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Abstract Alterations in the anatomical structures, sap
translocation and metabolic proWles in Jatropha curcas L.
(Euphorbiaceae), infected with Jatropha mosaic virus
(JMV) have been investigated using MRI and HR-MAS
NMR spectroscopy. The contrast of MRI images distin-
guishes abnormalities in anatomical structures of infected
and healthy stem. The HR-MAS NMR spectroscopic analy-
sis indicated that viral infection signiWcantly aVected the
plant metabolism. Higher accumulation of TCA cycle inter-
mediates, such as citrate and malate, in JMV-infected
plants suggested a higher rate of respiration. The respiration
rate was more than twofold as compared to healthy ones.
The viral stress also signiWcantly increases the concentra-
tions of alanine, arginine, glutamine, valine, GABA and
choline as compared to healthy ones. Microscopic examina-
tion revealed severe hyperplasia caused by JMV with a
considerable reduction in the size of stem cells. Lower con-
centration of glucose and sucrose in viral-infected stem tis-
sues indicates decreased translocation of photosynthates
from leaves to stem due to hyperplasia caused by JMV. The
MR images distinguished stele, cortical and pith regions of
JMV-infected and healthy stems. Contrast of T1- and
T2-weighted images showed signiWcant diVerences in the
spatial distribution of water, lipids and macromolecules in

virus-infected and healthy stem tissues. The results demon-
strated the value of MRI and HR-MAS NMR spectroscopy
in studying viral infection and metabolic shift in plants. The
present methodology may help in better understanding the
metabolic alterations during biotic stress in other plant spe-
cies of agricultural and commercial importance.
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Abbreviations
MRI Magnetic resonance imaging
HR-MAS NMR High-resolution magic angle spinning

nuclear magnetic resonance
JMV Jatropha mosaic virus
CPMG Carr-Purcell Meiboom Gill
COSY Correlated spectroscopy
TCA Tricarboxylic acid
PCR Polymerase chain reaction
GABA �-Amino butyric acid

Introduction

Jatropha curcas L. (Euphorbiaceae), a perennial oilseed
shrub, has attained signiWcant economic importance during
recent times due to its potential as a biodiesel crop (Open-
shaw 2000; Kumar and Sharma 2005; Lu et al. 2009). Its
seeds contain 30–40% oil, 4.7% polyphenol and 3.9%
hydrocarbons (Augustus et al. 2002). The oil fraction con-
sists of both saturated (14% of palmitic acid and 7% of
stearic acid) and unsaturated fatty acids (47% of oleic acid
and 32% of linoleic acid). The seed oil can be transesteri-
Wed, blended with diesel and used as engine fuel.
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Jatropha curcas is generally regarded as a hardy,
drought- and disease-resistant plant. However, a number of
insect pests and pathogens that cause Xower fall, fruit abor-
tion and malformation of seeds have been reported to infect
J. curcas (Shanker and Dhyani 2006). A mosaic disease
caused by geminivirus has been observed on J. curcas in
several regions of Karnataka in India. The virus is known to
be transmitted to new plants through whiteXies (Narayana
et al. 2006). Severe attack of mosaic disease was observed
on intensively cultivated plants of J. curcas at the National
Botanical Research Institute (NBRI), Lucknow, India. The
diseased plants were drastically stunted and bore very
small-sized leaves with mosaic and curl symptoms. The
highly aVected plants did not Xower and bore no fruits (Raj
et al. 2008). The causal pathogen was identiWed as a
begomovirus based on sequence analysis of PCR ampli-
con obtained from total DNA of infected leaf samples of
J. curcas (Raj et al. 2008).

This study aims to develop rapid tools to study the eVect
of Jatropha mosaic virus (JMV) infection on metabolite
pool and sap Xow in the host plant tissue. The ultra-struc-
tural examination of the JMV-infected J. gossypifolia Linn.
plants was made by Kim et al. (1986) who reported an asso-
ciation of cytoplasmic inclusions such as membrane-bound
bodies containing granular or Wbrillar material and the
infection remained conWned to phloem.

