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The presence and relative concentration of phytohormones may be regarded as a good indicator of an
organism's physiological state. The integration of the rolC gene from Agrobacterium rhizogenes and of the
rat glucocorticoid receptor (gr) in Nicotiana langsdorffii Weinmann plants has shown to determine
various physiological and metabolic effects. The analysis of wild and transgenic N. langsdorffii plants,
exposed to different abiotic stresses (high temperature, water deficit, and high chromium concentra-
tions) was conducted, in order to investigate the metabolic effects of the inserted genes in response to
the applied stresses. The development of a new analytical procedure was necessary, in order to assure the
simultaneous determination of analytes and to obtain an adequately low limit of quantification. For the
first time, a sensitive HPLC-HRMS quantitative method for the simultaneous determination of salicylic
acid, jasmonic acid and shikimic acid was developed and validated. The method was applied to 80 plant
samples, permitting the evaluation of plant stress responses and highlighting some metabolic mecha-
nisms. Salicylic, jasmonic and shikimic acids proved to be suitable for the comprehension of plant stress
responses. Chemical and heat stresses showed to induce the highest changes in plant hormonal status,
differently affecting plant response. The potential of each genetic modification toward the applied
stresses was marked and particularly the resistance of the gr modified plants was evidenced. This work
provides new information in the study of N. langsdorffii and transgenic organisms, which could be useful
for the further application of these transgenes.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

When in adverse or limiting conditions, plants activate a com-
plex system of responses in order to alleviate cellular damage and
to survive (Fuoco et al., 2013). Water deficiency, high temperatures
and pollution represent the main stress factors for plants in relation
to the expected climate changes. Heat stress conditions affect the
cell membranes and the enzyme functionality while modifying the
ile; Cr, chromium; gr, gluco-
d; FR, instrumental response
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served.
transpiration rate (Lipiec et al., 2013); water deficiency determines
the inhibition of photosynthesis, the enhancement of respiration
and the lack of mineral nutrients (Yordanov et al., 2000). Heavy
metals, due to their widespread distribution and their persistency,
represent one of themain issues for agriculture and land use. Heavy
metals such as cadmium and chromium (Cr) induce enzyme inhi-
bition, cellular oxidation and the alteration of metabolism (Obata
and Fernie, 2012). Cr(VI) is the most toxic oxidation state of chro-
mium, whose uptake was shown to influence the plant's growth,
the production of many essential metabolites and enzymatic ac-
tivity (Singh et al., 2015).

The use of genetic engineering to produce transformed stress-
resistant organisms is increasingly gaining interest. Among the
genetic modifications studied, the integration of the gene codifying
for the rat glucocorticoid receptor (gr), which regulates genes
controlling the development, metabolism and immune response,
appears to be promising, inducing higher resistance against
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nematode infections and chemical stress in Nicotiana plants (Del
Bubba et al., 2013). The rolC gene is a plant oncogene carried on
plasmids of the plant pathogen Agrobacterium rhizogenes; after
infection, the gene can be transferred to the plant genome causing
hairy root disease and tumor formation. Multiple biochemical and
physiological alterations have been observed in rolC transformed
plants, including stimulation of alkaloid, anthraquinone and cyto-
kinin production (Bulgakov et al., 2008; Kiselev et al., 2006).
Enhancement of plant response to abiotic and biotic stresses has
even been related with rolC gene insertion (Del Bubba et al., 2013;
Intrieri and Buiatti, 2001). The Nicotiana genus (family of Sol-
anaceae) includes small, well-characterized plants, traditionally
used as biological models for genetic and physiological studies; the
genetic rolC and gr modifications of Nicotiana langsdorffii plants
were previously investigated, yielding interesting results for the
production of plants resistant to different stresses (Del Bubba et al.,
2013; Fuoco et al., 2013; Ranaldo et al., 2015). The biological state of
plants can be monitored through different parameters such as their
morphology, anatomy, physiology and biochemistry. Since the
response to environmental stresses is controlled by the hormonal
network, the presence and relative concentration of hormones may
be regarded as a good indicator of an organism's physiological
condition. Among the complex hormonal signaling system of
plants, the following molecules have been recognized as central
components of the adaptation response.

