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Abstract: Due to the various hazards of using synthetic chemical compounds in pharmaceutics,
agriculture, and industry, scientists and researchers do their best to explore and assess new green
natural compounds from natural resources with potent activity. The essential oil (EO) from the resin
collected from Araucaria heterophylla Salisb. was extracted by the microwave technique and chemically
characterized via GC-MS analysis. Furthermore, the extract EO was assessed for its antioxidant and
phytotoxic activities. The EO has 33 compounds, mainly terpenes (98.23%), and the major compounds
were α-pinene (62.57%), β-pinene (6.60%), germacrene D (5.88%), and β-caryophyllene (3.56%). The
extracted EO showed substantial antioxidant activity, where it showed IC50 values of 142.42 and
118.03 mg L−1 for DPPH and ABTS, respectively. On the other hand, the EO revealed considerable
phytotoxicity against the weed Chenopodium murale, where the EO showed IC50 values of 304.0,
230.1, and 147.1 mg L−1, for seed germination, seedling shoot growth, and seedling root growth,
respectively. Moreover, the EO showed the same pattern of allelopathic inhibition against the weed
Sonchus oleraceus, where it showed IC50 values of 295.7, 224.5, and 106.1 mg L−1, for seed germination,
seedling shoot growth, and seedling root growth, respectively. The present study showed that the
extraction technique affects the constituents of the EO, particularly the quantitative composition. The
EO of A. heterophylla resin also revealed considerable antioxidant and phytotoxic activity against
weeds. Therefore, it can be considered a promising natural resource that could be integrated into the
weed management approach. However, further study is recommended for deep characterization of
their authentic compounds and evaluation of their mode of action(s) on a wide spectrum of weeds.

Keywords: Norfolk pine; volatile compounds; free radical scavenging; terpenes; allelopathy

1. Introduction

The Araucaria genus (family Araucariaceae) is a widely distributed coniferous, ev-
ergreen and ornamental tree in the world with around 19 species [1,2]. Different plant
parts of Araucaria species have been documented to be used in the treatment of several
traditional diseases such as antiseptic, emollient, ulcers, rheumatism as well as the treat-
ment of contusions, amenorrhea, toothache, and respiratory infection [1]. The essential
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oils (EOs) extracted from different organs of Araucaria species are well known for their bio-
logical and pharmaceutical activities such as anti-inflammation [3,4], anti-gastric ulcer [5],
antibacterial, antiviral, antifungal [6], anticancer [7], antipyretic [3], and others [8]. Several
phyto-components were isolated and identified from the different extracts of Araucaria
species such as phenylpropanoids, flavonoids, phenolic compounds, lignans, and ter-
penoids [9,10]. Araucaria plants are very rich in EOs with high terpenoid contents including
mono-, sesqui- and diterpenoids [3,7,11,12].

Araucaria heterophylla Salisb. is one of the important traditional plants for the treatment
of toothache [1]. Several pharmaceutical potentialities were described for the different
extracts of A. heterophylla including antitumor, gastroprotection, anti-inflammation, an-
tipyretic, and free radical scavenging [7,9,11]. Several categories of compounds were
characterized in the EO of A. heterophylla encompassing diterpenes [9], flavananols, pheno-
lic acid, and polysaccharides [10]. The extracted EOs of leaves of A. heterophylla around the
world were described with a high concentration of terpenes [7,12,13]. Recently, Elshamy
and his co-workers described the significant anti-inflammation and antipyretic resin EO
with high content of terpenoid compounds, especially monoterpenes [11]. To the best
of our knowledge, this is the first time chemometrics have been implemented to inves-
tigate the essential oil of A. heterophylla extracted with microwave technique. Further-
more, the chemosystematic significance of this plant based upon the chemical compo-
sition of this oil was established along with the first description of its antioxidant and
allelopathic potentialities.

