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Abstract: Allelopathic plants and their related phytotoxic chemicals have been explored as alter-
natives for environmentally friendly weed management. Dregea volubilis (L.f.) Benth. ex Hook.f.,
a woody vine, is well-known for its uses in various therapeutic treatments, and several bioactive
compounds have been isolated from this species. However, to date, no phytotoxic substances from
D. volubilis have been reported. Hence, in this research, we aimed to investigate the allelopathic effect
of D. volubilis and characterize its phytotoxic substances. Extracts of D. volubilis exhibited significant
inhibitory activity against the seedling growth of Italian ryegrass (Lolium multiflorum Lam.) and cress
(Lepidium sativum L.). The extracts were purified through several chromatography steps, yielding two
phytotoxic substances, and using spectroscopy, their structures were determined as dehydrovomi-
foliol and loliolide. The compounds inhibited the Italian ryegrass and cress seedlings with the I5g
(concentrations needed for 50% inhibition) values ranging from 0.022 to 0.102 mM, for loliolide and
3.24-4.60 mM, for dehydrovomifoliol. These results suggest that both phytotoxic compounds might
be responsible for the allelopathy of D. volubilis, and they may be released into the soil through the
decomposition of the D. volubilis leaf and probably act as allelopathic active substances. Therefore,
the extracts of D. volubilis and its related phytotoxic compounds may be applied as biological agents
for controlling weeds.
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1. Introduction

The extensive use of synthetic herbicides negatively affects the environment because
of their residual toxicity in the soil and groundwater, and their detrimental effect on
human health [1], and lead to major weed species developing herbicide resistance [2,3].
About 266 species (153 dicots and 113 monocots) of herbicide-resistant weeds have been
recorded [4]. Hence, to develop eco-friendly agricultural practices, allelopathic plants
and their isolated allelochemicals have performed a vital part in weed management [5].
Allelochemicals are secondary metabolites that can be produced in various plant parts
(leaves, flowers, shoots, fruits, seeds, and roots) [6]. When allelochemicals are expelled into
the neighboring environment, they can restrict the growth and germination of adjacent
plants by influencing different physiological functions such as membrane permeability,
and cell extension and division; this phenomenon is known as allelopathy [7,8]. Most
allelochemicals are eco-friendly due to their structural organization, short half-life in soils,
and synergistic action when released into the environment [9]. Therefore, allelochemicals
obtained from allelopathic plants possess the potential to be used as either a promising
source of biological herbicides or templates for new synthetic herbicide classes [10,11].
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Many studies have documented medicinal plants possessing bioactive substances with
numerous biological properties including phytotoxicity [12-14], and a number of medicinal
species have been examined for phytotoxic compounds. Two novel compounds from neem
(Azadirachta indica A. Juss.), nimbic acid B and nimbolide B, were separated and identified by
Kato-Noguchi et al. [15]. They discovered that these two novel compounds had inhibitory
effects on barnyard grass (Echinochloa crus-galli (L.) P.Beauv.) and cress (Lepidium sativum L.).
Krumsri et al. [16] demonstrated the phytotoxic activity of Afzelia xylocarpa (Kurz) Craib
extracts on four model plant species and isolated two potent phytotoxic chemicals from
the extracts. Rob et al. [17] also reported that two allelopathic compounds, isolated from
Garcinia xanthochymus Hook. f. ex T.Anderson leaf extracts imposed significant growth
inhibitory activity on Lepidium sativum L. and Phleum pratense L. In addition, three bioactive
allelochemicals with growth-suppressive properties have been separated from Capparis
spinosa L. extracts [18].

The Apocynaceae family consists of approximately 348 genera, with about 2900 species
distributed in Europe, Asia, Africa, Australia, and America, and mostly in tropical and sub-
tropical, as well as temperate regions [19]. Apocynaceae is one of the most medicinally di-
verse families in the plant kingdom [20-22], comprising trees, shrubs, herbs, and vines [19].
Notably, dozens of Apocynaceae species have been discovered to possess a wide array
of bioactive components, including allelopathic activity. For example, Gulzar et al. [23]
reported that aqueous leaf extracts of Calotropis procera (Aiton) Dryand. reduce the growth
and dry biomass of Cassia sophera L. Accordingly, nine phenolic allelochemicals were iso-
lated and identified from the methanolic extracts of C. procera. Moreover, extracts of Cerbera
manghas L. and Dischidia imbricata (Blume) Steud. showed significant phytotoxic effects
against the growth of common plant species, both crops and weeds [24,25]. Nonetheless,
the allelopathic properties and allelochemicals of other Apocynaceae species remain to
be investigated.

