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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 

K. Tang and Q. Pan



3

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)

K. Tang and Q. Pan



5

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  
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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 
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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.

K. Tang and Q. Pan



13

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).

References

Ayora-Talavera T, Chappell J, Lozoya-Gloria E et al (2002) Overexpression in Catharanthus 
roseus hairy roots of a truncated hamster 3-hydroxy-3-methylglutaryl-CoA reductase gene. 
Appl Biochem Biotech 97:135–145

Blom T, Sierra M, Van Vliet T et al (1991) Uptake and accumulation of ajmalicine into isolated 
vacuoles of cultured cells of Catharanthus roseus (L.) G. Don. and its conversion into serpen-
tine. Planta 183:170–177

Canel C, Lopes-Cardoso M, Whitmer S et al (1998) Effects of over-expression of strictosidine 
synthase and tryptophan decarboxylase on alkaloid production by cell cultures of Catharanthus 
roseus. Planta 205:414–419

Carqueijeiro I, Noronha H, Duarte P et al (2013) Vacuolar transport of the medicinal alkaloids 
from Catharanthus roseus is mediated by a proton driven antiport. Plant Physiol 
162:1486–1496

Chahed K, Oudin A, Guivarc’h N et al (2000) 1-Deoxy-D-xylulose 5-phosphate synthase from 
periwinkle: cDNA identification and induced gene expression in terpenoid indole alkaloid-
producing cells. Plant Physiol Biochem 38:559–566

Chung IM, Hong SB, Peebles CAM et al (2007) Effect of the engineered indole pathway on accu-
mulation of phenolic compounds in Catharanthus roseus hairy roots. Biotechnol Prog 
23:327–332

Strategies for Enhancing Alkaloids Yield in Catharanthus roseus Via Metabolic…



14

Collu G, Unver N, Peltenburg-Looman AM, Heijden RVD et al (2001) Geraniol 10-hydroxylase, a 
cytochrome P450 enzyme involved in terpenoid indole alkaloid biosynthesis. Febs Lett 
508:215–220

Deus-Neumann B, Zenk M (1984) A highly selective alkaloid uptake system in vacuoles of higher 
plants. Planta 162:250–260

Estévez JM, Cantero A, Reindl A et al (2001) 1-deoxy-D-xylulose-5-phosphate synthase, a limiting 
enzyme for plastidic isoprenoid biosynthesis in plants. J Biol Chem 276:22901–22909

Ferreres F, Figueiredo R, Bettencourt S et al (2011) Identification of phenolic compounds in iso-
lated vacuoles of the medicinal plant Catharanthus roseus and their interaction with vacuolar 
class III peroxidase: an H2O2 affair? J Exp Bot 62:2841–2854

van der Fits L, Memelink J (2000) ORCA3, a jasmonate-responsive transcriptional regulator of 
plant primary and secondary metabolism. Science 289:295–297

van der Fits L, Memelink J (2001) The jasmonate-inducible AP2/ERF-domain transcription factor 
ORCA3 activates gene expression via interaction with a jasmonate-responsive promoter ele-
ment. Plant J 25:43–53

van der Fits L, Zhang H, Menke FLH et al (2000) A Catharanthus roseus BPF-1 homologue interacts 
with an elicitor-responsive region of the secondary metabolite biosynthetic gene Str and is induced 
by elicitor via a JA-independent signal transduction pathway. Plant Mol Biol 44:675–685

Gantet P, Memelink J (2002) Transcription factors: tools to engineer the production of pharmaco-
logically active plant metabolites. Trends Pharmacol Sci 23:563–569

Geerlings A, Redondo F, Contin A et al (2001) Biotransformation of tryptamine and secologanin 
into plant terpenoid indole alkaloids by transgenic yeast. Appl Microbiol Biotechnol 
56:420–424

Glenn WS, Nims E, O’Connor SE (2011) Reengineering a tryptophan halogenase to preferentially 
chlorinate a direct alkaloid precursor. J Am Chem Soc 133:19346–19349

Goddijn OJ, Pennings EJ, van der Helm P et al (1995) Overexpression of a tryptophan decarbox-
ylase cDNA in Catharanthus roseus crown gall calluses results in increased tryptamine levels 
but not in increased terpenoid indole alkaloid production. Transgenic Res 4:315–323

Guirimand G, Guihur A, Phillips MA et al (2012) A single gene encodes isopentenyl diphosphate 
isomerase isoforms targeted to plastids, mitochondria and peroxisomes in Catharanthus 
roseus. Plant Mol Biol 79:443–459

Hallard DAC (2000) Transgenic plant cells for the production of indole alkaloids, Ph.D thesis, 
Rijksuniversiteit te Leiden

