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Abstract In vitro propagation of a medicinally important plant, Althaea officinalis,
has been achieved through somatic embryogenesis. Somatic embryos (globular to
torpedo-shaped embryos) were induced on Murashige and Skoog’s (MS) medium
augmented with various concentrations of 2,4-dichlorophenoxyacetic acid (2,4-D,
5.0, 10.0, 15.0, 20.0, and 25.0) alone or combined with N6-benzylaminopurine (BA,
0.1, 0.5, 1.0, 1.5, and 2.0 μM). These were directly formed from the cut ends and
subsequently spread on the whole surface of internodal explants. For embryo matura-
tion, torpedo embryos were transferred on a medium containing different levels of BA
(0.1, 0.5, or 1.0 μM) and abscisic acid (ABA) (0.5, 1.0, or 1.5 μM) or α-naphthalene
acetic acid (NAA) (0.1, 0.5 or 1.0 μM). Among the different concentrations tested,
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0.5 μM BA along with 1.0 μM ABA was found most effective, on which a highest
yield (58.0%) with an optimum number (35.0) of mature embryos (cotyledonary stage)
was observed after 2 weeks of transfer. Germination of cotyledonary embryos into
plantlets with 68% were observed on ½ MS medium. Histological and scanning
electron microscopical (SEM) studies proved that the regenerated structures were
somatic embryos and not shoot primordia. Plants grew vigorously when transferred
to a greenhouse.

Keywords Histological study . Plant growth regulators . Somatic embryogenesis . Scanning
electronmicroscopy (SEM)

Abbreviations
2,4-D 2,4-Dichlorophenoxy acetic acid
ABA Abscisic acid
BA 6-Benzyladenine
MS Murashige and Skoog (1962)
NAA α-Naphthalene acetic acid
SE Somatic embryo

Introduction

Althaea officinalis L. (Malvaceae), also known as Bofficial healer,^ is a potent source of drugs
against a variety of ailments as asthma, cough, peptic ulcer, gastritis, kidney stone, and
intestinal problems [1]. Roots and leaves are generally used to cure common cold and also
consumed in case of lipemia or inflammation of nasal and oral cavities [2, 3]. Awide variety of
biologically active constituents such as asparagine, althein, flavonoids (quercetin, kaempferol),
flavonol glycosides, pectin, phenolic acid, and others has been found in different parts of the
plant [4]. The flowers and young leaves are used as famine foods in France and are often added
to salads or vegetables. Further, it also provides cosmetic products, helping to soften the skin.
Despite having a huge beneficial value, only few reports are available on an efficient culture
system for regeneration [5, 6].

Advanced biotechnology provides a set of new approaches to accelerate the development
and deployment of genetically improved genotypes. Among the other advanced biotechno-
logical approaches, somatic embryogenesis has become a potential tool which provides an
efficient clonal propagation system.

Somatic embryogenesis is a process in which a bipolar structure, resembling a
zygotic embryo, develops from a non-zygotic cell without vascular connection with
the original tissue [7]. In addition, direct mode of somatic embryogenesis has a lesser
probability of genetic variation in spite of other propagation methods [8]. Induction of
somatic embryos directly from the splant tissue is the most desirable approach
because it appears to be associated with the cytological and genetic stability of
regenerated plantlets [9].

Plant regeneration through direct somatic embryogenesis has been accounted for in
different plant species including Phalaenopsis amabilis [10], Panax japonicus [11],
Cymbidium bicolor [12], Anethum graveolens [13], and Sapindus mukorossi [14].
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However, current study deals with a method for the development of high-frequency
direct somatic embryogenesis from internodal explants and its confirmation using
histological and scanning electron microscopical (SEM) studies. It is a first report
on somatic embryogenesis in A. officinalis L.

Materials and Methods

Plant Materials and Explant Preparation

Internodal (IN, 1.0 cm) explants excised from 6-month-old A. officinalis maintained at the
Botanical Garden of the University at Aligarh were thoroughly washed in running tap water for
30 min to remove adherent particles, immersed in 1% (w/v) solution of Bavistin, a fungicide for
20 min, treated with 5% (v/v) Teepol solution for 15 min, and rinsed with sterile distilled water
followed by surface sterilization in 0.1% (w/v) mercuric chloride (HgCl2) solution under sterile
conditions for 3 min and finally rinsed five times with sterile distilled water.

