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Abstract

Background: Plants are known to emit diverse volatile organic compounds (VOCs), which may function as signaling
substances in plant communication with other organisms. Thuja occidentalis, which is widely cultivated throughout
China, releases aromatic VOCs into the air in winter and early spring. The relationship of this cultivated plant with its
neighboring plants is necessary for the conservation of biodiversity.

Results: (−)-α-thujone (60.34 ± 5.58%) was found to be the major component in VOCs from the Shenyang population.
The essential oils (EOs) from the Kunming and Shenyang populations included the major components (−)-α-thujone,
fenchone, (+)-β-thujone, and (+)-hibaene, identified using GC-MS analyses. (−)-α-thujone and (+)-hibaene were purified
and identified by NMR identification. EOs and (−)-α-thujone exhibited valuable phytotoxic activities against seed
germination and seedling growth of the plants Taraxacum mongolicum and Arabidopsis thaliana. Moreover, the EOs
displayed potent inhibitory activity against pathogenic fungi of maize, including Fusarium graminearum, Curvularia
lunata, and Bipolaris maydis, as well as one human fungal pathogen, Candida albicans. Quantitative analyses revealed
high concentrations of (−)-α-thujone in the leaves of T. occidentalis individuals from both the Shenyang and Kunming
populations. However, (−)-α-thujone (0.18 ± 0.17 μg/g) was only detected in the rhizosphere soil to a distance of 0.5 m
from the plant.

Conclusions: Taken together, our results suggest that the phytotoxic effects and antifungal activities of the EOs and
(−)-α-thujone in T. occidentalis certainly increased the adaptability of this plant to the environment. Nevertheless, low
concentrations of released (−)-α-thujone indicated that reasonable distance of T. occidentalis with other plant species
will impair the effects of allelochemical of T. occidentalis.

Keywords: Thuja occidentalis, Volatile organic compounds (VOCs), Essential oils (EOs), Phytotoxic effects, Cultivated
plant
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Background
Plant volatile organic compounds (VOCs) that are trig-
gered by both biotic and abiotic stresses can act as a
complex mixture of low-molecular weight lipophilic me-
tabolites [1, 2]. Many plant VOCs are the main compo-
nents of essential oils (EOs) and have had commercial
applications, including flavorings and fragrances, since
antiquity [3]. Certain VOCs from aromatic plants has
been used medicinally to treat conditions that can bene-
fit from their antimicrobial, anti-inflammatory, expector-
ant, anticonvulsant, analgesic, and spasmolytic activities
[1]. Moreover, a primary function of these substances in
VOCs and EOs has been demonstrated to be defense
against herbivores and pathogens [4–6]. In some plants,
emitted VOCs may also function as wound sealers [7].
Additionly, certain released VOCs are also major precur-
sors of phytotoxic compounds which can also act in
plant-plant communications [8]. Although it is difficult
to study the chemical functions of VOCs and EOs due
to pronounced lipophilicity and volatility, the com-
pounds and biological properties of plant VOCs and
EOs have been still intriguing research topics.
Of the plant VOCs, the most intensively studied sub-

stance group has been the terpenoids [9]. Five-carbon iso-
prene units, including a wide variety of monoterpenoids
and sesquiterpenoids, are emitted from a wide range of
species [10]. Terpenoids are predominantly released from
plants in sunlight, and broad-leaved trees exhibit strong
seasonality in terpenoid emission [11]. The main functions
of volatile terpenoids are thought to be efficient protection
against a broad range of herbivores, while limiting the
chances that the herbivores evolve resistance [12, 13]. A
series of sesquiterpenoids were released after herbivore
wounding of the fern Pteris vittata [14]. Similarly, follow-
ing damaged by the pest Diabrotica virgifera virgifera to
the maize roots, maize plants are able to emit (E)-β-caryo-
phyllene, which attracts entomopathogenic nematodes
[15]. Furthermore, many kinds of terpenoids found in
VOCs or EOs have shown phytotoxic activity against
seedling root and shoot growth of other plants [16]. The
volatile monoterpenoids 1,4-cineole and 1,8-cineole,
which have been identified as components in essential oils
derived from several plant species, showed significant in-
hibitory effects on the germination and growth of roots
and shoots of Echinochloa crusgalli and Cassia obtusifolia
[17]. Cultivated plants face many of the same challenges
as wild plants do, but the plants are often grown outside
the native habitat, and cultivation involves selection by
humans. A wild plant can be cultivated either to provide
sufficient food to meet immediate requirements or to give
a satisfactory economic return to humans [18]. However,
many introduced plants can cause damage to native bio-
diversity in their new environments. For example, Eichhor-
nia crassipes (Mart.) Solms, native to South America has

