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Abstract

This study was performed to identify and profile the volatile compounds present in three different types of Perilla
leaves collected from South Korea. Volatile compounds were analyzed by gas-chromatograph-mass spectrometry. In
total, 41 volatile compounds were identified belonging to nine chemical classes (six alcohols, seven aldehydes, two
benzodioxoles, two esters, three ethers, four ketones, five monoterpenes, one phenylpropanoid, and eleven sesquit-
erpenes). In cultivated type of var. frutescens (CF), weedy type of var. frutescens (WF), and weedy type of var. crispa
(WQ), a total of 34, 39, and 41 volatile compounds, respectively, were identified. The predominant compound in CF
and WF was perilla ketone (PK; 87.2% and 64.5%, respectively) and in WC was perilla aldehyde (PA; 26.4%). There were
29 and 27 volatile compounds that showed significant differences of content between WC and CF or WF, respectively.
In terms of chemotype based on the volatile compounds, CF and WC were PK type and PA or phenylpropanoid (PP)
types, respectively. WF accessions, which were PK and PP types in chemical composition, showed intermediate char-
acteristics in the composition of volatile compounds compared with CF and WC. The results obtained in this study
identified successfully the composition and content of volatile compounds in Perilla crop in South Korea. These results

mass spectrometry, South Korea

will provide useful information for industries and research related to Perilla crop.
Keywords Perilla frutescens, Perilla leaves, Volatile compounds, Perilla ketone and aldehyde, Gas chromatography—

Introduction

Perilla crop (Perilla frutescens L.) is an annual self-ferti-
lizing plant of the Lamiaceae family, and it is divided into
two cultivated types based on their morphology and uses
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in East Asia: Perilla frutescens var. frutescens used as an
oil or vegetable crop and Perilla frutescens var. crispa
used as herbal medicine or a vegetable crop [1-6]. In
their morphological characteristics, the cultivated type
of var. frutescens (CF) has mostly large and soft seeds,
green leaves and stems, and non-wrinkly leaves. In con-
trast, the cultivated type of var. crispa (CC) has small and
hard seeds and purple or green coloration on the leaves
and stems. These two cultivated types (CF, CC) of Perilla
crop are extensively cultivated and used in South Korea,
China, and Japan [3-5, 7]. In South Korea, CF is used as
a leafy vegetable crop and for its seed oil while CC is not
cultivated because of its declining use as a herbal medi-
cine. However, it is occasionally found as a relict form
in South Korea [3, 4]. Moreover, weedy types of Perilla
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crop are commonly found in South Korea in places such
as wasteland, roadsides, and around farmers’ houses or
fields [3, 8]. Although the two cultivated types of Perilla
crop (TCTPC) can be well distinguished by morpho-
logical characteristics such as leaf color and seed size, it
is difficult to distinguish between cultivated and weedy
types of Perilla crop based on morphological traits
because they have the same number of chromosomes
(2n=40) and there are intermediate types resulting from
natural hybridization [9-12].

Essential oils are naturally occurring volatile com-
pounds with unique odors and are a complex mixture of
secondary metabolites that are synthesized and produced
by aromatic and spice plants [13, 14]. Volatile compounds,
together with sugars and acids, are the main chemical
compounds that determine the characteristic aroma and
flavor of foods [15]. The essential oil of Perilla leaves con-
tains around 150-200 different compounds, which have
high antioxidant, anticancer, anti-inflammatory, insec-
ticidal, and antimicrobial activities [16]. The pharmaco-
logical activities of Perilla crop are caused by the content
and composition of volatile compounds, which are deter-
mined by the chemotype, geographical location, growing
environment, growth stage, collection zone, and extrac-
tion method [17, 18]. Perilla leaves are an important
source of volatile compounds and a rich source of perilla
aldehyde (PA), perilla ketone (PK), B-caryophyllene, ben-
zaldehyde, and limonene [19] Depending on the varying
content of these compounds, Perilla plants are catego-
rized into seven chemotypes based on the volatile com-
pounds present in their leaves: PA, PK (isoegomaketone),
elsholtzia ketone (EK), citral (C), perillene (PL), piperi-
tenone (PT), and phenylpropanoid (PP; myristicin, dill
apiole, elemicin) [20-22]. Among these compounds, PA
is the most abundant compound in CC, and it is used
as a food additive for flavor and spiciness and in vari-
ous medicinal applications for its potent antimicrobial
properties against both Candida albicans and airborne
microbes [18, 23-25]. Moreover, PK is also a major com-
pound for flavor activity in CF, which has potent acute
toxicity and cardio-pulmonary toxicity for animals and
livestock [26]. Myristicin is a major compound of the CC
that is collected in South Korea [27]. It is widely accepted
that elemicin and myristicin are psychoactive compounds
[16]. In addition, elemicin and dill apiole have been found
to be effective in inhibiting proinflammatory cytokines
during lung inflammation [16]. Myristicin and dill-apiol
are most potent in hexobarbital induced sleeping time
prolongation observed in mice [28]. A previous study
identified 1-octen-3-ol compound as a key compound
in Korean perilla leaves [29]. Another compound, (Z,E)-
a-farnesene, has been identified as a major compound in
both Chinese CF and CC [18].
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Differences in volatile compounds can result in varying
physiological effects, and these differences can impact the
utilization of the compounds in food and pharmaceutical
products [30]. To develop new Perilla varieties with high
levels of useful volatile compounds for health, it is essen-
tial to conduct research on the content and composition
of the volatile compounds in breeding materials. There-
fore, we report on the variability of volatile compounds
in three different types [CF, weedy type of var. frutescens
(WE), weedy type of var. crispa (WC)] of Perilla crop col-
lected from South Korea.

