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Abstract Tylophora indica (Burm. f.) Merrill, an ethno-

pharmacologically important perennial climber of Ascle-

piadaceae, is commonly known as Antamul or Indian

ipecac. It is essentially accredited for its medicinal prop-

erties owing to its wide range of alkaloids in the form of

bioactive secondary metabolites, such as tylophorine,

tylophorinine, and tylophorinidine. Accelerated mass

propagation of Tylophora is challenging because of its

reduced seed germination frequency that consequently

headed the pursuit for efficient protocols on in vitro

propagation for the large-scale regeneration, conservation

as well as sustainable supply of quality propagules. Ample

tissue culture-mediated biotechnological investigations

have been carried out on this medicinal plant till date and

several micropropagation protocols have been standardized

as well. The present review compares between several

typical methods as well as factors, involving on direct and

indirect organogenesis of Tylophora along with various up-

to-date and modified techniques such as somatic embryo-

genesis, protoplast culture, synthetic seed production,

genetic transformation, and in vitro interventions for the

secondary metabolite production that have been reported in

last two decades. This compilation will allow assessing the

achievements and trends of Tylophora research so far, as

well as will advance the research more rapidly, since many

aspects, basic and applied, have yet to be explored.
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Abbreviations

2,4-D 2,4-Dichlorophenoxyacetic acid

AA Ascorbic acid

BA N6-benzyladenine

CH Casein hydrolysate

GA3 Gibberellin A3

IAA Indole-3-acetic acid

IBA Indole-3-butyric acid

Kinetin 6-furfurylaminopurine

MS Murashige and Skoog (1962)

NAA a-Naphthalene acetic acid

PGR Plant growth regulator

TDZ Thidiazuron

Introduction

Tylophora [Tylophora indica (Burm. f.) Merrill syn. Ty-

lophora asthmatica (L.F.) Wight & Arn.], an ethno-phar-

macologically essential perennial vine, is generally popular

as Antamul or Indian ipecac (Faisal et al. 2007). It is an

important member of Asclepiadaceae (milkweed family),

which has now been fallen into Apocynaceae (Endress and

Bruyns 2000). Tylophora, highly recognized predomi-

nantly for its therapeutic potential, is a source of secondary
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metabolites including a wide range of alkaloids. Tylophora

roots harbor several bioactive compounds that exhibit a

number of antifeedant, bacteriostatic, cathartic, diaphore-

tic, emetic, expectorant, stimulant, and stomachic proper-

ties (Varrier et al. 1994). Moreover, Tylophora root

comprises an impending anti-tumor alkaloid tylophorini-

dine (Mulchandani et al. 1971). Owing to the enormous

potential in pharmaceutical industry, this plant population

has been over exploited, which is eventually compelling

this plant species curving its way towards the list of the

threatened species. As a result, it is obligatory to devise

methods for the en masse multiplication and improvement

of the species for commercial production. On this account,

various tissue culture-based biotechnological tools that

have contributed significantly for the germplasm mainte-

nance, improvement, and multiplication in past two dec-

ades have been discussed comprehensively in this review.

Geographical distribution

Tylophora normally dwells dense patches in planes, hills,

and forests. It prefers well-drained soil rich in humus (Rani

et al. 2012). It necessitates the support of a host plant to

survive on a sunny location, but grows well in plains. It is

native to India and resides up to an altitude of 1260 m in

the sub-Himalayan tract extending from the west of Uttar

Pradesh to Far East of Meghalaya states. It is dispersed

throughout the southern and eastern part of India including

the states of West Bengal, Odisha, Andhra Pradesh, Tamil

Nadu, Karnataka, and Kerala (Joshi 2000). Apart from the

plains of India, it is also found in Malay island, Africa,

Australia, Ceylon, and Borneo (Fig. 1).

Botanical description

Tylophora is a perennial climber vine and branches pro-

fusely (Fig. 2a) and grows up to a height of 1.5 m or more

with green shiny 3–10 cm-long and 1.5–7 cm-wide leaves

that are obviate-oblong to elliptic-oblong in shape and

leathery cordate at base (Kirtikar and Basu 1991). Roots

are widespread with longitudinally fissured corky bark.

Inflorescence is umbellate cymes and contains small,

5–6 mm flowers, which are greenish-yellow outside and

purplish inside, and lobes are oblong and acute. Calyx is

divided almost to its base with dense hair and lanceolate

segments. Fruit is 10 cm-long and 1–2 cm-wide, striated,

and divaricated follicle. Seeds are elongated to 2–2.5 cm

long and ovate (Gupta 2003). Flowering and subsequent

fruiting generally occur during the months of October to

December. The plant flowers abundantly, but fruit setting

has hardly been noticed under North Indian climatic state

of affairs.

Phytochemistry and therapeutic uses

Tylophora, comprising numerous bioactive compounds

such as flavonoids, saponins, alkaloids, and tannins (Rao

et al. 1971, Benjamin and Mulchandani 1973), is currently

going to be threatened due to its excessive demand for the

plant regarding pharmaceutical purposes. Different signif-

icant key alkaloids, namely, tylophorine, tylophorinine,

tylophorinidine, and tylophorindine, are extracted from the

roots and leaves (Kaur and Singh 2012). Tylophorine is

chiefly used for curing anti-inflammatory-related problems

such as rheumatism, hay fever, bronchial asthma, and

Fig. 1 Worldwide distribution

of Tylophora indica
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bronchitis. Tylophora is universally called ‘asthma herb’

because of several uses as an anti-asthmatic plant (Gupta

et al. 2010). Kaur and Singh (2012) demonstrated in a

pharmacological experiment that two alkaloids, namely,

phenanthroindolizidine (ficuseptine-A) and tylophorine,

compelled the suppression of nitric oxide production in

RAW264.7 cells by imitating acute inflammation. More-

over, upon ethanol treatment, methanolic leaf extracts

displayed superior response by inhibiting various bio-

chemical, physical, and functional modifications on

account of ethanol-induced hepatotoxicity. Even for treat-

ing cancer, tylophorine has proven to be much effective,

since it arrests the cell growth at G1 phase and S phase of

cell cycle. Based on different experiments performed on

cells of lung carcinoma, it was detected that in HepG2

cells, cAMP’s action as the secondary messenger was

Fig. 2 a Actively growing Tylophora indica plantlet in field (bar,

5 cm), b multiple shoot initiation and proliferation from shoot tip

explants on MS medium fortified with 8.88 lM BA (bar, 1 cm),

c formation of friable calli from leaf explant on MS medium fortified

with 13.59 lM 2,4-D (bar, 2 mm), d formation of compact and

organogenic calli from leaf explant on MS medium fortified with

4.53 lM 2,4-D plus 2 lM TDZ (bar, 2 mm), e regeneration,

multiplication, and elongation of multiple shoots from organogenic

calli on MS medium plus 4.5 lM TDZ (bar, 1.5 cm), f cell

suspension culture derived from friable calli (bar, 100 lm),

g formation of embryoid-like structure from embryogenic calli on

MS medium plus 1.5 lM TDZ and 9.06 lM 2,4-D (bar, 1 mm),

h synthetics seeds, developed from in vitro regenerated nodal

segments using 3% (w/v) sodium alginate and 75 mM calcium

chloride, and its regeneration on half-strength liquid MS medium

(inset) (bars, 5 mm), and i complete plantlet with shoot and root

regenerated in vitro (inset) (bar, 1 cm), primary acclimatization of

plantlet (bar, 2 cm) (Source: unpublished data and photos of S.

