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Single runs of RP-HPLC procedure were used for simultaneous and organ-wise quantification of the terpenoid indole
akaloids (TIAS) serpentine, aimalicine, vindoline, catharanthine, vincristine and vinblastine in whole adult plants of
Catharanthus roseus, sampled from 81 accessions and F, generation of across. The averagetotal TIA content was 159 mg
distributed among stem, root, leaf and inflorescence organsin 13:8:3:1 proportion. The root and stem barks, |eaf-petiole
and corolla petals were several fold TIA-richer than root and stem woods, |eaf-lamina and rest of flower organs, respec-
tively. TIAswere undetectablein seed but present in the seedling. Quantitatively, serpentine (+ ajmalicine), serpentineand
catharanthine, vindoline, serpentine, catharanthine and vinblastine (+ vincristine) were the principal TIAs detected in
stem, root, leaf and inflorescence organs, respectively. Significant amounts of vinblastine, vindoline and catharanthine
were found present in the non-chlorophyllous corolla petals. Correlation studies showed that contents of catharanthine
and serpentine in roots, catharanthine, vindoline and vinblastine in leaves, serpentine in roots and stems and stems and
leaves were interdependent. Serpentine could be involved in suppressing the accumulation of other TIAsin leaves. The
observed inter- and intra- organ contents of end-products from serpentine, catharanthine and vindoline TIA branch path-
ways and correlations between them showed predominance of the serpentine branch.

Key Words: Catharanthusroseus; Medicinal alkaloids of Catharanthus roseus; Ter penoid indole alkaloids;
Organ-wise alkaloid compartmentation; Serpentine, catharanthine and vindoline biosynthetic
routes; Serpentineroute predominance.

Introduction

Plantsinthe course of their life cycle synthesizeamyriad
of secondary metabolites in the form of phenolics,
terpenoids and alkaloids [1]. The principal roles of
secondary metabolites have been shown to include,
mobilization of nutrients from soil, facilitation of
pollination and seed dispersal, toleration of salinity,
drought and inclement temperature and protection
against diseases and pests[2-6]. Many of the secondary
metabolites are fine chemicals, pigments and drugs that
are used in food-, cosmeticeutical- and pharmaceutical -
industry. The periwinkle plant species Catharanthus
roseus synthesizes more than 120 terpenoid indole
alkaloids (TIAs), some of which are in clinical use.
Among these, vindoline and vincristine are potent
anticancer agents while serpentine and gimalicine are
used in the treatment of hypertension arrhythmia and
other vascular diseases [7-9]. The industrial production
of vincristine and vinblastine involves semisynthetic
coupling of their natural precursors vindoline and
catharanthine [10]. In the absence of any reliable
biotechnological production systems, vindoline,
catharanthine, gjmalicine and serpentine are extracted

from agriculturally produced herbage of C. roseus[11].
The cost of production of the pharmaceutically important
C. roseus akaloids is high because yields are low and
differential extraction processes are tedious.

Considerabl e progress has been madein enunciation
of the complexity of TIA biosynthetic pathway of C.
roseus (Fig. 1) in terms of the identity of intermediates
and enzymes along with the characteristics of structural
and regulatory genes as well asintra- and inter-cellular
sites of their expression [12-25] and interaction of
environmental conditions and genetic control
mechanisms [25,26-28]. All the TIAs are derived from
the intermediate strictosidine, which is formed by the
conjugation of secologanin [14,29,30], a product of
plastidic 2-C-methyl-D-erythritol 4-phosphate (MEP)
pathway [18,20,21], and tryptamine, a product of
shikimate pathway [31]. Three branches beyond the
central metabolite strictosidine are responsible for
vindoline, catharathine and ajmalicine production.
Serpentine is the catabolic end product of ajmalicine
while catabolic dimerization of vindoline and
catharanthine producestheir end products asvinblastine
and vincristine[13,15,22,32-38]. The shoot of C. roseus

* Address for correspondence: 3NIPGR, JNU Campus, Post Box 10531, New Delhi—110067, India. e-mail: sushil2000_01@yahoo.co.in



98

Digvijay Sngh et al.

Shikimate pathway

Chorismate :

5 ! :
B 8 | :
= o Indole :
o = :
25 :
© T .
»n S H
< 6 Tryptophan :
Cw :
T :
£ 8 l :
T 2 ; :
= Tryptamine :
T 2 :
- (D) L]
8 © :
< .
n :
-

Strictosidine

--------------------------------------------wa(u:-:.--------hﬁ-..{-----------------------------------------------'H--

Plastidic non-mevalonate pathway
Pyruvate + Glyceraldehyde-3-phosphate

Geranyl diphosphate

v
Geraniol

10-Hydroxy geraniol
[

[
7-Deox§/Iogan in

Cells of epidermis and root meristem and
root and shoot phloem parenchyma and

[72]

[«

>

[72}

%

. -
Loganin 2
£

. ks
Secologanin =

‘/ / E '... . \ . 6
Tabersonine E I jle!
© . '.. -.6 _UC')
c 1 H Ce
H ! | /;:"'n Ajamalicine 2 S
D 2 To,, te s
© — v . O’/ 0[‘ A =
23 D indoli : by, U, 28
2°g Desacetoxyvindoline E Y sy %y e, B S
k=l : Dy Sy, v o=
5 5 : A o) O’/ .'. 9 w
= : Catharanthine ’/7@,4 "o, 5 2
- . . 4 ) » H - O
'S X Deacetylvindoline : KA %y *~,,, Serpentine 8w
= @ . OF ~ ‘e, e
© ] —
=5 ; R/ 28
1) : e, T £
o . .t. -1 X
< . (N
7] LT IllllllllllllIlllIIIlllIllIIIIIIIIIIIIIIIIIIIIIIIIlIIIl:‘.IIII.....

