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Abstract Echinacea, better known as purple coneflower,
has received a global attention because of its increasing
medicinal value. There is enormous potential for the
discovery of new medicinal compounds in this species and
an immediate need for techniques to facilitate the production
of high quality, chemically consistent plant material for drug
development and clinical trials. In vitro tissue culture of
Echinacea can play a vital role in the development of novel
germplasm, rapid multiplication, and genetic modifications
for an enhanced phytochemical production. Recent estab-
lishment of liquid culture techniques, large-scale bioreactors,
and Agrobacterium-mediated transformation are changing
the production parameters of the Echinacea species. This
review provides an overview of the recent developments in
in vitro technologies and challenges that remain in the
Echinacea biotechnology.
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Echinacea: An Important Medicinal Plant

Echinacea is widely used in Europe and North America for
the treatment of common cold. Echinacea, also referred to
as purple coneflower, is geographically confined to Amer-
ica (Macchia et al. 2001; Binns et al. 2004) and is
distributed in dry prairies from Texas to Saskatchewan
and from west of the Rocky mountains to Minnesota
(McGregor 1968; Kindscher 1989; Bauer and Foster 1991;
Foster 1991 ). Major producers of Echinacea in Europe are
in Germany, Switzerland, The Netherlands, Italy, and Spain
(Galambosi 2004). In the last few years, the areas of
cultivation of Echinacea extended beyond North America
and Europe into South America, Australia, and other areas
of the world (Yu and Kaarlas 2004). The global cultivation
area of Echinacea was roughly estimated at several
thousand hectares (Commonwealth Secretariat 2001). Con-
sumption of herbal products rose from 15 to 35% in the last
few years, and garlic and Echinacea were the most popular
self-care herbs (Saskatchewan Nutraceutical Network
2001). In 1998, Echinacea was the tenth most important
medicinal plant sold in Europe with annual sales of about
$120 million. In North America, Echinacea is listed as the
first among 11 top-selling herbal extracts (Yu and Kaarlas
2004). Retail sales of Echinacea products are more than
$158 million annually in the USA and have been estimated
at $1,300 million annually worldwide (Blumenthal 2003).

Echinacea species are members of the Asteraceae family
(Perry et al. 2001) and include E. angustifolia, E. pallida,
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E. simulata, E. paradoxa, E. tennesseensis, E. laevigata, E.
sanguinea, E. atrorubens, E. gloriosa, along with E.
purpurea (McGregor 1968). The word Echinacea is derived
from the Greek Echinos for sea urchin or hedge hog, a
reference to the spiny appearance of the plant (Speroni et al.
2002). Echinacea products are made from roots, flower
heads, seeds, or juice of the whole plant (Hu and Kitts
2000). Three species of Echinacea are generally used
medicinally: E. purpurea Moench (roots and tops), E.
angustifolia DC (roots), E. pallida Nutt (roots; Perry et al.
2001). Echinacea species may produce in access of 50 tons
of fresh and 10 tons of dry mass/ha, depending on the
species, with E. purpurea often producing the highest yield.
The drying ratio between the fresh and dry herb yield of
Echinacea species ranges from approximately 2.5–5:1 with
a generally lower drying ratio for root tissues because of the
higher dry matter content (Galambosi 2004).

A recent NAPRALERT search revealed the presence of
216 different medicinally active compounds in E. purpurea
(Murch et al. 2006). Phenolic acids, alkamides, polyacety-
lenes, glycoproteins, and polysaccharides have been
detected as biologically active components in different
Echinacea species (Bauer and Wagner 1991). Known
phenolic compounds in Echinacea species include caffeic
acid derivatives such as cichoric acid in E. purpurea and E.
pallida, and echinacoside in E. angustifolia (Harborne and
Williams 2004). More recent studies have questioned the
bioavailability and absorption of phytochemical compo-
nents of Echinacea species and suggest alkamides as
possible candidates for medicinal efficacy (Matthias et al.
2005; Woelkart et al. 2005).

Medicinally, Echinacea is thought to create activity in
the immune system by stimulating T-cell production,
phagocytosis, lymphocytic activity, cellular respiration
(anti-oxidation) activity against tumor cells (Bauer and
Foster 1991; Barrett 2003), and inhibiting hyaluronidase
enzyme secretion (Bergeron et al. 2002). Echinacoside,
found in E. angustifolia, is a broad spectrum antibiotic,
inhibiting a broad range of viruses, protozoa, bacteria, and
fungi. However, there may not be enough echinacoside in
most tissues for the effects to be significant (Cervellati et al.
2002). Another unique compound, echinacein, has been
shown to counteract the activity of hyaluronidase, an enzyme
that microbes produce to penetrate tissues and cause
infection (Pons 1992). Echinacea products differ consider-
ably in their composition mainly because of the use of
variable plant material, extraction methods, and addition
of other components. The effects of Echinacea prepara-
tions tested in clinical trials also differ greatly. Overall, the
clinical evidence of the efficacy of Echinacea is inconsis-
tent, and reported benefits have not been confirmed with
replicated rigorous trials (Linde et al. 2006; Thygesen et
al. 2007).