Media and Culture Conditions

In the whole experiment, a Murashige and Skoog (MS) [15] medium supplemented with 3%
(w/v) sucrose, 0.8% (w/v) agar, and plant growth regulators at different concentrations was
used. pH 5.8 was adjusted with 1 N NaOH before autoclaving at121 °C for15 min. The
medium was poured out into 25 × 150-mm test tubes (Borosil, India) and covered with a non-
absorbent cotton plug. All the cultures were maintained at 24 ± 2 °C under a 16/8-h
photoperiod with a photosynthetic photon flux density (PPFD) of 50 μmol m−2 s−1 provided
by cool white fluorescent light (40 W, Philips, India) with 55–60% relative humidity.

Initiation of Somatic Embryo and Plantlet Regeneration

Internodal segments excised from a mature plant were inoculated on the MS medium
augmented with various concentrations of 2,4-dichlorophenoxyacetic acid (2,4-D, 5.0, 10.0,
15.0, 20.0, and 25.0 μM) for initiation of somatic embryogenesis. For further differentiation
(globular to torpedo stage), an optimum concentration of 2,4-D, along with various concen-
trations of 6-benzyladenine (BA, 0.1, 0.5, 1.0, 1.5, and 2.0 μM), was used. For germination,
torpedo embryos were transferred to liquid MS medium containing different concentrations of
BA (0.1, 0.5, or 1.0 μM) with abscisic acid (ABA, 0.5, 1.0, or 1.5 μM) or in combination with
α-naphthalene acetic acid (NAA) (0.1, 0.5, or 1.0 μM). The 10-week-old cotyledonary
embryos were transferred to another set of liquid MS (MS, ½, 1=3, or ¼) medium without a

plant growth regulator. Germination of somatic embryos and their conversion into plantlets
were recorded after 1 week of transfer.

Hardening and Acclimatization

After removal from the culture medium, young plantlets were washed gently under
running tap water and shifted to thermocol cups bearing sterile vermiculite, soilrite
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(Keltech Energies Pvt. Ltd., India), or garden soil covered with transparent polythene
bags. The plantlets were incubated in a growth chamber at 25 °C and a relative
humidity of 55–60%. The light was provided with cool fluorescent tube light (16 h
photoperiod; 50 μmol m−2 s−1 Philips, India) and watered every 2 days with half-
strength MS salt solution (without vitamins) for 2 weeks. Polythene membranes were
removed after 4 weeks in order to acclimatize plantlets, and after 8 weeks, they were
transferred to pots containing normal garden soil and a mixture of garden and sandy
(1:1) soil, maintained in a greenhouse.

Histological Studies of Somatic Embryos

Fixation and Storage of Plant Material

The explants with different developmental stages were fixed in FAA solution containing formalin/
glacial acetic acid/alcohol (70%) in the ratio of 4:6:90 (v/v). The fixed samples were stored in 70%
alcohol.

Embedding, Sectioning, and Staining

A standard method of paraffin embedding [16] was followed for histological studies.
Ethanol-xylol series was used for dehydration and infiltration. The plant material to be
sectioned was kept in a vacuum oven at 60 °C for 15 min for complete infiltration.
Sections (longitudinal and transverse) of 10 μM thickness were cut through a Spencer
820 microtome (American Optical Corp. Buffalo, New York) and, obtaining paraffin
ribbons, were passed using a series of deparafinizing solutions and stained in
safaranin and Fast Green solutions. Permanent slides were made by using Canada
balsam. The sections were examined under a light microscope (Olympus CH20i,
Japan).

Scanning Electron Microscopy for the Study of Embryogenesis

Scanning electron microscopy (SEM) was performed using the method described by Vasil and
Vasil [17]. Embryogenic tissue samples for SEM were fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.0) for 4 h at 4 °C. Dehydration was occurred via a graded ethanol
series (50, 70, 90, 100%) sequentially for 30 min each with two changes. The tissues were then
passed through a sequential series of absolute alcohol and isoamyl alcohol (3:1, 2:2, 1:3) with
30 min in each. Finally, tissues were kept in isoamyl alcohol for 30 min. The tissue was then
dried in a critical point dryer (HCP-2, Hitachi) and coated with gold and paladium in an ion
coat (IB-2, Giko Engineering Co, Japan). The samples were examined under a scanning
electron microscope JSM 6510LV-JEOL-SEM, and photographs were taken at different
magnifications.