Materials and methods

Plant materials for volatile profile analysis

Information on the number of accessions and their
locations for a total of 80 Perilla samples collected in
northern, central, and southern regions of South Korea
are shown in Table 1 and Addition file 1: Fig. S1. These
accessions comprised 40 samples of CF, 20 samples of
WE, and 20 samples of WC. This study tentatively cat-
egorized the Perilla samples as either the cultivated or
weedy type based on a previous study [3]. All of the CF
accessions were landraces collected from farms in the
various regions in South Korea. In addition, WF and WC
were collected on roadsides, in waste areas, and around
farmers’ fields or farmhouses in South Korea. In 2022, we
cultivated 80 accessions of Perilla crop at the experimen-
tal farm of Kangwon National University in Chuncheon,
Gangwon-do, and collected leaf samples of each acces-
sion during the flowering period.

Profiling of volatile compounds using gas
chromatography-mass spectrometry (GC-MS)

Volatile compounds were analyzed using a headspace
solid-phase microextraction (HS-SPME) injector-
equipped Trace 1310 gas chromatograph and TSQ
8000 triple quadrupole mass spectrometer (Thermo-
scientific, San Jose, CA, USA) and TriPlus RSH autosa-
mpler (Waltham, MA, USA) with a DB-Wax capillary
column (60 m x 0.25 mm, 0.50 pm; Agilent Technolo-
gies). For analysis of the volatile compounds, leaves of
CE, WE, and WC were harvested and ground using a
Freezer/Mill 6875 (SPEX SamplePrep, Metuchen, NJ,
USA). The ground leaves (0.5 g) for each sample were
incubated for 10 min at 60 °C. Headspace volatiles
of the Perilla leaf samples were adsorbed by insert-
ing SPME fiber assemblies (Supelco, PDMS/DVB;
Sigma-Aldrich, St. Louis, MO, USA) into the vial for
10 min at 60 °C with agitation. The injector tempera-
ture was 250 °C. The temperature of the gas chro-
matograph oven was initially maintained at 40 °C for
2 min, ramped to 150 °C at 4 °C/min, held for 10 min,
then ramped to 200 °C at 4 °C/min, held for 5 min,
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Table 1 Perilla accessions from different area of South Korea used for volatile compounds profiling
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Code no. Accession no. City and province Type

1 PF20-057 Dangjin-si, Chungcheongnam-do Cultivated type of var. frutescens
2 PF20-058 Dangjin-si, Chungcheongnam-do Cultivated type of var. frutescens
3 PF20-061 Seosan-si, Chungcheongnam-do Cultivated type of var. frutescens
4 PF20-062 Seosan-si, Chungcheongnam-do Cultivated type of var. frutescens
5 PF20-065 Seosan-si, Chungcheongnam-do Cultivated type of var. frutescens
6 PF20-075 Hongseong-gun, Chungcheongnam-do Cultivated type of var. frutescens
7 PF20-076 Yesan-gun, Chungcheongnam-do Cultivated type of var. frutescens
8 PF20-077 Yesan-gun, Chungcheongnam-do Cultivated type of var. frutescens
9 PF20-078 Yesan-gun, Chungcheongnam-do Cultivated type of var. frutescens
10 PF20-081 Cheongyang-gun, Chungcheongnam-do Cultivated type of var. frutescens
11 PF20-086 Cheongyang-gun, Chungcheongnam-do Cultivated type of var. frutescens
12 PF20-088 Hongseong-gun, Chungcheongnam-do Cultivated type of var. frutescens
13 PF20-090 Cheongyang-gun, Chungcheongnam-do Cultivated type of var. frutescens
14 PF20-096 Boryeong-si, Chungcheongnam-do Cultivated type of var. frutescens
15 PF20-097 Boryeong-si, Chungcheongnam-do Cultivated type of var. frutescens
16 PF20-100 Boryeong-si, Chungcheongnam-do Cultivated type of var. frutescens
17 PF20-102 Seocheon-gun, Chungcheongnam-do Cultivated type of var. frutescens
18 PF20-104 Seocheon-gun, Chungcheongnam-do Cultivated type of var. frutescens
19 PF20-109 Seocheon-gun, Chungcheongnam-do Cultivated type of var. frutescens
20 PF20-113 Gunsan-si, Jeollabuk-do Cultivated type of var. frutescens
21 PF20-116 Gunsan-si, Jeollabuk-do Cultivated type of var. frutescens
22 PF20-118 Gunsan-si, Jeollabuk-do Cultivated type of var. frutescens
23 PF20-120 Gunsan-si, Jeollabuk-do Cultivated type of var. frutescens
24 PF20-123 Gunsan-si, Jeollabuk-do Cultivated type of var. frutescens
25 PF20-125 Gunsan-si, Jeollabuk-do Cultivated type of var. frutescens
26 PF20-127 Gunsan-si, Jeollabuk-do Cultivated type of var. frutescens
27 PF20-143 Nonsan-si, Chungcheongnam-do Cultivated type of var. frutescens
28 PF20-145 Nonsan-si, Chungcheongnam-do Cultivated type of var. frutescens
29 PF20-151 Nonsan-si, Chungcheongnam-do Cultivated type of var. frutescens
30 PF21-001 Sancheong-gun, Gyeongsangnam-do Cultivated type of var. frutescens
31 PF21-002 Sancheong-gun, Gyeongsangnam-do Cultivated type of var. frutescens
32 PF21-004 Sancheong-gun, Gyeongsangnam-do Cultivated type of var. frutescens
33 PF21-008 Sancheong-gun, Gyeongsangnam-do Cultivated type of var. frutescens
34 PF21-013 Hadong-gun, Gyeongsangnam-do Cultivated type of var. frutescens
35 PF21-015 Hadong-gun, Gyeongsangnam-do Cultivated type of var. frutescens
36 PF21-020 Gurye-gun, Jeollanam-do Cultivated type of var. frutescens
37 PF21-022 Gurye-gun, Jeollanam-do Cultivated type of var. frutescens
38 PF21-025 Gurye-gun, Jeollanam-do Cultivated type of var. frutescens
39 PF21-026 Suncheon-si, Jeollanam-do Cultivated type of var. frutescens
40 PF21-027 Suncheon-si, Jeollanam-do Cultivated type of var. frutescens
41 PF20-005 Yangpyeong-gun, Gyeonggi-do Weedy type of var. frutescens