The widespread use of NMR for metabolic studies,
along with its exceptional capacity to handle complex
metabolite mixtures, has made it the preferred technique in
the Welds of metabolomics and metabonomics (Wishart
2008). NMR spectroscopy can be used to identify and
quantify chemicals from complex mixtures. This can be
done semi-automatically by comparing the mixture of inter-
est to a library of reference spectra derived from pure com-
pounds of known concentrations. This particular approach
is now being exploited to characterize the metabolomes of
diVerent biological samples in what is called quantitative
metabolomics or targeted metabolic proWling. HR-MAS

NMR spectroscopy is a powerful technique to rapidly iden-
tify metabolites in tissues and quantify those to follow shift
in metabolism. MRI provides a high promise in understand-
ing physiological state and function of tissues based on
water distribution and highly resolved spatial information
about anatomy and water distribution and magnetic envi-
ronment of water in plant tissues (Chen et al. 1989; Clark
et al. 1997; Donker and Van 1999). The method has been
used to quantitatively assess and study physiological
changes such as Wrmness and solubility of solids in fruit
during maturation and storage as a function of the relaxa-
tion times (Andaur et al. 2004). The investigations on meta-
bolic changes with respect to anatomical alterations due to
viral infection and nature of spread of disease in J. curcas
have not been studied earlier. The present study was there-
fore planned to detect morphological and anatomical altera-
tions and to relate accompanying metabolic changes in
viral-infected J. curcas.

Materials and methods

Materials

Jatropha curcas L. plants growing at the research Weld of
the NBRI, Lucknow, India, were found to be aVected by a
severe mosaic disease. The diseased plants exhibited severe
mosaic virus symptoms as compared to asymptomatic ones
(Fig. 1a, b). Plants without visible viral symptoms were
taken as healthy plants. Leaf and stem samples from Wve
each of the virus-infected and healthy plants were collected
at the same time from research plots of NBRI, Lucknow
during the Wrst week of October 2008, and investigated for
metabolite proWle and histopathological alterations using
HR-MAS NMR spectroscopy, magnetic resonance imaging
and microtomy. A set of Wve HR-MAS NMR measure-
ments were performed for both the healthy and infected leaf
and stem tissue.

Fig. 1 Naturally infected Jatro-
pha curcas plant showing severe 
mosaic virus symptoms, distor-
tion and stunting symptoms a as 
compared to healthy b plants
123



Planta
High-resolution-magic angle spinning (HR-MAS) 
spectroscopy

All NMR experiments were carried out at 25°C unless oth-
erwise stated. The HR-MAS spectra were recorded on a
Bruker Avance 400 MHz spectrometer (Bruker Biospin
AG, Fallendan, Switzerland) equipped with a 4 mm HR-
MAS 1H-13C dual probehead with magic angle gradient,
operating at a proton frequency of 400.13 MHz. In all
NMR experiments, the samples were spun at 4.0 kHz to
eliminate the signals arising due to rotation side bands. Pro-
ton NMR spectra with water suppression were acquired
using one-dimensional NOESY pulse sequence with the
following experimental parameters: mixing time �m of
100 ms, total relaxation time of 3.99 s, spectral width of
8,250.8 Hz and 128 transients with a total recording time of
9 min. The one-dimensional CPMG pulse sequence with
water suppression (echo time of 200 ms) was also per-
formed to remove short T2 components arising due to the
presence of lipids. For quantiWcation of various metabo-
lites, 10 �l of D2O containing 0.03% (w/v) sodium salt of
TSP (sodium salt of trimethyl silyl propionic acid; Sigma–
Aldrich, St. Louis, MO, USA) was used for external shift
reference as well as for quantitative estimations. The TSP
was calibrated initially, using a known concentration of ala-
nine and glycine (Sigma–Aldrich) in D2O containing
0.03% of TSP and was found to be 3.0 �g/10 �l. Deuterium
served as ‘Weld-frequency lock’ during NMR measure-
ments. Two-dimensional 1H–1H COSY experiment was
performed for characterization of metabolites using stan-
dard protocols.

Histopathological study

For anatomical studies, stem tissues from the diseased and
healthy J. curcas plants were examined for changes in tis-
sue proWles by cutting sections using microtome. Stem
samples were Wxed in FAA (formaldehyde:acetic acid:alco-
hol: 5:5:90, by volume) for a week and then preserved in
alco-glycerol mixture (1:1 mixture of 70% ethyl alcohol
and glycerol). The washed samples were sectioned in trans-
verse plane at a thickness of 10 �m on a Reichert’s sliding
wood microtome. The sections were dehydrated in a graded
ethanol series and stained following the method of Wali
et al. (2007).

Magnetic resonance imaging

Magnetic resonance imaging (MRI) of axial and transverse
planes of stem tissues was performed to measure the
changes in spatial distribution of water, lipids and macro-
molecules following virus infection. The slices were taken
as a series of sections from a single stem at a given time.

