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Strategies for Enhancing Alkaloids Yield 
in Catharanthus roseus Via Metabolic 
Engineering Approaches

Kexuan Tang and Qifang Pan

Abstract As the only source for the low-abundance antitumor agents vinblastine 
and vincristine, Catharanthus roseus is highly valued for its diversity of more than 
130 monoterpenoid indole alkaloids (MIAs) and has been studied extensively as a 
model for medicinal plants improvement. However, the low yield increases the cost 
and limits the industrial production of these valuable MIAs in medical use. The 
biosynthesis of these MIAs is a complex multistep enzymatic network that is tightly 
regulated by developmental and environmental factors. Many genes encoding con-
stitutive structural biosynthetic enzymes, transcription factors, and transporters 
involved in these pathways have been cloned and characterized. To improve the 
MIA production, a couple of approaches have been carried on the plants, hairy 
roots, and cell culture of C. roseus, as well as on heterogeneous plant (like Nicotiana 
benthamiana), including abiotic and biotic methods. The main strategies for enhanc-
ing alkaloids yield is to genetically modify the MIA pathway and enhance the meta-
bolic flux to MIA production via metabolic engineering strategies. Here, we will 
review the past decades’ efforts on the MIA production.

Keywords Alkaloids • Catharanthus roseus • Genes • MIAs pathways

1  Introduction

Monoterpenoid indole alkaloids (MIAs) are important alkaloids for their medicinal 
bioactivities of highly value. Catharanthus roseus is the main and natural source to 
produce these valuable MIAs, including the antitumor drugs vinblastine and 
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vincristine. The trace amount of useful MIAs in C. roseus forces great efforts to 
improve their production via various methods. Metabolic engineering is an approach 
to modify metabolic pathways and metabolites production via gene transfer tech-
nology. With the increasing knowledge of the MIA pathway and its biosynthetic 
genes, metabolic engineering is widely performed on MIA biosynthesis in C. roseus 
to boost the yields of targeted MIAs and their analogs.

1.1  Natural Compound-Targeted Engineering Strategies

Different types of genes cloned from the MIA pathway have been overexpressed in 
the cells, hairy roots, and plants of C. roseus, which showed different effects on 
MIA biosynthesis as well as at the level of the full metabolome (Table 1).

1.1.1  Structural Genes

MIA biosynthesis in C. roseus is a complex pathway including more than 35 
coordinately regulated enzymatic steps producing at least 35 known intermediates 
(Fig. 1). Up to now, 30 structural genes of the key biosynthetic steps from MIA 
pathways have been cloned and identified. They are the first target genes used in 
metabolic engineering of C. roseus.

Genes from the Tryptophan Pathway

The expression of a more tryptophan inhibition-resistant Arabidopsis ASα enzyme 
coupled with a glucocorticoid-inducible promoter in C. roseus hairy roots dra-
matically increased tryptophan and tryptamine yields but not of MIAs, except 
lochnericine, after induction with 3 μM dexamethasone (Hughes et  al. 2004a). 
Transgenic hairy roots expressing both ASα and ASβ subunits produced more 
tryptamine and showed a greater resistance to feedback inhibition of AS activity 
by tryptophan than those only expressing ASα (Hong et al. 2006). When fed with 
the terpenoid precursors 1-deoxy-d-xylulose, loganin, and secologanin, respec-
tively, hairy roots overexpressing ASα or Asβ could increase the levels of hörham-
mericine, catharanthine, ajmalicine, lochneriricine, and tabersonine (Peebles 
et al. 2006). As a side effect, the metabolic flux into the flavonoid pathway was 
also transiently increased when the AS overexpressing hairy roots were induced 
by 0.2 μM dexamethasone, which caused increases of catechin and naringin in 
hairy roots (Chung et al. 2007). This might be due to the induction of the phenyl-
alanine/tyrosine pathway by tryptophan (Verpoorte and Alfermann 2000). TDC 
overexpression in C. roseus transgenic calli results in increased tryptamine levels 
but not in increased MIA production (Goddijn et al. 1995), neither in C. roseus 
cell cultures (Whitmer et al. 2002b). On the contrary, no increase of tryptamine 
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Table 1 Overexpression of genes involved in MIA biosynthesis in the cell cultures, hairy roots, 
and plants of Catharanthus roseus

Varieties Genes
Metabolites significantly affected 
in levels References

Hairy 
roots

GmMYBZ2 Catharanthine Zhao et al. (2001)
HMGR Campesterol, serpentine, 

ajmalicine, catharanthine
Ayora-talavera et al. 
(2002)

ASα Tryptophan, tryptamine, 
lochnericine

Hughes et al. (2004a)

TDC Serpentine Hughes et al. (2004b)
ASα+ TDC Tryptamine
ASα Tryptamine Hong et al. (2006)
ASα +ASβ Tryptophan, tryptamine
ASα +ASβ+TDC Tryptamine
ASαβ Naringin, catechin, salicylic acid Chung et al. (2007)
DAT Hörhammericine Magnotta et al. (2007)
ORCA2 Catharanthine, vindoline Liu et al. (2011)
G8O(G10H) Catharanthine Wang et al. (2010)
G8O+ORCA3 Catharanthine

Cell 
cultures

ORCA3 Serpentine, ajmalicine, 
tabersonine, hörhammericine

Peebles et al. (2009)

DXS Ajmalicine, serpentine, 
lochnericine, tabersonine, 
hörhammericine

Peebles et al. (2010)

G8O –
Asα Tryptophan, tryptamine, 

lochnericine, tabersonine, 
hörhammericine

DXS +G8O Ajmalicine, tabersonine, 
lochnericine, hörhammericine

DXS+ Asα tryptamine, tabersonine, 
lochnericine, hörhammericine, 
tryptophan

TDC Tryptamine Canel et al. (1998); 
Whitmer et al. (2002b)

STR Strictosidine, ajmalicine, 
catharanthine, serpentine, 
tabersonine

Canel et al. (1998); 
Whitmer et al. (2002a)

PRX1 Ajmalicine, serpentine, H2O2 Jaqqi et al. (2011)
ORCA3 Tryptophan, tryptamine Van der Fits and 

Memelink (2000)
CYP76B6 10-hydroxy geraniol Collu et al. (2001)
CjMDR1 Ajmalicine, tetrahydroalstonine Pomahacova et al. 

(2009)

(continued)
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but a 129% increase of serpentine was noted on induction of 3 μM dexamethasone 
in hairy roots overexpressing TDC (Hughes et al. 2004b). Expressing TDC from 
C. roseus in cell cultures or plants of Nicotiana tabacum resulted in the formation 
of tryptamine up to 10 μg/g FW and 18–66 μg/g FW, respectively (Hallard et al. 
1997). When co-overexpressing AS and TDC in hairy roots, an enhanced ability to 
produce tryptamine was observed, but only a transiently increased accumulation 
of tabersonine and lochnericine among all measured alkaloids (Hughes et  al. 
2004b; Hong et al. 2006). To study the effect of introducing MIA alkaloid biosyn-
thetic genes in a plant normally only producing secologanin, Hallard and cowork-
ers (Hallard 2000) introduced both the TDC and STR into Weigelia hairy roots. 
Compared to normal roots no more secologanin could be observed, whereas trypt-
amine, ajmalicine, and serpentine could be detected in the hairy roots. This con-
firmed the presence of a glucosidase able to hydrolyze strictosidine. Though the 
alkaloid levels were very low, it shows that MIAs can also be made in non-alka-
loid-producing plants. That means alternative crops for making MIA. In that con-
text also the production of strictosidine was achieved in yeast cells in which STR 
and SGD are overexpressed and which are fed with secologanin and tryptamine 
(Geerlings et al. 2001). The cells could produce 3 g/L of strictosidine in 3 days, 
many times more than ever achieved in plant cell cultures. As STR was mainly 
excreted to the medium, whereas SGD was in the cells, grinding the whole culture 
resulted in the production of cathenamine. The transgenic yeast cells could be 
grown on the juice pressed out of the berries of Symphoricarpus albus rich in 
sugar and secologanin from which strictosidine was made after feeding trypt-
amine (Geerlings et al. 2001).

Table 1 (continued)

Varieties Genes
Metabolites significantly affected 
in levels References

Plant DAT Vindoline Wang et al. (2012)
ORCA3 Vindoline, catharanthine Pan et al. (2012)
ORCA3 + 
G10H(G8O)

Strictosidine, vindoline, 
catharanthine

Fig. 1 (Continued) 4-diphosphate synthase, IDI isopentenyl diphosphate isomerase, GPPS GPP 
synthase, GES geraniol synthase, G8O geraniol 8-oxidase, 8-HGO 8-hydroxygeraniol oxidoreduc-
tase, IS iridoid synthase, IO iridoid oxidase, 7-DLGT 7-deoxyloganetic acid-O-glucosyltransfer-
ase, 7DLH 7-deoxyloganic acid hydroxylase, LAMT loganic acid-O-methyltransferase, SLS 
secologanin synthase, AS anthranilate synthase, TDC tryptophan decarboxylase, STR strictosidine 
synthase, SGD, strictosidine-β-D-glucosidase, T16H, tabersonine 16-hydroxylase, 16OMT 
O-methyltransferase, NMT N-methyltransferase, D4H desacetoxyvindoline-4-hydroxylase, DAT, 
deacetylvindoline-4- O- acetyltransferase, Prx1 α-3′,4′-anhydrovinbastine synthase (AVLBS)
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Fig. 1 The scheme of MIA biosynthesis pathways in Catharanthus roseus. DXS 1-deoxy-d- 
xylulose 5-phosphate synthase, DXR 1-deoxy-d-xylulose 5-phosphate reductoisomerase, MECS 
2-Cmethyl-d-erythritol 2,4-cyclodiphosphate synthase, HDS 1-hydroxy-2-methyl-2-butenyl  

Strategies for Enhancing Alkaloids Yield in Catharanthus roseus Via Metabolic…
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Genes from the MEP and Iridoid Pathways

In the MEP pathway, the genes encoding DXS, DXR, 2-C-methyl-Derythritol-2,4- 
cyclodiphosphate synthase (MECS), hydroxymethylbutenyl-4-diphosphate (HDS), 
and IDI1 have been cloned and characterized from C. roseus (Chahed et al. 2000; 
Veau et al. 2000; Guirimand et al. 2012). DXS overexpression resulted in a signifi-
cant increase in ajmalicine, serpentine, and lochnericine but a significant decrease 
in tabersonine and hörhammericine in C. roseus hairy roots. In fact, overexpression 
of DXS and DXR has been found to increase terpenoid production in several plants. 
For example, DXS overexpression enhances the production of various isoprenoids 
in Arabidopsis (Estevez et al. 2001), and DXR overexpression increases essential oil 
yield in peppermint, carotenoid accumulation in ripening tomatoes (Mahmoud & 
Croteau 2001), and various isoprenoids in tobacco leaves (Hasunuma et al. 2008). 
There is no information about the use of MECS and IDI1 in metabolic engineering 
on MIA production.

At the edge of primary and secondary metabolism, G8O as gatekeeper could be 
a carbon flux controlling step for the iridoid pathway. The encoding gene was over-
expressed in the hairy roots of C. roseus, which resulted in a higher accumulation of 
catharanthine (0.063–0.107% of dry weight) than in the wild-type lines (0.019 and 
0.029%) (Wang et al. 2010). When co-overexpressing DXS and G8O, the hairy roots 
showed a significant increase in ajmalicine by 16%, lochnericine by 31%, and taber-
sonine by 13% (Peebles et al. 2010). Considering their location with respect to the 
IPP/DMAPP branching point for terpenoid classes, it is conceivable that the overex-
pression of one downstream structural gene alone is unable to effect the channeling 
of the flux at this upstream branch point while the overexpression together with an 
upstream gene of the IPP/DMAPP branch point may affect the carbon fluxes by a 
push and pull effect toward the MIA iridoid precursor. An increased production of 
IPP/DMAPP and G8O overexpression may increase the flux in the monoterpenoid 
branch and from there into MIA. DXS and ASα co-overexpression displayed a sig-
nificant increase in hörhammericine by 30%, lochnericine by 27%, and tabersonine 
by 34% in hairy roots (Peebless et al. 2010). Recent discoveries of IDI1, GPPS, 
GES, and iridoid synthase encoding genes provide new possibilities for the regula-
tion and improvement of MIA production.

Genes from the Alkaloids Pathway

Cultures of STR transgenic cells consistently showed tenfold higher STR activity 
than wild-type cultures, which favored the biosynthetic flow through the pathway. 
Two such lines accumulated over 200 mg/L of strictosidine and strictosidine-derived 
MIAs, including ajmalicine, catharanthine, serpentine, and tabersonine, while 
maintaining wild-type levels of TDC activity (Canel et al. 1998). Whitmer et al. 
(2002a, b) showed that in C. roseus cell lines overexpressing TDC or STR have an 
overcapacity of indole alkaloid biosynthesis enzyme activities, as feeding of loganin 
resulted in a large increase of alkaloid production whereas the combination of 
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loganin and tryptamine feeding even further increased the level of alkaloids. 
Apparently, the iridoid pathway is the most limiting step, but when that limitation is 
overcome the tryptophan pathway becomes limiting. Overcoming one limiting step 
immediately shows what the next limiting step is. A single structural gene overex-
pression will thus always have only a limited effect on the overall flux in a pathway. 
On the other hand, it shows that probably many biosynthetic steps are already pres-
ent, and only the enzymatic machinery has to be started up by increasing the amount 
of the limiting substrate by feeding or genetic modification. The elucidation of the 
full iridoid pathway as described above is thus a major breakthrough opening new 
possibilities to explore for increasing MIA production.

The key gene DAT for the vindoline biosynthesis was introduced into C. roseus 
plants by Agrobacterium tumefaciens, which resulted in an increase of vindoline 
level in the leaves (Wang et al. 2012). However, overexpression of DAT in hairy 
roots altered their MIA profile and accumulated more hörhammericine compared to 
control lines (Magnotta et al. 2007). Comparative analysis revealed that MIA path-
way genes have elevated expression levels in CrPrx overexpression transgenic hairy 
roots, whereas they had a significant reduction in their transcript level in CrPrx- 
RNAi transgenic hairy roots (Jaggi et al. 2011). Alkaloid analysis showed higher 
levels of ajmalicine and serpentine in these peroxidase overexpressing cell lines. All 
these transgenic lines produced higher amounts of H2O2 (Jaggi et al. 2011). The 
oxidative burst or H2O2 production is closely related to indole alkaloid production 
(Zhao et al. 2001). In leaves of C. roseus, PRX together with phenolic compounds 
were suggested to represent an important sink of excess H2O2, diffusing from the 
chloroplast under high light exposure (Ferreres et al. 2011). These results indicate a 
role of the CrPrx gene in the regulation of MIA pathway and other metabolic path-
ways, thus affecting the production of specific alkaloids. In order to study the role 
of CrPrx and CrPrx1 in plants, these two peroxidases were expressed in Nicotiana 
tabacum (Kumar et al. 2011). The transformed plants exhibited increased peroxi-
dase activity. Increased oxidative stress tolerance was also observed in transgenics 
when treated with H2O2 under strong light conditions. However, differential toler-
ance to salt and dehydration stress was observed during germination of T1 trans-
genic seeds. Under these forms of stress, the seed germination of CrPrx-transformed 
plants and wild-type plants was clearly suppressed, whereas CrPrx1 transgenic 
lines showed improved germination. CrPrx-transformed lines exhibited better cold 
tolerance than CrPrx1-transformed lines. These results indicate that vacuolar per-
oxidases play an important role in salt and dehydration stress, while cell wall- 
targeted peroxidases render cold stress tolerance.

1.1.2  Transporter Genes

Since MIA biosynthesis involves at least four different cell types and in each of 
them at least five different subcellular compartments, the trafficking of pathway 
intermediates from one to another compartment requires an efficient transport sys-
tem. Previous research also suggested that transport is one of the potential factors in 

Strategies for Enhancing Alkaloids Yield in Catharanthus roseus Via Metabolic…



8

regulation of MIA biosynthesis. However, the knowledge about MIA membrane 
transport mechanisms is still very limited.

Transport has basically two aspects, a physicochemical and a biochemical one. 
In cells and in an organism diffusion will always take place. Concentration gradi-
ents make molecules to diffuse in a liquid phase. Moreover, molecules will 
 equilibrate between the aqueous phase and lipid phase (membrane). Mass transfer 
factors determine the rate of the uptake in a lipophilic membrane from water and the 
release again to water, i.e., they affect the transport rate through a membrane. That 
allows calculations of the rate of diffusion of compounds between cells and cellular 
compartments. The complexity of this system is further increased by the pH, mak-
ing that acids and bases at different pH have different solubility in the liquid phases. 
For example, an alkaloid in acidic conditions is poorly soluble in a lipid phase, but 
at basic conditions it is better lipid soluble. So at a high ratio of protonated to non- 
protonated alkaloids, which is at acidic conditions, transport will be slow through a 
membrane, at higher pH it will be the opposite. Modeling uptake in C. roseus vacu-
oles using these physical–chemical processes resulted in an ion-trap model for alka-
loid uptake in vacuoles that fitted reasonably well the experimental results using 
isolated vacuoles. The lower pH in the vacuole than in the cytosol causes preferred 
accumulation of alkaloids in the vacuole if compared with the cytosol as the uptake 
rate on the more basic cytosolic site of the membrane is faster than on the more 
acidic vacuolar side. This physicochemical process requires ATP for maintaining 
the low vacuolar pH, so depletion of ATP will inhibit uptake, similar as in case of 
ABC transporters (Blom et al. 1991). On the other hand, Deus-Neumann and Zenk 
(1984) reported uptake kinetics for active transport for some indole alkaloids. 
Ajmalicine, catharanthine, and vindoline showed different rates, and all were ATP 
dependent. From this it was hypothesized that the vacuolar transport occurred via 
selective transporter proteins. Roytrakul (2004) reported a detailed study on the 
uptake of several C. roseus alkaloids and secologanin in isolated vacuoles. By add-
ing inhibitors of the various classes of transport proteins, for each individual com-
pound quite a different and complex picture came out. For each single compound, 
different transporter seems to be involved (Roytrakul and Verpoorte 2007).

The uptake into the vacuole is thus dependent on a combination of factors, first 
of all there is the bidirectional diffusion-driven transport. On top of that, there are 
multidrug-resistant associated proteins (MRP, inhibited by glibenclamide) and ATP 
Binding Cassette (ABC, inhibited by ortho-vanadate) type of transporters involved 
in uptake. Whereas multidrug resistant (MDR) (P-glycoproteins, inhibited by cyclo-
sporine A and verapamil) and MDR coupled with proton symport, are responsible 
for extrusion. To further complicate the transport system, glutathione was found to 
cis-activate the MRP transport of ajmalicine into the vacuole (Roytrakul 2004; 
Roytrakul and Verpoorte 2007). Considering the multicompartment system involved 
in the MIA biosynthesis, it is clear that with the already very complex transport 
system into vacuoles, the model for a single-cell or multi-cell system is impossible 
to describe. The need for sufficient energy and co-factors in the different compart-
ments add further to this complexity. In an attempt to calculate the rate of transport 
between cells by using the various available data on uptake of compounds and a 
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number of assumptions based on observations from other plants, it became clear 
that at least diffusion alone would result in a biosynthetic rate more or less of what 
is found in the plant (Supandi et al. 2009, unpublished results). It means that the 
selective transport might play a role in accumulating compounds in certain cells and 
in some of the specific biosynthetic steps, e.g., by accumulating certain compounds 
in a vacuole, where they are oxidized to yield serpentine or dimeric alkaloids. In 
case of serpentine, this anhydronium compound is much more polar than ajmalicine 
from which it is formed by oxidation, thus becomes trapped into the vacuole. The 
fact that tobacco vacuoles excrete strictosidine, whereas C. roseus vacuoles store it 
(Hallard et al. 1997) shows at least that every plant species will have different trans-
port systems with different selectivity. Considering that the MIAs are confined to 
certain cell types may also in part be due to specific transport systems in the cellular 
membrane(s). It means that introduction of a novel pathway in a plant may be ham-
pered by lack of transport of intermediates.

The example of CjMDR1, an ABC transporter gene specific for berberine trans-
port originally isolated from Coptis japonica, shows the problems one may encoun-
ter in genetically modifying transport. This gene was expressed in C. roseus cell 
cultures (Pomahacova et al. 2009). The endogenous alkaloids, ajmalicine and tetra-
hydroalstonine, were accumulated significantly more in C. roseus cells expressing 
CjMDR1 in comparison with control lines after feeding these alkaloids, but trans-
port of other alkaloids was not affected, and even no effect at all on berberine trans-
port into the cells was observed.

A unique catharanthine ABC-transporter (CrTPT2) belonging to the pleiotropic 
drug resistance (PDR) family has been cloned and functionally characterized. It is 
expressed predominantly in the epidermis of young leaves (Yu and De Luca 2013). 
Further analysis suggested that CrTPT2 may be specific to MIA-producing plant 
species, where it mediates secretion of alkaloids to the leaf surface. CrTPT2 gene 
expression is induced under the treatment with catharanthine, and its silencing 
redistributes catharanthine into the leave, causing an increase of dimeric alkaloid 
levels in the leaves.

Recently, strong support for active MIAs uptake by C. roseus mesophyll vacu-
oles through a specific H (+) antiport system was reported (Carqueijeiro et al. 2013). 
The vacuolar transport mechanism of the main MIAs accumulated in C. roseus 
leaves, vindoline, catharanthine, and α-3′,4′-anhydrovinblastine was characterized 
using a tonoplast vesicle system. Vindoline uptake was ATP dependent, and this 
transport activity was strongly inhibited by NH4

+ and carbonyl cyanide 
m- chlorophenyl hydrazine and was insensitive to the ATP-binding cassette (ABC) 
transporter inhibitor vanadate. Spectrofluorimetric assays with a pH-sensitive fluo-
rescent probe showed that vindoline and other MIAs indeed were able to dissipate 
an H+ pre-established gradient across the tonoplast by either vacuolar H+-ATPase or 
vacuolar H+-diphosphatase. Though it was claimed that this system would be 
responsible for the MIA transport instead of an ion-trap mechanism or ABC trans-
porters, it seems unlikely, as at least physicochemical-based transport will always 
occur and the various previous reports found alkaloid specificity for the uptake into 
the vacuole.
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1.1.3  Transcription Factors

Transcription factors (TFs) are sequence-specific-DNA-binding proteins that inter-
act with the promoter regions of target genes and modulate the rate of mRNA syn-
thesis by RNA polymerase II (Gantet and Memelink 2002). They usually control the 
expression of more than one gene vital for normal development and functional 
physiology in plants. Several TFs have been found to be involved in the regulation 
of secondary metabolism. In C. roseus, MIA biosynthesis is related with plant 
defense and controlled by a number of signals including developmental cues, light, 
and biotic and abiotic stress. Regulation of MIA biosynthetic genes is coordinated 
by several types of TFs (Fig. 1).

ORCAs

The best-known TFs regulating MIA biosynthesis are the jasmonates-responsive 
ORCAs (octadecanoid-responsive Catharanthus AP2-domain proteins) from the 
plant-specific AP2/ERF (APETALA2/ethylene-responsive factor) family, i.e., 
ORCA2 and ORCA3, for which the regulation mechanism of the MIA biosynthetic 
genes in C. roseus is well established. ORCAs expression is induced by jasmonates 
(van der Fits and Memelink 2001), which is a major and essential signaling pathway 
to induce MIA biosynthesis. Jasmonates are first converted to the bioactive jasmo-
nate isoleucine derivative (JA-Ile). Perception of JA-Ile by CrCOl1 causes the deg-
radation of the CrJAZ proteins, derepressing the CrMYC2 protein. CrMYC2 then 
activates the expression of ORCAs, which in its turn activate the expression of MIA 
biosynthetic genes through binding to the JERE (jasmonate and elicitor-responsive 
element) in the promoter of targeted genes (Menke et al. 1999; van der Fits and 
Memelink 2000; Zhang et al. 2011). Ectopic expression of ORCA3 in cell cultures 
of C. roseus increased the expression of the MIA biosynthetic genes TDC, STR, 
CPR, and D4H, as well as two genes encoding primary metabolic enzymes (AS and 
DXS) (van der Fits and Memelink 2000). This indicates that ORCA3 is a central 
regulator of MIA biosynthesis and positively regulates the biosynthesis of MIAs and 
their precursors. Nevertheless, ORCA3 does not regulate the expression of G8O and 
DAT. Overexpression of ORCA3 caused an increase of ajmalicine and serpentine but 
a decrease in tabersonine, lochnericine, and hörhammericine in hairy roots (Peebles 
et al. 2009). When ORCA3 combined with G8O were overexpressed in hairy roots, 
alkaloid accumulation level analyses showed that all transgenic clones accumulated 
more catharanthine, with the highest accumulation level 6.5-fold more than that of 
the non-expression clone (Wang et al. 2010). ORCA2 from C. roseus was demon-
strated to regulate the expressions of STR, TDC, and SGD gene, but has no effect on 
the CYP-related reductase (CPR), which is regulated by ORCA 3 (Menke et  al. 
1999; Li et al. 2013). Transgenic hairy root cultures overexpressing ORCA2 showed 
an average content of catharanthine that was increased up to 2.03 in comparison to 
the control lines, respectively. However, vinblastine could not be detected in the 
transgenic and control hairy root cultures by HPLC (Liu et al. 2011). Transgenic  
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C. roseus plants overexpressing ORCA3 alone (OR lines), or co- overexpressing 
G10H and ORCA3 (GO lines) were obtained by genetic modification (Pan et al. 
2012). It was found that ORCA3 and G10H overexpression significantly increased 
the accumulation of strictosidine, vindoline, catharanthine, and ajmalicine but had 
limited effects on anhydrovinblastine and vinblastine levels.

ZCTs and BPF

The zinc finger-binding proteins ZCT1, ZCT2, and ZCT3 (members of the tran-
scription factor IIIA-type zinc finger family) were found to bind to the promoters of 
STR and TDC. This interaction repressed the activity of STR and TDC. The binding 
of the ZCTs to the STR promoter has been suggested to counteract the activation of 
STR by ORCA2 or ORCA3 (Pauw et al. 2004).

Using an enhancer domain of the STR promoter as bait in a yeast one-hybrid 
screen resulted in the isolation of CrBPF1, a periwinkle homolog of the MYB-like 
transcription-factor BPF1 from parsley (van der Fits et al. 2000). CrBPF1 expres-
sion is induced by elicitors but not jasmonates, which indicates that elicitors induce 
STR expression in periwinkle cells via jasmonic-acid-dependent and -independent 
pathways.

Sequence analysis of the STR and TDC promoters shows that they contain a 
G-box or G-box-like binding site. Two G-box-binding factors, CrGBF1 and 
CrGBF2, were subsequently identified in C. roseus and shown to repress the tran-
scription of STR by binding to the G-box sequence (Siberil et al. 2001).

WRKYs

A C. roseus WRKY transcription factor, CrWRKY1, is preferentially expressed in 
roots and induced by the phytohormones jasmonate, gibberellic acid, and ethylene 
(Suttipantaa et al. 2011). Overexpression of CrWRKY1 in C. roseus hairy roots 
upregulated several key MIA pathway genes, especially TDC, as well as transcrip-
tional repressors ZCT1, ZCT2, and ZCT3. However, CrWRKY1 overexpression 
repressed the transcriptional activators, ORCA2, ORCA3, and CrMYC2. 
Overexpression of a dominant repressive form of CrWRKY1, created by fusing 
the SRDX-repressor domain to CrWRKY1, resulted in down-regulation of TDC 
and ZCTs but up-regulation of ORCA3 and CrMYC2. CrWRKY1 binds to the 
W-box elements of the TDC promoter in the electrophoretic mobility shift, yeast 
one- hybrid and C. roseus protoplast assays. Up-regulation of TDC increased TDC 
activity, tryptamine concentration and resistance to 4-methyl tryptophan inhibi-
tion of CrWRKY1 hairy roots. Compared to control roots, CrWRKY1 hairy roots 
accumulated up to threefold higher levels of serpentine. The preferential expres-
sion of CrWRKY1 in roots and its interaction with transcription factors including 
ORCA3, CrMYC2, and ZCTs may play a key role in determining the root-specific 
accumulation of serpentine in C. roseus plants.
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Other TFs

The root-specific MADS-box transcription factor Agamous-like 12 (Agl12) from 
Arabidopsis thaliana was expressed on the differentiation of suspension cells from 
C. roseus (Montiel et al. 2007). The expression of Agl12 is sufficient to promote an 
organization of suspension cells into globular parenchyma-like aggregates but is 
insufficient by itself to induce complete morphological root differentiation. Agl12 
expression selectively increases the expression of genes encoding enzymes involved 
in the early biosynthetic steps of the terpenoid precursor of the alkaloids. The trans-
genic cell lines expressing Agl12 produced significant amounts of ajmalicine, which 
indicates that TFs involved in tissue or organ differentiation may constitute new 
metabolic engineering tools to produce specific valuable MIAs. Murata and De 
Luca (2005) reported that ORCA3 and an AP2/ERF type of transcription factors 
were expressed in all four cell types (epidermis, IPAP, laticifers, and idioblast cells).

Although different types of TFs have been reported to interact with the genes in 
the MIA pathway, regulation of the key enzyme genes involved in its branches still 
remains unclear and need to be figured out, such as the iridoid pathway, vindoline 
pathway, and bisindole alkaloids pathway.

1.2  Unnatural Compound-Targeted Engineering Strategies

Approaches to generate new-to-nature compounds from plant-based pathways are 
also developed on C. roseus, which modifies the structure of a natural product to 
improve the biological activity of the compound. Replacement of an endogenous 
starting material with an unnatural compound is a strategy that has been broadly 
applied in prokaryotic biosynthetic pathways (O’Connor 2012). Now, genetic 
manipulation is performed on the MIA pathway combined with precursor-directed 
biosynthesis and engineered enzymes to produce various unnatural products in  
C. roseus.

RNA-mediated suppression of tryptamine biosynthesis in C. roseus hairy root 
culture eliminates the production of monoterpenoid indole alkaloids derived from 
tryptamine and secologanin. But when an unnatural tryptamine analog, 
5- fluorotryptamine 1a, was fed to both wild-type and silenced cultures, a variety of 
novel fluorinated alkaloids, such as fluoro-ajmalicine, fluoro-tabersonine, and 
fluoro- serpentine, were produced and not contaminated with the natural alkaloid 
counterparts in silenced lines (Runguphan et al. 2009). The flux of the unnatural 
substrate could be enhanced to the downstream alkaloids through some branches of 
the pathway when the natural, endogenous substrate is limited or unavailable. 
Targeted silencing of substrate biosynthesis combined with precursors feeding 
 programs a plant alkaloid pathway to more effectively produce desirable novel 
products, which opens new areas of combining synthesis and biosynthesis to 
increase chemodiversity.
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A mutant strictosidine synthase gene with reengineered substrate specificity was 
transformed into Catharanthus roseus. The resulting transgenic plant cell culture 
produced a variety of unnatural alkaloid compounds when cocultured with simple, 
achiral, commercially available precursors that the reengineered enzyme was 
designed to accept (Runguphan and O’Connor 2009). This work demonstrates the 
power of engineering new structures of complex alkaloidal natural products in plant 
cultures.

Another example is to validate the function of the engineered flavin-dependent 
halogenase RebH.  In vivo, the tryptamine-specific RebH mutant (Y455W) was 
transformed into the alkaloid-producing plant C. roseus, and the de novo production 
of the halogenated alkaloid 12-chloro-19, 20-dihydroakuammicine was observed. 
The resulting tissue cultures accumulated substantial levels of 7-chlorotryptophan 
while wild-type (WT) RebH has been integrated into periwinkle metabolism previ-
ously. By installing chlorine onto tryptamine, the RebH Y455W mutant circumvents 
the bottleneck that tryptophan decarboxylase accepts 7-chlorotryptophan at only 
3% of the efficiency of the native substrate tryptophan. In comparison with cultures 
harboring RebH and WT RebF, tissue cultures containing mutant RebH Y455W and 
RebF also accumulate microgram per gram fresh-weight quantities of 12-chloro- 
19,20-dihydroakuammicine but, in contrast, do not accumulate 7-chlorotryptophan, 
demonstrating the selectivity and potential utility of this mutant in metabolic engi-
neering applications (Glenn et al. 2011).

The development of approaches to generate new-to-nature compounds from C. 
roseus MIA pathway will produce a number of MIA analogs which have to improve 
or alter biological activity, and will further enhance our ability to hijack the down-
stream MIA pathways (O’Connor 2012).
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Abstract Different techniques of in  vitro cultures of the medicinal plant 
Catharanthus roseus are available. In this regard, the plant is a source of important 
secondary metabolites that are compounds widely used in pharmacology. For 
instance, vinblastine and vincristine are alkaloids employed in the treatment of leu-
kemia. This chapter discusses the techniques mostly used in the field of modern 
biotechnology, such as the in vitro culture of callus and suspension cells, as well as 
those related to organs, roots, and seedlings. Similarly, the chapter encompasses the 
types of explant cultures used, induction rates, and the culture environment, jointly 
with hormones and concentration employed. Also discussed is the level of production 
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of each category of alkaloids according to the type of in vitro culture. Similarly, new 
metabolites obtained from suspension cell cultures of Catharanthus roseus, along 
with major pharmacological studies recently conducted, are contained in the 
chapter.

Keywords Catharanthus roseus • Callus culture • Root cultures • Cell suspension 
cultures • Antileukemic alkaloids

1  Introduction

Biotechnology of plant in vitro cultures represents a successful tool in the produc-
tion of callus and cell cultures that have the capacity to produce secondary metabo-
lites, compounds of great interest in the pharmaceutical and medical fields 
(Barrales-Cureño and Ramírez 2013). Alkaloids vincristine and vinblastine, ele-
ments produced from Catharanthus roseus, are a good example of this. Vinblastine 
and vincristine are potent mitotic inhibitors that are used in chemotherapy for leu-
kemia. They are complex, chemically synthesized structures, similar to other drugs 
used in the fight against cancer, such as Taxol (Barrales-Cureño and Soto 2012; 
Barrales-Cureño et al. 2012, 2015, 2016). In that regard, biotechnological approaches 
represent the best way in obtaining these compounds.

Recently, the production of vinblastine and vincristine has been induced and 
research carried out as it has never been over the plant in vitro cultures by means of 
hormone combination of auxins and cytokinins (Villa-Ruano et  al. 2011). Cell 
potency represents the basis of in vitro culture, a term defined as the potential capac-
ity of a single plant cell to regenerate into a whole plant. Several in vitro techniques, 
such as micropropagation of adventitious meristems or organs, including tissues 
and cell cultures, provide a large amount of material of Catharanthus roseus that is 
used in the isolation of dimeric and indole mono-type alkaloids with multi- 
therapeutic properties. In this regard, research has demonstrated that Catharanthus 
roseus have the potential to regenerate through somatic organogenesis during the 
induction of friable calluses. Likewise, in vitro cultures of multiple shoots can be 
induced directly. The great pharmacological importance of terpene indole alkaloid, 
associated with low content in plants (approximately 0.0005% of dry weight), stim-
ulates intensive research regarding metabolic routes of the alkaloids occurring in 
various studies over in vitro culture. These allow determining the concentrations 
that occur in in vitro callus and cell suspension cultures.

In this chapter, the importance of different types and conditions of in vitro cul-
tures in the production of vinblastine and vincristine as antileukemic alkaloids is 
highlighted, as well as that of other related metabolites including the main medical 
applications of Catharanthus roseus species.
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2  Overview of In Vitro Culture

Generally, the process of in vitro culture implies the inoculation of a medium gelled 
culture (using agar, gelrite, or phytagel®) and a piece of tissue or plant organ, known 
as explant, previously treated to remove any unwanted body present on the surface 
(disinfestation). The culture is incubated under controlled environmental conditions 
of light, temperature, and humidity, along with other physicochemical and nutri-
tional conditions, in order to construct an amorphous cell mass called callus; or 
toward differentiation, in an organized, embryo and organ-producing tissue (Calva 
and Pérez 2005). Organ cultures redifferentiate to complete plants (micropropaga-
tion) which are then transferred to a greenhouse, a condition known as acclimatiza-
tion phase. The temperature is usually controlled and set between 25 and 28 °C, 
while the pH is between 5.2 and the 6.5 and the light ranges from 0 to 12.000 lux 
(Calva and Pérez 2005).

Several studies have investigated the effects of pH on cell growth and metabolite 
production in suspension cells (Morgan et al. 2000). Some studies confirmed that 
changes of pH made on cultures increased the release of secondary metabolite. In 
addition, few studies were conducted in order to examine the effects that produce 
buffers over the growth of crops or the metabolic pathways during secondary 
metabolism. Similarly, several authors have studied the effect of buffers on in vitro 
root cultures of Catharanthus roseus, in order to quantify the content of serpentine, 
ajmalicine, abersonine, horhammericine, and lochericine (Morgan et al. 2000).

Light, as a parameter, plays a prominent role in the in vitro production of second-
ary metabolites of Catharanthus roseus. Other factors, such as temperature, also 
have a significant influence on the growth of suspension cell cultures and in the 
production of ajmalicine, as is indicated by certain authors (Ten Hoopen et  al. 
2002). The optimum temperature for both processes, the growth of biomass and the 
production of secondary metabolites was 27.5 °C. Young or developing plants with 
meristem tissues showing vigorous vegetative growth are the best source of explants. 
Even though, both juvenile and adult growth can be found in the same plant, the first 
one is characterized by being active and not having reproductive structures, while 
adult growth is usually slower and plants feature sexual structures for their repro-
duction. Disinfestation of tissue to be used as a source of explants is performed with 
disinfectant agents, such as sodium hypochlorite or calcium. Disinfectant agent 
penetration in rough or hairy surfaces of plant tissue can be increased with the addi-
tion of surfactants, such as Tween 20. Meanwhile, activated carbon or citric acid is 
used as antioxidants.

Phytohormones and their inhibitors are substances produced by plants. By control-
ling their response to environmental stimuli, such as light, temperature, and humidity, 
they help regulate and coordinate processes essential for the development of the plants. 
They consist of auxins, gibberellins, cytokinins, abscisic acid, ethylene, brassino-
steroids, polyamines, salicylic acid, and jasmonic acid. In particular, auxins and 
gibberellins promote the elongation of cells while inhibiting differentiation. Meanwhile, 
cytokinins stimulate the division process by which new cells are produced, and can thus 
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avoid cellular aging. Ethylene stimulates fruit ripening mainly, while abscisic acid 
inhibits the action of auxin, gibberellins, and cytokinins, to serve as a natural defense 
system against physiological effects of stress. Cytokinins and auxins are compounds 
commonly used in plant cell cultures. In addition, the 2,4-Dichlorophenoxyacetic acid 
(2,4-D) is the most widely used plant hormone in the induction and maintenance of 
callus tissue due to its property to suppress organogenesis rigorously. With regard to 
cytokinins, compound 2-Indolaminopurine (2iP) is the more active structure. 
Notwithstanding the foregoing, the 6-Benzylaminopurine (BAP) and kinetin (KIN), 
the latter is a synthetic cytokinin affected by light in the wavelength range 300–800 nm, 
represent the most widely used in plant cell culture compounds.

In vitro cultures provide insight into the production of secondary metabolites. In 
this respect, there are various sources in which different alkaloids of Catharanthus 
roseus have been isolated in vitro. Examples include the ajmalicine alkaloid (molec-
ular formula: C21H24N2O3, molar mass: 352.43 g mol−1, present antispasmodic prop-
erties, depression treatment, antistress effects), which has been extracted using 
analysis conducted from callus, cell suspensions, shoots and hairy roots; and the 
alstonine, from in vitro callus; as well as anthirine, in cell suspensions. To this, we 
can add the cathindine in suspensions; serpentine (molecular formula: C21H22N2O3, 
molar mass: 349.40 g mol−1, with antihypertensive properties, antispasmodic prop-
erties, anxiety treatment), in callus, suspensions, shoots and hairy roots; the aquami-
cine, in callus, suspensions and shoots; and lochericine, in callus, suspensions and 
hairy roots. Similarly, the horhammericine, in suspensions and shoots; the taberso-
nine, in callus and suspensions; the vindoline (molecular formula: C25H32N2O6, 
molar mass: 456.53 g mol−1, exhibiting anti-ulcerative properties), in suspensions 
cell and shoots; catharanthine (molecular formula: C21H24N2O2, molar mass: 
336.42 g mol−1, with cytotoxic action on the HCT-116 colorectal carcinoma cell 
line), in suspensions, shoots and roots; and 3,4 anhydrovinblastine (molecular for-
mula: C46H56N4O8, molar mass: 795.97 g mol−1, to combat lung and cervico-uterine 
cancer treatment), in shoots; are part of isolation sources. Similarly, the leurosine in 
shoots; the catharine, in shoots; vinblastine (molecular formula: C46H58N4O9, molar 
mass: 810.97  g  mol−1,), in callus, shoots and somatic embryos; and vincristine 
(molecular formula: C46H56N4O10, molar mass: 824.96 g mol−1), in somatic embryos 
and shoots are also considered sources (Barrales-Cureño 2015).

3  Applications of In Vitro Culture

The main applications of the technique of in  vitro culture of cells, tissues, and 
organs are found in the plant micropropagation, obtaining pathogen-free plants, the 
preservation of germplasm, as well as plant breeding. In this regard, the biosynthe-
sis of secondary metabolites and basic research in disciplines, such as genetics, 
physiology, and biochemistry, are also implications of the technique. As regards 
micropropagation, embryogenesis, and organogenesis, these methods can be used 
in obtaining somatic clones, as well as in the regeneration of complete plants with 
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uniform characteristics. From this, valuable cultivars free of microorganisms and 
difficult to obtain using traditional farming methods plants are established.

In vitro cultures can also be stored for long periods. This is accomplished by any 
of the methods of preservation used for microorganisms such as refrigeration, slow 
or reduced growth methods for preserving for months, and cryopreservation. The 
latter consists of crop storage in liquid nitrogen for cooling to −196  °C, which 
ensures storage for several years. The method eliminates problems related to 
 physical space, excess labor, crop contamination, as well as effects resulting from 
genetic erosion (Osorio et al. 2011).

There are several advantages in cell and plant culture in fundamental research, 
micropropagation, and production of biological compounds, such as secondary 
metabolites, proteins, and genetically modified products activity. In this regard, 
studies are carried out in a greatly reduced time under controlled conditions, which 
compared favorably with those using traditional methods for a plant grown.

4  In Vitro Culture of Callus of Catharanthus roseus

A callus represents a set of friable dedifferentiated cells growing in a solid medium, 
and serve as starting material for the establishment and growth of suspension cells 
(Barrales-Cureño and Ramírez 2013). The calluses obtained may be subcultured for 
maintenance and propagation. Furthermore, differentiation can be induced to 
embryos and organs formation (organogenesis and embryogenesis, respectively). 
Similarly, these can be transferred to a liquid culture medium in order to obtain 
suspension cells and small aggregates. Table 1 presents the main in vitro cultures of 
callus from Catharanthus roseus.

4.1  In Vitro Culture of Cell Suspension from Catharanthus 
roseus

The in vitro cultivation of plant cells in liquid medium for suspension cell represents a 
potential topic of interest to the pharmaceutical industry showing all the advantages 
inherent in biotechnological processes (Barrales-Cureño et al. 2011). Cell culture (espe-
cially, cell suspensions) offer several advantages. These include that of a similar han-
dling with respect to that performed with microorganisms; rapid cell multiplication 
(doubling time); and the ability to scale novel techniques, such as in the case of bioreac-
tors and temporary immersion systems (Pérez-Alonso and Jiménez 2011). 
Notwithstanding the foregoing, not all compounds are produced in undifferentiated cells 
in terms of equal quantity and quality as those that are obtained from mother plants. 
Similarly, it should be considered the fact that many metabolites are synthesized from 
their integration into differentiation events. In this regard, several authors have pointed 
that cell lines are a vehicle for the production of metabolites in equal to or greater than 
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the amount achieved under natural conditions. In addition, new substances have been 
detected that are not synthesized by plants in their natural habitat. From this, it can be 
said that the cultivation of cell lines reflexes a biotechnology of great importance for the 
development of new secondary metabolites (Pérez-Alonso and Jiménez 2011).

In vitro cell suspension cultures are maintained under the same physical and 
physicochemical conditions for callus induction. In the case of cell suspension cul-
tures of Catharanthus roseus, all terpene indole alkaloids derived from intermedi-
ates as can be strictosidin, serpentine, catharanthine, ajmalicine, and tabersonine, as 
well as vincristine and vinblastine (Zhi-Gang et al. 2013). Strictosidine precursor is 
then hydrolyzed by strictosidine β-glucosidase producing cathenamine as the main 
product (El-Sayed et al. 2004). Once the cell culture has been established, it is pos-
sible to observe the presence of a continuous process of epigenetic or genetic 
changes, which causes the population to become heterogeneous. As a result, the 
selection of clones with high growth and production of metabolites of interest 
becomes a necessary aspect to observe. Meanwhile, cell lines are obtained by select-
ing several strategies, including macroscopic, enzyme and microscopic examina-
tion (cell viability, for example, using fluorescein diacetate) (Pérez-Alonso and 
Jiménez 2011). Table 2 presents the main in vitro cultures of cell suspension from 
Catharanthus roseus.

4.2  In Vitro Culture of Organ from Catharanthus roseus

Aspects associated with the accumulation of secondary metabolites imply the pres-
ence of certain types of cells and organelles, including the expression and regula-
tion of catabolic and biosynthetic genes. Therefore, organ culture means an 
interesting alternative in the production of plant secondary metabolites. In this 
regard, the shoots and roots represent two types of bodies that are of major impor-
tance and that can be cultured on a large scale. In particular, organ culture produces 
substances of interest that have not been obtained from undifferentiated cultures. 
Notwithstanding the foregoing, shoot culture does not have the capacity to produce 
all compounds obtained in natural conditions in the leaves of plants. If the com-
pound of interest is synthesized in roots, therefore shoot culture will tend to not 
appear. Moreover, it is important to consider that even if the compound is synthe-
sized in the leaves, it is likely that the pattern and concentration result different 
from those obtained in intact plants. The main advantage indicates that organ cul-
ture is more stable in genetic terms if compared with the cultivation of suspension 
cell and callus (Pérez- Alonso and Jiménez 2011). Table 3 presents the main in vitro 
cultures of shoots from Catharanthus roseus.

Vindoline is a major alkaloid in vitro cultures of Catharanthus roseus outbreaks 
from which some authors reached 2  mg  g−1 dry weight after 27  days of culture 
(Hernández-Domínguez et al. 2004).
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Table 2 In vitro cultures of cell suspension from Catharanthus roseus

Explant type
In vitro 
culture type Alkaloid type Level production References

Leaf explants Suspension 
cell cultures

Indole alkaloids 
production

Murashige and 
Skoog medium 
containing 1 mg L−1 
Kinetine under light 
condition. The 
highest value of 
mass cell cultures 
and indole alkaloids 
production were 
achieved with 
modified MS 
medium containing 
300 mg L−1 of either 
L-glutamine for 
mass cell induction 
or L- tryptophan for 
enrichment of total 
indole alkaloids

Taha et al. 
(2009)

CRPP Cell 
suspension line

Cell 
suspensions

The cell lines were 
grown in MS or B5 
medium supplemented 
with either 20 g L−1 
glucose or 30 g L−1 
sucrose in 250 mL 
Erlenmeyer flasks with 
100 or 70 mL culture 
volume per flask

24 μmol g−1 dry 
weight

Zuwairi 
et al. (2014)

Shake flask 
suspension 
cultures of 
Catharanthus 
roseus cells in 
two-stage 
process

The 
processes 
for 
production 
of indole 
alkaloids

Both culture processes 
produced ∼20 g dw−1 of 
biomass. Total and 
individual indole 
alkaloid production 
were ten times higher 
(740 mg L−1 and 
25–4000 μg g−1 dw, 
respectively) for 
two-stage than for 
one-stage cultures

Zenk’s alkaloid 
production medium 
(APM)

Tom et al. 
(1991)

Cell cultures in 
shake flasks 
and bioreactors

Ajmalicine 
production

The production of 
ajmalicine on 
production medium in a 
shake flask was not 
reproduced in a 
bioreactor

In turbine stirred 
bioreactor, at low 
oxygen 
concentration an 
intermediate from 
the tryptophan 
pathway, tryptamine, 
is accumulated. At 
high oxygen, 
ajmalicine is formed

Ten Hoopen 
et al. (1994)
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Table 3 In vitro cultures of shoots from Catharanthus roseus

Explant 
type

In vitro 
culture type Response Medium Reference

Hypocotyl Shoot 
proliferation

89.2% in light and 71.6% 
in light, respectively

Murashige and 
Skoog basal medium 
supplemented with 
BAP 
(1.5 mg L−1) + NAA 
(1.0 mg L−1) and 
BAP 
(3.0 mg L−1) + NAA 
(4.0 mg L−1)

Singh et al. 
(2011)

Hypocotyl 
calli

Shoot 
regeneration

10–15 shoots regenerated 
per calli.

Murashige and 
Skoog medium 
supplemented with 
BAP 
(1.5 mg L−1) + NAA 
(1.0 mg L−1)

Singh et al. 
(2011)

Shoot tip Multiple 
shoots

Percentage: 90% BAP (1 mg L−1) Haq et al. 
(2013)

Nodal 
portion

Multiple 
shoots

Percentage: 80% BAP (1 mg L−1) Haq et al. 
(2013)

Nodal 
explants

Shoot bud Percentage: 100% Murashige and 
Skoog medium 
supplemented with 
BAP (1.0 mg L−1)

Pandey et al. 
(2014)

Nodal 
segments

Multiple 
Shoots

Number of shoots/explant: 
7.30 ± 0.64, shoot length 
(cm): 5.97 ± 0.17 and 
shooting response (%): 
99%

Murashige and 
Skoog medium 
supplemented with 
0.5 mg L−1 
BAP ± 1 mg L−1 
NAA

Bagum and 
Mathur 
(2014)

Juvenile 
explants 
such as 
shoot tip 
and nodal 
sections

Multiple 
shoots

57% of shoots tips were 
responded on medium 
containing BAP and 
kinetin

BAP 2 mg L−1 and 
kinetin 1 mg L−1

Sandhya 
et al. (2016)

Shoots 
about 
1.5–2 cm

Axillary 
buds

Results showed that adding 
2 mg L−1 (BA) to the 
medium caused 
significantly increasing of 
parameters. The average of 
shoots number was 
recorded (4.75), leaves 
number (9.25), the fresh 
and dry weight were 
recorded (1103.75 and 
112.00 mg), respectively

Murashige and 
Skoog medium in 
culture vessels 
supplemented with 
different 
concentrations of 
BA (0, 1, 2, 3, or 4) 
mg L−1 and 
0.2 mg L−1 of NAA

Al-oubaidi 
and 
Mohammed- 
Amin (2014)

H.J. Barrales-Cureño et al.
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4.3  In Vitro Culture of Roots from Catharanthus roseus

The roots synthesize, accumulate, and secrete a variety of secondary metabolites, in 
addition to providing mechanical support and allow water and nutrients collection 
from the soil. In addition, it has been reported that biosynthetic activity of roots is 
also maintained in in vitro culture, a reason from which Catharanthus roseus root 
crops grow rapidly in a Murashige and Skoog medium. Several types of research 
determined that in vitro cultures have the ability to synthesize metabolites by pro-
ducing roots. In that regard, cultures may serve as a biotechnology option for the 
production of alkaloids for future research. Table 4 presents the main in vitro cul-
tures of roots from Catharanthus roseus.

Table 5 presents the main in vitro cultures of plantlets from Catharanthus roseus 
(Table 6).

5  Pharmacological Studies in Catharanthus roseus

Cancer is a term applied generically to a great number of different diseases. Due to its 
nature, it comprehends several malignant tumors found in different locations, such as 
leukemia, bone sarcoma, Hodgkin’s disease, and non-Hodgkin’s lymphoma (Barrales-
Cureño 2015). In particular, six are the alterations identified in cancerous cells that 
determine their potential. In that respect, they: (1) show signs of very active growth; 
(2) evade apoptosis; (3) reflect loss of responsiveness to antigrowth signals; (4) release 
substances to the medium for tissue vascularization; (5) invade tissues and organs; and 
(6) experience unlimited replicative growth (Hanahan and Weinberg 2000).

5.1  Antioxidant Enzyme Activity

An experiment that involved different concentrations of sodium chloride was con-
ducted over two varieties of Catharanthus roseus (the alba and rosea varieties). It 
was found that the enzyme activity of superoxide dismutase levels increased to 
50 mM of sodium chloride, which contributes to a higher level of this enzyme with 
antioxidant value (Abdul 2009).

5.2  Antiviral Activity

Ozcelik et al. (2011) indicated the antiviral effect of Catharanthus roseus in herpes 
simplex virus (type I) with an effect of cytopathogenicity at 0.8 μg mL−1. The cathar-
oseumine, a monoterpene indole alkaloid, which has a single peroxy, was identified as 
a potential inhibitor against falcipain-2 protozoan parasites that cause malaria, 
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showing an IC50 value of 4.06 μM (Wang et al. 2012). Meanwhile, vinblastine and 
vincristine showed antiparasitic effects against Trypanosoma, which causes trypano-
somiasis in humans, inhibiting its mitosis and affecting cell shape in a dose- dependent 
manner (Grellier et al. 1999). Also, the use of 15 μM of vinblastine and 50 μM of 
vincristine inhibited cytokinesis and nuclear division. Consequently, the compounds 
affected the cell morphology, whereas the effect of 3 μM of vinblastine and 10 μM of 
vincristine inhibited the cytokinesis without affecting cell cycle progression.

Table 4 Cultivos in vitro de raíces de Catharanthus roseus

Explant type
In vitro 
culture type Response Medium Reference

Hypocotyl Root Best rooting response 
with quality roots

Half strength Murashige 
and Skoog medium 
supplemented with IBA 
(2.5 mg L−1) + NAA 
(0.5 mg L−1)

Singh 
et al. 
(2011)

Nodal 
segments

Maximum 
rooting

Number of roots/
explant: 3.60 ± 0.51, 
root length (cm): 
1.68 ± 0.32 and rooting 
response (%): 90%

Murashige and Skoog 
medium supplemented 
with 5.0 mg L−1 IBA

Bagum 
and 
Mathur 
(2014)

The Plant 
Growth 
Regulators 
used were 
paclobutrazol 
(PBZ), 
gibberellic 
acid (GA3) 
and 
Pseudomonas 
fluorescens 
elicitors (PF 
Elicitors). The 
estimated 
alkaloids 
were 
ajmalicine, 
catharanthine, 
tabersonine, 
serpentine, 
and vindoline

Roots The root vindoline 
contents increased with 
PBZ and PF Elicitors 
treatments but the 
decreased under GA3 
treatments when 
compared to control 
plants. In roots, the 
ajmalicine content 
increased significantly 
under all the treatments 
on all sampling days. 
The catharanthine 
contents increased with 
the age in control and 
growth regulator 
treatments, but the 
increase was not 
prominent and 
significant in PGR 
treatments when 
compared to controls. 
The serpentine contents 
of the plant increased 
with PGR treatments, 
but the increase was 
more prominent in PBZ 
treatments when 
compared to other 
treatments

The increase was in the 
order PBZ > PF 
Elicitors > GA3

Jaleel et al. 
(2009)

H.J. Barrales-Cureño et al.



Table 5 In vitro cultures of plantlets from Catharanthus roseus

Explant type
In vitro 
culture type Response Level production References

Nodal explants 
of stem through 
axillary shoot 
proliferation

Shootlets MS medium 
supplemented with 
0.5 mg L−1 
BAP ± 1 mg L−1 NAA

99% of shooting 
response

Mehta et al. 
(2013)

Multiple shoot 
cultures

Production 
of ajmalicine 
in shake 
flasks

Effect of different 
concentrations of IAA 
and BA in the 
production of 
ajmalicine

Murashige and 
Skoog medium 
supplemented 
with IAA at a low 
concentration and 
BA at a low 
concentration, 
accumulated high 
levels of 
ajmalicine

Satdive et al. 
(2003)

(a) Hypocotyl 
sections

(a) In vitro 
callus grown 
seedlings

MS supplemented with 
naphthaleneacetic acid 
(NAA 2 mg L−1), 
6-benzyl-aminopurine 
(BAP, 5 mg L−1), 
casein hydrolysate 
(CH, 1000 mg L−1), 
and asparagine 
(100 mg L−1) for callus 
induction

Vinblastine 
Yield:(a) 
0.9 μg g−1

Datta and 
Srivastava 
(1997)

(b) Cotyledonary 
leaves

(b) 0.1 μg g−1

(c) 1.6 μg g−1

(b) In vitro 
callus grown 
seedlings

(d) 0.2 μg g−1
(c) Hypocotyl 
sections
(d) Immature 
fruits (c) In vitro 

callus grown 
seedlings
(d) Mature 
plant

Table 6 New metabolites obtained from in vitro culture of Catharanthus roseus cells

Metabolite Function Type of culture References

Phosphatidyl 
kinase

Phospholipid metabolite 
enzyme

Plasmatic membranes 
of Catharanthus 
roseus cell suspension 
cultures

Wissing et al. 
(1994)

Trichoselin Antibiotic Dual cultures of 
Thrichoderma 
harzianum and 
Catharanthus roseus 
callus

Marfori et al. 
(2002)

Phytic acid Phosphorous storage, mRNA 
cellular export, chromatin 
remodeling

Cell suspension 
cultures

Mitsuhashi 
et al. (2005)

Cathachunine The bisindole alkaloid 
cathachunine which lost C-18′ 
and C-19′ was isolated from 
Catharanthus roseus. It exerted 
a potent antitumor effect toward 
human leukemia cells through 
the induction of apoptosis via an 
intrinsic pathway

Dried whole plants Xiao-Dong 
et al. (2016)
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5.3  Hypoglycemic Activity

Several animal studies showed that ethanolic extracts of leaves and flowers decreased 
the levels of glucose in the blood (Ghosh and Gupta 1982; Chattopadhyay et al. 
1991). In particular, the aqueous extract decreased the glucose levels in diabetic rats 
by 20%. This ratio is compared with the reduction of 49–58% in glucose (Singh 
et  al. 2001), which was related to the dichloromethane and ethanolic extracts. 
Meanwhile, the hypoglycemic effects derived from an increased use of glucose in 
the liver (Chattopadhyay 1991).

Currently, research works have been conducted on new alkaloids in Catharanthus 
roseus. Some examples include that of the vindogentianine, a hypoglycemic metabolite 
extracted from the leaves of the plant. Works showed hypoglycemic activity in β-TC6 
and C2C12 cells by a higher glucose consumption, as well as significant in vitro inhibi-
tion. This suggests that the hypoglycemic activity of vindogentianine derives from the 
increased consumption of glucose, including the PTP-1B-type inhibiting effect, a poten-
tial therapeutic agent that fights diabetes mellitus type 2 (Huat et al. 2015).

5.4  Antidiarrheal Activity In Vivo

In vivo antidiarrheal activity, produced by ethanolic extracts of leaves and using cas-
tor oil as an inducing agent of experimental diarrhea, was tested in Wistar rats. For the 
same purpose, loperamide, and atropine were used as standard drugs. The antidiar-
rheal effect caused by ethanolic extract showed a dose-dependent inhibition of castor 
oil, which induced diarrhea at doses of 200 and 500 mg kg−1 (Kyakulaga et al. 2011).

5.5  Antimicrobial Activity

The antimicrobial activity of the leaf extracts was tested against various microor-
ganisms such as Pseudomonas, Salmonella, and Staphylococcus, these extracts 
emerge as prophylactic agents in the treatment of various diseases (Patil and Ghosh 
2010). Ramya et al. (2008) evaluated the in vitro antibacterial activity by use of 
crude extracts of Catharanthus roseus. The results indicated that the leaf extract that 
was prepared exhibited better antibacterial activity if compared with that of the 
extracts from other parts of the plant. Based on the above, the aqueous extracts of 
leaves, stems, roots, and flowers showed low growth of microorganisms, for exam-
ple, Escherichia coli, Pseudomonas aeruginosa, Serratia marcescens, Salmonella 
typhimurium, Staphylococcus aureus, Streptococcus pyogenes, Bacillus cereus and 
Bacillus subtilis (Ramya et al. 2008).

Kumari and Gupta (2013) tested Catharanthus roseus leaf extracts (rosea vari-
ety), which showed excellent activity against Aspergillus. Meanwhile, extracts from 
alba variety stems showed maximum inhibitory activity against Bacillus, while 
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rosea variety flowers indicated superior activity against Bacillus in the methanolic 
extract. In particular, the Minimum Inhibitory Concentration of the extract against 
microorganisms tested was found at the range between 100 and 20 mg mL−1.

Acetonic, ethanolic, and chloroformic, which has been used for leaf extracts 
against pathogenic microorganisms were evaluated in a different study, which was 
to determine their antimicrobial potential. Thus, the ethanolic extract deployed 
maximum antibacterial activity when compared with acetone and chloroform 
extracts. Thus, it proved that Staphylococcus was the prominent, susceptible micro-
organism, being followed by Escherichia coli, Pseudomonas sp. and Streptococcus 
sp. (Shanmugaraju and Bhakyaraj 2016).

5.6  Antineoplastic Effect

Catharanthus roseus plants contain various dimeric indole alkaloids, which show 
antitumor activity significantly. In this regard, it was found that these alkaloids have 
apoptosis-inducing activity against in vitro and in vivo tumor cells. This is mea-
sured by the nuclear factor kappa enhancer of activated B cells, and from c-Jun 
N-terminal kinase routes, where damage on DNA and mitochondrial dysfunctions 
are present significantly.

The nuclear factor kappa B was discovered about 20 years ago. It was identified 
as a protein that has the ability to bind in order to improve the immunoglobulin light 
chain in B cells. The factor belongs to the family of transcription factors NF-kB, 
which is ubiquitous and participates in the inflammatory and immune response in 
the formation, development, progression, and apoptosis of tumors (Echeverri and 
Mockus 2008). Meanwhile, kinases c-Jun N-terminal bind and phosphor c-Jun pro-
tein in Ser-63 and -73 residues were also present in the transcriptional activation 
domain. These activated kinases, such as cytokines, react to stress stimulus, includ-
ing UV irradiation and thermal and osmotic shocks. They participate both in the 
differentiation of T cells, and apoptotic processes (Echeverri and Mockus 2008).

Furthermore, different percentages of crude methanolic extracts have been iden-
tified. Metrics indicate the presence of significant anticancer activity against numer-
ous cell types under in vitro conditions (Ueda et al. 2002), versus different types of 
multidrug-resistant tumors (Wang et al. 2004). Moreover, Ruskin and Aruna (2014), 
showed that the ethanolic extract of Catharanthus roseus has in  vivo antitumor 
activity in the Ehrlich tumor model. In contrast, the in  vitro study of ethanolic 
extract exhibited significant antitumor activity.

The aqueous extract obtained from the aerial parts caused a hypoglycemic activ-
ity in rabbits intragastrically at a dose of l0 g kg−1, contrary to that produced by an 
aqueous-ethanolic extract at a dose of 5 g kg−1. The hypoglycemic action was also 
observed in rats exposed to aqueous and ethanol extracts of the leaf of the plant. 
Vinblastine molecule is reported to be an effective component of certain cancer 
chemotherapy regimens, specifically when used with bleomycin, and methotrexate 
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in VBM chemotherapy for Stage IA or IIA Hodgkin lymphomas. The inclusion of 
vinblastine allows for lower doses of bleomycin and reduced overall toxicity with 
larger resting periods between chemotherapy cycles (Gobbi et al. 2003).

5.7  Toxicity

Acute toxicity studies were performed in mice. Research indicated that the median 
lethal dose of intravenous vinblastine was 9.5 mg kg−1, and vincristine intraperito-
neally was 5.2 mg kg−1. In this regard, 20% of mice died when they were adminis-
tered the total fraction of alkaloids, which was obtained from the root of the plant 
subcutaneously, and provided in doses of 50 mg kg−1. The ethanolic extract of the 
leaves was orally administered in daily doses of 75 mg kg−1 for 24 days. The appli-
cation provoked a marked reduction in the weight of the animal’s testicles and pros-
tate on the 25th day as the autopsy revealed. Similarly, the action indicated 
antispermatogenic activity in rats derived from the fraction of total alkaloids of 
plant intraperitoneally administered.
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Abstract Catharanthus roseus (L.) G. Don (Apocynaceae) is a medicinal plant that 
produces indole alkaloids used in cancer chemotherapy. C. roseus has been the most 
commonly used model plant for the study of the biosynthetic pathways regarding 
indole alkaloids. Most important anticancer alkaloids of C. roseus are vincristine 
and vinblastine. These alkaloids are extracted commercially from large amount of 
leaf-biomass of C. roseus plants. The concentration of these alkaloids is very low 
(about 0.005%) in this plant and the artificial synthesis is very expensive and cum-
bersome. At present, India is the third largest manufacturer of vinblastine and vin-
cristine in the world and is exporting these alkaloids to European and other countries. 
High demand and low yield of these alkaloids in the plant has led to conduct 
researches in order to explore for alternative means of their production. Great efforts 
have been made to produce these alkaloids at large scale by cultures of plant cell 
suspensions and diverse tissues (such as hairy roots). With the same aim, the role of 
plant growth regulators (PGRs) in regulation of C. roseus indole alkaloids biosyn-
thesis has been extensively researched. In fact, there is immense need of enhancing 
the production of these medicinally important alkaloids in view of their massive 
demand worldwide.

The present review provides information regarding the role of potent PGRs 
[namely, gibberellic acid (GA3), epibrassinolide (EBL), kinetin (Kn), and triaconta-
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nol (TRIA)], mineral nutrients (such as N, P, and K) and radiation-processed poly-
saccharides (sodium alginate and carrageenan) in boosting up the growth, 
metabolism, and other plant processes, particularly the production of anticancer 
alkaloids (vinblastine and vincristine) in C. roseus plants.

Keywords Alkaloids • Catharanthus roseus • Mineral nutrients • PGRs • Radiation-
processed polysaccharides • Vinblastine • Vincristine

1  Introduction

Periwinkle [Catharanthus roseus (L.) G. Don], called as Sadabahar, is a prominent 
medicinal plant of Apocynaceae family that produces indole alkaloids used in che-
motherapy. Commercially important antineoplastic alkaloids, namely, vinblastine 
and vincristine, are mainly present in the leaves of C. roseus. Periwinkle is a peren-
nial tropical plant that produces more than 100 monoterpenoid indole alkaloids 
including the commercially important antitumor alkaloids, viz. vinblastine and vin-
cristine; these alkaloids are used in cancer chemotherapy (Magnotta et al. 2006). In 
addition to cancer chemotherapy, the alkaloids vinblastine and vincristine are used 
in the treatment of various types of lymphoma and leukemia ailments (Svoboda and 
Blake 1975). These alkaloids are also used for the treatment of other malignant as 
well as nonmalignant diseases and disorders associated with platelets (Nwafor et al. 
2001). C. roseus produces a number of biologically active alkaloids in different 
plant parts using complex, multi-step and strictly regulated terpenoid indole alka-
loid (TIA) biosynthetic pathways (Vazquez-Flota et al. 1997; Gantet and Memelink 
2002). Distribution and accumulation of alkaloids vary in roots, stems, and leaves 
of C. roseus plant (Misra and Kumar 2000).

It was reported that a number of sugars, amino acids, and organic acids may act 
as signals for alkaloid production that possibly cause the biotransformations (Aerts 
et al. 1996). Production of secondary metabolites, in general, is a highly ordered 
process with respect to plant development and involves a wide array of gene expres-
sion which, in turn, controls the regulation of biochemical pathways within the 
organs, specific cell types, and specific organelles. De Luca and Laflamme (2001) 
reported that alkaloid biosynthesis in particular is regulated primarily at the level of 
gene expression, which is controlled by the expression of transcription factors. 
Moreover, the activity of regulator/transcription factors is determined by their abun-
dance at the level of gene also. The biosynthesis of these alkaloids is regulated by 
diverse biomolecules such as plant signaling molecules, plant growth regulators, 
prenylated proteins, and transcription factors (Zhou et al. 2010).

Nowadays, agronomists are trying to develop additional ways to break the pres-
ent yield limits of the field crop to fill the gap between productivity and demand. 
DiCosmo and Misawa (1995) and Aslam et al. (2010) suggested that cultivation of 
this plant on scientific lines is the only commercial source for the production of 
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drugs. C. roseus, as a tropical plant, needs relatively high temperature during the 
period of growth and development. In general, it is very sensitive even to a short-
term drop of temperature (e.g., at night). The decrease of temperature caused flower 
bud (in spring) or fruit (silique) drop in autumn (Narkiewicz and Sadowska 1991). 
In fact, at 10 °C the inhibition of plant growth was also reported (Mitrev 1976). The 
air temperature should be about 25 °C at the beginning of growth. So, to increase 
fresh herb in the temperate climatic zone, the economically most efficient way is to 
grow it either in an open field or in unheated plastic tunnels (Sadowska et al. 1987). 
Removal of flower buds, flower, and apices of a plant at 2 cm below the top, at the 
phase of 50% of full bloom increased both root yield and alkaloid content (Pareek 
et al. 1985, 1991). Remarkable results were obtained by applying hydroponic tech-
nique under greenhouse conditions; the yield of alkaloids was several times higher, 
as compared to plants grown in the open ground (Dedio 1983; Babakhanyan 1991). 
However, this method is not economically attractive for the large-scale production.

Lovkova et al. (2005) studied the effect of various mineral elements, natural and 
synthetic auxins, cytokinins, and gibberellins on biosynthesis and accumulation of 
indole alkaloids in Madagascar periwinkle-seedlings; Zn and Auxin were shown to 
modulate various stages in the biosynthesis of monomeric indole alkaloids (cathar-
anthine and vindoline). Foliar application of GA treatment (1000  g  m−3) on C. 
roseus leaf produced negative phenotypic response in total biomass production but 
it showed positive response in the content of total alkaloids in leaf, stem, and roots 
(Srivastava and Srivastava 2007; Alam et al. 2012). Furthermore, Jaleel et al. (2007) 
reported GA3 to enhance ajmalicine accumulation in periwinkle roots. Root vin-
doline content was significantly increased with paclobutrazol (PBZ) and 
Pseudomonas fluorescens (PF) elicitor’s treatment but decreased under GA3 treat-
ment when compared to control plants (Jaleel et al. 2009). However, higher concen-
tration of salicylic acid (SA) induced vindoline accumulation in C. roseus seedlings 
(El-Sayed and Verpoorte 2004).

Due to paramount pharmaceutical importance and the low content of useful alka-
loids in the plant, C. roseus became an important model plant for biotechnological 
studies on plant secondary metabolism. Exogenous application of plant growth reg-
ulators (PGRs) and mineral nutrients have vital impact on the growth and productiv-
ity of C. roseus. In view of the desired production of alkaloids, extensive work has 
been carried out at Aligarh, Western Uttar Pradesh, with an aim to study the effect of 
potent PGRs on C. roseus (Table 1). Concludingly, the present review is focused on 
the effect of several potent PGRs and mineral nutrients with regard to growth, 
metabolism, and other plant processes including alkaloid production of C. roseus.

2  Role of Plant Growth Regulators (PGRs) in Plants

A plant growth regulator is an organic compound, either natural or synthetic, that 
modifies or controls one or more specific physiological processes within a plant. If 
the compound is produced within the plant, it is called a plant hormone. Plant 
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hormones or phytohormones are other than nutrients, synthesized at specific site/s 
and transported to other tissues, wherein very low concentrations they evoke spe-
cific biochemical, physiological, and/or morphological responses. They are active 
both at the site of their synthesis and at remote places.

The plant hormones play extremely important role in the integration of develop-
mental activities. They are also very much concerned with the response of plants to 
the external physical environment. These factors often exert inductive effects by 
evoking changes in hormonal metabolism and/or their distribution within the plant 
(Moore 1989). Earlier, major lines of investigations led to the characterization of the 
following five groups of classical plant hormones (auxins, gibberellins, cytokinins, 
abscisic acid, and ethylene). It is now superseded by a view that various other mol-
ecules, remotely related with the above hormones, have varied important roles in the 
regulation of plant activities; these molecules include brassinosteroids, salicylates, 

Table 1 Effect of potent PGRs on growth attributes, physiological activities, and content and 
yield of alkaloids of C. roseus

PGRs
Growth 
attributes Physiological activities

Content and 
yield of 
alkaloids Reference

Gibberellic Acid 
(GA3)

Fresh and dry 
weights of 
shoot and 
root, LAI

Total content of Chl 
and carotenoids, 
photosynthetic rate 
(PN), stomatal 
conductance (gs), NR 
and CA activities, 
antioxidative enzymes

Contents and 
yield of total 
alkaloids, 
vincristine and 
vinblastine

Idrees et al. 
(2011), Alam 
et al. (2012), 
Alam (2013)

Triacontanol 
(TRIA)

Fresh and dry 
weights of 
shoot and 
root, LAI, 
leaf- and 
herbage-yield

PN, gs, NR and CA 
activities, and 
antioxidative enzymes

Contents and 
yield of total 
alkaloids, 
vincristine and 
vinblastine

Idrees et al. 
(2011), Alam 
et al. (2012), 
Alam (2013), 
Naeem et al. 
(2017)

Salicylic acid (SA) Plant height, 
fresh and dry 
weights of 
shoot and 
root, and LAI

PN, gs, NR and CA 
activities and 
antioxidative enzymes.

Contents and 
yield of total 
alkaloids, 
vincristine and 
vinblastine

Idrees et al. 
(2011)

Epibrassinolide 
(EBL)

Average leaf 
area, LAI, 
dry weights 
of leaf, stem 
and root

Total content of Chl 
and carotenoids, NR 
and CA activities, 
leaf-N, -P, and -K 
contents

Total content 
and yield of 
alkaloids

Alam et al. 
(2016)

Kinetin (Kn) Average leaf 
area, LAI, 
dry weights 
of leaf, stem 
and root

Total content of Chl 
and carotenoids, NR 
and CA activities, 
leaf-N, -P, and -K 
contents

Total content 
and yield of 
alkaloids

Alam (2013)

Chl chlorophyll, NR nitrate reductase, CA carbonic anhydrase
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jasmonates, etc. The phytohormones are employed to improve the efficiency of 
plants. They are known to affect the  chlorophyll content and the photosynthetic rate 
of the plants and regulate the partitioning of assimilates resulting in an increase or 
decrease of the plant size (Arteca 1997). However, the response in terms of chloro-
phyll and/or photosynthesis varies from a group of plants to another group. The 
regulatory role of phytohormones in selective uptake and distribution of ions in 
plants, through their effect on membrane properties and transport of assimilates, has 
been shown in earlier studies (Steveninck 1976).

2.1  Gibberellins

Gibberellins are defined as compounds having an ent-gibberellane skeleton. They 
show biological activity in stimulating cell division or cell elongation or both, or 
such other biological activity as may be specifically associated with this type of 
naturally occurring substance (Paleg 1965). Of the 136 naturally occurring GAs 
(MacMillan 2002), that have been identified to date, in plants or fungi, relatively 
few are thought to possess intrinsic biological activity. GA3 is the first widely avail-
able active form of commercial gibberellins. However, the other recognized bioac-
tive gibberellins are GA1, GA4, and GA7.

2.1.1  Effect of GA3

GA3 plays an important role in modulating diverse physiological processes through-
out the period of plant growth and development. It is known to improve the photo-
synthetic efficiency through its influence on photosynthetic enzymes, leaf-area 
index, light interception, and nutrient-use efficiency of plants (Khan et al. 2007a). 
Besides, GA3 is the best known growth hormone for seed germination, leaf expan-
sion, stem elongation, flower and trichome initiation, and flower and fruit develop-
ment (Yamaguchi 2008).

As per different studies, GA3 increased the use efficiency of nutrients. Eid and 
Abou-Leila (2006) reported that GA3 treatment increased the N, P, K, Mg, Fe, Zn, 
Mn, and Cu content, thereby increasing the mineral nutrient status of the plant. In 
fact, an adequate supply of mineral nutrients (N, P, and K) in the initial stage of 
plant growth and development plays a pivotal role in nutrient uptake by crops, 
which is improved by GA3 application as well (Shah et al. 2006). An increase in 
membrane permeability by GA3 (Wood and Paleg 1972; Crozier and Turnbull 
1984; Al-Wakeel et al. 1994) might be ascribed to GA3-facilitated absorption and 
utilization of mineral nutrients and transport of assimilates in plants (Khan et al. 
2002; Al-Rumaih et  al. 2003). The increased nutrient content might, in turn, 
enhance the photosynthetic potential of leaves, i.e., the strength of source. GA3 
has been reported to increase the photosynthetic rate in plant leaves (Ashraf et al. 
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2002). It was suggested that GA3 treatment could lead to changes in plastid devel-
opment and chloroplast structure too (Wellburn et  al. 1973). Augmentation of 
leaf-chlorophyll content due to GA3 application was also observed in Lemna tri-
sulca L. (Bata and Nešković 1974), mustard (Afroz et  al. 2005; Shah 2007a), 
Stevia rebaudiana Bertoni (Modi Arpan et al. 2011), and Hibiscus sabdariffa L. 
(Ali et al. 2012).

Nitrate reducing power of the plants, as depicted by nitrate reductase (NR) 
activity, is one of the important factors determining the growth. However, the 
process of nitrate reduction depends on three important factors (a) substrate 
(NO3) level in the cytoplasm, (b) the level of functional NR, and/or (c) the activ-
ity level of functional NR. Each of these factors is directly or indirectly depen-
dent on the metabolic sensors and/or signal transducers (Campbell 1999). 
Moreover, the major rate limiting step in the whole process of nitrate reduction 
is the reduction of nitrate to nitrite (Salisbury and Ross 1992), which is cata-
lyzed by NR. The level of the enzyme is dependent on a number of factors born 
within or outside the plant. GA3 was proved as inducer of NR activity in earlier 
findings (Goupil et  al. 1998; Shah et  al. 2006; Aftab et  al. 2010a). Another 
enzyme, carbonic anhydrase (CA), catalyzes the reversible hydration of carbon 
dioxide and maintains its constant supply to RuBPCase at the level of chloro-
plast-grana (Majeau and Coleman 1994; Price et  al. 1994). Moreover, CA is 
hypothesized to be involved in photosynthetic electron transport system (Stemler 
1997) and is considered to maintain chloroplast pH during the rapid changes in 
light intensity (Reed and Graham 1981).

It is in general agreement that GA3 enhances the metabolic activity within the 
pathways leading to accumulation of secondary metabolites, e.g., steroids (Ohlsson 
and Björk 1988), anthocyanin (Weiss et al. 1992), essential oil (terpenoid) (Singh 
et al. 1999), artemisinin (sesquiterpene) (Aftab et al. 2010b), and alkaloids in opium 
poppy (Khan et al. 2007b) and Balanites aegyptiaca plants (Mostafa and Alhamd 
2011).

GA3 may influence the source–sink relationship by affecting various plant pro-
cesses (Marschner 1995). In higher plants, gibberellins appear to de-repress the 
signaling pathway by inducing proteolysis of GA-signaling repressors (DELLA 
proteins). It is suggested that the proteolysis of repressor proteins is an important 
hormone signal transduction mechanism in plants. However unlike most epigenetic 
signaling events, such as a phosphotransfer, proteolysis is irreversible and therefore 
enforces directionality on a system. Such directionality is important in controlling 
the mitotic cell cycle (Patton et al. 1998). By analogy, it could be argued that changes 
in gibberellins concentration in the levels during plant development should be fol-
lowed by irreversible development of plants via the cell division and expansion. In 
plants, the activities of these growth determinants (gibberellins) are maximal at a 
crucial growth stage when the requirement of photosynthates is too high. When the 
plants grow old, the biomass yet increases even with decreasing activities of various 
cellular processes. The fact was revealed by the studied growth observations after 
foliar supplementation with GA3.
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2.2  Effect of Epibrassinolide

Brassinosteroids (BRs) are cholestane derivatives with significant growth- promoting 
activity. Brassinolide (BL) is considered to be the end-product of biosynthetic path-
way of BRs and shows the highest biological activity among BRs (Grove et  al. 
1979). BRs are considered as hormones with pleiotropic effects, as they influence 
various developmental processes like plant growth, germination of seeds, rhizogen-
esis, flowering and senescence, etc. (Rao et al. 2002). Besides, BRs elicit various 
physiological responses and are essential for male fertility and xylem differentiation 
(Müssig and Altmann 1999; Altmann 1999). Their growth-promoting effect results 
primarily from the stimulation of cell elongation and includes induction of the 
expression of genes encoding proteins such as xyloglucan endotransglycosylases 
(XETs) (Xu et al. 1995), which are probably involved in cell-wall metabolism and 
loosening. Moreover, effects such as cell-wall space acidification appear to contrib-
ute to BRs-induced growth stimulation. Effects of BRs on cell division are less 
clear; however, the induction of CycD3 transcription by epibrassinolide (EBL) 
might represent a mechanism by which BRs can drive cell division (Hu et al. 2004). 
Though our understanding of the molecular mechanism of action of brassinosteroids 
is still in its infancy stage, few years ago, a leucine-rich protein (BRI1) from 
Arabidopsis thaliana has been identified, which is considered as the receptor of BRs 
(Li and Chory 1997). Unlike in animal system, where receptors for steroid hor-
mones are intracellular, the receptor of BRs (BRI1) is located in the plasma mem-
brane. It functions at the cell surface and transduces extracellular signals (Clouse 
and Sasse 1998). Further, the binding of BR molecule to the receptor causes activa-
tion of the kinase domain and the subsequent phosphorylation of additional kinases 
and/or phosphatases (Chow and McCourt 2006). There are evidences, that BRs do 
not undergo long-distance transport (Symons et al. 2006), however, they may influ-
ence long-distance signaling by altering auxin transport (Paponov et  al. 2005; 
Wiśniewska et al. 2006). Probably, after perception in the leaves, the signals of BRs 
might interfere with the physiological activities within the leaves of the plant. The 
positive effects of EBL were also suggested in the cases of Pinus banksiana 
(Rajasekaran and Blake 1998), Arachis hypogaea (Vardhini and Rao 1998), pepper 
plants (Houimli et al. 2010), Phaseolus vulgaris L. (Rady 2011), Pisum sativum L. 
(Shahid et al. 2011), and Brassica juncea L. (Arora et al. 2012). The biosynthesis of 
alkaloids is an integration of several metabolic pathways, which requires linking of 
several steps such as continuous production of precursors, their transport and trans-
location to the active site of synthesis, and finally the transport of alkaloids to accu-
mulation site. This sequence of steps depends on normal functioning of associated 
metabolic pathways. Any disorder in normal metabolic pathways also affects the 
sequence of steps in biosynthesis. Accordingly, a plant may alter/adopt its specific 
metabolic pathway in response to particular effect, such as nutrient imbalance and 
hormone application. BL and EBL are potent growth regulators that have proved 
efficient in altering the metabolic pathway in the case of several medicinal plants 
such as lavender (Youssef and Talaat 1998), mint (Maia et al. 2004; Naeem et al. 
2012b), and geranium (Swamy and Rao 2009).

Plant Efficacy and Alkaloids Production in Sadabahar (Catharanthus roseus L.)…



42

2.3  Effect of Kinetin (Kn)

Cytokinins play a central role in the regulation of plant cell division and numerous 
developmental processes. A variety of additional activities of the hormone were 
described, including the capability to induce the formation of shoots from unorganized 
callus tissue (Skoog and Miller 1957), to retard leaf senescence (Richmond and Lang 
1957), to stimulate pigment accumulation (Bamberger and Mayer 1960), and to support 
plastid development (Stetler and Laetsch 1965). Generally, natural cytokinins are 
N6-substituted adenine derivatives. The first cytokinin discovered was N6-furfuryladenine 
(kinetin) as a degradation product of DNA. In plants, cytokinins are perceived by histi-
dine kinases and transduced by a two-component signaling system. In Arabidopsis cyto-
kinin signal transduction pathway, hybrid histidine protein kinases (AHKs) serve as 
cytokinin receptors and histidine phosphotransfer proteins (AHPs) transmit the signal 
from AHKs to nuclear response regulator (ARRs), which can activate or repress tran-
scription (Inoue et al. 2001). Histidine phosphotransfer proteins act as signaling shuttles 
between the cytoplasm and nucleus in a cytokinin-dependent manner. However, the 
identification of CRE1 (a histidine kinase identical to AHK4 and WOL) as the cytokinin 
receptor of Arabidopsis is a landmark in cytokinin research (Schmülling 2001). 
Moreover, the cytokinin receptor genes have been identified in numerous other flower-
ing plant species including Catharanthus roseus (Papon et al. 2002).

Kinetin (Kn) is an artificial cytokinin which has been frequently used in plant 
research. Growth-promoting effect of Kn application on various growth attributes 
including leaf expansion and organ biomass production was reported by various 
researchers (Dey and Srivastava 2006a; Singh et al. 2006; Shah 2007b). van Staden 
et al. (1988) proposed that cytokinins boosted the general metabolism of the chloro-
plast through their action on the related processes operative at the level of the 
nucleus and/or cytoplasm; the cytokinins facilitated an increase in chloroplast DNA, 
augmented the rate of protein synthesis in the chloroplast, maintained sufficient pig-
ment level and promoted the formation of chloroplast-grana.

In fact, the partitioning of the C. roseus alkaloids in various organs is a complex 
and organ-specific process (Misra and Kumar 2000). The growth regulators may 
exert their effect on alkaloid accumulation through improvement in the alkaloid 
precursor pool and/or through an enhancement of enzyme activities taking part in 
alkaloid biosynthesis (Srivastava and Srivastava 2011). The precursors of root- 
specific alkaloids or the enzymes involved in the biosynthesis of root alkaloids 
might anyway be influenced by the cytokinin signaling system (Mujib et al. 2012).

3  Effect of PGRs on the Growth and Productivity of C. roseus

3.1  Growth responses

The research work regarding GA3 application on performance of C. roseus L. has 
been reported by various researchers (Srivastava and Srivastava 2007; Jaleel et al. 
2009; Misra et al. 2009; Alam et al. 2012). Jaleel et al. (2008) investigated the 
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effect of different plant growth regulators (PGRs) and fungicide treatments on the 
growth characteristics of C. roseus. They used PGRs like paclobutrazol (PBZ) and 
gibberellic acid (GA3) through soil drenching on 38, 53, 68, and 83 days after 
planting (DAP). The total height of the C. roseus plants increased with the age in 
the control and gibberellic acid, but it decreased significantly under PBZ 
treatments.

The effect of two well-known plant growth regulators, namely, GA3 and TRIA on 
growth and biochemical parameters of C. roseus was investigated by Idrees et al. 
(2011c) under normal and salt stress conditions. Two pot culture experiments were 
conducted to find out the effect of foliar spray of GA3 and TRIA on crop productiv-
ity and production of indole alkaloids (vinblastine and vincristine contents) of C. 
roseus under salt stress. In another experiment, foliar spray of GA3 and TRIA exhib-
ited significant effect to improve the growth parameters (fresh and dry weights of 
shoot and root) of C. roseus. Alam et al. (2012) reported the significant effect of 
various PGRs, viz. indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), naph-
thalene acetic acid (NAA), 6-benzylaminopurine (BAP), kinetin (Kn), thidiazuron 
(TDZ), gibberellic acid (GA3), salicylic acid (SA), homobrassinosteroids (HBR), 
and triacontanol (TRIA) at the rate of 10−7 M on growth parameters of two C. roseus 
varieties (Alba and Rosea). Alam (2013) did extensive work in his research study on 
the effect of potent PGRs (GA3, TRIA, EBL, and Kn) on the productivity of C. 
roseus. Naeem et al. (2017) in his study also reported promotive effect of TRIA on 
growth attributes of C. roseus.

3.2  Alkaloids Production

The effects of plant growth regulators (PGRs) on the terpenoid indole alkaloids 
(TIAs) of C. roseus has been extensively studied (El-Sayed and Verpoorte 2007; 
Zhao and Verpoorte 2007; Pan et  al. 2010). PGRs, such as methyl jasmonate 
(MeJA) and jasmonate (El-Sayed and Verpoorte 2005; Ruiz-May et  al. 2008; 
Peebles et  al. 2005), abscisic acid (ABA), salicylic acid (SA) (Bulgakov et  al. 
2002; Mustafa et  al. 2009), and gibberellic acid (GA3) (Verpoorte et  al. 1999; 
Srivastava and Srivastava 2007; Amini et al. 2009; Alam et al. 2012) showed sig-
nificant influence on TIAs production and enzymes activities of the biosynthesis 
pathways in C. roseus cell suspensions cultures, hairy roots, and seedlings 
(El-Sayed and Verpoorte 2004; Ruiz-May et al. 2008). Previous researches about 
the effects of PGRs on TIAs in C. roseus were mostly focused on the production 
of ajmalicine, serpentine, tabersonine, ajmaline, vindoline, and catharanthine 
(El-Sayed and Verpoorte 2005; Zhao and Verpoorte 2007; Amini et  al. 2009; 
Mustafa et al. 2009; Peebles et al. 2005). Moreover, Satdive et al. (2003) studied 
the effect of phytohormones (IAA, BA, NAA, and Kinetin,) on growth rate and 
ajmalicine production by multiple shoot cultures of C. roseus. However, there are 
few reports about the effect of PGRs on production of vinblastine (Pan et al. 2010; 
Xing et al. 2011).
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3.3  Work Done at Aligarh on C. roseus in Response to PGRs

In a study of Idrees et al. (2011a), foliar application of SA (10−5 M) reduced the 
damaging effect of salinity on plant growth, thus accelerating the restoration of 
growth processes. SA not only improved the growth parameters (plant height, leaf- 
area index, fresh and dry weights of shoot and root) and physiological attributes 
(photosynthetic parameters, activities of nitrate reductase and carbonic anhydrase, 
ascorbic acid, and antioxidant enzymes) but also reversed the effects of salinity. 
Total alkaloids content was improved by SA application both in unstressed and 
stressed plants. According to their study, the highest level of total alkaloids content 
recorded in leaves of SA-treated stressed plants was 11.1%. Foliar spray of SA 
overcame the adverse effect of salinity by improving the content of vincristine 
(14%) and vinblastine (15%) in plants treated with 100 M NaCl.

Idrees et al. (2011b) conducted another pot experiment to find out the effect of 
foliar spray of triacontanol (TRIA) in order to ameliorate the adverse effects of salt 
stress on periwinkle. Foliar application of TRIA (10−5 M) reduced the damaging 
effect of stress on plant growth attributes including plant height, leaf-area index, 
shoot and root fresh weights, shoot and root dry weights, thus accelerating the res-
toration of growth processes. It not only improved the growth parameters but also 
partially reversed the effects of salt stress. Total alkaloids content was improved by 
TRIA application both in stressed and normal plants. Foliar spray of TRIA not only 
overcame the adverse effect of stress but also improved the content of vinblastine 
and vincristine in salt-depressed plants.

Further, Idrees et al. (2013) conducted an experiment on periwinkle (C. roseus L.). 
In their study, 30-days-old plants of C. roseus were supplied with different treat-
ments comprising basal application of nickel (0, 50, 100, and 150 mg kg−1) and 
foliar application of SA (0 and 10−5 M). Total alkaloid content was significantly 
declined in Ni-treated plants. Foliar application of SA reduced the deleterious 
effects of Ni on plant growth, accelerating the restoration of growth and physiologi-
cal processes. They reported that SA also improved the total alkaloid content under 
normal as well as adverse conditions. Foliar spray of SA significantly improved the 
content of anticancer alkaloids vincristine (by 22%) and vinblastine (by 50%) in 
plants treated with 150 mg kg−1 of Ni.

According to Alam et al. (2012), the plants of two cultivars (Rosea and Alba) of 
C. roseus were sprayed with various PGRs, viz. IAA, IBA, NAA, BAP, KIN, TDZ, 
GA3, SA, HBR, and TRIA at the rate of 10−7 M at 60 days after planting (DAP). 
Cultivar Rosea gave higher yield of foliage and roots and that of alkaloids compared 
to Alba (Idrees et al. 2010). Their results showed that HBR significantly improved 
most of the growth attributes. Application of HBR, KIN, and GA3 resulted in the 
ameliorative effects on plant productivity as well as on physiological and biochemi-
cal parameters as compared to the unsprayed (control) plants. However, the effect of 
TDZ was not significantly different than the control. GA3 application significantly 
increased the vincristine content (7.3%) while TDZ exhibited reduced the vincris-
tine content. The effect of other PGRs was insignificant regarding vincristine and 
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vinblastine contents. The response of Rosea toward exogenous PGRs application 
was higher than Alba in terms of crop productivity, physiological and biochemical 
parameters, and alkaloid production.