been cultivated in China as feed for livestock, but has now
become major threat to the biodiversity and sustainability
of aquatic ecosystems in Dianchi Lake [19]. Similarly,
Ageratina adenophora (Spreng.) R.M. King & H. Rob, na-
tive to Mexico and Central America, initially introduced
to China as an ornamental plant, but has now become an
invasive weed, seriously damaging the native ecosystems
of southwestern China [20, 21]. Thus, the conservation of
biodiversity in these cases requires that we study the rela-
tionships between exotic plants and native ecosystems.
Thuja occidentalis L. (Cupressaceae), commonly known

as northern white-cedar, is indigenous to North America
[22]. Because of its fragrance, T. occidentalis was intro-
duced to Europe as an ornamental tree for a long time as
early as the 1540s [23, 24]. More recently, T. occidentalis
was introduced to many Chinese cities, including
Shenyang and Kunming, as an ornamental tree. The trees
are propagated by cuttings, and many were grown in this
way in the 2000s. Thousands of these cultivated plants
planted in Shenyang are now nearly 10m tall, and have
with spreading crowded branches with characteristic vege-
tation. However, the ground underneath T. occidentalis is
frequently bare soil without any grass, while vegetation
close to these trees is sporadically growing mosses and
herbs with obviously inhibited growth. When the leaves of
T. occidentalis are touched or damaged, a strong aromatic
odor with VOCs is released, and is also naturally released
by wind in winter and early spring. Because of this, it was
thought that volatile growth inhibitors should be released.
Thujone was found to be the most abundant constituent
of EOs extracted from the leaves of T. occidentalis culti-
vated in Poland [25]. Interestingly, volatile compounds re-
leased from T. occidentalis exhibited phytotoxic activity
against the seeds germination of Amaranthus caudatus
and Lepidium sativum [26]. However, the nature of the in-
volvement of phytotoxic compounds in rhizosphere soil
remains unknown, and the allelochemicals in EOs on fun-
gal and plant species needs further research. The aims of
this study included to analyze the VOCs and EOs from T.
occidentalis using GC-MS, and to investigate the bio-
logical activities of the EOs and major VOC components.

Results
Chemical constituents in VOCs and EOs analyzed using
GC-MS
In order to analyze the secondary metabolites present in
T. occidentalis VOCs, VOCs were obtained through a
closed-loop stripping system. Subsequently, the collected
VOCs were directly analyzed by GC-MS. VOCs of Shen-
yang cultivated population of T. occidentalis contained
six monoterpenoids, of which (−)-α-thujone was the
most abundant monoterpenoid (60.34 ± 5.58%), followed
by (+)-β-thujone (23.21 ± 19.62%), and then fenchone
(14.00 ± 3.46%) (Fig. 1). Since the amount of VOCs was
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insufficient for subsequent experiments, EOs from T.
occidentalis from both Shenyang and Kunming were
then collected using the hydrodistillation method [27].
The yield of EOs from the samples taken from the Shen-
yang and Kunming populations was 0.61 ± 0.03% and
0.41 ± 0.06%, respectively (Table 1). Fourteen terpenoids
were identified by GC-MS analyses of EOs from the two
investigated populations, and the EOs from the two pop-
ulations exhibited similar constituents. The dominant
compound was found to be (−)-α-thujone, representing
57.44 ± 0.43% and 69.22 ± 10.49% of the total volume of
the EOs from Shenyang and Kunming, respectively.
Other major components included (+)-β-thujone, fench-
one, rimuene, and (+)-hibaene. Diterpenoids are not very