Vindoline

=— — — » Vinblastine=—— Vincristine

Fig 1. Biosynthetic pathway for terpenoid indole alkaloids (TIAs) in Catharanthus roseus. The results of the present study and earlier
studies [19,22,24,34] have been used to depict the cell type- and organ- wise compartmentation of biosynthesis and storage of TIA

metabolites

has been shown to accumulate vindoline, catharanthine,
vinblastine, vincristine, aimalicine and serpentine, in
varying concentrations [37,39-44]. The leaves contain
vindoline in much higher concentrations than the stem
and flower parts of shoot, where the vindoline
concentrations are reported to be marginal [42,45,46].
Ajmalicine, serpentine and catharanthine occur in
exclusion of the other TIAsintheroot system[42,43,47-
53]. The concentrations of gmalicine, serpentine and
catharanthine in roots are much higher than those in
leaves[54]. Devel opment of medicinal cultivarsinwhich
one or more of the pharmaceutically important TIAsare
accumulated in increased amounts is an important
objective of genetical studies on C. roseus [55-57].

Knowledge about correlated quantitative distribution
of TIA metabolites and of relative sizes of TIA rich

organs has been considered a pre-requisite [58] for the
genetic construction of C. roseus to obtain high yields
of specific TIAs in identified plant organs. With this
objective, in the present investigation the presence of
six TIAs was quantified simultaneously in adult plant
organs taken from 81 accessions (genotypes), including
an Indian cultivar, and individual F, generation plants
of across between parents differing in TIA expression,
in single runs of a reversed-phase high performance
liquid chromatographic (RP-HPLC) system. The
resulting quantitative description of organ-wise stocks
of TIAs and known characteristics of organs reveal that
inter-organ reticulation of TIAs and dominance of
serpentine route in the distal end of TIA pathway are
two of the determinants of differential storage of TIAs
in organs.
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Materials and M ethods
Plant Material
Genetic Resources and Growth Conditions

In the three experiments reported here, a set of 81
accessions, an F, population and the Indian cultivar
Nirmal of C. roseus were used. The accessions used are
a part of the genetic resources of C. roseus being
maintained by our group at the Centre. The F, population
belonged to the cross gsr-8 x Delhi Pink, wheregsr-8is
a salinity tolerant mutant in the Glycophytic Salinity
Response (GSR)-8 gene[56] and Delhi Pink an accession
collected in New Delhi [59,60]. The two parents differ
inanumber of morphological charactersand TIA profile
such that gsr-8 has|leaf-lesswhite flowered inflorescence
with TIA-poor roots and leaves and Delhi Pink has
normal pink flowered inflorescence with TIA-rich roots
and leaves. The cultivar Nirmal isrich in TIAs and has
white flowered normal inflorescence [60].

Theplantswere grown in the experimental field plot
of the Centre during the years 2002 and 2003. Seeds
weresownin February in earthen trays of 20 cm diameter
and 5 cm girth filled with soil: farm yard manure :: 2:1
mixture. The seedlingsweretransplanted tofieldin April.
Before transplantation, field plot had been solarized and
applied with N, P and K at 80, 40 and 40 kg ha?,
respectively. The experiment-1 where genetic resources
were eval uated was conducted twice, in 2002 and 2003,
with 4 replications. Field plot used was the same in both
the seasons. The accessions were randomized in each
replication. Five seedlings/genotype were transplanted
inal.5 m row/replication; the row to row distance was
kept at 50 cm. The experiment-2 on an F, population
was performed in the 2003 season. Here 250 F, progeny
plants were grown 30 cm x 50 cm apart in field. For the
experiment-3, a large population of Nirmal plants was
grownin field in 2003, as mentioned above. The nursery
pansand field plotswereirrigated as and when required.
The plants were applied dithane M-45 to prevent
appearance of fungal disease(s).

Harvest and Preparation of Plant Material for
Chemical Analysis

Whole plants were dug out in the experiment-1 and -2,
with effort to recover maximum of theroot system. Roots
were washed free of soil by exposing them to running
water. In the experiment-1, the plants were harvested
when they had achieved an age of 32 weeks. Each
harvested plant was placed in a paper bag. The plantsin
paper bags were dried in a shed circulated with stream
of air at room temperature. Dried plant was separated
into its root, stem, and leaf components. The harvested
organswere weighed plant-wise. Theroot, stem, and | eaf
organs from the five plants of areplication were pooled

accession-wise. For each replication, the accessional
organ pools were sampled for TIA analyses. In this
experiment flowers were collected accession-wise in
each replication daily for one week before harvest. The
flowers were dried in paper bags in an incubator at
37° C, weighed and utilized for TIA analysis. In the
experiment -2, 20 weeks old plants were harvested. The
root, stem, leaves, flower buds, flowersand siliquae were
separated individual plant-wise. In the root and stem
samples, the bark was separated by peeling it free of
wood. The leaves were separated into petioles and
laminae. Thus 9 organ samples were derived from each
plant. The plant-wise individual organs were placed in
paper bags and dried in an incubator at 39°C until
samples achieved constant weight. For the experiment -
3, flowersand siliquae were harvested at noon-time from
one hundred 22 weeks old plants. Pedicel, calyx, corolla
tube, petals, anthers, stigma and style and carpel and
nectary organswere dissected out fromindividual flowers
and pooled to obtain 7 flower organ samples. Likewise
seedswere separated from fruits and embryos from seed
coat to obtain 3 samples. A set of mature seedswas sown
onwet filter paper in petridishesand incubated in growth
room at 25°C with 16 h: 8 h :: light : dark cycle to
obtain seedlings. The samples of flower and fruit organs
and whole seedlings were placed in separate paper bags
and dried as above and weighed.

