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Abstract

Ceropegia media is an endemic and endangered plant as its propagation through seeds is unreliable due to low germina-
tion, slow growth and seedling decay under natural conditions. Also, tubers of this plant are edible serving as carbohydrate
source with medicinal values leading to severe population decline in the natural habitat. To provide a sustainable solution, an
efficient in vitro propagation protocol along with phytochemical profiling was developed for C. media. Callus cultures were
induced from seedling and wild leaf tissues using the most effective Murashige and Skoog’s (MS) medium with 2,4-dichlo-
rophenoxyacetic acid (2,4-D; 2 uM) and sucrose (3%). Somatic embryos were acquired on MS medium with 1 uM 6-Ben-
zylaminopurine (BAP) and 1 puM 2,4-D. Conversion into plantlets was attained only from tissue culture-derived seedling
leaf (TCDSL) explant. Further, in vitro tuberization was achieved from TCDSL callus with BAP and Naphthalene acetic
acid (NAA). AgNO; as an elicitor had a positive effect on both fresh and dry weights of callus. Successful acclimatization
(58%) was attained after two months resulting in normal phenotype in pots. Further, metabolite profiles of ten different tis-
sues from wild and in vitro plants were compared. Total 82 compounds comprising alkaloids, fatty acids, fatty acid ester,
steroids, terpenes and hydrocarbons were identified. Overall, results suggested enhanced production of selected metabolites
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with in vitro propagation and AgNO;, alleviating the problem of unavailability of planting materials. Thus, the current study
might offer potential ways for the conservation of such RED enlisted species as C. media.
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Abbreviations

2,4-D 2,4-Dichlorophenoxyacetic acid

AgNO;  Silver nitrate

ANOVA  Analysis of variance

BAP 6-Benzylaminopurine

BSI Botanical Survey of India

ESEM Environmental scanning electron microscopy
GC-FID  Gas chromatography-flame ionization detector
GC-MS Gas chromatography-mass spectrometry
TIAA Indole-3-acetic acid

Kin Kinetin

MS Murashige and Skoog’s medium

NAA Naphthalene acetic acid

PGR Plant growth regulator

PLS-DA Partial least square-discriminant analysis
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Introduction

Ceropegia media (Huber) Ansari (family: Apocynaceae
APG III 2009) is a perennial twining tuberous herb, which
is endemic and endangered in India (Jagtap and Singh
1999; Mishra and Singh 2001; Punekar 2015). It is found
at higher elevations (500 to 1500 msl) in the Western Ghats
of India. Regeneration of this species occurs through peren-
nial tubers, which sprout only during the rainy season and
develops into a single plant. Besides, propagation through
seeds is unreliable due to low germination rate, slow growth
and seedling decay under natural conditions. Also, the tubers
(boiled or roasted) of this plant are edible and consumed
by local people and shepherds as a rich source of carbohy-
drates (Nikam and Savanth 2007; Punekar 2015). Addition-
ally, alkaloids extracted from tubers revealed anti-cancer,
anti-diarrheal, anti-inflammatory, anti-diabetic activities,
and cure urinary disorders (Awoyinka et al. 2007; Monika
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et al. 2012). Several reports have also indicated that the con-
sumption of tuber from Ceropegia species by tribal women
improved their fertility and vigor; and also used to cure of
urinary bladder stones, as the antidote for snake bites, diar-
rhoea, and dysentery (Khare 2007; Swarnkar and Katewa
2008; Duraisamy and Subramaniam 2010). Hence, there
is a severe decline in their population in natural habitats
(Mishra and Singh 2001; Murthy and Kondamudi 2011) and
there is an urgent need to find ways for the conservation of
this fast demising plant species. Although most of the spe-
cies of Ceropegia have significant importance as a source
of ornamental flowers, edible tubers and their implications
in traditional medicine practices, the vegetative propagation
techniques hinder the mass propagation and so their com-
mercialization (Chavan et al. 2018). Lately, the genus has
appealed the attention for conservation, since many of the
Ceropegia species are listed in the rare & endangered (RED)
data book of Indian medicinal plants (Srinivasarao et al.
2010). Plant tissue culture can provide an option not only
for the conservation of wild resources but may influence
the ability to produce high-quality drugs. Its different pro-
cedures have been extensively studied to boost the produc-
tion of plant metabolites, which may impart the medicinal
properties (Savithramma et al. 2011). It could also justify the
commercial growth of exhausted natural resources and thus,
may lead to the conservation and sustainable utilization. The
callus is one of the utmost vital stages in the in vitro propa-
gation that initiate the explants to form parenchymal cells
and thus, are exploited as the source of secondary metab-
olites without reaching mature stage (Belal et al. 2008).
Microtubers are ideal for the germplasm collection as they
are less fragile and superior for long-term storage (Hoque
et al. 1996). Moreover, they can be yielded throughout the
year and would be useful over the seasonal seeds (Kanwal
et al. 2006). Furthermore, elicitation by various stimuli
enhances the production of secondary metabolites and is
routinely used in the plant tissue culture. Elicitors can affect
the expression of genes for the biosynthesis of metabolites.
Overall, this stimulates plant’s antioxidant-based protection,
possibly through an increase in metabolite levels (Zhao et al.
2005). These bioactive compounds can accumulate in differ-
ent tissues and cells. Thus, different in vitro approaches have
been extensively studied to improve the production of phyto-
chemicals. Therefore, metabolite profiling of tissue-cultured
plants could be valuable for the production of active com-
pounds on a large scale, avoiding exploitation of the natural
resources and utilization of whole plants. Also, providing
genetically uniform clones for sustainable use through tissue
culture and consequently saving the natural wealth of such
endangered species is the paramount task. Hence, the present
study reports callus induction, somatic embryogenesis and
tuberization for C. media. The influence of AgNO; on the
growth of C. media callus was also investigated. Further,