volatile, and therefore we did not detect rimuene or
(+)-hibaene in the VOCs. To further confirm the chem-
ical structures of constituents, the EOs of T. occidentalis
in Shenyang were subjected to column chromatography.
Interestingly, the two main constituents, (−)-α-thujone
[28] and (+)-hibaene [29], were successfully identified
after purification by comparison of NMR data with those
reported in the literature [30].

Seed germination bioassay with EOs and (−)-α-thujone
The phytotoxic effects of EOs from T. occidentalis and
the major compound (−)-α-thujone on the seed germin-
ation of Arabidopsis thaliana and Taraxacum mongoli-
cum were investigated. As shown in Fig. 2, EOs from the

Fig. 1 VOCs of T. occidentalis from Shenyang population analyzed using GC-MS. ρ-Cymene (1), Fenchone (3), (−)-α-Thujone (4), (+)-β-Thujone (5),
Camphor (6), Fenchyl acetate (9)

Table 1 Chemical constitutes of VOCs and EOs of T. occidentalis

No Components Retention
index

% Component in EO and VOC Identificationa

EOs from Shenyang
Population

EOs from Kunming
Population

VOCs from Shenyang
Population

1 ρ-Cymene 1019 0.55 ± 0.01 0.07 ± 0.10 0.75 ± 0.20 MS

2 γ-Terpinene 1050 0.60 ± 0.02 0.07 ± 0.09 – MS

3 Fenchone 1082 10.98 ± 0.13 6.35 ± 2.42 14.00 ± 3.46 MS

4 (−)-α-Thujone 1105 57.44 ± 0.43 69.22 ± 10.49 60.34 ± 5.58 S, MS

5 (+)-β-Thujone 1119 6.74 ± 0.04 3.46 ± 0.61 23.21 ± 19.62 MS

6 Camphor 1150 2.21 ± 0.02 1.56 ± 0.13 1.59 ± 0.43 MS

7 (−)-Terpinen-4-
ol

1183 3.37 ± 0.01 4.65 ± 0.81 – MS

8 Pulegone 1199 0.63 ± 0.02 0.84 ± 0.01 – MS

9 Fenchyl acetate 1286 3.09 ± 0.04 0.28 ± 0.18 0.11 ± 012 MS

10 Bornyl acetate 1292 0.74 ± 0.01 0.85 ± 0.26 – MS

11 α-Terpinyl
acetate

1349 1.28 ± 0.01 0.60 ± 0.33 – MS

12 Oplopanone 1749 0.51 ± 0.20 0.74 ± 0.35 – MS

13 Rimuene 1922 4.59 ± 0.23 3.84 ± 4.14 – MS

14 (+)-Hibaene 1966 7.28 ± 0.35 7.49 ± 7.79 – S, MS
aMS Mass spectra matched with NIST (2014) data
S, the isolated standard
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T. occidentalis population at Shenyang (SY-EOs) exhib-
ited higher inhibitory activity against the seed germin-
ation of A. thaliana than on that of T. mongolicum, with
EC50 values of 3.81 ± 0.55 μg/mL and 61.86 ± 14.22 μg/
mL, respectively. Notably, the pure compound (−)-α-
thujone showed a higher inhibitory activity than did the
EOs against the seed germination of A. thaliana, with an
EC50 value of 1.22 ± 0.07 μg/mL. Moreover, (−)-α-thu-
jone also obviously inhibited the seed germination of T.
mongolicum, with an EC50 value of 73.91 ± 31.13 μg/mL,
although this effect was weaker than inhibition of (−)-α-
thujone of A. thaliana germination (Fig. 2).

