
Essential Oil of Artemisia scoparia Inhibits Plant Growth
by Generating Reactive Oxygen Species and Causing
Oxidative Damage

Harminder Pal Singh & Shalinder Kaur & Sunil Mittal &
Daizy Rani Batish & Ravinder Kumar Kohli

Received: 13 July 2008 /Revised: 26 November 2008 /Accepted: 3 January 2009 /Published online: 5 February 2009
# Springer Science + Business Media, LLC 2009

Abstract We investigated the chemical composition and
phytotoxicity of the essential oil extracted from leaves of
Artemisia scoparia Waldst. et Kit. (red stem wormwood,
Asteraceae). GC/GC-MS analyses revealed 33 chemical
constituents representing 99.83% of the oil. The oil, in
general, was rich in monoterpenes that constitute 71.6%,
with β-myrcene (29.27%) as the major constituent followed
by (+)-limonene (13.3%), (Z)-β-ocimene (13.37%), and γ-
terpinene (9.51%). The oil and β-myrcene were evaluated
in a dose–response bioassay under laboratory conditions for
phytotoxicity against three weeds—Avena fatua, Cyperus
rotundus, and Phalaris minor. A significant reduction in
germination, seedling growth, and dry matter accumulation
was observed in the test weeds. At the lowest treatment of
0.07 mg/ml Artemisia oil, germination was reduced by
39%, 19%, and 10.6% in C. rotundus, P. minor, and A.
fatua, respectively. However, the inhibitory effect of β-
myrcene was less. In general, a dose-dependent effect was
observed and the growth declined with increasing concen-
tration. Among the three weeds, the inhibitory effect was
greatest on C. rotundus, so it was selected for further
studies. We explored the explanation for observed growth
inhibition in terms of reactive oxygen species (ROS: lipid
peroxidation, membrane integrity, and amounts of conju-
gated dienes and hydrogen peroxide)-induced oxidative
stress. Exposure of C. rotundus to Artemisia oil or β-

myrcene enhanced solute leakage, indicating membrane
disintegration. There were increased levels of malondialde-
hyde and hydrogen peroxide, indicating lipid peroxidation
and induction of oxidative stress. We conclude that
Artemisia oil inhibits plant root growth through generation
of ROS-induced oxidative damage.
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Introduction

Aromatic plants and their volatile oils have been in use
since antiquity in flavor and fragrances, in medicines, as
antimicrobial and insecticidal agents, and to repel insects
and stored product pests (Bakkali et al. 2008; Batish et al.
2008). However, due to fumigant and insecticidal activity,
the interest in volatile oils has increased tremendously
during the last decade or so. Volatile terpenes act as
pollinator attractants, provide an important defense strategy
against herbivores and pathogenic fungi, play a significant
role in plant–plant interactions, and depict an evolutionary
relationship with their functional roles (Langenheim 1994;
Batish et al. 2008). Of late, volatile oils and their
constituents are being explored for weed and pest manage-
ment and viewed as an important source of lead molecules
(Romagni et al. 2000; Batish et al. 2004; Singh et al. 2005;
Bakkali et al. 2008). It is, thus, pertinent to explore and
characterize the phytotoxic properties of aromatic plants
and their volatile oils.

The genus Artemisia (commonly wormwoods; family
Asteraceae) consists of a diverse group of around 200 herb
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and shrub species distributed throughout the world
(Anonymous 1993). The plants are rich in volatile oils that
exhibit a wide spectrum of biological activity and find
extensive use in medicine (Anonymous 1993). Additional-
ly, the volatile oil of certain Artemisia species (Artemisia
tridentata, Artemisia princeps, and Artemisia vulgaris)
inhibits emergence and growth of nearby plants (Weaver
and Klarich 1977; Yun et al. 1993; Barney et al. 2005). The
characteristic vegetation patterning around Artemisia cal-
ifornica thickets that is due to volatile terpenes is one of the
classical examples of allelopathy (Muller et al. 1964).
Artemisia scoparia (red stem wormwood) is an annual
aromatic species growing wild in India. It forms monospe-
cific strands along canals, agricultural fields, roadsides, and
wastelands (Anonymous 1993). However, the role of its
volatile oil in suppressing the emergence and growth of
other plants in its vicinity remains largely unknown. We,
therefore, extracted and characterized oil from leaves of A.
scoparia, and assessed the phytotoxicity of both the oil and
its major constituent. We selected Avena fatua and Phalaris
minor (weeds of wheat crop), and Cyperus rotundus (a
weed of rice crop) as bioassay plants with a view to test
Artemisia oil as a weed suppressant and its potential use as
a novel bioherbicide. We further explored the possible
mechanism of phytotoxicity of Artemisia oil in terms of
reactive oxygen species (ROS: lipid peroxidation, mem-
brane integrity, and amounts of conjugated dienes and
hydrogen peroxide)-induced oxidative stress.