Dregea volubilis (L.f.) Benth. ex Hook.f. (Apocynaceae) [Synonym: Wattakaka volubilis
(L.f.) Stapf.; Asclepias volubilis L.£.] is a large twining shrub with a woody vine and is exten-
sively distributed in India, Sri Lanka, Myanmar, Indonesia, Thailand, and China [26,27].
Its leaves are round or ovate (up to 10 cm wide and 15 cm long), pointed at the base
and tip, and rather leathery, and its flowers are green and 1 cm across [27]. The flowers
and leaves of the plant are locally eaten as a vegetable [28]. All parts of D. volubilis have
traditionally been used for various therapeutic treatments in different south Asian coun-
tries [29-31]. Several active substances of many classes have been obtained from different
parts of D. volubilis, including triterpenoids [32], glycosides [33,34], flavonoids [35], and
phenolic compounds [36]. Furthermore, the potential effects of D. volubilis extracts and
of the active substances separated from its extracts have been assessed in some animals
and microorganisms, exhibiting a wide range of biological activities, such as analgesic [37],
anti-inflammatory [26], antioxidant and antibacterial [38,39], and antidiabetic [40] activities.
Although multiple biological properties of D. volubilis have been recorded, to date, there is
no available information about its allelopathy. Therefore, the aim of the present research
was to explore the allopathic activity of D. volubilis extracts and to identify its phytotoxic
substances with allelopathic activity.

2. Materials and Methods
2.1. Plant Material and Extract Preparation

Dregea volubilis (L. f.) Benth. ex Hook. f. leaves were collected from Zeyarthiri
Township, Naypyidaw, Myanmar (19°83'67" N; 96°27'21" E), in May 2019. The collected
D. volubilis leaves were cleaned with tap water, dried in the shade for two weeks, and kept
in a refrigerator at +2 °C until use. The dry leaves (100 g) of D. volubilis were chopped into
small pieces (1 x 1 cm) and extracted with 1000 mL of 70% (v/v) aqueous methanol for
48 h. After filtration using filter paper (No. 2; Toyo Ltd., Tokyo, Japan), the residue was
re-extracted with 1000 mL of methanol for 24 h and filtered. The two filtrates were mixed,
and the biological activity of the leaf extracts was assessed by bioassay as described below.
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2.2. Growth Bioassay

A monocotyledonous species, Italian ryegrass (Lolium multiflorum Lam.), and a di-
cotyledonous species, cress (Lepidium sativum L.), were used to assess the biological activity
of the D. volubilis leaves. The extract residue of D. volubilis (yielded from 100 g dry leaves)
was dissolved in 100 mL methanol to prepare six concentrations of 1, 3, 10, 30, 100, and
300 mg dry weight (D.W.) equivalent D. volubilis extract/mL. An aliquot of leaf extract
was then added to a sheet of filter paper (No. 2; Toyo Ltd.) in a 28 mm Petri dish. The
methanol was evaporated in a fume chamber. The filter paper was then soaked with 0.6 mL
of a 0.05% (v/v) aqueous solution of Tween 20 (polyoxyethylene sorbitan monolaurate)
(Nacalai, Kyoto, Japan). After that, ten sprouted seeds of Italian ryegrass (germinated in
darkness at 25 °C for 42 h) and ten seeds of cress were arranged in separate Petri dishes,
and incubated in the darkness at 25 °C. As a control treatment, filter paper was moistened
with only an aqueous solution of Tween 20. Seedling length was measured after 48 h of
incubation, and the percentage of seedling length was determined against the length of the
control seedlings. A bioassay experiment was conducted using a completely randomized
design (CRD) with three replicates, and the experiment for each test plant was repeated
twice (10 seedlings/replicate, nn = 60).