42 PF20-024 Yeoju-si, Gyeonggi-do Weedy type of var. frutescens

43 PF20-026 Yeoju-si, Gyeonggi-do Weedy type of var. frutescens

44 PF20-039 Icheon-si, Gyeonggi-do Weedy type of var. frutescens

45 PF20-083 Cheongyang-gun, Chungcheongnam-do Weedy type of var. frutescens

46 PF20-085 Cheongyang-gun, Chungcheongnam-do Weedy type of var. frutescens

47 PF20-095 Boryeong-si, Chungcheongnam-do Weedy type of var. frutescens

48 PF20-098 Boryeong-si, Chungcheongnam-do Weedy type of var. frutescens

49 PF20-103 Seocheon-gun, Chungcheongnam-do Weedy type of var. frutescens
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Code no. Accession no. City and province Type

50 PF20-106 Seocheon-gun, Chungcheongnam-do Weedy type of var. frutescens
51 PF20-112 Seocheon-gun, Chungcheongnam-do Weedy type of var. frutescens
52 PF20-115 Gunsan-si, Jeollabuk-do Weedy type of var. frutescens
53 PF20-121 Gunsan-si, Jeollabuk-do Weedy type of var. frutescens
54 PF20-137 Nonsan-si, Chungcheongnam-do Weedy type of var. frutescens
55 PF20-142 Nonsan-si, Chungcheongnam-do Weedy type of var. frutescens
56 PF20-149 Nonsan-si, Chungcheongnam-do Weedy type of var. frutescens
57 PF20-153 Nonsan-si, Chungcheongnam-do Weedy type of var. frutescens
58 PF21-010 Hadong-gun, Gyeongsangnam-do Weedy type of var. frutescens
59 PF19-133 Hapcheon-gun, Gyeongsangnam-do Weedy type of var. frutescens
60 PF20-011 Yangpyeong-gun, Gyeonggi-do Weedy type of var. frutescens
61 PF20-082 Cheongyang-gun, Chungcheongnam-do Weedy type of var. crispa

62 PF20-091 Boryeong-si, Chungcheongnam-do Weedy type of var. crispa

63 PF20-094 Boryeong-si, Chungcheongnam-do Weedy type of var. crispa

64 PF20-099 Boryeong-si, Chungcheongnam-do Weedy type of var. crispa

65 PF20-101 Seocheon-gun, Chungcheongnam-do Weedy type of var. crispa

66 PF20-128 Gunsan-si, Jeollabuk-do Weedy type of var. crispa

67 PF20-141 Nonsan-si, Chungcheongnam-do Weedy type of var. crispa

68 PF20-150 Nonsan-si, Chungcheongnam-do Weedy type of var. crispa

69 PF20-152 Nonsan-si, Chungcheongnam-do Weedy type of var. crispa

70 PF21-005 Sancheong-gun, Gyeongsangnam-do Weedy type of var. crispa

71 PF21-012 Hadong-gun, Gyeongsangnam-do Weedy type of var. crispa

72 PF21-017 Hadong-gun, Gyeongsangnam-do Weedy type of var. crispa

73 PF21-018 Gurye-gun, Jeollanam-do Weedy type of var. crispa

74 PF21-023 Gurye-gun, Jeollanam-do Weedy type of var. crispa

75 PF21-028 Suncheon-si, Jeollanam-do Weedy type of var. crispa

76 PF19-114 Changnyeong-gun, Gyeongsangnam-do Weedy type of var. crispa

77 PF16-123 Muju-gun, Jeollabuk-do Weedy type of var. crispa

78 PF17-039 Sunchang-gun, Jeollabuk-do Weedy type of var. crispa

79 PF18-007 Geumsan-gun, Chungcheongnam-do Weedy type of var. crispa

80 PF18-011 Geumsan-gun, Chungcheongnam-do Weedy type of var. crispa

and finally ramped to 230 °C at 10 °C/min and held Statistical analysis

for 5 min. Total run time was 65 min, and the helium
carrier gas flow was maintained constant at 1.5 mL/
min in the splitless with purge mode during the analy-
sis. Total 41 volatile compounds from the leaf samples
were identified based on the MS database (NIST ver-
sion 2.0) with a similarity index (SI) higher than 70%.
Similarity index less than 70% was not considered.
Quantitative analysis of the percentage of each volatile
compound was calculated using the formula below:

Relative content = M/N * 100%

where M is the peak area of the individual volatile com-
pounds and N is the identified total peak area.