gas chromatography-mass spectrometry (GC-MS)-based
comparative phytochemical profiling was explored to see if
metabolites from various tissues between wild and tissue-
cultured plants matched. Thus, the use of later might offer
some protection to the wild plant and serve as an alterna-
tive for the production of key metabolites conserving natural
resource of C. media. The present investigation has indicated
that tissue culture-derived seedling leaf (TCDSL) explant as
the possible best source for the successful regeneration of C.
media and also enhanced production of some key metabo-
lites with in vitro propagation and AgNOj; treatment.

Materials and Methods

Plant Material, Explants Preparation,
and Establishment of Cultures for Callus Induction

The wild tubers (WT), leaves (WL) and follicles of C. media
population were collected from the natural habitat (Sinhagad
fort area; altitude 1127 m asl; latitude 17° 43’ N and longi-
tude 73° 48’ E) from Pune District of Maharashtra State,
India. The necessary permissions were obtained from the
respective forest departments for the above-said location to
collect the samples. C. media plants were identified by the
experts and herbarium vouchers (SAP-MP 120814) were
deposited at the Botanical Survey of India (BSI), Western
Regional Centre, Pune. For seedling explants, follicles with
seeds were surface-sterilized by washing thoroughly under
tap water, then rinsed with 95% ethanol for 30 s followed
by washing twice with autoclaved double-distilled water
(DDW). It was then immersed in 1.5% sodium hypochlo-
rite, with 2% (v/v) Tween-20 solution for 10 min followed
by rinsing it five times with autoclaved DDW. After steri-
lization, follicles were dissected longitudinally along the
sutures to get the seeds. Finally, seeds were cultured on hor-
mone-free (HF) MS (Murashige and Skoog 1962) medium
containing 3% sucrose and 0.7% agar for germination. Tis-
sue culture-derived seedling leaf (hereafter, TCDSL) and
root (TCDSR) explants were obtained from the 5-week-old
axenic seedling, cultured on various media. Also, WL seg-
ments procured from natural habitat were washed under
tap water, and later with a detergent, teepol (5%, v/v) for
5 min. After washing with autoclaved DDW, they were sur-
face sterilized with mercuric chloride (0.5%, w/v) solution
for 10 min, and again washed thoroughly with autoclaved
DDW. An outer margin of the WL was removed and was cut
into appropriate sizes (leaf 1 cm?). All the explants of WL,
TCDSL and TCDSR were subjected to the same in vitro
pre-condition. For callus induction, all the explants were
cultured on MS medium with 6-benzylaminopurine (BAP;
0, 1, and 2 uM), and 2,4-dichlorophenoxyacetic acid (2,4-D;
0, 1, 2, and 4 pM), while one set on HF-MS media kept as
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the control. Three replicates per treatment with five explants
in each were studied and observations were recorded after
8 weeks.

Somatic Embryogenesis and Environmental
Scanning Electron Microscopy

For inducing somatic embryogenesis, the calli obtained from
MS medium supplemented with 2 pM 2,4-D (the treatment
that showed best callus frequency) from all the three explants
(namely wild leaf calli-WLC; tissue culture-derived seedling
leaf calli-TCDSLC and tissue culture-derived seedling root
calli-TCDSRC) were excised into small pieces (100 +50 mg
fresh weight per piece). Later, they were transferred on BAP
and 2,4-D, (1 and 2 uM, respectively) media. For these, three
replicates per treatment with four explants each were used.
The percentage and number of somatic embryos (SEs) per
culture were calculated after 8 weeks. All the explants at
cotyledonary stage embryos were separated and transferred
to the medium containing different levels of BAP (0, 1, and
2 uM) for the plantlet production. The cultures were regu-
larly observed under a stereomicroscope (Leica S8 APO,
Wetzlar, Germany). SEs were also observed by environ-
mental scanning electron microscopy (ESEM) (Pandey et al.
2017).