Seedling growth bioassay of EOs and (−)-α-thujone
EOs from T. occidentalis of the Shenyang population
and pure (−)-α-thujone were also tested for their phyto-
toxic effect on the growth of T. mongolicum seedlings.
Both EOs and (−)-α-thujone significantly inhibited root
elongation in T. mongolicum seedlings, with EC50 values
of 106.10 ± 2.75 and 140.17 ± 29.65 μg/mL, respectively
(Fig. 3). Inhibition by SY-EOs was a dose-dependent up
to a concentration of 100 μg/mL, and the maximum
concentration of 200 μg/mL, a 40–50% reduction in the

weight of whole plant was observed. The chemical,
(−)-α-thujone showed similar inhibitor activity. How-
ever, at a concentration of 25 μg/mL, (−)-α-thujone
seemed to slightly promote growth of T. mongolicum
seedlings (Fig. 3).

Antifungal activities of EOs from Shenyang population
The EOs were also tested to determine whether they
had any antifungal activity against four fungal strains.
The fungal strains tested were the maize pathogens Fu-
sarium graminearum, Curvularia lunata, and Bipolaris
maydis, together with one human fungal pathogen Can-
dida albicans. The T. occidentalis EOs displayed potent
inhibitory activity against all four of these fungi, but
were less potent than the positive control, Nystatin
(Table 2).

Quantification (−)-α-thujone in the leaves
Since (−)-α-thujone was the major compound in the T.
occidentalis EOs, we carried out a quantification to de-
termine the concentration at which it is present in T.
occidentalis leaves. Quantitative analyses were performed
using GC-MS according to the external standard

Fig. 2 Activity of T. occidentalis EOs and (−)-α-thujone against germination of Arabidopsis thaliana and Taraxacum mongolicum seeds (n = 4). a Seed
germination of A. thaliana, (b) Seed germination of T. mongolicum (***, p < 0.001, student’s test) triple asterisks (***) indicate significant difference in
different treatments determined at p < 0.001 (student’s test)

Fig. 3 Effects of SY-EOs and (−)-α-thujone on the inhibition of Taraxacum mongolicum seedling growth (n = 4). a Effect of SY-EOs and (−)-α-thujone
on inhibition of root elongation, (b) Effect of SY-EOs on weight of whole plant, (c) Effect of (−)-α-thujone on weight of whole plant. Single, double or
triple asterisks (*, ** or ***) indicate significant differences in different treatments or between the 25 μg/mL and other treatments determined at p <
0.05, p < 0.01 or p < 0.001 (student’s test), respectively
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method. The concentration of (−)-α-thujone was found
to be 3.39 ± 0.34 mg/g in the Shengyang population, with
a similar value of 2.44 ± 0.71 mg/g in Kunming popula-
tion (Fig. 4).

Detection of compounds from EOs in rhizosphere soil
To determine whether compounds from EOs accumu-
lated in the soil surrounding T. occidentalis in Shenyang,
we collect rhizosphere soil at distances of 0.5, 1, 3, and
5 m from T. occidentalis plants. The soil was then ana-
lyzed as described above. The results show that (−)-α-
thujone can only be detected in rhizosphere soil within
0.5 m of T. occidentalis, at a concentration of 0.18 ±
0.17 μg/g (Fig. 4).

Discussion
It has been estimated that nearly 14% of the higher plant
species across the world have been cultivated [31]. With
the intervention of humans, the cultivated plants have
been able to adapt to the new environments, including
changing climatic conditions, diseases, and pests. T.