The relative content of the identified compounds was
employed for analysis. Analysis of variance (ANOVA),
correlation analysis, principal component analysis (PCA),
hierarchical cluster analysis (HCA), and K-means clus-
tering of gas chromatography—mass spectrometry (GC—
MS) data were conducted using MetaboAnalyst 5.0, a
web-based platform [31]. The significance of differences
in the mean values for the various Perilla types was eval-
uated using Fisher’s LSD test (p <0.05). To calculate the
loading values of eigenvectors and identify the major
statistically different components among the samples,
PCA was employed. The goal of K-means clustering is to
generate k clusters in such a way that the total squared
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distance between each point and its assigned cluster
center is minimized. A dendrogram was generated using
Ward’s method of hierarchical clustering and Euclidean
distance measurement between the analyzed samples,
through HCA analysis of the GC-MS data.

Results
GC-MS Profiling of Volatile Compounds ofPerillaleaf

Volatile profiles of 80 Perilla accessions collected in
South Korea were analyzed by GC-MS and 41 vola-
tile compounds were identified. These volatile com-
pounds belonged to nine chemical classes: six alcohols,
seven aldehydes, two benzodioxoles, two esters, three
ethers, four ketones, five monoterpenes, one phenylpro-
panoid, and eleven sesquiterpenes (Table 2, Additional
file 2: Tables S1 and S2, Fig. 1). Ketones comprised 61.7%
of the identified compounds, with a predominance of PK
in all Perilla accessions. Aldehydes represented approxi-
mately 9.7% of the total identified compounds, with the
dominance of PA (Table 2; Fig. 1).

This study also investigated the characteristics of the
volatile compounds of the three subgroups of Perilla.
The highest number of compounds (41) was identified
in WC. The aldehydes and benzodioxoles were the most
prominent, representing 32.5% and 20.0%, respectively,
in WC. A total of 39 compounds were identified in WF
with 68.1% being ketones and 12.3% being benzodioxoles.
The lowest number of compounds was detected in CF
with 34 compounds, which included a high proportion
of ketones (87.5%) (Table 2, Additional file 2: Table S2,
Fig. 1). Among these compounds, the predominant com-
pound of CF was PK (87.2%). The top three compounds
of WF were PK (64.5%), myristicin (7.0%), and dill apiol
(5.3%). The main components of WC were PA (26.4%),

Fig. 1 Bar plot of ratio of each chemical class for theidentifie
weedy type of var. frutescens; WC: weedy type of var. crispa
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dill apiol (13.8%), (Z,E)-a-farnesene (9.2%), 1-octen-3-ol
(6.2%), and myristicin (5.7%) (Table 2, Additional file 2:
Table S1).