Continuing the project of chemical and biological characterization of EOs from Egyp-
tian medicinal plants [3], the targets of the current work were (1) providing the chemical
profile of the EO extracted with microwave technique (MAE) from A. heterophylla resin,
(2) evaluation of the free radical scavenging potentialities of the extracted EO via DPPH
and ABTS assays, and (3) assessment of the phytotoxic activity of the extracted EO against
the weeds Chenopodium murale and Sonchus oleraceus.

2. Materials and Methods
2.1. Collection of A. heterophyllaresin and EO Microwave-Assisted Extraction (MAE)

The resin of A. heterophylla was collected from the cultivated ornamental trees grown
in the gardens of Mansoura University, Egypt (31◦2′28.67′ ′ N, 31◦21′21.82′ ′ E). The plant
identification and resin collection were performed by the co-author Prof. Dr. A.M. Abd-
ElGawad. A voucher specimen was prepared and deposited in the Herbarium of the
Faculty of Science, Mansoura university with the code Mans. 010801005. The resin was
dried in air and kept in a glass container till further analysis.

The EO of the A. heterophylla resin (120 g) was derived via the MAE technique as our
previously documented research [14]. Briefly, the MAE-EO extraction was performed with
a focused microwave apparatus (CEM Corporation), model (MARS 240/50, No. 907511,
frequency 2450 MHz). The extraction was continued for 60 min at 100 ◦C in a round flask
containing 1 L of water. The EO was separated by diethyl ether and then dried using 0.5 g
of anhydrous sodium sulfate. The extraction was repeated three times for three samples
and the results EOs were stored in sealed glass vials at 4 ◦C in a refrigerator till the gas
chromatography-mass spectroscopy (GC-MS) and biological activity assays.

2.2. Chemical Characterization of EOs Using GC–MS Analysis

The analysis and components identification of all the three EO samples were carried
out via the GC-MS tool under the same previous conditions [3,11]. The identification
of the chemical constituents was performed depending upon the (i) (AMDIS) software
(Automated Mass spectral Deconvolution and Identification), (ii) spectral collection of the
Wiley Library, (iii) The library of NIST database (Gaithersburg, MD, USA; Wiley, Hoboken,
NJ, USA).
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2.3. Antioxidant Activity

The extracted EO from A. heterophylla resin was tested for its antioxidant properties by
testing its ability to reduce the free radicals 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma-
Aldrich, Taufkirchen, Germany) and 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS, Sigma-Aldrich, Germany). For the DPPH assay, the radical was prepared in a
concentration of 0.3 mM in methanol. The EO was prepared with a range of concentrations
(6.26–200 mg L−1), and the reaction mixture included an equal volume of the extract and
the radical [15]. After half an hour of incubation in dark conditions, the absorbance was
measured at 517 nm using a spectrophotometer (Spectronic 21D, Milton Roy, East Lyme,
New London, CA, USA). On the other side, the scavenging of ABTS radical was performed
following the methodology of Re et al. [16]. In brief, the radial was prepared with the same
concentrations as previously mentioned for DPPH. A mixture of 2 mL of the radical and
2 mL of the sample was shaken vigorously and incubated for 6 min in dark conditions. The
absorbance was measured at 734 nm. Catechol was used as a positive control (standard
antioxidant). The inhibition of scavenging was calculated via the following equation:

Scavenging activity (%) = (A0 − A1)/A0 × 100.

where A0 is the absorbance of the control and A1 is the absorbance of the sample
The IC50 value was calculated by plotting an exponential curve of concentration and

scavenging percentage. The experiment was repeated three times with three replications,
and the data were expressed as mean values ± standard deviation.