Methods and Materials

Extraction of the Oil Volatile oil was extracted from fresh
leaves of A. scoparia Waldst. & Kit. (red stem wormwood;
hereafter Artemisia) by hydrodistillation using Clevenger’s
apparatus. For this, during the second week of June 2007
(summer season), leaves were collected from Artemisia
plants growing in wastelands around Chandigarh.

Leaves (250 g) were chopped and mixed with distilled
water (1 l) in a round bottom flask (2 l) and boiled for 3 h.
The oil was collected from the nozzle of the condenser,
dried under sodium sulfate, and stored at 4°C for
identification and bioassay. The oil was clear yellow in
color with a yield of 0.17% (v/w, fresh weight basis).

Oil Analysis The extracted oil was analyzed by gas
chromatography (GC) and gas chromatography–mass spec-
troscopy (GC-MS) as per Singh et al. (2009).

GC was done on a Shimadzu GC-17A gas chromato-
graph equipped with a flame ionization detector (FID) and
DB-5 column (60 m×0.25 mm, i.d., film thickness
0.25 μm). Helium (He) at a split ratio 1:20 and a flow rate
1 ml min−1 was used as carrier gas. The injector and

detector temperature were set at 250°C and 280°C,
respectively. Initially, the oven temperature was 50°C, held
isothermally for 2 min, then increased to 260°C at the rate
of 4°C min−1, and finally held at 260°C for 3 min. The
relative amount of different constituents was determined by
computerized peak area normalization based upon three
injections of the oil, without any correction factor. Peaks
were compared with data from GC-MS.

GC-MS analysis was performed on a Shimadzu QP 2010
mass spectrophotometer equipped with fused silica (SGE BP
20) capillary column (30 m×0.25 mm, i.d., 25 µm film
thickness). He at a split ratio of 1:50 and a linear velocity of
38.5 cm s−1 was used as carrier gas. The injector and detector
temperature were set at 220°C and 250°C, respectively. The
temperature was programmed from 70°C (held isothermally
for 4 min) to 220°C at the rate of 4°C min−1 and held at
220°C isothermally for 5 min. Mass spectral range was
recorded from m/z 40 to 600 amu. The identification of
different constituents was based on: (1) the comparison of
their retention times with those of pure reference samples
from Sigma-Aldrich (St. Louis, MO, USA), Fluka (Buchs,
Switzerland), Acros (Geel, Belgium), AlfaAeser (Ward Hill,
MA, USA), and TCI (Tokyo, Japan); (2) co-elution with
available authentic standards; (3) comparison of retention
indices (RI) with reference to a homologous series of n-
alkanes (C7-C30; Supelco, Bellefonte, PA, USA); and (4)
computer matching of mass spectra by using library search
system HP-5872 (Hewlett-Packard) and consulting data bases
of Wiley 275 and NBS 75K Libraries (McLafferty 1989),
NIST 98 (Stein 1990), and compilation by Adams (1995).

Procurement of Materials For laboratory bioassay, seeds of
A. fatua, C. rotundus, and P. minor were collected locally
from agricultural fields on the outskirts of Chandigarh.
These were surface-sterilized with sodium hypochlorite
(1%, w/v) for 2 min, washed under running tap water (for
5 min) followed by distilled water and stored for further
use. β-Myrcene (the major component of Artemisia oil) of
technical grade (purity 90%) was used in the bioefficacy
experiments and purchased from AlfaAesar (Ward Hill,
MA, USA). All other chemicals were of analytical grade
and purchased from the best available sources (Sisco
Research Laboratory, Mumbai, India; Loba-Chemie,
Mumbai; Sigma-Aldrich, St. Louis, MO, USA).

