Gram-positive staphylococci characteristics when observed
under the microscope, displaying distinct purple, round clus-
ters. However, a subset of 5 out of the 18 strains tested negative
for methyl red (MR) and Voges–Proskauer (VP) reactions,
exhibited oxidase positivity, and were coagulase-negative. These
atypical biochemical reactions did not align with the typical
prole of S. aureus.

Conversely, 13 out of the 18 strains displayed consistent
biochemical reactions, which included positive results for
catalase, methyl red (MR), Voges–Proskauer (VP), carbohydrate
fermentation, and coagulase tests. Additionally, these strains
tested negative for indole and oxidase tests. Based on these
consistent reactions, these 13 strains were conclusively identi-
ed as genuine S. aureus strains (Table 1 and Fig. S2–S9†).
2.3. Antibiotic susceptibility

The results of the antibiotic susceptibility tests revealed that the
majority of the strains demonstrated sensitivity to the tested
antibiotics. Specically, 9 strains displayed susceptibility to
penicillin, 12 to cefoxitin, 5 to clarithromycin, 12 to tetracycline,
10 to ciprooxacin, and 11 to gentamicin (Table 2).

However, 5 out of the 13 strains exhibited resistance to at
least one of the tested antibiotics, and 2 of these strains were
classied as multidrug-resistant S. aureus (MDR-SA) due to their
resistance to antibiotics from three different classes. Particu-
larly noteworthy was the strain SAX15, which displayed resis-
tance to 5 out of 6 tested antibiotics, including penicillin,
cefoxitin, gentamicin, ciprooxacin, and clarithromycin. The
resistance to cefoxitin strongly suggested that it was a putative
methicillin-resistant S. aureus (MRSA).

Further conrmation of its identity as an MRSA strain was
obtained through the positive detection of mecA (Fig. S10†).
MRSA is associated with signicant clinical challenges, marked
by persistently high morbidity and mortality rates.16 Conse-
quently, this MRSA strain was selected for subsequent experi-
ments focused on screening for antibacterial compounds.
2.4. Phytochemical identication of 2–4

The extract of the culturedmycobiont of the lichen D. pruinosum
was evaluated for its antimicrobial activity against S. aureus
SAX15 and exhibited an inhibition zone of 7 mm against this
strain. This extract was further selected for phytochemical
investigation. Compounds 1–5 were obtained from the most
bioactive fraction, EA5. b-Sitosterol (6) was also detected as
a major component of the studied mycobiont.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07112j


Table 1 Gram stain and biochemical test reactions of presumptive S. aureus Strains

Strain Gram Catalase Indole MR VP Oxidase Carbohydrate fermentation Coagulase

SAG1 + + − + + − + +
SAG2 + + − + + − + +
SAG3 + + − + + − + +
SAG4 + + − + + − + +
SAG5 + + − + + − + +
SAG6 + + − + + − + +
SAG7 + + − + + − + +
SAG8 + + − − − − + −
SAG9 + + − + + − + +
SAG10 + + − − − − + −
SAG11 + + − + + − + +
SAG12 + + − + + − + +
SAX13 + + − + + + + −
SAX14 + + − + + − + +
SAX15 + + − + + − + +
SAX16 + + − + + − + +
SAX17 + + − − + + + −
SAX18 + + − + + + + −
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2.4.1 Diorygmone B (1). Colorless oil. 1H NMR (acetone-d6,
500 MHz) was consistent with those reported in the literature.13

2.4.2 Diorygmone C (2). Colorless oil. HRESIMS m/z
267.1594 [M + H]+ (calcd. for C15H23O4 267.1518); 1H NMR
(acetone-d6, 500 MHz) and 13C NMR (acetone-d6, 125 MHz) see
Table 3.

2.4.3 Diorygmone D (3). Colorless oil. HRESIMS m/z
251.1649 [M + H]+ (calcd. for C15H23O3, 251.1647);

1H NMR
(acetone-d6, 500 MHz) and 13C NMR (acetone-d6, 125 MHz) see
Table 3.

2.4.4 Diorygmone E (4). Colorless oil. HRESIMS m/z
273.1463 [M + Na]+ (calcd. for C15H22O3Na, 273.1467);

1H NMR
(acetone-d6, 500 MHz) and 13C NMR (acetone-d6, 125 MHz) see
Table 3.