Gantait)
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hindered and thus incorporated in various innovative drug

development methodologies. Two alkaloids belonging to

phenanthroindolizidine groups, namely, tylophorinidine

and pergularine, have also been shown to possess anti-

cancer activity. Alkaloids from leaf extracts of Tylophora

also have antibacterial as well as anti-spasmodic charac-

teristics and have been proven from its response against

numerous bacterial strains (reviewed by Gupta et al. 2010).

The extracted alkaloids, when testified for anti-allergic,

immunomodulatory, and diuretic activity, responded posi-

tively (Kaur and Singh 2012). Besides alkaloids, various

other non-alkaloid compounds have also been obtained

either from the leaves or from the roots of the Tylophora

plant that includes acetyl-alcohol, b-sitosetrol, pigments,

quercetin, sigmasterol, tetratriacontanol, tyloindane, tan-

nins, etc. Mohan et al. (2014) conducted a phyto-pharma-

cological assessment and deduced that the saponins were

considerably effective in curing syphilis and other venereal

ailments. This was in agreement with earlier reports (Okwu

and Okwu 2004) that proposed that the saponins enclose

antibiotic properties. It acts as a mild detergent and also

used for staining, since it facilitates the imaging of intra-

cellular proteins. The most essential plant pigment is fla-

vonoid that gives yellow coloration to flower petals.

Flavonoids such as kaempferol, obtained from Tylophora,

are also distinguished for their use against adjuvant-in-

duced arthritis. In addition, lysosomal enzyme inhibiting

activity was also displayed by the flavone fraction extrac-

ted from leaves (reviewed by Gupta et al. 2010).

Conventional growing condition, propagation,
and its demerits

Tylophora is conventionally propagated by means of seeds.

However, the seeds show considerably low rate of germi-

nation, even fruiting is rare. Seeds commence germination

in around 10 days and complete in 3 weeks. The 3-month-

old plantlets can be transplanted in the field, but only if

rainy season is available, and distance between the plants

should also be kept constant. Vegetative propagules such as

stem cuttings can also be employed for clonal propagation.

Moist climate is optimum for its growth and it needs annual

rainfall of 1000–1500 mm. The plant grows well in shady

regions and humus-rich soil; nevertheless, loamy-to-clay

soil enriched with farmyard manure, and ambient temper-

atures are desirable (Rani et al. 2012).

Seed-derived plantlets normally possess unnecessary

genetic variation that is detrimental to commercial propa-

gation. Besides, the survival of the plant is threatened on

account of the destruction caused due to frequent harvest-

ing of roots as a potential source of drugs. Thus, large-scale

demand necessitates rapid multiplication of Tylophora that

remains difficult due to its poor vegetative propagation,

which eventually led the quest for effective micropropa-

gation protocol for the regeneration in bulk to sustain the

supply as and when required.

In vitro regeneration

Direct and indirect (via an intermediary callus phase)

regenerations are the two efficient methods for in vitro

regeneration. Amid these two modes, indirect organogen-

esis is less followed due to the probability of occurrence of

somaclonal variation. Therefore, a direct method of com-

plete plantlet formation is mostly opted for clonal propa-

gation in general (Gantait et al. 2016). Until date, many

investigations have been carried out on this medicinal plant

and a number of protocols have been standardized

(Fig. 3a). Yet, due to limited time and resources, it has

become mandatory to relate between several techniques

reported and categorize them according to their efficiency,

eventually to select the apposite protocol for in vitro

regeneration as per requirement. Therefore, the key

objective of this review is to compare between established

micropropagation methods of Tylophora, such as direct and

indirect organogenesis with some new and modified tech-

niques such as synthetic seed production, Agrobacterium-

mediated genetic transformation, protoplast culture, etc.

This review also explores the usage of several types of

physical factors, media compositions, and applications of

different key plant growth regulators (PGRs) while

exploiting diverse explant sources of Tylophora for its

efficient regeneration in either direct or indirect modes

(Fig. 3b–d).

Source of explants and their reaction in vitro

A wide range of explant sources used for the initial in vitro

culture establishment of Tylophora results in substantially

variegated growth response. An array of explants was

employed for in vitro growth of Tylophora. Shoot, leaf,

nodal segments, green and white root segments as well as

petiole were used as explants. Amid all the explants used

for organogenesis or embryogenesis, it was notably

detected and reported that leaf was the most widely used

explant source (Jayanthi and Mandal 2001; Singh et al.

2009a, 2010; Anand et al. 2012; Koilpillai 2012; Jahan

et al. 2013; Chaturvedi and Chowdhary 2013; Sadguna

et al. 2013; Rathod et al. 2014; Sharma et al. 2014) that

effectively exhibited adventitious multiple shoots (Kaur

et al. 2011a; Nayeem et al. 2014), calli, or somatic embryo

formation. Reddy et al. (2010) reported the use of leaves

that confirmed even induction of in vitro rooting. Haque

and Ghosh (2013) reported the regeneration of shoot
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primordia through direct organogenesis and formation of

nodular meristemoids via indirect organogenesis both from

old and young leaves. Furthermore, Anjum et al. (2014)

reported the regeneration of organ from leaf segments.

Besides using leaves as explants, majority of the other

researchers have proposed the use of shoot tips and nodal

segments for both direct and indirect methods of regener-

ation (Faisal et al. 2007; Singh et al. 2009a; Rathore et al.

2010; Rani and Rana 2010; Kaushik et al. 2010; Sellathurai

et al. 2013; Rajavel and Stephan 2014a, b). In another

report, employing tender stem explant Kaur et al. (2011b)

attained the proliferation of green calli and finally com-

pleted plantlets through indirect organogenesis. Hence,

from the above reported events, it is well understood that

leaf, shoot, and nodal segments proved to be versatile as an

initial plant material. On the contrary, only a few

researchers reported effective plant micropropagation

through the use of root segments also. Chaudhuri et al.