Laboratory Bioassay Artemisia oil and β-myrcene were
evaluated for phytotoxicity in a dose–response manner under
laboratory conditions. Seeds of test plants were imbibed in
distilled water for 16 h. Pre-imbibed seeds (15 of A. fatua or
25 of C. rotundus and P. minor) were placed in 15-cm
diameter Petri dishes on Whatman No. 1 filter paper
moistened with 7 ml of distilled water. Different amounts
(0.5–5.0 µl) of Artemisia oil or β-myrcene were loaded onto
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the inner side of the lid of the Petri dish to obtain
concentrations of 0.07, 0.14, 0.35, and 0.70 mg/ml. After
treatment, dishes were sealed with Parafilm®. A set of Petri
dishes without oil or β-myrcene served as a parallel control.
For each treatment, including control, five Petri dish
replicates were maintained in a randomized block design.
All dishes were kept in a growth chamber set at 25±2°C
temperature, 16/8 h L/D photoperiod with photosynthetic
photon flux density of ~225 µmole m−2 s−1 and a relative
humidity of nearly 80%. After 1 week, the number of seeds
that germinated was counted and the length (from tip of root
to tip of shoot) and dry weight (by oven drying at 60°C for
48 h) of emerged seedlings were measured. Among the three
weeds, the inhibitory effect was the greatest on C. rotundus,
so it was selected for further biochemical studies by
exploring the induction of oxidative damage as a possible
mechanism of phytotoxicity. Roots of C. rotundus were
excised and kept at 4°C prior to further studies/analyses.

Determination of Cell Survivability Cell survivability was
determined spectrophotometrically by using 2,3,5-triphenyl
tetrazolium chloride (TTC) as per Singh et al. (2002). It
provides an indirect method of measurement of cell
respiration since TTC absorbs electrons from the respirato-
ry chain (Batish et al. 2007a). Absorbance was read at
530 nm and the values expressed with respect to control.

Effect on Membrane Integrity Effect of Artemisia oil or β-
myrcene was studied on membrane integrity (an indicator of
cellular damage) in terms of ion leakage from the roots of C.
rotundus by measuring conductivity of the bathing medium
(Duke and Kenyon 1993). Roots (200 mg) were incubated in
5 ml of 1 mM MES buffer (2-[N-morpholino] ethanesul-
phonic acid sodium salt, pH 6.5) containing 2% sucrose with
Artemisia oil or β-myrcene (0.14 and 0.35 mg/ml; selected
on the basis of the laboratory bioassay) dissolved in Tween-
80. A parallel set up without Artemisia oil or β-myrcene, but
containing MES buffer and Tween-80 only, was maintained
as control. The conductivity of the bathing medium contain-
ing C. rotundus roots with or without treatment was
measured with a conductivity meter (ECOSCAN CON5,
Eutech Instuments Pte. Ltd., Singapore) at regular intervals
in dark (0, 1, 2, 4, 8, 12, 16, 18, and 20 h) followed by
exposure to light for a further 10 h (i.e., at 22, 24, 26, 28, and
30 h). The maximum electrolyte leakage from root tissue
was determined by boiling the roots for 15 min. The
experiment was repeated twice with five replicates and the
data are presented as means.

Lipid Peroxidation Lipid peroxidation was measured in
terms of malondialdehyde (MDA) and conjugated dienes
content. MDA, a major thiobarbituric acid reactive species,
was determined as per Heath and Packer (1968). Roots

(100 mg) of C. rotundus were homogenized in 5 ml of
trichloroacetic acid (TCA, 0.1%, w/v) in a pre-chilled pestle
and mortar and centrifuged at 10,000×g for 10 min. One
milliliter of the supernatant was added to 4 ml of
thiobarbituric acid (0.5%, w/v, in 20% TCA). The mixture
was heated at 95°C for 30 min, cooled over ice, and then
centrifuged at 10,000×g for 10 min. The absorbance of the
supernatant was read at 532 nm and corrected for non-
specific absorbance at 600 nm. MDA content was deter-
mined by using the extinction coefficient (ε) of 155 mM
cm−1 and expressed as nmol g−1 FW (fresh weight).

Conjugated dienes content was determined by homogeniz-
ing roots (100 mg) of C. rotundus in 5 ml of 95% (v/v) ethyl
alcohol (Singh et al. 2007). The mixture was centrifuged at
10,000×g for 10 min, and the absorbance was read at
234 nm. The content of conjugated dienes was determined
by using an extinction coefficient of 26.5 mM cm−1, and
expressed as µmol g−1FW.

Determination of Hydrogen Peroxide (H2O2) Content

Roots (100 mg) of C. rotundus were homogenized with 5 ml
of 0.1% TCA (w/v) in a pre-chilled pestle and mortar and
centrifuged at 12,000×g for 15 min (Singh et al. 2007). To
0.5 ml of supernatant, 0.5 ml of phosphate buffer (pH 7), and
1 ml of 1 M potassium iodide were added. The absorbance
of reaction mixture was measured at 390 nm. H2O2 content
was determined by using an extinction coefficient
(ε=0.28 µM cm−1) and expressed as nmol g−1FW.