Standardization of Induction Media for the In Vitro
Tuberization of Explants

In vitro tuberization was carried out by culturing (2 pM;
2,4-D) calli derived from all the explants and transferred
to MS medium supplemented with Naphthalene acetic acid
(NAA), Indole-3-acetic acid (IAA) and Kinetin (Kin) at vari-
ous concentrations (1, 2, and 4 uM each of them), BAP (1
and 2 uM) and 7% sucrose, while one set on HF-MS medium
was utilized as a control. The microtubers were observed
after 6 weeks of incubation. Besides, different explants cul-
tures were also used to compare percentage microtuberiza-
tion on 7% sucrose.

Acclimatization and Transplantation to Soil

The plantlets, each about 6-8 cm in height with 10-12 leaves
and well-developed roots from TCDSL were removed from
agar medium, washed in tap water to remove the culture
medium, and transferred to pots (8.5 7.0 cm) containing a
mixture of soil, peat moss and sand (1:1:1). The pots were
placed into glass chambers at 25+2 °C under a 12 h (each
light/ dark) photoperiod for 30 days. To reduce the rela-
tive humidity inside the chambers, the covers were gradu-
ally opened after the 2nd week and completely removed by
30 days after transplanting. Plant survival was evaluated
after a period of two months.

@ Springer

Elicitor Treatment

Different concentration of AgNO; was used as an elicitor
to assess the inhibition of browning and increment of cal-
lus growth. AgNO; was filter-sterilized through a 0.45 uM
bacteria-proof filter (Millipore, Merck, India) and added into
sterile media to avoid any cross-contamination. The 2,4-D
(2 uM)-incubated cultures from WLC, TCDSLC and TCD-
SRC explants were treated with different concentrations (10,
20, and 30 uM) of AgNO;, while calli without elicitor were
used as the control. The cultures were maintained under the
same conditions as described in the following section. After
6 weeks, calli from all the tissues were extracted for phy-
tochemical analysis. One g of calli tissues were weighed,
and placed in 15 mL falcon tubes that were later stored
in — 80 °C deep freezer until further use.

In Vitro Culture Conditions and Statistical Analysis

The pH of all the media was adjusted to 5.6-5.8 +0.2 before
the addition of agar and later they were sterilized with an
autoclave (under 1.5 Pa for 15 min). The tissue culture room
was maintained in a 16/8 h (light/dark) photoperiod with 50
umol m~2 s~! provided by cool-white fluorescent light and
at 25+2 °C and 55 + 5% relative humidity. These culture
conditions were maintained during the entire experiments.
Observations were made at specific intervals for all the
experiments and were repeated thrice. The data were sum-
marized as a mean + standard error and arranged in factorial
basis on the randomized block design. The effect of different
treatments was quantified and the level of significance was
determined by Analysis of Variance (ANOVA) with Graph-
Pad PRISM Software (GraphPad Software, Inc., San Diego,
CA, USA). Means were evaluated using least significance
difference (LSD) at P <0.05.

Phytochemical Extraction, Interpretation of Mass
Spectra and Data Analysis

All the tissues from wild samples were frozen in liquid
nitrogen immediately after plucking from the natural habi-
tats and stored at— 80 °C until further use. Tissues from
wild and in vitro generated callus from 2,4-D (2 uM)-
incubated cultures from WLC, TCDSLC and TCDSRC
explants (8 weeks) were utilized for metabolite profiling.
Phytochemical extractions and their analysis on GC-MS and
GC-FID were carried out as described previously (Pandey
et al. 2017). Interpretation of the mass spectra of GC-MS
was performed using the NIST2011 database (NIST Ver.
2.0 of 2011) supplied with the instrument. Metabolites were
identified by comparing the retention times and fragmen-
tation patterns with that of standards or with the spectral
data obtained from with NIST 2011 and Wiley 10th edition
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mass spectral libraries. Three biological samples with three
technical replicates for each sample were used for all the
tissues. Multivariate and statistical analyses were performed
as described earlier (Pandey et al. 2017).

Results

In vitro Seed Germination, Callogenic, and Somatic
Embryogenic Capacity Depend on Tissue Types
and PGR Composition

Plant organs of C. media were identified and collected
from the natural habitat at the flowering stage (Suppl. Fig.
S1a, b). Different tissues such as wild tuber, wild leaf and
follicles with seeds as explants (Suppl. Fig. Slc—e) were
utilized in the present study. After incubation on HF-MS
medium, seeds became swollen and germinated within
2 weeks. The effect of plant growth regulators (PGRs; aux-
ins and cytokines) on the callogenic and somatic embryo-
genic capacity of WL, TCDSL and TCDSR explants were
evaluated. Explants that were cultured on HF-MS medium
(without PGRs) showed no sign of growth after 8 weeks.
However, in the presence of 2,4-D (2 uM), TCDSL
explants indicated significantly high callus frequency
(100%) (P <0.05) with the highest callus weight (3.9 g/
explant), followed by 80% callusing in WL (2.0 g/explant).

