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Abstract Metabolite profiling was used to characterize
stress responses of potato tissue subjected to reversible
electroporation, providing insights on how potato tissue
responds to a physical stimulus such as pulsed electric
fields (PEF), which is an artificial stress. Wounded potato
tissue was subjected to field strengths ranging from 200 to
400 V/cm, with a single rectangular pulse of 1 ms. Electro-
poration was demonstrated by propidium iodide staining of
the cell nucleae. Metabolic profiling of data obtained
through GC/TOF-MS and UPLC/TOF-MS complemented
with orthogonal projections to latent structures clustering
analysis showed that 24 h after the application of PEF,
potato metabolism shows PEF-specific responses character-
ized by the changes in the hexose pool that may involve
starch and ascorbic acid degradation.
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Abbreviations

ACN Acetonitrile

DRE Dynamic range enhancement

GC/TOF-MS Gas chromatography/time-of-flight
mass spectrometry

H-MCR Hierarchical multivariate curve resolution

MST Mass spectral tag

MSTFA N-Methyl-N-(trimethylsilyl)trifluoroace-
tamide

NIST National Institute of Standards and
Technology

OPLS Orthogonal projections to latent structures

PEF Pulsed electric field

RI Retention index
UPLC/TOF-MS Ultra performance liquid chromatogra-
phy/time-of-flight mass spectrometry

Introduction

In recent years, there has been an increasing interest in the
use of pulsed electric field (PEF) technology due to its
potential to induce non-thermal permeabilization of cell
membranes. The external application of an electric field
(<1 KV/cm) induces a potential difference of ~0.3-1V
across the cytoplasmic membrane for a period long enough
(microseconds to milliseconds) to induce pore formation in
the plasma membrane (Weaver 2000). Depending on the
cell properties (i.e. size, conductivity, shape and orienta-
tion) and electropulsation parameters (i.e. field strength,
duration and number of pulses), the application of PEF may
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cause lethal damage to cells due to irreversible loss of cell
membrane permeability properties, leakage of cytoplasmic
contents and lysis (Aronsson et al. 2001).

By strict control of the electropulsation parameters, per-
meabilization may evade affecting the cell viability. In this
non-lethal version of the PEF technique, physiological
responses to PEF-induced stress are still largely unknown.
It has been reported that PEF affects metabolism including
an oxidative burst with the consequent generation of reac-
tive oxygen species (ROS) (Gabriel and Teissié 1994; Sabri
et al. 1996), which is a common response to stress (Gémez
Galindo et al. 2007). ROS have been suggested to be part of
the endogenous signal components required for elicitor-
induced synthesis of secondary metabolites (Baker and
Orlandi 1995), which are widely believed to be part of the
defense response of plants to stress (Shohael et al. 2006).
When using PEF as stressor, interesting findings for the
pharmaceutical field, such as the increased yields of a cyto-
static compound in cell culture of Taxus chinensis (Ye et al.
2004), and for the food science and nutrition field, such as
the increased concentration of antioxidants and phytoester-
ols from oil seeds and fruits (Guderjan et al. 2005, 2007,
Balasa 2007), encourage deeper metabolic studies that can
help to a better understanding of the complex, dynamic
metabolic behavior of plant tissues subjected to this novel
(i.e. not present in nature) stress condition.

Metabolic profiling, which refers to the non-biased,
comprehensive analysis of soluble cellular metabolites
from a biological system (Dunn etal. 2005) has been
applied to the study of plant metabolism over the past
several years (Wishart 2008). Metabolic profiling in plant
systems has been used, among other applications, to
fingerprint species, genotypes or ecotypes for taxonomic
or biochemical purposes (Huhman and Sumner 2002;
Beckmann et al. 2007), characterize food components
(Mattivi et al. 2006; Moco et al. 2006; Pereira et al. 2006;
Hu et al. 2007), study developmental processes (Roessner
etal. 2003; Jeong et al. 2004) and monitor changes in
metabolites in relation to exogenous stimuli (Kaplan et al.
2004, 2007; Rizhsky et al. 2004; Gray and Heath 2005;
Yang and Bernards 2007). Global metabolic profiling
analysis holds the promise to permit simultaneous
monitoring of precursors, intermediates and products of
metabolic pathways. It is a research tool that can detect
and monitor unidentified compounds as well as identified
metabolites that play important roles in metabolism and
physiology (Kaplan et al. 2004) and, in the context of this
work, responses to stress.