Statistical Analyses The relative amount of different con-
stituents of Artemisia oil determined by GC/GC-MS
analyses was based upon three injections of the oil. The
dose–response laboratory bioassay was conducted in a
randomized block design with five replications, each
comprised of a single Petri dish. Five independent tissue
samples were used as replicates for each analysis. The data
are presented as mean±SE and analyzed by one-way
ANOVA followed by the comparison of mean values using
post-hoc Tukey’s test at P≤0.05.

Results and Discussion

Composition of Essential Oil from Young Leaves GC and
GC-MS analyses of Artemisia oil revealed it to be a mixture
of monoterpenoids, sesquiterpenes, aromatic compounds,
aliphatic esters, ketones, and alcohols, which eluted
between 4.16 to 40.29 min. A total of 33 chemical
constituents representing 99.83% of the essential oil, were
identified (Table 1). Of these, β-myrcene (29.27%) was the
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main constituent, followed by (+)-limonene (13.3%), (Z)-β-
ocimene (13.37), γ-terpinene (9.51%), and acenaphthene
(17.8%). These together constituted ~86% of the oil
(Table 1). The oil, in general, was rich in monoterpenes
(71.6%), while the other compounds constituted 28.23%.
The composition of the characterized oil was in sharp
contrast to earlier reports. Earlier, 1-phenyl-penta-2,4-
diyne, β-pinene, limonene, and (E)-β-ocimene (Safaei-
Ghomi et al. 2005), or methyl eugenol (Basher et al.
1997), or thujone, camphor, and 1,8-cineole (Mirjalili et al.
2007) were identified as the main constituent of the oil
from aerial parts of A. scoparia. These components were
either absent or present in small amounts in the present
study. Nevertheless, our observations are parallel to earlier
studies that reported β-myrcene as the main constituent in
the oil extracted from leaves and residues of A. scoparia

(Singh et al. 2008, 2009). The observed variations in oil
composition among those reported in literature are appar-
ently largely due to differences in growth stages, plant
parts, harvesting time, variations in edaphic and climatic
factors, and geographical region (Batish et al. 2006b, 2008).

Effect on Germination and Early Growth A significant
reduction in germination of test weeds was observed in
response to Artemisia oil and β-myrcene (Table 2). At the
lowest treatment of 0.07 mg/ml Artemisia oil, germination
was reduced by 39%, 19%, and 10.6% in C. rotundus, P.
minor, and A. fatua (Table 2). The inhibitory effect of β-
myrcene was less. Inhibitory effects were greatest on C.
rotundus, followed by P. minor and then A. fatua. In general,
a gradual decline in germination with increasing concentra-
tion was observed, thus indicating a dose-dependent effect.

Table 1 Chemical constituents identified by GC-MS in the essential oil extracted from leaves of Artemisia scoparia

Retention time (min) Compounda RIb Percent amountc Identification

4.16 β-Myrcene 1161 29.27 co-GC, RI, MS
4.46 α-Terpinene 1181 0.37 co-GC, RI, MS
4.82 (+)-Limonene 1201 13.30 co-GC, RI, MS
5.01 1,8-Cineole 1210 0.05 co-GC, RI, MS
5.59 (Z)-β-Ocimene 1231 13.37 co-GC, RI, MS
5.82 γ-Terpinene 1244 9.51 co-GC, RI, MS
5.98 (E)-β-Ocimene 1250 2.34 co-GC, RI, MS
6.44 p-Cymene 1269 0.71 co-GC, RI, MS
6.72 α-Terpinolene 1280 0.56 co-GC, RI, MS
7.39 (Z)-3-Hexenol 1307 0.05 co-GC, RI, MS
7.71 (Z)-3-Hexenyl acetate 1318 0.15 RI, MS
9.27 Allo-ocimene 1370 0.14 co-GC, RI, MS
12.84 (Z)-3-Hexenyl isobutyrate 1484 0.08 RI, MS
14.77 (−)-Linalool 1547 0.07 co-GC, RI, MS
15.83 α-Caryophyllene 1582 0.77 co-GC, RI, MS
16.25 Terpinen-4-ol 1596 0.06 RI, MS
18.22 Citronellyl acetate 1658 0.42 co-GC, RI, MS
18.81 γ-Curcumene 1681 0.04 RI, MS
19.13 α-Terpineol 1692 0.06 co-GC, RI, MS
20.06 Neryl acetate 1723 0.01 co-GC, RI, MS
20.94 Geranyl acetate 1753 0.96 co-GC, RI, MS
21.19 trans-Pinocarvyl acetate 1762 0.28 RI, MS
21.27 β-Citronellol 1765 0.10 co-GC, RI, MS
25.98 cis-Jasmone 1942 0.15 co-GC, RI, MS
26.82 Caryophyllene oxide 1966 0.35 co-GC, RI, MS
27.93 Methyl eugenol 2007 0.40 co-GC, RI, MS
28.09 2,4-Pentadiynyl-benzene 2022 1.49 RI, MS
28.66 trans-Nerolidol 2036 0.17 co-GC, RI, MS
30.62 (−)-Spathulenol 2116 0.39 RI, MS
31.84 Eugenol 2167 5.52 co-GC, RI, MS
33.35 Acenaphthene 2229 17.80 co-GC, RI, MS
37.76 Acetylisoeugenol 2442 0.49 RI, MS
40.29 Isomenthyl acetate 2540 0.40 RI, MS