Conventional Propagation Practices

There is a little available information on optimized growing
methods for any Echinacea species, and protocols for
optimum growth, yield, and chemical composition are
somewhat limited (Dafault et al. 2003; Zheng et al. 2006).
Conventional propagation of Echinacea employs seeds,
crown divisions, and root cuttings. Seeds are generally
directly seeded in the field, or germinated in the greenhouse
and the established seedlings transplanted in the field
(Miller 2000). However, the efficiency of Echinacea seed
germination and transplant production is rather low and
inconsistent, ranging from no germination to variable
frequency, depending on the physiology of the seed and
the growth environment, soil pH, and moisture (Hobbs
1998; Macchia et al. 2001). Echinacea seed dormancy also
varies with species (Li 1998). E. pallida and E. angustifolia
exhibit higher levels of dormancy than E. purpurea (Hobbs
1998). Seed germination is dependent on temperature
(Kochankov et al. 1998; Hassel et al. 2004), light (Smith-
Jochum andAlbrecht 1987), and harvest time (Wartidiningsih
et al. 1994). E. purpurea seeds harvested at physiological
maturity, but before drying, have higher germination rates
than seeds harvested after desiccation (Wartidiningsih and
Geneve 1994). However, even in favorable conditions, seeds
still fail to germinate because of physical or physiological
dormancy. The proven methods of improving Echinacea
seed germination include stratification (Baskin et al. 1992;
Wartidiningsih et al. 1994; Feghahati and Reese 1994;
Parmenter et al. 1996; Van Gaal et al. 1998) and osmotic
and matric priming (Bradford 1986; Samfield et al. 1990; Pill
et al. 1994; Wartidiningsih et al. 1994; Pill and Haynes
1996). The efficiency and duration of stratification treat-
ments can be further improved with plant growth regu-
lators (PGRs) such as ethylene (Jones 1968; Sari et al.
2001; Macchia et al. 2001) and gibberellic acid (GA3; Pill
and Haynes 1996). It is obvious that Echinacea seeds
collected from different locations require a different set of
treatments and show unique germination responses, and
the optimization of seed treatments and cultivation tech-
niques is essential for normal crop growth with higher
concentration of active ingredients (Li 1998).

Although propagation by seed in Echinacea is a
predominant technique, it does not ensure pathogen-free
plants, is seasonally dependant, time-consuming, and prone
to poor yield because of seed dormancy and diseases. A
high level of fungal and microbial contamination of in vitro
germinated Echinacea seeds has been reported previously
(Choffe et al. 2000b). To fulfill the increasing demand for
this important medicinal plant, different methods and
strategies have been developed, which include rapid
multiplication of axenic, healthy plants, and faster intro-
duction of new cultivars with desired traits. In this regard,
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in vitro tissue culture techniques are proved to be very
valuable. Research on in vitro regeneration of Echinacea
has resulted in the development of several protocols and
strategies for controlled environment production, which are
discussed in this review.

In Vitro Technologies for Mass Propagation
of Echinacea

In vitro culture and regeneration of plants offer improve-
ments over traditional vegetative propagation because of
the faster rate of plant multiplication (Lineberger, 1983) and
may also be effective in propagating species that are less
responsive to cloning by conventional means (Bridgen
1986; Harbage 2001). Echinacea species have been
regenerated from a range of tissues from in vitro seedlings
to mature, field-grown plants.

