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ARTICLE INFO ABSTRACT

Artemisia vulgaris is one of the important medicinal plant species of the genus Artemisia, which is usually known
for its volatile oils. The genus Artemisia has become the subject of great interest due to its chemical and biological
diversity as well as the discovery and isolation of promising anti-malarial drug artemisinin. A. vulgaris has a long
history in treatment of human ailments by medicinal plants in various parts of the world. This medicinal plant
possesses a broad spectrum of therapeutic properties including: anti-malarial, anti-inflammatory, anti-hy-
pertensive, anti-oxidant, anti-tumoral, immunomodulatory, hepatoprotective, anti-spasmodic and anti-septic.
These activities are mainly attributed to the presence of various classes of secondary metabolites, including
flavonoids, sesquiterpene lactones, coumarins, acetylenes, phenolic acids, organic acids, mono- and sesqui-
terpenes. Studies related to A. vulgaris morphology, anatomy and phytochemistry has gained a significant in-
terest for better understanding of production and accumulation of therapeutic compounds in this species.
Recently, phytochemical and pharmacological investigations have corroborated the therapeutic potential of
bioactive compounds of A. vulgaris. These findings provided further evidence for gaining deeper insight into the
identification and isolation of novel compounds, which act as alternative sources of anti-malarial drugs in a cost-
effective manner. Considering the rising demand and various medical applications of A. vulgaris, this review
highlights the recent reports on the chemistry, biological activities and biotechnological interventions for con-
trolled and continuous production of bioactive compounds from this plant species.
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1. Introduction

Medicinal plants provide a reliable source to develop non-toxic,
orally effective, alternative and complementary medicine for preserving
health and avoiding disease transmission (Liu et al., 2013). The con-
ceptual and practical knowledge of medicinal plants have varyingly
considered as a cultural changes, function of plant habitat collection as
well as biochemical and ecological aspects (Goulletquer, Gros, Boeuf, &
Weber, 2014). The consumption pattern of medicinal plants have been
designed based on practice and beliefs that existed before the validation
of so-called “scientific drug therapy” or “modern medicine”. These
consumption models have been shared orally or by written transmission
(Abad, Bedoya, Apaza, & Bermejo, 2012).

Artemisia vulgaris L., commonly known as mugwort has a long his-
tory of its use in traditional systems of medicine in different parts of the
world. It has been used to stimulate irregular menstruation and to in-
duce miscarriage (Hershoff & Rotelli, 2001). In Chinese traditional
culture, this plant species has been used as a stomach pain-relieving
agent and to treat gastric ulcers, hepatitis, convulsive crisis and neo-
natal jaundice in combination with acupuncture treatment (Fok, 2001;
Repetto & Llesuy, 2002; Tan et al., 1999; Yoshikawa, Shimada,
Matsuda, Yamahara, & Murakami, 1996). A. vulgaris is also known as
tonic, hypoglycemic, emmenagogue, anti-septic, expectorant, diuretic,
analgesic, and anti-helminthic and considered as a useful medicine in
the treatments of rheumatism, asthma, cancer, and epilepsy (Duke &
Beckstrom-Sternberg, 1994). These properties are attributed to the
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Table 1

Classification of the Artemisia vulgaris species.
Kingdom Plantae Plants
Subkingdom Tracheobionta Vascular plants
Phyllum Angiospermophyta Seed plants
Superdivision Spermatophyta Flowering plants
Division Magnoliophyta Dicotyledons
Class Magnoliopsida
Order Asterales
Family Asteraceae Aster family
Genus Artemisia sagebrush
Species Artemisia vulgaris L. common wormwood

presence of different secondary metabolites including flavonoids,
monoterpenes and sesquiterpenes in different parts of the plant (Khan &
Gilani, 2009).

Based on the above mentioned properties, the present study is fo-
cused on reviewing the phytochemical constituents and pharmacolo-
gical properties pertaining to these compounds. The morphological and
anatomical characteristics of A. vulgaris are also discussed. Further,
literature available on biotechnological advancements for in vitro cul-
ture and production of bioactive compounds of interest from this plant
species is presented in the subsequent sections. Considering the rising
demand for this plant species due to its use in various medical and
agricultural purposes and other applications, this review would discuss
various strategies to obtain enhanced and continuous production of
bioactive compounds of interest in a cost-effective manner.

1.1. Botany

1.1.1. Taxonomic classification

A. vulgaris L. (commonly known as mugwort) belongs to the family
Compositae(Asteraceae) (Table 1) is a rhizomatous perennial weed,
which extensively infests landscape, agronomic setting, waste areas and
roadsides (Weston, Barney, & DiTommaso, 2005).

The name of genus Artemisia has come from the Greek goddess of
hunting. The etymology of Artemisia also has showed another source of
the name. Queen Artemisia, the wife of the Greek/Persian King
Mausolus, who was one of the famous medical and botanical re-
searchers and built the Mausoleum tomb. The epithet vulgaris meaning
usual, common, or vulgar (Barney & DiTommaso, 2003). This herb
species is also known as mugwort, sailor's tobacco, common worm-
wood, wild wormwood, felon herb, old Uncle Henry, chrysanthemum
weed, old man or St. John's plant and naughty man. Vernacular names
of the plant in different languages and cultures have been reported
(Table 2).

1.1.2. Morphological characteristics

A. vulgaris (Fig. 1A) is a broadleaf perennial which spreads rapidly
upon introduction by a well- developed rhizome system (Barney &
DiTommaso, 2003). The herb is a long-stemmed, 70-150 cm highly
branched shrub with a plenty of headed as well as creeping rhizome
without rosette or runners. Although, the herb may be highly branched
and short but some unbranched and tall (2 m) Artemisia have also been

Table 2
Vernacular names of Artemisia vulgaris in various languages.

Food Research International 109 (2018) 403-415

Fig. 1. Artemisia vulgaris L. (A) Plant (B) detail of flowering. (C) detail leaf
colour (D) detail of yellowish white flower.
Source: B.E.F. Correia and E.B. Almeida Jr.

reported in some parts of the world. A. vulgaris is characterized by
having pinatissect or bipinatissectas leaves, with lanceolate or oblong
segments, soft, white-silver dorsally. Aerial parts, roots and dried
branches of mugwort are used in various medicines (Gruenwald,
Brendler, & Jaenicke, 2008). The root is pungent and sweet and the
plant is bitter and aromatic in nature. Rhizomes of mugwort are light-
brown, up to 1 cm in diameter and can penetrate to a depth of 7-18 cm
in soil. Some other traits of A. vulgaris are mentioned in Table 3 (Barney
& DiTommaso, 2003).