2.4. Allelopathic Activity

The EO extracted by microwave technique was assessed for its phytotoxicity against
the weeds C. murale and S. oleraceus. The ripened seeds of the weed were collected from
the gardens in Mansoura University, Dakahlia, Egypt (31◦2′31.17” N, 31◦21′10.07” E). The
seeds were surface-sterilized with sodium hypochlorite (1%) for 1 min three times. For the
phytotoxic assay, a series of EO concentrations (100, 200, 300, 400, and 500 mg L−1) were
prepared using polysorbate 80 as an emulsifier [17]. In Petri plates (90 mm), a sterilized
filter paper was lined and moistened with 5 mL of each concentration as well as polysorbate
as a negative control. Twenty seeds were aligned over the filter papers within the plates
and the plates were sealed with parafilm and kept in the growth chamber at 25 ± 2 ◦C
with a light cycle of 8 h dark/12 h light. After 10 days of incubation, the germinated seeds
were counted, and the length (mm) of the seedling’s shoot and root were measured. The
inhibition of germination and seedling growth was calculated using the following equation:

Inhibition % =

(
No./lengthcontrol −No./lengthtreatment

)
No./lengthcontrol

The 50% inhibitive concentration (IC50, mgL−1) was calculated by plotting an expo-
nential curve of concentration and inhibition percentage. The experiment was repeated
three times with three biological replicas, and the data were expressed as mean values ±
standard deviation.

2.5. Statistical Analysis

The antioxidant and phytotoxicity experiments are repeated three times with three
replications, and to test the significance among treatments, the data were subjected to
one-way ANOVA, followed by Tukey’s HSD. The ANOVA test was carried out using the
Costat software program (CoHort Software, Monterey, CA, USA).
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3. Results and discussion
3.1. MAE-EO of Araucaria heterophylla Components Characterization

The chemical characterization and biological activities of the EO of resin and leaves
of A. heterophylla extracted by the hydrodistillation technique have been reported by
Elshamy et al., [11] and Elkady and Ayoub [7], respectively. To complement this work,
we targeted the EO of the resin via microwave-assisted extraction (MAE). The extracted
MA-EO was analyzed via gas chromatography-mass spectroscopy (GC-MS) as presented
in Figure 1. The identified components were listed in detail in Table 1 along with their
retention times (Rt.), Kovats indices (KI), and relative concentrations. Additionally, Table 2
summarized the relative concentrations of common compounds in the EOs of Egyptian A.
heterophylla (resin MA-EO) in the current study and those extracted by hydrodistillation
(HD-EO) from the resin [11] and leaves [7].
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Figure 1. GC-MS analysis chromatogram of MA-EO of Egyptian Araucaria heterophylla resin.

Table 1. Chemical compounds of microwave-extracted essential oil (MA-EO) from Araucaria hetero-
phylla resin.

No Rt a Type Compound Name b KI c KI d Relative
Concentration (%)

1 3.52 H n-Nonane 900 901 1.62 ± 0.03

2 4.04 MH α-Thujene 924 926 1.21 ± 0.02

3 4.22 MH α-Pinene 932 933 62.57 ± 0.42

4 4.58 MH Camphene 946 944 2.51 ± 0.05

5 5.07 MH β-Pinene 974 972 6.60 ± 0.07

6 5.2 MH Sabinene 975 976 2.58 ± 0.03

7 6.51 MH D-Limonene 1024 1025 2.31 ± 0.02

8 7.38 MH γ-Terpinene 1054 1054 0.08 ± 0.01

9 7.77 OM trans-Sabinene hydrate 1065 1067 0.01 ± 0.00

10 8.61 OM α-Pinene oxide 1099 1100 0.01 ± 0.00

11 9.39 OM α-Campholenal 1126 1124 0.01 ± 0.00

12 9.58 OM Chrysanthenone 1127 1129 0.34 ± 0.01

13 9.95 OM cis-Verbenol 1137 1135 0.38 ± 0.01
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Table 1. Cont.