2.3. Separation, Purification, and Identification of the Active Substances

Leaves (2.4 kg dry weight) of D. volubilis were extracted and filtered as described
above. The aqueous methanol extract was then concentrated at 40 °C in vacuo to produce
an aqueous residue for further purification steps. The biological activity of all the separated
fractions in each purification step was monitored using a cress bioassay as described above.
The concentrated aqueous residue was adjusted to pH 7.0 with 1 M phosphate buffer
and partitioned five times with an equal volume (150 mL/time) of ethyl acetate. After
that, the ethyl acetate fraction was separated using a silica gel column (60 g, silica gel 60,
70-230 mesh; Nacalai Tesque, Kyoto, Japan) and eluted with 20, 30, 40, 50, 60, 70, and 80%
ethyl acetate in n-hexane (v/v; 150 mL per step), ethyl acetate (150 mL), and methanol (300
mL) to obtain nine fractions. The inhibitory activity was detected in the fraction eluted
with 80% ethyl acetate in n-hexane (F7). After evaporation, the residue was further purified
using a column of Sephadex LH-20 (100 g; GE Healthcare, Uppsala, Sweden) and eluted
with 20, 40, 60, and 80% (v/v; 150 mL per step) aqueous methanol and methanol (300 mL
per step) to obtain five fractions. The active fraction was obtained by elution with 40% (v/v)
aqueous methanol (F,) and evaporated to dryness in vacuo to obtain a crude residue. The
residue was dissolved with 20% (v/v) aqueous methanol and loaded onto a reverse-phase
Cyg cartridge (1.2 x 6.5 cm; YMC, Kyoto, Japan) and eluted with 20, 40, 50, 60, and 80% (v/v)
aqueous methanol (15 mL per step) and methanol (30 mL per step) to obtain six fractions.
The active fraction resulting from 40% (v/v) aqueous methanol (F;) was evaporated and
fractionated using reverse-phase HPLC (500 x 10 mm L.D. ODS AQ-325; YMC Co., Ltd.,
Kyoto, Japan), and eluted at a flow rate of 1.5 mL min~! with 40% (v/v) aqueous methanol
(detection: at 220 nm wavelength, 40 °C). The biological activity was detected in the peak
fractions eluted in 60—67 min (substance 1) and 72-80 min (substance 2). These two active
peaks were checked again using reverse-phase HPLC (3 um, 4.6 x 250 mm L.D., Inertsil
ODS-3; GL Science Inc., Tokyo, Japan) at a flow rate of 0.5 mL min~! with 25% aqueous
methanol (detection: at 220 nm wavelength, 40 °C), and detected at retention times of
55-62 min, yielding a colorless active substance, and 67-72 min, yielding a whitish active
substance. The substances were characterized using ESIMS, 'H-NMR spectrum (400 MHz,
CD30D), and specific rotation.

2.4. Bioassay of the Isolated Active Substances

The isolated active substances were dissolved in 1 mL methanol to obtain an assay
concentration and added to a 28 mm diameter Petri dish containing a sheet of filter paper
(No. 2, 28 mm; Toyo, Japan). The methanol was then allowed to evaporate in a fume hood at
room temperature, and the filter paper was moistened with 0.6 mL of a 0.05% (v/v) aqueous
solution of Tween 20. To examine the biological activities of the two isolated substances,
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Italian ryegrass and cress bioassays were used by conducting the assay experiment in a
completely randomized design with three replicates (10 seedlings/replicate, n = 30), as
described previously. The inhibition percent was determined by reference to the elongation
of the control seedlings.

2.5. Statistical Analysis

All experimental data were analyzed by SPSS version 16.0 using a one-way ANOVA.
Significant differences among the treatments were investigated using a post-hoc Tukey’s
test at p < 0.05. A two-tailed Pearson correlation test was used to monitor the correlation
between the applied concentrations and the growth of the test plants at p < 0.01. The
concentration required for 50% inhibition (I5p) of the shoots and roots of cress and Italian
ryegrass by the D. volubilis leaf extracts and its related compounds was analyzed using
GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).

Table 1. The concentration required for 50% inhibition (I5p) of the shoots and roots of Italian ryegrass
and cress by the Dregea volubilis leaf extracts and its related compounds (dehydrovomifoliol and
loliolide), and their respective correlation coefficient values.