occidentalis, grown as an ornamental plant, has shown
good adaptability to many habitats in China, including
subtropical Kunming and mid-temperate Shenyang.
Using GC-MS analyses to obtain the chemical profiles of
EOs from populations of this plant in Kunming and
Shenyang, fourteen similar terpenoids have been identi-
fied, with the major constituents of the EOs in both pop-
ulations being (−)-α-thujone, (+)-β-thujone, fenchone,
rimuene, and (+)-hibaene. This suggests that climatic
conditions do not have an effect on the main compo-
nents in the EOs of T. occidentalis. Our results are con-
sistent with those from other researchers studying Thuja
across its range, who list monoterpenoids, sesquiterpe-
noids, and diterpenoids, especially (−)-α-thujone as the
main constitutes in the T. occidentalis EOs [23, 32–34].
From our GC-MS and quantitative analyses, we found
that (−)-α-thujone was the most abundant compound,
with concentration of up to 3.39 ± 0.34 mg/g in the
Shenyang population, and to 2.44 ± 0.71 mg/g in Kun-
ming population (Fig. 4). Because the main components
and contents of the EOs of T. occidentalis in Shenyang
and Kunming were similar, EOs from the fresh leaves of
T. occidentalis in Shenyang was further used for isola-
tion and biological activity. (−)-α-thujone was isolated
and identified by classical phytochemical methods to ob-
tain 1 g of pure compound. In addition, a second major
component, the diterpenoid (+)-hibaene was also iso-
lated, and identified using NMR, and represents the first
time this chemical has been reported from the EOs of T.
occidentalis [35].
T. occidentalis has extensive and fascinating biological

activity. Previous investigations have revealed that this
plant has been widely used as a folk medicine to treat
bronchial catarrh, cystitis, enuresis, psoriasis, and used
both in homeopathy and evidence-based phytotherapy,
suggesting that this plant has broad pharmacological po-
tential [23]. Moreover, the known insecticidal effects of
T. occidentalis EOs suggests that planting T. occidentalis
might help against non-native insect in places where
they are introduced [32–34]. These biological activities
are likely to be related to the natural functions of EOs in
plants in response to diverse biotic stresses. Exactly as
we expected, the T. occidentalis EOs showed moderate
antifungal activity, suggesting that the EOs might pro-
vide certain protection from infection by pathogenic
fungi. Thujone can be produced by many trees and
shows obvious toxicity against a number of organisms
[36]. The inhibitory activity of (−)-α-thujone against the
germination of A. thaliana seeds (EC50 value, 1.22 ±
0.07 μg/mL) was stronger than that against T. mongoli-
cum germination (EC50 value, 73.91 ± 31.13 μg/mL), in-
dicating model plant species A. thaliana is more
sensitive than wild plants to this chemical. There were
no significant differences between (−)-α-thujone and the

Table 2 Antifungal activities of T. occidentalis EOs against
pathogenic fungi

Strain of fungus EOs of T.
occidentalis

Nystatin as positive
control

IC50 μg/mL IC50 μg/mL

Fusarium
graminearum

284.96 ± 25.85 16.23 ± 3.10

Curvularia lunata 171.58 ± 91.42 1.02 ± 0.61

Bipolaris maydis 270.26 ± 53.49 5.56 ± 0.07

Candida albicans 286.76 ± 67.32 –

Fig. 4 The content of (−)-α-thujone in leaves of T. occidentalis
and rhizosphere soil. SY-leaf showed (−)-α-thujone in leaves of T.
occidentalis in Shenyang (n = 5). KM-leaf showed (−)-α-thujone in
leaves of T. occidentalis in Kunming (n = 3). SY-RS showed the
(−)-α-thujone was extracted from the rhizosphere soil (RS) of
plant distributed in Shenyang population (n = 5). Triple asterisks
(***) indicate significant difference between SY-RS and SY-leaves
determined at p < 0.001 (student’s test)
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EOs against the seed germination of T. mongolicum.
Moreover, (−)-α-thujone exhibited a higher phytotoxic ac-
tivity than that did the EOs against the seed germination
of A. thaliana, indicating that (−)-α-thujone is an active
constituent in the EOs of T. occidentalis. However, the
higher inhibitory activity of the EOs than (−)-α-thujone
against T. mongolicum seedling growth suggests the exist-
ence of other phytotoxic terpenoids in the EOs.
Interestingly, (−)-α-thujone, the most abundant and

also potent constituent in T. occidentalis EOs, was also
detected in rhizosphere soil underneath T. occidentalis
trees, and has also been detected in the soil under west-
ern red cedar, T. plicata [37]. This suggests that this
compound may be released into the environment by T.
occidentalis as an allelochemical against other neighbor-
ing competitive plant species.