In Vitro seed germination. Being largely an organically
grown crop (Li 1998), Echinacea plants, including seeds,
may be heavily infected with microorganisms (Mechanda et
al. 2003; Perry et al. 2004). Seed is an important explant in
establishing Echinacea cultures in vitro (Lakshmanan et al.
2002). Different methods have been adopted for seed
sterilization including surface sterilization with ethanol
and sodium hypochloride (Lakshmanan et al. 2002;
Mechanda et al. 2003; Koroch et al. 2003; Zobayed and
Saxena 2003) along with the detergent Tween 20 (Choffe et
al. 2000a; Koroch et al. 2002a). However, the use of
surface sterilants alone may not eliminate microbial
contamination completely (Choffe et al. 2000a). Hence,
plant preservation mixture (PPM; Phytotechnology Labo-
ratories Lexena, KS), the broad-spectrum antimicrobial
agent, was used to control the systemic fungal contami-
nation of Echinacea seeds to obtain sterile seedlings
(Choffe et al. 2000a; Mechanda et al. 2003). Alternately,
Harbage (2001) proposed removing the seed coat layers to
prevent contamination of seeds. In our experience with E.
purpurea seeds, a sequential process of surface steriliza-
tion by immersion in 10% PPM followed by a 30-s
immersion in 70% ethanol and 18-min immersion in 5.4%
sodium hypochloride containing traces of Tween 20
proved highly efficient in ensuring contamination-free
seed germination (Murch et al. 2006). Basal media
components are sufficient to support the in vitro germina-
tion of Echinacea seeds (Li 1998). Seed explants develop
shoots when exposed to a cytokinin (Gockel et al. 1992;
Harbage 2001). However, recent studies have shown that
endophytic, antibiotic-resistant bacteria can survive in
Echinacea cultures without detrimental effects on the
growing plants in the culture environment (Lata et al.
2006).

Explants. Choice of explant varies with species and plays
an important role in determining the efficiency of propaga-
tion. Several regeneration methods have been reported for
commercially relevant Echinacea species (Jones et al.
2007; Zhao et al. 2006; Pan et al. 2004; Sauve et al.
2004; Zobayed and Saxena 2003; Koroch et al. 2003;
Lakshmanan et al. 2002; Park et al. 2002; In Sup So et al.
2002a; Harbage 2001; Coker and Camper 2000, 2004;
Choffe et al. 2000a, b), and nearly all protocols have utilized
embryonic or in vitro grown seedling explants. In early
experiments, anther, mesophyll protoplast, petiole, stem,
seed, flower stalks, leaf sections, hypocotyls, cotyledons,
and roots have been used as explant for induction of callus
that subsequently differentiated into shoots and roots
(Table 1). These choices of explant material reflect a
preference for juvenile tissues that generally have high
organogenic competence and in vitro seed germination is
relatively less difficult (Koroch et al. 2003). The develop-
ment of in vitro methods for regeneration of Echinacea
species using leaf tissue is a non-destructive approach in
contrast to the methods using embryonic tissues as explant
source (Koroch et al. 2003; Jones et al. 2007). Furthermore,
the out-crossing reproductive nature of the genus presents an
added uncertainty in the use of seed or seedling tissues,
which could lead to clones with substantial genetic variation
from the parent plant. Therefore, leaf is more suitable for
regeneration of Echinacea. It is noteworthy that the same
explant may show different morphogenic responses under
specific culture conditions (Choffe et al. 2000a; Murch et al.
2006).

Regeneration. In vitro regeneration of Echinacea can occur
both by organogenesis and by somatic embryogenesis.
Murashige and Skoog (MS; Murashige and Skoog 1962)
culture medium has been the medium of choice in most
studies on Echinacea micropropagation. However, the use of
other media such as woody plant medium (WPM) has also
been reported (Gockel et al. 1992; Harbage 2001; Mechanda
et al. 2003).

Shoot organogenesis. Several biochemical processes are
required for differentiation during shoot morphogenesis in
plants (Chawla 2000). In general, the explant type, its
orientation in the culture medium, and PGRs play a key
role in regulating the differentiation process (Kumar et al.
2005; Jones et al. 2007). Koroch et al. (2002a) induced
callus and indirect shoot organogenesis from the leaf
explant of E. purpurea with different auxin/cytokinin
combinations (α-naphthaleneacetic acid/6-benzylaminopur-
ine (NAA/BAP)). The use of BAP alone at lower concen-
trations (0.44–8.88 μmol/l) stimulated adventitious shoot
formation and increased callus production compared to a
low-shoot initiation response with increasing NAA concen-

ECHINACEA BIOTECHNOLOGY: CHALLENGES AND OPPORTUNITIES 483



trations. In another report on E. purpurea, Mechanda et al.
(2003) induced direct shoot regeneration from fully
developed leaves of potted mature plants with various
levels of BAP, whereas callus was induced with a
combination of NAA (1 μmol/l) and BAP (6 μmol/l).