Ta;ieetcli’::nt I5¢ Value Correlation Coefficient (r)
Shoot Root Shoot Root
Aqueous methanol extracts
(mg D.W. equivalent extract/mL) Aqueous methanol extracts
Italian ryegrass 10.15a 532b —0.764 *** —0.792 ***
Cress 5.60b 321c —0.849 *** —0.895 ***
Dehydrovomifolial (mM) Dehydrovomifolial
Italian ryegrass 4.60 a 3.59 be —0.603 *** —0.677 ***
Cress 3.79b 3.24c —0.715 *** —0.747 ***
Loliolide (mM) Loliolide

Italian ryegrass 0.102a 0.073b —0.918 *** —0.888 ***
Cress 0.029 c 0.022 ¢ —0.870 *** —0.878 ***

Different letters in the same treatment denote a significant difference (p < 0.05) according to Tukey’s HSD test,
and asterisks denote statistical significance: *** p < 0.001.

3. Results
3.1. Allelopathic Effects of the D. volubilis Extracts

The aqueous methanol extracts of D. volubilis suppressed the shoot and root growth of
Italian ryegrass and cress (Figure 1). The concentration of 3 mg D.W. equivalent D. volubilis
extract/mL significantly inhibited the shoots and roots of both test plants, except for Italian
ryegrass shoots (p < 0.05). The extract obtained from 10 mg of D. volubilis inhibited the
shoot growth of Italian ryegrass and cress by 50.41 and 22.13% of the control shoot growth,
respectively, and inhibited the root growth of Italian ryegrass and cress by 19.5 and 15.4%
of the control root growth, respectively. The concentration of 100 mg D.W. equivalent
D. volubilis extract/mL completely inhibited the root growth of cress, whereas the extracts
inhibited cress shoots, Italian ryegrass shoots, and Italian ryegrass roots by 3.41, 2.18, and
1.24% of the control growth, respectively.

Furthermore, a correlation analysis between seedling growth and the D. volubilis
extract concentrations showed a negative correlation, with correlation coefficient values
from —0.764 to —0.895 (p < 0.01) (Table 1). The I5y values of the D. volubilis extracts against
the growth of the Italian ryegrass and cress varied from 3.21 to 10.15 mg D.W. equivalent
extract/mL (Table 1), and the I5y values for the roots of both plants were significantly lower
than those of their shoots (p < 0.05).
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Figure 1. Effect of aqueous methanol extracts of Dregea volubilis leaves on the shoot and root growth
of Italian ryegrass and cress. The vertical bars represent the standard error of the mean. Different
letters in each category indicate significant differences among the treatments (Tukey’s HSD, p < 0.05).

3.2. Isolation and Characterization of the Active Substances

The D. volubilis extracts were separated through partitioning into ethyl acetate and
aqueous fractions. Both fractions inhibited the growth of the cress seedlings (Figure 2);
however, the ethyl acetate fraction exhibited more significant inhibitory activity than
the aqueous fraction at both concentrations. Thus, the ethyl acetate fraction was further
separated using several chromatography steps: silica gel column, Sephadex LH-20 column,
and reverse-phase C;g Sep-Pak cartridges. Finally, two active substances were purified
by reverse-phase HPLC and characterized by spectral analysis. The molecular formula of
substance 1 was determined to be C13H;3O3 using ESIMS at m/z 223.1476 [M+H]* (calcd
for C13H1903, 223.1334). The 'H NMR (400 MHz, CD30D) spectrum of the substance was
511 7.00 (d, ] =15.7 Hz, 1 H, H7), 6.43 (d, ] = 15.7 Hz, 1 H, H8), 5.94 (brs, 1 H, H4), 2.61 (d,
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Length (% of control)

2

J=17.1Hz, 1 H, H1),2.31 (s, 3H, H10), 228 (d, ] =17.1 Hz, 1 H, H2),1.90 (d, ] = 1.4 Hz,
3 H, H13), 1.06 (s, 3 H, H-11), 1.02 (s, 3 H, H12). The specific rotation of the substance
showed [a]p®® = +198 (c = 0.10, CD;OH). Comparing this spectral result with previously
published literature, the substance was identified as dehydrovomifoliol (Figure 3) [41,42].

