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Abstract
In situ recording of the voltammetric response of leaves of several Aspar-
agales, Caryophyllales, and Saxifragales plants at platinum and graphite mi-
croelectrodes is described. These provide information on the temporal evolu-
tion of H2O2 production and electroactive defense compounds (salicylic and
jasmonic acids) associated with the stress generated by electrode insertion.
Comparison of voltammetric data in the absence and presence of ROS gen-
eration revealed significant differences in the kinetics of the plant response.
Reported data suggest that signaling pathway changes could be associated
with the phylogenetic divergence between monocots and eudicots and the
subsequent separation of the Caryophyllales from other eudicots.
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1 | INTRODUCTION

Studies on plant physiology based on electrochemical
techniques involve a variety of issues, including recog-
nition of plant growth regulators [1], analysis of
growth conditions [2], and uptake of biocomponents
[3]. Plant defense responses (both constitutive and in-
duced) against different types of stress (physical,
chemical and biological) involve signal transduction
by means of signaling compounds [4, 5] and the re-
lease of defense species, including reactive oxygen spe-
cies (ROS) [6, 7]. Jasmonic acid (JA) and salicylic acid
(SA) have been characterized as important signaling

compounds [8, 9]. The former acts as a mediator in
many plant defense responses [10–12], while the sec-
ond appears to operate independently [12] and even in
contraposition to other signaling pathways [13–15].
These features have an evolutionary dimension [16]
that can be formulated in terms of i) what is the role of
the defense response in plant evolution?, and ii) what
is the role of the different defensive responses in the
evolution of the different taxonomic groups? These
questions can be formulated within a complex evolu-
tionary scenario where herbivory has promoted a
change in plant metabolism from growth-oriented to
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defense-oriented [17] so that the phylogeny and plants
and insects should be closely related [18–21].

Accordingly, the regulation pathways of the signal-
ing compounds can offer issues on evolutionary as-
pects on treating their relation with wound signals,
such as ROS [22–24], and influence plant development
[25–27]. The investigation of these matters involves
the monitoring of plant responses against stress. Apart
from the intrinsic difficulty of in vivo or in situ analy-
sis, monitoring defense pathways is considerably com-
plicated by the coexistence of an enormous variety of
plant components in turn participating in complex
metabolic cycles [28–30]. For this reason, although
there are different possibilities for electrochemical
studying ROS [31–34], in situ electrochemical monitor-
ing of defense pathways is mainly confined to H2O2

production [35, 36].
In this context, previous works revealed the suit-

ability of electrochemical techniques to acquire in-
formation on the role of gynodioecy in adaptation to
stress [37], response to herbivory [38] and chemo-
taxonomic and phylogenetic information [39–41].
More recently, an in situ study on the kinetics of the
response of Aloe vera L. to mechanical stress, sug-
gested that the signaling pathways of JA and SA oper-
ate independently with different kinetics [42]. These
results also suggested the possibility of extracting phy-
logenetic information in terms of the coupling/decou-
pling relationships between the different defense path-
ways. Operationally, this can be formulated in terms
of at least two questions: if the different signaling
pathways appeared independently in different stages
of plant evolution, or if these pathways appeared sim-
ilarly in different taxonomic groups. Several other
phylogenetic factors (plant growth and harvesting con-
ditions, environmental constraints, …) are influential
on the individual plant defense response so the re-
ported study must be taken as a methodological ap-
proach potentially interesting to provide information
of phylogenetic meaning.

Here, we report an in situ voltammetric and scan-
ning electrochemical microscopy (SECM) study of the
response to mechanical stress of nine plants of three
families. These species were selected based on: i) their
succulent character prompting stable microelectrode
insertion; ii) growth in the same environmental con-
ditions (Burjassot, Valencia University campus); iii)
ascription to clearly separated taxa [43] whose phylog-
eny is to some extent matter of speculation [44–47].
Our selected plants include three monocots (Aloe vera
(L.) Burm.f., Asphodelus fistulosus L., and Bulbine fru-
tescens (L.) Willd., order Asparagales) and six core eu-
dicots species, these last divided into two orders,

Saxifragales (Crassula ovata Druce, Sedum sediforme
(Jacq.) Pau, and Graptopetalus paraguayense (N.E.Br.)
E. Walther) and Caryophyllales (Aptenia cordifolia
(L.f.) Schwantes, Delosperma cooperi (Hook.f.) L.Bolus,
and Faucaria tigrina (Haw.) Schwantes).