The BAP and NAA combination was found to be useful
for regeneration of whole plantlets via indirect shoot
organogenesis from the leaf explant of E. pallida (Koroch
et al. 2003). Sauve et al. (2004) found NAA in combination
with Thidiazuron (TDZ) or BAP to be effective for shoot
organogenesis from the leaf explant of E. tennesseensis, an
endangered species (Walck et al. 2002). Lower concen-
trations of BAP (0.45–4.5 μmol/l) were also effective for
shoot organogenesis of seed explants (Gockel et al. 1992;
Harbage 2001). Bhatti et al. (2002) found that factorial
combinations of BAP with NAA were effective in inducing
shoot organogenesis from hypocotyl explants for E.
angustifolia, E. purpurea, and E. pallida. However, Coker
and Camper (2000) found the combination of NAA and
kinetin to be more effective than 2,4-dichlorophenoxyacetic
acid (2,4-D) and kinetin. Hypocotyl and cotyledon tissues
have also shown similar responses to BAP (Bhatti et al.
2002; Sauve et al. 2004). In our studies, shoot organogen-
esis was observed in petiole explant cultures of E. purpurea
(Choffe et al. 2000b). The sub-epidermal cell layers of
petiole explant formed callus and shoots on media
supplemented with BAP or TDZ in combination with
indoleacetic acid (IAA). Histological examinations of
petiole sections revealed BAP-induced periclinal division
in the subepidermal cell layers within 3 to 7 d, leading to
the formation of numerous meristematic centers. Cells in
these meristematic centers were small with dense cytoplasm
and prominent nuclei (Choffe et al. 2000b).

Somatic embryogenesis. Propagation by somatic embryo-
genesis is likely to generate much higher number of
plantlets (Ammirato 1983; Khibas 1995; Mithila et al.
2001). Somatic embryos of E. purpurea were first observed
in petiole explants cultured in the presence of BAP, TDZ, or
TDZ and IAA (Choffe et al. 2000b). Histology of these
cultures showed a well-defined protoderm comprised of
distinct rectangular cells, and there was no evidence of
vascular connections to maternal vasculature. In another
study, Lakshmanan et al. (2002) used hypocotyls from four
species of Echinacea (E. purpurea, E. pallida, E. paradoxa,
E. angustifolia) for inducing somatic embryogenesis on MS
media supplemented with 9 μM 3,6-dichloro-o-anisic acid
(dicamba, DC) or 2,4-D. Whereas well-defined embryos
were observed in all cultures, E. angustifolia and E. pallida
were more embryogenic than E. paradoxa and E. purpurea.
These results were in contrast to those for petiole culture of
E. purpurea (Choffe et al. 2000b) in which 2,4-D was
found to be inhibitory to embryogenesis. Zobayed and

Saxena (2003) reported enhanced somatic embryogenesis in
E. purpurea with the use of indolebutyric acid (IBA) as an
auxin and 14-d dark pre-incubation of cultures. In a recent
report on E. purpurea, Murch et al. (2006) observed
significant difference in the development of shoots or
somatic embryos on petiole sections of clonally propagated
lines derived from different individual seeds and cultured
onto a medium supplemented with only the cytokinin
(BAP); there was up to 30-fold variation in the capacity of
individual seedling-derived germplasm to regenerate shoots
and greater than 50-fold variation in the competence of
cells to undergo somatic embryogenesis. As well, the
culture of leaf disks of each seedling-derived line onto
auxin- and cytokinin-supplemented medium and incubation
in the dark also induced both de novo shoots and somatic
embryos. There was a significant variation in relative ratios
of the different modes of regeneration, depending on the
origin of the seedling-derived lines.

It is apparent that the source of explant significantly
affects the regenerative response of Echinacea. The incon-
sistencies observed may also be a result of differences in
the culture methods, the genetic background of the parent
plants, and the physiological status of the explant tissue
used. Differences in the nature and frequencies of regener-
ative responses are known to vary considerably with
different types of explants (Annadana et al. 2000), with
hypocotyls being more responsive than other explants in
many species including Echinacea (Lakshmanan et al.
2002; Chae et al. 2004). The genotype has also been linked
to the differences in embryogenic capacity of different
species and cultivars (Lakshmanan and Taji 2000). Despite
extensive research, the key regulatory factors that determine
the morphogenic competence of plant cells are unknown. It
has become increasingly apparent that different types of
explants from the same plant and different cells within the
same explant exist in different states of morphogenic
competence and, thus, require different cues to enter into
a particular morphogenic pathway (Ammirato 1983; Hicks
1994). It is, thus, logical to conclude that variable
efficiencies of explants in response to auxin and cytokinin
combinations reflect different states of morphogenic com-
petence of cells in the petiole, hypocotyl, and other tissues
requiring different inductive signals to elicit a specific
regenerative response (Choffe et al. 2000b; Lakshmanan et
al. 2002).