Salicylic acid (SA) and jasmonic acid (JA) are hormones involved
in plant growth and development; recent studies demonstrated
that they are implicated as signaling compounds in response to
both biotic and abiotic stresses (Clarke et al., 2009; Maksymiec,
2007; Maksymiec et al., 2005; Metwally et al., 2003; P�al et al.,
2005); many studies showed that the relative concentrations of
JA and SA are affected during drought, chemical and temperature
stresses (Clarke et al., 2009; De Ollas et al., 2013; He et al., 2014;
Maksymiec et al., 2005; P�al et al., 2005; Wang et al., 2010). Shiki-
mic acid (SHA) is an important intermediate in plant metabolism
and a key molecule in the biosynthesis of numerous secondary
metabolites. The SHA pathway represents the central point for the
production of many compounds involved in the principal functions
of plant life, including defense, such as flavonoids, lignins, indole
derivatives and many aromatic alkaloids. The SHA pathway leads
also to the production of SA, through the first step of the phenyl-
propanoid pathway or directly from isochorismate. The targeted
determination of these three compounds could be very useful in
the investigation of the effects of rolC and gr insertion in
N. langsdorffii and in the better comprehension of plant response
towards abiotic stresses. The aim of this paper is to investigate the
effects of Cr(VI) exposure, water deficiency and high temperature
onwild and transgenic N. langsdorffii plants, through the analysis of
selected metabolites, in order to highlight the influence of the
inserted transgenes (rolC and gr genes) on plant stress responses.
The morphological and physiological effects of rolC and gr insertion
in N. langsdorffii plants, exposed to heat, water and chemical
stresses, have been the subject of other studies (Bogani et al., 2015;
Ancillotti et al., 2015).

Taking advantage from the use of HPLC-HRMS technology, the
quantitative determination of SA, SHA and JA was performed. The
development of a new analytical procedure was necessary, in order
to assure the simultaneous determination of analytes, due to the
limited available plant material, and to obtain a limit of quantifi-
cation adequately low to fulfill the analyte concentrations. The use
of a high-resolution detector permitted the accurate measurement
of metabolite masses and the discrimination between the analytes
and potential interfering compounds; therefore the sample treat-
ment procedure was fast, not requiring the purification step, which
is generally essential for biological matrices analyses.
To our knowledge, no method for the simultaneous determi-
nation of these three compounds has been reported yet. The
comparative evaluation of phytohormonal changes, induced by
different abiotic stress factors, inwild type and in gr and rolC plants,
allowed us to study the differentmetabolic mechanisms involved in
stress response, in order to identify the organisms more promis-
ingly resistant to the applied stresses.
2. Material and methods

2.1. Chemicals

SHA, JA, SA, salicylic acid phenyl13C6 (SA13C6) and acetic acid
HPLC grade were purchased from Sigma Aldrich® (Buchs,
Switzerland). HPLC/MS-grade methanol (MeOH) and acetonitrile
(ACN) were obtained from Romil LDT (Cambridge, U.K.). Hydro-
chloric acid (HCl) 37% ACS was purchased from Carlo Erba Reagents
(Milano, Italy). Ultrapure water (18.2 MU cm, 0.01 TOC) was pro-
duced using a Purelab Ultra System (Elga, High Wycombe, U.K.).
2.2. Stock and working solutions

Stock standard solutions (10 mg/mL) of SHA, JA, SA and SA13C6
were prepared in ACN. Working standard solutions were prepared
by diluting the stock solutions to obtain concentrations of 0.97 ng/
mL for SA13C6 and 10 ng/mL for SA, SHA and JA.
2.3. Plant material

Plants of N. langsdorffii Weinmannwere cultivated in vitro by Dr.
Patrizia Bogani in the Laboratory of Plant Genetics, Department of
Evolutionary Biology of the University of Florence. Wild type plants
(WT) were genetically modified by inserting two kinds of genes:
the gene codifying for the rat glucocorticoid receptor (gr plants)
and the rolC gene from A. rhizogenes (rolC plants). The procedure for
obtaining these genetic modifications is well described in previous
studies (Del Bubba et al., 2013; Fuoco et al., 2013). Genetic identical
plants were obtained by withdrawing portions of stems containing
the internodes. Each plant was screened for the presence and the
expression of gr and rolC genes as previously described (Fuoco et al.,
2013). Plants were grown in vitro until reaching 30 days, as earlier
explained (Del Bubba et al., 2013; Fuoco et al., 2013; Giannarelli
et al., 2010). Prior to analysis, plants were fast cleaned with
distilled water to remove the LS medium residues and frozen in
liquid nitrogen; the whole plants were then freeze-dried in an
Edward machine and, after complete water evaporation, main-
tained at environmental temperature.
2.4. Stress inductions

