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a  b  s  t  r  a  c  t

1H  nuclear  magnetic  resonance  (NMR)-based  metabolomics  has been  applied  to study  the  compati-
ble  interaction  between  tomato  plants  and  Tomato  Mosaic  Virus  (ToMV).  A  detailed  time  course  of
metabolic  fingerprinting  of ToMV-inoculated  and  non-inoculated  systemically  infected  tomato  leaves
has provided  a fundamental  understanding  of  the  metabolic  state  of the  plant  not  only  in response
to  ToMV  infection,  but  also under  various  physiological  conditions.  By  this  analytical  platform  a  total
of 32  metabolites  including  amino/organic  acids,  sugars,  phenylpropanoids,  flavonoids  and  other  mis-
cellaneous  compounds  were  detected.  Using  multivariate  data  analysis,  we  have  identified  a  subset
of metabolites  induced  during  the  plant  defence  response  and  metabolites  whose  accumulation  was
dependent  on  the  developmental  stage,  the  position  of  the  leaf  on  the  stem,  and  the  harvesting  time.
Specifically,  a general  time-dependent  decrease  in  organic  acids,  amino  acids  (excluding  asparagine),
phenylpropanoids  and  rutin  was  observed  in individual  leaves.  In  addition,  metabolite  alterations  were
also found  to  correlate  with  the  developmental  stage  of  the leaf:  high  levels  of  organic  acids,  some
amino  acids,  phenylpropanoids,  and  flavonoids  were  found  in lower  leaves  while  elevated  amounts  of
sugars were  present  in  the  upper  ones.  Moreover,  a  marked  variation  in  the  content  of  some  metabo-

lites  was  also  observed  to  be  associated  to  the  asymptomatic  ToMV  infection  both  in inoculated  and
systemically  infected  leaves.  While  flavonoids  accumulated  in virus-inoculated  leaves,  increased  levels
of phenylpropanoids  were  observed  in non-inoculated  leaves  where  ToMV  actively  replicates.  Finally,
diurnal  changes  in  the  metabolite  content  were  also  observed:  an  increase  of  amino  acids  and  organic
acids  (except  glutamic  acid)  were  observed  in the  samples  collected  in  the  morning,  whereas  sugars  and
secondary  metabolite  levels  increased  in  the  tomato  leaves  harvested  in  the  evening.
ntroduction

Higher plants are, in most cases, passive receivers of biotic
viroids, viruses, bacteria, fungi, nematodes or insects) and abiotic
salinity and drought) stresses. Consequently, they have evolved a
arge variety of sophisticated defence mechanisms to resist differ-
nt types of stress (Dixon, 2001; Dangl and Jones, 2001).

Two types of plant–microbe interactions can be defined: incom-
atible and compatible. Incompatible interactions have been
xtensively studied principally because of their direct and practical
pplications in the field (Vlot et al., 2009), whereas much less con-
ideration has been paid to the compatible interactions (O’Donnell
t al., 2001; Huang et al., 2003).
In an incompatible interaction, after an initial perception of the
athogen by the host, defences are rapidly activated resulting ulti-
ately in the so-called hypersensitive response, which culminates
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in localized cell death at the area of pathogen inoculation and, con-
comitantly, the development of different degrees of necrosis (Ryals
et al., 1996). The pathogen infection is thus limited to small parts
immediately surrounding the initially infected cells and signals are
generated which stimulate defensive reactions in uninfected areas
of the plant. These distal sites then become more resistant to sub-
sequent infections. This phenomenon, known as systemic acquired
resistance (SAR), results in an immunization against future microbe
attacks (Sticher et al., 1997; Durrant and Dong, 2004).

Frequently, a defensive response is also induced in a compati-
ble interaction between a susceptible host and a virulent pathogen.
However, in this case, in the absence of gene-for-gene resistance,
no necrosis occurs (Conejero et al., 1990; Dixon et al., 1994). In this
type of interaction microbes actively multiply and spread through-
out the host leading to disease and even the death of the infected
plant.
Although differing in the speed of the response to the pathogens,
incompatible and compatible interactions share very similar gen-
eral and common features, such as the induction of the plant
signalling compounds, such as salicylic acid (SA; 2-hydroxybenzoic

dx.doi.org/10.1016/j.jplph.2012.05.021
http://www.sciencedirect.com/science/journal/01761617
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mailto:jmbelles@btc.upv.es
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cid) (Sticher et al., 1997; Vlot et al., 2009) and ethylene, and
he synthesis of pathogenesis-defence proteins (van Kan et al.,
992; van Loon et al., 2006). One of the most well established
efence responses in plants is the biosynthesis of an often com-
lex array of natural chemicals belonging to phenolic metabolism
Hahlbrock and Scheel, 1989; Dixon et al., 2002; Abdel-Farid
t al., 2009). A pending goal in molecular plant pathology is
o characterize the metabolites that play a role in the defence
esponse against pathogens. Traditionally, the analytical tech-
iques employed in the search for these metabolites were basically
hromatographic, coupled to spectroscopic detectors or mass spec-
rometers (Baumert et al., 2001; Shadle et al., 2003; Tan et al., 2004).
ccordingly, the range of metabolites that can be identified using