Auxin, cytokinin, and TDZ in Echinacea regeneration. In
most studies, the presence of BAP in the culture medium
was essential for shoot organogenesis/multiplication in all
of Echinacea species tested (Choffe et al. 2000a; Harbage
2001; Mechanda et al. 2003; Koroch et al. 2003). Also, in
our studies with a range of explants and a diverse plant
population, the medium supplemented with BAP alone or
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in combination with other PGRs induced high rates of shoot
proliferation in E. purpurea (Choffe et al. 2000a, b;
Zobayed and Saxena 2003; Murch et al. 2006; Jones et al.
2007). Kinetin with NAA also showed potential in inducing
shoot organogenesis in E. purpurea (Coker and Camper
2000; Zhao et al. 2006). The efficiency of cytokinin-
induced regeneration was further increased with the
addition of coconut milk (Mechanda et al. 2003) and
paclobutrazol (Lakshmanan et al. 2002). However, the role
of TDZ in the regeneration of Echinacea is rather
interesting. TDZ is structurally quite different from a
cytokinin or an auxin and has been shown to effectively
substitute for both auxin and cytokinin requirements of
organogenesis and somatic embryogenesis of Echinacea. In
earlier studies, Choffe et al. (2000b) observed limited shoot
organogenesis by TDZ, which was enhanced by the
addition of IAA for E. purpurea. In the cultures of E.
tennesseensis, the combination of TDZ and NAA stimulat-
ed a three-fold increase in the number of shoots than with
BAP alone (Sauve et al. 2004).

Recently, a high efficiency system has been developed
for TDZ-induced regeneration in both liquid and solid
media. Additionally, the higher concentrations of TDZ
were found to stimulate somatic embryogenesis compared
to lower concentrations, which favored shoot organogen-
esis (Jones et al. 2007). This concentration-dependant
mode of TDZ-induced morphogenesis may facilitate scale-
up production of somatic embryos and artificial seeds.
Because TDZ alone was able to induce callus proliferation,
organogenesis, and somatic embryogenesis of Echinacea,
the culture system offer a unique opportunity for investi-
gating basic scientific questions related to the regulation
and expression of morphogenesis in higher plants. The
mode of action of TDZ is unknown, but it may act via
modulation of endogenous auxins, cytokinins, and possibly
other growth substances (Hutchinson et al. 1996; Singh et al.
1996; Visser et al. 1992). The Echinacea plants produced
by TDZ-mediated regeneration, regardless of the mode of
regeneration, matured and flowered within 4 mo. of
being transplanted, a significantly shorter period than
traditional practices.

Regeneration of protoplasts. Cell manipulation techniques
to effect somaclonal variation and somatic hybridization
using protoplasts are useful to produce new and improved
cultivars. Protoplast fusion between closely and distantly
related species may allow bulk DNA transfer compared to
one or two genes by current methods of genetic transfor-
mation. Although this technique is expected to have a large
impact in the development of new varieties, its application
has been limited by the difficulty in regenerating plants
from fused protoplast. Practical applications have resulted
from somatic hybridization between closely related species.

Somatic hybrids among various Echinacea species are
likely to generate novel germplasm, which may potentially
exhibit synergistic effects of a range of medicinal com-
pounds. Protoplasts have been isolated from various
Echinacea tissues such as leaf and callus using enzymatic
digestion with cell-wall-degrading enzymes such as cellu-
lase, pectinase, hemicellulase (Al-Atabee and Power 1990;
Zhu et al. 2005). Successful plant regeneration system for
mesophyll-isolated protoplasts of E. purpurea was first
developed using an alginate-embedding culture system (Pan
et al. 2004). Cell colony formation from protoplasts, callus
proliferation, and shoot organogenesis occurred in response
to commonly used combinations of auxins and cytokinins.
Further optimization of protoplast regeneration and fusion
from several genotypes within a species and among
different species holds potential for fundamental studies, as
well as novel commercial products.

Root organogenesis. Considerable work has been done to
enhance rooting efficiency in different species of Echina-
cea. In most reports, varying concentrations of different
auxins were used for root induction, although a basal
medium without an auxin supplement has also been used
(Choffe et al. 2000a; Harbage 2001; Koroch et al. 2002a;
Lakshmanan et al. 2002; Pan et al. 2004; Sup So et al.
2002; Mechanda et al. 2003; Koroch et al. 2003; Zobayed
and Saxena 2003; Sauve et al. 2004). Generally, rooting of
Echinacea shoots was best induced on MS medium
supplemented with IBA or IAA, and IBA seems to be
more effective for induction from a variety of explants
(Choffe et al. 2000b). Very few reports are available on the
induction of root organogenesis with NAA (Table 1).
However, Lakshmanan et al. (2002) concluded from their
detailed work on the micropropagation of four Echinacea
species that the presence of auxin, even at a very low
concentration, was inhibitory to Echinacea rooting. Inhibi-
tion of rooting in the presence of an auxin is indicative of
potentially high endogenous auxin content.