The plants analyzed in this study were subjected to heat stress
(HS) bymeans of the heat shockmethod, through exposure at 50 �C
for 2 h inside a thermostatic chamber; the water stress (WS) was
induced by subculturing plants for 15 days on 50 mL of LS medium
conditioned with 50 mL of a 20% polyethylene glycol 6000 (PEG
6000) solution, in accordance with literature (Khalid et al., 2010).
These conditions were selected after test studies, as previously
explained (Ancillotti et al., 2015; Scalabrin et al., 2015). The heavy
metal stress by chromium (Cr) was induced by growing plants for
15 days using an LS medium containing K2Cr2O7 (50 mg/kg of
hexavalent chromium), as described by Del Bubba et al., 2013 and
on the basis of preliminary stress responses experiments (Fuoco
et al., 2013).
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2.5. Sample treatment protocol

Globally, 80 samples ofN. langsdorffii (gr¼ 10, wt¼ 10, rolC¼ 10,
gr-WS ¼ 6, wt-WS ¼ 5, rolc-WS ¼ 4, wt-Cr ¼ 10, gr-Cr ¼ 11, rolc-
Cr ¼ 7, WT-HS ¼ 3, rolc-HS ¼ 2, gr-HS ¼ 2) were analyzed; the
number of samples for each genotype and stress depended on the
availability of plant material (supplied by the University of Flor-
ence) and on the weight of plants. With respect to HS plants, due to
the limited number (3 organisms for each genotype) and weight of
these plants, all the available plant material was mixed, obtaining
an homogenized pool which was analyzed in three (wt-HS) or two
(rolc-HS, gr-HS) independent technical replicates. For phytohor-
mone analysis, samples were ground and homogenized by using a
ball mill equipped with two polytetrafluoroethylene (PTFE) vessels
and grinder balls; samples were ground for 5 min with a vibration
frequency of 20 Hz to achieve a final fineness of z 5 mm. Briefly,
0.1 g of homogenized plant material was weighted and the internal
standard (IS) SA13C6 was added. The samples were extracted three
times with 1.5 mL of fresh MeOH acidified with HCl (99.9/0.1, v/v)
by centrifugation for 20 min at 20,000 rcf (relative centrifugal
force) at 25 �C; the supernatants were collected, unified and
evaporated in a thermostated bath at 30 �C, under a gentle stream
of nitrogen. Once a 0.5 mL was reached, 1 mL of water was added
and the extracts were filtrated with a syringe PTFE filter (Ø 25 mm,
0.45 mm). Two fractions were prepared for LC-MS analysis by
diluting the extracts 1 to 20 times for SHA and SA determination
and 1 to 5 times for JA. Along with each set of samples, one blank
sample (for a total amount of eight blanks) was analyzed; the
blanks were subjected to all processing steps, in order to verify the
eventual contribution to analyte concentrations deriving from
sample handling; moreover, blanks were used to calculate the
limits of detection and quantification (LOD and LOQ) of the
analytical procedure. SA and JA were quantified by means of the IS
method while SHA was determined by means of an external cali-
bration curve (see Appendix A, paragraph S2, Table S1). For this
reason, for each sample batch, a calibration curve of SHA was also
analyzed, in order to effectuate a correct quantification and to
minimize instrumental signal variations. All samples were analyzed
on the same day of their extraction, to prevent compound
degradation.
2.6. Instrumental method

The instrumental analyses were carried out on a UHPLC Dionex
Ultimate3000 LC system coupled to an HESI-LTQ Orbitrap (Thermo
Fisher Scientific, Waltham, USA). The analysis was conducted with
the ESI ion source operating in negative polarity, in full scan mode
at the resolving power of 30,000 full width at half maximum. The
final instrumental selected parameters are reported in Appendix A,
paragraph S1, Table S2. The quantification of SA and JA was per-
formed by means of an instrumental response factor (FR) to reduce
possible instrumental signal variations. The main analytical pa-
rameters for each compound are reported in Table 1. The chro-
matographic separation was performed on a C18 phase 4 mm
Synergy Hydro-RP 80 Å, 50 � 2 mm (Phenomenex®, Torrance,
California, USA) eluted with acetic acid 0.1% (Eluent A) and MeOH
Table 1
Accurate masses, ionization modus, internal standard used, retention time and maximum