We have performed metabolic profiling analysis
using gas chromatography—mass spectrometry/time-of-
flight (GC/TOF-MS), complemented with a targeted analy-
sis of specific metabolites using ultra performance liquid
chromatography-mass spectrometry/time-of-flight (UPLC/
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TOF-MS) aiming at identifying compounds that exhibit
PEF-specific responses when the electric pulses are applied
to cause electroporation to the wounded potato tissue. This
study allows discriminating between the potatoes response
to PEF treatment against that of wounding alone, giving
insights on to what extent PEF overlaps with other stresses.
We suggest here that PEFs may cause effects in the metabo-
lome of potato, which might be linked with cellular events
following electroporation and recovery of cell membrane
functionality.

Materials and methods
Raw material, handling and storage

Potato tubers (Solanum tuberosum L. cv. Bintje) grown in
the south of Sweden were used. The potatoes were har-
vested and placed in a storage room, forming piles of 4.5 m
maximum height. The potatoes were stored at 4°C and
approximately 100% RH in the dark without the addition of
sprouting inhibitors. These are conditions routinely prac-
tised by the producer (Lantménnen Solanum AB, Kévlinge,
Sweden). Potato tubers free from defects, stored under the
described conditions for 3 months, were selected at the
farm storage facility and transported to our laboratory in
plastic bags kept in insulated boxes on ice. The potatoes
were then placed in a closed refrigerated chamber for
1 week at 4°C and with a water vapor saturated atmosphere
in darkness until used.

Preparation of samples

Medium-sized potato tubers (13.0 &3.0cm in length,
7.0 £ 0.5 cm diameter) were manually washed and peeled.
Slices, 15-mm thick were cut from the center of a single
tuber. The slices were oriented perpendicular to the major
tuber axis. Rectangular cross-section samples, 15 mm long
and 6.0 mm wide, were obtained from the phloem paren-
chyma tissue of the slices using a pair of parallel sharp
blades. Immediately after cutting, the sample was rinsed
with distilled water (at 20°C) and gently blotted with medi-
cal wipes to remove the excess of water from the sample
surface.

Electrical treatments and measurement
of the tissue electrical responses

Electric pulses were delivered to the rectangular samples
through two parallel, flat stainless steel electrodes (35 mm
long and 10 mm wide) separated 6 mm. Electric pulses
were delivered axially to the tissue using a Cellect
electromanipulation instrument (BioFusion SCI AB, Lund,
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Sweden). Samples were treated at varying voltages (120,
180, 240 and 300 V, which corresponds to the electric field
strength in air of 200, 300, 400 and 500 V/cm) with 1 ms
rectangular pulses.

The resistance of the tissue samples during the pulsing
period was measured as the potential difference over a ref-
erence resistor (300 Q) connected in series to the pulse gen-
erator. Samples resistance was stored and observed on a
digital storage oscilloscope (EM621 digital oscilloscope,
ETC. instruments, Zilina, Slovak Republic) connected to
the system. At the last part of the pulse period, the current—
time relationship was converted into the “instantaneous”
resistance by dividing the applied voltage by the time-
dependent current, V/I(¢). The resistance of the tissue was
then evaluated by subtracting the reference resistance.

Sample impedance (electrical resistance of the intact tis-
sue) was measured prior to pulsing, 6 and 24 h after pulsing
by using a low-voltage sinusoidal wave form at 5V and
1 kHz, as described by Chalermchat (2005). The wave form
was generated by a function generator (PC function genera-
tor, K8016, Velleman instruments, Gavere, Belgium). A
constant resistor of 300 Q was connected in series in the
circuit between the samples and the function generator in
order to monitor the responding voltage of the whole sys-
tem. The responding voltage was monitored and recorded
by the digital oscilloscope. Four measurements were done
for each PEF condition.

Evaluation of the electrical treatments by fluorescence
microscopy

The effect of electrical treatments on cell membrane elec-
troporation was tested by fluorescence microscopy. Rectan-
gular samples of potato parenchyma were incubated for
20h at 4°C in a 25 uM solution of propidium iodide
(Sigma, A, =536nm; A,,=617nm) in 10mM PBS
buffer, pH 7.5. After the incubation time, samples were
PEF-treated either with a single 1-ms pulse with strength of
200, 300, 400 V/cm or with three 1-ms pulses of 500 V/cm
(positive control for electroporation, based on preliminary
tests showing leakage of cell contents after treatment).
Untreated samples were used as negative controls. After
treatment, a 1-mm-thick cross section was cut from the
rectangle and immediately placed in 5 ml PBS buffer for
3 min under slight agitation to wash away the excess of dye
and starch from its surface. Microscopic observations of the
cross section were made with a Nikon inverted fluorescence
microscope (Nikon Co., Kawasaki, Japan) at a magnifica-
tion of 10x. Images were captured with an Olympus DP70
camera controlled by the DP CONTROLLER software
(Olympus Co., Tokyo, Japan). Five slices from four differ-
ent tubers were examined at each experimental condition.