2.4.5 3,5-Dihydroxy-4-methoxybenzoic acid (5). White
amorphous powder. Melting point, 244–245 °C. 1H NMR
Table 2 Antibiotic susceptibility of isolated S. aureus

Strain

Inhibition zone diameter (mm)

Penicillina Cefoxitinb Clarithromycin

SAG1 30.7 � 0.6 30.3 � 0.6 21.3 � 0.6
SAG2 6.7 � 1.2 23.7 � 1.5 7.7 � 0.6
SAG3 30.3 � 0.6 30.3 � 0.6 20.7 � 0.6
SAG4 39.3 � 1.2 34.0 � 1.7 14.7 � 0.6
SAG5 42.3 � 0.6 35.0 � 0.0 22.3 � 0.6
SAG6 15.0 � 1.0 31.0 � 2.6 11.3 � 0.6
SAG7 41.0 � 1.0 34.0 � 1.0 16.0 � 1.0
SAG9 42.3 � 2.1 34.7 � 0.6 15.7 � 1.2
SAG11 36.7 � 1.5 26.3 � 1.5 20.7 � 0.6
SAG12 42.0 � 2.6 26.7 � 0.6 16.7 � 0.6
SAX14 26.7 � 0.6 37.3 � 0.6 15.0 � 1.0
SAX15 7.0 � 0.0 9.7 � 2.1 7.0 � 0.0
SAX16 57.3 � 1.2 39.7 � 0.6 22.7 � 0.6

a Penicillin:$29: susceptible, <28: resistant. b Cefoxitin:$22: susceptible,
#13: resistant. d Tetracycline: $19: susceptible, 15–18: intermediate, #14
resistant. f Gentamicin $15: susceptible, 13–14: intermediate, #12: resist

© 2024 The Author(s). Published by the Royal Society of Chemistry
(acetone-d6, 500 MHz) was consistent with those reported in the
literature.16

2.4.6 b-Sitosterol (6). White amorphous powder. Melting
point, 140–142 °C. 1H NMR (CDCl3, 500 MHz) was consistent
with those reported in the literature.17

Compound 2 was isolated as a colorless oil. A molecular
formula of C15H22O4 was determined by the HRESIMS ion
observed at m/z 267.1594 ([M + H]+, calcd for C15H23O4,
267.1518), indicating ve degrees of unsaturation. The 1H NMR
showed a signal of an oxymethine [dH 4.20 (1H, s)], a methine
[dH 3.04 (1H, d, J = 9.0 Hz)], four methyl groups [dH 0.78 (3H, s),
1.23 (3H, s), 1.29 (3H, s), and 1.76 (3H, d, J = 1.5 Hz)], and three
methylenes in the range of 1.60–2.51 ppm. The 13C NMR data
with the aid of the HSQC spectrum revealed the presence of
a carbonyl ketone (dC 206.4), two methines (dC 57.0 and 50.3),
three methylenes (dC 45.3, 38.6, and 23.8), four methyl groups
c Tetracyclined Ciprooxacine Gentamicinf

21.7 � 0.6 19.7 � 0.6 20.3 � 0.6
21.7 � 0.6 19.7 � 0.6 6.3 � 0.6
24.7 � 0.6 21.3 � 0.6 16.0 � 0.0
12.7 � 0.6 27.3 � 2.1 19.0 � 1.0
26.0 � 1.0 29.3 � 1.2 27.3 � 0.6
23.0 � 3.5 30.0 � 0.0 29.0 � 1.0
25.7 � 1.2 29.0 � 1.7 32.3 � 2.9
23.7 � 1.2 26.7 � 1.5 32.3 � 2.9
25.7 � 0.6 29.0 � 1.0 34.0 � 1.0
24.3 � 0.6 27.3 � 1.2 33.3 � 0.6
29.3 � 0.6 25.0 � 0.0 32.7 � 1.2
22.3 � 0.6 5.0 � 0.0 10.0 � 0.0
21.7 � 0.6 32.7 � 2.1 25.3 � 0.6

#21: resistant. c Clarithromycin:$18: susceptible, 14–17: intermediate,
: resistant. e Ciprooxacin: $21: susceptible, 16–20: intermediate, #15:
ant.

RSC Adv., 2024, 14, 4871–4879 | 4873
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Table 3 1H (500 MHz) and 13C (125 MHz) NMR data of 2–4 (acetone-d6, d, ppm, J/Hz)

No.

