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Abstract
Nothapodytes foetida, an endangered tree of Indian origin, is a major source of the anti-cancer monoterpenoid indole alka-
loid, camptothecin (CPT). Strictosidine synthase (STR) condenses tryptamine and secologanin to form strictosidine, a uni-
versal precursor of terpenoid indole alkaloids including CPT. We cloned full-length str cDNA with an open reading frame 
of 1059 bp from N. foetida (Nfstr) using a homology-based approach. Different tissues of N. foetida from in vitro grown 
cultures, as well as a mature tree, showed expression of STR, confirming the constitutive nature of the gene. In vitro tissues 
showed a positive correlation between STR expression and the CPT content, but tissues from wild-type mature plants did 
not show a similar pattern. Transgenic Ophiorrhiza rugosa plants overexpressing Nfstr showed 1.9-fold higher CPT than 
non-transformed plants. The results indicated that overexpression of Nfstr in target plants could improve the levels of CPT 
and may provide an alternative and sustainable source of camptothecin.

Key message 
We report the full-length sequence and expression analysis of strictosidine synthase cDNA from Nothapodytes foetida (Nfstr). 
Further, the overexpression of Nfstr in Ophiorrhiza resulted in twofold enhancement in camptothecin levels.

Keywords Camptothecin · Nothapodytes foetida · Ophiorrhiza rugosa · Strictosidine synthase · Terpenoid indole alkaloid 
pathway

Abbreviations
CPT  Camptothecin
dw  Dry weight
TIA  Terpenoid indole alkaloid
STR  Strictosidine synthase

Introduction

Camptothecin (CPT), a water-insoluble terpenoid indole 
alkaloid (TIA), is a prominent anti-leukemic and anti-
tumoural compound, first identified by Wall et al. (1966). 
Due to CPT’s ability to inhibit DNA topoisomerase I, an 
essential enzyme for DNA replication, the water-soluble 
CPT derivatives such as irinotecan, and topotecan are widely 
used throughout the world for the treatment of various can-
cers such as uterine, cervical, ovarian, colorectal cancers 
and small lung cell cancer (Venditto and Simanek 2010). 
Camptothecin has also been shown to be an effective drug 
in the treatment of AIDS (Priel et al. 1991) and in curing 
of malaria caused by Plasmodium falciparum (Bodley et al. 
1998). The global demand of CPT derivatives was reported 
to be more than 4 billion US dollars in 2014 and is growing 
further with time (Shivaprakash et al. 2014) and there is a 
shortage of supply. Despite the rapid growth of the mar-
ket, CPT analogues are still synthesized from natural CPT 
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isolated from different parts of two plants namely Campto-
theca acuminata and Nothapodytes foetida (Aiyama et al. 
1988; Uma Shaanker et al. 2008; Wall et al. 1966). Among 
other CPT-producing plants, Ophiorrhiza spp., which are 
herbaceous, short-duration plants have gained a lot of atten-
tion as alternative sources for CPT production (Martin et al. 
2008; Roja 2008). As a chemical synthesis of the CPT is 
complicated and not economical due to its complex con-
figuration, pharmaceutical companies depend on the natural 
CPT isolated from plants which lead to the exploitation of 
these plants and their natural habitats. The ever-increasing 
market demand, with a limited supply of the natural CPT has 
resulted in the over-exploitation of these plants. Therefore, 
there is an urgent need to find alternative and sustainable 
resources for CPT.

Nothapodytes foetida (Wight) Sleumer is a forest tree 
species of Western Ghats of India and is a rich source of 
CPT. It has highest CPT content (0.1–1% dry wt.) compared 
to other plants (Fulzele and Satdive 2005), but the plants 
are getting endangered and efforts were made to propagate 
this plant using in vitro cell and organ cultures (Fulzele and 
Satdive 2003; Isah and Mujib 2015). Several researchers 
have used various elicitors, UV and gamma-radiations also 
to increase the production of CPT in the target plants (Ruan 
et al. 2014; Deepthi and Satheeshkumar 2016; Fulzele et al. 
2015). Apart from using tissue and cell culture methods, the 
advent of various ‘omics’ technologies has opened a new 
perspective to identify essential genes involved in CPT bio-
synthetic pathway in host plants. Dedicated plant-specific 
transcriptome, proteome and metabolome databases, gene 
expression profiles together with various functional valida-
tion strategies have contributed significantly to enrich the 
toolbox for metabolic engineering of TIA biosynthesis (Ber-
nonville et al. 2015). Recently, comprehensive metabolic and 
transcriptome analyses of various tissues of Nothapodytes 
nimmoniana unravels several putative pathway genes, tran-
scription factors and cytochrome P450 related to campto-
thecin (CPT) biosynthesis (Manjunatha et al. 2016; Rather 
et al. 2018). The characterization of these candidate genes 
and transferring one or more key gene/s of the pathway into 
target plants, thus promises an alternative way of enhancing 
CPT content in the selected plant.

