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A B S T R A C T

Rauvolfia tetraphylla L. (family Apocynaceae), often referred to as the wild snakeroot plant, is an important
medicinal plant and produces a number of indole alkaloids in its seeds and roots. The plant is often used as a
substitute for Ravuolfia serpentine (L.) Benth. ex Kurz known commonly as the Indian snakeroot plant or sar-
phagandha in the preparation of Ayurvedic formulations for a range of diseases including hypertension. In this
study, we examine the spatial localization of the various indole alkaloids in developing fruits and plants of R.
tetraphylla using desorption electrospray ionization mass spectrometry imaging (DESI-MSI). A semi-quantitative
analysis of the various indole alkaloids was performed using UPLC-ESI/MS. DESI-MS images showed that the
distribution of ajmalcine, yohimbine, demethyl serpentine and mitoridine are largely localized in the fruit coat
while that for ajmaline is restricted to mesocarp of the fruit. At a whole plant level, the ESI-MS intensities of
many of the ions were highest in the roots and lesser in the shoot region. Within the root tissue, except sarpagine
and ajmalcine, all other indole alkaloids occurred in the epidermal and cortex tissues. In leaves, only serpentine,
ajmalcine, reserpiline and yohimbine were present. Serpentine was restricted to the petiolar region of leaves.
Principal component analysis based on the presence of the indole alkaloids, clearly separated the four tissues
(stem, leaves, root and fruits) into distinct clusters. In summary, the DESI-MSI results indicated a clear tissue
localization of the various indole alkaloids, in fruits, leaves and roots of R. tetraphylla. While it is not clear of how
such localization is attained, we discuss the possible pathways of indole alkaloid biosynthesis and translocation
during fruit and seedling development in R. tetraphylla. We also briefly discuss the functional significance of the
spatial patterns in distribution of metabolites.

1. Introduction

Rauvolfia tetraphylla L. (Family Apocynaceae) (Fig. 1a) is an eco-
nomically important medicinal plant, often used as a substitute for its
conspecific plant, Rauvolfia serpentina (L.) Benth. ex Kurz commonly
referred to as the Indian snakeroot plant or sarphaganda (Gupta et al.,
2012). The latex of both species of plants are used in a variety of cures
in folk medicine and several indigenous or traditional medicine systems
(Gupta et al., 2012). The white latex is used as emetic, cathartic and
expectorant for treating dropsy (Gupta et al., 2012; Kaushik et al.,
2013). Both the species of Rauvolfia produce a variety of mono-
terpenoid indole alkaloids (MIAs) such as reserpine, serpentine,

deserpidine, ajmaline, ajmalcine, yohimbine that have been reported to
have important pharmaceutical and biological activities. All these
compounds originate from strictosidine (Fig. 2), formed by the con-
densation of tryptamine with secologanin (Hagel et al., 2008; Pan et al.,
2015). Little is known about the downstream biosynthetic pathway of
these compounds from strictosidine (Fig. 2) (Faisal et al., 2005).

Considering the importance of many of the monoterpenoid indole
alkaloids (MIAs) in pharmaceutical applications, a number of studies
have explored to unravel the pathway genes involved in the biosynth-
esis of these compounds. Using an integrated transcriptomics and pro-
teomics approach for gene discovery, Miettinen et al. (2014) discovered
the last four missing steps of the (seco)iridoid biosynthesis pathway in
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Catharanthus roseus. More recently, the entire MIA pathway up to
strictosidine was engineered in Nicotiana benthamiana by heterologous
expression of newly identified genes in combination with the previously
known biosynthesis genes (Miettinen et al., 2014). Interestingly the
biosynthetic pathways of many plant specialised metabolites often in-
volve multiple cell types that are biochemically and morphologically
distinct (Hagel et al., 2008; Pan et al., 2015). In situ RNA hybridization
and immuno-cytochemical studies have shown the localization of MIA
pathway enzymes to a number of cell types (St-Pierre et al., 1999). For
example, studies in C. roseus have shown that secoiridoid metabolism
begins in phloem-associated parenchyma cells (IPAP) cells and that
loganic acid produced in IPAP cells is transferred to epidermal cells
(ECs). Further synthesis involving secologanin and tryptamine occurs in
the ECs. Finally, a MIA intermediate, deacetoxyvindoline, moves to the
idioblast cells (ICs) and laticifer cells (LCs) and MIAs begin to accu-
mulate in the vacuole of these cells (St-Pierre et al., 1999; Mahroug
et al., 2006; DugÃe de Bernonville et al., 2015; Burlat et al., 2004).