The flowers are red brown or yellowish in colour and almost glab-
rous. Flower heads are ovoid, 3-4 mm long by 2 mm wide. Flowers are
arranged in an inflorescence type cluster. The clusters are discoid,
pendulums, small and numerous, arranged in racemes panicles; hemi-
spherical shell with two millimeters in length, with involucral oval
bracts, obtuse, with hyaline edges; hairy receptacle; hermaphrodite
flowers, with tubular-filiform corolla and the hermaphrodite disc with
tubuler corolla with five lacinios; fruit achene type, cylindrical or
flattened, usually glabrous without papus or occasionally pubescent.
The fruit has an indistinct margin (Fig. 1B-D). The leaves are 5-20 cm
long, sessile and pinnate, dark green, with dense white tomentose hairs
on the underside (Fig. 1C) (Corréa-Ferreira, Noleto, & Petkowicz,
2014a, 2014b; Correa & Penna, 1974).

Table 3
The agricultural traits of Artemisia vulgaris.

Language Common name Language Common name Agricultural traits  Data Agricultural traits  Data

Azerbaijani Adi yovsan Lithuanian Paprastasis kietis Height 70-100 cm Maintenance Medium

Catalan Altimira Malay Baru Cina Spread 45-80 cm Flower Insignificant
Danish Gra-Bynke Nederlands Bijvoet Bloom time August to Water Dry to medium
English Mugwort Nepali Tite pati September

French Armoise Persian Berenjasef Bloom description ~ White Leaf Colorful, Fragrant
German Beiful Ukrainian Chornobyl Sun Full sun Tolerate Rabbit, Deer,
Japanese Yomogi Welsh Y feidiog lwyd Drought
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Fig. 2. Artemisia vulgaris L. (A) cross section of the root (B) cross section of the stem (C) paradermico cut of the leaf (D) cross section of the leaf.

Soure: B.E.F. Correia.

1.1.3. Anatomical characteristics

Cross sections of A. vulgaris root (prepared in authors' laboratory)
showed circular outline (Fig. 2A). There is a phelloderm area with
parenchyma cells resulting from the activity of the cork cambium. The
cross section of stem (Fig. 2B) has a circular ribbed contour in lower
number and more attenuated. The center of the section is represented
by parenchyma of lacunose type. The cross section of leaf (Fig. 2C-D)
presents a projection next to the median rib. In the midrib there are
three big vascular bundles, centrally located, and two smaller ones on
the sides, all observed in the main parenchyma. The large vascular
bundles have small sclerenchyma sheaths at extremities. Next to the
midrib, under both epidermises there is collenchyma. The leaf blade
presents symmetrical heterogeneous mesophyll, showing one layered
palisade tissue under both epidermises. The upper epidermis presents
bigger cells with external walls thicker than the lower epidermis. Nu-
merous protective trichomes have been found more frequent on the
lower epidermis. The trichomes are multicellular and T-shaped.

1.2. Geographical distribution and climatic requirements

The genus Artemisia is native to Europe (mainly in arid and semi-
arid), Asia and North America (United States and Canada, primarily)
(Weston et al., 2005). It is also found in Southeast Asia, Australia and
South America (mainly Brazil) (Coopoosamy, 2015; Ivanescu, Miron, &
Corciova, 2015; Sugiyama, 2015), South Africa and the Pacific Islands
(Fig. 3) and being naturalized in regions from the warm temperate
regions of southern North America to the Himalayan mountains

(3700 m). Antarctica is the only continent where A. vulgaris has not
been reported, so far. The extensive distribution showed wide variation
in behaviour and morphology (Kubitzki & Jeffrey, 2007).

Reportedly, the plant is well established to a cool climate with
sandy, gravelly and well-drained soils. Nonetheless, based on the dis-
tribution data of A. vulgaris in North American parts, this plant is tol-
erant to a wide temperature spectrum, but prefers moist soils. The plant
can survive moisture environments and contrasting temperature and
this potential allows to growth equally along warm moist flood-plains
and cool dry roadsides in various regions of Canada (Barney &
DiTommaso, 2003).

1.3. Phytochemical constituents

A. vulgaris is known to possess different classes of secondary meta-
bolites as depicted in Table 4. Various flavonoids were isolated from the
whole plant. These compounds belong to the classes of flavones (tricine,
jaceosidine, eupafolin, chrysoeriol, diosmetin, apigenin, luteolin), fla-
vone glycosides (luteolin 7-glucoside and vitexin), flavanones (homo-
eriodictyol and eriodictyol), flavonols (isorhamnetin) and flavonol
glycosides (kaempferol 3-glucoside, kaempferol 7-glucoside, kaemp-
ferol 3-rhamnoside, kaempferol 3-rutinoside, quercetin 3-glucoside,
quercetin 3-galactoside, quercetrin and rutin). Eriodictyol and luteolin
were found to be the most abundant compounds out of all mentioned
above (Lee et al., 1998a, 1998b). Fruits and vegetables are primary
source of these phytonutrients, and are well known to possess various
pharmacological properties, including antioxidant, anti-inflammatory,
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Fig. 3. Schematic map of Artemisia vulgaris L. distribution across the world.
Link: http://www.discoverlife.org/mp/20m?&kind = Artemisia + vulgaris.

and anti-carcinogenic effects (Zhou et al., 2016). Eriodictyol is found in
citrus fruits. This flavanone has anti-inflammatory properties, the sup-
plementation with eriodictyol can exerts beneficial effects in the
treatment of diabetic retinopathy (Bucolo, Leggio, Drago, & Salomone,
2012; Lee, 2011). Luteolin is widely distributed in plant-based food,
dietary sources include olive oil, oregano and peppermint. Numerous
studies have shown that this flavone possess a wide range of biological
activities, including anti-inflammatory in vitro and in vivo, anticancer,
antimicrobial and antioxidant (L6pez-Lazaro, 2009).

The infusions from aerial parts of A. vulgaris contain an inulin-type
fructan as the main water-soluble polysaccharide, 83 mg per cup on
average (Corréa-Ferreira et al., 2014a, 2014b). Inulin-type fructans are
prebiotic compounds present in many edible plants. Their consumption
causes modulation of the colonic function, reducing risk of some dis-
eases (Roberfroid, 2004; Giuntini et al., 2015).