Foliar application of GA3 stimulated various growth characteristics, viz. number 
of leaves, average leaf area, leaf area index, fresh and dry weights of leaves and 
stems and roots per plant at 6 and 9 MAP (months after planting) (Alam 2013). Also 
EBL-treated plants showed considerable improvement in growth attributes. EBL 
also improved the growth attributes of the plants in comparison to those treated with 
GA3 and kinetin (Alam 2013). Application of GA3 also increased the contents of 
total chlorophyll and carotenoids of C. roseus plants significantly at both the stages 
(Alam 2013). Further, he also reported that the activities of NR and CA in the leaves 
were significantly increased as a result of foliar application of GA3. Moreover, it 
was revealed that foliar application of EBL influenced most of the biochemical 
parameter significantly. However, EBL application did not affect the content of total 
carotenoids and phosphorus in the leaves (at 6 months after planting). Rest of the 
parameters, viz. leaf chlorophyll content, NR and CA activity and the content of 
leaf-N and -P were notably enhanced by EBL application at both the growth stages 
(6 and 9 MAP). The foliar application of kinetin was effective to increase content of 
leaf-N, -P, and -K as compared to the untreated plants. Further, in his investigation, 
the leaves supplemented with kinetin possessed a larger quantity of chlorophyll than 
those sprayed with water (control). Besides, the carotenoids were also enhanced due 
to Kn application. The level of enzyme activity like CA activity in leaves was sig-
nificantly affected while leaf-NR activity was affected only at 90 MAP by Kn 
application.

Additionally, Alam (2013) studied the effect of GA3 on the leaf content of C. 
roseus alkaloids; in addition, he noted the positive effect of GA3 spray on the yield 
of different plant parts like leaf, stem, and root. The content of total alkaloids in all 
plant parts was significantly increased by the application of GA3 treatments. The 
yield of total alkaloids in the plant parts was augmented accordingly owing to sig-
nificant increase in total herbage-yield of the plant. Further, he examined that EBL 
application positively influenced the total content and yield of leaf and root alka-
loids significantly.

Kinetin-treated plants showed no significant influence in leaf and stem alkaloid 
content compared to the control plants (Alam 2013). However, Kn supplementation 
enhanced the root alkaloids significantly. However, the yield of leaf, stem, and root 
alkaloids were augmented significantly through Kn application at both the growth 
stages (6 and 9 MAP). Various EBL concentrations positively influenced the leaf 
and root alkaloid contents significantly. The yield of leaf and root alkaloids per plant 
was also affected significantly by EBL application.

Alam et  al. (2016) discovered the promotive effect of EBL on plant growth, 
physiological activities, and production of total alkaloids in leaves, stems, and roots 
in C. roseus at 6 and 9 months after planting (MAP). Five concentrations of EBL 
(10−0, 10−8, 10−7, 10−6, and 10−5 M) were applied on C. roseus. They found out that 
EBL at 10−7 M significantly increased several growth, physiological and  biochemical 
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parameter at 6 and 9 MAP. This concentration also increased the leaf and root alka-
loid content/yield at both the stages.

Naeem et al. (2017) carried out a pot culture experiment to explore the effect of 
triacontanol (TRIA) on plant growth, physiology, and production of total alkaloids 
(including anticancer alkaloids) in C. roseus at 120 and 150 days after planting. 
Four concentrations of TRIA (10−0, 10−7, 10−6, and 10−5 M) were tested through 
foliar spray. TRIA at 10−6 M significantly increased the attributes related to plant 
growth, physiological and biochemical processes and yield. As compared to the 
control (10−0 M), leaf-applied TRIA at 10−6 M improved the production (yield) of 
anti-cancerous alkaloids vinblastine (+71.6%) and vincristine (+73.1%) and caused 
to maintain the highest content and yield of vindoline.

3.4  Radiation-Processed Natural Polysaccharides

Sodium alginate is a natural polysaccharide that is largely obtained from the 
brown algae (Sargassum sp.). Commercial varieties of alginate are extracted from 
seaweeds, including the giant kelp Macrocystis pyrifera, Ascophyllum nodosum, 
Sargassum sinicola, and various species of Laminaria (Day 1998). The chemical 
compound, sodium alginate is the sodium salt of alginic acid. Its empirical for-
mula is NaC6H7O6. It has combined features of linear copolymers of L-guluronic 
acid and D-mannuronic acid units (Xu et  al. 2006). Carrageenan is sulfated 
anionic polymer of red seaweed that comprises the main structural polysaccha-
rides (Rhodophyceae). They are composed of d-galactose units linked alternately 
with α-1,4 and β-1,3 linkages. They are mixtures of water-soluble, linear, and 
sulfated galactans. Recent researches show that radiation-processed polysaccha-
rides (RPPs) proved potent plant growth promoting activity.

Gamma rays irradiation is employed to degrade and lower down the molecular 
weight of some natural polysaccharides like aliginate, chitosan, and carrageenan 
into small sized oligomers of comparatively low molecular weight. These oligo-
mers, when applied to plants in the form of foliar sprays, elicited various kinds of 
biological and physiological activities, including promotion of plant growth, seed 
germination, shoot elongation, root growth, flower production, suppression of heavy 
metal stress, etc. Furthermore, application of these oligomers can shorten the har-
vesting period of various crops and helps in reducing the use of insecticides and 
chemical fertilizers (Ohta et al. 1999; Hien et al. 2000; Kume et al. 2002; Hafeez 
et al. 2003; Luan et al. 2003). It has been used as a wonderful growth-promoting 
substance in its depolymerized form for a number of medicinal and agricultural 
plants (Idrees et al. 2011c; Aftab et al. 2011; Naeem et al. 2015a, b, Naeem et al. 
2017). Application of radiolytically (using gamma rays) degraded oligomers in the 
form of foliar sprays is also reported to have been used as plant growth promoters 
(Kume 2006; Mollah et al. 2009; Khan et al. 2011; Idrees et al. 2010; Sarfaraz et al. 
2011; Naeem et al. 2012a, b, Naeem et al. 2014) regarding several medicinal and 
other plants.
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3.4.1  Effect of Gamma-Irradiated Sodium Alginate and Carrageenan 
on C. roseus

Idrees et  al. (2011c) studied the effects of various concentrations of γ-irradiated 
sodium alginate (ISA), viz. deionized water (control), 20, 40, 60, 80, and 100 mg L−1 
on the performance of C. roseus L. (var. Rosea). Their work revealed that ISA 
applied as leaf-sprays at 80 mg L−1 significantly enhanced the plant growth, photo-
synthesis, physiological activities, and alkaloid production in C. roseus. In another 
study, Naeem et al. (2015a) applied ISA on C. roseus plants. They studied various 
parameters including plant growth, physiological activities, and production of anti-
cancer alkaloids (vinblastine and vincristine) at 120 and 150 DAP. 80 mg L−1 of ISA 
enhanced the leaf-yield by 25 and 30% and the herbage-yield by 29 and 34% at 120 
and 150 DAP, respectively, as compared to the control. The spray of ISA at 80 mg L−1 
improved the yield of vinblastine by 68 and 71% and that of vincristine by 68 and 
76% at 120 and 150 DAPS, respectively, over the control. Further, as compared to 
control, the application of ISA at 80 mg L−1 resulted in the maximum swell in the 
content and yield of vindoline, increasing them by 19 and 29% and by 89 and 87% 
at 120 and 150 DAP, respectively.

Considering the importance of irradiated carrageenan (ICR) as a promoter of 
plant growth and alkaloids production in C. roseus, a pot experiment was carried out 
by Naeem et al. (2015b) to explore the effect of ICR on the plant growth, physiolog-
ical activities, and production of anticancer alkaloids in C. roseus at 120 and 150 
DAP. Foliar application of ICR (at 0, 20, 40, 60, 80, and 100 mg L−1) significantly 
improved the performance of C. roseus. 80 mg L−1 of ICR enhanced the leaf- yield 
by 29 and 35% and the herbage-yield by 32 and 37% at 120 and 150 DAP, respec-
tively, over the control. Foliar spray of ICR at 80 mg L−1 increased the yield of 
vinblastine by 64 and 65% and of vincristine by 75 and 77% at 120 and 150 DAP, 
respectively, as compared to the control.

Rasheed et al. (2016) examined the effect of single and combined application of 
methyl jasmonate (MeJA) and irradiated sodium alginate (ISA) on growth parame-
ters, physiological attributes, and production of anticancer alkaloids (vincristine and 
vinblastine) of periwinkle. They examined that foliar application of ISA at 80 mg L−1 
improved the growth and other physiological parameters, while MeJA at 40 mg L−1 
enhanced the content and yield of vincristine and vinblastine at 6 and 9 
MAP. Combined application of these treatments (ISA 80 mg L−1 + MeJA 40 mg L−1) 
synergistically enhanced the total content of alkaloids and vincristine.

3.5  Effect of Mineral Nutrients on C. roseus

Several factors, viz. climatic factors, agricultural measures (including propagation), 
sowing and harvest dates, planting methods, nutrient requirement and irrigation, are 
responsible for the optimum yield and performance of C. roseus. Of the above 
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factors, nutrients play pivotal role in the cultivation of plant growth. Jana and 
Varghese (1996) observed that adequate mineral nutrition could increase the yield 
and the alkaloid content in periwinkle. In fact, an adequate mineral nutrition in the 
initial phase of plant growth and development is most important. van Iersel et al. 
(1998) reported that shoot-N concentration was linearly correlated to the shoot dry 
mass of Catharanthus seedlings. Nitrogen, followed by other macro elements, is the 
main yield determining factor under field conditions. According to Pareek et  al. 
(1985), higher N were required under irrigation than under rainfall conditions for 
better performance of periwinkle; in addition, applications of farmyard manure at 
15 t/ha was profitable for superior yield of the herb. Yanishevskii and Dzhaparidze 
(1990) reported an advantageous effect of K fertilizer in pot and field experiments 
conducted on C. roseus. According to researchers, the effect of foliar fertilization on 
the yield of dry matter of both leaves and roots, as well as on the total alkaloid con-
tent was observed by the applications of amide nitrogen [Co(NH2)2] (Łata and 
Sadowska 1996), phosphorus (Chandra 1981), boron and zinc (Vasuki et al. 1980). 
Nitrogen plays an important role in the biosynthesis and accumulation of alkaloids 
in plants. Effects of different levels of nitrogen application rates (from 50 to 150 kg/
ha) on plant yield have been tested, with 150 kg/ha giving the best response (Shylaja 
et al. 1996; Sreevalli et al. 2004; Gholamhosseinpour et al. 2011). Root and shoot 
dry weights were greatest when high nitrate-N to ammonium-N ratio were applied, 
with high levels of ammonium-N showing an adverse effect on Periwinkle (Thomas 
and Latimer 1996). Abdolzadeh et al. (2006) studied to evaluate of the effects of 
varied sources of nitrogen (2.75, 5.5, 11, 22, and 32 mM) on growth and the total 
alkaloids content of C. roseus including that of vincristine and vinblastine. 
According to their study, the highest content of amino acids, proteins, total nitrogen, 
total alkaloids, vincristine and vinblastine were noticed in plant supplied with 
nitrate plus ammonium.

Łata (2007) reported enormous information on cultivation, climatic and soil 
requirements, agricultural measures, dates of sowing and harvest, planting methods, 
fertilization, and irrigation requirements/methods for Catharanthus roseus. According 
to Łata (2007), researchers emphasized the significance of N application on the crop, 
but the recommended doses varied considerably, viz. 50 kg/ha (Rajeswara Rao and 
Singh 1990), 80–100 kg/ha (Pareek et al. 1985) and 150 kg N ha−1 (Shylaja et al. 
1996). Application of farmyard manure at 15 t/ha was also profitable for higher yield 
of the herb. The other macronutrients, such as P and K, had a smaller effect on plant 
yield. However, beneficial effect of K fertilizer in pot and field experiments was noted 
by Yanishevskii and Dzhaparidze (1990). Most significant effect of N, P, and K fertil-
ization that increased the vinblastine content in C. roseus leaves was recorded when 
potassium was not applied in the chloride form. An increased N supply stimulated the 
uptake of K and P and their translocation to the leaves was proven by the results of the 
chemical analysis (Łata and Sadowska 1996). According to Dovrat and Goldschmidt 
(1978) and Chandra (1981), P had the greatest influence on alkaloid synthesis of  
C. roseus. Boldyreva and Velichko (2003) studied the path of biosynthesis of alkaloids 
in callus tissues of C. roseus, applying different minerals to the nutrient medium. 
Alkaloid biosynthesis in callus tissue was enhanced by 33% when Mg was increased 
to two-fold and a 35% increase was obtained with the application of Co, which was 
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applied in a five times higher concentration than that present in the original nutrient 
medium. In another study of Hassan et al. (2009), effect of N and K on growth, yield, 
and alkaloid content in C. roseus was studied under field conditions. Significant 
improvement in all the parameters was recorded to the highest extent in plants fertil-
ized with 150 Kg/fed of N and 25 Kg/fed of K.

Misra and Gupta (2006) investigated that the activities of various antioxidant 
enzymes and accumulation of various alkaloid in different leaf pairs (apical, middle, 
basal) and in roots of C. roseus seedlings under different doses and sources of nitro-
gen (20 mM KNO3 and 2 mM NH4Cl) and in the absence (nonsaline control) or 
presence (100 mM NaCl) of salinity, as managed with the nutrient solution sup-
plied. As per the data recorded, the biomass production of ammonium-fed plants 
was lower than that of nitrate-fed plants. Further, they noticed that higher accumula-
tion of alkaloid was found in all leaf pairs, as well as in roots of C. roseus plants 
when supplied with NO3

− as compared to NH4+. Jaleel et al. (2007) grew C. roseus 
plants with NaCl and CaCl2 with the aim of finding out the ameliorative effect of 
CaCl2 on NaCl-induced oxidative stress in terms of lipid peroxidation (TBARS con-
tent), H2O2 content, osmolytes concentration, proline-metabolizing enzymes, anti-
oxidant enzyme activities, and indole alkaloids accumulation. The antioxidant 
enzymes such as SOD, POX, and CAT were increased under salinity stress; the 
enhancement effect was further progressed due to application of CaCl2. They 
claimed that plants treated with NaCl and CaCl2 showed an increase in total indole 
alkaloids content in shoots and roots.

Singh and Agrawal (2015) found out that growth and metabolism of C. roseus 
plant were affected differently by elevated CO2 and availability of N.  Nitrogen 
applied at recommended dose was more favorable for alkaloids production than that 
with no N dose or with double dose of recommended N. Cartmill et al. (2016) stud-
ied to quantify the optimum rates of water-soluble phosphorus (P) on the growth of 
C. roseus var. “Pacifica White” in soilless media in recirculating subirrigation and 
top-watering systems. In this study, N, P, K, Mg, Mn, Zn, and Cu, determined in the 
shoot, were greater in the subirrigated plants when compared to top-watered plants. 
However, shoot-measured Ca, S, Fe, Al, and B were greater in top-watered plants 
when compared to subirrigated plants.

Freitas et al. (2016) studied to verify the effect of macronutrient deficiencies (N, P, K, 
Ca, Mg, S) and (B), over ajmalicine bioproduction in roots of Vinca (C. roseus). 
Potassium deficiency resulted in 19% increment of ajmalicine within roots, while defi-
ciencies of N, P, Mg, and S reduced ajmalicine concentration in 55%, 33%, 22%, and 
26%, respectively, when compared with complete nutrient treatment. Deficiencies in Ca 
and B had no significant effect in ajmalicine concentration within the plant roots.

4  Conclusion

Several scientific strategies have recently been tried to improve alkaloid production 
of C. roseus. In this regard, significant work has been done to enhance the content 
of all and/or specific alkaloid/s of periwinkle. Plant researchers should focus more 
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to alter biosynthetic pathway at molecular level in order to enhance the yield of 
alkaloids. In this review, considerable information has been covered about the effect 
of potent PGRs such as GA3, EBL, Kn, and TRIA on various processes of plants, 
particularly C. roseus. In addition, mineral nutrients (N, P and K) play a pivotal role 
in improving the productivity as well as biosynthesis of indole alkaloids in C. roseus 
plants. It may be concluded that foliar application of PGRs and RPPs in combina-
tion with mineral fertilizers may further boost the desired production of periwinkle 
alkaloids.
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Role of Biotechnology in Alkaloids Production

Amjad Khalil

Abstract Medicinal plants contain special chemical compounds in their leaves, 
stems, and roots and were used thousands of years ago for the purpose of some 
therapeutic uses. Medicinal plants serve as a huge reservoir for a large variety of 
bioactive compounds, which considered of very high value as pharmaceutical prod-
ucts. Many plants produce very important pharmaceutical compounds known as 
alkaloids. Alkaloids usually produced by variety of plants showing a great potential 
to be purified in relatively large quantities using new advanced techniques in the 
area of plant biotechnology. Alkaloids are chemical compounds that are character-
ized by having nitrogen atom in their structures. They are large group of chemicals 
divided into several categories, such as true alkaloids, protoalkaloid, polyamine 
alkaloids, peptide and cyclopeptide alkaloids, and pseudoalkaloids.

One of the main challenges in the area of alkaloid investigation is how to be 
produced on the commercial scale and their characterization to be used as very use-
ful therapeutic and pharmaceutical compounds. In order to achieve this, researchers 
turned to concentrate on the role of new biotechnology methods for synthesizing 
and characterizing of pharmaceutically important alkaloids. The great development 
that has happened in recent years in the field of biotechnology and molecular biol-
ogy made it easy and convenient for transferring and propagating genes in plant 
cells for the purpose of commercially produce alkaloid related drugs. Number of 
techniques were developed and proved to be very useful and practical in synthesiz-
ing pharmaceutical alkaloids from plants. This chapter provides very important 
information about pharmaceutical alkaloids and discusses the importance of alka-
loids as pharmaceutical and the role of new biotechnology approaches in synthesiz-
ing and producing alkaloids in commercial and industrial scale. This chapter is also 
discussed the new advanced techniques of plant biotechnology, including tissue 
culture of plant cell, genetic transformation, metabolic engineering, and microbial 
synthesis of alkaloids.
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1  Introduction

Medicinal plants known as a very important source of various chemical compounds 
produce alkaloids as therapeutic and pharmaceutical compounds. Alkaloids are very 
large group of plant secondary metabolites that contains basic nitrogen atom in their 
structure. Alkaloids also include some neutral compounds and some weak acidic 
properties (Manske 1965). Some synthetic compounds of related structure are also 
termed alkaloids (Lewis 1998). Some alkaloids contain oxygen, sulfur and, more 
rarely, other elements such as chlorine, bromine, and phosphorus in addition to 
carbon, hydrogen, and nitrogen (Chemical Encyclopedia: alkaloids). Many differ-
ent groups of organisms such as plants, animals, bacteria, and fungi are capable of 
producing alkaloids (Table 1).

Alkaloids have a large spectrum of therapeutic and pharmacological applications 
including anticancer (homoharringtonine), antimalarial (quinine), antiasthma 
(ephedrine) (Kittakoop et al. 2014), cholinomimetic (glutamine) (Russo et al. 2013), 
antiarrhythmic (quinidine), vasodilatory (vincamine), analgesic (morphine) 
(Raymond et al. 2010), and antibacterial (chelerythrine) (Cushnie et al. 2014). The 
origin of the name alkaloid comes from a German word—Alkaloide. It was first 
presented in 1819 by the German Chemist Carl Friedrich and derived from Latin 
word alkali, which comes from the Arabic word al-qalawi—plant ashes (Luch 
2009). The breakthrough and large-scale usage of alkaloids came after the review 
publication by Oscar Jacobsen in the chemical dictionary of Albert Ladenburg in the 
1880s (Jacobsen 1882). Human being has used plants containing alkaloids thou-
sands of years ago for therapeutic and recreational uses. These plants were identi-
fied and known in the Mesopotamia around 2000 BC (Aniszewski 2007).

An important achievement in the chemistry of alkaloids was done by the French 
researcher Pierre Joseph Pelletier and Joseph Bienaime Caventou, who discovered 
quinine (year 1820) and strychnine (year 1818). Many other alkaloids such as xan-
thine (year 1817), atropine (year 1819), caffeine (year 1820), nicotine (year 1828), 
colchicine (year 1833), sparteine (year 1851), and cocaine (year 1886) were also 
discovered (Hesse 2002d).

Alkaloid synthesis was conducted in the year 1886 by the German chemist Albert 
Ladenburg (Hesse 2002e). The emergence of spectroscopic and chromatographic 
methods in the twentieth century has accelerated the development of the chemistry 
of alkaloids. By the year 2008 more than 12,000 alkaloids had been identified 
(Begley 2009).

Alkaloids (in comparison with other compounds of natural chemicals) are char-
acterized by many different and complex structures which explain that the classifi-
cation of alkaloids is not clear (Hesse 2002f). The new classifications of alkaloids 
are based on the presence of the carbon skeleton (e.g., indole and isoquinoline) or 
biochemical precursor (ornithine, lysine, tyrosine, tryptophan, etc.) (Chemical 
Encyclopedia: alkaloids).
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Table 1 Selected major groups of monomeric alkaloids are listed in the table below

Class Major groups Examples

Alkaloids with nitrogen heterocycles (true alkaloids)

Pyrrolidine derivatives – Cuscohygrine, hygrine, hygroline, 
stachydrine

Tropane derivatives Atropine group Atropine, scopolamine, hyoscyamine
Substitution in positions 3, 
6, or 7
Cocaine group Cocaine, ecgonine
Substitution in positions 2 
and 3

Pyrrolizidine derivatives Non-esters Retronecine, heliotridine, laburnine
Complex esters of 
monocarboxylic acids

Indicine, lindelophin, sarracine

Macrocyclic diesters Platyphylline, trichodesmine
Quinolizidine derivatives Lupinine group Lupinine, nupharidin

Cytisine group Cytisine
Sparteine group Sparteine, lupanine, anahygrine

Pyridine derivatives Simple derivatives of 
pyridine

Trigonelline, ricinine, arecoline

Polycyclic noncondensing 
pyridine derivatives

Nicotine, nornicotine, anabasine, 
anatabine

Sesquiterpene pyridine 
derivatives

Evonine, hippocrateine, triptonine

Isoquinoline derivatives 
and related alkaloids

Cularine group Cularine, yagonine
Pavines and isopavines Argemonine, amurensine
Benzopyrrocolines Cryptaustoline
Aporphines Glaucine, coridine, liriodenine

Quinazoline derivatives 3,4-Dihydro-4-quinazolone 
derivatives

Febrifugine

1,4-Dihydro-4-quinazolone 
derivatives

Glycorine, arborine, glycosminine

Pyrrolidine and piperidine 
quinazoline derivatives

Vazicine (peganine)

Quinoline derivatives Tricyclic terpenoids Flindersine
Furanoquinoline 
derivatives

Dictamnine, fagarine, skimmianine

Quinines Quinine, quinidine, cinchonine, 
cinchonidine

Alkaloids with nitrogen in the side chain (protoalkaloids)

β-Phenylethylamine 
derivatives

– Tyramine, ephedrine, 
pseudoephedrine, mescaline, 
cathinone, catecholamines 
(adrenaline, noradrenaline, 
dopamine)

Colchicine alkaloids – Colchicine, colchamine

(continued)
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2  Groups of Alkaloids: (Hesse 2002g)

 1. True alkaloids, which contain nitrogen in the heterocycle and their precursors 
from amino acids, such as atropine, nicotine, and morphine (Plemenkov 2001a). 
This group also includes piperidine alkaloids coniine and coniceine (Hesse 
2002h) although they do not originate from amino acids (Dewick 2002b)

 2. Protoalkaloids, which contain nitrogen and also originate from amino acids 
(Plemenkov 2001a) such as ephedrine, adrenaline, and mescaline

 3. Polyamine alkaloids—derivatives of putrescine, spermidine, and spermine
 4. Peptide and cyclopeptide alkaloids
 5. Pseudoalkaloids—alkaloid-like compounds that do not originate from amino 

acids, such as terpene-like and steroid-like alkaloids (Plemenkov 2001b)

3  Alkaloids, Chemical and Physical Aspects

Chemically, many alkaloids have oxygen in their structure; those compounds are 
usually colorless crystals at ambient conditions. Nicotine and coniine are oxygen- 
free alkaloids, usually volatile, colorless, oily liquids. Other alkaloids are yellow, 

Table 1 (continued)

Class Major groups Examples

Muscarine – Muscarine, allomuscarine, 
epimuscarine, epiallomuscarine

Benzylamine – Capsaicin, dihydrocapsaicin, 
nordihydrocapsaicin, vanillylamine

Polyamines alkaloids

Putrescine derivatives – Paucine
Spermidine derivatives – Lunarine, codonocarpine
Spermine derivatives – Verbascenine, aphelandrine
Peptide (cyclopeptide) alkaloids

Peptide alkaloids with a 
13-membered cycle

Nummularine C type Nummularine C, Nummularine S
Ziziphine type Ziziphine A, sativanine H

Peptide alkaloids with a 
14-membered cycle

Frangulanine type Frangulanine, scutianine J
Scutianine A type Scutianine A
Integerrine type Integerrine, discarine D

Peptide alkaloids with a 
15-membered cycle

Mucronine A type Mucronine A

Pseudoalkaloids (terpenes and steroids)

Diterpenes Lycoctonine type Aconitine, delphinine
Steroids – Solasodine, solanidine, veralkamine, 

batrachotoxin

This table was adopted and modified from the link. https://en.wikipedia.org/wiki/Alkaloid
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such as berberine, and orange like sanguinarine (Grinkevich and Safronich 1983). 
Most alkaloids dissolve weakly in water and freely dissolve in organic solvents, for 
example, chloroform or 1,2-dichloroethane and diethyl ether. Cocaine, codeine, caf-
feine, and nicotine are slightly soluble in water. Alkaloids and acids form salts of 
different strengths. These salts are easily soluble in water and ethanol and ailing 
soluble in many organic solvents (Grinkevich and Safronich 1983). The production 
of alkaloids in plants seemed to have developed in response to nourishing by her-
bivorous animals; however, some animals have developed the ability to detoxify 
alkaloids (Fattorusso and Taglialatela-Scafati 2008).

4  Biotechnology and Alkaloid Production

In the last two decades, biotechnology approaches for the secondary metabolite 
production were rapidly grown. Synthesis of secondary metabolites from plants and 
other organisms by large-scale culture in bioreactors is technically achievable and 
promising (Verpoorte et al. 2002). Alkaloids are very important secondary metabo-
lites known to play a significant role in many pharmaceutical applications leading to 
an increased commercial importance recently (Ahmad et al. 2013). The biotechnol-
ogy approaches are very practical to select, improve, and characterize medicinal 
plants. Plant cell culture techniques form a potential renewable source of valuable 
medicinal plant compounds, which cannot be produced by microbial cells or chemi-
cal synthesis (Sihasar et al. 2011).

The use of plant cell culture as a major source of biosynthetic enzymes and well- 
known application of molecular techniques to the alkaloid ground have expedited 
the identification of several genes involved in many alkaloid biosynthesis. The fol-
lowings are some examples on these enzymes which are produced by Catharanthus 
roseus: Desacetoxyvindoline 4-hydroxylase, Desacetoxyvindoline acetyltransfer-
ase, Glutamine synthetase, Peroxidase, Tabersonine 16-hydroxylase, and 
β-Glucosidase (Facchinin 2001).

4.1  Biotechnology Approaches for Alkaloid Biosynthesis

4.1.1  Tissue Culture of Plant Cell

Plant tissue culture is usually used for the in vitro sterile cells culture, organs, tis-
sues, and their constituents under distinct conditions. Plant tissue culture is an 
advanced field of applied plant technology, including plant biotechnology. The 
tissue culture technique is effective because almost all the plant cells can be pro-
duced from stem cells. These cells carry all genetic materials and cellular mecha-
nism necessary to generate a full organism. This technology can be used to 
produce a large number of plants that are genetically similar to a parent plant as 
well as to another.
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Recent advances in the area of plant tissue culture have resulted in the manufac-
turing of many therapeutic pharmaceutical compounds (Table 2). Wide variety of 
pharmaceutical drugs was produced using this approach, such as alkaloids, terpe-
noids, steroids, saponin, phenolics, and amino acids (Sihasar et al. 2011).

4.1.2  Genetic Transformation

The great development that has happened in recent years in the field of biotechnol-
ogy and molecular biology made it easy and convenient for transferring and propa-
gating genes in plant cells for the purpose of commercially produce alkaloid related 
drugs. Research in the area of plant biotechnology has resulted in the production of 
many pharmaceutical drugs. The introduction of new genes with new phenotype 
into the plants represents one of the important developments in recent advances of 
plant biotechnology including production of therapeutic compounds in large quanti-
ties, and clear the way for the production of many biologically active natural com-
pounds such as artemisinin, paclitaxel, scopolamine, etc. A plant pathogenic bacteria 
known as Agrobacterium tumefaciens and Agrobacterium rhizogenes have been 
proved to be effective and highly useful vector for the production of genes into the 
plant genome resulting in the transfer and integration of genes of the plasmids from 
the bacteria into the plant DNA, transformed neoplastic tissues, crown galls, and 
hairy roots (Ahmad et al. 2013).

Applying the genetic transformation approach, the plants of the Papaver genus 
were able to synthesize morphinan alkaloids. The plant was transformed with codei-
none reductase gene and constitutively expressed cDNA.  Most transgenic cells 
revealed great increases in the alkaloid content in the field trials. This resulted in 
approximately tenfold higher levels of this product compared with non-transgenic 
plant (Larkin et al. 2007).

Table 2 The table below summarizes number of successful attempts to produce some very 
important pharmaceuticals in commercial quantities using plant cell culture technique

S. number Drug name
Source of production 
(plant) Treatment

1 Taxol (Plaxitaxol) Bark of Taxus tree Anticancer
Diterpene alkaloid)

2 Morphine and 
Codeine

Papaver somniferum Pain killer

3 Ginsenosides Root of Panax 
ginseng

Tonic and highly prized medicine

4 Berberine 
(isoquino alkaloid)

Root of Coptis 
japonica

Antibacterial, anti-inflammatory, and 
immune-enhancing properties

5 Diosegnin Dioscorea deltoidea Combined oral contraceptive pills
6 Vinblastine and 

Vincristine
Catharanthus roseus Anticancer and antitumor activity 

against leukemia and solid tumors
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4.1.3  Metabolic Engineering for Alkaloid Production

Metabolic engineering is a tool for enhancing genetic and regulatory processes 
within cells to raise the cells’ production of a certain metabolite. Such practices are 
chemical systems that use a chain of biochemical reactions which allow cells to 
convert raw materials into compounds needed by the cells (Yang et al. 1998). Large 
number of pharmaceutical products (drugs) originate from plant sources. One of the 
main challenges for large-scale drug production is the very low concentrations of 
some bioactive chemicals in plant cells. Metabolic engineering technique has eased 
the development of modified plant cell as other production platforms that can be 
used for this purpose (Leonard et al. 2009).

In recent studies, metabolic engineering approach was used to produce several 
types of plant isoquinoline alkaloids (PIAs) which possess a very important thera-
peutics and biotechnological properties. One major obstacle in production of these 
alkaloids is their low concentration in nature. Metabolic engineering offers oppor-
tunity to resolve issues related to divergence, limited productivity and availability of 
plant alkaloids. Plant tissue culture, plant cells and microbial cell cultures can per-
form as biofactories by offering their genetic information and metabolic machinery 
for the purpose of enhancing the conditions and increasing the yield of certain alka-
loid (Diamond and Desgagne-Penix 2016).

Many alkaloids which synthesized by plants now used as therapeutic agents 
include morphine and codeine as analgesics, vinblastine and taxol as anticancer 
agents, and colchicines as gout suppressant. The powerful biological activity of 
alkaloids has led to their industrial exploitation as therapeutic, stimulant, narcotic, 
and poisons (Table 3) (Smita and Ashok 2013). Plant-derived alkaloid are now 
widely used as pharmacological and therapeutic drugs. Wide range of plants dem-
onstrates their ability to contain such very important and significant chemical com-
pounds. Table 3 below summarizes selected plants, their alkaloids, and its medicinal 
properties.

Applying plant tissue culture technique (in vitro) to produce different types of 
alkaloids showed that different types of alkaloids can be produced by various cell 
culture techniques, such as cell suspension, callus, hairy root culture, root culture 
and biotransformation (Table 4).

4.1.4  Microbial Synthesis of Alkaloids

It is well known and acknowledged that plant secondary metabolites are very 
important source of natural products with therapeutic properties. Pharmaceutical 
companies recently were put great efforts in screening of natural products as poten-
tial pharmaceutical drugs on a commercial scales. Production of plant metabolites 
in microorganisms offers an opportunity to improve the drug discovery develop-
ment. Microbes showed very successful examples on the industrial production of 
some compounds such as antimalarial artemisinic acid which produced in yeast.  
In addition, microbial production expedites the possibility to synthesize a new 
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compound with new activity or advance the medical properties of current drugs 
(Narcross et al. 2016).

Another example on microbial synthesis of alkaloids was achieved by Sato and 
Kumagai (2013). In an effort to solve the problems associated with secondary 
metabolite production in plants, they developed a microbial procedure for the pro-
duction of isoquinoline alkaloids which involve the combination of the microbial 
and plant metabolic pathways into a single system (Sato and Kumagai 2013).

Table 3 Pharmacological applications of some important plant-derived alkaloids

Pharmacological applications of some important plant-derived alkaloids
Alkaloid Plant source Medicinal properties

Ajmaline Rauvolfia serpentina Antiarrhythmic, antihypertensive
Berberine Berberis vulgaris Antimicrobial
Caffeine Coffee arabica Stimulant, Insecticide
Camptothecin Camptotheca acuminate Antineoplastic
Cocaine Erythroxylon coca Analgesic, narcotic, local 

anesthetic
Codeine Papaver somniferum Analgesic, antitussive
Emetine Uragoga ipecacuanha Antiamoebic, expectorant, emetic
Hyoscyamine Atropa belladonna and others Anticholinergic
Irinotecan Semisynthetic derivative of 

camptothecin
Chemotherapeutics

Morphine Papaver somniferum Analgesic, narcotic
Nicotine Nicotiana tabacum Stimulant
Noscapine Papaver somniferum Analgesic, antitussive
Oxycodone Semisynthetic derivative Analgesic
Oxymorphone Semisynthetic derivative Analgesic
Papaverine Papaver somniferum Vasodilator
Pilocarpine Pilocarpus jaborandi Cholinergic
Quinidine Cinchona spp. Antiarrhythmic
Quinine Cinchona spp. Antimalarial
Reserpine Rauvolfia serpentina Tranquilizer, antihypertensive
Sanguinarine Sanguinaria canadensis Antibacterial
Scopolamine Hyoscyamus niger and others Sedative, anticholinergic
Strychnine Strychnos nux-vomica Stimulant, poison
Taxol Taxus brevifolia Antineoplastic
Topotecan Semisynthetic derivative Chemotherapeutics
Vinblastine and 
vincristine

Catharanthus roseus Antineoplastic, chemotherapeutics

Vindesine Semisynthetic derivative Chemotherapeutics
Vinflunine Semisynthetic derivative Chemotherapeutics
Vinorelbine Semisynthetic derivative Chemotherapeutics
Yohimbine Pausinystalia yohimbe Erectile dysfunction treatment

This table adapted from reference (Smita and Ashok 2013)
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Table 4 Summarizes the in vitro plant cell/tissue cultivation for alkaloid production

In vitro plant cell/tissue cultivation for alkaloid production

Plant source Type of alkaloid
Alkaloid production by 
plant cell culture

Ailanthus altissima Alkaloids Cell suspension
Ailanthus altissima Cathinone alkaloids Cell suspension
Brucea javanica (L.) Merr. – –
Catharanthus roseus Indole alkaloids Cell suspension
Choisya ternata Furoquinoline alkaloids Cell suspension
Cinchona L. Alkaloids Cell suspension
Corydalis ophiocarpa Isoquinoline alkaloids Callus
Fumaria capreolata – –
Duboisia leichhardtii Tropane alkaloids Callus
Hyoscyamus niger Tropane alkaloids Callus
Nandina domestica Alkaloids Callus
Nicotiana rustica Alkaloids Callus
Nothapodytes foetida Camptothecin Callus
Ophiorrhiza pumila Camptothecin related alkaloids Callus
Peganum harmala L. β-Carboline alkaloids Cell suspension
Ptelea trifoliata L. Dihydrofuro [2,3-b] quinolinium 

alkaloids
Callus

Rauwolfia sellowii Alkaloids Cell suspension
Thalictrum minus Berberine Cell suspension
Catharanthus roseus Catharanthine Cell suspension
Ephedra spp. l-Ephedrine Cell suspension
– d-Pseudoephedrine –
Cinchona ledgeriana Quinoline alkaloids Hairy root culture
Neotyphodium uncinatum Loline alkaloids Cell suspension
Catharanthus roseus Ajmalicine Cell suspension
Rauvolfia sp. – –
Catharanthus roseus Vinblastine Cell suspension
Catharanthus roseus Vincristine Cell suspension
Rauvolfia sp. Reserpine Cell suspension
Vinca sp. Vincamine Cell suspension
Cinchona sp. Quinine Cell suspension
Cinchona sp. Quinidine Cell suspension
Ochrosia elliptica Ellipticine Cell suspension
Rauvolfia sp. Rescinnamine No data available
Camptotheca acuminala Camptothecine Cell suspension
Cephaelis ipecacuanha Emetine Root culture
Coffea, Thea Caffeine Cell suspension
Theobroma Theobromine Cell suspension

(continued)
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Nakagawa et al. (2011) reported the construction of a bacterial platform for the 
production of plant alkaloid from simple carbon sources. In these procedures, they 
build up a tailor-made alkaloid biosynthetic pathway from l-tyrosine using E. coli 
cells. The genetically modified strain has the ability to produce 46.0 mg L−1 of (S)-
reticuline from glycerol, suggesting that the fermentation procedures would allow 
low-cost production of several various alkaloids (Nakagawa et al. 2011).

5  Conclusion

The recent advances in plant biotechnology techniques make easy and feasible to 
produce alkaloids on the commercial and industrial scales. Knowing more details 
about the genetic information and metabolic machinery of the plants facilitate using 
these techniques on various types of alkaloids-producing plants. Techniques, such 
as plant cell culture, genetic transformation, metabolic engineering, and using 
microbes, clearly demonstrate the high potential to produce certain types of alka-
loids in significant and promising quantities. Plant biotechnology approaches (tech-
niques) which discussed in this chapter have proven that medicinal plants can be 
used efficiently to produce many types of pharmaceutical alkaloids for therapeutic 
applications.

Using metabolic engineering strategies, which involved gene transfer, showed 
number of fruitful and successful achievements in terms of increasing alkaloid 

Table 4 (continued)

In vitro plant cell/tissue cultivation for alkaloid production

Plant source Type of alkaloid
Alkaloid production by 
plant cell culture

Atropa belladonna Atropine Hairy root culture
Atropa belladonna Scopolamine Hairy root culture
Duboisia leichhardtii Scopolamine Hairy root culture
Coptis japonica Berberine Cell suspension
Papaver somniferum Morphine Cell suspension
Papaver somniferum Codeine Cell suspension
Nicotiana sp. Nicotine Cell suspension
Colchicum autumnale Colchicine Callus culture
Dicentra peregrina Alkaloids Shoot culture
Calystegia sepium Tropane alkaloids Root culture
Hyoscyamus albus Hyoscyamine Root culture
Hyoscyamus muticus Hyoscyamine Hairy root culture
B. vulgaris Betalains Root culture
Papaver somniferum Codeine Biotransformation
Spirulina platensis Morphine Biotransformation

This table adapted from reference (Smita and Ashok 2013)
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production. For example, the transformation of Nicotiana tabacum with gene from 
Catharanthus roseus resulted in high-level production of tryptamine (Smita and 
Ashok 2013). Taking into consideration the degree of complexity in bacteria and 
other microorganism systems, and their ability to work as factories for large scale 
of production, microbes are more accessible than plant cells and tissue culture to 
achieve more efficient processes for alkaloid production.

In conclusion, the above discussed plant biotechnology approaches offer a great 
opportunity in order to produce pharmaceutically important alkaloids on a large 
scale. Eventually, for plant and microbial systems, large-scale production, under-
standing the genetic manipulation of alkaloid genes, and very efficient extraction 
methods will be crucial factors for the production of alkaloid on commercial level. 
Finally, a better understanding of genetic manipulation tools as well as the meta-
bolic regulations of genes producing alkaloids will clear the way for more achieve-
ments in the area of plant biotechnology for alkaloid production.
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Abstract Catharanthus roseus (C. roseus) (L.) G. Don known as Madagascar peri-
winkle (MP) is a popular ornamental plant found in gardens and homes across the 
world. C. roseus (L.) G.  Don has been widely distributed for long enough and 
gained popularity as diverse application in medicinal uses for a variety of purposes 
such as antimicrobial, antioxidant, anthelmintic, antifeedant, antisterility, antidiar-
rheal, and antidiabetic effect and have been used in the treatment of leukemia, 
Hodgkin’s disease, malignant lymphomas, neuroblastoma, Wilms tumor, Kaposi’s 
sarcoma, and mycosis fungoides to improve cerebral blood flow and treat high 
blood pressure. The pharmacology of the plant was found to be associated mostly 
especially with the alkaloids that occupies almost all parts of the plant. C. roseus 
(L.) G. Don is a legendary medicinal plant mostly because of possessing two invalu-
able antitumor terpenoid indole alkaloids (TIAs), vincristine and vinblastine. The 
ethnobotanical significance of C. roseus (L.) G. Don is exemplified by its interna-
tional usage as a traditional remedy for abundant ailments and not only for cancer. 
TIAs are present only in micro quantities in the plant and are highly poisonous per 
se rendering a challenge for researchers to increase yield and reduce toxicity. Good 
agronomic practices ensure generous propagation of healthy plants that serve as a 
source of bioactive compounds and multitudinous horticultural applications. In this 
chapter, an attempt has been made to summarize the agricultural, pharmaceutical, 
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and pharmacological applications in a precise way to help the scientists and learners 
to understand the basic values of the plant.

Keywords Catharanthus roseus • Madagascar periwinkle • Hodgkin’s disease  
• Wilms tumor • Kaposi’s sarcoma • Terpenoid indole alkaloids

List of Abbreviations and Symbols 

2,4-D 2,4-Dichlorophenoxyacetic acid
CCC (2-chloroethyl) trimethylammonium chloride
GA Gibberellic acid
GTP Guanosine triphosphate
IAA Indole acetic acid
ITIS Integrated Taxonomic Information System
mAb or moAb Monoclonal antibodies
MDR Multiple drug resistance
P-gp P-glycoprotein
SGD Strictosidine β-d-glucosidase
TAA Tumor-associated antigens
TIAs Terpenoid indole alkaloids
TSN Taxonomic Serial Number
VBL Vinblastine
VCR Vincristine
VDS Vindesine
VRLB Vinorelbine

1  Introduction

The therapeutic uses of natural products is considered primordial as human civiliza-
tion and, for an extended period of time, therapeutic agents from mineral, plant, and 
animal were the foremost sources (De Pasquale 1984). The industrial revolt and the 
advancement of organic chemistry resulted in a first choice for synthetic products 
with therapeutic value meant for the treatment of ailments. The causes for this were 
that pure compounds were easily synthesized, structural changes to bring into being 
pharmacologically more active and safer drugs possibly will be straightforwardly 
performed, and the economic power of the pharmaceutical companies was escalat-
ing. Besides, during the development of human culture, the use of naturally found 
drugs has had magical-religious importance and different perspective concerning 
the concepts of health and disease existed within every culture. Undoubtedly, this 
approach was beside the latest modus vivendi of the industrialized western societ-
ies, in which medicinal agents from natural resources were well thought-out either 
an alternative for poorly educated or low earnings natives or just as religious 
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superstition of no pharmacological importance. Near about 25% of the medicinal 
agents prescribed globally obtained from plant sources, 121 such phytoconstituents 
being used currently. World Health Organization (WHO) considered 252 drugs of 
natural origin as basic and necessary, from which 11% are entirely of plant derive 
and a considerable amount are synthetic drugs come from natural precursors.

More than 130 terpenoid indole alkaloids were obtained from C. roseus (L.) 
G. Don plant, its exception no other single plant species is revealed to have such a 
wide array of complex nitrogen containing basic compound (alkaloids). It is as well 
one of the most comprehensively explored medicinal herbs. It derives its impor-
tance mostly from its expensive, high demand, and limited shoot-specific antican-
cerous bisindole alkaloids, vinblastine and vincristine. At present, the plant remains 
the most imperative resource of these bisindole alkaloids (formed in plant by the 
condensation of monomeric TIAs, vindoline, and catharanthine) even though a few 
reports of their overall synthesis.

C. roseus (L.) G. Don sparked the attention of scientists and researchers of west-
ern laboratories, when the natives of Madagascar had started to use the plant for 
medical benefits. Nowadays, the plant is in jeopardy of destruction in its natural 
surroundings, beyond all due to the devastation of its habitat, whereas at the same, 
being well known globally. In its natural surroundings, the plant found in rosy and 
white varieties. One of the noteworthy peculiarities of C. roseus (L.) G. Don is its 
capability to stay alive under dry environment. Excluding its beauty and its resis-
tance, it was in the foremost line its use as a medicinal plant, in which scientists 
were mostly paying attention (Rates 2001; Ashutosh and Suman 2013). In this chap-
ter, we aimed to discuss the recent advancement with respect to botanical, agrotech-
nological, geographical, pharmaceutical, and pharmacological aspects (mainly 
anticancerous bisindole alkaloids, namely,vinblastine and vincristine) of C. roseus 
(L.) G. Don and also draw attention to future prospects.

2  Botanical Description of C. roseus (L.) G. Don Plant

The Madagascar periwinkle (C. roseus (L.) G. Don) is one of the most comprehen-
sively investigated medicinal plants. The Catharanthus (genus) consists of eight 
species; all derived from Madagascar with the exception of Catharanthus pusillus 
(Murr.) G.  Don, which is limited to India and Sri Lanka. Catharanthus is very 
closely correlated to Vinca. No consistent qualitative distinctions have been found 
in terms of alkaloids content in relation to the divergent colors of the corolla of  
C. roseus (L.) G. Don (Gurib-Fakim and Brendler 2004). C. roseus (L.) G. Don is 
considered as an imperative floral variety in horticulture and is one of the few 
medicinally important plants that has an extensive record. C. roseus (L.) G. Don is 
easily growing, erect, perennial herb or annual evergreen, small shrub, or herba-
ceous plant with woody base that is found at the height of up to 100 cm and pro-
duces milky latex. The branching is initiated from its base. The diameter of stem 
ranges from 1.1 to 8.9 cm and the distance between internode ranges from 0.5 to 
6.8 cm. The shape of leaves is elliptical to oblong, 2.5–9 cm long, 1–3.5 cm broad. 
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The upper surface of the leaves is glossy green while lower surface pale green amid 
a pale midrib and differing in orientation. The base of leaf is acute whereas the apex 
is rounded to mucronate and the margin is entire. Leaf shows the presence of promi-
nent veins on the lower surface. Green or red color petioles are present with the size 
range of 1 to 1.8 cm long. The leaves of the plant that contain stomata are 7–30 μm 
long and 7–30 μm wide. The inflorescence is racemose. Flowers are violet colored 
(var. roseus), white (var. alba) or white with a red eye (var. ocellatus) and pentamer-
ous, actinomorphic with the size ranging from 2.0 to 5.1 cm in diameter. The lobes 
of calyx are linear to subulate and pubescent. The calyx is five parted and the size of 
sepal ranges from 0.09 to 0.70 cm long. The corolla tube is cylindrical in shape, 
2–3 cm long along with five petal-like lobes. Stamens are placed 0.4–0.6 cm under-
neath the corolla mouth that comprises very small white colored filaments and fili-
form, subsessile anthers. The anthers are attached to the filament and sagittate to 
narrow lanceolate in shape. The pollen is elliptical in all sections through the long- 
axis or subglobose, smooth, and the size ranges from 10 to 60 μm in length. The 
anthers are devoid of stigma. The style is attenuated in shape with the size range of 
0.5–3.0 cm long. There are two divergent carpels, in each carpel 10–30 ovules in 
two series are present. The fruit comprises of two 0.6–3.5 cm long elongated, cylin-
drical, piercing follicles (mericarps) and diverging or parallel. Each follicle contains 
numerous (3–35) blackish seeds. The shape of seeds is oblong or cylindrical amid 
of size ranges from 0.05 to 0.70 cm. The hilum is situated in a longitudinal depres-
sion on one side. The surface of seed is minutely forming a reticulum (reticulate). 
The roots pull out to 70 cm depth with the diameter of 0.5–6.0 cm (Mishra and 
Kumar 2000; Sreevalli et al. 2002; Plaizier 1981; Chaudhary et al. 2011). Janaki 
Ammal and Bezbaruah (1963) stated that the tetraploid plants develop more robustly 
with larger flowers. The floral morphology of C. roseus is advantageous for self and 
insect or cross-pollination (Janaki Ammal and Bezbaruah 1963).

In C. roseus (L.) G. Don, intraflower self-pollination is widespread, for the rea-
son that the stigma may move toward into contact with the anthers, yet subsequent 
to anthesis. The rate of outcrossing may possibly differ with environmental circum-
stances and the occurrence of seasonal pollinating agent (butterflies). C. roseus (L.) 
G. Don will flower and fruit the entire year round in warm climate condition. The 
seeds generally fall nearby to the parent plant, however occasionally transported by 
ants. The first flowers will come into view after 6–8 weeks subsequent to germina-
tion. Some branches or even the complete plant will die when the temperature goes 
beyond 5 °C. While the temperature increases, the plant will regrow from basal axil-
lary buds, particularly following hard pruning of shoots and roots. With no pruning, 
the plant redevelops mostly from the top (Ross 2003; van der Heijden et al. 2004).

2.1  Adulterations and Substitutes

Anticancerous bisindole alkaloids (vincristine, vinblastine) and interrelated com-
pounds put off mitosis in a diverse way from colchicine (obtained from Colchicum 
autumnale L.), one more potent antineoplastic agent. Other plant species of 
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Apocynaceae family like Rauvolfia spp also shows the presence of ajmalicine 
(Raubasine) and its derivatives (Neuwinger 2000; Snoeijer 2001; Ross 2003; van 
der Heijden et al. 2004).

2.2  Scientific Classification

In the beginning, there was an assortment of uncertainty in the scientific literature 
concerning the accurate classification of the genus of the plant. Despite various 
names, such as Ammocallis rosea and Lochnera rosea, Vinca rosea is the most com-
monly used name (Mishra and Kumar 2000; Stearn 1975). In 1753, Linnaeus recog-
nized the genus Vinca into two distinguished species V. major and V. minor in his 
species Plantarum (1:209). Further in 1759, Linnaeus added the tropical Vinca rosea 
(now C. roseus (L.) G. Don) to these two originally European species, even though 
it did not fit his generic explanation with reference to the stamens. Ludwig 
Reichenbach was the first to distinguish V. rosea as being generically different from 
the genus Vinca and further in 1828 he suggested generic name Lochnera for it. 
Nevertheless, the name did not obtain nomenclatural legitimacy as he was unable to 
endow with any generic explanation for the genus Lochnera. George Don in 1835 
allocated the name Catharanthus to the genus represented by V. rosea in his general 
system of gardening and botany (4: 95). The word Catharanthus is derivative of the 
Greek terms katharos (pure) and anthos (flower), mentioning to the neatness, beauty, 
and elegance of the flower. The explanatory variances among the two genera Vinca 
and Catharanthus have currently been well accepted (Stearn 1966). However, the 
name periwinkle is recognized for both genera, they vary distinctly in their habita-
tion, floral make-up, allocation, biochemistry as well as cytology. Vincas have fun-
nel-shaped corolla tube (increasingly widens from below upward), filaments bend 
onward and then directed towards the back like a knee (Linnaeus termed them as 
inflexa, retroflexa), and the anthers that are each topped with a small hairy flap-like 
addendum, arch onto the stigma. In contrast, the corolla tube of Catharanthus is 
cylindrical in shape and the filaments are very small in size and anthers directly 
emerge on the corolla tube, while C. lanceus has long filaments. Furthermore, in 
Catharanthus species anthers deficit terminal appendages and merge conically over 
the stigma (Virmani et al. 1978). C. roseus (L.) G. Don obtained several vernacular 
names throughout the course of its extent and naturalization over the tropic and 
subtropic regions, as listed in Table 1 (Plaizier 1981; Virmani et al. 1978; Joy et al. 
1998; Mishra and Kumar 2000).

The taxonomic classification of genus Catharanthus represented as Family: 
Apocynaceae; Subfamily: Plumeroideae; Tribe: Plumerieae; Subtribe: Alstoniiae; 
Genus: Catharanthus. In Table 2, information regarding the designation, origin, and 
distribution of the eight species are given (Stearn 1975; Mishra and Kumar 2000; 
Whiting et al. 2011).
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As per the Integrated Taxonomic Information System (ITIS), the Taxonomic 
Serial Number (TSN) designed for C. roseus (L.) G. Don (L.) G. Don is 30, 168 and 
at present established taxonomic hierarchy is given as follows:

Kingdom: Plantae, plants
Subkingdom: Tracheobionta, vascular plants
Superdivision: Spermatophyta, seed plants
Division: Magnoliophyta, flowering plants
Class: Magnoliopsida, dicotyledons
Subclass: Asteridae
Order: Gentianales
Family: Apocynaceae, dogbane family
Genus: Catharanthus G. Don, periwinkle
Species: C. roseus (L.) G. Don (L.) G. Don, Madagascar periwinkle

Table 1 Vernacular names of Catharanthus roseus (L.) G. Don (Mishra and Kumar 2000; Virmani 
et al. 1978; Plaizier 1981; Joy et al. 1998)

Country Vernacular names

India Sadabahar, Sadaphul (Sadaphuli), Nayantara, Rattanjot, Billaganneru, 
Gul Feringhi, Ainskati, Sudukadu mallikai, Cape-periwinkle, 
Nityakalyani, Baramasi, Church-yard blossom, Dead-man’s flower, 
Sudukattu mallikai, Ushamanjairi

West Indies Old maid, Ramgoat rose, Cayenne jasmine, Magdalena, Vicaria
Ethiopia Phlox
China Chang Chun Hua
Germany Zimmerimmergrun
Philippines Chichirica
Japan Nichinchi
England Bright-eyes, Cape periwinkle, graveyard plant, Madagascar periwinkle, 

old-maid, old-maid-flower, rose periwinkle, rosy periwinkle
Indonesia Indische maagdepalm, Soldatenbloem, Kembang sari tijna, Kembang 

tembaga, Tapak dara

Table 2 The species of the genus Catharanthus

Species name Place of origin

C. roseus (L.) G. Don Madagascar, now naturalized throughout the tropics
C. ovalis Markgraf Madagascar
C. trichophyllus (Baker) Pichon Madagascar
C. longifolius (Pichon) Pichon Madagascar
C. coriaceus Markgraf Madagascar
C. lanceus (Bojer ex A. DC.) Pichon Madagascar
C. scitulus (Pichon) Pichon Madagascar
C. pusillus (Murray) G. Don India, Sri Lanka
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2.3  Historical and Geographic Distribution

The C. roseus (L.) G. Don was recognized for its medical principles even in 50 BC 
(Virmani et al. 1978). Though, it is prevalently known as Madagascar periwinkle for 
the reason that it is supposed that it is native to Western Indian Ocean’s large island 
of Madagascar adjacent to Africa. C. roseus (L.) G. Don has been suggested as a 
well-liked ornamental plant in various tropical and subtropical regions globally. In 
the early eighteenth century in Paris, the plant was cultivated from seeds brought 
from Madagascar and was afterward spread from European botanical gardens to the 
tropical regions. In India, C. roseus (L.) G. Don is thought to have been spread by 
Portuguese missionaries in the mid of the eighteenth century via Goa (Mishra and 
Kumar 2000). In India, the plant was at the outset developed in cemeteries on account 
of its continually flowering character. Afterward it grows all over the tropical as well 
as subtropical regions of the country and possibly will be seen growing uncultivated 
onto the plains, lower foothills, and terai areas in Northern India and the hilly areas 
of Southern India. The plant, C. roseus (L.) G. Don is extensively grown commer-
cially in the United States, Africa, Australia, China, India, Spain, and Southern 
Europe for medicinal purposes. The antineoplastic bisindole alkaloids obtained from 
this plant discover major markets in the United States, Hungary, West Germany, 
Italy, the Netherlands, and the UK (Whiting et al. 2011; PROTA 2011; Łata 2007).

The anticancer principles of alkaloids obtained from C. roseus (L.) G. Don was 
revealed by coincidence in the late 1950s during searches for hypoglycemic agents. 
C. roseus (L.) G. Don frequently found in sandy locations beside the coast, however 
also inshore on river banks, in savanna vegetation and in dry waste spaces and road-
sides, occasionally in open forest or scrub and on rocky soils, typically on sandy 
soils. It is extremely salt tolerant and is typically found close to sea-level, however 
infrequently up to 1500 m altitude. C. roseus (L.) G. Don is preferably grown in a 
soil with pH range of 5.5–6.5. It flourishes well in dry, frost-free, and humid sur-
roundings with favorable moisture setting, in complete sunny or partial shade, and 
in well-drained soil. C. roseus (L.) G. Don cannot confront so much water, damp 
soils, or a cool spring. C. roseus (L.) G. Don is a fast-growing plant which is easily 
cultivated in hot climate conditions. It is valued for its durability in dry and nutrient 
poor situation. Under unfavorable conditions or in inadequately drained soils, C. 
roseus (L.) G. Don changes into yellowish green while overwatering possibly will 
cause the bacterial and fungal rot diseases of stem and root (Plaizier 1981; Thomas 
and Latimer 1996; van Bergen 1996). Twofold increment in alkaloidal content of 
full-grown leaves was found under harsh water stress, but no variation in stems and 
immature leaves and it decreased in roots.

3  Agrotechnology

The technical aspects regarding agriculture of C. roseus (L.) G. Don have been well 
worked out and explanatory preview are well documented here.
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3.1  Soil and Climatic Conditions

Although a lot of research and examination have been made over the last few 
decades on the phytochemical and medicinal value of C. roseus (L.) G. Don, only 
some studies have been carried out on the agronomic and genetic characteristic of 
this medicinal herb. The plant grows well in a large variety of soils and typical 
weather conditions. Even though the plant is extremely tolerant to environmental 
factor like heat and drought (Gupta 1977), it preferably grows in tropical and sub-
tropical regions in typical climatic conditions (Mishra and Kumar 2000). In India, 
C. roseus (L.) G. Don propagates easily in Tamil Nadu, Karnataka, Gujarat, Madhya 
Pradesh, and Assam (Virmani et al. 1978). The plant also grows in North India espe-
cially subtropical regions, where climate changes during winter season is deleteri-
ous and affects its growth, flowering, and seed formation. The plant propagates on 
almost all types of soil although highly alkaline and drenched soils are inappropri-
ate. For the commercial cultivation of C. roseus (L.) G. Don preferred light, sandy 
loam soil rich in humus or treated with raw liquid cow/buffalo dung supplies an 
aerated bedrock to the crop (Virmani et al. 1978; Mishra and Kumar 2000). In such 
type of soils, roots are easily harvested. In the region of Southern India, the plant is 
extensively grown on red laterite soils and rarely on black cotton soils (Gupta 1977). 
The plant is easily able to tolerate mild salty soils. A well-distributed rainfall of 
100 cm and higher is greatly advantageous for such type of rainfed medicinal crop.

3.2  Manures and Fertilizers

The use of farmyard manures at the rate of about 15 ton/ha is appropriate for the 
development of roots and aerial parts of C. roseus (L.) G. Don. In place of applica-
tion of farmyard manures, green manuring the field can also be greatly advanta-
geous. In case of nonavailability of organic manure, a basal dose of 30 kg K2O, 
30 kg P2O5, and 20 kg urea per hectare is advisable to use when the availability of 
organic manure is not sure. During the growing period, top covering of 20 kg nitro-
gen in two equivalent divided doses with the time duration of 30–45 days is exceed-
ingly favorable to the crop (Virmani et al. 1978).

3.3  Weeding and Irrigation

In the course of agriculturing process, crop possibly will have need of at least two 
weeding. The first weeding possibly done after 2 months of seed sowing/transplant-
ing, and the second may possibly be done 2 months afterward. The application of 
fluchoraline at 0.75 kg/ha or alachor at 1 kg/ha gives an efficient control in excess 
of a wide variety of weeds in the plant (Mishra and Kumar 2000). In the locality 
where rainfall is circulating consistently all through the year, the plant doesn’t have 
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the need of any irrigation. On the other hand, in areas wherever the rainfall is limited 
for a particular period of time, 4–5 irrigations are required to acquire best possible 
yield. Some extent of drought can be tolerated by the plant. Although under critical 
water stress, the water potential is lower than −1.9 Mpa at leaf, which causes slow-
ing down of growth related to a little enhancement in alkaloidal content of the plant 
(Saenz et al. 1993). Talha et al. (1975) reported that 25–50% soil moisture deficit 
(SMD) level was the optimum for the enhancement of dry weight of the leaf, stem, 
and root (Talha et al. 1975). On the other hand, a further increment in SMD from 
50% to 75% caused a decrease in herb yield, even though with considerable increase 
in alkaloidal content.

3.4  Propagation

The freshly obtained seeds are the most acceptable propagules for C. roseus (L.) 
G.  Don because the seeds are viable for a short period of time (<8  months). 
Propagation was started either by seeds directly sown in the field or germinated 
seeds (seedlings) transplanted into the field from nurseries. Before sowing the seeds, 
fields are well prepared by pulverization at the beginning of the rainy season. In 
direct sowing, seeds are sown in rows 45  cm apart, and afterward the seedlings 
acquired are thinned out to keep a distance of a minimum of 30 cm among plants. 
One hectare of land requires about 2500 g of seeds for sowing. On the other hand, 
seedlings are grown in a nursery to cut down on seed consumption. In a nursery, 
about 0.5 kg of seeds is sufficient to give seedlings for 1 ha of land. In nursery beds, 
seeds are sown about 2 months in advance of the projected transplanting of the new 
germinated seeds, which ought to bring into line through the commencement of the 
rainy time of year. Germination of seed takes place within 10 days of time period, 
and 60 days old seedlings are appropriate for transplanting. About 74,000 new ger-
minated seeds per hectare are accommodates in an area of 45 × 30 cm. As research-
ers reported that the uneven plant spacings of 45 × 15 cm, 45 × 20 cm, and 45 × 30 cm 
have no effect on root yield although more leaf yield is found at a plant spacing of 
45 × 20 cm (Mishra and Kumar 2000). A plant spacing of 30 × 20 cm has also been 
established to be most favorable. Kulkarni et al. (1987) concluded that the impene-
trable planting of tetraploids leads to better yields. Vegetative reproduction of the 
plant is also feasible by means of cuttings planted in the field by using similar 
approach as used for seedlings (Kulkarni et al. 1987).

3.5  Growth Regulators

Application of weekly doses of 100  mg gibberellic acid (GA) to C. roseus (L.) 
G. Don plants for a period of 7 weeks and reaped twice a week exhibited a remark-
able improvement in the height of plant and dry weight of stems. The change in leaf 
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shape has seen from obovate to lanceolate although no effect was seen on flowering 
(Masoud et al. 1968). At the end of final harvesting process, the presence of total 
alkaloids in the leaves and roots decreased. Although in GA-treated plants, bisin-
dole alkaloid mainly vinblastine content is enhanced in the leaves. The application 
of nitrogen fertilizer as well as long day circumstances may lead to enhancement of 
alkaloidal content of the roots in typical situation but unable to counterbalance the 
negative consequence of GA on overall alkaloidal content of plants in the roots. 
Plant hormone 2,4-dichlorophenoxyacetic acid (2,4-D) works as a defoliator, while 
the use of indole acetic acid (IAA) and GA causes enhancement of leaf number and 
height of plant (Virmani et  al. 1978). After fruiting period, the above effect was 
more prominent. Exogenous treatment of boron in autotetraploids caused fall of leaf 
width along with follicle lengths (Mishra and Kumar 2000). As the researcher 
reported that the inclusion of growth retardants, for example, (2-chloroethyl) tri-
methylammonium chloride (CCC) resulted in the production of lateral branches as 
well as alkaloid content of Catharanthus pusillus enhanced (Basu 1992). 
Improvement in the extent of the photosynthetic period enhances the production of 
root alkaloids along with the weight of aerial parts (Virmani et al. 1978).

3.6  Harvesting and Yield

Harvesting must be completed 12  months subsequent to sowing. The harvest is 
obtained through cutting on 7.5 cm exceeding the ground and dried out for stems, 
leaves, and seeds. The preferred moisture level was achieved by further irrigation of 
the field, stalked by ploughing and roots collection. The collected roots are clean 
properly followed by shade dry. The alkaloid contents in the root is maximum while 
the plants in flowering state. Prior to the final harvest leaves can be harvested twice. 
The initial disrobing is made 6 months subsequent to planting and the next 3 months 
later than the first cutting. Lastly, the entire plant is harvested subsequent to a further 
2–3 months. The collected leaves are also dehydrated in shadow for the period of 
15 days until it turns out to be crispy, trailing about 75% of their initial weight. The 
leaves preserved for drying should be spread evenly and turned from time to time to 
avoid any fungal contamination and fermentation. The obtained dry plant leaves are 
kept in a cool and dry place. In irrigated situations, a harvest planted in 1 ha land, 
the total yields obtained is about 3.6 ton of fully dried leaves, 1.5 ton of stems as 
well as 1.5 ton of roots. The total yield is affected in rainfed situations; the obtained 
yield per hectare is approximately 2 ton of leaves, 1 ton of stems along with 0.75 ton 
of roots (Virmani et al. 1978). In normal field surroundings, plants exhibit natural 
difference in the biosynthesis and buildup of secondary metabolites owing to geno-
typic variations in addition to ecological and seasonal changes (Choudhury and 
Gupta 2002).

The harvested plant seeds require being dry prior to storing them ideally in a cool, 
dark, and previously dried container at temperatures below 20  °C.  The collected 
aerial plant parts and roots of C. roseus (L) G. Don are properly cleaned, subsequent 
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to which they are dried at optimal temperatures, afterward packed it for further deliv-
ery. Preserved plants to utilize as ornamentals are generally traded in potted parcels. 
At this situation, it is being marketable for the period of 18 days, and has no need of 
watering throughout this period (Łata 2007; Staszewski et al. 2007).

3.7  Pests, Diseases, and Control Measures

In Argentina (Torres et al. 2004), Egypt (Omar et al. 2008), India (Chaturvedi et al. 
2009), Malaysia (Khew et al. 1991; Nejat et al. 2010), and Myanmar (Win and Jung 
2012), C. roseus (L.) G. Don plants are identified to be vulnerable to the aster yel-
lows (16SrI) group phytoplasma and it is also susceptible to spirea stunt (16SrIII-E), 
peach yellow leaf roll (16SrIII-A), clover proliferation (16SrVI), potato witches’ 
broom (16SrVIA) (Lee et  al. 1998), Mexican periwinkle virescence (16SrXIII) 
(Gundersen et al. 1994), as well as Malaysian periwinkle virescence (16SrXXXII) 
(Nejat et al. 2009, 2013). In United States, C. roseus (L.) G. Don plants were the 
foremost nonrutaceous plant naturally infected with Spiroplasma citri (Allen 
1975). This pathogen was consequently revealed in Mediterranean countries like 
Morocco, Cyprus, Syria, and Turkey (Bove 1986), as well as in Malaysia, Southeast 
Asia (Nejat et al. 2011). C. roseus (L.) G. Don plants are also at risk of cucumber 
mosaic virus (CMV), and infection occurrence has been proclaimed in Australia 
(Shukla et al. 1980), India (Samad et al. 2008), and Malaysia (Mazidah et al. 2012). 
In C. roseus (L.) G. Don plants, leaf mosaic disease is caused by a viral pathogen, 
consequences in irregular yellow patches and malformation, accompanied by 
necrosis and wilting.

Bedding plants, for example C. roseus (L.) G. Don, are prone to loads of damping- 
off diseases. C. roseus (L.) G. Don is susceptible to blight/top-rot or die back, leaf 
spot, and root rot. Disease carrying fungi, which are responsible for Alternaria for 
leaf spot, Rhizoctonia solani for stem, crown, and root rot, as well as Phytophthora 
parasitica Dast for foliars and stems. According to reports from India and the United 
States, in C. roseus (L.) G. Don plants, P. parasitica, a soil-borne fungus is present 
which causes significant losses and death (Dastur 1916; Chase 1999; Keim 1977; 
McMillan and Garofalo 2004). Fusarium root rot disease has been revealed from 
Taiwan (Chung et al. 1998). In Florida, P. nicotianae is responsible for blight, which 
is considered as one of the most devastating diseases of C. roseus (L.) G.  Don 
(McGovern et al. 2003). Colletotrichum dematium causes other notorious blights 
like twig blight (McMillan and Graves 1996), in Virginia foliar blight carried out by 
P. tropicalis (Hao et al. 2010), and in the United States, Italy, and Taiwan gray mold 
blight exaggerated by Botrytis cinerea (Daughtrey et al. 1995; Garibaldi et al. 2009; 
Ou-Yang and Wu 1998). Black root rot by Thielaviopsis infection is the most dev-
astating root disease in C. roseus (L.) G. Don as it is very complicated and not easy 
to manage. Periwinkle rust, another disease noted to occur due to the attack of 
Puccinia vincae (http://donsgarden.co.uk/). Humid or wet conditions that arise due 
to overwatering are the major causes of fungal infection so care has to be taken to 
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combat such type of problems. Insect pests are not considered as major problem; 
however, spider mites, aphids, mealy bugs, thrips, and scale insects can infiltrate this 
plant (Thomas et al. 2009). However, C. roseus (L.) G. Don plants are enduring and 
quite resistant to pests and diseases, a number of disease-causing agents of viral, 
fungal, bacterial, and mycoplasmal origins have been encountered in this plant. 
Thrips and aphids are the general pests of this plant. C. roseus (L.) G. Don plants are 
vulnerable to a disease analogous to the spike disease of Santalum album. It is dis-
tinguished by a hairy exterior of the plant; in that condition leaves of the plant turn 
into smaller and shorter internodes. In the next stages, immoderate branching is 
developed. The disease-containing plants show evidence of hyperplasia or enhanced 
vegetative function. In entire cycle of the disease, the colors of flowers are green and 
produce phyllody. Green rosette disease has infrequently been noticed on these 
plants. In this disease, size of the leaf and flower is shortened and no fruiting occurs 
but there is no change in color and alteration of any floral part observed (Virmani 
et al. 1978; Garga 1958).

Diseased plants are ameliorated through regular treatment with the sprays of 
oxytetracycline, GA, tetracycline, as well as nicotine sulfate (0.5% aqueous solu-
tion). A few of the fungal diseases are able to be managed by the use of fungicide- 
containing foliar sprays including Carbendazim Bavistin 50 WP, Captafol Foltaf 80 
WP, and Benomyl 50 WP (Kalra et al. 1991).

Environmentally, a full-sun planting place with optimal humidity levels, and bet-
ter air exchange in the region of the plants should be selected. Potting mixes should 
be free from any kind of pathogen and fresh containers constructed for every planting. 
In relation to sanitation, loads of weeds should be kept minimum, upon revealing of 
any kind of contamination or infection in soils and plants should be removed instan-
taneously. All the equipments used for this purpose should be kept clean, and the 
planting region is cleared of previously used potting media and plant waste. 
Overhead irrigation and extended periods of leaf dampness must be avoided along 
with watering done only in the day time. Soil fertility has to be appropriately cali-
brated to pH maintained at 5.5. Transplants have to be distanced at least 10–12 in. 
apart. Biological control over soil-borne disease carrying fungi may possibly be 
tried with Trichoderma virens, binucleate Rhizoctonia, or Burkholderia cepacia 
(Thomas et al. 2009; McGovern et al. 2003; Benson 1995; Yandoc et al. 2007).

4  Natural and Induced Variation

The naturally grown populace of C. roseus (L.) G. Don has been observed to harbor 
substantial genetic variability. The marketable harvest shows an extensive morpho-
logical and chemical variation, with diverse ranges of heritability owing to a rea-
sonable total of outcrossing existing among the species (Kulkarni et  al. 1984). 
However, the plant is predominantly self-pollinated; Krishnan et al. (1979) reported 
recurrent outcrossing (13.6%), while Kulkarni (1999) mentioned in a research that 
outcrossing betwixt white × white-flowered plants varied from 28.3% to 65.3%, 
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among white × pink-flowered plants it varied from 12.2% to 15.1%, and 11.4% was 
reported in the case of die back disease-resistant plant variety Nirmal (Krishnan 
et al. 1979; Kulkarni 1999). The natural inconsistency has been utilized to evolve 
horticultural and drug types. Variance occurring due to polyploidy, cross breeding, 
and induced mutagenesis has been varyingly engaged in C. roseus (L.) G. Don. 
Autotetraploids of dissimilar hereditary backgrounds, while differentiated with 
analogous diploids, were found to be comparatively more tolerable to die back and 
the collar- and root- rot disorder (Kulkarni et al. 1987). The autotetraploids were 
seen in certain strains to have larger leaves with shorter length/width ratio, decreased 
pollen fertility, bigger pollens, smaller follicles size, bulky/weighty seeds, lesser 
dry leaf matter, lesser vinblastine content, and increased entire alkaloidal content 
(Mishra and Kumar 2000). An elevated ploidy-level derivative was found to be typi-
cally well sterile with lesser seed germinability (Janaki Ammal and Bezbaruah 
1963). Kulkarni et al. (1987) reported about the potential of diploids and induced 
autotetraploids of C. roseus (L.) G. Don in divergent measures of nitrogen and plant 
spacing (Kulkarni et al. 1987). Investigational hybrids have been explained among 
C. roseus (L.) G. Donand C. trichophyllus (Sevestre-Rigouzzo et al. 1993). Levy 
et al. (1983) reported that the considerable heterosis for yields of leaf and root in 
crosses required three actual lines although heterosis was not revealed for quantity 
of ajmalicine alkaloid in the roots (Levy et al. 1983).

Kulkarni et al. (1999) have revealed major differences in the morphological char-
acter of plant along with the presence of alkaloids in leaf and root of three induced 
mutants of C. roseus (Kulkarni et al. 1999). Nirmal is a superior variety of C. roseus 
developed and launched by CIMAP show high level of tolerance to die back dis-
ease. Another variety of C. roseus Prabal is developed and launched by CIMAP 
(Dwivedi et al. 2001). Kulkarni et al. (2003) have developed another distinct variety 
of C. roseus Dhawal (U.S. Patent No. 6,548,746) by means of mutation breeding of 
superior quality with improved alkaloid-producing potential and show high level of 
tolerance to die back disease (Kulkarni et al. 2003). Dhawal may possibly differenti-
ate morphologically through its markedly undulating/wavy leaf periphery. At pres-
ent, it is one of the finest varieties of C. roseus accessible for advanced molecular 
level research, and in addition it is utilized for commercial cultivation.

5  Occurrence and Distribution of Alkaloids

The C. roseus alkaloids at this time consist of a group of almost 130 TIAs, present 
mostly in Apocynaceae, Loganiaceae, and Rubiaceae families. It represents one of 
the leading groups of alkaloids along with more than 3000 members showing mag-
nificent structural assortment (van der Heijden et al. 2004). There are a lot of dif-
ferences seen in the constitutions of the alkaloids obtained from the aerial parts 
(leaves/shoots) as well as from underground parts of plant (root/rhizomes/true 
tubers/corms). The presence of alkaloid in different plant tissues varies significantly 
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as the researcher reported (Table 3) (Mishra and Kumar 2000; Virmani et al. 1978). 
The variations found may be due to diverse agro-climatic conditions, hereditarily 
different genotypes, and the processes employed for alkaloid extraction.

6  Role of Alkaloids in C. roseus (L.) G. Don Plant

TIAs, similar to nearly all other secondary metabolites, are responsible for defen-
sive/protective roles to the plant. The biosynthesis of plant secondary metabolite is 
not regulated separately as of the role of these yields for the plant. Though, it is not 
easy to identify the precise in planta role of secondary metabolites similar to the 
TIAs. In relation to C. roseus (L.) G. Don, an antifeedant potential in contrast to 
Spodoptera larvae has been indicated for vinblastine and catharanthine (Meisner 
et al. 1981). The antifeedant action in contrast to Spodoptera caterpillars in case of 
C. roseus (L.) G. Don leaf extracts has been explained also (Chockalingam et al. 
1989; Meisner et al. 1981). The nematocidal potential of serpentine has been also 
described (Verpoorte et al. 1997). Luijendijk et al. (1996a) examined and analyzed 
the participation of strictosidine in the antimicrobial and antifeedent activities of 
leaves of C. roseus (L.) G. Don (Luijendijk et al. 1996a). Strictosidine and its deglu-
cosylation product particularly produced by strictosidine β-d-glucosidase (SGD) 
were responsible for the action against several microorganisms. In contrast, neither 
the entire glucoside nor the aglycone commodity was observed to reveal antifeedent 
potential against Spodoptera exigua larvae, the same was found for whole C. roseus 
leaves as well as leaf extracts. In addition to alkaloids, other chemical compounds 
are also accountable for the antifeedent potential of C. roseus (L.) G. Don leaves, as 
validated by Singh et  al. (2003), who observed that the n-hexane fraction of C. 
roseus (L.) G. Don leaves extract shows the presence of insect growth regulators, 
namely, α-amyrin acetate and oleanolic acid, which act against tobacco caterpillar 
(S. litura F.) and gram pod borer (Helicoverpa armigera Hub.) (Singh et al. 2003). 
The combination regimen of strictosidine and SGD exhibits strong antifungal 
potential (Luijendijk et  al. 1996a; Verpoorte et  al. 1997). Strictosidine and SGD 
contents are predominantly high in young leaves of C. roseus (L.) G. Don (260 μg/g 
fresh weights). According to the fact, which reveals the presence of strictosidine in 

Table 3 Variation in alkaloid 
content of various parts/
tissues of C. roseus (L.) 
G. Don

Tissue/parts of plant % Alkaloid content (dry weight basis)

Flower 0.005–0.84
Leaf 0.32–2.56
Fruit ~0.40
Pericarp ~1.14
Seed ~0.18
Stem 0.07–0.46
Root 0.125–2.60
Root bark 2.50–9.00
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the vacuole, while the vastly precise SGD is found somewhere else, it is supposed 
that this amalgamation of substrate and enzyme plays a vital role in the plant’s 
defense system in relation to wounding (Luijendijk et al. 1996a; Verpoorte et al. 
1997), and so as to strictosidine is a phytoanticipin. Therefore, it is vastly feasible 
that the phytoalkaloids have imperative ecochemical functions in the defense sys-
tem of the plant in opposition to pathogens and herbivores.

7  Pharmaceutical and Pharmacological Applications

C. roseus (L.) G. Don has a long history of traditional usage for medicinal purposes 
around the world. The traditional and folkloric practice of various parts of the plant 
for the management of a variety of disorder has been examined in detail by earlier 
researchers (Mishra and Kumar 2000; Virmani et  al. 1978). The folklore use of  
C. roseus (L.) G. Don decoctions is suggested for the cure of diabetes, diarrhea 
dysentery, dengue fever, malaria, insect bites, skin infection, cancer, dyspepsia, 
toothache, eye irritation, sore throat, and respiratory congestions (Sukumar and 
Osmani 1981; Duke 1985; Virmani et al. 1978). The plant roots are indicated for the 
management of hypertension, and it is considered as a tonic for general debility as 
well as shows sedative and tranquillizing properties (Narayana and Dimri 1990). In 
the Ayurvedic system of medicine, it is preferred for the treatment of diabetes. Also 
in modern system of medicine, the hypoglycemic potential of aqueous extracts of  
C. roseus (L.) G. Don has been proved (Vega-Avila et al. 2012). In the region of 
Madagascar, the bitter and astringent leaves of C. roseus (L.) G. Don has been tra-
ditionally used as an emetic and roots as a purgative, depurative, vermifuge, hemo-
static agent and for toothache. In Philippines, leaf decoction is used as an herbal 
remedy for the management of diabetes; immature plant leaves are used for stom-
ach cramps and root decoction for intestinal parasitism. In Mauritius, leaves infu-
sion traditionally used for indigestion and dyspepsia relief. In Indian states mainly 
Orissa and Assam, leaves juice are employed to cure wasp stings whereas roots and 
leaves are used as an anticancer agents. C. roseus (L.) G. Don floral extracts offers 
an extensive application in many countries as a medicine for several diseases for 
example: Indo-China - dysmenorrhea; Cuba and Jamaica - eyewash for infants; 
Bahamas - respiratory problem (asthma); Bermuda - hypertension; Surinam and all 
over the Caribbean - eye irritation/infections, malaria, menstrual pains, and diapho-
resis. The people of Uganda have belief in leaf infusions to cure digestive ulcers 
whereas in Batswana powdered leaves in milk for full-grown abscesses. A root 
decoction in Togo is used to cure dysmenorrhea (PROTA 2011; Neuwinger 2000). 
Still in European countries, C. roseus (L.) G. Don is employed as a folk remedy to 
treat diabetes/hyperglycemia for centuries. In China, it is a widely used versatile 
herb in the management of blood cancer, high blood pressure, lymphoma, and Brill- 
Symmers disease and it is also used as an astringent, diuretic, and cough remedy. 
Correspondingly, in central and south America, it is accepted as a household rem-
edy for cold, lung congestion, inflammation, and sore throat. In Hong Kong and 
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Korea, C. roseus (L.) G. Don is employed as an alternative medical remedy for the 
treatment of blood cancer. In Japan, C. roseus (L.) G. Don has been used for the 
management of diabetes and Malignant Lymphoma (Guo et al. 2001). Besides that, 
modern research has discovered a wide range of therapeutic applications for the C. 
roseus (L.) G. Don (Table 4).

Besides, the significance of C. roseus (L.) G. Don plant in modern system of 
medicine has been recognized only after the coincidence discovery of anticancer 
alkaloids present in its leaves. Currently, there are four main Catharanthus alkaloids 
that have clinical acceptance such as vinblastine (VBL), vincristine (VCR), vinorel-
bine (VRLB), and vindesine (VDS); however, only VCR, VBL, and VRL are per-
mitted for clinical use in the United States. Since 2008, in Europe, vinflunine, a 
latest synthetic Catharanthus alkaloid is used for the treatment of cancer (Moudi 
et al. 2013). The other notable alkaloid ‘ajmalicine’ is extracted from stems and 
roots of C. roseus (L.) G. Don, because of their clinical importance in the manage-
ment of high blood pressure and obstructive circulatory problems as well as 
enhanced cerebral blood circulation (Verpoorte et al. 1991). C. roseus (L.) G. Don 
roots also contain serpentine, which is used in the management of hypertension 
(Mishra and Kumar 2000).

The discovery of vincristine and vinblastine (bisindole alkaloid) isolated from 
C. roseus (L.) G.  Don symbolizes one of the most imperative introductions of 
plant- derived products into the cancer chemotherapy. These plant alkaloids are 
used to treat malignant and nonmalignant cancer. Vincristine and vinblastine are 
also employed in the treatment of thrombocytopenic disorders like immune throm-
bocytopenia (idiopathic thrombocytopenic purpura), Moschcowitz syndrome 
(thrombotic thrombocytopenic purpura), and microangiopathic hemolytic anemia 
arises due to chemotherapy. Even though vincristine and vinblastine are functional 
in platelet and platelet-associated ailments, it is an obligatory part of the pharmaco-
poeia that is used to treat malignancy (Neuss and Neuss 1990). Vincristine and 
vinblastine show a broad spectrum of biochemical action within the cells and tis-
sues; the exact mechanisms of cytotoxic action is stated as the interactions with 
tubulin protein and disruption of microtubule (spindle fibers) function, particularly 
of microtubules comprising the mitotic spindle apparatus, directly inducing meta-
phase arrest. They connect speedily and reversibly to obligatory sites on tubulin 
that are different from those of the taxanes (paclitaxel and docetaxel), podophyl-
lotoxin, colchicines, and guanosine triphosphate (GTP). They do not show cross-
resistance with drugs which alkylate DNA and act through different mechanisms of 
action. The prime application of vinblastine is to treat Hodgkin’s disease, whereas 
the principal use of vincristine is indicated to treat acute lymphocytic leukemia in 
children. Leukopenia and bone marrow depression are the dose-limiting toxicity of 
vinblastine, while neurotoxicity in the case of vincristine (Weiss et  al. 1974). 
Vinblastine is also employed to treat testicular cancer effectively. Other types of 
blood cancer including Hodgkin lymphomas and the non-Hodgkin lymphomas 
may possibly be treated with combination regimens that consist of vinblastine. 
Vinblastine is also considered as an effective therapy to treat Kaposi’s sarcoma, 
Alibert-Bazin syndrome (granuloma fungoides), and breast cancer. Vincristine is 
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Table 4 List of the most important studies on the medicinal effects of Catharanthus roseus

Application
Modern researches

ReferencesIn vitro In vivo

Antibacterial (antiseptic) 
activity

Bacteria (Virmani et al. 1978; Goyal 
et al. 2008; Patil and Ghosh 
2010; Ramya et al. 2008; 
Verma and Singh 2010)

Acetyl cholinesterase and 
cholinergic antagonism 
inhibition

Microplate assay Male Wistar 
rats (ex vivo)

(Pereira et al. 2009, 2010)

Antiangiogenesis activity Chicken eggs (Wang et al. 2004)
Alzheimer’s syndrome Human 

(clinical 
trial)

(Singh et al. 2001)

Antidysenteric activity Wistar rats (Hassan et al. 2011)
Antihypercholesterolemic 
activity (antihyperlipidemic)

Rabbit, rat (Chauhan et al. 2011; 
Chattopadhyay et al. 1992)

Anthelmintic activity Pheretima 
posthuma

(Agarwal et al. 2011)

Antineoplastic activity Mice, rat Clinical use (Nobili et al. 2009; Cragg 
and Newman 2005; Dong 
et al. 1995; El-Merzabani 
et al. 1979; El-Sayed and 
Cordell 1981; El-Sayed 
et al. 1983; Johnson et al. 
1960; Mukherjee et al. 
2001; Noble 1990)

Larvicidal activity Anopheles 
stephensi (malaria 
vector); Aedes 
aegypti

(Kuppusamy et al. 2009; 
Remia and Logaswamy 
2010)

Regression of accessory 
reproductive organs

Male Wistar rats (Akbarsha et al. 1995)

Antifertility effect Male rat (Sherines and Howard 
1978; Mathur and Chaudan 
1985; Prajapati et al. 1998)

Antiandrogenic activity Mice (Murugavel and Akbarsha 
1991)

Blood cleanser (Moerman 2009)
Antifungal activity Trichophyton 

rubrum
(Chile and Vyas 1984; 
Barde and Singh 1983)

Hendersonula 
toruloidea

Regression of entire 
reproductive system

Male rat (Stanley et al. 1993)

Stomachic — (Narayana and Dimri 1990; 
Kurian and Sankar 2007)

Tranquilizing and sedative 
action

— (Daniel 2006; Narayana 
and Dimri 1990; Kurian 
and Sankar 2007)

(continued)
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Table 4 (continued)

Application
Modern researches

ReferencesIn vitro In vivo

Tonic — (Narayana and Dimri 1990; 
Kurian and Sankar 2007)

Cytochrome P450 inhibition CYP2D6 (Usia et al. 2005)
Antioxidant activity Rat (Jaleel et al. 2006; 

Chauhan et al. 2011; Zheng 
and Wang 2001)

Anti-inflammatory activity Rat (Chattopadhyay et al. 
1992)

Wound healing Rat (Nayak and Pinto Pereira 
2006)

Antiplasmodial activity Human 
erythrocytes

(Gathirwa et al. 2007; 
Ponarulselvam et al. 2012)

Enhances kidney and liver 
functions

Wistar rat (Iweala and Okeke 2005; 
Adekomi 2010)

Epididymal dysfunction Rat (Averal et al. 1996)
Generate giant 
spermatogonial cells

Albino rat (Stanley and Akbarsha 
1992)

Hypotensive activity Rat (Narayana and Dimri 1990)
Cytotoxic activity Human cell line (Hostettmann et al. 2000; 

Siddiqui et al. 2010)
Antihyperglycemic activity 
(antidiabetic)

Mice, rat, rabbit Wistar 
albino rats

(Vega-Avila et al. 2012; 
Benjamin et al. 1994; 
Bnouham et al. 2006; 
Chattopadhyay 1999; 
Chauhan et al. 2011; 
Iweala and Okeke 2005; 
Jarald et al. 2008; Nammi 
et al. 2003; Singh et al. 
2001)

Antiproliferative activity Human cells (Mans et al. 2000; Ueda 
et al. 2002)

Antispermatogenic Male rat, mice (Gupta and Sharma 2006; 
Joshi and Ambaye 1968)

Antimutagenic activity Micronucleated 
erythrocytes

(Lim-Sylianco and Blanco 
1981)

also an effective regimen of cancer therapy with recognized importance for the 
treatment of Hodgkin’s lymphoma and other lymphomas, as well as pediatric 
tumors, for example, nephroblastoma (Wilms tumor) and embryonal rhabdomyo-
sarcoma (McCormack 1990). Initially available in the 1960s, the C. roseus (L.) 
G. Don alkaloids are currently incorporated in each efficient combination chemo-
therapy curriculum, due to their uniqueness in relation to therapeutic action as well 
as toxicities (Neuss and Neuss 1990). Vincristine and vinblastine are remarkably 
imperative in both regimens (curative and palliative) (Table 5).
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7.1  Toxicity and Side Effects

If C. roseus (L.) G. Don consumed orally, it may possibly be unsafe for health. It 
may possibly be hallucinogenic and is reported as such (under its synonym Vinca 
rosea) in the Louisiana State Act 159. The combined cancer therapy regimens are 
planned based on the confidence that more cumulative actions may possibly be seen 
by employing drugs with varying sites (inside the cell) and period (inside the cell 
cycle) of action. Cumulative toxicities are possibly less as compared to single tox-
icities due to varying toxicities of different agents. The way of administration and 
the dosage range employed for the vincristine and vinblastine, similar to several 
other anticancer drugs, are narrowly attached to their medical toxicity. Watchful 
titration/selection of the dose to accomplish negligible toxicity consistent with ther-
apeutic advantage is essential for successful clinical application. To lessen the toxic-
ity of these anticancer agents on “innocent bystander” tissues, novel scientific and 
clinical approaches for selective drug targeting have been applied. Monoclonal anti-
bodies (mAb or moAb), which are reactive with tumor-associated antigens (TAA), 
have been assessed as carriers for targeted delivery of cytotoxic catharanthus alka-
loids to specific antigens containing tissues (Pearce 1990). The therapeutic index of 
vincristine may possibly improve considerably by the application of novel drug 
delivery system such as liposomal delivery system and also dose-related drug toxic-
ity decreased (Waterhouse et al. 2005).