Determination of Indole Alkaloids

The dried organ samples were stored in dessicators,
powdered and extracted at room temperature. The
extraction procedure reported and deployed earlier [60-
62] was used. Each sample was assayed by a RP-HPLC
method with photo-diode array detection to separate and
quantify simultaneously the TIAs serpentine, gimalicine,
catharanthine, vindoline, vinblastine and vincristine[62].
Figure 2 presents representative HPLC profiles for the
extracts of seeds, flowers, roots, leaves and stems of C.
roseus plants.

Anatomical Localization of Cells Stained by
Dragendorff Reagent in Sections of Various Organs

Various organsand/or their portions, excised from freshly
harvested 22 weeksold C. roseuscv Nirmal plants, were
placed in petridishes containing water in preparation of
sectioning. Organs were cut transversely using a hand
held blade to obtain their sections. All the organs studied
were cut in their central regions. The sections were
stained with Dragendorff reagent [63] and examined
immediately using a compound binocular microscope.
The cells which have been previously shown to contain
alkaloidsand called idioblasts, laticifers and specialized
parenchyma took up red stain of varying intensities
[22,34,64]. Number of each kind of stained cells was
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Fig 2. Sample RP-HPLC chromatograms of six pharmaceutically important terpenoid indole alkaloids (TIAs: S, serpentine;
C. catharanthine; A. ajamalicine; VCR, vincristing; VLB, vinblastine; and V, vindoline) in an artificial mixture of these (standard) and in
the extracts of root, stem, leaf, flower and seed of periwinkle Catharanthus roseus. The mobile phase used waslinear gradient from90:10
t0 35:65 in 30 min of 0.01M phosphate buffer (pH 4.9) and acetonitrile. The stationary phase used was Phenomenex C, (250 x 4.6 mm,
5Y%.m) column. The separated Tl Asidentified here were detected at 220 nmwavel ength (more procedural detailsare givenin the experimental

section [62])

counted section wise. It isknown that cellsrichin TIAs
get intensely stained by Dragendorff reagent, but the
reagent is not TIA specific.

Satistical Analysis

The analysis of variance and covariance were carried
out by following the statistical procedures described by
Cochran and Cox [65] and Panse and Sukhatme [66].

Results
Whole Plant TI A Profile

The experiment-1 (Table 1 and 2) and experiment-2
(Table 2 and 3) provide information on the pattern of
distribution of TIAsamong the major organs of C. roseus
plant. It can be seen from the Table 1 that in plants of 32
weeks age the stem, leaves and root, which accounted
for about 63, 26 and 11% of 141.2 g of plant weight,

accumulated 47, 28 and 25% respectively of al the
alkaloids present in the materia. Of the 1227 mg of total
extracted alkaloidal material present in an average plant,
about 13% or 158.8 mg comprised thesix TIAsquantified
inthisstudy. Serpentine was observed to be the principal
stored alkaloid; it was accumulated in 121.8 mg amount
in the whole plant, about 69% of it wasin stem, 28% in
root and 3% in leaves. Ajmalicine, an intermediate in
the serpentine branch, was accumulated in 8.8 mg
amount, most of it in roots. The total plant content of
catharanthine was 8.2 mg and roots and | eaves contained
86 and 14% of it, respectively. A 13.8 mg amount of
vindoline was located in leaves. The end products of
vindoline and catharanthine branches, vincristine and
vinblastine were stored in leavesin 0.6 mg amount. The
observations given in the Table 3 (and Table 2) revealed
tissue-wiselocation of the TIAsin different plant organs.
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Table 1. Contents of the pharmaceutically important terpenoid indole alkaloids (TIAs) in root, stem and leaf organs of 32 weeks old plants of 81

accessions of Catharanthus roseus

S.No Parameter Whole plant Roots Stem L eaves
1 Dry weight (g) 141.2+8.3 15.3+0.7 88.4+5.4 36.5+2.6
2 All akaoids (AA; mg) 1227+81 293+15 589+50 348+32
3 TIAs (mg) 158.8+10.5 50.6+4.6 84.1+6.9 18.7+1.4
4 Serpentine (S; mg) 121.8+5.3 34.4+2.0 84.1+6.9 3.3+04
5 Ajmalicine (A; mg) 8.8+0.6 8.8+0.6 Na N

6 Catharanthine (C ; mg) 8.20+0.35 7.09£2.69 N 1.07+0.19
7 Vindoline (V; mg) 13.8+1.4 N N 13.8+1.4
8 Vinblastine (VB)+ Vincristine (VC) (mg) 0.57+0.09 N N 0.57+0.09
a = N, not detected (< 0.1 mg /kg of material).

Table 2. Contents of the phar maceutically important terpenoid indole alkaloids (TIAs) in various organs of 32 weeks old plants of the accession
gsr-8 and Pink Delhi, a part of the 81 accessions analyzed in the table 1 and parents of F, generation plants analyzed in the Table 3.