Light, temperature and pH affect regeneration. Light plays
an important role in the shoot proliferation of Echinacea. A
16-h photoperiod of 40 to 80 μmol m−2 s−1 usually from
Gro-lux type white fluorescent lamps or cool white
fluorescent light at commonly used temperature of 25±2°C
appears to be sufficient for shoot regeneration (Choffe et al.
2000a, b; Bhatti et al. 2002; Lakshmanan et al. 2002;
Koroch et al. 2003). In some cases, an initial incubation in
the dark increased the efficiency of regeneration in
Echinacea (Zobayed and Saxena 2003). However, Harbage
(2001) incubated plant material of four commercially impor-
tant Echinacea species in the dark or 40 μmol m-2 s-1

continuous cool white fluorescent light at 21 or 30°C and
concluded that rooting performance was significantly affected
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by species but not by light or temperature. Specific effects of
pH variations of the culture medium on regeneration of
Echinacea species have not been reported, and most protocols
utilize the standard pH of 5.6±0.3. Echinacea species in the
wild grow in soils with a pH ranging from 5.9 to 8.0. The best
field production of Echinacea was recorded for crops grown
in soil with a neutral pH (6.8–7.0; Galambosi 2004), although
the species such as Echinacea pallida are typically found on
lime-rich soils (Zheng et al. 2006).

Transplant and survival ex vitro. The successful acclima-
tization of micropropagated plants and their subsequent
transfer to field is a crucial step for commercial exploitation
of in vitro technology and can be accomplished in the
greenhouse as well as in the open field (Preece and Sutter
1991; Sutter et al. 1992). Relative humidity plays a vital
role in acclimatization and survival of tissue-culture-raised
plants. Initially, the rooted plantlets are transferred to pots
after about 2–4 d in a mist chamber and kept covered with
polyethylene sheets. The sheets are later removed for
acclimatization of the plants in a growth chamber or
greenhouse and no misting is required. Echinacea plants
derived from micropropagation appeared normal, grew

vigorously, and flowered within 3 mo. of transplantation
(Mechanda et al. 2003; Zobayed and Saxena 2003; Jones et
al. 2007), whereas conventionally grown Echinacea plants
do not flower until the second season in the field (Miller
2000). Most plantlets transplanted into pots grew to
maturity and appeared morphologically normal, resembling
the source material with no obvious difference in their
growth and development (Lakshmanan et al. 2002; Sauve et
al. 2004). Thus, the combination of in vitro propagation and
greenhouse production could enable a substantial reduction
of time required to produce a mature plant (Jones et al.
2007).

In general, different explants and procedures require
different sets of PGRs and culture conditions such as
growth medium and light. This is a reflection of the
interaction of plant growth substances applied exogenously
and consequent changes in absolute and available concen-
trations of endogenous hormones and nutrients. It is,
therefore, difficult to develop a protocol that would produce
optimum results with most genotypes. However, based on
the efficiency and time required for regeneration, the BAP–
IBA and the TDZ-induced regeneration systems may
provide a solid basis for the development of efficient

Table 1. Use of Echinacea species, explant types, and their ultimate response to plant growth regulators

Species/cultivars Explant Response PGRs Reference

E. purpurea pt Embryogenesis,
shooting

IAA, TDZ, NAA, BAP, 2,4-
D

Choffe et al. 2000a

E. purpurea ht, co Rooting IBA Choffe et al. 2000b
E. purpurea ht Shooting NAA, Kinetin Coker and Camper

2000
E. angustifolia, E. purpurea, E. pallida sd, st, ss Shooting BAP Harbage 2001
E. angustifolia, E. pallida, E.
paradoxa,

lf Shooting,
embryogenesis

BAP, Kin, IBA Lakshmanan et al. 2002

E. purpurea
E. purpurea cv. ‘Magnus’ and ‘White
Swan’

lf, pt, ht, co Embryogenesis IAA, BAP Bhatti et al. 2002

E. purpurea lf Shooting NAA, BAP, 2iP Park et al. 2002
E. angustifolia lf Shooting NAA, BAP In Sup So et al. 2002
E. purpurea lf Shooting BAP, NAA Koroch et al. 2002a
E. purpurea lf Shooting BAP, NAA Mechanda et al. 2003
E. purpurea lf, co, rt Embryogenesis BAP, IAA Zobayed and Saxena