Artemisinin, a sesquiterpene lactone, discovered first time from A.
annua was later reported from other species of Artemisia also including
A. vulgaris (Hussain, Khan, Khan, Ayaz, & Khan, 2010). However, in a
study by Saraji, Khayamian, Hashemian, Aslipashaki, and Talebi (2013)
the amount of artemisinin in this specimen was lower than the other
Artemisia species. The content of artemisinin was 50, 20 and 3 mg/kg
dried weight for leaf, stem and root respectively. Therefore, A. vulgaris
has not been used as a commercial source of artemisinin but it has
number of other applications and such as ingredients in foods, phar-
maceutics and cosmeceuticals. Structures of artemisinin and some of
the common compounds found in A. vulgaris are depicted in Fig. 4.

The essential oil of plant mainly includes volatile compounds, such
as a-pinen, camphor, camphene, germacrene D, 1,8-cineole, B-car-
yophyllene and a-thujone (Haider, Dwivedi, Naqvi, & Bagchi, 2003;
Judzentiené & Buzelyté, 2006). (Govindaraj, Kumari, Cioni, & Flamini,
2008) identified fifty one compounds in essential oil extracted from in
vitro grown stems of this herbal plant. The extracted essential oil was
greenish in colour with strong camphoraceous aroma and sweet bitter
taste due to presence of large number of oxygenated mono- and
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sesquiterpene components in the stem oil. The isolated essential oil has
been characterized by a high content of oxygenated monoterpenes
[camphor (17.3%), a-thujone (10.7%), and 1,8-cineole (5.1%)]; the
monoterpene hydrocarbon camphene (6.0%); as well as by the sesqui-
terpene derivatives, B-caryophyllene (5.8%) and y-muurolene (9.0%)
(Govindaraj & RanjithaKumar, 2013).

Reportedly, the essential oil constituents and yields (0.1%-1.4%) of
A. vulgaris are highly dependent on geographic origin, environmental
conditions as well as plant growth stages. Similarly, the differences in
oil of various organs were observed in diverse biological stages.
Interestingly, environmental conditions, population genetics as well as
stress factors are other features, which directly affect the qualitative
and quantitative composition in different geographical regions. For
instance, the GC-MS analyses of oils from Morocco were found to be
rich in thujone/ isothujone ratio and camphor (Chandra, Misra, &
Thakur, 1987; Epstein & Gaudioso, 1984), however, o and B-pinene
were the major components in essential oil of A. vulgaris from Iran
(Tajadod, Mazooji, Salimpour, Samadi, & Taheri, 2012). Essential oil of
this plant from Vietnam has been reported to contain oxygenated
monoterpenes i.e., 1,8-cineole, camphor and a-terpineol (JudZentiené &
Buzelyte, 2006). a-Thujone and camphor were observed as the main
components in A. vulgaris from India (Michaelis, Vostrowsky, Paulini,
Zintl, & Knobloch, 1982; Misra & Singh, 1986). (Haider et al., 2003)
observed the high amount of camphor (38.7%) followed by isoborneol
(8.2%) and artemisia alcohol (4.5%) from essential oils of Indian grown
mugwort plants. Literature data on analyses or composition of mugwort
oil from different parts of the world is summarized in Table 5. Analyses
of this herbal medicines in Italy have demonstrated that the essential
oils mainly contained camphor (47%) alone or camphor (2-20%) to-
gether with myrcene (9-70%), 1,8-cineole (1-27%) or borneol (3-18%)
(Judzentiené & Buzelyte, 2006). Davies et al. (Davies, 1990) reported
that German mugwort oil was rich in sabinene (16%), myrcene (14%)
and 1,8-cineole (10%). The oil from the Republic of Bashkortostan has
been reported to contain high amounts of a-pinene (53.7%),
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Table 4
Secondary compounds in A. vulgaris.
Class Compound Part plant References
Flavonoid Apigenin Leaf Karabegovi¢ et al. (2011)
Whole plant Lee et al. (1998a, 1998b); Lee et al. (1999); Pires, Mendes, Negri,
Duarte-Almeida, and Carlini (2009)
Chrysoeriol Whole plant Lee et al. (1998a, 1998b); Lee et al. (1999)
Diosmetin Whole plant Lee et al. (1998a, 1998b); Lee et al. (1999)
Eriodictyol Whole plant Lee et al. (1998a, 1998b); Lee et al. (1999)
Eupafolin Whole plant Lee et al. (1998a, 1998b); Lee et al. (1999)
Homoeriodictyol Whole plant Lee et al. (1998a, 1998b); Lee et al. (1999)
Isoquercitrin Aerial parts Ivanescu, Vlase, Corciova, and Lazar (2010)
Isorhamnetin Whole plant Lee et al. (1998a, 1998b); Lee et al. (1999); Ivanescu et al. (2015)
Jaceosidine Whole plant Lee et al. (1998a, 1998b); Lee et al. (1999)
Kaempferol Aerial parts Nikolova, Gevrenova, and Ivancheva (2004); Nikolova and
3,7-dimethyl ether VELICKOVIC (2007)
Kaempferol Aerial parts Ivanescu et al. (2010)

Phenolic acid

Organic acid

Sesquiterpene

Sesquiterpenic acid

Kaempferol-3-glucoside

Kaempferol 3-rhamnoside

Kaempferol 3-rutinoside
Kaempferol 7-glucoside
Luteolin

Luteolin 7-glucoside
Luteolin rutinoside
Chrysosplenetin
Artemetin
Quercetin

Quercetin 3,3’-dimethyl ether

Quercetin 3,7,3’-trimethyl ether

Quercetin 3,7-dimethyl ether
Quercetin 3-galactoside

Quercetin 3-glucoside
Quercetin 7-glucoside
Quercetin-3-malonylglucoside
Quercetrin

Rutin

Tricine

Vitexin

1,3-O-dicaffeoylquinic acid/1,4-O-
dicaffeoylquinic acid
1,5-O-dicaffeoylquinic acid

3,4-O-dicaffeoylquinic acid
3,5-O-dicaffeoylquinic acid

3-O-caffeoylquinic acid
4,5-O-dicaffeoylquinic acid
5-O-caffeoylquinic acid

5-O-feruloylquinic acid

Gallic acid

Protocatechuic acid glucoside

Malic acid

Quinic acid

Trihydroxy-octadecenoic acid

Tuberonic acid glucoside

Artemisinin

Eudesmane dialcohol

New sesquiterpene 1
3-oxoeudesma-1,4,11(13)-trien-7aH-12-oic acid
la-hydroxyeudesma-2,4(15),11(13)-trien-
5a,7aH-12-oic acid