Metabolic profile evaluation of the effect
of electrical treatments

Sample preparation

Ten rectangular samples were obtained from each of seven
tubers and used for electrical treatments. From each set of
ten samples, two were immediately submerged in liquid
nitrogen (Time 0). Each of the other eight remaining sam-
ples were placed between two parallel, flat stainless steel
electrodes, and treated at varying voltages. Thus, from the
eight samples, two samples from the same tuber were not
PEF-treated (“Wounded”), two samples were treated with a
single 1-ms pulse of 200 V/cm, other two samples with a
single 1 ms of 300 V/cm and the other two with a single
I-ms pulse of 400 V/cm.

Immediately after pulse delivery, PEF-treated samples
and controls were taken out from the electrodes and placed
in a 240-ml closed plastic container with wet tissue in the
bottom at 20°C. Samples were taken out from the container
1 min after the delivery of the pulse, a piece was sliced
from them with a sharp razor blade and immediately
immersed in liquid nitrogen. The rest of the samples were
taken back to the plastic container. One more piece of the
samples was sliced 6 h after the delivery of the pulse and
placed in liquid nitrogen. The rest of the samples was taken
back to the plastic container and placed under liquid nitro-
gen 24 h after the delivery of the pulse.

Frozen pieces of potato tissue were ground to a fine pow-
der using liquid nitrogen and a mortar and pestle.
10 £ 1 mg (fresh weight) of each sample was quickly
weighed in a 1.5-ml “safety cap” Eppendorf tube. Tubes
were immediately placed under liquid nitrogen and stored
under —80°C until analysis.

Extraction

For the extraction of metabolites, the sample powder in the
Eppendorf tubes was mixed with a solution containing 20%
(v/v) CHCl;, 20% (v/v) water, 60% (v/v) methanol and 11
isotope-labelled internal standards (['*Cs]proline, succinic
acid-D4, salicylic acid-D6, [13C4]oc-ketoglutarate, [13C5,
15 Nlglutamic acid, putrescine-D4, myristic acid['*C5],
[13C¢lglucose, ['*C,lhexadecanoic acid, ['*C,,]sucrose and
cholesterol-D7) (Gullberg et al. 2004). The ratio weight of
sample:volume of solution was 1:73 (mg:pl). The mixture
was homogenized in a mixer mill (Retsch MM 40, Retsch
Gmbh, Haan, Germany) for 3 min at maximum frequency
(30 Hz), before centrifugation at 14,000 rpm for 10 min.
The supernatant was carefully transferred to another con-
tainer to be further used for GC/TOF-MS and UPLC/TOF-
MS analysis.
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Derivatization and GC/TOF-MS analysis

Two hundred microliter of the extracts was evaporated to
dryness in a MiVac Quattro SpeedVac Concentrator (Gen-
evac, Ipswich, UK). For methoximation, 30 pl of methoxy-
amine (15 pg/pl in pyridine) was added to the sample. After
16-h derivatization at room temperature, the sample was
trimethylsilylated for 1 h using 30 pl of MSTFA at 25°C.
30 pl of heptane (where 15 ng/pl of methyl stearate was
added) was added following silylation. The derivatized
samples were taken to analysis in the GC/TOF-MS.

Using a CTC Combi Pal system as an autosampler
(CTC Analytics AG, Zwingen, Switzerland), 1 pl of the
derivatized sample was injected into an Agilent 6890
gas chromatograph equipped with a 10 m x 0.18 mm
i.d. fused capillary column with a chemically bonded
0.18 pm DB 5-MS stationary phase (J&W Scientific,
Folsom, CA, USA). The injector temperature was
270°C, the purge flow rate was 20 ml/min and the purge
was turned on after 60 s. The helium carrier gas flow rate
through the column was 1 ml/min, the column temperature
was held at 70°C for 2 min, then increased by 40°C/min to
320°C and held there for 1 min. The column effluent was
introduced in the ion source of a Pegasus III time-of-
flight mass spectrometer, GC/TOF-MS (Leco Corp., St
Joseph, MI, USA). The transfer line and the ion source
temperatures were 250 and 200°C, respectively. Ions
were generated by a 70-eV electron beam at an ioniza-
tion current of 2.0 mA and 30 spectra/s were recorded in
the mass range 50-800 m/z. The acceleration voltage
was turned on after a solvent delay of 175 s. The detec-
tor voltage was 1,500-2,000 V.