In a more recent study on a Mediterranean plant, Thapsia garganica
(dicot, Apiaceae), using MALDI MSI, it was shown that the metabolite,
thapsigargin was stored in the secretory ducts in the roots. Transcripts
of TgTPS2 (epikunzeaol synthase) and TgCYP76AE2 in roots were
found only in the epithelial cells lining these secretory ducts (Andersen
et al., 2017). Similarly, in Vitex agnuscastus L, MALDI-MSI analysis
showed that the diterpenoids were localized in trichomes on the surface
of fruit and leaves. Analysis of a trichome-specific transcriptome data-
base, coupled with expression studies, identified seven candidate genes
involved in diterpenoid biosynthesis (Heskes et al., 2018; Boughton
et al., 2016).

Unraveling the localization of pathway gene expression and their
products or metabolites can profoundly help in understanding, both the
regulatory and functional basis of metabolite synthesis in plants
(Miettinen et al., 2014). While traditionally, studies have relied on
techniques such as in situ RNA hybridization and immune-cytochemical
studies, in recent years there has been increasing attempts to use mass
spectrometry imaging techniques for localizing plant metabolites.
These techniques, such as MALDI-MSI or DESI-MSI are rapid, easy to
use and have been used in a number of studies to understand the spatial

context of metabolite accumulation and localization (Bjarnholt et al.,
2014; Lee et al., 2012; Ifa et al., 2011; Korte et al., 2012; Hemalatha
and Pradeep, 2013; Kueger et al., 2012; Boughton et al., 2016;
Andersen et al., 2017; Zifkin et al., 2012). Coupled with tissue-based
transcriptomic analysis, the technique can potentially be used in un-
raveling biosynthetic pathway genes responsible for the synthesis and
accumulation of specialised metabolites (Bjarnholt et al., 2014; Zifkin
et al., 2012; Andersen et al., 2017).

In this study, using a DESI-MSI approach, we have developed a
spatially explicit map of the indole alkaloids in developing fruits and
plants of R. tetraphylla. We rationalize the results based on both the
functional significance of such patterns as well as the possible metabolic
regulatory processes that might have resulted in these patterns.

2. Results and discussion

ESI MS analysis of the different parts (root, stem, leaf and fruits:
Fig. 1) of R. tetraphylla showed the presence of prominent metabolites
in the range of m/z 300–611 (Table 1). Among the different tissues, by
far the roots contained relatively large number of indole alkaloids
compared to the stem, leaves and fruits (Fig. S1). Structural char-
acterization of these indole alkaloids were done by both accurate mass
measurement and mass fragmentation analysis (Fig. S2) (Smith et al.,
2005). Mass fragmentation analysis was done mainly by comparing the
observed fragment ions with those retrieved from earlier publications
(Fig. S2). Where not available, the patterns were annotated using the
fragments core structural features (Supplementary information; Fig.
S2). A list of m/z values of the parent and fragment ions and their
chemical formulae are given in Table 1. Based on these masses, the
identity and the spatial location of the compounds were established in
different parts of the fruit and plant using DESI-MS imaging facility.
Principal component analysis (PCA) based on the presence of MIAs
clearly separated the four tissues (stem, leaves, root and fruits) in to
distinct clusters (Fig. S2). The first and second PC axis respectively
explained 66.5% and 30.5% of the variance. The eigenvector con-
tributions for the two axes are: PC1 Leaf-L1 (2.0994) L2 (4.827) L3
(4.827) and PC2 (L1 3.990, Root-R2 0.29, R3- 0.217) (Fig. S3).