Measurements of leaf and stem tissues were carried out at
9.4 T using Bruker Biospin NMR wide-bore (89 mm)
spectrometer with micro-imaging accessories. T1 and
T2-weighted axial and sagittal magnetic resonance images
were obtained using spin echo (SE) pulse sequence with
TR/TE = 500/13 ms and 2000/50 ms, slice thickness =
2 mm, interslice thickness 2 mm, Weld of view (FOV) =
40 £ 40 mm2, matrix = 256 £ 256, 4 averages and a total
measuring time of 8.5 min for T1-weighted images and one
scan for T2-weighted images with 8.5 min of measuring
time.

Rate of respiration

Dark respiration of leaves of infected and healthy plants
was measured using LI-COR (Model LI-6400, Lincoln,
NE, USA) portable photosynthesis system. The chamber
was covered with black cloth and the rate of respiration was
measured at 30°C.

PCR analysis

Samples of leaves and stems were collected from healthy
and infected J. curcas plants for identiWcation of virus.
Total DNA from all samples was extracted by the method
described by Dellaporta et al. (1983). Polymerase chain
reactions (PCR) were performed using the DNA samples of
leaf and stem and begomovirus-speciWc primers capable of
amplifying the partial coat protein, replication enhancer
protein (AC3) and transcriptional activator protein (AC2)
(Rojas et al. 1993). The PCR products obtained were
assayed by electrophoresis on 1% agarose gel and loading
of a Lambda DNA digested with EcoRI and HindIII marker
(Genei, Bangalore, India) for comparison of electrophoretic
mobility.

Statistical analysis

Statistical analysis of quantiWed NMR data was carried out
by Mann–Whitney U test without normal distribution using
statistical software SYSTAT version 12.0 (Microsoft Corp.
SYSTAT Software, Inc., USA).

Results

IdentiWcation of the virus

Jatropha curcas plants exhibited severe mosaic symptoms
such as reduction in leaf size with shortening of stem inter-
nodes and stunted growth of whole plant as compared to
healthy ones (Fig. 1a, b). The patterns of symptoms were
similar to JMV-infected J. curcas plants described earlier
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by Narayana et al. (2006). The agarose gel electrophoresis
of PCR products obtained using begomovirus-speciWc
primers showed a positive ampliWcation of a »1.2 kb DNA
fragment in leaf and stem samples of the infected plants
(Fig. 2a, b). However, no such amplicon was obtained in
the DNA of healthy plants. The »1.2 kb PCR amplicons
were sequenced and the consensus sequence data obtained
from three amplicons were deposited in GenBank (acces-
sion no. FJ346232). The analysis of sequence revealed the
presence of 1177 nucleotide long DNA A containing partial
coat protein gene (AV1 gene: 357 nt), replication enhancer
protein (AC3 gene: 404 nt), transcriptional activator protein
(AC2 gene: 407 nt), and partial and replicase protein (AC1
gene: 341) of a begomovirus. Based on the highest (88%)
sequence identity with several isolates of Sri Lankan Cas-
sava mosaic virus (AJ579307, AJ890225, AJ607394) and
according to guidelines of the International Committee on
Taxonomy of Viruses (ICTV), the begomovirus was identi-
Wed as Jatropha mosaic India virus-Lucknow isolate.

Morphological and anatomical alterations

Histopathological and magnetic resonance imaging obser-
vations showed signiWcant alterations in JMV-infected
plants. Microscopic examination of stem tissue showed
severe damage (Fig. 3). The epidermis, a distinct layer in
healthy plants, became disWgured and had dead cells in
virus-infected stems. Most of the epidermal cells were
hypertrophied and had damaged cell walls. The collen-
chyma had abnormal cells with indistinct, broken cell walls
and unusual wall thickening as compared to healthy stems.
The parenchyma in the cortex had fewer intercellular
spaces and deformed cells with thick walls. The vascular
bundles were disorganized with hypertrophied phloem cells
and large parenchyma cells between phloem and xylem tis-
sue. The area between vascular bundles and epidermis was

reduced to nearly 50% as compared to that in normal stem
(Fig. 3). The vascular bundles were deformed and had rela-
tively less tissue area compared to the healthy ones. Dam-
age of the ground tissue and of the vascular system in
infected stems could also be seen in MR imaging (Fig. 4a).