UPLC/TOF-MS analysis

Two hundred microliter of the extracts was evaporated to
dryness in the MiVac Quattro SpeedVac Concentrator.
10 pl of methanol and 90 pl of water containing 5 ng/ul of
nalidixic acid were added to the sample. Chromatography
was performed on a Waters Aquity UPLC system (Waters
Corp, Milford, MA, USA). 8-ul aliquot of sample was
injected onto a 2.1 x 100 mm, 1.7 pm UPLC column (C18
UPLC column) held at 40°C. The gradient elution buffers
were A (H,O, 0.1% formic acid) and B (acetonitrile, 0.1%
formic acid), and the flow rate was 500 pl/min. The column
was eluted with a linear gradient consisting of 1-20% B
over 0-3 min, 20-40% of B over 3-5 min, 40-95% B over
5-8 min and 95-100% B over 8-12.5 min. The composi-
tion was held at 100% B for 3.5 min and returned to 1% B
at 19 min. The composition was kept at 1% B for a further
0.5 min before the next injection. The UPLC was coupled
to a Micromass LCT premier time-of-flight (Tof) mass
spectrometer equipped with an electrospray source operat-
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ing in negative ion mode with lockspray interface for accu-
rate mass measurements. The source temperature was
120°C with a cone gas flow of 10 1/h, a desolvation temper-
ature of 320°C and a nebulization gas flow of 600 I/h. The
capillary voltage was set at 2.5 kV for negative ion mode,
with a cone voltage of 0 V, a data acquisition rate of 0.1 s,
an interscan delay of 0.1 s, with dynamic range enhance-
ment (DRE) mode activated. Leucine enkephalin was
employed as the lock mass compound, infused straight into
the MS at a concentration of 400 pg/ul (in 50:50
ACN:water) at a flow rate of 40 pul/min. The normal lock
mass in the DRE mode was the negative ion second 13C
peak of leucine enkephalin at 555.2645, and the extended
lock mass peak was the negative ion peak observed at
554.2615.

All mass spectral data were acquired in the centroid
mode, 50-1,000 m/z, with a data threshold value set to 3.

Processing of metabolites data

Non-processed MS data from GC/TOF-MS analysis were
exported in NetCDF format to MATLAB 7.0 (Mathworks,
Natick, MA, USA), where all data-pretreatment proce-
dures, such as smoothing, alignment, time-window setting,
and hierarchical multivariate curve resolution (H-MCR),
were carried out (Jonsson et al. 2004, 2006). The resolved
MS spectra were matched against reference mass spectra
using the NIST (National Institute of Standards and Tech-
nology, Gaithersburg, MD, USA) mass spectral search pro-
gram 2.0. Peaks were identified or annotated based on
retention indices (RIs) and the reference mass spectra com-
parison to the following databases: commercial database
from NIST v. 2.0, the Umea Plant Science Centre (Ume4,
Sweden) in-house metabolomics database and the Max
Plank Institute for Molecular Plant Physiology (Postdam,
Germany) in-house metabolomics database.

MS data from the UPLC/TOF-MS were processed
using the MASSLYNX software 4.1 (Waters Corp,
Milford, MS, USA). Within this software, QUANLYNX
was used for relative quantification of metabolites, were
MS spectra were matched with the spectra of previously
analyzed standards of w«-solanine, a-chaconine, chloro-
genic acid, sinapic acid, ferulic acid, cinnamic acid, cou-
maric acid and caffeic acid. The concentration of each of
these compounds in the treated samples was compared
with that of the Time O samples for making a relative
quantification. Salicylic acid, previously added to all
samples, was used as internal standard for instrumental
drift correction. All standards, with >98% purity, were
provided by Sigma (Sigma-Aldrich, Sweden). In the
a-solanine and «-chaconine standards, the adduct [M +
HCOO]™ was the most dominant one and, therefore, used
for the relative quantification.
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Statistical analysis for metabolic profiling

After peak annotation, the obtained data matrix after GC/
TOF-MS analysis was normalized using the concentra-
tions of the 11 internal standards. After normalization, the
matrix was used for multivariate analysis. The orthogonal
projections to latent structures (OPLS) method was
performed as a supervised multivariate analysis with
SIMCA-P + 11.5 software (Umetrics AB, Umea,
Sweden). The OPLS method divides the systematic varia-
tion of the X-block (predictor variables) into two model
parts, one part which models the co-variation between X
and Y (response variables) and another part which
expresses the X variation that is not related (orthogonal)
to Y. This leads to a better class resolution in a discrimi-
nant problem (Byles;jo et al. 2006).