Conclusions
Fourteen terpenoids have been identified as constituents
of EOs from T. occidentalis growing in Kunming and
Shenyang. Major constituents include thujone, fenchone,
rimuene and (+)-hibaene, and in particular (−)-α-thu-
jone. EOs displayed potent antifungal activity against
four fungal strains. Significant phytotoxic effects of EOs
and (−)-α-thujone against A. thaliana and T. mongoli-
cum seed germination and seedling growth were also ob-
served. In addition, the most abundant component of
the EOs, (−)-α-thujone, was detected in rhizosphere soil.
The results of this paper not only reveal the chemicals
present in volatile EOs from T. occidentalis growing in
different climatic conditions, but also provides more evi-
dence of the phytotoxic activity of the EOs and (−)-α-
thujone against seed germination and seedling growth,
as well as a possible role of (−)-α-thujone as allelochem-
ical for T. occidentalis.

Methods
Plant materials
The Thuja occidentalis plant material was collected from
two locations: Kunming (E: 102° 74′, N: 25° 14′, three plants)
and Shenyang (E: 123° 57′, N: 41° 82′, ten plants) in China
in April 2018. Healthy trees about 5-years-old were selected
to collect VOCs and extract EOs. Plants were provided and
identified by Professor Wenshan Cui and the voucher speci-
mens (SYNUB013056–SYNUB013060) were deposited at
College of Bioscience and Biotechnology, Shenyang Agricul-
tural University. Further plant material was collected from
the Northern White-cedar Breeding Center of Tieling Devel-
opment Area, as cut T. occidentalis branches were freely
available following spring pruning. Wild-type of Arabidopsis
thaliana (Col-0) was used for phytotoxic assay. Seeds from
Taraxacum mongolicum Hand.-Mazz. were collected from
close to a patch of northern white-cedar in the Northern
White-cedar Breeding Center of Tieling Development Area,

with the permission of Professor Wenshan Cui. T. mongoli-
cum was identified by Professor Bo Qu and T. mongolicum
voucher specimens (SYNUB014001–SYNUB014004) have
been deposited at the College of Bioscience and Biotechnol-
ogy, Shenyang Agricultural University.

Collection of VOCs released from T. occidentalis
The VOCs released from the cultivated plants in Shen-
yang were collected using a closed-loop stripping system
as described previously [27]. Briefly, each plant was
placed inside a glass chamber capped with a closed loop
stripping apparatus. Air flow was maintained by a vac-
uum pump. The VOCs were collected for 1 h using 150
mg Super Q traps (Supelco, PoraPak, Bellefonte, PA,
USA). Each collective column was then eluted with
500 μL hexane into a gas chromatography sample vial.
Each treatment was analyzed with five independent bio-
logical replicates.

Extraction of EOs from leaves of T. occidentalis
The EOs were obtained by hydro-distillation with a
Clevenger-type apparatus [38] using 25 g of fresh leaves
from trees collected from both Kunming and Shenyang
populations. The extraction was run for 1 h, and the oil
obtained was subsequently dried over anhydrous sodium
sulfate and refrigerated in a dark vial until it was ana-
lyzed and tested. Three replicates were run for Kunming
population, while five replicates were carried out for
Shenyang population.