2 3 4

dH dC dH dC dH dC

1 3.04 (d, 9.0) 50.3 3.05 (m) 43.9 3.93 (m) 37.0
2 2.51 (d, 18.0) 45.3 2.42 (dd, 18.5, 7.0) 40.8 2.46 (dd, 18.5, 7.5) 39.3

2.29 (dd, 18.5, 7.0) 2.03 (m) 2.08 (m)
3 206.4 206.4 208.3
4 141.3 138.7 135.7
5 165.7 165.6 169.3
6 4.20 (s) 57.0 3.76 (s) 54.4 4.95 (d, 8.5) 68.9
7 70.7 73.2 151.6
8 1.93 (m) 23.8 4.23 (ddd, 11.5, 7.0, 3.5) 66.4 5.79 (d, 7.5) 128.4

1.63 (m)
9 2.26 (m) 38.6 2.03 (m) 40.4 4.17 (td, 7.5, 6.0) 70.8

1.96 (m) 1.88 (m)
10 72.1 2.08 (m) 32.5 2.36 (hex, 7.5) 41.3
11 70.5 2.80 (m) 29.1 2.40 (m) 37.3
12 1.29 (s) 26.1 0.86 (d, 7.0) 16.2 1.09 (d, 7.0) 21.5
13 1.23 (s) 26.0 1.10 (d, 7.0) 20.0 1.08 (d, 6.5) 22.3
14 0.78 (s) 19.2 0.57 (d, 7.0) 11.3 0.56 (d, 7.0) 10.5
15 1.76 (d, 1.5) 8.0 1.78 (d, 1.5) 7.7 1.67 (d, 1.5) 8.2
6-OH 5.38, (d, 8.5)
8-OH 3.94 (d, 7.0)
9-OH 5.19, (d. 5.5)
10-OH 3.78 (s)
11-OH 3.60 (s)
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(dC 26.1, 26.0, 19.2, and 8.0), and ve quaternary carbons (dC
165.7, 141.3, 72.1, 70.7, and 70.5). The HMBC correlations of
two methyls H3-12 (dH 1.29) and H3-13 (dH 1.23) to C-7 (dC 70.7)
and C-11 (dC 70.5) conrmed an isopropyl moiety linked to C-7
(Fig. 2). Moreover, HMBC correlations seen fromH3-15 (dH 1.76)
to C-3 (dC 206.4), C-4 (dC 141.3), and C-5 (dC 165.7), and from H3-
14 (dH 0.78) to C-1 (dC 50.3), C-9 (dC 38.6), and C-10 (dC 72.1)
indicated that 2 possessed a guaiane-type sesquiterpenoid core.

The HMBC spectrum gave the correlations of H3-15 to C-3, C-4,
and C-5, of H-2a (dH 2.51) to C-3 and C-5, and of both H-2b (dH
2.29) and H3-14 (dH 0.78) to C-1, helping to dene the existence of
a 2-methylcyclopent-2-en-1-one moiety (ring A). In addition,
HMBC correlations of proton H-6 (dH 4.20) to C-5 and C-7, and of
proton H-9a (dH 2.26) to C-7 indicated the location of a quaternary
carbon C-7. A hydroxyl group forming at C-10 was concluded from
key HMBC correlations of H3-14 to C-1, C-9, and C-10 (dC 72.1).
Furthermore, the HMBC cross-peaks seen from H2-8 (dH 1.63 and
1.93) to C-10 established the connection in ring B. Lastly, the
direct linkage between rings A and B of 2 was determined at C-1
and C-5 due to HMBC correlations of H3-14 to C-1 and H-6 to C-
5. Comparison of the 1H and 13C NMR data of 2 and hydrox-
ypruinosone (recorded in the same deuterated solvent, acetone-d6,
Table S1†) revealed a close similarity between them, suggesting
they share the same skeleton.13 However, the chemical shis of H-
6 and C-6 of 2 were shied upeld when compared to those of
hydroxypruinosone. Therefore, it suggests that epoxidation could
have occurred at positions C-6 and C-7, and this was backed up by
the molecular formula of 2.

The relative conguration of 2 was characterized via NOESY
data. In particular, the NOESY correlations of H-6/H3-12/H3-13
and of H-2a/H3-14/H-1 suggested these protons were cis-
4874 | RSC Adv., 2024, 14, 4871–4879
congured (Fig. 3). The ECD spectrum of 2 (Fig. 4) showed
a positive Cotton Effect (CE) at 297 nm and negative CE at
244 nm, which were similar to diorygmone B (1) in previous
report,15 supporting a 1S, 6R, 7S, 10R conguration of 2.
Accordingly, the structure of 2was elucidated as shown in Fig. 1.
This is a new compound, namely diorygmone C.