In order to narrow down the variables (metabolites) most
influential to the separation of the groups in the OPLS
model, weight plots (w*c[2]O vs. w*c[l1]P) showing
relationships between all factors and responses, as well as
variable importance plots were used. On the selected vari-
ables, one-way ANOVA was performed using MINITAB
12 software (Minitab Inc., State College, PA, USA) to
define those showing statistically significant differences
between the treatments.

Statistically significant differences between the analyzed
compounds in the UPLC/TOF-MS were tested using the
MINITAB 12 software.

Fig. 1 Typical experimental
results from microscopic
observations of potato tissue
treated with electric fields and
stained with propidium iodide,
as indicated in “Materials and
methods”. The red channel of
the original images is shown.

a Untreated sample (negative
control). b Samples treated with
asingle 1-ms pulse of 200 V/cm.
¢ Samples treated with a single
1-ms pulse of 300 V/cm.

d Samples treated with three
1-ms pulse of 500 V/cm
(positive control)

Results
Electroporation and tissue survival

The electroporation experienced by the samples at the
applied PEF conditions is demonstrated by the penetration
of propidium iodide in the cells and the staining of their
nucleus (Fig. 1), which can be clearly seen in the pictures
as bright circles inside the cells. An increasing amount of
nuclei can be seen in the samples as the electric field treat-
ment intensity increases. This observation could be attrib-
uted to the heterogeneity of the cells in the potato
parenchyma. It has been shown that electropermeabiliza-
tion in plant tissues depends on the cell size, shape and
orientation (Weaver 1993); heterogeneity of cells in the
sample would be a crucial factor influencing the required
energy for electroporation (Chalermchat 2005).

The observed electroporation was also reflected by the
drop of the resistance of the tissue samples during the puls-
ing period (Fig. 2), where the final electrical resistance of
the potato sample during the delivery of the pulse is plotted
against the applied nominal electric field strength. As the
applied voltage and the reference resistance are constant
and the sample resistance changes during the pulse, the
actual field strength experienced by the tissue varies. The
initial field strength was within 10% of the nominal field
strength for the samples. In a separate experiment, we
found that the contact resistance was negligible. Upon
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Fig. 2 Total resistance of potato samples during the application of a
single 1-ms unipolar, rectangular pulse at different field strengths. Each
given value is the average of four replicates. Error bars are the
standard deviation of the mean

pulsation, tissue resistance decreased markedly from 200 to
300 V/cm, followed by a slight decrease after 300 V/cm.

At the field intensities of 200 and 300 V/cm, the mea-
surement of the impedance of the samples 6 and 24 h after
pulse delivery revealed the impedance to be essentially
identical to that of the untreated sample, indicating that
1-ms pulse treatment at those field strengths did not induce
permanent permeabilization of the tissue and the leakage of
its cell contents. The impedance of samples treated at
400 V/cm decreased 6 h after pulse delivery and was
substantially lower 24 h after pulse delivery, presenting
evidence of permanent permeabilization. Samples treated at
400 V/cm, showed visual evidence of microbial attack 24 h
after pulse delivery.

Cluster analysis of metabolic profiles

After untargeted GC/TOF-MS analysis (for an example of a
raw chromatogram, see Fig.3), the H-MCR process

Fig. 3 Typical GC
chromatogram of potato extracts
Se+006

4e+006

3e+006

2e+006

1e+006

extracted 154 metabolite peaks and their mass spectra.
Using the databases, 64 peaks were identified or annotated
as known metabolites (Table 1). In addition, 33 peaks were
annotated with mass spectral tags (MSTs) (Schauer et al.
2005). These peaks were consistently observed though not
identified completely. Forty-three peaks were neither iden-
tified nor annotated with MSTSs (unknowns).