GC-MS analyses
Qualitative and quantitative analyses of EOs, VOCs, and
extracts from rhizosphere soil were performed on a Shi-
madzu gas chromatograph-mass spectrometer (GC-MS)
QP-2020 (Shimadzu, Japan) equipped with an autoinjec-
tor AOC-20is. The VOCs were separated using a Rtx-
5MS column (30 mm × 0.25 mm, film thickness 0.25 μm)
with helium as the carrier gas at a flow rate of 1.78 mL/
min. 1 μL of each sample was injected in split mode
(split ratio of 10:1) and the injector temperature was
250 °C. The oven temperature program was as follows:
initial oven temperature of 40 °C, increased at 5 °C/min
to 80 °C, after 4 min of hold time at 80 °C, followed by
an increase of 10 °C/min to 280 °C and a hold time of 3
min. The mass detector, ion source, transfer-line and
quadrupole temperatures were set at 230 °C, 250 °C, and
150 °C, respectively, with electronic impact (EI) mode at
70 eV and a scan range of m/z 50–500. A C8–C40 alkane
standard solution (Sigma-Aldrich, USA) was analyzed
for calculating retention indices (RIs) and monitoring
system performance. Compounds were identified
through comparison of their mass spectra with the refer-
ence spectra in NIST14 (Agilent Technologies, Palo
Alto, CA, USA) and Wiley7n.1 MS-libraries (Wiley
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Publishing, Hoboken, NJ), as well as comparison of their
RIs with published data (Kováts retention indices on
unpolar column reported in literature (www.nist.gov).
Target compounds were quantified by integration of
peak areas and calibration.

Isolation of main constituents of the EOs from the
Shenyang population
About 50mL EOs was collected by hydro-distillation
using 6 kg fresh T. occidentalis leaves from the Shenyang
population. These EOs were subjected to chromatog-
raphy on silica gel columns, eluted with petroleum ether
and petroleum ether: ethyl acetate (V/V, 100:1) to yield
compounds 4 (about 1 g) and 14 (20 mg). The purity of
4 was more than 80% by GC-MS.
Spectra data of (−)-α-thujone (4): colorless oils, 1H

NMR (Acetone-d6, 600MHz) δ: 0.94 (3H, d, J = 6.8 Hz,
H-8), 1.01 (3H, d, J = 6.8 Hz, H-9), 1.09 (3H, d, J = 7.5
Hz, H-10). 13C NMR (Acetone-d6, 150MHz) δ: 30.3 (C-
1), 39.8 (C-2), 219.6 (C-3), 47.8 (C-4), 26.2 (C-5), 19.1
(C-6), 33.7 (C-7), 20.2 (C-8), 19.9 (C-9), 18.2 (C-10).
Spectra data of (+)-hibaene (14), colorless oils, 13C

NMR (Acetone-d6, 150MHz) δ: 39.9 (C-1), 19.2 (C-2),
42.8 (C-3), 33.7 (C-4), 56.8 (C-5), 20.7 (C-6), 38.1 (C-7),
49.8 (C-8), 53.6 (C-9), 38.0 (C-10), 20.9 (C-11), 33.8 (C-
12), 44.2 (C-13), 62.0 (C-14), 136.0 (C-15), 136.8 (C-16),
25.2 (C-17), 34.0 (C-18), 22.3 (C-10), 15.5 (C-20).

Seed germination bioassay
Sterilized seeds of Arabidopsis thaliana and T. mongoli-
cum were stored in a refrigerator at 4 °C for 2 days be-
fore use. The seeds were sown on MS medium [1.0%
agar (w/v), pH 6.0] with the test samples of SY-EOs and
(−)-α-thujone. The samples were tested for activity
against A. thaliana at concentrations of 25, 20, 15, 10, 5,
1, and 0 μg/mL. Moreover, the results showed that there
was no significant activity against T. mongolicum in the
pretreatment of 25 μg/mL concentration. Thus, the sam-
ples were tested for activity against T. mongolicum at
concentrations of 200, 100, 50, 25, and 0 μg/mL. These
samples were first dissolved in DMSO, in order to have
a final concentration of solvents not exceeding 0.5%. For
each test, 15 seeds were distributed across moist MS
medium in a Petri dish (6.0 cm diameter). Four dupli-
cates of each concentration were carried out for each
species. Seeds were allowed to germinate under a regime
of 16 h light and 8 h dark at 22 °C (day) and 18 °C
(night). The number of germinated seeds was checked
daily until most seeds (≥90%) in the control Petri dishes
had germinated. Germination counts were calculated
over a period of 4 days. The EC50 was determined for
the inhibition of seed germination.