hese techniques is restricted based on the case specific experi-
ental procedures employed and the physical–chemical properties

f the compounds investigated (Roepenack-Lahaye et al., 2003;
ednarek et al., 2005; Fayos et al., 2006; Zacarés et al., 2007; Bellés
t al., 2008; López-Gresa et al., 2011). However, a considerable
mount of biomolecules with different biological functions (and
hysical–chemical properties), are proposed to be involved in the
hysiology of plant/pathogen interactions. Therefore, more robust
nalytical systems need to be developed in order to detect and accu-
ately identify this considerable number of primary and secondary
etabolites (Glauser et al., 2010).
The introduction of so-called metabolomics has allowed the rel-

tively rapid, and at the same time thorough, detection of a vast
ange of metabolites, thus providing an in-depth analysis of the
otal metabolome of biological processes in the plant. Although
t is impossible for one single analytical method to completely
haracterize the entire plant metabolite profile, nuclear magnetic
esonance spectroscopy (NMR) is an excellent tool to provide a
acroscopic view of the majority of the components of the plant
etabolome (Verpoorte et al., 2008; Broyart et al., 2010; Kim et al.,

010; Leiss et al., 2011). In fact, NMR-based metabolomics has been
idely used to decode the broad range of chemical compounds that
ight be implicated in the plant defence against microbe attacks

Choi et al., 2006; Ward et al., 2010). Our group has been apply-
ng this technology to the detection and structure elucidation of

etabolites in plants upon treatment with a wide range of biotic
nd abiotic stress agents (Choi et al., 2004; Simoh et al., 2009;
ahangir et al., 2009; Mirnezhad et al., 2010; Simoh et al., 2010). In
ecent years, very detailed NMR  metabolomic studies on both com-
atible and incompatible plant–pathogen interactions have been
eported (Lima et al., 2010; Bollina et al., 2010; Ward et al., 2010;
ones et al., 2011).

Virus diseases cause serious losses worldwide in horticultural
nd agricultural crops (Lomonossoff, 1995). The cultivated tomato
s subjected to a range of diseases resulting from infection with cer-
ain strains of tobacco mosaic virus. The mosaic disease in tomato
s the most persistent virus in terms of its ability to survive out-
ide plant cells and in dead tissues (Broadbent, 1976). For this
eason and because of its easy transmission this virus has a high
ate of infectivity. ToMV is the most troublesome viral disease of
omatoes, causing distortion of leaves and fruit and stunting of
rowth.

However, few metabolomic reports on plant/virus interactions
ave been described in the literature, and a complete analysis of
etabolites has been carried out only in the case of the hypersensi-

ive response of tobacco plants to tobacco mosaic virus (TMV) (Choi
t al., 2006). In our previous report, some characteristic metabolites
f tomato plants related to either Citrus Exocortis viroid (CEVd) or
seudomonas syringae infection have been identified by NMR-based

etabolomics (López-Gresa et al., 2010).
Tomato and Tobamovirus ToMV constitutes another model

lant–virus interaction system. But, as far as we know, no study
n metabolic fingerprinting of tomato associated with plant
hysiology 169 (2012) 1586– 1596 1587

development and its interaction with the compatible Tobamovirus
ToMV has yet been published. Therefore, tomato plants infected by
ToMV were studied at different times post-inoculation in order to
extend our knowledge to additional plant/virus interactions.

Using the Solanum lycopersicum–ToMV interaction as a basic
model system, we aim to reveal the role of defence metabolites
involved in this infection by NMR  spectroscopy combined with
multivariate data analysis. As part of an ongoing global investiga-
tion on the metabolic state of tomato plants under different biotic
or abiotic stress conditions, the main aim of this high throughout
NMR-based metabolic analysis is geared to increase the knowledge
of the tomato ToMV infected leaf metabolome in diverse states of
plant development and disease progression. A better understand-
ing of the tomato defence response might also provide relevant data
for metabolic engineering of tomato plants with higher resistance
toward pathogens.