Significant differences and correlation analysis of volatile
compounds in Perillacrop
This study confirmed significant differences among the
three different types (CF, WE, WC) of Perilla accessions
for the 41 volatile compounds (Table 2). No significant
differences were found among the three types of Perilla
accessions for myristicin, methyl salicylate, 3-(4-methyl-
3-pentenyl)furan, elemicin, and (E)-p-farnesene. Between
WF and CF, five compounds (1-penten-3-ol, 2-penten-
1-0l, hexanal, dill apiol, and linalool) exhibited significant
differences, while between WF and CF isoegomaketone
showed a significant difference. Moreover, between
WC and WF and between WC and CF 24 compounds
(1-hexanol, (Z)-hex-3-en-1-ol, 1-octen-3-ol, shisool,
2-methylbutanal, B-methylbutanal, E-2-pentenal, (E)-
2-hexenal, 2,4-hexadienal, PA, methyl benzoate, 2-eth-
ylfuran, 1-penten-3-one, 6-methyl-5-heptene-2-one,
B-pinene, B-myrcene, D-limonene, a-terpineol, eugenol,
Y-elemene, bicyclogermacrene, caryophyllene oxide,
(Z,E)-a-farnesene, (E)-y-bisabolene) showed significant
differences. One compound, copaene, exhibited signifi-
cant differences between WC and CF, as well as between
WF and CF. Another compound, -bourbonene, showed
significant differences between WF and CF and between
WC and CF. The compounds caryophyllene, a-humulene,
nerolidol, and PK also showed significant differences
among the three types of Perilla accessions (Table 2).
This study evaluated correlation coefficients among
the 41 volatile compounds in the 80 Perilla accessions
(Fig. 2). Correlation analysis was performed to confirm
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Table 2 Composition and comparison of volatile compounds of three types of Perilla accessions
Volatile Retentiontime  Chemical class All accessions CF (n=40) WF (n=20) WC (n=20) Statistical
Compound (n=80) comparison?
1-Penten-3-ol 17.16 Alcohols 0.219+0.297 0.132+0.085 0.220+0.381 0391+£0399 WC=CF
2-Penten-1-ol 23.12 Alcohols 0.124+0.160 0.079+0.058 0.122+0.200 0216+£0216 ~ WC=CF
1-Hexanol 24.22 Alcohols 0.019+£0.019 0.013+£0.007 0.017£0.018 0.032+£0.028  WC=CF,WC=WF
(2)-Hex-3-en-1-ol 2545 Alcohols 0.238+0.258 0.168+0.090 0.188+0.186 04270418  WC=CFWC=WF
1-Octen-3-ol 27.57 Alcohols 3.594+3.581 2.261+0.812 3.650+2.362 6.203+5956  WC=CF, WC=WF
Shisool 48.65 Alcohols 0457+1.318 - 0.008+0.034 1.820£2.149  WC=CF,WC=WF
2-Methylbutanal 8.77 Aldehydes 0.008+0.008 0.005+0.003 0.008+0.007 0013+£0013  WC=CF,WC=WF
B-Methylbutanal 8.89 Aldehydes 0.015+£0.018 0.010+£0.005 0.013+£0.012 0.027+£0032  WC=CF,WC=WF
Hexanal 14.55 Aldehydes 0.195+0.272 0.127+0.081 0.199+£0.321 0.328+0403  WC=CF
E-2-pentenal 16.45 Aldehydes 0.018+0.022 0.013+£0.007 0.015+£0.018 0.033+£0.035 WC=CFWC=WF
(E)-2-Hexenal 19.85 Aldehydes 0.805+0.905 0.458+0.232 0.699+0.624 1.607+1402  WC=CF,WC=WF
24-Hexadienal 26.63 Aldehydes 2072+2.124 1.220+0.387 1.787+£1.165 4.061+£3365  WC=CF,WC=WF
Perilla aldehyde 43.96 Aldehydes 6.635+17.988 - 0.117+£0524 26422+28205 WC=CF,WC=WF
Myristicin 61.63 Benzodioxoles 3.165+12428 - 6.974+19.683 5.688+14.550 ns.
Dill apiol 64.44 Benzodioxoles 4.786+15.849 - 5311+£13.548 13.832+26.948 WC=CF
Methyl benzoate 3491 Esters 1.063£3.179 0.023+£0.020 0.433+£1434 3.773+£5435  WC=CFWC=WF
Methyl salicylate 4349 Esters 1.607£2.139 1.825+£1.530 1.160£2.954 1.618£2275 ns.
2-Ethylfuran 10.02 Ethers 0.069+0.072 0.042+0.019 0.059+0.067 0.132+0.103 ~ WC=CF, WC=WF
3-(4-Methyl-3-pen-  26.89 Ethers 0.019+0.044 0.018+0.029 0.029+0.073 0.012+0.029 ns.
tenyl)furan
Elemicin 60.32 Ethers 1.059+6.656 - - 4235£13.040 ns.
1-Penten-3-one 1236 Ketones 0.042+0.048 0.032+0.023 0.035+0.037 0.071+0077  WC=CF,WC=WF
6-Methyl-5-hep- 24.03 Ketones 0.032+0.057 0.014+0.008 0.024+0.028 0.074+0.100  WC=CF, WC=WF
tene-2-one
Perilla ketone 43.87 Ketones 60.462+38.721 87.232+2.894  64.482+33.582 2902+8.714  CF#WG CF#WF;
WF=WC
Isoegomaketone 49.77 Ketones 1.194+4913 0.185+0.135 3.572+8.889 0.832+3618  WF=CF
B-Pinene 1547 Monoterpenes 0.028+£0.093 - 0.000+0.001 0.111+£0.162  WC=CF,WC=WF
B-Myrcene 17.43 Monoterpenes 0.035+£0.064 0.013£0.009 0.027+0.018 0.086+0.112  WC=CF,WC=WF
D-Limonene 18.95 Monoterpenes 0.517£1.604 0.004£0.001 0.011£0.020 2051£2.719  WC=CFHWC=WF
Linalool 30.86 Monoterpenes 1.231+£1.855 0.742+0.278 1.265+0.845 2175+3463  WC=CF
a-Terpineol 38.15 Monoterpenes 0.058+0.154 - - 0233+0.236  WC=CF,WC=WF
Eugenol 5878 Phenylpropanoids 1.200+1.792 0.531+£0.719 1.190+£0.528 2.548+3.027  WC=CF,WC=WF
y-Elemene 29.06 Sesquiterpenes 0.020+£0.025 0.013+£0.009 0.018+0.022 0.035+£0.040  WC=CF,WC=WF
Copaene 29.57 Sesquiterpenes 0.045+£0.051 0.029+0.022 0.056+0.065 0.067+£0.067  WC=CF,WF=CF
B-Bourbonene 30.54 Sesquiterpenes 0.058+0.078 0.042+0.040 0.103£0.124 0.044+£0.060  WF=CFWF=WC
Caryophyllene 3375 Sesquiterpenes 2.330+2.303 1.001+0.644 2451+1.721 4865+2783  WC=CF, WF=CF,
WC=WF
a-Humulene 37.36 Sesquiterpenes 0.702£0.685 0.323£0.198 0.733£0.511 1428+0866  WC==CF, WF=CF;
WC=WF
bicyclogermacrene  40.96 Sesquiterpenes 0.229+0.252 0.155+0.104 021240213 0395+0395  WC=CF,WC=WF
Caryophyllene oxide 52.05 Sesquiterpenes 0.099+0.201 0.028+0.008 0.078+0.090 0.263+0347  WC#=CF,WC=WF
Nerolidol 5327 Sesquiterpenes 0.142+0.124 0.077+0.031 0.141£0.100 0.275+£0.157  WC=CF, WF=CF;
WC=WF
(E)-B-Farnesene 36.13 Sesquiterpenes 0.381+£1.578 0.013+£0.010 0.638+2.439 0.863+1.951 ns.
(Z,E)-a-Farnesene 3948 Sesquiterpenes 4.711+4.243 2.981+1.788 3.707+2947 9.176+5.591 WC=CF, WC=WF
(E)-y-Bisabolene 47.98 Sesquiterpenes 0317+0.310 0.192+0.124 0.250+0.225 0635+0417  WC=CF,WC=WF