Our study exploits the capability for electrochemi-
cally generating ROS [48–50] including the monitoring
of the time evolution of the concentrations of H2O2, JA
and SA. The former was monitored using platinum as
a working electrode because of its high interaction
with H2O2 [35, 36], while JA and SA were tested using
graphite microelectrodes. Here, a kinetic model aimed
to acquire mechanistic information is developed. Vol-
tammetric data are complemented by in situ SECM
monitoring of the activation/deactivation of the signal-
ing pathways associated to the electrochemical gen-
eration of ROS using the redox competition mode [51].
Ultimately, the study was aimed to establish: i) if there
is a common defense pathway operating in the plants
of the same family, ii) if there are family-characteristic
defense pathways, and, iii) if these differences, if exist-
ing, can be correlated with their phylogenetic position.

2 | EXPERIMENTAL

Leaves of the studied plants were taken from healthy
plants existing in the gardens of the University of Va-
lencia campus in Burjassot and in Botanical Garden of
the University of Valencia. The electrochemical meas-
urements were performed immediately after the sepa-
ration of the leaves from the plant. The plant speci-
mens were harvested during the maturity step of the
plants. Platinum (CHI107, diameter 25 μm) and graph-
ite (Staedtler, 0.5 mm diameter) were alternatively
used as a working electrode, being accompanied with
platinum auxiliary and pseudoreference micro-
electrodes of diameter 100 μm (CHI108) connected to
a CH 720c potentiostat. The mechanical stress was
produced by the insertion of the electrodes which dis-
rupt the epithelial and sub-epithelial region of leaves.
The electrodes were inserted perpendicularly into the
plant leaves as illustrated in the image added as an in-
set in Figure 1. The electrodes were inserted perpen-
dicularly to the leaf surface at a depth of 2 mm and
fixed to supports with the help of clamps. The posi-
tions of the electrodes were selected to form a triangle
with separations of 2 mm between them. Voltam-
metric measurements were initiated just after the in-
sertion of the electrodes marking the ‘time zero’ for ki-
netic calculations. Voltammetric measurements were
carried out at room temperature (25�1 °C) under uni-
form relative humidity (60� 10%) and illumination
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(white LED lamp 17 w, 1600 lumen). Square wave
voltammetry (SWV) was routinely used as a detection
mode. Prior to the electrochemical series of runs, the
electrodes were immersed for 5 min in 1 M H2SO4 and
subsequently rinsed with water. The potentials were
calibrated vs. Ag/AgCl (3 M NaCl) using a 1.0 mM
K3Fe(CN)6 plus 1.0 mM K4Fe(CN)6 solution in aqueous
0.10 M KCl.

SECM experiments were carried out on thin films
(surface area ca. 0.5 mm2) of the subcuticular region of
the leaves extracted with a scalpel and deposited over
a graphite paste (50% wt graphite plus 50% wt nujol
oil) bed covering a Pt substrate electrode. A Pt micro-
electrode tip (CH 49, diameter 20 μm) was used. The
distance between the tip and the substrate was of the
order of the tip electrode radius and the tip scanning
rate over the substrate was 20 μms� 1. The electrolyte
solution consisted of air-saturated 2.5 mM K3Fe(CN)6
plus 2.5 mM K4Fe(CN)6 phosphate buffer at pH 7.4.

3 | RESULTS AND DISCUSSION

3.1 | Voltammetric pattern

Figure 1 superimposes the SWVs recorded at times of
0, 5, and 10 min after the insertion of the

microelectrode set into a leaf of Faucaria tigrina using
a platinum working microelectrode. Upon scanning
the potential in the negative direction, the voltammo-
gram is dominated by a prominent cathodic signal at
ca. � 0.4 V (Rox) which can unambiguously be assigned
to the reduction of H2O2 eventually superimposed to
the reduction of dissolved oxygen [50]. This signal,
however, decays rapidly after the insertion of the elec-
trodes thus denoting the apparent rapid exhaustion of
the local defense response and the voltammograms
display a shoulder at ca. � 0.70 V corresponding to the
reduction of dissolved oxygen. This behavior differs
significantly from that previously reported for Aloe
vera, where the Rox signal increases progressively until
reaching a maximum after ca. 25 min further decreas-
ing slowly [42]. The peak currents measured under
our experimental conditions differ slightly but sig-
nificantly in replicate experiments performed in differ-
ent leaves of the same plant. This can be attributed to
differences in the depth reached by the electrodes in
their penetration in the plant leaf and other local var-
iations. For this reason, as discussed below, the peak
currents recorded at successive times were normalized
relative to the initial peak current in each experiment.
This strategy obtained satisfactory repeatability in the
normalized peak current/time curves for different
specimens of the same species. In turn, significant

F I G U R E 1 SWVs at platinum microelectrode inserted into a leaf of Faucaria tigrina at different times after electrode insertion.
Potential scan initiated at 1.6 V vs. Ag/AgCl in the negative direction; potential step increment 4 mV, square wave amplitude 25 mV;
frequency 10 Hz. Inset: Photographic image of the experimental arrangement used for Delosperma cooperi.
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differences were obtained in the time evolution of the
normalized peak currents recorded for the different
studied taxa.