The tumor cells acquired resistance against a variety of antineoplastic agents; 
this phenomenon of resistance is known as multiple drug resistance (MDR) that 
shows an additional obstacle to triumph over in the management of cancer. MDR is 

Table 5 Curative and palliative regimens containing C. roseus alkaloids (Verpoorte et al. 1991)

Drugs Disease

Curative regimens 
for cancer

Nitrogen mustard, vincristine, procarbazine, 
prednisone

Hodgkin’s lymphoma

Cyclophosphamide, daunomycin, vincristine, 
prednisone

Non-Hodgkin’s 
lymphoma

Daunomycin, bleomycin, vinblastine, 
dacarbazine

Hodgkin’s lymphoma

Cisplatinum, vinblastine, bleomycin Testicular cancer
Methotrexate, daunomycin, cyclophosphamide, 
vincristine, prednisone, bleomycin

Lymphoma

Methotrexate, vinblastine, daunomycin, 
cyclophosphamide

Bladder cancer

Palliative regimens 
for cancer

Cyclophosphamide, vincristine, prednisone Lymphoma
Procarbazine, vincristine, cyclophosphamide Melanoma, small-cell 

lung cancer
Vinblastine, daunomycin, Thio-TEPA, 
Halotestin

Breast cancer

Vinblastine/vindesine, cisplatinum Non-small-cell lung 
cancer
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expressed through reduction of intracellular drug accumulation consequential from 
augmented drug efflux by P-glycoprotein (P-gp) or P-170 that is an ATP-dependent 
efflux pump encrypted through mdr-1 gene. The over-expression of mdr-1 gene 
transcript P-gp is accountable for MDR and is persuaded by bisindole alkaloids 
such as vinblastine and vincristine. Due to the possible function of P-gp in medical 
drug resistance, a lot of investigations are paying attention on approaches to restrict 
the role or expression of this protein. A glucobrassicin indole-3-carbinol is a metab-
olite of cruciferous plants, resulted in <80% reversal of the bisindole alkaloid- 
induced P-gp expression in contrast with 65–70% reversal by a distinguished 
MDR-reversing agent, verapamil (Arora and Shukla 2003). Furthermore, several 
undesirable effects have been proclaimed for these drugs such as myelotoxicity, 
alopecia, abdominal cramps, constipation, nausea/vomiting, paralytic ileus, ulcer-
ations of the mouth, kidney impairment, urinary retention, hepatocellular damage, 
pulmonary fibrosis, amenorrhea, azoospermia, orthostatic hypotension, and hyper-
tension (Nejat et al. 2015). The drug dosage and route of administration should be 
carefully managed to lessen undesirable toxic effects (Sherines and Howard 1978; 
Leveque and Jehl 2007; James et al. 2007; Nobili et al. 2009).

7.2  Pharmaceutical Production and International Trade

The world trade in the fields of plant-derived raw materials intended for the drugs, 
pharmaceuticals, perfumeries, and cosmetics is rapid and escalating as manifested 
through trade statistics. Even though, India exported and imported huge quantity of 
medicinal herbs/plants, phytopharmaceuticals and plant-derived products, its con-
tribution in the world trade has been somewhat negligible. C. roseus (L.) G. Don 
bedding plants and pot plants have huge market prospective in the United States. 
Several cultivars are being produced, and there is a new focus on cultivars with 
resistance to fungal attacks, in order to be able to propagate them under more 
humid situations. In southern Europe and Japan, limited figures of cultivars existed. 
In the beginning of 1990s, the consumption of vincristine and vinblastine in the 
international market is about 5–10 kg, with an aggregate value of US$ 25–50 mil-
lion. In 2005, the consumption of vincristine and vinblastine in the world market 
was estimated with total value of US$ 150–300 million. In 1991, the consumption 
of ajmalicine in the international market is about 3–5 ton, with an aggregate value 
of US$ 4.5–7.5 million. Worldwide, there are two pharmaceutical formulations for 
the treatment of cancers, namely, Oncovin® (Vincristine sulfate) and Velban® 
(Vinblastine sulfate), originally obtained from C. roseus (L.) G. Don, being sold 
for a sum of US$ 100 million annually. C. roseus (L.) G. Don is extensively propa-
gated in the United States, Spain, and China for its pharmaceutically accepted 
phytoconstituents. The two important pharmaceutically acquired bisindole alkaloi-
dal phytoconstituents, VBL and VCR, are present mostly in the aerial parts of the 
plant in enormously low concentrations, the quantity of latter much less than the 
former (Tyler 1988; Verpoorte et  al. 1993; Schmelzer and Gurib-Fakim 2008; 
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Pezzuto 1997). Vincristine sulfate, initially recognized as leurocristine, which is 
used to treat leukemia (blood cancer) effectively decreases white blood cell count 
significantly; since the 1950s, it has improved the survival rate of children who 
suffered with blood cancer from 20% to 80%. It is consider as one of the most 
expensive plant- derived compounds in the international market with significant 
undesirable effects. Vinblastine correspondingly reduces the number of white 
blood cells in the blood (Leveque and Jehl 2007). In the world trade, vinblastine 
sulfate has now been sold for over 40 years as an antineoplastic agent. It is being 
effectively used to treat Hodgkin’s disease (Schmelzer 2007; Schmelzer and Gurib-
Fakim 2008). Preparing food material using fresh leaves of C. roseus (L.) G. Don 
gives rise to the financial significance of the herb whereas such yields hold both 
pharmaceutical and nutritional properties, concurrently (Salim et al. 2013). These 
injectable anticancer medicines and their semisynthetic analogues, for example, 
VRLB and VDS impede with the cell division (Debnath et al. 2006; Foster 2010; 
Khan et al. 2009; Mujib et al. 2002; Sottomayor and Barcelo 2005; van der Heijden 
et al. 2004). 5-Noranhydrovinblastine (Navelbine) is a semisynthetic Catharanthus 
alkaloid which shows complete microtubule depolymerization, broader antitumor 
action, and exhibits low neurotoxicity as compared to VBL and VCR because it 
selectively impedes with tubulin assembly (Binet et al. 1990). The synthetic vin-
cristine is less effective (only 20% efficiency) in contrast to the naturally derived 
vincristine from C. roseus (L.) G. Don, and therefore the significance of the species 
and its bioactive phytoconstituents are unchallenged due to their multifaceted 
structures. The other pharmaceutically and therapeutically important alkaloid 
“ajmalicine” is a component of hypotensive drugs used to treat high blood pres-
sure. Near about 200–300 ton of C. roseus (L.) G. Don roots are needed for 3600 kg 
per annum world production of ajmalicine (Verpoorte et al. 1993).

8  Present and Future Prospects

In the last few decades, extensive research has been envisaged on C. roseus (L.) 
G. Don. Researchers find numerous issues and has been taken as a challenge, were 
experienced over the span of research and relating arrangements were likewise 
contrived. It was a monumental problem to supply the required quantity of raw 
materials from hundreds to thousands of kilogram per year, and this adequate sup-
ply of natural plant materials had to be maintained to fulfill the demand. Hence, a 
balance between demand and supply has to be maintained. Plantation with the 
determination that the desired alkaloids found in the leaves allowed for stripping of 
the plant, thereby affording a healthier and more profuse regrowth. Collection of 
plant from the wild eventually progressed to farm plantation or cultivation, allow-
ing for greater control over growth.

Despite the political interference that would become a hurdle in reliable crude 
drug supply, planting and cultivation were started in the United States. The intro-
duction of new crops is a great risk as well as there is a major concern related to 
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economics involved in it. Hand collection of plant and “native” wages are big prob-
lems and out of the question. Despite a lot of risk, plantations and cultivation were 
started in many countries like Texas; India and Madagascar had lost a viable cash 
crop. Substitution of hand works and, a solitary planting as new procedures by rum-
mage harvesters was turned out to be advantageous, and could give a few harvests/
season, surviving harvester-cutting with moderately fast regrowth. C. roseus (L.) 
G. Don cultivation represents a renewable resource.

Interests in herbal products enter the boundary of American pharmaceutical 
industry, started working in the field of herbal products, and sustained by natural 
products from the higher order plants. It is an enigma that little work in this realm 
is being pursued by US industry, particularly since approximately 25% of new and 
refilled prescriptions from community pharmacies contain plant products 
(Farnsworth and Morris 1976). There is no dearth of plants to be collected and 
screened for specific or general biological activity. Of the Earth’s 500,000–750,000 
higher order plants, less than 10% have been investigated phytochemically. The 
investigator has an almost unlimited choice for selection from different regions of 
the world. Success potential should be extremely high. However, it is very impor-
tant that selection of plant should be judiciously and must have appropriate facilities 
of biological test systems and relevant instrumental facilities for isolation and puri-
fication of herbal extracts.

The selection of plant is a very important factor for success potential, and it can 
be based on reported folkloric usage, but said usage must be scientifically rational 
in both an investigative and practical sense. Previous report has been already cited 
regarding the use of C. roseus (L.) G. Don as an oral insulin substitute. The use of 
C. roseus (L.) G.  Don has also been reported against hemorrhage, scurvy, as a 
mouthwash for toothache and for healing and cleaning chronic wounds did not stim-
ulate either scientific or practical adrenalin (SVOBODA et al. 1959). And yet, these 
uses could well prove valuable and a boon for the patient. Consideration of both 
botanical and chemotaxonomic relationships as well as reported chemical constitu-
ents in literature is important for the selection of plants and can be useful and benefi-
cial. It is the fact that majority of US pharmaceutical houses are no longer working 
in the field of pharmacognostical/phytochemical research, particularly as it relates 
to palliative/curative measures against human cancer, may well stem from the erro-
neous concept that any product would be a “not-for-profit” item. It may also stem 
from ignorance on the part of research administrators who conceive, and most cer-
tainly maintain, that antibiotics will treat or cure all ills, mainly those designated as 
“profits.”

Some of the pharmaceutical companies have been extremely kind to the peri-
winkle alkaloids, particularly leurocristine (vincristine, ONCOVIN), took a big 
space in global market and has become the highest percent profit item in the product 
line of Eli Lilly & Co., bearing the almost insignificant cost-of-sales of 12%. Revenue 
generation of nearly tens of millions of dollars per year indicate the absolute success 
of this natural product. Public perception that the item was to be sold “at a price 
calculated to yield no profit to the company” misled other companies that were con-
sidering of entering the field. The plant bears active phytoconstituents and exhibits 
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various pharmacological activities like antidiabetic, antioxidant, antihypertensive, 
antimicrobial, cytotoxic, etc. Catharanthus roseus produces a spectrum of TIAs vin-
blastine and vincristine, the anticancer lead molecules. Being a source of these 
important secondary metabolites, an extensive study has to be carried out on  
C. roseus. The present need is to search the secondary metabolites derived from this 
plant, investigate its pharmacological activities, the biotechnological approaches 
should be introduced to enhance the production of TIAs and the prospects of poten-
tial endophytes residing inside the host tissue.

9  Conclusion

Catharanthus roseus (L.) G. Don is an important medicinal plant with a wide range 
of uses. The dried plant extracts contain many alkaloids of medicinal use. These 
alkaloids are produced in very small quantities inside the plant although attempts 
have been made over the past years to increase their production through various 
biotechnological applications. The plant has been proven useful not only in the field 
of medicine but has also been recently put into use for the phytoremediation of 
radiocesium from low level nuclear waste. The leaves of this plant have been found 
to be of immense medicinal use as most of the pharmacological activities of this 
plant are attributed to its leaves. So the cultivation as well as the conservation of this 
plant must be promoted on a large scale. Besides this alternative means, that are less 
time consuming, sustainable and more economical, must be developed and adopted 
for the production of these active constituents. In the present times, when the 
emphasis is being placed on the use of natural materials in the control and treatment 
of various diseases and infections because of the undesirable side effects of syn-
thetic drugs, there is a need for further research especially on bioactive compounds, 
their production from alternative sources, methods for increasing their production, 
herbal remedies, effectiveness of plants for various uses, and bioprospecting new 
sources of natural bioactive products which can provide unlimited scope for the 
development of new drug leads. Endophytes could thus be exploited as the sources 
of the valuable secondary metabolites of medicinal, agricultural, and industrial 
importance.
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Elicitors Enhance Alkaloid Yield 
in Catharanthus roseus

Dipti Tonk, A. Mujib, Muzamil Ali, and Nadia Zafar

Abstract Catharanthus roseus (L.) G.  Don is an important plant of medicinal 
importance. A number of active compounds of this plant are anti-cancerous in 
nature. Two such compounds are vinblastine and vincristine; unfortunately, the 
level of these phytocompounds is very low. In this chapter, the influence of elicita-
tion, one of the important biotechnological techniques, has been discussed for 
improving yield. Elicitation, the elicitor types, the role of biotic and abiotic elicitors, 
and molecular mechanism of elicitation have also been described by presenting 
elicitation model in C. roseus. Besides, the importance of in vitro culture, the role 
PGRs, precursor feeding, and other factors that have some role in enriching yield 
have also been highlighted.

Keywords Alkaloid yield • Elicitors • Abiotic stress • In vitro culture • Metabolic 
engineering • Phytocompounds

1  Elicitation and Elicitors

An elicitor is defined as a substance that induces the synthesis of compounds, used 
in defense responses (Koga et al. 2006). Elicitor used for this purpose can be either 
biotic or abiotic, viz. jasmonic acid, glucan polymers, glycoproteins, fungal cell 
materials, UV irradiation, salts of heavy metals, and many other chemicals (Zhong 
2002). Elicitation is based on the concept that secondary metabolites are produced 
by plants as part of their defense against pathogen attack and is noted to be very 
effective in certain compound producing cultures (Rao and Ravishankar 2002). In 
Rauvofja canescens and Eschscholzia californica, addition of yeast extract (elicitor) 
increased alkaloids yield. Methyl jasmonate (MEJA), a secondary messenger, is 
also widely used and observed to have similar effects on a number of plant species 
(Rijhwani and Shanks 1998). Endogenous elicitors can also be released by digesting 
plant cell walls with fungal enzyme preparations as macerozyme. Macerozyme was 
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also added to C. roseus hairy root cultures and after treatment with 1% macero-
zyme, TDC and phenylalanine ammonialyase were induced (Moreno- Valenzuela 
et al. 1999). Addition of an alginate monomer to a C. roseus cell culture promoted 
ajmalicine and 5′-phosphodiesterase (an antibiotic protein) production. After study-
ing the effects of chitosan oligomer (exogenous elicitor) and oligogalacturonic acid 
(endogenous elicitor), it was realized that alginate acted as an endogenous elicitor. 
Esterification of carboxylic groups of alginate reduced the excretion of enzyme, 
indicating that the carboxyl groups have an important role in the initiation of elicita-
tion reaction (Akimoto et  al. 1999). The effect of mannitol as abiotic stress and 
Aspergillus niger as biotic stress was investigated by monitoring callus biomass 
growth and in the production of vinblastine and vincristine by Taha et al. (2009). 
Acetylsalicylic acid, a derivative of an important signaling compound, salicylic 
acid, also acted as a biotic elicitor (Pedras et  al. 2002). Godoy-Hernandez et  al. 
(2008) noted that the addition of various concentrations of acetylsalicylic acid to  
A. tumefaciens transformed cell lines grown on corn starch (as carbon source) increased 
alkaloid production five times, total phenolics 15 times, urano-coumarins six times, 
and anthocyanins 15 times. It is therefore suggested that the elicitation may modulate 
the expression of molecules of primary metabolism, involved in vacuolar transport and 
thereby regulates secondary metabolism (Vasconsuelo and Boland 2007).

2  Background

Most of the higher plants are sources of natural products, used as pharmaceuticals, 
agrochemicals, flavor, fragrance ingredients, food additives, and pesticides 
(Philipson 1990). In the search for alternatives to production of desirable medicinal 
compounds from plants, biotechnological approaches, specifically plant tissue cul-
tures, are found to have enough potential in the production of bioactive plant metab-
olites (Rao and Ravishankar 2002). Plant cell suspension culture could be used for 
large-scale cultivation of plant cells from which secondary metabolites could be 
extracted. The advantage of this method is that it can provide a continuous, reliable 
source of natural products (Iantcheva et al. 2006). The possible use of plant cell 
cultures for the specific biotransformations of natural compounds has been demon-
strated in several studies (Cheetham 1995; Scragg 1997; Krings and Berger 1998; 
Ravishankar and Rao 2000). The strong and growing demand for natural, renewable 
products compels attention on in vitro plant materials as potential factories for sec-
ondary products, and this paved the way for new research exploring secondary 
product synthesis in  vitro (Karuppusamy 2009). Depending upon the culture 
medium composition and environmental conditions, the accumulation of secondary 
products in plant cell cultures varies. Due to several applications, tissue culture 
technology for production of plant chemicals has bloomed beyond expectations. 
One major application is it can enrich the level of alkaloids in culture and for this 
purposes various approaches including elicitation have been used.
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3  Elicitor Types

An elicitor is defined as a compound that stimulates defense mechanism in synthe-
sizing and accumulating secondary compounds including phytoalexins (Ebel and 
Scheel 1997). Elicitors are chemically complex biological compounds which 
include microbial cell wall (fungi or bacteria), cell wall derived polysaccharides 
(pectin or cellulose), proteins, G-protein phytoalexins, yeast extract, chitin, glucans, 
etc. Another groups of elicitors are substances of nonbiological origin such as inor-
ganic salts (CaCl2, AlCl3, NaCl, Na2SO4), physical factors like UV radiation, heavy 
metal salts (Cu, Cd, Co, Ag ions, Ca2+), high pH, salicylic acid, etc. Elicitors have 
been in use in promoting secondary metabolites synthesis in several investigated 
plant genera by utilizing cell/organ culture methods (van der Heijden et al. 2004; 
Wang 2008). An elicitor is also defined as a substance that induces the synthesis of 
compounds, used in defense responses (Koga et al. 2006). Elicitors used for this 
purpose are jasmonic acid, glucan polymers, glycoproteins, fungal cell materials, 
salts of heavy metals, and other chemicals (Zhong 2002). Elicitation is based on the 
concept that secondary metabolites are produced by plants as a part of defense 
response against pathogen attack and is noted to be very effective in producing cer-
tain compounds. In Rauvofja canescens and Eschscholzia californica, addition of 
yeast extract increased alkaloids yield; methyl jasmonate was also observed to have 
similar effects on a number of plant species (Rijhwani and Shanks 1998). Robins 
(1994) reported different strategies in order to improve the synthesis of secondary 
products in suspension cultures. Different media and employment of biotic and abi-
otic elicitors have been used as the elicitors have strong and rapid improving effects 
on indole alkaloid production (Zhang et al. 2000; Tung et al. 2002; Taha et al. 2009). 
There are many reports of cell culture in which production of secondary metabolites 
has been reported from various medicinal plants, such as tanshinone production in 
Salvia miltiorrhiza hairy roots on cocultivation with Bacillus cereus (Wu et  al. 
2007). In Lepidium sativum, lepidine content was noted to be dependent on source 
and type of explants (Pande et al. 2002). Since the biosynthetic efficiency of popula-
tions varies, a high yielding variety needs to be selected as a starting material 
(Tripathi and Tripathi 2003). Coste et al. (2011) reported that salicylic acid insigni-
ficantly influenced on biomass production in shoot culture of Hypericum hirsutum 
and H. maculatum. Jasmonic acid on the other at 250 M enhanced hypericin and 
pseudohypericin in Hypericum hirsutum and H. maculatum shoot cultures (Coste 
et al. 2011) (Tables 1 and 2).

Enhanced production of withanolides in shoot culture of Withania somnifera (L.) 
was influenced by cytokinin, the type, concentration, and exposure time of elicitor 
(Sivanandhan et al. 2013). The methyl jasmonate (MJ) and phenylalanine enhanced 
callus growth and flavonoids content in Glycyrrhiza uralensis (Guo et al. 2013). 
Abiotic elicitor, MeJ at 10l M, significantly improved the furanocoumarin produc-
tion in shoot cultures of Ruta graveolens (Diwan and Malpathak 2010). In vitro cell 
culture offers an advantage for foreign protein synthesis in certain situations since 
the cell can be designed to produce therapeutic proteins, including monoclonal 
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Table 1 Abiotic elicitors and secondary metabolites (Source: Shilpa et al. 2010)

Abiotic elicitor Plant species Phytocompounds Authors

Vanadium sulfate Catharanthus roseus Catharanthine Smith et al. (1987)
Curdlane, Xanthan Capsicum frutescens Capsaicin Johnson et al. 

(1991)
Arachidonic acid Capsicum annuum Capsidiol, Rishitin Hoshino et al. 

(1994)
Salicylic acid Daucus carota Chitinase Muller et al. (1994)
Diethyl amine ethyl 
dichloro phenyl ether

Catharanthus roseus Indole alkaloids Lee et al. (1998)

NaCl Catharanthus roseus Vincristine, 
vinblastine

Samar et al. (2015)

Cu2+, Cd2+ Atropa belladonna Tropane alkaloids Lee et al. (1998)
Oxidative stress Arabidopsis Camalexin Zhao et al. (1998)
CuSO4 Hyoscyamus albus Phytoalexin Mader (1999)
Dark Hydrangea 

macrophylla var. 
thunbergii

Polyphenol Yamamoto and 
Yamamoto (2000)

Copper chloride Matricaria 
chamomilla

Hemiarin, 
Umbelliferone

Eliasova et al. 
(2004)

Electromagnetic 
treatment

Ammi majus L. Umbelliferone Krolicka et al. 
(2006)

CaCl2 Catharanthus roseus Vincristine, 
vinblastine

Zahid and Mujib 
(2012)

Table 2 Biotic elicitors and secondary products (Source: Shilpa et al. 2010)

Biotic elicitor Plant species Phytocompounds Authors

Aspergillus sp. Catharanthus 
roseus

vincristine, vinblastine Dipti et al. (2016)

Chitosan Ruta graveolens Rutacridone epoxide Eilert et al. (1984)
Hemicellulose Brugmansia 

candida
tryosumine Sandra et al. (1988)

Arachidonic acid Taxus sp. Taxol Ciddi et al. (1995)
Cellulose Capsicum annuum Capsidol Patrica et al. (1996)
Chitosan Ocimum basilicum Rosmarinic acid and 

Eugenol
Kim et al. (2005)

Salicylic acid Daucus carota Chitinase Muller et al. (1994)
Methyl Jasmonate Hyoscyamus albus Phytoalexins Kuroyanagi et al. 

(1998)
Alginate 
oligomers

Catharanthus 
roseus

5′-Phosphodiesterase 
(Pdase)

Akimoto-Tomiyama 
et al. (2002)

Fungal elicitor Cupressus 
lusitanica

Beta-thujaplicin Zhao et al. (2001a, b)

Trichoderma 
viride

Catharanthus 
roseus

Ajmalicine Namdeo et al. (2002)

Yeast elicitor Medicago 
truncatula

Beta-amyrin Broeckling et al. 
(2005)
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 antibodies, antigenic proteins that act as immunogenes, human serum albumin, 
interferon, immuno-contraceptive protein, ribosome unactivator trichosanthin, 
antihypersensitive drug angiotensin, leu-enkephalin neuropeptide, and human 
hemoglobin (Manson and Arntzen 1995; Wahl et  al. 1995; Arntzen 1997; Hahn 
et al. 1997; La Count et al. 1997; Marden et al. 1997; Wongsamuth and Doran 1997; 
Doran 2000). The appeal of using natural products for medicinal purposes is increas-
ing, and metabolic engineering can alter the production of pharmaceuticals and help 
to design new therapies. At present, researchers aim to produce substances with 
antitumor, antiviral, hypoglycemic, anti-inflammatory, antiparasite, antimicrobial, 
tranquilizer and immune modulating activities through tissue culture technology 
(Harbourne 1999). Research in plant tissue culture technology has resulted in pro-
duction of a wide variety of pharmaceuticals like alkaloids, terpenoids, steroids, 
saponins, phenolics, flavonoids, and amino acids. The dimeric indole alkaloids vin-
cristine and vinblastine from C. roseus have become valuable drugs in cancer che-
motherapy due to their potent antitumor activity against various leukemias and solid 
tumors. The alkaloid vinblastine is composed of catharanthine and vindoline. Since 
vindoline is more abundant than catharanthine in intact plants, it is less expensive. 
Influence of various factors like stress, addition of bioregulators, elicitors, and syn-
thetic precursors on indole alkaloids production was studied in C. roseus (Zhao 
et al. 2001a, b). An improved synthesis of vinblastine and vincristine by using NaCl 
as an elicitor was reported recently (Fatima et al. 2015). The influence of fungus 
elicitor Aspergillus flavus on alkaloid yield was also investigated in C. roseus (Dipti 
et  al. 2016). The study revealed increased yield of vinblastine and vincristine in 
cultivated tissues. Metabolic rate-limitations methodologies, precursor feeding, and 
effect of elicitor dosage on biosynthesis of indole alkaloids in C. roseus hairy root 
cultures were also reported earlier (Rijhwani and Shanks 1998; Morgan and Shanks 
2000). Namdeo et al. (2002) reported higher accumulation of ajmalicine in C. roseus 
when treated with different concentrations of elicitor of T. viride, A. niger, and  
F. moniliforme.

Plant cells/tissues are exposed to stresses and it is a remarkable adaptive plastic-
ity of plant genome that it deciphers and responds to novel in  vitro stresses 
(Nuernberger 1999). In recent time, techniques are used to enhance secondary 
metabolites yield by triggering stress response by using precursors, biotransforma-
tion, changing environment conditions, altering medium constituents, etc. (Angelova 
et al. 2006). These are compounds stimulating plant defense response by synthesiz-
ing metabolites. The definition of elicitors includes both substances of pathogen 
origin (exogenous elicitors) and compounds released from plants (endogenous elic-
itors) by the action of the pathogen (Patel and Krishnamurthy 2013).

These groups of elements are used in enhancing plant secondary metabolite syn-
thesis. The biotic elicitors are biological origin, derived from pathogens or from 
plant itself, while abiotic elicitors are other than biological origin and are grouped 
in physical factor and chemical compounds (Radman et al. 2003). On the basis of 
plant–elicitor interaction, it may be classified as race specific and general elicitors 
(Vasconsuelo and Boland 2007). Elicitation of plant cells may be promising as it 
shows enhanced yield of antibiotics and many other fermented products. Elicitation 
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enhances secondary metabolism in plants or plant cells in vitro and this provides an 
opportunity for exploitation of plant cells for manufacturing secondary metabolites. 
There has been a strong need for the identification of important elicitors to be able 
in synthesizing enhanced yield of alkaloids. A number of elicitors have been identi-
fied and used to induce phytoalexin accumulation in cultured plant cells. These 
elicitors will be used in other systems in synthesizing important secondary metabo-
lites capable of giving protection against infectious diseases/agents (Savitha et al. 
2006; Thangavel et al. 2008). Biotic elicitors comprise polysaccharides, proteins, 
glycoproteins, or cell wall fragments derived from fungi, bacteria, and even plants. 
Among those, fungal elicitors have been most widely used for enhancement of sec-
ondary metabolites (Taha et al. 2009). The concentration of elicitors and the incuba-
tion time differ with elicitor types and culture system. Another important area is the 
time of addition of an elicitor to the medium. Optimal induction occurs when the 
elicitors are at its late exponential or early stationary phase.

4  Biosynthesis, Pathways, and Metabolic Engineering  
of C. roseus Alkaloids

The biosynthesis of secondary metabolites is usually discussed by starting with the 
description of the metabolites involved. However these metabolites are in fact the 
end products of a complex process comprising the involvement of several enzymes, 
genes, regulatory genes and (transport through) intra- and intercellular compart-
ments. The TIAs are condensation products of two biosynthetic routes, requiring 
intermediates supplied by both pathways. The process starts with amino acid tryp-
tophan and the monoterpenoid geraniol; the biosynthesis of vinblastine requires the 
participation of at least 35 intermediates, 30 enzymes, 30 biosynthetic, two regula-
tory genes, and seven intra- and intercellular compartments. The produced (second-
ary) metabolites are stored or either directly available for their biological function 
or, as in case of phytoanticipins, require a final processing for displaying their 
action, e.g., hydrolysis by a glucosidase.

The first study on Catharanthus alkaloids biosynthesis was performed at the end 
of the 1950s (Noble 1990). Periwinkle plants were grown in controlled atmosphere 
with labelled 14CO2 and after alkaloids extraction, column and paper chromatogra-
phy, several labelled alkaloids were detected of which vinblastine was important. 
Since then studies on TIA biosynthesis have been performed and several alkaloids 
have been identified. The advantage of metabolic pathway is that these steps are 
easy to manipulate, both physiologically (rapid growth, ease of precursor feeding, 
etc.) and genetically. Major drawbacks of such system are that the cells normally do 
not accumulate vindoline (and thus no bisindole alkaloids are formed) and the lim-
ited differentiation of the cells (for example, no functional chloroplasts are devel-
oped). TIA production in C. roseus cells can be induced by abiotic and biotic 
elicitors (Zhao and Verpoorte 2007; Siddiqui et al. 2010). Abiotic elicitor includes 
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heavy metal ions and UV light and second category comprises yeast extract, culture 
filtrate of phytopathogenic fungus Pythium aphanidermatum, etc.

These biotic elicitors are complex mixtures, and often specific constituents like 
oligosaccharides or (glyco-) peptides, which are responsible for elicitation effect 
(Shirsau et al. 1997). Yeast extract induced transcription of the biosynthetic gene 
encoding strictosidine synthase (STR) in cultured C. roseus cells and alkalinization 
of the culture medium. The active compound from yeast extract was partially puri-
fied and found to be of a proteinaceous nature (Menke et al. 1999).

As the dosage is crucial, the preparation of biotic elicitor needs to be optimized 
carefully. The culture age of the elicitor is another important aspect that needs to be 
considered wisely (Moreno et  al. 1995; Ramos-Valdivia et  al. 1997), and often 
added a few days after inoculation of the culture, when the microbial cells are rap-
idly dividing. The elicitor rapidly dispersed homogeneously throughout the culture 
medium and the elicitor molecules come into contact with their specific receptors in 
plant cell wall but in C. roseus, no specific receptors have so far been identified. 
Downstream of the receptor, a signal transduction pathway is involved (Fig. 1, 
Memelink et  al. 2001). Perception of an elicitor induces alkalinization of the 
medium (caused by proton uptake of the cells) and an influx of extracellular Ca2+.

This requires the reaction of a protein kinase. The increased concentration of 
Ca2+ results in an activation of the octadecanoid pathway. This pathway starts from 
linolenic acid and results in the biosynthesis of jasmonic acid (JA). The secondary 
messenger JA is perceived by a (hypothetical) receptor and a downstream protein 

Fig. 1 Elicitation model (Source and courtesy: Memelink et al. 2001)
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phosphorylation event leads to the de novo synthesis of nuclear proteins (ORCA2 
and ORCA3). These proteins interact with the jasmonate- and elicitor-responsive 
elements in the promotors of several biosynthetic genes to activate gene expression 
(Rijhwani and Shanks 1998). The overall process is very quick, and induced mRNA 
levels may be observed shortly. The evidence for the signal transduction pathway 
was noted by using specific inhibitors for various steps (Menke et al. 1999). The 
pathway may be shortened by using JA or methyl jasmonate (MeJA) as elicitor, as 
there may have been JA receptors on cell wall, which perceive signal quickly 
(Rijhwani and Shanks 1998).

The post-strictosidine biosynthetic steps have been studied largely in C. roseus 
seedlings. When applied exogenously, MeJA is able to enhance alkaloid accumula-
tion in these seedlings (Rijhwani and Shanks 1998). In contrast to monomeric alka-
loids, the vinblastine content was not increased by MeJA (Aerts et al. (1996). MeJA 
promoted vindoline biosynthesis by induction of TDC and D17H activity in devel-
oping seedlings. Salicylic acid, another signaling compound in plants, was not 
active (Vázquez-Flota et al. 2009). The necessity of a functional octadecanoid path-
way for alkaloid production in auxin-starved C. roseus cells was demonstrated by 
various feeding experiments. When auxin-starved cells were treated with octadec-
anoid pathway inhibitors, the alkaloid production was strongly reduced. This could 
be restored by addition of MeJA (Gantet et al. (1998).

In Catharanthus, the early steps leading to the biosynthesis of tryptamine and 
secologanin have been extensively studied. Chorismate forms an important branch-
ing point in the shikimate pathway, with branches leading to tryptophan, phenyl-
alanine, tyrosine, p-amino benzoate, and via isochorismate to phylloquinones and 
anthraquinones. Anthranilate synthase (ASA) and chorismate mutase were puri-
fied from C. roseus. By in situ hybridization and immune histochemistry, it was 
shown that the expression of the previously characterized CYP72A from C. roseus 
is epidermis specific. Thereby it follows the pattern for early enzymes in the path-
way to indole alkaloids. CYP72A expressed in E. coli was tested for two different 
steps from the biosynthesis of secologanin. It was known that CYP72A converted 
loganin into secologanin and thus encodes secologanin synthase enzyme (Irmler 
et al. 2000). Figure 2 shows the localization of different enzymes and intermedi-
ates in cell.

C. roseus and its alkaloids have become an important model in plant biotechno-
logical research. The aim of Catharanthus research is to produce alkaloids by large- 
scale culture of plant cells, in a similar way of penicillin production by large-scale 
culture of fungi. There are large scientific achievements; still there is no commercial 
production of alkaloids yet. In undifferentiated A. tumefaciens transformed cell cul-
tures, the activity of DAT (acetyl-CoA: 4-O-deacetylvindoline 4-Oacetyltransferase) 
along with vindoline and catharanthine accumulation was reported (O’Keefe et al. 
1997). Palazon et al. (1998) showed the presence of vindoline and catharanthine in 
hairy root and higher alkaloid production was shown to be related with thin mor-
phology, lower growth rate, and higher amounts of the rol C gene product (rolC is 
one of the genes on the T-DNA of the A. rhizogenes and is involved in the induction 
and development of the roots). The subculture cycle affected both growth and 
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 alkaloid production of hairy root cultures in C. roseus. A 2-week subculture cycle 
improved growth, while a 4-week cycle lowered growth of culture. Lochnericine 
yield was reported to be high in faster growing cultures while the highest serpentine 
concentration was noted in slow-growing cultures (Rijhwani and Shanks 1998). 
Hairy root cultures were elicited in late exponential phase with pectinase and JA, 
both at different concentrations and with different exposure times. Pectinase treat-
ment resulted in a 150% increase in tabersonine after 48 h and immediately after 
elicitation, catabolism of serpentine, tabersonine, and lochnericine was observed. 
Addition of JA increased the yields of ajmalicine (80%), serpentine (60%), loch-
nericine (150%), and horhammericine (500%).

The effect on tabersonine was dose dependent, a decrease was observed at low 
levels, and an increase at high concentrations of JA was found. Aminobenzotriazole, 
a P450-dependent monooxygenase inhibitor, inhibited the accumulation of horham-
mericine in hairy root cultures, while clotrimazole, another oxygenase inhibitor, 
inhibited the synthesis of lochnericine, suggesting that two different P450 mono-
oxygenases are involved in the formation of lochnericine and horhammericine 
(Morgan and Shanks 1999).

By manipulation of the culture medium, e.g., increasing the concentrations of 
micronutrients, hairy root cultures could be changed into cell suspension cultures. 

Fig. 2 Participation of enzymes and intermediates (Source: van der Heijden et al. 2004)
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These cell suspension cultures produced five times less alkaloids (Moreno- 
Valenzuela et al. 1998). Cells of C. roseus have been immobilized into various car-
riers such as alginate, agarose, agar, carrageenan, and polyurethane foam; the cells 
were also immobilized on a polyester fiber mat and encapsulated by a porous layer 
of SiO2 modified by Si-CH3 and Si-H bonds. The production of alkaloids was 
increased by two orders of magnitude as compared to suspension-cultured cells 
(Carturan et al. 1998). The above-described technologies involving in vitro cultures 
have resulted in moderate increase in alkaloid content.

5  Precursor Feeding

Precursor feeding has been a successful approach and in particular, feeding of 
loganin, secologanin, and tryptamine has been studied extensively (Runguphan 
et al. 2010). In most C. roseus cell lines, the availability of secologanin is a limiting 
factor for alkaloid accumulation. An increase of inoculums size from 40 to 160 g 
FW/L in medium favored the accumulation of secologanin and alkaloids (Contin 
et al. 1998). Extensive precursor feeding experiments were performed by Whitmer 
et  al. (2002) using transgenic C. roseus cell lines overexpressing Tdc and/or Str 
gene. Loganin feeding to these cell lines efficiently increased alkaloid accumulation 
as feeding with loganin, geraniol, and 10-hydroxygeraniol resulted in a significant 
increase of tabersonine accumulation (Morgan and Shanks 2000). A synthetic pre-
cursor derived from tryptamine, MIA (N-(methoxycarbonylethyl)-N-(2-(1H-indol- 
3yl)-ethyl)-β-methylalaninate, was fed to C. roseus plants and this resulted enhanced 
synthesis of ajmalicine in roots (90%), while the other alkaloid serpentine levels 
remained unchanged. In the aerial parts, however, not much effect was observed and 
no new alkaloids were identified (Bonzom et al. 1997).

6  Alkaloid Yield and Elicitation: Some Past Observations

In general, two common strategies are followed for enhancement of alkaloid yield: 
Modification or metabolic engineering of metabolic pathways, which includes (1) 
overexpression of biosynthetic rate limiting enzymes (Verpoorte et al. 1999, 2000; 
Verpoorte and Memelink 2002; Hughes and Shanks 2002) and (2) Genetic manipu-
lation of in vitro cultures, and then by screening and selection for high producing 
cell lines and optimization of culture conditions (Verpoorte et al. 1991; Moreno 
et al. 1995; Junaid et al. 2008). Elicitors are applied in culture for the enhancement 
of alkaloid yield. MeJA, a secondary messenger, is widely used. Endogenous elici-
tors can also be released by digesting plant cell walls with fungal enzyme prepara-
tions as macerozyme. Macerozyme was also added to C. roseus hairy root cultures 
and after treatment with 1% macerozyme, TDC and phenylalanine ammonialyase 
were induced (Moreno-Valenzuela et al. 1999). Addition of an alginate monomer 
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to a C. roseus cell culture promoted ajmalicine and 5′-phosphodiesterase (an anti-
biotic protein) production. After studying the effects of chitosan oligomer (exoge-
nous elicitor) and oligogalacturonic acid (endogenous elicitor), it was realized that 
alginate acted as an endogenous elicitor. Esterification of carboxylic groups of algi-
nate reduced the excretion of enzyme, indicating that the carboxyl groups have an 
important role in the initiation of elicitation reaction (Akimoto et al. 1999). The 
effect of mannitol as abiotic stress at the concentrations 0.0, 2000, 4000, or 
8000 ppm or Aspergillus niger as biotic stress at the concentrations 0.0, 0.05, 0.15, 
and 0.25% on calli growth parameters and production of vinblastine and vincristine 
was investigated by Taha et al. (2009).

Acetylsalicylic acid, a derivative of an important signaling compound, salicylic 
acid, also acted as a biotic elicitor (Pedras et al. 2002). Addition of various concen-
trations of acetylsalicylic acid to a A. tumefaciens transformed cell line growing on 
corn starch as carbon source increased the alkaloid production five times, total phe-
nolics 15 times, urano-coumarins six times, and anthocyanins 15 times (Godoy- 
Hernandez et  al. 2008). Taha et  al. (2009) reported Aspergillus niger mediated 
improved callus growth in C. roseus. In Rosmarinus officinalis L., treatment with 
biotic elicitors (Pseudomonas aeruginosa, F. oxysporum) and abiotic elicitors 
(CaCl2) increased the productivity of callus tissue (Rashid et al. 2011). C. roseus 
treated with 150 and 200  kg P2O5/ha along with Arbuscular Mycorrhizal Fungi 
(AMF), i.e., Glomus mosseae, showed maximum plant height, leaves, root biomass, 
phosphorus content, root colonization, spore count, and ajmalicine content (120 days 
after planting) when compared with the control plants. The inoculation of AMF and 
other beneficial soil microorganisms significantly increased the biomass of different 
medicinal plants (Sena and Das 1998; Kothari et al. 1999). High dosage of elicitor 
has been reported to induce hypersensitive response leading to cell death, whereas 
an optimum level facilitates alkaloid accumulation (Collinge and Susarenka 1987; 
Mukandan and Hjorosto 1990; Roewer et al. 1992). Tung et al. (2002) reported vin-
cristine accumulation by using Fusarium oxysporum, an endophyte of C. roseus, 
while Guo and Kunming (1998) obtained and analyzed vinblastine level through 
TLC and HPLC method by utilizing Alternaria sp.

Zhao et al. (2001a, b) noted reduced Ca2+ influx with EGTA and verapamil appli-
cation, which lowered TIA production (ajmalicine+serpentine+catharanthine) in 
fungal- elicitated C. roseus suspensions. The concentration plays a very important 
role in elicitation process (Namdeo et al. 2002) and higher accumulation of ajmali-
cine was noted when treated with different concentrations of T. viride, A. niger, and 
F. moniliforme extract. Zhao et al. (2000) reported enhanced production of cathar-
anthine in C. roseus cell culture by combined elicitor treatment of Aspergillus niger 
and tetramethyl ammonium bromide in shake flasks and bioreactors. Several other 
studies also revealed fungal elicitors profoundly affect the regulation of indole alka-
loid biosynthesis (Sayed and Verpoorte 2007). On application of biotic elicitor, the 
vincristine and vinblastine yield can also be enhanced in culture.

The study is important as the plant is the only source of expensive and important 
agents with activity against several kinds of cancer. Kumar et al. (2013) isolated 
endophytic fungi, i.e., Fusarium oxysporum, from C. roseus plant and found a 
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fungus AA-CRL-6 which produced vinblastine and vincristine in appreciable 
amounts. F. oxysporum extract significantly improved the production of KBBA 
(11-keto-β- boswellic acid); AKBBA (acetyl-11-keto-β-boswellic acid); BBA 
(β-boswellic acid); and of ABBA (acetyl-β-boswellic acid), respectively, in the cal-
lus biomass (Ghorpade et  al. 2011). Catharanthine production in C. roseus was 
reported to be high in optimized cultivation conditions. The use of immobilization 
technique (Facchini and DiCosmo 1991) and application of different elicitors like 
homogenates of fungal mycelium or non-biotic elicitors such as vanadium improved 
the yield of alkaloids. Moreno et al. (1996) studied the effect of elicitation on differ-
ent metabolic pathways involved in secondary metabolism of C. roseus cell 
suspension.

Namdeo (2007) reported successful protocol development involving precursor 
feeding by identifying compounds, which may be converted to desire secondary 
metabolites by select plant cell line. Andrade et al. (2013) noted mycorrhizal appli-
cation increased ajmalicine and serpentine contents in C. roseus roots, suggesting 
that mycorrhization has a good influence on alkaloid accumulation. A few other 
reports indicated vincristine and/or vinblastine enhancement in leaves and ajmali-
cine in roots with arbuscular mycorrhizal fungi (AMF) association (Ratti et  al. 
2010; Dela Rosa-Mera et  al. 2011). Paclobutrazol (PBZ), gibberellic acid, and 
Pseudomonas fluorescens treatments had profound effect on antioxidant metabo-
lism, caused an enhancement in nonenzymatic antioxidant potentials in C. roseus 
(Jaleel et al. 2009).

7  Abiotic Stress and Alkaloid Synthesis

Beside biotic elicitation, the content of secondary metabolites in plants is greatly 
affected by abiotic stresses like salinity, wounding- and water stress (Jaleel 
et  al. 2009). The addition of acetic anhydride influenced the biosynthesis of 
serpentine, catharanthine, tabersonine, and vindoline in C. roseus cell suspen-
sion but the content significantly declined with increased acetic anhydride con-
centrations (Guo et al. 2013). Similarly, NaCl treatment increased root alkaloid 
ajmalicine (Jaleel 2009). Catharanthine and vindoline increased threefold and 
12-fold, respectively, on treatment with a 5-min UV-B irradiation (Ramani and 
Jayabaskaran 2007). The addition of methyl jasmonate significantly promoted 
the synthesis of tabersonine, catharanthine, and serpentine (Guo et  al. 2013). 
The addition of dithiothreitol (DTT) to C. roseus influenced the biosynthesis of 
serpentine, catharanthine, tabersonine, and vindoline and the alkaloid level 
declined sharply as the concentration of DTT increased (Guo et al. 2013). How 
biotic elicitors elicit fast cultural growth and later stimulate enriched level of 
alkaloids is not well elucidated. van der Heijden et al. (2004) reported that the 
biotic elicitors often contain compounds like oligosaccharides and glycopep-
tides which evoke elicitation effect.
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8  Elicitation Mechanism

The elicitation mechanism is based on “elicitor-receptor” interaction (Radman 
et al. 2003), which activates signal transduction pathways and stimulates tran-
scriptional control of several defense genes participating in alkaloid synthesis 
pathways (Memelink et al. 2001; Mujib et al. 2012). Thus, the experimentation 
on elicitation is important and valuable as it promotes biomass and improves 
alkaloid biosynthesis. Although, our current knowledge of elicitors’ mode of 
action is related exclusively to secondary metabolism, in recent years, it has 
been noted that the primary metabolism is also affected by elicitation (Yu and 
Facchini 2000; Dixon 2001; Broeckling et al. 2005). It is therefore suggested 
that the elicitation may modulate the expression of molecules of primary metab-
olism, involved in vacuolar transport and thereby regulates secondary metabo-
lism (Vasconsuelo and Boland 2007). Based on available information, the 
following role/involvement of elicitor in secondary metabolism is hypothesized: 
binding of elicitor to plasma membrane receptor, changes of Ca2+ influx in cyto-
plasm from extracellular and intracellular sources; decrease of pH in cytoplasm; 
activation of NADPH oxidases, protein phosphorylation patterns and protein 
kinase activation; changes in cell wall structure (lignification) and in generating 
reactive oxygen species (ROS); synthesis of jasmonic acid and salicylic acid as 
secondary messengers; and activation of genes, which produce defense-related 
proteins, plant defense molecules like phytoalexins and secondary compounds/
alkaloids.

The fundamental requirement is good yield of compound, and reduced cost com-
pared to natural synthesis. Elicitation may be used as one of the important strategies 
in order to improve the productivity of bioactive secondary metabolites (Roberts 
and Shuler 1997). In order to obtain high yields, efforts now have been focused on 
screening and selecting of high- producing cells/strains, employing precursor feed-
ing, transformation methods, and immobilization techniques (Dicosmo and Misawa 
1995). Transgenic hairy root cultures have revolutionized the role of plant tissue 
culture in secondary metabolite production. The cultures are unique in their genetic 
and biosynthetic stability, faster in growth, and more easily maintained. Using this 
methodology, a wide range of chemical compounds have been synthesized (Shanks 
and Morgan 1999; Giri and Narasu 2000).

Genome manipulation is another important area in which relatively large 
amounts of desired compounds can be produced by plants, infected with an 
engineered virus, whereas transgenic plants can maintain constant levels of pro-
duction of proteins without additional intervention (Sajc et  al. 2000). Kieran 
et al. (1997) reported the impact of specific engineering-related factors on cell 
suspension cultures. Current developments indicate that transcription factors 
are efficient new molecular tools for plant metabolic engineering to increase the 
production of valuable compounds (Gantet and Memelink 2002).
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9  Conclusion

A number of studies suggest that the alkaloid enrichment in C roseus is quite com-
plex. Several strategies involving chemical, semi-chemical, and biotechnology have 
recently been tried to improve alkaloid yield. Elicitor-based synthesis provides an 
excellent opportunity for exploitation of in vitro cultivated plant cells for improving 
secondary metabolites. The identification of signaling molecule/moiety of elicitors 
and their molecular action on synthesis are still not elucidated clearly. This missing 
information is essential in knowing the regulatory mechanism for enhanced synthe-
sis of anti-cancerous compounds in C. roseus.
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Catharanthus roseus: The Cancer-Fighting 
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Abstract Cancer is a major disease around the world with high mortality rate. 
Cancer is caused due to internal and external factors. Currently, the available treat-
ment methods are chemotherapy, radiotherapy and surgery. The current treatment 
methods cause severe side effects to the patient, and more over the treatment cost is 
highly expensive. Medicinal plants could be the better alternative to cut down these 
barriers. Here in this chapter, we discuss about the importance of the medicinal 
plant Catharanthus roseus. Vinblastine and vincristine are the two important bioac-
tive alkaloids produced from this plant. These two are key compounds in treatment 
of various types of cancer. The potent anticancer compounds are synthesized in 
shikimate, mevalonate and methyl-erythritol phosphate (MEP) pathways. These 
two compounds have many biological properties, and it is discussed in detail in the 
following section. Recent years have seen nanotechnology-based synthesis, and 
these formulations have been considered to increase the efficacy of the bioactive 
compounds. This could be opening doors to a new era in the development of 
nanotechnology- based drugs. On the other hand, toxicity concerns of the prosperity 
of the vinca compounds were taken into consideration.

Keywords Anticancer activity • Antimicrobial activity • Anti-psoriasis activity 
• Anti-diabetic property • Anti-hypertension activity • Radioimmunoassay

1  Introduction

Cancer is a deadly group of disease which is highly prevalent around the globe. 
Cancer is the major cause for the increased mortality rate in the world. About 
1,685,210 new cases were expected to be diagnosed in 2016, out of which half of it 
is expected to be in the United States. This is an alarming situation that demands 
immediate preventive measures against carcinogens. Cancer is caused due to vari-
ous factors, and its treatment depends upon its types and stages. In initial stages of 
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cancer, neoplasmic cells clump and grow into tumours which later advances to 
malignant tumour. Thereafter, it can develop into metastasis, an uncontrollable 
stage in which abnormal cancer cells spread throughout the human body and affect 
the normal healthy cells, thus leading to death (Siegel et al. 2015; Pan et al. 2016).

According to WHO, approximately 10–13% was the result of cancer. The major 
types of cancer are predominantly lung cancer, stomach cancer, liver cancer, 
colorectal cancer and breast cancer (de Gonzalez and Darby 2004). Cancer is preva-
lent among children, every year nearly about 1,50,000 children are diagnosed with 
cancer. The prevalence is high around the world despite of country, community, etc. 
The main reasons for this situation are due to the lack of patient care, particularly in 
developing countries. In turn, the survival rate of the patient can be increased with 
proper care. Global attention is needed to tackle the situation in terms of creating 
awareness, access to treatment, cutting the cost of medications, and moral support 
to sustain the patients who are surviving with cancer, particularly in low income 
countries. In order to raise the awareness of cancer, globally, International Childhood 
Cancer Day is celebrated on 15th of February, every year (Stewart and Wild 2014; 
Louis et al. 2016).

In India, a million new cases have been registered every year. Cancer is the lead-
ing cause for high mortality, and the numbers could be doubled in upcoming years. 
Cancer is caused to both sexes. In men, lung and oral cancers are the most common 
and among women cervix and breast cancer is found to be larger in number of cases. 
Moreover, prostate cancer is found to be common in elderly man. Even though, 
effective treatment is available in Indian subcontinent. However, the cost of the 
treatment is very high, and hence it is inaccessible to millions of cancer patients. 
Moreover, it has been reported that there is lack of doctors throughout the country. 
Currently, there is only one doctor per 2000 patients. Even though Indian govern-
ment has taking many steps to decrease the mortality rate of cancer cases, the 
resources and expenditure on health by the Indian government is inadequate. It is 
suggestive that more steps should to be taken by the government of India in future 
(Krishnan et al. 2015; Gupta et al. 2016).

Nowadays, due to modernization and urbanization, the number of cancer patients 
is increasing globally. Although many steps have been taken to create awareness, it 
is unavoidable to change the situation, and the people are therefore in risk of cancer. 
Cancer is mainly influenced by two factors, i.e. internal and external factors. The 
internal factors are inherited genetic mutations, hormonal changes weak immune 
system, etc. The external factors are change in life style, smoking, microbes, 
unhealthy foods, expose to pollution, hazardous chemicals, etc. People who are 
highly exposed to air pollution are more vulnerable to lung cancer. Even then, tak-
ing preventive measures can help in not getting the disease. In turn, majority of 
cancers can be prevented by maintaining healthy life style and regular health check-
ups. It was observed that proper physical activity, good nutritional foods, avoiding 
use of tobacco and alcohol consumption can deduct the number of cancer cases to 
half in the last decade. The achievement was made possible only as a result of creat-
ing awareness among people to quit smoking. Apart from this, it has been observed 
that an increase in physical activity has decreased the risk of almost 26 types of 
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cancers. Certain cancers which have been caused by microbes can be prevented by 
vaccination. Skin cancer can be prevented by less exposure to the sunlight, also fol-
lowing simple protection steps like carrying an umbrella or applying sunscreen 
creams can be useful to avoid direct exposure of skin to the sunlight. Major cancers 
like breast, colorectal and cervical cancers can be checked regularly using screening 
tests by clinicians. Noticing the physical changes in the body could put a check for 
this deadly disease (Fajersztajn et al. 2013; Moore et al. 2016; Smith et al. 2016).

At present, the treatment methods for cancer include chemotherapy, radiotherapy 
and surgery (Winn et al. 2016; Board 2016). Although various treatment methods 
are available, the mortality rate of the patient depends upon the type and stage of the 
cancer (Early Breast Cancer Trialists’ Collaborative Group (EBCTCG)). 
Chemotherapy is predominantly considered at primary stages of cancer; chemo-
therapy prevents the diffusion of cancer to the healthy normal cells effectively. 
However, the patient suffers with the side effects caused by chemotherapy. Moreover, 
the treatment is highly expensive (Nagao et  al. 2011; Yunaiyama et  al. 2014). 
Patients from middle income and poor countries cannot afford the treatment expen-
diture (Farmer et al. 2010).

In order to curb the burden of side effects, medicinal plants could be a better 
alternative. Medicinal plants are better aliments in treating various diseases. The 
secondary metabolites present in the medicinal plants fight against various microor-
ganisms which include bacteria, fungi, protozoa and other parasites. These bioac-
tive compounds present in medicinal plants like C. roseus are effective in killing the 
cancer cells by impairing mitosis of cancer cells and also causing apoptosis of can-
cer cells. The medicinal plants contain no side effects (Vickers 2004; Chong et al. 
2009; Mohan et al. 2011). At present, majority of the anticancer drugs are obtained 
from the natural plant sources (Cragg et al. 2009). Bioactive compounds like alka-
loids were present in most of the plants. Among alkaloids, monoterpene indole alka-
loids (MIAs) are most important in the treatment of cancer. The compounds of 
MIAs are known for their medicinal values (Facchini and De Luca 2008).

The Catharanthus roseus (C. roseus) is a perennial tropical medicinal plant 
belonging to the family Apocynaceae (Table 1). This family produces more MIAs, 
which makes it attractive in the field of medicine (Gunatilaka 2006; Magnotta 
2007). The plant C. roseus has got many names, and it was popularly known as 

Table 1 Scientific 
classification of Catharanthus 
roseus

Kingdom Plantae

Division/
phylum

Magnoliophyta

Class Equisetopsida
Order Genitianales
Family Apocynaceae
Genus Catharanthus
Species C. roseus
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“Madagascar periwinkle”, “Cape periwinkle”, “Rose periwinkle”, “Rosy periwin-
kle” and “Old maid”. In India, the C. roseus is known by different names depending 
upon the state and language as “Sadabahar” in Hindi and “Nayantara”, “Sudukattu 
mallikai” in Tamil and “Billaganneru” in Telegu (Sain and Sharma 2013).

The C. roseus plant is widely grown as an ornamental plant. The perpetual  
C. roseus plant can grow up to 80 cm to 1 m. The leaves of the plant are dark green, 
silky in nature and oval in shape. The colour of the flower ranges from pale pink to 
pink and the flower blossoms throughout the summer (Fig. 1). The fruit is broad and 
long in size, and it ranges from 2 to 4 cm (Taylor and Farnsworth 1975; Jaleel et al. 
2006, 2007). The C. roseus can grow under any climatic conditions, and its seeds 
can be stored for years. At room temperature, the germination rate of seeds is stable 
up to 7 years. The stability can be extended up to 15 years when the seeds are stored 
at 5 °C. But the germination rate is dropped and is limited to 4–5 years if the seeds 
are stored at −10 °C (Buchwald et al. 2007).

The cultivation of C. roseus plant is a very feasible process as the plant grows 
under most of the climatic conditions. The favourable growth is observed at high 
temperatures under sunlight. The best temperature for the plant growth is believed 
to be 25 °C, and the plant growth is retarded if there is a slight drop or rise in the 
temperature. However, amount of alkaloids present in the plant is not affected at 
room temperature. In turn, the concentration of alkaloids can be doubled if the plant 
is grown under greenhouse conditions with the supplement of macro- and micro- 
nutrients that are essential for the growth of the plant (Buchwald et al. 2007). High 
temperatures favour the increase in concentration of vinca alkaloids in C. roseus. 
The alkaloid contents increase as temperature level rises. The highest level of alka-
loids was found at 45 °C. Whereas, long-term experiments found VBR and VCR 
contents in C. roseus plant were at higher rate at 35 °C (Guo et al. 2007). So the 
temperature should be taken into consideration in C. roseus cultivation for better 
yield.

Alternatively, there are several approaches made by the researchers to increase 
the yield quantity of vinca alkaloids. The alkaloid concentration can be increased by 

Fig. 1 The Catharanthus 
roseus plant was taken 
from the Botanical Garden, 
VIT University, Vellore, 
Tamilnadu, India
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inoculating the plant with arbuscular mycorrhizal fungi (AMF). And it should be 
noted that the alkaloid concentration was declined when the plant is stressed with 
potassium bicarbonate (KHCO3) and sodium chloride both separately or in combi-
nation (De la Rosa-Mera et al. 2011). The growth of the plant is highly favoured in 
regions where high carbon dioxide is present and notably the alkaloid concentration 
is also elevated. Whereas, few studies found nitrogen essential for the growth of the 
plant. But it is important to note, under high nitrogen concentration the plant grows 
well but the alkaloid concentration remained the same (Singh and Agrawal 2015).

In Ayurveda, C. roseus plant was used to treat many diseases, such as malaria, 
diabetes and Hodgkin’s lymphoma (Fabricant and Farnsworth 2001; Elujoba et al. 
2005; Okigbo and Mmeka 2006). Medicinally, the plant C. roseus plays a vital role 
as the plant is solely responsible for synthesizing monoterpenoid indole alkaloids. 
Among those alkaloids, two are very important alkaloids, namely, vinblastine 
(VBR) and vincristine (VCR) (Fig. 2). These two alkaloids are strong anticancer 
agents. Apart from anticancer activity, the two bioactive compounds were widely 
studied for their various medical applications. The USFDA approved vinca alka-
loids for the treatment of leukaemia in children since 1963 also it is widely used to 
treat many types of cancers (Waterhouse et al. 2005; Sisodiya 2013). The important 
mechanism by which this anticancer action takes place is via vinca alkaloids which 
suppresses the action of the tumour at the mitosis level by binding to tubulin and 
depolymerizes the microtubules (Fig. 3) (Okouneva et al. 2003). The VBR and VCR 
are derived from the precursor vindesine and vinorelbine, and its synthesis is dis-
cussed below. The powerful anticancer compounds, VBR and VCR, are isolated 
from the leaves and other plant parts of C. roseus using various techniques (Moreno 
et al. 1995; Jacobs et al. 2004). VBR was first isolated by Robert Noble and Charles 
Thomas Beer at the University of Western Ontario from the Madagascar periwinkle 
plant (Wright 2002; Kumar et al. 2013). Usually, VBR is synthesized from callus, 
crown gall, shoot, and somatic embryo and vincristine is synthesized from shoot 
and somatic embryo (Potier 1980; Ishikawa et al. 2009). The production of VBR 
depends upon the age and type of tissue of the plant. The germinating leaf callus is 
found to be containing high amount of VBR (Aslam et al. 2010). Initially, out to be 
anticancer drug as it reduced a number of white blood cells (Noble et  al. 2009; 
Kalidass et al. 2009).

Earlier around 1950s and 1960s worldwide cultivation of the plant was seen only 
in a few countries. Hence, very less quantity of compounds were extracted and puri-
fied from the available sources. Even today, synthesis of these plant compounds is 
not viable in bulk through the industries, thus limiting its synthesis to laboratory. 
The production involves many stages, and C. roseus is the only source for the pro-
duction of these anticancer compounds till date. Therefore, this situation raises the 
demand for the compound thus making these bioactive substances very expensive 
(Svoboda 1961; Facchini and De Luca 2008).

The genome size of C. roseus is 1500 Mbp located on the chromosome number 
16 (Balamani and Rao 1981; Mendioro et  al. 2005). By using complete plastid 
sequence genome analysis, it was found that almost 41 C. roseus-specific simple 
sequence repeats were present. This information shows the high divergence rate of 
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C. roseus (Ku et al. 2013). Van Moerkercke et al. (2015) carried out transcriptome 
analysis in suspension cell lines MP183L and found out a transcription factor called 
jasmonate-regulated basic helix-loop-helix (bHLH). This transcriptional factor is 
the key factor responsible for the activation of the genes, those involving in high 
production of monoterpenoid indole alkaloid which means it is possible to produce 
high amounts of anticancer compounds like VCR and VBR by activating these 
genes (Van Moerkercke et al. 2015).

Many researchers have worked on alternative ways of inexpensive amplification 
of the production VBR and VCR. Pure form of VBR and VCR compounds were 
isolated from the fungus Fusarium oxysporum from Indian C. roseus. This method 
of synthesis can help to produce the anticancer compounds (VBR and VCR) in bulk 
amount and can prove to be cost-effective. Moreover, the production can be 
increased by using transformed cultures (Begum et al. 2009).

Fig. 2 Structure of 
vinblastine and vincristine 
(Ball and stick model)

Fig. 3 Vinblastine and vincristine drug mode of action against cancer cell metabolism
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2  Synthesis of Alkaloids (VBR and VCR)

Alkaloids are basic compounds which contain nitrogen. The vinca alkaloids 
were hence named as they are composed of carbon, hydrogen, nitrogen and 
oxygen (Dalton 2000; Hesse 2002). They are synthesized from common amino 
acid precursors such as phenylalanine, tyrosine, tryptophan, lysine, ornithine 
and anthranilic acid. Some of the common reactions involved in synthesis of 
alkaloids are transamination and decarboxylation. These reactions lead to the 
formation of Schiff’s base and further it reacts with the carbanion. In general, 
alkaloid formation requires single or many amino acids of same kind (Svoboda 
et al. 1959).

It has been challenging to find the metabolites present in the C. roseus. Till 
now, it is well known that C. roseus produces more than hundreds of bioactive 
metabolites. The major alkaloids produced are VCR, VBR, serpentine, vinorel-
bine, etc. And it is important to notice that C. roseus was the only source for 
producing the major anticancer compounds like VBR (Fig. 2) and VCR  
(Fig. 2) (Campone et al. 2012; Kellner et al. 2015). The vinca alkaloids from 
C. roseus were synthesized from the precursor amino acid tryptophan. In the 
first step, tryptophan is converted to tryptamine. Simultaneously, secologanin 
is synthesized from geraniol. The tryptamine and secologanin combines to 
form strictosidine. Strictosidine undergoes series of reaction and forms taber-
sonine and catharanthine. Tabersonine forms vindoline. Catharanthine and 
vindoline forms the 3, 4 AnhydroVBR, which ultimately undergoes series of 
reactions and finally forms VBR and VCR (Neuss et  al. 1964; Kalaus et  al. 
1993). VCR can be obtained from VBR, when it is incubated with cell suspen-
sion cultures of C. roseus for 2 days (Hamada and Nakazawa 1991). The syn-
thesis of alkaloids is given in detail below.

For identifying the vinca compounds present in the C. roseus plant, differ-
ent extractions are prepared using various solvents like ethanol, ether, chloro-
form, hexane, etc. Further, the presence of alkaloids was detected using 
analytical techniques like thin-layer chromatography (TLC), ultraviolet-visible 
(UV-VIS) spectroscopy and capillary electrophoresis. The high pressure liq-
uid chromatography (HPLC) method is the most reliable method to identify 
the large number of known and unknown compounds of C. roseus (Hisiger and 
Jolicoeur 2007).

Synthesis of vinca compounds, VCR and VBR, starts with the formation of 
common central precursor isopentenyl diphosphate (IPP). IPP is formed from 
the two pathways, namely, the mevalonate pathway and methyl-erythritol 
phosphate (MEP) pathway (Fig. 4) (Nejat et al. 2015). The vinca alkaloids are 
generally synthesized in three pathways that are given below:

 1. Shikimate pathway
 2. Mevalonate pathway
 3. Methyl-erythritol phosphate (MEP) pathway
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2.1  Shikimate Pathway

The formation of tryptophan from chorismate takes place in this pathway. In the first 
step, chorismate forms anthranilate. This reaction is catalyzed by anthranilate syn-
thase. In the second step, anthranilate is converted to N-(5-Phosphoribosyl) anthra-
nilate in the presence of enzyme phosphoribosyl diphosphate (PR) anthranilate 
transferase. In the third step, N-(5-Phosphoribosyl) anthranilate is converted to 
1-(o-carboxyphenylamino)-1-deoxyribulose phosphate in the presence of 
PR-anthranilate isomerase. In the fourth step, 1-(o-carboxyphenylamino)-1- 
deoxyribulose phosphate is converted to indole-3-glycerol phosphate in the pres-
ence of indole-3-glycerol phosphate synthase. In the fifth step, indole-3-glycerol 
phosphate is converted to indole in the presence of tryptophan synthase a. In the 
sixth step, indole is finally converted to tryptophan, and this reaction is catalyzed by 
tryptophan synthase b. The tryptophan is the precursor for the synthesis of vinca 
alkaloids (Fig. 5) ( Whitmer et al. 1998; Tzin and Galili 2010; Verma et al. 2012).

2.2  Mevalonate Pathway

Mevalonate pathway takes place in mitochondria and cytoplasm (Fig. 6), particu-
larly in higher plants. Initially, the two molecules of acetyl CoA react to form ace-
toacetyl CoA, this reaction is catalyzed by enzyme acetoacetyl CoA thiolase. The 
acetoacetyl CoA condenses with acetyl CoA and forms 3-hydroxy-3-methylgluta-
ryl CoA (HMG CoA) in the presence of HMG CoA synthase. The enzyme HMG 
CoA reductase converts HMG CoA to mevalonate. The mevalonate is phosphory-
lated by mevalonate kinase to 5-diphosphomevalonate. The enzyme diphosphom-
evalonate de carboxylase converts 5-diphosphomevalonate to isopentenyl 
diphosphate. A key step in synthesizing isoprenoids is as follows: the isopentenyl 
diphosphate isomerized to dimethylallyl diphosphate by isopentyl isomerase. 
Further, dimethylallyl diphosphate is condensed with isopentenyl diphosphate and 
forms geranyl diphosphate. The geranyl diphosphate is the precursor for synthesis 

Fig. 4 Overview of the 
pathways to vinblastine 
and vincristine
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of monoterpenoids. The monoterpenoid synthesis is catalyzed by prenyl transferase, 
monoterpene synthase and geranyl diphosphate synthase (Veau et al. 2000; Dubey 
et al. 2003).

2.3  Methyl-Erythritol Phosphate (MEP) Pathway

Methyl-erythritol phosphate (MEP) pathway mainly takes place in plasmids  
(Fig. 7). In MEP pathway, mono, di and tri terpenoids are formed. Initially, pyruvate 
is condensed with glyceraldehyde-3-phosphate and yields 1-deoxy-d-xylulose-5- 
phosphate in the presence of 1-deoxy-d-xylulose-5-phosphate synthase. 1-deoxy- d-
xylulose-5-phosphate is converted to 2-C-methyl-d-erythritol 4-phosphate by 
redecto isomerase. The 2-C-methyl-d-erythritol 4-phosphate is converted to 
4- cytidyl diphospho-2C-methyl-d-erythritol, in the presence of synthase. The 
4-cytidyl diphospho-2C-methyl-d-erythritol is converted to 2-C- methyl-d- erythritol 
2,4 cyclodiphosphate in the presence of synthase. The 2-C-methyl-d-erythritol 2,4 
cyclodiphosphate converted to 1-hydroxy-2-methyl 2(E) butenyl 4 phosphate in the 
presence of kinase, and finally forms isopentenyl diphosphate (Cordoba et al. 2009; 
Salim and De Luca 2013).

Fig. 5 Schematic representation of Shikimate pathway

Catharanthus roseus: The Cancer-Fighting Medicine



130

Fig. 6 Schematic representation of Mevalonate pathway
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Recently, researchers are focused in increasing the production of vinca com-
pounds. Some of them are discussed here. The yield of bioactive compounds from 
C. roseus can be increased by using different plant transformation techniques such 
as insertion via genetic vectors (Agrobacterium tumefaciens, A. rhizogenes), gene 
insertion, protoplast fusion, electroporation and microinjection. Though these tech-
niques are aimed to yield high quantity of compounds, they are set to certain limita-
tions (Zárate and Verpoorte 2007). The terpenoids are the precursors, which are vital 
in production of VBR and VCR. Interestingly, induction of respective enzymes of 
these precursors will increase the production of the active compounds to a large 

Fig. 7 Schematic representation of MEP pathway
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extent (Peebles et al. 2006). Fungi derived from the C. roseus are shown to produce 
the VCR and VBR. Nearly, 22 endophytic fungi were isolated from different parts 
of the plant. Among which, MTT assay revealed, Talaromyces radicus –Crp20 have 
the strongest anti-proliferative activity in HeLa cells. It produced 670 μg/L of VCR 
in modified M2 medium and 70 μg/L of VBR in potato dextrose broth medium. The 
synthesized compounds were effective in human cancer cell lines (Palem et  al. 
2015).

Alternatively, Verma et al. (2007) proposed an alternate and simpler method to 
synthesize the VBR. In this method, leaves of C. roseus were dried under ambient 
conditions and extracted with 0.1 M hydro chloric acid (HCl). Further, the obtained 
compound is treated with sodium hydroxide (NaoH). In series of reactions, the pre-
cipitate finally produces 20% of VBR. The formation of VBR was confirmed by 
using direct-injection electrospray ionization mass spectrometry (Verma et  al. 
2007).

In cell cultures, C. roseus can be stabilized in order to find out the high produc-
tion of bioactive compounds. In cell cultures, a primary culture requires any of the 
plant parts such as callus, shoot, stem node, suspension, flower and hairy root. 
Particularly, cell suspensions can be used for synthesis of compounds from C. 
roseus under ambient conditions. And also depending upon the type of bioactive 
compound, the suitable temperature for maximum production varies in between 25 
and 30 °C and slightly acidic pH (5.8–6.0) The agar medium was the appropriate 
medium for the growth of primary culture, where we can use different PGRs for 
promoting plant growth. The plant growth regulators (PGRs) are widely explored 
by the researchers. PGRs enhance the growth of the plant. And also PGRs promote 
synthesis of the alkaloids like VCR and VBR in large quantity from C. roseus. The 
PGRs like salicylic acid and ethylene enhance the production of vinca alkaloids. 
Chlormequat chloride in particular enhances the production rate of VBR. The auxin 
and cytokinin regulates the biosynthesis of alkaloids. Methyl jasmonate is found to 
be neutral. In another study, contrastingly, it was found that abscisic acid and gib-
berellic acid decreased the production of the vinca compounds (Pan et  al. 2010; 
Mujib et al. 2012). Ajay et al. (2013) found that Murashige and Skoog (MS) medium 
were suitable to grow buds of C. roseus. In addition, the medium should be supplied 
with 6-benzylaminopurine (1 mg/L) and naphthaleneacetic acid (0.2 mg/L) (Verma 
et al. 2012).

3  Medicinal Properties

C. roseus is a popular medicinal plant. It’s been reported since 1910, the leaves of 
C. roseus had been used as mouthwash and for curing ailments like scurvy, wounds, 
stomach ache, ulcer, to control the hemorrhage, and also as antioxidant, antimicro-
bial, anti-helminthic, anti-diabetic, anti-obesity and majorly anticancer activity 
(Gajalakshmi et al. 2013; Balaji 2014). The important medicinal properties are dis-
cussed below.
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3.1  Antioxidant Activity

Medicinal plants are rich in antioxidants, which act as soldiers and engulf the free 
radicals and also overcome the stress conditions (Prochazkova et  al. 2001). The 
antioxidant enzymes are increased when the seeds of this plant is treated with diazo-
trophs (Azospirillum and Azotobacter). Almost all parts of this plant C. roseus were 
naturally filled with high concentrations of antioxidants (Kar et al. 2003). Ohadoma 
and Michael (2011) has reported the presence of phytochemicals such as phenols, 
tannins, flavanoids, terpenoids, glycoside and alkaloids. The antioxidant present in 
VCR is an excellent protector against cardiac necrosis in animal models. The dos-
age used for this experiment is about 25 mg/kg body weight in isoproterenol-oxida-
tive stress- induced albino rats. However, the exact mechanism for this role is yet to 
be determined (Panda et al. 2014).

3.2  Elemental Composition

Nutrients are the important factors responsible for functioning of normal metabo-
lism. Plants supply essential nutrients required to our body. The atomic absorption 
spectrophotometer analysis reveals that the medicinal plant C. roseus is composed 
of nutrients such as Chromium (Cr), Aluminum (Al), Copper (Cu), Nickel (Ni), 
Magnesium (Mg), Cadmium (Cd), Iron (Fe), Calcium (Ca), Sodium (Na), Potassium 
(K), Lead (PB) and Zinc (Zn). The above essential macro- and micro-nutrients are 
found to be present in both leaves and flowers (Aziz et al. 2016).

3.3  Antimicrobial Activity

The C. roseus plant has a strong antimicrobial activity against different microorgan-
ism such as Candida albicans, Aspergillus fumigatus, Baccilus fusiformis and 
Escherichia coli. Particularly, leaves are very active than other plant parts. The 
Minimum Inhibitory Concentration is proven to be 20–100 mg/mL (Kumari and 
Gupta 2013). Antimicrobial activity of C. roseus flower extract (200 μg/mL) was 
carried out against Pseudomonas aeruginosa, Beta-hemolytic streptococci, 
Enterobacter agglomerans and Staphylococcus aureus. The extract is a strong anti-
microbial agent against Pseudomonas aeruginosa and Staphylococcus aureus, but 
the other two strains are resistant to C. roseus flower extract (Nayak and Pereira 
2006).

The Silver nanoparticles (AgNPs) were synthesized from dried leaves of  
C. roseus. The characterization studies revealed 27–30 nm in size, and the synthesized 
AgNPs was proven to have a strong antimicrobial activity against Gram-positive 
bacteria. Such as Escherichia coli and Pseudomonas fluorescens (Kotakadi et al. 
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2013). Ravindra et al. (2012) synthesized AgNPs from the aqueous extract of leaf, 
callus and root of C. roseus using biological methods. Further the AgNPs were 
proven to be strong antibacterial against all different microbes such as Bacillus 
subtilus, Staphylococcus aureus, Escherichia coli, Klebsiella pneumonia and 
Candida albicans, which are taken from patient samples (Malabadi et al. 2012).

3.4  Wound Healing Activity

Using incision and dead space model, the ethanolic extract of C. roseus flower 
healed the wounds in rat models. The flowers were shade dried and the powder was 
suspended in 100 mL ethanol for 20 h, and finally the extract is given about 100 mg/
kg/day for each Sprague Dawley rat. The flower extract actively healed the wounds 
faster when compared with control groups. Hence, it can be used as a medicine for 
wound healing (Nayak and Pereira 2006).

3.5  Anti-Psoriasis Activity

Psoriasis is an incurable skin disease, where keratinocytes differentiate abnormally. 
Even though it is controllable with chemotherapy, it is not permanently curable. 
This makes patients’ life miserable. Nattaporn et al. (2014) studied the effectiveness 
of C. roseus stem and Gloriosa superba leaves against psoriasis at molecular level. 
In this study, ethanolic extracts of both the plants were tested for expression of pso-
riatic marker, Keratin 17 (K17) in human keratinocytes. Both the plant extracts 
down regulated the expression of K17. Hence, it is well understood that both plants 
were effective individually and showed better activity when combined 
(Pattarachotanant et al. 2014).

3.6  Anti-Diabetic Property

It is well known that diabetes mellitus is a deadly disorder with serious complica-
tions. The medicinal plant C. roseus is proven to have anti-diabetic property. Almost 
all parts of the plant possess anti-diabetic activity (Kar et al. 2003). Particularly, the 
ethanolic extract of C. roseus possesses more anti-diabetic activities compared to 
aqueous extract. It has also got significant anti-diabetic activity with standard anti- 
diabetic drug metformin. The recommended ethanolic extract concentration is 100 
and 200 mg/kg body weight in animal models (Al-Shaqha et al. 2015).

Since many years in folk medicine, C. roseus leaf juice or decoction had been 
used to treat diabetes mellitus. This anti-diabetic activity of C. roseus leaf juice was 
scientifically proved in alloxan-induced diabetic rats. The different dose-dependent 
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C. roseus fresh leaf juice had effective anti-diabetic activity when compared with 
the standard anti-diabetic drug glibenclamide. This juice can be used to treat the 
patients with diabetes; as an adjuvant, it may prevent the diabetic complications. 
And also it is believed to treat urinary problems (Nammi et al. 2003; Lans 2006).

In a study, anti-diabetic activity was evaluated for the ethanolic leaf extract of C. 
roseus plant. The plant extract was given to alloxan rats in combination with the 
standard anti-diabetic drugs, metformin and glibenclamide. The dosage of different 
concentrations was given to animals which were divided into six groups. Each 
group has five rats, among those first group was control, group two was treated with 
plant extract (250 mg/kg body weight), three treated with metformin (100 mg/kg 
body weight) and four with glibenclamide (1 mg/kg body weight), group five treated 
with plant extract along with metformin (250+100 mg/kg body weight) and group 
six with plant extract and glibenclamide (250+1 mg/kg body weight) for a period of 
7 days. At last, it was found that all the treatment doses either separately or in com-
binations had got activity. It was also found that plant extract and metformin com-
bination had highest activity when compared with other groups (Ohadoma and 
Michael 2011).

Whereas, leaves of methanolic extract along with dichloromethane in equal ratio 
(500 mg/kg body weight) was tested in streptozotocin-induced rats for 30 days. A 
complete decline in blood sugar level to normal value in rats was observed. 
Moreover, the metabolic enzymes such as glycogen synthase, glucose-6-phosphate 
dehydrogenase were found to be declined. Also methanolic extract in combination 
with dichloromethane enhanced the cure rate. It was concluded that ethanolic extract 
of C. roseus can be formulated to modern medicine and readily used for treating 
diabetes mellitus (Singh et al. 2001; Gajalakshmi et al. 2013).

Plant parts of C. roseus proved to be anti-diabetic. The aqueous and organic 
extracts of stem, root, flower and leaf were tested and studied for anti-diabetic activ-
ity in alloxan-induced diabetic mice. Almost all parts of C. roseus plant were potent 
anti-diabetic. In that, aqueous extract proved to be better than organic extract (Vega- 
Ávila et al. 2012). In 2010, Mohammed et al. found that methanolic whole plant 
extract had effective anti-diabetic activity and it also regenerated the β-cells of pan-
creas, when the plant extract at the dose of 500 mg/kg body weight was given to 
alloxan-induced diabetic rats for 14 days. It also had additional benefits like body 
weight gain and well-maintained lipid profile (Sivalingam and Sriram 2013).

3.7  Hodgkin’s Disease

Hodgkin’s disease (HD) is one the common lymphomas (Küppers et al. 2006). VBR 
is used effectively in the treatment of Hodgkin’s disease. In patients with advanced 
stages of Hodgkin’s disease, the VBR sulfate is reportedly found to be as effective 
as nitrogen mustard. And VBR could be in the first preference for treatment of 
patients with Hodgkin’s disease (Alison and Whitelaw 1970).
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3.8  Anticancer Activity

Cancer can be defined as unregulated cell growth which leads to formation of malig-
nant tumours. The cancer cells spread and convert normal cells into cancer cells 
(Anand et al. 2008). Historically, the miracle plant C. roseus is used in the treatment 
of cancer since many years in Ayurveda, traditional Chinese medicine. The most 
medicinally valuable plant kills the cancer cells without any side effects (Gurib- 
Fakim 2006). Vinca alkaloids are synthetically produced and used as drugs in can-
cer therapy and it also acts as an immunosuppressive drug. These compounds 
include VBR, VCR, vindesine, and vinorelbine. VCR, VBR and vinorelbine are 
approved for its use in the United States. The VBR is commonly traded as VBR 
sulfate injection (Rowinsky 2003).

The VBR was the first of vinca to be used in the treatment of cancer. VBR is a 
chemotherapy drug used to treat different cancers, including lymphomas, bladder, 
breast and testicular cancer, and Kaposi’s sarcoma (Cragg and Newman 2005; 
Epstein et al. 1989). VBR is the salt of a naturally occurring vinca alkaloid obtained 
from the flowering herb periwinkle (Pharma 2003). Vinca alkaloids act by prevent-
ing the polymerization of tubulin to form microtubules, as well as inducing depoly-
merization of formed tubules. VBR may also interfere with nucleic acid and protein 
synthesis by blocking glutamic acid utilization. Vinca alkaloids are cell cycle phase 
specific for M phase and S phase. VBR exerts some immunosuppressive activity. It 
is believed that glutamic acid has a role in reducing the neurotoxicity; however, it is 
not found to be effective in children, when given to children who are taking treat-
ment in children oncology (Bradfield et al. 2015).

VCR also known as leurocristine is used to treat various types of cancer. It is a 
cancer chemotherapy drug that is usually used with other chemotherapy drugs to 
slow or stop cancer cell growth. VCR is used in combination with other chemo-
therapy drugs to treat certain types of leukaemia (cancer of the white blood cells), 
including acute myeloid leukaemia and acute lymphoblastic leukaemia (Kumar 
et  al. 2013). VBR is used in treating a rare malignant tumour, angiosarcoma, in 
combination with β-blockers. Angiosarcoma is rare but it is aggressive if caused. 
Unlike the treatment with radiation and surgery, this regimen (β-blockers+VBR) 
will effectively cure the disease. Moreover, this treatment is economically feasible 
(Pasquier et al. 2016).

In cancer cells, the two anticancer compounds of vinca bind to the β-tubulin and 
disrupt mitotic spindle. As a result, the chromosomes fail to move apart during 
mitosis, and metaphase gets arrested thus inhibiting cell division (Schläger and 
Dräger 2016). Primarily, the vinca drugs interfere with the polymerization of tubu-
lin to prevent microtubule formulation thus arresting cell division. The drugs are 
large molecules and are lipophilic compounds that are formed of two structural 
multi-ringed units. Other compounds like vindoline and catharanthine, linked by a 
carbon–carbon chain, differ only in a single substitution on the catharanthine group. 
The vindoline and catharanthine works by preventing mitosis in metaphase. These 
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alkaloids bind to tubulin, thus, preventing the cell from making the spindles (Kumar 
2016).

The in silico docking analysis of vinca alkaloids such as VBR, VCR, catharan-
thine and vinorelbine with α/β-tubulin was performed. All the vinca compounds 
were docked with the target tubulin. Finally, the study showed that these vinca com-
pounds have binding affinity towards the target. Among which VBR, VCR and 
vinorelbine have strong affinity, while vindoline and catharanthine showed a weak 
affinity. Based on this it is evident that, particularly, VCR and VBR have strong 
anticancer activity (Sertel et  al. 2011). In cell line study, VBR is believed to be 
inhibiting the proteasomes which could lead to block the cell progression and induce 
apoptosis. This could be the possible mechanism of target for VCR (Piccinini et al. 
2001).

Callegaro-Filho et al. (2014) performed a retrospective study of all patients eval-
uated at MD Anderson Cancer Center (MDACC) between May 2004 and April 2014 
with the diagnosis of small cell carcinoma of the ovary—Hypercalcemic type 
(SCCOHT) and identified eight patients and they were treated with VBR and cispla-
tin on Day 1 and cyclophosphamide and bleomycin on Day 2 and with doxorubicin 
and etoposide on Day 3 (VPCBAE) followed by pegfilgrastim as primary treatment 
followed by surgery. The median age at diagnosis was 28 years (range, 21–41). The 
authors’ results suggested that the combination of VPCBAE was found to be effec-
tive in patients with SCCOHT. Further, they also noted no treatment-related deaths 
as the treatment very effectively cured the disease (Callegaro-Filho et al. 2014).

Dichloromethane: methanol extract of C. roseus is the only plant which has been 
proved to be effective on both MCF-7 and HeLa cancer cell lines compared with ten 
plants of the same Apocynaceae family, respectively (Siu et  al. 2011). MTS 
[3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] assay shows that the aqueous extract of C. roseus was effective 
against the Jurket cancer T-cells (Nor et al. 2010). Recently, two new compounds 
similar to VBR have been discovered in C. roseus leaves, namely, 17- desacetoxyVBR 
N’b-oxide and 20′-deoxyVBR N’b-oxide. Using MTT assay, it was found that the 
two alkaloids were effective against human hepato cellular carcinoma (HepG2) cell 
line, human colorectal carcinoma (Lovo) cell line and human breast carcinoma 
(MCF-7) cell line (Zhang et al. 2013).

Breast cancer is one of the frequent malignant cancers. VBR in combination with 
mitomycin C and cisplatin (MVC) was given as treatment to 87 patients, who were 
suffering from metastatic breast cancer (MBC). The patients had already taken che-
motherapy as primary treatment. After 21 days of treatment, the MVC regimen was 
effective against MBC; however, mild toxicity was observed (Urruticoechea et al. 
2005).

In animal model, cancer was induced by an agent Diethylnitrosamine (DEN). 
The DEN altered the elemental composition, increased the elemental composition 
levels (Ni,Zn, Fe,Br and Cr) and decreased some elements concentration levels (Ca, 
Fe) indicating that alteration in elemental composition was the cause for cancer. In 
order to check the effect of V. rosea against the DEN’s effect, the animals were 
treated with V. rosea extract for a period of 4 weeks. Surprisingly, the treatment 
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reverted the changes made by DEN. However, the changes were limited to tissue 
level (Mohanta et al. 2007).

In a clinical study, 30 patients with metastatic condition were treated with che-
motherapy (Gemcitabine and cisplatin). The patients under chemotherapy were 
found to be relapsed, and in some patients the disease condition progressed. Those 
patients were treated with the regimen methotrexate, VBR, doxorubicin and cispla-
tin (M-VAC). Treatment with M-VAC regimen was found to be significant for the 
improvement of patient’s health and also it prolonged the life of the patient. 
However, the need to be carried out in large sample size is essential for further vali-
dation (Han et al. 2008).

Vinca alkaloids such as VCR in combination with cytostatic drugs like anthrac-
ylines, irradiation and dexamethasone in tumour cell lines diminished the cell death 
up to 86% and in preclinical trails the cytostatic drug anthracyclines inhibited the 
action of vinca alkaloids. However, caffeine reverses the effect caused by the cyto-
static drug against vinca alkaloids (Ehrhardt et al. 2013).

In a case study, the rhabdomyosarcoma (RMS) a soft-tissue sarcoma usually 
caused cancer in childhood and adolescence affected a 17-year-old patient. The 
patient was treated with multidrug therapy (MDT) along with chemotherapy. The 
regimen is composed of cyclophosphamide (CPA), doxorubicin (ADM), dacarba-
zine (DTIC) and VCR (VCR) (CYVADIC). This MDT regimen treatment which is 
for 17 cycles along with chemotherapy had extended the patient’s life for 4 years. 
This gives evidence that VCR is a life-saver drug even in advanced stages of cancer 
(Isono et al. 2016). But it leads to damage in the nervous system and causes neu-
ropathy, widely known as VCR-induced neuropathy (Shimoda et al. 2007). In ani-
mal models, the fruit extract of Momordica charantia L. prevents the VCR-induced 
neuropathy (Jain et al. 2015).

Apart from the rise in treatment for different types of cancers using VCR, its 
resistance has been observed in colon cancer cells. Next-generation sequencing 
analysis revealed about 121 long non-coding RNAs (IncRNAs) and showed differ-
ent expression in HCT-8 colon cancer cells. This data further could be used as a 
marker in finding the patients who are VCR resistant (Sun et al. 2015). In another 
study, VCR in combination with the cyclophosphamide, doxorubicin, prednisolone 
(CHOP) along with monoclonal antibody rituximab is widely used to treat diffuse 
large B-cell lymphoma (DLBCL) and cardio toxicity (Pfreundschuh et  al. 2011; 
Yung-Cheng et al. 2011). Patients with thymic carcinoma were successfully treated 
with weekly dose of cisplatin, VCR, doxorubicin and etoposide (CODE) followed 
by a surgery. This regimen is a promising therapy for expanding longevity of 
patient’s life (Kawasaki et al. 2014).

In the United States, VCR sulfate liposome injection (VSLI) has been approved 
for relapsed and refractory acute lymphoblastic leukaemia (O’Brien et al. 2013). 
VCR is also used to treat neuroblastoma. Neuroblastoma is a common cancer that 
occurs during childhood. Chemotherapy with VCR eventually cures the disease by 
arresting the cell cycle and inducing apoptosis. This mechanism is found in 
SH-SY5Y human neuroblastoma cells in which VCR regulates the cyclin B and C, 
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thus leading to mitotic arrest. And the activation of caspase-3 and -9 leads to apop-
tosis (Biedler et al. 1978; Tu et al. 2013).

3.9  Anti-Hypertension Activity

Resistant hypertension can be cured by VCR by a novel method called chemical 
sympathetic denervation. In this method, VCR was successfully delivered in 
Landrace swine animal models using catheter. After 28 days of treatment, histo-
pathological sample observation revealed a significant result that the intact nerve is 
lower in VCR-treated group when compared with the placebo group. However, fur-
ther confirmation in other animal models is required (Stefanadis et al. 2013). Apart 
from this, in animal models, heme oxygenase 1 (HO-1), which has many properties 
degrades heme to carbon monoxide, free iron and biliverdin. The antioxidant-rich 
HO-1 mediated the pain induced by the vincristine (Ham et al. 2012; Shen et al. 
2015).

4  Larvicidal Effect

The vector-borne diseases are very dangerous to mankind, particularly malaria, 
which causes high mortality rate around the world. Even though, there are a lot of 
programmes to control vectors, new alternatives are essential. The plant extract of 
C. roseus showed larvicidal activity, particularly the petroleum ether extract showed 
maximum activity against the Anopheles stephensi malarial larvae. The bioactive of 
this compound can be used against the malarial vector. For better results, the extract 
of C. roseus can be used in combination with standard drugs in vector control pro-
grammes (Panneerselvam et al. 2013).

5  Nanotechnology

5.1  Silver Nanoparticles

Biologically synthesized nanoparticles are very effective, eco-friendly and econom-
ical. Silver nanoparticles were synthesized from the leaves of C. roseus. The bio-
logically synthesized nanoparticles were characterized and it was found that the 
silver nanoparticles were 35–55 nm in size. Further, the biologically synthesized 
nanoparticles were tested for antiplasmodial activity and found to be potentially 
active against the malaria parasite (Plasmodium falciparum). This is a positive sign, 
and these nanoparticles could be used in killing deadly malaria parasite 
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(Ponarulselvam et  al. 2012). Kannan et  al. (2011) observed silver nanoparticles 
which were synthesized biologically from C. roseus were 45–70 nm in size and 
stable for 4 months (Kannan et al. 2011).

5.2  Titanium Dioxide Nanoparticles

The titanium dioxide nanoparticles (TiO2NPs) were synthesized through green 
approach. The characterization showed the nanoparticle size ranges between 25 and 
110 nm. By using Bragg’s law and Scherer’s constant, it was confirmed to be 65 nm. 
The TiO2NPs from C. roseus leaf extract were proven to be effective against para-
sites such as Hematophagous fly, Hippobosca maculata, leach, sheep-biting louse 
and Bovicola ovis Schrank. However, the maximum activity has been observed in 
Hippobosca maculata, leach and Bovicola ovis Schrank (Velayutham et al. 2012).

Titanium dioxide nanoparticles (TiO2 NPs) are synthesized biologically from the 
plant extract of C. roseus. The synthesized nanoparticles are characterized using 
standard techniques at the size of the TiO2 NPs ranging from 25 to 110 nm. The TiO2 
NPs is active against the parasites hematophagous fly and sheep-biting louse. This 
biologically synthesized TiO2 NPs are nontoxic and feasible in cost and can be used 
to control the flies and parasites which target the livestock (Velayutham et al. 2012). 
In the same manner, biologically synthesized zinc oxide nanoparticles (ZnO-NPs) 
from the leaves of C. roseus were studied and it was proved to be a strong antibacte-
rial agent against Pseudomonas aeruginosa (Bhumi and Savithramma 2014).

5.3  Liposomal Formulations

VCR is used in treating various human cancers. Even though, some of the reports 
claim its neurotoxic and tissue damage effect, thus limiting its application. In order 
to curb the side effects and to enhance the activity of VCR, it is encapsulated with 
liposomes using various loading methods such as passive loading, pH gradient load-
ing and ionophore-assisted loading. The encapsulated VCR with liposomes is char-
acterized and standardized using various methods. The encapsulated VCR is better 
than the non-encapsulated VCR in in vivo experiments. It has also been observed 
that it has a moderate decrease in the drug toxicity (Waterhouse et al. 2005). The 
enhanced liposomal drug formulations will reduce the drug toxicity and are used to 
deliver the VCR which reaches the target tissues and doesn’t affect the healthy cells. 
Liposomal drug delivery also increases the dosage concentration to the target sites 
(Gabizon 1992; Gabizon et al. 1994; Maeda 2001; Kato et al. 2012).