CF: Cultivated type of var. frutescenes; WF: Weedy type of var. frutescens; WC: Weedy type of var. crispa

@ Statistical significance among three different types of Perilla accessions. Comparison was performed with ANOVA followed by Fisher’s LDS (p < 0.05)
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Fig. 2 Correlation heatmap of the 41 volatile compounds in80 Perilla accessions

genetic relationships among the various volatile com-
pounds. Among all 820 combinations, 78 combinations
showed comparatively higher positive correlation coef-
ficients (over 0.800 at p<0.01) than the other combina-
tions. Moreover, two combinations showed relatively
higher negative correlation coefficients (less 0.7), between
PK and nerolidol (— 0.725 at p<0.01) and between PK
and caryophyllene (— 0.711 at p<0.01).

PCA and HCA of GC-MS profiling data

To confirm the differences or relationships among the
Perilla accessions and to examine which identified vola-
tile compounds were responsible for the major contribu-
tion to the difference in Perilla frutescens var. frutescens
and var. crispa, PCA and HCA of the detected com-
pounds were performed. The PCA results demonstrated
that the first and second principal components accounted
for 86.3% of the variance [PC1 (72.5%), PC2 (13.8%)] of

all identified volatile compounds in the Perilla accessions
(Fig. 3A). PK exhibited highly negative loading scores
(= 0.933) on PCI1, which enabled the differentiation of
all CF and almost all WF accessions from the remaining
ones. Volatile compounds with highly positive or negative
scores on PC2 were PA (0.731), dill apiol (— 0.623), and
myristicin (— 0.245), which enabled all WC and a few WF
accessions to be distinguished (Fig. 3B, Additional file 2:
Table S3). When K-means clustering was performed with
K=3 on a dataset of the 80 Perilla accessions (Table 3),
three clusters were obtained. Cluster 1 consisted of nine
WC and four WF accessions, while Cluster 2 comprised
all 40 CF, 16 WF, and one WC accession. Cluster 3 con-
tained only 10 WC accessions.

HCA was performed to understand the relationships
between the analyzed Perilla accessions. According to
the dendrogram and heatmap obtained (Figs. 4 and 5), all
Perilla accessions could be divided into two main groups
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Table 3 K-mean clustering in K= 3 of Perilla accessions using volatile compounds

Cluster Members*
Cluster 1 PF20-082, PF20-091, PF20-094, PF20-128, PF20-150, PF21-023, PF21-028, PF19-114, PF17-039, PF20-085, PF20-095, PF20-106, PF21-010
Cluster 2 PF20-057, PF20-058, PF20-061, PF20-062, PF20-065, PF20-075, PF20-076, PF20-077, PF20-078, PF20-081, PF20-086, PF20-088, PF20-
090, PF20-096, PF20-097, PF20-100, PF20-102, PF20-104, PF20-109, PF20-113, PF20-116, PF20-118, PF20-120, PF20-123, PF20-
125, PF20-127, PF20-143, PF20-145, PF20-151, PF21-001, PF21-002, PF21-004, PF21-008, PF21-013, PF21-015, PF21-020, PF21-
022, PF21-025, PF21-026, PF21-027, PF21-012, PF20-005, PF20-024, PF20-026, PF20-039, PF20-083, PF20-098, PF20-103, PF20-
112, PF20-115, PF20-121, PF20-137, PF20-142, PF20-149, PF20-153, PF19-133, PF20-011
Cluster 3 PF20-099, PF20-101, PF20-141, PF20-152, PF21-005, PF21-017, PF21-018, PF16-123, PF18-007, PF18-011

*The red, blue, and green letters represent CF, WF, and WC, respectively

(Group I and II), and these correspond to var. frutes-
cens and var. crispa except for five accessions (PF20-095,
PF20-085, PF21-010, PF20-106, PF20-112) (Figs. 4 and 5).
In detail, Group I contained 23 accessions with four WF
and 19 WC, while Group II included 40 CF, 16 WF, and
one WC (Figs. 4 and 5).