Figure 2 shows the result of a similar mechanical
attack now monitored using graphite microelectrodes.
This figure shows the SWVs recorded on leaves of a,b)
Crassula ovata and c,d) Delosperma cooperi at intervals
of 5 min just after the insertion of the electrodes under
two different conditions. Upon scanning the potential
scan from 0.00 V vs. Ag/AgCl in the positive direction
(Figure 2b,d), there is no electrochemical ROS gen-
eration and the voltammograms reflect the “ordinary”
plant defense against the stress due to electrode in-
sertion. There is electrochemical ROS generation
when the potential is scanned from � 0.80 V in the
positive direction (Figure 2a,c). According to the liter-
ature [52], this is initiated by the one-electron for-
mation of the anion radical superoxide,

O2 þ e� ! O2
. � (1)

This process is followed by a complex sequence of
reactions including reaction with water or hydro-
genions,

O2
. � þH2O! HO2

.

þ OH� (2)

O2
. � þHþ ! OH. (3)

and/or disproportionation:

2O2
. � þH2O! HO2

� þ O2 þ OH� (4)

and/or electrochemical reduction:

HO2
.

ðadsÞ þ e� ! HO2
� (5)

ultimately leading to H2O2 and H2O. Different ROS are
formed on the electrode surface depending on the ex-
perimental conditions [48, 49]. Accordingly, the vol-
tammograms recorded on starting the potential scan at
potentials more negative than ca. � 0.6 V vs. Ag/AgCl
reflect the possibly influence of such ROS species in
the defense pathways.

The voltammograms of Aloe vera and Crassula ova-
ta, as well as those of the Caryophyllales species (Apte-
nia cordifolia, Delosperma cooperi, and Faucaria ti-
grina, were similar, being dominated by anodic peaks
at ca. 0.85 V (A1) and ca. 1.2 V (A2) whose intensity

F I G U R E 2 SWVs at graphite microelectrode inserted recorded at intervals of 5 min after the insertion of the microelectrode setup on
leaves of: a,b) Crassula ovata and c,d) Delosperma cooperi. Potential scan initiated at: a,c) � 0.80 and b,d) 0.00 V vs. Ag/AgCl in the positive
direction; potential step increment 4 mV, square wave amplitude 25 mV; frequency 10 Hz. The arrows mark the variation in the intensity
of selected peaks in successive voltammograms.
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decreased with time both with and without
electrochemically generated ROS (see Supplementary
Information, Figure S.2). The region between 0.0 and
0.6 V, however, showed significant discrepancies be-
tween the different plant species and varied with time
for each taxon depending on the presence or not of
electrochemically generated ROS. In particular, a peak
near 0.0 V (A3) decreases rapidly with time and dis-
appears when there is electrochemical ROS generation
(compare Figures 2a, 2b with Figures 2c, 2d, re-
spectively). In contrast, a signal at ca. � 0.3 V (A4) in-
creases with time.

For our purposes, the relevant point to emphasize
is that, although several other electroactive compo-
nents of plants, flavonoids, lignins, etc. are electro-
chemically responsive in the 0.0 to 1.2 V region of po-
tentials, the common presence of peaks A1 and A2 in
all species suggests that these signals can mainly be at-
tributed to the oxidation of SA and JA, respectively
[41]. These electrochemical oxidation processes in-
volve the formation of –OH bonds and the release of
protons and electrons as schematized in Figure 3.

Accordingly, these signals can be used for the ki-
netic study of the defense pathway developed in the
following section. In turn, the signals between 0.0 and
0.6 V (A3 in particular) can be assigned to the oxida-
tion of species-characteristic components being even-
tually responsive to stress. Finally, the signal A4 can be
assigned to a redox process involving a product of deg-
radation generated during the plant defense that is ac-
cumulated in the vicinity of the working electrode.

3.2 | SECM imaging

Figure 4 depicts the results of a SECM experiment car-
ried out on a subcuticular thin fragment of Aloe vera
leave deposited onto a carbon paste bed in contact
with 2.5 mM K3Fe(CN)6 plus 2.5 mM K4Fe(CN)6 phos-
phate buffer at pH 7.4 applying to the tip a potential
(ET) of 0.3 V vs. Ag/AgCl when no potential was ap-
plied to the substrate (ES=0). The applied tip potential
ensures that the oxidation of Fe(CN)64

� to Fe(CN)63
�

occurs under diffusion control. Under these con-
ditions, both color plots (a,b) and topographic images
(c,d) show a localized deep negative feedback feature
corresponding to the thick region of the plant frag-
ment of insulating nature. In freshly cut plant frag-
ments (Figure 2a,c), this is surrounded by positive
feedback features which are attributable, in agreement
with voltammetric data, to the generation of defense
components released in the thinner region of the plant
fragment. Since these plant components are oxidizable
at the applied tip potential of 0.3 V (see Figure 2), the
tip current is enhanced, and this region looks like a
more or less peaked positive feedback area. After
10 min, the release of defense components decreases,
and the peaked positive feedback features are lowered.