(2004) used the green and white root segments and effec-

tively attained the regeneration of nodular meristemoids

that were later put forth for the induction of somatic

embryos. In a considerable fact, it was noticed that during

majority of the instances for the production of somatic

embryos, leaf explants as well as leaf-derived embryogenic

cultures were employed. Conversely, the ultimate outcome

of medicinal plant propagation lies in its ability to remain

phenotypically persistent so as to sustain the quality and

quantity of the preferred secondary metabolite. Hence,

selection of explants should be in such a way that it retains

the phenotypical consistency from cycle to cycle regener-

ation. It was interesting to observe and quite contrary to the

usual evidences that the plantlets regenerated from root

segment-derived calli (Koilpillai 2012) did not display any

phenotypic disparity.

Fig. 3 Overview on successful reports of in vitro culture of

Tylophora indica. a Yearwise relative frequency (number) of

in vitro regeneration studies on Tylophora indica as well as a

comparison on frequency of reports on direct organogenesis, indirect

organogenesis, and somatic embryogenesis-oriented reports,

b selected reports showing influence of BA alone on direct shoot

regeneration frequency, c selected reports showing influence of IAA

alone on root induction frequency, and d selected reports showing

influence of 2,4-D alone on callus induction frequency
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Surface disinfection

It is the foremost requirements to surface sterilize all the

explant sources so as to eradicate all the possible latent

microbial contamination. The type of sterilant and the

duration of explants’ exposure to the sterilant are the two

crucial factors of disinfection. The explants collected from

fields were washed properly for 10–30 min under running

tap water followed by treatment with 0.1% (w/v) Bavistin�

(fungicide) and 5% TeepolTM (v/v) (mild detergent) solu-

tion for 5 min, and again thoroughly washed with sterile

distilled water (Faisal et al. 2005; Anand et al. 2012;

Kaushik et al. 2010; Rathod et al. 2014). Haque and Ghosh

(2013) accounted the use of TWEEN� 20 for 3 min for

sterilizing young leaves of Tylophora. Some authors fur-

ther investigated the usage of 70–90% (v/v) alcohol for

50 s-2 min and found superior results (Singh et al.

2009a, 2010; Mahesh et al. 2011; Rathore et al. 2010). The

reports of Manjula et al. (2000) and Faisal et al. (2007) also

stated the use of 5% Labolene for 5 min, while the efficacy

of 0.01% (w/v) tetracycline for 15–20 min instead of

TeepolTM solution was assessed by Rathore et al. (2010).

Subsequent step of disinfection was carried out under

laminar airflow with 0.1% (w/v) HgCl2 solution for 3 min,

and then, the explants were rinsed the explants with auto-

claved distilled water for 5 min followed by inoculation in

the culture medium.

Basal media

Basal medium in plant tissue culture contains necessary

nutrients in the form of inorganic salts, vitamins, and other

organic supplements to necessitate the explant for its

in vitro growth and development. Majority of the

researchers employed Murashige and Skoog (MS) (1962)

media for in vitro micropropagation of Tylophora (Manjula

et al. 2000; Jayanthi and Mandal 2001; Faisal and Anis

2003, 2010; Chaudhuri et al. 2004; Faisal et al. 2005;

Thomas and Philip 2005; Chandrasekhar et al. 2006; Faisal

et al. 2007; Singh et al. 2009a, b; Kaushik et al. 2010; Rani

and Rana 2010; Rathore et al. 2010; Reddy et al. 2010;

Sahai et al. 2010a; b; Devendra et al. 2011; Kaur et al.

2011a, b, c; Mahesh et al. 2011; Anand et al. 2012;

Koilpillai 2012; Chaturvedi and Chowdhary 2013; Haque

and Ghosh 2013; Jahan et al. 2013; Sadguna et al. 2013;

Sellathurai et al. 2013; Anjum et al. 2014; Nayeem et al.

2014; Rathod et al. 2014; Sharma et al. 2014). Reddy et al.

(2010) investigated the efficacy of four diverse basal

media, namely, MS, Linsmaier and Skoog (LS) (Linsmaier

and Skoog 1965), B5 (Gamborg et al. 1968), and L6

(Kumar et al. 1988), and validated that MS media favored

the highest rate of shoot bud induction in comparison with

the three other media compositions. Moreover, Koilpillai

(2012) substantiated the use of B5 media for the develop-

ment of friable callus from Tylophora leaves used as an

explant source. The completion of in vitro regeneration

depends on the rooting efficiency of plantlets, and during

this analysis, it was reconfirmed that the half-strength MS

medium supported superior frequency of rooting rather

than full-strength MS. A notable research reported by

Rajavel and Stephan (2014a) who compared widely used

MS basal media against a Low-Cost (LC) media. In this

medium, amongst many significant differences, agar is

replaced by tapioca as a solidifying agent and noticed that

more number of shoot buds were comparatively induced in

the LC media.

Carbohydrates sources

Carbohydrates serve the main source of energy and also act

as the osmotic regulator in a culture medium. They regulate

both the development and the morphogenesis of plant tis-

sues by modifying the gene expression. In case of Ty-

lophora, most of the reports validate the use of 3% (w/

v) sucrose in MS medium primarily for the reason that it

assisted easy translocation and absorption of the energy

sources that promoted dynamic plant growth (Manjula

et al. 2000; Jayanthi and Mandal 2001; Chaudhuri et al.

2004; Chandrasekhar et al. 2006; Faisal et al. 2007; Singh

et al. 2009a, b, 2010; Rani and Rana 2010; Devendra et al.

2011; Mahesh et al. 2011; Koilpillai 2012; Chaturvedi and

Chowdhary 2013; Haque and Ghosh 2013; Nayeem et al.

2014). Contrastingly, there are few reports that employed

only 0.7–2% sucrose (Kaur et al. 2011a, b, c; Anand et al.

2012; Koilpillai 2012). Rajavel and Stephan (2014b) made

an extensive study on diverse carbohydrate sources in two

different concentrations (2 and 3%). It was observed that

3% sucrose was the most efficient in shoot proliferation

followed by white-refined sugar, unrefined brown sugar,

and the bottommost results are indicated by jaggery and

sugarcane juice. Consequently, white-refined sugar or

table sugar can be commended for its minimal cost and

efficient alternate for sucrose.

Influence of physical factors

Together with proper basal medium and initial plant

material (explant), the environmental condition of the

incubation room plays a critical role in the growth and

development of in vitro plant cell, tissue, and organ culture.

Light, temperature, and relative humidity are the three key

physical factors that must be considered during any plant

tissue culture experiments. Plants need light mainly for two

purposes, one is photosynthesis and the other one is pho-

tomorphogenesis. The advancement of plant growth is

proportional to the duration (photoperiod) and intensity of
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light to which the plant material is exposed. In case of

Tylophora, the majority of the reports state that the cultures

were incubated under 40.5 lmol/m2/s photosynthetic pho-

ton flux density (PPFD) or in some cases 50–60 lmol/m2/s

(Faisal et al. 2005, 2007; Faisal and Anis 2010; Chan-

drasekhar et al. 2006; Devendra et al. 2011; Mahesh et al.