SNo. Parameter? gsr-8 Pink Delhi
Root Stem Leaves Root Stem Leaves

1 Dry weight (g) 121+ 23 603 +51 446 = 2.7 148 + 2.7 785 % 82 412 + 29
2 Serpentine (S; mg) 378 £ 91 649 £+ 80 33+ 09 238 £ 45 804 * 46 51+ 14
3 Ajmalicine (A; mg) 101 + 2.3 02+ 01 N 105 + 14 N N

4 Catharanthine (C; mg) 39+ 11 N 17 + 06 39+ 10 N N

5 Vindoline (V; mg) N P N 117 £ 1.7 N N 426 + 7.7
6 Vinblastine (VB)+ Vincristine (VC)(mg) N N 09 + 0.2 N N 6.6 + 1.8

a = Five individual plants from each of the replication of the experiment-1 (Year 2002) were analyzed; b = N, Not detected (< 0.1 mg/kg of

material).

(a) Thebarksof root and stem accumulated TIAsin larger
guantities than corresponding woods, although the
biomass of barks was relatively smaller than that of
woodsin both root and stem. Serpentine, gimalicine and
catharanthine were accumulated in 12.3, 20.6 and 25.3
fold higher amounts in root bark as compared to root
wood. Like-wise serpentine and gjmalicine were stored
in 5.3 and 1.4 fold higher amount in stem bark than in
stem wood. (b) The dimeric TIAs vinblastine and
vincristine were accumulated in the leaf laminae but not
in the leaf petioles. Vindoline was accumulated in 32.1
fold higher amountsin leaf laminae than leaf petioles.

TIA Accumulation Capacity of Organs

The organ-wise percent concentrations of TIA akaloids
were measured in the experiment-1 (Table 1 and TIA
content observations on flowers). Serpentine (ggmalicine
included) was accumulated in the tissues of root, stem,
leaf and flower organs; its content was relatively low in
shoot-leaves (10.0 = 1.0 mg/100 g), flowers (19.4 = 1.4
mg/100 g) and stem (92.0 + 3.2 mg/100 g), as compared
to that in root where it was present in very high
concentrations (286.4 + 10.0 mg/100 g). The contents
of catharanthinewere21.1+ 1.5mg/100ginroot, 2.6 £
0.4 mg/100 g in leaves, 0.3 + 0.02 mg/100 g in flowers
and lower than the detection limit in stem. Vindoline
was accumulated in leaves and flowersin concentrations
of 38.6 £ 3.1 and 7.3 = 0.6 mg/100 g, respectively.
Vinblastine (vincristine included) was accumulated by
leavesin 1.5+ 0.2 mg/100 g concentration and by flowers
in 15 fold lower concentration.

Inter—organ Relationshipsin TIA Accumulation

The phenotypic correlations observed between percent
contents of various TIAs within and between organs of
81 accessions (experiment-1) are presented in the Table
4. High level of positive correlation was noted between
accumulation capacitiesfor catharanthine and serpentine
(ajmalicine included) in roots. The accumulation
capacities of catharanthine, vindoline and vinblastine
(vincristineincluded) inleaveswere also interdependent.
Relationships, if any, between root serpentine and
catharanthine accumul ation capacities on one hand and
those for serpentine, catharanthine, vindoline and
vinblastine in leaves on the other hand were not
significant. However serpentine accumulation capacities
of root and stem on one hand and of stem and leaves on
the other hand were interdependent. An important
observation was that in leaves the accumulation of
serpentineinterfered with that of catharanthine, vindoline
aswell asvinblastine.

TIAsin Flower Organs

The experiment-3 was carried out to compare the TIA-
accumulation patternsin roots, leaves, flower and siliqua
organsof C. roseuscv Nirmal plants (Tables5-7). Table
5 shows that flowers share some of their TIA features
with both roots and leaves. Table 6 gives the TIA
concentrations in different organs of flowers. It is seen
that corolla- petals and —tubes that account for 52.5 and
29.7% of flower by weight, respectively, are aso the
principa TIA bearing components of flowers. Of the 45.2
mg of TIAs present in 100 g of flowers, corolla petal
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Table 3. Contentsof thepharmaceutically important terpenoid indolealkaloids(T1As) in variousor gansof 20weeksold F2 generation plantsfrom
the cross between gsr-8 and Pink Delhi accessionsin Catharanthus roseus