Experimental

Plant material and inoculation procedure

Seeds from tomato (Solanum lycopersicum cv. Rutgers) (Western
Hybrid Seeds Inc., Hamilton City, CA, U.S.A.) previously surface-
sterilized with bleach were used in this work. Extreme care was
taken in order to maintain controlled conditions of growth to be
sure that the variables of study were limited to the effect of the
infection and the natural growth of the plants. Experimental lots
of 120 plants of similar morphological and physiological character-
istics were prepared for the experiment. The plants (one per pot)
were grown in 15-cm-diameter pots containing a mixture of peat
(Biolan) and vermiculite 1:1 and were subirrigated once a day. The
tomato plants were maintained in a controlled growth chamber at a
constant temperature of 24 ◦C (12 h photoperiod) and with relative
humidity ranging from 60% (day) to 70% (night). Five-week-old Rut-
gers tomato plants at the five- to six-leaf stage were used in all the
experiments described in this article. Infection of Rutgers tomato
plants with the Murakishi PV-0143 (DSMZ) strain of Tomato Mosaic
Virus was performed with a viral extract obtained from leaves of
ToMV-infected tomato plants that were homogenized in 10 mM
phosphate buffer (pH 7.2), 0.5% sodium bisulfite, 0.5% diethyldithio-
carbamic acid (1 g of leaf material in 20 mL  of buffer) as described
(Bellés et al., 2006). The third leave (leaf position numbered from
the base to the apex) of tomato plants were dusted with carborun-
dum (particle size 0.037 mm).  One milliliter of viral extract or buffer
(mock-inoculated control) was  applied by gently rubbing the upper
face of the third leaf. The third and fourth leaves were harvested
separately at days 1–5, 7, 9, 11, 13, and 16 post-inoculation at 9
am (9:00 h) and 7 pm (19:00 h) each day. Samples were immedi-
ately frozen in liquid nitrogen, subsequently ground in a cooled
mortar and lyophilized for metabolomic studies. Three biological
replicates from both mock- and ToMV-inoculated tomato plants
were analyzed for each time point.

Protein extraction and electrophoretic analysis

Leaves from mock-inoculated and ToMV-infected tomato leaves
were harvested at the indicated times and rapidly frozen in liq-
uid nitrogen and stored at −80 ◦C until use. Protein extracts of
tomato leaves were performed by homogenization in extraction

buffer (50 mM Tris, pH 7.5, 15 mM mercaptoethanol), as described
in Rodrigo et al. (1993).  Proteins were separated by SDS-PAGE and
stained with Coomassie Brilliant Blue R-250, as described (Conejero
and Semancik, 1977).
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Fig. 1. SDS-PAGE analysis of soluble proteins in extracts from Tomato Mosaic Virus (ToMV)-inoculated and the corresponding upper systemically infected leaves at the
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xtraction and NMR  spectra measurements

Twenty five milligram of freeze-dried plant material were
xtracted in 2 mL-Eppendorf tubes with 1 mL  of a mixture of
H2PO4 buffer (pH 6) in D2O containing 0.05% trimethylsilane pro-
ionic acid sodium salt (TMSP) and CH3OH-d4 (1:1). The extracts
ere vortexed, vigorously, sonicated for 20 min  and then cen-

rifuged at 13,000 rpm for 10 min. Seven hundred microliter of the
upernatant were transferred in 5 mm-NMR  tubes for the spectral
nalysis.

1H NMR  spectra were recorder at 25 ◦C on a 600 MHz  Bruker AV
00 spectrometer equipped with cryo-probe operating at a pro-
on NMR  frequency of 600 MHz. Methyl signal of CH3OH-d4 was
sed as the internal lock. Each 1H NMR  spectrum consisted of 128
cans requiring 10 min  acquisition time with the following parame-
ers: 0.25 Hz/point, pulse width (PW) = 30◦ (10.8 �s), and relaxation
elay (RD) = 1.5 s. A pre-saturation sequence was used to suppress
he residual H2O signal with low power selective irradiation at the
2O frequency during the recycle delay. Free induction decay (FIDs)
ere Fourier transformed with Line Broadening (LB) = 0.3 Hz and

he spectra were zero-filled to 32 K points. The resulting spectra
ere manually phased and baseline corrected, and calibrated to

MSP at 0.0 ppm, using Topspin (version 2.1, Bruker).

ata analysis

1H NMR  spectra were automatically reduced to ASCII files using
MIX (v. 3.7, Bruker Biospin). Spectral intensities were scaled to

otal intensity TMSP and reduced to integrated regions of equal
idth (0.04 ppm) corresponding to the region of ı 0.4–10.00. The

egion of ı 4.7–4.9 was excluded from the analysis because of the

esidual signal of water as well as ı 3.28–3.34 for residual methanol.
artial least square (PLS) was performed with the SIMCA-P software
v. 11.0, Umetrics, Umeå, Sweden) using unit variance (UV) scaling

ethod.
ft. Arrow on the right indicates the ToMV coat protein.

Results and discussion

Progression of ToMV infection

The ToMV strain employed in this work failed to induce visi-
ble symptoms in the tolerant tomato cultivar Rutgers during the
16-day experiment. Only subtle curling, slight distortions and mal-
formations of the leaves and a very limited stunting of the plants
were observed at long periods post-inoculation. To monitor the
progress of the ToMV disease in the infected tomato plants, a poly-
acrylamide gel electrophoresis (SDS-PAGE) of protein extracts from
the third-inoculated and systemically fourth-infected leaves was
performed to detect the viral capsid accumulation. The knowledge
of the virus accumulation pattern at each time point allows us to
relate the metabolic changes observed during the infection with the
amount of virus present. ToMV actively multiplied in the inoculated
leaf, and the 17-kDa ToMV coat protein could be clearly detected at
day three post-inoculation, as assessed by electrophoretic analysis
(Fig. 1). In the inoculated leaves, ToMV accumulation increased in a
time-dependent manner, reaching its maximum level at 5 day post-
inoculation, and decreasing thereafter (data not shown). The virus
started to spread up to the fourth leaf by day 7, following a simi-
lar induction kinetic pattern to the inoculated leaves and remaining
constant from day 11 until the end of the 16-day experiment (Fig. 1).
The phenotypic alterations observed consisted mainly of gradual
development of brown necrotic spots at the inoculation site (pro-
duced by rubbing the leaves with carborundum in the inoculation
zone) in both the inoculated and mock-inoculated leaves.