Plants synthesize camptothecin through a complicated 
monoterpene indole-alkaloid (MIA or TIA) pathway. How-
ever, the biosynthetic pathway and regulatory steps of CPT 
production in the plants are largely unclear (Yamazaki et al. 
2003). The terpenoid portion of these alkaloids comes 
from secologanin—a secoiridoid glycoside produced from 
geraniol and indole portion comes from tryptamine, pro-
duced by decarboxylation of tryptophan (Stöckigt and Zenk 
1977). The first committed step in monoterpene indole alka-
loid pathway is catalyzed by strictosidine synthase (STR), 
which conjugates secologanin with tryptamine to produce 

strictosidine (Stöckigt and Zenk 1977; Stöckigt and Rup-
pert 1999). The full-length cDNA encoding STR has been 
cloned earlier from a few plants including Rauvolfia serpen-
tina (Kutchan et al. 1988), Catharanthus roseus (McKnight 
et al. 1990), Ophiorrhiza spp. (Lu et al. 2009; Yamazaki 
et al. 2003) and C. acuminata (Sun et al. 2011). Overexpres-
sion of STR in transgenic C. roseus was reported to improve 
STR activity by tenfold and positive effect on MIA biosyn-
thesis (Cenel et al. 1998). Recently, Cui et al. (2015) showed 
co-expression of str and geraniol-10-hydroxylase (g10H) 
genes from C. roseus in Ophiorrhiza pumila, resulted in 56% 
increase on the CPT yields compared to non-transgenic hairy 
roots.

Though relatively more is known about the biosynthe-
sis of TIA in C. roseus, less information is available with 
regards to N. foetida. Huang et al. (2012) cloned and char-
acterized three unique NADPH cytochrome P450 reductase 
cDNAs from N. foetida. Recently, Manjunatha et al. (2016) 
and Rather et al. (2018) have reported a set of putative genes 
associated with the biosynthesis of CPT in N. nimmoniana. 
In the present study, we report the full-length sequence and 
expression analysis of strictosidine synthase cDNA—the 
first such information from N. foetida. Further, the effect of 
heterologous overexpression of Nfstr in Ophiorrhiza rugosa, 
another CPT producing plant to improve the camptothecin 
content is also presented.

Materials and methods

Plant material

Two-month-old mature seeds of Nothapodytes foetida were 
collected from Mahabaleshwar, Maharashtra, India. Seeds 
were surface sterilized with 70% ethanol for 2 min, followed 
by 0.1% mercuric chloride for 20 min and germinated in the 
dark on Murashige and Skoog’s (MS) medium (Murashige 
and Skoog 1962) with 3% sucrose and 0.8% agar. Once 
germinated, seedlings were shifted to normal tissue culture 
conditions [14 h light/10 h dark at 25 ± 2 °C under white 
fluorescent light (Mitsubishi Osram FL40SS W/37; 12.2 µM 
photon  m−2 s−1)] and allowed to grow for 4–6 weeks. For the 
plant transformation work, in vitro grown plants of Ophior-
rhiza rugosa var. decumbens Deb & Mondal maintained in 
our laboratory were used.

Cloning of full‑length strictosidine synthase (Nfstr) 
cDNA from N. foetida

Young leaves of the 12-week old in vitro grown plantlets 
of N. foetida were used for total RNA isolation using TRI 
reagent (SIGMA) method as described earlier (Singh et al. 
2011). Purified total RNA was treated with DNase (Qiagen 
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GambH, Hilden, Germany) to remove genomic DNA con-
tamination if any and quantified using NanoDrop 2000™. 
Subsequently, two µg of total RNA was used for first-strand 
cDNA synthesis using random primers of Affinity Script 
multiple temperature cDNA synthesis kit (Agilent Technolo-
gies, USA) according to the manufacturer’s protocol.