Seedling growth bioassay
T. mongolicum seeds were pretreated as described above.
According to the results of seed germination, the samples
were tested for activity against T. mongolicum at concen-
trations of 200, 100, 50, 25, and 0 μg/mL, and four repli-
cates were carried out at each concentration. In each test,
15 seeds were placed in a horizontal line in a Petri dish
(15 cm diameter). The Petri dishes were placed vertically
in a growth chamber under a regime of 16 h of light and
8 h at 22 °C (day) and 18 °C (night). The length of the
seedling roots and weights of whole seedlings were mea-
sured at 7 days after germination. The EC50 was deter-
mined for the inhibition of seedling roots.

Antifungal assay
An antifungal activity assay was performed according to
the broth microdilution method as described in the lit-
erature [39], with minor modifications. The EOs were
tested for their in vitro antifungal activity against the
fungal strains Fusarium graminearum (ACCC37120),
Curvularia lunata (ACCC 38967), and Bipolaris maydis
(ACCC 38948), and Candida albicans, all of which were
obtained from the Agricultural Culture Collection of
China. Two-fold serial dilutions of each sample, ranging
from 256 to 4 μg/mL, were prepared in DMSO with a
maximum concentration of 1% (v/v). Fungal strains were
grown on potato dextrose agar at 28 °C for 1 week for
the growth of spores. Potato dextrose broth was stan-
dardized to 105 spores/mL. 100 μL of each spore suspen-
sion was then added into 96-well plates. The negative
control plates were incubated with an equal volume of
DMSO. Nystatin was used as positive control for anti-
fungal activity. Five replicates were run for each treat-
ment. After 48 h in an incubation shaker at 40 rpm, the
wells of microtiter plate were read with a spectropho-
tometer at OD625 nm, and 50% inhibitory concentrations
(IC50) were calculated.

Detection of EO compounds in the rhizosphere soil
around T. occidentalis
Rhizosphere soil was collected at distances of 0.5, 1, 3,
and 5 m form the T. occidentalis plants and between 0
and 2 cm depth form the Shenyang population. After re-
moving plant residues, the sample (5 g soil) was sub-
jected to petroleum ether extraction with the addition of
30 mL petroleum ether and incubation in an ultrasonic
bath for 30 min at room temperature, followed by centri-
fugation for 10 min at 12000 rpm. The supernatant was
concentrated in vacuo. After the solvent had evaporated,
the extraction was dissolved in 1 mL hexane and then
analyzed using the same GC-MS method described
above. Each treatment had five independent biological
replicates.
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Quantification of (−)-α-thujone in the leaves and in the
rhizosphere soil around T. occidentalis
Quantification of (−)-α-thujone in the leaves and rhizo-
sphere soil around T. occidentalis was carried out using
the same GC-MS method as described above, with the
isolated authentic sample as the external standard. The
leaf samples were taken from both the Shenyang and
Kunming populations and were prepared as described
above, while samples of rhizosphere soil were collected
only from the Shenyang population. For quantification
of (−)-α-thujone in the samples, a calibration curve for
(−)-α-thujone was prepared. Triplicate injections were
carried out at five concentrations (10, 5, 1, 0.5, and
0.1 μg/mL), and linear calibration curves were obtained
by plotting the peak area versus concentration. Finally,
the equation and correlation coefficient obtained from
the linearity study for (−)-α-thujone (4) was y = 3E-06x -
0.2923 (R2 = 0.9997).

Statistical analysis
The data are expressed as means ± SD of biological rep-
licates. The statistical analysis of experimental data was
conducted using Student’s t test run in SPSS 19.0.
Values where p < 0.05 were considered significant.
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