Alterations of the metabolic profiles of leaves induced by ToMV
infection and developmental conditions
Diverse factors such as light intensity, temperature, water,
nutritional status can produce notable effects on the metabolome
during the life cycle of the plant. In metabolic studies it is crucial to
be able to differentiate the changes that result from uncontrolled
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Table  1
Compounds identified from 1H NMR  and 2D NMR  spectra in 50% CH3OH-d4 in D2O (KH2PO4 buffer pH 6) of control and ToMV infected S. lycopersicum leaves.

Metabolites Chemical shift (ı in ppm) and
coupling constant (J in Hz)

Age (old) Development stage (distal) Infection Collection time (19 h)

L S

Amino/organic acids
Isoleucine 0.95 (t, 7.5), 1.02 (d, 7.0), 1.26

(m), 1.50 (m), 1.98 (m), 3.61
(d, 4.0)

↓ = ↓ = ↓

Leucine 0.97 (d, 6.4), 0.98 (d, 6.4), 1.72
(m)

↓ = ↓ = ↓

Valine  1.00 (d, 7.2), 1.05 (d, 7.2), 2.28
(m), 3.54 (d, 4.0)

↓ ↑ ↓ = ↓

Threonine 1.33 (d, 6.6), 3.53 (d, 5.0), 4.23
(m)

= = ↓ ↓ ↓

Alanine 1.48 (d, 7.2), 3.73 (m) ↓ ↑ ↓ ↓ ↓
Arginine 1.67 (m), 1.72 (m), 3.24 (m),

3.67 (t, 5.8)
↓ ↑ ↓ ↓ ↓

GABA  1.90 (m), 2.31 (t, 7.2), 3.01 (t,
7.2)

= ↓ ↑ ↑ ↓

Acetic  acid 1.94 (s) ↑ ↑ ↓ ↓ ↓
Glutamic acid 2.05 (m), 2.13 (m), 2.39 (td,

7.2, 2.4), 3.70 (dd, 7.2, 4.3)
↓ ↓ ↑ ↑ ↑

Glutamine 2.14 (m), 2.45 (m), 3.71 (m) ↓ ↓ ↑ ↓ ↓
Malic  acid 2.47 (dd, 15.8, 8.3), 2.72 (dd,

15.8, 3.9), 4.29 (dd, 8.3, 3.9)
↓ ↓ ↑ ↑ ↓

Citric  acid 2.53 (d, 16.3), 2.71 (d, 16.3) ↓ ↓ ↑ ↑ ↓
Aspartic acid 2.65 (dd, 17.3, 8.8), 2.81 (dd,

17.3, 4.0), 3.84 (dd, 8.8, 4.0)
↓ ↓ ↑ ↑ ↓

Asparagine 2.81 (dd, 17.0, 8.2), 2.95 (dd,
17.0, 4.0), 3.94 (dd, 8.2, 4.0)

↑ ↓ ↑ ↓ ↓

Tryptophan 7.15 (td,  7.9, 2.0), 7.24 (td,  7.9,
2.0), 7.29 (s), 7.49 (d, 8.0), 7.71
(d, 7.9)

= ↓ ↓ ↑ ↓

Fumaric acid 6.54 (s) ↓ ↓ ↑ ↑ =
Phenylalanine 7.35 (m) ↓ ↓ ↑ ↑ ↓
Formic acid 8.46 (s) ↑ ↓ ↑ ↑ ↓
Sugars
Sucrose 4.17 (d, 8.6), 5.41 (d, 3.8) ↑ ↑ ↓ ↑ ↑
Glucose (�,� form) 5.18 (d. 3.8), 4.58 (d, 7.9) ↑ ↑ ↑ ↓ ↑
Phenylpropanoids/flavonoids
Caffeoyl esters of polyhydroxy
compounds (glucaric acid)
(four compounds)

5.10 (d, 4.9), 6.47 (d, 16.0),
6.98 (d, 8.2), 7.06 (dd,  8.2, 2.0),
7.18 (d, 2.0), 7.66 (d, 16.0)

↓ ↓ ↓ ↑ ↑

Rutin  6.33 (d, 2.1), 6.54 (d, 2.1), 6.99
(d, 8.4), 5.02 (d, 7.8)

↓ ↓ ↑ ↑ ↑

Other  compounds
Dimethylamine 2.97 (s) ↑ ↑ ↑ ↑ ↑
Ethanolamine 3.12 (t, 5.5) = = = ↓ ↓
Choline 3.21 (s) ↑ ↑ ↑ ↑ ↓
Trigonelline 4.46 (s), 8.10 (dd, 1.8, 6.2),