No Rt a Type Compound Name b KI c KI d Relative
Concentration (%)

14 10.10 OM Camphor 1146 1147 1.24 ± 0.03

15 10.22 OM trans-3-Pinanone 1162 1160 0.16 ± 0.01

16 10.65 OM Pinocarvone 1164 1166 0.01 ± 0.00

17 11.36 OM Terpinen-4-ol 1177 1175 0.01 ± 0.00

18 11.85 OM Myrtenal 1195 1197 0.30 ± 0.01

19 12.29 OM Verbenone 1205 1203 0.06 ± 0.01

20 16.33 SH α-Cubebene 1351 1354 0.02 ± 0.00

21 17.05 SH α-Ylangene 1375 1374 0.01 ± 0.00

22 17.27 SH α-Copaene 1376 1379 2.49 ± 0.06

23 17.53 SH β-Bourbonene 1387 1386 2.14 ± 0.02

24 18.68 SH β-Caryophyllene 1427 1430 3.56 ± 0.05

25 19.85 SH α-Humulene 1452 1450 0.80 ± 0.01

26 20.46 SH γ-Muurolene 1478 1480 1.11 ± 0.02

27 20.65 SH Germacrene D 1484 1486 5.88 ± 0.06

28 21.09 SH γ-Elemene 1436 1435 0.04 ± 0.00

29 21.22 SH α-Muurolene 1500 1500 0.32 ± 0.01

30 21.68 SH γ-Cadinene 1513 1511 0.16 ± 0.01

31 21.79 SH δ-Cadinene 1523 1522 0.54 ± 0.02

32 23.79 OS Caryophyllene oxide 1583 1584 0.23 ± 0.01

33 42.02 DH Cembrene 1938 1940 0.54 ± 0.02

Total identified 99.85

Hydrocarbons (H) 1.62

Monoterpenes hydrocarbons (MH) 77.86

Oxygenated monoterpenes (OM) 2.53

Sesquiterpenes hydrocarbons (SH) 17.07

Oxygenated Sesquiterpenes(OS) 0.23

Diterpene hydrocarbons (DH) 0.54
a Rt. Retention time, b EO constituents’ identification was performed via comparison of the Kovats indices (KI)
and mass spectral data with those of NIST Mass Spectral Library (2011) and Wiley Registry of Mass Spectral
Data 8th edition and literature, c Kovats indices reported by Adams 2017, d calculated Kovats indices, relative
concentration of MA-EO compounds in current study (±standard deviation of three replications).

Thirty-three compounds were characterized in the EO with a total relative concen-
tration of 99.85%. All these compounds can be categorized into six classes including
monoterpenes (oxygenated and hydrocarbons), sesquiterpenes (oxygenated and hydro-
carbons), diterpene, and hydrocarbons. A relative concentration of 98.23% from overall
EO mass was assigned as terpenoids and this result was in agreement with all extracted
EOs from different Araucaria species [3,7,11–13]. The current results exhibited that monoter-
penes are the fundamental compounds of MA-EO with a relative concentration of 80.39%.
These findings showed that the concentration of the monoterpenes in the MA-EO is higher
than the HD-EO from resin (66.53%) [11] and less than HD-EO from leaves (83.87%) of
the Egyptian ecospecies of A. heterophylla [7]. The monoterpenes hydrocarbons (77.86%)
were found as the main components with α-pinene (62.57%) as the major compound, along
with β-pinene (6.60%), sabinene (2.58%), camphene (2.51%) and D-limonene (2.31%). All
these major compounds were also described as majors in HD-EO of resin [11] as well as
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the leaves [7] of Egyptian A. heterophylla with significant differences in the concentration
compared to the present study, especially for α-pinene. The α and β-pinene, sabinene
derivatives, and D-limonene were also determined as major monoterpenes hydrocarbons
of the EOs extracted from different Araucaria species (Table 2) [3,12,13].

Table 2. Main compounds of the EOs of the Egyptian Araucaria heterophylla in the current study
(MA-EO) and those reported for the EOs that were extracted with hydrodistillation (HD-EO) from
resin and leaves.