OPLS was applied to all metabolic peaks for all treat-
ments at each time point (Fig. 4a—c). Data obtained at
400 V/cm were not included in the analysis at 6 and 24 h
because cell death and microbial contamination were sus-
pected. No cluster separation was noticed 1 min after the
potato was either wounded or PEF-treated. Six hours after
application of the treatments, two clusters were observed:
samples obtained from the fresh tissue (Time 0) and treated
samples, without any discrimination between the wounded
and the PEF-treated tissue. Twenty-four hours after the
application of the treatments, three clusters were clearly
observed, the metabolites from fresh tissue, those of the
wounded tissue and those of the PEF-treated tissue, without
any discrimination between the intensities of the applied
electric field.

Specific responses to wounding and PEF stress

The OPLS clustering was further analyzed as follows:
(1) the fresh tissue (Time 0) differentiated from the tis-
sue 6 and 24 h after wounding. (2) The tissue 24 h after
wounding from the tissue 24 h after it was wounded and
PEF-treated. Thus, metabolites contributing to the
described clustering, differentiating metabolic responses
between wounding specific effects and PEF-specific
effects could be analyzed. As detailed in “Materials and
methods”, weight and variable importance plots together
with ANOVA analysis were used to select the discrimi-
native metabolites. The list of the metabolites shown to

f T

Time (s) 200 20
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Table 1 Metabolites identified in profiles of extracts after untargeted GC/TOF-MS analysis

Amino acids

Organic acids

Sugars

Other

Alanine

p-Alanine (TMS),
Allothreonine (TMS);
L-Arginine (TMS)
Aspartic acid (TMS)
L-Aspartic acid (TMS),
L-Asparagine (TMS);
L-Asparagine (TMS),
Glutamic acid
Glutamine (TMS)
Glutamine (TMS),
L-Glutamine (TMS);
Glycine (TMS);
L-Histidine (TMS),
Leucine (TMS)

Lysine (TMS),
Ornithine (TMS);
Nicotianamine (TMS),

2-Aminobutyric (TMS),
4-Aminobutyric
Citric (TMS),

Dehydroascorbic acid dimer (TMS)

Fumaric (TMS),
Fumaric

Glyceric (TMS);
Glyceric acid (TMS);
Glutaric
Hexadecanoic acid
Itaconic (TMS),
a-Linoleic acid (TMS)
Malic (TMS);
Malonic

Oxalic-like compound?®
D-Quinic (TMS)s
Stearic acid (TMS)
Threonic (TMS),

Fructose meox1 (TMS);
Fructose meox2 (TMS);
Galactinol (TMS),

Glucose meox1 (TMS);
Glucose meox2 (TMS);

D-Maltose meox1 (TMS),
Melibiose meox1 (TMS)g

Raffinose (TMS),,
Sucrose (TMS)g

t-Caffeic acid (TMS);
2,5-Diaminovalerogalactam (TMS),
Diethyleneglycol (TMS),-like compound®
Digalactosylglycerol-like compound?
Ethanolamine (TMS);
Glucose-6-phosphate meox1 (TMS)g
Inositol (TMS),
myo-Inositol-1-phosphate (TMS),
p-p-methylglucopyranoside
Phosphoric (TMS);

Putrescine-like compound®

Sterol like compounds (2)*
Uracil-like compound (TMS)3

L-Phenylalanine (TMS),
Pyroglutamic acid (TMS)
Serine

L-Tyrosine (TMS);
Tryptophan (TMS)
Valine (TMS)

# Only the metabolic class of these components was identified

be significantly affected 6 h after wounding is reported
in Table 2. A decrease in the glutamic acid is accompa-
nied by either the increase or decrease of seven unknown
compounds. As pointed out above, no PEF-specific
effects could be identified 6 h after the treatment.

Metabolites shown to be significantly affected 24 h
after wounding are highlighted with a circle in a simpli-
fied metabolic pathway map (Fig. 5). Only known com-
pounds are reported in Fig. 5. Results from the UPLC/
TOF-MS are also included in the figure. Additionally,
the following NSTs and unknown compounds were spe-
cifically affected by wounding: M000000_A228001101
(RI: 2,263.2 s), UPSC_20182 (RI: 2,528.5 s), unknown
(RI: 2,839.1s), unknown (RI: 3,210.2 s). Metabolites
are annotated red for increased concentration and blue
for decreased concentration.