8.87 (m), 9.14 (s)
= ↑ = ↓ ↓

↑
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UDP-glucose 5.96 (d,8.1), 7.97 (d, 8.1) ↑ 

Adenosin 5.96 (d, 4.4), 8.24 (s), 8.54 (s) ↓ 

, increase; ↓, decrease; =, no change; L, local infection; S, systemic infection.

actors and those that are genuinely caused by the experimen-
al manipulation being studied. In the present work, we studied
he leaf metabolome affected by ToMV infection. The experimen-
al conditions were carefully designed and controlled to ensure
hat the metabolic differences identified were restricted to only
he effect of ToMV infection. However, in addition, we  expanded
ur study to include other non-controllable factors such as plant
ging and development stage. Interestingly, these factors had very
mportant effects on the metabolome of tomato leaves.

Plant metabolites have very diverse physical-chemical prop-
rties and are present in a wide range of quantities (Wolfender,
009). Therefore, the solvent extraction used for their isolation
rom the plant tissues should be able to rapidly and efficiently dis-

olve metabolites in an unbiased manner. In this work, tomato
eaf metabolites were extracted using a single-step extraction

ethod consisting of a polar solvent mixture of methanol and a
uffered aqueous solution. This method is practical, is not time
= ↓ ↑ ↑
↓ ↓ = ↓

consuming and has been shown to possess a high extraction
efficiency constitutes an optimized extraction protocol for polar
untargeted metabolites (Hendrawati et al., 2006; Verpoorte et al.,
2007, 2008). NMR  spectroscopy in combination with multivariable
data analysis was performed on control and ToMV-infected tomato
leaves in order to determine the metabolic changes during this
plant–pathogen interaction.

The first step of NMR  metabolomic studies is the analysis
of the plant extract spectra (Choi et al., 2006). 1H NMR  spec-
tra, 2D NMR  experiments (2D J-resolved, COSY and HMBC), our
in-house database of reference compounds and previous reports
(López-Gresa et al., 2010) were used for the signal assignment of
metabolites from the tomato leaves. Table 1 shows a list of 32

the identified metabolites including 13 aminoacids, 5 organic acids
(3 citrate-cycle intermediates), 3 sugars, 4 phenylpropanoids, 1
flavonoid, and 6 miscellaneous compounds with their character-
istic chemical shifts and coupling constants.
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ig. 2. Score plot of PLS based on the whole range of the 1H NMR  signals in the ra
ower  leaves of mock-and ToMV-inoculated tomato plants and (�) upper leaves of

After the chemical analysis of the spectra, the following step in
 metabolomic study is the comparison of all the samples through
ultivariate data analysis (MVDA). The first step of the statistical

nalysis of these large data sets (in this case 240 samples), was
he application of a principal component analysis (PCA) in order to
roup the plants according to the NMR  signals characteristic for the
etabolic changes caused by the ToMV infection. In the PCA score

lot, healthy and infected samples were grouped together, showing
hat only slight metabolic changes were produced by the infection.
ther parameters, such as time (from 1 to 16 days post inocula-

ion (dpi), hereafter considered as age), position in the stem (lower
nd upper leaves) or collection time (9:00 h and 19:00 h) play an
mportant role in determining the metabolome, even more than the
nfection. According to this observation, a partial least square analy-
is (PLS) was carried out defining as the X variable the area of binned
H NMR  signals and as step-wise Y variables age, developmental
tage, infection, and sample collection time. A clear separation was
btained between: (a) age of the leaves by component 1 (Fig. 2);
b) leaves located at different positions in the stem by component

 (Fig. 2); (c) healthy control and ToMV infected leaves by compo-
ent 3 (Fig. 3); and (d) samples collected at 9:00 h and 19:00 h by
omponent 4 (Fig. 4). In order to differentiate the identified com-
ounds, a loading plot was used in which the correlation between
rouping and correlated metabolites was shown (Table 1).

The first component of PLS explained the changes in the chem-
cal composition during the time course of the experiment (age

f the plant: 1–16 dpi). Analysis of loading column plot of PLS
omponent 1 showed a time-dependent increase in the content
f sugars and a decline of the organic and amino acids, except
or asparagine. This observation is in agreement with the results
 ı 0.3–10.0. The numbers indicate the days after mock and ToMV inoculation. (×)
y control and ToMV-infected tomato plants.

obtained examining the amount of several amino acids in different
lines of Arabidopsis during the leaf senescence (Diaz et al., 2005).
Only asparagine was  higher in “old” leaves (from 9 to 16 dpi), in
accordance with the well-known decrease of asparaginase activity
observed during leaf maturation (Sieciechowicz et al., 1988) (Fig. 2
and Table 1). The increase of sugars observed in the “old” leaves may
be correlated to the increase of total surface area in all leaves with
age, which augments the rate of photosynthesis, thus producing a
greater accumulation of carbohydrates (Abdel-Farid et al., 2009).
Important concentrations of phenylpropanoids and the flavonoid,
rutin were found in “young” leaves (from 1 to 9 dpi). These sec-
ondary metabolites are associated with defence mechanisms and
their presence in the “young” leaves reflects the need of this tissues
to increase their defensive potential (Brown et al., 2003; Baker et al.,
2010). According to the optimal plant defence theory, plants tend to
allocate more defence-associated metabolites to the valuable plant
parts during development, to protect them from stress factors and
to maximize their fitness (Kaur et al., 2010).