TCDSR had the least callus frequency (60%) (Fig. 1a).
Furthermore, an increase in tissue growth was observed at
5th week. Development of SEs was compared in all the tis-
sues after 8 weeks in the SE induction medium. TCDSLC
incorporated with 1 uM each of BAP and 2,4-D resulted
in a significantly high percentage (100%) (P <0.05) of SEs
and also the highest number of SEs (22.7 SE/explant),
while WL showed 66% frequency of SE and 9 SE/explant
(Fig. 1b). However, some cultures stopped proliferating
and also indicated rapid phenolic oxidation after 12 weeks;
and subsequently, they died.

Stereomicroscopic observation revealed significant
variation in callus morphology in all the three explants
(Fig. 2a—c). The first morphological change was observed
in all the explants after 2 weeks. After induction, a small
amount of unorganized tissue growth around the explants
was noticeable typically between 3 and 4 weeks. The cal-
lus appearance was friable, compact and creamy white in
texture with 2,4-D-treated explants as compared to those
from 2,4-D and BA combinations that led to nodular
embryogenic and slimy callus (Fig. 2d). The SE response
in TCDSL was very competent and initial changes were
observed between 1st and 2nd weeks, with a thickening
in the edges of the explants and cell proliferation. This
quickly increased between 3rd and 4th weeks, generating
cell proliferating mass, which then started to form various
embryonic stages (Fig. 2e—i). The development of various
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Fig. 1 Effect of different plant growth regulators on callus induc-
tion and somatic embryogenesis of C. media: a callus induction fre-
quency, average weight (in g) of callus, represents mean values. Data
recorded after 8 weeks culture, BAP: 2,4-D (uM); BODO (Control);
BOD1 (0:1); BIDO (1:0); BI1D1 (1:1); B1D2 (1:2); B1D4 (1:4); BOD2
(0:2); B2DO (2:0); B2D1 (2:1); B2D2 (2:2); B2D4 (2:4). b Percent-

age somatic embryos and number of embryos using various explants
BA: 2,4-D (uM); BODO (Control); BOD2 (0:2); B2D0 (2:0); B1D1
(1:1); B2D1(2:1); B2D2 (2:2). Vertical bars are standard errors.
Similar pattern bars with same lower-case letters are non-significant
according to LSD (P <0.05)
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Fig.2 Plant regeneration via somatic embryogenesis in C. media
(a—c); morphological view of callus from three utilized explants WL,
TCDSL, TCDSR in basal MS medium supplemented with 2 uM 2,4-
D, and 30 g/L sucrose (d—e); embryogenic callus initiation and vari-
ous stages globular embryo (GE), heart-shaped embryo (HE), torpedo
stage embryo (TE) grouped together in the MS medium in combina-

embryogenic stages was predominant from the 6th week
onwards. At the 8th week complete plants were regener-
ated (Fig. 2j).

Competent and Rapidly Growing Somatic Embryos
Recognized in TCDSLC

For closer evaluation, the SE developmental stages were
observed weekly by ESEM (Fig. 3). Subsequently, numer-
ous swollen cell cultures were formed on the surface of the
TCDSL explants after 2nd week in SE medium containing
BA with 2,4-D (Fig. 3a, b). Embryogenic calli (EC) were
detected after the 3rd week and developed into globular
embryos (GE) and heart-shaped embryos (HE) (Fig. 3c,
d), which showed demarcation from a group of periclinal
cells. Spherical cells were covered with a membranous layer.
Isodiametric cells and elongated tubular cells were visible
(Fig. 3e, f). Higher magnification revealed the smooth sur-
face of callus, covered with some torn parts of membranous
layers. Later, the WLC developed into HE and torpedo-
shaped embryo (TE) with vascular tissue that finally result-
ing in mature SEs. Like TCDSL, similar growth was also
observed in WLC (Fig. 3g—q). Different embryo stages dur-
ing plant regeneration were identified by ESEM.