Leaf

Whole plant
Leaf

Whole plant
Whole plant
Whole plant
Aerial parts
Whole plant
Whole plant
Leaf

Aerial parts
Aerial parts
Aerial parts
Leaf

Whole plant
Aerial parts
Leaf

Aerial parts

Leaf
Aerial parts
Leaf
Leaf
Whole plant
Whole plant
Whole plant
Leaf
Aerial parts
Whole plant
Aerial parts
Leaf
Whole plant

Whole plant
Whole plant
Leaf

Flowering tops
Leaf

Leaf
Flowering tops
Leaf

Leaf

Leaf

Aerial parts
Leaf

Leaf

Whole plant
Leaf

Leaf

Leaf

Leaf

Leaf

Leaf, stem and root
Aerial parts
Leaf

Aerial parts
Aerial parts

Melguizo-Melguizo, Diaz-de-Cerio, Quirantes-Piné, Svarc-Gaji¢, and

Segura-Carretero (2014)

Lee et al. (1998a, 1998b); Lee et al
Karabegovi¢ et al. (2011)

Lee et al. (1998a, 1998b); Lee et al
Lee et al. (1998a, 1998b); Lee et al
Lee et al. (1998a, 1998b); Lee et al
Ivanescu et al. (2010)

Lee et al. (1998a, 1998b); Lee et al
Lee et al. (1998a, 1998b); Lee et al
Melguizo-Melguizo et al. (2014)
Nikolova et al. (2004)

. (1999)

. (1999)
. (1999)
. (1999)

. (1999)
. (1999)

Nikolova et al. (2004); Nikolova and VELICKOVIC (2007)

Nikolova and VELICKOVIC (2007);
Karabegovi¢ et al. (2011)
Lee et al. (1999); Lee et al. (1999);

Ivanescu et al. (2010)

Pires et al. (2009)

Nikolova et al. (2004); Nikolova and VELICKOVIC (2007)

Karabegovi¢ et al. (2011)

Nikolova et al. (2004); Nikolova and Ivancheva (2005); Nikolova and

VELICKOVIC (2007)

Karabegovi¢ et al. (2011)
Nikolova and VELICKOVIC (2007)
Karabegovi¢ et al. (2011)

Karabegovi¢ et al. (2011); Melguizo-Melguizo et al. (2014)

Lee et al. (1998a, 1998b); Lee et al
Lee et al. (1998a, 1998b); Lee et al
Lee et al. (1999); Lee et al. (1999)
Melguizo-Melguizo et al. (2014)
Ivanescu et al. (2010)

Lee et al. (1998a, 1998b); Lee et al
Ivanescu et al. (2010)
Melguizo-Melguizo et al. (2014)
Lee et al. (1998a, 1998b); Lee et al
Oyedemi and Coopoosamy (2015a,
Lee et al. (1998a, 1998b); Lee et al
Lee et al. (1998a, 1998b); Lee et al
Melguizo-Melguizo et al. (2014)

. (1999)
. (1999)

. (1999)

. (1999); Pires et al. (2009);
2015b)
. (1999)
. (1999)

Carnat, Heitz, Fraisse, Carnat, and Lamaison (2000)

Melguizo-Melguizo et al. (2014)
Melguizo-Melguizo et al. (2014)
Carnat et al. (2000)

Melguizo-Melguizo et al. (2014)
Melguizo-Melguizo et al. (2014)
Melguizo-Melguizo et al. (2014)

Ivanescu et al. (2010); Melguizo-Melguizo et al. (2014)

Melguizo-Melguizo et al. (2014)
Oyedemi and Coopoosamy (2015a,
Melguizo-Melguizo et al. (2014)
Melguizo-Melguizo et al. (2014)
Melguizo-Melguizo et al. (2014)
Melguizo-Melguizo et al. (2014)
Melguizo-Melguizo et al. (2014)
Saraji et al. (2013)

2015b)

Marco, Sanz, and del Hierro (1991)
Ragasa, de, Apuada, and Rideout (2008)

Marco et al. (1991)
Marco et al. (1991)

(continued on next page)
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Class Compound Part plant References
Sesquiterpene glucoside Artemisinic acid glucoside isomer 1 Leaf Melguizo-Melguizo et al. (2014)
Artemisinic acid Leaf Melguizo-Melguizo et al. (2014)
Glucoside isomer 2
Sesquiterpene lactone 1,2,3,4-diepoxy-11(13) eudesmen-12,8-olide Leaf Natividad et al. (2011); Tigno et al. (2000)
Vulgarin Whole plant Geissman and Ellestad (1962)
Yomogin Leaf Tigno et al. (2000); Natividad et al. (2011)
Lignan glucoside Tracheloside Leaf Melguizo-Melguizo et al. (2014)
Monoterpene Dehydrovomifoliol Leaf Melguizo-Melguizo et al. (2014)
Monoamine neurotransmitter  5-HT,5-hydroxytryptamine Leaf Nguyen et al. (2016)

Fig. 4. Chemical structure of Artemisinin.

transchrysanthenol (13.1%), 3-myrcene (8.8%) and B-pinene (7.4%)
(Khalilov et al., 2001). In North Lithuania, the main components iso-
lated from oil were sabinene, B-pinene, 1,8-cineole, artemisia ketone,
cis- and trans- thujone, chrysanthenyl acetate, germacrene D, and [3-
caryophyllene (Judzentiené & Buzelyté, 2006). The oil obtained from
mugwort gathered in Egypt was observed to contain a-phellandrene
(17.3% w/w) as the main compound (Aboutabl, El-Azzouny, & El,
1998).

Table 5

B-thujone (20.8%), a-pinene (15.1%) and 1,8-cineole (11.7%) were
found to be the chief components in essential oil from Croatia (Jerkovic
et al., 2003). Croatian oil has been reported to be rich in hydrocarbons
while French oil was dominated by oxygenated compounds including
borneol (5.6-27%), 1,8-cineole (0.0-15.1%), artemisia Kketone
(0.0-14.9%), camphor (2.3-12.9%), [ -thujone (1.0-9.0%), car-
yophyllene oxide (0.0-8.7%), B -caryophyllene (3.0-8.2%), bornyl
acetate (2.2-4.9%). Comparingly, the yields of Croatian oil was ob-
served to be higher (0.09-0.61%) than French oil (0.04-0.15%) at each
development stage (Jerkovic et al., 2003). Camphor concentration in
mugwort oil has been observed to increase in the order: vegetative <
buds < flowering < seeding stage (Jerkovic et al., 2003). The con-
trast between volatile oil from different parts of mugwort collected
from Pennsylvania showed the presence of more sesquiterpene and less
monoterpene in leaves as compared to buds (Williams, Saleh, &
Acharya, 2012).