No Compound Name a
Relative Concentration (%)

Resin
MA-EO a

Resin
HD-EO b

Leaves
HD-EO c

1 α-Pinene 62.57 44.88 70.85
2 β-Pinene 6.60 1.79 1.51
3 Sabinene 2.58 4.44 –
4 D-Limonene 2.31 4.13 4.26
5 γ-Terpinene 0.08 0.27 3.00
6 α-Copaene 2.49 4.72 0.20
7 β-Caryophyllene 3.56 7.90 2.93
8 Germacrene D 5.88 10.25 2.99

Total identified 99.85 98.68 95.16
Monoterpenes hydrocarbons (MH) 77.86 61.20 83.01
Sesquiterpenes hydrocarbons (SH) 17.07 30.12 6.69

a The relative concentrations of EOs compounds from current study (MA-EO), b resin (HD-EO) [11], and c leaves
(HD-EO) [7].

The oxygenated monoterpenes represented only 2.53% of overall MA-EO mass with
eleven identified compounds including camphor (1.24%) as major along with other traces.
The oxygenated monoterpenes were also described as a minor class in different Araucaria
species [3,7,11,13]. Sesquiterpenes were assigned with a relative concentration of 17.30%
including sesquiterpene hydrocarbons (17.07%) and traces of oxygenated sesquiterpenes
(0.23%). From eleven identified sesquiterpene hydrocarbons, germacrene D (5.88), β-
caryophyllene (3.56%), α-copaene (2.49%), and β-bourbonene (2.14%) were determined as
major compounds, while only one oxygenated sesquiterpene compound, caryophyllene
oxide, was identified in very low concentration (0.23%). All these findings were consistent
with the previously documented data of HD-EO of resin [11] and leaves [7] of Egyptian A.
heterophylla and other Araucaria species (Table 2) [3,12,13].

Cembrene was the only characterized diterpene, which is found in trace amounts
(0.54%). This is in agreement with the fact of the scarcity of diterpenes in plants’ EOs [18,19].
Additionally, the only identified hydrocarbon, n-nonane, was assigned as overall hydro-
carbon relative concentration (1.62%). All these data confirmed the significant effect of the
extraction techniques [20], the plant part, climatic, and environmental conditions, as well
as the genetic characteristics of the chemical constituents of EOs [21,22].

3.2. Chemosystematic Significance

The Araucaria genus is one of the genera of family Araucariaceae, with approximately
19 accepted plant species (Available online: www.theplantlist.org (accessed on 22 June
2020)). The major components of EO from A. heterophylla resin might be guidance for the
establishment of the chemosystematic significance of this plant with the other Araucaria
plants (Table 3). The present and published data revealed the presence of mono- and
sesquiterpenes as main constituents both α- and β-isomers of pinene, sabinene, limonene,
terpeinene, copaene, caryophyllene, and germacen D as major compounds in EOs derived
from different parts of this plant [7,11]. These compounds were found majors in another
Araucaria plants as A. cunninghamii [23], A. bidwillii [7,11], A. araucana [24], A. brasiliensis [25],
A. excels [26], and others. The pinene isomers and sabinene were documented as abundant