Figure 5 illustrates the results obtained for a sim-
ilar arrangement when a sequence of different poten-
tials is applied to the substrate. As before (Figure 5a),
the freshly cut plant fragment displays a sharp neg-
ative feedback feature surrounded by peaked positive
feedback. Applying a substrate potential of 1.0 V

F I G U R E 3 Scheme representative of the electrochemical oxidation of salicylic (SA) and jasmonic (JA) acids in aqueous solution.
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(Figure 5b), at which the SA and JA can be
electrochemically oxidized, the positive feedback

features become drastically reduced, as expected as a
result of the low process of exhaustion of the defense

F I G U R E 4 a,b) Color plots and c,d) topographic SECM images recorded on a subcuticular fragment of Aloe vera leave deposited onto
a carbon paste bed in contact with 2.5 mM K3Fe(CN)6 plus 2.5 mM K4Fe(CN)6 phosphate buffer at pH 7.4; ES=0 V; ET=0.3 V. SECM
images of a,c) freshly cut fragment; b,d) the same fragment after 10 min.

F I G U R E 5 Topographic SECM images recorded on a subcuticular fragment of Aloe vera leave deposited onto a carbon paste bed in
contact with 2.5 mM K3Fe(CN)6 plus 2.5 mM K4Fe(CN)6 phosphate buffer at pH 7.4 after the successive application of substrate potentials
of a) 0, b) 1.0, c) � 0.7, and d) 0 V. ET=0.3 V.
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response (shown in Figure 2) which adds to the forced
consumption of the signaling compounds by the ap-
plied potential input. Remarkably, the subsequent ap-
plication to the substrate of a potential of � 0.7 V
(Figure 5c) determines the local reactivation of the de-
fense response, evidenced by the new intense positive
feedback features appearing in the vicinity of the plant
fragment. This can be interpreted as the result of the
reactivation of the defense response associated with
the electrochemical generation of ROS and their inter-
action with the plant components. Finally, when the
initial conditions (ES=0) are restored (Figure 5d), the
topographic SECM image becomes restricted to the
negative feedback feature as observed in Figure 4. Al-
though transport phenomena could influence the
SECM imaging, the strong dependence of the topo-
graphic features on the potential applied to the sub-
strate suggests that the release of ROS and signaling
compounds determine the observed SECM response.
Consistently with the literature [53], under several
conditions, H2O2 can reduce Fe(CN)63

� to Fe(CN)64
� .

Under our experimental conditions, this will produce
the local increase of the Fe(CN)64

� concentration, thus
producing an increase of the tip current associated
with the electrochemical oxidation of this species.

3.3 | Kinetics of plant defense signaling

Figure 6a compares the variation with time of the ratio
between the peak current for H2O2 reduction at a time
t after the insertion of the electrodes, IROX(t), and the
initial value of this quantity, IROX(0), for the studied
plants determined from voltammetric data in con-
ditions such as in Figure 1. Since the absolute values
of IROX(t) varied slightly in replicate experiments due
to minute variations in the depth and location of the
electrodes, the IROX(t)/IROX(0) ratio was used to normal-
ize data. Absolute values of IROX(t), are provided as a
Supplementary information, Figure S.2. One can see
that for Aloe vera the IROX(t)/IROX(0) ratio varies with
time defining approximately a s-shaped curve. This is
in contrast with all other species, where this ratio de-
creases monotonically with time but apparently tends
to limit nonzero values for Crassula ovata and Aptenia
cordifolia.