Compound 3 exhibited the molecular formula C15H22O3, as
established by an analysis of HRESIMS data (m/z 251.1647 [M +
H]+, calcd for C15H23O3, 251.1649). The

1H NMR spectrum of 3
showed the presence of four methyl groups at dH 1.78, 1.10,
0.86, and 0.57, two oxygenated methines at dH 4.23 and 3.76,
along with other signals corresponding to three methines and
two methylenes (Table 3). The 13C NMR and HSQC spectra
revealed 15 carbon resonances assigned to four methyls, two
methylenes, ve methines, and four quaternary carbons,
including one keto carbonyl, two olenic, and one saturated
carbon. These data suggest that 3 has a guaiane-sequiterpene
skeleton.

A comparison of the 1D NMR spectra of 2 and 3 indicated
that their structures were nearly identical, except for the
disappearance of a hydroxyl group at C-10 (dC 32.5) and C-11 (dC
29.1) and the presence of a hydroxyl group at C-8 (dC 66.4) in 3.
This nding was conrmed by the 1H NMR, which showed the
signals of a proton at C-10 (dH 2.08), a proton at C-11 (dH 2.80),
and the absence of one proton at H-8. Moreover, the 13C NMR
spectrum of 3 revealed the upeld shi of C-10 (Dd− 39.6), C-11
(Dd − 41.4), and the downeld shi of C-8 (Dd + 37.6) compared
to those of 2. The HMBC correlations of H3-14 (dH 0.57) to C-10,
C-1 (dC 43.9), of H3-12 (dH 0.86) and H3-13 (dH 1.10) to C-11 and
C-7 (dC 73.2), and of both H-6 (dH 3.76) and H-11 to C-8
conrmed the structure change in 3. Besides, the 1H–1H
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of 1–9.

Fig. 2 Key HMBC (blue arrows) and 1H–1H COSY (bold black bonds)
correlations of 2–4.

Fig. 3 Key NOESY (blue dashed arrows) correlations of 2–4.
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COSY correlations of H-8/H-9a, H-1/H-2a, H3-14/H-10, and H-11/
H3-12/H3-13 supported the proposed structure. Moreover, the
planar structure of 3 was also proved by comparing its 1D NMR
with pruinosone (Table S2†).13

The stereochemistry of 3 was dened using NOESY correla-
tions, ECD data, and comparison with the data in the literature. At
rst, the upeld 1H NMR chemical shi of H3-14 (dH/dC 0.57/11.3
in 3 vs. 0.78/19.2 in 2 and 0.81/19.2 in 1) indicated anti-congu-
ration of H-1 and H3-14, further supported by a lacked NOESY
correlation betweenH-1 andH3-14. These data were identical with
those of stelleranoids K and M reported by Pan et al. (2021).18 The
NOESY correlations of H-8/H3-14, of H3-14/H-2b, of H-6/H3-12, of
H-1/H-2a, and of H-1/H-10, helped to assign the relative congu-
ration of 3. These results suggested the cis-orientation of H-1, H-6,
and the isopropyl moiety, and of H-8 and H3-14. Moreover, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
high consistency in the ECD data of 2 and 3 (Fig. 4) allowed the
determination of the absolute conguration of 3. These ECD data
were identical with those of the enantiomer of stelleranoids K
andM,18 suggesting the absolute (1R,10R) conguration. As shown
in Fig. 1, the structure of 3 was conrmed.

Compound 4 was isolated as a colorless oil. The molecular
formula of 4 was established by its HRESIMS to be C15H22O3

based on the sodium adduct ion at m/z 273.1463 ([M + Na]+,
calcd for C15H22O3Na, 273.1467). This molecular formula was
consisted with 15 carbon resonances present in the J-modulated
13C NMR spectrum. In the 1H NMR spectrum, four methyl
groups [dH 1.67 (3H, d, J = 1.5 Hz), 1.09 (3H, d, J = 7.0 Hz), 1.08
(3H, d, J = 6.5 Hz), and 0.56 (3H, d, J = 7.0 Hz)] were observed.
The 13C NMR revealed the presence of a ketone carbon (dC
208.3), four olenic carbons (dC 169.3, 151.6, 135.7, and 128.4),
two oxygenated carbons (dC 70.8 and 68.9), and four methyls (dC
Fig. 4 Experimental ECD spectra of 2–4.
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22.3, 21.5, 10.5, and 8.2), which are characteristic signals of
a guaiane-type sesquiterpene. Comparison of the 1H and 13C
NMR data of 4 with those of hydroxypruinosone13 (Table S1†)
indicated the absence of one hydroxyl group at C-9 or C-11.