a Compounds presented in order of elution from the SGE-BP20 capillary column
b Retention index (RI) relative to n-alkanes (C7-C30) on the SGE-BP20 capillary column
c Percentage based on FID peak area normalization
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Artemisia oil and β-myrcene significantly reduced radicle
growth and seedling dry weight of test weeds (Tables 3 and 4).
Radicle elongation of A. fatua was reduced by ~47% and
26% in response to 0.14 mg/ml of Artemisia oil and β-
myrcene, respectively. At 0.35 mg/ml concentration of
Artemisia oil and β-myrcene, radicle growth was reduced
in the range of 37–94% and 12–63%, respectively (Table 3).
Upon exposure to 0.35 mg/ml Artemisia oil, ~94% reduction
in root length was observed. Parallel to root growth, a
significant reduction in dry weight of the emerged seedlings
also was observed in response to both Artemisia oil and β-
myrcene (Table 4).

Reduction in germination and radicle growth by volatile
terpenes from A. scoparia is not surprising. Earlier, the
volatile oils from A. tridentata, A. princeps, A. vulgaris, and
A. scoparia were reported to inhibit emergence and growth of
associated vegetation (Weaver and Klarich 1977; Yun et al.
1993; Barney et al. 2005; Singh et al. 2008). Several studies
have documented that the oil from aromatic plants and
volatile terpenes are potent inhibitor of seed germination and
root elongation. For example, Muller et al. (1964) demon-
strated that volatile oils from Salvia leucophylla and
Artemisia californica reduced the growth of associated plants,
thus resulting in characteristic vegetational patterning. Batish
et al. (2004, 2006a, b) reported a growth inhibitory effect of
volatile oil from Eucalyptus citriodora on the emergence,
radicle, and early seedling growth of several plants.

Phytotoxicity of volatile oils and terpenes also has been
implicated as one of the possible reasons for successful

colonization by invasive weeds (Kong et al. 1999; Barney et
al. 2005; Ens et al. 2008). Kong et al. (1999) characterized a
number of allelopathic constituents from the essential oil of
Ageratum conyzoides that possibly are responsible for its
invasive nature. Similarly, Barney et al. (2005) identified a
number of volatile allelochemicals from the fresh leaves of
invasive weed mugwort (A. vulgaris). These workers showed
that nine of the identified monoterpenes act synergistically,
impart phytotoxicity to the weed, and thus help in successful
colonization, and habitat invasion (Barney et al. 2005).
Recently, volatile sesquiterpenes (β-maaliene, α-isocomene,
β-isocomene, δ-cadinene, 5-hydroxycalamenene, and 5-
methoxycalamenene) that emanate from roots of the invasive
plant bitou bush (Chrysanthemoides monilifera spp. rotun-
data) were shown to inhibit the seedling growth of
associated native vegetation, and thus possibly help in
successful invasion in the introduced sites (Ens et al.
2008). Additionally, several constituent terpenes are potent
inhibitors of seed germination and seedling growth. These
include: 1,4-and 1,8-cineole (Romagni et al. 2000), citronel-
lal, citronellol, linalool (Singh et al. 2002, 2006b), α-pinene
(Abrahim et al. 2000; Singh et al. 2006a), and limonene
(Abrahim et al. 2000).