These kinetic patterns can be described, however,
using a common generative/degradative kinetics based
on the assumptions that: i) the leaves can be approxi-
mated to a homogeneous solution; ii) the signaling
compound (H2O2) is formed from, at least, two differ-
ent precursors and experiences a subsequent degrada-
tion; iii) all the reactions proceed under pseudo-first-

order conditions. That can be represented by means of
two consecutive reactions (P!A!B; Q!A!B) expe-
rienced by two precursor compounds, P, Q, that under
stress are activated, yielding A and finally a degrada-
tion compound B. According to this scheme, the time
variation of the concentrations of P, Q, A and B (cP, cQ,
cA, cB, respectively) will be expressed by the equations:

dcP
dt ¼ � kPcP (6)

dcQ
dt ¼ � kQcQ (7)

dcA
dt ¼ kPcP þ kQcQ � kDcA (8)

dcB
dt ¼ kDcA (9)

Here, kP, kQ, kD, represent the rate constants of the
different reactions. In principle, we can assume that
all involved compounds are present in leaves in con-
centrations c°P, c°Q, c°A. Then, integration of Eqs. (6)
and (7) leads to:

cP ¼ coPe
� kPt (10)

cQ ¼ coQe
� kQt (11)

Then,

dcA
dt þ kDcA ¼ kPcoPe

� kPt þ kQcoQe
� kQt (12)

Multiplying the two terms of the above equation by
ekDt leads to:

Z cA

coA

d cAek2t
� �

¼

Z t

0
k1coPe

� ðk1 � k2Þtdt þ
Z t

0
kQcoQe

� ðkQ � k2Þtdt
(13)

The integration of Eq. (13) yields:

cA ¼

coA þ
kPcoP

kD � kP
e� kPt � e� kDt
� �

þ
kQcoQ

kD � kQ
e� kQt � e� kDt
� � (14)

When only one precursor (P) operates and cA° =0,
Eq. (14) reduces to the well-known expression for the
kinetics of two consecutive reactions:
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cA ¼
kPcoP

kD � kP
e� kPt � e� kDt
� �

(15)

At time zero, cA is given by:

cA � coA þ
kQcoQ
kD

(16)

A case of particular interest is when kD @kQ. Then,
Eq. (14) reduces to:

cA � coA þ
kPcoP

kD � kP
e� kPt � e� kDt
� �

þ
kQcoQ
kD

e� kQt (17)

The above equations can directly be correlated with
experimental voltammetric data assuming that peak

F I G U R E 6 a) Variation of the ratio between the peak current for H2O2 reduction, IROX(t), at a time t after the insertion of electrodes
and the initial value of this quantity, IROX(0) with time for plants in this study in voltammograms such as in Figure 1; continuous lines
correspond to the theoretical predictions from Eq. (20) taking the rate constant values listed in Table 1. b) Plots of ln[IROX(t)/IROX(0)] vs.
time for Delosperma cooperi, and Faucaria tigrina. Averaged values from three replicate measurements. Error bars omitted for clarity in
(a).
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currents (I(t)) measured for the voltammetric peak
characteristic of the signaling compound A are propor-
tional to the concentration of this species. Introducing
an electrochemical constant, g, Eqs. (14) and (17) can
be rewritten as:

IðtÞ ¼ gcoA þ g
kPcoP

kD � kP
e� kPt � e� kDt
� �

þ

g
kQcoQ

kD � kQ
e� kQt � e� kDt
� �

(18)

IðtÞ � gcoA þ g
kPcoP

kD � kP
e� kPt � e� kDt
� �

þ g
kQcoQ
kD

e� kQt (19)

To compare the results for different plants avoiding
the effect of the electrochemical constant, it is con-
venient to use the ratio between the current measured
at a time t, I(t), and the current at time zero, I(0), i. e.:

IðtÞ
Ið0Þ �

coA þ
kPcoP
kD � kP e� kPt � e� kDt

� �
þ

kQcoQ
kD e� kQt

coA þ ðkQ=kPÞcoQ
(20)

When kP and kD are quite similar, Eq. (20) tends to
convert into an exponential decay given by:

IðtÞ
Ið0Þ �

1
coA þ ðkQ=kPÞcoQ

coA þ
kQcoQ
kD

e� kQt
� �

(21)

Experimental IROX(t)/IROX(0) data for Aloe vera,
Crassula ovata and Aptenia cordifolia can be satisfac-
torily fitted to Eq. (20) taking the rate constant values
listed in Table 1. The resulting theoretical values are
depicted as continuous lines in Figure 6a. In the case
of Delosperma cooperi and Faucaria tigrina ex-
perimental data can be fitted to Eq. (21) resulting in
linear ln[IROX(t)/IROX(0)] vs. lnt representations (see
Figure 6b). From these linear plots, we obtain first-

order rate constants of 0.28�0.02 min� 1 for
Delosperma cooperi, and 0.35�0.04 min� 1 for Faucaria
tigrina.