SNo. Parameter Whole plant Roots Stem Leaves Inflorescences
Whole Bark Wood Whole Bark Wood Whole Petioles Laminae All Flower Flowers Siliquae
components  buds
1 Dry weight (g) 443 3.7 11 25 266 112 154 11.0 0.9 10.0 31 0.5 15 11
62 05 02 04 #45 21 +£25 14 01 1.3 +0.3 +0.1 0.3 +0.2
2 All akaloids 1162 97 74 24 702 537 165 203 40 163 155 33 61 62
(AA; mg) 175 15 12 #4  £133 1104 34  +28 +6 +23 +20 +6 +11 +13
3 TIAs (mg) 42.8 11.2 105 08 184 153 31 112 0.7 10.5 22 0.9 10 0.4
80 #23 20 03 #47 39 +09 18 0.1 +1.7 0.3 0.2 0.2 +0.1
4 Serpentine 26.8 8.0 74 06 176 150 28 04 0.2 0.2 NS NS NS NS
(S, mg) 66 18 *16 02 #48 £39 09 01 01 0.1
5 Ajmalicine 3576 2701 2577 0124 0710 0417 0293 0.005 0.005 N NS NS NS NS
(A; mg) +0.477 #0452 +0.413 £0.049 +0.247 +0.151 +0.147 +0.001 =+0.001
6 Catharanthine 1085 0552 0531 0021 N N N 0558 0172  0.382 0.005 0001 0002 0.001
(C; mg) +0.136 +0.098 #0.121 +0.010 +0.060 +0.010 +0.050 +0.001 +0.001 +0.001 +0.001
7 Vindoline 114 Na N N N N N 10.131 0.301 9.672 1217 0.627 0370 0.210
(V; mg) +18 +1.716 +0.083 +1649 0186 0151 +0.084 +0.050
8 Vinblastine (VB)+ 0.094 N N N N N N 0.094 N 0.094 N N N N
Vincristine (VC) (mg) +0.013 +0.013 +0.013
a = N, not detected (< 0.1 mg/kg of material); b = NS, not shown..
Table 4. Coefficient of correlation between alkaloidal traits of 32 weeks old plants of 81 accessions of Catharanthus roseus
Plant Percent content Character Character designation
organ of akaloid(s) designation Cc2 C3 C4 C5 C6 c7 C8 C9 C10
Root All C1 +0.71%*¢  +0.46%*f -0.23* +0.03 +0.01 -0.18 +0.06 +0.19 +0.04
S + A2 c2 - +0.50** +0.05 +0.27* -0.04 -0.11 +0.02 +0.11 +0.01
ch C3 - -0.19 +0.07 -0.03 -0.17 +0.05 +0.11 +0.04
Stem All Cc4 - +0.37** +0.10 +0.27* -0.10 -0.23* -0.10
S+A C5 - +0.09 +0.24* -0.08 -0.18 -0.06
Leaf All Cc6 - +0.39**  +0.02 -0.01 -0.02
S+ A c7 - -0.23* -0.38**  -0.21*
C C8 - +0.64**  +0.98**
Ve C9 - +0.60**
VB + VC! C10 -
a = Serpentine + amalicine; b = Catharanthine; ¢ = Vindoling; d = Vinblastinetvincristing; e = Significant with 99% level of confidence;
f = Significant with 95% probability.

Table5. Relative concentration of some of the pharmaceutically
important terpenoid indole alkaloids (T1As) in theroot, leaf
and flower organs of 22 weeks old Catharanthus roseus cv
Nirmal plants

S.No. Alkaoid(s) Content (mg) in 100g of dry

roots leaves flowers

1 Serpentine 95.2 05 12.7
2 Ajamalicine 86.8 Na 33
3 Catharanthine 37.8 38.6 4.2
4 Vindoline T 24.7 21.7
5 Vincristine N 17 0.2
6 Vinblastine N 15.8 31

Total 219.8 81.3 452

a
b

N, content not detected (< 0.1mg/kg of plant materia);
T, Trace amount present (< 1mg/kg of plant material).

and corollatube accounted for 23.3 and 8.6 mg or 70.4%
of TIAs cumulatively. The calyx, anther and styles and
stigma are relatively smaller organs and respectively
accounted for 1.3, 0.9 and 0.2 mg or 5.3% of the total
flower TIAs. Vindoline and serpentine were the TIAs
found present in al the organs of flowers studied-stalk

(pedicel), calyx, coralla, anthers (androecium) and style,
stigma and ovary (gynoecium), albeit in different
concentrations. The corolla petals had vindoline in
highest concentration in flower, the petalscontained 13.8
mg of the total of 23.2 mg present in al floral organs.
There was 87 fold more vindoline in corolla petals than
in corollatube. Vindoline concentration was very low in
anthers (0.2 mg), corolla tube (0.1 mg) and style and
stigma (0.1 mg). Serpentine content in corolla tube was
relatively high (5.2 mg of atotal of 12.7 mg/100 g of
flowers). Bulk of the flower ajmalicine was also
concentrated in corollatube (3.2 mg of atotal of 3.3 mg/
100 g flowers). Corolla petals accumulated the entire
flower TIAs in high amounts, except ajmalicine:
serpentine (2.9 mg), catharanthine (3.8 mg), vincristine
(0.2 mg) and vinblastine (2.5 mg). Gynoecium and
corolla tube were low in dimeric akaloids; vinblastine
was however present in relatively higher concentrations
inthestalk (0.5 mg). Catharanthinewas present in corolla
petalsand ovary (0.4 mg). The pedicel, calyx and ovary,
which bear dark green colour of chlorophyll and are
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Table 6. Relativecontentsof thephar macetically important terpenoid indolealkaloids(T1As) in variousflower organsof 22weeksold Catharanthus
roseus cv Nirmal plants

S.No. Flower

organ(s) Weight(g) in 100g dry flowersTotal akaloid yield (mg)Yield or content (mg) of certain TIA akaoids

Serpentine

Ajmalicine

Catharanthine

Vindoline

Vincristine

Vinblastine

Altogether

1 Stalk (Pedicel)4.70 162 24 N2 T 20 N 0.5 49
2 Calyx 212 129 0.2 N N 11 N T 13
3 Corolla petals52.49 1102 29 N 38 13.8 0.2 25 232
4 Corolla tube 29.70 1057 5.2 32 T 0.1 T 0.1 8.6
5 Anthers 4.43 108 0.7 N T 0.2 N T 0.9
6 Style and stigma2.58 75 0.1 T T 0.1 T T 0.2
7 Ovary and nectaries 3.97 288 12 0.1 04 44 T T 6.1
8 Total 99.99 2921 12.7 33 42 21.7 0.2 31 45.2
a = N, not detectable (< 0.1 mg/kg of plant material); b = T, trace amount (< 1mg/kg of plant material).