@ Springer

tion with 1 uM each of BAP and 2.,4-D (f-h); isolated stages from
globular, heart to torpedo stages (i); cotyledonary embryos with shoot
and root ends and advanced stages of somatic embryos (j) germinated
somatic embryo. Scale bar- 5 mm (a, ¢), 1 mm (b, f~h), 2 mm (d-e,
i), and 1 cm (j)

In Vitro Tuber Induction with Different PGRs
and Plantlet Regeneration on the Potting Mixture
for Acclimatization

In vitro callus derived from medium containing 2,4-D
(2 uM) showed microtuberization of C. media after 4 to
5 weeks of incubation in all the explants. Tissue culture-
derived seedling leaf calli induced tuber (TCDSLC_T)
indicated significantly higher (83%) (P <0.05) in vitro
tuberization and a maximum weight (2.5 g/explant) when
treated with 2 pM each of BAP and NAA along with 7%
sucrose within 6 weeks and produced fibrous roots directly
all over the tuber (Fig. 4a—d, Suppl. Fig. S2). On the other
side, tissue culture-derived seedling root calli induced
tuber (TCDSRC_T) showed lowest tuberization (27%;
0.89 g/explant) response and produced morphologically
diverse brown tuber without root in the same medium
(Fig. 4e). Growth progressions were also observed
through ESEM in all the explants (Fig. 4f, g) indicating
that the cells were embedded with starch granules. The
callus growing on the MS medium with 1 uM NAA and
7% sucrose exhibited nodular callus first from the calli of
TCDSL and produce 1-2 fibrous roots. On the other hand,
TAA containing all MS media led to callusing and subse-
quent adventitious roots, while the use of Kinetin resulted
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Tissue culture derived seedling
leaf callus (TCDSLC)

Wild leaf callus

{WLC)

Fig.3 Environmental scanning electron microscopy (ESEM) images
(a—f) of somatic embryos from TCDSLC of C. media: a swollen
cell clusters 2 weeks; b active mitotic transitions (arrows) 4 weeks
of culture; ¢ globular somatic embryos (GEs), shown by an arrow;
d heart-shaped somatic embryos (HE); e elongated, torpedo-shaped
embryos with two incipient cotyledons (ICOT) and a clasping distinct
shoot tip (ST); (f) multiple meristematic zones along with secondary
somatic embryos developed on primary somatic embryos. Images
(g—q) of somatic embryos from WLC of C. media (g, h) symmetric

in the browning and inhibition of callus growth. Due to
this, tubers produced with the PGRs other than BAP and
NAA were excluded from further study. The frequency of
tuber formation decreased with the increased concentra-
tions beyond 2 uM of BAP and NAA. Lower than 2 uM
BAP resulted in less sprouting while higher concentrations
almost stopped the growth.

Regeneration frequency varied with various explants
and the combination of different PGRs in the media. Com-
plete plants were developed only from the TCDSL-derived
cotyledonary stage embryos on MS basal media along with
2 uM BAP and 3% sucrose (Fig. 4h, i). Plantlets were
transferred to the acclimatization medium, containing
soil, peat moss and sand in the ratio (1:1:1). Following
their growth, an acclimatization rate of 58% was found
two months after the transfer of plantlets to ex vitro con-
ditions. Plants showed a normal phenotype (Fig. 4j) like
a wild plant, which established a method to propagate C.
media through somatic embryogenesis, tuberization and
demonstrated the ability of the seedling leaf to induce
complete regeneration.

non-fasciated structures are consistently observed; (i, j) embryogenic
structures originated on the surface of WLC; (k-m) various embryo
stages marked with the arrows (GE—globular embryos, TE—torpedo
embryo; (n) isolated globular-shaped somatic embryos with glandu-
lar hair (o, p) isolated pre-heart and heart-shaped somatic embryos
with a distinct notch at the top (arrow) and initials of glandular hair
(IGH); q torpedo-shaped embryos with glandular hair. Scale bar-
500 um (a), 300 um (i), 100 um (¢, f~h), 50 pm (b, j—m), 30 pm (e),
and 20 pm (d, n—q)

AgNO; Facilitated Improvement in Growth
and Inhibited Browning of the Callus

As an elicitor can affect callus growth by modulating
gene/metabolite expressions, the various concentra-
tions of AgNO; was utilized. The stimulatory effect of
AgNO; (10 to 30 uM) on callus proliferation was promi-
nent (Table 1). Fresh and dry weights of WLC and
TDSLC were significantly affected by AgNO;. In term
of callus biomass, 20 uM AgNO; [with a combination
of MS medium + 2 pM 2,4-D] showed maximum posi-
tive effect with significantly (P <0.05) high fresh weight
(10.56 +1.80 g) and dry weight (2.8 +0.4 g) of wild leaf
AgNO;-treated callus (WL_TrC). This was followed by
tissue-cultured derived seedling leaf AgNO,-treated callus
(TCDSL_TrC) and tissue-cultured derived seedling root
AgNO;-treated callus (TCDSR_TrC) with the increase in
fresh and dry weights compared to their respective con-
trols at the same elicitor level (Table 1). Also, the explants
indicated significant (P <0.05) improvement over the con-
trol. Further, we also compared the metabolites among
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Fig.4 In vitro tuberization of C. media (a—d); microtubers initiation
along with root in the medium containing of various concentration
of plant growth regulators from TCDSLC; (e) in vitro microtuber
in MS medium supplemented with 2 uM BAP and 1 uM NAA from
TCDSR_T; (f) ESEM image showing initiation of microtubers from
TCDSLC; (g) microtuber showing connectivity with the root (R) tis-