Full-length cDNA cloning of Nfstr was done using 
homology-based approach. The reported cDNA sequences of 
str from C. roseus (NCBI accession Y10182), C. acuminata 
(NCBI accession AES93117), Rauwolfia serpentina (NCBI 
accession Y00756) and Ophiorrhiza japonica (NCBI acces-
sion EU670747), which have similar biosynthetic pathways 
were compared and primers were designed. Further, PCR 
was performed with NcoI_F 5′-GCC ATG GCA AAC TTT 
TCT GAATC-3′ and BglII_R 5′-GCA GAT CTC TAG CTA 
GAA ACA TAA G-3′ primers using N. foetida cDNA as tem-
plate. The amplified product was sub-cloned in pTZ57R/T 
vector (Thermo Scientific, USA) and the sequence con-
firmed using automated DNA sequencing.

Sequence analysis of Nfstr

The translated sequence of putative Nfstr cDNA was 
searched for similarity using BLASTP 2.8.0+ (Altschul et al. 
1997) against non-redundant protein (nr) sequences database 
at NCBI (www.ncbi.nlm.nih.gov). Further, the phylogenetic 
analyses of Nfstr were done using MEGA6 (Tamura et al. 
2013) with the neighbour-joining tree method.

Expression analysis of Nfstr in different plant tissues 
and their relation with CPT levels

To correlate the levels of CPT with differential expression of 
str, different tissues including in vitro cultures such as cal-
lus, embryonic shoots, and complete plantlets as well leaves, 
roots, and seeds from a 12-year-old tree were analyzed. To 
compare str expression, total RNA from the selected tis-
sues was isolated, cDNA synthesized and semi-quantitative 
reverse transcription PCR (RT-PCR) performed using gene-
specific primers as mentioned earlier. Further, quantitative 
real-time PCR (qRT-PCR) was also performed using  SYBR® 
Green Jump Start™ Taq Ready mix (Sigma, St. Louis, USA) 
on an Eppendorf  Realplex4 (Eppendorf, GmbH, Germany) 
as per MIQE guidelines (Bustin et al. 2009). A typical reac-
tion mixture contained 10 µL 2 × SYBR Green mix, 0.4 µM 
forward (5′-TTG AAA GCC CTT CCT ATG CT-3′) and reverse 
primers (5′-AAG CTT TGT TCC AGA AGG GA-3′) each and 
1 µL cDNA as template. Following an initial denaturation 
step at 94 °C for 2 min, the amplification programme was of 
40 cycles of 30 s at 94 °C, 20 s at 52 °C and 20 s at 72 °C. 
Camptothecin estimation in these tissues was carried out 
using HPLC as described earlier (Fulzele and Satdive 2005).

Cloning of Nfstr in plant binary vector 
pCAMBIA1301

The complete Nfstr cDNA was cloned in plant binary 
vector pCAMBIA1301 (CAMBIA, Brisbane, Australia) 
using NcoI–BglII restriction sites. The resulting plasmid 
pSS5 has hptII as a plant selectable marker and uidA as 
the reporter gene, apart from Nfstr (Supplementary Fig. 
S1). Plasmid pSS5 was finally introduced into Agrobac-
terium tumefaciens EHA 105 cells using an electropo-
rator 2510 (Eppendorf, Hamburg, Germany) as per the 
manufacturer’s protocol (Eppendorf protocol number 4308 
915.502-12/2001).

Genetic transformation of Ophiorrhiza rugosa 
with Nfstr

To assess the effect of Nfstr on CPT content in a target plant, 
the Nfstr was overexpressed in O. rugosa, a fast-growing 
herbaceous camptothecin producing plant. Genetic trans-
formation of O. rugosa was carried out using leaf discs of 
4-week-old in vitro plants with Agrobacterium tumefaciens 
harbouring pSS5 using the method described by Horsch 
et al. (1985). The explants after co-cultivation for 48–72 h 
were transferred to regeneration medium (MS with 2 mg L−1 
benzyl adenine, 0.1 mg L−1 indole acetic acid, 3% sucrose 
and 0.25% phytagel) supplemented with, 2.5 mg L−1 hygro-
mycin and 500 mg L−1 cefotaxime. Regenerated shoots 
(Fig. 1) were subsequently transferred to rooting medium 
(½MS with 3% sucrose, 0.8% agar, 2.5 mg L−1 hygromycin 
and 250 mg L−1 cefotaxime).