Hallard DAC, Van der Heijden R, Verpoorte R et al (1997) Suspension cultured transgenic cells of 
Nicotiana tabacum expressing tryptophan decarboxylase and strictosidine synthase cDNAs 
from Catharanthus roseus produce strictosidine upon secologanin feeding. Plant Cell Rep 
17:50–54

Hasunuma T, Takeno S, Hayashi S et al (2008) Overexpression of 1-deoxy-D-xylulose-5-phosphate 
reductoisomerase gene in chloroplast contributes to increment of isoprenoid production. 
J Biosci Bioeng 105:518–526

Hong S-B, Peebles CA, Shanks JV et al (2006) Expression of the Arabidopsis feedback-insensitive 
anthranilate synthase holoenzyme and tryptophan decarboxylase genes in Catharanthus roseus 
hairy roots. J Biotechnol 122:28–38

Hughes EH, Hong SB, Gibson SI et al (2004a) Expression of a feedback-resistant anthranilate 
synthase in Catharanthus roseus hairy roots provides evidence for tight regulation of terpenoid 
indole alkaloid levels. Biotechnol Bioeng 86:718–727

Hughes EH, Hong SB, Gibson SI et al (2004b) Metabolic engineering of the indole pathway in 
Catharanthus roseus hairy roots and increased accumulation of tryptamine and serpentine. 
Metab Eng 6:268–276

Jaggi M, Kumar S, Sinha AK (2011) Overexpression of an apoplastic peroxidase gene CrPrx in 
transgenic hairy root lines of Catharanthus roseus. Appl Microbiol Biotechnol 90:1005–1016

Kumar S, Jaggi M, Sinha AK (2011) Ectopic overexpression of vacuolar and apoplastic 
Catharanthus roseus peroxidases confers differential tolerance to salt and dehydration stress in 
transgenic tobacco. Protoplasma 249:423–432

K. Tang and Q. Pan



15

Li CY, Leopold AL, Sander GW et al (2013) The ORCA2 transcription factor plays a key role in 
regulation of the terpenoid indole alkaloid pathway. BMC Plant Biol 13:155

Liu DH, Ren WW, Cui LJ et al (2011) Enhanced accumulation of catharanthine and vindoline in 
Catharanthus roseus hairy roots by overexpression of transcriptional factor ORCA2. Afr 
J Biotechnol 10:3260–3268

Magnotta M, Murata J, Chen J et al (2007) Expression of deacetylvindoline-4-O-acetyltransferase 
in Catharanthus roseus hairy roots. Phytochemistry 68:1922–1931

Mahmoud SS, Croteau RB (2001) Metabolic engineering of essential oil yield and composition in 
mint by altering expression of deoxyxylulose phosphate reductoisomerase and menthofuran 
synthase. Proc Natl Acad Sci U S A 98:8915–8920

Menke FLH, Champion A, Kijne JW et al (1999) A novel jasmonate-and elicitor-responsive ele-
ment in the periwinkle secondary metabolite biosynthetic gene STR interacts with a jasmonate-
and elicitor-inducible AP2-domain transcription factor, ORCA2. EMBO J 18:4455–4463

Montiel G, Breton C, Thiersault M et  al (2007) Transcription factor Agamous-like 12 from 
Arabidopsis promotes tissue-like organization and alkaloid biosynthesis in Catharanthus 
roseus suspension cells. Metab Eng 9:125–132

Murata J, De Luca V (2005) Localization of tabersonine 16-hydroxylase and 16-OH tabersonine-
16-O-methyltransferase to leaf epidermal cells defines them as a major site of precursor bio-
synthesis in the vindoline pathway in Catharanthus roseus. Plant J 44:581–594

O’Connor SE (2012) Strategies for engineering plant natural products: the iridoid-derived mono-
terpene indole alkaloids of Catharanthus roseus. Methods Enzymol 515:189–206

Pan Q, Wang Q, Yuan F et al (2012) Overexpression of ORCA3 and G10H in Catharanthus roseus 
plants regulated alkaloid biosynthesis and metabolism revealed by NMR-metabolomics. PLoS 
One 7:1–14

Pauw B, Hilliou FAO, Martin VS et al (2004) Zinc finger proteins act as transcriptional repressors 
of alkaloid biosynthesis genes in Catharanthus roseus. J Biol Chem 279:52940–52948

Peebles CA, Hong SB, Gibson SI et  al (2006) Effects of terpenoid precursor feeding on 
Catharanthus roseus hairy roots over-expressing the alpha or the alpha and beta subunits of 
anthranilate synthase. Biotechnol Bioeng 93:534–540