Compounds Ionization modus Retention time (min) A

Shikimic acid negative 1.05 1
Salicylic acid negative 7.16 1
Jasmonic acid negative 7.83 2
(Eluent B) at a flow rate of 200 mL/min. The column oven temper-
ature was set at 30 �C. The selected chromatographic run was
composed of an initial 2 min isocratic step (100% eluent A) for the
elution of SHA, followed by a 5 min gradient phase (20%/min) until
reaching 100% of eluent B. The elution of SA, SA13C6 and JA was
obtained with a following isocratic phase (100% eluent B) of 3 min
(Fig. 1); the final step, for column conditioning, takes 7 min at 100%
eluent A.

2.7. Method validation (see Appendix A paragraph S2, Table S1)

The method was validated by verifying accuracy, precision, an-
alyte recovery and instrumental linearity. The matrix effect (ME)
was also estimated, in order to assess the most appropriate quan-
tification method.

2.8. Data processing and statistics

Chromatograms were integrated with LCquant 2.6.1 software
(Thermo Fisher Scientific, Waltham, USA). The extracted ion chro-
matograms were generated by considering a small mass range
(±5 ppm), centered on the exact m/z of each analyte. Data elabo-
rations were performed by Excel add-in Multibase 2015 package
(Numerical Dynamics, Japan). Statistical differences between con-
trols and treated samples were analyzed using Student's t-test by
means of Statistica 8.0 (StatSoft, Inc., 2007). Differences were
considered significant at a probability level of p < 0.05.

3. Results and discussion

3.1. Effect of rolC and gr insertion

The gr-modified plants were obtained by inserting a rat gene
encoding the glucocorticoid receptor, containing the constitutive
CaMV promoter; it is possible that plant phyto-steroids, and
particularly brassinosteroids, which showed to induce tolerance
towards oxidative, drought and heavy metal stresses (Bartwal et al.,
2013), have sufficient affinity with the rat glucocorticoid receptor
protein and, therefore, can be activated by this signaling chain in gr
transgenic plants. The gr insertion in N. langsdorffii has shown to
determine the reduction of plant size, the decrease of electrolyte
leakage and the increase of water content (Bogani et al., 2015). The
integration of the rolC gene in plants reduced plant size, electrolyte
leakage and root and shoot dry biomass (Ancillotti et al., 2015),
while increased phytoalexin production and the expression of
pathogenesis-related proteins (Bulgakov et al., 2008); rolC inser-
tion, moreover, has been related to an increased activity of cyto-
kinins and to the induction of many secondary metabolite
pathways (Kiselev et al., 2006).

In this study, the insertion of rolC gene affected the content of JA,
which was reduced in this genotype in comparison to gr and wt
plants. This result could be related to the ability of cytokinins to
suppress the JA levels, in agreement with the observations of Sano
et al., 1996. As expected, JA showed lower concentrations
(1 � 101e1.8 � 102 ng/g d.w.) than SA and SHA (3 � 103 to
1.7 � 104 ng/g d.w. and 2.5 � 103 to 5.5 � 103 ng/g d.w.
mass deviation of the analytes.

ccurate mass (m/z) Internal standard Mass deviations (ppm)

73.0455 Not used �2.88
37.0244 SA13C6 �1.45
09.1183 SA13C6 �2.86



Fig. 1. Chromatographic separation of SA (a), SHA (b) and JA (c) in matrix enriched with standard solutions of analytes, at the concentration level of 50 pg/mL.
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respectively). JA had the highest internal set variability, with rela-
tive standard deviations (RSD %) ranging from 34 in rolC plants to
66 in gr plants (Appendix A, Table S3). SA (RSD%¼ 32e34) and SHA
(RSD% ¼ 16e23) showed no statistically significant differences
among the genotypes. The results are in agreement with previous
studies (Schmelz et al., 2003; Fuoco et al., 2013). Interestingly, the
concentration of SHA was similar in wt, gr and rolC plants, despite
other studies suggested an increase of phenolic compound con-
centrations in transgenic plants (Del Bubba et al., 2013; Ancillotti
et al., 2015); this finding indicates a different regulation of phe-
nolics' biosynthesis in gr and rolC genotypes, probably through a
modification of the phytohormonal balance in these organisms
(Giannarelli et al., 2010).
3.2. Heat stress (HS)

The highest changes in analyte concentrations between controls
and stressed samples were observed in plants exposed to HS. JA
levels were increased 2.1 and 6.8 fold in wt-HS and rolC-HS plants
respectively, while gr-HS plants showed unchanged concentrations
of this compound.