Blagojevic, Radulovic, Palic, and Stojanovic (2006) have de-
termined the differences in the chemical compositions of the oils iso-
lated from root and aerial parts to clarify the influence of plant organ
specification and storage on essential oil yield and composition. The oil
isolated from aerial parts was found to possess a high amount of 1,8-
cineole (28.9%), sabinene (13.7%), [-thujone (13.5%), and [3-car-
yophyllene oxide (6.5%). However, neryl 2-methylbutanoate (13.2%),
B-eudesmol (10.0%), and bornyl 3-methylbutanoate (8.4%) were the
main components observed in root oil but none of these compounds was
found in the oil obtained from aerial parts of this plant species.

Chemical composition of Artemisia vulgaris essential oil from different parts of the world.

Country Major components

Reference(s)

Iran (aerial parts)
trans-Rose oxide

Sabinene, Myrcene, 1,8-Cineole
Thujone/ isothujone, camphor

Germany (aerial parts)
Morocco (aerial parts)
Croatia (aerial parts)
cyclohexene-carboxaldehyde
France (aerial parts)
caryophyllene, bornyl acetate
a-phellandrene
Camphene,camphor, a-thujone, y-muurolene

Egypt (aerial parts)
India (seeds)

Cuba (aerial parts)

Heptadecanone
Romania Germacrene D, caryophyllene
Italy (tissue culture raised plants) Camphor, a-thujone, germacrene D, camphene, 1,8-cineole, 3-caryophyllene
Vietnam 1,8-cineole, camphor,a-terpineol, 3-Anole

a-Pinene, (-Pinene
Siberia (aerial parts)
Pennsylvania (leaves)
Pennsylvania (buds)
Turkey (aerial parts)

1,8-Cineole, Camphor, Borneol,Caryophyllene
a-Thujone, B-Thujone, Caryophyllene oxide,
1,8-Cineole

North Lithuania (aerial parts)

a-pinene, B-pinene,Isobornyl isobutyrate, dl-Limonene, 8-3- Carene, y-Terpinene,

trans-chrysanthenyl acetate, cis-Thujone, 1,8-cineole, a-pinene, 2,2,4-trimethyl-

Borneol, 1,8- cineole, artemisia ketone, camphor, B-thujone, caryophyllene oxide, -

Caryophyllene oxide, Hexadecanoic acid, Isobornyl 2-methylbutyrate, 2-

1,8-cineole, sabinene, B-thujone, B-caryophyllene oxide
Germacrene D, Caryophyllene, alpha-Zingiberene, Borneol

Germacrene D, trans-Thujone, cis-Thujone, Chrysanthenyl acetate, 1,8-Cineole

Alizadeh et al. (2012), Tajadod et al. (2012)

Michaelis et al. (1982)
Epstein and Gaudioso (1984)
Jerkovic et al. (2003)

Jerkovic et al. (2003)

Aboutabl et al. (1998)

Misra and Singh (1986); Govindaraj and
RanjithaKumar (2013)

Pino et al. (1999)

Burzo et al. (2008)
Govindaraj et al. (2008)
JudZentiené and Buzelyté (2006)

Blagojevic et al. (2006)
Williams et al. (2012)
Williams et al. (2012)
Frel et al. (2012)

JudZentiené and Buzelyté (2006)
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Table 6
Pharmacological action of Artemisia vulgaris.
Pharmacological Action Plant part Reference
Acaricidal Stem Soares (2012) (TESIS, Biological
Institute-SP)
Althelmintic Aerial Caner et al. (2008)
parts
Anti-leukemic Leaf Corréa-Ferreira (2012) (TESE, UFPR)
Antimicrobial Aerial Erel et al. (2010); Karabegovi¢ et al.
parts (2011)
Leaf Kolume et al. (2011)
Plant Oyedemi and Coopoosamy (2015a,
2015b)
Leaf Owuna et al. (2013)
Antioxidant Aerial Erel et al. (2012)
parts
Leaf Melguizo-Melguizo et al. (2014)
Plant El-Tantawy (2015)
Plant Oyedemi and Coopoosamy (2015a,
2015b)
Plant Temraz & El-Tantawy (2008)
Antispasmodic Plant Khan and Gilani (2009)
Bronchodilator Plant Khan and Gilani (2009)
Hepatoprotective Plant Gilani et al. (2005)
MAO Inhibitor Plant Lee et al. (2000)
Peripheral antinociceptive Plant Pires et al. (2009)
Antimalarial Leaf Kodippili et al. (2011)
Leaf Bamunuarachchi et al. (2013)
Histamine H1 antagonism Leaf Natividad et al. (2011)
Anti-inflammatory Leaf Afsar et al. (2013)
Plant El-Tantawy (2015)
Estrogenic (Antifertility) Leaf Afsar (Shaik) et al. (2014)
Hypolipidemic Plant El-Tantawy (2015)