sue with abundant starch granules (SG); (h) embryos transferred in
shoot induction medium showed germination in only 2 uM BAP from
TCDSL explants; (i) plant with well-developed shoot and root; (j)
fully developed plant with well-developed strong shoot and root sys-
tem transfer in soil: peat moss: sand (1:1:1). Scale bar- 3 mm (a, b, c,
d, e), 500 um (f), 200 pm (g), 20 mm (h), 10 mm (i), and 50 mm (j)

Table 1 Influence of different concentrations of AgNO; on fresh and dry weights of C. media callus culture

AgNO31 (uM) Callus fresh weight (g/jar)* Callus dry weight (g/jar)* Remarks
WL_TrC TCDSL_TrC TCDSR_TrC WL_TrC TCDSL_TrC TCDSR_TrC

0 2.03+0.20° 3.33+0.75° 3.16+0.81° 0.13+0.01° 0.16+0.007¢ 0.15+.004° C+

10 5.56+0.58" 6.30+0.70° 3.76 +0.66° 0.21+0.03° 1.13+0.66" 0.110.09° FC++

20 10.56 + 1.80° 8.53+0.11° 6.4+1.96° 2.8+0.4° 23+0.43" 1.17+0.45* FC+++

30 4.46 +0.80° 5.7+0.30" 3.5+0.25° 0.19+0.07° 0.31+0.007¢ 0.17+0.02° C+

WL_TrC- AgNO;-treated wild leaf callus; TCDSL_TrC- AgNOj;-treated tissue culture raised seedling leaf callus; TCDSR_TrC- AgNO;-treated

tissue culture raised seedling root callus
C callus, FC friable callus
+—Slight callus, ++—Moderate callus, +++—Massive callus

*-Mean values in each column followed by the same lower- case letters did not differ significantly (LSD <0.05);

"Values represent mean weight of callus + SD (g) data recorded after 6 weeks in culture and replicated thrice

wild and in vitro tissues through GC-MS, to see if AgNO;
influenced the phytochemical profiles of C. media in vitro
tissues. Effect of AgNO; treatment on callus showed
variation in metabolic profiling (Fig. 5; Suppl. Fig. S3)
as tissues yielded phytosterols such as cholest-4-en-3-
one, stigmasterol, cholesta-4,6-dien-3-ol, cholesta-3,5-
dien-7-one, cholesta-4,6-dien-3-ol, benzoate, (3p) as
seen from WL_TrC. Three metabolites were common in

@ Springer

TCDSL_TrC and TCDSR_TrC. AgNO; (20 uM) enhanced
the growth of callus, with enhanced sterol levels compared
to the control tissues. Among the various metabolites,
levels of 9,12-Octadecadienoic acid (Z, Z)-, methyl ester
(33%), n-Hexadecanoic acid (39%), and Octadecanoic
acid, 9,10-dichloro-, methyl ester (2.7%) were higher in
AgNO;-treated tissues than in their respective controls
(Fig. 5).
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TCDSR_TrC

wT

wL

TCDSL_T

wLC_T

wLe
TCDSL_TrC
wL_Trc
TCDSLC

TCDSRC

Fig.5 Heat-map showing the shared metabolites among the tissues in
relative percentage. Metabolites identified were grouped into different
class of compounds. Hierarchical clustering analysis (HCA) above

Phytochemical Profiling Revealed the Presence
of Important Metabolites in Wild and In Vitro Tissues

As C. media belongs to highly threatened & endangered
plants, comparative phytochemical profiling was performed
to explore if in vitro tissues have similar metabolites and
thus, may offer some respite to the wild plants. GC-MS
analysis revealed the presence of a total of 82 metabolites in
ten different tissues of C. media. These metabolites include
alkaloids, fatty acids, fatty acid ester, sterols, phenols, ter-
penes, hydrocarbons and others (Fig. S3). The chemical
composition represented the relative metabolite diversity
in each tissue. Nearly all the tissues were particularly rich
in fatty acid esters and fatty acids except TCDSLC and
TCDSRC that had more phenols. Total 12 alkaloids were
identified from various tissues, particularly in the cases of
WT and WL (Suppl. Table S1; Fig. S3). The partial least
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the heat map representing the chemotypic relationship between the
tissues based on their shared metabolites

square-discriminant analysis (PLS-DA) score plot based
on the identified metabolites indicated the clear separation
of natural tissue, i.e., WT and WL as a separate cluster,
while in vitro tissues were distributed into two other groups
(Suppl. Fig. S4). Samples of WLC_T, WL_TrC and WLC
were grouped based on their tissue origin. Consequently, all
the seedling originated tissues were placed together. The
sources of individual metabolites were clearly articulated in
the loadings plot of PLS-DA (Suppl. Fig. S5). This revealed
individual metabolites contributing to the separation of dif-
ferent groups as observed in the score plot.