Fig. 1. a) Fruit bearing Rauvolfia tetraphylla plant. Insert in shows the different stages of fruit b) leaf and its TLC imprint, c) Fruit cross section (i) and its TLC imprint
(ii) TLC imprint photo taken with UV light (iii) d) Root and e) Root cross section (i) and its TLC imprint (ii).
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2.1. MIAs during fruit development

The spatial locations of different MIAs in cross section of developing
fruits were established using DESI-MS. Among the various indole al-
kaloids, prominent were mitoridine, ajmaline, demethyl serpentine,
ajmalicine and yohimbine (Fig. 3). The molecular ion intensities were
higher in early stage fruits compared to mature fruit. The alkaloids,
mitoridine, 12-methyoxyvellosimine, demethyl serpentine, ajmalicine
and yohimbine were restricted to the fruit coat (exocarp), while aj-
maline was largely restricted to mesocarp of the fruit (Fig. 3). Demethyl
serpentine was detected only in fruits and not in other parts of the
plant.

2.2. MIAs in root and shoot

Cross-sections of root and shoot of the plant showed distinct spatial
distribution patterns of the various ions. In roots, most of the indole
alkaloids were present and showed tissue specific localization.

Tetraphyllicine, raunescine and deserpidine were present only in epi-
dermis; mitoridine and ajmalicine were present in cortex while re-
serpine was restricted to the pith region only. Sarpagine, 10-O-me-
thylsarpagine, ajmaline, serpentine, yohimbine and 18-hydroxy-
yohimbine were present in higher abundance in epidermis and pith
region. Stem contained, sarpagine, ajmaline, serpentine, ajmalcine,
yohimbine and 18-hydroxy-yohimbine with a localization pattern si-
milar to that in the root (Fig. 4).

2.3. MIAs in leaves

In leaves, only serpentine, ajmalicine, reserpiline and yohimbine
were found. Specifically, serpentine was found only in the leaf petiole
while the other metabolites were abundant in the leaf blade (Fig. 5).

Intensities of many of these metabolites were highest in the roots
upwards to the collar region, representing the transition from the root
to the shoot (Figs. 3–5, Fig. S5). For example, reserpine content on dry
weight basis, was highest in the main roots (0.50% ± 0.10) and lateral

Fig. 2. Pathway of monoterpenoid indole alkaloid biosynthesis. Strictosidine synthase (STR) is a key gene responsible for the biosynthesis of strictosidine.
Strictosidine is a major precursor for the biosynthesis of a diversity of MIAs in Rauvolfia tetraphylla.
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roots (0.44% ± 0.09), followed by stem (0.31% ± 0.09), and least in
fruits (0.02% ± 0.02) and absent in leaves (Fig. 6).

In summary, our results show that the MIAs in R. tetraphylla exhibit
a distinct localization patterns, both, across and within different tissues
(Figs. 3 and 4). For example, while roots contained most of the MIAs,
the stems contained only sarpagine, ajmaline, serpentine, ajmalcine,
yohimbine and 18-hydroxy-yohimbine. Similarly, the leaves had only
serpentine, ajmalicine, reserpiline and yohimbine. Within each tissue as
well, there were distinct patterns of occurrence. In fruits, several of the
MIAs were restricted to the fruit coat, while others were restricted to
the mesocarp. Similarly, within roots, there was a clear spatial se-
paration of several of the MIA between the epidermal and cortex tis-
sues. These results add to the now growing literature that suggests there
could be spatial patterning of occurrence of specialised metabolites,
across and within tissues (Dueñas et al., 2017; Bhandari et al., 2015;
Mohana Kumara et al., 2016; Sturtevant et al., 2017). These are now
increasingly becoming evident, especially through studies, involving
non-invasive, imaging analysis including MALDI MSI and DESI MSI
(Bjarnholt et al., 2014; Lee et al., 2012; Ifa et al., 2011; Korte et al.,
2012; Hemalatha and Pradeep, 2013; Kueger et al., 2012; Dopstadt
et al., 2017; Woodfield et al., 2017). The spatial patterning of MIAs also
raises interesting questions, both proximate and ultimate, of such oc-
currence. Proximately, the patterns are best explained by studying the
underlying gene expression patterns, and examining, if there is indeed
any spatial correlation between the expression and the occurrence. A
few studies have attempted to examine such correlation by analyzing
cell and tissue specific transcriptome data. For example, in flaxseed
(Linum usitatissimum), expression of the key genes involved in the
synthesis of pinoresinol and the subsequent downstream pathway in-
termediate were correlated with the spatial distribution of metabolite
(Dalisay et al., 2015). Similarly, in highbush blueberry (Vaccinium
corymbosum), occurrence of major classes of flavonoids was correlated
to the transcript abundance. Proanthocyanidins (PAs) and corre-
sponding transcripts encoding anthocyanidin reductase and leu-
coanthocyanidin reductase were mostly concentrated in young fruits