Liposomal formulation of VBR was prepared against non-small cell lung cancer 
(NSCLC), a common lung cancer. The formulation was at the size of 100 nm in size. 
Cholesterol was used as cationic material and peanut agglutinin was modified. The 
formulation was very effective both in vivo and in vitro methods against NSCLC, 
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the drugs work in a mechanism by which it initiates apoptosis by circulating in 
blood for a long period. This sustainably cures the NSCLC (Li et al. 2015). The 
half-life of VCR sulfate is increased many folds by formulating it as dextran micro-
spheres (Dectran-MSs) and in fused form with chitosan-β-glycerophosphate ther-
mosensitive gel (VCS-Dextran-MSs-Gel) (Thakur et al. 2016).

VCR and VBR alkaloids were formulated to liposomal and immuno-liposomal 
formulation. The in vivo drug release test in rats concluded that VCR would get eas-
ily cleared than VBR. Both the formulations were tested in human mammary carci-
noma cell lines (SKBR-3 and BT474-M2) and found to be effective in killing the 
cancer cells. These formulations can be studied further for treating solid tumours 
(Noble et al. 2009).

The VCR is effective in treating various types of cancer. But it has many disad-
vantages like dosing, pharmacokinetic limitations. A cholesterol-based nanoparti-
cles formulation was developed. It is known as Marqibo, a VCR sulfate liposome 
injection (VSLI). The FDA approved VSLI to overcome the limitations of VCR. The 
VSLI is effective in delivering the required doses at target sites in a sustainable rate 
and time without toxicity (Silverman and Deitcher 2013).

Nanoparticles play an important role in medicine and are widely attracted for its 
applications. Green syntheses of nanoparticles are preferably safe and feasible. 
Size-controlled chitosan nanoparticles with the size of 45 nm at pH 3 are biologi-
cally synthesized from C. roseus leaf extract (3:1 ratio). Further, the nanoparticles 
are entrapped with ketoconazole and chloramphenicol drugs. The in  vitro drug 
release studies showed a sustainable release of the two drugs up to 12 h. The synthe-
sized chitosan nanoparticles are less toxic and are cost-effective. These nanoparti-
cles could be a promising approach in future for increasing the stability and to 
increase drug efficacy (Nagaonkar et al. 2015).

The above formulation was confined mostly to animal studies, and it will be 
effectively available for the treatment of humans. Also, exploring new methods and 
adjuvant was need of the hour. It is believed that Omega 3 fatty acids increase the 
chemo-sensitivity to VCR and few other cancer drugs (Fahrmann and Hardman 
2013). The discoveries of new advances in the field of medicine are most welcomed 
for treating the patients effectively.

5.4  Radioimmunoassay

In 1977, Teale and co-workers developed radioimmunoassay for VBR and VCR. In 
this assay, at first using Mannich reaction, the VBR and VCR were conjugated to 
albumin. Secondly, these conjugate where injected to rabbits to develop antisera. 
Finally, the collected serum was used to determine the antibodies, and radioimmu-
noassay was carried out as per the developed protocol. This method is used to deter-
mine the amount of drug present in plasma. But it is sensitive only after 24 h of 
injection with 15 mg of drug. This a highly sensitive method for detection of VBR 
(2.1 ng/mL) and VCR (3.8 ng/mL) (Teale et al. 1977).
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Using radioimmunoassay, John et al. in 1979 proposed less than 1 pmol sample 
of vinca alkaloids is enough to measure the level of alkaloids present in plasma. The 
hapten-antibody reaction assay is used to determine the compound concentration of 
vinca plant (Langone et al. 1979). The amount of VCR dose present in tumours can 
be determined using ultra-high performance liquid chromatography and positive 
electrospray ionization-high resolution mass spectrometric (Tina et  al. 2013). 
Achanta et al. (2013) identified plasma and urine samples from canine which pre-
cisely determines the amount of VBR and its metabolite desacetyl VBR using liquid 
chromatography-atmospheric pressure chemical ionization-mass spectrometry 
(Achanta et al. 2013).

5.5  Toxicity

Vinca alkaloids lead to peripheral toxicity (Moudi et  al. 2013). VBR can cause 
severe side effects like leukopenia, gastrointestinal disturbances, cellulitis and phle-
bitis. And toxicity of VCR can cause hepatic mpairment, respiratory distress, neuro-
muscular neurotoxicity, pulmonary, hypersensitivity, haematologic disorder, 
gastrointestinal disorder, urogenital disorder, dermatological disorder, endocrine 
disorder and cardiovascular disorder (Muna et al. 2014).

Clinically, leukopenia is caused by the side effects of VBR sulfate. In general, the 
larger the dose administered the more profound and longer lasting the leukopenia 
will be. In a study, therapy with VBR sulfate leads to a decrease in the white blood 
cell count and the condition lasted longer. Recovery of the white blood count is 
fairly rapid thereafter and is usually complete within another 7–14 days. With the 
smaller doses employed for maintenance therapy, leukopenia may not be a problem 
(Warwick et al. 1961; Beier et al. 1963).

Peripheral neurotoxicity is dose limiting and disables side effect of several 
important chemotherapeutic agents. In particular, VCR, cisplatin, oxaliplatin, pacli-
taxel and docetaxel are frequently used antineoplastic agents, which are known 
causes of a peripheral neuropathy. VCR causes an axonal sensorimotor neuropathy 
often early during treatment, heralded by paresthesias and followed by severe motor 
weakness if treatment is continued. Pain is not a prominent feature. Neurotoxicity is 
the dose-limiting toxicity of VCR, in particular related to dose per cycle. Other 
vinca alkaloids are far less neurotoxic (Casey et al. 1973).

Toxicity of vinca compounds concerns widely. Apart from this potential antican-
cer activity, the compounds are extensively neurotoxin (Himes 1991). It severely 
affects the central nervous system leading to mental confusions, hallucinations, 
depression, agitation, insomnia and also coma. It also leads to imbalance of the anti- 
diuretic hormone. Even though antinodes like B-complex are considered but they 
are not up to the mark. Gastrointestinal disturbances like bloating, constipation, 
abdominal pain and in severe cases vomiting, nausea and diarrhea were observed 
most commonly by both VBR and VCR (McGuire et al. 1989; Kufe et al. 2003).

D. Sathya Prabhu and V. Devi Rajeswari



143

Due to severe side effects, it’s been advised to pregnant and lactating women, 
and those who are under vaccination that not to take VCR or VBR as treatment. 
Because in pregnant women the toxic effect of vinca compounds may lead to birth 
defects of the child and also can cause serious consequences (Johnson et al. 1963). 
Advice from the clinicians must be considered before taking the treatment, and the 
clinicians should thoroughly examine the history of the patient before starting the 
treatment with these compounds.

Lee et al. (2016) investigated the effect of curcumin on VBR in HeLa human 
cervical cells. Curcumin is widely used in diet and studied for its potent anticancer 
activity. In this experiment, they pretreated the HeLa cells with curcumin and fur-
ther treated with VBR. In pretreatment, microtubule filaments were disordered. Cell 
death and DNA condensation were decreased in pretreated cells when compared 
with the control. So, it has been suggested that curcumin inhibits the anticancer 
activity of VBR and human consumption of curcumin can be avoided while on 
medication with VBR (Lee et al. 2016). Also in the same manner, antifungal com-
pounds along with VCR causes severe neurotoxicity. The azole compounds such as 
itraconazole, posaconazole, voriconazole and ketoconazole had ceased the metabo-
lism of VCR leading to toxicity. So it is advisable for the patients who are on medi-
cation with VCR to avoid these antifungal agents (Moriyama et al. 2012).

Recently, Simvastatin, a cardiovascular drug used to treat cardiovascular disease 
was found to reverse the VCR-induced neuropathic pain in patient with nerve dam-
age and neuropathic pain caused by the effect of VBR (Bhalla et al. 2015). Overall, 
vinca alkaloids are the second most-used class of cancer drugs and will stay among 
the original cancer therapies. In future, more studies have to be carried out on vinca 
alkaloids and its medical applications.
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Abstract Catharanthus roseus (L.) G. Don (formerly Vinca rosea L.) belongs to the 
family Apocynaceae, it has been used to control cancer, diabetes, malaria etc., by folk-
lore and traditional medicinal herbalists of India over two millennia. It is one of the 
most studied legendary medicinal plants due to the presence of monoterpene indole 
alkaloids (MIAs) or terpenoid indole alkaloids (TIAs). The active constituents from 
above ground parts extract contain most well recognized invaluable anticancer drugs 
vinblastine and vincristine, some antifibrillic and hypertensive agents, whereas the root 
contains several bioactive drugs such as, ruabasine (ajmalicine), serpentine, vinceine, 
vincamine and reserpine. In this review, the botanical information, ethnobotanical sig-
nificance, update in tissue culture, secondary metabolites biosynthesis, cellular com-
partmentation and their pharmacological properties discovered and proved in the past 
decades and their potential in further exploitation of C. roseus are discussed.

Keywords Anticancer • Antidiabetic • Botanical description • Catharanthus roseus 
• Cellular compartmentation • In vitro studies, Medicinal uses • Pharmacological 
activity • Secondary metabolites production

1  Introduction

Catharanthus roseus (L.) G. Don is an important medicinal plant, traditionally used 
to treat various diseases. This plant has a long history of use as medicine in ayurveda, 
unani, traditional and folk medicine in India and in several other countries (Table 1). 
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Table 1 Vernacular names and ethnobotanical significance of Catharanthus roseus

Country
Common names/language 
name Traditional uses Reference

India Ainskati, Billaganneru, 
Nayantara, Nithiyakalyani, 
Periwinkle, Rattanjot, 
Sadaphul, Sadabahar,Sadapulli, 
Ushamanjairi, Sudhukattu 
Arali or Mallikai, 
Savakkottappacha, 
SavamNaari, Ushamalari, 
Baramassi, Ainskati, 
Ushamanjairi, Sadapushpa 

The whole plant has been 
used for relieving muscle 
pain, depression of the 
central nervous system, 
and wasps stings

Don (1999)

It is used in the cases of 
nose bleed, bleeding 
gums, mouth ulcers, and 
sore throats

Virmani et al. 
(1978)

The root is considered 
tonic and stomachic

Anonymous 
(1985)

The infusion of the 
leaves used in the 
treatment of 
menorrhagia, Toothache, 
memory loss, and blood 
circulation

Tiong et al. 
(2013) 

The hot water extract of 
dried entire plant is taken 
orally by human for 
cancer. Hot water extract 
of dried leaves is taken 
orally to Hodgkin’s 
disease

El-Sayed and 
Cordell (1981) 

The root extract is taken 
orally for menorrhagia

Sain and Sharma 
(2013)

Hawaii Kihapai The plant was boiled to 
make a poultice to stop 
bleeding

Fransworth 
(1961)

Philippines Atay-biya, Chichirica, 
Kantotan, Periwinkle, 
Tsitsirika

Hot water extract of 
dried root is taken orally 
as an emmenagogue

Virmani et al. 
(1978)

Hot water extract of 
leaves is taken orally for 
diabetes mellitus, 
amenorrhea, and hot 
water extract of root is 
taken orally by pregnant 
women to produce 
abortion, as an effective 
emmenagogue, 
dysmenorrheal with 
scanty flow abortion

Zaguirre (1944) 
and Anonymous 
(1903) 

(continued)
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Table 1 (continued)

Country
Common names/language 
name Traditional uses Reference

West Indies Brown man’s fancy, 
Consumption brush, Old maid, 
Periwinkle, Pink flower, Ram 
goat rose, Red rose, Sailor’s 
flower, white tulip

Hot water extract of 
leafy stems is taken 
orally for diabetes

Nguywen (1977)

Sri Lanka Mini –Mal, Patti-Poo Regulating blood sugar, 
reducing toothaches and 
high blood pressure, 
soothing insect bites, 
improving memory and 
circulation, healing 
wounds

Samara (2015)

Kew 
(London)

Rosy periwinkle Folk treatment for 
diabetes, cancer

Hussey (1964)

 Brazil Boa-noite, Congorca Decoction of dried root 
is taken orally for fevers 
and malaria. Hot water 
extract of root bark, dried 
entire plant is taken 
orally by human for 
diabetes mellitus

Brandao et al. 
(1985) and De 
Mello (1980)

Thailand Phaengphoifarang, 
Phang-Puai-Fa-Rang

Hot water extract of 
dried entire plant is taken 
orally for diabetes

Yang et al. (1987)

Rodriguez 
Islands

Saponaire An extract of the flower 
was commonly 
administered as eyewash 
for the eyes of infants

Duke (1985)

Cook Islands Tiare- tupapu-kimo Decoction of dried leaves 
to treat diabetes, 
hypertension, and cancer

Holdsworth 
(1990)

Marshall 
Islands

Raan nan raan Medicinally it is used to 
treat kidney problems, 
diabetes, and arthritis

Taafari et al. 
(2006)

Japan Nichinichi –So, 
SunnichiTahome

To cure stomach ulcer, 
sedative, and anticancer

Perry (1980)

Mexico Ninfa Root infusion used for 
diabetes vincaria

Ross (2003)

Infusion of whole extract 
of the aerial parts is 
taken orally for diabetes

Andrade-Cetto 
and Heinrich 
(2005) 

Kenya Maua Decoction of dried roots 
is taken orally for 
stomach problem

Morrison and 
West (1982)

Hot water extract of 
dried leaves is taken 
orally for diabetes

Ross (2003)

(continued)
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Table 1 (continued)

Country
Common names/language 
name Traditional uses Reference

England Bright-eyes, Cape periwinkle, 
graveyard plant, Madagascar 
periwinkle, Old-maid, 
Old-maid-flower, Rosy 
periwinkle

Hot water extract of 
dried entire plant is taken 
orally as an 
antigalactagogue

Don (1999) 

Hot water extract of the 
leaf is taken orally by 
human adults for 
diabetes

Thompson 
(1976) 

Dutch  Roze maagdenpalm Take the plant for high 
blood pressure

Posthouwer et al. 
(2016)

Vietnam Dua can Hot water extract of arial 
parts is taken orally as a 
menstrual regulator; hot 
water extract of entire 
plant is taken orally by 
human adults as an 
antigalactogogue

Fransworth 
(1961) and 
Virmani et al. 
(1978)

France Madagascar, Rose amère, 
Sorcerer’s violet

The bitter and astringent 
leaves used as vomitive; 
roots used as purgative, 
vermifuge, depurative, 
hemostatic; and 
toothache remedy

Fransworth 
(1961)

Pervenchede, Kihapai Hot water extract of 
entire plant is taken as an 
antigalactagogue

Brun et al. (2001)

Ethiopia Phlox The plant is considered 
poisonous especially for 
children

Getahun (1976)

Guatemala Chatilla Hot water extract of 
dried leaves is taken 
orally for diabetes

Duke (1985)

Dominica Caca poule, Cangrejera Hot water extract of the 
leaf is taken orally by 
pregnant women to 
combat primary inertia in 
childbirth; the tea is used 
to treat diabetes

Hodge and Taylor 
(1956)

Cuba Vicaria Used for diabetes Seaforth (2006)
Peru Chavetilla Hot water extract of 

dried entire plant is taken 
orally by human adults 
for cancer, heart disease, 
and leishmaniasis

Ramirez et al. 
(1988)

(continued)
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Table 1 (continued)

Country
Common names/language 
name Traditional uses Reference

Venda Liluvha Take the plant for high 
blood pressure

Siegel (1976)

Water extract of dried 
root is taken orally for 
venereal disease

Ross (2003)

Jamaica Periwinkle Hot water extract of 
dried leaves is taken 
orally for diabetes

Fransworth 
(1961) 

The flower extract was 
commonly administered 
as an eye wash for the 
eyes of infants

Duke (1985)

USA Periwinkle, Bright eyes Gargling with an 
infusion of the plant is 
considered to relieve 
pain from a sore throat, 
laryngitis, and chest 
complaints

Morton (1976)

Bright eyes  In central and South 
America, it was used as a 
homemade cold remedy 
to ease luncogestion and 
inflammation

Aslam et al. 
(2013)

Caribbean Churchyard blosson, Doctor 
dyette, Every day flower, Old 
maid, periwinkle, Pervanche 
de, Madagascar, Twelve 
o’clock, Guajaca

An extract from the 
flowers was used to make 
a solution to treat eye 
irritation and infections

Seaforth (2006)

Periwinkle, Twelve o’clock, 
Madagascar 

Folk cure or control of 
diabetes when taken as a 
tea used as sedative

Nejat et al. 
(2015) 

Europe  Periwinkle Decoction of dried leaves 
is taken orally for 
diabetes mellitus

Flatt et al. 
(1989); 
Swanston- Flatt 
et al. (1989)

Pakistan Sadabahar Hot water extract of 
dried ovules is taken 
orally for diabetes

Rahman (1982)

Indonesia Indischemaagdepalm, 
Soldatenblom, Kembang Sari 
cina, Tapakdara, Tijna, 
KembangTembaga

Use the stalks and leaves 
for dysmenorrheal

Taafari et al. 
(2006)

Australia Hot water extract of dried 
leaves is taken orally for 
menorrhagia, human 
adults for diabetes. Hot 
water extract of root bark 
is taken orally as a 
febrifuge

Bhandari and 
Mukerji (1959) 
and Webb (1984)

(continued)
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Table 1 (continued)

Country
Common names/language 
name Traditional uses Reference

Myanmar Thin-Baw-MA-Hnyo Decoction of whole plant 
is orally taken for 
diabetes in a dosage of 
300–400 mL. Expressed 
juice together with the 
same amount of honey is 
orally taken in a dosage 
of 20–40 mL for anemia. 
Crush fresh leaves are 
externally used on 
various ulcers, 
inflammation

Monograph 
(2016)

Spain Chatas, Chula, Pervinca de 
Madagascar, Vincapervinca, 
Hierbadoncella

Traditionally used for 
diabetes

Seaforth (2006)

China Chang Chun Hua Hot water extract of the 
arial parts is taken orally 
as a menstrual regulator, 
malaria

Fransworth 
(1961)

It was used as an 
astringent; diuretic and 
cough remedy

Aslam et al. 
(2013) 

Mozam-bique Madagascar periwinkle, Rosy 
periwinkle

Hot water extract of 
leaves is taken orally for 
diabetes and rheumatism, 
hot water extract of root 
is taken orally as a 
hypertensive and 
febrifuge

Amico (1977)

Africa Kanniedood Hot water extract of 
dried leaves is taken 
orally for menorrhagia 
and diabetes

Duke (1985)

Malaysia Kemuntingcina Plant decoction used for 
diabetes

Letchuman et al. 
(2010) and 
Kevin et al. 
(2012)

Taiwan Decoction of dried entire 
plant is taken orally by 
human adults to treat 
diabetes mellitus and 
liver diseases

Anonymous 
(1903), Hsu and 
Cheng (1992) 
and Yang et al. 
(1987)

There are 3000 plant species used or recommended for cancer treatment in different 
parts of the world. Among these, C. roseus is the only species produces dimeric 
alkaloids Vincristine (VLC) and Vinblastine (VLB). These drugs are first time clini-
cally proven for the cancer therapy and have high commercial value. Vinblastine or 
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vinleucoplastin (vincaleukoblastine, VelbeR) was introduced in 1960 and is used in 
the treatment of Hodgkin’s disease, non-Hodgkin lymphomas, testis carcinomas, 
breast cancer and chorio carcinomas. Vincristine or leucocristine also known as 
“miracle drug” is an oxidized form of vinblastine was introduced in 1963 and mar-
keted as ONCOVIN.  It is used against acute leukemia, Hodgkin’s disease, non- 
Hodgkin lymphomas, rhabdomyosarcomas, wilm's tumors in children and breast 
cancer (Gueritte and Fahy 2005). Although vincristine and vinblastine are chemi-
cally related, minor differences in molecular level observed by Washington (1983). 
Some other alkaloid such as ajmalicine marketed as HydroserpanR, LamuranR was 
introduced in 1957 for the treatment of hypertension. Anhydrovinblastine has also 
been used as an antineoplastic agent in the treatment of cervical and lung cancer 
(Schmidt et al. 1998).

Several scientists during the period of 1949–2016 (67 years) have attempted and 
succeeded in the pharmacology, phytochemistry (isolation and structure elucida-
tion) and plant tissue culture studies of C. roseus (Fig. 1). However, there are many 
references about the traditional uses of this plant, often they are contradictory. In the 
late 1940s C. roseus was used to develop cell culture technique using crown-gall 
tumors or Agrobacterium transformation (De Ropp 1947; Hildebrandt and Riker 
1949). The antidiabetic use of this plant was published by Garcia (1954). This report 
invited American researchers to use C. roseus in their screens (Svoboda 1966). 
C. roseus was also studied separately by the Canadian group. In the interest of anti-
cancer, alkaloids were discovered (reviewed by Noble 1990). The earlier reviews 
related to pharmacology and clinical applications (Kumar et  al. 2015; Sutrisna 
2015; Barik et al. 2016), phamacognosy, phytochemistry, biosynthetic pathway and 
its regulation (Mustafa and Verpoorte 2007; Pan et al. 2016) and biotechnology of 
C. roseus were made (Heijden et al. 2004; Pietrosiuk et al. 2007; Aslam et al. 2010; 
Nejat et al. 2015). Particularly, they focused one or two areas only and also they 
deals only with minimum literature and not discussed about the contradictory views, 

Fig. 1 Number of publications in Catharanthus roseus during the year 1949–2016
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on biotechnological aspects and future prospects. The present review was compiled 
to give maximum information for future researchers.

Alternative in vitro technology would be beneficial in accelerating mass propa-
gation, scale-up production of secondary metabolites and in conservation of plant 
population. Additionally, it require extensive studies to encounter numerous chal-
lenges including the selection and implementation of appropriate high- throughput 
screening bioassays, scale-up of active compounds are used by elicitors or precur-
sors, biosynthesis of alkaloids and cellular compartmentation. At present, much is 
known about the biosynthesis of the alkaloids, despite the length and the complexity 
of the pathway. Very few gene codes for the enzymes in alkaloid biosynthesis path-
way have identified for C. roseus (Fig. 2). The characterization of all the genes will 
be helpful to perform the synthesis of more alkaloids through metabolomic 
engineering.

2  Description of the Plant

Catharanthus roseus is fast growing evergreen tropical species in the family 
Apocynaceae. The species of the genus Catharanthus are brushy, erect, ever bloom-
ing perennial herb or subshrub, latex with flexible long branches with flower. The 
name Catharanthus comes from the Greek word Katharos means "pure flower" and 
roseus means red, rose, rosy, and their vernacular names are in Table 1. It is a won-
derful garden plant and has thick glossy oppositely arranged leaves. The leaves were 
chewed to suppress the sensations of hunger and fatigue. Pretty five-petalled fra-
grant flowers, are usually solitary in mauve, red or white. Over the years, plenty of 
colourful cultivars have been developed. The genus Catharanthus comprises eight 
known species, in which seven species are endemic to Madagascar (C. roseus, C. 
ovalis, C. tricophyllus, C. longifolius, C. coriaceus, C. lanceus, C. scitulus and C. 
pusillus), three variants: (i) Rose purple flowered, (ii) White- flowered and (iii) 
White- flowered with rose purple spot in the centre, but horticulturists have devel-
oped more than 100 varieties that yield prolific blooms of splendid colors.

2.1  Flower Description and its Value

It also has a reputation as magic plant, the Germans called it the “flower of immor-
tality”, the Italians called it “the flower of death” and the French referred to it as 
“violet of the sorcerers” and “an emblem of friendship”. European thought it could 
ward off evil spirits, it was also used to garland those awaiting execution, and laid 
on the biers of dead children. It was one of the plants believed to have power to 
expel evil spirits. Apuleius (1480) in his herbarium writes: “this wort is of good 
advantage for many purposes, first against devil sinks and demoniacal possessions 
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Fig. 2 Cellular compartmentation of monoterpenoid indole alkaloid (MIA) pathway. G10H gera-
niol 10-hydroxylase, TDC tryptophan decarboxylase, DXS 1-deoxy-0-xylulose-5-phosphate, STR 
strictosidine synthase, SLS secologanin synthase, AS Anthranilate synthase, SGD Strictosidine-β- 
d-glucosidase, Tl6H tabersonine 16-hydroxylase, NMT 2,3-dihydro-3-hydroxytabersonine-N- 
methyl transferase enzymes involved in alkaloid biosynthesis are associated with diverse 
subcellular compartments including the cytosol, vacuole, tonoplast membrane, endoplasmic retic-
ulum, chloroplast stroma, thylakoid membranes, and perhaps unique “biosynthetic” or transport 
vesicles [with modification from Memelink et  al. (2001), El-sayed and  Verpoorte (2007) and 
Mahroug et al. (2007)]
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against snakes, wild beast and against poisons and for various wishes and for envy 
and for terror”. “The periwinkle is a great binder” said an old herbalist, and both 
Discorides and Galen commented it against flux. It was considered a good remedy 
for cramp (Kintzios and Barberaki 2003).

2.2  Cultivation and Propagation

Catharanthus roseus has been cultivated for dual purposes, as an ornamental for 
decorative and herbal medicine. It is self-fertile plant, propagated by seeds under 
the tropical and subtropical zones, and in temperate zone by cuttings (Sadowska 
et al. 1989). Cuttings containing 1–3 knots are taken from the top or middle part of 
the shoot soaked 24 h to remove milk juice, covered with the thin layer of sand or 
perlite under temperature 20 °C and high humidity conditionsfor rooting (Lata 
2007). Plants obtained through this way flower faster and set fruit and seeds.

3  Pharmacological Activity

Catharantus roseus has many pharmacological effects (Table 2). The plant (roots, 
shoots and leaves) extracts are being used against several diseases such as diar-
rhoea, alzheimer’s disease, asthma, coughs, throat ailments, sore throat, prevention 
of dementia, water retention (edema), dysentery, rheumatism, flatulence, tubercu-
losis, dyspepsia, tonsillitis, chest pain, intestinal pain, toothache, insect’s sting, for 
external use to treat skin problems like dermatitis, eczema and acne, swelling (anti- 
inflammatory), brain stimulatory actions, cardio tonic, CNS depressant, anti-angio-
genesis effects, anti-feedant, anti-sterility, anti-malarial, also potent anti- microbial, 
anti-oxidant activity, possess anti-cancer, anti-diabetic, cytotoxic, high blood pres-
sure, hypolipidemic activity etc. (Ibrahim et al. 2011; Gajalakshmi et al. 2013).

3.1  Pharmacognosy and Medicinal Uses

The aerial parts of the plant contain 0.2–1.0% alkaloids (Bruneton 1993). About 130 
alkaloids have been isolated from C. roseus, of particular interest is a group of 20 
dimeric alkaloids (Evans 1996). Svoboda (1966) has reported isolation of 74 alka-
loids from mature plants and an additional 21 chemical compounds from immature 
plants. This research and the results thereof constitute a classic in the annals of 
pharmacognosy and phytochemistry as well as tissue culture (Table 3). Definitely it 
is assumed that research will be able to find out more suitable and specific drug 
plant having particular activity in specific season.
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Table 2 Pharmacological activity of Catharanthus roseus

Source
Bioactive 
compounds Activity Reference

Ethanol extract of leaf Khalil (2012)
All parts Antimicrobial Kumari and Gupta 

(2013)
Leaves Antimicrobial Patel and Ghosh 

(2010)
All parts (different 
solvents)

Antibacterial Govindasamy and 
Srinivasan (2012)

Leaves, stems, and 
flowers (different 
solvents)

” Chaman et al. (2013)

Whole plant Antimicrobial Wagay et al. (2013)
Entire plant Phytocystatins 

(thiol protease 
inhibitors)

Antibacterial Sharma et al. (2011)

Benzene extract of 
flower

Antibacterial Rajas and Cuellar 
(1981)

Ethanol extract of 
leaves

” Ross et al. (1980)

Root Total alkaloids ” Chopra et al. (1959)
Water extract of entire 
plant

” Negi and Bhatia 
(1956)

Water extract of callus Antiviral activity Misawa (1977)
Leaves Selected alkaloids Antiviral Farmsworth et al. 

(1968)
Acetone and water 
extract of aerial parts

Antifungal Kubas (1972)

Ethanol extract of 
leaves

” Balaabirami and 
Patharajan (2012)

Hot water extract of 
dried leaves

” Rai and Upadhyay 
(1988)

Hot water extract of 
dried stem

” Chile et al. (1981)

Crude extract of whole 
plant

Antioxidant and 
antibacterial

Ethalsha and Retna 
(2014)

Crude extract of whole 
plant

Antibacterial Ramya et al. (2008)

Leaves and root Kulkarni and 
Ravindra (1988)

Chloroform extract of 
root

Antimalarial Spencer et al. (1949)

Entire plant Alkaloid fraction Antidiuretic Negi and Bhatia 
(1956)

Ethanol extract of leaf Antidiarrheal Hassan et al. (2011)
Whole plant extract Anthelminthic activity Hoskeri et al. (2011)

(continued)
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Table 2 (continued)

Source
Bioactive 
compounds Activity Reference

Whole plant extract Anthelminthic Archana et al. (2016)
Methanol extract of 
leaf

Antioxidant Kumar et al. (2012)

Ethanol extract of leaf Antioxidant Bhutkar and Bhise 
(2011)

Shoot Alkaloid fraction ” Rasool et al. (2011)
Leaves and flower Larvicidal efficacy Prasad et al. (2014)
Aqueous leaf extract ” Alaguchamy and 

Jayakumararaj 
(2015)

N Hexane fraction Larvicidal Kuppusamy et al. 
(2009)

Entire plant Total alkaloids Anti-spermatogenetic Murugavel and 
Akbarsha (1991)

Spermatogenesis Joshi and Ambaye 
(1968)

Methanol extract of 
leaf

Antidiabetic, wound 
Healing

Singh et al. (2014)

Chloromethane and 
methanol extract of 
whole plant

Antimicrobial, 
antidiabetic

Ibrahim et al. (2011)

Aqueous leaf extract Reduce blood glucose 
level

Jafri et al. (2014)

Aqueous flower 
extract

Alloxan-induced 
diabetes

Natarajan et al. 
(2012)

Leaves (different 
extracts)

Antidiabetic and 
hypolipidemic

Islam et al. (2009)

Methanol leaf extract Kevin et al. (2012)
Dichloromethane 
extract of leaves

Major alkaloids Antidiabetic and 
antioxidant

Tiong et al. (2013)

Flower extract of 
methanol

Antidiabetic Khan (2016)

Leaf powder Antihyperglycemic Rasineni et al. 
(2010)

The juice of fresh 
leaves

Reduces blood glucose Nammi et al. (2003)

Aqueous extract of 
whole plant

Antidiabetic Mostofa et al. (2007)

Organic and aqueous 
extracts of all plant 
parts

Hypoglycemic activity Vega-Avila et al. 
(2012)

Dichloromethane and 
methanol extracts of 
leaf

Antihypoglycemic effect Jayanthi et al. (2010)

(continued)
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Table 2 (continued)

Source
Bioactive 
compounds Activity Reference

Aqueous extract of 
leaves

Hyperglycemia and 
hyperlipidemia (Insulin 
resistance)

Bisla et al. (2013)

Ethanolic extract of 
leaves

Hypotensive and 
hypolipidemic

Ara et al. (2009)

Ethanolic extract of 
whole Plant

Antidiabetic activity Navitha et al. (2012)

Dichloromethane and 
methanol extracts of 
leaves, twig, flower

Antidiabetic Singh et al. (2001)

Fresh juice of whole 
plant

Hypolipidemic Patel et al. (2011)

Fresh juice of whole 
plant

Cholesterol, triglyceride, 
and lipoproteins levels in 
normal rats

Anita and Okokin 
(2005)

Ethanol extract of leaf Hepatoprotective Ahmed and Rao 
(2013)

Ethanol extract of leaf Hypoglycemic Mohan et al. (2015)
Aqueous extract of 
flower and leaves

Blood glucose lowering 
effect

Abbasi et al. (2014)

Leaf powder Antidiabetic Banakar et al. (2007)
Methanol extract of 
whole plant

Antidiabetic Ahmed et al. (2010)

Aqueous extract of 
leaf

Hypoglycemic and 
biochemical remedies

Muralidharan (2015)

Ethanolic extract of 
leaf

Antidiabetic Shaqha et al. (2015)

Cold methanol extract 
of leaf

“ Ohadoma and 
Michael (2011)

Dried leaves Antihyperglycemic Flatt et al. (1989)
Hot water extract of 
dried arial parts

” Shorti et al. (1963)

Water extract of whole 
plant

” Benjamin et al. 
(1994)

Ethanolic extract of 
leaf and flower

Free radical scavenging 
activity in type 2 
diabetes mellitus

Asha et al. (2015)

Hot water extract of 
dried leaves

Hypoglycemic agent Asthana and Misra 
(1979)

Hot water extract of 
dried leaves

Ajmalcine Circulatory disorder Misra et al. (1996)

Hot water extract of 
dried leaves

Ajmalcine, 
serpentine

” Jaleel et al. (2006)

(continued)
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4  Alkaloid Production through In Vitro Culture

Plant biotechnology is an attractive and alternative approach to sustainable produc-
tion of pharmaceutical compounds and it offers an opportunity to exploit cells, 
 tissues, organs or entire organism by growing them in vitro  and to genetically 
manipulate to get desired valuable compounds (Rao and Ravishankar 2002). Plant 

Table 2 (continued)

Source
Bioactive 
compounds Activity Reference

Aqueous extract of 
leaf

Anticancer and free 
radical scavenging 
potency

Widowati et al. 
(2013)

Aqueous extract of 
leaf

Cytotoxicity Ahmad et al. (2010)

Stem and leaves Leukemia in children Sain and Sharma 
(2013)

Leaves Hodgkin’s diseases Widowati et al. 
(2013)

Leaves Lymphocytic leukemia Mukhapadhyay and 
Cordell (1981)

Leaves Antitumor Ruskin and Aruna 
(2014)

Methanol extract of 
leaf

Antitumor Sayeed et al. (2014)

Methanol extract of 
leaf

Cytotoxic Siddiqui et al. (2010)

Ethanolic extract 
leaves

Antimitotic El-Merzabani et al. 
(1979)

Ethanolic extract 
leaves

Anti-inflammatory Chattopadhyay et al. 
(1992)

Methanol and water 
dried leaves

Anti-fertility Anonymous (1979)

Dried leaves Alkaloid fraction Cytotoxic activity El-Sayed and 
Cordell (1981)

Aerial parts Antitumor Ruskin and Aruna 
(2014)

Leaves Antioxidant and 
anticancer properties

Thingujam et al. 
(2015)

Aqueous leaf extracts Antiangiogenesis Wang et al. (2004)
Vinblastine Hodgkin’s disease Schmeller and Wink 

(1998)
Vincristine Leukemia Schmeller and Wink 

(1998)
Catharanthamine Antitumor El-Sayed and 

Cordell (1981)
Flower Wound healing Nayak and Pereria 

(2006)
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Table 3 Bioactive compounds and pharmacological activity of various plant parts of Catharanthus 
roseus

Plant part Bioactive compounds Medicinal property Reference

Roots Ajmaline Cardiovascular disease, 
high blood pressure

Farnsworth et al. (1967)

Catharanthine Hypertensive, Rijhwani and Shanks (1998)
Raubasin Antidiabetic, pain relieving Elisabetsky and Costa-

Campos (2006)
Reserpine Tranquilizers Elisabetsky and Costa-

Campos 2006
Serpentine Antipsychotic agent Elisabetsky and Costa-

Campos (2006)
Lochnerinine Cancer chemotherapy Kai et al. (2012)
Vindoline Stimulates insulin secretion Yao et al. (2013)
Vincaleukoblastine Antitumor Aslam et al. (2013)
Alstonine Antipsychotic agents Elisabetsky and Costa-

Compos (2006)
Leurosine Antitumor Aslam et al. (2013)
Tabersonine Anticancer Farnsworth et al. 1967 and 

Laflamme et al. (2001)
Coronaridine – Nejat et al. (2015)
Horhammericine – –
Echitovenine Anticancer Laflamme et al. (2001)

Leaves Vinblastine Antitumor, antiviral, 
antidiabetic

Farnsworth et al. (1967) and 
Cordell et al. (2001)

Vincristine Hypertensive, antiviral Abraham and Farnsworth 
(1969)

Vincamin α-adrenergic blocker, 
anticancer

Cordell et al. (2001)

Camptothecin Anticancer Cordell et al. (2001)
Vindoline Hypoglycemic activity, 

anticancer
Kutney et al. (1980) and 
Laflamme et al. (2001)

Yohimbine Antiviral, α-adrenergic 
blocker

Schmelzer and Fakim (2008)

Leurosine Antitumor Aslam et al. (2013)
Catharanthine antineuroinflammatory 

agents
Manigandan et al. (2014)

Vindolidine Hypoglycemic activity Tiong et al. (2013)
Vindolicine Hypoglycemic activity Tiong et al. (2013)
Vindolinine Hypoglycemic activity Tiong et al. (2013) and 

Schmelzer and Fakim (2008)
Lochnerine – Nejat et al. (2015)
Raubasine Antidiabetic, pain relieving Elisabetsky and Costa-

Campos (2006)

(continued)
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Table 3 (continued)

Plant part Bioactive compounds Medicinal property Reference

Flower Apparicine Antimicrobial, 
Antiprotozoal, Antiviral 
activity (Active against 
Polio Virus III)

Ferrari et al. (1971)

Catharanthine Antiviral, 
antineuroinflammatory 
agents

Manigandan et al. (2014) 
and Svoboda and Blake 
(1975)

Perivine Hypotensive activity Schmelzer and Fakim (2008)
Leurocristine Hypoglycemic activity Schmelzer and Fakim (2008)
Coronaridine Nejat et al. (2015)
Tetrahydroalstonine Hypotensive activity Schmelzer and Fakim (2008)
Tabersonine Anticancer Farnsworth et al. (1967) and 

Laflamme et al. (2001)
11-methoxy 
tabersonine

Nejat et al. (2015)

Vindolidine Hypoglycemic activity Kutney et al. (1980)
Vindoline Hypoglycemic activity Kutney et al. (1980)
Vinblastine Anticancer Laflamme et al. (2001) and 

Cordell et al. (2001)
Catharicine – –
Carosine Hypotensive activity Schmelzer and Fakim (2008)
Leurosine Hypoglycemic activity, 

antitumor
Kutney et al. (1980) and 
Aslam et al. (2013)

Lochnerine Hypotensive activity Schmelzer and Fakim (2008)
Tricin (Flavones) – –

Seed Tabersonine Anticancer Farnsworth et al. (1967) and 
Laflamme et al. (2001)

Strictosidine Antiviral activity, 
antidiabetic

Jossang et al. (1998)

Vinsedicine Hypertensive
Vinsedine – –
Vingramine – –
Vingramine – –
Methylvingramine – –

Seedling Tabersonine Anticancer Farnsworth et al. (1967) and 
Laflamme et al. (2001)

Serpentine Antiviral and antitumor 
activity

Svoboda and Blake (1975)

Preakuammicine – –
Periformyline Hypoglycemic activity Schmelzer and Fakim (2008)
Vindoline Hypoglycemic activity Kutney et al. (1980)
Deacetoxy-Vindoline Anticancer Laflamme et al. (2001)
Vinblastine Anticancer Laflamme et al. (2001) and 

Cordell et al. (2001)
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cell and tissue culture hold great promise for controlled production of myriad of 
useful secondary metabolites (Filova 2014). During the last 50 years, vinblastine 
(VLB) and vincristine (VCR) belonging to the group of terpenoid-indole alkaloids 
(TIAs) are significantly well recognized therapeutic agents have been used for the 
treatment and cure all types of cancers and antidiabetic, because of their unique 
mode of action and their effectiveness. Nevertheless, their occurrence in wild plants 
are very low (it takes about 900 kg of dried leaves to isolate 1 g of VLB) and they 
are present only as minor constituents of the complex mixture of about 130 alka-
loids produced by this plant (Noble 1990; Julsing et al. 2006). From the early work 
in the late 1940s it was already shown that C. roseus (gall) tissue was relatively 
amenable to culture however, isolation and purification of this antitumor agents are 
not economically feasible. Hence, the valuable leading commercial secondary prod-
uct (TIAs) having difficulties in continuous supply. These alkaloids having great 
demand and are excellent targets for production by biotechnological means. 
Therefore, the cell culture of this plant has been carried out extensively in many 
laboratories for the production of valuable secondary metabolites (Heijden et  al. 
1989; Hirata et  al. 1994). India is the third largest producer of vinblastine and 
vincristine.

There are only a few reports available on in vitro propagation of Catharanthus 
species using different explants (Table 4). In the early 1980s it was shown that plant 
cells, as a suspension of single cells in a liquid medium, could quite readily be 
grown in bioreactors. Due to the inability of the cell suspension cultures to accumu-
late vindoline, various types of differentiated tissue cultures techniques including, 
shoot culture, foliar (organ) culture and hairy root culture have been applied to 
produce alkaloids (Miura et al. 1988; Doran 1997). The relation between vinblas-
tine production and tissue differentiation was studied and the accumulation of VLB 
increased as seedlings matured, reaching a steady concentration when the plants 
became more than 3 months old. On an average, whole seedlings, young plants and 
mature plants contained 7, 11.5 and 12 μg/g dry weight VLB, respectively. In callus 
derived from various explants, VLB was detected. After induction of shoot forma-
tion, the VLB contents increased rapidly to similar levels of in vitro seedlings of the 
same age (Datta and Srivastava 1997). The production of leaf-specific bisindole 
alkaloids depends on the different developmental and physiological stages of the 
plant and these are obtained mostly from wild plants. Alternatively, there are several 
fundamental factors viz. media optimization, control of pH, temperature, light, aer-
ation and plant growth regulators influence the accumulation of alkaloids produc-
tion through in vitro techniques. In addition, other stress factors including both 
elicitors and precursors (abiogenic and/or biogenic) and, other techniques viz. bio-
reactors and immobilization are being employed to enhance the alkaloids 
production.
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Table 4 In vitro studies on Catharanthus roseus

Explants Growth response Culture medium Reference

Shoot tip and 
node

Micropropagation NAA 1.0 mg/L BAP(A) 1.0 
mg/L KN(B) 2.0 mg/L 
NAA(C) 0.5 mg/L 
BAP+1.0 mg/L NAA(D)

Alen et al. (1995)

Node WPM containing 5 μm BA 
and 5 μm NAA

Swanberg and Dai 
(2008)

Axillary bud 
and shoot tip

MS medium with BAP (4.0 
mg/L) + NAA (4.0 mg/L)

Bakrudeen et al. (2011)

Shoot tip and 
node

MS medium with BAP (0.5 
mg/L) + NAA (1.0 mg/L)

Faheem et al. (2011)

Node BAP and NAA, (1.0 mg/L) Haq et al. (2013)
MS medium BAP (1.0 
mg/L)

Pandey et al. (2014)

Hypocotyls and 
leaves

Organogenesis MS medium with BAP 
alone or along with NAA

Dhruva et al. (1977), 
Rohtas (2001), 
Ramavat et al. (1978), 
Abou-Mandour et al. 
(1979) and Yuan and 
Hu (1994)

Hypocotyl MS medium with BAP (1.0 
mg/L) + NAA (1.0 mg/L)

Singh et al. (2011)

Pre-plasmolyzed 
leaves

Half-strength MS medium 
with 7.0 mg/L 
6-benzyladenine(BA) and 
3.0 mg/L a-naphthalene 
acetic acid (NAA)

Verma and Mathur 
(2011)

Leaf and 
internode

WPM containing 5 mM BA 
and 5 mM NAA

Swanberg and Dai 
(2008)

Stem nodes and 
Meristem tips

Somatic 
embryogenesis

MS medium with either 2.5 
μM TDZ or 5.3 μM NAA 
and 2.2 μM BA

Dhandapani et al. 
(2008)

Anthers MS medium with 1.0 mg/L 
NAA and 0.1 mg/L KN

Kim et al. (2004)

Shoot tip 
explants

MS medium with 2.0 μM 2, 
4-D and 5.0 μM 
triacontanol (TRIA)

Malabadi et al. (2009)

Hypocotyls MS medium containing 
2,4-D 1.0 mg/L

Aslam et al.(2014)

MS medium with 150 
mg/L- casein hydrolysate, 
250 mg/L- l-proline, 30 g/L 
sucrose, and 3 g/L gelrite

Yuag et al. (2011)

MS with 2, 4,-D 4.52 μM 
and BAP 2.22 μM added 
liquid medium

Mujib et al. (2014)

Leaf explants ½ MS + 6% sucrose 2, 4-D 
0.5 mg/L and BA 1.0 mg/L

Verma et al. (2012a, b)
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4.1  Factors Influencing TIAs Production

4.1.1  Media Compositions

The effect of carbon (C), inorganic nutrients phosphate (P), nitrogen (N) on TIAs 
production from C. roseus cell cultures have been extensively studied. Medium 
optimization by altering nutrients (organic and inorganic) and plant growth regula-
tors at different stages of cultures helps in increasing alkaloid production (Knobloch 
and Berlin 1980; Zenk et al. 1977). In the first stage, rapid callus biomass is pro-
duced and in the second stage accumulation of alkaloids content is induced. Morris 
(1986a) and Zhao et al. (2001c, d) have devloped a protocol for large callus bio-
mass and synthesis of alkaloids together. The type of carbon source is  also 
an  important factor for TIAs production. An increased concentration of sucrose 
(6%) improved the biomass accumulation and enhanced ajmalicine, serpentine and 
catharanthine production (Scragg et al. 1990; Verma et al. 2012a, b), in addition a 
low level of glucose or fructose were also observed to enhance ajmalicine or cath-
aranthine production, respectively (Jung et al. 1992; Schlatmann et al. 1995). Both 
nitrogen and phosphate promote the alkaloid production (Knobloch and Berlin 
1980; Kubota et al. 1989; Gulik et al. 1993). The effect of nitrogen is always depen-
dent on the carbon availability of the cells which makes the carbon-to-nitrogen 
(C/N) ratio, it influences the alkaloid production. By the determination of cellular 
C/N ratio, Rho and Andre (1991) identified three distinct growth phases namely an 
active phase, accumulation phase and biomass decline phase (endogenous metabo-
lism). Low concentration of nitrate, ammonia and high concentration of phosphate 
increased the ajmalicine production (Schlatmann et al. 1992). Cellular and tissue 
level differentiation might be responsible for the important sources of C, N, P con-
centration in the media and can facilitate  the different alkaloid biosynthesis. 
Vitamins and organic components had a marginal effect on the production of TIAs 
(Mujib et al. 2012).

4.1.2  Light

Light is thought to influence enzyme induction and activation. Light significantly 
influenced the biosynthesis of vindoline and other alkaloids, as well as acidic and 
basic peroxidase activities. Light stimulates plastid development, peroxidase activ-
ity and promotes the concentration of vindoline, ajmalicine and serpentine produc-
tion in cultured cells, leaves, seedlings and plants (Zhao et  al. 2001b). Higher 
serpentine accumulation was reported in light induced chloroplast (Loyola-Vargas 
et  al. 1992). 12 h light improved embryo maturation and germination process 
(Junaid et al. 2008), while16 h light proved to be very effective for faster embryo 
proliferation, multiple shoot culture and vindoline synthesis of C. roseus (Campos- 
Tamayo et al. 2008). Hirata et al. (1992) observed the dark photoperiods longer than 
12 h stimulate shoot elongation and catharanthine production. It was also noticed 
that vindoline and catharanthine were enhanced under intense light (20–30 w/m2). 
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The results of gene expression investigation have demonstrated that upregulation of 
TDC, D4H, and DAT has been observed in C. roseus cultures after light expression 
(De Luca et al. 1988; Ouwerkerk et al. 1999; Schroder et al. 1999; Vazquez-Flota 
et al. 2009; Zhao et al. 2001a; He et al. 2011; Liu et al. 2011).

4.1.3  Temperature and pH

The temperature and pH are important elements that influence in vitro culture 
growth and alkaloid metabolism in C. roseus. The biomass growth was found maxi-
mum at 35°C and highest production of serpentine at 25 °C (Morris 1986b). The 
influence of buffered media upon the growth and alkaloid productivity was studied 
in C. roseus hairy root culture as the buffers minimized the shifts of media pH. It 
was found that the specific yield of lochnericine was significantly lower, taberso-
nine yield was higher, while the specific yields of ajmalicine, serpentine, and hor-
hammericine remained unchanged (Morgan and Shanks 2000). It was known that 
the cell-culture itself acidified the medium rapidly and caused differential response 
(Sakano et al. 1997). Low and higher values of pH were used to release intracellular 
alkaloids into the culture medium (Asada and Shuler 1989). Medium adjusted with 
pH 5.5 was very effective for serpentine biosynthesis (Doller et al. 1976; Moreno 
et al. 1995) and pH 8.3 for vinblastine synthesis (Verma et al. 2007).

4.1.4  Aeration

The gaseous atmosphere plays an important role in plant cell growth and the pro-
duction of TIAs. High rates of aeration are often required for high biomass densities 
which can remove volatiles that are apparently important for some plants grown in 
culture. The availability of the O2, CO2 (Maurel and Parellieux 1985) and ethylene 
greatly enhanced ajmalicine accumulation (Yahia et al. 1998).

4.1.5  Effect of Plant Growth Regulators (PGRs)

Different explants have been tested on several basal media with or without plant 
growth regulators (PGRs) for obtaining callus of C. roseus (Akcam and Yurekli 
1995; Moreno et al. 1995; Heijden et al. 2004; Mujib et al. 2012). The auxins were 
found the best regulators for callus proliferations and growth. Low auxin and higher 
cytokinin concentrations to be better for callus proliferation from leaf explants 
(Kodja et al. 1989; Verma et al. 2012a, b). Roots induction from the callus tissue of 
C. roseus was first reported by Dhruva et al. (1977). An externally applied auxins 
induced both abnormal development and tryptophan decarboxylase (TDC) activity 
in the radicles of Catharanthus seedlings and although auxins slightly delayed the 
light-mediated induction of the cotyledon-specific vindoline biosynthesis (Aerts 
et  al. 1992). IAA application as foliar spray has recommended to obtain better 
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biomass production and vincristine content (Muthulakshmi and Pandiyarajan 2013), 
while, 2,4-D was failed to increase the alkaloid content in cell cultures (Gantet et al. 
1998). Cytokinins have a positive role on indole alkaloid accumulation in some 
lines of C. roseus. Addition of zeatin to a medium containing 2,4-D decreased trypt-
amine levels and increased the bioconversion of secologanin to ajmalicine.

Zeatin also enhanced the geraniol -10 hydroxylase activities and modified the 
TIAs pattern (Decendit et al. 1993). However, abscisic acid decreased the alkaloid 
accumulation (El-Sayed and Verpoorte 2002). Gibberellin treatment enhanced the 
total alkaloid accumulation in leaves, stems and roots (Srivastava and Srivastava 
2007). Gibberellin application by soil drenching also resulted in profound increase 
in ajmalicine content (Jaleel et al. 2007). Gibberellin and cytokinin have antagonis-
tic effect on TIA biosynthesis (Amini et al. 2009). Enhancement of catharanthine in 
the hairy roots and accumulation of vindoline in shoot cultures are observed after 
ethylene treatment. The various aspects of plant tissue culture of Cathranthus roseus 
are presented in Table 4.

4.1.6  Effect of Additives and Polyamines (PAs)

Nitrogenous compounds can increase both cell viability and as well productivity in 
cell cultures. The combined treatment of cyclodextrins and methyl jasmonate (MJ) 
induced alkaloid synthesis which resulted in enhancement of ajmalicine and cathar-
anthine (Almago et al. 2014) and salicylic acid significantly increased in phenylala-
nine ammonialyase (PAL) activity, antioxidant enzymes and also enhanced 
malondialdehyde content as well as alkaloid accumulation in salt stressed condition 
(Misra et al. 2014). High salinity and drought conditions favor the production of 
vincristine since, high salinity and drought resulted in increased amount of amino 
acids serine, methionine, arginine and these are precursors of various polyamines 
(Mohamed et al. 2007). Polyamines regulate DNA synthesis and cell division in 
suspension cultures of C. roseus. Levels of PAs were found to increase markedly 
prior to the synthesis of DNA in the S phase and prior to the cytokinesis (Minocha 
et al. 1991). Putrescine and tryptophan enhanced the cell growth as well as total 
alkaloid content and foliar application of putrescine increased the endogenous 
growth hormones like GA3, IAA, cytokinins and ABA (Iman et al. 2005). Putresine 
plays an important role in cell division (Minocha et al. 1990) and also suppressed 
Catharanthus cell proliferation by prevention of the progression of the cell cycle in 
synchronized culture (Maki et al. 1991).

4.2  Factors Influencing Enhanced TIAs Production: Elicitors 
and Precursors

Using of specific elicitors and precursors in accurate dosage, or their mixtures in 
different proportions, time of exposure, more precise manipulations could be used 
to probe the complex secondary metabolite pathways and their regulation to 
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stimulate a targeted branch for enhancement in production of desired compound. 
There are different types of biogenic and abiogenic elicitors (signal molecules) or 
biosynthetic precursors in cell cultures frequently increased the yield. Biogenic 
elicitors include microbial filtrates while abiogenic elicitors comprise of simple 
inorganic and organic molecules.

4.2.1  Abiogenic (Exogenous and endogenous) Elicitors

Organic and inorganic chemical compounds increased the accumulation of cathar-
anthine, serpentine and tryptamine in culture. Potassium chloride, sorbitol and 
sodium chloride treatment increased the content of ajmalicine production (Jaleel 
2009). The combined elicitors of malate and sodium alginate resulted in the yield of 
26 mg/L catharanthine and ajmalicine 41 mg/L in the cell cultures (Zhao et  al. 
2001e). Calcium flux is an essential component of several intracellular signaling 
processes. Accumulation of vincristine was observed after 20 days of culture in 
embryogenic suspended cells in response to calcium (CaCl2) elicitation (Siddiqui 
and Mujib 2016). Wang et al. (2008) has reported that salt stress increases the alka-
loid content in C. roseus seedlings where higher NaCl concentration (2.9 g/L) was 
found to increase the content of vindoline, catharanthine, vinblastine and vincris-
tine. UV-B light induced the stimulation of threefold vindoline and twelve fold cath-
aranthine was observed by Ramani and Jayabaskaran (2008). Vanadylsulphate 
stimulated intracellular accumulation of catharanthine and ajmalicine (Smith et al. 
1987). Addition of vanadylsulphateand cariophyllene oxide increased the produc-
tion of ajmalicine (500 μg/g), catharanthine (131.0 μg/g), and tryptamine levels 
(Tallevi and Dicosmo 1988; Saifullah 2011). Treatment with 250 mM mannitol and 
4 g/L KCl yielded 42.3 and 33.6 mg/L of ajmalicine content respectively, which 
were about fourfold increase than the control. Higher yields of ajmalicine and ser-
pentine have been reported in cell cultures of C. roseus upon addition of Betaine, 
malic acid, tetramethyl ammonium bromide and rare elements (Zhao et al. 2000a, 
b). The relationship between changes in cell morphology (more long cells) with the 
increased content of catharanthine was observed after tryptophan treatment. 50.96 
μg/g amount dry weight of catharanthine content occurred on day 14 after treatment 
with 150 mg/L of tryptophan induced on 75% long cells (Pandiangan et al. 2013).

Liu et al. (2014) demonstrated that artemisinic acid as a novel elicitor to enhance 
the yield of TIAs by up-regulating the transcriptions enzymes (TDC, G10H, T16H, 
D4H, DAT) involved in the biosynthetic pathway of vinblastine in the suspension- 
cultured cells of C. roseus. H2O2 treatment alone could mimic the oxidative burst 
and NADPH pretreatment promoted elicitor- induced alkaloid production (Zhao 
et  al. 2001f). Alginate acted as an endogenous elicitor and promotes ajmalicine 
production, due to the presence of carboxyl groups, oligomers and trans-4, 
5- dihydroxy-2-cyclopenten-1-one (Akimoto et al. 1999; Aoyagi et al. 2006). The 
use of trans-cinnamic acid, an inhibitor of PAL activity also results in significant 
increase in the alkaloid production of C. roseus (Valluri 2009). Yeast extracts (YE) 
induced transcription of the biosynthetic genes STR and TDC encoding TIAs pro-
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duction in Catharanthus cells and alkalinization of the culture medium (Pauw et al. 
2004; Moreno et al. 1995). An exogenous supplementation of jasmonate, α-linolenic 
acid or MJ precursors induced jasmonate biosynthetic pathway, is an integral part of 
the elicitor-triggered signal transduction pathway that results in the coordinate 
expression of the STR and TDC genes and that protein kinases act both upstream 
and downstream level (Aerts et al. 1994; Vazquez-Flota and De Luca 1998; Gantet 
et al. 1998; Rijhwani and Shanks 1998; Menke et al. 1999). Cell suspensions of C. 
roseus elicitated with MJ alters the precursor availability for TIA biosynthesis. MJ 
increased ajmalicine production by threefold, induced cultures were limited by ter-
penoid precursors (Lee-Parsons and Royce 2006). Lee-Parsons and Erturk (2005) 
investigated the interaction between Ca2+ and MJ in modulating defense responses 
by monitoring ajmalicine production in suspension cultures. They found that ajma-
licine production in MJ-induced cultures depended on the intracellular Ca2+ concen-
tration and a low extracellular Ca2+ concentration (3 mM) enhanced MJ-induced 
ajmalicine production.

4.2.2  Biogenic Elicitors

Induction of alkaloid biosynthesis has been reported in response to fungal elicitors. 
Mollers and Sarkar (1989) induced calluses from phytoplasma-infected stem tis-
sues. These callus tissues differentiated into plants on the MS medium with 0.25 
mg/L 6-benzyladeine (BA), 1.0 mg/L naphthalene acetic acid (NAA), and 10.0mg/L 
gentamicin. Different fungal cell wall fragments of Aspergillus niger, Fusarium 
moniliforme and Trichoderma viride were used to study the effects of elicitor dos-
age, exposure time, and age of subculture on ajmalicine accumulation. Maximum 
yield 166 μg g/L DW of ajmalicine was synthesized in 20 days old suspension cul-
ture treated with T. viride. A longer period of incubation of cell cultures with elici-
tors (A. niger, F. moniliforme and T. viride) adversely affected the ajmalicine 
synthesis (Namedo et al. 2002). Different culture filtrates of Pythium aphaniderma-
tum and other species of Chrysosporium palmorum, Eurotium rubrum, Micromucor 
isabellina were added to cell suspensions of C. roseus to increase rapidly the pro-
duction of indole alkaloids and phenolics (Dicosmo and Towers 1984; Asada and 
Shuler 1989).

4.2.3  Combined Effect of Elicitors (Biogenic and Abiogenic)

A synergistic effect on alkaloid accumulation was observed in C. roseus cell cul-
tures when treated with some combined elicitors of fungal preparations and chemi-
cals. The combination of tetramethylammonium bromide and A. niger mycelial 
homogenate induced ajmalicine and catharanthine production (Zhao et al. 2001e). 
Mannitol and A. niger enhanced the biosynthesis of indole alkaloids of Catharanthus 
roseus in leaf, stem and root derived cell culture (Taha et al. 2009). He et al. (2011) 
suggested that the combined effect of light and MJ induced on the transcription of 
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biosynthetic genes as well as promote the accumulation of vindoline in cell suspen-
sion culture. Elicitors also induce many intracellular events, including cytoplasmic 
calcium concentration, ion transport, production of reactive oxygen species and 
protein phosphorylation. The induction of JA biosynthesis by the combination of 
the above-mentioned events is still largely unknown (Zhao et al. 2005).

4.2.4  Precursors

Feeding with specific biosynthetic precursors or metabolites either individual or 
combined effect has proved to be a successful strategy to increase the levels of TIAs 
using cultures. Specifically, tryptophane, tryptamine, geraniol 10-hydroxygeraniol, 
loganin, loganic acid, succinic acid, and secologanin have been can act as precur-
sors most extensively added (Bordelius et al. 1979; Moreno et al. 1993; Whitmer 
et al. 1998; Morgan and Shanks 2000; Zhao et al. 2001b; El-Sayed and Verpoorte 
2002; El-Sayed et al. 2004; Kumar et al. 2015). C. roseus cell suspension cultures 
fed with stemmadenine resulted in the accumulation of catharanthine, tabersonine 
and condylocarpine (El-Sayed et al. 2004).

4.3  Techniques involved in TIAs Production

4.3.1  Hairy Root Culture

Hairy root culture is a unique system, often used for root specific TIAs production 
(Toivonen et al. 1989). In the late exponential phase, hairy root cultures of C. roseus 
were elicited with pectinase and JA, the selective effects on indole alkaloid yields 
were observed upon addition of both elicitors at different concentration and differ-
ent time exposure. 150% of tabersonine specific yield was observed upon addition 
of 72 units of pectinase after 48 h but, the serpentine, tabersonine, and lochnericine 
levels was decreased when compared to control. Jasmonic acid addition caused an 
increase in the specific yields of ajmalicine (80%), serpentine (60%), lochnericine 
(150%), and horhammericine (500%) in dosage studies. Tabersonine, the likely pre-
cursor of lochnericine and horhammericine, decreased at lower levels of JA and 
then increased with increasing JA concentration. Transient studies showed that 
lochnericine and tabersonine levels go through a maximum, then decrease back to 
control levels and reduce below control levels, respectively. The yields of ajmali-
cine, serpentine and horhammericine increased continuously after the addition of 
JA (Rijhwani and Shanks 1998). In another case, the increased levels of tryptophane 
and tryptomine precursors, induced through TDC in C. roseus hairy roots (Whitmer 
et  al. 2002; Hughes et  al. 2004). In transgenic Catharanthus root, a significant 
increase of ajmalicine and catharanthine was noticed by Batra et al. (2005). Other 
groups used various types of bioreactors and fermenters to improve the growth of 
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hairy roots for better production of secondary metabolites. Nearly 3600  kg 
per annum catharanthus roots need in the world market for ajmalicine production, 
to overcome the availability of these roots produced by this conventional method.

4.3.2  Bioreactor Application

 Terpenoid indole Alkaloid production has mainly been conducted on cell suspen-
sion culture in which a rotary shaker is desirable but this alkaloid biosynthesis is 
extremely low, which prevents their industrial production. Shake flask studies with 
C. roseus demonstrated that alkaloid production commenced only after growth had 
slowed or ceased. Several researchers have looked for alternative sources and strate-
gies to produce TIAs in high amounts. Paynee et al. (1988) have suggested the use 
of bioreactors in secondary metabolites production in plant cell culture of 
Catharanthus. For mass scale production larger size culture vessels, fermenters and 
bioreactors are essential (Schlatmann et al. 1994). To obtain high alkaloid produc-
tivities for extended period developed from shake-flasks to readily scale up process 
for both immobilized and suspended cell systems through bioreactor. Zenk et al. 
(1977), Wagner and Vogelmann (1977) first time used air lift bioreactors for alka-
loid production in Catharanthus, while Doller et al. (1976) and Hegarty et al. (1986) 
have observed the inhibitions effect at high aeration rates on culture growth in airlift 
bioreactors. Zhao and Verpoorte (2007) proved that C. roseus cells can be cultivated 
in bioreactors. Various types and volume of bioreactors and complex fermenters 
were tried to improve the better biomass production and accumulation of secondary 
metabolites from hairy-roots (Ten Hoopen et  al. 1994; Nuutila 1994). Various 
design and types of fermentors have been used for providing enhanced oxygen 
level. Based on the oxygen requirements of the cells and the oxygen transfer capa-
bilities, agitated bubble column, established conditions for growth and production 
dynamics, Carboy system, roller flask, V-shaped reactors, stirred-jar fermentors, 
airlift bioreactor were commonly employed (Moreno et  al. 1995; Heijden et  al. 
2004). Another group, cultured hairy roots on a large scale in bioreactors of up to 
14L under these conditions, ajmalicine and catharanthine were produced (Moreno 
et al. 1999). The biomass growth could easily be improved by using a variety of 
bioreactors (Schlatmann et al. 1994). Moreno et al. (1995) reported the simple fer-
mentors were well suitable for maintenance of cell culture growth and alkaloid for-
mation. Taha et al. (2014) studied the physical conditions such as pH and different 
aeration (0.5; 0.8 and 1.0 L/min) state affecting cell suspension biomass [615.35 g/
run F/W and 50.76 g/run D/W] and relative percentage of vincristine 5.61 g/run 
D/W and vinblastine 14.52 (fold) were produced in stirred tank bioreactor. However, 
a bench-top bioreactor allowing continuous extraction of secondary metabolites 
was also designed for C. roseus cell suspensions (Valluri 2009). The bioreactors 
with low shear stress and an impeller speed of 100 rpm were most appropriate for 
the accumulation of alkaloids; however, higher impeller speed increased callus/sus-
pension growth (Paynee et al. 1988). The effect of scaling-up from shake flask to 
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bioreactor on biomass and ajmalicine production was increased by Ten  Hoopen 
et  al. (1994). Production of phenolic compound from 5-methyl tryptophan over 
producing cell suspensions of Catharanthus, the cell biomass yield was enhanced 
to 30-folds through bioreactor (Verma et al. 2013). The exploitation of medium to 
large culture vessel or bioreactor may make the process more efficient in getting 
large number of Catharanthus plant propagated from somatic embryos and obtained 
novel alkaloids from co culturing of C. roseus and Rauwolfia serpentina in shake 
flask and stirred tank bioreactor (Verma et al. 2012a, b; Mujib et al. 2014). The eco- 
friendly indigenous bioreactor technology is useful for the scale-up production of 
bioactive compounds and to protect the natural source.

4.3.3  Immobilization

The immobilization of plant cell has been suggested for better accumulation of 
secondary metabolites in Catharanthus sp. An immobilization process can maintain 
cells for longer period of time and generates extracellular accumulation of second-
ary metabolites that could cut down cost considerably through increased production 
(Moreno et al. 1995). Considering other potential applications, various immobilized 
systems such as alginate, agarose, agar, carrageen, polyurethane foam etc. were 
developed (Heijden et al. 1989). Agar and agarose were found to be effective for 
long term maintenance of cell in C. roseus. The alginate mediated immobilized cells 
retained respiratory and biosynthetic activity for extended period of time resulting 
in enhanced tryptamide, ajmalicine and serpentine accumulation. During the last 
few years, surface immobilization has been proposed using different types of matri-
ces for large scale production of alkaloids (Facchini and Dicosmo 1990; Moreno 
et al. 1995). Cells immobilized with fiberglass accumulated reduced level of trypt-
amide, ajmalicine and catharanthine compared to suspended cells was observed 
(Facchini et al. 1988). Gel, matrices entrapment in polysaccharide beads, polyacryl-
amide sheet, polyester fiber mat with porous layer of SiO2 were used in Catharanthus 
in which better accumulation of alkaloids was induced (Carturan et  al. 1998). 
Protoplast immobilized with agarose gel produced cell wall accumulative enzymes 
(Mera et al. 2003).

Further research is in need of use coirpith, luffa sponge, cellulose fiber and cot-
ton matrix entrapment by membrane barrier which are cost effective. Cell growth in 
matrix is very slow as compared to free suspension which leads to a prolongation of 
the exponential phase and hence an enhanced production period. Accumulation of 
products within the cell, low yield of product and genetic instability of the cell line 
could be reduced or overcome by immobilization. The increased use of genetic tools 
and more in depth understanding of the molecular mechanisms for secondary 
metabolism in plants will facilitate researchers to get benefit by further improve-
ment in immobilization technology.
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4.4  Metabolites or Biosynthetic Derivatives from Cell 
and Tissue Culture of C. roseus

Metabolites are in fact the end products of a complex process comprising the 
involvement of several enzymes, genes, regulatory genes and (transport through) 
intra-and inter-cellular compartments. Beside alkaloids, various biosynthetic 
metabolites have been isolated from C. roseus, which include Tryptamine, N, 
N-dimethyltryptamine, N-acetyltryptamine, derivatives of tryptophan (Kurtz et al. 
1980; Seitz et al. 1989), monoterpenoids, glucosides (loganin, secologanin, deoxy-
loganin, dehydrologanin), dehydroconiferyl glucosides, 2,3-dihydroxybenzoic acid 
act as an intermediates of phenolics (Knobloch et  al. 1982; Lynn et  al. 1987; 
Verpoorte et al. 1993) and anthocyanins -petunidine, malvidin, hirsutidin (Knobloch 
et al. 1982). Steroidal metabolites such as catasteron, brassinolides, campesterol, 
sitosterol, stigmasterol, cholesterol, isofucosterol, 24-methylene-cholesterol, brassi-
nolidecatasterone, α –amyrin, β- amyrin, ursolic acid were screened by Park et al. 
(1989) and Duperon et al. (1992). Fatty acids like palmitic acid, oleic acid and lin-
oleic acid were reported by Seitz et al. (1989).

The above described in vitro technique results have sufficient plotform for 
manipulating the higher yields of alkaloids. The disadvantage of these approachesis 
that only few precursors like tryptophane, tryptamine, geraniol 10-hydroxygeraniol, 
loganin, loganic acid, secologanin, catharanthine, tabersonine, condylocarpine and 
stemmadenine were premeditatedfor enhancement of alkaloid content apart from 
these other biosynthetic intermediates are available such as strictosidine, cathena-
mine, etc., which are not yet studied. Then the procedure for selecting superior cell 
lines are quite elaborated so can need extensive study in future for enhancement of 
alkaloid content.

5  Biosynthesis of the Catharanthus Alkaloids

Alkaloids are low molecular weight nitrogen containing substances with a promi-
nent pharmacological activity. Over 12,000 alkaloids have been produced from dif-
ferent plants. Especially, TIAs comprise a family of 3000 compounds that includes 
the antineoplastic agents vinblastine and camptothecin, the antimalarial drug qui-
nine, and the rat poison strychnine (Facchini, 2001). Amino acids such as phenyl-
alanine, tyrosine, lysine, ornithine and tryptophan serve as starting points or 
backbone for alkaloid biosynthesis. The first study on the biosynthesis of alkaloids 
was performed at the end of the 1950s for Catharanthus. The alkaloids biosynthesis 
is a very complex process in Catharanthus, there are more than 130 alkaloids have 
been identified that share many biosynthetic steps.

Alkaloid biosynthesis in C. roseus involved in three stages: (Rischer et al. 2006; 
Liu et al. 2007; El-Sayed and Verpoorte 2007). I) The formation of monomeric alka-
loids: tryptamine and secologanin (iridoid and secoiridoid) derived from the 
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 terpenoid (isoprenoid) biosynthesis. II) Secologanin condensation with tryptamine 
by strictosidine synthase (STR) to form the central intermediate strictosidine which 
is further converted to monomeric alkaloids like vindoline and catharanthineand. 
III) Formation of bisindole alkaloids: Vinblastine and vincristine synthesize from 
the coupling of catharanthine and vindoline (Fig. 2).

5.1  Biosynthesis of Isoprenoids

In plants, isoprenoid biosynthesis is a highly multifarious metabolic network, gen-
erates a wide array of diverse molecular compounds via parallel but compartmen-
tally two distinct pathways in plants. One is mevalonate pathway which takes place 
in cytosol region another one is non-mevalonate pathway in plant chloroplast. These 
two pathways interact with each other. The outputs of both the mevalonate pathway 
synthesize two five-carbon precursors: the isoprene building block of isopentenyl 
diphosphate (IPP) and its isomer, dimethylallyl diphosphate (DMAPP).

5.1.1  Non Mevalonate Pathway or MEP or DXP Pathway

Higher plants, bacteria and protozoa have the ability to produce isoprenoids using 
an alternative pathway called the 2C-methyl-d-erythritol-4-phosphate pathway 
(MEP), the non-mevalonate pathway, the mevalonate-independent pathway, the 
1-deoxy-d-xylulose-5-phosphate (DXP or DOXP) pathway. DXP synthase 
(DXS-EC 2.2.1.7) catalyzes the condensation of pyruvate and d-glyceraldehyde 
3-phosphate to form 1-Deoxy-d-xylulose 5-phosphate (DXP). DXP reductoisomer-
ase (DXR-EC1.1.1.267), which simultaneously catalyzes the intramolecular rear-
rangement and reduction of DXP to form 2-C-methyl-d-erythritol 4-phosphate, 
constitutes a key enzyme of an alternative mevalonate-independent pathway for IPP 
biosynthesis (Veau et al. 2000). Three dehydrations and one phosphorylation pro-
cess would be needed for the conversion of MEP into IPP (Lichtenthaler 1999). 
Akhila (2007) described the isoprene (C5) monoterpenes (C10), diterpenes (C20), 
and tetraterpenes (C40), synthesized via DXP pathway. The formation of IPP was 
occur in triple sub cellular regions e.g., mitochondrial, peroxisome and plastids in 
Catharanthus (Guirimand et al. 2012).

5.1.2  The mevalonate pathway (MVA Pathway)

The cytosolic mevalonate pathway consists of eight enzymatically controlled reac-
tions (Hunter 2007). The pathway is trigged by Acetyl Coenzyme A where classical 
intermediate mevalonic acid which leads to the formation of IPP and DMAPP. These 
further combine to form sesquiterpenes (C15) and triterpenes (C30) reviewed by 
Akhila (2007).
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5.2  Monoterpene indole alkaloids (MIAs) or Terpenoid Indole 
Alkaloids (TIAs) Biosynthesis:

Vinblastine and vincristine are high-valuable bioactive compounds with a wide 
spectrum of pharmacological importance. MIAs produced in extremely low levels, 
leading to high market prices and poor availability. Their biotechnological produc-
tion is hampered by the incomplete knowledge of their biosynthesis.

5.2.1  Biosynthesis of Tryptophan

The enzymes of tryptophan synthesis organized in several ways in different organ-
isms due to different patterns of gene function, it occurs in non-green plastids. The 
shikimate pathway links metabolism of carbohydrates consists of seven enzymatic 
reactions whose end product is chorismate. It is a branch point metabolite for aro-
matic amino acids of tryptophan. Anthranilate, the first intermediate catalysed by 
the nucleus localized enzyme anthranilate synthase (AS—EC 4.1.3.27) from choris-
mate. The conversion of anthranilate to tryptophane synthesis encoded by four 
genes and consists of five enzyme catalyzed reactions (Tzin and Galli 2010; Zhang 
et al. 2015).

5.2.2  Biosynthesis of Secologanin

Secologanin is formed through several steps starting from the DMAPP condensa-
tion with one IPP in a head-to-tail fashion generating geranyl diphosphate (GPP), 
the precursor for the monoterpenes including iridoids such as secologanin (Verpoorte 
et al. 1997; Contin 1999; Courdavault et al. 2013) derived from MEP pathways. 
GPP is then converted to geraniol by geraniol synthase (GES  - EC 3.1.7.11). 
Geraniol 10-hydroxylase (G10H- EC 1.14.13.152), an enzyme of the cytochrome 
P450 family, catalyzes geraniol to 10 hydroxy geraniol, are responsible for the con-
version of the dialdehyde into 7-deoxyloganin, which is converted into loganin by 
deoxyloganin 7-hydroxylase (DL7H  - EC 1.14.13.74). A secologanin synthase 
(SLS - EC 1.3.3.9) is an enzyme that catalyzes loganin into secolaganin. G10H and 
SLS involved in secologanin biosynthesis are also expressed in epidermal and latic-
ifercells, as well as in the vascular cells of leaves (Irmler et al. 2000; Burlat et al. 
2004; Mahroug et al. 2006).

5.2.3  Biosynthesis of Strictosidine

The conversion of monoterpene geraniol into secologanin is thought to occur in the 
vacuole from MEP pathway and tryptophane which is synthesized via the shik-
mate pathway, has to be transported to the cytosol by the action of tryptophan 
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decarboxylase (TDC - EC 4.1.1.27) to yield tryptamine (De Luca and Cutler 1987; 
Vazquez-Flota et al. (1997). Tryptamine is formed by the enzyme tryptophane car-
boxylase (TDC) while the strictosidine synthase (STR - EC 4.3.3.2) helps in cou-
pling of trptamine and secologanin to form strictosidine (STR) was studied by 
Kutchan (1993). STR was reported to be localized either to the cytoplasm or vacu-
ole (De Luca and Cutler 1987; McKnight et  al. 1991; Stevens et  al. 1993). The 
biosynthesis of secologanin to strictosidine is encoded by the expression of eight 
genes (Miettinen et al. 2014). TDC and STR produced strictocidine and ajmalicine. 
Strictosidine can be classified as a phytoanticipin, as it is stored in the vacuole and 
then translocated outside the vacuole by unknown transport systems. The high 
activity of strictosidine glucosidase (SGD - EC:3.2.1.105) and additional enzymes 
bound in the membrane of the endoplasmic reticulum that allow it be glycosylated 
by a multimerized complex of SGD present in the nucleus as well as chloroplastic 
and cytoplasmic enzymes, involved in the glucoalkaloid-strictosidine and or 
strictosidine- derived TIAs, including ajmalicine, catharanthine, serpentine, and 
tabersonine (Barleben et al. 2007).

5.2.4  Formation of Catharanthine

Catharanthine biosynthesis is quite limited and accumulates as waxy exudates of 
leaves. It is derived from cathenamine regulated via strictosidine through the inter-
mediate of geissoschizine and stemmadenine (Zhu et al. 2015). Cathenamine cata-
lysed by tabersonine 16-hydroxylase produced taberosine, 16-hydroxytabersonie 
and catharanthine.

5.2.5  Formation of Vindoline

Strictosidine-β-D-glucosidase (SGD) enzyme playing an important role in monoter-
penoid indole alkaloid biosynthesis (El-Sayed and Verpoorte 2007). The removal of 
the glucose moiety of strictosidine by SGD leads to an unstable, highly reactive 
aglucon, which is thought to be converted to 4, 21-dehydrogeissoschizine (Geerlings 
et al. 2000). The latter is believed to be converted by cathenamine synthase to cathe-
namine (El-Sayed and Verpoorte 2007; Ruffer et al. 1979) subsequently, the cathe-
namine is converted into tabersonine through several steps, which are not clearly 
understood. Finally, tabersonine is transformed into vindoline by a sequence of six 
main steps namely aromatic hydroxylation, O-methylation, hydration of the 
2,3-double bond, N(1)-methylation, hydroxylation at position 4, and 4-O-acetylation 
(De luca et al. 1986; El-Sayed and Verpoorte 2007; Liscombe and O’Connor 2011), 
five intermediates involved are 16-hydroxytabersonine, 16-methoxytabersonine, 
16-methoxy-2,3-dihydro-3-hydroxy-tabersonine, desacetoxyvindoline, and 
deacetylvindoline and five enzymes, they are tabersonine 16-hydroxylase (T16H - 
EC 1.14.13.73), O-methyltransferase (OMT- EC 2.1.1.94), N-methyltransferase 
(NMT- EC 2.1.1.99), desacetoxyvindoline-4-hydroxylase (D4H  - EC1.14.11.20), 
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and deacetylvindoline-4-O-acetyltransferase (DAT- EC 2.3.1.107) in the biosyn-
thetic pathway (Zhu et al. 2015). Among these tabersonine and T16H, together with 
16-OH OMT, are found predominantly in leaf epidermis and NMT in non-epider-
mal cells inside the leaf. Vindoline biosynthesis takes place from the base part of 
young leaves, including epidermal cells, palisade mesophyll cells, palisade- assisted 
idioblast cells, cross-connected laticifer cells and vascular cells, where several 
genes associated with vindoline biosynthesis have been localized (Murata and De 
Luca 2005).

5.2.6  Formation of Bisindole Alkaloids

The bisindole alkaloids vinblastine and vincristine are of great interest. Starting 
from the amino acid tryptophan and the monoterpenoid geraniol, the biosynthesis 
of vinblastine requires the participation of at least 35 intermediates, 30 enzymes, 
30 biosynthetic, two regulatory genes and seven intra and intercellular compart-
ments (Heijden et al. 2004). They are synthesized from the coupling of vindoline 
and catharanthine, the process is catalyzed by the major class of vacuolar III per-
oxidase enzyme called anhydrovinblastine synthase (AVLBS  - EC 1.11.1.7) in 
leaves (Sottomayor et  al. 1998;  Costa et  al. 2008). These monomeric alkaloids 
produced anhydrovinblastine by a peroxidase which is a reduction product. This 
is the true precursor to the other bisindole alkaloids vinblastine, vincristine and 
leurosine. AVLBS the enzyme catalysis the formation of vinblastine from α-3′,4′-
anhydrovinblastine and also influenced the conversion of vinblastine to vincristine 
(Zhu et al. 2015). Vincristine synthesized via N-desmethylvinblastine, and 4- desac
etoxy- 16-desmethoxyvinblastine both of which a series of key structural analogues 
bearing systematic modifications in the vindoline subunit (Ishikawa et al. 2009). 
Currently, the regulatory genes and the (sub) cellular compartments are of particular 
interest, at which these processes take place, which require transport of both inter-
mediates and enzymes (targeting). The produced (secondary) metabolites are stored 
or either directly available for their biological function.

6  Conclusion

Catharanthus roseus considered as a famous chemical factory for biosynthesis of a 
huge array of alkaloids and many of these chemicals possesses different pharmaco-
logical studies which continuously being used in the treatments of numeral dis-
eases. Biosynthesis of alkaloids by in  vitro cell culture has the advantages to 
manipulate the physiological (rapid growth, ease of precursor feeding, etc) and 
genetical process. During the biosynthesis of alkaloids of C. roseus various types of 
proteinaceous compounds (Heijden et  al. 2004), enzymes and metabolites (Koul 
et al. 2013) have been reported.
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Deciphering of the biosynthetic routes for vital TIAs are an exciting research 
field. Research on the enzymology, chemistry, sites of alkaloid synthesisand 
 translocationcan deliver the rational engineering of alkaloids to improve their drug. 
The steps involved in the conversion of geraniol to secologanin are unknown and 
formation of strictosidine generated by two secologanin and tryptamine precursors 
by STR and SLS mechanism as yet uncharacterized. Moreover, the enzyme that 
catalyzes the conversion of vinblastine to vincristine is also not isolated. However, 
the enzyme that catalyzes the conversion of 16-methoxytabersonine to 16-methoxy- 
2,3-dihydro-3-hydroxy- tabersonine and vinblastine from α-3′,4′-anhydrovinblastine 
still unknown at the molecular level. Investigation with plant biotechnological 
approaches has suggested that production of some metabolite is developmentally 
regulated and this may account for study in the future if commercial exploitation is 
to occur. Many aspects of alkaloid biosynthesis, such as the elaborate subcellular 
compartmetation of enzymes and the intercellular translocation of pathway inter-
mediates, reveal intriguing new variations in the complexity of plant metabolism. 
TIAs are present only in micro quantities in all parts of the plant, are highly poison-
ous and a great task for researchers to increase yield and reduce toxicity.

Detail studies are required to know the proper enzyme functions at various levels, 
product membrane permeability and adsorption for improvements towards achieving 
a viable economic production methodology. Emerging knowledge of the biochemis-
try, cell biology, metabolomics and the expansion of molecular biology will promote 
efforts to identify regulators associated with the development of cell types that can 
accommodate alkaloid pathways will also lead to exciting opportunities to engineer 
alkaloid metabolism in transgenic plants. The inherent novelties of the pathways and 
the socio-economic importance of the products are sure to encourage greater interest 
in alkaloid biosynthesis. Diabetes and cancer are the most challenging and threat-
ened diseases for human health, Catharanthus roseus is a rich source of wonderful 
bioactive compounds used to cure both diseases and reduce the death rate.
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Abstract This study was undertaken to systematically investigate the beneficial 
effects of Catharanthus roseus (C. roseus) in insulin-deficient and insulin-resistant 
conditions. Type 1 diabetes is a metabolic disorder due to insulin deficiency whereas 
insulin resistance is the prominent feature of Type 2, both types of diabetes are 
characterized by hyperglycemia. Chronic hyperglycemia by itself and by its associ-
ated oxidative stress plays an important role in the initiation and progression of 
diabetic complications. Due to increasing obesity, altered dietary habits and seden-
tary life style both in western and developing countries, the prevalence of both types 
of diabetes are growing at an exponential rate.

In conventional therapy, Type 1 diabetes is treated with exogenous insulin and 
Type 2 with oral hypoglycemic agents (sulfonylureas, biguanides, etc.). In modern 
medicine, no satisfactory effective therapy is available to cure Diabetes Mellitus 
(DM). Though insulin therapy is used for management of DM, there are several 
drawbacks like insulin resistance, anorexia nervosa, brain atrophy, and fatty liver 
after chronic treatment. Unfortunately, apart from having a number of side effects, 
none of the oral hypoglycemic agents have been successful in maintaining euglyce-
mia and controlling long-term microvascular and macrovascular complications. 
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Moreover, these therapies only partially compensate for metabolic derangements 
seen in diabetes and do not necessarily correct the fundamental biochemical lesions. 
The yawning gap for additional agents to combat hyperglycemia and its accompa-
nying complications presents an opening to revisit traditional antidiabetic plants. 
Many traditional plant treatments for diabetes exist. However, few have received 
scientific or medical scrutiny, and the World Health Organization has recommended 
that traditional plant treatments for diabetes warrant further evaluation.

C. roseus, belongs to family Apocynaceae, is a subshrub also known as 
Madagascar periwinkle, Vinca rosea, or Lanchnera rosea worldwide. The plant C. 
roseus has gained acceptance from the pharmaceutical industries as it is widely used 
as an infusion in different parts of world to treat diabetes. Results from animal stud-
ies support the claim that this plant shows antihyperglycemic and hypolipidemic 
activity. Although earlier reports indicate blood glucose lowering activity in alco-
holic extracts of leaves, no information is available on the biochemical basis related 
to antidiabetic property of C. roseus.

The present study revealed the biochemical basis for the antidiabetic activity of 
C. roseus  in streptozotocin-induced Type 1 DM and high fructose diet-induced 
insulin- resistant Type 2 diabetic rat models. In this study, a total of 48 male Wistar 
rats, aged 6–7 weeks were used. One-third of the experimental animals were made 
diabetic by a single intraperitoneal injection of freshly prepared Streptozotocin 
(STZ) (55 mg/kg body weight, in ice-cold 0.1 M citrate buffer, pH 4.5, in a volume 
of 0.1 mL per rat). Insulin resistance was induced in another one-third of experi-
mental animals by feeding fructose-enriched diet (containing 66% fructose, 
18% protein, 8% fat, 4% cellulose, 3% mineral and 1%  vitamin mix). The remain-
ing one-third of animals served as control and maintained on standard pellet diet. 
The rats were divided into six groups—control group (C-group), control rats treated 
with C. roseus (C + CR), STZ diabetic group (D-group), diabetic animals treated 
with C. roseus (D + CR), fructose-fed rats (Group-F), fructose-fed rats co- 
administered with C. roseus (F + CR).

Treatment with C. roseus to both STZ-induced Type 1 and fructose diet-induced 
Type 2 rats  for 60 days, rectified the alterations in the activities of key enzymes 
of  glycolytic, gluconeogenesis  and polyol pathway, and intestinal disaccharides. 
Further, accumulation of lipids in hepatic and cardiac tissues, and enhanced oxida-
tive stress in liver, pancreas, kidney, and heart tissues were brought to near-normal 
values in both the groups after treatment with C. roseus. The multiple beneficiary 
properties like antidiabetic, hpolipidemic, insulin sensitizing activities of C. roseus 
along with antioxidant potential offers an exciting opportunity to develop a novel 
and safe therapeutic approach for both Type 1 and Type 2 diabetes.

Keywords Antihyperglycemic activity • Hypolipidemic activity • Type 1 and 2 dia-
betes • Lipid peroxidation • Fructose diet - STZ - Oxidative stress • Wistar rats
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1  Introduction

Diabetes mellitus (DM) is a metabolic disorder, characterized by hyperglycemia 
due to disturbance in carbohydrate, fat, and protein metabolism which is associated 
with absolute or relative deficiency in insulin secretion and/or action. DM is one of 
the world’s oldest known diseases. The number of diabetics among  adults 
(aged 20–79 years) was 185 million in 2010 which may increase to 439 million in 
the year 2030 (Shaw et  al. 2010). As the numbers of people with DM multiply 
worldwide, it has been taking an ever increasing proportion of national and interna-
tional health care budget. Diabetes can be classified into two types. Type 1 diabetes 
is a metabolic disorder due to insulin deficiency whereas insulin resistance (IR i.e., 
hyperglycemia and hyperinsulinemia) is the prominent feature of Type 2; both 
types of diabetes are characterized by hyperglycemia. Chronic hyperglycemia by 
itself and by its associated oxidative stress plays a key role in the initiation and pro-
gression of diabetic complications. Despite the role of genetic, age, sex and environ-
mental factors, it is generally accepted that westernized lifestyle (characterized by 
high calorie intake i.e., fructose and physical inactivity) contributing greatly to the 
prevalence of both types of diabetes at an exponential level both in western and 
developing countries.

In many developing countries, ayurvedic medicine, in particular, the herbal med-
icine is sometimes the only affordable source of health care (Hamdan and Afifi 2004). 
Even the WHO approves the use of plant drugs for different diseases including 
diabetes mellitus (WHO 2002). The multifactorial pathogenicity of diabetes 
demands the need of multimodal therapeutic approach. The multiple activities of 
plant-based herbal preparations meant for diabetes offer huge scope for combating 
the threat of the diabetic epidemic. Many traditional plant treatments are used for 
diabetes throughout the world. Few medicinal plant treatments for diabetes received 
scientific scrutiny for which WHO has also recommended attention (WHO 1980).

Catharanthus roseus (Apocynaceae), commonly known as Madagascar periwin-
kle, Vinca rosea or Lanchnera rosea worldwide, in Sanskrit, Nityakalyani and 
Sadapushpi, in Telugu Billaganneru, in Hindi Sadaphul. It is a native of Madagascar 
and abundantly naturalized in many regions, particularly in arid coastal locations, 
and grown commercially for its medicinal uses in India, Africa, Southern Europe 
and Australia and is cultivated as an ornamental plant almost all parts of the tropical 
and subtropical world. C. roseus is one of the medicinal plants which has found 
mention in the folk medicinal literature as early as 2nd B.C. Traditionally, C. roseus 
has been used in folk medicine to treat diabetes, high blood pressure, tuberculosis, 
etc. The fresh juice from the flowers of C. roseus made into a tea and was used by 
Ayurvedic physician in India for external use to treat skin problems, dermatitis, 
eczema, and acne (Nayak et al. 2006). Sulphates of C. roseus alkaloids, vincristine 
and vinblastine, were widely used as chemotherapeutic agents against leukemia and 
Hodgkin’s disease throughout the world (Ozgen et al. 2003). The closely related 
semisynthetic derivatives of vincamine, a major alkaloid of C. roseus were widely 
used as a medicinal agent, known as ethyl-apovincaminate or vinpocetine has 
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 vasodilating, hypoglycemic, and memory enhancing actions (Chattopadhya et al. 
1991). C. roseus is widely used as an infusion in different parts of the world to treat 
diabetes (Alxeandrova et al. 2000; Heijden et al. 2004). The hot water decoctions of 
either the leaves or the whole plant of C. roseus were used for treatment of diabetes 
in several countries (Don 1999). The juices of fresh leaves of C. roseus have been 
reported to reduce blood glucose levels in normal and alloxan diabetic rabbits 
(Nammi et al. 2003). The antihyperglycemic activity of alcoholic extract of leaves 
(Chattopadhyay et  al. 1991) and dichloromethane–methanol extracts of leaves, 
twigs, and whole plant (Somananth et al. 2001; Jayanthi et al. 2010; Ibrahim et al. 
2011) and aqueous extract of flower (Natarajan et al. 2012) have been reported in 
animal model. The alkaloids, namely, vindoline, vindolidine, vindolicine, and vin-
dolinine isolated from this plant possessed the hypoglycemic activity (Svoboda 
1969). The extracts of C. roseus have been reported to have peroxisome proliferator  
receptor activating activity in cultured human cells (Rau et al. 2006). The leaf juice 
of C. roseus significantly reduced the serum total cholesterol and triglyceride in rats 
was well documented (Antia and Okokon 2005). As an antidiabetic remedy, it was 
believed to promote insulin production or to increase the body’s utilization of sugars 
from food. Earlier studies on antihyperglycemic and antihyperlipidemic activity of 
C. roseus are fragmentary, and no studies are available on the efficacy of C. roseus 
in preventing IR. However, very little information is available on antioxidant activ-
ity of C. roseus.