The HMBC spectrum of 4 showed correlations from both H-1
(dH 3.93) and H-8 (dH 5.79) to C-6 (dC 68.9) and C-9 (dC 70.8),
conrming that OH groups were located at C-6 and C-9.

Furthermore, detailed analysis of 2D NMR spectra of 4
allowed to conrm its structure. The existance of a 2-
methylcyclopent-2-en-1-one unit (ring A) was conrmed by the
HMBC spectrum, which showed correlations from both H3-15
(dH 1.69) and H2-2 (dH 2.46 and 2.08) to C-3 (208.3), C-4 (dC
135.7), and C-5 (dC 169.3). In addition, HMBCs from H3-14 (dH
0.56) to C-1 (dC 37.0), C-9, and C-10 (dC 37.3); from H-6 (dH 4.94)
to C-1, C-5, C-7 (dC 151.6), and C-8 (dC 128.4); from H-8 to C-6, C-
9, and C-10; and fromH-9 (dH 4.15) to C-1, C-7, and C-8, revealed
that ring B consists of seven carbons including C-1 and C-5–C-
10. The HMBC correlations of the two methyl signals H3-12
(dH 1.09), H3-13 (dH 1.08), and of the olen proton H-6 with C-7
and C-11 (dC 41.3), indicated that the isopropyl group was
located at C-7. The linkage between rings A and B at C-1–C-5 was
determined based on the key HMBC correlations from both H-6
and H-2 to C-1 and C-5. Therefore, the planar structure of 1 was
deduced as shown in Fig. 1.

The correlations of H-1/H-2a (dH 2.46)/H-6/H-10, and the
opposite correlations of H-2b (dH 2.08)/H-9/H3-14 in the NOESY
spectrum (Fig. 3) suggested that 4 has a relative conguration as
1R*,6S*,9R*,10S*. The ECD data of 4 was highly similar to that
of 3, indicating that they shared the same stereochemistry at C-1
and C-10. Accordingly, the complete structure of 4 was dened,
as shown in Fig. 1. Notably, comparison of the ECD data of 2–4
gave the same negative Cotton effect at 250 nm. This negative
CE might be an indicator for determining the stereocenter at C-
1 of guaiane-type sesquiterpenes.18,19 Thus, the absolute
conguration of 4 was 1R,6S,9R,10S.

2.5. Phytochemical data of 7–9 from the lichen D. pruinosum

The crude acetone extract of the lichen D. pruinosum was
prepared and subsequently analyzed using the thin-layer chro-
matography (TLC) method, revealing the presence of three
components, stictic acid (7), norstictic acid (8), and 90-O-meth-
ylstictic acid (9), with 7 as the major component. The isolation
of this extract led to the purication of 7 and 8 (Fig. 1).

2.5.1 Stictic acid (7). White amorphous powder. 1H NMR
(DMSO-d6, 500 MHz) was consistent with those reported in the
literature.20

2.5.2 Norstictic acid (8). White amorphous powder. 1H
NMR (DMSO-d6, 500 MHz) was consistent with those reported
in the literature.20

2.6. Biological activity of isolated compounds

Compounds 1–3 exhibited a moderate inhibitory effect against
multidrug-resistant S. aureus SAX15, with each displaying an
inhibition zone of 5 mm, while compounds 4, 7, and 8 were
inactive. Penicillin, ciprooxacin, gentamicin, cefoxitin, and
clarithromycin exhibited inhibition zones of 7, 5, 10, 9.7, and 7
4876 | RSC Adv., 2024, 14, 4871–4879
mm, respectively. The activity of 5 was previously reported.16 b-
Sitosterol (6) is considered a potent antimicrobial component.21

Thus, compound 6 might be the most active compound in the
studied mycobiont. These ndings suggest that compounds
derived from D. pruinosum could serve as promising candidates
for alternative or complementary antimicrobial agents, partic-
ularly considering their effectiveness against a multidrug-
resistant bacterial strain. Further research and exploration of
these compounds may unveil their therapeutic potential and
pave the way for the development of novel antimicrobial agents.
3. Material and methods
3.1. S. aureus isolation

In September 2022, street food samples, including stir-fried rice
noodles, sticky rice with assorted toppings, and spring rolls,
were randomly purchased from street vendors in Ward 4,
District 5, Ho Chi Minh City.