Inhibition of germination and root growth by oil from
foliage of A. scoparia suggests that under natural conditions
these volatile terpenes may emanate from the plant, enter the
soil, and may be involved in suppression of associated
vegetation, thus resulting in the formation of its monospe-
cific strands. The soil from underneath the A. scoparia plants

Table 3 Effect of essential oil from leaves of Artemisia scoparia and its major monoterpene (β-myrcene) on the radicle length (cm) of test plants

Conc. (mg/ml) Artemisia oil β-Myrcene

Avena fatua Phalaris minor Cyperus rotundus Avena fatua Phalaris minor Cyperus rotundus

0 (Control) 4.15±0.12 a 6.51±0.14 a 1.75±0.09 a 4.15±0.12 a 6.51±0.14 a 1.75±0.09 a
0.07 2.38±0.22 b 4.01±0.10 b 0.79±0.05 b 3.41±0.03 b 5.35±0.89 b 0.90±0.04 b
0.14 1.94±0.11 c 2.77±0.07 c 0.42±0.03 c 3.08±0.1 b 4.04±0.02 c 0.49±0.01 c
0.35 1.13±0.08 d 1.09±0.03 d 0.11±0.06 d 2.63±0.03 c 2.31±0.06 d 0.21±0.02 d
0.70 −a − − 1.82±0.03 d 1.02±0.13 e −

Within a column, means with common letters are not significantly different at P≤0.05, according to Tukey’s test
aNo values, since no germination

Table 2 Effect of essential oil from leaves of Artemisia scoparia and its major monoterpene (β-myrcene) on percent germination of test plants

Conc. (mg/ml) Artemisia oil β-Myrcene

Avena fatua Phalaris minor Cyperus rotundus Avena fatua Phalaris minor Cyperus rotundus

0 (Control) 97.0±1.7 a 100.0±0.0 a 95.2±1.12 a 97.0±1.2 a 100.0±0.0 a 95.2±1.12 a
0.07 86.7±2.01 b 81.0±1.03 b 58.3±1.12 b 96.0±2.3 a 94.4±3.11 b 78.3±2.49 b
0.14 65.0±1.87 c 63.2±0.57 c 23.2±0.89 c 82.7±1.81 b 80.3±3.67 c 48.2±2.56 c
0.35 28.3±1.90 d 45.0±1.34 d 7.3±0.45 d 69.7±1.32 c 64.0±1.23 d 26.7±1.97 d
0.70 10.0±0.55 e 0 e 0 e 44.3±1.9 d 40.3±2.51 e 0 e

Within a column, means with common letters are not significantly different at P≤0.05, according to Tukey’s test
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contains a mixture of mono-and sesquiterpenes. The major
ones include limonene, eugenol, 1,8-cineole, ocimene, and
caryophyllene oxide (data not presented), and all these are
potent germination inhibitors (Singh et al. 2003).

Although the mode of inhibitory action of the oils remains
somewhat unclear, volatile oils and monoterpenes inhibit cell
division and induce structural breakdown and decomposition
in roots (Romagni et al. 2000; Nishida et al. 2005; Singh et al.
2006a, b). Vaughn (1991) reported that essential oil from
Cinnamomum zeylanicum and Thymus vulgaris inhibit the
sprout growth in potato by killing meristematic cells. Batish
et al. (2007b) reported that volatile oil from E. citriodora
inhibited root growth by suppressing mitotic activity. Earlier,
Scrivanti et al. (2003) reported that essential oil from Tagetes
minuta and ocimene (a constituent monoterpene) induce
severe lipid peroxidation and membrane disintegration in
maize. Recently, it was demonstrated that α-pinene, a
volatile monoterpene, inhibits root growth of Cassia occi-
dentalis by inducing oxidative stress measured in terms of
increased lipid peroxidation, H2O2 accumulation, and mem-
brane disintegration (Singh et al. 2006a).

Effect on Cell Survivability Artemisia oil caused a signif-
icant reduction in cellular survivability (measured as %
TTC reduction) in roots of test weeds (Table 5). The
cellular survivability decreased 12–24% and 6−22% in
response to 0.07 mg/ml of Artemisia oil and β-myrcene,

respectively. It declined further with increasing concen-
trations. In general, inhibition in cellular survivability was
the greatest in C. rotundus followed by A. fatua, and P.
minor, respectively (Table 5).

Cell viability provides an indirect measurement of cell
respiration (Batish et al. 2007a). In viable (respiring) tissue,
TTC absorbs electrons from the mitochondrial transport
chain, get reduced, and thus correlates positively with
respiratory activity (Batish et al. 2007a). The decrease in
cellular survivability (thus respiration) upon exposure to
Artemisia oil or β-myrcene implies an interference with
energy metabolism involved in synthesis of macromole-
cules, thus resulting in reduced growth. These observations
are in agreement with earlier studies (Abrahim et al. 2000;
Singh et al. 2005). Abrahim et al. (2000) demonstrated that
monoterpenes, due to their high lipophilicity, act as
uncouplers of oxidative phosphorylation, and imbalance
the cellular energy levels.