Statistical Analysis

The experiments were conducted in three replicates independently. Completely randomized
block design (RBD) was used to test the effects of different concentrations of cytokinins and
auxins. Data were analyzed statistically using one-way analysis of variance (ANOVA). The
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significance of differences among means were established by Duncan’s multiple range test
(DMRT) at P = 0.05 using SPSS Ver. 16 (SPSS Inc., Chicago, USA). The results are expressed
as mean ± SE of three experiments.

Results

Somatic Embryogenesis

Induction of Somatic Embryogenesis

When internodal segments (1.0 cm) (Fig. 1a) were cultured on the MS basal medium without
hormonal supplementation, there was no response even after 4 weeks of incubation. However,
when the medium was augmented with different concentrations of 2,4-D (5.0–25.0 μM), there
appeared small clusters of protuberances on the cut edges of the explants after an incubation
period of 5–6 weeks (Fig. 1b). Subsequently, these structures spread to the whole surface of
explants and got differentiated into globular-shaped embryos after 6 weeks of culture (Table 1).
Embryos were round, elongated, and creamish in appearance (Fig. 1c).

Among the different concentrations of 2,4-D tested, 10.0 μM 2,4-D gave the maximum
(70.4%) production of globular embryos (Fig. 1c), while, at higher concentration, the frequen-
cy was considerably reduced (11.6%) (Table 1). Prolonged culture in 2,4-D containing
medium did not support further differentiation.

Combined Effect of Auxin and Cytokinin on Somatic Embryo Differentiation

When globular embryos (along with explants) were shifted to a medium supplemented with
10.0 μM 2,4-D along with a range of BA (0.1–2.0 μM), further differentiation could be
recognized with regard to color and texture. These embryos passed through several stages of
development resembling their zygotic counterparts, as heart-shaped after 7 weeks (Fig. 1d, e
and torpedo after 8 weeks (Fig. 1f, g). During their development, somatic embryos progres-
sively accumulated chlorophyll pigments and turned light green and were distinguishable from
non-embryogenic tissues.

Among tested combinations, BA (1.0 μM) along with 10.0 μM 2,4-D showed the highest
frequency (69.0%) with maximum (40.4 ± 0.50) number of heart-shaped embryos after
7 weeks of culture (Fig. 1d, e). While in another 1 week of incubation, 37.0 ± 0.70 torpedo
embryos in 65.4% of cultures were formed (Table 2; Fig. 1f, g). Increasing concentration of
BA, beyond optimal concentration, inhibited further differentiation of embryos. In addition, on
the same medium, torpedo embryos did not attain cotyledonary stage (maturation) even after
10 weeks of incubation but showed an increased root pole growth without developing shoot
apex (Fig. 1g).

Effect of Liquid Medium on Somatic Embryo Maturation

Isolated torpedo embryos were shifted to liquid MS medium containing different
strengths of BA (0.1–1.0 μM) along with ABA (0.5–1.5 μM) or a combination with
NAA (0.1–2.0 μM) to facilitate embryo maturation, whereas the residual tissue with
embryos at early developmental stages were recultured on fresh medium (2,4-D +
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BA). Frequency of mature embryos depended on BA along with ABA. However,
removal of 2,4-D was compulsory for the maturation of embryos at this stage. On
media containing different levels of BA and ABA, a variation in conversion of
torpedo embryos into mature embryos was noticed. Among the different concentra-
tions tested, 0.5 μM BA along with 1.0 μM ABA was found most effective, on which
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a highest yield (58.0%) with an optimum number (35.0 ± 0.57) of mature embryos
(cotyledonary stage) was obtained after 2 weeks of transfer (Table 3; Fig. 1h, i), while
BA (0.1 μM) along with 0.5 μM ABA was found futile for conversion into mature
embryos. Mature somatic embryos had two cotyledons, which differ in size and shape
(Fig. 1i).