and localized predominantly to the inner fruit tissue containing the
seeds and placentae (Zifkin et al., 2012). In Calotropis procera, tissue
specific expression analysis of 30 putative transcripts involved in ter-
penoid, steroid and cardenolide pathways were correlated with meta-
bolite and transcript accumulation (Pandey et al., 2016). In tea leaves,
the expression patterns of genes in C2-2-1 and C2-2-2-1 groups were
found to be probably responsible for the development-dependent ac-
cumulation of phenolic compounds in the leaves (Jiang et al., 2013). In
Sorghum biocolar, during accumulation was reported to be correlated
with transcript abundance of genes involved in biosynthesis of cyano-
genic glycosides (Nielsen et al., 2016). It would be interesting to ex-
amine such association between the spatial distribution of the meta-
bolites in tissues with the corresponding gene expression in R.
tetraphylla as well. Where such correlation between spatial localization
and gene expression is not evident, it is likely that the spatial patterns
could be due to a disconnect between the sites of synthesis and sites of
accumulation of the metabolites. For example, in pea and carrot, cy-
tokinins biosynthesized in cambium of the root is finally exported to the
shoot (Chen et al., 1985).

While the above studies may help explain the proximate basis of
spatial patterning of metabolites, it is also interesting to examine, the
ultimate functional significance of such patterning. One of the earliest
studies is due to Berenbaum (1995) who proposed the concept of ap-
parency in the synthesis and accumulation of specialised metabolites by
plant tissue. According to this theory, plants bet-hedge on deploying
defense responses and investing carbon to synthesizing specialised
metabolites. Thus, instead of uniformly investing in synthesis and ac-
cumulation of specialised metabolites in all leaves, plants may accu-
mulate the compound in only a proportion of the leaves and within a
leaf, only in some parts of the leaf (Hansen et al., 2016). In R. tetra-
phylla, it is interesting to note that ajamaline is specifically distributed
in the mesocarp of the fruit and increases through the fruit develop-
mental phase. Ajmaline is a potent inhibitor of Na+/K+ channel
(Kiesecker et al., 2004) and it is likely that the accumulation pattern in
the mesocarp could help defend the fruit from insect herbivores. On the

Fig. 3. DESI MS images showing the distribution of indole alkaloids in fruit sections of R. tetraphylla. Scale bars correspond to 5mm and apply to all the images of a
row.
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Fig. 4. DESI MS images showing the indole alkaloid distribution in root and stem sections of R. tetraphylla. Scale bars correspond to 5mm and apply to all the images
of a row.
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other hand, ion intensities of many other compounds such as mitrodine,
yohimbine that was located in the fruit epidermis decreased with fruit
ripening. The functional significance of many of these compounds is
unknown, though some of them might serve as intermediates of bio-
synthesis of indole alkaloids. Yohimbine is an alpha adrenoreceptor
inhibitor and could possibly also function in defense. Sarpagine, an
ajmaline type monoterpene indole alkaloid, is a Na+ channel blocker
and is concentrated in the cortex and pith of the root. Reserpine, also
abundant in the main root cortex, is a monoamine transport blocker
(Mahata et al., 1996). Ajmalcine, an andregnic receptor antagonist, is
concentrated in the epidermis and cortex. The functional significance of
most of these compounds are yet unknown and clearly more research is
required to unravel their significance to plant growth and defense.