Examination of the component 2-PLS loading plot showed the
metabolites which strongly contributed to the separation of the
metabolic profiles based on the position of the leaf on the stem.
Lower (third) leaves were placed on the positive side of PLS com-
ponent 2, whereas immediately upper (fourth) leaves were on the
negative side (Fig. 2). When comparing the metabolome of the
leaves located at different positions in the stem, it was observed
that organic acids (malic, citric, succinic, fumaric, and formic

acid), amino acids (GABA, glutamic, glutamine, aspartic, asparagine,
tryptophan, and phenylalanine), phenylpropanoids, and flavonoids
were induced in lower leaves, while upper leaves showed higher
amount of sugars, acetic acid, choline, trigonelline and the aliphatic



M.P. López-Gresa et al. / Journal of Plant Physiology 169 (2012) 1586– 1596 1591

9mock inoculated leaves

8

10

12

35
7

7
7 9

11

1111

11111313

16

16

mock-inoculated  leaves
ToMV-inoculated leaves

4

6

1
1

2 3

4

4

4

4 5
5

5

7
7 7

7

7

7

9

9

9

9 9

9
11

11

11

11

11

11

13

13

16

16

16

16

1

5
7 9 11

13

16

16

0

2

P
C

3 
(9

.2
%

)

1

1

1

1
1

1

1

2

2

2

2

2

3 3

3
3

3

33

3

4

4
44

4
4

4
4

4
5 55

5

5

5

7 7

7

7
7

7
7

9

99

11

11 13

13
13

1313
13

13
16

16

16

1
1

11

1

1

1

1

2

2

2 2

2

3

3

3

3 4

4

4
4

4

4

5 5
5

5

5
5

5

5
5

7

7
7

7

7

9 9

9

9

9

9
11

11

11
11

11

11

11

11 13

13

13
13

13

13

16

16

16

-6

-4

-2
1

1
1

2

2
2

2

2

2

3

3

3
5

5 9

13

13
16

1616

16
16

1

1

1
1
1

1 2

2

2
2

2

2
2

2
333

3

3

3

3

3

3

4
4

4

4

4

4

5

5
7

777

7
7

99
9

9 9

9

9 11 11

11

11

13
16 16

16

-10

-8

9

13

13

13
13

16

16
16

16

16

-10 0 10

PC1 (21.3%)

F nge of
L oMV-

a
m
c
s
H
l
d
c
t
2
o
w

r
p
c
s
i
v
t
s
i
w
T
(
(
t
s

w
l

ig. 3. Score plot of PLS based on the whole range of the 1H NMR  signals in the ra
ower  mock-inoculated and upper leaves of healthy tomato plants and (� ) lower T

mino acids arginine, alanine, and valine (Table 1). Many pri-
ary metabolites were induced as a consequence of the abrasive

arborundum applied during inoculation process, together with
econdary metabolites, in local leaves (Dixon and Paiva, 1995).
owever, sucrose and glucose levels decreased in these lower

eaves. Presumably, carbohydrate consumption is required for pro-
uction of energy to support the biosynthesis of defensive phenolic
ompounds induced by wounding (Broeckling et al., 2005). Since
he metabolite content varies throughout the plant (Choi et al.,
004), it is crucial to harvest the leaves in the same leaf position in
rder to accurately compare metabolite fingerprinting of infected
ith the corresponding equivalent control leaves.

Focused on our aim, which is to understand the tomato defence
eaction against ToMV infection, a detailed metabolic study was
erformed examining component 3 of the PLS. The score plot for
omponent 1 versus component 3 of PLS from the 1H NMR  spectra
hows that ToMV-infected leaves are separated from healthy ones,
ndependently of whether they were directly inoculated with the
irus or systemically infected (Fig. 3). The separation is mainly due
o component 3, however, both aging and stem position produce a
hift along component 1. To exclude differences due to this biolog-
cal variability, partial least square-discriminant analysis (PLS-DA)

as applied separately on (1) mock-inoculated (third) versus the
oMV locally infected (third) leaves until eleven dpi (Fig. 5A) and
2) upper-mock-inoculated (fourth) versus systemically infected
fourth) leaves from five to thirteen dpi (Fig. 5B). Applying this sta-
istical analysis, a good separation was observed between local and

ystemically infected leaves.