3.4 | Kinetics of salicylic acid and
jasmonic acid pathways

As previously discussed, the time variation of the con-
centration of SA and JA can be represented by the var-
iation of the peak current for the oxidation processes
A1, IA1(t), and A2, IA2(t), respectively. As before, repli-
cate experiments are normalized taking the ratio be-
tween the peak current recorded at a time t after the
insertion of the electrodes and the initial value of this
quantity (IA1(0), IA2(0), respectively). Figure 7 shows
the time variation of experimental values of the IA1(t)/
IA1(0) ratio for plants in this study from data recorded
in voltammograms such as in Figure 2 in conditions of
no ROS generation. These experimental data, repre-
sentative of the evolution of the concentration of SA,
can also be fitted to the precedent generation/decom-
position model. In this figure, the continuous lines
correspond to the theoretical predictions from Eq. (20)
taking the rate constant values listed in Table 2.

Interestingly, the variation of the IA2(t)/IA2(0) with
time, representative of the production of JA under
stress, can be described in terms of the afore-
mentioned model. The corresponding rate constants
recorded in conditions of no ROS generation are sum-
marized in Table 2.

The kinetic model is also applied under conditions
of electrochemical ROS generation. However, there are
remarkable differences between the different plants
when the peak current/time curves recorded with and
without electrochemical ROS generation are com-
pared. Figure S.3 (Supplementary information) depicts
the plots of: a–c) IA1(t)/IA1(0)vs. time, and d–f) the

T A B L E 1 Kinetic parameters determined from H2O2 reduction peak recorded at Pt microelectrodes in conditions such as in Figure 1.
n.d.: non-determined.

Plant kQ (min� 1) kP (min� 1) kD (min� 1)

Aloe vera 0.09�0.01 0.0015�0.002 0.20�0.03

Asphodelus fistulosus 0.20�0.03 0.010�0.002 0.20�0.03

Bulbine frutescens 0.12�0.03 0.008�0.002 0.22�0.03

Crassula ovata 0.17�0.02 0.0020�0.003 0.21�0.03

Graptopetalum paraguayense 0.14�0.02 0.0015�0.002 0.09�0.02

Sedum sediforme 0.14�0.02 0.0020�0.003 0.11�0.02

Aptenia cordifolia 0.18�0.01 0.0019�0.002 0.20�0.03

Delosperma cooperi 0.28�0.02 n.d. n.d.

Faucaria tigrina 0.35�0.04 n.d. n.d.
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IA2(t)/IA2(0) vs. time superimposing the data recorded
under conditions of no ROS generation (circles) and
electrochemical ROS generation (solid circles) for a,d)

Aloe vera, b,e) Crassula ovata and c,f) Delosperma
cooperi. Experimental data for the other tested species
revealed a significant homogeneity in the results

F I G U R E 7 Variation of the IA1(t)/IA1(0) ratio, representative of the concentration of SA, with time for plants in this study. Data from
voltammograms recorded such as in Figure 2 in conditions of no ROS generation. Continuous lines correspond to the theoretical
predictions from Eq. (20) taking the rate constant values listed in Table 2.

T A B L E 2 Kinetic parameters determined from SA oxidation peak (A1) and JA oxidation peak (A2) recorded under conditions of no
electrochemical ROS generation at graphite microelectrodes in conditions such as in Figure 2.

A1 (SA) kQ (min� 1) kP (min� 1) kD (min� 1)

Aloe vera 0.020�0.003 0.040�0.002 0.30�0.02

Asphodelus fistulosus 0.040�0.003 0.030�0.003 0.30�0.02

Bulbine frutescens 0.020�0.003 0.030�0.003 0.30�0.02

Crassula ovata 0.030�0.003 0.041�0.002 0.35�0.02

Graptopetalum paraguayense 0.008�0.0003 0.012�0.003 0.20�0.03

Sedum sediforme 0.015�0.003 0.024�0.004 0.25�0.02

Aptenia cordifolia 0.10�0.03 0.080�0.006 0.10�0.02

Delosperma cooperi 0.20�0.03 0.050�0.004 0.06�0.01

Faucaria tigrina 0.22�0.03 0.048�0.004 0.06�0.01

A2 (JA) kQ (min� 1) kP (min� 1) kD (min� 1)

Aloe vera 0.025�0.003 0.040�0.004 0.05�0.02

Asphodelus fistulosus 0.023�0.003 0.035�0.003 0.06�0.02

Bulbine frutescens 0.025�0.003 0.030�0.003 0.08�0.02

Crassula ovata 0.010�0.003 0.060�0.004 0.30�0.04

Graptopetalum paraguayense 0.020�0.003 0.040�0.004 0.25�0.04

Sedum sediforme 0.020�0.003 0.040�0.004 0.30�0.04

Aptenia cordifolia 0.022�0.004 0.055�0.004 0.15�0.03

Delosperma cooperi 0.020�0.003 0.050�0.004 0.15�0.03

Faucaria tigrina 0.019�0.003 0.050�0.004 0.14�0.03
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obtained for the plants of the same family. The values
of the rate constants determined in conditions of ROS
generation are listed in Tables S.1 and S.2 of Supple-
mentary information.