2011; Koilpillai 2012; Haque and Ghosh 2013; Nayeem

et al. 2014) for a photoperiod of 16 h illumination with

cool fluorescent lights. Not only has the duration of light

exposure on the plant material, but also the presence and

absence of light affected the plant growth. For callus

induction (Chaturvedi and Chowdhary 2013) and seed

germination, it is a basic requirement that the culture tubes

were kept in a dark room or in a place far away from light.

As temperature influences the rate of photosynthesis and

respiration (rapidly increases with the rise in temperature),

maintaining an ambient temperature required for suit-

able in vitro regeneration is another vital physical factor.

The temperature of the growth room was kept at 25 ± 2 �C
by the researchers, whose main aim was to induce shoot

buds from the plant material (Faisal et al. 2007, 2010;

Reddy et al. 2010; Kaur et al. 2011a; Anjum et al. 2014;

Nayeem et al. 2014; Rajavel and Stephan 2014a, b; Soni

et al. 2015b), as well as callus from explants (Kaushik et al.

2010; Sahai et al. 2010a,b; Kaur et al. 2011b, c; Anand

et al. 2012; Sadguna et al. 2013; Rathod et al. 2014; Soni

et al. 2015a; Jogdand et al. (2016), or even somatic

embryogenesis (Manjula et al. 2000; Chandrasekhar et al.

2006; Sahai et al. 2010a). Multiple shoot regeneration was

reported by Rathore et al. (2010) by allowing the nodal

shoot segments to grow under a bit higher temperature

27 ± 2 �C. Besides callus induction from node, internode,

and leaf segments, Singh et al. (2009a) maintained

26 ± 2 �C temperature with a light intensity of 27 lmol/

m2/s which is comparatively lower than the range of light

intensity used in multiple shoot regeneration. Therefore,

from this, it can be inferred that for callus regeneration,

lower light intensity is preferred. Higher relative humidity

increases the chances of contamination in the growth room,

so it is very important to uphold the rate of relative

humidity, also higher humidity deteriorates the growth rate

of the sapling due to the malfunctioning of the stomata in

the plant cells, and the other reason is hyperhydricity

(caused due to excessive hydration). Therefore, as reported

by most of the researchers, the physical conditions as

maintained by them for the regeneration of Tylophora the

general physical condition would be 25 ± 2 �C tempera-

ture, 27–40.5 lmol/m2/s of light intensity, a photoperiod of

16 h illuminated with cool fluorescent tubes, and 50–60%

relative humidity (Singh et al. 2009a, b; Reddy et al. 2010;

Kaushik et al. 2010; Sadguna et al. 2013; Rathod et al.

2014; Rajavel and Stephan 2014a, b). In an interesting

experiment carried out by Rathod et al. (2014), the

regeneration of multiple shoots from the nodal segments

was obtained by maintaining the culture room temperature

at 27 ± 2 �C, relative humidity 60%, and light intensity of

30–40 lmol/m2/s for a photoperiod of 12–14 h, and sub-

sequently, roots from those multiple shoots were induced

under 26 ± 2 �C temperature and 80% relative humidity.

Another significant exception perceived in a work reported

by Chaturvedi and Chowdhary (2013) is that the light

intensity was as low as 13.5 lmol/m2/s for induction of

callus that can refer that the light intensity might be kept

around 10–15 lmol/m2/s for the induction of callus.

Influence of plant growth regulators

In plant tissue culture, the term ‘direct organogenesis’

entails the de novo genesis of plant organs such as shoots

(adventitious as well as multiple) and roots from different

types of plant materials. The complete plantlet redevelop-

ment of Tylophora via the process of direct organogenesis

involves three basic steps: (i) shoot bud initiation (Fig. 2b);

(ii) shoot elongation as well as multiplication (Fig. 2b); and

(iii) rooting of the regenerated shoots (Fig. 2h). In case of

regeneration via indirect organogenesis, the basic steps are:

(i) callus induction (Fig. 2c); (ii) embryogenic/organogenic

callus proliferation (Fig. 2d); and (iii) regeneration of

callus into multiple shoots and roots (Fig. 2e). Through a

different mode of regeneration, friable callus might result

into cell suspension culture (Fig. 2f) and the embryogenic

callus might develop somatic embryos (Fig. 2g). In the

course of in vitro regeneration of Tylophora, PGRs play the

key role in determining the mode of regeneration (reviewed

by Teixeira da Silva and Jha 2016). The interplay between

PGRs and critical environmental condition of the growth

room defines the success of in vitro propagation. Auxins,

cytokinins, and gibberellin A3 (GA3) are the three types of

key PGRs. Auxin stimulates cell elongation by instigating

the expression of certain genes that are involved with the

cell elongation factors (elastin) that loosen the cell walls.

Cytokinins are largely related to cytokinesis in plant shoots

and roots. The parenchyma cells that are present in the

explant only elongate but do not divide when cultured with

cytokinins alone, but when cultured with auxin, the cells

elongate as well as divide. If more cytokinin is present in

the basal media, then shoot buds are initiated, and if auxin

is present in much higher amount than cytokinin, then root

initiation takes place from the explant. GA3 are mainly

associated with cell elongation seed germination by

breaking seed’s dormancy.

Multiple shoot formation

Quite often, variations during the selection of PGRs have

controlled the success of in vitro direct induction of
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adventitious or multiple shoots of Tylophora. A very nar-

row range of PGRs, including 2,4-dichlorophenoxyacetic

acid (2,4-D), N6-benzyladenine (BA), a-naphthalene acetic
acid (NAA), GA3, have been used for this purpose, but in

almost all the cases, BA alone or in seldom combination

with either 2,4-D or NAA or GA3 efficiently initiated

multiple shoots from explants under study. The trend of

most successful concentrations of BA for multiple shoot

culture of Tylophora is highlighted in Fig. 3a. Chaudhuri

et al. (2004) used root segment explants, where nodular

meristemoids were induced with the involvement of

26.8 lM BA, and by further dwindling the concentration to

10.72 lM, BA shoots were originated. On the basis of

these successful findings, other researchers displayed their

interest in this method and experimented with various

explants using various concentrations of PGR but prefer-

ably BA (Haque and Ghosh 2013; Reddy et al. 2010;

Rathore et al. 2010; Kaur et al. 2011a, b, c; Fig. 3b). Faisal

et al. (2007) and Faisal and Anis (2010) attained the

regeneration of multiple numbers of shoots from nodular

segments by supplementing the MS medium with BA in

addition to NAA. Rani and Rana (2010) used GA3 in

combination with BA to get higher number and elongation

of multiple shoots. Their report suggests the usage of

cytokinin (BA) along with appropriate concentrations of

GA3 not only ensured the formation of shoot buds without

callus formation, but also faster bud break rate and shoot

elongation due to its stimulatory effect. Hence, it is well

understood that GA3 can be employed for shoot regener-

ation from nodal segments containing axillary buds that

naturally remain dormant. On the other hand, Kaur et al.