B Aqueous fraction @ Ethyl acetate fraction

Shoot Root
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b
L b
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100 300
Concentration (mg D.W. equivalent extract/mL)

Figure 2. The inhibitory activity of the aqueous and ethyl acetate fractions obtained from the Dregea
volubilis leaf extracts on the shoot and root growth of cress. The bars on each experiment express
mean =+ SE with three replicates (n = 30). The different letters indicate significant differences among
the treatments (Tukey’s HSD, p < 0.05).
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Figure 3. HPLC chromatogram and chemical structure of dehydrovomifoliol.

The molecular formula of substance 2 was determined to be C;1H;603 using ESIMS
at m/z 197.1293 [M+H]* (calcd for C11H;7035, 197.1178). The 'H NMR (400 MHz, CD30D)
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spectrum of the substance was by 5.75 (s, 1 H, H7), 4.22 (m, 1 H, H3), 2.42 (ddd, ] = 14.2,
2.8,2.8 Hz, 1 H, H4b), 1.99 (ddd, | = 14.6, 3.2, 2.6 Hz, 1 H, H2b), 1.76 (s, 3 H, H11), 1.75 (m,
1 H, H4a), 1.53 (dd, | = 14.6, 3.8, Hz, 1 H, H2a), 1.47 (s, 3 H, H9), 1.28 (s, 3 H, H10). The
specific rotation of the substance showed [a]p? = —141 (c = 0.195, CHCl3). Comparing
this spectral result with the previously published literature, the substance was identified as
loliolide with the systematic name 1,3-dihydroxy-3,5,5-trimethylcyclohexylidene-4-acetic
acid lactone (Figure 4) [43-45].

Loliolide

20 30 40 50 60 70 80

Retention time (min)

Figure 4. HPLC chromatogram and chemical structure of loliolide.

3.3. Biological Activity of the Two Identified Compounds

Dehydrovomifoliol significantly inhibited the shoot and root growth of Italian ryegrass
at concentrations of >3 and 1 mM, respectively, and inhibited the shoot and root growth of
cress at a concentration of >1 mM (Figure 5). The Iy values of dehydrovomifoliol against
the Italian ryegrass shoots and roots were 4.60 and 3.59 mM, respectively, and those against
the cress shoots and roots were 3.79 and 3.24 mM, respectively (Table 1). Comparing the I5y
values, the I5y values of dehydrovomifoliol against the Italian ryegrass and cress shoots
were 1.28- and 1.16-times greater than those of their roots, respectively.

On the other hand, loliolide significantly inhibited the Italian ryegrass and cress shoots
at a concentration >0.03 mM, and against their roots at a concentration >0.01 mM (Figure 6).
At the concentration of 0.3 mM, loliolide suppressed both shoot and root growth of Italian
ryegrass and cress by lower than 40 and 25% of control growth, respectively. The Isg
values of loliolide against the Italian ryegrass shoots and roots were 0.102 and 0.073 mM,
respectively, and those against the cress shoots and roots were 0.029 and 0.022 mM, respec-
tively. The Isg values of loliolide against the Italian ryegrass and cress shoots were 1.39-
and 1.32-times greater than those of their roots, respectively. Additionally, it was found
that the evidently 59 values of loliolide against the shoots and roots of both test plants
were lower than those of dehydrovomifoliol (Table 1). The correlation coefficients between
the seedling growth of both test plants and the concentrations of dehydrovomifoliol and
loliolide exhibited a negative correlation, and the correlation coefficient values varied from
—0.603 to —0.918 (Table 1).
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Figure 5. Effect of dehydrovomifoliol isolated from the Dregea volubilis leaf extracts on the seedling
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Figure 6. Effect of loliolide isolated from the Dregea volubilis leaf extracts on the seedling growth of
Italian ryegrass and cress. The bars on each experiment express the mean + SE with three replicates
(n = 30). The different letters indicate the significant differences among the treatments (Tukey’s HSD,
p <0.05).