Effect on Membrane Integrity Membrane disruption by
monoterpenoids has been suggested as one of the mecha-
nisms for fungicidal and bactericidal activity (Singh et al.
2006a); we, therefore, studied the effect of Artemisia oil
and β-myrcene on membrane integrity. Artemisia oil and β-
myrcene caused a significant ion leakage from roots of C.
rotundus as indicated by increased electrical conductivity of
the bathing medium (MES buffer). The ion leakage

Table 4 Effect of essential oil from leaves of Artemisia scoparia and its major monoterpene (β-myrcene) on seedling weight (mg/seedling) of test
plants

Conc. (mg/ml) Artemisia oil β-Myrcene

Avena fatua Phalaris minor Cyperus rotundus Avena fatua Phalaris minor Cyperus rotundus

0 (Control) 0.67±0.05 a 1.07±0.03 a 0.19±0.04 a 0.67±0.05 a 1.07±0.04 a 0.19±0.04 a
0.07 0.49±0.03 b 0.73±0.02 b 0.14±0.02 b 0.51±0.03 b 0.84±0.02 b 0.17±0.01 a
0.14 0.28±0.03 c 0.53±0.01 c 0.10±0.05 c 0.40±0.14 c 0.66±0.01 c 0.14±0.02 c
0.35 0.17±0.01 d 0.28±0.01 d − 0.34±0.02 d 0.44±0.03 d 0.11±0.01 d
0.70 −a − − − − −

Within a column, means with common letters are not significantly different at P≤0.05, according to Tukey’s test
a No values, since no germination

Table 5 Effect of essential oil from leaves of Artemisia scoparia and its major monoterpene (β-myrcene) on cellular survivability (%) in test
plants

Conc. (mg/ml) Avena fatua Phalaris minor Cyperus rotundus Avena fatua Phalaris minor Cyperus rotundus

0 (Control) 100.0±0.0 a 100.0±0.0 a 100.0±0.0a 100.0±0.0 a 100.0±0.0 a 100.0±0.0 a
Artemisia oil β-Myrcene

0.07 85.9±2.34 b 88.1±2.07 b 76.8±1.84 b 93.5±1.18 b 79.2±3.9 b 78.2±2.09 b
0.14 74.2±2.24 c 66.7±1.58 c 52.3±2.72 c 70.8±2.65 c 59.0±1.17 c 52.7±2.32 c
0.35 43.4±1.47 d 26.6±1.37 d 23.9±3.45 d 53.0±2.03 d 34.5±1.35 d 21.0±1.34 d
0.70 −a − − 27.7±3.04e 11.9±0.20 e −

Within a column, means with common letters are not significantly different at P≤0.05, according to Tukey’s test
a No values, since no germination
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increased with time up to 20 h in the dark and then for
another 8 h in light (i.e., up to 28 h). After 28 h, conductivity
of the bathing medium in response to 0.14 and 0.35 mg/ml
of Artemisia oil or β-myrcene was in the range of 60–64%
and 95–99%, respectively, of the maximum leakage
(685.2 µS; observed upon boiling the root tissue) (Fig. 1).

The increased conductivity of the bathing medium
indicates cellular membrane disruption resulting in exces-

sive solute leakage. These results are in agreement with
earlier reports that essential oil and the monoterpenes
(citronellal, α-pinene, and (+)-pulegone) cause ion leakage
from plant tissue (Maffei et al. 2001; Singh et al. 2006a, b).
Maffei et al. (2001) demonstrated that essential oil from
Mentha×piperata and its pure component, (+)-pulegone,
induced membrane depolarization in cucumber roots that
resulted in an altered flux of ions across the membrane.
Dayan et al. (2000) opined that a loss in membrane
integrity relates to induction of oxidative stress. In fact,
enhanced electrolyte leakage is an indicator of membrane
damage due to generation of reactive oxygen species (Singh
et al. 2006a). Montillet et al. (2005) reported that
membrane disruption occurs due to peroxidation of poly-
unsaturated fatty acids or lipids in biomembranes and
results in formation of byproducts such as malondialde-
hyde. Thus, we measured the MDA content, amount of
conjugated dienes, and hydrogen peroxide content (as
indicators of oxidative stress) in response to Artemisia oil
or β-myrcene exposure.