Inaddition, existenceofNAAto thematurationmediumwithBAandABAsignificantly reduced
the regeneration frequency as compared to the medium with BA and ABA alone. This effect was
straightforwardlyassociated to theNAAconcentration,suchthatat thedistinctiveconcentration tried
(0.1–2.0μMNAA), plant recoverywas stifled to a rate of 20.3% at 2.0μMNAA (Table 4).

Germination and Conversion into Plantlets

Growth of somatic embryos continued when cotyledonary stage embryos were transferred on
hormone-free MS liquid medium. The effect of various strengths of MS (MS, ½, 1=3, or ¼)

basal medium on conversion and germination is presented in Fig. 2. Highest (68%) response
with maximum number (33.3 ± 0.88) of germinated embryos (small plantlets) was obtained on
½ MS medium after 1 week of transfer (Figs. 1j and 2). Merely embryos demonstrating both
root and shoot were considered as germinated emblings or plantlets (Fig. 1k, l).

Well-developed plantlets were transferred to pots containing sterile soilrite for 4 weeks
(Fig. 1m) and were kept in a growth room. Morphologically, plants were normal in appearance
and show the development of new leaves in field condition where about 60% of plants
survived and exhibited normal growth.

Histologial and Scanning Electron Microscopical Studies of Somatic Embryos

Somatic embryogenesis was confirmed by the histological and scanning electron microscop-
ical studies.

Fig. 1 Plant regeneration via direct somatic embryogenesis. a Internodal explants. b Protrusion of direct embryos
at the cut surface of explants on the samemedium. cCluster of globular somatic embryos onMS + 10.0 μM2,4-D
after 6 weeks of culture. d, e Heart-shaped embryo differentiated on MS + 10.0 μM 2,4-D + 1.0 μM BA after
7 weeks of culture (arrow). [Bar = 1 cm for a; 0.2 mm for b; 0.5 mm for c–e]. f, g Torpedo stage embryos with
distinct shoot and root poles onMS + 10.0 μM 2,4-D + 1.0 μMBA after 8 weeks of culture (arrow). h, i Somatic
embryos at the cotyledonary stage on liquid MS + 0.5 μMBA + 1.0 μMABA after 2 weeks of transfer (arrow). j
Germinated embryoswith elongated shoots and roots on liquid½MSmediumafter 1weekof transfer. [Bar=1mm
for f, g; 1 cm for h–j]. k Somatic embryos at different development stages. l Somatic embryos derived from
well-developed small plantlets.m Acclimatized plantlet in sterile soilrite. [Bars = 1 cm]

Table 1 Influence of different range of 2,4-D in MS medium on direct somatic embryo formation from
internodal explants after 6 weeks of culture

Plant growth regulator 2,4-D (μM) % globular embryos Average number of globular embryos

5.0 29.8 ± 1.59b 17.2 ± 0.73b
10.0 70.4 ± 0.81a 42.8 ± 0.86a
15.0 27.2 ± 0.86b 15.8 ± 0.66b
20.0 19.4 ± 0.50c 11.2 ± 0.86c
25.0 11.6 ± 0.67d 7.6 ± 0.67d

Data signify means ± SE. Means followed by the same lowercase letters within columns are not significantly
different (P = 0.05) by Duncan’s multiple range test

R
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Histological Study of Somatic Embryos

A histological study of the embryogenic tissue was carried out after 6 weeks of somatic
embryo initiation. A study revealed that the somatic embryos emerged simultaneously at
various formative stages. The somatic embryos started their development at the stage of
globular to cotyledonary shape. Initially, small protuberance (pro-embryonic structure) ap-
peared at the cut end of explants (Fig. 3a) and after rapid division, these protruding outgrowths
switched to globular embryos (Fig. 3b, c).

At the time of somatic pro-embryonic structure to globular embryo, a suspensor-
like structure appeared connecting the globular embryos to parent explants (Fig. 3b).
Globular embryos continued to increase in size and progressed to heart-shaped with a
separate lobe and closed vascular bundles within 7 weeks of culture (Fig. 3d). No
vascular connection was seen between a somatic embryo and surface cells of explants.
The heart stage embryo further elongated and developed into torpedo stage embryo
(Fig. 3e) and ultimately formed small plantlets with distinct cotyledonary leaves, shoot
apical meristem, and root pole in liquid medium (Fig. 3f). In all samples observed,
there was a distinct limiting epidermis surrounding the somatic embryos with no
visible vascular connection to the parent explant (Fig. 3g).