4. Discussion

The aqueous methanol extracts of D. volubilis significantly suppressed the seedling
growth of Italian ryegrass and cress in a concentration-dependent manner (Figure 1). Such
inhibitory activities of several plant extracts have also been discovered in other studies,
which showed that an increasing concentration of the extracts of Acacia concinna (Willd.)
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DC. [46], Apium graveolens L. [47], Albizia richardiana (Voigt.) King & Prain [48], and Garcinia
xanthochymus Hook.f. ex T.Anderson [49] resulted in increased growth suppression of
common test plants (weed and crop species). Furthermore, the I5; values against the
shoots and roots of the two test plants in this study differed, indicating that the inhibition
was species specific (Table 1). Similar findings for the extracts of Castanea crenata Sieb. et
Zucc., Nephrolepis cordifolia (L.) C. Presl, Garcinia pedunculata Roxb. ex Buch.-Ham., and
Tradescantia spathacea Sw. have been reported by several researchers [50-53]. Hence, the
growth inhibitory activity of the D. volubilis extracts against the test plants suggests that
the extracts may contain phytotoxic substances with allelopathic properties.

The bioassay-guided separation of the D. volubilis extracts led to the isolation of two
active substances, which were characterized as dehydrovomifoliol and loliolide using spec-
troscopy (Figures 3 and 4). Both phytotoxic substances have been recorded as carotenoid
metabolites [54]. Dehydrovomifoliol has been discovered in various plant species such as
Helianthus annuus L. cv. Peredovick [55], Beta vulgaris var. cicla [56], Malva silvestris [57],
Cucumis sativa [42], Arctium lappa L. [58], Nitraria sibirica Pall. [59] (Yang et al. 2012), and
Raphanus sativus L. [60], and it has also been synthesized from Co-hydroxy ketone [61].
Loliolide was first reported in 1964 from Lolium perenne L., and afterwards it was found
in Bunias orientalis L. [62], Digitaria sanguinalis (L.) Scop. [63], Centrostachys aquatica (R.Br.)
Mogq. [64], Eichhornia crassipes (Mart.) Solms [65], and Marsilea crenata C. Presl [66], and it
has also been synthesized from Cj1-aldehyde [61]. Moreover, several biological properties
of dehydrovomifoliol and loliolide have been explored, such as antimicrobial [67], antipro-
liferative [68], antialgal [69], antioxidant [70], and cytotoxic [71]. Both dehydrovomifoliol
and loliolide have been reported in some plant species such as Xanthium spinosum L. [72],
Paspalum commersonii Lam. [73], and Albizia richardiana (Voigt.) King & Prain [48]. However,
our study is the first to identify these two phytotoxic substances from D. volubilis.

The toxicity of phytochemicals is regulated by their chemical structure, particularly the
number and position of various functional groups substituted in the benzene ring [74,75].
Dehydrovomifoliol consists of 13 carbon atoms arranged in a benzene ring with hydroxyl
and keto groups and a side chain with a terminal methyl group (Figure 3). Two keto groups
are situated at the C-3 and C-9 positions of dehydrovomifoliol. However, loliolide consists
of 11 carbon atoms arranged in a benzene ring with a hydroxyl group combined with a five-
membered lactone (Figure 4). Loliolide possesses one keto group at the C-8 position and
one hydroxyl group at the C-3 position. Kobayashi et al. [76] suggested that the hydroxyl
group at the C-3 position of loliolide might be responsible for its phytotoxic potential.
Thus, the cress and Italian ryegrass seedlings may exert more sensitivity to loliolide than
dehydrovomifoliol. Our findings indicate that dehydrovomifoliol and loliolide possess
growth inhibitory activity and may contribute to the allelopathic effect of D. volubilis.
Therefore, D. volubilis leaves could be applied as a soil additive or soil amendment to
control weeds in an eco-friendly way. Accordingly, its two phototoxic compounds may
be released into the soil by the decomposition of its leaf tissues, and they may act as
allelopathic substances.

5. Conclusions

In this study, D. volubilis leaf extracts exhibited a significant inhibitory effect on the
seedling growth of Italian ryegrass and cress. Bioassay-directed isolation of its extracts
led to the characterization of two phytotoxic compounds, dehydrovomifoliol and loliolide,
which inhibited the seedling growth of both test plants. The growth inhibitory properties
of those phytotoxic compounds may be responsible for the allelopathy of D. volubilis. Thus,
our findings suggest that D. volubilis leaves could be potential candidates for soil additive
materials to control weeds in sustainable agriculture. However, further field studies are
required to confirm the allelopathic activity of D. volubilis and to clarify the physiological
and biochemical mechanism of action of its allelopathically active compounds.
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