Table 7. Relativecontent of thephar maceutically important terpenoid indolealkaloids(T1As) in variousfruit or gansof 22 weeksold Catharanthus

roseus cv Nirmal plants

Fruit organ Weight (g) in Total akaloid Yield or content (mg) of certain TIA akaloids
100g dry siliquae yield (mg) serpentine vindoline catharanthine
Siliqua capsule 78.8 3650 18.4 7.7 TP
Seed coat 19.5 520 N2 N N
Embryo 17 52 N N N

a
b

N, Not detectable (< 0.1mg/kg of plant materia);
T, Trace amount (< 1mg/kg of materia).

photosynthetically active flower organs, contained
serpentine and vindoline.

TIAsin Siliquae, Seeds and Seedlings

Table 7 summarizes the data on TIA contents of the
siliquae organs of C. roseus cv. Nirmal (experiment-3).
It is shown that neither seed coat nor embryo contained
any of the TIAsexamined. However, the siliquacapsules
contained 18.4 mg of serpentine, 7.7 mg of vindoline
and 0.3 mg of catharanthinein 100 g siliquae of which
21.2 g were seeds. Since seedswere found not to contain
TIAS, it was desired to find out if TIA accumulation
occurred in very young seedlings. Table 8 shows that
while both mature seeds and nascent seedlings (latter
grown in the presence of light) were rich in total
alkaloids, only the seedlings had the TIAs. In the

seedlings examined, the green cotyledons were seen
emerging out of seed coats which were still stuck on the
cotyledons. Serpentine, ajmalicine, vindoline and
catharanthine were present in 1.5, 0.4, 0.2 and 0.1 mg
amounts in 100 g nascent seedlings, respectively.

Organ-wise Variation in TIA Component of Total
Alkaloids

The observations given in the tables 1, 3, 6 and 7 alow
the organs of C. roseus to be arranged in the following
order of increasing relative concentrations of total
akaloid content in them: leaves (1.0) < stem (1.1) <roots
(1.6) < flowers (2.6) < seeds (2.7) < siliquae (3.3). The
total alkaloid concentration varied in dry organs from
about 29 mg/g in leaves to 98 mg/g in siliquae. On the
other hand, the percent content of the profiled

Table8. Relative content of phar maceutically important ter penoid indolealkaloids (T1As) in seedsand seedlingsof Catharanthusroseuscv Nirmal

Material Content (mg) in 100g of materia
al alkaloids Pharmaceutically important akaloids
serpentine amalicine vindoline catharanthine
Seeds
2698 NP N N N
Seedlings®
4100 15 04 0.2 0.1

a = seedlings were sampled at 120 h from the time of initiation of germination on filter paper soaked with water in petridishes incubated at

25°C in 16 h hight and 8 h dark conditions;
b = N, content not detected (< 0.1mg/kg of material).
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pharmaceutically important alkaloids (TIAS) in total
extracted alkaloids varied between 0.8% in siliquae to
14.4% in roots. The following is the order of organsin
terms of the relative concentration of TIAs in total
alkaloids: siliquae (1.0) < flowers (2.5) < leaves (6.7) <
stem (10.0) < roots (18.1).

Distribution of Dragendorff Reagent Stained Cells
in Tissues of Various Organs

In both root and stem, laticifers, idioblasts and/or
specialized parenchymatous cells that took up intense
red stain were present in hypodermis, cortex and pith
(Fig. 3; Table 9). The cortex of the root and stem were

more densely populated with stained/alkaloid rich cells
than other tissues of root and stem (Table 9). The stem
was especialy rich in seleridial idioblasts which were
present in theinner cortex in patches of 15to 20 cellsin
the form of ring aong the periphery of outer phloem,
interrupted by bundles of blast fibers. The cortex tissues
of leaf petiolesand leaf laminaewererichin specialized
parenchymatous cells which occurred in small clusters
that were arranged on the two sides of the bean shaped
vascular tissue called adaxial phloem here (Fig. 2). In
the pith region of root and stem, such cellswere present
on the outer periphery of the tissue. The hypodermis of
leaf petiole, palisade and spongy tissue of leaf laminae

Fig 3 Sections of Catharanthus roseus organs stained with Dragondorff reagent. Parts of organ sections: (A) Transverse section (TS) of
root; (B) TSof stem; (C) TSof leaf petiole; (D) Longitudinal section of stem; (E) TSof leaf lamina; and (F) TS of siliqua. The TS of
leaf lamina in the mid vein region appeared similar to TS of petiole (E). A portion of carpel is seen inside the siliqua capsule inthe TS
of siliqua (F). Among the cells that took red stain of Dragondorff reagent intensely, the following labels were assigned: a = laticifer/
idioblast cell; b = bast fiber; ¢ = inner cortex or adaxial phloem cell; d = outer phloem; e = xylem; f = pith.
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Table 9. Relative distribution of the cells exhibiting putative alkaloid accumulation, in 22 weeks old plants of Catharanthus roseus cv Nirmal