1.4. Pharmacological properties, biological activities and therapeutic
potential

Many studies have demonstrated diverse biological activities of A.
vulgaris, which are due to the presence of several active ingredients or
bioactive compounds that work through various modes of action (Abad
et al., 2012). The plant has number of medicinal properties and appli-
cations in folk medicines to cure stomach ulcers, liver disorders and
indigestion (Muheem et al., 2016). The extract of whole plant have
been reported to be used in the treatment of diabetes in traditional
system of medicine as well as for epilepsy and in combination of psy-
choneurosis, irritability, depression, anxiety, insomnia & stress, for
worm infestation, as sedative, to promote circulation and for irregular
or delayed menstruation (Lewis & Elvin-Lewis, 2003; Muheem et al.,
2016; Walter, Memory, & Elvin, 2003). Stem and leaves of A. vulgaris
have been used as uterine stimulant, anti-rheumatic and digestive tonic
(Terra et al., 2007). Table 6 shows the various pharmacological actions
of A. vulgaris. The leaves and buds have been employed as a flavoring
agent to season fat, meat, and fish. Powdered leaves are applied over
skin diseases and used as substitute for cinchona to treat fever (Haider
et al., 2003; Judzentiené & Buzelyte, 2006; Silva, 2004). Mugwort root
has been used as a tonic in asthenic states and in conjuction with other
remedies including neurasthenia, depression and hypochondria, auto-
nomic neuroses, general irritability psychoneuroses, restlessness, in-
somnia, and anxiety states. The use of this plant species has been pro-
hibited in pregnancy (Gruenwald et al., 2008). Mugwort has been
reported to use as an analgesic agent in combination with acupuncture
therapy (Yoshikawa et al., 1996), and also employed as a culinary herb
for poultry and meat in Western cultures. It has also been utilized to
flavour tea and rice dishes in Asia (Lewis & Elvin-Lewis, 2003; Muheem
et al., 2016). Flavonoids; eriodictyol and apigenin from A. vulgaris were
found to activate the transcription of the reporter gene in transgenic
yeast at a low level as compared to estradiol and therefore, has been
suggested the use of this plant species as a natural emmenogogue (Lee
et al., 1998a, 1998Db).
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Shaik et al. (Shaik et al., 2014) studied the anti-implantation and
estrogenic effects of methanolic extract of A. vulgaris and found that
extract of this plant species possessed strong dose-dependent estrogenic
effect and inhibited the process of implantation depending on the dose.
Their study suggested that methanolic extract of the plant has anti-
fertility activity. The main sesquiterpene lactones found in A. vulgaris
are from eudesmanolides, group showing high anti-microbial and anti-
inflammatory properties.

Sharmila and Padma (Sharmila & Aadma, 2014) studied the anti-
oxidant potential of methanolic extract of leaves on primary chick
embryo fibroblast subjected to oxidative stress and reported the pre-
sence of active ingredients that improve the anti-oxidant status in pri-
mary cells subjected to oxidative stress.

Haniya and Padma (2014) analyzed the free radical (DPPH, ABTS,
superoxide, nitric oxide, hydroxyl radicals and hydrogen peroxide)
scavenging effects of different solvent extracts (aqueous, methanol &
chloroform) of leaves and observed that the methanolic extract ex-
hibited maximum effect. Their results depicted that the extracts of A.
vulgaris leaves can be used as an effectual anti-oxidant.

The anti-inflammatory activity of A. vulgaris leaves has been as-
sessed by Afsar et al. (Afsar, Kumar, Gopal, & Raveesha, 2013) using
cotton pellet granuloma method. The methanolic extracts of leaves
were administered at dose of 200 and 400 mg/Kg body weight to rats
after surgical insertion of cotton pellets into groin region of rats. It has
been observed that extract at the dose of 400 mg/Kg showed the sig-
nificant results (55.3% inhibition in weight of wet cotton pellets and
64.0% inhibition in weight of dry cotton pellets) as compared to con-
trol. It has been reported that the dose dependent anti-inflammatory
property shown by mugwort is associated with the presence of flavo-
noids (Afsar et al., 2013).

A. vulgaris has been used in traditional medicine either alone or in
combination with other medicinal plants to treat hypertension at
Vietnam and Philippines (Lee, Chung, Lee, & Yoo, 1999; Tigno, de,
Flora, & Theresa, 2000; Tigno & Gumila, 2000). But some ethnic doc-
tors have advised against the use of A. vulgaris for hypertension
(Nguyen et al., 2016). To explain the confusion among ethnic doctors
concerning the use of this plant species for treatment of hypertension,
Nguyen et al. (2016) studied the characteristics of A. vulgaris vascular
response of porcine basilar artery and revealed the biphasic effect of
mugwort on isolated artery preparations, explaining both its indication
and contraindication for the treatment of hypertension. The biphasic
effect of A. vulgaris was reported to be mediated by both stimulation
and inhibition of Ca®* channels. 5-HT was found to be the significant
component affecting artery contraction in the presence of mugwort.
The treatment of rats with water extract fractions (1% w/v) resulted in
lower blood pressure only in hypertensive condition. Anti-inflammatory
activity on tissue damage brought about ischemia-reperfusion injury
was observed with dose of 10% w/v which can be linked with the
presence of yomogin (Tigno et al., 2000; Tigno & Gumila, 2000).

Artemisinin, found in A. vulgaris, is a promising anti-malarial drug
used against resistant strains of parasities these days. The presence of an
endoperoxide bridge in the structure of artemisinin is necessary for
anti-malarial activity during multiple stages of parasite development
(Klonis, Creek, & Tilley, 2013; Wang et al., 2015; Willcox, 2009). The
combination of artemisinin derivatives and other anti-malarial drugs,
commonly called as artemisinin- based combination therapies have
been used as a primary treatments against malaria since 2006 (WHO,
2006). Mode of action of artemisinin against parasite, artemisinin de-
rivatives and their chemical structures, biosynthesis pathway of pro-
duction of this anti-malarial compound in plant and other details have
been discussed in detail recently by number of reviews (Klonis et al.,
2011; Muangphrom, Seki, Fukushima, & Muranaka, 2016; O'neill,
Barton, & Ward, 2010) (Fig. 5).

Essential oils extracted from mugwort have been reported to exhibit
many biological activities such as anti-viral, fumigant and insecticidal,
parasitical, anti-inflammatory, anti-hypertensive, anti-oxidant, anti-
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Fig. 6. Pharmacological properties of essential oils from A. vulgaris and related
compounds.

tumoral, immunomodulatory, hepatoprotective, anti-malarial, anti-
spasmodic, analgesic, anaesthetic, anti-septic, sedative, CNS-stimulant,
decongestant, expectorant, anti-acne, larvicidal, nematicide, pesticide,
anti-bacterial, and also used in the flavour, food and perfumery in-
dustry (Gilani, Yaeesh, Jamal, & Ghayur, 2005; Luo et al., 2007;
Schmid-Grendelmeier et al., 2003; Silva, 2004; Sun, Han, Yang, Deng, &
Yue, 1992; Tan, Zheng, & Tang, 1998; Tigno et al., 2000; Tigno &
Gumila, 2000; Wang, Zhu, Zhou, Niu, & Lei, 2006). Mugwort essential
oil acts as a tonic for the nerves and poses a warming effect on the body
which can be used to counter the effects of cold and moisture in the air.
It has also been reported to inhibit the growth of different kinds of
microbes, insects, and parasites and can be employed to protect foods
from related deteriorations as a part of natural management practise
(Muheem et al., 2016). Pharmacological properties of mugwort essen-
tial oils have been attributed to the presence of bioactive compounds as
depicted in Fig. 6.