Comparative metabolite profiles of all ten different tis-
sues visualized through the heat-map showed the distribu-
tion of all the metabolites across various tissues (Fig. 5).
This indicated presence of a higher number (36) of second-
ary metabolites in TCDSRC and WL_TrC (28). Conversely,
TCDSLC_T had the least number (12) of metabolites.

@ Springer



1148

Journal of Plant Growth Regulation (2021) 40:1139-1151

Interestingly, squalene was only present in the WL (1.06%)
along with terpene, (B-amyrin) (0.7%). 2-tert-butyl-4-isopro-
pyl-5-methylphenol was identified in all the tissues except
WT, WLC and WL_ TrC with highest concentrations for
in vitro tuber WLC_T (16.77%). On the other side, phytol
was only detected from two tissues, i.e., WL (2.6%) and
WL_TrC (7.6%), indicating that the concentration of phytol
was probably enhanced after the AgNO; treatment (Suppl.
Figs. S3, S4). Several fatty acids such as octadecanoic acid,
pentanoic acid were also detected in our study. a-linolenic
acid or 9,12,15-Octadecatrienoic acid (Z,Z,Z) was present
only in TCDSLC (0.57%) and TCDSRC (0.04%). Some
other compounds such as amines and chlorocarbons (tetra-
chloroethylene, TCE) were also identified in the extract of
WT. In vitro tuber tissues showed high amounts of octadeca-
noic acid (TCDSLC_T; 24%), heptadecanoic acid (WLC_T
4.6%) and heptadecanoic acid methyl ester (TCDSL_ T;
33.3%).

Discussion

The present findings highlight an effective, prolific in vitro
regeneration system for the endangered plant C. media via
an indirect process involving somatic embryogenesis, tuberi-
zation using wild leaf and axenic seedling explants. All the
stages were optimized using various PGRs. All the explants
displayed differential developmental capabilities. This pro-
tocol appeared to be strongly dependent on the explant types
and PGRs used. Many PGRs have been used in tissue culture
and their effects vary depending on the species and explant
types (You et al. 2011; Parimalan et al. 2011). In the pre-
sent study, neither callogenesis nor somatic embryogenesis
occurred on MS medium devoid of PGRs. Two uM 2,4-D
was the best PGR for callusing and suggested that the pres-
ence of 2,4-D is essential for callus induction in C. media.
A key function of 2,4-D, during in vitro responses has been
widely reported (StaniSi¢ et al. 2015; Ruffoni and Bas-
solino 2016). Tissue-cultured derived seedling explant was
ideal as compared to the wild leaf and root explants. Only
a few reports are available on in vitro plant regeneration
and somatic embryogenesis in Ceropegia genus, namely C.
candelabrum (Beena and Martin 2003; Beena et al. 2003);
C. spiralis and C. pusilla (Murthy et al. 2010, 2012a); C.
mahabali, C. media (Nikam et al. 2012); and C. karulensis
(Pandey et al. 2017). We observed that a combination of
2,4-D and BAP resulted in enhanced SEs. However, there
are no such reports on SE and ESEM on C. media till date
to the best of our knowledge. The conservation strategies
and microtuberization studies have been reported from other
Ceropegia such as C. lawii, C. maccannii, C. oculata, C.
sahyadrica, C. bulbosa, C. spiralis, C. pusilla, C. evansi, C.
panchganiensis and C. juncea (Goyal and Bhadauria 2006;
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Pandit et al. 2008; Murthy et al. 2012b; Chavan et al. 2013a,
b; Binish 2018). Recently, Chavan et al. (2018) have sug-
gested that microtuber can be an ideal approach over the
natural seeds for the conservation of Ceropegia. This is
due to root tubers, which are store-house of starch, sugars,
albuminoids and valuable bioactive compounds. The current
investigation also reported the occurrence of microtubers
in callus cultures of C. media and the induction of a tuber
organogenesis pathway from the callus cells using NAA
and BAP. The present findings have suggested that 2 pM
BAP can be more effective for the conversion of the somatic
embryo into plantlets. The advantage of BAP in shoot multi-
plication has been also reported in C. bulbosa and C. inter-
media (Britto et al. 2003; Karuppusamy et al. 2009).