Therefore, this study was undertaken to explore possible beneficial effects of C. 
roseus leaf powder in insulin-deficient and insulin-resistant conditions. In this study, 
STZ-induced diabetic rats (i.p. injection at a dose of 55 mg/kg b.wt, in 0.1 mL of 
0.05  M citrate buffer, pH 4.5) represent the insulin-deficient model and chronic 
feeding of Wistar rats with fructose-rich diet (66%) served as a model for insulin 
resistance. Further, the biochemical basis for its antidiabetic property and protection 
against IR were investigated.

In India, water decoction of leaves and flowers of C. roseus are traditionally used 
by diabetic patients. Hence, this study was made by using aqueous leaf powder 
suspension of the plant.

2  Materials and Methods

2.1  Plant Material

Fresh mature leaves of C. roseus (white variety) were collected during September, 
2006, from the University campus and taxonomically authenticated by the 
Department of Botany, Sri Krishnadevaraya University, Anantapur, AP.  Leaves 
were shade dried and then grinded into fine powder. The leaf powder was suspended 
in distilled water prior to use.
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2.2  Chemicals

Streptozotocin was obtained from Sigma Chemical Co., St. Louis, MO, USA. All 
other chemicals were of analytical grade and procured from SISCO  Research 
Laboratories (P) Ltd., Mumbai, India; Merck laboratories, India. The fructose diet 
(contained 66 % fructose, 18 % protein, 8 % fat, 4 % cellulose, 3 % mineral, and 1 
% vitamin mix) and standard pellet diet were procured from National Centre for 
Animal Science, National Institution Nutrition, Hyderabad, India.

2.3  Experimental Design

Male Albino Wistar rats (140–160 g) used for this study were procured from Sri 
Venkateswara Enterprises (Bangalore, India). The experimental work was carried 
out after approval by the Institutional Animal Ethical Committee (Regd. no. 
470/01/a/CPCSEA). They were housed two per cage in an air-conditioned room 
(22 ± 2°C) with 12 h light/dark cycle and had free access to standard pellet diet and 
water. In this study, a total of 48 male Wistar albino rats were acclimatized to our 
animal house before induction of Type 1 diabetes/IR.  One-third of experimental 
animals were made diabetic by STZ injection and maintained on standard pellet diet 
and used for further studies. Insulin resistance was induced in another one-third of 
experimental animals by feeding fructose-enriched diet throughout the experimen-
tal period. The remaining one-third of animals served as controls and maintained on 
standard pellet diet. Each set of animals control (C), STZ diabetic (D), fructose diet 
fed (F) were further subdivided into two groups, thus comprising a total of six 
groups—control group (C-group), control rats treated with C. roseus (C + CR-group), 
STZ diabetic group (D-group), STZ diabetic rats treated with C. roseus (D + 
CR-group), fructose-fed rats (F-group), and fructose-fed rats treated with C. roseus 
(F + CR-group). Groups C + CR, D + CR, and F + CR rats were administered C. 
roseus leaf powder suspension (100 mg/kg body weight in ~2 mL of water/day) 
through gastric intubation for 60 days.

The dose of C. roseus leaf powder in the study was based on preliminary experi-
ments on dose-dependent antihyperglycemic effect in STZ-induced diabetic rats. A 
dose less than 100 mg/kg body weight was not found to be effective in rats. Blood 
was collected in Eppendorf tubes containing EDTA (10 mg/mL) from 12 h fasted 
rats by means of capillary tube through retinorbital flexus. Plasma was separated by 
centrifugation. Body weight and plasma glucose, insulin and lipids were monitored 
at 15 day intervals till the end of study.

2.4  Animal’s Sacrifice and Organ Collection

After 60 days of treatment, all the rats were sacrificed following 12 h of fasting by 
cervical dislocation and immediately liver, pancreas, kidneys, small intestine, adi-
pose, heart, and thigh muscle were removed and washed thoroughly with ice-cold 
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0.9% NaCl (saline). Each organ of every animal was suspended in 0.15  M KCl 
in polypropylene containers, sealed with parafilm, labeled carefully, and frozen at 
−80 °C until assays were carried out.

2.5  Phytochemical Screening and In Vitro Antioxidant 
Potential of Aqueous Leaf Suspension of C. roseus

The C. roseus leaf powder suspension in water was qualitatively screened for the 
presence of various phytochemical constituents using standard procedures (Harbone 
1973; Brain and Turner 1975; Sofowora 1982). Qualitative estimation of total poly-
phenols (Singleton et al. 1999), flavonoids (Arvouet-Grand et al. 1994), and sapo-
nins (Hiai et al. 1976) were carried out.

2.6  In Vitro Screening of Antioxidant Potential of C. roseus

In vitro antioxidant potential of C.roseus was assessed by screening inhibition of 
lipid peroxidation induced by Fe3+/ADP/ascorbate system in rat liver homogenate 
(Sugioka et al. 1987), reducing ability (Oyaizu 1986) and its scavenging capacity of 
various free radicals like hydroxyl (Gutteridge et  al. 1981), hydrogen peroxide 
(Ruch et  al. 1989), superoxide (Oktay et  al. 1989), nitric oxide (Marcocci et  al. 
1994), and DPPH (Okada and Okada 1998) were studied and compared with a stan-
dard natural antioxidant curcumin.

2.7  Biochemical Estimations and Assays

Plasma glucose was estimated by the glucose oxidase–peroxidase method by using 
the Span diagnostic kit (Span Diagnostics Ltd., Surat, India). Plasma insulin was 
estimated by using the Radioimmunoassay kit (RIA K-1) from Bhabha Atomic 
Research Centre (Mumbai, India) according to the method of Yalow and Berson 
(1960). Homeostasis model assessment (HOMA), used as an index to measure the 
degree of IR, was calculated by the following formula: insulin (μU/mL) × glucose 
(mmol/l)/22.5 (Matthews et al. 1985).

2.8  Intestinal Disaccharidases

Intestinal mucosa was collected by following the procedure outlined by Ravinder 
et al. (1989). The intestinal disaccharidases, i.e., maltose, sucrose, and lactose were 
assayed by following the method outlined by Dahlqvist (1968).
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2.9  Carbohydrate Metabolic Studies

Glycogen content was determined by using anthrone reagent as adapted by Carrol 
et al. (1956). The frozen liver, kidney, and muscle tissues were slowly thawed at 4 °C. 
Muscle tissue was powdered using liquid nitrogen. Ten percent tissue homogenate 
prepared in ice-cold 0.1 M Tris–HCl buffer (pH 7.4) was centrifuged at 12,000 rpm 
for 45 min in Sigma laboratory centrifuge 3K18 model, rotor no. 12150. The clear 
supernatant was used for assay of key enzymes of carbohydrate metabolism, i.e., 
hexokinase (HK) (Brandstrup et  al. 1957), phosphofructokinase (PFK) (Sadava 
et  al. 1997), pyruvate kinase (PK) (Sadava et  al. 1997) of glycolysis; glucose- 6-
phosphatase (G6Pase) (King 1965), fructose-1,6-bisphosphatase (F1, 6BPase) 
(Sadava et  al. 1997) of gluconeogenesis; glycogen phosphorylase (Sutherland 
1955) of glycogenolysis; glucose-6-phosphate dehydrogenase (G6PDH) (Beutler 
et al. 1955) of pentose phosphate pathway; fructokinase (Adelman et al. 1966) of 
fructose metabolism and aldose reductase (AR) (Hayman and Kinoshita 1965), 
sorbitol dehydrogenase (SDH) (Galambos et al. 1963) of polyol pathway. Protein 
content in the tissue homogenate and supernatant was measured by the method of 
Lowry et al. (1951).

2.10  Transaminases

The same cytosolic fractions of liver and kidney used for assay of carbohydrate 
metabolic enzyme were used for the assay of transaminases aspartate transaminase 
(ALT) and alanine transaminase (AST) (Reitman and Frankel 1990).

2.11  Lipid Metabolic Studies

The extraction of lipids from tissues was carried out according to the procedure of 
Folch et al. (1957). Plasma and tissue lipids, i.e., total cholesterol (TC), triglycer-
ides (TG) (Liquid Gold Diagnostic kit), HDL-cholesterol (Assmann et al. 1983), 
VLDL-cholesterol, and LDL-cholesterol were calculated by using the (Friedewald 
et al. 1972) formula

 VLDL C- = TG / 5  

 LDL TC TG HDL- - -C C= −/ 5  

Free fatty acids  (FFA) (Duncombe 1963), inorganic phosphate (Fiske and 
Subbarow 1925), and phospholipids (Connerty et al. 1961) were analyzed.
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2.12  Lipid Metabolic Enzymes

The frozen tissues were slowly thawed at 4 °C. Ten percent tissue homogenate pre-
pared in ice-cold 0.1  M potassium phosphate buffer, pH 8.0 was centrifuged at 
12,000 rpm for 45 min. The clear supernatant was carefully collected and used for 
assay of fatty acid synthase (FAS) (Gibson and Hubbard 1960), malic enzyme 
(Storey and Bailey 1978a, b), and lipoprotein lipase (LPL) (Quinn et al. 1982).

2.13  Oxidative Stress Markers and Antioxidants

Immediately after separation of liver and pancreas, 10% tissue homogenates were 
prepared in 0.15 M KCl using Potter-Elvehjem homogenizer at 4 °C. The whole 
homogenate was used for estimation of glutathione (GSH) (Ellman’s 1959), lipid 
peroxidation (LPO) (Utley et al. 1967), and protein oxidation (PO) (Levine et al. 
1990).

Ten percent tissues homogenate in 0.15 M KCl was prepared by using Potter- 
Elvehjem homogenizer at 4 °C and centrifuged in cold (4 °C) at 12,000 rpm for 
45  min. The clear supernatant was used for assay of antioxidant enzymes, viz., 
superoxide dismutase (SOD) (Hollenberg 2003), catalase (CAT) (Islam et al. 2009), 
glutathione peroxidase (GPx) (Johnson et  al. 2007), glutathione-S-transferase 
(GST) (Habig et al. 1974), and glutathione reductase (GR) (Pinto and Bartley 1969).

2.14  Statistical Analysis

The results were expressed as means ± S.E.M. Data were analyzed for significant 
differences using Duncan’s Multiple Range (DMR) test at P < 0.05.

3  Results and Discussion

3.1  Phytochemicals

C. roseus was investigated for its phytochemical components and therapeutic effica-
cies from ancient time. The plant has enormous phytoconstituents of medical impor-
tance. The preliminary qualitative phytochemical analysis of aqueous leaf 
suspension of C. roseus revealed the presence of alkaloids, flavonoids, tannins, phe-
nols, and saponins indicating the presence of pharmacologically important phyto-
chemicals (Table 1a). In contrast to our observation, Ibrahim et al. (2011) reported 
the absence of flavonoids, tannins, saponins, proteins, and amino acids in 

K. Rasineni et al.



209

dichloromethane: methanol (1:1) extract of whole plant with the presence of alka-
loids and carbohydrates, whereas Monika and Vandhana (2013) reported that carbo-
hydrates, flavonoids, saponins, and alkaloids as potentially active phytochemicals 
of C. roseus. The quantitative analysis (Table 1b) revealed that 1 g of C. roseus 
contained 30.8 mg gallic acid equivalents of total polyphenols, 11.4 mg quercetin 
equivalents of flavonoids and 2.0 mg diosgenin equivalents of saponins which are 
found to be effective antioxidants, besides having antidiabetic, hypolipidemic, hep-
ato, and cardioprotective activities.

Numerous epidemiological studies suggest that herbs/diets rich in phytochemi-
cals and antioxidants execute a protective role in health and disease (Vinson et al. 
2001). Flavonoids, steroids, alkaloids, and saponins are reported as bioactive anti-
diabetic (Kapoor 1990; Bone 1996) and anti-atherogenic principles (Omolekan and 
Olaiya 2013).

Polyphenolic compounds also possess a variety of other biological activities 
such as reduction of plasma lipids, which might be due to upregulation of LDL 
receptor expression (Kuhn et  al. 2004) and inhibition of hepatic lipid synthesis 
(Thériault et al. 2006). Polyphenols are the major plant compounds with antioxidant 
activity. This activity is believed to be mainly due to redox properties (Wichi 1988), 
which play an important role in adsorbing and neutralizing free radicals, quenching 
singlet and triplet oxygen, or decomposing peroxides. In addition, the antioxidant 
properties of phenolic compounds and flavonoids are also attributed to their redox 
properties and the ability to chelate metals (Rice-Evans et al. 1996).

Flavonoids, one of the main groups of phenolic compounds, are conjugated to 
carbohydrate moiety and have a variety of biological activities, such as antioxida-
tive (Moure et al. 2001), radical scavenging (Dugas et al. 2000), anti-inflammatory 

Table 1a Qualitative phytochemical profiles of C. roseus

Phytochemicals Presence/absence Phytochemicals Presence/absence

Alkaloids + Coumarins −
Anthocyanins − Aminoacids +
Anthocyanidins − Flavanoids +
Glycosides − Tannins +
Antraquinones − Phenols +
Carbohydrates + Saponins +
Carboxylic acids − Steroids −
Catecholic compounds + Proteins +

“+” denotes presence and “–“denotes absence

Table 1b Quantitative phytochemical profile of C. roseus

Total polyphenolic compounds 
(mg gallic acid equivalents/g 
extract)

Flavanoids (mg quercetin 
equivalents/g extract)

Saponins (mg diosgenin 
equivalents/g extract)

30.8 11.4 2.0
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(Crespo et  al. 1999), and antidepressant (Butterweek et  al. 2000). Furthermore, 
flavonoids are found to possess cancer preventive effects. Flavonoids are reported 
to regenerate damaged β-cells in the alloxan (Chakravarthy et al. 1980) and STZ 
(Coskun et  al. 2005)-induced diabetic rats. Antiobesity potential of quercetin a 
well- known flavonoid is attributed by its inhibitory effect on lipogenesis at the level 
of gene expression to its correction of disturbed lipid metabolism. Kobori et  al. 
(2011) observed that dietary intake of quercetin reduced body weight gain as well 
as visceral fat accumulation and improved systemic parameters related to meta-
bolic syndrome (hyperglycemia, hyperinsulinemia, and dyslipidemia) by its anti-
oxidant potential. They have shown a variety of activities such antitumor, cholesterol 
lowering, immune potentiating, anticancer, and antioxidant properties (Blumert 
and Liu 2003).

Saponins are known antinutritional factors and possess hypocholesterolemic 
effect due to reduced uptake of certain nutrient including glucose and lipid espe-
cially cholesterol at the gut through intra-lumena physicochemical interaction. 
Saponins, polyphenolic compounds, and Gallic tannins possess potent inhibition of 
intestinal glucose transport by inhibiting sodium glucose co-transporter-1 
(S-GLUT-1) of intestines (Murakami et al. 1996; Kobayashi et al. 2000). Hence, the 
plant extract contains the phytoconstituents which are reported to have beneficial 
effects in modulating metabolic alterations observed under IR and insulin-deficient 
conditions.

3.2  In Vitro Antioxidant Studies

The state of increased free radical activity under insulin-deficient and insulin- 
resistant conditions is postulated to be the cause for establishment of oxidative 
stress, one of the mechanisms underlying diabetes and diabetic complications. On 
the basis of phytochemical profile which indicates the presence of phytoconstituents 
with antioxidant potential like polyphenols, alkaloids, tannins, etc. prompted to 
investigate the antioxidant potential of aqueous leaf suspension of C. roseus by 
conducting in vitro and in vivo experiments.

In vitro screening for antioxidant potential and radical scavenging activities of C. 
roseus revealed anti-lipidperoxidative effect and scavenging ability against hydro-
gen peroxide, superoxide, nitric oxide, hydroxyl, and DPPH radical with reducing 
ability. The extract inhibited lipid peroxides generated by the induction of Fe3+/
ADP/ascorbate in rat liver homogenate by 08.8–58.3% from 15 μg to 350 μg/mL 
concentration of C. roseus in a dose-dependent manner as presented in Fig. 1A.  
This effect of C. roseus was compared with well-known naturally isolated antioxi-
dant curcumin from Curcuma longa (Zingiberaceae) as a standard. The IC50 value 
for inhibition of LPO is 240.12 μg/mL.

Superoxide radical generated in PMS-NADH systems by oxidation of NADH 
was assayed by the reduction of NBT. As furnished in the Fig. 1B, inhibition of O2 
formation was observed (2.32–90.2%) at 12.5–1000 μg/mL of C. roseus.
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Fig. 1 Comparison of in vitro antioxidant potential of C. roseus with a standard natural antioxi-
dant curcumin. (A) Inhibition of LPO, (B) superoxide radical scavenging activity, (C) hydroxyl 
radical inhibition activity, (D) hydrogen peroxide decomposition, (E) inhibition of nitric oxide 
radical formation, (F) scavenging capacity against DPPH and reducing the ability of C. roseus with 
a standard natural antioxidant ascorbic acid (G)
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Hydroxyl radical is another damaging radical with a half-life of 10 sec. In this 
study, C. roseus at a concentration of 25–1000 μg/mL showed 10.3–94.3% inhibi-
tion of hydroxyl radical formation with IC50 of 200.12 μg/mL (Fig. 1C). C. roseus 
at a concentration of 25–1000 μg/mL showed 8.8–89.2% decomposition of H2O2 
(Fig. 1D).

Nitric oxide radical generation at physiological pH from sodium nitroprusside 
was inhibited by C. roseus from 25 to 1000 μg/mL. The scavenging of NO˙ increased 
gradually from 25 to 1000 μg/mL with an IC50 of 350.02 μg/mL (Fig. 1E).

Figure 1F represents DPPH radical scavenging activity of C. roseus in compari-
son with standard curcumin. The free radical scavenging activity gradually increased 
(5.5–70.4%) with an increase in concentration of C. roseus (15–350 μg/mL) and 
showed IC50 at 200.0 µg/mL.

The reducing capacity of a compound may serve as a significant indicator of its 
potential antioxidant activity. Reducing power of C. roseus increased (4.8–40.6%) 
with an increase in concentration (50–1000 μg/mL) (Fig. 1G)

Literature on antioxidant potential of C. roseus is very scanty. Results obtained 
in this study demonstrated that C. roseus had remarkable antioxidant activity. 
Rasool et al. (2011) reported DPPH radical scavenging activity and inhibition of 
peroxidation in linoleic acid by shoot extracts of C. roseus, whereas Zheng and 
Wang (2001) reported that crude extract of C. roseus displayed oxygen radical 
absorbance capacity. Ethanolic extracts of roots of C. roseus varieties exhibited 
scavenging capacity of OH, superoxide, DPPH, and nitric oxide in a concentration- 
dependent manner (Monika and Vandhana 2013). Soon et al. (2013) reported anti-
oxidant activity of four major alkaloids, viz., vindoline I, vindoline II, vindoline 
III, and vindoline IV isolated from leaves of C. roseus using oxygen radical absor-
bance capacity and DPPH radical scavenging assay and also reported alleviation of 
H2O2- induced ROS generation in β-TC6 cells. Similar to our studies, the scaveng-
ing ability of the aqueous leaf extract of C. roseus was also reported against DPPH, 
superoxide, and nitric oxide radicals. However, Ferreres et  al. (2008)) 
reported higher IC50 values for scavenging of DPPH (447 μg/mL) than our observa-
tion (200.0 µg/mL).

3.3  General Observations

No visible side effects and variation in animal behavior (respiratory distress, abnor-
mal locomotion, and catalepsy) was observed in C + CR-group representing the 
nontoxic nature of C. roseus leaf powder. D-group rats showed the characteristic 
signs of diabetes such as polyuria, polydipsia, and polyphagia and failure to gain 
body  weight. A significantly higher intake of food and water was observed in 
F-group from 10 days onwards of the experimental period compared to C-group. No 
significant variation was observed in the intake of food and water among the three 
groups: C, C + CR, and F + CR. Traditional medicines for the treatment of diabetes 
mellitus are probably based mainly on treatment of its obvious symptoms of 
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pronounced thirst (polydipsia) and polyuria. Administration of C. roseus leaf pow-
der suspension resulted in rectification of the signs of diabetes within 10 days of 
treatment in D + CR-group.

Our studies clearly demonstrated the antihyperglycemic activity of aqueous sus-
pension of C. roseus in both STZ-induced diabetic and fructose diet-fed IR Wistar 
rats by rectifying the abnormalities of carbohydrate and lipid metabolisms under 
insulin-deficient and insulin-resistant conditions (Karuna and Saralakumari 2011; 
Karuna et al. 2010, 2013).

3.4  Carbohydrate Metabolic Studies

3.4.1  Body Weight, Plasma Glucose, Insulin, and HOMA

During the experimental period of 60 days, the mean body weight, plasma glucose, 
plasma insulin, and HOMA of the six experimental groups at 15-day interval are 
summarized in Fig. 2a–d respectively. STZ diabetic rats (D-group) showed a grad-
ual increase in blood glucose level with gradual decrease in plasma insulin and body 
weights during experimental period. Fructose-fed rats (F-group) showed a gradual 
increase in plasma glucose, insulin, and body weight during experimental period. 
Thus, fructose-fed rats exhibited insulin resistance from its increased HOMA values 
during experimental period. There are reports showing an increase in energy intake, 
body weight, and adiposity with the consumption of high fructose diets both in 
humans and animals (Tordoff and Alleva 1990). Over weight and obese people have 
a much higher risk of developing Type 2 DM compared to those with healthy body 
weight. The results clearly indicate that the intensity of hyperglycemia is more 
prominent in STZ diabetic rats compared to fructose-fed rats due to decreased 
plasma insulin, whereas insulin resistance is more prominent in F-group compared 
to D-group.

Oral administration of C. roseus leaf powder suspension partially prevented the 
weight loss in STZ diabetic-treated rats (D + CR-group) and completely protected 
the fructose feed-induced weight gain in F + CR-group. The clinical symptoms of 
diabetes like polyphagia, polydipsia, and polyuria observed in the STZ diabetic rats 
were reversed within 15 days of C. roseus administration in D + CR-group. C. 
roseus administration resulted in gradual decrease in plasma glucose with a gradual 
increase in plasma insulin levels in D + CR-group. By the end of experimental 
period, plasma glucose levels of D + CR-group reached near-normal values but the 
observed increase in the plasma insulin level did not reach normal value as it was 
still significantly lesser than control rats. C. roseus treatment completely prevented 
the fructose-induced hyperglycemia and partially prevented hyperinsulinemia, 
resulting in a significantly decreased HOMA values in F + CR-group compared to 
F-group. Further C + CR rats showed normoglycemia with significantly lower 
plasma insulin levels than C-group indicating the beneficial effects of C. roseus in 
maintaining normoglycemia with lower insulin levels. Thus, C + CR rats are more 
insulin sensitive than C-group.
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Fig. 2 Changes in body weight (a), fasting plasma glucose (b), fasting plasma insulin (c), and 
HOMA (d), of rats during the experimental period in group-C (control); group-C + CR (control 
treated with C. roseus); group-D (diabetic); group-D + CR (diabetic treated with C. roseus); group-
 F (fructose-fed rats); and group-F + CR (fructose fed treated with C. roseus). Values are mean ± 
SEM (n=8 animals in each group)

Similar to our studies, ethanolic extracts of leaves and flowers of C. roseus 
reported to show blood glucose lowering activity in hyperglycemic rats (Ghosh 
and Gupta 1982; Chattopadhya et  al. 1991). Dichloromethane: methanol (1:1) 
extract of C. roseus leaves, twigs and whole plant showed antihyperglycemic 
activity along with prevention of body weight loss in alloxan (Jayanthi et al. 2010; 
Ibrahim et al. 2011) and STZ (Chattopadhyay et al. 1999; Singh et al. 2001)-induced 
diabetic rats. A complete protection against STZ challenge was reported by dichlo-
romethane: methanol (1:1) extract prior treatment (500 mg/kg body weight for 30 
days) (Chattopadhyay et al. 1999). However, the dose used in the above studies is 
five times higher than our study, i.e., 100 mg/kg body weight and it is organic 
solvent extract rather than aqueous leaf powder suspension. In contrast to our 
observations of normoglycemia of C + CR-group, the juice of fresh leaves of 
C.roseus showed blood glucose lowering activity both in alloxan diabetic and nor-
mal rabbits (Nammi et  al. 2003). Soon et  al. (2013) proposed the antidiabetic 
activity of alkaloid fractions isolated from leaves of C. roseus by promoting glu-
cose uptake in pancreatic β-TC6 and myoblast C2C12 cells and also by inhibition 
of PTP-1B (a protein tyrosine phosphatase) a negative regulator of insulin signal-
ling pathway.
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3.4.2  Intestinal Disaccharidases

Diabetes mellitus either insulin deficient or insulin resistant is a state of nutrient 
starvation that frequently results in severe metabolic imbalances and pathological 
changes in many tissues including small intestine. Enhanced activities of intestinal 
disaccharidases, i.e., maltase, sucrase, and lactase were observed both in D-group 
(56.0, 15.2, and 26.1%) and F-group (12.6, 19.3, and 15.6%) rats compared to 
C-group, (Table 2) indicating the increased rate of digestion of disaccharides in 
these two metabolic conditions (insulin deficiency and insulin resistance). 
Therefore, enhanced activities of intestinal disaccharidases may play an important 
role in aggravating postprandial hyperglycemia. Diabetes stimulates the functional 
activity of the intestinal brush border membrane with enhancement of both hydro-
lytic enzyme activity (McAnuff-Harding et al. 2006) and membrane transport sys-
tem (Hopfer 1975). Chronic diabetes enhances glucose transport by nonspecific 
increases in intestinal mass (Ferraris et al. 1993). C. roseus treatment significantly 
decreased the activities of intestinal disaccharides in D + CR and F + CR groups 
compared to D and F groups, respectively. This indicates the beneficial effects of C. 
roseus treatment in restoring the activities of intestinal disaccharidases to normal 
values. The α-glucosidase inhibitors are a new class of antihyperglycemic drugs 
that have a unique effect on the glycemic profile by delaying the absorption of 
disaccharides from intestine under hyperglycemic conditions. The α-glucosidase 
inhibitors not only delay carbohydrate absorption but they also alter the gastrointes-
tinal hormonal axis which plays a role in the regulation of insulin secretion (Sunil 
and Sadekar 1999). Hence, acarbose, voglibose, and miglitol, the α-glucosidase 
inhibitors, are widely used either alone or in combination with insulin secreta-
gogues in patient with Type 2 diabetes (Standl et al. 1999). Thus, antidiabetic prop-
erty of C. roseus may also be due to its intestinal disaccharidase inhibitory activity. 
To our knowledge, this is the first report of C. roseus on intestinal disaccharidase 
inhibitory activity.

3.4.3  Key Enzymes of Carbohydrate Metabolic Pathways

The concept of over and underutilization of glucose by peripheral tissues under 
insulin-deficient and insulin-resistant conditions plays a pivotal role in establish-
ment of hyperglycemia. Hence, in an attempt to gain an insight into the underlying 
biochemical mechanism of antihyperglycemic activity of C. roseus the carbohy-
drate metabolism was studied by assaying the activities of key enzymes of different 
pathways of metabolism, i.e., glycolysis, HMP shunt, gluconeogenesis, glycoge-
nolysis, and polyol pathway in appropriate tissues of six experimental groups.
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Glycolysis

Glycolysis is the central pathway of glucose catabolism and metabolic energy. The 
data on activities of key glycolytic enzymes, i.e., HK, PFK, and PK of liver and 
muscle of six experimental groups are presented in Table  3. Regulation of flux 
through glycolysis is dependent on the tissue under consideration and nutritional 
and hormonal state of the tissue. D-group and F-group rats showed significantly 
decreased activities of HK and PFK the first two rate-limiting steps of glycolysis 
both in liver and muscle compared to C-group. The percentage decrease in HK and 
PFK in liver and muscle of D-group were 43.2 and 40.7%, 37.3 and 58.1% and in 
F-group are 27.7 and 35.3, 25.3, and 37.4% compared to control rats. But the 
decrease in these enzyme activities of F-group was significantly lower than D-group. 
Unlike HK and PFK, the activity of PK showed a different trend in D-group and 
F-group. It is significantly decreased in D-group both in liver (32.2%) and muscle 
(37.6%) compared to C-group and significantly enhanced both in the liver (22.5%) 
and muscle (7.3%) of F-group compared to C-group. In this study, the significantly 
decreased activities of key enzymes of glycolysis observed in STZ-induced diabetic 
rats indicated decreased operation of glycolysis under insulin-deficient condition 
both in the insulin-dependent tissue (skeletal muscle) and insulin-independent tis-
sue (liver). Similar trend of decreased glycolytic enzyme activities was reported in 
various tissues of diabetic animals (Grover et al. 2002; Rathi et al. 2002; Ramesh 
et al. 2013). Decreased HK activity also indicates decreased availability of glucose- 
6- phosphate for HMP shunt operation under diabetic condition. Further, the 
decreased rate of glycolytic pathway in diabetic animals may be due to the competi-
tion for NAD between the sorbitol pathway and glycolysis (Williamson et al. 1993). 
Similar to our observation, decreased activities of HK and PFK with increased 
activity of PK in liver and muscle of fructose-fed rats were also reported (Rewana 
et al. 1993; Kannappa et al. 2006; Reddy et al. 2009) indicating decreased rates of 
glucose oxidation by glycolysis in these tissues. The prevailing hyperglycemia in 
fructose-fed conditions may lead to increased uptake of glucose into hepatocytes 
through insulin-independent glucose transporter GLUT-2. In addition, decreased 
operation of glycolysis is also responsible for building up of intracellular glucose 
concentration leading to glucotoxicity resulted in impaired insulin sensitivity in the 
liver. C. roseus treatment in D + CR-group prevented the diabetic-induced altera-
tions in glycolytic enzyme activities. F + CR-group showed significantly enhanced 
muscle HK (64.7%) and PFK (55.9%) activities and significantly decreased hepatic 
and muscular PK activity (16.1 and 9.0%) compared to F-group. Studies of Weber 
and Convery (1966) indicated that insulin administration restored the decreased gly-
colytic enzyme activities of diabetic animals. Improvement in plasma insulin levels 
by C. roseus treatment in D + CR-group might be responsible for increased activity 
of glycolytic enzymes because of the transcriptional upregulation of glucokinase, 
PFK, and PK genes by insulin (Howard 1995). C. roseus administration to fructose-
fed rats prevented the fructose feed-induced decrease in HK and PFK activity in 
muscle and the increase in PK activity in muscle and liver. Even though improve-
ment was observed in the activities of hepatic glycolytic enzymes in F + CR-group 
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compared to F-group, the plant treatment does not restore the liver PK and PFK 
enzymes to normal level. The current results of glycolytic enzyme activities repre-
sent the beneficial effects of C. roseus treatment in rectifying the impairment in the 
insulin-mediated glucose transport observed in the muscle tissue of fructose-fed 
rats, whereas insulin resistance is partially rectified at hepatic level.

3.5  Fructose Metabolism

Fructose is rapidly phosphorylated by ATP in liver to form fructose-1-phosphate, 
catalyzed by the first enzyme of the fructose catabolic pathway i.e., fructokinase. 
This enzyme is virtually specific for fructose. Glucose is a general substrate for all 
body tissues while fructose has to be processed in the liver first and its intake repre-
sents a carbohydrate load targeted on the liver. The high capacity of this enzyme 
ensures the channeling of the majority of fructose into hepatic metabolism. Fructose 
is absorbed by intestinal epithelium and transported into hepatic portal vein. Then, 
all fructose absorbed flows through the liver initially. Fructokinase  rapidly phos-
phorylates fructose to fructose-1-phosphate. FK activity in the liver of six experi-
mental groups presented in Table 4 revealed no significant variation among C, C + 
CR, D, and D + CR groups as these groups are fed on normal chow diet. However, 
significantly increased hepatic fructokinase activity was observed both in F-group 
(33.1%) and F + CR-group (26.2%) compared to C-group. C. roseus treatment 
resulted in a slight but not significant decrease in hepatic fructokinase activity in F + 
CR-group compared to F-group. It was demonstrated that prolonged feeding is nec-
essary for meaningful induction of enzyme (Fukuda et al. 1983). Mammalian liver 
is capable of adaptation to fluctuations in dietary fructose content by showing sub-
stantial inducibility of FK by fructose.

3.5.1  Gluconeogenesis

Glucose is produced through gluconeogenesis and glycogenolysis. Both phenom-
ena are inhibited by insulin and enhanced by a deficiency of insulin action 
(Friedmann et al. 1967). Gluconeogenesis and glycolysis are reciprocally regulated 
so that one pathway is relatively inactive while the other is highly active. 

Table 4 Effect of C. roseus treatment on hepatic fructokinase in STZ diabetic and fructose fed IR 
rats

Parameter C C + CR D D + CR F F + CR

Fructokinase (μmol NADH 
oxidized/min/mg protein)

1.09 ± 
0.03a

1.04 ± 
0.02a

0.99 ± 
0.07a

1.17 ± 
0.05a

1.45 ± 
0.03b

1.38 ± 
0.04b

Values are mean ± S.E.M. (n=8 animals). Values with different superscripts within the row are 
significantly different at P<0.05 (Duncan’s multiple range test)
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Gluconeogenesis mostly takes place in liver and to some extent in kidney. Increased 
hepatic glucose production is a major component of diabetes and insulin resistance- 
induced hyperglycemia. The data present in Table 5 revealed significantly increased 
activities of hepatic and renal F1,6BPase and G6Pase both in D and F groups com-
pared to C-group. However, the enhancement in these enzyme activities is more 
prominent in D-group than F-group. The percent increase in hepatic and renal 
F1,6BPase and G6Pase activities of D-group are (76.9%, 63.6%) and (133.3%, 
42.9%) and in F-group are (43.5%, 45.5%) and (59.5%, 23.2%), respectively, com-
pared to C-group. Enhanced gluconeogenesis under diabetic condition may also be 
due to increased availability of gluconeogenic substrates by enhanced catabolism of 
proteins and lipids. C. roseus treatment for 60 days resulted in no significant altera-
tions in the activities of hepatic and kidney F1,6BPase and G6Pase in C + CR-group 
compared to C-group. Thus, intensity of hyperglycemia in D and F groups are in 
correlation with the level of operation gluconeogenesis. C. roseus-treated diabetic 
(D + CR-group) and fructose-fed (F + CR-group) rats showed a significant decrease 
in these enzyme activities both in the liver and kidney when compared to D and F 
groups, respectively, and this decrease further resulted in bringing these enzyme 
activities to normal values. Thus, C. roseus treatment in D + CR and F + CR groups 
prevented the increased operation of gluconeogenesis seen under diabetic 
conditions.

3.5.2  Glycogen and Glycogen Phosphorylase

In animals, glycogen is the main storage form of carbohydrates present mainly in 
liver and muscle. The concentration of tissue glycogen depends upon the rate of 
glycogenesis and glycogenolysis. Glycogen stores of muscle and liver serve entirely 
different roles, i.e., in liver it serves as a glucose reserve for the maintenance of 
blood glucose homeostasis whereas in muscle it is a readily available source of 
glucose for its glycolysis. When compared to C-group, D and F group rats showed 
differential trend in regard to the changes in hepatic glycogen content and hepatic 
glycogen phosphorylase activity (Table 6). D-group showed significantly decreased 
glycogen content in liver (60.9%) and muscle (70.3%), with significantly enhanced 
hepatic glycogen phosphorylase activity (119.4%) whereas F-group showed sig-
nificantly enhanced glycogen content in liver (24.7%) and muscle (18.6%) with 
significant decrease (29.7%) in the activity of glycogen phosphorylase when com-
pared to C-group. It appears that fructose is a better substrate for glycogen synthesis 
than glucose. This can be explained by enhanced fructose metabolic production of 
fructose-1-phosphate by increased activity of FK. Dietary fructose is mainly metab-
olized in the liver. Fructose after converting to fructose-1 phosphate by FK, it is con-
verted to dihydroxy acetone phosphate (DHAP) and glyceraldehyde- 3- phosphate. 
Increased concentration of these triose phosphates in the liver drives the glycogen-
esis towards glucose-6-phosphate, glucose-1-phosphate, and glycogen formation 
(Mayes 1993). Once liver glycogen is replenished, the intermediates of fructose 
metabolism are primarily directed towards TG synthesis (Parniak 1988). Our results 
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of enhanced glycogen content in fructose-fed rats are in accordance with earlier 
studies (Youn et al. 1987; Murakami et al. 1996; Reddy et al. 2009). However, a 
few contradictory observations of decrease hepatic glycogen content in fructose- 
fed rats also appeared in literature (Rajasekar and Anuradha 2007). In this study, 
the enhanced hepatic glycogen stores in fructose-fed rats can be explained by the 
observed decrease in the activity of glycogen phosphorylase. C. roseus-treated con-
trol rats (C + CR-group) showed no significant variation in the glycogen content of 
liver and muscle and hepatic glycogen phosphorylase when compared to C-group. 
Glycogen levels in various tissues especially in skeletal muscle is direct reflection 
of insulin activity as insulin promotes intracellular glycogen deposition by stimu-
lating glycogen synthase and inhibiting glycogen phosphorylase (Ortmeyer et al. 
1997). Two months of treatment with C. roseus partially prevented the depletion of 
glycogen in the liver and muscle with decreased hepatic glycogen phosphorylase of 
STZ diabetic rats. This may be due to increased circulatory insulin concentrations 
observed in the D + CR-group compared to D-group. Thus C. roseus partially cor-
rected the altered glycogen metabolism observed in D-rats. Co-administration of C. 
roseus for 60 days partially prevented the fructose feeding-induced enhancement in 
the glycogen content of liver and muscle in F + CR-group

3.5.3  Polyol Pathway

Polyol pathway also known as sorbitol pathway basically involves the conversion of 
glucose to fructose via sorbitol. Aldose reductase, the first and rate-limiting step of 
polyol pathway, reduces glucose to sorbitol with the aid of co-factor NADPH and 
the second enzyme SDH with its co-factor NAD+, converts sorbitol to fructose. 
Under hyperglycemic conditions, glucose disposal through polyol pathway tends to 
increase to 30% from normal 3%, and it plays a major role in the pathogenesis of 
diabetic complications as it is one of the major sources of oxidative stress. The 
product of this pathway, i.e., fructose and its metabolites, fructose-3-phosphate and 
3-deoxyglucose, are more potent nonenzymatic glycation agents than glucose, the 
flux of glucose through the polyol pathway would increase advanced glycation end 
products (AGEs) formation.

The activities of AR and SDH in liver, pancreas, and heart tissues of six experi-
mental groups are given in Table 7. In comparison with group-C, group-D showed 
a significant increase in the AR and SDH activities in liver (40.0%, 35.1%), pan-
creas (16.2%, 18.6%), and heart (22.9%, 12.4%) whereas F-group showed slight but 
not a significant increase in AR activity and a significant increase in SDH activities 
in liver (11.7%), pancreas (7.6%), and heart (8.2%). Thus, enhanced operation of 
polyol pathway is more prominent in D-group than F-group. C.roseus treatment 
resulted in the restoration of the enhanced activities of both AR and SDH to normal 
values in all tissues in D + CR-group. Except hepatic SDH, the activities of AR and 
SDH of F + CR-group are not significantly varied from C-group. Reports are avail-
able on polyol pathway inhibiting activity of many plant extracts and phytochemi-
cals. Inhibition of aldose reductase has been shown to ameliorate vascular and other 
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complications in diabetes (Greene et al. 1993; Williamson et al. 1993). Thus resto-
ration of enhanced polyol pathway enzymes to normal levels by C. roseus supple-
mentation in diabetic and fructose-fed animals (D + CR and F + CR) avoided the 
deleterious alterations due to enhanced operation of polyol pathway towards oxida-
tive stress.

3.6  Protein Metabolism

3.6.1  Transaminases

To understand the beneficial effects of C.rosues treatment against alteration in pro-
tein catabolism under diabetic conditions, hepatic and renal transaminase (ALT and 
AST) activities are assessed in six experimental groups and represented in Table 8. 
The data revealed a significant increase in tissue transaminase activities both in D 
and F groups compared to C-group. An increase in transaminase activities was more 
pronounced in D-group than F-group. Tissue transaminase activities are increased 
in situations associated with enhanced amino acid catabolism and gluconeogenesis. 
The observed elevation of transaminase activities in liver and kidney of D-group 
and F-group rats is an indication of increased protein degradation and amino acid 
catabolism in these metabolic conditions, thus providing precursors for gluconeo-
genesis. In addition, enhanced nonenzymatic glycation of proteins under hypergly-
cemic conditions may decrease the half-life of proteins, thus contributing to the 
enhanced protein degradation (Vlassara and Palace 2002). More prominent enhance-
ment in transaminase activities of diabetic rats compared to fructose-fed rats indi-
cates more intensified protein degradation and amino acid catabolism under 
insulin-deficient condition than insulin-resistant condition. This is further supported 
by a decrease in body weight of D-group rats by decreased muscle mass. C. roseus 
administration for 60 days prevented the increased transaminase activities observed 
both in D + CR and F + CR groups. The restoration of transaminase activities of 
liver and kidney of D + CR and F + CR rats to their respective normal levels further 
strengthens the protective effect of C. roseus against diabetes-induced alterations in 
protein metabolism. In contrasts to our study, decreased activities of hepatic trans-
aminases reported in diabetic rats are not ameliorated by C. roseus treatment (Singh 
et al. 2001).

3.7  Lipid Metabolism

3.7.1  Plasma Lipid Profile

The plasma lipid profiles of the six groups of animals at initial and final days of the 
experimental period are represented in Table 9. Both D and F groups showed dys-
lipidemia with respective significant increase in the plasma TC (13.2%, 62%), TG 

Therapeutic Efficacy of Catharanthus roseus in Type 1 and Type 2 Diabetes…



226

Ta
bl

e 
8 

E
ff

ec
t o

f 
C

. r
os

eu
s 

tr
ea

tm
en

t o
n 

tis
su

e 
tr

an
sa

m
in

as
es

 in
 S

T
Z

 d
ia

be
tic

 a
nd

 f
ru

ct
os

e-
fe

d 
IR

 r
at

s

Pa
ra

m
et

er
T

is
su

e
C

C
 +

 C
R

D
D

 +
 C

R
F

F 
+

 C
R

A
LT

 (
μg

 o
f 

py
ru

va
te

 
fo

rm
ed

/m
in

/m
g 

pr
ot

ei
n)

L
iv

er
1.

22
±

0.
03

a
1.

20
±

0.
01

a
2.

08
±

0.
04

b
1.

28
±

0.
03

a
1.

38
±

0.
04

c
1.

26
±

0.
02

a

K
id

ne
y

0.
21

±
0.

01
a

0.
22

±
0.

01
a

0.
41

±
0.

02
b

0.
26

±
0.

02
c

0.
29

±
0.

02
d

0.
22

±
0.

01
a

A
ST

 (
μg

 o
f 

py
ru

va
te

 
fo

rm
ed

/m
in

/m
g 

pr
ot

ei
n)

L
iv

er
0.

81
±

0.
02

a
0.

82
±

0.
02

a
1.

30
±

0.
03

b
0.

86
±

0.
03

a
0.

92
±

0.
02

c
0.

78
±

0.
01

a

K
id

ne
y

0.
42

±
0.

01
a

0.
38

±
0.

03
a

0.
73

±
0.

02
b

0.
44

±
0.

01
a

0.
51

±
0.

01
c

0.
44

±
0.

01
a

V
al

ue
s 

ar
e 

m
ea

n 
±

 S
.E

.M
. (

n=
8 

an
im

al
s)

. V
al

ue
s 

w
ith

 d
if

fe
re

nt
 s

up
er

sc
ri

pt
s 

w
ith

in
 th

e 
ro

w
 a

re
 s

ig
ni

fic
an

tly
 d

if
fe

re
nt

 a
t P

<
0.

05
 (

D
un

ca
n’

s 
m

ul
tip

le
 r

an
ge

 te
st

)

K. Rasineni et al.



227

Ta
bl

e 
9 

E
ff

ec
t o

f 
C

. r
os

eu
s 

tr
ea

tm
en

t o
n 

pl
as

m
a 

lip
id

 p
ro

fil
e 

in
 S

T
Z

 d
ia

be
tic

 a
nd

 f
ru

ct
os

e-
fe

d 
IR

 r
at

s

Pa
ra

m
et

er
D

ay
s

C
C

 +
 C

R
D

D
 +

 C
R

F
F 

+
 C

R

To
ta

l 
ch

ol
es

te
ro

l  
(m

g/
dL

)

In
iti

al
 (

0 
da

y 
of

 
ex

pe
ri

m
en

ta
tio

n)
65

.2
6±

3.
21

a
67

.1
9±

2.
67

a
72

.6
7±

3.
40

b
73

.0
3±

2.
86

b
68

.6
0±

3.
45

a
67

.1
8±

4.
67

a

Fi
na

l (
60

 d
ay

s 
of

 
ex

pe
ri

m
en

t)
72

.8
9±

3.
20

b
62

.2
1±

4.
22

a
82

.5
1±

5.
86

c
75

.6
0±

3.
04

a
11

8.
20

±
6.

19
d

76
.2

7±
3.

76
b

T
ri

gl
yc

er
id

es
 

(m
g/

dL
)

In
iti

al
69

.9
1±

3.
31

a
75

.0
1±

3.
60

a
79

.5
1±

2.
68

b
76

.8
9±

2.
91

b
70

.2
5±

4.
81

a
73

.8
8±

5.
79

a

Fi
na

l
76

.2
8±

4.
68

b
68

.7
8±

2.
74

a
89

.3
7±

5.
60

c
77

.4
6±

2.
66

b
15

6.
54

±
8.

80
d

80
.4

8±
8.

26
b

H
D

L
- 

ch
ol

es
te

ro
l  

(m
g/

dL
)

In
iti

al
33

.7
1±

1.
16

a
32

.2
6±

0.
78

a
30

.4
1±

1.
46

b
29

.1
8±

1.
92

b
33

.3
5±

2.
88

a
32

.9
4±

1.
60

a

Fi
na

l
29

.4
3±

1.
28

b
37

.7
6±

0.
89

c
26

.1
0±

1.
45

d
32

.5
0±

0.
77

a
25

.9
1±

1.
81

d
28

.9
3±

1.
55

b

L
D

L
- 

ch
ol

es
te

ro
l  

(m
g/

dL
)

In
iti

al
13

.9
0±

0.
66

a
14

.9
9±

0.
72

a
15

.9
0±

0.
53

b
15

.2
1±

0.
58

b
14

.0
4±

0.
96

a
14

.7
7±

0.
40

a

Fi
na

l
15

.2
5±

0.
52

b
13

.7
5±

0.
54

a
17

.8
7±

1.
12

c
15

.4
9±

0.
53

b
31

.3
0±

1.
71

d
16

.0
9±

1.
65

b

V
L

D
L

- 
ch

ol
es

te
ro

l  
(m

g/
dL

)

In
iti

al
17

.6
5±

3.
73

a
19

.9
3±

2.
85

a
26

.3
6±

2.
97

b
28

.8
3±

2.
40

b
21

.2
0±

3.
10

a
22

.4
7±

2.
54

a

Fi
na

l
28

.1
7±

2.
93

b
10

.7
6±

3.
82

c
38

.7
0±

4.
27

d
27

.6
0±

2.
18

b
59

.9
7±

4.
36

e
31

.0
5±

2.
12

b

A
th

er
og

en
ic

 
in

de
x

In
iti

al
1.

93
±

0.
20

a
2.

05
±

0.
08

a
2.

39
±

0.
22

b
2.

56
±

0.
10

b
2.

10
±

0.
13

a
2.

13
±

0.
07

a

Fi
na

l
2.

47
±

0.
17

b
1.

64
±

0.
18

c
3.

20
±

0.
21

d
2.

32
±

0.
15

b
4.

55
±

0.
20

e
2.

63
±

0.
12

b

V
al

ue
s 

ar
e 

m
ea

n 
±

 S
.E

.M
. (

n=
8 

an
im

al
s)

. V
al

ue
s 

w
ith

 d
if

fe
re

nt
 s

up
er

sc
ri

pt
s 

w
ith

in
 th

e 
ro

w
 a

re
 s

ig
ni

fic
an

tly
 d

if
fe

re
nt

 f
ro

m
 in

iti
al

 v
al

ue
s 

of
 c

on
tr

ol
s 

at
 P

<
0.

05
 

(D
un

ca
n’

s 
m

ul
tip

le
 r

an
ge

 te
st

)

Therapeutic Efficacy of Catharanthus roseus in Type 1 and Type 2 Diabetes…



228

(17.2%, 105.0%), LDL-cholesterol (11.3%, 112.7%), and VLDL-cholesterol 
(17.2%, 104.5%) and a significant decrease in HDL-cholesterol (11.3%, 12.0%) 
compared to the C-group. The dyslipidemia observed in both D and F groups further 
resulted in a significant increase in the atherogenic index (27.9%, 80.0%). In con-
trast to hyperglycemia, the intensity of hyperlipidemia was more in insulin-resistant 
rats (F-group) than insulin-deficient rats (D-group) which may be due to the fact 
that fructose is more lipogenic than glucose. The abnormal high concentration of 
serum lipids in diabetes is mainly due to the increase in the mobilization of FFAs 
from the peripheral depots since insulin inhibits the hormone-sensitive lipase. High 
levels of plasma triacylglycerols is a well-established consequence of dietary fruc-
tose intake (Kelley et al. 2004). Enhanced hepatic lipogenesis, overproduction of 
VLDL, and impairment in their peripheral catabolism (Busserolles et al. 2002) are 
responsible for the observed dyslipidemia in fructose-fed rats.

C. roseus administration for 60 days improved the plasma lipid profile by lower-
ing  TC, TG, LDL-cholesterol, and VLDL-cholesterol and increasing HDL- 
cholesterol resulting in decreased atherogenic index in both D + CR and F + CR 
groups. Thus by the end of the experimental period, the lipid profile of D + CR and 
F + CR groups were not deviated from C-group indicating the protective effect of C. 
roseus against dyslipidemia. The beneficial anti-atherogenic effects of C. roseus are 
also evident from the healthy lipid profile of C + CR-group compared to C-group 
with 23.2% decrease in atherogenic index.

Natarajan et al. (2012) reported antihyperlipidemic activity of aqueous extract of 
flowers of C. roseus in alloxan-induced diabetic rats at a dose of 350 and 450 mg/kg 
body weight for 30 days with no significant effect at lower dose, i.e., 250 mg/kg 
body weight.

3.7.2  Tissue Lipids

The observed therapeutic effect of C. roseus treatment against the detected dyslip-
idemia with development of decreased insulin sensitivity in both diabetic models 
promoted to study the alterations in tissue lipids and lipid metabolic enzymes in 
these experimental groups. The data presented in Table 10 reveal the hepatic and 
heart tissue total cholesterol, triglycerides, phospholipids, and FFA of the six exper-
imental groups. When compared to C-group, the percent increase in hepatic and 
cardiac TC, TG, phospholipids, and FFA are 12.8, 9.13, 5.7, and 15.2%, and 21.6, 
17.9, 16.5, and 32.8%, respectively, in D-group and 21.6, 17.8, 51.7, and 32.2%, 
and 41.4, 21.6, 63.9, and 53.7%, respectively, in F-group. Thus, F-group showed 
higher lipid accumulation in both liver and heart tissues compared to STZ diabetic 
rats. It was well known that the process of lipid accumulation interferes with utiliza-
tion of glucose through principles of Randle cycle and hepatic lipid accumulation 
seen both under insulin-deficient and insulin-resistant conditions may result in fatty 
liver. Over accumulation of TG in the liver and muscle may lead to overproduction 
of metabolites (ceramides and diacylglycerol) which induce a cascade of serine/
tyrosine phosphorylation reactions that diminish the glucose transport activity and 
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other events that desensitize insulin receptor signalling. A causal link of cardiac 
lipid accumulation and cardiac dysfunction has been proposed. The accumulation 
of neutral lipids in cardiac myocytes causes lipotoxic heart disease. Further, the 
lipotoxicity also plays a role in the development of contractile dysfunction. C. 
roseus administration for 60 days restored the tissue lipid fractions to normal values 
both in (D + CR) and (F + CR) groups. However, C + CR-group showed a slight but 
a significantly decreased level of tissue lipid fractions when compared to C-group.

In order to understand the contribution of lipogenic enzyme activities for the 
fatty liver in D and F groups and their alterations by C. roseus administration, the 
following hepatic lipogenic enzymes, i.e., FAS, malic enzyme, and G6PDH along 
with LPL of adipose tissue were assayed in six experimental groups.

3.7.3  Fatty Acid Synthase, G6PDH, Malic Enzyme, and Lipoprotein 
Lipase

Fatty acid synthase plays a central role in de novo lipogenesis in animals by catalyz-
ing all the reactions in conversion of acetyl-CoA and malonyl-CoA to palmitate. 
Malic enzyme and G6PDH play a key role in generation of NADPH for lipogenesis. 
Lipoprotein lipase is an enzyme responsible for the hydrolysis of triacylglycerols 
from plasma lipoproteins, mainly chylomicrons and very low-density lipoproteins 
and its activity is influenced by nutritional and hormonal status and by environmen-
tal conditions. Adipose tissue LPL is the enzyme that initiates the entry of lipopro-
tein packaged fatty acids into adipose tissue for storage. The data on activity of 
hepatic G6PDH, malic enzyme, FAS, and lipoprotein lipase of visceral adipose tis-
sue are furnished in Table 11. An opposite trend in the alteration of G6PDH malic 
enzyme and FAS activities were observed in STZ diabetic (D-group) and insulin- 
resistant rats (F-group) compared to C-group. In comparison with group-C, the 
activities of hepatic G6PDH, malic enzyme, and FAS are significantly lowered 
(54.3%, 18.3%, 21.2%) in group-D whereas significantly increased (32.5%, 37.4%, 
25.3%) in group-F. The data clearly revealed the situation of a decreased lipogenesis 
under insulin-deficient condition and enhanced lipogenesis in IR condition. C.roseus 
treatment restored these enzyme activities to normal level in D + CR group. 
Co-administration of C. roseus along with fructose diet in F + CR group restored the 
hepatic FAS to normal level whereas malic enzymes was brought to near-normal 
value but significantly higher than group-C with no alteration in G6PDH from 
group-F. The abdominal adipose tissue was not visible in the D-group which is the 
reason for not assaying the LPL in D-group. A significantly decreased activity 
(11.7%) of LPL of adipose tissue was observed in F-group when compared to 
C-group. C. roseus administration for 60 days showed no significant variation in 
this enzyme activity in C + CR and D + CR groups. However, F + CR-group showed 
a significantly enhanced adipose LPL activity when compared to F and C groups. 
The observed very scanty adipose tissue in D-group indicates decreased de novo 
synthesis of lipids and increased lipolysis. However, an increase in the hepatic lipid 
levels in STZ diabetic rats may be due to increased uptake from the portal system as 
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shown earlier (Gupta et al. 1999) and not due to de novo synthesis. Thus, in this 
study the enhanced tissue lipids in fructose-fed rats can be explained by enhanced 
hepatic lipogenesis as reflected by the increased activities of FAS, malic enzyme, 
and G6PDH in the liver along with decreased activity of LPL of adipose tissue 
under fructose-fed condition .The therapeutic efficacy of C. roseus is evident from 
the restoration of lipid metabolic enzymes of D + CR-group to normal level. The 
protective role of C. roseus against fructose feed-induced lipid accumulation in tis-
sues is also evident from preventing the enhanced lipogenesis observed under 
fructose- fed conditions by keeping the activity of key regulatory enzyme of lipoly-
sis LPL of adipose and lipogenic enzymes of liver viz., FAS, malic enzyme, and 
G6PDH to the normal values. Thus, C. roseus treatment had given protection against 
diabetes-induced fatty liver and fructose feed-induced insulin resistance in target 
tissues by preventing lipid accumulation. However, these enzyme activities of C + 
CR-group did not deviate from C-group.

3.8  Oxidative Stress

The oxidative stress and resultant tissue damage are hallmark of chronic diseases 
and cell death, and diabetes is not an exception. Persistence hyperglycemia as 
observed in uncontrolled diabetes causes increased production of free radicals espe-
cially reactive oxygen species (ROS), for all tissues from glucose auto-oxidation 
and protein glycation (George and Mary 2004). In addition, hyperinsulinemia in 
insulin-resistant condition and enhanced FFA observed in diabetes and insulin- 
resistant conditions are also sources of free radicals which cause damage either 
directly affecting a specific molecule or indirectly by forming numerous toxic deriv-
atives. Normalizing ROS generation not only reversed these changes, but also pre-
vented the long-term complications of diabetes (Nishikawa et  al. 2000). The 
observed efficient free radical scavenging capacity of C. roseus against different 
ROS and DPPH radicals from in vitro antioxidant screening experiments prompted 
to undertake in vivo studies. In order to understand the extent of oxidative stress and 
to assess the protective effect of C. roseus administration in insulin-deficient and 
insulin-resistant conditions, oxidative stress markers like lipid peroxidation, protein 
oxidation, and antioxidant status were assessed in tissues of six experimental 
groups.

3.8.1  Lipid Peroxidation, Protein Oxidation, and Reduced Glutathione

The extent of LPO and PO and the content of GSH in liver, pancreas, and heart of 
six experimental groups are summarized in Table 12. Both STZ diabetic (D-group) 
and insulin-resistant rats (F-group) showed significantly enhanced LPO in liver 
(47.3 and 22.0 %), pancreas (52.1 and 18.6%), and heart (32.1 and 24.9%) when 
compared to C-group. Thus under STZ-induced diabetic condition, the percent 
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increase in LPO is more in pancreas than liver and heart whereas under insulin- 
resistant condition (F-group) percent increase in LPO is more in heart than liver and 
pancreas. The protein oxidation levels are also significantly increased in both D and 
F groups in liver (27.5 and 15.4%), pancreas (29.8%, 19.2%), and heart (10.1%, 
7.1%) compared to C-group. GSH, the major portion of cellular nonprotein thiols, 
is an important antioxidant and considered as a major buffer in the cell. GSH func-
tions directly in elimination of toxic peroxides and aldehydes and indirectly in 
maintaining Vit-C and Vit-E and SH-dependent enzymes in their reduced and func-
tional state. Hence, the measurement of cellular GSH is considered as good assess-
ment of antioxidant status. A significant decrease in the tissue GSH was observed 
both in D-group in liver (29.2%), pancreas (34.4%), and heart (42.9%) and F-group 
liver (13.7%) and heart (13.3%) compared to C-group. Unlike liver tissue, the pan-
creas of F-group showed no alterations in GSH content from C-group. The signifi-
cantly decreased GSH content of D-group and F-group rats compared to control rats 
may be due to increased utilization of GSH or decreased synthesis because of 
enhanced oxidative stress. The data clearly indicates that the intensity of oxidative 
stress as reflected from increased LPO and PO with decreased GSH is compara-
tively more in insulin-deficient condition than insulin-resistant condition. Except 
pancreatic LPO and PO of D + CR-group C. roseus treatment for 60 days prevented 
the increased tissue LPO and PO and decreased tissue GSH content observed in 
STZ-induced diabetic and fructose-fed conditions by restoring to normal values in 
D + CR and F + CR groups. The significantly decreased pancreas LPO (25.2%) and 
increased hepatic GSH (30.2%) of D + CR-group compared to D-group did not 
reach the normal value. The beneficiary effect of C. roseus treatment is also reflected 
from tissue LPO and PO and GSH status of C + CR by maintaining better antioxi-
dant status compared to C-group.

Control of diabetes-induced oxidative stress could theoretically be used to reduce 
the severity of diabetic complications. Clinical trials with conventional antioxidants 
in diabetic patients are limited. In addition to the many antioxidants examined, a 
number of commonly used drugs have shown promising antioxidant activity in 
addition to their primary pharmacological activity. These drugs include thiazolidin-
ediones, metformin and HMG-CoA reductase inhibitors (statins), and inhibitors of 
the renin-angiotensin system. The observed significant elevation of GSH content of 
the tissues of D + CR and F + CR-rats compared D and F-rats indicate that C. roseus 
might have either increased the biosynthesis of GSH or lowered the utilization of 
GSH due to decreased oxidative stress or both. Generally, antioxidant treatment can 
exert beneficial effects in diabetes, with preservation of in  vivo β-cell function. 
Antioxidant treatment suppresses apoptosis in β-cells without changing the rate of 
β-cell proliferation supporting the hypothesis that in chronic hyperglycemia, apop-
tosis induced by oxidative stress causes reduction in β-cell mass (Kaneto et al. 1999; 
Wiernsperger 2003). Particularly in D + CR-group, C. roseus protection against 
STZ diabetic-induced depletion of GSH is also evident from improved insulin 
secretion of these animals compared to D-group thus indicating the suppression of 
β-cell apoptosis. Maintenance of ample concentrations of antioxidants seems to be 
necessary for efficient insulin action. Sandrine et  al. (2005) showed that insulin 
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resistance induced by high fructose diet in rats was associated with oxidative stress. 
Oxidative stress could also participate in the progression of insulin resistance since 
the incubation of adipocytes in the presence of H2O2 decreases the sensitivity of 
cells to insulin and glucose transport (Hansen et al. 1999). Positive correlation was 
found between the malondialdehyde (MDA) level and index of insulin sensitivity 
(Kocic et al. 2007). Thus, prevention of GSH depletion seen in fructose-fed rats by 
C. roseus supplementation may also be responsible for the enhanced insulin sensi-
tivity observed in F + CR-group. Besides hyperglycemia, hypertriglyceridemia, and 
hyperinsulinemia, the susceptibility of tissues to oxidative stress may depend on 
lipid over load and alterations in lipid composition. Enhanced lipid accumulation 
observed in the tissues of fructose-fed rats may also contribute to increased lipid 
peroxide levels found in these rats. C. roseus supplementation for 60 days to STZ 
diabetic and fructose-fed insulin-resistant rats alleviated the lipid accumulation in 
the skeletal muscle, heart, and liver tissues. This may depend upon its TG lowering 
and insulin sensitizing effects. Further, its antihyperglycemic effect could bring a 
favorable metabolic environment avoiding the pro-oxidant conditions with reduced 
oxidative stress in C. roseus-treated STZ and fructose-fed rats.

Besides transport and de novo synthesis, level of GSH is also regulated by GSH 
redox cycle composed of GPx, GR, and G6PDH. The reduction of GSSG to GSH is 
catalyzed by GR in the presence of NADPH which is generated from pentose phos-
phate pathway. Peroxides produced in a cell can be detoxified by the action of GPx 
and CAT. GPx catalyzes the reduction of peroxides with GSH to form GSSG and 
the reduction product of H2O2. This enzyme is specific for its hydrogen donor GSH 
and nonspecific for the hydroperoxides ranging from H2O2 to organic peroxides. 
GSH-independent antioxidant enzymes viz., SOD and CAT are widely distributed 
in all animal cells. Superoxide dismutase, a Cu/Zn containing enzyme, is a major 
enzyme defense for aerobic cells by providing the primary catalytic cellular defense 
that protects cells and tissues against potentially destructive reactions of O2

• and 
their derivatives. CAT catalyzes the reduction of hydrogen peroxide and protects the 
tissues from highly reactive hydroxyl radicals. CAT decomposes H2O2 without gen-
eration of free radicals by minimizing one electron transfer.

The activities of glutathione-dependent (GR, GPx, and GST) and glutathione- 
independent (SOD and CAT) antioxidant enzymes of liver, pancreas, and heart of 
six experimental groups are summarized in Tables 13 and 14. Both GSH-dependent 
and GSH-independent antioxidant enzyme activities are highest in liver, the main 
organ involved in detoxification of process and least in pancreas indicating its sus-
ceptibility to oxidative stress. Studies of Grankvist et al. (1981) and Sigfrid et al. 
(2004) revealed more vulnerability of β cells to oxidative stress due to relatively low 
levels of GPx and other protective enzymes compared to other cells. Moreover, 
studies of Tiedge et al. (1997) and Sigfrid et al. (2004) also revealed incapability of 
pancreatic islets and β-cell lines to increased antioxidant enzyme expression in 
response to cellular stress.

Data presented in Table  13 indicates significantly decreased activities of GR, 
GPx, and GST in the tissues of both D and F groups compared to C-group. When 
compared to control rats, the percent decrease in the activity of GR in liver,  pancreas, 
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and heart are 14.7, 15.6, and 20.7% in STZ diabetic rats and 9.3, 8.2, and 10.6% in 
fructose-fed rats, respectively. D-group rats showed a significant decrease in the 
activities of GPx and GST in liver (17.1 and 31.4%), pancreas (19.7 and 29.7%), 
and heart (17.9 and 34.7%) compared to C-group. Like STZ diabetic rats and fruc-
tose-fed rats also showed decreased activities of GR and GST in liver (14.3 and 
14.2%), pancreas (14.5 and 13.5%), and heart (13.7 and 28.2%), respectively, com-
pared to C-group. Decreased GR activity contributes to the decreased regeneration 
of GSH from GSSG. Decreased activities of GPx and GST in D and F groups rats 
are justified from the decreased GSH content in these tissues. Lowered activities of 
GSH-dependent antioxidant enzymes are in accordance with earlier studies in STZ 
diabetic rats (Anuradha and Selvam 1993; Venkateswaran and Pari 2003) and IR 
rats (Srividhya and Anuradha 2002; Busserolles et al. 2002). The depletion in the 
activities of these enzymes in both insulin-deficient and insulin- resistant conditions 
may result in deleterious oxidative stress due to accumulation of toxic products. 
Heart tissues of both STZ diabetic and fructose-fed rats showed higher percent 
decrease in GSH-dependent oxidative enzymes when compared to liver and pan-
creas. Vulnerability of cardiac tissues to oxidative stress is because these antioxi-
dant enzymes play a key role in the cell protection against the deleterious effects of 
the ROS. C. roseus treatment in D + CR and F + CR groups resulted in retaining 
these enzyme activities with no deviation from C-group. This clearly reveals the 
protective effect of C. roseus treatment against oxidative damage by keeping GSH-
dependent antioxidant enzymes at normal level in C. roseus-treated insulin-deficient 
and insulin-resistant animal models.

Significantly decreased activities of SOD and CAT in all tissues of D and F 
groups are evident from the data presented in Table 14. The percent decrease in the 
SOD activity in liver, pancreas, and heart tissues are 29.0, 46.3, and 28.2%, respec-
tively, in D-group and 19.1, 31.3, and 26.0%, respectively, in F-group compared to 
C-group and decrease in the CAT activity of D-group and F-group in liver, pancreas, 
and heart are 24.12, 39.5, and 35.5%, and 19.1, 29.8, and 24.0% compared to 
C-group. The percent decrease in SOD and CAT activities are prominent in pancre-
atic tissue compared to liver and heart both in STZ diabetic and fructose-fed rats. 
The significant enhancement in the activities of SOD and CAT of F + CR-group 
compared to F-group resulted in restoration of these enzyme activities to normal 
values. Similarly, C. roseus treatment to D + CR group also normalized SOD activ-
ity in liver, heart, and pancreatic tissues and CAT activity in pancreas. However, 
CAT activities in hepatic and cardiac tissue of D + CR-group are still significantly 
lower than C-group. Restoration of SOD activity in D + CR and F + CR groups 
reveals an efficient defense against the first line of oxidative stress, i.e., O2

•- radicals 
which are known to inactivate CAT. Xu et al. (1999) demonstrated that over expres-
sion of CAT in mouse islet cells had given protection against H2O2-induced oxida-
tive stress resulted in normal insulin secretion and reduced the diabetogenic effect 
of STZ in vivo.

The results from this study indicate that both insulin-deficient and insulin- 
resistant conditions have increased oxidative stress and a compromised antioxi-
dant defense system in the liver, pancreas, and heart. This increase in oxidative 
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stress is prevented by C. roseus administration in both Type 1 and Type 2 DM 
animal models.

Various natural products have long been used in traditional medical systems for 
treating diabetes contains a wide range of antioxidants with a potent scavenging 
activity for ROS.  Similar to C. roseus, our earlier studies revealed antioxidant 
potential of other plant extracts, viz., Phyllanthus amarus, Tinospora cordifolia, 
Commiphora mukul, Moringa oleifera, and Caralluma fimbriata against oxidative 
stress in different tissues of STZ diabetic (Ramesh et  al. 2011; Sudhakara et  al. 
2012; Divi et al. 2012; Vijaya Bharathi et al. 2014; Sasi Bhusana Rao et al. 2016), 
fructose diet (Reddy et al. 2009; Mallaiah et al. 2015; Ramesh and Saralakumari 
2012; Ramesh et al. 2015), and high-fat diet (Sudhakara et al. 2014, 2016a, b)-fed 
insulin-resistant rats. Thus, C. roseus administration was found to be beneficial in 
insulin-deficient rats by increasing the plasma insulin levels, which may be due to 
regeneration of the damaged β-cells in islets of pancreas and insulin-resistant condi-
tion by increasing the insulin sensitivity as reflected by controlling the hyperinsu-
linemia observed in insulin-resistant condition.

4  Conclusion

The unidirectional therapeutic approach in the management of Type 1 and Type 2 
DM does not appear to be the way to address the multifactorial pathogenicity of 
DM. The beneficial multiple pharmacological activities of C. roseus like antihy-
perglycemic activity by manipulating carbohydrate metabolism through various 
mechanisms, like hypolipidemic activity and restoration of enhanced intestinal 
disaccharidases of diabetic animals and antioxidant potential offer an exciting 
opportunity to develop this into a novel therapeutic approach for both types of 
diabetes.
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Abstract Catharanthus roseus plant is valued for harboring more than 130 bioac-
tive terpenoid indole alkaloids (TIAs) including the two of its leaf derived bisindole 
alkaloids—vinblastine and vincristine which are indispensible constituents of anti- 
neoplastic drugs used in metastatic malignancy associated with acute lymphoblastic 
leukaemia’s and Hodgkin’s/Non-Hodgkin’s lymphomas. The extremely low in 
planta occurrence of TIAs in C. roseus plants resulting in high commercial demand 
and exorbitant price have brought this herb in focus of an intense scientific scrutiny 
in last 30 years. Research efforts have so far advanced in two major directions: 
towards understanding the enzymology and genetic regulation of the concerned 
metabolic pathway(s) leading to TIAs biosynthesis in plant and; secondly, exploring 
the possibility of developing cell/tissue culture based platforms for in vitro TIAs 
production to meet the industry’s demand. Designing plants, free from such meta-
bolic constraints, can be a possible approach to enhance the production of plant 
based medicines. This subject of plant metabolic engineering is gaining lot of atten-
tion these days. Pathway manipulation using the modern tools of genetic engineer-
ing to over-express a limiting enzyme or to suppress the expression of an enzyme 
using a shared substrate of a branched pathway are attractive options of metabolic 
engineering for diverting the metabolic flux towards the synthesis of a desired end 
product. Knowledge, thus gained, indicates that TIAs biogenetic route is character-
ized by extensive metabolic cross-talk and shuttling of at least 35 intermediates 
synthesized via 30 enzymatic reactions occurring in four different types of tissues 
(epidermis, internal phloem parenchyma, idioblasts and leticifers) and five different 
sub-cellular compartments (cytosol, vacuole, thyllakoid membrane, nucleus and 
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endoplasmic reticulum). The complexity is further compounded by extremely high 
level of recalcitrancy of C. roseus plant for regeneration and Agrobacterium- 
mediated genetic transformation for pathway engineering. As a consequence, all 
genetic modulation efforts so far made in C. roseus are confined to cell suspension 
and transformed hairy root cultures that lack the required level of cyto- and tissue- 
differentiation essential for the expression of entire TIAs pathway genes and 
enzymes. A perusal of published work in C. roseus clearly suggests that inspite of 
several pathway manipulation/engineering attempts, the level of TIAs production in 
cell/tissue/hairy root cultures of this herb could never be enhanced to the level of 
expectations. The enzymatic, developmental and environmental rigidity/complexi-
ties associated with the biosynthetic pathway of these alkaloids have often been 
cited as possible reasons for these disappointing outcomes Therefore, three major 
areas of investigation are in focused attention of Catharanthus researchers’ the 
world over are: (1) how to select or design the starting cells or tissue(s) to realize the 
full potential of applying metabolic engineering tools for up-regulating the TIAs 
pathway in them; (2) how to overcome the strong recalcitrancy of Catharanthus 
plant tissues for de novo organogenesis and in vitro plant regeneration for whole 
plant-level expression of a transgene coding either for a limiting pathway enzyme or 
a transcription factor that can control the global expression of several pathway 
genes and; (3) how to overcome the inability of non-differentiated cell cultures to 
execute those pathway steps that are expressed only in specialized tissues/cells of C. 
roseus plants. Various biotechnological approaches and generation of novel tissue 
types have been discussed in the present chapter for the modulation and increased 
TIAs flux in C. roseus.

Keywords Gene expression • In vitro culture • Terpenoid indole alkaloids  
• Transcription factors

1  Introduction

Plants have been serving as an extremely valuable source for treatments and thera-
pies since human existence. Thousands of plant species are used as medicines and 
most of the world population uses them to cure the acute and chronic health prob-
lems. Many of the present day modern medicines in the western world have been 
developed on the basis of our ancient knowledge of traditional plant-based medi-
cines. However, the receptors and mechanisms of their action in human body are 
being identified only recently. Plants produce a large number of low-molecular 
weight organic compounds that appear to have little function in plants’ own 
growth and development. These compounds, designated as “secondary metabo-
lites”, however perform several diverse ecological functions in plant’s defense 
responses against pathogens, herbivores UV radiations and other environmental 
extremities (Zhong 2001). Many of these plant secondary metabolites have also 
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been found to possess important biological activities of pharmacological impor-
tance for humans. Therefore, intensive studies have been carried out during last 
six decades to characterize the nature of plant secondary metabolites from the 
viewpoints of their chemical structures, biosynthesis, bio-activities and clinical 
utilities.

Attempts to produce these plant based molecules by synthetic chemistry route 
have largely been found unfruitful and uneconomical due to their complex chiral-
ity. Hence, entire commercial demand for several important drug molecules like 
paclitaxel, vincristine, vinblastine, podophyllotoxin, camptothecin, ergot, digoxin, 
artemisinin, pilocarpine, morphine, reserpine, hypericine, theophylin etc. is still 
being met from their source plants (Verma et al. 2012a; Zhong 2001). As majority 
of the plant secondary metabolites are synthesized in very low amount in a sea-
son- and age-dependent manner their agri-based production is often less than the 
size of their clinical demands resulting in high market cost (Verma et al. 2012a, 
2015a). The tools of modern day plant biotechnology are, therefore, finding 
increasing application to fill these gaps. These advancements are collectively 
studied under the umbrella of a new subject discipline called ‘metabolic engineer-
ing” (Verpoorte and Alfermann 2000). Metabolic engineering is broadly referred 
to the directed improvement of cellular properties through the modification of a 
specific biochemical reaction(s) or the introduction of new enzymatic capability 
in a plant cell, with or without the use of recombinant DNA technology. There are 
three basic goals of metabolic engineering in plants: more production of a specific 
desired molecule, less production of a specific unwanted compound, and the pro-
duction of a novel compound (i.e. a molecule that is produced in nature, but not 
usually in the target host plant). Strategies adopted for achieving these goals may 
include the engineering of single steps in a biosynthetic pathway to increase the 
metabolic flux towards a target compounds, blocking of competitive pathways at 
branch points of a shared substrate/intermediates, or to introduce short cuts that 
divert the metabolic flux towards a different route. In addition to these specifically 
directed gene insertion approaches, strategies like selection of plant genotype 
with increased density of metabolite producing or accumulating cell types, 
reduced catabolism of desired molecule, cells with increased availability of pre-
cursor molecules drawn from primary metabolite pools and chemical/biotic elici-
tation of regulatory elements (transcription factors) of a pathway etc. are also 
studied under the subject of metabolic engineering. The single gene manipulation 
has only limited value, because the effects of modulating single enzymatic steps 
are often absorbed by the system in an attempt to restore homeostasis. On the 
other hand, targeting the multiple steps in the same pathway could help in control-
ling metabolic flux in a more predictable manner but it is difficult to achieve 
(Verpoorte and Alfermann 2000). This would involve up-regulating several con-
secutive enzymes in a pathway or up-regulating enzymes in one pathway while 
suppressing those in another competing pathway, or using regulatory genes (tran-
scription factors) to establish multipoint control over one or more genes of a given 
pathway (Verpoorte and Alfermann 2000).
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These basic considerations of a plant metabolic engineering programme invari-
ably require the ready availability of several metabolic tools, techniques and mate-
rial to reach to a successful outcome (Verpoorte and Alfermann 2000). These may 
include: (1) identification and cloning of a target gene; (2) preparation of a suitable 
gene construct; (3) development of an efficient method of gene insertion into the 
host cell; (4) optimization of the regeneration protocol to recover plants from trans-
formed tissue; (5) molecular and functional characterization of transgene to ensure 
its stable expression; (6) transfer of introduced gene to elite cultivars through con-
ventional breeding, if required and; (7) evaluation of transgene expression for the 
envisaged task in the backdrop of bio-safety considerations.

Catharanthus roseus—The Madagascar periwinkle plant has a well-documented 
history of its use in the treatment of several physiological and metabolic disorders, 
particularly the various types of neoplasmas (Johnson et  al. 1963). In traditional 
systems of medicines, the leaf, seed, flower and root of this plant are frequently used 
for treating diabetes, hypertension, menorrhagia and tumor growth. In modern sys-
tems of medicines the plant is commercially valued for the strong anti-neoplastic 
efficacy of two of its leaf-derived dimeric terpenoid indole alkaloids (TIAs) namely 
vincristine and vinblastine and two root-derived monomeric alkaloids—ajmalicine 
and serpentine that are in wide clinical usage to treat hypertension and other circula-
tory disorders (Verpoorte et al. 1997, 2002; Van der Heijden et al. 2004; Duarte et al. 
2010). Catharanthus alkaloids are chemically classified as “terpenoid indole alka-
loids (TIAs)” or “monoterpene indole alkaloids (MIAs)” because of the presence of 
an indole ring attached to a terpenoidal skeleton (El-Sayed and Verpoorte 2007). 
Among all the TIAs present in C. roseus plant, maximum clinical attention from a 
pharmacological point of view has been drawn by vincristine (VCR) and vinblastine 
(VLB) that occupy an indispensible place in most of the chemotherapy treatments 
against Hodgkin’s lymphomas, childhood leukaemia, lymphosarcoma, neuroblas-
toma, and carcinoma of breast and lungs (Neuss and Neuss 1990; Arora et al. 2010). 
VLB and VCR, sold in the market by the name of velban and oncovin respectively, 
have so far defied the rules of synthetic chemistry for their chemical synthesis on a 
commercially and economically viable scale due to their multifaceted structural 
chirality (Hughes and Shanks 2002) and hence, C. roseus plants represent the sole 
bio-resource for their production; albeit in very low amount (Kumar et al. 2007). 
The Catharanthus alkaloids manifest their anti-cancerous activity by arresting 
tumor cell proliferation by binding to tubulin (“end-capping effect”) and thereby 
disrupting the spindle assembly (Verma et  al. 2012a). Both VCR and VLB are 
M-phase cell cycle-cycle mitotic inhibitors and are effective at sub-micromolar con-
centration (10nM–1μM). At higher concentration (>10  μM) they cause tubulin 
aggregation and results in the formation of tubulin para-crystals (Foye 1995). Due 
to the lack of cross confrontation with DNA-alkylating drugs, these alkaloids are 
preferentially included into the combination chemotherapy regimens (Van Der 
Heijden et al. 2004). Because of their strong cyto-toxic nature the C. roseus plant 
produces these drug molecules in extremely low amounts (<0.0002%) as a part of 
its auto-defense mechanism that results in high cost of extraction. Nearly 500–
750 kg of dried leaves are required to yield just 1.0 g of VLB.
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Vincristine, vinblastine and their derivatives form an essential ingredient of che-
motherapy regimens for cancer treatment. They are either used singly or in combi-
nation with other medicines. All TIAs in clinical uses are administered intravenously 
and they are eventually metabolized in liver. Peripheral neuropathy, excessive hair 
loss, hyponatremia and constipation are some of the harmful side effects associated 
with these drug molecules. Some of the semi-synthetic derivatives of VLB and VCR 
such as vinorelbine and vinflunine have been developed to improve their therapeutic 
index with minimum side effects (Wilson et  al. 1999). Both of these derivatives 
have been found useful in the treatment of non-small cell lung and metastatic breast 
and bladder cancers (Dipierre et al. 1991; Bennouna et al. 2006; Mano 2006). These 
alkaloids are frequently incorporated into combination chemotherapy because of 
their lack of cross resistance with DNA-alkylating drugs and their different mode of 
action (Van Der Heijden et al. 2004). Some of the clinical attributes of four of the 
most important TIAs found in Catharanthus roseus plants are described below:

• VINBLASTINE (C46H56N4O9): Vinblastine (VLB) is the generic name of the alka-
loid formerly known as vincaleukoblastine. It is a colorless compound while its 
sulphate derivative is slightly yellow and hygroscopic. It is soluble in water and 
methanol. In plants VLB is formed as a chemical analogue of vincristine. It is an 
integral part of several chemo-therapeutic formulations including the most 
famous ABVD (Adriamycin, Bleomycin, VLB, Decarbazine) regimen which is 
highly effective in the treatment of metastatic testicular cancer, Kaposi’s sar-
coma and breast carcinoma. VLB can be safely stored at room temperature in an 
inert environment and is clinically administered in encapsulated form in multila-
mellar liposomes.

• VINCRISTINE (C46H56N4O10): Vincristine (VCR), also known as leurocristine, is 
sold under the brand name Oncovin after it was approved by FDA for clinical use 
in 1963 (Farnsworth 1985). In most commercial preparations VCR appears as a 
colorless fluid. VCR binds to tubulin dimer and disturbs the microtubule struc-
ture which in turn arrests mitosis at metaphase stage. It affects all rapidly divid-
ing cell types including intestinal epithelium and bone marrow. VCR is an 
essential constituent of drug formulations like CHOP (Cyclophosphhamide, 
Hydroxydoxorubicin, VCR, Prednisone) and MOPP (Mechlo-rethamine, VCR, 
Procarbazine, Prednisone) that are strong anti-neoplastic regimens against non- 
Hodgkin’s lymphoma, Hodgkin’s lymphoma and lymphoblastic leukemia.

• VINDESINE (C43H55N5O7): Vindesine (VDS) is commercially available as white 
powder with the trade name Eldisine or Fildesin. It is particularly effective 
against melanoma, lung cancer, breast cancer and uterine cancers.

• VINORELBINE (C46H58N4O9): Vinorelbine (VNLB, VRL) was the first semi- 
synthetic derivative made with vindoline and catharanthine that reached the drug 
market in the name of Nevelbine). It is a colorless fluid with least side effects 
amongst all TIAs-based anti-cancer regimens. It is most effective against cell 
lung cancers.

The extremely low in planta occurrence of TIAs in C. roseus plants resulting in 
their short supply, high commercial demand and exorbitant price have brought them 
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in focus of intense scientific scrutiny in last 30 years with sole intention of increas-
ing their production. As a consequence, research in this area has proceeded in two 
major directions. Firstly, towards the understanding of their biosynthesis in plant, 
including the enzymology and genetic regulation of the concerned metabolic 
pathway(s) and secondly, towards exploring the possibility of developing cell/tissue 
culture based platforms for in vitro TIAs production. The wealth of information 
gathered so far has made TIAs biogenetic pathway as one of the most well dissected 
and understood metabolic routes at the level of enzymes and corresponding genes in 
plants.

2  Metabolic Engineering and Emergence of C. roseus 
as Model System for In Vitro Alkaloid Pathway 
Modulation

In a nut shell plant metabolic engineering takes into account the understanding of 
the architecture of a metabolic pathway to identify the major regulatory/limiting 
steps and then try to overcome these limitation by various biological engineering 
tools, including the omics approaches. Three conditions must be satisfied in a plant 
(cell) before a significant increment in the yield of a desired metabolite can be 
expected to occur. They are: (1) assured supply of starting precursor(s) and/or limit-
ing intermediates, particularly those that lie at the interface of primary and second-
ary metabolisms; (2) optimal induction of genes/enzymes of an intended pathway at 
the right time and right place and; (3) availability of a suitable sink to store the 
synthesized product. Though initial two of these considerations are key to the suc-
cess of any pathway modulation effort, better understanding of the dynamics of 
storage and catabolism of a targeted molecules within the plant/cell not only add 
towards its final productivity but also help in choosing the most suitable down-
stream process for its extraction and recovery.

Our understanding of metabolic pathway networks in plants, the enzymology 
and the genes involved at various steps of the metabolite flux within and between 
the pathways and, the temporal and spatial distribution of a given metabolite(s) 
within the plant body or its sub-cellular components has now reached to a level 
where engineering of a target pathway for obtaining higher yields of a given phyto-
molecule in homo- to hetero-logous expression systems is becoming a theoretical 
reality. Plant alkaloids (that have provided the maximum numbers of drug mole-
cules to the pharma world), anthocyanins, terpenes and glycosides are occupying 
the centre stage of these ongoing metabolic engineering efforts. Plant cell and tissue 
culture techniques are integral components of these engineering enterprises in two 
major ways: (1) either the cultured tissues are being used as an alternate production 
platform as such or, (2) they are being used to provide requisite interface for genetic 
engineering for the hyper-expression of a limiting metabolic step or for the silenc-
ing of a branch point sub-way to block the diversion of a limiting pathway 
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 intermediate towards non-productive route. Cell or tissue cultures with a congenial 
physiological and biochemical backgrounds for the expression of a given pathway 
to produce a desired metabolite are also proving useful in avoiding other issues 
associated with their agri-based production such as: restricted geographical avail-
ability of source plant; seasonal fluctuations in yield; minimization of batch-to- 
batch variation in quality; avoidance of neighboring cell interference and 
complications related to long distant transport and segregation of metabolic pools; 
prolongation of pathway steps that occur for very short time in plants: easy up- 
scaling in bioreactor and; lesser complications in extractions and industrial down-
stream processing. Figure 1 shows a spectrum of in  vitro approaches that have 
potential application in enhancing the TIAs flux in C. roseus.

Agri-based production of Catharanthus alkaloids for pharma industry is highly 
expensive because of their low in planta occurrence leading to very high extrac-
tion cost. With a current market price vincristine and vinblastine represents some 
of the least abundant and most expensive plant natural products in use in the drug 
sector today. The great pharmaceutical value of C. roseus as a powerful anti-can-
cerous herb on one hand and high market price and clinical demand of its alka-
loids on the other hand, has brought it under intensive scientific scrutiny since 
1950s. The initial research efforts made in this plant species were more focused 
towards elucidation of the TIAs pathway, enzymology associated with their bio-
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Fig. 1 In vitro spectrum of Catharanthus research
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genesis and  understanding of their pharmacology (Svoboda and Blake 1975; 
Cordell 1980; Ganapathi and Kargi 1990; Verpoorte et al. 1991, 1993). Research 
in last two decades has been more directed towards understanding the genetic and 
developmental regulation of TIAs synthesis and accumulation with an aim to 
boost their in  vitro production in cell, tissue and organ cultures using modern 
tools of biotechnology (Meijer et al. 1993; Moreno et al. 1995; Verpoorte et al. 
1997; St-Pierre et al. 1999; Di Flore et al. 2004; van der Heijden et al. 2004; Seth 
and Mathur 2005; Mahroug et al. 2006, 2007; Pasquali et al. 2006; Rischer 2006; 
Shukla et al. 2006, 2010; El-Sayed and Verpoorte 2007; Pietrosuik et al. 2007; 
Zarate and Verpoorte 2007; Zhao and Verpoorte 2007; Facchini and De Luca 
2008; Shukla et  al. 2010; Verma and Mathur 2011a, b; Verma et  al. 2012a, b, 
2013). The wealth of information pertaining to synthesis and regulation of TIAs 
biogenesis that has gathered in C. roseus, together with its universal occurrence, 
shorter breeding cycle, low chromosome number, amenability to cell culture 
approaches and, above all high commercial interest have made this plant a model 
system for pathway engineering efforts (Zarate and Verpoorte 2007; Facchini and 
De Luca 2008).

The insights regarding TIAs metabolism in C. roseus has prompted several work-
ers to apply various metabolic engineering approaches to boost their production in 
cells, tissues and organ cultures in vitro. These developments are advancing in three 
major directions. These are: (1) selection of high yielding cultures and their growth 
and production optimizations following precursor feeding and biotic/abiotic elicita-
tions; (2) Standardization of protocols for deliberate pathway gene insertion for 
hyper-expression of a limiting enzyme; (3) employment of transgenic hairy root 
cultures and their bioreactor up-scaling for metabolite production (Leckie et  al. 
1991; Fulzele and Heble 1994; Hirata et al. 1994; Hughes et al. 2004; ten Hoopen 
et al. 1994; Schlatmann et al. 1995a, b; Canel et al. 1998; van der Fits et al. 2001; 
Zhao and Zhu Wei-Hua 2001a, b; Whitmer et al. 2002b; Di Flore et al. 2004; Choi 
et al. 2004; Pasquali et al. 2006; Pietrosuik et al. 2007; Zarate and Verpoorte 2007; 
Zhao and Verpoorte 2007; Guirimand et  al. 2009; Verma and Mathur 2011a, b; 
Verma et al. 2012a, b, 2013).

Following major gaps in C. roseus research were therefore identified that has 
been answered through the in vitro biotechnological interventions in recent pasts

• Majority of pathway modulation work in C. roseus has been carried out with 
wild type cells and tissue types. Very little attention was paid to generate mutant 
cell/tissue types with ideal physiological back-ground for pathway modulation, 
particularly with respect to adequate availability of TIAs precursors drawn from 
shikimate and terpenoid pathways of primary metabolic pools. Tryptophan avail-
ability in particular is crucial because of its least abundance in plant cells and 
higher demand for synthesis of auxins for growth-sustaining metabolic func-
tions. Failure of efforts to get desired outcomes with exogenous feeding of these 
precursors in wild type cells might have been a consequence of their inability to 
accommodate these molecules in cells due to their strong feedback inhibitory 
actions on other metabolic pathways.

P. Verma et al.



255

• Inability of in vitro grown heterotrophic cells/tissue cultures to express NMT 
enzyme involved in vindoline synthesis from tabersonine because of the absence 
of a functional chloroplast system under heterotrophic mode of in vitro growth. 
Efforts to select photo-autotrophic cells were not made.

• Absence of D4H and DAT transcripts in undifferentiated cell or hairy root cul-
tures because of lack of special laticiferous and idioblast tissues.

• Poor sink and holding capacity of cells/tissues to store anti-mitotic bisindole 
alkaloids VLB and VCR.

• Lack of direct plant regeneration protocols to facilitate whole-plant expression of 
engineered pathway genes following genetic transformation.

• Limited know-how’s on bioreactor designing and operation for C. roseus cells 
and hairy root tissues.

• Limited understanding of transcription factors and transporter proteins associ-
ated with TIAs biosynthesis.