Molecular analyses and comparison of CPT levels 
in transgenic plants overexpressing Nfstr

Eight-week old well rooted in vitro plantlets of O. rugosa 
were selected for molecular characterization. Total genomic 
DNA from the leaves of control and more than two dozen 
independently developed putatively transformed plants 
was isolated (Dellaporta et al. 1983) and subjected to PCR 
amplification using Nfstr specific primers. Transcription of 
the Nfstr in six randomly selected better growing lines was 
confirmed by RT-PCR as described in the previous section. 
Finally, camptothecin content in the selected transgenic 
Ophiorrhiza lines was compared to assess the effect of 
Nfstr overexpression in improving CPT levels. As NfSTR 
catalyzes secologanin and tryptamine to produce strictosi-
dine, the determination of strictosidine contents would have 
been a direct confirmation for NfSTR activity. However, we 
could not do the same due to unavailability of standard for 
strictosidine.

http://www.ncbi.nlm.nih.gov
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Statistical analyses

All the experiments were carried out with three replicates 
and repeated at least twice. For analysis, different means 
were subjected to Tukey’s test and one-way analysis of vari-
ance (ANOVA) using the statistical software Origin 8.1.

Results and discussion

Full‑length cDNA cloning of strictosidine synthase 
and sequence analyses

The cDNA encoding STR from N. foetida was cloned using 
a homology-based approach. The sequencing results con-
firmed isolated full-length cDNA as a 1059 bp open reading 
frame (NCBI accession no. MH735146, Fig. 2) translating 
a protein of 352 amino acids with an expected molecular 
weight of 39.1 kDa. Upon comparing, translated Nfstr cDNA 
sequence showed it as a member of STR-synthesis super-
family. It showed a high degree of similarity with many of 
the reported STR including 100% identity with C. roseus 
STR, which shares a common initial TIA pathway with N. 
foetida. It is interesting, and possibly NfSTR may be one of 

the few proteins of TIA pathway with such a high degree 
of similarity/conservation between these two plants. It also 
showed 79% identity with STR from Rauwolfia serpentina, 
72% with Tabernaemontana elegans, 57% with Ophiorrhiza 
pumila and O. japonica, 55% with Mitrangyna speciosa and 
37% with Camptotheca acuminata. To understand the evolu-
tionary relationships among these STRs, phylogenetic analy-
sis of translated Nfstr cDNA was done with reported STRs 
and results showed a similar pattern as that of percentage 
homology (Fig. 3). However, an important observation was 
that although N. foetida, C. acuminata, and Ophiorrhiza spp 
synthesize CPT and share similar TIA pathway, the STRs 
from these plants were quite distant in the phylogeny tree.

Abundance of str in different tissues of N. foetida 
and its relation with CPT levels

Expression of Nfstr was observed in all the selected tis-
sues, but the levels varied (Fig. 4). The constitutive nature 
of str gene has also been reported in other MIA produc-
ing plants such as Ophiorrhiza japonica, Catharanthus 
roseus and Cinchona ledgeriana (Aerts et al. 1990, 1992, 
1994; Canel et al. 1998; Lu et al. 2009; Sibéril et al. 2001). 
Among the different tissues of wild-type grown tree of N. 

Fig. 1  Different stages of devel-
opment of transgenic Ophior-
rhiza rugosa plants. a Start of 
regeneration and shoot buds, b 
elongated putative transgenic 
shoots, c, d rooted plantlets
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Fig. 2  Complete cDNA and 
translated amino acid sequence 
of str from Nothapodytes 
foetida 