S.No. Organ?® Tissue General features® Number of cells that took
up dark red Dragendorff
stain®

1 Root Cork layer Long compact cells in 3 to 7 layers, interspersed with 27+ 1

large size ldticifers/idioblast cells

2 Outer cortex Large cells loosely arranged in 4 to 7 layers 17+ 1

3 Inner cortex Several layers of compactly arranged cells, interspersed

with bundles of bast fibres 390 + 61

4 Phloem 4 or 5 layers of small cells 212 £ 70

5 Pith Small in size, inner to xylem 2+1

6 Stem Hypodermis Small cells, compactly arranged in 3 or 4 layers 18+1

7 Outer cortex 5 to 7 layers of cells 9+1

8 Inner cortex Several layers of cells interspersed with bundles of bast fibers 370 + 40

9 Phloem Small compact cells arranged in 3 or 4 layers 312 + 65

10 Pith Cortex like cells inner to xylem and internal phloem 415 + 33

11 Leaf petiole Hypodermis 2 to 3 layers of cells 21+ 1

12 Cortex Cells in 3 to 7 layers 3x1

13 Adaxia phloem 1 or 2 layers 79 £ 10

14 Leaf lamina Pallisade 1 or 2 layers of large sized cell(s) R2+7

15 Spongy parenchyma  Small cells in 2 or 3 layers 11+ 4

16 Flower pedicel  Mesophyll Cells in 6 or 7 layers 12 + 2

17 Adaxia phloem lor 2 layer(s) 30 £ 12

18 Calyx Mesophyll Cells in 3 or 4 layers 20 £ 10

19 Corolla tube 0

20 Corolla petas 15 + 1

21 Siliqua 25+ 2

a = Epidermal cells of root, stem, leaf, flower and siliqua took up intense yellowish stain;
b = The data pertain to full transverse section of each organ studied; ¢ = Relates to al the 5 petals.

and mesophyll of siliquae were densely packed with
laticifers. The flower organs contained thin walled
idioblasts and specialized parenchymatous cells. The
stained cells appeared to be highly mucilagenous in
anthers and organs of gynoecium. A general positive
correlation was noted between frequency and size of
Dragendorff reagent stained cellsand TIA concentrations
in organs, such that the organs could be arranged in the
following order in terms of the two parameters: root and
stem > leaf > flower petals, siliqua (Tables 1, 3, 6, 7
and 9).

Discussion

Inthisstudy, theroot, stem, leaf, flower and fruit (siliqua)
organs of the dried adult plants of C. roseus [28] were
investigated for their net content of the total alkaloids,
serpentine, vindoline and catharanthine, the products of
three late branches of TIA pathway, and gimalicine, the
immediate precursor of serpentine along with vincristine
and vinblastine, the dimeric products of vindoline and
catharanthine. The results of the study have adduced
evidencefor the genetically regulated compartmentation
of TIAsamong C. roseus. Some of theimportant results
of the study are discussed below.

Absenceof Serpentine, Vindolineand Catharanthine
in Seeds

Like siliquae and flowers, the seeds were observed to be
rich in their total akaloid content. However, all the
profiled TIAswerefound | acking from seed organs (seed
coat and embryo). The whole cotyledon stage seedlings,
bereft of seed coat, contained serpentine, aimalicine,
vindolineand catharanthine. Thisshowsthat the branches
of TIA biosynthetic pathway responsible for serpentine,
catharanthine and vindoline, which are blocked during
seed devel opment, get induced during seed germination.
Previously, light exposed cotyledon stage seedlings have
been shown to synthesize and accumulate gjmalicine,
vindoline and catharanthine, with and without exposure
to methyl jasmonate, the elicitor of TIA pathway [44,67].

Presence of Serpentine, Vindoline, Catharanthine,
Vincristine and Vinblastine in Flower Petals

Thewholeflowersaswell asflower petalswere observed
to be rich in total alkaloids and to contain serpentine,
catharanthine, vindoline, vincristineand vinblastine. The
results confirmed the earlier observation that roots
contain serpentine and catharanthine but do not contain
vindoline, vincristine and vinblastine. Previouswork has
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shown that while serpentine and catharanthine branches
of TIA pathway are active in underground roots and
etiolated dark grown seedlings, tabersonine, a major
intermediate of the vindoline branch, is not converted
into vindoline in the absence of exposure to light. This
is because, of the six reactions known to be involved in
the transformation of tabersonine to vindoline, at least
oneis catalyzed by the action of athylakoid associated
enzyme. Inthefirst reaction tabersonineis hydroxylated
by a microsomal tabersonine 16- hydroxylase enzyme
[68]. The product is O-methylated by a cytosolic S
adenosyl-L-met, 16 hydroxyl- tabersonine O-
methyltransferase enzyme [69]. An as yet unknown
enzyme hydroxylates the 2, 3-double bond of the 16-
methoxy compound. Next the intermediate product is
N-methylated by a S-adenosyl-L-Met-5-Adenosyl-L-
Met: 2, 3 dihydro-3-hydroxytabersonine enzyme which
is associated with thylakoids, to produce desacetoxy
vindoline [15]. The cytosolic enzyme 2-oxoglutatarate
dependent dioxygenase (D4H) hydroxylates
desacetoxyvindoline at its 4 position [70]. Lastly, the
cytosolic enzyme desacetoxy-vindoline 4-O-acetyl
transformate (DAT) O-acetylates deacetylvindoline to
producevindoline[71]. The expression of D4H and DAT
has been shown to belight dependent and it isal so shown
that D4H family proteinsexist in seedlingsgrown in dark
[17,67]. Since the flower petals do not possess active
thylakoid differentiated plastids (chloroplasts), presence
of vindolinein them suggeststhefollowing: (a) vindoline
is transported into flower petals from other organs;
(b) some precursor of vindoline is transported which is
converted into vindoline in flower petals; or (c) there
existsin flower petals a pathway of vindoline synthesis
that does not requireintermediation of photosynthetically
active chloroplasts. This hypothesized pathway may
requirelight for its operation, since roots do not produce
vindoline. Further, our results demonstrate that reactions
beyond vindoline and catharanthine that are involved in
synthesis of vincristine and vinblastine may not require
active chloroplast participation.