Differences of metabolites obtained 24 h after the tissue
was wounded and PEF-treated are highlighted in Fig. 5 as
PEF-specific effects. Additionally, the decrease of a com-
pound identified with the NST M000000_A12002101 (RI:
1,244.4) was also identified as specific for the PEF

response. When the wounded tissue has been subjected to
an electric field, its overall metabolic response is apparently
the same as the wounding response regarding the changes
in the amino acid pool and the tendency to increase the lev-
els of sterol and galactosyl glycerol-like compounds. Inter-
estingly, the metabolic response after PEF stress
differentiates from wounding in the hexose pool. There is
an accumulation of sucrose and fructose as well as an accu-
mulation of threonic acid, a degradation product of ascorbic
acid, which will eventually contribute to the hexose pool
(Loewus 1999).

Another interesting deviation of the wounding-spe-
cific response when PEF is applied is the high level of
quinate and low level of chlorogenic acid. Chlorogenic
acid constitutes up to 90% of the total phenolic content
of potato tubers and is an important defence-related
compound, protecting potatoes from attack by phyto-
pathogens and insects (Friedman 1997), and it is accu-
mulated in wound-healing potatoes as a part of their
defence mechanism. Surprisingly, the concentration of
chlorogenic acid of the PEF-treated tissue is similar to
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Fig. 4 Orthogonal projections to latent structures (OPLS) analysis of
metabolites from samples of potato parenchyma subjected to different
treatments. Samples were either (filled square) untreated (Time 0),
(filled circle), wounded or (filled diamond, asterisk, grey triangle)
wounded and PEF-treated at varying voltages, as described in “Mate-
rials and methods”. Clustering analysis of samples is reported for
1 min (a), 6 h (b) and 24 h (c) after treatments

that of the fresh potato (Time 0). Visual assessment of
the potato samples did not reveal differences in the lev-
els of enzymatic browning between the wounded and the
PEF-treated tissue that could justify the differences in
the levels of chlorogenic acid.
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Table 2 Metabolites significantly affected 6 h after wounding

Wounding-specific response 6 h after treatment

Metabolites Wounding-specific response
Glutamic acid D
UPSC_10087 [1568.7] I
UPSC_10122 [1695.8] I
UPSC_20058 [1759.6] I
UPSC_20178 [2407.2] I
Unknown [1682.3] 1
Unknown [2314.8] D
Unknown [3210.2] D

The retention index of the components is reported in brackets

D decrease of concentration, / increase of concentration

Discussion

Metabolic profiles vary between wounded
and PEF-treated samples

Our results demonstrate that 24 h after the application of
PEF, potato metabolism shows PEF-specific responses
characterized by the changes in the hexose pool that may
involve starch and ascorbic acid degradation. In potatoes,
accumulation of sucrose and other hexoses has been
reported to be a common stress response when the stressor,
such as cold temperatures and drought, targets the plasma
membrane and may produce electrolyte leakage (Herppich
et al. 2001; Blenkinsop et al. 2004). This sugar accumula-
tion has been directly correlated with starch degradation
(Blenkinsop et al. 2004). Increase in soluble sugars may
play a role in osmoregulation and possibly also in the acti-
vation of respiratory metabolism (Espen etal. 1999).
Osmoregulation might be very relevant for the case of PEF
stress as cells in the tissue might experience a significant
osmotic imbalance after pulsing but not after wounding,
with different metabolic consequences.

In the case of wounding stress, it induces a cascade of
short- and long-term metabolic events, which are well
described in the literature. Short-term metabolic responses
include an initial burst of ROS (oxidative burst) (Bolwell
et al. 1995). In wounded potatoes, this burst reaches a max-
imum within 30-60 min. Another well-documented short-
term response is the cross-linking of hydroxyproline-rich
glycoproteins at the cell wall which is taken place within
I min after wounding (Bradley etal. 1992). In the long
term, biosynthesis of suberin takes place at the cut surface
(Bernards et al. 1999). Biosynthesis of suberin involves
both primary and secondary metabolism and, therefore, a
wide range of metabolites are likely to be involved in the
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Fig. 5 Changes in the levels of metabolites in potato tissue caused by
wounding and by the application of PEF to the wounded tissue. The
changes in metabolite contents, specific for each kind of stressor, are