atggcaaacttttctgaatctaaatccatgatggcagttttcttcatgtttttccttctt
 M A  N  F  S  E  S  K  S  M  M  A  V  F  F  M  F  F  L  L 
cttctttcttcttcttcttcttcttcttcttcttcaccaattttgaaaaagatttttatt
 L  L  S  S  S  S  S  S  S  S  S  S  P  I  L  K  K  I  F  I 
gaaagcccttcctatgctccgaatgccttcaccttcgattcaactgataaagggttctac
 E  S  P  S  Y  A  P  N  A  F  T  F  D  S  T  D  K  G  F  Y 
acttccgtccaagatggccgagttatcaaatatgaagggccaaattcaggcttcactgac
 T  S  V  Q  D  G  R  V  I  K  Y  E  G  P  N  S  G  F  T  D 
ttcgcctacgcatctcccttctggaacaaagctttttgtgagaacagcaccgatccagag
 F  A  Y  A  S  P  F  W  N  K  A  F  C  E  N  S  T  D  P  E 
aaaagaccattgtgtgggaggacatatgatatttcctatgactataagaacagccaaatg
 K  R  P  L  C  G  R  T  Y  D  I  S  Y  D  Y  K  N  S  Q  M 
tacattgttgatggccattaccatctttgtgtggttggaaaagaaggtgggtatgccaca
 Y  I  V  D  G  H  Y  H  L  C  V  V  G  K  E  G  G  Y  A  T 
caactagccacaagtgtgcaaggagtgccattcaaatggctctatgcagtaactgttgat
 Q  L  A  T  S  V  Q  G  V  P  F  K  W  L  Y  A  V  T  V  D 
cagagaacagggattgtttatttcactgatgttagctccatacatgatgacagtcccgaa
 Q  R  T  G  I  V  Y  F  T  D  V  S  S  I  H  D  D  S  P  E 
ggtgtggaagaaatcatgaatacaagtgatagaacagggagattaatgaagtatgatcct
 G  V  E  E  I  M  N  T  S  D  R  T  G  R  L  M  K  Y  D  P 
tcaacaaaagaaaccaccttattattgaaagagctacatgttcccggcggtgcagaaatc
 S  T  K  E  T  T  L  L  L  K  E  L  H  V  P  G  G  A  E  I 
agcgcagatggttcctttgttgtagtagcagaatttttaagcaatcggatagtgaagtat
 S  A  D  G  S  F  V  V  V  A  E  F  L  S  N  R  I  V  K  Y 
tggctagaagggccaaagaaaggcagtgcagagttcttagttacaatcccaaatccagga
 W  L  E  G  P  K  K  G  S  A  E  F  L  V  T  I  P  N  P  G 
aatataaagaggaattctgatggccatttttgggtgtcttcaagtgaagaattagatgga
 N  I  K  R  N  S  D  G  H  F  W  V  S  S  S  E  E  L  D  G 
ggtcaacatggaagagttgtttcaagaggaattaagtttgatggatttgggaatattctt
 G  Q  H  G  R  V  V  S  R  G  I  K  F  D  G  F  G  N  I  L 
caagttataccacttccaccaccatatgaaggtgaacattttgaacagattcaagagcac
 Q  V  I  P  L  P  P  P  Y  E  G  E  H  F  E  Q  I  Q  E  H 
gatggtttgttatacattggaagtctcttccatagctctgtgggtatattagtgtatgat
 D  G  L  L  Y  I  G  S  L  F  H  S  S  V  G  I  L  V  Y  D 
gatcatgataacaagggaaattcttatgtttctagctag
 D  H  D  N  K  G  N  S  Y  V  S  S  -  
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foetida, not much variation in Nfstr expression was observed, 
though they showed significant differences in CPT content 
[Fig. 4(i), (ii)]. These results suggest that in case of a mature 
tree, a certain level of str expression is sufficient to syn-
thesize and maintain CPT levels. In in vitro tissues, Nfstr 
expression showed a gradual increase as the differentiation 
progressed from callus to complete plantlets, with a con-
comitant increase in CPT [Fig. 4(i)]. Among in vitro tissues, 
callus showed just traces of the CPT. Yamazaki et al. (2003) 

also reported the absence of CPT in callus cultures of O. 
pumila. This could be since biosynthesis and accumulation 
of secondary metabolites generally require a degree of cel-
lular differentiation and well-organized tissue, which does 
not exist in callus cultures (Sakuta and Komamine 1987).

Wild-type tissues from a 12-year-old tree also showed 
higher levels of CPT compared to in vitro tissues [Fig. 4(i)]. 
The immature seeds accumulated the highest concentration 
of CPT (0.25% dry wt.) followed by roots and leaves. Similar 

 NfSTR

 CAA43936.1_strictosidine_synthase_Catharanthus_roseus

 AEY82399.1_strictosidine_synthase_Vinca_minor

 CAA45025.1_strictosidine_synthase_partial_Rauvolfia_mannii

 AEY82398.1_strictosidine_synthase_Tabernaemontana_elegans

 ACF21007.1_strictosidine_synthase_Ophiorrhiza_japonica

 BAB47180.1_strictosidine_synthase_Ophiorrhiza_pumila

 ABZ79473.1_strictosidine_synthase_Mitragyna_speciosa

 AES93117.1_strictosidine_synthase_Camptotheca_acuminata

0.2

Fig. 3  Phylogenetic tree analysis of STR from Nothapodytes foetida with other known plants STRs