Isolation of S. aureus from street food samples was carried
out as the method reported previously.22 First, 10 g of each
sample was transferred separately to a sterile Stomacher bag
and 90 mL of NaCl (Merck, Germany) 0.9% solution were
added. The sample underwent homogenization in a stom-
acher (Seward, England) operating at 200 rpm for 5 min.
Then, a 10-fold dilution of the sample was prepared using
sterile NaCl (Merck, Germany) 0.9%, and 0.1 mL of various
dilutions was spread onto the surface of mannitol salt phenol
red agar (Merck, Germany) plates. The plates were then
incubated at 35 ± 2 °C for 24 h. Yellow colonies with yellow
zones were transferred to Baird-Parker agar (Merck, Germany)
medium with tellurite egg yolk (Merck, Germany). Subse-
quently, the plates were incubated at 35 ± 2 °C for 24 h. Black,
shiny, convex colonies surrounded by a lightening halo of the
egg yolk were used for biochemical tests, including Gram
stain, catalase test, indole test, Methyl red-Voges Proskauer
test, oxidase test, test for fermentation of glucose, lactose,
and sucrose, and coagulase test.
3.2. Biochemical test for identication of S. aureus strains

Biochemical tests for the identication of S. aureus were carried
out as previously mentioned.23–29 For Gram stain, a thin smear
of every isolate was prepared on every sterilized glass slide,
followed by heat xation. Next, the slides were stained with
crystal violet (Merck, Germany) for 1 min, followed by the
addition of Gram's iodine for 1 min. Aer that, they were
decolored with alcohol for 10–20 s. Lastly, they were counter-
stained with fuchsin (Merck, Germany). Gram-positive bacteria
appeared purple, while Gram-negative bacteria appeared red to
pink under the microscope.23

The catalase test was conducted using the test tube method.
A sterile bamboo stick was used to collect a small number of
bacterial colonies, which were then placed in the test tube
containing 2 mL of 3% hydrogen peroxide (OPC Pharma, Viet-
nam). The tube was next placed against a black background,
and the immediate formation of bubbles at the end of the
bamboo stick was observed. The bacterial strain that caused
© 2024 The Author(s). Published by the Royal Society of Chemistry
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immediate bubble formation was considered a catalase-positive
strain. No bubbles formed, indicating that the strain was
negative for catalase.26

The Indole test was detected by the test tube method.
Bacteria were cultured in test tubes containing 4.5 mL of tryp-
tone broth (Merck, Germany) at 35± 2 °C for 24–48 h. Next, add
5 drops of Kovács reagent (amyl alcohol 150 mL, p-dimethyla-
minobenzaldehyde 10 g, and HCl 50 mL) directly to the tube.
The formation of a pink to red color in the reagent layer on top
of the medium within sec of adding the reagent indicated
a positive indole test. The reagent layer remaining yellow or
becoming slightly cloudy indicated a negative indole test.24

For the MR and VP tests, bacteria were cultured in test tubes
containing 5 mL of MR-VP broth (Merck, Germany) for 18–24 h.
Next, every culture was divided into aliquots of 2.5 mL in new
sterile test tubes. Then, 5 drops of the methyl red (Merck,
Germany) reagent were added to the test tube. MR-positive
strains showed a red coloration as a result of high acid
production and a decrease in the pH of the culture medium to
4.4. The MR-negative culture showed a yellow color, indicating
a less acidic medium. The remaining 2.5 mL of every culture
grown in MR-VP broth was used for the VP test. An amount of
0.6 mL of Barritt's reagent A was added to each test tube, fol-
lowed by 0.2 mL of Barritt's reagent B. Then, the tubes were
carefully shaken for 30 s to 1 minute to expose the medium to
atmospheric oxygen (necessary for oxidation of acetoin to
obtain a color reaction). Aer that, the tubes were allowed to
stand for at least 30 min. VP-positive cultures showed red
coloration on top of the culture, whereas VP-negative isolates
had a yellowish color.25

The oxidase test was detected by the test tube method.
Bacteria were grown in 4.5 mL of nutrient broth for 18–24 h.
Next, 0.2 mL of 1% a-naphthol (Merck, Germany) was added to
every test tube, followed by 0.3 mL of 1% p-amino-
dimethylaniline oxalate (Merck, Germany) (Gaby and Hadley
reagents). Microorganisms are oxidase positive when the color
changes to blue within 15 to 30 s. Microorganisms are delayed
oxidase positive when the color changes to purple within 2 to
3 min. Microorganisms are oxidase negative if the color does
not change.27