Like other terpene alkaloids, the synthesis of MIA begins with the
condensation of tryptamine and secologanin to yield strictosidine.
Strictosidine is converted into 4,21 –dehydrogeissoschizine and there-
after through cyclization and reduction, ajmalcine is formed (KEGG
pathway). However, in our study, we failed to recover the primary
precursors of the different MIAs. An earlier study (Yamamoto et al.,
2016) employing nano-DESI was successful in locating some of the
precursors, such as strictosidine, indicating perhaps the need for high-
resolution imaging to capture such molecules. It is also likely that our
failure to spatially detect them could be due to them not being readily
ionized as well as because of their inherently poor stability.

It is now well acknowledged that the primary site of synthesis of the
MIAs is the root (Schluttenhofer et al., 2014; O'Connor and Maresh,
2006) and from there perhaps, a few are transported elsewhere in the
plant (El-Sayed and Verpoorte, 2007; Liu et al., 2017; Pathania and
Acharya, 2016). We have made a preliminary attempt to explore if
there exist a tacit relationship between the spatial patterning of the
specialised metabolites and their biosynthetic pathway (Figs. 7 and 8).
Understandably, the root sections have the largest diversity of MIAs,
perhaps representing the pathway intermediaries as well. However
there is a clear narrowing of such diversity in the root:stem collar re-
gion and thereafter in the stem region, only to be partially restored in

the leaf and fruits. That there is an active transport is supported by the
fact that transporters of ajmalicine and other MIAs have been reported
(Liu et al., 2017; Zhu et al., 2015; Pathania and Acharya, 2016; Yu and
De Luca, 2013).

In conclusion, the study provides a spatial framework of MIAs in
different parts of R. tetraphylla plants. These results could serve as va-
luable inputs for further studies to address, both the proximate causes
and the ultimate selective advantage of such patterning. Combined with
other omics approaches, including transcriptomics/metabolomics, DESI
MS imaging of specialised metabolites can offer exciting opportunities
to explore tissue specific, and in some cases, cell specific gene expres-
sion to validate the spatial occurrences of metabolites.

3. Materials and methods

3.1. Plant material

R. tetraphylla plants were raised and maintained at IIT Madras
Nursery, Chennai (13.0052° N, 80.2420°E). R. tetraphylla produces
brightly colored fruits, green during early stage, yellowish to red during
maturity and shiny black during fully matured stage. The seeds take
approximately 30–50 days to mature. Different plant parts were col-
lected from the two-year-old plant during winter season (19-01-2015).
Plant was up rooted, segmented into different parts, namely, root, stem
and leaves (Fig. 1). Root and stem were further segmented in four
different sections, namely, epidermis, cortex endodermis and pith re-
gion respectively (Fig. 1e). Different developmental stages of the fruit
were collected from the two-year-old plants.

3.2. ESI-MS/MS, orbitrap analysis and assigning the metabolites

Different sections of the root, shoot, and leaves (corresponding to
regions that were used for the imaging) were cut into small pieces and
soaked in methanol for 12 h. The solution was filtered and centrifuged
at 10,000 rpm for 10min. The supernatant was analyzed by ESI MS/MS

Fig. 5. DESI MS images showing the indole alkaloid distribution in leaf of R. tetraphylla. Scale bars correspond to 5mm and apply to all the images of a row.

Fig. 6. Reserpine content (on dry weight basis) in different parts of Rauvolfia tetraphylla plant. Error bars indicates standard deviation.
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using Thermo Scientific LTQ XL (Thermo Scientific, San Jose, CA, USA)
mass spectrometer, and exact mass was analyzed using Thermo
Scientific Orbitrap Elite (Thermo Scientific, San Jose, CA, USA) mass
spectrometer. The data was acquired in positive ion mode with a spray
voltage of 3 kV. Collision induced dissociation (CID) was used for
fragmentation of the ions during MS/MS measurements. The identities

of the ions were established based on both, the fragmentation patterns
and exact masses of the ions obtained using METLIN and MassBank
metabolite database. The mass window tolerance of± 3 ppm was used
for database search. The MS/MS data was used to infer the compound
identity by comparing the fragment ion m/z with published literature
and database. All the spectra were represented in the profile mode.

Fig. 7. Superimposed images of root, leaf and fruit sections of R. tetraphylla showing the tissue localization of indole alkaloids.