Examination of data in Table 2 and Tables S.1 and
S.2 reveals that in the case of SA, there are few differ-
ences in the kinetic parameters recorded in the ab-
sence and in the presence of electrochemically gen-
erated ROS. That can be interpreted as assuming that
the SA signaling pathway is scarcely responsive to
ROS under our experimental conditions. This feature,
however, is particularly significant in the case of the
Caryophyllales, where there is no difference between
the IA1(t)/IA1(0) vs. time curves recorded in the absence
and in the presence of electrochemically generated
ROS.

Consistently, the plots of the IA1(t)/IA1(0) ratio
measured under conditions of no ROS generation, vs.
the same IA1(t)/IA1(0) ratio measured under conditions
of electrochemical ROS generation for Crassula ovata,
Delosperma cooperi, Aptenia cordifolia and Faucaria ti-
grina fit well to a straight line by the origin and slope
close to one, as can be seen in Figure 8. This essen-
tially common representation suggests that electro-
chemically generated ROS does not influence the de-
fense response associated to SA under our
experimental conditions. For Aloe vera and Crassula
ovata, however, the forced linear fit of experimental
data leads to clearly different paths. In contrast, rate
constants in Table 2 denotes that the presence of

electrochemically generated ROS alters significantly
the kinetics of the JA signaling pathway.

3.5 | Discussion

The experimental arrangement used here involves ap-
plying electrochemical inputs combined with mechan-
ical aggression to the epithelial and sub-epithelial re-
gions of the plant leaves under aerobic conditions.
This implies that, strictly, mechanical stress associated
with the penetration of the electrodes into the vegetal
tissues is superimposed on electrical stimulation. It
will be assumed that both effects are largely confined
to a small region near the electrodes and that the main
electrical effect is the generation of ROS when the po-
tential is cathodic enough to produce the reduction of
dissolved oxygen. As noted in the Introduction section,
there are a number of other than phylogenetic factors
influencing the plant defense response. Then, the ap-
proach reported here must be taken with caution re-
garding its phylogenetic implications. Under this crit-
ical view, the previous results can be summarized as:

a) The kinetics of both SA and JA, as well as that of
H2O2, can be satisfactorily described in terms of two
competing pseudo-first-order generation reactions.
The signaling compounds are produced from two
precursor compounds, P, Q, through two competing
pathways (P-path and Q-path) with rate constants kP,

F I G U R E 8 Variation of the IA1(t)/IA1(0) ratio measured in voltammograms such as in Figure 2b,d in conditions of no ROS generation
with the same ratio measured in conditions of ROS generation (Figure 2a,c) for plants in this study grouped by orders. The represented
peak current ratio is representative of the concentration of SA.
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kQ. These processes are followed by a first-order
degradation process (rate constant kD).

b) The rate constants depend on the plant species and
are also dependent on the presence of electrochemi-
cally generated ROS. The kinetic parameters are
clearly homogeneous within each one of the studied
orders.

For our purposes, it is interesting to investigate the
possible coupling between SA, JA and H2O2 pro-
duction under stress. Our data depict a more complex
scenario than that described in our previous study on
Aloe vera [42]. The relevant point to emphasize is that
the behavior of the different plants is reflected in dif-
ferences between the ‘fast’ generation pathway (Q-
path, defined by kQ) and the ‘slow’ generation pathway
(P-path, defined by kP).

Our data suggest that SA and JA pathways are cou-
pled with respect to the ‘slow’ P-path, as can be seen
in Figure 9, where the rate constant values of JA (kP-
(JA) are plotted vs. the corresponding values for SA
(kP(SA)). Here, the data points (Table 2) for the plants
of the different families fall in well-defined straight
lines passing by the origin, thus suggesting that the
corresponding P-pathways for SA and JA are coupled.

Figure 10a shows the plots of the kQ values for SA
vs. the kQ values for H2O2 (respectively, kQ(SA) and kQ-
(H2O2), using data summarized in Tables 1 and 2 for
plants in this study. These rate constants are

representative of the ‘fast’ (Q-path) generation path of
the respective signaling compound. Again, the Car-
yophyllales define a straight line passing by the origin.
In contrast, the kQ(SA) values of Asparagales and Sax-
yfragales appear to less clearly dependent of the corre-
sponding kQ(H2O2) ones. These data suggest that the
‘fast’ generation step of SA and H2O2 are decoupled for
the Asparagales and Saxyfragales and coupled for Car-
yophyllales. The decoupling between H2O2 generation
and JA in the ‘fast’ Q-path is extended to all three or-
ders, as can be seen in Figure 10b, where kQ(JA) is
plotted vs. kQ(H2O2).