Ubiquitous Presence of Serpentine

Among the TIAs profiled, serpentine was observed to
be a major component in all organs, except leaves and
flowers where vindoline was the main component.
Ajmalicine, the precursor of serpentine [72], was
accumulated in three to four fold lower concentrations
than serpentineinroots, flowersand siliquaeand in much
lower concentrationsin stem and leaves. Serpentinewas
the principal alkaloid of stem, where from vindoline,
catharanthine and dimeric a kal oids were absent. Among
various organs, the stem, which forms the bulk of C.
roseus plant, presents the extreme example of
compartmentation of TIA expression (Fig. 4).

serpentine
Vindoline
Catharanthine

*
=trictosidine

Fig 4 Predominance of serpentine synthetic route over vindoline
and catharanthine routes in the accomplishment of the normal
terpenoid indole alkaloid biosynthetic pathway in Catharanthus
roseus organs (root, R; stem, S; leaf L; and inflorescence, ).

Recent work on the localization of tissues where TIA
pathway is expressed in C. roseus has revealed that the
central intermediate strictosidine is synthesized in
epidermal cells. It hasbeen shown for vindoline synthesis
in leaves that reactions from strictosidine to 16-
methyltabersonine or its 2, 3-dihydro derivative also
occur in epidermis. These intermediates are transported
to inner layers where in idioblast/laticferous cells the
subsequent steps to make vindoline are completed
[23,24]. Although only partly demonstrated, it can be
visualized that parallel transport of intermediates from
epidermis in shoot organs and outer parenchyma
(protoderm and cortical cells) in root to inner layers of
mesophyll/ parenchyma/ vasculature/ idioblasts/
laticifers must be responsible for the synthesis of
catharanthine and serpentine [19,22,34]. Indeed, in the
present study bulk of serpentine and catharanthinein root
and serpentine in stem were found to be present in the
bark tissueswhich include epidermis, cortex and phloem
parenchyma tissue.

The stem has epidermal layer, parenchyma and
phloem cells where various steps of the TIA pathway
are presumably accomplished, yet this organ mainly
accumulates serpentine in the main. Understanding of
the mechanisms that operate in stem to block the
expression of vindoline and catharanthine branches will
be crucial for the genetic engineering of C. roseus for
increased yields of vindoline and catharanthine. Stem
can also be the major source of ajmalicine if the
reaction(s) from ajmalicine to serpentine can be
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genetically blocked. The fact that the vindoline and
catharanthine are accumulated at higher levels than
serpentinein leavesindicatesthat blocking of serpentine
branch may be a practical meansto increase theyield of
catharanthine in roots and catharanthine and vindoline
in leaves.

Plant Phenotype(s) Favourable for High Yields of
Pharmaceutical TIAs

Inthe TIA profiles of dissected organs of F, population
plants of a cross between two hierarchicaly different
parents, some morphological featuresthat favoured high
yields of pharmaceutically active TIAs from root and
leaf organs became apparent. Bulk of ajmalicine and
catharanthine werein root bark and very small amounts
of these alkaloids were present in the woody tissues of
root. Thereforethick bark in root emerged as a selection
criterion for high yields of TIAs from roots. The leaf
lamina was observed to be for richer in catharanthine,
vindoline, and vindoline + vincristine than leaf petiole.
Accordingly small size petiole appears to be a selection
criterion for high yields of leaf TIAs. These selection
criteriaare recommended to be used in addition to large
sizes of leaf and root organs and higher concentrations
of specific TIAsin these organs.

Conclusion

Simultaneous quantification of several TIA-precursors,
-intermediates and end products in various organs/sub-
organs of root, stem, leaf, flower, fruit and seed of
genetically variant populations of C. roseus plants has
revealed the basic features of in-planta distributional
network compartments of TIA-metabolites. In the
perennial C. roseus plant, whereas the abcissant organs,
leaves and flowers, were found to contain the near-end
products vindoline and catharanthine and end-products
serpentine, vinblastine and vincristine, the perennial
organs stem and root respectively contained only
serpentine and serpentine and catharanthine. Expression
of the products of serpentine branch appeared to suppress
the expression of the vindoline and catharanthine
branchesof TIA pathway inleaves. Non-chlorophyllous
corolla-petals contained vindoline aswell asvinblastine
and vincristine; transport of vindoline or occurrence of
an alternative pathway for vindoline is indicated. TIA
pathway was latent in seeds; it got activated upon seed
germination. An approach to obtain vindoline and
catharanthine rich plant type may be to develop a
genotype in which the serpentine route gene functions
have been knocked out. Thick root bark and small leaf
petiole are surmised as morphological features
favourable for TIA richness in root and leaf organs,
respectively.
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