2003
E. pallida lf Adventitious shoots BAP, NAA Koroch et al. 2003
E. tennesseensis fst, lfs, ht, co Shooting NAA, TDZ, BAP Sauve et al. 2004
E. purpurea ms Shooting BAP, IBA Pan et al. 2004
E. purpurea lf, pt, rt Embryogenesis,

shooting
BAP, NAA Wang and To 2004

E. purpurea lf Rooting, shooting 2,4-D, DC, TDZ Jones et al. 2007

lf Leaf, co cotyledon, rt root, fl flower, fst flower stalk, lfs leaf section, ht hypocotyl, pt petiole, sd seed, st shoot tip, ss stem section, ms
mesophyll, 2iP isopentenyladenine, IAA indole-3-acetic acid, TDZ Thidiazuron, NAA naphthaleneacetic acid, BAP benzylaminopurine, 2,4-D 2,4-
dichlorophenoxyacetic acid, Kin kinetin, IBA indole-3-butyric acid, MS basal medium MS medium without plant growth regulators, NAA
naphthaleneacetic acid, DC dicamba
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production systems for specific genotypes, even with a
limited range of explants in some cases. A general
regeneration/transformation protocol is proposed in Fig. 1.

Genetic Engineering of Echinacea

Genetic engineering techniques offer many advantages for
the development of value-added crops (Wang and To 2004),
as well as the ability to transfer foreign genes into plants
has provided new ways to study regulation of developmen-
tal and biosynthetic processes (Guillon et al. 2006).
However, there has been limited research on genetic
engineering of Echinacea with only a few reports of
transgenic hairy roots and plants. In general, the type of
explant and the conditions of co-cultivation, selection, and
regeneration of transformed tissues affected overall trans-
formation efficiency of Echinacea species.

Trypsteen et al. (1991) first reported the Agrobacterium
rhizogenes-mediated transformation of E. purpurea roots,
but the transgenic roots showed limited growth, the typical
morphological characteristics were not observed, and some
of the roots produced callus and shoots. Recently, we have
developed an efficient procedure to initiate and propagate
hairy roots for the isolation of medicinally active com-
pounds (Liu et al. 2006). Leaf explants of E. purpurea
transformed with A. rhizogenes (ATCC 43057) formed
hairy roots, which attained maximum dry biomass in MS
basal medium within a 40-d culture period. The high-
performance liquid chromatography (HPLC) analyses of
methanolic extracts from these hairy roots revealed the
presence of important biologically active caffeic acid
derivatives (CADs): cichoric acid (19.21 mg g−1 dry
biomass), caftaric acid (3.56 mg g−1 dry biomass), and
chlorogenic acid (0.93 mg g−1 dry biomass). The most
striking aspect of this work was to discover major CADs
production in hairy-root cultures at levels comparative to
those in the source mother plant. In further studies, we found
that light exposure enhanced CAD biosynthesis (Abbasi et
al. 2007). The E. purpurea hairy roots offer an excellent
biological model to study the biosynthetic pathway of
medicinally important CADs and a potentially efficient
system for the production of medicinally important CADs.

Recently, Wang and To (2004) developed transgenic
Echinacea plants using a unique Agrobacterium-mediated
transformation method in which the β-glucuronidase
(GUS) reporter gene of the pBI119-based expression vector
was substituted by the Petunia chalcone synthase (CHS)
gene. These transgenic plants overexpressing Petunia
chalcone synthase can be used as a model system for
studying the accumulation of plant secondary metabolites
in Echinacea. A. tumefaciens strains EHA 105 and GV

26801 with binary vector pBISN1 (Roesler et al. 1991)
have also been used for developing protocols for stable
integration of transferred DNA into E. purpurea genome
(Koroch et al. 2002b).

Phytochemicals Produced in In Vitro Cultures

Efficient and consistent production of secondary metabo-
lites and other bioactive natural products can be achieved
more easily with in vitro cultured cells and organs than with
field-grown plants (Wang et al. 2006). Echinacea cell
cultures have been successfully used for small and large-
scale production of polysaccharides (Misawa 1994; Li and
Barz 2005) for the assessment of their potential in
immunological functions with some success (Wagner et
al. 1986, 1988; Luettig et al. 1989; Bauer and Foster 1991;
Roesler et al. 1991; Steinmuller et al. 1993). For example,
arabinogalactan isolated from Echinacea cell cultures
stimulated macrophages to excrete tumor necrosis factor
(TNF; Roesler et al. 1991). Hydrophilic pharmacological
components such as cichoric acid and echinacoside were
also detected from cell cultures of E. angustifolia (Smith et
al. 2002), whereas cinnamic acid and caffeic acid were
isolated from callus cultures of Echinacea (Sicha et al.
1991). Anthocyanins were also extracted from E. pallida
and E. purpurea, and identified as cyanidin 3-malonylglu-
coside (Cheminat et al. 1989). Li and Barz (2005) reported
that the elicitation of cell culture of E. purpurea with yeast
produced two new 8,4′-oxynorneoligans that were not
detected in the intact plants and have cytotoxicity to human
tumor cells. Therefore, cell cultures and their elicitation
may be a promising way of finding novel compounds
offering an opportunity of creating molecular diversity in
nature.