Peebles CAM, Hughes EH, Shanks JV et  al (2009) Transcriptional response of the terpenoid 
indole alkaloid pathway to the overexpression of ORCA3 along with jasmonic acid elicitation 
of Catharanthus roseus hairy roots over time. Metab Eng 11:76–86

Peebles CAM, Sander GW, Hughes EH et al (2010) The expression of 1-deoxy-D-xylulose syn-
thase and geraniol-10-hydroxylase or anthranilate synthase increases terpenoid indole alkaloid 
accumulation in Catharanthus roseus hairy roots. Metab Eng 13:234–240

Pomahacová B, Dusek J, Dusková J et al (2009) Improved accumulation of ajmalicine and tetrahy-
droalstonine in Catharanthus cells expressing an ABC transporter. J  Plant Physiol 
166:1405–1412

Roytrakul S (2004) Transport of alkaloids and its precursor through the vacuolar membrane of 
Catharanthus roseus. Ph.D. Thesis. Leiden University, The Netherlands.

Roytrakul S, Verpoorte R (2007) Role of vacuolar trasporter proteins in plant secondary metabo-
lism: Catharanthus roseus cell culture. Phytochem Rev 6:383–396

Sibéril Y, Benhamron S, Memelink J et al (2001) Catharanthus roseus G-box binding factors 1 and 
2 act as repressors of strictosidine synthase gene expression in cell cultures. Plant Mol Biol 
45:477–488

Supandi F, Hille S, Verpoorte R (2009) A reassessment of membrane transport and accumulation 
of terpenoid indole alkaloid precursors in Catharanthus roseus through mathematical modeling 
and simulation. MSc thesis, Leiden University, The Netherlands

Suttipantaa N, Pattanaika S, Kulshrestha M et al (2011) The transcription factor CrWRKY1 posi-
tively regulates the terpenoid indole alkaloids biosynthesis in Catharanthus roseus. Plant 
Physiol 157:2081–2093

Veau B, Courtois M, Oudin A et  al (2000) Cloning and expression of cDNAs encoding two 
enzymes of the MEP pathway in Catharanthus roseus. Biochem Biophys Acta 1517:159–163

Strategies for Enhancing Alkaloids Yield in Catharanthus roseus Via Metabolic…



16

Verpoorte R, Alfermann AW (2000) Metabolic engineering of plant secondary metabolism. 
Springer, New York

Wang CT, Liu H, Gao XS et al (2010) Overexpression of G10H and ORCA3 in the hairy roots of 
Catharanthus roseus improves catharanthine production. Plant Cell Rep 29:887–894

Wang Q, Xing S, Pan Q et al (2012) Development of efficient Catharanthus roseus regeneration 
and transformation system using agrobacterium tumefaciens and hypocotyls as explants. BMC 
Biotechnol 12:34

Whitmer S, van-der-Heijden R, Verpoorte R (2002a) Effect of precursor feeding on alkaloid accu-
mulation by a strictosidine synthase over-expressing transgenic cell line S1 of Catharanthus 
roseus. Plant Cell Tiss Org Cult 69: 85–93

Whitmer S, van der Heijden R, Verpoorte R (2002b) Effect of precursor feeding on alkaloid accu-
mulation by a tryptophan decarboxylase over-expressing transgenic cell line T22 of 
Catharanthus roseus. J Biotechnol 96:193–203

Yu F, De Luca V (2013) ATP-binding cassette transporter controls leaf surface secretion of antican-
cer drug components in Catharanthus roseus. Proc Natl Acad Sci U S A 24:110–139

Zhang H, Hedhili S, Montiel G et al (2011) The basic helix-loop-helix transcription factor CrMYC2 
controls the jasmonate-responsive expression of the ORCA genes that regulate alkaloid biosyn-
thesis in Catharanthus roseus. Plant J 67:61–71

Zhao J, Hu Q, Guo YQ et al (2001) Elicitor-induced indole alkaloid biosynthesis in Catharanthus 
roseus cell cultures is related to Ca2+ influx and the oxidative burst. Plant Sci 161:423–431

K. Tang and Q. Pan



17© Springer International Publishing AG 2017 
M. Naeem et al. (eds.), Catharanthus roseus, 
DOI 10.1007/978-3-319-51620-2_2

In Vitro Biotechnological Production 
and Pharmacological Studies of Antileukemic 
Alkaloids of Catharanthus roseus

Hebert Jair Barrales-Cureño, Petra Andrade-Hoyos, Alfonso Luna-Cruz, 
Cesar Reyes-Reyes, Salvador Chávez-Salinas, and 
Luis Germán López-Valdez

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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