Table 2 Combined effect of auxin and cytokinin on somatic embryo differentiation after 7 and 8 weeks of
culture

Treatment (μM) Embryos

2,4-D BA Heart-shaped (%)
(7 weeks)

Number of heart-shaped
embryos

Torpedo-shaped (%)
(8 weeks)

Number of torpedo
embryos

10 0.1 29.4 ± 0.50c 16.8 ± 0.58c 17.6 ± 0.50c 9.0 ± 1.00bc
10 0.5 38.0 ± 0.83b 19.0 ± 0.31b 19.2 ± 0.37b 10.8 ± 0.37b
10 1.0 69.0 ± 0.70a 40.4 ± 0.50a 65.4 ± 0.50a 37.0 ± 0.70a
10 1.5 18.8 ± 0.86d 12.0 ± 0.70d 11.8 ± 0.58d 8.6 ± 0.50cd
10 2.0 9.4 ± 0.67e 9.8 ± 0.37e 7.6 ± 0.67e 6.8 ± 0.58d

Data signify means ± SE. Means followed by the same lowercase letters within columns are not significantly
different (P = 0.05) by Duncan’s multiple range test

Table 3 Effect of liquid MS medium containing different range of BA and ABA on somatic embryo maturation

Treatment (μM) Frequency (%) of
mature embryo

Number of mature embryos
(cotyledonary stage)

BA ABA

0.1 0.5 00.0 ± 0.00g 0.0 ± 0.00f
0.5 0.5 11.0 ± 0.57e 3.0 ± 0.57e
1.0 0.5 7.6 ± 0.33f 1.3 ± 0.33ef
0.1 1.0 20.3 ± 1.45c 8.3 ± 0.88c
0.5 1.0 58.0 ± 1.15a 35.0 ± 0.57a
1.0 1.0 26.6 ± 0.88b 11.3 ± 0.66b
0.1 1.5 18.6 ± 1.20c 10.0 ± 0.57bc
0.5 1.5 14.3 ± 0.33d 9.3 ± 1.20bc
1.0 1.5 10.0 ± 1.00ef 6.0 ± 1.00d

Data signify means ± SE. Means followed by the same lowercase letters within columns are not significantly
different (P = 0.05) by Duncan’s multiple range test
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Scanning Electron Microscopical Analysis

Other than histological observation, SEM analysis provides more informative task during
embryo development. At the beginning of culture, SEM revealed that a small swelling
appeared on expanded internodal explants after 4 weeks on MS medium supplemented with
2,4-D. At 5 weeks, these swelling-like structures solely converted into oval or oblong cells.
After 6 weeks, these cells became turgid and formed a pre-embryo-like structure characterized
by granular extracellular materials (ECMs, Fig. 4a).

As time increased, these pre-embryos gradually switched to globular embryos (Fig. 4b).
Globular embryos were high in number but varied in shape (round to elongate) and produced
continuously. Embryos got bunched together in a common mass and could not be easily
detached from the parental tissue. The continuous proliferation of these embryos led to the
multicellular, three-lobed heart-shaped structures, where the shoot pole (cotyledon initial) was
separated from the root pole without extracellular matrix (Fig. 4c). These heart-shaped
embryos proceeded into torpedo-shaped embryos (Fig. 4d, e). The extracellular matrix was

Table 4 Effect of different range of NAA along with optimum concentration of BA and ABA on somatic
embryo germination in liquid MS medium

Treatment (μM) Frequency (%) of
mature embryos

Number of mature
embryos

BA ABA NAA

0.5 1.0 0.1 54.6 ± 0.66a 27.6 ± 0.88a
0.5 1.0 0.5 49.0 ± 0.57b 21.6 ± 1.20b
0.5 1.0 1.0 40.3 ± 0.88c 18.0 ± 0.57c
0.5 1.0 1.5 30.0 ± 0.57d 12.0 ± 1.15d
0.5 1.0 2.0 20.3 ± 0.33e 9.3 ± 0.66d

Data signify means ± SE. Means followed by the same lowercase letters within columns are not significantly
different (P = 0.05) by Duncan’s multiple range test

Fig. 2 Effect of different ranges of MS medium on embryo germination and plantlet conversion after 4 weeks.
Values represent means ± SE. Means sharing the same letter within columns are not significantly different
(P = 0.05) using Duncan’s multiple range test
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gradually degraded as the embryos grew to its maturity. On transferring to liquid medium,
these torpedo-shaped embryos could be characterized by well-differentiated cotyledons
(Fig. 4f).