Bacteria were tested for the fermentation of carbohydrates,
including glucose, lactose, and sucrose. They were cultured in
phenol red carbohydrate broth (proteose peptone 10 g, sodium
chloride 5 g, beef extract 1 g, phenol red 0.018 g, distilled water
1000 mL, carbohydrate 10 g) at 35 to 37 °C for 18 to 24 hours. A
yellow color indicates that enough acid products have been
produced by fermentation of the sugar to lower the pH to 6.8 or
less. A reddish or pink color indicates a negative reaction.28

The coagulase test was detected by the test tube method.
Bacteria were cultured in test tubes containing 5 mL of brain
heart infusion (BHI) broth (Merck, Germany) for 18–24 h.
Lyophilized rabbit plasma (BD BBL™, United States) was
transferred into these test tubes. Next, they were incubated at 35
± 2 °C. Clot formation was observed every 4 h until 24 h. The
test was recorded as positive if a clot was observed. No clots
indicated a negative reaction.29
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3. Antimicrobial susceptibility testing

The resistance of isolates to penicillin, gentamicin, and cipro-
oxacin was tested via disk diffusion assay using Mueller–
Hinton agar as instructed by the guidelines of the Clinical and
Laboratory Standards Institute (CLSI 2021). Suspensions
equivalent to 0.5 McFarlands were streaked on MHA (Merck,
Germany), followed by placing antibiotic discs on the surface of
the MHAmedium. Next, the plates were incubated upside down
at 35 °C for 18–24 h. Aer that, inhibition zones were measured
and compared with the CLSI guidelines to report the result as
susceptible (S), intermediate (I), or resistant (R). The antibiotic
discs tested include penicillin (10 U), gentamicin (10 mg),
ciprooxacin (5 mg), cefoxitin (30 mg), clarithromycin (15 mg),
and tetracycline (30 mg). The antibiotic discs were supplied by
Nam Khoa Biotek, Vietnam.

Cefoxitin-resistant isolates were tested for the mecA gene
using a specic primer pair (MECA_F: AGCGACTTCA-
CATCTATTAGG, MECA_R: TGTTATTTAACCCAAT-
CATTGCTGTT) in a conventional PCR assay. The primers were
synthesized by PhuSa Genomics JSC (Can Tho province, Viet
Nam). To prepare the DNA template, a single colony from each
strain was collected using a sterile toothpick and placed in
a sterile Eppendorf tube containing 50 mL of buffer (0.025 N
NaOH, 0.123% SDS). The tubes were then heated at 95 °C for
5 min, followed by centrifugation at 13 000 rpm for 5 min. The
supernatant was used as the DNA template for the PCR reaction.
The PCR reaction components consisted of 1.5 mL of 10X Taq
buffer, 1.5 mL of 2 mM dNTP, forward and reverse primers at
a nal concentration of 5 pM each, 0.5 U of Taq DNA poly-
merase (Thermo Fisher Scientic, USA), 1.5 mL of DNA template,
and sterilized Milli-Q water to reach a total volume of 15 mL.
PCR reactions were carried out in a PCR Thermal Cycler (AGI-
LENT SureCycler 8800, USA) with the following thermocycle:
initial denaturation at 95 °C for 5 min, followed by 35 cycles of
denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s,
elongation at 72 °C for 30 s, and a nal extension step at 72 °C
for 5 min. PCR products were mixed with loading dye (con-
taining 0.25% bromophenol blue, 0.25% xylene cyanol, and
40% glycerol in TAE buffer) and transferred into a well on a 2%
agarose gel. DNA electrophoresis was performed using the
Cleaver Scientic DNA electrophoresis apparatus at a voltage of
120 V and an amperage of 300 mA for 15 min.
3.4. Source of the lichen material

The lichen Diorygma pruinosum was collected from tree bark in
Quang Ngai City (15.104 N; 108.806 E), Vietnam (approx. 9 m
alt.), in March 2022. The voucher specimens were identied by
one of the authors (T.-P. G. Vo) and deposited at University of
Sciences, Ho Chi Minh City, Vietnam (registration no. UE-L007).
3.5. Mycobiont culture

The methods for mycobiont culture followed those described in
previous papers related to the cultivation of mycobionts derived
from Diorygma lichens.11,13
RSC Adv., 2024, 14, 4871–4879 | 4877
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3.6. Extraction and isolation of 1–6 from the mycobiont