(2011b) developed an efficient protocol for the regenera-

tion of nodular meristemoids from suitable stem explants

when cultured on an MS medium containing solely 8.8 lM
BA, and later, those meristemoids were cultured on the

same medium through the supplementation of 2.25 lM
thidiazuron (TDZ) and other additive that initiated the

growth of adventitious shoot buds. According to Nayeem

et al. (2014), it was further demonstrated that a diverse

range of PGR concentrations used for the growth and

proliferation of plantlets and the lone presence of 2,4-D

displayed no effect on the plants and repressed organo-

genesis. However, on the same year, using shoot node as an

explant Rajavel and Stephan (2014a) inveterate the usage

of 2,4-D for shoot propagation along with 0.5 mg/l NAA

without any undesirable callus formation. Generation of

adventitious shoot buds directly from the explants was

unquestionably a more advantageous process than callus-

mediated organogenesis, because it assists in the generation

of more true-to-type plants, which maintained genetic

homogeneity and this was well ahead confirmed by Sharma

et al. (2014) using cluster analysis by un-weighted pair

group method with arithmetic averaging (UPGMA) method

that there was significant dissimilarity in the genotypes

between the in vitro saplings from callus-mediated

organogenesis and the in vivo plantlets that were developed

directly from the mother plant.

Callus induction

Plant cells that proliferate in an unorganized manner on

a semi-solid gel substrate and turn into amorphous mass

of tissue are termed ‘callus’. This occurs in vitro when

the explant is treated with appropriate levels of PGRs

and favorable environmental conditions. The inoculated

explants may either produce friable callus that is opti-

mum for single cell culture or else compact callus that

supports somatic embryogenesis and subsequent initia-

tion of shoot buds. A significant transformation in the

approach of indirect organogenesis of Tylophora was

reported by Jayanthi and Mandal (2001). They estab-

lished embryogenic callus by supplementing the MS

basal media with 2 mg/l 2,4-D and 0.5 mg/l 6-furfury-

laminopurine (kinetin), and from that, somatic embryos

were induced subsequently and turned into plantlets later

on. Two synthetic auxins, i.e. 2,4-D and 2,4,5-

trichlorophenoxyacetic acid (2,4,5-T), were observed to

act commendably (especially 2,4-D; Fig. 3d) and proved

to be the most effective PGRs to proliferate callogenesis

mostly when used individually (Jayanthi and Mandal

2001; Faisal and Anis 2003; Gupta et al. 2010; Kaushik

et al. 2010; Jahan et al. 2013) and alternatively in

combination with BA or kinetin or TDZ (Faisal et al.

2005; Thomas and Philip 2005; Rathinavel and Sel-

lathurai 2010; Patel and Patel 2012; Patel and Nadgauda

2014; Dhokrat et al. 2015; Kakde et al. 2016). Inter-

estingly, Sahai et al. (2010a) induced embryogenic calli

from leaf segments employing 5 lM BA along with

2.5 lM TDZ devoid of 2,4-D or 2,4,5-T. Later on, dif-

ferent combinations of PGRs, such as NAA, IBA,

indole-3-acetic acid (IAA), kinetin, and BA (Verma

et al. 2010; Kaur et al. 2011a, b, c; Mahesh et al. 2011;

Anand et al. 2012; Chaturvedi and Chowdhary 2013;

Sharma et al. 2014), were tested to improve the callus

induction efficiency. Sellathurai et al. (2013) reported

the induction of callus using only single cytokinin (BA)

proves that callus formation is possible by means of

cytokinin alone, yet more exploration needs to be carried

out in this area. One very prominent report by Koilpillai

(2012) attained friable callus by supplementing the MS

media with 2,4-D and BA. Tylophora being a very useful

medicinal plant secretes its active ingredient tylophorine

in the form of secondary metabolite in the process of

callus formation and can be extracted using cell sus-

pension culture method (which has been discussed later

in this review).
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Induction of somatic embryo

‘Somatic embryogenesis’ is an in vitro technique that

involves the regeneration of plantlets from embryos

developed through a cluster of somatic cells. Somatic

embryogenesis is generally used for large-scale production

and genetic transformation. Somatic embryos can be

formed from green-compact callus by manipulations in

various concentrations of the PGR. Somatic embryogenesis

follows two diverse pathways: first is origination of

somatic embryos directly from the explant tissue and the

second involves the intermediate callus stage. Higher

cytokinin level induces somatic embryos formation by

preventing the action of the auxins that hinders embryo-

genesis (Manjula et al. 2000). Manjula et al. (2000)

reported the first research work on the formation of somatic

embryos. In that tryout, BA alone or together with kinetin

was used to induce callus, which revealed all the stages of

embryogenesis viz., globular-, heart-, torpedo-, globular-

shaped embryos after 60 days. Jayanthi and Mandal (2001)

obtained distinct bipolar embryos from leaf-derived callus

by means of 2 lM 2-isopentyladenine (2iP) along with

0.1 lM IBA from leaf-derived callus. After this, Chan-

drasekhar et al. (2006), Sahai et al. (2010a), and Devendra

et al. (2011) established successful plantlets developed

from somatic embryos employing leaf-derived callus.

Chaudhuri et al. (2004) explored a new pathway of

developing somatic embryos using green root segments as

explant source, and this examination revealed two impor-

tant factors accountable for somatic embryo formation: the

age of the explant which is 24-week-old green root seg-

ments and the type of cytokinin used which was BA alone.

Chandrasekhar et al. (2006) reported the efficacy of TDZ

along with 2,4-D to be the most suitable for somatic

embryogenesis, and subsequently, 25% of globular-shaped

embryos were converted into cotyledonary stage. In

another report (Thomas 2006), the use of 2 lM 2,4-D alone

was competent enough to induce as high as 70% somatic

embryogenesis from internode-derived callus. From all

these investigations that were carried, the researchers

would be able to optimize a standard protocol for Ty-

lophora. Yet, the main concern for any medicinal plant

propagation lies in maintaining the genetic homogeneity of

the regenerated plantlets and should be assessed through

biochemical, cytological, as well as genetic parameters.