Local infection was characterized by component 1 (Fig. 5A), in
hich rutin, glucose, choline, GABA, glutamine, asparagine, pheny-

alanine, glutamic, aspartic, malic, citric, formic, and fumaric acid,
 ı 0.3–10.0. The numbers indicate the days after mock and ToMV inoculation. (©)
inoculated and upper systemically infected leaves of tomato plants.

were found to be the major contributing metabolites (Table 1).
Determination of the relative abundance of several amino acids in
ToMV-infected tomato leaves revealed a decrease in the content
of some of them and an increase in others. The results previ-
ously found in P. syringae-infected-tomato leaves, in which in
general high levels of some amino acids were found (Pérez-García
et al., 1998; López-Gresa et al., 2010), are in contrast with those
found in this work upon viral infection which produced a gen-
eral decrease in the pool of amino acids. Only glutamine/glutamate
and asparagine/aspartate were clearly induced in leaves inocu-
lated with ToMV. It is well established that glutamine may  act
as substrate for asparagine biosynthesis, so their levels could be
interconnected (Eason et al., 1996). These results are in accordance
with previous reports suggesting that glutamate is a precursor
of stress-related compounds in plants (Hothorn et al., 2006) and
that glutamine content was  higher in Vitis vinifera plants resistant
to mildew (Figueiredo et al., 2008). In this context, it is perti-
nent to point out that opposite results have been reported in
some plant pathogen interactions. Thus, as observed in the present
work (Table 1), and previously (Pérez-García et al., 1998; López-
Gresa et al., 2010), the alanine content significantly decreases
in tomato leaves after systemic infection with viral or bacterial
pathogens. By contrast, alanine exhibited the largest increase by
far in rice plants upon infection with the fungal pathogen Magna-
porthe gerisea (Jones et al., 2011), and as such, alanine is considered
as a key marker in this compatible interaction.

GABA induction in plants in response to an abiotic stress treat-

ment is a widely observed phenomenon (Wallace et al., 1984;
Mayer et al., 1990; Allan et al., 2008). Our results agree with a pre-
viously published study of the metabolic changes in Vitis plants
affected by the Esca disease. In this report, the authors identified a
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arvested at 9:00 h from mock-inoculated and ToMV-infected tomato plants. (�) L

arked increase in GABA as a clear indicator of healthy or diseased
eaves (Lima et al., 2010). Moreover, increases in phenylalanine,

hich is the substrate of the key enzyme of the phenylpropanoid
iosynthesis pathway, phenylalanine ammonia lyase (PAL), cor-
elated well with the concomitant induction of phenylpropanoid
athway products. The positive relationship between sucrose and
DP-glucose may  be explained because both metabolites can be

eversibly formed by the sucrose synthase enzyme. The primary
etabolites, malic and citric acid were found in the present study

o be altered in both locally inoculated and systemically-infected
omato leaves. Our results are consistent with those of Choi et al.
2006), studying the hypersensitive interaction between tobacco
nd tobacco mosaic virus (TMV). The authors reported that these
rganic acids also accumulated in both TMV-inoculated and in SAR
obacco leaves.

The study of phenolic compounds during the progression of
nfection is very relevant based on their proposed defensive role in
lants. The flavonoid, rutin, which has been related to the enhance-
ent of the defence system against some stress conditions (Suzuki

t al., 2005), clearly increased in ToMV-infected tomato leaves.
reviously, we had also found that citrus exocortis viroid and P.
yringae also elicited the synthesis of this compound in tomato
eaves (López-Gresa et al., 2010). Unexpectedly, caffeoyl esters
f polyhydroxy compounds (glucaric acid) did not accumulate
n locally infected tomato leaves, even though phenylpropanoid

etabolism is activated under various stress conditions, such as

V irradiation, mechanical wounding, or pathogen attack (Lawton
nd Lamb, 1987; Dixon and Lamb, 1990). In fact, TMV-infected
obacco plants showed, among the phenylpropanoids, only 5-O-
affeoylquinic acid accumulation in the locally infected leaves
3–10.0. The numbers indicate the days after mock and ToMV inoculation. (� ) Leaves
harvested at 19:00 h from mock-inoculated and ToMV-infected tomato plants.

(Choi et al., 2006). Additionally, a decrease content of trypto-
phan was  observable in these ToMV-inoculated leaves. Products
of the tryptophan pathway are metabolized into auxin, glucosi-
nolates, phytoalexins, alkaloids, and other indolic compounds,
which play diverse roles in plant biological processes, including
plant–pathogen interaction (Radwanski and Last, 1995). Previ-
ously, NMR  spectroscopy-based metabolomics had shown that the
levels of a natural derivative of salicylic acid, 2,5-dihydroxybenzoic
acid (gentisic acid), markedly increased as a conjugated form
named gentisic acid 5-O-�-D-xyloside in tomato leaves infected
by the citrus exocortis viroid. Infection with this viroid causes
strong symptoms (extreme epinasty, curling, and rugosity of leaf
and leaflets) and the intensity of symptoms exhibited a good corre-
lation with gentisic acid content in viroid- and virus-infected plants
(Bellés et al., 1999, 2006). It is therefore not surprising that the
present asymptomatic infection caused by ToMV did not induce
a significant accumulation of gentisic acid. Viruses produce a vast
array of symptoms in plants, and many of them appear to be com-
mon  even among combinations between diverse virus and plants.
Some virus-infected plants may  show no symptoms, as in the case
of Rutgers tomato infected by this strain of ToMV, and conse-
quently, are excellent virus carriers, as they go unnoticed in the
greenhouse. Symptoms could also be influenced by several factors
such as environmental conditions, plant age at infection or viru-
lence of the virus. The present NMR  based metabolomic study not
only gives important and broad physiological information, but also

points out that care must be taken to select virus-free plants when
performing metabolic analysis.