This is probably the first study that has offered novel
insights in secondary metabolite compositions among the
wild and in vitro tissues of C. media. The use of appro-
priate conditions in plant tissues-culture is essential for
the efficiency and natural potency of phyto-compounds.
Likewise, potency is also dependent on the presence of
the required quantity and quality of secondary metabo-
lites in a raw drug (Vinoth et al. 2011). Accumulation
of secondary metabolites may vary in different tissues of
some therapeutic species (Ramesha et al. 2008; Shetty
et al. 2014). Therefore, the selection of a suitable spe-
cies and specific organs for the induction of in vitro calli,
cells, or organs are essential. Previously such similarities
and differences in metabolites were identified of plant
species from the same genus C. karulensis (Pandey et al.
2017). However, a detailed study would be required to
unravel the exact sites for biochemical pathways leading to
the secondary metabolite synthesis (Farnham et al. 2004).
Our study also revealed differential levels of secondary
metabolites between wild and in vitro tissues of C. media.
Large quantities of fatty acids may possess antimicro-
bial and antifungal potential (Carolina et al. 2011), and
can also impart tolerance to abiotic and biotic stresses
(Upchurch 2008). The previous study (Si et al. 2006) has
revealed that 2-tert-butyl-5-methylphenol exhibited high
antimicrobial activity. The anti-oxidative competence of
phenolic compounds is improved when t-butyl groups
are located at positions 2, 4 and 6 of the aromatic ring
(Kumar and Pandey 2013) and were identified in all the
tissues except WLC and WLC_TrC in the current study.
Various saturated and unsaturated fatty acid (e.g., pen-
tadecanoic acid, hexadecanoic acid and methyl tetrade-
canoate) from Excoecaria agallocha showed antifungal
activity (Agoramoorthy et al. 2007) and these were also
found in the C. media tissue. They are non-toxic and are
known for their cardiotonic, insecticidal and antimicrobial
properties (Okwu 2001). p-Sitosterol has been identified
as an anti-inflammatory, apoptosis-inducing, chemopre-
ventive, hypo-cholesterolemic, angiogenic, anti-oxidative
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and anti-diabetic agent (Berger et al. 2004). It also exhib-
its anti-mutagenic activity against tetracycline and was
also present in the present tissue samples. Squalene and
B-Amyrin, compounds have been reported to have anti-
tumour and anti-inflammatory activities (Villasefior et al.
2002; Ghosh et al. 2011; Saeidnia et al. 2014). It is also an
essential precursor for the synthesis of phytosterols such as
stigmasterol, campesterol, sitosterol, as well as a precur-
sor for triterpenoids such as lupeol, amyrin and betulin.
Phenols are the secondary metabolites, which have been
suggested as antioxidant agents (Nithya et al. 2016). Effect
of phytosterols has been studied on cholesterol metabolism
and MAP kinase in MDA-MB-231 human breast cancer
cells (Atif et al. 2003). We observed increased phytol
concentration in AgNO;-treated callus. Phytol is found to
be effective as an antioxidant, and antinociceptive agent
(Ginty et al. 2010; Santos et al. 2013). Thus, the addition
of AgNO; as an elicitor might play an important role in
reducing phenol leaching and enhancing callus growth. It
is an ethylene inhibitor and revealed the significant role in
callus cultures (Kumar et al. 2009). It also improved plant
regeneration (Dang and Wei 2009; Steinitz et al. 2010).
Giridhar et al. (2003) established direct somatic embryo-
genesis from hypocotyl explants of Coffea arabica and C.
canephora. However till now, AgNOj; has never been used
as an elicitor in Ceropegia species and thus, present study
for the first time explored the effect of AgNO; on callus
proliferation, growth and metabolite profiling to the best of
our knowledge. Besides, C. media plant showed metabo-
lites richness with various types of phytosterols and their
enhancement upon AgNO; treatment. Thus, plant tissue
culture develops environmental friendly substitutes for the
production of metabolites from RED enlisted species such
as C. media when natural source is limited or chemical
syntheses is unviable.

Conclusions

A protocol has been developed for in vitro propagation of
C. media along with the optimum PGR, explant type and
metabolic profiles for various tissues. Findings suggested
that TCDSL could be more suited for callus induction and
somatic embryogenesis than the other explants; and in vitro
tuberization could be directly commenced from the callus.
Also, 20 uM of AgNO; could be optimum to improve the
callus production and reduce browning. Moreover, key sec-
ondary metabolites were identified from the wild and in vitro
tissues of C. media. Thus, this efficient protocol might offer
a better strategy for the conservation and sustainable uti-
lization of C. media. Further, understanding of the tissue-
specific metabolites might potentially aid advance studies

for the sustainable production of plant for therapeutic and
commercial applications.
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