Root formation

The success behind the effective micropropagation tech-

nique lies in the rooting percentage of the freshly produced

saplings. This can be achieved using higher concentrations

of auxin along with cytokinins. Many researchers applied

IAA, IBA, and NAA as the PGRs for rooting (Chaudhuri

et al. 2004; Faisal et al. 2007, 2010; Rani and Rana 2010;

Rathore et al. 2010; Reddy et al. 2010; Haque and Ghosh

2013; Anjum et al. 2014). In vitro rooting of shoots can be

induced even at low concentration of MS media devoid of

any PGRs (Kaur et al. 2011a, b, c; Anand et al. 2012).

However, the efficiency of rooting increases following the

inclusion of auxins (such as IAA or IBA) (Fig. 2i). It was

interesting to observe that IBA was used for most of the

cases, where there was the necessity of in vitro rooting

following callus-mediated shoot formation. On the other

hand, IAA was majorly used to induce roots following

direct shoot initiation (Fig. 3c). Among the successful

reports on in vitro rooting of Tylophora, an interesting and

efficient combination of PGRs for rooting was 2.5 mg/l

IBA along with 3.0 mg/l BA and 2.5 mg/l NAA supple-

mented in MS medium that was reported by Nayeem et al.

(2014), having 73.3% successful rooting rate. After this

above experiment, it might be presumed that for an

increased rooting percentage, the use of cytokinins could

also be favorable along with the auxins. In spite of the fact

that most of the researchers experimented with full-

strength MS media, some tried to induce rooting in half-

strength MS media and was successful in doing so with

about 90% root regeneration percentage (Chaudhuri et al.

2004; Faisal et al. 2005, 2007; Rani and Rana 2010; Kaur

et al. 2011a, b, c), even half-strength media was found to be

superior over the full-strength one for rooting purposes

(Faisal et al. 2005). Hence, it can be deduced that some

inherent and external factors might be responsible for root

regeneration in addition to external application of auxins

(Wilson and van Staden 1990). In case of indirect

organogenesis, the use of the same popular PGRs was

observed, although in one exceptional case, the use of a

cytokinin–Zeatin along with an auxin–(NAA) resulted in

100% root regeneration from the calli, induced from the

internodal segments, and this can be considered as an

effective rooting protocol for Tylophora (Mahesh et al.

2011). Earlier, Sahai et al. (2010a) reported an interesting

fact about the formation of white- (NAA) and green-pig-

mented roots (IBA) by exploiting 3–4 cm of microshoots

as the explant. A superior result was obtained in IBA than

NAA as the root initiation was delayed in the latter one

proving IBA as more efficient auxin for root initiation.

Moreover, the roots displayed deformed growth in the

presence of NAA as reported earlier by Chaudhuri et al.

(2004).

Influence of additives

Sometimes, apart from the major PGRs, the fortification of

additional chemicals as well as organic substances in basal

media becomes essential to enhance the in vitro regener-

ation efficiency. These supplementary chemicals are
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considered as additives. In fact, supplementation of addi-

tives eventually improves the availability of some

micronutrients in the media by acting as chelating agents,

acts as buffers in any kind of pH variations, or even con-

tributes nutrients directly for efficient regeneration of

plants. Activated charcoal, adenine sulphate, casein

hydrolysate (CH), coconut milk, and ascorbic acid (AA)

are few among the commonly used additives during in vitro

culture of Tylophora. In Tylophora, Faisal et al. (2007)

used AA (50–500 mg/l) in the MS basal media beside

PGRs such as BA and NAA that warranted the highest

frequency of healthy shoot formation. Henceforth, the role

of AA in plant tissue culture is not only as an anti-oxidant

and anti-browning compound, but additionally an agent

that enhances cell division and elongation. Interestingly,

the regeneration efficiency of multiple shoots was sup-

pressed when the concentration of AA was increased to

twofold. This signifies the optimization of concentrations

of the additives to ensure favorable results. CH, another

additive, is an organic nitrogen supplement comprising a

mixture of amino acids. This additive can be used in the

basal media that lack sufficient nitrogen. As described by

Singh et al. (2009a, 2010), the use of increased concen-

tration of CH activated the callus regeneration frequency

and rate of callus growth from nodes, internodes, and

leaves of Tylophora. Amid some natural additives, coconut

water, tomato extract, banana extract, carrot extract, and

papaya extract could be opted for enhanced multiplication

of shoots, shoot length, and fresh weight of the shoots

(Swamy et al. 2014). Certain organic acids, such as malic

acid, glutamine, citric acid, etc., are also used as additives

in plant tissue culture media. Even though the optimization

of the levels of additives solely depends on plant species

and genotypes, yet, it is confirmed that complementing the

basal media with little amounts of chemicals or organic

supplements can be enrich in vitro growth and morpho-

genesis to a large extent.

Assessment of clonal fidelity

Clonal fidelity assessment is imperative for large-scale

in vitro propagation of any medicinally important plant. Not

only for meeting the commercial demand, but also for

in vitro conservation of germplasm escaping the detrimental

effect of somaclonal variations, post-organogenic evalua-

tion of genetic trueness is indispensable (Gantait et al.

2014a). The somaclonal variation is considered as the usual

drawback amongst in vitro regenerated plantlets, which

might be owing to gene augmentation, chromosomal aber-

rations, point mutation, and modification in DNA methy-

lation through in vitro culture (Saker et al. 2000). In this

context, the fidelity of clones derived from in vitro cultures

is compared with their corresponding mother plants from

which they are regenerated, employing PCR-based molec-

ular markers [such as Random Amplified Polymorphic

DNA (RAPD), Inter Simple Sequence Repeats (ISSR),

Amplified Fragment Length Polymorphisms (AFLP), and

Simple Sequence Repeats (SSR)] and cytological studies in

several other medicinal plants (reviewed by Gantait et al.

2014b). Amid a number of existing PCR-based molecular

systems, RAPD is preferred owing to the their simplicity

and cost-effectiveness and these markers which amplify

diverse sections of the genome permit for improved assay of

genetic constancy/variation amid somaclones (Mallón et al.

2010; reviewed by Gantait et al. 2012). On the other hand,

ISSRs are DNA fragments of 100–3000 bp located between

the adjacent, oppositely oriented microsatellite regions.

They are dispersed throughout the genome and vary in the

number of repeat units. ISSRs are proved to be significantly

reproducible (Gantait et al. 2009, 2010a, b, 2011) for sev-

eral plants with pharmaceutical importance. Nevertheless,

both the RAPD and ISSR systems do not require any prior

sequence information and use limited amounts of DNA

sample that is quite easy to handle. The first report on the

assessment of clonal fidelity using molecular marker-based

approach was by Jayanthi and Mandal (2001). They com-

pared 14 in vitro Tylophora regenerants and the mother

plant against their mother plant using 20 arbitrary RAPD

oligonucleotides. Amplified products were monomorphic

among all the plants ascertaining the genetic integrity and

true-to-type nature of the regenerants. Chaturvedi et al.