The T1-weighted MR images (Fig. 4) revealed a central
zone on the axis with a stronger signal that corresponded to
pith with a deWned geometrical shape enclosed by a con-
centric zone of lower intensity signal that corresponded to
the vascular region in the healthy stem. The pith showed a
deWned hyper intense signal in healthy stem as compared to
the diseased stem in the T1-weighted image (Fig. 4a, b).
The intensity of contrast in T2-weighted images of healthy
and viral-infected stems showed considerable variations in
proton density of water in the pith (Fig. 4c, d). A continu-
ous ring of epidermal layer in healthy stem was observed in
T2-weighted images, whereas discontinuous layer was
found in the viral-infected stems (Fig. 4c, d). The stele
region appeared hypo-intense in T1- and T2-weighted
images. Only a sparse distribution of intense globular sig-
nal spots in the T1-weighted image of the healthy stems was
observed, while a more dense distribution and higher inten-
sity of these spots was observed in the T1-weighted image
of the infected ones.

Metabolite proWling

The 1H HR-MAS NMR spectra of the healthy and infected
J.curcas stem is shown in Fig. 5. The assignments of vari-
ous metabolites were carried out by the use of one-dimen-
sional and two-dimensional COSY spectra (Fig. 6).
Presence of carbohydrates such as raYnose, a trisaccharide;
sucrose, a disachharide and glucose, a monosaccharide;
amino acids (alanine, valine, arginine and glutamine), cho-
line, citrate, �-amino butyric acid, malate and lactate was
detected on NMR spectra (Fig. 5). The assignments were

Fig. 2 Electrophoresis of PCR products showing »1.2 kb amplicon
obtained with begomovirus speciWc primers (Rojas et al. 1993) from
total DNA isolated from leaf and stem tissues of naturally infected
Jatropha curcas. a Leaf sample of asymptomatic (healthy) plant (lane

a) and leaf samples of three symptomatic plants (lanes c–e). b Leaf,
cortical, stele and pith regions of stems of a similarly infected plant
(lanes g–j). Lanes b and f are DNA marker: Lambda DNA digested
with EcoRI/HindIII (Genei, Bangalore, India)

a b c d e f g h i j

~1.2 kb

a b
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further reinstated based on values obtained in lettuce leaves
by Sobolev et al. (2005). The 1H NMR chemical shifts of
identiWed metabolites are listed in Table 1.

Quantitative variability in metabolites between healthy
and infected plants is shown in Table 2. The concentration
of all the metabolites varied signiWcantly between healthy
and virus-infected tissues. Virus-infected plants were
found to accumulate higher arginine, citrate, GABA and
glutamine in leaves and stem. However, carbohydrates

such as raYnose, glucose and sucrose showed a reverse
trend. Since � and � glucose is present in the ratio of 36:64
under physiological conditions, the observed integral value
of � glucose was taken as 0.36 proton of one proton for
quantitation of glucose. The concentration of glucose was
13.9 times higher in healthy stems as compared to that of
infected stems, whereas it was 2.2 times higher in the leaf
tissues of healthy J. curcas plants (Table 2). Sucrose
showed a reverse trend in the leaf tissues. The concentrations

Fig. 3 Transverse view of 
healthy (a) and viral-infected (b) 
stem of Jatropha curcas. Trans-
verse view of healthy stem tissue 
showing normal cells of cortical 
and stele regions (c), magniWed 
view of healthy epidermis (small 
arrow) and cortical parenchyma 
(large arrow) (d), magniWed 
view of healthy xylem cells (e). 
Transverse view of infected 
stem tissue showing abnormal 
cortex and stele region (f), mag-
niWed view of infected stem tis-
sue showing damaged epidermis 
(small arrow) and cortical cells 
(large arrow) (g), magniWed 
view showing xylem cells of in-
fected stem tissue (h)
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of the amino acids were higher in virus-infected plants.
Choline content was 28% higher in infected stem as com-
pared to the healthy ones. In the present study, we
observed more than twofold increase in the rate of respira-
tion in the infected J. curcas plants (Fig. 7) as a primary
response.

Discussion

Considerable damage to J. curcas plants due to virus infec-
tion has earlier been reported by Narayana et al. (2006).
They reported that the disease is often transmitted through
grafting with infected scions, or through whiteXies. The
physiological and biochemical alterations in the tissues and
changes in metabolic processes within the plant act as a
defense mechanism against virus infection (Fraser 1987;
Tecsi et al. 1996). Several alterations were observed in the
stem of J. curcas infected with JMV in the present study.
The study suggests that there is a correlation between virus
infection-induced morphological and anatomical abnormal-
ities with the shift in metabolic proWles. There was a reduc-
tion in the size of the leaves, blistering, shortening of
internodes and stunting of whole plant. Microscopic studies