Anti-microbial activity of mugwort essential oil has been in-
vestigated against Staphylococcus aureus, Staphylococcus epidermidis,
Enterococcus faecalis, Enterobacter cloacae, Escherichia coli, Salmonella
typhimurium, and Candida albicans using the disk diffusion method
compared with positive control (ceftazidime and ketoconazole) (Erel
et al., 2012). The essential oil has been found to produce inhibition
zones greater than or equal to that of the standard anti-biotic and
suggested its use as a natural anti-microbial agent. The anti-microbial
activity of essential oil from A. vulgaris has been attributed to the pre-
sence of a-thujone, 1,8-cineole, and camphene (Blagojevic et al., 2006).

The insecticidal activity of essential oils of this plant species has
been assessed on Aedes aegypti (mosquito species, which is known to be
a vector of major diseases like dengue haemorrhagic fever, yellow fever
and chikungunya) larvae by Chantraine et al. (1998)(Chantraine et al.,
1998). The monoterpenes E-anethol and E-nerolidol have been found to
be the active principles of the most toxic essential oils from A. vulgaris
(Chantraine et al., 1998). Mugwort oil has been reported to exhibit 90%
repellence against A. aegypti (Hwang, Wu, Kumamoto, Axelrod, &
Mulla, 1985). Kodoppili et al. (2011) observed the moderate anti-
parasitic activity of A. vulgaris leaf extract against Plasmodium yoelii
rodent malaria parasites when administered orally. Further investiga-
tions on anti-malarial properties of this plant species have been carried

Food Research International 109 (2018) 403-415

out in the P. berghei ANKA (lethal strain) murine malaria model by
(Bamunuarachchi, Ratnasooriya, Premakumara, & Udagama, 2013). It
has been demonstrated that the oral administration of ethanolic leaf
extract (500, 750 and 1000 mg/kg) inhibited parasitaemia between
79.3 and 87.3%, in a 4-day suppressive assay. Govindaraj and
RanjithaKumar (2013) reported the larvicidal activity (against A. ae-
gipti) of essential oil in low concentration (100 ppm) from in vitro pro-
pagated stems of A. vulgaris. There is a report on repellent and fumigant
activity of mugwort essential oil against Musca domestica L. and the
stored-product insect pest Tribolium castaneum (Judzentiené & Buzelyte,
2006; Wang et al., 2006). The pesticide activity of this aggressive plant
against Tribolium castaneum (Herbst), Callosobruchus maculatus (F.) and
Rhyzopertha dominica (F.) have been reported by (Sharifian, Hashemi, &
Darvishzadeh, 2013). The insecticidal and larvicidal properties of
mugwort essential oil has been attributed to the presence of camphene
and its chloro derivative and a-Thujone (Silva, 2004). Camphor has
been reported to be one of the active components of mugwort essential
oil and possess moth repellent properties and therefore, used as pre-
servatives in cosmetics and pharmaceuticals (Corréa-Ferreira et al.,
2014a, 2014b). The presence of 1,8-cineole and (-thujone in the oil
isolated from aerial parts of this herbaceous perennial plant possesses a
good and nonselective activity against the bacteria and fungi tested as
compared to low activity in root oil, which had low concentration of
1,8-cineole and absence of thujones (Blagojevic et al., 2006).

Essential oil of A. vulgaris has been shown to possess 2,2-diphenyl-1-
picrylhydrazyl radical scavenging activity comparable to butylated
hydroxyl toluene (standard anti-oxidant) and thus indicated its sig-
nificant potential for preservation of foods using natural additives (Erel
et al., 2012). Sun et al. (1992) demonstrated that Artemisic acid and
artemisinin B extracted from A. vulgaris as the responsible candidates
for anti-tumoral activity.

1.5. Biotechnological or in vitro approaches

In the past years, there has been a resurgence in the use and in-
vestigation of medicinal herbs in the pharmaceutical aspects (Kala,
2004; Mendelsohn & Balick, 1995). The health care industry essentially
depends on wild population to supply raw material for the medicinally
bioactive compounds extraction. Due to the ruinous practices of over-
harvesting from the wild, the diversity of medicinal herbs is reducing in
the world (Malik et al., 2009). Secondary metabolites in the plants are
economically vital as flavors, fragrance ingredients, pesticides, agro-
chemicals, drugs, food additives and pigments. Because of various ob-
stacle like cultivation period, plant-to-plant variability and season of
collection, in vitro system is introduced as a promising methods to work
on the medicinal plants (Ahmad, Fatima, Ahmad, & Anis, 2015).

1.6. Sterilization process

Culture free contamination is the introductory part of in vitro cul-
ture. Different source of contamination may effect on the explants such
as bench surface, air and water flow and soil microorganisms. Hence, all
manipulations procedure including the cultures media or culture should
be done under aseptic condition. Sterilization procedure is a term
mentioning to any method that kills or diminish biological agents. To
this end, plenty more sterilization protocols have been used for dif-
ferent plants under in vitro conditions. Although, in A. vulgaris tissue
culture the initial protocol were established by Sujatha and Kumari
(Sujatha & Kumari, 2007) for seed however, diverse sterilization pro-
tocols have been established according to the explants sorts (Fig. 7)
(Borzabad, Sudarshana, & Niranjan, 2010; Sujatha & Kumari, 2008).

1.7. Medium and plant growth regulators

Specialised medium for each plant species is the most important in
vitro factor. A media generally consists of salts solution supplying the
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Fig. 7. Various sterilization protocols in Artemisia vulgaris.

minor and major nutrients, diverse amino acids and vitamins (optional)
as well as energy source (usually sucrose) necessary for the growth and
development of the plants (George, Hall, & De, 2008). Murashige and
Skoog (MS) (Murashige & Skoog, 1962) nutrient medium has been
widely used in mugwort tissue culture (George et al., 2008; Lewis &
Elvin-Lewis, 2003; Mendelsohn & Balick, 1995; Sudarshana,
Rajashekar, Niranjan, & Borzabad, 2013).