Discussion

Growing demand for functional foods among consumers
has driven a greater research emphasis on investigating
the physiological and pharmacological properties of com-
pounds derived from plants. Perilla exhibits significant
pharmacological activities, including antioxidant, anti-
inflammatory, antimicrobial, antidepressant, anxiolytic,
chemo-preventive, and antitumor-promoting effects
[32-34], The presence of bioactive compounds, such as
flavonoids, essential oils (volatile compounds), unsatu-
rated fatty acids, triterpenes, and phenolic compounds

in Perilla plants is responsible for their pharmacological
activities [26]. Perilla’s volatile compounds in particu-
lar are considered key components that contribute to its
medicinal properties, aroma, and flavor [18, 35]. There-
fore, they are commonly utilized in the manufacture of
pharmaceuticals and food additives [36, 37].

This study identified a total of 41 volatile compounds
belonging to nine chemical classes in this popula-
tion using GC-MS (Table 2, Additional file 2: Table S1).
Although all 41 compounds were identified in 20 acces-
sions of WC, seven (shisool, PA, myristicin, dill apiol,
elemicin, B-pinene, a-terpineol) compounds were not
detected in CF (Table 2). Comparing the statistical dif-
ferences of commonly identified compounds between CF
and WC, 29 volatile compounds showed significant dif-
ferences in contents between the two types (Table 2). This
suggests that different types of Perilla may exhibit vary-
ing aromas, flavors, and pharmacological effects. Both
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Fig. 4 Dendrogram obtained by hierarchical clusteranalysis on volatile components of 80 Perillaaccessions

the green-leafed CF and the purple-leafed CC are gener-
ally recognized as separate species by botanists [18], and
their Korean names are “Deulggae” or “Kkaennip” and
“Chajoki” or “Soyup’, respectively. In South Korea, Perilla

leaves of CF are mainly used as leafy vegetables, while
those of CC are used for medicinal purposes. Moreover,
the green-leafed Korean variety of Perilla was the least
bitter with a high intensity of cooling sensation, while
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—

Fig. 5 Heatmap with hierarchical clustering with 41volatile compounds in Perillaaccessions

the red-leaved Perilla was the least astringent and pun-
gent according to a sensory test by electronic nose sen-
sors [38]. The differences in chemical compounds are
reflected in the distinct uses and sensory diversity of CF
and WC.

Moreover, the predominant compound of CF
accessions, with a very high proportion, was PK
(80.1%~92.1%). Then, depending on the accession,
the next most prominent compounds were (Z,E)-a-
farnesene (0.3%~8.8%), methyl salicylate (0.03%~5.0%),
and 1-octen-3-ol (1.1%~4.6%) with relatively low pro-
portions (Additional file 2: Table S1). Based on the seven
chemotypes for volatile compounds (PA, PK, EK, C, PL,
PT, and PP), all of the CF in this study were of the PK
type (PK with no isoegomaketone) (Fig. 5, Additional
file 2: Table S1). These results may be an indication that
the level of diversity for volatile compounds has been
reduced by direct or indirect strong selection by people
and genetic drift during the domestication from wild or
weedy to cultivated type. A previous study confirmed
the presence of volatile compounds among five Korean
Perilla cultivars (cv. Namcheon, Bora, Saebora, Donglel,
and Dongle2) with purple leaves. The predominant com-
pound was PK, along with some isoegomaketone [39].
The CF accessions used in this study were all landraces
collected from farmers. These results suggest that Kore-
ans may prefer the aroma of PK over other aroma types,
such as PA, for vegetable uses.

The WC accessions in this study had more variation in
volatile compounds compared with the CF accessions,
with a combination of various compounds being identi-
fied in WC (Fig. 1, Additional file 2: Tables S1 and S2).
Although most accessions contained PA and PP types,

some accessions were clearly divided into different
chemotypes. For example, nine accessions (PF20-099,
PF18-011, PF20-101, and PF20-152 for PA type; PF20-
091, PF21-028, PF20-094, and PF20-082 for PP type
of dill apiol; PF19-114 for PP type of myristicin) have a
high relative content of PA (62.5%~70.3%), dill apiol
(58.5%~77.3), and myristicin (63.9%) with a ratio of over
50%. Although eight WC accessions (PF20-141, PF21-
017, PF21-005, PF18-007, PF16-123, and PF21-018 for
PA type; PF17-039 and PF21-023 for PP type of elemicin)
had a relative content of PA and elemicin of less than 50%,
the predominant compounds were still PA (38.0%~49.8)
and elemicin (38.1% and 46.2%). Furthermore, the vola-
tile compounds with a relative content ratio of over 10%
in at least one accession were 1-octen-3-ol (15.0-20.9%
in three accessions), 2,4-hexadienal (13.9% in one), dill
apiol (13.3% in one), methyl benzoate (11.5-19.9% in
three), isoegomaketone (16.2% in one), PK (11.6% and
38.1% in two), linalool (13.3% in one), (Z,E)-a-farnesene
(10.3-21.0% in seven), eugenol (12.0% in one), and caryo-
phyllene (10.4% in one). The accession PF21-012, which
is clustered with CF accessions using different clustering
methods, contained high ratios of several compounds,
including PK (38.1%), isoegomaketone (16.2%), (Z,E)-
a-farnesene (15.6%), D-limonene (9.3%), caryophyllene
(5.3%), linalool (4.2%), and 1-octen-3-ol (3.7%) (Addi-
tional file 2: Table S1). Therefore, this accession can be
classified as PK with isoegomaketone type.