revealed various morphological changes in the tissue of the
diseased plants. The epidermis was damaged with broken
and dead cells showing an indistinct epidermal line with a
discontinuous cuticle. The shape and size of cortex was
abnormal with hypertrophied and dead cells in and around
vascular bundles and damaged phloem and cambial cells.
Most tissues in the stems were dead or hypertrophied with
morphological aberrations. The cambial cells, though not
damaged and hypertrophied, did not produce regular
phloem cells. Such anatomical and ultrastructural variations
have been reported earlier in citrus leaves infected by Cit-
rus psorosis virus (Sofy et al. 2007). The diVerentiation of
minor vascular tissues has also been reported in hollyhock
(Althea rosea L.) infected by a begomovirus (Bigarre et al.
2001). Anatomical changes have been attributed to diVerent
indirect eVects occurring in the host plant due to lower
auxin level resulting from virus infection (Bailiss 1974) and
not due to the virus per se (El-Dougdoug et al. 1993).

Magnetic resonance imaging supported the anatomical
changes observed in the diseased tissue and additionally
demonstrated gross distribution of water, lipids and macro-
molecules. Since NMR dipolar relaxation is dependent on
the correlation time �c, i.e., tumbling motion of the mole-
cule which in turn is dependent on the molecular size.

Fig. 4 T1- (a, b) and T2- (c, d) 
weighted MRI images along 
with magniWed view of T1 (b) 
and T2 (d) representing various 
anatomical structures of the cor-
tical region (co), pith region (p) 
and stele region (s) of healthy (h) 
and infected (i) Jatropha curcas 
stem
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Water has a long T1 and T2,; lipids have short T1 and T2.
These relaxation properties provide deWnite contrast in the
MR signals of T1- and T2-weighted images. Macromole-
cules such as starch, cellulose as Wbers, proteins, etc., hav-
ing long T1 and short T2; therefore, MR signals are void in
T1- and T2-weighted images. Therefore, spatial distribution
of water, lipids and macromolecules in healthy and virus-
infected stem tissues could diVerentiate healthy and living
cells as compared to deformed, hypertrophied and damaged
cells. Changes in the stele region demonstrated a uniform
packed cellular distribution, signifying ordered macromo-
lecular compartmentalization in the healthy state with few
lipid globules as observed in the T1-weighted images when
compared to the viral-infected ones. The overall image con-
trast in the T1- and T2-weighted images provided a sturdy
architecture of the stem of healthy J. curcas.

Changes in the metabolism of the plant as a result of
viral infestation could be observed from metabolic proWling
of the diseased and healthy stems. The diseased tissue had
lower concentration of glucose, raYnose and sucrose. It is
indicative of a decreased translocation of photosynthates in
the otherwise fast-growing stem of J. curcas. The viral
stress might induce a higher rate of sugar metabolism. The
decrease in translocation activity can also be justiWed based

Fig. 5 1H-HRMAS CPMG spectra of healthy (a) and infected (b) stem tissue of Jatropha curcas

Fig. 6 HR-MAS COSY NMR spectrum of a JMV-infected Jatropha
curcas stem
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on anatomical changes because tissue responsible for trans-
location (phloem) was hypertrophied and abnormal cells
were observed with low cytoplasmic activity as indicated
by MR images.

The plants infected with the virus exhibited an altered
metabolic state. Viral stress signiWcantly increased the rate
of respiration and also resulted in an increase in citrate,
GABA, glutamine and malate concentrations. Changes in
the xylem, phloem and cortex tissue appeared to be second-
ary and were accompanied by dysfunction of the cambium.
Variations in sugars, amino acids and other metabolites
suggested an interruption in the TCA cycle. Changes in

physiological processes such as photosynthesis due to the
plant–virus interaction have been reported by Miteva et al.
(2005) who suggested a decrease in the photosynthesis rate
(depending on the infection stage) and pigment contents
(Milavec et al. 2001). Earlier, Tecsi et al. (1996) reported
changes in soluble sugar content and reduction in starch
accumulation. Shalitin and Wolf (2000) reported an
increase in respiration rates in melon plants in response to
Cucumber mosaic virus, as also observed in the present
study.

The study associates morphological, anatomical and
metabolic proWling of virus-infected tissue of J. curcas.
Application of HR-MAS NMR and MRI techniques sug-
gest possible metabolic changes and their manifestations in
morphological aberrations. MRI in conjunction with micro-
scopic studies can be used conveniently to study anatomical
alterations caused by virus in plants, while HR-MAS can
help in changes in the levels of metabolic proWles in the dis-
eased tissue. The present study thus may be useful in under-
standing the mechanism of virus infestation and
metabolism involved in its stress.
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