• Lack of sufficient knowledge on catabolism of TIAs in cells

3  Terpenoid Indole Alkaloids Pathway: A Snap Shot

The biosynthesis of MIAs in C. roseus typically represents the elegant complexities 
of a plant secondary metabolic pathway. The entire multi-step pathway rigidly fol-
lows a complex and highly compartmentalized metabolic route which is strictly 
regulated by several developmental and environmental factors (Fig. 2). From a 
holistic perspective, the biosynthesis of TIAs in C. roseus proceeds via 30 co- 
ordinately regulated enzymatic steps involving at least 35 known intermediates (van 
der Heijden et al. 2004; Facchini and De Luca 2008). Consequently, 30 biogenetic 
and two regulatory genes have also been identified for their close association with 
this pathway. Out of a total of 42 cDNA clones identified in major TIAs producing 
plants, 25 belong to C. roseus (Guirimand et al. 2010). The entire pathway has been 
shown to precede with involvement of four discrete cell/tissue types (epidermis, 
internal phloem parenchyma, idioblasts) and participation of five intra-cellular 
compartments namely cytosol, vacuole, thylakoid membrane, nucleus, and endo-
plasmic reticulum (De Luca and Cutler 1987; Facchini 2001; El-Sayed and 
Verpoorte 2007; Mahroug et  al. 2007; Facchini and De Luca 2008; Verma et  al. 
2012a). All TIAs are biosynthesised from a central precursor molecule- strictosi-
dine, which is a condensation product of an indole ring donor tryptamine and a 
terpenoid moiety donor secologanin. The tryptamine and secologanin undergo a 
condensation reaction to form strictosidine in the cell vacuole. Strictosidine that 
heralds the first indication of a switch over of carbon flux from primary to secondary 
metabolism during TIAs synthesis. Strictosidine, the universal precursor of all sub-
sequent MIAs is further de-glucosylated by the enzyme strictosidine β-glucoxidase 
to form an unstable aglycon that give rise to cathenamine which is a branch point 
intermediate that can be routed towards the synthesis of several different types of 
monomeric alkaloids like catharanthine, ajmalicine, and tabersonine. While 
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ajmalicine is further converted into serpentine in the vacuoles by the action of per-
oxidase, tabersonine is either converted into lochnericine and then to horhammeri-
cine in roots or is diverted towards catharanthine synthesis via dehydrogeissoschizine 
and stemmadenine as major intermediates.

While very little is known about the catharanthine sub-way (Loyola-Vargas 
et al. 2007), the vindoline route is fairly well dissected at the level of associated 
enzymes and genes (Schroder et al. 1999; St-Pierre and De Luca 1995; Vazquez-
Flota et al. 1997; St-Pierre et al. 1999; Laflamme et al. 2001). Catharanthine has 
been shown to be exclusively excluded from epidermis and stored in surface 
wax layer of the leaves (Roepke et al. 2010) as a defense strategy against insect 
and microbial infestation. Tabersonine is also converted into vindoline in leaves 
through seven well- characterized enzymatic steps (Dethier and De Luca 1993; 
Vazquez-Flota et  al. 1997; Luca and Laflamme 2001; Pasquali et  al. 2006; 
Campous-Tamayoet al. 2008; Pan et al. 2015). The NMT is the only enzyme of 
this pathway whose activity is not affected by light, whereas D4H transcript 
abundance increased significantly upon eposing the plants to light (St. Pierre et al. 
1998, Vasquez-Flota and De Luca 1998). Diversion of flux from cathenamine-derived 
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intermediate tabersonine to vindoline is facilitated by seven enzymatic steps in 
the aerial tissues of C. roseus plants. The biochemistry of this seven-step route 
involves three hydroxylations and one each of O-methylation, N-methylation 
and O-acetylation reactions. The tabersonine to 16-hydroxy tabersonine conver-
sion is catalyzed by a cytochrome P450-dependent tabersonine-16-hydroxylase 
(T16H) enzyme, followed by its methylation by 16-hydroxytabersonine-16-O-
methyl transferase (16OMT) which also requires 5-adenosyl-l-methionine as a 
co-substrate (Levac et al. 2008). The conversion of 16-methoxy tabersonine to 
16 methoxy-2, 3-dihydrotabersonine then occurs via an uncharacterised oxida-
tion step. The subsequent step involves a thyllakoid associated 
N-methyltransferase (NMT) to obtain deacetoxyvindoline. The last two bioge-
netic reactions are catalyzed by a light-regulated deacetoxyvindoline-4-hydrox-
ylase (D4H) and deacetylvindoline-4-O-acetyltransferase (DAT) enzymes that 
are expressed only in special idioblast/laticifer cells in leaves. (De Carolis et al. 
1990; St-Pierre et al. 1999; Campous-Tamayo et al. 2008; Shukla et al. 2010; 
Guirimand et al. 2011). In contrast to aerial tissues, the roots of C. roseus plants 
operate another sub-way from tabersonine to lochnericine by the catalytic action 
of tabersonine- 6, 7 epoxidase (T6,7E; Rodriguez et al. 2003). Lochnericine can 
then be converted into horhammericine by tabersonine 19-hydroxylase. 
Alternatively, tabersonine can also be routed towards horhammericine via 6,7 
dehydrominovincine and both minovincinine and/or horhammericine can then 
be acetylated to yield 19-O-acetylhorhammericine by the enzyme minovinci-
nine 19-hydroxy-O-acetyl transferase (MAT) which is localized in cortical cells 
of growing root tips. Finally, the coupling of monomeric TIA catharanthine and 
vindoline resulting in the formation of vinblastine and vincristine in leaves 
mark the termination of TIAs biogenetic pathway in C. roseus. Since vincristine 
and vinblastine are highly antimitotic molecules due to their inhibitory action 
on spindle assembly during cell division, this coupling reaction exclusively 
takes place in the cell vacuole as a measure of cellular containment. The dimer-
ization reaction between catharanthine and vindoline is facilitated by class III 
basic peroxidase (Prx1; Sottomayor et al. 1998; Sottomayor and Ros Barcelo 
2003; Kumar et al. 2007; Costa et al. 2008).

On the basis of cellular involvements during TIAs synthesis, the internal 
phloem parenchyma (IPAP) cells present in the periphery of stem pith are primary 
locations for expression of early pathway genes (Burlat et al. 2004) while the leaf 
epidermis harbors expression of SLS, TDC and STR gene products (St-Pierre 
et al. 1999) and idioblast and laticifer cells embedded in the palisade tissues of 
leaves. In root tissue TDC, STR and MAT transcripts are localized in protoderm 
and cortical cells around root apical meristem (Laflamme et al. 2001; Moreno-
Valenzuela et  al. 2003). T16H and SGD expressed in the epidermis, whereas 
ORCA3 and an AP2/ERF type of transcription factor were expressed in all four 
cell types (Murata and De Luca 2005). G10H expression is confined to vascular 
tissue (Burlat et  al. 2004). TDC activity was maximum in the epidermal cells, 
while DAT activity was detected in the whole leaf. NMT activity was found in the 
whole leaf extract.
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4  TIA Pathway Engineering: Current Status

 (a) The Generation of Novel Tissue with Enhanced Precursor Availability

The strategies to engineer the TIAs pathway in C. roseus revolves around the 
generation of novel cell and tissue types characterized by sufficient precursor avail-
ability, over- expression of limiting enzymes, activation of regulatory transcription 
factors, silencing of competitive pathways to flux the intermediates in desired direc-
tion and optimized growth parameters (Canel et al. 1998; van der Fits and Memelink 
2000; Hughes et al. 2004; van der Heijden et al. 2004; Zarate and Verpoorte 2007; 
Verma et al. 2012c). The materials being generated through these novel approaches 
now await their up scaling in bioreactors to assess their commercial utility (Zhao 
and Verpoorte 2007). In attempts to improve the production of the valuable alka-
loids such as vincristine and vinblastine, several studies on C. roseus reported also 
the accumulation of phenolic compounds upon biotic and/or abiotic stress. The 
accumulation of phenolics may also affect other secondary metabolite pathways 
including the alkaloid pathways, as plant defence is a complex system. Elucidation 
of the pathways and understanding their regulation are important for metabolic 
engineering to improve the production of desired metabolites (Mustafa and 
Verpoorte 2007). The ability of plant cells to resist 5-MT induced toxicity has often 
been ascribed to their ability to over synthesize tryptophan to dilute the inhibitory 
effect of the analogue. This is generally achieved via a relaxed feedback inhibition 
of the enzyme anthranilate synthase involved in the biosynthesis of tryptophan from 
chorismate, the end product of shikimate pathway (Meijer et al. 1993; Scott et al. 
1979; Radwanski and Last 1995; Seth and Mathur 2005). It is pertinent to recall that 
tryptophan is one of the least abundant amino acid present in plants but is the sole 
donor of indole ring for the synthesis of auxins, glucosinolates, phytoalexins and 
terpenoid indole alkaloids. Exogenous supplementation of tryptophan to enhance 
alkaloid synthesis in C. roseus has not been successful because it down regulates 
several other metabolic pathways via activation of another key regulatory enzyme 
chorismate mutase that push chorismate towards prephenate metabolism (Radwanski 
and Last 1995; Galili and Hofgen 2002; Whitmer et al. 2002b). Hughes et al. (2004) 
have shown that TIA accumulation in a transgenic hairy root line of C. roseus could 
be enhanced through larger tryptophan availability achieved via over-expression of 
an Arabidopsis feedback resistant anthranilate synthase gene in them.

To generate such novel tissue types with larger availability of tryptophan, the 
approach of selecting variants resistant to inhibitory stress of the tryptophan ana-
logue namely 5-methyltryptophan was adopted in the studies conducted by Verma 
et al. (2012c, 2013) . The basis for adopting such an approach was its successful 
implementation in several earlier studies aimed to enhance the nutritional quality of 
many agricultural crops in terms of the improved content of essential dietary amino 
acids like tryptophan, arginine, lysine, phenylalanine, tyrosine, methionine, threo-
nine etc. in them (Brotherton et al. 1996; Kisaka et al. 1996; Kim et al. 2004; Galili 
et al. 2005). Hyper-accumulation of targeted amino acid in cells resistant to corre-
sponding analogue is a preferred strategy that a variant cell normally evolves to 
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counter-balance the analogue inhibition by competing it out through a dilution 
effect during protein synthesis. Cultured plant cells selected for resistance to 
5-methyltryptophan (5MT) have been shown to have elevated levels of free trypto-
phan. The key mechanism of 5MT resistance is reported to be the altered (relaxed/
reduced) feedback inhibition of anthranilate synthase which is the key feedback 
control enzyme in the tryptophan biosynthesis from chorismate (Kang and Kameya, 
1995; Kisaka et al. 1996). Anthranilate synthase (AS) has two subunits, ASα and 
ASβ, the former of which catalyzes the conversion of chorismate to anthranilate and 
is susceptible to feedback inhibition. 5MT resistant cultures have a mutated 
OASα1gene that code for ASα subunit OASα1D, in which aspartate-323 is replaced 
with asparagine making it thereby insensitive to feedback inhibition by tryptophan 
(Wakasa et al. 1999). Though not verified through enzymatic assays, the 5MT toler-
ant callus and multiple shoot lines selected by Verma et  al. (2012c, 2013) have 
devised this strategy as was evident by hyper tryptophan accumulation in them with 
comparable growth in comparison to wild line cultures maintained on analogue-free 
medium, as proposed earlier by Seth and Mathur (2005) for 5MT tolerant callus 
mutants of C. roseus.

Verma et al. (2013) have selected five cell suspension lines of C. roseus resistant 
to 5-methyl tryptophan and characterized on the basis of growth, free tryptophan 
content and terpenoid indole alkaloid accumulation. Experimental parameters to 
scale up the most productive variant cell lines in 5–7 L air-lift stirred tank bioreac-
tors were also standardized. Crude alkaloid extract of the cells grown in shake flask 
and this bioreactor batch also showed the formation of yellow-colored crystals 
which upon 1HNMR and ESI-MS analysis indicated a phenolic identity. This crude 
alkaloid extract of bioreactor-harvested cells containing this compound at 50 μg/mL 
concentration registered 65.21, 17.75, 97.0, 100 % more total antioxidant capacity, 
reducing power, total phenolic content, and ferric-reducing antioxidant power, 
respectively, when compared with that of extracts of cells grown in shake flask cul-
tures. The latter, however, showed 57.47% better radical scavenging activity (DPPH) 
than the bioreactor-harvested cells. Another study of Verma et al. (2012c) showed 
in vitro selection of ten 5-methyltryprophan (5-MT)-resistant multiple shoot culture 
lines in three genotypes of C. roseus. The variant shoot lines displayed a differential 
threshold tolerance limit against the analogue stress, ranged from 20 to 70 mg/L 
5-MT in the medium. The rooted shoots of 5-MT-tolerant lines were successfully 
acclimatized under glasshouse environment wherein they grew normally and set 
seeds. Flowering twigs or leaves excised from 1-year-old glasshouse grown plants 
of 5-MT variant lines upon postharvest in vivo elicitation with 30 mg/L 5-MT or 
5.0 mg/L tryptophan registered an eight-to-tenfold increment in their vindoline con-
tent within 24–48 h.

The data obtained with respect to LD50 dose of 5MT stress for the wild line calli 
or multiple shoots also showed a tissue- and genotype-specific trend which was in 
agreement with reported doses specified for C. roseus (Seth and Mathur 2005), 
Oryza sativa (Kisaka et al. 1996; Kim et al. 2004) and Zeal Mays (Kang and Kameya 
1995). Derivatization of an efficient selection scheme to isolate 5MT tolerant vari-
ant cultures was another highlight of the present study. The scheme has facilitated 
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the recovery of altered phenotype in shortest possible time with efficient elimination 
of escapees, habituants and fall positives. Though the developed scheme has pro-
vided ample scope to isolate variants resistant to sub-lethal to supra-lethal stress of 
5MT selection pressure, but it was found that variants selected for resistance to 
analogue stress around LD50 dose were more stable and showed better capacity to 
gradually build-up their tolerance level with each subsequent repeat selection or 
sieving cycle. The employment of callus or multiple shoots as starting material for 
screening 5MT tolerant variants in the present work was also found to be a better 
choice over the usually employed cell suspensions in earlier work on in vitro isola-
tion of biochemical mutants. Problems associated with cell suspensions like cell 
aggregation, chromosomal instability and developmental asynchrony etc. were eas-
ily avoided. Though compact callus morphology generally hinders the screening of 
deep-seated variant cells amongst a larger population of non-variant cells in the wild 
population, but it could be effectively overcome by dot-plating technique during 
initial recurrent selection cycles under sustained analogue stress as was done in this 
study. Shoot cultures in particular also proved a useful starting tissue in case of C. 
roseus because of their advanced differentiation level (that has more conducive 
developmental/biochemical levels of specialization for monitoring the flux of the 
over-produced precursors through TIAs pathway) and the ease with which 5MT 
tolerant rooted plants could be obtained from them to observe their in vivo behav-
iour with respect to TIAs productivity and profiles at the whole plant level. A more 
recent study of Verma et al. (2015b) where 66 plants raised via direct shoot bud 
organogenesis from pre-plasmolysed leaf explants of C. roseus were assessed under 
in vivo conditions for their physio-morpho traits, tryptophan metabolism, genetic 
fidelity and alkaloid profile, showed a strong positive correlation between trypto-
phan content and 5-methyltryptophan tolerance.

 (b) Transgenic Approaches to Enhance the TIAs Flux

 (i) Random T-DNA Insertion and Enhanced Alkaloid Profile

Agrobacterium tumefaciens has a unique ability to transfer genes into plant 
genomes. This ability has been utilized for plant genetic engineering. For successful 
plant genetic transformations, information regarding interaction of bacterium with 
host plant proteins and plant genome, plant defense signaling and molecular mecha-
nism of T-DNA transfer is already known. The rol of onco genes corresponding to 
T-DNA are known to alter morphology of the plant or host plant secondary metabo-
lism. In C. roseus, some reports are there where simple t-DNA insertion leads to 
alter alkaloid content significantly. Increased level of serpentine and ajmalicine was 
reported in hairy roots (Parr et al. 1988; Batra et al. 2004; Verma et al. 2012b) as 
well as whole plant transgenics (Verma et al. 2015c). Bhadra et al. (1993) reported 
threefold increase in vindoline production in hairy roots while stable vindoline pro-
duction was also observed in shooty teratomas (O’Keef et al. 1997) and whole plant 
transgenics (Verma et al. 2015c). Hong et al. (2005) observed increased horhamm-
ericine in hairy roots. Vincristine and vinblastine are reported to be rarely found in 
hairy roots, but it is found in shooty teratomas (Begum 2011, Begum et al. 2009) 

P. Verma et al.



261

and hairy roots (Zargar et al. 2010). In due course of transformation events, it is 
reported that few T-DNA genes are differentially lost. Severe affects on morphol-
ogy, growth, biosynthetic pathway gene expression and production of specific sec-
ondary metabolites have been observed on loss of some ORFs. The injury caused by 
pathogens enhances the production of defense compounds (secondary metabolites). 
The mode of action involves the activation of plant defense machinery via following 
steps: (a) Detection of signal by the pathogen; (b) activation of H+-ATPase; (c) 
enhanced Ca2+ influx within the cells from the intercellular spaces; (d) activation of 
calcium dependent protein kinase (CDPK); (e) lastly the activation of NADPH oxi-
dase. NADPH oxidase contributed in the commencement of MAP kinases that in 
turn produce active oxygen radicals that resulted into the increment of secondary 
metabolites biosynthesis via enhanced transcription of defense genes. Other impor-
tant route to enhance secondary metabolite synthesis has been mediated by jas-
monic acid and salicylic acid signaling pathway.

 (ii) Differentiation based Alkaloid Production

The diversification of TIAs continuum in cultured tissues is linked with differen-
tiation stage essential for the complete TIAs pathway genes and enzymes expres-
sion, most specifically those involved in the late steps of the vindoline biosynthetic 
pathway. The vindoline synthesis in C. roseus shoot cultures could be successfully 
linked with expression of key enzyme deacetylvindoline acetyl CoA acetyl transfer-
ase (DAT) that catalyzes the last step of vindoline biosynthesis. These studies have 
successfully confirmed the earlier contentions that light dependent vindoline syn-
thesis requires the presence of a particular cellular organization in the form of idio-
blasts functional thyllakoid system (Murata and De Luca 2005). TIAs biosynthesis 
in C. roseus was strongly regulated by differentiation of specialized cells and tis-
sues, which the undifferentiated cultures normally lack, hairy roots were considered 
to be a better candidate for in vitro production because of their higher level of cel-
lular differentiation and improved genetic or biochemical stability in culture. Jung 
et al. (1995) demonstrated an inter-convertible method of hairy roots and its cell 
suspensions meant for TIAs production and found that cell suspension initiated 
from hairy root derived callus had 60% less catharanthine than in the transformed 
roots. This was restored to original level of 1.5 mg/L when roots were again pro-
duced from cell suspension. Moreno-Valenzuela et al. (1998) also observed reduc-
tion in TDC and STR activities by 5 and 30% respectively in cell suspension when 
TIAs production in hairy roots versus cell suspension was compared.

 (iii) Efficient Regeneration/Transformation Protocols

Catharanthus roseus is generally considered as a genetically recalcitrant plant 
species from pathway engineering angle due to the absence of an efficient direct 
regeneration protocol for transgenic plant production (van der Fits et al. 2001; Di 
Flore et al. 2004). Most of the genetic modulation efforts so far made in C. roseus 
(Zarate and Verpoorte 2007) are confined to cell suspension and transformed hairy 
root cultures due to the fact that they don’t have requisite level of tissue or cyto- 
differentiation which is necessary for the expression of complete TIAs pathway 
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genes and enzymes (Di Flore et al. 2004). Moreover, the hairy roots and cultured 
cells of C. roseus are shown to be highly recalcitrant towards de novo regeneration 
into transgenic plants. Authors (Verma and Mathur 2011a, b) represented the first 
report on development of protocol for proficient shoot bud induction directly emerg-
ing from the leaves of C. roseus.

The most important aspect of a regeneration protocol utilized to genetically mod-
ify the species is shoot bud’s de novo direct origin from the leaf tissue (Sharma et al. 
2005). Since these de novo shoot buds originates from single cells, they are consid-
ered as better prospect for stable transformation leading to non-chimeric transgenic 
plants in comparison to those arising from pre defined germ lines (somatic embryos) 
or from a pre-formed axillary or apical meristem (Newell 2000). This work also 
highlights that a pre-plasmolytic treatment of C. roseus leaves in CPW: 13% man-
nitol solution. A 60 min pre-plasmolytic treatment was effective for release of the 
meristematic cells from the developmental block and allowed them to advance 
through a complete shoot bud regeneration cycle leading to plant formation. This 
dehydration treatment influenced the organogenesis either through the explants 
rapid uptake of plant growth promotors or by reducing the cyto-toxic TIAs concen-
tration (through ex-osmosis) in the region of the dividing cells involved in the de 
novo organogenesis from the leaf explants. The regeneration protocol optimized in 
this study could also be successfully employed for A. tumefaciens – mediated trans-
genic plant production in C. roseus. A. tumefaciens (strain-LBA4404) harboring a 
binary vector pBI121 (with GUS and ntp II genes) with p35SGUS-INT (having 
GUS Introns) was used. Various parameters such as culture age of bacterial, inocu-
lum density of bacterial suspension, infection method and co-cultivation condition 
for transformation were successfully optimized for this transgenic protocol devel-
opment. The flooding approach became more effective if done via a SAAT treat-
ment for 60 s. The Sonication treatments extended more than 60 s were lethal for 
explants. SAAT is a recently developed technique for efficient A. tumefaciens-based 
genetic transformation of crops that generally resist the usual manual pricking or 
vacuum infiltration approaches of infection like cotton, Papaya, Chenopodium, 
Vigna, Soybean etc. (Trick and Finer 1997). This method involves the short expo-
sure of ultrasound waves to the target plant tissue immersed in an Agrobacterium 
suspension. The technique efficiently overcomes certain barriers such as the host 
specificity and the inability of bacterium to reach proper meristematic cells if they 
are buried deep inside the target tissues (Trick and Finer 1997). Besides, the 
wounded tissue could also produce more of phenolic substances like acetosyringone 
that are required for enhancing the binding accessibility of Agrobacterium to the 
cell surface. Also the extent of physical tissue injury caused during the making of 
thousands of nano-sized pores by the high energy of ultrasound waves is low in 
comparison to manual pricking by bacterial filled sterilized needle. This helped in 
minimizing the callusing response from the explants. Using hypocotyls as explants, 
Wang et  al. (2010) developed genetic transformation method via A. tumefaciens 
strain EHA105. The construct used was pCAMBIA2301 having GUS reporter gene 
with a neomycin phosphotransferase II gene (NTPII) as selectable marker. The Best 
results with 11% transformation frequency were obtained when 10 min sonication 
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was applied to hypocotyls with 80 W. After that explants were subjected to 30 min 
A. tumefaciens infection and 2 day co-cultivation on 1/2 MS medium having 100 μM 
acetosyringone. To asses the potential of the given protocol deacetylvindoline-4-O- 
acetyltransferase (DAT), was over-expressed that lead to nine separate transgenic 
plants. Vindoline was found to be enhanced in the DAT over-expressing transgenic 
plants. For optimum transformation frequency, various parameters such as density 
of Agrobacterium and acetosyringone concentration, duration of co-cultivation, 
sonication dose and duration and dose of selection pressure i.e. kanamycin were 
optimized. In a recent report of Weaver et  al. (2014), The Fast Agro-mediated 
Seedling Transformation (FAST) method was developed that involves the co- 
cultivation and transient transformation of young seedlings. In this particular study, 
Agrobacterium strongly induced ZCT1 and ORCA3. There are just two reports on 
regeneration of transgenic plants from transformed hairy roots of C. roseus (Choi 
et al. 2004; Verma et al. 2012b). The regeneration response was found to be greatly 
influenced by genotype and varied with different root clones. The regenerated 
shoots showed prolific rooting with extensive lateral branching and shortened inter- 
nodes in the transgenic plants. PCR and Southern blotting analysis confirmed the 
retention of Ri-TL-DNA in these regenerants. Verma et  al. (2012b) also found 
excessive flowering in the regenerated plants.

 (iv) Elicitation/Precursor/Inhibition based Studies

Alternation/supplementations in medium recipes of transformed tissue of C. 
roseus resulted into the altered alkaloid profile. While total alkaloid content was 
found to be enhanced by low medium nutrients (Toivonen et al. 1992) and penicillin 
supplementation (Sim et al. 1994) in hairy roots, acetyl salicylic acid increased total 
alkaloid content in tumor cell suspensions (Godoy-Hernandez and Loyola-Vargas 
1997). MES-buffered medium had a negative effect on lochnericine accumulation 
but enhanced tabersonine synthesis (Morgan and Shanks 2000), whereas fructose 
supplementation enhanced the catharanthine level in hairy roots (Jung et al. 1992). 
Effect of oxygenase inhibitors like 1-aminobenzotriazole, clotrimazole (ABT) and 
2,5-pyridinedicarboxylic acid was studied to decipher the pathway around taberso-
nine. The ABT inhibited horhammericine formation while 2,5-pyridinedicarboxylic 
acid specifically inhibited lochnericine accumulation (Morgan and Shanks 1999). 
Verapamil and CdCl2, that block the Ca2+ flux across the plasma membrane enhanced 
the total alkaloid content by 25% in hairy roots and their discharge into the medium 
by ten times (Moreno-Valenzuela et al. 2003). The specific Ca2+ chelator, EGTA, 
stimulated 90% of the total alkaloid secretion. Recently, Thakore et  al. (2013) 
reported 98% increment in ajmalicine on treatment with TritonX-100 (0.1% v/v) 
and n-hexadecane (2% v/v). Metabolic engineering of the biosynthetic pathway of 
these TIAs have indicated that extremely low yields of the pharmaceutically impor-
tant alkaloids can be ascribed to the limitation in the availability of these two pre-
cursor molecules from the primary pool (Whitmer et al. 2002a). Tryptophan and 
terpenoid intermediates feeding to transgenic lines over expressing TDC/STR 
showed high alkaloid production (Whitmer et  al. 2002a). It can be clearly inter-
preted that the terpenoid branch of pathway is limiting. Exogenous feeding of 
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 tryptophan and/or terpenoid intermediates like geraniol or loganin, etc in STR over-
expressing cell lines has also resulted in higher TIAs production (Whitmer et al. 
2003), indicating that it is not only the availability of tryptophan and secologanin, 
but their actual utilization which is more limiting in guiding the metabolic flux 
towards TIAs metabolism. Elicitors are known to induce synthesis of valuable sec-
ondary metabolites as defense against pathogen and the consequent biosynthetic 
pathway. Till date so many biotic or abiotic elicitors have been tested to enhance the 
discharge of secondary metabolites in C. roseus hairy roots. Methyl jasmonates 
(MeJA) is known to be involved in signal transduction, escorting the reaction of the 
plant to different environmental signals. One of such reaction is biosynthesis of 
proteins and secondary metabolites. For some recent years, MeJAs was frequently 
used as elicitors to induce biosynthesis of secondary metabolism in many plant spe-
cies, including C. roseus (Loyola-Vargas et al. 2007). TIA genes demonstrate con-
siderable variation in the degree and duration of induction by MeJA.  Methyl 
jasmonate (MeJA) an organic compound used in plant defense caused significant 
enhancement in the transcript of TIAs pathway genes, particularly catharanthine 
accumulation while sodium nitroprusside alone or in combination with MeJA 
caused spectacular reduction in catharanthine accumulation. It is also known to 
enhance type-1 protein prenyltransferase transcripts in hairy roots of C. roseus. 
MeJA treated hairy roots induced the disturbance in the integrity of mitochondrial 
membrane and a reduction in ATP biosynthesis (Ruiz-May et al. 2009). In C. roseus, 
Octadecanoid-Responsive Catharanthus AP2-domain (ORCA1, ORCA2 and 
ORCA3) transcription factors play crucial role in up-regulating many TIAs genes in 
response to MeJA treatment. Goklany et al. (2009) carried out a dose specific study 
of the MeJA treated hairy roots. Low doses of MeJA were found to be favoring TIAs 
biosynthesis by keeping ZCT (transcriptional repressors) level low (two to seven-
fold) and ORCA (29–40) level high resulting into 8 to 15-fold increment in genes 
involved in TIA biosynthesis. While at high doses of MeJA, TIAs biosynthesis was 
inhibited. This was attributed to the increased level of ZCT (40-fold) expression in 
comparison to ORCA (13 to 19-fold) resulting into and nominal induction of the 
TIA biosynthetic genes (0 to 6-fold). This study directly pointed out the crucial role 
of exogenous MeJA supplementation in C. roseus in up-regulating TIA biosynthetic 
pathway.

 (v) Pathway Gene Over-Expression

Since biosynthesis of all TIAs initiates from a common precursor molecule- 
strictosidine that is formed by the coupling of tryptophan derived tryptamine and 
secologanin, limited availability of these precursor molecules from the primary shi-
kimate and secoiridoid pools has often been documented as the most serious prob-
lem associated with low TIAs productivity in C. roseus. While over-expression of 
the gene tryptophan decarboxylase (TDC), which codes for the enzyme that con-
verts tryptophan into tryptamine, has alone not found effective for a concomitant 
increase in TIAs accumulation, the overexpression of strictosidine synthase (STR), 
either alone or along with TDC, was found more conducive for enhanced TIAs syn-
thesis (Canel et al. 1998). Tryptophan pool of the cell is maintained by feedback 
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inhibition of the enzyme anthranilate synthase. To avoid a negative feedback regula-
tory step-the biosynthesis of indole precursor of TIAs i.e. tryptamine, attempts were 
made to over-express TIA s pathway gene coding enzymes. Tryptophan decarxylase 
(TDC) mediated catalysis of tryptophan yields tryptamine. The expression of a 
feedback resistant anthranilate synthase (AS) α-subunit from Arabidopsis thaliana 
concurrently with the AS β-subunit and TDC gene in the hairy roots of C. roseus 
improved the metabolic flux of the indole precursors tryptamine towards anti- 
hypertensive drug ajmalicine with a corresponding decrease in  lochnericine, hor-
hammericine and tabersonine (Hughes et al. 2002; Hong et al. 2005; Peebles et al. 
2005). Recently C. roseus TDC/STR-TDC over-expression in other Apocynaceae 
members Rawvolfia serpentina (Mehrotra et al. 2013) and Vinca minor (Verma et al. 
2015d) resulted into increased ajmalicine/serpentine and vincamine production 
respectively. In the mevalonate pathway, HMG-COA is converted to mevalonate by 
the action of enzyme 3-hydroxy-3-methylglutaryl-COA reductase (HMGR). 
Mevalonate an IPP precursor, is considered to be a crucial enzyme in the synthesis 
of cytoplasmic isoprenoids in plants such as fitosterols (campesterol, stigmasterol, 
and sitosterol) and prenyl chains for someproteins, sugars, and lipids. Ayora- 
Talavera et al. (2002) reported five to seven times more serpentine in hairy roots on 
the over-expression of HMGR gene. The coupling of isopentenyl diphosphate (IPP) 
and dimethylallyl diphosphate (DMAPP) catalysed by GPP synthase (GPPS) to 
yield Geranyl diphosphate (GPP), the initial point of formation of terpene moiety. 
The transient over-expression of A. majus AmGPPS.SSU (Geranyl diphosphate 
smaller sub unit) in C. roseus leaves resulted in the enhancement of vindoline con-
tent (Rai et al. 2013). In a study, conducted by Peebles et al. (2011), DXS gene alone 
as well as along with G10H were over-expressed in hairy roots of C. roseus. 
Noteworthy enhancement in ajmalicine, serpentine, and lochnericine by 67, 26 and 
49%, respectively were observed with concurrent decrease in tabersonine (66%) 
and hörhammericine (54%). When DXS and G10H were co-over-expressed, ajma-
licine, lochnericine and tabersonine were significantly enhanced by 16, 31 and 13%, 
respectively. Another study conducted by Chang et al. (2014) reported DXR and 
STR or MECS and STR over-expression in hairy roots. Again it favoured the co- 
over- expression rather than single gene expression. Higher ajmalicine was regis-
tered by co-over-expression of DXR-STR or MECS-STR in comparison to the 
single gene over-expression of DXR, MECS, and STR.  Deacetylvindoline-4-O- 
acetyltransferase (DAT), the final enzyme in the vindoline biosynthesis that cataly-
ses de-acetylvindoline into vindoline, was also over-expressed with CaMV35S 
promoter in hairy roots of C. roseus (Magnotta et  al. 2007). These workers also 
found no increment in the vindoline level in the transformed roots but instead, 
observed fourfolds increase in horhammericine to control lines. Enhanced horham-
mericine accumulation was attributed to the inhibitory activity of minovincinine- 
19- O-acetyltransferase (MAT) by the DAT protein as revealed by the enzymatic 
analysis. Over-expression of DAT gene was found to enhance vindoline production 
in transgenic plants (Wang et al. 2010). The two peroxidases CrPrx and CrPrx1 are 
characterized from C. roseus and belong to class III peroxidases. CrPrx and CrPrx1 
are known to be apoplastic and vacuoler in nature, respectively. For determining 
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their respective function in planta, these were expressed in Nicotiana tabacum 
(Kumar et al. 2011). It was interpreted that salt and dehydration stress was preside 
over by the vacuolar peroxidase while apoplastic peroxidase provide cold stress 
tolerance. Over-expression of apoplastic peroxidase CrPrx in C. roseus hairy root 
lines resulted into enhanced ajmalicine and serpentine production. Using biolistic 
approach, Guirimand et al. (2009) has given a protocol of transient expression in C. 
roseus cells which was further utilized in subcellular characterization of HDS and 
G10H to plastids/stromules and to ER membrane. A very recent report showed the 
D4H like gene but with different transcriptional expression profile (Zhou et  al. 
2014). The wealth of information gathered so far has made TIAs biogenetic path-
way as one of the best dissected and understood metabolic routes at the enzymatic 
level and corresponding genes level in plants. Over expression of TIAs pathway 
genes in C. roseus cell cultures has so far not be up to the execution in significantly 
augmenting sustainable production of the preferred alkaloids because of their lower 
level of cellular and tissue differentiation. Our understanding of terpenoid indole 
alkaloids has matured to a much better level of enzymatic and genetic regulations 
where a cell can now be engineered via incorporation of transgenes for homologous 
as well as heterologous expression of an indigenous or novel metabolic step(s).

 (vi) Transcription Factors and TIA Pathway Regulation

A general understanding of the major routes of biosynthesis for TIAs pathway 
has been gathered, but the complete expression of pathways is necessary by deter-
mining the master regulators i.e. transcription factors that can manipulate whole 
biosynthetic steps involved in the pathway. ORCAs, ZCTs and WRKY transcription 
factors are the three major classes that came out in C. roseus pathway modulation. 
Interaction between the jasmonate- and elicitor-responsive element and two 
jasmonate- responsive transcription factors known as ORCA2 and ORCA3 takes 
place in C. roseus. The two ORCAs fit in the APETALA2/ethylene response-factor 
(AP2/ERF) family of transcription factors. The numerous genes govering primary 
and secondary metabolism, together with the TDC and STR genes, were shown to 
be regulated by ORCA3. MeJA induced all metabolite biosynthetic genes, primary 
and secondary, along with ORCA3 itself, that were tested (Van der Fits and 
Memelink 2000). Though, ORCA3 did not regulate all MeJA induced genes. For 
example, MeJA greatly induced expression of G10H, but ORCA3 overexpressing 
cell lines did not show G10H expression, suggesting that regulation of this gene 
involves additional jasmonate-responsive transcription factors. Although numerous 
genes of primary as well as secondary metabolism are regulated by ORCA3, it does 
control all genes in TIA metabolism. The involvement of additional transcription 
factors is possible in managing these genes. ORCA2, which is another jasmonate- 
responsive AP2/ERF-domain transcription factor from C. roseus, is a good appli-
cant for this purpose. As indicated by preliminary results, ORCA2 and ORCA3 
have interrelated, but different, assembly of target genes which suggest difference in 
functions of ORCA proteins, and the necessity of both for the whole range of 
jasmonate- stimulated metabolic modifications. An increment in AS, TDC, STR and 
D4H transcripts was generated by ORCA3 over-expression but CRMYC2 and 
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G10H transcription remained unaffected. G10H and ORCA3 co-over-expression 
induced a significant increase in G10H transcripts. Further, a substantial increase in 
the production of strictosidine, vindoline, catharanthine and ajmalicine took place 
due to ORCA3 and G10H over-expression but effects on anhydrovinblastine and 
vinblastine levels were limited (Pan et al. 2012). Another class of transcription fac-
tors i.e. zinc finger proteins (ZCT1, ZCT2, and ZCT3) are known to be transcrip-
tional repressors in C. roseus and belong to the family Cys2/His2-type (transcription 
factor IIIA-type) ZCT family. They inhibit TDC and STR promoters in vitro by 
combining in a sequence specific manner (Pauw et al. 2004). Soybean transcription 
factor GmMYBZ2 inhibits the biosynthesis of catharanthine in hairy roots as stated 
by Zhou et al. (2011). Bax, a mammalian pro-apoptotic element of the Bcl-2 family 
when expressed in plants, stimulates oversensitive reactions. It generates transcrip-
tional activation of two important genes TDC and STR in TIAs biosynthetic path-
way of C. roseus cells. It induces the production of defense-related protein PR1 in 
the cells. It can be clearly interpreted that the mouse Bax activates the defense 
responses in C. roseus cells and stimutes the induction of TIA pathway (Jun and 
Fang 2007). It is now known that transcription factor CrMYC2 belonging to the 
family of helix-loop-helix (bHLH) plays crucial role in the activation of ORCA3 (a 
MeJA-responsive TIA up-regulator transcription factor) gene. The early response of 
Jasmonates is the activation of the CrMYC2 gene that binds to the sequence of the 
ORCA3 JRE in vitro. Transient assays showed that it further transactivates expres-
sion of reporter gene. Fall in the CrMYC2 expression by RNA interference resulted 
in a significant decrease in the production of ORCA3 mRNA. A root expressing 
CrWRKY1, C. roseus WRKY transcription factor, is induced by phytohormones 
namely jasmonate, ethylene and gibberellic acid. In hairy roots, CrWRKY1 up- 
regulates some of TIA pathway genes including TDC as well as transcriptional 
repressors ZCT1 ZCT2, and ZCT3 while down regulates the transcriptional activa-
tors ORCA2, ORCA3, and CrMYC2. But when the dominant-repressive form of 
CrWRKY1 was expressed it resulted into the suppression of TDC and ZCTs and the 
induction of ORCA3 and CrMYC2. The increased TDC activity, accumulation of 
tryptamine, resistance against 4-methyl tryptophan inhibition of CrWRKY1 
expressing hairy roots were the outcome of up-regulation of TDC gene.  The 
CrWRKY1 hairy roots were showing three times more serpentine as compared to 
control roots (Suttipanta et al. 2011).

5  Roadmap for Future Research

Catharanthus roseus today occupies the central position in ongoing metabolic engi-
neering efforts in medicinal plants. The entire multi-step biogenetic pathway of its 
extremely priced anti-hypertensive and anti-cancerous alkaloids is fairly very well 
dissected at biochemical and gene levels. In order to increase the volumetric yield 
of these pharma molecules for drug industry, cell and tissue cultures of C. roseus are 
being increasingly tested to provide their alternate production platforms. However, 
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a rigid developmental regulation and involvement of different cell, tissues and 
organelles in the synthesis of these alkaloids have restricted the utility of these cul-
tures. Concerning its beneficial nature endophytes and allied members have consid-
erable potential as bio-control agents and plant-growth promoters. Special efforts 
should therefore be made to define the molecular and biochemical bases of symbio-
ses and their physiological effects on plant Endophytes have been extremely valu-
able in understanding the orchestration of root innate immunity. The root colonization 
by endophytes results in an increase in plant growth, early flowering, higher seed 
yield, alteration in the secondary metabolites, and adaptation to abiotic and biotic 
stresses. So one of the potential area revolve around determining the effect of the 
biotic and abiotic elicitors in relation with localization and expression of important 
MIA pathway genes required for the synthesis of the rate limiting products of MIA 
pathway like Vindoline, Catharanthine, Tabersonine, Vinblastine and Vincristine. 
Particular emphasis will be over to find out, whether the elicitation affects the cell 
metabolic machinery via altering the functional site of gene products at different 
locations in the cell compartments by mapping the location and transfer of gene 
products. Heterologous gene expression is another emerging trend in recent C. 
roseus biology. A recent study of Meittinen et al. (2014) reconstituted expression of 
the eight genes encoding seco-iridoid pathway, together with two genes boosting 
precursor formation and two downstream alkaloid biosynthesis genes, in Nicotiana 
benthamiana, allows the heterologous production of the complex MIA strictosidine. 
VIGS and RNAi-mediated down-regulation of sub-pathways operating at the branch 
point nodes in the upstream steps of the TIAs metabolism up to tabersonine synthe-
sis will be the potential targets. Photo-autotrophic cell cultures of C. roseus with 
functional chloroplast system in the idioblast and laticifer networks are one of the 
future line to be targeted. Such tissue can be potential targets for hyper-expressing 
vindoline pathway limiting steps and their further condensation with catharanthine 
to produce antineoplatic alkaloids. Efforts must continue to identify transcriptional 
activators and transcriptional repressors of TIAs pathway genes to generate novel 
tissue types with a better understanding of regulatory mechanisms.
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Abstract Catharanthus roseus L. is a potent medicinal plant belonging to 
Apocynaceae family. In a number of countries, different parts of it are traditionally 
used in the treatment of various diseases, e.g. diabetes, menstrual irregulations, 
hypertension, cancer, etc. The high added-value of this plant is because of its enor-
mous pharmaceutical features, which are because of its more than 130 terpenoid 
indole alkaloids (TIAs), some of which exhibiting imperative pharmacological 
activities. The most striking biological activity investigated is the antitumour effect 
of dimeric alkaloids such as that of anhydrovinblastine, vinblastine and vincristine, 
which are under study either in preclinical phase or are being used presently. The 
great pharmacological importance of these indole alkaloids contrasts with their 
small amounts in the plant, making their extraction a very expensive process. To 
overcome this problem, researches have looked for alternative sources and have 
been trying the strategies to produce them in higher amounts. Using biotechnologi-
cal approaches, intensive research on the biosynthesis of TIAs and on the regulation 
of their biochemical pathways has been developed with the aim to increase the 
production of these high added-value compounds. This chapter is focused on the 
pharmaceutical application of the antitumour alkaloids and on the various strategies 
which improve the production of these alkaloids; it also analyses the beneficial 
effects that these compounds exert on human health.
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1  Introduction

Natural products, beneficial in human healthcare, were the basis of the first pharma-
ceutical practice. These plant products continue to play an important role in modern 
therapy too. The term ‘natural products’ is applied to materials derived from plants, 
microorganisms, invertebrates and vertebrates. They may serve as raw materials 
for chemical or biological modification to new products, which may lead to new 
therapeutic agents for new organic synthesis and fundamental metabolic studies. 
Approximately, 25–50% of the current pharmaceuticals are derived from plant prod-
ucts that show lesser side effects compared to the synthetic drugs (Upadhyay 2011). 
In fact, the synthetic drugs, after getting inside the body, generate many biochemical 
alterations and cause cross-reactivity inside the body fluids in addition to widely 
inhibiting bio-membrane functioning in human beings. Today, consumers prefer 
herbal medicines over the synthetic drugs as they believe that the former may be 
safer than the later. This has resulted in ‘explosion’ of researches in the field of iden-
tification, distribution and variations of plant species, the development of new and 
improved tests useful in the therapeutic evaluation of drugs, new procedures for the 
isolation, separation, identification and structural elucidation, and exploration of new 
types of organic synthesis with regard to plant products. The National Cancer 
Institute (NCI) of the US Public Health Service has recognized the value of plants as 
the sources of potential anticancer agents. In 1960, NCI initiated a systematic effort 
to collect and screen the plants for anticancer properties in collaboration with United 
States Department of Agriculture (USDA). Between 1960 and 1982, some 35,000 
plants were collected by USDA from more than 60 countries; later, their pharmaceu-
tical constituents were screened by NCI against a range of animal tumour systems.

Out of several anticancer plants, periwinkle (Catharanthus roseus) is considered 
as a unique plant in cancer therapy. It accumulates in its leaves the dimeric terpenoid 
indole alkaloids vincristine (VCR) and vinblastine (VBL), which may be regarded 
as the first natural drugs used in prevention and cure of cancer; these alkaloids are 
still included among the most valuable chemotherapeutic agents in the treatment of 
human neoplasma (Sottomayor and Ros Barceló 2005). Both of these anticancer 
alkaloids disrupt the spindle formation in mitotically dividing cells, thereby pre-
venting the uncontrolled growth of malignant tumours (Fig. 1).

Catharanthus roseus L. is a perennial tropical medicinal plant belonging to the 
family Apocynaceae, which comprises eight species, of which seven (Catharanthus 
coriaceus, C. lanceus, C. longifolius, C. ovalis, C. roseus, C. scitulus and C. tricho-
phyllus) are endemic to Madagascar and one (C. pusillus) is reported from India. 
Basically, C. roseus is an ornamental plant with beautiful pink flowers and nicely 
shaped leaves. However, it is also recognized as an important remedial plant with 
enormous pharmaceutical uses in human healthcare. In fact, it is nothing less than a 
biochemical factory, producing more than 130 different TIAs, some of which exhibit 
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potent pharmacological activities in favour of human health (Van der Heijden et al. 
2004). Vincristine and vinblastine alkaloids are commercial TIAs used in cancer 
chemotherapy, and together with many related semi-synthetic compounds are col-
lectively named the Vinca alkaloids, as Vinca rosea is old name of C. roseus. 
Currently, vincristine, vinblastine, vinorelbine and vindesine have been used in 
clinical trials although only vincristine, vinblastine and vinorelbine have been 
approved for therapeutic exploitation in the United States (Rowinsky 2003). 
Fluorinated analogue of vinorelbine, called as vinflunine, has been approved for 
cancer chemotherapy in Europe (Bennouna et  al. 2008; Schutz et  al. 2011). 
Vincristine and vinblastine also exhibit strong antimicrobial activity (Grellier et al. 
1999). Apart from anticancer alkaloids mentioned above, C. roseus also produces 
ajmalicine and serpentine alkaloids, which are monoterpenic indole compounds 
used as antihypertensive and anti-neuroinflammatory agents. Besides, yohimbine 
alkaloid of C. roseus is used in the treatments of erectile dysfunction, while vindo-
licine alkaloid is used for the development of antidiabetic drugs.

C. roseus anticancer compounds, vincristine and vinblastine, are derived from 
the coupling of catharanthine and vindoline alkaloids. Since there is very low recov-
ery of these compounds from C. roseus plant with expensive extraction procedure, 
scientists have a large interest to increase their production through various biological 

Fig. 1 Figures of 
vincristine and vinblastine
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techniques. Low levels of vincristine and vinblastine are mainly associated to the 
spatial separation of biosynthetic sites where these compounds are produced in 
the plant. Mainly, it pertains to the high degree of specialization in leaf cells where 
the assembly of specific steps of the TIA biosynthetic pathway occurs (Yu and de 
Luca 2013). Factually, catharanthine is accumulated almost exclusively in the wax 
exudates on the leaf surface, whereas vindoline is produced in specialized internal 
leaf cells, suggesting that an involvement of transport processes is needed for their 
coupling to take place (Roepke et al. 2010). Recently, an ABC transporter, CrTPT2, 
has been identified with its primary function in enhancing the transport; hence, its 
role in accumulation of catharanthine in the leaf epidermal surface has been expected 
(Yu and de Luca 2013). However, the physical separation of catharanthine and vin-
doline observed by Yu and De Luca (2013) is probably a limiting factor in very 
young leaves, where anhydro-vinblastine (AVBL) was actually shown to be absent 
(Naaranlahti et al. 1991), but definitely not in developed leaves, where the dimer 
AVBL was repeatedly reported to be in abundance (Balsevich and Bishop 1988; 
Goodbody et al. 1998; Sottomayor et al. 1998; Carqueijeiro et al. 2013). Further, 
Carqueijeiro et  al. (2013) demonstrated that catharanthine, vindoline and AVBL 
were accumulated in the vacuoles of mesophyll cells by a specific proton antiport 
system, which is dependent on the transtonoplast pH gradient generated by V-H+-
ATPase and V-H+-PPase system, using vacuoles isolated from leaves of adult plants.

Researchers have also looked for alternative sources and strategies to produce 
TIAs in high amounts in C. roseus plant. In fact, the low levels of the TIAs with 
anticancer activity found in plants have stimulated an intense interest in research 
efforts aiming to obtain in vitro C. roseus cultures with a higher production of these 
TIAs. Technologically, Zhao and Verpoorte (2007) showed that although C. roseus 
cells can be cultivated in bioreactors, the TIA biosynthesis is extremely low, which 
prevents their industrial production. To increase the anticancer alkaloids produc-
tion, several approaches were tried (Zhao and Verpoorte 2007) using C. roseus cell 
cultures, using genetic modification or metabolic engineering, the most promising 
biotechnological tools for high production of these compounds (Van der Heijden 
et al. 2004) (Table 1).

The biosynthetic route for indole alkaloids has been studied by De-Luca and 
Cutler (1987). Because of the presence of cytotoxic bis-indole alkaloids of thera-
peutic importance, the production of vincristine, vinblastine and vindesine has 
become one of the main fields of interest in modern cell biotechnology (Zhao and 
Verpoorte 2007). The plant produces the active dimeric alkaloids in low concentra-
tions (0.0005%), where nearly 500 kg of dry leaves of C. roseus are used to isolate 
1 g of vinblastine (Van der Heijden et  al. 2004) and 2  tons of macerated leaves 
produced 1 g of the alkaloid as the active principle, which is the amount required for 
the treatment of a child with leukaemia for 6  weeks (Karthikeyan et  al. 2008).
Because of the large number of alkaloids the C. roseus plant contains, the isolation 
of vincristine and vinblastine in the laboratory is very costly. Although all parts of 
the plant produce alkaloids (leaves, stems and roots) in different proportions 
(Soleimani et al. 2013), the maximum concentrations are found in the cortex of the 
roots, particularly when blooming (Jaleel et al. 2008). Wide arrays of different alka-
loid subclasses have been identified, viz. vincosan, corynanthean,  vallesiachotaman, 
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Table 1 Alkaloids isolated from different parts of C. roseus L. (Junaid et al. 2010)

Alkaloid Extracted from (plant part)

β-Carboline Leaf
Tryptamine,N,N-dimethyl Cell suspension culture
Apparicine Leaf, flower
Ammocalline Plant extract, root
Anthirine Plant extract, cell suspension culture
Akuammicine Plant extract, leaf, root, callus culture, cell suspension 

culture, shoots
Iochrovicine Leaf
Pericyclivine Plant extract, leaf
Pleiocarpamine Cell suspension culture
Cavincine Plant extract, leaf, root, callus culture, hairy root
Iochnerine Cell suspension culture
Tubotaiwine Callus culture, cell suspension culture
Rosicine Leaf
Catharanthine Plant extract, leaf, flower, seedlings, callus culture, cell 

suspension culture, shoots
Tabersonine Plant extract, leaf, seedlings, seed, callus culture, cell 

suspension culture
Venalstonine Root
Akuammicine,12-Hydroxy Cell suspension culture
Perivine Plant extract, leaf, flower, root, callus culture, cell 

suspension culture
Vinervine Cell suspension culture
Coronaridine Flower
Vincadifformine Cell suspension culture
Cyclolochnerine,21-Hydroxy Callus culture, cell suspension culture, shoots, hairy 

root
Iochneridine Leaf, callus culture, cell suspension culture, hairy root
Alstonine Root, callus culture
Serpentine Leaf, root, seedlings callus culture
Cathenamine Plant extract
Vallesiachotamine Callus culture, cell suspension culture
Isovallesiachotamine Callus culture, cell suspension culture
Ajmalicine Callus culture, cell suspension culture
Ajmalicine,19-epi,3-iso Plant extract, callus culture, cell suspension culture
Ajmalicine, 3-epi Plant extract, callus culture ,cell suspension culture
Akuammigine Cell suspension culture
Akuammiline O-Deacetyl Leaf, callus culture
Iochnericine Plant extract, leaf, cell suspension culture
Minovincine Plant extract
Preakuammicine Seedlings

(continued)
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Table 1 (continued)

Alkaloid Extracted from (plant part)

Rosamine Leaf
Tabersonine,19-Hydroxy Cell suspension culture
Tetrahydroalstonine Plant extract, flower, root, callus culture
Vindolinine, −Oxide Plant extract, cell suspension culture
Vindolinine,19-epi,N-Oxide Cell suspension culture
Fluorocarpamine, N-Oxide Plant extract, leaf
Perividine Plant extract
Isositsirikine, 19,20-Cis-16 (R)− Plant extract, cell suspension culture
Isositsirikine, 19,20-Trans-16 (R)− Plant extract, cell suspension culture
Isositsirikine, 19,20-Trans-16 (S)− Plant extract, leaf, cell suspension culture
Minovincinine Cell suspension culture
Sitsirikine Plant extract, leaf, callus culture, cell suspension 

culture, shoots
Yohimbine Plant extract, leaf, root, callus culture, cell suspension 

culture, hairy root
Sitsirikine,Dihydro- Plant extract, leaf, root, callus culture, cell suspension 

culture
Perimivine Plant extract, root
Tabersonine,11-Methoxy Plant extract, flower
Almalicine, 7-Hydroxy-Indolenine Callus culture
Ajmalicine pseudo-Indoxyl Callus culture
Akuammiline,10-Hydroxy- Deacetyl Callus culture
Epimisiline,19(S) Hairy root
Horhammericine Cell suspension culture, shoots
Mitraphylline Flower, callus culture
Vincoline Plant extract, leaf
Vindolinine Plant extract, leaf, cell suspension
Vindolinine,19-epi Plant extract, leaf, cell suspension culture
Vincolidine Plant extract, leaf
Akuammine Plant extract
Lochnerinine Plant extract, leaf, cell suspension culture
Lochrovidine Plant extract
Tabersonine,19-Hydroxy-11-Methoxy Plant extract
Iochrovine Plant extract
Vindolidine -Deacetyl- Plant extract
Akuammiline Plant extract, cell suspension culture
Horhammericine, 11-Methoxy Cell suspension culture, shoots
Vincarodine Plant extract, leaf
Vinosidine Root
Vindoline, Deacetoxy- Cell suspension culture, leaf, seedlings
Tabersonine, 19-Acetoxy-11-Hydroxy- Plant extract, leaf, cell suspension culture
Vindoline, Deacetyl- Plant extract, leaf

(continued)
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Table 1 (continued)

Alkaloid Extracted from (plant part)

Iochnerinine Leaf, root
Tabersonine, 
19-Acetoxy-11- Methoxy

Cell suspension culture

Cathovaline Leaf
Vindolidine Plant extract, flower
Strictosidine Lactam Cell suspension culture, shoots, hairy root
Vindoline Plant extract, leaf, flower, seedlings, shoots
Akuammicine, Xylosyloxy- Cell suspension culture
Strictosidine Plant extract, leaf, root, seed, callus culture, cell 

suspension culture
Bannucine Plant extract, leaf
Leurosivine Leaf
Leurosine,17-Deacetoxy- Plant extract
Vinblastine,4-Deacetoxy- Plant extract, leaf
Vinblastine, Deacetyl- Plant extract
Vinsedine Seed
Leurosinine Plant extract
Vinsedicine Seed
Vinblastine,3,4-Anhydro- Leaf, shoots
Vingramine Seed
Vinblastine,4′-Deoxy- Plant extract, leaf
Vinosidine Plant extract
Vinblastine, N-Demethyl- Plant extract
Vingrmine, Methyl- Seed
Catharanthamine Plant extract, leaf
Leurosine Plant extract, leaf, shoots
Roseadine Plant extract, leaf
Vincathicine Plant extract, leaf
Roseamine Plant extract
Vinblastine Plant extract, leaf, flower, seedlings, cell suspension 

culture
Vinblastine,20′-epi- Plant extract, leaf
Catharicine Plant extract, leaf, flower
Catharine Plant extract, leaf, shoot
Leurosine, 5′-Oxo- Leaf
Carosine Plant extract, leaf, flower
Leurosine,N B′-Oxide Leaf
Vinamidine Plant extract, leaf
Vincristine Plant extract, leaf
Leurosidine, N B-Oxide Plant extract
Vinblastine,14′-Hydroxy- Plant extract
Vinblastine, 15’hydroxy- Plant extract

(continued)
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strychnan, aspidospermatan, plumeran, ibogan, eburnan and bis-indole alkaloids 
(Kisakurek and Hesse 1980). Up to 40 different bis-indole alkaloids have been 
found in C. roseus, many of which contain a moiety of plumerane (vindoline) and 
ibogaine (catharanthine). In relation to plant chemistry, C. roseus contains carbohy-
drates, flavonoids, saponins, phenol compounds, terpene indole alkaloids (Ataei- 
Azimi et  al. 2008), anthocyanins, glucosides (Piovan and Filippini 2007), heart 
glycosides, steroids and mono-terpene glucosides (Van der Heijden et al. 2004). It 
has no tannins. Two flavonols have also been isolated and identified (Yadav et al. 
2013) in addition to glycosidic flavonols that have been identified in seeds, stems, 
leaves and flowers of C. roseus (Ferreres et al. 2008). The extracts of the sprouts of 
C. roseus are used as a potential source of natural available antioxidants and with 
excellent pharmaceutical applications (Mallik et al. 2013).

The biological mechanism of action of the vincristine and vinblastine consists of the 
binding with the tubulin subunits of spindle apparatus during mitosis. These compounds 
inhibit the chromatin filaments drawn to their respective poles (Huxtable 1992), leading 
to the inhibition of cellular mitosis during the metaphase, and thereby starting the pro-
grammed cellular death or apoptosis (Leveque and Jehl 2007). Vincristine inhibits 
polymerization of the microtubules, producing an arrest in G2/M phase and inducing 
apoptosis (Casado et al. 2007). The semi-synthesis of vincristine and vinblastine, start-
ing with the precursors and the organic synthesis (coupling of vindoline and catharan-
thine), is highly expensive and the production is poor in C. roseus. Therefore, alternative 
biotechnology strategies have been used to be able to increase the production of these 
secondary metabolites. They include the addition of biotic or abiotic inducers that stimu-
late the production of the metabolites in the biosynthesis pathway of the alkaloids.

Table 1 (continued)

Alkaloid Extracted from (plant part)

Neoleurocristine Plant extract, leaf
Vindolidine Plant extract
Leurosinone Leaf
Neoleurosidine Plant extract, leaf
Neoleurosidine, N B-Oxide Plant extract, leaf
Vindolicine Plant extract, leaf
Ammorosine Root
Cathalanceine Root
Cathindine Leaf, root, cell suspension culture
Cavincidine Plant extract, leaf, root, callus culture, cell suspension 

culture
Lochneririne Leaf, root
Maandrosine Plant extract, root
Perosine Plant extract, leaf, root, callus culture
Rovindine Plant extract, leaf
Vinaphamine Plant extract, leaf
Vinaspine Plant extract, leaf
Vincamicine Plant extract, leaf
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2  Pharmacological Activities

The main secondary metabolites of C. roseus are terpene indole alkaloids (TIAs) 
with important applications in human medicine as mentioned above, which are pre-
senting biological activities such as antitumour, anti-diabetes, anti-helminthic, anti-
hypertensive, anti-diarrhoea, and antimicrobial actions and others. The Vinca 
alkaloids are generally known as compounds in the treatment of cancer (Moudi 
et al. 2013). These compounds repress cell growth because they alter the microtubu-
lar dynamics, which ultimately provokes apoptosis. Semi-synthetic compounds, 
similar to vincristine and vinblastine, have been developed to increase their thera-
peutic action (Nirmala et al. 2011). Vinblastine is used in particular for the treatment 
of Hodgkin’s disease, besides lymphosarcoma, choriocarcinoma, neuroblastoma, 
carcinoma of breast and lung, and lymphocytic leukaemia (Junaid et al. 2010; Rai 
et al. 2014). Anhydrovinblastine, the direct precursor of vinblastine, also showed 
significant in vitro cytotoxic effect against human non-small cell lung cancer C4 
besides that against human cervical carcinoma, human leukemic cells and A431 
human carcinoma cells (Kutney et al. 2000). Vincristine is an oxidized form of vin-
blastine that arrests mitosis at metaphase and is very effective for treating acute 
lymphoblastic leukaemia in both children and adults. It is also used against 
Hodgkin’s disease, Wilkins’s tumour, neuroblastoma and reticulum cell sarcoma 
(Rowinsky 2003; Moudi et al. 2013). In addition, vincristine has also been used in 
the treatment of multiple non-malignant hematologic disorders like autoimmune 
and thrombotic thrombocytopenia, and hemolytic uremic syndrome sarcoma 
(Rowinsky 2003; Moudi et  al. 2013). On the other hand, the cytotoxic effect of 
catharoseumine, which is a monoterpenic indole alkaloid isolated from the whole 
plant of C. roseus, was tested in different human tumour cell lines showing only a 
moderate cytotoxic effect against HL-60 cell line (Wang et al. 2012).

The antitumour alkaloids vincristine and vinblastine are used in malignant dis-
eases; they are used in chemotherapy for leukaemia since they reduce the number of 
leukocytes in the blood (a high number of leukocytes indicate leukaemia) and in the 
treatment of Hodgkin’s disease (Jaleel et al. 2008) characterized by being a mono-
clonal B cell neoplasia, and by the presence of abnormal cells called Reed–Sternberg 
cells (Jaffe et al. 2008). Vinblastine (vinblastine sulphate) is experimentally used for 
neoplasia treatment and for resistant pregnancy choriocarcinoma, a malignant neo-
plasia of the trophoblast, which is a highly aggressive and fetal lesion, since even 
when there is a timely diagnosis and it is appropriately treated with chemotherapy, 
it produces mortality in 10–15% of the cases (Cruz Ortíz et al. 2000). It is also effec-
tive in the treatment of advanced testicular tumours, breast cancer, Kaposi sarcoma 
and the Letterer–Siwe disease (Rocha and Leech 2002). Vincristine, formally known 
as leurocristine (vincristine sulphate), is used in leukaemia treatment in children. 
Vincristine is produced by the bonds of the terpene indole alkaloids: vindoline and 
catharanthine in the C. roseus plant (Evans et al. 2009). The use of the vinblastine 
and vincristine combined with chemotherapy has given 80% remission in Hodgkin’s 
disease, 99% in acute lymphocytic leukaemia, 80% in Wilms’ tumour in children, 
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70% in pregnancy corium cancer and the remission of 50% in Burkitt’s lymphoma 
(Walts 2004; Amirjani, 2013). The indole alkaloid called amotin also has a strong 
anti-leukaemia activity (Taha et al. 2008).

At the neurologic level, the ajmalicine and serpentine are drugs used in treating 
depression and anxiety; these are also effective as anti-stress drugs (Taha et al. 2009; 
Hedhili et al. 2007). The supplements based on active ingredients of C. roseus such as 
vincamine are used for the prevention and treatment of cerebrovascular disorders and 
failures, vertigo, ischemic deficiencies and headaches, because they help oxygenate and 
increase brain glucose levels (Vas and Gulyas 2005); besides preventing abnormal clot-
ting, they also increase the levels of serotonin, a brain neurotransmitter; the deficiency 
of serotonin produce schizophrenia, phobia, migraine and bulimia. On the other hand, 
vincamine is now known to increase the memory retention properties and it is effective 
in the treatment of vascular dementia (Gayatri and Chakravarthy 2013). Anhydrous vin-
blastine is used in the treatment of lung and cervix cancer (Kutney et al. 1998). The 
catharanthine isolated from C. roseus is cytotoxic in P-388 and KB human cancer cell 
lines (Wong et al. 2013). Furthermore, ajmalicine is used in the treatment of circulatory 
disorders and as an antihypertensive agent since it acts as an antagonist of the 
α1-adrenergic receptor, known as alpha blocker (Roquebert and Demichel 1984), with a 
preferential action on α2-adrenergic receptors (Chung et al. 2007).

2.1  How Do Alkaloids Execute Cancer Cell?

Drugs that interrupt mitotic progression, which are commonly referred to as ‘antimi-
totics’, are used extensively for the treatment of cancer. Currently, all such drugs that 
have been approved for clinical use target microtubules, with the taxanes and Vinca 
alkaloids showing much success against a number of cancers. Taxol (pacific yew tree), 
which is originally derived from the bark of Taxus brevifolia, is commonly used in the 
treatment of breast and ovarian cancers. Vinca alkaloids, such as vincristine, are often 
used in combination therapies to treat haematological malignancies (Jordan and 
Wilson 2004). Investigating the effects of these agents on microtubule dynamics has 
revealed much about their mechanism of action. The Vinca alkaloids interact with 
β-tubulin at a region adjacent to the GTP-binding site known as the Vinca domain (Rai 
and Wolff 1996). Within a concentration range that blocks proliferation, the Vinca 
alkaloids bind to tubulin at the plus-tip of microtubules. At the lower end of this range, 
this inhibits microtubule dynamics without altering polymer levels, whereas at higher 
concentrations, it induces microtubule depolymerization (Jordan et al. 1991). In both 
situations, mitotic spindle formation is disrupted, and cells therefore fail to complete 
a normal mitosis (Jordan et al. 1991). At very high concentrations (above 10 μM), 
vinca alkaloids can induce the aggregation of tubulin into paracrystals; however, this 
does not occur at clinically relevant concentrations (Jordan and Wilson 1999). Taxol 
steady the microtubules and dampens the dynamics of the polymer, thereby reducing 
depolymerization (Schiff et  al. 1979). In mammalian cells, low concentrations of 
taxol stabilize microtubules, whereas higher concentrations increase polymerization 
(Jordan et  al. 1993). Taxanes bind β-tubulin, but only when the monomer is 
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incorporated into a microtubule. The binding site for taxol is on the inner face of the 
polymer, and the drug can bind the length of the polymer. Drug binding is thought to 
stabilize the structure of the polymer by inducing a conformational change, which 
enhances the affinity of the interaction between tubulin molecules (Nogales, 2000). 
Stabilization of microtubules by taxol binding prevents normal formation of mitotic 
spindles (Jordan et al. 1996). On entry into mitosis, chromosomes can attach taxol-
stabilized microtubules; however, the lack of microtubule dynamics means that ten-
sion is not produced across sister chromatids (Kelling et al. 2003), and prevents correct 
chromosome bi-orientation. This leads to chronic activation of the spindle assembly 
checkpoint (SAC), which in turn leads to mitotic arrest (Musacchio and Salmon 
2007). Although the mechanisms by which antimitotic drugs elicit a mitotic arrest are 
now well understood, relatively little is known about how cells respond to this pro-
longed cell-cycle delay. Recently, however, several studies have taken a new approach, 
using high content imaging and live-cell analysis to monitor the long- term behaviour 
of cells in response to antimitotic drugs. In this commentary, we focus on the recent 
studies and on how they have advanced our understanding of how cancer cells respond 
to antimitotic drugs, at least in cell culture. We also discuss the relevance of these new 
findings to the clinical use of both classical and novel antimitotic agents (Fig. 2).

Fig. 2 Cell fate in response to antimitotic drug treatment. When cells are exposed to an antimitotic 
agent (Vinca alkaloids), they are arrested in mitosis due to chronic activation of the spindle assem-
bly checkpoint. They then undergo one of several fates. Cells might die directly in mitosis, or 
divide unequally to produce aneuploid daughter cells. Alternatively, cells might exit mitosis with-
out undergoing division. In this case, cells might then die in interphase, arrest in interphase indefi-
nitely or enter additional cell cycles in the absence of division (from Gascoigne and Taylor 2009)
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2.2  Clinical Use of Antimitotics

Although microtubule toxins have shown great success in the clinical therapy, two 
factors—namely resistance and toxicity—have limited their effectiveness. Patient 
resistance to classic antimitotic agents is commonly observed (McGrogan et  al. 
2008). Some patients respond well to treatment, but others rapidly acquire resis-
tance and show little improvement. Toxicity is also a major limitation: in addition to 
killing tumour cells, antimitotic agents affect the division of normal cells, which 
therefore manifests as myelosuppression. Furthermore, because vincristine also dis-
rupts microtubule dynamics in non-dividing cells such as peripheral neurons, neu-
ropathies can also develop. Myelosuppression is reversible and therefore clinically 
manageable. By contrast, neurotoxicities are more problematic because they can 
often cause permanent damage (Rowinsky et al. 1993). To minimize neurological 
side effects, new agents are being developed that disrupt mitosis without interfering 
with microtubule dynamics in non-dividing cells. The rationale of this approach is 
that such drugs should prevent assembly of the mitotic spindles, and thereby retain 
antitumour activity, but they should not induce neuropathies. Frontrunners in this 
new class of therapeutics are inhibitors of the Eg5 kinesin, a motor protein that is 
required for the separation and movement of chromosomes to two opposite poles 
during mitosis. Agents are also being developed that inhibit mitotic kinases such as 
Aurora A and polo-like kinase 1 (Plk1), both of which also play a role in spindle 
formation (Bergnes et  al. 2005; Keen and Taylor 2004; Strebhardt and Ullrich 
2006). One of the most advanced new agents is the Eg5 inhibitor Ispinesib, which 
has entered phase II trials for metastatic melanoma, hepatocellular carcinoma and 
cancers of the head and neck (Kwon et al. 2008; Lee et al. 2008; Tang et al. 2008). 
Encouragingly, minimal neurotoxicity has been observed during these trials. 
However, the key question now is whether Ispinesib, or any of the other new antimi-
totic agents including taxol or Vinca alkaloids, will have clinical efficacy. To achieve 
this, it will be important to identify which tumours are most likely to respond to 
these agents. In turn, this requires an understanding of the basic mechanisms by 
which antimitotic agents kill tumour cells.

2.3  Postmitotic Response

Although the model of ‘competing-networks’ described above provides a useful 
framework by which to describe the decision of a cell to either die during mitosis or 
exit mitosis, it does not easily explain the variety of behaviours that are observed 
following mitotic exit—the postmitotic response. Several fates have been described 
for cells that exit mitosis in the presence of an antimitotic drug, including cell-cycle 
arrest, apoptosis and cell-cycle progression. The molecular factors that govern these 
fates are not well understood, but p53 protein appears to be involved in this regard. 
Substantial evidence supports the theory that p53 restrains cell-cycle progression 
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following exit from a prolonged mitotic arrest (Lanni and Jacks 1998). It is unclear 
whether a p53-dependent response is induced during mitosis, or by a de novo signal 
that arises after mitotic exit. One possibility is that damage or stress that has accu-
mulated during mitosis does not always trigger an apoptotic response during mitosis 
due to the inhibitory action of Cdk1 on caspase-9 (Allan and Clarke 2007). Following 
mitotic exit, and the loss of this Cdk1-mediated inhibition, the apoptotic threshold 
might fall to its interphase set-point. In turn, the pre-existing damage signal is then 
recognized, leading to execution of the apoptotic programme. Thus, it is likely that 
the fate of the cell in response to drug treatment is determined not only by events 
occurring during a mitotic arrest, but also by the consequences of these events after 
mitotic exit, as well as by additional signalling pathways that are active during 
interphase.

3  Approaches in the Enhancement of Pharmaceutically 
Active Compounds

Due to the pharmaceutical importance and the low content in the plant of vincristine 
and vinblastine, Catharanthus roseus turns into an important model system for bio-
technological studies on plant secondary metabolism. Researchers are focusing 
their attention to enhance the alkaloids yield by various ways (chemically, enzy-
matically, synthetically or by cell culture method). The plant cell can be cultured at 
large scale (Verpoorte et al. 1991), but the yield of alkaloids production is too low 
and limits commercial applications. In recent times, however, two strategies have 
been commonly used for the enhancement of alkaloids.

 (a) In vitro cultivation of shoot via organogenesis and somatic embryogenesis, cal-
lus or suspension by the optimization of media, phytohormones, temperature, 
pH, light, aeration, etc. In addition, high cell density culture, elicitor’s treat-
ment, mutagenesis, bioreactors and immobilization are also practised to 
improve alkaloids yield.

 (b) Genetic engineering and overexpression of biosynthetic rate limiting enzymes 
in alkaloid biosynthesis pathways.

4  In Vitro Studies

In tissue culture, the response of culture has been influenced by a number of factors 
which in turn regulate alkaloids yield. The yield of alkaloids in suspension culture 
is directly influenced by the surrounding environmental conditions and genetic con-
stitution of the concerned plant material. Over the years efforts have been made in 
numbers for optimization of culture media for better biomass and alkaloids produc-
tion, some patents have also been filed (Van der Heijden et al. 1989; Ganapathi and 
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Kagri 1990; Moreno et al. 1995; Mujib et al. 2002). Carbon sources and inorganic 
compounds play a significant role in indole alkaloid production. It was earlier 
reported that nitrogen and phosphate both promoted growth but had an adverse 
effect on alkaloids yield (Knobloch and Berlin 1980; Van Gulik et al. 1993). The 
inhibitory effect of nitrogen on alkaloid production has not always been observed 
(Drapeau et al. 1987). The effect of nitrogen on alkaloids production is dependent 
on carbon availability to the cells which makes the carbon-to-nitrogen ratio (C/N 
ratio) an important factor to be taken into account. By the determination of the cel-
lular C/N ratio, Rho and Andre (1991) identified three distinct growth phases: an 
active growth phase, an accumulation phase and a biomass decline phase (endoge-
nous metabolism). They also noticed that phosphate (0.56 mM), nitrate (12.97 mM) 
and low concentration of ammonia were beneficial for maximum growth and 
increased alkaloids production. Similarly higher concentration of sucrose (carbon 
source) only enhanced the biomass; the optimized glucose (500 mM), ammonium 
and phosphate (0–12  mM) were previously used for higher alkaloids yield 
(Schlatmann et al. 1992). Medium composition and day’s interval had direct effect 
on induction and accumulation of indole alkaloids (Junaid et al. 2009). A medium 
added with 6% sucrose is favourable for both biomass and alkaloids production in 
Catharanthus (Scragg et al. 1990). Liquid medium with 3–6% maltose was also 
found to be highly effective for production of somatic embryos (Junaid et al. 2006). 
It has been reported that agitated liquid media added with BAP (1.0 mg/L) was very 
productive for large-scale plant regeneration (Mujib et  al. 1995). Alteration in 
macro- and micronutrient of MS medium (Murashige and Skoog 1962) has also 
been used to promote growth and subsequent alkaloid production (Smith et  al. 
1987a). Surface methodology (Tuominen et al. 1989) has been used for the rapid 
biomass growth and increase in ajmalicine production in hairy root cultures. Similar 
results in cell suspension culture have been noticed (Schlatmann et al. 1992). Hairy 
root culture is a unique system, often used for root-specific indole alkaloids produc-
tion (Toivonen et al. 1992). Recently, Batra et al. (2004) have observed an increase 
in growth and in the yield of terpenoids indole alkaloids (ajmalicine and serpentine) 
when left and right termini-linked Ri T-DNA gene integration was made in hairy 
root cultures of C. roseus.

4.1  Phytohormones

The role of plant growth regulators in alkaloids production of C. roseus has been 
extensively studied, but the response varies with genetic makeup of the used explant, 
type and quantity of phytohormones (Ganapathi and Kagri 1990; Smith et  al. 
1987a). The cytokinin applied exogenously either alone or in combination with aux-
ins to suspension cultured cells enhanced alkaloids accumulation in tumorous and 
non-tumorous cell lines (Kodja et al. 1989; Decendit et al. 1992). The enzyme per-
oxidase plays a significant role in alkaloids biosynthesis however, the addition of 
2,4-D in the culture medium reduced the peroxidase activity (Liman et al. 1998). 
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Hirata et al. (1990) reported an increase in vindoline and catharanthine concentra-
tion by adding to the MS medium an amount of 0.1 mg/L of BAP and 0.1 mg/L of 
NAA. Exogenously supplied cytokinin increased ajmalicine and serpentine content 
in untransformed callus from cotyledons (Garnier et al. 1996). At the protein level, 
it was shown that endogenously produced cytokinin did not mimic the effect of 
exogenously applied cytokinin in Catharanthus (Carpin et al. 1997a), and they also 
noticed that the protein pattern of Ipt transgenic callus lines was insensitive to exog-
enously used cytokinin. A28 KD polypeptide and simultaneous ajmalicine accumu-
lation was noted on omission of 2,4-D in medium and by the use of NaCl treatments. 
(Carpin et al. 1997b; Ouelhazi et al. 1993). In a separate study, Alam et al. (2012) 
worked out that the plants of two cultivars (Rosea and Alba) of C. roseus L. G. Don 
were sprayed with various PGRs viz. IAA, IBA, NAA, BAP, KIN, TDZ, GA3, SA, 
HBR and TRIA, at the rate of 10−7 M at 60 days after planting (DAP). Application 
of HBR, KIN and GA3 resulted in the ameliorative effects on total alkaloid content. 
Of the various PGRs, application of GA3 increased vincristine content. It is reported 
that cultivar Rosea gave higher yield of foliage and roots and that of alkaloids com-
pared to Alba (Idrees et al. 2010). Further, Alam (2013) studied the effect of GA3 on 
the content of C. roseus alkaloids in addition to that on the yield of different plant 
parts like leaf, stem and root was taken into consideration separately. The content of 
total alkaloids (%) in all plant parts and the major alkaloids i.e. vincristine, vinblas-
tine and vindoline were significantly increased by the influence of GA3 treatments. 
The yield of total alkaloids in these plant parts was augmented accordingly owing 
to significant increase in total herbage yield of the plant. Further, he examined that 
EBL application positively influenced the content and yield of leaf and root alkaloid 
significantly. Further, Alam et al. (2016) find out the ameliorative effect of EBL on 
C. roseus leaf and root alkaloids content.

4.2  pH and Temperature of Culture Medium

In vitro biomass and alkaloid production are directly influenced by the pH values of 
the medium; pH values with a range of 5.5–6.5 did not have much effect on alka-
loids yield. The value 5.5 was found as the optimum pH for serpentine production 
(Doller et  al. 1976). It has been reported that alkaloids produced by suspension 
culture were stored in vacuole and simultaneously storage capacity changed in 
accordance with the changes of pH in the medium and vacuole (Neumann et al. 
1983). Low and higher values of pH were used to release intracellular alkaloids into 
the culture medium (Asada and Shuler 1989). It is quite known that the optimized 
pH value (5.5–5.8) occasionally fluctuates during culture time and influences 
in  vitro responses including alkaloid yield. For in  vitro study temperature range 
from 20 to 30 °C has been considered the best for comparatively better biomass 
production and growth of cultures, but contradictory data have been reported about 
the alkaloids yield. Temperature in low range had inhibitory (Morris 1986), stimula-
tory (Courtosis and Guern 1980), or no effect (Scragg et al. 1988a, b) on alkaloid 
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yield. In the tested cell lines under different temperature range (20, 25 and 30 °C), 
the highest serpentine production was recorded at 25 °C and no effect was recorded 
at temperature 17, 23 and 32 °C (Scragg et al. 1988a, b), while in hairy root culture 
low temperature enhanced the alkaloid yield (Toivonen et al. 1992).

4.3  Light and Aeration

Light is an important factor for both ex vitro and in vitro morphogenetic study. Its 
presence, absence, time and intensity directly influence the anabolic and catabolic 
processes, particularly with regard to secondary metabolism (Seibert and Kadkade 
1980; Morris 1986). Most of the study of the effect of light was observed on serpen-
tine and ajmalicine, where serpentine content was directly related to the intensity of 
light in Catharanthus roseus (Lounasmaa and Galambos 1989). Same was true for 
vindoline (De Luca et  al. 1986); however, another alkaloid catharanthine was 
decreased in the absence of light. It has also been reported that light did not affect 
alkaloid yield but it affected the accumulation site (Drapeau et al. 1987). However, 
15 h per day light exposure, instead of 24 h, improved the serpentine accumulation. 
On the contrary, dark-grown culture was much better in comparison to light grown 
regarding serpentine and ajmalicine content; in comparison to dark-grown culture, 
the alkaloid content decreased in light-grown culture from 79 to 14% regarding 
serpentine and from 78 to 18% regarding ajmalicine. Gradual transfer of dark- 
grown culture of C. roseus towards the light increased the serpentine content; how-
ever, continuous exposure of light decreased serpentine level (Scragg et al. 1988a, 
b). It has been optimized that 12 h is the best light period for better callus growth 
and alkaloid production (Hirata et al. 1990); however, dark period more than 12 h 
decreased the alkaloid contents. It was investigated that an increased chloroplast 
number and enhanced chlorophyll accumulation in response to light influenced the 
serpentine production (Loyola-Vargas et al. 1992). Besides, exposure of monochro-
mic light such as blue (450 nm) or red (670 nm) did not affect growth and alkaloid 
accumulation; these variable wavelengths showed constant ajmalicine and serpen-
tine synthesis which, however, decreased to some extent under white light (Hirata 
et al. 1990; Loyola-Vargas et al. 1992). Different types of gases, mainly CO2 and 
ethylene, are usually evolved within the culture. In many cases, these gases reduce 
O2 level in close vessels, inhibit plant culture growth as well as secondary metabo-
lism. High dissolved oxygen and improved gaseous permeability at aerated condi-
tion stimulated secondary metabolism as observed by Schlatmann et al. (1994), as 
ajmalicine production was increased with high oxygen level. Improved oxidative 
metabolism at rich O2 level is believed to be the reason for better product conver-
sion. Aeration has been provided in culture to influence the alkaloids synthesis and 
to make it more efficient modern stirring devices have been employed along with 
traditional shake flask (Tom et al. 1991; Mohamed and Scragg 1990; Leckie et al. 
1991; Lee and Shuler 1991). Different types of fermenters have also been used such 
as shikonin and ginseng; the two important secondary metabolites have been 
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commercially produced by the use of fermenters. Several researchers (Paynee et al. 
1988) have suggested the use of bioreactors in secondary metabolites production in 
plant cell culture of C. roseus. An impeller with a speed of 100 rpm was most appro-
priate for the accumulation of alkaloids; however, higher impeller speed increased 
the callus/suspension growth. Hoopen et al. (1994) studied the rate of ajmalicine 
production by using different vessels including shake flask and bioreactors. They 
found that biomass was not affected by different culture vessels; however, ajmali-
cine production was decreased with overfeeding of biomass in the shake flask and 
fermenter.

4.4  Elicitor’s Effect

New groups of triggering factors, which are better known as elicitors, have been 
reported to stimulate the secondary metabolites (Eilert et al. 1986). The substance 
used as elicitors may be of biotic or abiotic in origin. Biotic elicitors include micro-
bial filtrates (e.g. yeast, Pythium and other fungal filtrates), while abiotic elicitors 
comprise simple inorganic and organic molecules (e.g. vanadyl sulphate, oxalate, 
UV irradiation, etc.). It has been reported that addition of Pythium aphanidermatum 
filtrate -+*increased the accumulation of phenolic compounds instead of alkaloids 
production (Seitz et al. 1989). Effect of different concentrations of Pythium vexans 
extract was studied by Nef et al. (1991), who noticed that low elicitor concentration 
increased the serpentine production but no effect was observed on catharanthine 
yield. Addition of nicotinamide (8.2 mM) in C. roseus cell lines was used to enhance 
the anthocyanin accumulation (Berglund et  al. 1993). The extract of Pythium 
aphanidermatum in hormone-free cell lines responded well and induced synthesis 
of enzymes (TDC and anthranilate synthase), which catalyse the biosynthesis of 
several intermediates and subsequent accumulation of tryptamine (Moreno et  al. 
1995). Several inorganic compounds (e.g. sodium chloride, potassium chloride and 
sorbitol) had also a positive effect on catharanthine accumulation (Smith et  al. 
1987b). Addition of vanadyl sulphate to cell suspension culture increased catharan-
thine, serpentine and tryptamine production but the event was concentration depen-
dent (Tallevi and DiCosmo 1988); at 25 ppm, catharanthine and ajmalicine were 
primarily accumulated, and at 50–75  ppm, only tryptamine accumulation was 
noticed. Moreover, the effect of heavy metal was studied where addition of copper 
(200 μm) increased total indole alkaloid accumulation which was correlated with 
decreased tryptamine concentration. In addition, several stress factors (e.g. fungal 
elicitor, vanadyl sulphate and potassium chloride) were used and it was found that 
the alkaloids accumulation was concentration dependent (Kargi and Potts 1991). 
Adding the optimal concentration (29, 1.45 and 145 mg g−l by dry weight) of fungal 
elicitor, vanadyl sulphate and potassium chloride into medium increased the alka-
loids accumulation; however, higher concentration had toxic effects and resulted in 
the loss of cell viability. Twofold increase in alkaloids yield was noticed by adding 
tryptophan, fungal elicitor and vanadyl sulphate to the culture production medium 
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(Kargi and Ganapathi 1991). Exposure of 2,2-azobis dehydrochloride (AAPH, an 
oxidative stress agent) and UV-B irradiation to C. roseus culture increased the nico-
tinamide and trigolline contents (Berglund et al. 1996). Simultaneously, phenylala-
nine ammonia lysate (PAL) activity was also increased. However, the increase in 
PAL activity (caused by addition of 2 μm of AAPH) was prevented by 0.1  mm 
3-amino benzomide, which is an inhibitor of poly-(ADP-ribose) polymerase. This 
suggests that nicotinamide and its metabolites function as signal transmitter in 
response to the oxidative stress, since poly-polymerase has defensive metabolic 
functions. In shoot culture of C. roseus, the level of vinblistine and leurosine were 
increased in response to irradiation with near ultraviolet light (370 nm) (Hirata et al. 
1991; Hirata et  al. 1992); however, catharanthine and vindoline content were 
decreased. Leaves were more sensitive to dimeric alkaloid accumulation in com-
parison to shoot; however, exposure of near ultraviolet irradiation to whole plant of 
C. roseus led to increased accumulation of dimeric alkaloids (Hirata et al. 1993). 
Yeast extract induced the transcription of the biosynthetic gene encoding strictosi-
dine (STR) in the cultured C. roseus cells and alkalinization of the culture medium; 
the active principle from yeast extract was partially purified and found to be of 
proteinaceous in nature (Menke et al. 1999). Age of culture is very important factor 
for the elicitors to be effective (Ramos-Valdivia et al. 1997); addition of elicitors is 
preferred after a few days of inoculation of the culture when the cells are rapidly 
dividing.

4.5  Mutagenesis

Mutagenesis plays a potent role in the alteration of the genetic constitution, which 
leads to produce new varieties. Penicillium is the most classic example, with many 
other successful cases. Process of mutagenesis in diploid plants is very complex. 
Mutagenesis enhances alkaloids yield but the route of biosynthesis and the necessary 
regulation procedure are not elucidated yet clearly. Therefore, mutation at target site 
in duplicate genome is really difficult. In spite of several limitations in this process, 
scientists have used mutagens. Berlin (1982) noted accumulation of higher level of 
phenolics in some p-fluorophenylalanine resistant cell lines of Nicotiana tabacum 
and N. glauca. In case of C. roseus, he noticed that a tryptophan-analogue resistant 
mutant accumulated catharanthine in both growth and production medium. Similarly 
several research groups used X-rays to produce increased serpentine alkaloid. Beside 
these examples, some successful reports are available in other group of crops where 
mutagenesis improved metabolic accumulation. In order to increase secondary 
metabolites production, high cell density culture feeding has been attempted with or 
without much success. Ajmalicine production was very low when inoculum poten-
tial was increased to 2:8 from 1:9 mg/g. Moreover, low-density cultures increased 
alkaloids yields (Moreno et al. 1993). It has also been remarked that low oxygen 
level and inadequate nutrient uptake are among the possible causes for low metabolic 
accumulation during high cell density culture. Isolation and selection of superior 
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lines from the heterogeneous cell populations help to improve the yield of alkaloids. 
These cells show genetic variability which was further diversified by the use of vari-
ous mutagenic agents. Ajmalicine and serpentine level were increased in C. roseus 
by the selection of superior cell lines after mutagenesis (Zenk et al. 1977).

4.6  Bioreactor and Immobilization

In tissue culture, research for alkaloids production has been mainly focused on sus-
pension culture, which requires a rotatory shaker. For large-scale production, how-
ever, large-sized culture vessel fermenter/bioreactor is most important. In both types 
of systems, a stirring device is provided for improved aeration (Drapeau et al. 1987; 
Kargi and Rosenberg 1987; Scragg et al. 1988a, b). In the device, there are several 
important vessels fitted with compressors, which provide filtered air. For plant cul-
ture growth and productivity, it is recommended that bioreactors with low shear- 
stress are much more suitable than those of high shear-stress. Bioreactors with 
improved mechanical designs are regularly introduced in bioreactors industry with 
innovated impeller, which helps to regulate shear agitation (Joilicoer et al. 1992). In 
C. roseus, immobilization of plants cells has been suggested for better accumulation 
of terpenoids (Hulst and Tramper 1989; Archambault et al. 1990). Immobilization 
not only maintains the cells viable for a longer period of time but also helps in extra-
cellular alkaloids accumulation. Alginate-mediated immobilized cells enhanced the 
accumulation of tryptamide, ajmalicine and serpentine (Zenk et al. 1977; Majerus 
and Pareilleux 1986). The use of agar and agarose is found to be effective for long- 
term maintenance of cells. In the last few years, surface immobilization has been 
proposed using different types of matrices for large-scale production of alkaloids 
(Facchini et al. 1988; Facchini and DiCosmo 1990). In some other cases, negative 
influence of immobilization on cells was noticed (Archambault et al. 1990); gel or 
matrices, entrapment on polysaccharide sheet, is fairly successful in many plant 
systems and in C. roseus. Root of C. roseus contains a variety of secondary metabo-
lites, which produce alkaloids. High rooting can be induced by genetic transforma-
tion using Agrobacterium rhizogenes. Induced roots grew with a faster rate in 
hormone-free medium with high accumulation of secondary metabolites in 
C. roseus. In transgenic C. roseus root, a significant increase in ajmalicine and cath-
aranthine was noticed (Batra et al. 2004; Vazquez-Flota et al. 1997). Other groups 
used various types of bioreactors/fermenters to improve the growth of hairy roots, 
leading to better production of secondary metabolites (Davidou et al. 1989; Nuutila 
1994). Although somatic embryogenesis (SE) has been reported in a wide variety of 
plant genera (Thorpe 1995; Mujib and Samaj 2006), it has been reported for the first 
time in C. roseus (Junaid et al. 2006). Earlier, a preliminarily study on plant regen-
eration from immature zygotic embryo was reported in C. roseus (Kim et al. 2004). 
The advantage of SE is that the initial cell populations can be used as a single 
cellular system and their genetic manipulation are easy and are similar to 
microorganisms.
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5  Metabolic and Genetic Engineering in Alkaloids 
Biosynthesis

In alkaloids biosynthesis, the roles of several enzymes have been discussed in C. 
roseus: a few of them have been purified, identified, and characterized, and their 
encoding genes have also been cloned. The alkaloids biosynthesis is a very complex 
process that arises from the precursors tryptamine and secologanin. These two pre-
cursors are derived from two different pathways. Tryptamine is formed by the 
enzyme tryptophan decarboxylase (TDC), which has been reviewed earlier by vari-
ous workers (Bentley 1990; Poulsen and Verpoorte 1992; Singh et al. 1991), while 
the strictosidine synthetase (SSS) helps in the coupling of tryptamine and secolo-
ganin to produce strictosidine (Madyastha and Coscia 1979; Inouye and Uesato 
1986). The other enzymes such as geraniol 10-hydroxylase (G10H), NADPH- 
cytochrome P-450 reductase and anthranilate synthetase (AS) have the similar 
activities as TDC, which are involved in the biosynthesis of indole alkaloids 
(Poulsen et al. 1993). The TDC enzyme has been purified from cell suspension cul-
ture (Pennings et al. 1989) and ultimately its cDNA gene was established (Pasquali 
et al. 1992). The cytochrome P450 enzyme, geraniol-10-hydroxylase (G10H) and 
other enzymes have been studied extensively from intact plant of C. roseus. By 
HPLC study (Collu et al. 1999) and selection of a cell line with high G10H activity 
(Collu et al. 2001), the enzyme was purified to homogeneity (Collu et al. 1999). 
Based on the internal amino acid sequences obtained from the digested protein, 
gene was cloned and functionally expressed in yeast. The enzyme belongs to the 
CYP76B subfamily and is designated as CYP76B6. The activity of this enzyme was 
induced by treating the cells with the cytochrome P450 inducer Phenobarbital; it 
was decreased after treatment of the inhibitor ketoconazole (Contin et  al. 1999). 
Besides, many other enzymes have been identified and characterized that metabo-
lize strictosidine, which after undergoing several rearrangements produced cathena-
mine and ajmalicine (Hemscheidt and Zenk 1985; Stevens 1994). Another important 
enzyme is desacetoxyvindoline-4-hydroxylase (DAVH), active during vindoline 
biosynthesis; it was purified from intact plant of C. roseus. The native enzyme is a 
monomer and has a molecular weight of 45 KD with three isoforms (De Carolis and 
De Luca 1994). Recently, attention has been paid on the regulation of mevalonate 
biosynthesis that terminates with its end product strictosidine. Encoding genes and 
the enzymes of different steps of mevalonate pathway have been elucidated 
(Maldonado-Mendonza et al. 1992). After the formation of strictosidine, first step of 
alkaloid biosynthesis is the removal of sugar moiety from strictosidine to form an 
unstable aglycone. Two strictosidine β-glucosidases (SG) were partially purified 
and characterized from C. roseus cell cultures (Hemscheidt and Zenk 1980; Stevens 
1994). Feeding of terpenoids precursors to C. roseus cell suspension cultures 
increased the alkaloids production (Naudascher et al. 1990; Facchini and DiCosmo 
1991; Moreno et  al. 1993). Addition of tryptophan (0.5  mM) to C. roseus 
cells resulted in high intracellular levels of tryptamine and an increase in STR 
activity but it did not influence ajmalicine accumulation much (Bongaerts 1998).  
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As in other feedback inhibitions, product accumulation depends upon the product 
degradation and this phenomenon has been reported in cell suspension culture of 
C. roseus. It is now known that the precursor for alkaloids (tryptophan to trypt-
amide) was located in the cytosol whereas the enzyme SSS was localized in the 
vacuole (Stevens et al. 1993).