process (Yang and Bernards 2007). The initial deposition of
suberin in potato requires approximately 18 h at 18°C
(Lulai and Corsini 1998) and reaches a stage in which the
suberized layer has sufficient structural integrity to be
peeled off intact 3 days after wounding (Razem and
Bernards 2002). In the wounded tissue, an increase of
chlorogenic acid takes place, which is also a well-known
response, improving the tissue protection against oxidative
stress. Chlorogenic acid is known to increase up to 50% in
wound-healing potatoes, 12 h after wounding (Matsuda
et al. 2003). Cell membrane-related metabolites such a ste-
rol-like compound (RI: 3,332.6 s) and a digalactosylglyc-
erol-like compound (polar lipid, RI: 3,111.6 s) significantly
increased their concentration upon wounding. The influ-
ence of different stressors such as wounding and light on
the increased expression of sterol-biosynthetic genes has
been reported in potatoes (Piironen et al. 2000).
Twenty-four h after wounding, most of the metabolites
showing significant changes were amino acids, including

\
N Qicotianamine

T / Urea 4
'\ Cicl !
icle 1
G R—A Putrescine <«— Ornithine 7

highlighted in the simplified metabolic maps with a circle. Metabolites
are annotated red for increased concentration and blue for decreased
concentration

the non-proteinogenic nicotianamine, which is known to
play an important role in scavenging of Fe'! and Fe'!, being
part of the protecting mechanisms of cells from oxidative
damage (von Wirén etal. 1999). Mature potato tubers
respond to wounding by synthesizing several polypeptides
(Vayda and Schaeffer 1988) that appear to have structural
roles in the cell wall (for review, see Showalter and Varner
1987). This is a common response to wounding and, there-
fore, it is not surprising that Fig. 5 shows that the amino
acid pool has been affected. Changes in the amino acid pool
upon wounding (Yang and Bernards 2007), cold stress
(Kaplan et al. 2007), heat stress (Kaplan et al. 2004) and
drought (Rizhsky etal. 2004) have been previously
reported. The concentration of amino acids derived from
glycolysis intermediates as well as from the citric acid
cycle was affected.

The wounding stress is triggered by the cells immedi-
ately below the cut surface. In contrast, it is very likely that
PEF induces stress responses through targeting all exposed
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cells. In the case of our experiments, we assume that all
cells of the tissue were uniformly exposed to the electric
field. To our knowledge, only short-term responses (time
scale of minutes) to PEF stress have been described, includ-
ing oxidative burst and cell wall structural changes (Gémez
Galindo et al. 2008a, b), responses that are apparently anal-
ogous to the short-term wounding response. In this investi-
gation, OPLS analysis strongly suggests that the PEF
treatment affects significantly the tissue metabolome only
in the long term (time scale of hours).

New insights into the PEF stress response

The application of metabolic profiling and clustering analy-
sis has provided new insights into the response to a stressor
such as PEF that is unique and does not exist in nature, pro-
viding enlightening results on how potato tissue responds to
a physical stimulus which is an artificial stress.

With the application of PEF, opening of pores in the
plasma membrane will result in the efflux and influx of
polar molecules. After the pulse application, resealing pro-
cess takes place in a time scale of seconds or minutes. After
resealing, the cell membrane recovers its properties in a
long-term physiological process that may take from several
hours to days (Teissié et al. 2005). This process might
involve ATPase activity, which uses the chemical energy of
ATP, helping the cells to take up the leaked ions against the
concentration gradient (Arora and Palta 1991). This
hypothesis of the high metabolic energy requirements dur-
ing the recovery process is supported by our results sug-
gesting that the wounded tissue subjected to PEF is actively
mobilizing its carbon energy sources that might involve
starch and ascorbic acid degradation, contributing to the
hexose pool.

The time scale of hours where the reported PEF-specific
effects took place agrees with the time scale needed for the
recovery process. It is still surprising that our results did not
present any evidence of PEF-specific changes in the metab-
olome immediately after pulse, where some enzymes might
come in contact with their substrates as a consequence of
electroporation-driven migration of cell contents. Six hours
after PEF application, the changes in the hexose pool are
still not significant.

Our results could not confirm the results reported by
other authors (Guderjan et al. 2005, 2007; Balasa 2007)
showing an increase of antioxidants or polyphenols, which
could be attributed to a PEF-induced stress response. Our
results do not show evidence of chlorogenic acid accumula-
tion on PEF-treated potato. Potato metabolism is dealing
with two stressors, wounding and electroporation and its
stress response might be different from that of tissues
exposed only to one stressor. Further investigations
directed towards the genetic control of the described meta-
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bolic changes would provide a deeper understanding of the
mechanisms behind the response to these multiple stimuli.
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