www.theplantlist.org
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compounds in EOs of A. excels [26], A. cunninghamii [27], A. bidwillii [7,11,28], A. brasilien-
sis [25] and A. hunsteinii [13]. By the same, limonene and terpeinene are common and widely
distributed components in EOs afforded from the different species of Araucaria genus such
as A. araucana [24], A. bidwillii [7,11,28]. Moreover, all the published data concerning the
EOs constituents of Araucaria plants revealed that presence of copaene, caryophyllene,
and germacen D as main constituents such as A. bidwillii [29], A. Montana, A. luxurians, A.
muelleri, and A. scopulorum [13]. All these data supported the fact of capability of Araucaria
plants of biosynthetic production of terpenoids especially the mono- and sesquit- types of
terpenes [30]. The previous data along with previous data also went in the same line of
the ability of A. heterophylla for biosynthetic of the mono- and sesquitterpenes [7,11]. The
diterpenes were stated to be rarely described in the EOs derived from many plants with
some exceptions in overall the plant kingdom (Essa et al., 2021, Abd-ElGawad et al., 2021,
El Gendy et al., 2022, 38). All the documented data of the chemical composition of the
EOs derived from different parts of A. heterophylla collected from Egypt [7,11], along with
present data, supported that diterpenes were present as traces. The EOs of A. heterophylla
collected from India and Australia were documented to have diterpenes as major compo-
nents especially with concentrations of 92.5 and 35.6%, respectively [12,13]. This significant
variation between the Egyptian, Indian, and Australian A. heterophylla, especially in the
diterpene contents, could be ascribed directly to the variation of climate, weather humidity,
and other environmental conditions [21,22]. The phenomenon of diterpenes’ minority in
the EOs of the other Araucaria plants was not common. The diterpenes abundance was
widely described in the EOs of several Araucaria species (Table 3) via the preponderance
of 16-kaurene, hibaene, beyerene, sclarene, phyllocladene, luxuriadiene, 5,15-rosadiene
and others [3,7,13]. From all the above, the chemical components of A. heterophylla EOs are
completely closed to the documented chemical profiles of the other Araucaria ecoplants.
Furthermore, this survey showed the significant abilities of Araucaria ecoplants for biosyn-
thetical production of different terpene types such as mono-, sesqui-, and di-terpenes.
Finally, the Araucaria plants were found to be characterised by their ability of enzymatic
production of the diterpenes in the EOs byproducts.

3.3. Antioxidant Activity

The extracted EO from the resin of A. heterophylla was tested for its antioxidant activity
by its ability to scavenge the free radicals 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS). The scavenging activity of
both radicals increased with the increment of EO concentration (Table 3). At the highest
concentration of the EO (200 mg L−1), the DPPH and ABTS were scavenged by 61.13% and
63.98%, respectively. Based on the IC50 values, the EO of A. heterophylla extracted with the
microwave technique showed IC50 values of 142.42 mg L−1 and 118.03 mg L−1 for DPPH
and ABTS, respectively (Table 4).

The substantial antioxidant activity of the A. heterophylla EO could be ascribed to
the chemical composition especially the main compounds such as α-pinene, β-pinene, β-
caryophyllene, and germacrene D. The main compound, α-pinene, has been reported to pos-
sess various biological activities including the antioxidant effect [23,24].
Wang, et al. [25] reported that α-pinene is the strongest antioxidant agent among seven
tested terpenoids. In this context, several EOs derived from plants were found to have
antioxidant potentialities due to the abundance of α- and β-pinene such as Zanthoxylum
armatum DC [31], Euphorbia mauritanica L. [19] and Pistacia lentiscus L. [32]. Furthermore,
the presence of β-caryophyllene and germacrene Das, a major component in the Eos ex-
tracted from plants, were described to be among the agents of increasing antioxidant
activities such as Aquilaria crassna Pierre [33], Croton zehntneri Pax, Pterodon emarginatus
Vogel, Schinopsis brasiliensis Engler [34], and Vernonia chalybaea Mart. [35]. In addition to
these main components, the other constituents played significant roles via synergetic or
singular functions [19].
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Table 3. Main components of EOs of some Araucaria plants.

Araucaria sp. Plant Part Collected from Main Components (%) Reference

A. angustifolia Leaves Australia 16-Kaurene (60.3), hibaene (29.7%), phyllocladene (20.1%) [13]

A. bidwillii

Leaves Australia Hibaene (76%), 16-kaurene (19.4), phyllocladene (12.5%) [13]

Shoots Egypt Beyerene (20.81%), α-pinene (16.21%), D-limonene (14.22%) [3]

Leaves Egypt Beyerene (35.65%), trans-nerolidol (13.66%) α-elemene (6.09%) [7]

Oleoresins Egypt α-Pinene (63.4%), trans-3-caren-2-ol (4.37%), nonane (5.21%) [29]