Discussion

The ability to induce somatic embryos in tissue culture opens newvistaswhichwere not available in
plantlet regeneration via organogenesis. The advantages of somatic embryogenesis are the simulta-
neous development of root and shoot systems. Somatic embryogenesis paves a direct role in clonal

Fig. 3 a Histological section showing the formation of protuberances on the cut surface of explants (arrow). b, c
Globular embryo formation with suspensor-like structure (arrow). d Bipolar heart-shaped embryo with vascular
traces (arrow). [Bars = 100 μm]. e Torpedo stage embryo. f Longitudinal section of germinated embryo with
distinct cotyledon, root pole, and vascular bundle (arrow). g Photomicrographs showing mature embryos with
shoot tip and root tip on the surface of explant (arrow). [Bars = 100 μm]
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propagation [18].Thedevelopmentof somatic embryos (eitherdirector indirect)differs according to
plant growth regulators. Perhaps, this occurs due to the differences in susceptibilities of different
tissues to external stimuli such as pH, carbon source, and other stress [19]. In vitro somatic
embryogenesis depends on plant genetic potential for embryogenesis, competency of some cells
for receiving endogenous or exogenous signal triggering the initiationof embryogenesis, and finally
commitment for mature embryo production [20].

In A. officinalis, somatic embryogenesis was induced at cut edges or on the surfaces of
internodal sections by using an exogenous phytohormone, 2,4-D. Development of somatic

Fig. 4 Scanning electron microscopic (SEM) study of direct somatic embryogenesis. a Pre-embryonic cells with
extracellular matrix (ECM) (arrow). b Globular embryos developed on the surface of explants. c Heart-shaped
embryo with distinct notch (arrow). [Bar = 100 μm for a; 500 μm for b, c]. d, e Torpedo-shaped somatic
embryos showing elongated root with shoot pole (arrow). f Cotyledonary stage of somatic embryo with two
cotyledons. [Bars = 200 μm]
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embryos at the cut surface of explants may be due to the increase in embryogenic competence
of wounded tissue due to changes at the level of endogenous growth regulators [21].

In addition, the specific role of PGRs, especially auxin, has been considered to be
conducive in somatic embryo formation. Auxins (natural as well as synthetic, NAA, 2,4-D)
have been shown to act like a molecular glue binding to its TIR1 receptor and promoting
ubiquitin-dependent degradation of auxin/IAA repressor proteins, activating the auxin re-
sponse elements [22, 23]. The efficacy of 2,4-D in somatic embryogenesis has been well
documented in many plant species [24, 25].

Conversion from globular to torpedo stage is a critical stage in somatic embryogenesis. MS
medium containing 2,4-D alone was not sufficient for further differentiation (heart to torpedo
stage). The association of 2,4-D and BAwas essential for transition of embryos from heart and
torpedo stages. Development of somatic embryos using 2,4-D along with BA has been
accounted for in a number of plant species like Phellodendron amurense [26] and C. bicolor
[12]. Torpedo embryos were separated from the mother explants in the same medium but did
not attain the maturity in the same medium. Auxin removal from culture medium is a
necessary step to inactivate genes or synthesis of its products for embryo maturation as
suggested by Zimmerman [27].