5.1  Coupling Methods for Alkaloids Biosynthesis

The bis-indoles are derived from the coupling of vindoline and cathar-
anthine. Catharanthine is thought to be derived from strictosidine via 
4,21- dehydrogeissoschizine, stemmadenine and dehydrosecodine rout, while vin-
doline is derived from strictosidine via stemmadenine and tabersonine pathway. 
This pathway (transformation of tabersonine to vindoline) has got orderly six reac-
tions (De Luca et al. 1986; Balsevich et al. 1986). The enzyme anhydrovinblastine 
synthase couples catharanthine and vindoline to yield AVBL, which was purified 
and characterized from C. roseus leaves. This heme protein has a molecular weight 
of 45 KD and shows the peroxidase activity. During this enzymatic coupling, both 
the monomers were incubated with cultured C. roseus cells at 30 °C at acidic pH 
(tris buffer 7.0). Only after 3 h the chemical reaction produced vinblistine and anhy-
drovinblastine as major products along with other dimeric alkaloids. Vindoline 
and catharanthine were also non-enzymatically coupled to the dihydropyridinium 
intermediate (DHPI) under near-UV light irradiation with a peak at 370 nm in the 
presence of flavin mononucleotide. Subsequently, DHPI can be reduced to anhy-
drovinblastin (AVBL) with an overall yield of 50%, based on initial amount of 
vindoline. Vinblastine content was further improved up to 50% by using various 
compounds as stimulants (Bede and DiCosmo 1992). Similarly, vincristine can be 
isolated from vinblastine by chemical conversion. Two routes are employed; first 
route is the isolation of N-deformyl-VCR, which was further converted into vin-
cristine by formylation. The second method involves a formylation of the C. roseus 
extract in which conversion of N-deformyl–VLB to VCR takes place, after which 
the material is oxidized. In both cases, vincristine was purified by column chro-
matography and then sulphated. It was also reported that MnCl2 and FMN/FAD 
stimulated coupling process. However, in the absence of C. roseus cell suspension 
enzymes, ferric acid stimulated coupling process. The production of vinblastine 
through enzymatic coupling pathway is thought to be highly efficient and is likely to 
be used commercially very soon. Vindoline and bis-indole alkaloids are accumulated 
only in green tissue and are not found in root and cell suspension cultures (Endo 
et al. 1987). The developmental regulation of TDS, SSC and the enzymes involved 
in late steps of vindoline biosynthesis has been studied extensively (De Luca and 
Cutler 1987; Fernandez et al. 1989). In seedlings of C. roseus, transcription of these 
enzymes was not under strong developmental control where enzymes activities 
were modulated by tissue specific or light dependent factors. The concentration of 
vindoline, catharanthine and 3’,4’-anhydrovinblastine (AVBL) are age- dependent 
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(Naaranlahti et al. 1991). Vinblastine was increased as seedlings matured, reaching 
a steady concentration when the plants became more than 3 months old. On an aver-
age, whole seedlings, young plants and mature plants contained 7, 11.5 and 12-μg/g 
dry weight VLB, respectively. After induction of shoot formation, the VLB contents 
increased rapidly to similar levels of in vitro seedlings (Datta and Srivastava 1997).

5.2  Subcellular Compartmentation

Subcellular compartmentation plays an important role in alkaloids metabolism. 
This process of metabolism involves the participation of plant cell to separate the 
enzyme from their substrates and end products. In this, alkaloids biosynthesis 
requires three cellular compartments, namely vacuole, cytosol and plastid (Meijer 
et al. 1993). The transformation of tryptophan into tryptamine takes place in cytosol 
(De Luca and Cutler 1987; Stevens et al. 1993) and that of SSS in vacuoles (Stevens 
et al. 1993; McKnight et al. 1991). SG was tightly bound to the tonoplast boundary 
(Stevens et al. 1993). Synthesis of strictosidine takes place inside the vacuole, which 
is later transported to the cytoplasm where its glucose moiety gets detached. 
Ajmalicine has the potentiality to move freely across the cell membrane and is accu-
mulated into the vacuoles where it is converted into the serpentine using peroxi-
dases (Blom et al. 1991); thus produced serpentine is stored in vacuole and cannot 
pass through the tonoplast. In cell suspension cultures, alkaloid accumulation seems 
to be restricted to certain cells (Asada and Shuler 1989). Permeability of cell plays 
a potent role to release plant products. There are several permeabilizing agents, like 
DMSO and Triton X-100, which are found to be very effective in C. roseus cell 
culture. Besides, for the release of secondary products, several other agents (e.g. 
chitosan, alginate beads, electroportion and ultra sonication) have been used with or 
without cell viability in other groups of plants. The cell membrane with active 
uptake mechanism has also been noticed in C. roseus. Most of the secondary prod-
ucts are generally accumulated intercellular; however, several compounds such as 
taxol and anthraquinones are identified in the media, which filtrate itself through 
membrane. For this extracellular product secretion, addition of resin XAD-7 
enhanced the product adsorption in Cinchona (Ganapathi and Kagri 1990). The 
media provided with amberlite-type resin and XAD-7 resin adsorbed ajmalicine and 
catharanthine effectively in C. roseus.

6  Conclusion

C. roseus has been a research symbol because of the enormous number of phyto-
chemical compounds, secondary metabolites and the therapeutic effects that they 
produce. The secondary metabolites of C. roseus are terpene indole alkaloids exhib-
ited pharmacologic activity and with a number of applications in human medicine. 
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The plant has an extensive variety of properties: anticancer, anti-diabetes, anti- 
helminthic, antihypertensive, anti-diarrheic, antimicrobial, among others. The 
indole dimeric alkaloids, vinblastine and vincristine, have become important drugs 
in cancer chemotherapy due to their potent antitumour activity against several types 
of leukaemia and solid tumours. Remarkable example is vinblastine (a member of 
the iboga family of the indole alkaloids), which is produced by catharanthine, vin-
doline and catharanthine.

Because of the use of plants and in vitro cell cultures, the biosynthesis pathway 
has been determined, but not entirely clarified. Moreover, a considerable number of 
enzymes have been characterized and their particular cloned genes defined, with the 
production of the alkaloids being found as well regulated at the transcriptional level.

In order to increase the availability of alkaloids for therapeutic use, the produc-
tion of biomass from in vitro cultures of calluses from leaves has taken place as 
biotechnological tool to augment the accumulation of alkaloids in C. roseus. The 
combination of various basal media as carbon sources, phytohormones and inducers 
of the biotic and abiotic type may provide positive ways for the rational technical 
development and the increase in production yields of several of these bioactive mol-
ecules in vitro. The in vitro cultures of calluses or cells in suspension could be used 
at a large industrial scale to obtain bioactive compounds that are of great signifi-
cance in human health, and are envisaged as models to circumvent the limitations of 
other production systems.
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Abstract The synthetic compounds used as medicines serve a number of side 
effects and therefore, plants are used as an alternative source these days. One of 
such plants is Catharanthus roseus. It produces nearly 130 alkaloids, out of which 
vincristine and vinblastine are two major anti-cancerous alkaloids. These are struc-
turally similar but differ in their clinical action. In the natural habitat the amount of 
alkaloids produced is very low. So, the plant is grown in vitro on MS medium sup-
plemented with different plant growth hormones such as auxins, cytokinins, methyl 
jasmonate (MeJA), ethephon, abscisic acid, salicylic acid (SA), chlormequat chlo-
ride (CCC), gibberellica acid (GA3) and triazoles. Ethephon, SA, CCC, and tri-
azoles positively affect the production of vincristine and vinblastine whereas 
abscisic acid and GA3 reduces their production. On the other hand, MeJA has no 
significant effect on their production. Different combinations of auxins and cytoki-
nins have also been studied on the production of vincristine and vinblastine.

Keywords Vincristine • Vinblastine • C. roseus • Plant growth regulators

1  Introduction

Plants play an important role in human life by providing nutritional values and pre-
vention of disorders and diseases by providing different value-added products to 
human healthcare system. Plants have always been a matter of interest to humans 
from prehistoric time but now the interest in plants has increased considerably at 
much a higher rate since three decades as their synthetic counterparts cause a lot of 
side effects (Dorais et al. 2001). The medicinal potential of the plants lies in the 
chemical substances (alkaloids, phenolic compounds, flavonoids, carbohydrates, 
tannins, and steroids) produced by them and their definite physiological action on 
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the human body (Edeoga et al. 2005). Since ages, a large number of plants have 
been used as medicines and according to WHO (World Health Organization), nearly 
80% of the population still relies on herbal medicines. This is because the herbal 
medicines offer certain advantages such as no side effects, easy availability and 
higher efficacy over the synthetic drugs. The fact that is needed to be mentioned is 
that 80% of the drugs used today find their origin from plant sources. The herbs 
used as plant based remedies serve different functions such as a model for the pro-
duction of new synthetic compounds, the raw material base for semi-synthetic com-
pounds and source of direct therapeutic agents (Dixon 2001).

Catharanthus roseus (L.) G. Don, also known as sadabhar or periwinkle, is 
an important medicinal plant known for its anti-cancerous, anti-hypersensitiv-
ity, anti- diabetic, anti-microbial and anti-oxidant properties. It is known to pro-
duce about 130 terpenoid indole alkaloids (TIAs) (van Der Heijden et al. 2004) 
and 25 out of these alkaloids are dimeric in nature (van Der Heijden et  al. 
2004). According to Trease and Evans (1989) secondary metabolites produc-
tion occurs mainly as a result of defense mechanism during various stress con-
ditions faced by the plants (Trease and Evans 1989). The secondary metabolites 
are used as fragrances, pesticides, pigments, food additives and drugs (Yadav 
and Yadav 2016).

The most commonly occurring dimeric alkaloids found in C. roseus are vincristine 
and vinblastine. Vincristine and vinblastine, produced in aerial parts of C. roseus 
(Aslam et al. 2010) are known to be anti-cancerous alkaloids and were used for the 
production of first natural anti-cancer drug (Costa et al. 2008). Vincristine helps in the 
treatment of reticulum cell sarcoma, acute leukemia, Wilkin’s tumor, lymphoblastic 
leukemia, reticulum cell sarcoma, Hodgkin’s disease and neuroblastoma. It is avail-
able under brand name Oncovin, the sulphate salt of vincristine (Aslam et al. 2010). 
On the other hand vinblastine is used for the treatment of choriocarcinoma, lympho-
sarcoma, Hodgkin’s disease, neuroblastoma and chronic leukemia (Zhu et al. 2015). 
It is also available as its sulphate salt under brand name Velban. Although the exact 
anti-cancerous mechanism of both these alkaloids is unknown, it is said that they bind 
to tubulin and prevent the occurrence of metaphase in mitosis. As a result, the cancer 
cells do not divide due to the prevention of spindle formation in the cell (Creasey 
1979). Both vincristine and vinblastine are similar in structure and mechanism of 
action but differ considerably in their clinical activity spectrum and toxicity (Owellen 
et  al. 1977). The production of alkaloids can be increased using various elicitors, 
chemicals (Zhao et al. 2001) and growth regulators in plant tissue culture. Various 
plant growth regulators such as BA (6-Benzylaminopurine), NAA (1-Naphthalene 
Acetic Acid), kinetin, and 2,4-D (2,4-Dicholorophenoxyacetic acid) resulted into the 
induction of callus (Misawa 1994). For the increased production of vincristine in C. 
roseus, Kalidass and Mohan (2009), in their study, used MS (Murashige and Skoog) 
medium supplemented with kinetin and NAA and found that this combination induced 
callus development (Kalidass and Mohan 2009). Further, it was found that vincristine 
production increased when NAA-BA and 2,4-d-kinetin combinations were used 
(Kalidass et al. 2010).
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2  Biosynthetic Pathways for Vincristine and Vinblastine

Vincristine and vinblastine are the two major bisindole alkaloids present in the plant 
constituting anticancerous properties and came out as the first natural drugs for cancer 
therapy (Costa et al. 2008). The production of vincristine and vinblastine occurs by 
the condensation of catharanthine and vindoline, originating from (+)-stemmadenine, 
a biosynthetic intermediate of terpenoid indole alkaloid (Shukla et  al. 2006). The 
formation of vindoline (present in green parts of plant only) from (+)-stemmadenine 
via branch-point intermediate tabersonine, is catalyzed by the action of six enzymes 
(acetyl-CoA: 4-O-deacetylvindoline 4-O-acetyl-transferas [DAT], S-adenosyl-l-
methionine: 16-methoxyvindoline 4-hydroxylase [NMT], hydroxylase, 16-hydroxy-
tabersonine 16-O-methyltransferase [OMT], desacetoxyvindoline 4-hydroxylase 
[D4H], tabersonine 16-hydroxylase [T16H]) (de Luca et al. 1986). During the condi-
tions of wounding, stress and senescence in C. roseus, ethylene is biosynthesized (via 
aminocyclopropane-1-carboxylate oxidase enzyme) which further catalysis the accu-
mulation of vinblastine and vincristine production. Although the biosynthetic path-
way for vincristine and vinblastine are not completely understood but the overall 
pathway can be established in three stages (Rischer et  al. 2006; El-Sayed and 
Verpoorte 2007; Liu et al. 2007) (Fig. 1). First Stage is constituted by the biosynthetic 
formation of Tryptamine from the shikimate pathway and secologanin from the terpe-
noid pathway. This is followed by formation of monomeric alkaloids in the second 
stage. The trytamine and secologanin formed in the first stage combines and forms the 
strictosidine, which acts as the central precursor in the biosynthetic pathway of vin-
blastine and vincristine. Almost all terpenoid alkaloids are formed from strictosiddine 
which is a fusion product of derived tryptamine and secologanin under catalysis of 
strictosidine synthase (STR) (Treimer and Zenk 1979; Mizukami et al. 1979).

Strictosidine is further converted to monomeric alkaloids like vindoline and cathar-
anthine. In the final stage Vindoline and Catharanthin monomeric alkaloids are cou-
pled to form the bisindole alkaloids Vinblastine and Vincristine. The product resulting 
from the coupling is α-3′,4′-anhydrovinblastine, catalysed by the enzyme anhydrovin-
blastine synthase (AVLBS) (Sottomayor et al. 1998). α-3′,4′-anhydrovinblastine, is 
converted into vinblastine and then further converted into vincristine. However, the 
enzymes for catalysis of formation of vinblastine and for conversion of vinblastine to 
vincristine are still unknown and not yet isolated (Zhu et al. 2015). The conversion of 
vindoline to vinblastine and vincristine was confirmed by the artificial addition of 
vindoline (0.25 mM) to the production medium along with MeJA. It was found that 
cambial meristem cells (CMCs) contained complete set of enzymes that are responsi-
ble for the production of vinblastine and vincristine from vindoline (Zhang et al. 2015).

3  Effect of Different PGRs

The yields of secondary metabolites are less due to various extrinsic and intrinsic 
factors that affect the development, growth and secondary metabolite production. 
The common factors influencing the production of primary and secondary 
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metabolites are phytohormones and PGRs (Muthulakshmi and Pandiyarajan 2013). 
For example, use of IAA (3-Indoleacetic acid) in medium for the growth of Balanites 
aegyptiaca increased the content of tannin, alkaloids and saponin (Mostafa and 
Abou Alhand 2011). Biotechnological approaches such as supplementing media 
with different PGRs can be used for the increased production of TIAs (Almagro 
et al. 2015). Different PGRs effect the production of alkaloids differently as shown 
in Table 1.

Fig. 1 Biosynthetic pathway for the production of vincristine and vinblastine
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3.1  Auxins and Cytokinin

The callus growth, proliferation and alkaloid content is enhanced by auxins like 2,4- 
D. The combination of auxins and cytokinins is known to enhance callus growth and 
also increased alkaloid production (Verma et al. 2012). It has been reported that vari-
ous combinations of cytokinins and auxins lead to the callus formation and prolif-
eration (Kaya and Aki 2013). The seeds of C. roseus were treated with 150 and 
200  ppm of IAA and it was observed that vincristine production was enhanced 
(Muthulakshmi and Pandiyarajan 2013). The low concentrations of 2,4-D enhanced 
the callus proliferation and alkaloid content in leaves whereas the callus prolifera-
tion was inhibited by the higher concentrations of 2,4-D however enhancement in 
alkaloid concentration was observed. During the growth phase alkaloid production 
is inhibited by 2,4-D (Arvy et al. 1994). It inhibits the expression of genes such as 
TDC gene, DXR (1-deoxy-d-xylulose-5-phosphate reductoisomerase) gene and 
DXS (1-deoxy-d-xylulose-5-phosphate synthase) gene (Pasquali et al. 1992; Hedhili 
et al. 2007). When the C. roseus was grown on MS medium supplemented with IAA 
(0.25–6.0 mg/L) callus growth was initiated followed by necrosis of callus. On the 
other hand BA and kinetin inhibited the growth of callus (Verma et al. 2012).

3.2  Methyl Jasmonate (MeJA)

With the increasing age of the seedling the methyl jasmonate (MeJA) decreased the 
biosynthesis of alkaloids. This is because MeJA is effective only during a particular 
stage of growth (seedling) after which it is no more effective (El-Sayed and 

Table 1 Effect of PGRs on vincristine and vinblastine production

PGRs
Alkaloid production 
enhanced

Alkaloid production 
decreased

3-Indoleacetic acid (IAA) Vincristine
2,4-Dicholorophenoxyacetic acid (2,4-D) Vincristine and 

vinblastine
1-Naphthalene acetic acid (NAA) Vincristine and 

vinblastine
Methyl Jasmonate (MeJA) No effect No effect
Ethephon Vinblastine
Absciscic acid (ABA) Vinblastine
Salicylic acid (SA) Vinblastine
Chlormequat chloride (CCC) Vinblastine
Giberllic acid (GA3) Vinblastine
Chromium (Cr) Vincristine and 

vinblastine
Triazole (Triadimefon) Vincristine and 

vinblastine
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Verpoorte 2004). MeJA produces no significant response on the vinblastine produc-
tion. Vinblastine is produced by condensation of vindoline and catharanthine. MeJA 
increased the contents of vindoline and catharanthine but did not regulate their con-
densation reaction. Therefore, there is no effect of MeJA on vinblastine content. The 
same was proved in another study conducted by Fernandez and his colleagues 
(Fernández-Pérez et al. 2013). Their study also showed that there was no effect of 
MeJA on the production of vincristine and vinblastine production (Fernández-Pérez 
et al. 2013). Addition of MeJA alongwith vindoline to the production media showed 
the increased conversion of vindoline to vinblastine and vincristine production 
(Zhang et al. 2015).

3.3  Ethephon

The introduction of ethephon in the medium during the growth of C. roseus increases 
the alkaloid biosynthesis. After treatment of medium with ethephon (0.1 mM) cath-
aranthine and vindoline biosynthesis increased during the first 24–72 h. The appli-
cation of ethephon had a lasting and rapid response on the monomeric alkaloids 
such as ajmalicine (Yahia et al. 1998), vindoline, tabersonine, serpentine and cath-
aranthine (El-Sayed and Verpoorte 2004). Vinblastine biosynthesis is also increased 
after 72 h of application of ethephon followed by senescence of leaves of C. roseus 
(Naaranlahti et al. 1991). It was clear from the fact that anhydrovinblastine (direct 
precursor of vinblastine) was found in large amount in old leaves then young leaves 
(El-Sayed and Verpoorte 2005). Ethephon is converted to ethylene which results 
into the leaf senescence further triggering the synthesis of vinblastine (Wingler and 
Roitsch 2008).

3.4  Abscisic Acid (ABA)

Abscissic acid (ABA) reduces the accumulation of vinblastine, catharanthine and 
vindoline. When ABA is sprayed on the growing plants of C. roseus it resulted into 
54% reduced accumulation of vinblastine at first 24 h but it came back to normal 
after 72 h (Pan et al. 2010).

3.5  Salicylic Acid (SA)

Salicylic acid (SA) influences the accumulation of alkaloids in C. roseus when the 
plants are treated with salicylic acid and in addition it serves an important compo-
nent in the defense system of plants (Godoy-Hernandez and Loyola-Vargas 1997; 
El-Sayed and Verpoorte 2004; Dutta et al. 2007). In an experiment 0.1 mM SA was 
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sprayed on the plantlets and significant increase in accumulation of catharanthine, 
vinblastine and vindoline was observed. The concentration of catharanthine was 
increased upto 42% after 24 h and the concentration of vinblastine increased upto 
22% after 24 h. On the other hand vindoline concentration increased upto 22% after 
24 h (Pan et al. 2010).

According to Idrees et al. (2011), foliar application of SA (10−5 M) reduced the 
damaging effect of salinity. Foliar spray of SA overcame the adverse effect of salin-
ity by improving the content of vincristine (14.0%) and vinblastine (14.6%) in 
plants treated with 100 M NaCl.

3.6  Chlormequat Chloride (CCC)

Chlormequat chloride (CCC) showed a variable response on the alkaloid accumula-
tion i.e. it enhanced the accumulation of vinblastine whereas slowly reduced the 
accumulation of vindoline and catharanthine. At lower concentrations of CCC (0.01 
and 0.1 mM) the accumulation of vindoline and catharanthine was reduced after 
48 h of incubation but had no effect on vinblastine accumulation. At higher concen-
tration i.e. 1 mM there was no effect on the vindoline and catharanthine accumula-
tion but the vinblastine accumulation was enhanced. It is surprising that CCC 
enhances the accumulation of vinblastine but reduces the accumulation of its pre-
cursors (vindoline and catharanthine). It is due to the fact that vindoline and cathar-
anthine are synthesized in different parts of the plant and then transferred to vacuoles 
where they carry out the synthesis of vinblastine (Roytrakul and Verpoorte 2007). 
CCC does not significantly regulate the biosynthetic pathways involved in the bio-
synthesis of vindoline and catharanthine but regulates the pathway involved in bio-
synthesis of vinblastine from vindoline and catharanthine.

3.7  Gibberellic Acid (GA3)

GA3 has shown a negative impact on the accumulation of alkaloids in C. roseus 
plant. It was observed that when the plants were treated with 0.1 mM GA3 the vin-
blastine concentration decreased to 15%, vindoline to 16% and catharanthine to 
28% after 24 h (Pan et al. 2010).

Although, GA3 treatment produced negative phenotypic response in total bio-
mass production but positive response in content of total alkaloids in leaf, stem, and 
roots (Srivastava and Srivastava 2007). Misra et al. (2009) also reported that GA3 
has increased accumulation of total alkaloids in C. roseus plant. In another study, 
foliar application of GA3 significantly increased the vincristine content (7.3%) in 
‘Rosea’ cultivar of C. roseus (Alam et al. 2012).
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3.8  Chromium (Cr)

Tissue and cell culturing has been used as a tool to enhance the production of alka-
loids in plants using different growth regulators and nutrients. Yet very little work 
has been done to study the effect of heavy metals on alkaloid production. Chromium 
(Cr) is one of the commonly occurring heavy metals used in refractory steel produc-
tion, leather industry and specialty chemical production. Due to excessive use of Cr 
in various industries its biomobility and bioavailability has increased greatly. 
Leather industry produces nearly 40% Cr of total industrial Cr (Barnhart 1997) and 
nearly 20,000–32,000 tons of Cr are released into the environment annually by tan-
ning industries in India (Chandra et al. 1997). When the medium was supplemented 
with various concentrations of Cr it was found that the production of both vincris-
tine and vinblastine was enhanced. It was observed that with 50 μM Cr nearly 
69.42% increase in vincristine production was found, whereas vinblastine produc-
tion was enhanced only by 2.29-fold (Rai et al. 2014).

3.9  Triazoles

Triazoles have the ability to alter the concentration of various PGRs such as cytoki-
nins, ABA and gibberellic acid (Fletcher and Hofstra 1985). It also enhances root 
growth, inhibits shoot elongation and protects plants from environmental stresses 
(Davis et al. 1988; Fletcher and Hofstra 1988; Izumi et al. 1988). The protection 
from environmental stresses is due to the fact that triazoles increases the antioxidant 
potential and reduces the damage caused by free radicals (Fletcher and Hofstra 
1988). Triazoles caused abiotic stress in the plants which leads to accumulation of 
alkaloids mainly in roots (Karadge and Gaikwad 2003). One example of triazole is 
triadimefon, it posses plant growth regulating properties alongwith fungicidal prop-
erties (Fletcher and Hofstra 1985, 1988). The application of triadimefon to the 
plants leads to the increased alkaloid concentration (Jaleel et al. 2006).

4  Conclusion

C. roseus is an important medicinal plant used for the treatment of various diseases. 
It posses different properties like anti-oxidant, anti-cancerous, anti-microbial and 
anti-hypersensitivity. PGRs effect differently on the production of vincristine and 
vinblastine i.e. some of the PGRs increases their production while others decrease 
it. Thus future holds a great deal in the field for the increased production of these 
alkaloids using different PGRs and also it can be elucidated if various metals have 
any regulatory role to play in increasing the production of these alkaloids.
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Abstract Catharanthus roseus (L.) is a member of the family Apocynaceae, a rich 
source of indole alkaloids, used in several disorders like hypertension, diabetes, 
asthma, constipation, cancer, and menstrual problems. There are three common cul-
tivars of C. roseus, namely, “Rosea,” “Alba” and “Ocellata.” four chief alkaloids in 
clinical use are vinblastine, vinorelbine, vincristine, and vindesine. Vincristine and 
vinblastine have widespread use in modern medicine as latent anticancer com-
pounds. The physiologically important and anticancerous alkaloids, vinblastine and 
vincristine, are mostly present in leaves and antihypertensive alkaloids which origi-
nate in roots such as ajmalicine, serpentine, and reserpine. Accretion of alkaloids in 
C. roseus happens in response to various external and/or internal factors including 
elicitors or signal molecules. Secondary metabolites help plants in overcoming 
stress conditions by altering physiological processes. Environmental factors such as 
heat, moisture, light concentration, the source of water, mineral deposits, and CO2 
impact the growth of C. roseus and accumulation of metabolites (Marschner 1995). 
Dearth, high salinity, and very low temperature are environmental conditions that 
may have adverse effects on the growth and productivity of C. roseus. This chapter 
reviews the impact of various abiotic issues including dearth, salt, light, heavy met-
als, frost, heavy metels etc. on alkaloid accumulation in C. roseus. The main focus 
of the present review is on enhancement and degradation of alkaloids in C. roseus 
under different environmental conditions.
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1  Introduction

Several internal elicitors and signal molecules caused by different types of stresses 
are responsible for gathering of secondary metabolites in plants. These metabolites 
have higher importance in medical and cosmetic industries (Chomel et al. 2016). 
The synthesis of these compounds is often low (less than 1% dry weight) and 
depends totally on the physiological and developmental stage of the plant (Rao and 
Ravishankar 2002). Plants accumulate several different types of natural products 
including drugs such as terpenes, alkaloids, flavonoids, flavones, ionones, steroids, 
phenolics etc. Various environmental factors including high and low temperature, 
drought, alkalinity, salinity, UV stress, and pathogen infection are potential threats 
to plant survival and development (Seigler 1998; Mohamed et  al. 2007). Such 
stresses induced elicitors or signal molecules are responsible for the production and 
collection of secondary metabolites (Jaleel et al. 2007a, b). Stimulation has been 
broadly applied to proliferate the yield or to encourage de novo production of both 
primar and secondary metabolites in in  vitro plant cell cultures (Dicosmo and 
Misawa 1985). Elicitors are used by various plant researcher to raise the production 
of both types of metabolites in different part of plants (Sudha and Ravishankar 
2003; Karuppusamy 2009).

Environmental factors, such as  attacks of various germs UV-irradiation, high 
light, acerbic, nutrient scarcities, malaise, and herbicide treatment increase the 
accretion of phenylpropanoids (Dixon and Paiva 1995). The nutrient content of soil 
has a remarkable influence on the accumulation of phenolic levels in plant tissues 
(Chalker-Scott and Fnchigami 1989). The accumulation of primary and secondary 
yields of plants  is correlated to environmental and edaphic factors. The environ-
mental conditions have impression on the metabolic pathways of natural products. 
Catharanthus roseus (Family: Apocynaceae) or previously known as Vinca rosea, 
Madagascar periwinkle is an herbaceous plant which probably originated from 
Madagascar. Periwinkle is a dicot, blossoming plant. It has a pentamerous flower. 
There are three cultivars of C. roseus L., which are different to each others on the 
basis of their flower colors (Idrees 2007), and two of them, namely, “rosea” (Pink) 
and “alba” (White), commonly flourish in northern part of  India. Catharanthus 
roseus L. is a significant plant due to the presence of different types of indole alka-
loids. The group of Catharanthus or Vinca alkaloids contains 130 terpenoid indole 
alkaloids. Alkaloids obtained from various parts of the plant are useful to treat vari-
ous disorders like diabetes, malaise, malaria, throat infections, and chest com-
plaints, menstrual cycles regulation, and as a euphoriant (van Der Heijden et  al. 
2004). There are several reports indicated that vincristine and vinblastine showed 
antineoplastic effect on different types of lymphoma and leukemia (Bates et  al. 
2013; Kang et al. 2007). These Catharanthus alkaloids are also applied to treat both 
malignant and nonmalignant cancers and in platelet and platelet- associated issues 
(Almagro et al. 2015). In the year 1985, scientists tested the extract of C. roseus 
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against blood sugar level of rabbit and found that there was no effect on blood sugar 
but they observed a significant reduction in white blood cells. On the basis of this 
particular finding, several clinical trials were conducted to establish the fact that the 
extract of  leaves extract of C. roseus proves useful in Hodgkin’s disease (Panda 
2005). Ajmalicine is a key monoterpene indole alkaloid found in this plant, the 
production of which has been used as a model system for improvement in the bio-
process of several plant metabolites (Zhang et al. 2002). In this review article, we 
have reviewed literature regarding the influence of various environmental factors on 
plant secondary metabolites degradation as well as the production in C. roseus.

2  Effect of PGRs on C. roseus

Jaleel et al. (2008) explained effect of different plant growth regulators (paclobutra-
zol and gibberellic acid) and fungicide (Pseudomonas fluorescens) treatments on 
the growth characteristics of C. roseus. They observed that the total plant height 
increased with the age in the control, gibberellic acid  (GA), and P. fluorescens- 
treated Catharanthus roseus plants, it reduced considerably under PBZ treatments. 
Further, Jaleel et  al. (2011) reported that plant growth hormone like paclobutra-
zol and gibberellic acid affected various enzyme activities of C. roseus which are 
directly or indirectly related to alkaloid production. Another report published by 
Misra et al. (2014) suggested that salicylic acid induced growth, is directly linked 
with improvement of parameters like dry weight, moisture content, photosynthetic 
pigments, and soluble proteins. Salicylic acid has a promotive effect on phenylala-
nine ammonia-lyase (PAL) activity, which is ultimately culminated in increment 
of total soluble phenolics and lignin contents in both leaves and roots of C. roseus. 
Chen et al. (2013) reported that abscisic acid and nitric oxide enhanced accumula-
tion of catharanthine in C. roseus treated with PB90, a protein promoter from phy-
tophthora boehmeriae. A separate study, conducted by Xu et al. (2004) indicated that 
sodium nitroprusside at high concentration (10.0 and 20.0 mmol/L) enhanced cath-
aranthine synthesis of C. roseus cells, but reduced cell growth. However, low doses 
of sodium nitoprusside (0.1 and 0.5 mmol/L) promoted the growth of C.  roseus 
cells without any effect on accumulation of  catharanthine. Foliar application of 
300 μM melatonin to C. roseus leaves increased production of silver nanoparticles 
(AgNPs) (Sheshadri et al. 2015). They noticed that LC-MS/MS of leaf extract of 
C. roseus treated with melatonin indicated the presence of significant  biomolecules 
such as 6-acetyl morphine (used as an analgesic), rauwolscine, and fisetin (anti-
cancer compounds). Melatonin treated leaves improved antioxidant activity and 
total chlorophyll content. Thus, melatonin assists C. roseus to improve growth and 
therapeutic activities.
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3  Effect of Salt Stress on C. roseus

Amirjani (2015) conducted an experiment to find out the effect of salt stress on seed 
germination of C. roseus and observed that increasing the NaCl concentrations of 
salt reduced germination percentage. Fresh and dry weights of treated plants showed 
a decrease with an increment of ascorbic acid content when treated by salt. Osman 
et  al. (2007) investigated the response of C. roseus to salinity and drought for a 
period of 4 months. They recorded correlation between cellular proline level and 
capacity to survive to various environmental stresses. They also  noticed that 
C. roseus accumulate more amino acid serine, methionine, and arginine in response 
to stressed condition. Jaleel et  al. (2008a) conducted an experiment to study the 
effect of salinity on secondary metabolites accumulation in C. roseus and observed 
that amount of indole alkaloid contents was different with different level of  soil 
salinity; higher amount of alkaloid contents was obtained from NaCl-treated plants 
than that of control. In another study, Jaleel et al. (2008b) observed that 80 mM NaCl 
reduced overall growth by decreasing the photosynthetic pigments protein, activi-
ties of  antioxidant enzymes such as peroxidase (POX), superoxide dismutase 
(SOD), and polyphenol oxidase (PPO). The root alkaloid ajmalicine imroved by 
mild salt treatment. Further, they tested triadimefon as an amelioration agent to 
reduce the salt stress effect on the overall performance of C. roseus. They observed 
that 15 mg/L TDM reduced the inhibitory effects of NaCl stress by improving the 
growth of root, shoot, leaf area, chlorophyll, protein contents, and activities of anti-
oxidant enzymes. The ajmalicine was increased in TDM-treated plants in compari-
son of both control and NaCl-treated plants. Results obtained by Jaleel et al. (2008b), 
indicated that the fungicide TDM have the capacity to reduce injurious free radicals, 
as a device of shielding plants against harmful oxidative stress from its surroundings 
and also improve the active components. Misra et al. (2014) in his study reported 
that salicylic acid showed growth stimulating property, which interrelated with the 
proliferation of dry weight, water content, chlorophyll and carotenoids contents, 
and soluble proteins. Salicylic acid has a preservative effect on the substantial rise 
in phenylalanine ammonia-lyase (PAL) activity, which is tracked by proliferation 
soluble phenolics and lignin contents in leaves and root of C. roseus. Salicylic acid 
(SA) also improves malondialdehyde content in leaves and root. The antioxidant 
enzymes such as catalase, glutathione reductase, glutathione-S-tranferase, superox-
ide dismutase, peroxidase as well as alkaloid yield amplified in all treatments. They 
concluded that application of SA can be used to treat salt stress, further, it enhanced 
the level of antioxidant and phenolics, and alkaloids in salt stress plant.

Idrees et al. (2011) used salicylic acid to ameliorate the adverse effects of salinity 
stress on periwinkle. They tested various doses of salicylic acid on this medicinal 
crop under different levels of salt stress. The particular dose of SA (10−5 M) reduced 
damage in growth caused by salinity. It not only enhanced the value of parameters 
related to growth but also reversed the effects of salinity. SA increased total alkaloid 
content under both normal and stress condition. Foliar spray of SA disabled the 
adverse effect of salinity and increased contents of vincristine (14.0%) and vinblas-
tine (14.6%).
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4  Effect of Drought Stress on C. roseus

Kim and van Iersel (2011) suggested that slowly developing drought stress increases 
photosynthetic acclimation of C. roseus. They postulated that plants act very differ-
ently to drought stress, depending on the rate at which it is imposed. Zhang et al. 
(2012) study the effect of water stress and nitrogen nutrition on alkaloids metabo-
lism of C. roseus. They concluded that drought stress or supplementary nitrogen has 
influence on enzyme activities, decarboxylase and alkaloids production. The suffi-
cient supply of nitrogen  in low drought conditions favors the  accumulation of 
important catharanthus alkaloids. Amirjani (2013) reported that various changes in 
physiological parameters like photosynthetic pigments, chlorophyll contents, rate 
of photosynthesis and transpiration, growth parameters, total alkaloid, vincristine 
and vinblastine in C. roseus grown under drought. He observed that drought has 
adverse effect on height, weight, and relative water content of C. roseus. A signifi-
cant reduction in photosynthetic activity and transpiration rate was observed with 
increasing drought level. However, a significant increment was noted in data 
obtained for total alkaloid, vincristine and vinblastine content of C. roseus under 
drought.

5  Influence of Heavy Metal Stress on C. roseus

In a study, lanthanum nitrate was added to cell cultures of Catharanthus roseus, 
leading to a dose-dependent accumulation of alkaloids. Lanthanum nitrate promoted 
accumulation of alkaloids at low concentration, but it had an inhibitory effect at a 
higher concentration (Yuan and Hu 1993). Another study indicated that adding 
Ce2O3 and CeCl3 to the medium of C. roseus enhanced the production of raubasine 
and adding Y2O3 and NdCl3 increased the production of catharanthine (Asadian 
2016). Ponarulselvam et al. (2012) tried to develop unique method for the green 
synthesis of silver nanoparticles by means of C. roseus leaves extracts. The leaves 
of C. roseus may be excellent tool for natural synthesis of silver nanoparticle which 
exhibits antiplasmodial activity against P. falciparum. The findings were helpful for 
the  synthesis of biomedical and nanotechnology-based products (Ponarulselvam 
et al. 2012). Pandey et al. (2007) supplied concentrations of heavy metals like CdCl2 
and PbCl2 to observe their bioaccumulation proficiency. Morphological changes like 
senescence of lower leaves and extensive chlorosis occurred after 4 days of transfer. 
In the case of CdCl2 treatment, little effect was noticed on growth after 6 months, 
however, plants showed normal development and flowering in case of PbCl2 treat-
ment. Total alkaloids were found to be reduced in the roots of CdCl2-treated plants. 
GA3 to the CdCl2-treated plants showed an increment in inter- nodal length and 
leaf area. AAS analyses of leaves of treated C. roseus showed 5–10% cadmium (Cd), 
but no traces of lead at all. Cd augmented the concentration of ajmalicine in culture 
medium by affecting tryptophan decarboxylase (TDC). Cd treatment enhanced 
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TDC transcript, the cellular tryptamine, and ajmalicine excretion (Zheng and Wu 
2004). Feng et al. (2016) used perlite to study the effects of copper stress on the 
responses of C. roseus seedling growth, gene expression, and alkaloid production. 
The dry weights of root and leaf of C. roseus under exogenous Cu stress levels were 
increased under low concentration while decreased under high concentration.

6  Effect of Nutrient Stress on C. roseus

Nutrient deficiencies of nitrogen, phosphorus potassium, calcium, megnesium, sili-
con and boron may be cause of decrease in Catharanthus root’s dry matter in defi-
cient treatments. A decrease in soil potassium might be responsible for ajmalicine 
increment in roots of C. roseus. Nutrient deficiencies in N, P, Mg, and S reduced 
ajmalicine concentration in 55, 33, 22, and 26%, respectively, than that of complete 
treatment. Deficiencies in calcium and boron had no significant effect in ajmali-
cine concentration within the plant roots. Stafford and Fowler (1983) studied the 
effect of carbon and nitrogen on the growth and nutrient metabolism in cultures of 
C. roseus. They observed the influence of cultured cells under different nutritional 
level appeared in all aspects of growth; however few enzymes were unaffected. Cell 
viability continued at high level for many days after growth in both cultures. The 
possibility that protein degradation in nitrogen-limited batch cultures is under very 
stringent control is discussed. Meng-Yan et al. (2016) observed that three main alka-
loids in plants decreased with reduced levels of nitrogen. The level of exogenous 
nitrate on vindoline and catharanthine in C. roseus was with more significant accu-
mulation in the leaves at different leaf positions, but with little effect on the accumu-
lation of vinblastine. In high nitrogen condition, plant synthesis and accumulation 
were at higher levels of free amino acids, which may provide the skeleton and pro-
mote the improvement of alkaloids in the partial synthesis. Gholamhosseinpour 
et al. (2011) significant variations among different levels of nitrogen in all measured 
parameters except the fresh and dry weights of shoot. Their results specified that 
the growth parameters (fresh and dry weights) of C. roseus improved with increas-
ing the level of fertilization from 0 to 100 kg N ha−1 and then reduced at 150 kg N 
ha−1. The concentration of vinblastine and vincristine alkaloids were measured by 
HPLC and TLC assays. The highest content and yield of vinblastine was detected 
in 150 kg N ha−1 while the lowest content and yield of vincristine was noticed in 
150 kg N ha−1 using both approaches (HPLC and TLC) of analysis. The results 
showed that the content and yield of vinblastine and vincristine quantified with 
HPLC assay was higher than the samples determined by TLC method. The results 
delivered significant evidence of nitrogen effect on yield and alkaloid content that 
can be used to commercial production of periwinkle. Shimano and Ashihara (2006) 
observed that levels of adenine and guanine nucleotides, particularly ATP and GTP, 
were evidently low during Pi-starvation. There was an increment in the activity 
of RNase, DNase, 50- and 30-nucleotidases and acid phosphatase, which might 
be participated in the hydrolysis of nucleic acids and nucleotides. Accumulation 
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of adenosine, adenine, guanosine, and guanine was observed during the long-term 
Pi-starvation. The activities of adenosine kinase, adenine phosphoribosyl trans-
ferase, and adenosine nucleosidase were maintained at a high level in long-term 
Pi-starved cells.

7  Conclusion

It is apparent that various external agents and environmental conditions affect 
growth and secondary metabolites production in C. roseus. Most importantly, 
wheather fluctuation, climate change, water availability  and scarcity, salt and 
drought stress including several adverse soil conditions directly or indirectly influ-
ence alkaloids yield. However, C. roseus is a hardy nature plant that can tolerate 
unfavorable conditions for a short period. Catharanthus roseus exhibits morpho-
logical and molecular adaptations to different nutrient deficiency. The use of newly 
developed genetic tools with the structure and regulation of pathways for  secondary 
metabolism serves as a basis for commercial production of alkaloid in C. roseus.
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Abstract Aflatoxins are a group of carcinogenic secondary metabolites produced 
by certain strains of Aspergillus species that are a serious food safety issue through-
out the world. These fungi are common contaminants of groundnut, maize, rice, 
cottonseed, tree nuts, and other commodities. The major types of aflatoxins include 
B1, B2, G1, and G2, which have been detected as contaminants of crops in the field 
and during storage, transportation, and processing. Among the 20 different types of 
aflatoxins identified so far, aflatoxin B1 (AFB1) is considered the most toxic. The 
International Agency for Research on Cancer (IARC) classified aflatoxins as class I 
human carcinogens. Plant derivatives and secondary metabolites are being used for 
the treatment of liver cancer and hepatic protection. The World Health Organization 
estimates that approximately 80% of the world’s inhabitants rely on traditional 
medicine for their primary health care. In this chapter, we discussed about the effec-
tiveness of aqueous extracts of Catharanthus roseus medicinal plant in detoxifica-
tion of AFB1. The results revealed that the aqueous extracts of Catharanthus roseus 
effectively reduced the growth of Aspergillus flavus and inhibited the maximum 
level of AFB1 production when compared to other medicinal plants. Degradation of 
AFB1 in the mixture with C. roseus plant extracts revealed a loss of over 90% of 
AFB1 suggesting that aqueous extract of C. roseus has the ability to degrade the 
AFB1 at maximum level. In addition to that, methanolic fraction of C. roseus leaf 
extract was evaluated against hepatocellular carcinoma induced by AFB1 in experi-
mental mice. The results suggested that C. roseus could be able to protect the liver 
against the AFB1-induced oxidative damage in mice. This chapter covers the infor-
mation regarding the risk of postharvest diseases and AFB1 contamination in agri-
cultural products, detoxification, and hepatic protection of AFB1 by C. roseus.
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1  Introduction

The understanding of the millennium development goal of reducing by half the 
number of people suffering from hunger by the year 2015 will require a significant 
increase in the amount of food grains produced in developing countries. However, 
food quality and safety issues resulting from aflatoxin B1 (AFB1) contamination 
present a serious obstacle to improving nutrition, enhancing agricultural produc-
tion, and linking smallholder farmers to markets. The Food and Agriculture 
Organization (FAO) of the United Nations estimates that 25% of world food crops 
are affected while the Center for Disease Control (CDC) estimates that more than 
4.5 billion people in the developing world are exposed to aflatoxins. About a quarter 
of the world population is at a high risk for toxin-related diseases nowadays. 
Aflatoxins are toxic metabolic substances produced by certain toxigenic strains of 
Aspergillus species growing in various feed and food commodities. They are the 
most potent hepatocarcinogens among all the known natural and synthetic com-
pounds. Aflatoxins occurring in food commodities are secondary metabolites of 
filamentous fungi, which can contaminate many types of food crops throughout the 
food chain. Although hundreds of fungal toxins are known, a limited number of 
toxins are generally considered to play important roles in food safety (Shephard 
2008; Reddy et al. 2010; Probst et al. 2014). AFB1 has been classified as a Class I 
human carcinogen, while Fuminosine B1 (FB1) and Ochratoxin A (OTA) have been 
classified as Class 2B (probable human) carcinogens by the International Agency 
for Research on Cancer (IARC 1993).

Mycotoxins are commonly produced by species of Aspergillus, Penicillium, and 
Fusarium (Chandra and Sarbhoy 1997; Masheshwar et al. 2009). Several strategies 
are used in controlling fungal growth and the mycotoxin biosynthesis in seeds, 
grains and foodstuff by chemical treatments, and food preservatives by physical and 
biological methods. These methods often require sophisticated equipment and 
expensive chemicals or reagents. Chemical control of fungi and mycotoxins also 
results in environmental pollution and health hazard, and affects the natural ecologi-
cal balance (Yassin et al. 2011). Use of plant products and essential oils provides an 
opportunity to avoid synthetic chemical preservatives and fungicide risks 
(Mohammed et  al. 2012). Medicinal plants have been contributed immensely to 
health care in Indian subcontinent. This is due in part to the recognition of the value 
of traditional medical systems, particularly in Asian origin, and the identification of 
medicinal plant from indigenous pharmacopoeias and traditional knowledge, which 
have significant healing power. Nature has been a source of medicinal agents for 
thousands of years and an impressive number of modern drugs have been isolated 
from natural sources; many of these isolations were based on the uses of agents in 
traditional medicine (Patharajan and Karthikeyan 2010). According to World Health 
Organization, medicinal plants would be the best source to obtain a variety of drugs. 
Therefore, such plants should be investigated for better understanding of their prop-
erties, safety, and efficacy (Nascimento et al. 2000).

The usage of plant derivatives for antifungal agents is common in developing 
countries before the advent of synthetic fungicides and due to relatively cost impli-
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cation of imported fungicides (Galvano et al. 2001). In recent years, efforts have 
been devoted to the search for new antifungal materials from natural sources for 
food preservation (Juglal et  al. 2002; Onyeagba et  al. 2004; Boyraz and Ozcan 
2005). Several edible botanicals like coriander (Coriandrum sativum), palak 
(Spinacia oleracea), Amaltas (Cassia fistula), and essential oils from clove, carda-
mom, almond, cinnamon, and Eucalyptus have been reported to have antifungal 
activity (Ferhout et al. 1999; Pradeep et al. 2003; Nayan and Shukla 2011). Afzal 
et al. (2010) reported that A. sativum has a wide antifungal spectrum, reached about 
60–82% inhibition in the growth of seed-borne Aspergillus and Penicillium fungi. 
This was attributed to phytochemical properties of the garlic plant particularly alli-
cin, which could decompose into several effective antimicrobial compounds such as 
diallyl sulfide, diallyl disulfide, diallyl trisulfide, allyl methyl trisulfide, dithiins, and 
ajoene (Salim 2011; Tagoe 2011). C. roseus is an important medicinal plant which 
contains more than 70 different types of alkaloids and chemotherapeutic agents that 
are effective in treating various types of cancers—breast cancer, lung cancer, uterine 
cancer, melanomas, Hodgkins and non-Hodgkins lymphoma. The anticancer drugs 
vincristine and vinblastine are synthesized from alkaloids of C. roseus (Balaabirami 
et al. 2016). This chapter reviewed the risk of postharvest diseases and AFB1 con-
tamination in agricultural commodities, potential of botanicals with particular 
emphasis on C. roseus for the detoxification of AFB1 and hepatic protection.

2  Aflatoxin Contamination in Agricultural Products

India is an agricultural country with nearly three fourths of the people dependent on 
agriculture or rural economy. The great outstanding achievement of Indian agricul-
ture since independence is the phenomenal growth of food grains output. Nearly 
70% of the total production of food grains in India is retained at farm level where 
the unscientific and faulty storage conditions enhance the chances of fungal attack 
and thereby aflatoxin production. The decomposers of food grains, i.e., fungi and 
bacteria, are always present on food grains in dormant conditions (usually as spores) 
and grow under favorable climatic and other conditions. The fungal growth may 
cause a decrease in germ inability, discoloration of grain, heating and mustiness, 
loss in weight, biochemical changes, and production of toxins. All these changes 
may occur before the responsible fungi which could be detected on visual examina-
tion. The fungi produce a large number of aflatoxins in food grains and their 
products.

Aflatoxins are a group of highly toxic secondary metabolites of the fungi pro-
duced under certain favorable environmental conditions. Because of their potent 
toxic nature and fairly common occurrence under natural conditions, aflatoxins 
have attracted worldwide attention in the recent years. The problem of food con-
tamination has been recognized throughout the recorded history and spoilage fungi 
are one of the major causes of food contamination (Ashiq 2015). Since historical 
times when primitive ancestors started out the cultivation and storage of crops, 
spoilage molds have shown their presence. Contamination of various commodities 
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by fungi and the hazard of consuming the contaminated products have been noted 
worldwide (Pitt and Hocking 2009). Agricultural commodities with high mold con-
tent and high moisture content are susceptible to early spoilage and contamination. 
Once the agricultural product becomes infected in the field, fungi continue to propa-
gate throughout the harvesting, storage, and processing stages as long as the envi-
ronmental conditions are conducive to fungal growth. Every year massive amounts 
of food are wasted due to contamination by fungi that produce toxic metabolic 
products: the aflatoxins. To reduce the aflatoxin contamination of foods, several 
strategies have been investigated and that can be divided into natural, biological, 
chemical, and physical methods (Reddy et al. 2010). Over the years, efforts have 
been devoted to search for new antifungal materials from natural sources for food 
preservation (Boyraz and Ozcan 2005; Patharajan et al. 2011).

The inhibitory effects of plant extracts on aflatoxin synthesis have also been 
examined (Reddy et al. 2009). The oil of Ocimum species exhibited a broad range 
of activity against fungi, including human pathogens (Parida et al. 2014). Risk of 
aflatoxin contamination of food and feed increased due to environmental, agro-
nomic, and socioeconomic factors. Temperature, food substrate, strain of the mold, 
and other environmental factors are some parameters that effect aflatoxin produc-
tion. Growth of Aspergillus spp. and aflatoxin contaminations varied from location 
to location depending upon the agro-climatic and storage conditions. Preventing 
aflatoxin production at farm level is the best way to control aflatoxin contamination. 
Advances in molecular techniques and other decontamination methods could help 
to deal with these issues.

3  Detoxification of Aflatoxins with Plant Products

Postharvest losses are much more painful and costlier than preharvest losses both in 
terms of money. Postharvest losses involve parasitic diseases caused by fungi, bac-
teria and viruses, environmental factors, physiological and mechanical factors. 
Aflatoxin contamination of crops is a worldwide food safety concern and it occurs 
in maize, groundnut, wheat, sorghum, rice, etc. when the toxigenic fungi present 
under favorable conditions. An inhibitory effect of neem extracts on the biosynthe-
sis of aflatoxins (groups B and G) in fungal mycelia was reported by Bhatnagar 
et al. (1990). More than 280 plant species have been investigated for their inhibitory 
effect on toxigenic Aspergilli and nearly 100 of these plants had some inhibitory 
effects on growth or toxin production by fungi (Montes-Belmont and Carvajal, 
1998). Karapynar (1989) reported the inhibitory action of crude extracts from mint, 
sage, bay, anise, and ground red pepper on the growth of A. parasiticus and its afla-
toxin production in vitro. Saxena and Mathela (1999) found antifungal activity of 
new compounds from Nepeta leucophylla and N. clarkei against Aspergillus sp. 
Mathela (1981) screened 12 terpenoids against the growth of Aspergillus species 
and found thymol and carvacrol to be more active than nystatin and talsutin. In 
another study, aflatoxin production by A. parasiticus was suppressed depending on 
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the concentration of the plant aqueous extract added to the culture media at the time 
of spore inoculation.

Aflatoxin production in fungal mycelia grown for 96 h in culture media contain-
ing 50% Azadirachta indica leaf and seed extracts was inhibited by 90 and 65%, 
respectively (Razzaghi-Abyaneh et al. 2005). Mondall et al. (2009) studied the effi-
cacy of different extracts of neem leaf on seed-borne fungi, A. flavus. In this study, 
the growth of the fungus was inhibited significantly and controlled with both alco-
holic and water extracts. Efficacy of various concentrations of four plant extracts 
prepared from Allium sativum, Azadirachta indica, Zingiber officinale, and Allium 
cepa were studied on reduction of A. flavus on mustard. They found that garlic 
extract is most effective followed by neem (Latif et al. 2006). Srichana et al. (2009) 
studied the efficacy of the betel leaf extract on growth of A. flavus and it was found 
that the extract at 10,000 ppm completely inhibited the growth of this fungus. Hema 
et al. (2009) evaluated some of the South Indian spices and herbs against A. flavus 
and other fungi. They found that Psidium guajava is more effective on all tested 
fungi. In an another study by Satish et al. (2007), aqueous extracts of 52 plants from 
different families were tested for their antifungal potential against eight important 
species of Aspergillus. Among 52, 12 extracts have recorded significant antifungal 
activity against one or the other Aspergillus species tested. Similarly, Pundir and 
Jain (2010) studied the efficacy of 22 plant extracts against food-associated fungi 
and found that clove and ginger are more effective than other plant extracts. Awuah 
and Kpodo (1996) reported that the following plants Ocimum gratissimum, 
Cymbopogon citratus, Xylopia aethiopica, Monodora myristica, Syzygium aromati-
cum, Cinnamomum verum, and Piper nigrum are effective in inhibiting formation of 
non-sorbic acid, a precursor in the aflatoxin synthesis pathway. Ocimum gratissi-
mum leaf powder has been successfully used in inhibiting mold development on 
stored soybean for 9  months (Awuah and Kpodo 1996). The powder extracts of 
Cymbopogon citratus inhibited the growth of fungi including toxigenic species such 
as A. flavus and A. fumigatus (Adegoke and Odesola 1996). Awuah and Ellis (2002) 
reported the effective use of leaf powders of O. gratissimum and cloves (S. aromati-
cum) combination with some packaging materials to protect groundnut kernels arti-
ficially inoculated with A. parasiticus. There have been a number of reports citing 
the inhibitory effects of onion extracts on A. flavus growth, and with an ether extract 
of onions, thio-propanol-S-oxide has been demonstrated to inhibit growth. Pepper 
extracts have been shown to reduce aflatoxin production in A. parasiticus and A. 
flavus (Ito et al. 1994). Large-scale application of different higher plant products 
like azadirachtin from Azadirachta indica, eugenol from Syzygium aromaticum, 
carvone from Carum carvi, and allyl isothiocyanate from mustard and horseradish 
oil have attracted the attention of microbiologists to other plant chemicals for use as 
antimicrobials (Singh et al. 2008). Such products from higher plants would most 
likely be biodegradable, renewable in nature, and perhaps safer to human health 
(Varma and Dubey 1999). Plant products, especially essential oils, are recognized as 
one of the most promising groups of natural compounds for the development of 
safer antifungal agents (Varma and Dubey 2001). Many reports are available for use 
of neem oil to control toxigenic fungi and their toxins. Plant essential oils from 
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Azadirachta indica and Morinda lucida were found to inhibit the growth of a toxi-
genic A. flavus and significantly reduced aflatoxin synthesis in inoculated maize 
grains (Bankole et al. 2006). Clove oil and its major component eugenol have been 
extensively used to control aflatoxigenic fungi and aflatoxins. Kumar et al. (2009) 
studied the efficacy of essential oil from Mentha arvensis L. to control storage 
molds of chickpea. The oil effectively reduced mycelial growth of A. flavus. During 
screening of essential oils for their antifungal activity against A. flavus, the essential 
oil of Cymbopogon citratus was found to exhibit fungal toxicity. Another extensive 
study, Tamil Selvi et al. (2003) demonstrated that A. flavus growth and AFB1 pro-
duction were both inhibited by an essential oil containing mainly garcinol from the 
tropical shrub/tree Garcinia indica at 3000 ppm.

4  Importance and Medicinal Properties of C. roseus

C. roseus (Vinca rosea) is known as the common or Madagascar periwinkle. It is a 
perennial herb of the Apocynaceae family originally native to Madagascar. It mea-
sures about 2 ft height and has dark green glossy leaves and pale pink or white flow-
ers. C. roseus is cultivated two common names on the basis of their flower colors. 
Pink: Rosea and White: Alba. C. roseus is an Indian originated herb which grows 
wild in the Indian subcontinent in south Asia. Traditionally, leaves of C. roseus are 
used as medicine for the treatment of following diseases such as menorrhagia, rheu-
matism, dyspepsia, indigestion, dysmenorrheal, diabetes, hypertension, cancer, 
menstrual disorders, skin disease, and bleeding diarrhea, and has sedative and anti-
viral properties. Generally it is known as Vinca rosea, Ammocallis rosea, and 
Lochnera rosea. Due to presence of various alkaloids in C. roseus, it has antihyper-
tensive and antispasmodic properties. One of the important types of alkaloid is the 
vinblastine produced from C. roseus due to its antitumor activity and wide pharma-
ceutical use. C. roseus has been used for modern chemotherapeutic agent for their 
pain relieving properties.

Catharanthus is a genus of flowering plants in the dogbane family, Apocynaceae 
like genus vinca, they are commonly known as periwinkles and there are eight 
known species, and seven are endemic to Madagascar. Though one, C. roseus is 
widely naturalized around the world. The name Catharanthus comes from the Greek 
word‚ Pure flower.

4.1  Plant Usage

 1. Used as medicine: In Ayurveda, the extracts of its roots and shoots are used 
against several disease including diabetes, malaria, etc.

 2. Used as anticancer: The substances vinblastine and vincristine extracted from 
the plant are used in treatment of leukemia and Hodgkin’s lymphoma.
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 3. In plant pathology: C. roseus is used in plant pathology as an experimental host 
for phytoplasmas. This is because it is easy to infect with a large majority of 
phytoplasmas and also often has very distinctive symptoms such as phyllody and 
significant reduced leaf size.

Catharanthus roseus contains significant amounts of volatile and phenolic com-
pounds, including caffeoylquinic acids and flavonol glycosides which are known for 
antioxidant activity. It has an important role in the body defense system that acting as 
antioxidants against reactive oxygen species (ROS), which are harmful by forming 
such products through normal cell aerobic respiration. Accumulation of free radicals 
can cause pathological conditions such as ischemia, asthma, arthritis, inflammation, 
neurodegeneration, Parkinson’s, mongolism, aging process, and perhaps dementia.

The flower petals, seeds, and other parts of C. roseus (Fig. 1) exhibit antioxidant 
properties. Thus phenolic compounds have redox properties that act as reducing 
agents, hydrogen donors, singlet oxygen quenchers, or metal chelators. It has mul-
tiple applications in foods, cosmetics, and pharmaceutical industries. Besides anti-
oxidant activity, these compounds exhibit antiallergic, anti-inflammatory, 
antimicrobial, antithrombotic, cardioprotective, and vasodilatory effects. This is 
influenced by number of geographical and environmental factors.

Natural antioxidants are the source of finding the potentially safe, cheap, and 
effective antioxidants. Phenolic acids, flavonoids, and alkaloids are the main active 
constituents in this plant. These active substances perform a number of protective 
functions in the human organism and are involved in important activities (Stanković 
et al. 2010, 2011; Quideau et al. 2011). Vinblastine and vincristine are the dimers, 
formed by the coupling of monoindole alkaloids such as catharanthine and  vindoline 
(Koul et  al. 2013) mainly present in aerial part of plants used to treat cancer. 
Vincristine and vinblastine require both aerial and root parts of a plant to be synthe-
sized (De Luca and Laflamme 2001). C. roseus is a source of valuable alkaloids 
resembling those from Rauwolfia species. Roots of Catharanthus have more ajma-
licine (vasodilating) and serpentine (hypertensive) than even Rauwolfia serpentina. 
They also possess reserpine (Mishra et al. 2001). The alkaloids possess hypotensive, 
sedative, and tranquilizing properties. The root bark contains the alkaloid alstonine 

Fig. 1 Growth habit
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which has been used traditionally for its calming effect and its ability to reduce 
blood pressure. Yohimbine (Procomil) is an alkaloid with stimulant and aphrodisiac 
effects found naturally in Pausinystalia johimbe (Millon et al. 2002). C. roseus also 
shows the presence of this compound along with another flavonoid hirsutidin 
(Piovan and Fillipini 2007).

Phytochemical screening of methanolic fraction of C. roseus leaf extract was 
performed and found the presence of alkaloid, carbohydrates, flavonoids, phenols, 
quinone, saponins, and tannins. The antioxidant activity of C. roseus was deter-
mined and the results indicated that the leaf extract possesses the highest antioxi-
dant activity (Patharajan and Balaabirami 2014). Balaabirami et al. (2016) studied 
the efficacy of the various concentrations of aqueous extracts such as C. roseus, 
Andrographis paniculata, Syzygium aromaticum and Ocimum gratissimum for their 
potential in preventing AFB1 contamination. Among the plant extracts tested, C. 
roseus have the ability to inhibit the growth of aflatoxigenic fungi and degradation 
of AFB1. Patharajan et al. (2016) conducted the experiment on the evaluation of the 
methanolic fraction of C. roseus leaf extract against AFB1-induced hepatocellular 
carcinoma in albino mice. They observed the marked increase in lipid peroxidase 
level and concomitant decrease in enzymatic antioxidants levels in carcinoma- 
induced mice, whereas C. roseus treatment reversed the conditions to near normal 
level. Liver histopathology showed that C. roseus reduced the incidence of liver 
lesions, lymphocytic infiltrations, and hepatic necrosis induced by AFB1 in mice. 
These results suggested that C. roseus could protect the liver against the AFB1- 
induced oxidative damage in mice.

5  Biosynthesis of Terpenoid Indole Alkaloids (TIAs)  
in C. roseus

Antioxidants are radical scavengers which give protection to human body against 
free radicals by inhibiting the oxidizing chain reactions. When these substances are 
present at low concentration in body, they markedly delay or prevent the oxidation 
of an oxidizable substrate. These antioxidants always play important roles in delay-
ing the development of chronic diseases such as cardiovascular diseases (CVD), 
cancer, atherosclerosis, inflammatory bowel syndrome, and Alzheimer’s disease 
(Bozin et al. 2006). A variety of different alkaloids have present in C. roseus and 
more than 130 different compounds reported, including about 100 monoterpenoid 
indole alkaloids (Pereira et al. 2010). As an important medicinal plant, it has a good 
antioxidant potential throughout its parts under drought stress. Hence, if the com-
pound has antioxidant potentials and phytochemical activity, it can be a good thera-
peutic agent for accelerating the wound healing process. The vinca alkaloids are 
also important for being cancer fighters. There are four major vinca alkaloids in 
clinical use: Vinblastine (VBL), vinorelbine (VRL), vincristine (VCR), and vinde-
sine (VDS). VCR, VBL, and VRL have been approved for use in the United States. 
Vinflunine is also a new synthetic vinca alkaloid, which has been approved in 
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Europe for the treatment of second-line transitional cell carcinoma of the urothe-
lium is being developed for other malignancies. Vinca alkaloids are the second-
most-used class of cancer drugs and will stay among the original cancer therapies.

Many papers published in the biosynthetic pathway of terpenoid indole alkaloids 
(TIAs) in C. roseus, and the identification and characterization of the corresponding 
enzymes involved in the biosynthetic pathway (Zhu et al. 2014, 2015). Strictosidine 
is the central intermediate in the biosynthesis of different TIAs, which is formed by 
the condensation of secologanin and tryptamine. Secologanin is derived from terpe-
noid (isoprenoid) biosynthetic pathway, while tryptamine is derived from the indole 
biosynthetic pathway. Then various specific end products are produced by different 
routes during downstream process. Although many genes and corresponding 
enzymes have been characterized in the biosynthetic pathway. Our knowledge of 
the whole TIA biosynthetic pathway still remains largely unknown up to date. Full 
elucidation of TIA biosynthetic pathways is an important prerequisite to understand 
the regulation of the TIA biosynthesis in the medicinal plant and to produce valu-
able TIAs by synthetic biological technology.

The Madagascar periwinkle produces a large palette of Monoterpenoid Indole 
Alkaloids (MIAs), a class of complex alkaloids, including some of the most valu-
able plants natural products with precious therapeutical values. Evolutionary pres-
sure on one of the hotspots of biodiversity has obviously turned this endemic 
Malagasy plant into an innovative alkaloid engine. Catharanthus is a unique taxon 
producing vinblastine and vincristine, heterodimeric MIAs with complex stereo-
chemistry, and also manufactures more than 100 different MIAs, some shared with 
the Apocynaceae, Loganiaceae, and Rubiaceae members. For over 60  years, the 
quest for these powerful anticancer drugs has inspired biologists, chemists, and 
pharmacists to unravel the chemistry, biochemistry, therapeutic activity, cell and 
molecular biology of C. roseus. Recently, the “omics” technologies have fuelled 
rapid progress in deciphering the last secret of strictosidine biosynthesis, the central 
precursor opening biosynthetic routes to several thousand MIA compounds. 
Catharanthus roseus transcriptome, proteome, and metabolome databases, com-
prising organ-, tissue-, and cell-specific libraries, and other phytogenomic resources, 
were developed for instance by PhytoMetaSyn, Medicinal Plant Genomic Resources, 
and Smart Cell consortium. Tissue-specific library screening, orthology comparison 
in species with or without MIA-biochemical engines and clustering of gene expres-
sion profiles together with various functional validation strategies largely  contributed 
to enrich the toolbox for plant synthetic biology and metabolic engineering of MIA 
biosynthesis (Dugé de Bernonville et al. 2014).

6  Aflatoxin and Hepatocellular Carcinoma

Cancer is one of the leading causes of adult deaths worldwide. In India, the 
International Agency for Research on Cancer estimated indirectly about 635,000 
people died from cancer, representing about 8% of all estimated global cancer 
deaths and about 6% of all deaths in India (Karki et  al. 2014). Hepatocellular 

Catharanthus roseus: Detoxification and Hepatic Protection of Aflatoxin B1



340

carcinoma (HCC) is the most common liver cancer among men and women. HCC 
is the sixth most common cancer in the world and the third leading cause of cancer-
related death, resulting in at least 500,000 deaths per year worldwide. HCC is a 
malignant tumor of liver parenchyma cells and the primary liver cancers are more 
prevalent among men than women. HCC is a major cause of morbidity and mortal-
ity and it is the seventh most common cancer worldwide and the third leading cause 
of cancer- related deaths complicating liver cirrhosis in most cases (Ferlay et  al. 
2010). Its incidence is increasing worldwide, ranging between 3 and 9% annually 
(Velazquez et al. 2003). Exposure to AFB1 is probably also an important contributor 
to the high incidence of liver cancer. Aflatoxins are a group of structurally related 
secondary fungal metabolites that are carcinogenic, hepatotoxic, teratogenic, and 
immunosuppressive. Reports are stating that even a single dose of aflatoxin is suf-
ficient to induce liver cell tumors in rat (Angusbhakorn et al. 1990). For decades, it 
has been known that aflatoxin exposure causes liver cancer in humans and a variety 
of animal species. The International Agency for Research on Cancer has classified 
“naturally occurring mixes of aflatoxins” as a Group 1 human carcinogen. 
Concomitant exposure to aflatoxins and the hepatitis B virus (HBV) is common in 
developing countries and greatly increases HCC risk (Wu et al. 2013). Individuals 
with both exposures have a multiplicative greater risk of developing HCC than those 
exposed to aflatoxins or HBV alone (Groopman et al. 2008). A recent systematic 
review and meta-analysis determined that the risk of developing liver cancer was 
over six times higher in individuals with detectable aflatoxin biomarkers than in 
those without, over 11 times higher in individuals with chronic HBV infection than 
in those without, and over 73 times higher in individuals with both detectable afla-
toxin biomarkers and HBV positivity compared with those with neither risk factor, 
a nearly perfectly multiplicative relationship (Liu et al. 2012). Two separate analy-
ses have been conducted to estimate the global burden of liver cancer attributable to 
aflatoxins. Liu and Wu (2010) used a quantitative cancer risk assessment approach, 
using dose–response data for the relationship between aflatoxins and liver cancer 
risk in populations of HBV-negative and HBV-positive individuals and multiplying 
the corresponding cancer potency factors by aflatoxin exposure data for multiple 
nations worldwide (JECFA 1998; Henry et al. 1999). In their analysis that included 
about five billion individuals around the world (summing populations across nations 
for which aflatoxin data were available), they estimated that 25,200–155,000 liver 
cancer cases annually could be attributed to aflatoxin exposure.

In a follow-up study, Liu et al. (2012) used a different approach to estimate the 
global burden of cancer caused by aflatoxins: estimating population-attributable 
risk from a systematic review and meta-analysis of 17 epidemiological studies on 
aflatoxins, HBV, and liver cancer in Africa and Asia. It was estimated that about 
23% (21–24%) of all HCC cases annually may be attributable to aflatoxins, for a 
total of up to 172,000 cases per year. Since liver cancer is the third leading cause of 
cancer deaths worldwide, and mortality rapidly follows diagnosis, the contribution 
of aflatoxins to this deadly cancer is significant.

Because aflatoxins are one of the most significant risk factors for liver cancer, 
one of the deadliest cancers worldwide, controlling its presence in the food supply 
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is critical. It is possibly responsible for up to 172,000 liver cancer cases per year, 
most of which would result in mortality within 3 months of diagnosis. Possibly even 
more critical from a global public health standpoint is the link between aflatoxin 
exposure and childhood stunting, which can lead to a variety of adverse health con-
ditions that last well beyond childhood. However, at the moment there is insufficient 
evidence for a quantitative risk assessment to evaluate exact daily doses of aflatox-
ins that lead to particular levels of risk or adverse health outcomes in children. 
Additionally, while aflatoxins may lead to immunomodulation, not enough infor-
mation is currently known about how this leads to particular adverse health out-
comes in humans. However, the human health evidence points to aflatoxins 
association with multiple adverse effects; hence, it is important to reduce human 
exposures to aflatoxins in the diet to the extent that feasible methods allow.

7  Plant Derivatives and Cancer Treatment

Natural products, especially plants, have been used for the treatment of various 
diseases for thousands of years. Evaluation of plants bearing efficiency in healing 
various diseases is growing in recent years. Innumerable biologically active com-
pounds of plants are found to possess antibacterial properties. Practitioners of 
Ayurveda and Unani system of medicine regularly employ a large number of Indian 
medicinal plants as antibiotic agents and over the last 40 years, intensive efforts 
have been made to discover clinically used herbal-based antibacterial, antifungal, 
and anticancer drugs. The National Cancer Institute collected about 35,000 plant 
samples from 20 countries and has screened around 114,000 extracts for anticancer 
activity (Shoeb 2005).

Nature produces a variety of toxic compounds, which are often used as antican-
cer drugs. Up to now, there are at least 120 species of poisonous botanicals, animals, 
and minerals, of which more than half have been found to possess significant anti-
cancer properties (Man et al. 2012). In spite of their clinical toxicity, they exhibit 
pharmacological effects and have been used as important traditional Chinese medi-
cines for the different stages of cancer. Vincristine is a dimer-indo-alkaloid which is 
extracted from the leaves of C. roseus. It is effective to treat acute lymphocytic cell 
leukemia, odgkin disease, and non-Hodgkin disease clinically. The medicinal plants 
like C. roseus, Podophyllum peltatum, Taxus brevifolia, Camptothecin acuminata, 
Cephalotaxus harringtonia, Viscum album, Ochrosia elliptica, Annona bullata, 
Asimina triloba, and Rhizoma zedoariae are clinically proven for having anticancer 
activity. C. roseus is one of the best studied medicinal plants and recently, extract 
from periwinkle has been shown to be effective in the treatment of diabetes, high 
blood pressure, asthma, constipation, skin cancer, and Hodgkin’s disease.

This book chapter will help to researchers and scholars to perform an in-depth 
study in this area as plant indicates the vast range of phytochemicals related to dif-
ferent season and agro-climatic zone.
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8  Case Studies

8.1  Case Study I

Effect of methanolic extract of C. roseus on physiological enzymes in liver on con-
trol and experimental animals (Fig. 2)

The physiological marker enzymes like alanine transaminase (ALT) and alkaline 
phosphatase (ALP) were increasing in AFB1-induced group mice when compared 
with control group except aspartate transaminase (AST). After administration of C. 
roseus leaves extract to AFB1-induced group shows decreasing the enzyme level 
such as physiological enzyme and the values were near to control mice.

No significant changes were observed in C. roseus alone treated group of mice.

8.2  Case Study II

Effect of methanolic extract of C. roseus and AFB1 on liver lipid profile (Fig. 3)
The AFB1-induced group shows elevated level cholesterol, triglyceride, LDL, 

VLDL and decreased level of HDL compared with control group of mice. After 
treatment with C. roseus leaves extract significantly improved the altered level of 
cholesterol, triglyceride, LDL, VLDL and decreased level of HDL as compared 
with AFB1-induced group of mice. No detectable changes were observed in C. 
roseus treated control group of mice when compared to normal control group.

Fig. 2 Values of results are expressed as Mean ± SD for six mice. aP < 0.05 compared with control 
group of mice. bP < 0.05 compared with AFB1-induced group of mice, AST, ALT and ALP
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8.3  Case Study III

Effect of methanolic leaf extract of C. roseus and AFB1 on liver enzymatic antioxi-
dants (Fig. 4)

The levels of superoxide dismutase (SOD), catalase (CAT), glutathione peroxi-
dase (GPx), glutathione-S-transferase (GST), and glutathione reductase (Gr) were 
significantly decreased (P < 0.001) in AFB1-induced group when compared to the 
control. Treatment with C. roseus extract recovered these decreased enzyme activi-
ties produced by AFB1 towards normalization compared with AFB1-induced group. 
No significant changes were observed in C. roseus alone treated group of mice.

9  Conclusion

Aflatoxins are very important because the contamination of aflatoxin poses serious 
problems in public health, agriculture, and economic aspects. Antifungal chemicals 
and pesticides have been used for preservation of stored grains. Because of health 
and economic considerations, natural plant products may be replaced by toxic 
chemicals and provide an alternative method to protect from AFB1 contaminations. 

Fig. 3 Values of results are expressed as Mean ± SD for six mice. aP < 0.05 compared with control 
group of mice. bP  <  0.05 compared with AFB1-induced group of mice, LDL  =  (Total choles-
terol)—(HDL Cholesterol)—(Triglyceride/5), LDL cholesterol levels were expressed as mg/dl 
serum, VLDL = Triglycerides/5
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Many studies have confirmed the potentials of C. roseus for the degradation of 
AFB1 contamination and the protection of hepatocellular carcinoma. The methano-
lic fraction of C. roseus leaf extracts showed positive results for the protection of 
HCC induced by AFB1. Recently, more research has been focused on the role of 
alkaloids and flavonoids in cancer prevention because epidemiological investiga-
tions suggested that increased intake of fruits and vegetables are associated with the 
reduced risk of certain cancers.
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Potential of Catharanthus roseus (L.) 
in Phytoremediation of Heavy Metals

V. Subhashini and A.V.V.S. Swamy

Abstract Phytoremediation is an environmental-friendly technology that exploits 
a plant’s ability to remove contaminants for pollution prevention, control, and reme-
diation from the environment. Plants are unique organisms equipped with remark-
able metabolic and absorption capabilities as well as transport systems that can take 
up nutrients or contaminants selectively from the growth matrix, soil, or water. Plant 
species selection is a critical management decision for phytoremediation. 
Biosolutions are the best tools for all types of pollutions in future. Phytoremediation 
is one of the promising biosolutions for soil pollution. The earlier studies emphasize 
need for selecting more and more species for reclamation of soil quality through 
phytoremediation. The present study is an attempt to test the potential of the 
Catharanthus roseus species in the removal of heavy metals from the soil. The aim 
of the present study was to evaluate the metal accumulation capacity of the selected 
plant species. The heavy metals (lead, nickel, zinc, cadmium, and chromium) were 
used. Aqueous solutions of these metals added to the plant samples on alternate 
days for 60 days (2 months). After every 20 days, plant samples were collected from 
each pot, then dried in a hot air oven and powdered by a mortar and pestle. About 
1 g of the powder from each part of the sample was taken for metal analysis by AAS. 
Catharanthus roseus was found to be a good accumulator of lead, nickel, zinc, cad-
mium and chromium. On consolidation of the results obtained the species can be 
recommended for the phytoextraction of lead, nickel, zinc, cadmium, and chro-
mium contaminated soils.

Keywords Heavy metals • Phytoremediation • Bioconcentration factor  
• Translocation factor

V. Subhashini (*) • A.V.V.S. Swamy (*)
Department of Environmental Sciences, Acharya Nagarjuna University,  
Nagarjuna Nagar, Guntur, 522510 Andhra Pradesh, India
e-mail: subhashini2009@yahoo.com; arzavvsswamy1962@gmail.com

mailto:subhashini2009@yahoo.com
mailto:arzavvsswamy1962@gmail.com


350

1  Introduction

Heavy metal pollution in environment is mainly of anthropogenic origin and 
results from activities such as fossil fuels, vehicular emissions, industrial emis-
sions, landfill leachates, fertilizers, sewage, and municipal wastes. As a conse-
quence of the contamination from increasing mining and smelting activity, as well 
as excessive fertilizer application and wastewater irrigation in agriculture, emis-
sions from the rapidly expanding industrial areas, mine tailings, disposal of high 
metal wastes, leaded gasoline and paints, land application of sewage sludge, pes-
ticides, wastewater irrigation, coal combustion residues, spillage of petrochemi-
cals and atmospheric deposition and heavy metal pollution of soils is becoming a 
more serious problem worldwide. (Nriagu 1979; Ensley 2000; McIntyre 2001; Bu 
Olayan and Thomas 2009; Kord et al. 2010; Zhang et al. 2010; Sekabira et al. 
2011). All compartments of the biosphere are polluted by a variety of inorganic 
and organic pollutants as a result of anthropogenic activities and altered the nor-
mal biogeochemical cycling (Prasad 2003). Estimates suggested that plants can 
remove between 180 and 530  kg/ha of lead per year (Huang and Cunningham 
1996; Blaylock et  al. 1997), making remediation of sites contaminated up to 
2500 mg/kg of lead possible in less than 10 years. Over recent decades, an annual 
worldwide release of heavy metals reached 22,000  t (metric ton) for cadmium, 
939,000  t for copper, 783,000  t for lead, and 1,350,000  t for zinc (Chowdhury 
et al. 2015).

Phytoremediation technique is defined as the use of green plants to remove pol-
lutants from the environment or to render them harmless (Raskin et  al. 1994; 
Cunningham et  al. 1995). Phytoremediation is a cost-effective plant-based 
approach of remediation that takes advantage of the ability of plants to concentrate 
elements and compounds from the environment and to metabolize various mole-
cules in their tissues. Phytoremediation involves growing plants in a contaminated 
matrix, for a required growth period to remove contaminants from the matrix or 
facilitate immobilization or degradation (detoxification) of the pollutants. The 
plants can be subsequently harvested, processed, and disposed off in an environ-
mentally sound manner. The mechanisms of phytoremediation involved in heavy 
metal remediation are limited to uptake, adsorption, transport and translocation, 
sequestration into vacuoles, hyperaccumulation and in some cases, volatilization 
(Salt et al. 1995; Meagher 2000).

A range of processes mediated by plants or algae are useful in treating environ-
mental problems (Wang et al. 2006; Oh et al. 2013) are as follows:

• Phytosequestration—phytochemical complexation in the root zone, reduce the 
fraction of the contaminant that is bioavailable. Vacuolar storage in the root cells: 
contaminants can be sequestered into the vacuoles of root cells.

• Phytoextraction—uptake and concentration of substances from the environment 
into the plant biomass.

• Phytostabilization—reducing the mobility of substances in the environment, for 
example, by limiting the leaching of substances from the soil.
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• Phytotransformation—chemical modification of environmental substances as a 
direct result of plant metabolism, often resulting in their inactivation, degrada-
tion (phytodegradation), or immobilization.

• Phytostimulation—enhancement of soil microbial activity for the degradation of 
contaminants, typically by organisms that associate with roots. This process is 
also known as rhizosphere degradation.

• Phytovolatilization—removal of substances from soil or water with release into 
the air, sometimes as a result of phytotransformation to more volatile and/or less 
polluting substances.

• Rhizofiltration—filtering water through a mass of roots to remove toxic sub-
stances or excess nutrients. The pollutants remain absorbed in or adsorbed to the 
roots.

Some important criteria involved in selection of plant species for phytoremedia-
tion are:

• The levels of tolerance with respect to metal known to exist at the site
• The level of adequacy of accumulation, translocation, and uptake potential of 

metals
• High growth rate and biomass yield
• Tolerance to water logging and extreme drought conditions
• Availability, habitat preference, e.g., terrestrial, aquatic, and semiaquatic, of the 

plants
• Tolerance to high pH and salinity

Natural sensitivity or tolerance of plants to accumulate metals is substantially 
affected by plant species and genotypes. In this context, plants can be divided into 
three groups.

 1. Excluders: plants insensitive for uptake and accumulation of potentially toxic 
elements.

 2. Indicators: majority of agricultural plants whose content of elements more or 
less linearly responds to increasing available content of trace elements in soil.

 3. Accumulators: plants accumulating higher contents of elements in their tissues 
according to their increase in the soil. Hyper accumulators (extreme accumula-
tors) plants can even prosper on contaminated soils and accumulate extremely 
high contents of trace elements in aboveground biomass (Baker 1987).

Heavy metals cannot be metabolized; only possible strategy to apply is their 
extraction from contaminated soil and transfer to the smaller volume of harvestable 
plants for their disposal (Padmavathiamma and Li 2007). Metals like Cadmium 
(Cd), Lead (Pb), Zinc (Zn), and Chromium (Cr) when present in high concentra-
tions in soil exert potential toxic effects on overall growth and metabolism of plants 
and bioaccumulation of such toxic metals in the plant poses a risk to human and 
animal health. Heavy metal toxicity in plants is stunted growth, leaf chlorosis, and 
alteration in the activity of many key enzymes of various metabolic pathways. 
Heavy metals are toxic because they cause DNA damage and carcinogenic effects 
in animals and humans are probably caused by their mutagenic ability (Agarwal and 
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Sharma 2006; Arduini et al. 1996; Di Toppi and Gabrielli 1999; Knasmuller et al. 
1998; Majer et al. 2002). Additionally, Abutilon indicum, Catharanthus roseus, and 
Canna indica species were tested for their ability of phytoextraction of Pb, Cd, and 
Cr from the contaminated soils. The experiments revealed that Abutilon indicum 
was a good accumulator of chromium, Catharanthus roseus was good accumulator 
of lead and chromium and Canna indica was good accumulator of chromium. The 
plant species was recommended for phytoextraction of lead and chromium contami-
nated soils (Subhashini and Swamy 2015).

2  Materials and Methods

The present study on “Potential of Catharanthus roseus in Phytoremediation of 
Heavy Metals” has been carried out during 2012–2014. Catharanthus roseus was 
selected for the present study to examine the potential to absorb the heavy metals 
from the soil and accumulate them in the above-ground and below-ground biomass. 
The plant species was affluent and native to the study area, i.e., Guntur District. The 
criteria followed for selection of species was their biomass, commonness, and toler-
ance to adverse climatic conditions (Fig. 1).

Systematic 
Position:

Kingdom: Plantae 
(Angiosperms, 
Eudicots, Asterids)

Order: Gentianales
Family: Apocynaceae
Genus: Catharanthus

Species: roseus

Binomial Name: Catharanthus roseus

Catharanthus roseus (Periwinkle) is a species of Catharanthus native to 
Madagascar. Synonyms include Vinca rosea (the basionym), Ammocallis rosea, 
and Lochnera rosea; other English names occasionally used include Cape 

Fig. 1 Plant and parts of Catharanthus roseus (L.) G. Don
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Periwinkle, Rose Periwinkle, Rosy Periwinkle, and “Old-maid”. It is also 
widely cultivated and is naturalized in subtropical and tropical areas of the 
world. It is an evergreen sub- shrub or herbaceous plant. The leaves are oval to 
oblong, 2.5–9 cm long and 1–3.5 cm broad, glossy green, hairless, with a pale 
midrib and a short petiole 1–1.8 cm long; they are arranged in opposite pairs. 
The flowers are white to dark pink with a darker red center. The fruit is a pair of 
follicles 2–4 cm long and 3 mm broad. The species has long been cultivated for 
herbal medicine and as an ornamental plant. In traditional Chinese medicine, 
extracts from it have been used to treat numerous diseases, including diabetes, 
malaria, and Hodgkin’s disease. The substances vinblastine and vincristine 
extracted from the plant are used in the treatment of leukemia. Its alkaloids are 
hypotensive, sedative, and have tranquilizing properties and are anticancerous. 
It helps in relieving muscle pain, depression of central nervous system, and 
wasps stings. As an ornamental plant, it is appreciated for its hardiness in dry 
and nutritionally deficient conditions, popular in subtropical gardens. It is noted 
for its long flowering period, throughout the year in tropical conditions. 
Numerous cultivars have been selected, for variation in flower color (white, 
mauve, peach, scarlet, and reddish-orange), and also for tolerance of cooler 
growing conditions in temperate regions (Gamble 2008).

2.1  Selection of Plants for Experiment

The seedlings of the plants were selected from the vicinity of Acharya Nagarjuna 
University. Care was taken to select the seedlings of uniform size and devoid of 
any symptoms of disease. Ten seedlings were taken in each experimental pot. Ten 
such pots were taken in each experimental plant. Ten such pots were taken as one 
set. Out of the 12 such sets, two sets were considered as control (without addition 
of heavy metal solutions). Of the remaining 10 sets, two sets were used for each 
heavy metal. From these pots three harvests, i.e., on 20th day, 40th day, and 60th 
day, were taken for estimation of heavy metal accumulation in different parts of 
the plants such as leaves, stems and roots. The experimental pots were watered at 
regular intervals. For all control pots, only water without heavy metal was admin-
istered. Standard heavy metal solutions (1000 ppm) of Pb, Ni, Zn, Cd, and Cr 
were purchased from MERCK.  These standard solutions were used as stock 
 solution, from which 5 ppm diluted heavy metal working solutions were prepared 
by taking aliquots of stock solution. While administering heavy metal laden water, 
care was taken to prevent leaching from the pot. The alternate day water schedule 
was followed to prevent water logging condition in the pots. After every 20 days, 
plant samples were collected from each pot then dried in a hot air oven and 
 powdered by a mortar and pestle.
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2.2  Preparation of Samples for Wet Digestion

The powdered samples were subjected to acid digestion. Samples (1 g) of each part 
(leaves, stems, and roots) of the plant were weighed in digestion flasks and treated 
with 5 mL of concentrated HNO3. One gram of the powdered plant material were 
weighed in separate digestion flasks and digested with HNO3 and HCl in the ratio of 
3:1. A blank sample was prepared applying 5 mL of HNO3 into empty digestion 
flask. The digestion on hot plate at 110 °C for 3–4 h or continued till a clean solution 
was obtained. After cooling, the solution was filtered with Whatman NO. 42 filter 
paper. After filtering with Whatman No. 42 filter paper, the filtrate was analyzed for 
the metal contents in AAS.

2.3  Calculation of Bioconcentration Factor (BCF) 
and Translocation Factor (TF)

Heavy metals are currently of much environmental concern. They are harmful to 
humans, animals, and tend to bioaccumulate in the food chain. Phytoremediation is 
one of the promising methods for reclamation of soils contaminated with toxic met-
als by using hyper accumulator plants (Baker et al. 2000; Ghosh and Singh 2005; 
Lazaro et al. 2006). Under normal growing conditions, plants can potentially accu-
mulate certain metal ions an order of magnitude greater than the surrounding 
medium (Kim et al. 2003).

2.4  Bioconcentration Factor (BCF)

Metal concentrations in plants vary with plant species. The concentration, transfer, 
and accumulation of metals from soil to roots and shoots was evaluated in terms of 
Biological Concentration Factor (BCF) and Translocation Factor (TF). Biological 
Concentration Factor (BCF) was calculated as metal concentration ratio of plant 
roots to soil (Yoon et al. 2006). The Bioconcentration Factor (BCF) of metals was 
used to determine the quantity of heavy metal absorbed by the plant from the soil. 
This is an index of the ability of the plant to accumulate a particular metal with 
respect to its concentration in the soil (Ghosh and Singh 2005).

2.5  Translocation Factor (TF)

Translocation Factor (TF) was described as ratio of heavy metals in plant shoot to 
that in plant root (Cui et al. 2007; Li et al. 2007). To evaluate the potential of the 
species for phytoextraction, the Translocation Factor (TF) was calculated. This ratio 
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is an indication of the ability of the plant to translocate metals from the roots to the 
aerial parts of the plant. Metals that are accumulated by plants and largely stored in 
the roots of plants are indicated by TF values <1, with values greater indicating 
translocation to the aerial part of the plant (Yoon et al. 2006).

3  Results

3.1  Accumulation of Heavy Metals in Catharanthus roseus

3.1.1  Lead

Catharanthus roseus absorbed lead through root system in high quantities by 20th 
day itself, and the lead was translocated in a slow manner throughout the remaining 
period of experimentation. As a result by the 60th day, only 50% of the absorbed 
lead was translocated to stem and leaves. There was lowest accumulation in leaves 
(0.92 mg/kg) and highest in roots (67.33 mg/kg) with a total accumulation of lead 
(77.05 mg/kg) in the whole plant (Table 1). The results of lead accumulation in 
Catharanthus roseus during the experimental period revealed that the rate of trans-
location was meager (Fig. 2).

3.1.2  Nickel

Nickel accumulation in Catharanthus roseus was initially higher in stem followed 
by roots. The nickel accumulation was consistent in leaves from the beginning of 
the experiment. However, the 60th day the accumulation in roots increased by mani-
fold and reached the highest followed by stem and leaves in that order (Table 2). Out 
of the 47.75 mg/kg of nickel accumulated in plants 20.63 mg/kg was retained in the 
roots, 16.63 mg/kg of nickel was accumulated in stem, and 10.49 mg/kg in leaves. 
Two thirds of the nickel remained in roots and stem. The results revealed that 
Catharanthus roseus is a good accumulator of nickel (Fig. 3).