Metabolic alterations of non-inoculated systemic leaves were
compared with the corresponding controls analogously to locally
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Fig. 5. (A) PLS-DA score plot of early local viral infection based on the 1H NMR  signals in the range of ı 0.3–10.0. The numbers indicate the days after mock and ToMV
i ocula
i e day
(

i
s
u
b
i
m
i
c

noculation. (©) Mock-inoculated leaves of healthy tomato plants and (� ) ToMV-in
nfection on the 1H NMR  signals in the range of ı 0.3–10.0. The numbers indicate th
�  ) systemically ToMV-infected leaves of inoculated tomato plants.

nfected leaves by PLS-DA. In this case, upper healthy and ToMV
ystemically infected leaves from five to eleven thirteen dpi were
sed as discrete classes (Fig. 5B). The selected time course was
ased on the time required to detect viral capsid accumulation
n distal leaves (Fig. 1). In this case, for the identification of the
etabolites involved in systemic defence response after virus

noculation, the loading plot of component 1 was  analyzed. High
oncentrations of phenylpropanoids, rutin, choline, organic acids,
ted leaves of infected tomato plants. (B) PLS-DA score plot of delayed systemic viral
s after mock and ToMV inoculation. (©) Upper leaves of healthy tomato plants and

sucrose, GABA, tryptophan, phenylalanine, glutamic, and aspartic
acid were characteristic of systemically infected leaves. Only glu-
tamine and asparagine were not induced in these leaves compared
with inoculated ones. Unexpectedly, in the upper control leaves

there was an increase in the levels of some metabolites with sig-
nals at ı 8.02, 7.90, 7.42, 6.78, 6.14, and 6.10, belonging to some
flavonoid glycosides, which probably have a 4′-OH in the B ring
(Fig. 6).
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Fig. 6. Column loading plot of PLS-DA component 1

All these results suggest that flavonoids might be involved in
he local response, while phenylpropanoids could play a defensive
ole in the distal leaves.

In a previous study, Niehl et al. (2006) reported a detailed analy-
is of defence responses during the compatible interaction of potato
lants between potato (Solanum tuberosum L. cv Desiree) and the
otato Virus X (PVX). As in Rutgers tomato plants infected with
omato Mosaic Virus (ToMV), infection of potato with PVX results
n a systemic infection of the plants. In agreement with the results
resented here, the authors found that low molecular weight sec-
ndary metabolites such as �-phenylethylamine-alkaloids were
ubstantially induced upon PVX infection. By contrast, primary
etabolism as levels of organic acids (citrate-cycle intermedi-

tes), sugars, and aminoacids remained mostly unchanged in
VX-infected potato leaves, this being in contrast with the results
bserved in ToMV-infected Rutgers tomato leaves (Table 1). Taken
ogether, all these results demonstrate that potato and tomato
espond to systemic virus infection in a different way depending
f the host plant.

Finally, the metabolic alterations due to sample collection time
ere identified by studying component 4 of PLS analysis (Fig. 4).

 clear separation by component 4 was observed between tomato
eaves collected at 9:00 h and 19:00 h, mainly from the youngest
lants (from 1 to 9 days post-inoculation). It is well known that
uctuations of primary and secondary metabolites are observed
hen plants are harvested at different times of the day. NMR
etabolomic analysis of Cannavis sativa clearly demonstrates a

lear difference between samples harvested in the morning and
fternoon (Kim and Verpoorte, 2010). In our study, amino acids and
rganic acids (except glutamic acid) were induced in the samples
ollected in the morning, while sugars and secondary metabolites
ere induced in the tomato leaves harvested in the evening. This

arbohydrate production is likely a result of the photosynthesis

hat takes place during the day. A complete quantitative analy-
is of carbohydrates and primary metabolites was  done through a
iurnal period in potato leaves (Urbanczyk-Wochniak et al., 2005).
lthough it is difficult to compare our results with those obtained in
l shifts (ppm)

per healthy and ToMV systemically infected leaves.

potato because we have not performed a quantitative analysis, lev-
els of carbohydrates, particularly sucrose, and citric acid followed
the same trend as in potato leaves.

As shown in this work, a broad variety of primary and secondary
compounds can be detected by using simple extraction procedures
and NMR  spectroscopy. Multivariate data analysis methods, such
as partial least square (PLS) and partial least square-discriminant
analysis (PLS-DA) were applied to characterize the metabolic alter-
ations of infected symptomless tomato leaves, taking into account
their development stage and the time of harvesting.
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