The harvested colonies, with a dry weight of 18 g, were ground
and then extracted with EtOAc (10 × 100 mL each) at room
temperature. The combined extracts were concentrated under
reduced pressure to yield 198 mg of residue. The EtOAc extract
was dissolved in acetone to obtain both a solid (22 mg) and
a solution. The solid was identied as 6. The solution was
subjected to silica gel column chromatography (CC) and eluted
with n-hexane–chloroform–acetone–methanol–water (400 : 40 :
4 : 1 : 0.1, v/v/v/v/v) to yield ten fractions (EA1–EA10). Fraction
EA5 (32 mg) was further puried using silica gel CC with the
same solvent system mentioned earlier. Subsequently, it was
applied to C18-reverse phase silica gel CC, eluted with acetone–
water (10 : 1, v/v) to afford 1 (4.3 mg), 2 (1.3 mg, 0.66%), 3
(1.7 mg, 0.86%), and 5 (2.5 mg, 1.26%). Fraction EA6 (17 mg)
was puried using silica gel CC and eluted with n-hexane–EtOAc
(2 : 1, v/v) to afford 4 (3.5 mg, 1.77%).
3.7. Structural elucidation of the compounds

ECD spectra were obtained on a JASCO J-815 circular dichroism
spectrometer (JASCO, Easton, MD, USA). 1D and 2D NMR
spectra were acquired on a Bruker AVANCE III 500 MHz spec-
trometer in acetone-d6. Chemical shis in ppm are referenced
to the residual solvent signal (acetone-d6: dH = 2.05, dC = 29.8
ppm). The HRESIMS spectra were recorded using a MicrOTOF-
Q mass spectrometer on an LC-Agilent 1100 LC-MSD Trap
spectrometer. Silica gel 60 (0.040–0.063 mm, Himedia) were
used for column chromatography. Analytical TLC was carried
out on aluminum plates precoated with silica gel 60 F254 or
silica gel 60 RP-18 F254S (Merck), and eluted zones were visual-
ized by spraying with 10% H2SO4 solution, followed by heating.
3.8. Phytochemical analysis of the lichen D. pruinosum

The lichen material (95 mg) was ground and then extracted with
acetone (10× 10mL each) at room temperature. The extract was
analyzed by the TLC method, using the specic solvent systems
for identication of lichen metabolites reported by Orange and
co-workers (2001).30 The combined extracts were concentrated
under reduced pressure to yield 18 mg of residue. This extract
was subjected to silica gel CC and eluted with n-hexane–chlo-
roform–acetone–EtOAc–water (10 : 10 : 20 : 20 : 0.01, v/v/v/v/v) to
yield 7 (3.3 mg, 18.33%) and 8 (1.7 mg, 9.44%).
3.9. Antimicrobial activity assay

The antibacterial activity of the isolated compounds against
multidrug-resistant S. aureus was investigated using the disk
diffusion method. Compounds 1–4, 7, and 8 were dissolved in
DMSO, and 6 mm paper discs were saturated with 100 mg of
each compound. Subsequently, the paper discs were allowed to
dry in a clean bench. Bacteria were cultured in Brain Heart
Infusion broth at 35 °C overnight. The culture was diluted with
sterile 0.9%NaCl to obtain a bacterial suspension with an OD600

ranging from 0.08 to 0.1. Then, 100 mL of this suspension was
spread on a Mueller–Hinton agar plate, and the paper discs
were placed on the agar surface, which had been seeded with
4878 | RSC Adv., 2024, 14, 4871–4879
bacteria. The plates were incubated at 35 °C for 16–18 h, and the
antibacterial activity of each compound was assessed by
measuring the diameters of the inhibition zones surrounding
the discs.
4. Conclusions

The present study focuses on the isolation of methicillin-
resistant S. aureus obtained from street food samples
collected in Ho Chi Minh City, Vietnam. The strain, known as
SAX15, was subsequently utilized in antimicrobial assay. Three
new sesquiterpenes, diorygmones C–E (2–4), along with three
known compounds, diorygmone B (1), 3,5-dihydroxyl-4-
methylbenzoic acid (5), and b-sitosterol (6), were isolated from
the cultured mycobiont of D. pruinosum. In addition, two known
compounds, stictic acid (7) and norstictic acid (8), were also
isolated from the lichen D. pruinosum. Compounds 1–3 exhibi-
ted 5 mm zones of inhibition against S. aureus SAX15, while
compound 6, known for its antimicrobial effectiveness, was also
identied. These ndings contribute to the understanding of
the chemical constituents of D. pruinosum and their antimi-
crobial property.
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