(2012), for the first time in Tylophora, employed both

RAPD and ISSR markers to achieve a comprehensive status

of in vitro regenerated clones. In their study, all the bands

amplified through RAPD were monomorphic, and hence, it

was proved that the regenerants are true-to-type within

themselves as well as to the mother plant. Contrarily, during

ISSR assay, banding pattern revealed 45.71% polymor-

phism in the regenarants in comparison with their mother

plant. Haque and Ghosh (2013) examined the clonal fidelity

of micropropagated Tylophora plants employing cytologi-

cal assay as well as using RAPD marker analysis. They

observed that all the micropropagated plants have shown

normal diploid 2n = 22 chromosomes, the same as that of

the mother plant. Whereas, in the RAPD marker analysis, a

total of 86 bands amplified through 20 out of 24 primers

revealed that all the regenerants are genetically true without

detecting any somaclonal variants. In the same year, Pathak

et al. (2013) reported the detection of somaclonal variation

in Tylophora when they employed ten random decamer

primers that were used, and out of them, nine primers gave

reproducible results. Total 58 amplified products were

observed and the size of these amplified products ranges

from 50 to 1200 bp. An average polymorphism was found

to be 62.07%. On the contrary, Roychowdhury et al.
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(2015a, b) found no variation in banding pattern in RAPD

profiles of Ri-transformed hairy root lines of Tylophora.

This was corroborated with an earlier report, where Sharma

et al. (2014) used six ISSR primers to validate the clonal

fidelity and a sum of 71 reproducible bands was produced.

The arrangement of banding of individual primer was alike

and analogous to mother plant revealing around 93%

homology through UPGMA. ISSR analysis confirmed the

genetic stability of in vitro-raised plants. Nevertheless, from

the above literatures, it can be concluded that instead of

using single marker system, a combination of two or more

marker system would be apposite towards ascertaining the

clonal fidelity.

Synthetic seed production

Synthetic seed technology is an advanced and growing field

of plant biotechnological research. It has become an

attractive approach in the present era owing to its extensive

use in en masse multiplication, short-term conservation, and

transportation of germplasm of endangered as well as

commercially significant species (Gantait et al. 2015a). The

technology includes the employment of any meristematic

tissue of the plant materials such as shoot tips, nodes, or

somatic embryos, thus decreasing the dependence on the

conventional propagation or micropropagation. The proce-

dure uses synthetic gelling matrix to encapsulate plant

organs (Fig. 2h) and has been recognized as a fairly com-

petent system chiefly for plants with pharmaceutical

importance (Gantait et al. 2015b). Chandrasekhar et al.

(2006) published the first report on Tylophora synthetic seed

development via 2% (w/v) sodium alginate encapsulation

with six weeks of storage efficiency. Faisal and Anis (2007)

reported the same in Tylophora in 2007 from nodal segment

explant. They optimized the levels of complexing agent and

gel matrix using 3% (w/v) sodium alginate and 100 mM

CaCl2�2H2O to ascertain a maximum germination frequency

of 91%. The substrate for conversion was MS medium

supplemented with 0.5 lM BA and 0.5 lM NAA. They

further were successful to store the synthetic seeds in 4 �C
up to 8 weeks. Later on, Devendra et al. (2011) reported the

synthetic seed production using somatic embryos directly

induced from leaf explants. As per their report, 3% sodium

alginate and 50 mM CaCl2�2H2O resulted in consistent bead

formation with a germination frequency of 22.4% in half-

MS medium that was not promising in terms of large-scale

synthetic seed production. However, during the storage of

synthetic seeds, 4 �C was better than 22 �C as ambient

temperature. They have reported the maximum of 60 days

of storage with 15% post-storage survival on a mixture of

soil, peat, and perlite. Recently, Gantait et al. (2017) stan-

dardized the formation of synthetic seed employing nodal

segments and its short-term storage as well as post-storage

conversion of Tylophora. They found a 93.3% conversion

frequency of synthetic seeds prepared with 75 mM CaCl2-
2H2O plus 3% (w/v) sodium alginate. Furthermore, the

earliest conversion of synthetic seeds was occurred in half-

strength liquid MS medium. The synthetic seeds were then

stored in three different temperature regimes [5(±1) �C,
15(±1) �C, and 25(±1) �C], and attained the highest con-

version frequency (90%) at 15(±1) �C after 15 day storage.

However, 70% conversion frequency was recorded after

30 days of storage at 15(±1) �C without further decline

even following 45 day storage, which justifies that the lower

temperature 15(±1) �C is optimum for storage and subse-

quent conversion of Tylophora synthetic seeds.

Agrobacterium-mediated genetic transformation

Biotechnological modification through transgenic method

could be sensible for the enhancement of pharmaceutically

important medicinal plants in terms of its commercial

exploitation for biochemical products (Rout et al. 2000).

Transfer DNA (T-DNA) from root-inducing (Ri) plasmid

of Agrobacterium rhizogenes is employed for the trans-

formation of plant genome (Gelvin 2003). The accelerated

growth and genetic uniformity of Ri-mediated transformed

root cultures mark its importance in plant tissue culture.

Such root cultures accumulate secondary metabolites at a

level that is comparably much higher than produced ex

vitro (Bhojwani and Dantu 2013). Banerjee et al. (1998)

accounted that the ameliorated-secondary metabolite pro-

duction in hairy root cultures might be due to augmented

biosynthetic competency in contrast to non-transformed

plants. However, several aspects such as strains of bacteria

or target sites for the transfer of T-DNA into the host tissue

are responsible for the successful genetic transformation.

There are scores of reports on genetic transformation in

Tylophora (reviewed by Teixeira da Silva and Jha 2016).

According to Chaudhuri et al. (2005), the explants (such as

shoot tips or tender leaves) that are able to synthesize

auxins are expected to exhibit frequent occurrence of

transformation. For the first time, transgenic Tylophora was

reported by Chaudhuri et al. (2005) via two wild-type A.

rhizogenes agropine strains, namely, A4 (pRiA4) and

LBA9402 (pRi1855), to induce in vitro leaf and stem

segments for hairy root production. It was evident from the

reports that the success of transformation was dependent on

the strain of A. rhizogenes, type of explant, as well as site

of inoculation. Amid the two utilized strains, only A. rhi-

zogenes strain A4 (pRiA4) was competent enough with

60% rate of transformation, but also considerable vari-

ability of tylophorine accumulation among the clones was

noticed. Later, the same authors (Chaudhuri et al. 2006)
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further reported that the plantlets produced from Ri-trans-

formed roots exhibited increased biomass collection

(350–510% in the roots and 200–320% in the whole plants)

as well as tylophorine accumulation (20–60%) in the

shoots, ultimately yielded 160–280% growth in tylophorine

content in vitro. Roychowdhury et al. (2013) obtained Ri-

mediated transgenic plants of Tylophora through somatic

embryogenesis and maintained for 6 years. The comparison

on the basis of morphological, biochemical, as well as

molecular characterization was analyzed among the long-

term transformed cultures and field grown normal and

transformed plants. Morphologically, the transgenic plants

were found to be stable in in vitro as well as field trans-

ferred after 6 years. In addition, genetic uniformity con-

firmation for rolA, rolB, rolC, and rolD genes was

evidenced in Ri-transformed plants before and after relo-

cation to the field. Most recently, Basu et al. (2017)

reported co-transformation of cryptogein gene via A. rhi-

zogenes-mediated approach successfully. They observed

the stimulatory effect of crypt gene on the accumulation of

phenolic compounds. The use of crypt-transformed plants

as a tool for elucidation of biochemical basis of defense

responses could be efficient to create a defense barrier

against pathogenic infection, as suggested.