On comparing the kQ values for SA and JA de-
termined with and without electrochemical ROS gen-
eration, one can see that these values appear only cou-
pled for the Caryophyllales species (see data in
Tables 1, 2, S.1, S.2, and S.3). That suggests that the
coupling of the Q-pathway for both SA and JA oc-
curred at any evolutionary stage during preceding the
separation of the Caryophyllales. These results can
also be interpreted in regard to plant phylogeny. It is
pertinent to underline that depending on the avail-
ability of the fossil record, a significant portion of the
information on their phylogenetic relationships must
come from considering the living members of these
taxonomic groups. Accordingly, the phylogeny of these
groups is a matter of speculation to some extent
[44–47]. In principle, the origin of these taxa can be
associated with successive rapid evolutionary

F I G U R E 9 Plots of kP(JA) vs. kP(SA) for plants in this study grouped by orders. These parameters correspond to the rate constants of
the ‘slow’ generative step (P-path) of the respective signaling compound from their precursors in plants. From rate constant values in
Tables 1 and 2.
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radiations initiated around 115 Ma [54]. Although the
genetic information of contemporary species focuses
on the phylogenetic debate, chemical information is
also of significant interest. In particular, it has been
established that a part of Caryophyllales synthesize be-
talains pigments while other species of the same order
synthesize anthocyanins and these two types of pig-
ments are mutually excluded [55].

Our kinetic data are potentially interesting
concerning phylogenetics. The essential idea is that
changes in plant physiology should accompany genetic
changes determining the evolutionary ramifications of
taxa. These physiological changes could affect, among
others, the defense system(s) so that it is conceivable
that the phylogenetic ramifications were accompanied
by sharp changes in the defense system and that these

F I G U R E 1 0 Plots of: a) kQ(SA) vs. kQ(H2O2), and b) kQ(JA) vs. kQ(H2O2) for plants in this study grouped by families. These
parameters correspond to the rate constants of the ‘fast’ generative step (Q-path) of the respective signaling compound from their
precursors in plants. From rate constant values in Tables 1 and 2.
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changes were retained by the successors of the
primitive species.

Our data suggest that there are at least two dis-
ruptions in the plant response to stress: i) the decou-
pling of SA and H2O2 Q-pathways, and ii) the no sensi-
tivity of the Q-path of SA and JA generation to ‘free’
ROS. These are superimposed on a simplified phyloge-
netic tree in Figure 11. One of the possible scenarios
derived from the data reported here can be summar-
ized as two hypotheses: i) the separation between
monocots and eudicots could involve the decoupling of
the ‘fast’ Q-response to stress due to SA and H2O2; ii)
the separation of the Caryophyllales from other eudi-
cots would be associated to the lost of ROS sensitivity
in the Q-type SA response pathway.

Despite their hypothetical nature, the foregoing set
of considerations supports the idea that electro-
chemistry can be used as an analytical tool com-
plementing biochemical and genetic research in order
to provide information of interest in the phylogenetic
domain [39, 56], necessarily being complemented by
studies incorporating genetic and epigenetic consid-
erations.

4 | CONCLUSIONS

The time variation of the in situ voltammetric signals
associated to H2O2 reduction and the oxidation of SA
and JA, recorded upon insertion of microelectrodes
into the leaves of different plants, reflects the kinetics
of their defense response against stress. The voltam-
metric response of three species of the orders

Asparagales (Aloe vera, Asphodelus fistulosus, and
Bulbine frutescens), Caryophyllales (Aptenia cordifolia,
Delosperma cooperi, and Faucaria tigrina), and Saxi-
fragales (Crassula ovata, Sedum sediforme, and Grapto-
petalus paraguayense) exhibits common patterns at
this taxonomic level.

The peak current vs. time curves can satisfactorily
be fitted to a common kinetic model based on two
competing generation reactions accompanied by a deg-
radation process, all involving pseudo-first-order con-
ditions. The kinetics is sensitive to the electrochemical
generation of ROS the rate constants being homoge-
neous at the order level.

Correlation between kinetic parameters suggests
different coupling/decoupling between the SA and JA
signaling/defense response pathways and H2O2 pro-
duction in the studied orders. It is hypothesized that
these differences can reflect different evolutionary
pathways of the studied taxa. Reported data suggest
that the separation between monocots and eudicots
and the subsequent separation of the Caryophyllales
from other eudicots could be associated to changes in
the signaling pathways. Accordingly, the kinetic anal-
ysis of the reported electrochemical methodology can
be potentially usable to establish phylogenetic and
evolutionary relationships complementing well-estab-
lished genetic studies.
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