Plant phytohormones regulate diverse features of plants life.
Cytokinin, abscisic acid, gibberellins, ethylene and auxin have been
identified to act either antagonistically or synergistically to regulate
numerous significant growth and developmental steps including the
maintenance and formation of meristem. Over the past few decades,
various developmental progress has been found to show the molecular
and physiological mechanisms underlying the cytokinin- auxin inter-
action and action in vitro (Su, Liu, & Zhang, 2011). Despite that, ethy-
lene, abscisic acid, gibberellins as well as other phytohormone-like
compounds have the vital roles which should be focused in vitro systems
(Gaspar et al., 1996). Based on the target explants, different con-
centrations of phytohormones have been used in the A. vulgaris tissue
culture (Table 7). To date, one assessment of genetic transformation in
mugwort by A. rhizogenes has been reported (Sujatha, Zdravkovic-
Koraé, Cali¢, Flamini, & Kumari, 2013). The results of the research
emerged that among four different bacterial strains such as
ATCC15834, R1601, R1000 and A4GUS, the highest efficiency was
belonged to A4GUS. Meanwhile, the research showed that AV1 and
AV2 clones of leaf-A4GUS had highest growth rate. Out of four media
composition and six sucrose concentrations, the best efficiency were
belonged to half MS media and 40mgL~! sucrose (Sujatha et al.,
2013).

1.8. Carbohydrates
As an energy and carbon source, sucrose provides energy and a

carbon framework for shoot induction, multiplication and proliferation
as well as root development in A. vulgaris. Sucrose also plays as an
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osmotic pressure agent which could prepare a stable osmotic pressure
condition for culture. On the other hand, sucrose as a standard carbo-
hydrate supports vigorous growth of plants in tissue culture. Sucrose
has been extensively used as a reliable carbohydrate source in A. vul-
garis. In the in vitro culture of mugwort, carbohydrate source directly
effects on the biomass accumulation. Generally speaking, MS is stated
to supplement with 3% sucrose rather than 2 or 4% (George et al.,
2008). The investigation reports suggested that 3% of sucrose may have
the higher efficiency than other carbohydrates concentrations for in A.
vulgaris (Govindaraj et al., 2008; Govindaraj & Diana, 2007; Riedel, Cai,
Kiitiik, & Smetanska, 2010). Interestingly, shoot tip, node and leaf ex-
plants are induced in MS media supplemented with 3% sucrose. Al-
though, Sujatha et al. (2013) and Sujatha and Kumari (2007) reported
that sucrose (3%, w/v) as a carbohydrate source favoured seed germi-
nation, shoot multiplication and root induction. Borzabad et al. (2010)
(Borzabad et al., 2010) found that the highest callogenesis efficiency
was achieved in the media with 3% of sucrose. In contrary, Kumar and
Kumari (2010) used 2% of sucrose to induce calli.

2. Conclusions

Artemisia vulgaris has a long history of the medicinal plant appli-
cation in different parts of the world. This plant possesses many phar-
macological properties including anti-inflammatory, anti-hypertensive,
anti-oxidant, anti-tumoral, immunomodulatory, hepatoprotective, anti-
malarial, anti-spasmodic and anti-septic. The biochemical component
of this plant also may provide a considerable contribution to economy
as well as pharmacology industry of the nation. Mugwort demonstrates
tolerance and morphological diversity which allowed this plant suc-
cessfully adapt and proliferate across the world. Although chemical
component and cultural management methods for this species have
been attempted with limited success, but understanding the potential of
this plant may open new window to overcome to some diseases as well
as to consider as the source of a persistent seed bank.
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Table 7
In vitro culture of Artemisia vulgaris on MS media supplemented with various concentrations of phytohormones and using different explants targets.
Cultured explants PGRs concentrations Target explants Response References
Leaf 2,4-D (0.5mgL™"), BAP (1 mgL™") and Ascorbic acid Calli Callogenesis Sudarshana et al. (2013)
(50mgL™")
Calli GA; (1.5mgL™ 1), IAA (0.5mgL~") and Ascorbic acid Encapsulated embryos  Regeneration
(40mgL™1)
Seed 2,4-D (40 mg L™YH Calli Callogenesis Riedel et al. (2010)
Calli 2,4-D (40 mgL-1) Cell suspension Cell suspension
Leaf BAP (1.0mgL™"), NAA (3.0mgL™") Calli Callogenesis Borzabad et al. (2010)
Calli BAP (1.0mgL™ "), GA; (3.0 mgl™1), IAA Regenerated plant Regeneration
(0.5-1.0mgL™")
Cotyledonary nodes B5 vitamins, 2,4-D (1.5mg L™ 1), NAA (1.0mgL™%), Calli Callogenesis Kumar and Kumari (2010)
cysteine (0.5mgL™")
Cotyledonary nodes BAP (2.0mgL~"), TDZ (1.0 mgL~"), Tyrosine Shoot Shoot formation

Cotyledonary nodes
Hypocotyl segments

Regenerated shoot

Shoot tips, nodal explants
Shoot

Seed

Shoot tips

Excised shoot

Seed

Callus

Proliferated shoot
Elongated shoot
Leaf and root

(0.5mgL™Y)
NAA (2.0mgL™ 1), AgNO; (1.0 mg L™ '), Glutamine
(0.5mgL™1)
TDZ 4.54 uM

IAA (8.56 M)

B5 vitamins, BAP (4.44 uM), KN (2.32 pM)
BAP (0.44 uM) and GA; (1.44 uM)

MS free hormone medium

BAP (4.4mgL™ 1)

IAA (8.56 M)

B5 vitamins, BAP (1.0 mg dm™2), 2,4-D (1.0 mg dm~3)
B5 vitamins, TDZ (2.0 mg dm %), Glutamine
(15mgdm~3)

B5 vitamins, TDZ (2.0 mg dm ~%)

B5 vitamins, IAA (1.5 mg dm %)

IAA (11.4 Mm) + IBA (4.9 uM)

Entire plant
Shoot multiplication

Root multiplication
Shoot

Shoot multiplication
Shoot formation

Regeneration

Regeneration adventitious
shoots

Root induction

Shoots formation
Regeneration
Germination

Sujatha and Kumari (2007)

Sujatha and Kumari (2007)

Govindaraj et al. (2008)

Nodal explants 2iP (4.9 M)

Shoot Shoot elongation

Root formation Rooting frequency

Callus Callogenesis Sujatha et al. (2013)

Shoot Shoot multiplication

Shoot Shoot elongation

Root Root induction

Root Root induction Sujatha and Ranjitha Kumari
(2012)

Shoot Shoot induction Sujatha and Kumari (2008)
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