The induction of JA has already been related with HS exposure,
possibly caused by the disruption of cell membranes. Rizhsky et al.,
2002, observed high lipoxygenase expression in Nicotiana tabacum
during heat and drought stress, indicating the enhancement of JA
biosynthesis. Endogenous JA biosynthesis and signaling, moreover,
showed to be essential for thermotolerance in Arabidopsis thaliana
(Clarke et al., 2009).

Interestingly, JA content in gr plants was not affected by HS
exposure, suggesting a possible influence of this genetic modifi-
cation on plant response toward heat stress. The unchanged
concentrations of JA between gr and gr-HS plants could indicate a
lighter damage of the photosynthetic system and of the membrane
structures in this genotype, as confirmed by the limited changes in
the lipidic profile of gr plants in comparison to rolC and wt geno-
types (Scalabrin et al., 2015). This resistance could be due to the
higher level of abscisic acid (ABA) in the gr genotype (Giannarelli
et al., 2010), which might determine an earlier and more effective
activation of plant defenses against this kind of stress (Kazan, 2015)
in comparison to wt and rolC.

The phytohormone SA is known to take part in the defense
against temperature stress, which primarily compromises the
photosynthesis process; SA particularly promotes the activity of the
Rubisco enzyme and increases the efficiency of the photosynthetic
system during heat stress exposure (Wang et al., 2010). However,
several studies reported an initial substantial increase of endoge-
nous SA, in the first 30 min of the HS application, followed by a
drastic decrease, indicating that the accumulation of SA represents
an early signal in heat response (Pan et al., 2006). Nevertheless, the
induction of SA has been explained as an indirect effect of heat
stress exposure, as a consequence of ABA increase (Kurepin et al.,
2013); moreover Clarke et al., 2009 highlighted the synergic/
antagonistic interaction of SA and JA during heat stress.

In our study, 2 h exposure to 50 �C determined unchanged SA
levels in rolC-HS and gr-HS plants, consistently with literature,
while a significant decrease was observed in wt-HS plants (Fig. 2
a,b,c). SA decreased levels in wt plants could indicate a higher
thermosensitivity of this genotype, in comparison to gr and rolC,
whose biochemical status showed to be less affected by heat stress
(Scalabrin et al., 2015). However, the mechanisms of regulation of
SA levels and the interactions with JA, ABA and other phytohor-
mones are not fully understood yet.



Fig. 2. a,b,c Mean phytohormone concentrations in controls, WS, HS and CR samples in wild, gr, and rolC modified genotypes. Error bars show the standard deviation for each set of
samples. Error bars for HS samples are based on the mean relative error, as obtained from validation. Concentrations marked with an asterisk resulted statistically different at
p < 0.05 according to the t-test.
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HS is known to cause oxidative stress (Wang et al., 2010),
generating reactive oxygen species (ROS) which compromise
membrane fluidity, protein stability and enzymatic functions
(Lipiec et al., 2013). To alleviate cellular damages and scavenge ROS
compounds, plants produce antioxidant metabolites, such as fla-
vonoids, anthocyanins, phenolics, whose biosynthesis starts from
the SHA pathway (Lipiec et al., 2013; Obata and Fernie, 2012).
Interestingly, in our study, SHA levels showed to increase only in
wt-HS plants, indicating the activation of the shikimate metabolic
route. This result is in agreement with the study of Ancillotti et al.,
2015, who highlighted increased levels of total polyphenols and
radical scavenging activity (RSA) in the shoots of wt-HS, while gr
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and rolC plants showed reduced antioxidants levels. It is note-
worthy that in wt-HS plants the levels of the precursor SHA were
increased while SA, on the contrary, was reduced. This finding
could suggest that the raised SHA produced in wt-HS plants is not
employed for the biosynthesis of SA whereas, probably, it is mainly
re-routed in the phenylpropanoid pathway for the synthesis of
antioxidant compounds, in order to face ROS molecules. RolC-HS
plants showed unchanged SHA levels, confirming the previous
result of Bulgakov et al., 2008, who reported the prevention of
oxidative burst in Rubia cordifolia rolC transformed cells and their
increased HS tolerance. With respect to gr plants, the unchanged
SHA levels could indicate that the induction of this metabolic
pathway during HS is not required in this genotype; the higher
basal levels of hydroxycinnamic acids, which are the main pre-
cursors of phenolics, suggest an enhancement of defenses in this
genotype that, in cases of abiotic stress exposure, proved to be
already active, not requiring an higher induction of the SHA
pathway (Del Bubba et al., 2013).