Secondary metabolite production in vitro

Advantageous supply of secondary metabolites can be

attained right from in vitro organogenesis in a more sus-

tainable way than from in vivo or wild plant populations. So

far, tissue culture has not been commercially exploited as a

source of secondary metabolites in the case of Tylophora.

There are several reports available on the standardization of

micropropagation (Fig. 3); however, extraction and esti-

mation of tylophorine, the chief bioactive compound of

Tylophora, have been investigated in only two of the reports

(Kaur et al. 2011c, 2014). Kaempferol [3,5, 7-trihydroxy-2-

(4-hydroxyphenyl)-4H-1-benzopyran-4-one], another

important anti-cancer flavonoid from Tylophora, was pro-

duced in vitro by Chaturvedi et al. (2014). They reported an

enhanced production of Kaempferol (3.31%) via immobi-

lization of plant cell culture and proposed the biosynthetic

pathway of this flavonoid (as, Coumaryl coA ? Narin-

genin ? Kaempferol). For tylophorine, the estimated level

from directly and indirectly in vitro grown plants was

recorded 71 and 80 lg/ml, respectively (Kaur et al. 2011c).

Later on, Kaur et al. (2014) showed the highest tylophorine

in the leaves (80 lg/ml) of in vitro regenerated plants and

subsequently in callus (24.46 lg/ml) and suspension

(28.30 lg/ml) cultures. However, they have not measured

the level of tylophorine in in vivo- and in vitro-raised

plantlets, which were compared in detail later by Soni et al.

(2015a). Tylophorine concentration at different stages of

in vitro differentiation, i.e., callus, in vitro shoots, and

in vivo plant, was estimated separately. It was interesting to

note that the concentration of tylophorine was elevated as

the differentiation progressed. The callus showed 1.89-fold

increase in tylophorine, which gradually reached 2.75-fold

in shoots and 5.64-fold in a complete plantlet when com-

pared to ex vitro mother plant. Furthermore, Soni et al.

(2015a) tried precursor feeding to in vitro cultures for

increasing the accumulation of secondary metabolites. The

data suggested that the treatment with 2 mg/l tyrosine for

48 h was the most appropriate for obtaining the highest

tylophorine accumulation (27.71 lg/g DW). The attained

concentration was 5.87-fold higher than in vivo plants and

2.81-fold higher than control cultures. The Ri-mediated

hairy root culture also offers a competent technique for

ameliorated tylophorine and other secondary metabolites

with genetic uniformity. Chaudhuri et al. (2006) demon-

strated that T-DNA insertion in the Tylophora genome

altered the level of tylophorine content. The production of

tylophorine in transgenic shoots was found to be 20–60%

higher than control cultures. Even, tylophorine was inves-

tigated for its continuous production and content until 6

years of its transformation (Roychowdhury et al. 2013).

Level of tylophorine was considerably higher in the Ri-

transformed leaves (3.75 ± 0.12 mg/g DW) in comparison

with the non-transformed ones (1.81 ± 0.15 mg/gDW).

Similar result was also evident in a recent most report of

Basu et al. (2017) who co-transformed crypt gene via A.

rhizogenes. A significant enhancement of phenolic pro-

duction (caffeic acid, 1.8- to 2.9-fold; p-coumaric acid, 1.9-

fold and ferulic acid, 1.5- to 2-fold) due to crypt gene

expression was reported when compared to the conven-

tional Ri-transformed root lines. The elevated production of

caffeic acid (1.19-fold) and ferulic acid (1.53-fold) was also

observed in comparison with Ri-transformed plants. Col-

lectively, the in vitro grown calli, cell suspension, and hairy

roots can be further studied for exploring biosynthetic

pathways of essential phytochemicals. Advanced research

is required for the commercial exploitation for in vitro

production of secondary metabolites.

Future directions

The in vitro interventions on Tylophora along with the

described optimum parameters for the success of these

events are discussed essentially in this appraisal. We have

recognized the frequently employed factors during in vitro

organogenesis or callogenesis or somatic embryogenesis

of Tylophora. Nevertheless, there are quite a number of

lacunas to be filled up in the arena of Tylophora in vitro

biotechnological research. For instance, merely, a couple
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of reports on synthetic seed production, where ample

factors to be examined, further strengthen this system for

Tylophora in particular. Encapsulation of asexually

regenerated propagules using calcium alginate beads

could be advantageous for the interchange, storage, and

micropropagation of germplasms of this threatened

medicinal plant. Another significant approach for germ-

plasm conservation of Tylophora is cryopreservation in

ultra-low temperature. Unfortunately, no attempt has been

made to adopt this system for long-term storage instead of

the only report of short-term (4 weeks) storage through

synthetic seed production. Furthermore, from our survey

of literature, we can observe that genetic transformation-

mediated advancement plays a key role in Tylophora

biotechnology. Genetic transformation via protoplast

could be an apt route for the incorporation of genes with

agronomical importance (for instance, genes for disease

or insect resistance and sterility). There is a lone report by

Thomas (2009) on mesophyll cell-derived protoplast-

based regeneration system in Tylophora that could be

considered as a stepping-stone towards the application of

biotechnological techniques such as somatic hybridization

and direct gene transfer to this plant. However, since this

area of Tylophora biotechnology has not been explored

much, there is plentiful scope for auxiliary exploration

dealing with the biosynthetic prospective of Agrobac-

terium-transformed root cultures for tylophorine or other

associated secondary metabolite production alongside the

possibility of using genomics approaches, biochemical

pathway prediction, and its utilization for alkaloid pro-

duction. This appraisal offers the utmost inclusive eval-

uation of the Tylophora in vitro literature to date, briefing

the finest conditions as described by several researchers.

The present compilation will let Tylophora research to

improve promptly, since various facets, fundamental and

applied, have yet to be explored.
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