Few studies have been conducted to identify the vola-
tile components of WE. This study confirmed the pres-
ence of volatile compounds in WEF, and among the 41
compounds detected in WC two compounds (elemicin
and o-terpineol) were not detected in WF (Table 2).
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WEF is intermediate in morphology compared with CF
and WC [3]. It has green leaves and stems like CF and
smaller and harder seeds like WC. When comparing the
volatile compounds among the three types of Perilla,
only two compounds were absent in WF, whereas seven
compounds among all the volatile compounds were
absent in CF (Table 2). According to ANOVA, 27 volatile
compounds showed significant differences in their con-
tent between WF and WC, and six volatile compounds
exhibited significant differences in their content between
WEF and CF (Table 2). These results suggest that WF still
shows intermediate characteristics in the composition
of volatile compounds, and it is difficult to distinguish it
from CF and WC based on both morphological charac-
teristics and volatile compounds. This tendency can also
be observed in the results of PCA, K-means clustering,
HCA, and heatmap analyses, which showed a clear dis-
tinction between CF and WC (Table 3; Figs. 3 and 4, and
5). However, WF accessions were not clearly separated
from CF or WC, i.e., some WF accessions (PF20-095,
PF20-106, PF20-085, and PF21-010) were grouped with
other WC accessions (Table 3; Figs. 3 and 4, and 5) while
the remaining 16 WF accessions were grouped together
with the CF accessions.

In this study, WF accessions exhibited greater variabil-
ity in volatile compounds compared with CF accessions,
while showing less variability compared with WC acces-
sions (Fig. 1, Additional file 2: Tables S1 and S2). Sev-
enteen accessions (PF20-005, PF20-011, and PF20-026
for PK type with isoegomaketone; PF20-137, PF20-024,
PF20-039, PF20-083, PF20-142, PF20-098, PF20-153,
PF20-115, PF20-121, PF20-103, PF20-149, PF19-133, and
PF20-112 for PK type with no isoegomaketone; PF20-095
for PP of myristicin) had a high relative content of PK
(52.3%~89.8%) and myristicin (77.5%) with a ratio of over
50%. Although three accessions (PF20-106 and PF21-010
for PP type of dill apiol; PF20-085 for PP type of myris-
ticin) had a relative content of PA and elemicin of less
than 50%, the predominant compounds were dill apiol
(36.7% and 46.8) and myristicin (46.9%). Furthermore,
the volatile compounds with a relative content ratio
of over 10% in at least one accession were 1-octen-3-ol
(11.1 in one accession), dill apiol (22.7% in one), methyl
salicylate (13.6% in one), isoegomaketone (12.1%~31.2%
in three), (E)-p-farnesene (11.0% in one), and (Z,E)-a-
farnesene (11.6% in one). WC and WF are not cultivated
by farmers in South Korea, and they are often found
growing around farmers’ houses and fields of CF [3, 4].
Natural hybridization between weedy and cultivated
types and introgression of many useful genes makes them
adapted to natural growing conditions [40]. These com-
plex content and composition patterns in WF may be
the result of natural hybridization between WF and CF
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or WF and WC, which might have originated from mul-
tiple sources. Currently, there are no precise reports on
the rate of natural hybridization among cultivated types
of Perilla and its weedy types. However, previous studies
have recently reported successful artificial hybridization
between var. frutescens and var. crispa [12, 41, 42].

The composition of compounds can vary depend-
ing on the plant part (leaves, stems, seeds), treatment
(fresh or dried), growth stage (seedling or mature), geo-
graphical location, etc. [17, 18, 43, 44]. The volatile com-
pounds present in the fresh leaves at the heading period
of CF, WF, and WC were collected from various regions
(northern Gyeonggi-do, central Chungcheongnam-do,
southern Gyeongsangnam-do, Jeollabuk-do, and Jeol-
lanam-do) of South Korea. This study conducted a cor-
relation test between the 41 volatile compounds and the
collecting regions, and this revealed statistically signifi-
cant differences in a few compounds (isoegomaketone
with r? = — 0.350 at p<0.01, 1-octen-3-ol with r*=0.261,
and methyl benzoate with r?*=0.220 of at p<0.05) (Data
not shown). Although these compounds have relatively
low correlation coefficient values, three out of four acces-
sions (PF21-025, PF21-027, and PF21-028) collected
from the northern part of South Korea contained isoe-
gomaketone (12.1%~31.2%) (Table 1, Additional file 2:
Table S1). However, through further research analyzing
the accessions from excluded regions (such as Gang-
won-do and other cities in the same area as those in this
study), it is expected that more distinct regional patterns
can be revealed. A previous study of CF and CC in China
detected volatile compounds at the microgreen (seedling)
stage [17]. Although this previous study was performed
using only two Perilla cultivars, it showed that Chinese
CC with purple leaves has D-limonene as the main com-
pound with low levels of PA, while Chinese CF with
green leaves has 2-hexanoylfuran as the main compound
with a high ratio of perillene. Another previous study
[18] confirmed PA and limonene as the main compounds
in CC (Zisu), while PK was identified as the main com-
pound in CF (Baisu) in China. These findings are similar
to the results of our study on volatile compounds. The
results indicate that differences and similarities could be
attributed to variations in collecting region, growth stage,
number of accessions, customer preferences, and cultiva-
tion environment [17, 18, 43, 44].
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