3.3. Cr(VI) stress

Oxidative stress is one of the most evident consequences of
heavy metal exposure through the enhanced production of ROS
(Maksymiec, 2007). Particularly, exposure to Cr(VI) largely in-
creases ROS levels, activating a signaling response at gene expres-
sion level which could increase active oxidant scavenging (Singh
et al., 2015). In case of severe chemical stress, lipid peroxidation
and the generation of oxylipins, such as JA, can take place
(Maksymiec, 2007). In our samples, we actually observed an
enhancement of JA and SHA levels in wt-Cr and rolC-Cr, with a
statistically significant increase twice as high as in the controls
(Fig. 2 b,c), while gr-Cr showed no significant changes. The induc-
tion of the octadecenoic pathway, probably caused by the degra-
dation of membranes (Maksymiec et al., 2005), was already
observed after exposure to heavy metals, leading to the production
of JA and other oxylipins (Maksymiec, 2007; Maksymiec et al.,
2005). This pathway is part of the oxidative/redox system of
plants and, therefore, probably interacts with metal induced
signaling and even in potential defense reactions (Viehweger,
2014). JA could be involved in the upregulation of the genes
related to the metabolism of glutathione, which is a key element of
cellular redox homeostasis and has a defense role against oxidative
stress (Xiang and Oliver, 1998). As already outlined for plants
exposed to HS, SHA represents an indicator of the induction of
antioxidant biosynthesis. SHA proved to be indeed enhanced inwt-
Cr and rolC-Cr samples, while it remained unchanged in gr-Cr,
indicating a lower activation of the defense mechanisms in this
genotype. Our results are in agreement with the recent study of
Scalabrin et al., 2015 who reported increased levels of peroxylipids,
lysolipids and antioxidant compounds in wt and rolC plants
exposed to Cr(VI) stress while the levels of these metabolites were
unchanged in the gr genotype. The SHA concentrations observed in
this study are also consistent with the results of Fuoco et al., 2013
for wt and gr genotypes. The increase of SHA concentrations in
rolC-Cr plants indicates that, differently from what is observed in
rolC-HS, the ROS suppression effect is not effective against Cr(VI)
stress. This fact is probably due to the complex action of heavy
metals on the oxidative/redox system of plants, which includes the
direct generation of ROS via Fenton-like reactions and the Haber-
eWeiss cycle, in addition to indirect mechanisms, and the con-
sumption of glutathione as direct chelator for metal detoxification
(Viehweger, 2014). This is also consistent with the enhanced con-
centration of JA in rolC-Cr samples. Interestingly, while in wt-Cr
plants the increased SHA levels lead also to enhanced concentra-
tions of its derivative, SA, in rolC-Cr plants only SHA was
augmented. In wt-Cr plants, a significant SA increase of 57% was
observed, in comparison to controls, while in gr-Cr and rolC-Cr SA
levels were unchanged. The role of SA in heavymetal stress defense
is currently not well understood; this compound showed to in-
crease in Barley seedlings and maize plants subjected to high
cadmium levels (Metwally et al., 2003; P�al et al., 2005) and in Oryza
sativa spp. Japonica exposed to oxidative stress (Yang et al., 2004)
while, in other studies, decreased or unchanged concentrations
were observed (Singh et al., 2015). SA seems to increase oxidative
stress by reducing the activity of phytochelatin synthase (P�al et al.,
2002), increasing H2O2 levels (Zawoznik et al., 2007) and inhibiting
the JA pathway (Maksymiec, 2007). The increase in SA concentra-
tions could probably be considered as an early response to heavy
metal stress, as already described for HS stress, which is needed in
order to activate the plant response mechanisms (Zawoznik et al.,
2007).