Fig. 4  The relation between 
Nfstr expression and CPT levels 
in Nothapodytes foetida. (i) 
Camptothecin levels and rela-
tive expression of Nfstr in dif-
ferent tissues of N. foetida. For 
relative Nfstr expression using 
real-time PCR analysis, its level 
in regenerated tissue sample 
was taken as unity (one). Bars 
and line with different letters 
(A–D) and (a–d), respectively 
indicate significantly different 
values at p ≤ 0.05. (ii) Reverse-
transcription PCR of cDNA 
prepared from total RNA of dif-
ferent plant tissues using actin 
(housekeeping gene) and Nfstr 
specific primers (WT wild-type)
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results were reported by Fulzele and Satdive (2005), Nam-
deo and Sharma (2012) and Rather et al. (2018) in wild 
type plants of N. foetida. On the contrary, young leaves of 
O. pumila showed higher level of CPT accumulation than 
other parts such as old leaves, stem and roots, but showed 
relatively less str expression (Yamazaki et  al. 2003). It 
reflects the complexity in the regulation of str expression 
which may diverge significantly in different plant parts. This 
probably could be because CPT being a secondary metabo-
lite, plays an important role in plant defense against various 
pathogens and predators in young tissues. Camptothecin 
could be a kind of phytoalexin produced as a plant defense 
in response to pathogen attack. The content of CPT in dif-
ferent plant parts may be different probably because it may 
be synthesized in some plant organ, later transported and 
stored in other plant parts. Variation in CPT accumulation 
levels in different plant parts was also reported in O. pumila 
(Yamazaki et al. 2003) and C. acuminata (Lopez-Meyer 
et al. 1994).

Molecular analyses/characterization 
of the transgenic plants and comparison of CPT 
levels in O. rugosa

All the selected putative transgenic O. rugosa lines when 
subjected to PCR with Nfstr specific primers, showed the 
presence of the band of interest, while no band was observed 
in case of control plants (Supplementary Fig. S2). Further, 
RT-PCR of randomly selected transgenic lines confirmed the 
stable integration and expression of the gene of interest, ie. 
Nfstr in these plants (Fig. 5). Finally, when these lines were 
compared for CPT levels using HPLC, most of the transgenic 
lines showed higher CPT content than control plant, with best 

line 40 showing 1.9-fold higher CPT (0.213% dw) than con-
trol plant (0.111% dw) (Figs. 6, 7). Strictosidine synthase is 
known to play a vital role in TIA biosynthesis leading to the 
production of CPT. The present studies have shown that heter-
ologous expression of N. foetida strictosidine synthase almost 
doubled camptothecin production in O. rugosa. Previously, 
co-expression of regulatory genes such as ORCA3 and struc-
tural gene such as geraniol-10-hydroxylase (Pan et al. 2012) as 
well as co-expression of multiple key enzymes involved in TIA 
pathway (Cui et al. 2015) showed increase in accumulation 
of CPT. Hence, co-overexpression of Nfstr along with other 
genes involved in CPT biosynthesis or with regulatory genes 
would be helpful for further enhancement of CPT content in 
CPT producing plants (Supplementary Fig. S3).  

Conclusions

Strictosidine synthase (STR) plays a vital role in TIA bio-
synthesis. Here in the present work, we cloned complete 
cDNA encoding STR from N. foetida and also established the 
potential role of Nfstr in CPT biosynthesis in the plant. Trans-
genic Ophiorriza rugosa plants overexpressing Nfstr showed 
improved levels of camptothecin and thus may find use as an 
alternate and sustainable resources for the CPT.

Fig. 5  Reverse transcription PCR of cDNA prepared from total RNA 
of transformed, PCR positive Ophiorrhiza plants using actin (house-
keeping gene) and Nfstr specific primers. 1–6-T0 transgenic plants 
(lines 12, 36, 38, 40, 48, 63) C control plant, M 100 bp ladder

Control 12 36 38 40 48 63
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Fig. 6  Camptothecin levels in independently developed  T0 transgenic 
Ophiorrhiza rugosa plants overexpressing Nfstr. Bars with different 
letters (a–c) indicate significantly different values at p ≤ 0.05
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Fig. 7  Chromatogram to show 
camptothecin levels in indepen-
dently developed  T0 transgenic 
Ophiorrhiza rugosa lines 
overexpressing Nfstr (lines 40, 
48 and 63) and CPT standard 
(STD)
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