Differentiated organs and whole plants in culture offer
another efficient system for Echinacea phytochemical pro-
duction. Recently, it has been shown that genetic diversity in
seed populations of E. purpurea controls the capacity for
regeneration and the production of cichoric acid, caftaric
acid, chlorogenic acid, cynarin, and echinacoside in regen-
erated plantlets (Murch et al. 2006; Fig. 2). This chemo-
diversity offers an opportunity to select individuals with
specific levels of preferred phytochemicals. The hairy root
cultures also provide a promising source for Echinacea
secondary metabolites due to their genetic stability, hor-
mone-independent growth, and ability to produce medicinal
metabolites at a rate comparable to the parent plants.

Together, the in vitro grown cell, callus, and hairy root
cultures can be exploited to study biosynthetic pathways of
important phytochemicals. As Echinacea is a good source
of caffeic acid derivatives, alkamides, polyacetylenes,
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glycoproteins, and polysaccharides, it can also be used as a
model system to study factors that influence the production
of these compounds (Hu et al. 2004).

Conclusions and Future Prospects

The efficiency of medicinal plant regeneration systems
must be defined in terms of the production of specific
medicinally active metabolites. In this context, substantial
progress has been made in the development of in vitro
regeneration systems of Echinacea in the past 5 yr. As a
result, several protocols are currently available for the
establishment of axenic cultures and regeneration of tissues,

organs, and whole plants. The regenerated plants can be
grown to maturity in controlled environments. These in
vitro production systems of Echinacea generate large
numbers of plants and are coupled with rapid maturity of
regenerants in the greenhouse, and they can provide
physiologically consistent plant material for year-round
extraction of pharmaceuticals (Murch et al. 2006; Zheng et al.
2006; Jones et al. 2007). However, further research in a
number of fundamental and applied areas is warranted to
fully exploit the potential of this species. The future research
priorities of Echinacea research include the selection of elite
germplasm lines, biochemical, and molecular characteriza-
tion of biosynthetic pathways of the compounds of interest,
and enhanced phytochemical production by undifferentiated

  

ο

Figure 1. Schematic represen-
tation of various steps involved
in micropropagation and the
establishment of hairy root cul-
ture systems of Echinacea.
Adapted from Murch et al.
(2006), Jones et al. (2007), and
Liu et al. (2006)
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cells, as well as organized tissues and whole plants. Research
on the development of large-scale bioreactors has tremen-
dous potential in the discovery of new compounds that are
synthesized in low quantities. Additionally, the large-scale
bioreactors for somatic embryo and artificial seed production
are likely to reduce chemical variability of Echinacea and
improve the prospects of germplasm preservation. In this
context, the occurrence of both organogenesis and somatic
embryogenesis in Echinacea cultures is important, as it
offers an opportunity for the selection of germplasm that are
suitable for bioreactor-based production systems. More
research is also needed to identify suitable elicitors to

enhance the bioactive constituents in cell suspensions or
regenerating cultures and elucidation of the key factors
responsible for their biosynthesis.

Echinacea secondary metabolites could be a source of
new drugs for pharmaceutical industry. In addition, natural
and induced genetic variations of medicinal plants have
significant potential to produce unusual or novel com-
pounds. Similarly, cloning the genes controlling the produc-
tion of medicinal compounds and more efficient and robust
transformation systems will yield commercially useful trans-
genic roots and plants capable of producing important
secondary metabolites. The selection of elite germplasm and
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their complete metabolic profiling may be very rewarding for
new drug discovery.

The overall progress made in Echinacea biotechnology
is likely to accelerate the industry trend toward controlled
cultivation of plants rather than collection from the wild.
There is an increased recognition in the natural product
industry of the requirement of new standards of the quality
of the raw and processed plant material. The emerging
herbal marketplace is expecting and demanding improved
and consistent quality control procedures including stan-
dardization protocols. It is here that the in vitro technolo-
gies has immediate and a very significant role to play in
providing large quantities of high quality, chemically
consistent, raw material to the Echinacea industry.
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