Fig. 8. Schematic illustration of the biosynthesis of monoterpenoid indole alkaloids (modified from KEGG pathways and Yamamoto et al., 2016).
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3.3. Extraction and quantification of reserpine using UPLC analysis

Different sections of the root, shoot, and leaves of R. tetraphylla were
collected from the nursery and oven dried for 3 days at 70 °C (Fig. 1).
Tissues were powdered and extracted using 5mL of methanol (Merck),
centrifuged at 10,000 rpm for 5min and filtered with 0.2 μm filters.
Filtered sample (2 μL) was analyzed using UPLC Waters ACQUITY
UPLC™ system SYNAPT G2-Si equipped with a binary solvent delivery
system, an autosampler, column manager, and a tunable MS detector.
Chromatographic separation was performed on a Waters ACQUITY
UPLC™ BEH, C18 (130Å, 1.7 μm, 2.1mm×50mm, 1/pkg) column at
40 ± 5 °C. The mobile phase employed for UPLC analysis consisted of
water; methanol (50:50 v/v) in a gradient mode, which was degassed,
previously. The flow rate of the mobile phase was kept at 0.50mL/min
and 2 μL of sample solution was injected in each run. The total chro-
matographic run time was 5min in resolution mode. The column and
autosampler were maintained at 40 ± 5 and 4 ± 5 °C, respectively
and pressure of the system was set to 15,000 psi. Care was exercised to
ensure that the initial and final volumes of the extract were maintained
constant for the sample. Standard curve was developed for the con-
centration range of 0.125mg/mL to 1mg/mL of standard reserpine
(Sigma). The best fit (R2= 0.99) was used in calculating the amount of
reserpine in the sample (Fig. S4). All estimates were done on 3 re-
plicates. Semi-quantitative analyses of other indole alkaloids were de-
termined based on the extracted ion chromatogram for the specific ions
(Fig. S5).

3.4. DESI MS analysis

Plant was uprooted and washed with running tap water and later
with distilled water to remove all the debris from the root and other
parts (Fig. 1a). Plants were segregated in different parts such as root,
stem, leaves and fruits. Stem and roots was cross-sectioned (about 2mm
thick) using surgical blade (Fig. 1e). Fruits were collected at three de-
velopmental stages, namely immature (green), mature (green) and ri-
pened (orange to red). Cross sections were made at mid-axis of the fruit
and imprinted on flat surface of TLC plate for 10 s to obtain the imprint
(TLC Silica gel 60 F254, Merck KGaA, Germany). Prior to imprinting, the
TLC plates were pre-wetted with methanol and kept on a heating
mantle (∼70 °C) to obtain molecules present on the cut-end of the
sections (Cabral et al., 2013; Mohana Kumara et al., 2015). Young
leaves were imprinted on a TLC plate with 2 ton pressure for 15–30 s
using a hydraulic pelletizer.

Imaging experiments were conducted using Thermo Scientific LTQ
XL (Thermo Scientific, San Jose, CA, USA) mass spectrometer with 2D
DESI ion source (Omni Spray Ion Source) from Prosolia, Inc.,
Indianapolis, IN, USA. The DESI source conditions were as follows;
nebulizing gas (dry nitrogen) pressure: 150 psi, spray angle: 60°, tip of
spray to surface: 1 mm, tip to inlet distance: 3 mm, spray solvent:
methanol, solvent flow rate: 5 μL, spray voltage: 5 kV, and ionization
mode: positive (+ve). The image area was chosen according to the
sample dimensions and the spatial resolution used was
250 μm × 250 μm. Imaging 1 cm × 1 cm area of tissue sample took
approximately 30 min. Imaging time varied with area of the tissue
samples. Image files (IMG File) were created using FireFly software
from the acquired data and Biomap 3 software was used to process the
image files to create images.

3.5. Principal component analysis (PCA)

Principal component analysis (PCA) was done based on the exact
masses of the compounds (m/z 150–1000 range) recovered from fruits,
leaves, and roots to examine if there is a differentiation of the tissues
based on their metabolite content. Three representatives mid-point
DESI MS spectra corresponding to the different tissues were collected
and the masses were extracted for PCA analysis. The analysis was

performed using the statistical software PAST 3.08 (Hammer et al.,
2001). The PCA analysis was based on a variance-covariance matrix.
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