A. columnaris Leaves Australia 16-Kaurene (37.3), luxuriadiene (23.3%), hibaene (9.4%) [13]

A. cunninghamii

Leaves Australia 16-Kaurene (53.0%), 5,15-rosadiene (60%), hibaene (29.3%), [13]

Foliage India Beyerene (44.4%), caryophyllene oxide (17.9%), α-pinene (16.2%) [12]

Resin India E-Caryophyllene (60.8%), caryophyllene oxide (13.4%),
E-β-farnesene (4.9%) [12]

Leaves Nigeria α-Pinene (14.8%), terpinen-4-ol (14.7%), shyobunol (8.9%) [27]

softwood Australia Hexanal (11.5%), α-copaene (31.1%), β-farnesene (11.3%) [23]

A. heterophylla

Leaves Egypt α-Pinene (70.85%), d-limonene (4.26%) and germacrene D (2.99%) [7]

Resin Egypt α-Pinene (44.88%), germacrene-D (10.25%), α-copaene (4.72%) [11]

oleoresins Egypt α-Pinene (57.59%), caryophyllene (5.40%), trans-3-caren-2-ol (4.56%) [29]

Leaves Australia α-Pinene (52.4%), phyllocladene (32.2%), β- caryophyllene (3.1%) [13]

Foliage India 13-epi-Dolabradiene (42.7%), beyerene (22.2%), rimuene (13.7%) [12]

Resin India α-Copaene (29.9%), germacrene D (21.4%), γ-gurjunene (9.7%) [12]

A. hunsteinii Leaves Australia α-Pinene (18.2%), sclarene (10.7%), 16-kaurene (5.7%) [13]

A. luxurians Leaves Australia Luxuriadienea (65.6%), 5,15-rosadiene (19.6%) [13]

A. montana Leaves Australia Phyllocladene (61.0%), 16-kaurene (22.8%), α -pinene (3.2%) [13]

A. muelleri Leaves Australia Sclarene (20.1%), huxuriadienea (18.8%), C20H32 (25.1%) [13]

A. scopulorum Leaves Australia 16-Phyllocladanol (41%), luxuriadienea (10.0%), α-copaene (6.0%) [13]

A. excels Terminal
branchlites New Zealand α-Pinene (70%), phyllocladene (19%) [13]

A. brasiliensis Leaves Ecuador Beyerene (26.08%), kaurene (24.86%), myrcene (11.02%),
α-pinene (9.99%) [25]

Table 4. Antioxidant activity of the essential oil and catechol as standard determined by scavenging
of DPPH and ABTS radicals.

Treatment Conc.
(mg L−1)

DPPH a

Scavenging (%)
IC50

b

(mg L−1)
ABTS c

Scavenging (%)
IC50

(mg L−1)

Essential oil

6.25 61.13 ± 2.36

142.42 ± 5.49

63.98 ± 1.53

118.03 ± 3.97

12.5 42.10 ± 0.43 50.25 ± 0.94
25.0 34.60 ± 0.56 40.27 ± 0.96
50.0 23.68 ± 0.21 33.68 ± 1.45
100.0 17.53 ± 0.71 25.61 ± 1.55
200.0 16.17 ± 0.78 20.55 ± 1.54

Catechol 19.95 ± 0.73 12.48 ± 0.50
a DPPH: 2,2-diphenyl-1-picrylhydrazyl, b IC50: concentration required for 50% inhibition, c ABTS: 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid.