Continuing exposure of 2,4-D in the medium showed delay in maturation, which has also
been reported inHeracleum candicans [28]. The physical state of medium (liquid or solid) also
plays an essential role for somatic embryogenesis [29]. In solid medium, gelling agents like
agar reduce water potential and uptake of macro- and microelements for growing cells/tissues
[30], but in liquid medium, cells efficiently and easily uptake inorganic and organic supple-
ments and oxygen which are better nutrients for somatic embryo maturation and germination
[31]. Keeping this view in mind, torpedo embryos were transferred onto a liquid MS medium
having BA and ABA (without 2,4-D), where 0.5 μM BA and 1.0 μM ABAwere found to be
optimum for the maturation of torpedo embryos (cotyledonary stage). Similar to our study,
liquid culture has also been shown to be beneficial for somatic embryogenesis in Nigella sativa
[32], Lilium longiflorum [33], and Gymnema sylvestre [34].

In addition, ABA has been shown to modulate many physiological processes in plants
including induction of dormancy, embryo maturation, inhibition of guard cell opening, and
adaptation to environmental stress [35, 36]. Combined effect of BA and ABAwas critical in the
maturation of somatic embryos as reported in chickpea [37] and Desmodium motorium [38].

To increase the embryo maturation, a different range of NAA (0.1–1.0 μM) along with
optimal concentration of BA (0.5 μM) and ABA (1.0 μM) was also tried. Although a
combination of auxin and cytokinin has played a vital role for embryo maturation in different
plant species including Psoralea corylifolia [39] and Cassia angustifolia [40], in A. officinalis,
addition of NAAwas not found effective for somatic embryo maturation. Thus, our results are
similar to earlier findings in Gentiana straminea [41] and pigeonpea [42].

The success of micropropagation via somatic embryogenesis depends on the mat-
uration and their conversion into plantlets [43]. According to Chalupa [44], germina-
tion frequencies of somatic embryos are considerably affected by the prior maturation
treatment. Fully differentiated and mature (cotyledonary stage) somatic embryos were
transferred to ½ MS liquid medium where they developed into complete plantlets.
PGR-free ½ MS medium appeared to be a permissible stimulus for plantlet formation.
Comparable to our results, hormone-free ½ MS medium appeared to be beneficial for
germination and conversion of somatic embryos into plantlets in Eleutherococcus
senticosus [45], P. amurense [26], and G. straminea [41].
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Histological Study of Somatic Embryos

Histological studies of somatic embryos revealed that the developmental process was embryo-
genic and not organogenic in nature. Histological sections of embryos (globular to cotyledon-
ary stage) confirmed that these embryos differentiated from the pre-determined cells, which
were attached to the mother surface during initiation and became detached at later stages of
development.

The morphological and histological observations proved that somatic embryogenesis was
direct, without the production of callus.

Scanning Electron Microscopy

Scanning electron microscope analysis revealed the developmental changes during embryo
formation (globular-torpedo shaped) on the surface of explants. Initially, the pre-embryogenic
determined cell was characterized by the deposition of granular material which was followed
by a thin fibrillar network representing an extracellular matrix (ECM). Samaj et al. [46]
reported that the ECM has emerged as an important morpho-regulator during somatic em-
bryogenesis and also plays an active role in plant regeneration. As is observed that ECM
appeared only on certain regions and missing on other regions indicates that it is perhaps due
to the contraction of the ECM layer caused by the critical point dryer (CPD) during the sample
preparation. Presence of the extracellular matrix at the surface of the pre-embryogenic tissue
was observed in Drosera rotundifolia [47], Cichorium intybus [48], and Murraya koenigii
[49]. Occurrence of the extracellular matrix in confined developmental stage points out its
important role in fixing cell position and in morphogenesis before the protodermis formation
[50]. Further, it can act as a morphological marker on the surface of regenerating competent
cells during direct embryogenesis [50].

However, as the time progressed, the pre-embryogenic cell transforms to form
globular embryos. The surface of the globular stage as well as subsequent stages
(heart, torpedo) of embryos was smooth and free from deposition of the ECM.
Disappearance of material in the mature somatic embryos refers that the deposition
of extracellular materials on the surface of any cell determines the formation of pre-
embryo [47].

Conclusions

The present study describes the successful experiment of direct somatic embryogenesis which
includes initiation, proliferation, and development of somatic embryos and their germination
pattern under in vitro conditions using internode explants of A. officinalis. Somatic embryo-
genesis was confirmed with light microscopy and SEM analysis. Therefore, this useful
protocol can be applied for the micropropagation and for future genetic transformation studies
in Altheae plants.
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