Effect on Lipid Peroxidation Exposure to Artemisia oil
significantly (at P<0.05) enhanced the MDA content in
roots of C. rotundus (Table 6). It increased by 1.24- to 2.3-
fold upon exposure to Artemisia oil or β-myrcene over
that of control (Table 6). Increased content of MDA (a
major thiobarbituric acid reactive substance) indicates
enhanced lipid peroxidation and damage to membranes.
These observations are in conformity with earlier reports
that essential oil and monoterpenes induce membrane
damage, and thus inhibit root growth (Scrivanti et al.
2003; Zunino and Zygadlo 2004; Singh et al. 2006a). The
volatile oil from Tagetes minuta and Schinus areira and its
monoterpenes (ocimene, ocimenone, α-pinene, 1,8-cine-
ole, thymol, geraniol, menthol, and camphor) have been
reported to inhibit maize growth by causing lipid perox-
idation (Scrivanti et al. 2003; Zunino and Zygadlo 2004).
Singh et al. (2006a) demonstrated that α-pinene induced
severe lipid peroxidation in roots of C. occidentalis,
damaged cellular membranes, and inhibited root growth.
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Fig. 1 Effect of Artemisia oil and β-myrcene on membrane integrity
measured as electrolyte leakage from roots of Cyperus rotundus. The
dotted line at the top represent maximum conductivity (685.2 µS)
measured upon boiling of plant tissue. Vertical line marks the time
period after which the samples were exposed to light

Table 6 Effect of Artemisia oil and β-myrcene on lipid peroxidation (as MDA content), conjugated diene and hydrogen peroxide (H2O2) content
in roots of Cyperus rotundus

Conc. (mg/ml) MDA content (nmol/g FW) Conjugated diene content (µmol/g FW) Hydrogen peroxide content (nmol/g FW)

Artemisia oil β-Myrcene Artemisia oil β-Myrcene Artemisia oil β-Myrcene

0 (Control) 15.5±0.20 a 15.5±0.20 a 7.8±0.12 a 7.8±0.12 a 61.8±2.15 a 61.8±2.15 a
0.07 20.1±0.60 b 19.2±1.09 b 7.6±0.10 a 7.1±0.13 b 80.8±3.00 b 74.8±2.90 b
0.14 25.7±0.90 c 19.6±1.09 b 5.4±0.09 b 6.8±0.15 b 96.0±4.80 c 87.5±1.80 c
0.35 35.3±1.03 d 26.5±0.60 c 3.2±0.07 c 3.0±0.14 c 107.0±4.20 d 93.1±3.10 c

Within a column, means with common letters are not significantly different at P≤0.05, according to Tukey’s test
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Enhanced MDA content due to lipid peroxidation indi-
cates an induction of ROS-generated oxidative stress.

Membrane damage upon exposure to Artemisia oil or β-
myrcene was confirmed further by a significant decline in
conjugated dienes content (Table 6). Upon exposure to
≥0.14 mg/ml of Artemisia oil or β-myrcene, the conjugated
dienes content in roots of C. occidentalis decreased by 21–
59% and 9–13%, respectively (Table 6). Decreased conju-
gated dienes further indicate a ROS-induced damage to
biological membranes (Singh et al. 2007).

Effect on H2O2 Content Parallel to MDA accumulation, the
amount of H2O2 increased significantly in roots of C.
rotundus upon exposure to Artemisia oil or β-myrcene
(Table 6). Artemisia oil and β-myrcene exposure increased
H2O2 by 1.3- to 1.7-fold and 1.2- to1.5-fold, respectively,
compared with control. At 0.35 mg/ml of Artemisia oil or
β-myrcene, H2O2 content increased by 1.5- and 1.7-fold,
respectively, over control (Table 6). Accumulation of H2O2

in C. rotundus roots further enhances lipid peroxidation,
thus resulting in increased oxidative stress, and leading to
disruption of metabolic activities in the cell. In general,
H2O2 hinders the activity of ~SH group containing
enzymes, impairs the photosynthetic activity in chloro-
plasts, and thereby reduces plant growth (Takeda et al.
1995). Among the different ROS produced in cells in
response to environmental stresses, H2O2 acts as a signaling
molecule. At low concentrations, it aids in cellular defense,
and provides tolerance against stress, whereas at high
concentrations, it induces cellular damage (Stone and Yang
2006). H2O2 is removed by antioxidant enzymes such as
catalases, and ascorbate peroxidases, which were not
studied in the present study.

In summary, the present study concludes that Artemisia
oil inhibits germination and plant root growth through
generation of ROS-induced oxidative stress associated with
membrane disruption, enhanced lipid peroxidation, and
accumulation of H2O2. Whether this induction of oxidative
stress in response to Artemisia oil was accompanied by any
alteration of antioxidant/scavenging enzymatic machinery
in the plant roots remains to be studied.
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