Table 1 Accumulation of lead (mg/kg biomass) in different plant parts of Catharanthus roseus 
during the experimental period

Plant part Control 20th day 40th day 60th day
Total 
accumulation

Leaf 24.03 ± 0.41 24.53 ± 0.15 24.5 ± 0.15 24.95 ± 0.08 0.92
Stem 60.69 ± 0.16 67.31 ± 0.18 68.09 ± 0.08 69.49 ± 0.17 8.79
Root 21.47 ± 0.17 84.32 ± 0.15 88.74 ± 0.07 88.81 ± 0.16 67.33
Total 
accumulation

106.19 176.16 181.33 183.25 77.05

Potential of Catharanthus roseus (L.) in Phytoremediation of Heavy Metals
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3.1.3  Zinc

The initial concentration of zinc was maximum in stem compared to roots and 
leaves. The increase of accumulation in roots and stem was consistent throughout 
the experimental period. However, from 40 to 60 day interval, the concentration of 
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Fig. 2 Accumulation of lead in Catharanthus roseus during the experimental period

Table 2 Accumulation of nickel (mg/kg biomass) in different plant parts of Catharanthus roseus 
during the experimental period

Plant part Control 20th day 40th day 60th day
Total 
accumulation

Leaf 2.09 ± 0.18 3.87 ± 0.15 6.18 ± 0.17 12.58 ± 0.08 10.49
Stem 5.39 ± 0.49 9 ± 0.17 9.21 ± 0.08 22.02 ± 0.17 16.63
Root 4.65 ± 0.16 5.94 ± 0.14 7.41 ± 0.07 25.28 ± 0.18 20.63
Total 
accumulation

12.12 18.82 22.8 59.87 47.75
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Fig. 3 Accumulation of nickel (mg/kg) in Catharanthus roseus during the experimental period
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zinc increased to 88.44 mg/kg (from 46.99 mg/kg) in leaves. The accumulation in 
stem also increased from 81.66 to 94.68 mg/kg in stem. Overall, leaves recorded the 
highest accumulation of zinc followed by roots and stem (Table 3). The highest 
accumulation of zinc in leaves leaving low quantities of zinc in stem and roots 
reveal that maximum quantity of zinc is translocated up to leaves. Out of the total 
67.60 mg/Kg of zinc absorbed, 9.93 mg/kg was translocated to root, 9.85 mg/kg to 
stem, and 47.82 mg/kg to leaves. The results revealed that Catharanthus roseus is a 
good accumulator of zinc (Fig. 4).

3.1.4  Cadmium

The concentrations of cadmium were very low in the initial stage. The accumulation 
of cadmium was the highest in the stem (13.17 mg/kg) followed by leaves (11.03 mg/
kg) and the lowest in roots (3.25 mg/kg). The overall rate of accumulation in leaves, 
stem, and roots increased and consistently up to 40th day, and there was a sudden 
increase from 40 to 60th day. The results revealed that as the plant continued to 
grow the absorption of cadmium also increased but the cadmium absorbed by roots 
was completely translocated to stem and leaves. Out of the total accumulated 

Table 3 Accumulation of zinc (mg/kg biomass) in different plant parts of Catharanthus roseus 
during the experimental period

Plant Part Control 20th day 40th day 60th day
Total 
accumulation

Leaf 40.62 ± 0.18 46.03 ± 0.15 46.99 ± 0.18 88.44 ± 0.09 47.82
Stem 84.83 ± 0.16 79.53 ± 0.17 81.66 ± 0.08 94.68 ± 0.17 9.85
Root 78.05 ± 0.15 87.79 ± 0.14 87.86 ± 0.07 87.98 ± 0.16 9.93
Total 
accumulation

203.5 213.35 216.51 271.1 67.60

200

250

300

150

100

50

Control
Experimental days

C
on

ce
nt

ra
ti
on

 (
m

g/
kg

)

20th Day 40th Day 60th Day Total accumulation

LEAF

STEM

ROOT

TOTAL
ACCUMULATION

0

Fig. 4 Accumulation of zinc (mg/kg) in Catharanthus roseus during the experimental period
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27.45 mg/kg of cadmium roots retained only 3.25 mg/kg, and the remaining was 
translocated to stem (13.17 mg/kg) and leaves (11.03 mg/kg) (Table 4) (Fig. 5).

3.1.5  Chromium

Catharanthus roseus is a good accumulator of chromium. From the experiments 
conducted it is recorded that the roots have accumulated the highest chromium con-
tent (6.7–36.73  mg/kg), and then the absorption of chromium was consistent 
throughout. The accumulation in stem was very less compared to leaves and roots. 
Chromium accumulation in leaves was doubled from 20th to 40th day and threefold 
for 40th day to 60th day finally resulting in the highest accumulation of chromium 
in leaves followed by roots and stem, in that order (Table 5) (Fig. 6).

Catharanthus roseus showed a differential tendency of accumulation of differ-
ent metals. The leaves have accumulated the lowest quantities of lead and nickel 
while zinc accumulated in the highest quantities (47.82  mg/kg) in leaves. The 
leaves showed a wide variation in affinity of accumulation, i.e., from 0.92 mg/kg 
of lead to 47.82 mg/kg of zinc. The total accumulation of metals showed a moderate 
range, the lowest being cadmium (27.44 mg/kg) followed by nickel (47.75 mg/kg), 
zinc (67.61  mg/kg), chromium (69.31  mg/kg), and lead (77.05  mg/kg) in the 
ascending order. Among the three plant parts, roots showed the highest accumulation 

Table 4 Accumulation of cadmium (mg/kg) in different plant parts of Catharanthus roseus during 
the experimental period

Plant Part Control 20th day 40th day 60th day
Total 
accumulation

Leaf 0.13 ± 0.18 0.97 ± 0.14 1.85 ± 0.16 11.16 ± 0.08 11.03
Stem 0.56 ± 0.16 0.79 ± 0.18 2.46 ± 0.08 13.73 ± 0.17 13.17
Root 0.84 ± 0.15 3.37 ± 0.19 3.81 ± 0.06 4.09 ± 0.18 3.25
Total 
accumulation

1.53 5.13 8.12 28.98 27.45
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Fig. 5 Accumulation of cadmium (mg/kg) in Catharanthus roseus during the experimental period
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of lead and nickel, while stem accumulated the highest quantities of cadmium, and 
no other metal accumulated in the highest quantity in stem compared with leaves 
and roots. Lead showed a very slow increase in leaves and stem from 20 to 40 and 
40 to 60 while the roots showed a faster accumulation of lead during the first 
20 days and then on the accumulation slowed down. Also it was evident most of 
the lead absorbed remained in the roots itself and the translocation was very poor. 
The strong root system and considerable biomass of the root system are favoring 
the accumulation of lead. C. roseus could well tolerate low amounts of chromium 
(and accumulate it to about 22% in leaves) and might, thus, prove useful in the 
reclamation and remediation of chromium contaminated soil and land (Ahmad and 
Mishra 2014) (Table 6).

Phytoextraction ensure elimination of the metal from the soil, as the plant absorbs 
the metals and store them in the roots, stem, and leaves. Phytostabilization ensures 
adsorption metals on roots, concentration or agglomeration or precipitation of 
 metals in rhizosphere. Zinc and chromium was highly accumulated in leaves 
of Catharanthus roseus. Nickel and cadmium was highly accumulated in the stem of 
Catharanthus roseus. Lead was highly accumulated in roots of Catharanthus roseus. 
The TF value increases with increasing ability of the plant to translocate metals to 
stem and leaves. Thus, the plants showing high BCF and TF values (greater than one) 

Table 5 Accumulation of chromium (mg/kg) in Catharanthus roseus during the experimental 
period

Plant part Control 20th day 40th day 60th day
Total 
accumulation

Leaf 5.4 ± 0.18 6.52 ± 0.15 12.15 ± 0.16 37.13 ± 0.09 31.72
Stem 13.57 ± 0.16 19.49 ± 0.18 19.81 ± 0.08 20.27 ± 0.17 6.7
Root 6.07 ± 0.15 36.73 ± 0.14 36.57 ± 0.07 36.96 ± 0.16 30.89
Total 
accumulation

25.04 62.74 68.53 94.36 69.31
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Fig. 6 Accumulation of chromium in Catharanthus roseus during the experimental period
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are suitable for phytoextraction. While the plants showing TF value less than one can 
be used for phytostabilization. In the present study, the plants have shown varied 
BCF and TF values for each metal. Catharanthus roseus exhibited the highest BCF 
values for lead, nickel, zinc, cadmium, and chromium. Lead, bioconcentration factor 
(BCF) for the selected plant was >1 while the translocation factor (TF) value was <1 
and hence the species was useful for phytostabilization. Catharanthus roseus was 
good accumulator of lead, nickel, zinc, cadmium, and chromium. On consolidation 
of the results obtained, the species can be recommended for the phytoextraction of 
lead, nickel, zinc, cadmium, and chromium contaminated soils.

The uptake of radionuclide-137 Cs, bioaccumulation in the shoot via the active 
transport from the root, shows the high efficiency and potentiality of C. roseus for 
the remediation of radionuclide. The bioaccumulation of 137 Cs in the shoot will 
remediate the radionuclide contamination from LLNW. C. roseus can also be made 
applicable for effective remediation of radionuclides present in the LLNW (phy-
toremediation of 137 Cs from low level nuclear waste using Catharanthus roseus 
(Fulekar et al. 2010). Misra and Gupta (2006) and Srivastava and Srivastava (2010) 
have evaluated the phytoremediation potential of C. roseus and study the effect of 
Cr stress on growth characteristics and alkaloid content of C. roseus and observed 
the production of over 100 alkaloids including vincristine, vinblastine, ajmaline, 
ajmalicine, and serpentine which are extremely important. Pandey et al. (2010) have 
studied the impact of cadmium and lead on C. roseus. Zheng and Wu (2004) have 
reported that cadmium treatment enhanced the production of alkaloid and second-
ary metabolites in C. roseus. It is known that under stress condition plants generally 
shift a major portion of their metabolic activities towards secondary metabolite 
synthesis, so an increase in alkaloid content was expected. In the present study, the 
total accumulation of metals showed a moderate range, the lowest being cadmium 
followed by Ni, Zi, Cr, and lead in that ascending order. Among the three plant parts 
root showed the highest accumulation of lead and nickel, while stem accumulated 
the highest quantities of Cd and no other metal accumulated in the highest quantity 
in stem compared with leaves and stem.

Huang and Cunningham (1996) and Blaylock et al. (1997) found that plants can 
remove between 180 and 530 kg/ha of Pb/year, making remediation of sites con-
taminated with up to 2500 mg/kg possible in fewer than 10 years. The highest BCF 
was recorded in soil polluted with 10 ppm Pb. This may be due to the fact that at 
moderately low concentration of lead in soil, plants tend to accumulate more metals 
than higher concentrations (Benzarti et al. 2008) while the lowest was recorded in 
soil polluted with 25  ppm. In the experimental plant Catharanthus roseus, BCF 

Table 6 Bioconcentration 
factor (BCF) and 
translocation factor (TF) of 
heavy metals in the 
experimental plant 
Catharanthus roseus

Metal Bioconcentration factor Translocation factor

Pb 8.13 0.15
Ni 5.66 1.31
Zn 5.17 5.8
Cd 74.99 7.43
Cr 5.1 1.24
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values of lead are >1 and TF values <1 are useful for phytostabilization, the species 
recommended for phytostabilization of lead contaminated soils C. roseus exhibited 
the highest BCF value and TF value for nickel. The plant species have good poten-
tial for phytoremediation of nickel contaminated soils. The chromium accumulation 
was the highest in leaves than stem and roots.

The ability of a plant to accumulate metals from contaminated soils was evalu-
ated by the BCF, according to studies of Yadav et al. (2009). This study assumed that 
plants with BCF values >1 are accumulators, while plants with BCF values <1 are 
excluders (Baker 1981). Additionally, plants were classified as potential hyper accu-
mulators if the BCF values were >10 (Ma et al. 2001). The present study has shown 
BCF values >1 for zinc, the species are potential species to be used for phytoextrac-
tion. The BCF and TF values for cadmium were >1 the study revealed that C. roseus 
was useful for phytoextraction of chromium. The function of zinc is to help a plant 
to produce chlorophyll. Leaves get discolored when the soil is deficient in zinc and 
plant growth is stunted (Kumar 1984). Zinc deficiency causes leaf discoloration 
called chlorosis tissue of the veins to turn yellow. Chlorosis by zinc deficiency 
usually affects the base of the leaf near the stem. Excess Zn can also give rise to 
manganese (Mn) and copper (Cu) deficiencies in plant shoots. Such deficiencies 
have been ascribed to a hindered transfer of these micronutrients from root to shoot. 
This hindrance is based on the fact that the Fe and Mn concentrations in plants 
grown in Zn-rich media are greater in the root than in the shoot (Ebbs and Kochian 
1997). The BCF and TF values of C. roseus for chromium was >1, have good potential 
to be used as phytoextractor of chromium. The accumulation of zinc was the highest 
in the leaves of C. roseus. The accumulation in leaves was the highest followed by 
root and stem. In the experimental plant, nickel was highly accumulated in roots 
followed by stem and leaves.

Catharanthus roseus was good accumulator of lead, nickel, zinc, and chro-
mium. The species can be recommended for the phytoextraction of lead, nickel, 
zinc, and chromium contaminated soils. Ni concentration is increasing in certain 
areas by human activities such as mining works, emission of smelters, burning of 
coal and oil, sewage, phosphate fertilizers, and pesticides (Gimeno Gatcia et al. 
1996). Excess of Ni in soil causes various physiological alterations and diverse 
toxicity symptoms such as chlorosis and necrosis in different plant species, 
including rice (Zornoza et al. 1999; Rahman et al. 2005). In the present investi-
gation, the Phytoremediation potential of C. roseus as evinced by its bioaccumu-
lation coefficient (BAC) with respect to chromium, as well as the status and 
developmental activity profiles of enzymes POD and GST in leaves of plants 
grown in sludge amended soil were determined and evaluated. The ability of 
phytoremediation has commonly been characterized by a TF (Baker 1987; 
Kabata-Pendias and Pendias 1992; Yoon et al. 2006) which is defined as the ratio 
of the metal concentration in the shoots to that in the roots. Plants with TF values 
>1 are classified as high- efficiency plants for metal translocation from the roots 
to shoots (Ma et al. 2001).

Soil pH is a major factor influencing the availability of elements in the soil for 
plant uptake (Marschner 1995). Under acidic conditions, H+ ions displace metal 
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cations from the cation exchange complex (CEC) of soil components and cause 
metals to be released from sesquioxides and variable-charged clays to which they 
have been chemisorbed (McBride 1994). The retention of metals to soil organic 
matter is also weaker at low pH, resulting in more available metal in the soil solu-
tion for root absorption. Many metal cations are more soluble and available in the 
soil solution at low pH (below 5.5) including Cd, Cu, Hg, Ni, Pb, and Zn (McBride 
1994; Blaylock and Huang 2000).

The accumulation of metal ions by root systems is a key function in terrestrial 
plants, which exhibit extensive ramifications through soil. Distribution of heavy 
metals in plant body depends upon availability and concentration of heavy metals as 
well as particular plant species and its population. For instance, roots usually show 
higher heavy metal concentration than shoots because they are the origin, which 
comes into contact with the toxic metals present in the soil (Breckle 1991).

4  Conclusions

Phytoremediation is defined as “the efficient use of plants to remove, detoxify or 
immobilize environmental contaminants in a growth matrix (soil, water, or sediments) 
through the natural biological, chemical, or physical activities and processes of the 
plants.”. Plants are unique organisms equipped with remarkable metabolic and 
absorption capabilities, as well as transport systems that can take up nutrients or 
contaminants selectively from the growth matrix, soil, or water. The plants can be 
subsequently harvested, processed, and disposed. Many studies have reported the 
application of these technologies for the removal of metals such as lead, nickel, 
selenium, zinc, cadmium, chromium, arsenic, and manganese from the contami-
nated sites. The aim of the present study was to evaluate the metal accumulation 
capacity of the C. roseus. Aqueous solutions of the (lead, nickel, zinc, cadmium, 
and chromium) metals added to the plant samples, about 60 days (2 months). 
The species can be recommended for the phytoextraction of Pb, Ni, Zn, Cd, and Cr 
contaminated soils.
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Abstract Cancer has taken millions of lives in the passing decade alarming the 
scientists to urgently design the magic bullets for this jeopardy. Catharanthus roseus 
(L.) G. Don reportedly emerged as a remedy to this problem contributing, medicinal 
system, two of its paramount anticancer alkaloid constituents, vincristine and vin-
blastine. Recently, a new agro-technique has been evolved in which gamma- 
irradiated natural polysaccharides (e.g., alginate, carrageenan, and chitosan) are 
degraded into oligomers. When these oligomers are applied through foliar applica-
tion to the plants, it proves as potent plant promoter. On the other hand, for quality 
soil structure, polyacrylamide (PAM) is used whose application to the soil contrib-
utes a great deal in terms of stability to soil and increased water holding capacity. 
A pot experiment was conducted to study the effect of soil-applied polyacrylamide 
(PAM) and irradiated sodium alginate (ISA) alone or in combination on C. roseus. 
The plants were harvested at 90 days after transplanting (DAP). Of the six treat-
ments [(i) water sprayed control (Treatment 1), (ii) un-irradiated sodium alginate 
(UISA) (Treatment 2), (iii) irradiated sodium alginate (ISA) (Treatment 3), (iv) 
PAM (Treatment 4), (v) UISA + PAM (Treatment 5), and (vi) ISA + PAM (Treatment 
6)] increased the values of most of the parameters significantly including fresh and 
dry weights of plants, contents of nitrogen, phosphorus and potassium, chlorophyll 
and carotenoids content, and activities of carbonic anhydrase and nitrate reductase 
in the leaves. The combined application of ISA + PAM also increased total content 
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and yield of leaf alkaloid by 14.1% and by 40.2% over the respective controls. 
Conclusively, the technique seems economically and ergonomically successful in 
increasing the expensive alkaloid production of C. roseus.

Keywords Catharanthus roseus • Alkaloids yield • Enzymes activity • Irradiated 
sodium alginate • Polyacrylamide

1  Introduction

The ongoing research, in the present times, is targeted at the exigency to fortify human 
health at all possible levels, therefore, keeping the diseases at the bay in the global 
context. Cancer, a deadly outbreak, sets the alarm ringing for researchers to take some 
imperative actions against this noxious menace. As per reports of Worldwide Cancer 
2014, an estimated 14.1 million new cases of cancer occurred worldwide while 8.2 
million people died from it during 2012 (Anonymous 2014). The American Cancer 
Society revealed deaths arising from cancer constitute 2–3% of the annual deaths 
worldwide. Plant kingdom exhibits endless biological and chemical diversity which 
eventually proves to be an extraordinary resource for the discovery of new antineo-
plastic drugs. Out of diverse plant species existing on earth, approximately 1000 spe-
cies have anticancer potential (Bibi et  al. 2012). Of the several medicinal plants, 
Catharanthus roseus (L.) G.  Don commonly known as periwinkle, a member of 
Apocyanaceae family manifests the remedy of neoplasm (tumor or cancer) owing to 
its rich alkaloid content. In India, two varieties are commonly known, namely, “Rosea” 
and “Alba.” The “Rosea” variety is reported to be superior over “Alba” in overall 
growth performance and alkaloids production (Idrees et al. 2010). The plant is a rich 
source of alkaloids which are distributed in all parts of the plant mainly in roots and 
leaves. The most important antineoplastic alkaloids, vinblastine and vincristine, are 
mainly present in the leaves, while the antihypertensive alkaloids such as ajmaline, 
serpentine, and reserpine are found in roots (Singh et al. 2000).

Recently, a novel agro-technique where gamma-rays irradiation is employed to 
degrade and lower down the molecular weight of some natural marine polysac-
charides like alginates, chitosan, and carrageenan into small sized oligomers. 
These radiation-processed oligomers proved to be potent plant promoters when 
applied to plants through hydroponics or foliar sprays. Out of several natural poly-
saccharides, sodium alginate is a polysaccharide with its large quantity available 
in nature as structural part of brown algae Sargassum (Anthony et  al. 2007). 
Irradiated sodium alginate (ISA) showed various biological effects on plants 
including enhanced seed germination, shoot elongation, and root growth 
(Yonemoto et al. 1993; Natsume et al. 1994; Hu et al. 2004; Idrees et al. 2012a; Ali 
et al. 2014). It also acts as the endogenous elicitor to promote the production of 
certain enzymes and plant growth (Akimoto et al. 1999; Khan et al. 2011; Sarfaraz 
et al. 2011; Naeem et al. 2011, 2015a; Aftab et al. 2013, 2016; Idrees et al. 2016). 
Besides, ISA has been reported to enhance the production of alkaloids and essen-
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tial oil in opium poppy, lemongrass and periwinkle, respectively (Khan et al. 2011; 
Idrees et al. 2011, 2014; Naeem et al. 2015b).

Polyacrylamide (PAM), on the other hand, is a well-known soil conditioner 
found to improve the soil environment. It is grouped in a class of compounds formed 
by the polymerization of acrylamide (Barvenik 1994). The PAM application 
improves physical soil parameters such as hydraulic properties, infiltration rate, 
aeration, root penetration, and aggregate stability, thereby boosting up the plant 
establishment and growth rate (Flanagan et  al. 2002; Hayat and Ali 2004; Sojka 
et  al. 2007; Tümsava and Kara 2011; Keshavarz and Farahbakhsh 2012; Fazeli 
Rostampour et al. 2012; Gharache et al. 2013).

Considering the significance of C. roseus in the modern system of medicine, the 
importance that ISA holds as a plant growth promoter and the soil binding proper-
ties PAM unveil, an attempt was made to raise the cultivation of plants so as to 
amplify the production of its alkaloids on scientific lines. Therefore, a pot experi-
ment was conducted to study the effect of ISA and PAM alone or in combination 
and to test whether any of them could accentuate the growth characteristics, physi-
ological and biochemical parameters, and the content of alkaloids of periwinkle.

2  Materials and Methods

2.1  Chemicals

Sodium alginate was purchased from Sigma-Aldrich, USA. Polyacrylamide (PAM) 
was purchased from Wallace Laboratories, 365 Coral Circle, El Segundo, CA, USA.

2.2  Scanning Electron Microscopy (SEM) Analysis

The sodium alginate samples were examined for morphological structure using the 
Scanning Electron Microscope (Philips XL 30 ESEM, Jeol, Japan). The samples were 
coated with gold. Scanning electron microscopy and elemental analysis was performed 
for SEM analysis for un-irradiated as well as irradiated sodium alginate powder at the 
University Sophisticated Instrumentation Facility (USIF), Aligarh Muslim University, 
Aligarh, India. The SEM report clearly indicates that the gamma rays degraded the 
sodium alginate molecules by 1/12 to 1/10 times (approximately) (Fig. 1).

2.3  Plant Materials and Growth Conditions

Healthy seedlings of C. roseus cv. “Rosea” were obtained from Jawahar Horticulture 
Park, Aligarh, India. Uniform size of those seedlings were transplanted in earthen 
pots (25 cm diameter and 25 cm height) filled with 5 kg of homogenous mixture of 
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the field soil mixed with cow dung manure in the ratio of 4:1 and one seedling per 
pot was maintained. The soil samples were tested at the Government Soil Testing 
Laboratory, Quarsi Farm, Aligarh. Physicochemical characteristics of the soil were 
as follows: texture—sandy loam, pH (1:2)–6.6, E.C. (1:2)–0.48 m mhos cm−1, avail-
able N, P, and K—98.5, 11.2, and 146.0 mg kg−1 soil, respectively.

2.4  Experimental Design, Growth, and Yield Analyses

A pot experiment was conducted according to simple randomized design in the 
natural conditions of Net-house at the Botany Department, A.M.U., Aligarh, India 
(27° 88′ N latitude, 78° 08′ E longitude, and 187.45 m altitude). Each treatment was 
replicated three times and treatments were applied through soil. Six treatments 
(water sprayed control (Treatment 1), un-irradiated sodium alginate (UISA) 
(Treatment 2), irradiated sodium alginate (ISA) (Treatment 3), PAM (Treatment 4), 
UISA + PAM (Treatment 5), and ISA + PAM (Treatment 6) were applied. UISA and 

Fig. 1 (A) SEM images of 
un-irradiated sodium 
alginate. (B) SEM images 
of irradiated sodium 
alginate with gamma 
radiation
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ISA were given at the rate of 10 mg kg−1 of soil and PAM was given at 40 mg kg−1 
of soil. Standard agricultural practices were adopted during the whole period of 
crop growth and harvesting.

Growth and biochemical attributes of the crop were determined at 90 days after 
transplanting (DAP). Analysis of the crop was performed in terms of growth and 
other physiological attributes and total alkaloid content. At 90 DAP, plants from 
each treated pot were uprooted and washed carefully with tap water to remove all 
adhering foreign particles, then wiped off using blotting sheet and the fresh weights 
of plants were recorded thereafter. The plants were dried at 80 °C for 24 h using a 
hot air oven, and the dry weights of the plants were recorded subsequently. The 
above-ground plant height (shoot length) and root length were measured by meter 
scale. The total number of leaves per plant was counted in all the replicates of each 
treatment and the average leaf area was determined with the help of graph paper.

2.5  Total Chlorophyll and Carotenoids Content

The total chlorophyll content was estimated in fresh leaves collected from each 
pot by Mac Kinney (1941) method. Optical density (OD) was recorded at 645 and 
663 nm wavelength for total chlorophyll content using a spectrophotometer (UV- 
1700 Shimadzu, Japan). Total carotenoids content was estimated by the method of 
Mac Lachlan and Zalik (1963). The OD was recorded at 480 and 510 nm wave-
length. The contents of photosynthetic pigments were expressed as mg  g−1 
FW. The detailed procedure for the estimation of total chlorophyll content and 
total carotenoids content has previously been described by Idrees et al. (2012a) 
and Naeem et al. (2014).

2.6  Activities of Nitrate Reductase (NR) and Carbonic 
Anhydrase (CA)

Nitrate reductase (E.C. 1.7.1.1) activity was estimated by the intact tissue assay 
method developed by Jaworski (1971). The amount of nitrite formed was deter-
mined spectrophotometrically. The OD of the contents was recorded at 540  nm 
using the spectrophotometer. Activity of NR was expressed as nano moles of nitrite 
produced per gram fresh weight leaf tissue per hour nmol NO2

−1 g−1 FW h−1.
The carbonic anhydrase (E.C. 4.2.1.1) activity in the fresh leaves was determined 

using the method described by Dwivedi and Randhawa (1974). The activity of CA 
was expressed as micromoles of CO2 produced per kilogram of fresh leaf tissue per 
second (μmol CO2 kg−1 FW s−1). The detailed procedure for the estimation of activi-
ties of NR and CA can be followed from the previous works of Idrees et al. (2012a) 
and Naeem et al. (2014).
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2.7  Estimation of N, P, and K Contents in Leaves

Leaf samples from each treatment were digested for the estimation of leaf-N, -P, and 
-K contents. The leaves were dried in a hot air oven at 100 °C for 24 h. The dried 
leaves were ground using a mortar and pestle and the leaf powder was sieved. The 
sieved leaf powder was used for the estimation of N, P, and K contents. The oven- 
dried leaf powder (100 mg) was carefully transferred into a digestion tube, to which 
2 mL of AR (analytical reagent) grade concentrated sulfuric acid was added subse-
quently. The aliquot (peroxide-digested material), thus prepared, was used to esti-
mate the percent N, P, and K contents in the leaves on dry weight basis.

2.7.1  Determination of N Content

Leaf-N content was estimated according to method of Lindner (1944) with slight 
modification by Novozamsky et  al. (1983). The dried leaf-powder samples were 
digested with H2SO4 in the digestion tubes using temperature controlled Kjeldahl 
assembly. The OD (optical density) of the solution was recorded at 525 nm using 
the spectrophotometer.

2.7.2  Determination of P Content

The method of Fiske and Subbarow (1925), with slight modification by Rorison 
et al. (1993), was used to estimate the leaf-P content in the peroxide-digested mate-
rial. The OD of the solution was recorded at 620 nm using the spectrophotometer.

2.7.3  Determination of K Content

Leaf-K content was determined according to Hald (1947), in the peroxide-digested 
material by a flame-photometer (Model, C150, AIMIL, India) with the help of emis-
sion spectra using specific filter.

The detailed procedure for the estimation of leaf-N, -P, and -K content can be 
followed from the previous work of Ali et al. (2014).

2.8  Total Alkaloids Content in Leaves

Total alkaloid content was estimated in leaves as described by Afaq and Tajuddin 
(1994). The method for the estimation of total alkaloids content has been described 
in detail by Naeem et al. (2015a). Total alkaloids content in leaves was calculated 
using the following formula:
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Total alkaloid content

WE
%( ) = -

´
WA

WR
100

 

where
WE = weight of empty porcelain dish (g)
WA = weight of porcelain dish after evaporation (g)
WR = weight of the dried powder (g)

2.9  Statistical Analysis

The data were analyzed statistically with SPSS-17 statistical software (SPSS Inc., 
Chicago, IL, USA). Mean values were statistically compared by Duncan’s multiple 
range test (DMRT) at P < 0.05% level.

3  Result

The enhancement in the values for some of the parameters studied due to soil- 
applied ISA and PAM might be considered a valuable observation. Treatment 6 
(ISA + PAM) gave the maximum value for most of the parameters studied. This was 
followed by the Treatment 5 (UISA + PAM). However, the control registered mini-
mum value for most of the studied attributes.

3.1  Growth Attributes

The application of ISA had pronounced effect on various growth parameters. Thus, 
ISA in combination with PAM significantly affected the studied parameters. 
Application of ISA together with PAM gave maximum value for shoot fresh weight 
at 90 DAP.  ISA + PAM recorded 21.7% higher value for shoot fresh weight per 
plant over the control (Table 1). A progressive increase in shoot dry weight was 
noted by the application of ISA combined with PAM. ISA + PAM proved optimum 
and enhanced shoot dry weight by 12.3% over the control. However, the effect of 
ISA alone was significantly similar in increasing shoot dry weight per plant (Table 
1). Treatment 6 (ISA + PAM) also proved the best for fresh and dry weights of root 
exhibiting enhancement of 23.2 and 16.7%, respectively, over the control. The effect 
of ISA combined with PAM was found significant on the shoot length per plant. 
Treatment 6 (ISA + PAM) enhanced shoot length per plant by 25.5% compared to 
the control at 90 DAP (Table 2). Root length per plant was found significantly 
affected by combined application of ISA and PAM. The maximum root length was 
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recorded in ISA  +  PAM treatment, which was 22.0% higher as compared with 
control (Table 2). The effect of ISA + PAM was also found significant on number of 
leaves and leaf area per plant. Treatment 6 (ISA + PAM) enhanced number of leaves 
and leaf area per plant by 28.6 and 21.3%, respectively, as compared with that of the 
control (Table 2).

3.2  Physiological and Biochemical Parameters

ISA in combination with PAM-treated plants had a noteworthy effect on physiologi-
cal and biochemical parameters. The photosynthetic parameters, i.e., total chloro-
phyll and total carotenoids content registered an increase of 28.7 and 21.9%, 
respectively, as compared to the control. The enzymatic activities, i.e., nitrate reduc-
tase (NR) activity and carbonic anhydrase (CA) activity increased by 20.3 and 
20.1% as compared to the control (Fig. 2). Leaf analysis of C. roseus revealed 
that application of ISA and PAM enhanced contents of leaf-N, -P, and -K (Fig. 3). 
Again Treatment 6 proved best and increased the leaf-N content by 15.9% over the 
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Fig. 2 Effect of various doses of ISA and PAM alone or in combination on total chlorophyll con-
tent (A), total carotenoids content (B), nitrate reductase (NR) activity, (C) and carbonic anhydrase 
(CA) activity (D) of Catharanthus roseus L. G. Don recorded at 90 DAP. Bars showing the 
same letter(s) are not significantly different according to Duncan’s multiple range test (P ≤ 0.05). 
Error bars (┬) show standard error
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control (Fig. 3). The ISA + PAM also increased the leaf-P content by 8.0%. As 
compared to the control, leaf-K content, recorded with combination of ISA + PAM, 
was 21.3% higher (Fig. 3).

3.3  Yield Attributes

The leaf-alkaloid content and yield attributes were profoundly affected by the combined 
treatment (ISA + PAM). Treatment 6 ruled out all other treatments registering an 
increase of 14.1% in the total alkaloid content while 40.2% in total alkaloid yield as 
compared to the water sprayed control plants (Fig. 4).

4  Discussion

Growth attributes were found to be significantly affected by the application of ISA 
alone or in combination with PAM. Among various treatments applied, Treatment 6 
(ISA  +  PAM) proved the best for all the growth parameters. The fact that 
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Don recorded at 90 DAP. Bars showing the same letter(s) are not significantly different according 
to Duncan’s multiple range test (P ≤ 0.05). Error bars (┬) show standard error
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combination dose proved the best is logical and could be related to the pertinent soil 
environment provided by PAM which seems to complement the growth promoting 
action of irradiated sodium alginate. Seemingly, PAM provides an impeccable soil 
environment by increasing water retention in the soil and improving the physical soil 
parameters such as hydraulic properties, infiltration rate, aeration, and root penetra-
tion thereby influencing the growth, physiology, and yield of the plant (Martin 1953; 
Azzam 1985; Wallace and Wallace 1986a, b; Danneels et al. 1994; Flanagan et al. 
2002; El-Rehim 2006; Taban and Movahedi Naeini 2006; Sojka et al. 2007; Abedi-
Koupai et  al. 2008). Concurrently, the growth promoting activity of ISA shows 
cumulating effects with PAM and tends to increase the growth attributes maximally 
compared to other treatments. Although abundant reports are available regarding the 
enhanced growth and physiological activity of different plants through foliar applica-
tion of degraded oligomers of sodium alginate, however, scientific literature on soil 
application of ISA is meagre. Takada-Oikawa et  al. (2000) has reported that soil 
application of polysaccharides have stimulating effect on plant’s growth in case of 
Chrysanthemum corondrium. Algam et al. (2010) also reported that chitosan solution 
applied through soil drenching proves ameliorative for tomato plant and increased all 
the growth parameters significantly.

The physiological and biochemical parameters were remarkably enhanced by 
Treatment 6 (ISA + PAM). The depiction of enhanced results is illustrated with 
Figs. 2 and 3. This can be synchronized with the previous records of El-Sayed et al. 
(1991) who reported photosynthetic pigments increased by hydrogel polymer. Since 
photosynthesis depends heavily on nutrient availability (El-Rehim 2006), PAM- 
mediated increased water retention and hence, increased nutrient availability might 
be attributed to the accentuated photosynthesis. Concurrently, ISA plays a critical 
role in enhancing photosynthetic activity which is evident from the previous works 
of Mollah et al. (2009), Khan et al. (2011), Sarfaraz et al. (2011), Aftab et al. (2013), 
and Idrees et al. (2012b).
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(A) and leaf alkaloid yield per plant (B) of Catharanthus roseus L. G. Don recorded at 90 DAP. Bars 
showing the same letter(s) are not significantly different according to Duncan’s multiple range test 
(P ≤ 0.05). Error bars (┬) show standard error

A. Shabbir et al.



377

Leaf analysis of C. roseus revealed the enhanced contents of N, P, and K in leaf 
due to ISA and PAM application (Fig. 3). Nitrogen being a constituent of chloro-
phyll molecule, application of nitrogen markedly promotes the synthesis of chloro-
phyll and other active photosynthetic pigments (Taiz et al. 2014). The positive effect 
of ISA + PAM on chlorophyll content might perhaps be attributed to the ISA + PAM- 
mediated increase in leaf-N content in this study. PAM and ISA individually have 
been reported to facilitate the efficient absorption and subsequent utilization of min-
eral nutrients in plants (El-Rehim 2006; Sarfaraz et  al. 2011; Aftab et  al. 2011). 
However, the combined effect of the applied treatments is worked out for the first 
time and it has encouraging results. Similar enhancement by ISA in leaf-N, -P, and 
-K contents has earlier been reported in various crops (Khan et al. 2011; Sarfaraz 
et al. 2011; Hashmi et al. 2012). PAM, on the other hand, is reported to have analo-
gous results for leaf-N, -P, and -K as presented by deVarennes et al. (1999) in case 
of ryegrass (Lolium perenne) and Liu et al. (2013) in Pinus pinaster.

Carbonic anhydrase finds an active role in photosynthesis, which is evident by 
its presence in all photosynthesizing tissues. It catalyzes the reversible hydration of 
CO2 to carbonic acid, thereby increasing the availability of CO2 to RuBisCO in 
photosynthesis (Badger and Price 1994). Further, a probable reason for the enhance-
ment of CA activity could be the ISA-mediated de novo synthesis of CA, which 
might involve transcription/translation of the genes associated as has been reported 
for other degraded natural polysaccharides (Knowles and Ries 1981). This can be 
corroborated to the findings of Tomoda et al. (1994), Natsume et al. (1994), Kume 
et al. (2002), and Luan et al. (2003), who reported that foliar spray of γ-irradiated 
sodium alginate enhanced the enzyme activities in different plants. Luan et  al. 
(2003) also suggested a key role of γ-irradiated sodium alginate in enhancing the 
biological activity of the plants. The assumption that nitrate reductase is responsi-
ble for assimilation of nitrate and hence protein synthesis denotes that the increase 
in NR activity indicated by the application of γ-irradiated sodium alginate and 
PAM might have exerted a pivotal role in enhancing photosynthetic rate (Fig. 2c). 
Another report from Khan and Srivastava (1998) revealed about ISA-mediated 
increase in the membrane permeability to facilitate the absorption and utilization of 
mineral nutrients in addition to the improved transport of assimilates. Ultimately, 
these results can be considered as a justification to the increase in plant fresh and 
dry  matter contents as a result of soil-applied γ-irradiated sodium alginate and 
PAM via improvement in the biochemical and physiological parameters studied in 
the treated plants.

The synergy of ISA and PAM continues to show up its escalatory upshot in terms 
of yield of the plant. El-Rehim (2006) underlined the dependence of all plantations 
on water retention in the soil so as to prevent the leaching of essential nutrients. He 
therefore reported that addition of organic material like PAM and sodium alginate 
increase water retention and hence, nutrient availability. The published reports also 
testify same characteristics of PAM to be beneficial for growth and yield of plants 
(Sojka et al. 2007; Keshavarz and Farahbakhsh 2012; Gharache et al. 2013). The 
possible explanation to this synergistic effect of ISA and PAM might perhaps be the 
apparent part played by PAM in assuring maximum nutrient availability as well as 
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by ISA which is perhaps responsible for the elevated leaf-nitrogen content that 
might have promoted amino acid synthesis leading to the improved alkaloid content 
in the leaves. Khan et al. (2011) heralded an increase in the alkaloids production in 
case of opium poppy which goes in synchrony with the above result. The finding 
can also be corroborated with the recent reports of Hashmi et al. (2012) in fennel, 
Aftab et al. (2014) in artemisia, Ali et al. (2014) in eucalyptus, Naeem et al. (2014) 
in mint, and Idrees et al. (2014) in lemongrass.

5  Conclusion

Summing up the work in a nutshell, the results derived from the present study in an 
essay to accentuate the growth, physiology, and alkaloid production of C. roseus 
L. G. Don. were encouraging with combined application of ISA + PAM ruling out 
all other treatments. The application of this combined treatment will be highly cost- 
effective and economical for raising the production of such valuable alkaloids. 
However, a comprehensive study is still required for the mechanistic mode of action 
of alginate-derived oligomers and PAM on plants.
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Abstract The Madagascar periwinkle or Catharanthus roseus L. G. Don of the 
family Apocyanaceae is a well-known aromatic plant that is cultivated in the gar-
dens as ornamentals is now being considered for its wide-scale cultivation to accrue 
more than 125 types of alkaloids that it produces. All parts of this plant are medici-
nally important; the roots accumulate ajmalicine and serpentine, whereas the stem 
and the leaves are the source of vincristine and vinblastine. The latter two are indis-
pensable in cancer chemotherapy. Catharanthus roseus is an extremely hardy plant 
and can grow at places where any other plant will normally succumb. It does not 
require too much of water and nutrition and in fact under stress condition the overall 
production of the alkaloids is increased. Most suitable temperature for its cultiva-
tion in open field is 20–30 °C. Deep sandy loam to loamy soil is preferable where 
water logging should be avoided. A precipitation of 100 cm per annum with little or 
no irrigation is most suitable for its growth. The plant is propagated either by their 
seeds or shoot cuttings. The method of sowing with a row-to-row gap of 45 cm and 
plant- to- plant distance of 30 cm should be maintained by thinning time to time. To 
avoid fungal attack, foliar sprays of carbendazime bavistin and benomyl is recom-
mended. The plant is ready to harvest after 1 year of its growth. Either the whole 
plant could be uprooted and then separated and dried for processing or the bottom 
part could be left for ratooning.

Catharanthus could be a plant of choice under drought and salinity stress. The 
plant not only can withstand extreme drought and high salt concentration but the 
alkaloid biosynthesis also increases under such conditions.

Application of growth regulators like jasmonate and salicylic acid have positive 
effect on alkaloid biosynthesis. These growth substances also ameliorate the toxic-
ity generated due to other stress factors like the salt stress or the heavy metal stress, 
etc. However, a minimum concentration of certain heavy metals, viz., cadmium, 
lead, nickel, etc. is also known to enhance alkaloid production.
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Since the plant yield through field cultivation is not always satisfactory, in vitro 
cell and tissue culture practices have also been employed to have a more controlled 
growth and yield of the crop. In this regard, the callus and cell suspension cultures 
are more fashionable. Basic MS medium with various formulations have been used 
to get the maximum yield. Application of phytohormones in suitable combinations 
and implementation of osmotic stress as well as UV-B exposure have been possible 
to introduce in order to get the maximum yield in tissue culture as well.

Keywords Periwinkle • Indole alkaloids • Stress • Cultivation • Tissue culture  
• Yield

1  Introduction

Madagascar periwinkle or Catharanthus roseus L.  G. Don of the family 
Apocyanaceae is a native of Central Madagascar and from there it has spread to the 
other parts of the world including India. The plant is widely cultivated in gardens 
and fields as ornamental plant and also for deriving life-saving drugs that it pro-
duces. Periwinkle is one of the few medicinal plants that has found mention in the 
folk medicinal books as early as 2nd BC. In India, it has been used to treat wasp 
stings with the juice of the leaves. In Hawaii, they prescribed an extract of the boiled 
plant to arrest bleeding. In Central America and parts of South America, people 
made a gargle to get relief from sore throats, chest ailments, and laryngitis. In Cuba, 
Puerto Rico, Jamaica, and other islands an extract of the flower was commonly 
administered as eyewash for the eyes of the infants, and in Africa leaves were used 
for menorrhagia and rheumatism (Dobelis 1997; Walts 2004).

The medicinal properties of Catharanthus are so diverse that very few plants 
have generated as much interest among the researcher as this plant has. The 
interest began in 1950s when researcher learnt about the “periwinkle tea” that 
was consumed in Jamaica as an antidiabetic medicine. The plant confers this 
property by increasing glucose utilization (Singh et al. 2001). Later it was dis-
covered that the plant produces more than 125 monoterpenoid indole alkaloids in 
different organs of it (Groger 1985). The roots accumulate ajmalicine and ser-
pentine that are used to control high blood pressure and other types of cardiovas-
cular diseases. The leaves and stem are the source of dimeric alkaloids, vinblastine 
(VLB) and vincristine (VCR), that are indispensable parts of most anticancer 
chemotherapies (Jordon et al. 1991). There are more than 70 other alkaloids that 
have been isolated and characterized from the plant in addition to the above ones 
(Dobelis 1997; Walts 2004).

Catharanthus is normally a hardy plant that prefers to grow well at temperature 
20–30 °C in soil with low water holding capacity and low fertility. This indicates the 
drought-resistant nature of the plant which makes it suitable for cultivation in dried 
arid regions of the world. Naturally, therefore, it is found mostly in tropical and sub-
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tropical regions of the world. High adaptability and the ability to grow on marginal 
lands makes this plant highly preferable to the farmers. Failure of the crop is mini-
mum. Presence of alkaloids all over the plant body confers immunity to cattle- 
grazing and crop loss due to pilferage. The USA is the largest user of the raw material 
most of which it imports from Malagasy, India, and Mozambique. Hungary is also 
been one of the major consumers of the leaves. West Germany, Italy, the Netherlands, 
and the UK are interested in the roots (Aslam et al. 2010). In India, it is being grown 
in Tamilnadu, Karnataka, Andhra Pradesh, Telangana, Madhya Pradesh, Chhattisgarh, 
Gujarat, and Assam in an area of about more than 3000 ha (Farooqi, 2010).

Considering its growing economic value and ease of cultivation principally in 
degraded lands under stress condition, it is necessary to review the process of culti-
vation that could be adopted. It is also very important in terms of land utilization as 
the plant has prospects of cultivating in wastelands also.

1.1  Cultivation of Catharanthus

Catharanthus is mainly grown in the field for the most part of the world; however, 
in vitro production of Catharanthus biomass has also gained popularity in recent 
years. In this section, the field cultivation of the plant has been discussed first fol-
lowed by the cultivation in culture -

 1. Soil—As mentioned earlier, Catharanthus is a hardy plant and grows well on a 
wide variety of soils except those which are alkaline and water logged. Deep 
sandy loam to loam soils of moderate fertility are preferred for large-scale culti-
vation of this plant. However, sandy soil with raw liquid cow-dung provides an 
aerated substratum to the crop, and it is preferred for its commercial cultivation 
(Karnick 1977). In South India, the plant is widely grown on red laterite soil and 
occasionally on black cotton soils.

 2. Ecology—The ecology of the plant says that it is naturally drought resistant and 
often grows in sandy locations near the sea coasts and river banks. It is salt toler-
ant and mostly found near sea level but occasionally it may grow up to an eleva-
tion of 1500 m. It can withstand drought but not severe heat. A rainfall of about 
100 cm is most suitable for its growth. As far as irrigation and nutrition is con-
cerned, it requires little irrigation or fertilizer. Too excessive watering may cause 
yellowing of leaves.

 3. Propagation and Planting—Catharanthus roseus is a perennial plant usually 
propagated by the seeds. However, vegetative propagation by cuttings is also very 
common. Seeds may remain dormant for several weeks after maturity and should 
be subjected to sowing after 2 months of their storage in refrigerated environment. 
The seeds remain viable for 3–5 years if stored properly. The seeds are sown in 
nurseries or sometimes direct sowing is also done. For direct sowing seeds are 
mixed with about 10 times their volume of sand and sown in monsoon in rows of 
45 cm apart. When the plants are sufficiently grown, thinning is done to keep a 
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final distance between two plants to be 30 cm. Nursery sowing is said to be more 
economical than direct sowing. Seeds are sown in nurseries in February to March 
and when the seedlings are about 6–7 cm tall, they are transplanted to fields with 
plant-to-plant and row-to-row spacing with 30  cm and 45  cm, respectively. 
Catharanthus roseus can also be propagated vegetatively by greenwood or semi-
ripe cuttings rooted in a closed container with bottom heat. The rooting can be 
induced by applying rooting powder in 4–5 weeks of their planting.

 4. Management—Though the plant does not require any special supply of fertil-
izers, a mixture of nitrogen, phosphorus, and potassium may be useful to increase 
yield. FYM (Farm yard manure) is also sometimes applied. Weeding must be 
done periodically. When the plants become too tall, pruning is necessary. To 
encourage branching, apical dominance has to be removed by decapitating the 
tip leaving merely 7–8  cm stem part above the ground level only. The side 
branches grow up always in opposite manner. If this pruning is not done, branch-
ing will start at a height of 20–30 cm that too in one sided way leading to imbal-
ance in the weight of the plant and decumbent habit.

 5. Diseases and Pests—Several pathogens of fungal, viral, and mycoplasmal origin 
have been reported to attack Catharanthus. Among the fungal diseases twig 
blight/top-rot or dieback disease caused by Phytophthora nicotinae (Gill et al. 
1977), Pythium debaryanum, P. butleri, P. aphanidermatum, and/or Colletotrichum 
dermatum; leaf spot due to Alternaria tenussima, A. alternate, Rhizoctonia solani, 
Ophiolobus catharanthicola, Haplosporella marathwadensis, Gloemerilla cingu-
lata, and/or Myrothecium rosedum (Goyal and Pathak 1982); foot-rot and wilt 
caused by Sclerotium rolfsii and/or Fusarium solani. For controlling these dis-
eases, foliar spray of the fungicides Captafol Foltaf 80 WP, Carbendazim Bavistin 
50 WP, and Benomyl 50 WP are recommended (Kalra et al. 1991). A mycoplas-
mal disease causing chlorotic wilting and vein clearing together with several ana-
tomical deviations is reported. These diseases are in turn transmitted by an insect 
Onconetopia nigrans. Again, leaf mosaic disease due to viruses also occurs due to 
which leaves develop irregular yellow patches, malformation, necrosis, and wilt-
ing. Other viral diseases are known to cause extreme shortening of the nodes and 
internodes with reduced fruit and seed formation. The mycoplasmal disease can 
be controlled by regular spray of oxytetracyclin, tetracycline, or nicotine sulphate. 
The viral disease can be overcome to some extent by GA3 treatment that causes 
internode elongation and leaf widening.

 6. Harvesting—Catharanthus roseus is harvested after 12  months of sowing. 
Moreover, at flowering the alkaloid concentration is highest. Sometimes, the 
whole plants are uprooted first and then the roots are separated from stems and 
leaves. If only the leaves are to be harvested, the plants are left in the field for a 
ratoon crop. Ratooning is a process in which bottom stubble part is left with the 
roots which sprouts next season again and can give several cycles of crop if the 
process is repeated. The stems, leaves, and roots are separated, dried at low tem-
peratures before being packaged for shipment.

 7. Yield—The yield of dried roots, stems, and leaves per hectare of irrigated land 
for the crop is 1.5, 1, and 3 tonnes, respectively.
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1.2  Cytogenetic and Reproductive Variations of the Plant

Catharanthus roseus is diploid plant species with a karyotype comprising 16 chro-
mosomes. These eight bivalents can be visualized at meiosis. Floral morphology of 
Catharanthus is conducive for both self-pollination and insect-mediated cross- 
pollination. The natural population of C. roseus possesses genetic variability to 
considerable extent that has been exploited to develop horticultural and drug-yield-
ing varieties. In Catharanthus, 27 germplasm (indigenous and exotic) lines have 
been collected from a wide range of geographical areas and studied for 28 morpho-
agronomic and chemical characters. Among these five promising lines of high root 
and foliage yield were selected for field trials. For comparative evaluation of eco-
nomic characters and the correlation of this aspect indicate that an ideal plant type 
should have bushy growth producing higher biomass and having a much- branched 
root system.

Variations resulting from cross-breeding, induced mutagenesis, and polyploidy 
generation have been variously employed in this plant. Experimental hybrids have 
been obtained between C. roseus and C. trichophyllous (Sevestre-Rigouzzo et al. 
1993). Significant heterosis has been observed (Levy et al. 1983) in terms of leaf 
and root yields in crosses involving three pure lines. However, no heterosis could be 
found at the level of ajmalicine production. On the other hand, an increased mor-
phological difference as well as an increase in the alkaloid content was found in the 
leaves and roots of three induced mutants of C. roseus (Kulkarni et al. 1999).

Tetraploids and triploids have also been developed and characterized for this 
plant (Schnell 1941; Eigste and Tenney 1943). These autotetraploids were more 
tolerant to diseases like dieback, collar, and root-rot disease than their diploid coun-
terpart. Certain strains of autotetraploids were observed to possess broader leaves 
and lower length/width ratio, reduced pollen fertility, larger pollens, shorter follicles 
with heavier seeds, lower leaf dry matter but higher alkaloid content. The problem 
with these higher ploidy strains are their high level of sterility and low seed viability 
(Janaki-Ammal and Bezbarauah 1963). However, selection of seeds for cultivation 
should be made considering specific objective of such cultivation and procurement 
must be made from government-authorized suppliers.

1.3  Factors Affecting Growth and Yield Under Field 
Conditions

 1. Temperature—Studies on the germination behavior of different cultivars of 
Catharanthus roseus have revealed that the optimum temperature for germination 
ranges from 20–27 °C (Mastalerz 1976; Styer and Laffe 1990; Choudhury and 
Gupta 1995). The lowest and highest limit of temperature beyond which germina-
tion ceases completely is 15  °C and 40  °C, respectively. In seeds of “Down 
Carpet” and “Little Bright Eye” varieties of C. roseus, a suppressed germination 
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percentage has been recorded at 15 °C day and 20 °C night temperatures. Optimum 
temperature of these two varieties is also ~25 °C (Blazich et al. 1995). Seeds of 
“alba” variety also show an ambient germination temperature of ~25  °C 
(Choudhury and Gupta 1995). In green house conditions, Vinca requires warm 
conditions with a temperature of about 22 °C at night. Under outdoor conditions, 
it is being agreed that a soil temperature of no less than 22 °C is to be maintained; 
however, it prefers a day air temperature of 26 °C and can grow well at a tempera-
ture as high as 35 °C. Temperature below 15 °C ceases flowering and at about 
12 °C several problems like leaf rolling, chlorosis, leaf drop, and sometimes a 
purpling and bronzing effects on leaf could be observed.

 2. Soil pH—Catharanthus or Vinca shows a micronutrient deficiency when grown 
in soilless mixture with a pH above 6.3. A pH level of 5.6 is suggested for its 
better nutrient acquisition. The soil pH usually rises for 4–6 weeks after trans-
plantation. So a continuous monitoring is necessary, and to keep it low acid 
forming fertilizers such as iron-sulphate may be applied time to time. Another 
problem of pH higher than 6.0 is Thielaviopsis infection that causes black-root 
rot disease.

 3. Light—Germination percentage of Vinca seeds are higher in darkness than in 
light (Ball 1991). In other words, Vinca is scotoblastic in nature. According to 
Mastalerz (1976) and Ball (1991), seeds should be covered by the sowing 
medium so that darkness is maintained while germination. After the seedlings 
have come out 1200–1500 fc light is essential. At maturity, Catharanthus grows 
naturally well in warm sunny days with a light requirement of above 2000 fc.

In a study with UV-B exposure under dark incubation, an overall increase in the 
expression of alkaloid biosynthetic genes was recorded through proteomics. 
However, these two factors have negative effects on chlorophyll biosynthesis and 
photosynthetic gene expression (Zhu et al. 2015).

 4. Drought and Salinity—Catharanthus grows well under drier environment. 
Excess watering in fact causes yellowing of leaves. According to Frischknecht 
et al. (1987), a mild water stress (Ψ of leaf = −1.3 MPa) though has no signifi-
cant effect on the alkaloid content of Catharanthus, but an occasional life-saving 
irrigation gave more alkaloid. Singh et al. (2001) have recorded a higher value of 
total leaf and root alkaloids at low level of irrigation. There is in fact inverse 
 relation between fresh and dry weight of leaves and alkaloid production with 
increased level of drought in the soil (Talha et al. 1975; Amirjani 2013).

Cheruth et  al. (2008) studied the water use efficiency of the two varieties of 
Catharanthus under drought conditions. Two varieties, rosea and alba of C. roseus 
(L.) G. Don., were screened under two water regimes for their water use efficien-
cies. Drought stress was imposed at 60% field capacity from 30 to 70 days after 
sowing with 100% field capacity being considered as control. A significant increase 
in water use efficiency was recorded in both the varieties. This property of 
Catharanthus may be attributed to its capacity to use available water in soil more 
optimally possibly through decreasing the rate of evapotranspiration by partial clo-
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sure of stomata or by decreasing the leaf areas, plant height and lateral stem number, 
i.e., tillage. Now, all these factors have greater consequences on the yield of alka-
loids. Therefore, an optimal level of moisture must be maintained in order to get 
maximum yield.

The effect of different salinity levels and drought durations on growth and yield 
of Catharanthus roseus has been investigated also by Elfeky et al. (2007). According 
to their results, C. roseus has a capacity to tolerate 150 mM NaCl and drought up to 
3 weeks and the plants appeared to be more drought resistant in comparison to their 
salt tolerance.

 5. Growth Regulators and Signaling Molecules—Various plant signaling mole-
cules were tested for their ability to enhance alkaloid synthesis in Catharanthus 
seedlings (Aerts et al. 1996). The compounds tested include hormones, fatty acid-
derived messengers and agents that can induce Systemic Acquired Resistance 
(SAR) in plants. Of these compounds, only methyl jasmonate enhanced the syn-
thesis of monomeric alkaloids. Influence of growth retardants like paclobutrazol, 
uniconazole, and diaminozide have also been examined with this plant (Barrett 
and Nell 1992). Though it is reported (Cathey 1964) that these growth retardants 
suppress the overall growth and metabolism of plants, but it is now well estab-
lished that retardants act much like phytohormones. That is at lower concentra-
tion they positively modulate metabolism but at higher concentration they are 
inhibitory. On the contrary, another growth-retardant Chlorocholine chloride 
(CCC) is reported to increase biomass and alkaloid production on Catharanthus 
pusillus (Basu 1992) and C. roseus (Choudhury and Gupta 1995).

Salicylic acid (SA) is also a newly recognized plant growth regulator produced 
under stress conditions particularly in chilling stress (Janda et al. 1999). It has been 
recognized to alleviate the adverse effects of salt stress by improving plant produc-
tivity through protecting photosynthetic pigments and producing antioxidant 
enzymes and their compounds (Larkindale and Knight 2002). Exogenous applica-
tion of salicylic acid (SA) on salt-treated Catharanthus roseus has given positive 
results both in terms of growth and yield (Idrees et al. 2011).

 6. Heavy Metals—When we consider plants to cultivate under stress particularly 
on degraded lands, we must take into account the influence of heavy metals on 
the growth and productivity of the crop. Owing to the rampant industrial 
 development, this has become true for normal cultivable land too. Some of the 
recent studies have revealed that metals have potential to increase the production 
of secondary metabolites in cell and tissue culture. Addition of Vanadium sul-
phate, for example, promoted higher content of ajmalicine and catharanthine in 
cell culture (Smith et al. 1987a, b). Various other earth elements like the cerium, 
yttrium, and neodymium are known to elicit differential response in terms of 
ajmalicine and catharanthine production in cell culture (Zhao et  al. 2000a). 
Similarly, Cd treatment is reported to enhance ajmalicine secretion into the cul-
ture medium. Also addition of tetramethylammonium bromide into the culture 
medium enhanced the yield of ajmalicine in shake flask and bioreactor (Zhao 
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et al. 2000b). There are several reports regarding the effect of heavy metals or 
metalloids at whole plant level cultivated in the field. In this regard, effects of Cd, 
Pb, Ni, and Cr have been studied more extensively. According to Srivastava and 
Srivastava (2010), a 5 mM concentration of Cd, Pb, Mn, and Ni had been effec-
tive in increasing overall alkaloid content with two to three-fold increase in ser-
pentine content.

2  In Vitro Cultivation through Tissue Culture

Catharanthus roseus was first time used in tissue culture as an alternative method of 
production way back in 1943 by Hilderbrandt and his group. After that, it was 
Carew 1993 who developed callus tissues from different explants of the plant. All 
organs like the root, stem, leaves, and anthers all have been used as explants to 
 generate calliclones. The alkaloid status of all these calliclones has been deter-
mined. Culture media have been designed with different phytohormone combina-
tions to enhance the yield of alkaloids (Fulzele et al. 1990).

As mentioned earlier, Catharanthus produces more than 125 alkaloids of various 
kinds. Of this, about 65 have been reported to be produced through cell culture tech-
niques. Root is the important store of ajmalicine and serpentine, but the yield through 
conventional cultivation method is very low. This makes these compounds largely 
expensive for commercial production (Gaines 2004; Taha et al. 2008). This has led to 
the introduction of hairy root culture in Catharanthus also. Agrobacterium rhizogenes-
mediated genetic transformation has been undertaken during the last couple of decades. 
An increase in the yield of alkaloids including vincristine and vinblastine has been 
reported for hairy roots of transgenic callus with A. rhizogenes (Zargar et al. 2010).

The overall yield of alkaloids in tissue culture also depends on the environment 
within the bioreactor and the genotype of the plant from which explants has been 
taken. The different nutritional, environmental, hormonal, and stress factors that 
govern the yield of alkaloid in vitro has been depicted in the Table 1.

A brief discussion about the optimum conditions in cell and tissue culture for 
maximum yield can be useful at this stage.

2.1  Nature of Medium

Several attempts have been made to optimize the medium composition for getting 
maximum yield from Catharanthus roseus (Zenk et al. 1977; Knobloch and Berlin 
1980). The two-stage process was preferred in which in the first stage the medium 
composition was modulated to enhance the growth of the biomass whereas in the 
second stage when the appropriate biomass has been achieved the culture was 
induced to produce the alkaloids. In an alternative approach, a combined growth and 
production medium was developed which achieved both growth and production in 
a single stage (Morris 1986; Smith et al. 1987b).
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Table 1 Factors affecting yield of Catharanthus alkaloid under in vitro condition

Media modulation

Culture 
type-cell/tissue/
organ culture

Effect on alkaloid 
production References

Increase in sucrose 
concentration

Callus and cell 
suspension

Increased yield of 
ajmalicine, serpentine, 
catharanthine

Knobloch and Berlin 
(1980), Morris (1986), 
Smith et al. (1987a), 
Zenk et al. (1977)

Low inorganic N2 Callus Favored alkaloid 
accumulation

Knobloch and Berlin 
(1980), Merillon et al. 
(1984), Zenk et al. 
(1977)

Low inorganic P Callus Favored alkaloid 
accumulation

Knobloch and Berlin 
(1980), Zenk et al. 
(1977)

Supplementation of 
2,4-D/NAA in the 
medium

Callus and Cell 
suspension

Inhibitory to alkaloid 
production

Goddijn et al. (1992), 
Morris (1986), 
Pasquali et al. (1992), 
Whitmer et al. (1998)

Supplementation of 
GA in the medium

Callus Stimulation of alkaloid 
production and biomass 
yield

Zenk et al. (1977)

BAP supplementation 
singly or in 
combination to IAA

Callus Stimulation of alkaloid 
production and biomass 
yield

Zenk et al. (1977)

ABA supplementation 
to the medium

Callus and cell 
suspension

Enhanced accumulation 
of catharanthine and 
ajmalicine

Smith et al. (1987a)

High or low pH Callus Abrupt alteration of pH 
causes intracellular 
release of alkaloids in 
the medium

Asada and Shuler 
(1989), Deus- 
Neumann et al. 
(1987),

Increased osmolarity of 
medium (1.7 g/l NaCl, 
sorbitol)

Cell suspension Increased production of 
alkaloids

Smith et al. (1987a)

High concentration of 
selected metals in the 
medium, viz., 200 mM 
Cu, Cd

Cell suspension Increased production of 
alkaloids

Tallevi and Dicosmo 
(1988)

Addition of jasmonate, 
salicylic acid, and their 
selected precursor in 
the medium

Hairy root 
culture

Alkaloid accumulation 
increased

Aerts et al. (1994), 
Pasquali et al. (1992)

Addition of Vanadium 
salt

Callus Alkaloid accumulation 
increased

Smith et al. (1987a)
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2.2  Phytohormones

Addition of 2,4-D in the medium is inhibitory to alkaloid production (Ouelhazi 
et al. 1994). Transferring the cells from a medium containing 2,4-D to a medium 
without 2,4-D enhances the alkaloid biosynthesis (Knobloch and Berlin 1980; 
Roustan et al. 1982; Merillon et al. 1984). Additions of NAA and IAA also have 
similar effects on alkaloid production in Catharanthus. This inhibitory effect of 
auxin-like hormones has been attributed to the down regulation of tdc and sss genes 
that encode tryptophan decarboxylase and strictosidine synthase enzymes respec-
tively. These two enzymes are crucial for the biosynthesis of Catharanthus alka-
loids (Fig. 1).

Although auxins like NAA, 2,4-D, etc. decrease overall yield of alkaloid, they 
can be used in the initial stage to increase the biomass of the callus tissue. In fact, a 
combination of low auxin and high cytokinin is better for callus proliferation, 
growth, and enhancement of alkaloid content in leaf callus of Catharanthus roseus 
(Kodja et al. 1989; Verma et al. 2012). According to Decendit and Liu (1992), cyto-
kinin accomplishes its effect by removing auxin from the culture medium in non- 
tumorous cell lines.

Fig. 1 A generalized pathway for biosynthesis of Catharanthus roseus alkaloids
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2.3  Light

The serpentine to ajmalicine production ratio changes under the influence of light in 
tissue culture. Scragg et al. (1988) studied the serpentine production in dark grown 
Catharanthus roseus cultures during several subcultures. When the culture was exposed 
to light for one subculture period, a significant increase in serpentine production was 
observed. But continuing the exposure of light for further subcultures significantly 
decreases serpentine production whereas the ajmalicine production was increased.

Loyola-Vargas et al. (1992) observed a rapid greening of dark grown C. roseus 
calluses when transferred to white light. This was due to chlorophyll production 
which was in accordance with the increased serpentine accumulation suggesting a 
correlation between the two. The increase in the concentration of vindoline and 
catharanthine was also related to light intensity; however, high productivity could 
not be maintained after repeated subculturing under light.

2.4  Temperature

The effect of temperature on alkaloid production is largely dependent on the type of 
cell line. Scragg et al. (1988) studied the effect of temperature on growth and alka-
loid production of a Catharanthus roseus cell line. Cultivation temperatures used 
were 20, 25, and 30 °C. The maximum growth was observed at 30 °C whereas the 
highest specific serpentine production was observed at 25 °C.

2.5  Stress Factors

Induction of stress by introducing osmotic shock, adding inorganic salts, heavy met-
als, fungal homogenates and exposure to UV irradiation, increases alkaloid produc-
tion. As a result of stress, the enzymes of biosynthetic pathways other than the 
primary metabolism are induced, resulting in an accumulation of secondary prod-
ucts. In cultured cells of Catharanthus roseus, sucrose concentrations ranging from 
4 to 10% (W/V) have been used to increase the alkaloid content (DiCosmo and 
Towers 1984). Addition of 200 nM sorbitol resulted in a 63% increase in catharan-
thine content. (Smith et  al. 1987). When Catharanthus suspension cultures were 
exposed to an osmotic stress of 5% sucrose and 1.25% mannitol for 3 days, there 
was a marked increment (320%) in the total alkaloid content. The osmotic stress 
treatment decreased the fresh weight (7.6%) but increased the dry weight by 38% 
when compared to the control (Godoy-Hernandez and Loyola-vargus 1991).

The effect of UV-B exposure on the production of terpenoid indole alkaloids in 
Catharanthus roseus is remarkable in multiple shoot culture, cell suspension cul-
ture, and hairy root culture. In this regard, an increase in catharanthine content in 
cell suspension culture due to low dose of UV-B exposure has been reported by 
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Ramani and Chelliah (2007). Again in hairy root culture, an exposure of UV-B for 
20 min has led to an increase in lochnericine, serpentine, and ajmalicine by 60%, 
20%, and 50%, respectively (Binder et al. 2009). These terpenoid alkaloids are in 
fact induced to be overproduced to confer protection against UV-B radiations 
(Binder et al. 2009).

3  Conclusion

Catharanthus roseus, an extremely hardy plant, requires minimum amount of 
 irrigation and water logged condition is extremely harmful for the growth and 
development of this plant. Propagation can be done through direct seeding but 
transplantation of nursery grown plants is preferable as it saves time between two 
crops. Ratooning rather than complete uprooting may be preferred when only stem 
and leaves are required for extracting vincristine and vinblastine. The plant does 
not require too much of nutrition; however, a mixture of nitrogen, phosphorus, and 
potassium can be applied. In addition, farm yard manure (FYM) is also sometimes 
preferred. This plant can survive without watering for more than 3 weeks and can 
tolerate a salt concentration of 150 mM NaCl. But for getting increased yield, life- 
saving intermittent watering is required. These and other kinds of stresses are 
known to induce alkaloid biosynthesis in Catharanthus. They include application 
of some growth inhibitors and regulators, viz., paclobutrazol, uniconazole, diami-
nozide, jasmonate (JA), salicylic acid (SA). Moreover, Catharanthus roseus has 
been reported to be tolerant to some of the heavy metals like Cd, Pb, Ni, and Cr 
(Pandey et  al. 2007; Srivastava and Srivastava 2010). Therefore, cultivation of 
Catharanthus in heavy metal contaminated land could be an important consider-
ation as it will serve two purposes, on the one hand it will help decontaminate sites 
through phytoremediation and on the other hand will also enhance the biosynthesis 
and production of alkaloids.

Despite these facts, it is matter of fact that percentage of alkaloids extracted from 
field grown plants is very less. Therefore, tissue culture-based cultivation methods 
have been developed. The stress factors that enhance yield under tissue culture con-
ditions include osmotic shock, salinity, heavy metals, fungal homogenates, and 
UV-B exposure. The conditions may vary and have to be standardized according to 
the objective of production.
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The Study of the Effect of Nickel Heavy Metal 
on Some Growth Parameters and Production 
of Alkaloids in Catharanthus roseus

Matin ArefiFard

Abstract Plants, in their life cycle, are usually exposed to various kinds of envi-
ronmental stress including heavy metals. One of these heavy metals is nickel which 
affects many physiological activities of plants. Catharanthus roseus being a rich 
source of alkaloids (indole alkaloids) consists of more than 130 secondary metabo-
lites. Some of these compounds have pharmacological effects and are used as medi-
cine. Vinblastine which is the most important alkaloid found in the leaves of 
Catharanthus roseus is used to heal the diseases like: testicle and breast cancers, 
lymphoma, neuroblastoma, Hodgkin and non-Hodgkin’s lymphoma, mycosis fun-
goides, histiocytosis, and Kaposi’s sarcoma. It also controls mitotic activity by 
stopping the cells in metaphase through nonreturnable connection to tubeline. This 
alkaloid is the chemical analog of vincristine. In this study, the effect of 0, 2.5, 5, 
10, 25, 50 mM concentrations of nickel chloride (NiCl2) on the amount of germina-
tion, growth factors, and alkaloids of Catharanthus roseus (seeds of pink variety) 
were investigated. Based on the findings of the study, the nickel metal decreased the 
percentage of germination and the growth factors in the plant. The total amount of 
alkaloid noticeably increased in both root and shoot as affected by NiCl2. 
Investigating the TLC plates/planes, an increase in the amounts of vinblastine, 
catharanthine, and ajmalicine alkaloids especially at higher concentrations were 
observed.

Keywords Catharanthus roseus • Nickel heavy metal • Indole alkaloids • Growth 
factors
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1  Introduction

Plant cells produce two sets of compounds: primary metabolites and secondary 
metabolites. The primary metabolites are directly involved in growth and metabo-
lism and play an important role in making cell compounds through the process of 
photosynthesis (Keeling and Bohlmann 2006). Secondary metabolites are obtained 
from biosynthesis of primary metabolites, such as carbohydrates, lipids, proteins, 
and nucleic acids, and they are not involved in the process of metabolism. The most 
important secondary metabolites are steroids, lignins, tannins, and flavonoids. 
Alkaloids are the most important products of secondary metabolism in plants. They 
are organic compounds which have one or more nitrogen atoms in their heterocyclic 
chain, (a source for saving nitrogen), semi alkaline feature. Forty percent of all plant 
families contain at least one alkaloid-bearing species (Verpoorte et al. 2002). The 
plant families which fall in this category are Solanaceae, Papaveraceae, and 
Rubiaceae. Some alkaloids, like quinine and strychnine are very poisonous while 
some are used as medicines. For example, the structure of vinblastine and vincris-
tine is used for similar synthesis of two important drugs for vinflunine and vinorel-
bine cancers (Lopez et al. 2011).

Secondary metabolites are chemical compounds which establishes an interaction 
between plant and environment and therefore, any change in environmental condi-
tions (e.g., light, temperature, the amount of water and soil) can affect their produc-
tion and quality (Kutchan 1995). The following are among the stress which can 
affect the amount of alkaloids production: heavy metals, drought, lack of water, and 
hormones. Because of the differences in alkaloids molecule construction, abundant 
variation, different solutions, and other features, it may be difficult to investigate the 
existence of alkaloids in plants.

2  Catharanthus roseus

The genus Catharanthus belongs to Apocynaceae family. It contains eight varieties 
and 50 different cultivars. The chromosome number of all the varieties of 
Catharanthus is 2n = 16. Catharanthus roseus which is known as Periwinkle in 
English language, however, the plant is known as Parvanesh or Parivash in Persian. 
Catharanthus roseus has three varieties: “Alba” has white flowers; “Roseus” bears 
pink flowers and “Ocillata” which has white flowers with purple dots in their center 
(Jaleel 2006). It can be propagated by putting its seed in the temperature between 22 
and 25 °C where the humidity is high. The seeds are kept in a dark place until they 
germinate.
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3  Alkaloids of Catharanthus roseus

Almost one fourth of medicines produced in the world are made of plants. They are 
either the essence of plants or plant compounds which have been synthesized. For 
instance, the most common pain killer (Aspirin) and vinblastine and packli taxel for 
cancer treatment are among the drugs which are just originated from plants and are 
made through in vitro regeneration. Catharanthus roseus is a rich source of alkaloid 
chemical compounds (indole alkaloids) contains more than 130 known secondary 
metabolites. These metabolites are secologanine, triptamine, strictozidin, serpen-
tine, catharanthine, ajmalicine, vindoline, vincristine, vinblastine, etc. Some of 
these compounds have pharmacological effects (Verpoorte et  al. 2002; van der 
Heijden et al. 2004). The alkaloids are made of two parts: indol (catharanthine) and 
dehydro indol (vindoline). The most important components of the plant are: vincris-
tine, vinblastine, vineurosine, and vinrosidine. Nowadays, the derived components 
of these alkaloids are used for healing different cancers.

4  Vinblastine and Vincristine

Vinblastine is the most important alkaloids in the leaves of Catharanthus roseus. Its 
pre-makers are stemadenine and monomeric alkaloids. Stemadenine changes to 
monomeric alkaloids like catharanthine, tabersonine, and vindoline. When cathar-
anthine and tabersonine are connected, vinblastine is produced (Aerts 1996). 
Vinblastine is used to heal the diseases like: testicle and breast cancers, lymphoma, 
neuroblastoma, Hodgkin and non-Hodgkin’s lymphoma, mycosis fungoides, histio-
cytosis, and Kaposi’s sarcoma. It also controls mitotic activity by stopping the cells 
in metaphase through nonreturnable connection to tuboline (Filippini et al. 2007). 
The mechanism of the effect of vincristine is like vinblastine.

5  Heavy Elements

Heavy metals are the metals which have the density more than 5 g/L cm3 from cop-
per to bismuth in the Alternative Table which have the density of more than four and 
are categorized in four classes: Class A, which are necessary in high density for 
living things (e.g., iron); Class B, which do not have any biological roles and are not 
poisonous in low density (e.g., Lanthanum, Stronsium); Class C, the elements 
which are necessary, in low density, for some kinds of living things, and are poison-
ous in higher densities (e.g., Zinc, Copper, Nickel, Cobalt, Molybdenum, and 
Chrome); and Class D, which are poisonous even in low density (Mercury, Lead, 
Cadmium, Uranium) (Sebastiani et al. 2004).
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6  Stress Effects of Heavy Metals

The effects of heavy metals depend on many factors like environmental conditions, 
pH, different elements, organic materials, mediators, fertilizers, and plant variations 
(Eliwa 2000; Abbas and Kamel 2004). Although many metals are necessary for 
plants, their high densities are poisonous. Because they cause oxidative stress in 
plants which leads to reduction of encoding genes of antioxidant proteins (i.e., cata-
lase, proxidase, and superoxide dismutase). In addition, when heavy metals cause 
stress, the leaf surface, the size of the stomatal opening, and cuticles are affected 
(Mehrotra et al. 2005). When high density metals are present, they take the place of 
necessary metals which have an important role in forming pigments and enzymes. 
The stress of heavy metals, like nonbiological stresses, leads to change (increase or 
decrease) in the synthesis of secondary metabolites of plants (Santiago et al. 2000; 
Mehrotra et al. 2005). Compared to the shoot part of the plant, the growth of the root is 
less affected by heavy metals. The root has a critical role in reserving elements and 
prevention of accumulation of elements in the plant body (Mazhoudia et al. 1997).

7  Nickel

A small amount of nickel plays a role in nitrogen metabolism and the plant growth 
(Brown et al. 1987). Nowadays, nickel has been added to the collection of the low 
consumption elements needed for plants (Witte-Claus et al. 2002; Benaroya et al. 
2004).

Murch et al. (2003) investigating the effect of different treatments of nickel (0, 
25, and 250 mM) on secondary metabolites of Hypericum perforatum, found that 
the amount of hipricine increases 15–20 times more than control group. Eliasiova 
(2004) reported that the amount of secondary metabolites in Matricaria chamomlli 
increased remarkably after the treatment of NiCl2.

8  Purpose of the Research

Studies have shown that the change in planting conditions can increase the amount 
of Catharanthus roseus alkaloids, especially vinblastine and vincristine. In order to 
investigate the effect of different densities of nickel (0, 2.5, 5, 10, 25, and 50 mM of 
NiCl2) on Catharanthus roseus, an experiment was conducted with factorial design, 
repeated three times in winter season, 2010 at the Physiology Laboratory of Faculty 
of Sciences, University of Arak, Iran. The purpose of the research was to investigate 
whether the production of amount of alkaloids and some of their growth features 
can be improved by applying NiCl2.
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9  Materials and Methods

The healthy seeds (pink variety) of Catharanthus roseus were sterilized using sodium 
hypochlorite of 1% for 10 min, ethanol 70% for 5 min, mercury chloride 0.2% for 
10  min. Then, the seeds were washed three times using doubled distilled water 
(DDW). Ten seeds were planted, in vases, at proper distance. They were watered with 
Hoagland solution of ½ concentrations and kept in a planting room with photoperiods 
of 16 h in light and 8 h in darkness while the temperature was 28 ± 2 °C during the 
day, and 25 ± 2 °C during the night, and the humidity was from 30 to 40%. The sur-
face of each vase was covered by nylon plastic till the time of germination in order to 
prevent vaporizing of water and change in the salt density. After 7 week, the plants of 
the same size were extracted unharmed and were put in microtubes, in a way that the 
roots were kept in Hoagland solution of ½ concentration. The planting environment 
was changed at every 4 days and daily aeration was done for 4 h using an air pump. 
After a week, the 45-day old plants were exposed to NiCl2 with densities of 0 (control 
group), 2.5, 5, 10, 25, 50 mM for 96 h (three repetitions for each treatment).

10  Percentage of Germination and Parameters of Growth

After planting the seeds and imposing stress, the number of buds was counted and 
the percentage of germination was calculated every day.

11  Measurement of Water Content and Parameters 
of Growth

After 96 h of exposure to stress, the plants were collected. The length of the shoot 
(the plant height) from bottom of the body to the top of the highest leaf, and the 
length of the root, from its growth point to its end were measured. The percentage 
of water content in plant was calculated using the method offered by Sumithra et al. 
(2006), through the application of the following formula: WP (%) = [(FW – DW) ×  
100]/FW.

12  Obtaining of Alkaloids

12.1  Preparing Plant Essence

One gram of the leaves and the roots of each treatment were ground in liquid nitrogen. 
For each gram of tissue powder, 20 mL of methanol was added and it was kept for 
shaking in laboratory environment for 24 h. After filtering the solution by filter paper, 
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the methanol essence was put in oven with the temperature of 50  °C until 2  mL 
remained. Then, for every gram of the plant tissue, 20 mL of 0.5 N sulfuric acid was 
added, and pH was adjusted between 9 and 12, by adding ammonium hydroxide of 
25% density. The volume of the produced tissue was measured, and the same volume 
of chloroform was added to it. The solution, then, was transferred to decanter in order 
to separate two phases completely; the water phase at top, and the organic phase at the 
bottom. The organic phase was used to investigate alkaloids. The extraction was 
repeated two more times using chloroform (it was done based on the procedures fol-
lowed by Ataei-Azimi et al. 2008). The produced essence was vaporized under the 
hood and in the laboratory temperature (based on the suggestions by Noori et al. 2002).

12.2  Total Amount of Alkaloids in Herbal Essence

The volume of the essence increased to 10 mL by adding 96% ethanol. 5 mL of the 
solution was used and its pH was adjusted between 2 and 2.5 by adding (HCL). 
Then, 2 mL of Dragendorf reagent and 0.8 g of Bi(NO3)3·5H2O were dissolved in 
40 mL of double distillation water (DDW). In addition, 8 g of potassium were sepa-
rately dissolved in 20 mL of DDW. Later, the two solutions were mixed and centri-
fuged. In order to be sure of complete sediment of alkaloids, again some Dragendorf 
reagent was added to the solution and centrifuged. After taking away the solution 
which was over the sediment, the remaining sediment was washed by ethanol 96%, 
and then centrifuged. Once again the solution over the sediment was put away. 
2 mL of sulfide disodium 1% (1 g sulfide disodium in 100 mL of distilled water) 
was added to the brownish sediment. After centrifugation, the brownish sediment 
was observed. The solution over the sediment was taken away and sample was cen-
trifuged again. After excluding the surface solution, 2 mL of concentrated nitric 
acid was added to the sample. The volume of the produced solution was increased 
to 10 mL by adding DDW. 1 mL of the solution and 5 mL of thiourea solution 3% 
(3 g of thiourea in 100 mL of DDW) was taken from each sample. Then, the amount 
of attraction of the samples was read at 435 nm.

Based on the alkaloid standard curve, the total amount of alkaloid was deter-
mined: There were ten test tubes containing the stock solution of Bi(NO3)3·5H2O 
(standard solution) (10 mg of Bi(NO3)3·5H2O in 5 mL of nitric acid and adding 
distillation water until it reaches to the volume of 100 mL), to the ratio of 1–9, 2–8, 
3–7, till 9–1 mL. In this phase, 1 mL of each test tube was taken and 5 mL of thio-
urea solution 3% was added to it. Then, the amount of attraction of the samples was 
read at 435 nm wavelength.

12.3  Thin-Layer Chromatography (TLC)

In this phase, 500 μL of ethanol (96%) was added to the remaining essence which 
was vaporized in the watch glass. 20 mL of the solution was used for TLC (Atael- 
Azimi et al. 2008). The plates of TLC (Silica gel, G60 Merck) were cut. The plates 
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which were 10  cm  ×  20  cm were then spotted by capillary tube containing the 
essence. Spotting was done on the plates 1 cm away from the edge of the paper, and 
the distance among the spots was 1 cm. When the chromatograms dried, they were 
put in a Chromato tank containing ethyl-acetate and ethanol solutions (1/4). Later, 
the plates were dried under the hood and the size and color of the spots were defined 
using UV at a wavelength of 366 and 254 nm, respectively. Besides, the amount of 
RF for each spot was calculated. The amount of RF of each spot was compared with 
RF of vinblastine and vincristine standards, and each spot were defined (Noori  
2002). After observing the TLC plates by UV, they were sprayed by Dragendorf 
reagent (Ataei-Azimi et  al. 2008). The yellow color of the spots indicates the 
alkaloids, and the background of the plate changes to cream color.

12.4  Statistical Analyses

The statistical design of the experiment was random. The graphs were prepared by 
applying EXCEL Software. In order to analyze the measured factor, SPSS Software, 
11th version was applied. One way ANOVA was used to analyze the variance and 
Duncan method was applied to compare the mean of the data.

13  Results

13.1  Germination

The results showed that the percentage of germination is affected by NiCl2. After 
5 days of planting time, germination percentage of control group reached 100% in 
½ concentration of Hoalgand’s solution. On the other hand, when the density of 
nickel was increased, the rate of germination decreased. The least percentage of 
germination, that is, 43.32, occurred in 50 mM of NiCl2.

14  Study of the Effect of Nickel on Growth Factors

14.1  The Length of Root and Shoot Parts

The analysis of variance of data showed that NiCl2 significantly increased the shoot 
length of plant (at the significance level of 5%). The density of NiCl2, 50 mM, sig-
nificantly increased the shoot length of plant by 150%, while the root length 
decreased 22.4% compared to the level of growth in control group. Despite the fact 
that NiCl2 treatment decreased the root length of plant, the data analysis showed that 
the amount of change is not statistically significant (Fig. 1).
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14.2  The Weight of the Fresh and Dry Shoots

Treatment with NiCl2 significantly decreased the shoot fresh weight (at the level of 
1%), and dry weight (at the level of 5%) in a way that when the density of the treat-
ment increased, the shoot weight decreased (Fig. 2).

14.3  The Weight of the Fresh and Dry Roots

The NiCl2 treatment significantly decreased the weight of the dry root (p ≤ 0.05); 
however, the change in the weight of the plant fresh root is not statistically signifi-
cant (Fig. 3).

14.4  The Water Content of Shoot

The analysis of variance of data showed that the effect of NiCl2 on the water content 
of the shoot is not significant. Control group having highest mean (43.95%) of the 
water content of the shoot, while the lowest mean (32.03%) of the water content was 
recorded under the treatment of 50 mM NiCl2 (Fig. 4).

Fig. 1 Effect of different 
densities of NiCl2 (0, 5, 25, 
50 mM) on the length of 
root and shoot parts of the 
plant. The data are 
presented in three 
repetitions of the 
mean ± standard deviation. 
The means represented by 
different letter codes show 
the significant difference at 
the level of 5%

Fig. 2 Effect of different 
densities of NiCl2 (0, 5, 25, 
50 mM) on the weight of 
plant shoot. The data are 
presented in three 
repetitions of the 
mean + standard deviation. 
The means represented by 
different letter codes show 
the significant difference at 
the level of 5%
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15  The Effect of Nickel Chloride on Alkaloids of Leaf 
and Root

15.1  The Qualitative and Quantitative Changes of Alkaloids 
in Catharanthus roseus Leaf

When the density of nickel increases, the total amount of alkaloid significantly 
increases (p ≤ 0.05) in Catharanthus roseus leaves. In this study, the total amount 
of alkaloid reached 1041.7 μg in control group, and when the highest treatment 
density was applied, the alkaloid level reached 2069.8 μg in fresh leaves (98.7% 
increase) (Fig. 5). Investigating qualitative changes of alkaloids following TLC 
method, it was observed that there was serpentine alkaloid in all densities, and 
ajmalicine alkaloid in all densities except in control group and the treatment of 
2.5 mM. The band related to RF = 0.19 in control sample appears in a bright color; 
however, by increasing the density of the treatment, the color of the band gradually 

Fig. 3 Effect of different 
densities of NiCl2 (0, 5, 25, 
50 mM) on the weight of 
plant root. The data are 
presented in three 
repetitions of the 
mean ± standard deviation. 
The means represented by 
different letter codes show 
the significant difference at 
the level of 5%

Fig. 4 Effect of different 
densities of NiCl2 on the 
water content of the shoot. 
The data are presented in 
three repetitions of the 
mean ± standard deviation. 
The means represented by 
different letter codes show 
the significant difference at 
the level of 5%
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becomes dark. It is because of the existence of vincristine alkaloid. The band related 
to RF = 0.31 is observed when the density is 10 or more millimolar which refers to 
vinblastine (Table 1).

15.2  Qualitative and Quantitative Investigation of Alkaloids 
in Catharanthus roseus Root

NiCl2 treatment had a significant effect (p ≤ 0.05) on the amount of total alkaloid of 
the plant’s root. The total alkaloid in control group reached 194.13 μg and at the 
highest treatment density it reached 520.84  μg in fresh root (62.72% increase)  
(Fig. 6). Investigating the TLC plates, it was observed that there were serpentine, 
vindoline, and vincristine alkaloids in all densities. There are no bands related to 
RF = 0.19, and RF = 0.74 (ajmalicine and catharanthine alkaloids) in control sam-
ple, and the treatment densities of 2.5 and 5 mM; however, the band is observed in 
the density of 10 mM, and becomes darker gradually, when the density increases. 
There is no band related to RF = 0.4  in control sample and treatment density of 
2.5 mM; however, in density of 5 mM, the band is observed, and by increasing the 
density of the treatment, the color of the band gradually becomes dark. It is because 
of the existence of vinblastine alkaloid (Table 2).

16  Discussion

16.1  The Percentage of Germination in Nickel Stress

The results were similar with the work done by Dalal and Bairgi (1985) on 
Capsular corchrus and Corchorus plitorius plants. Prevention of germination 
due to nickel relates to the prevention of enzyme activity at the time of 

Fig. 5 The effect of different densities of NiCl2 on total alkaloid in C. roseus leaf. The data are 
presented in three repetitions of the mean ± standard deviation. The means represented by different 
letter codes show the significant difference at the level of 5%
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Table 1 The effect of different densities of NiCl2 (0, 2.5, 5, 10, 25, and 50 mM) on the type of 
alkaloids in C. roseus leaf using TLC method

Color (254 nm) Color (366 nm) Alkaloids RF Densities of NiCl2

Blue Blue Serpentine 0.13
Dark green Vincristine 0.19 0 mM
Red Pink Catharanthine 0.72
Blue Blue Serpentine 0.13
Dark green Vincristine 0.19 2.5 mM
Red Pink Catharanthine 0.75
Dark Yellow Vindoline 0.81
Blue Blue Serpentine 0.12
Dark green Vincristine 0.19
Red Pink Catharanthine 0.75 5 mM
Dark Yellow Vindoline 0.81
Dark green Almond green Ajmalicine 0.96
Blue Blue Serpentine 0.14
Dark green Vincristine 0.18
Dark blue Vinblastine 0.31 10 mM
Dark Yellow Vindoline 0.81
Dark green Almond green Ajmalicine 0.96
Blue Blue Serpentine 0.14
Dark green Vincristine 0.21
Dark blue Vinblastine 0.37 25 mM
Dark green Almond green Ajmalicine 0.96
Blue Blue Serpentine 0.13
Dark green Vincristine 0.21
Dark blue Vinblastine 0.38 50 mM
Red Pink Catharanthine 0.75
Dark green Almond green Ajmalicine 0.96

Fig. 6 The effect of different densities of NiCl2 on total alkaloid in C. roseus root. The data are 
presented in three repetitions of the mean ± standard deviation. The means represented by different 
letter codes show the significant difference at the level of 5%
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Table 2 The effect of different densities of NiCl2 on the type of alkaloids in C. roseus root using 
TLC method

Color (254 nm) Color (366 nm) Alkaloids RF Densities of NiCl2

Blue Blue Serpentine 0.11
Dark green Vincristine 0.18 0 mM
Dark Yellow Vindoline 0.82
Blue Blue Serpentine 0.12
Dark green Vincristine 0.18 2.5 mM
Dark Yellow Vindoline 0.88
Blue Blue Serpentine 0.11
Dark green Vincristine 0.19 5 mM
Dark blue Vinblastine 0.36
Dark Yellow Vindoline 0.89
Blue Blue Serpentine 0.11
Dark green Vincristine 0.18
Dark blue Vinblastine 0.41 10 mM
Dark Yellow Vindoline 0.89
Dark green Almond green Ajmalicine 0.96
Blue Blue Serpentine 0.13
Dark green Vincristine 0.18 25 mM
Dark blue Vinblastine 0.4
Red Pink Catharanthine 0.74
Dark Yellow Vindoline 0.89
Dark green Almond green Ajmalicine 0.96
Blue Blue Serpentine 0.11
Dark green Vincristine 0.18 50 mM
Dark blue Vinblastine 0.36
Red Pink Catharanthine 0.74
Dark Yellow Vindoline 0.86
Dark green Almond green Ajmalicine 0.96

germination, protein synthesis, and carbohydrate metabolism (Lin and Kao 2006; 
Maheshwari and Dubey 2007). The high density of nickel causes change and 
deterrence of mineral material absorption, such as calcium and magnesium, which 
finally led to the decrease of germination (Gabbrielli et al. 1990; Ahmad et al. 
2007).

16.2  Growth Factors

Upon treatment of heavy elements, the rate of mitotic division decreased especially 
in metaphase stage in meristemic cells, which leads to the decrease of the root 
length (Gold bold and Kettner 1991). Heavy elements stress decreases the length of 
the root whether it is fresh or dry which is probably because of turbulence in 
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absorption of water, food, and low water potentiality (Azmat et al. 2006), and results 
in closure of stomatal opening and decrease in the turgor pressure, lowering of the 
sweat intensity and stabilization of CO2 becomes limited (Ozyigit and Akinci 2009).

16.3  Alkaloid Changes

The results of Zheng and Wu 2004) showed that the production amount of ajmali-
cine alkaloid, and tryptophan and tryptamine aminoacids (precursor of indol alka-
loids of Catharanthus roseus plant) increases remarkably, which leads to the 
noticeable increase of vincristine and vinblastine alkaloids. The obtained data 
showed that the degree of qualitative and quantitative changes of alkaloids is 
remarkable under the nickel treatment. The degree of total alkaloid in the leaf and 
root of the plant increased significantly by the increase in the density of NiCl2 
treatment.
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