3.4. Phytotoxic Activity of MAE-EO of A. heterophylla

The allelopathic activity of the A. heterophylla EO extracted by microwave technique
against the weed C. murale and S. oleraceus is shown in Figures 2 and 3. For C. murale, the re-
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sults showed that the activity of EO was significantly increased (p < 0.05) in a concentration-
dependent manner. The seedling growth was inhibited more than germination, and the
root was more sensitive to the EO compared to the shoot. At a higher concentration of the
EO (500 mg L−1), the seed germination, seedling shoot growth, and seedling root growth
of C. murale were inhibited by 81.0, 80.5, and 89.4% respectively (Figure 2A). Based on the
IC50 estimation, the EO showed IC50 values of 304.0, 230.1, and 147.1 mg L−1, for seed
germination, seedling shoot growth, and seedling root growth, respectively (Figure 2B).
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Figure 3. Phytotoxic activity of the EO extracted from the resin of Araucaria heterophylla against
the germination and seedling growth of the weed Sonchus oleraceus. (A) the inhibitory effect with
concentration, and (B) the IC50 value (the concentration of the EO required for 50% inhibition). The
bars represented the standard deviation (n = 3). *** p < 0.001.

On the other hand, the allelopathic activity A. heterophylla EO against the weed
S. oleraceus showed more inhibition to the seedling growth than the germination of the
seeds (Figure 3). At the lowest concentration (100 mg L−1) of the EO, a high variation was
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determined, where the root development was the most inhibited (46.2%), followed by the
shoot (29.4%), and finally the seed germination (19.8%), while at the highest concentration
of the EO (500 mg L−1), the inhibition of the seed germination, seedling shoot growth,
and seedling root growth of S. oleraceus was comparable (Figure 3A). Based on the IC50
calculations, the root of the S. oleraceus seedling was the most inhibited which showed an
IC50 of 106.1 mg L−1, while seedling shoot growth and seed germination attained the IC50
values of 224.5 mg L−1 and 295.7 mg L−1, respectively (Figure 3B).

The efficacy of A. heterophylla EO on the weed C. murale and S. oleraceus was lower
than those reported for the EO of Deverra tortuosa [31], while it is comparable to those
extracted from Bassia muricata [36]. The identified major compounds α- & β-pinene have
been reported as effective allelopathic monoterpenes in various plants EO such as Sym-
phyotrichum squamatum (Spreng.) G.L.Nesom [22], Schinus terebinthifolius G. Raddi [37],
Callistemon viminalis (Sol. ex Gaertn.) Byrnes [38], Pinus brutia Ten. [39], Pinus pinea L. [40],
Eucalyptus lehmanii (Schauer) Benth. [41], and Cotinus coggyria Scop. [39]. These EOs showed
substantial phytotoxic activity against different weeds such as Bidens pilosa L. 1753, Cassia
occidentalis (L.) Link, 1829, Echinochloa crusgalli (L.) P.Beauv., Phalaris minor Retz., Sinapis
arvensis L., Lolium rigidum Gaud., Raphanus raphanistrum L., Diplotaxis harra (Forssk.) Boiss.,
Trifolium campestre Schreb., Phalaris canariensis L., Silybum marianum (L.) Gaertn., and Portu-
laca oleracea L. [42].

The other major compounds, such as germacrene D and β-caryophyllene, are identi-
fied in the EOs of various plants with considerable phytotoxicity [42–45]. The terpenoid
compounds could inhibit the germination and growth of the targeted weeds via their inter-
ference with respiration, cell division, membrane permeability, photosynthesis, enzyme
activities, nucleic acid formation as well as the production of reactive oxygen species (ROS)
that interact with the various biological processes inside the plant cells [46–48].

4. Conclusions

The present results showed that the extraction technique for the EO considerably
affects the chemical composition of the compounds. The GC-MS analysis of the EO extracted
by microwave technique from A. heterophylla resin showed the presence of 33 compounds,
mainly terpenes (98.23%). The α-pinene, β-pinene, germacrene D, and β-caryophyllene
were the major compounds. The extracted EO revealed substantial antioxidant activity,
as well as phytotoxicity against the weed C. murale and S. oleraceus. The present results
showed that the EO of A. heterophylla could be used for weed control. Meanwhile, further
study is recommended for deep characterization of the effect and mode of action of the
major bioactive compounds either alone or in combination, targeting a wide spectrum
of weeds.
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