3.4. Water stress (WS)

In plants exposed to WS, a 50% decrease of SHA concentrations
was observed in gr-Cr samples, in comparison to controls. The
lower activation of SHA pathway in gr-WS plants than in rolC-WS
and wt-WS genotypes was already reported (Scalabrin et al., 2015)
and it's in accordance with the decreased RSA recently observed by
Ancillotti et al., 2015. The plant's response to water deficit is com-
plex and highly variable depending on the species, developmental
stage, desiccation degree (Obata and Fernie, 2012), and interaction
with other environmental factors, such as relative humidity and
temperature. Different biochemical responses to water deficit
conditions have even been observed in various varieties of the same
species (S�anchez-Rodríguez et al., 2011). The shikimic acid pathway
is generally induced by water stress exposition and different
regulation mechanisms have been proposed, such as the mainte-
nance of the osmotic pressure level (Warren et al., 2012), the need
for increased antioxidant activity (S�anchez-Rodríguez et al., 2011)
and the decreased lignification degree (Torras-Claveria et al., 2012).
Therefore, the concentration of this compound could be affected by
many factors and the comprehension of its role during WS still
remains a challenge.

In our study, the decreased SHA level in gr genotype, seem to
indicate a lower activation of plant defenses, compared to rolc and
wt, which could be related to the higher resistance of gr plants
towardWS; this suggestion, however, should be better investigated
in order to assess the real potential of this genetic modification.

The role of SA and JA during WS conditions is currently under
discussion. Our results suggested that the levels of these two
phytohormone are not directly affected by water stress; however
SA and JA could take part in the activation of early plant defenses, to
be progressively depleted during stress exposure. Some studies
indicate that high concentrations of SA could determine oxidative
stress, thus leading to reduced abiotic stress tolerance, while, at
moderate levels, SA is able to alleviate drought damages (Miura and
Tada, 2014); in A. thaliana increased SA levels were related to an
enhanced tolerance toward drought stress, as a consequence of the
induction of H2O2 as signaling molecule (He et al., 2014). JA seems
to be involved in ascorbate and glutathione metabolism, which is a
key element in the cellular redox balance, and therefore could
protect plants from water deficit-induced oxidative stress, as
highlighted by malondialdehyde content and electrolyte leakage
(Shan and Liang, 2010). Mahouachi et al., 2007 observed a transient
accumulation of JA in papaya seedlings after 15 days of water deficit
treatment, suggesting its role as a triggering signal for ABA
accumulation.

The application of three independent abiotic stresses and the
analysis of key compounds involved in stress-response permitted



Fig. 3. a,b,c Scatterplots of phytohormone concentrations (a JA-SA, b JA-SHA, c SHA-SA) in samples classified by the kind of applied stress (controls: green, Cr stress: purple, HS
stress: red, WS stress: gray). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to highlight the main metabolic re-routing associated with each
stress; as summarized in Fig. 3 a,b,c, Cr samples were characterized
by mediumehigh concentrations of SHA, a clear indication of the
enhanced production of secondary metabolites and particularly
antioxidants; HS samples, instead, showed particularly high levels
of JA (Fig 3 a,b), probably as a consequence of the peroxidation of
lipids and the activation of the octadecenoic pathway induced by
heat; WS samples displayed metabolite concentrations generally
similar to the controls, indicating that the water deficit conditions
involves different defense mechanisms and, probably, a more
complex plant response.

4. Conclusions

The method presented in this work enabled the simultaneous
and sensitive determination of three relevant plant metabolites,
which proved to be useful in the assessment of the plant metabolic
and biochemical status. The investigation of wild and genetically
modified plants, exposed to three abiotic stresses, allowed the
evaluation of the combined effect of transgenes and stresses on
plant responsemechanisms. The three genotypes showed to induce
different responses during stress exposure; particularly, the inser-
tion of the gr transgene showed to determine less changes in the
phytohormonal pattern, suggesting the possibility of an advantage
deriving from this genetic modification, especially in case of WS
and Cr stresses, as already proposed in previous studies. These re-
sults could be useful for further investigations concerning the use
of transgenic-stress resistant plants and in order to better under-
stand the role of SA, JA and SHA in plant defense mechanisms.
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