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Understanding the mechanism of information processing in plants remains a challenging task even in the era of machine 
learning and artificial neural networks. Sir J.C. Bose had demonstrated through his experiments that the various modes of 
stimulation which effectively initiated nervous impulse in animals led to impulse generation in the excitable plant Mimosa 
pudica as well. In order to localize the tissue responsible for conduction of excitation in the petiole of Mimosa, Bose had 
constructed a specialized ‘Electric Probe’ (glass tip electrode). From this experiment, Bose found that there were different 
intensities of transmitted excitation in different tissue layers of the petiole. In this backdrop, an experimental research has 
been conducted to comparatively study the pattern of spatial voltage distribution across different tissue layers in both, a non-
excitable plant Alternanthera philoxeroides (in stem) and an excitable plant Mimosa pudica (in petiole), by following 
experimental principles similar to that of Sir J. C. Bose. For the present experimental study, the electrical probes (glass tip 
electrode), similar to the one designed by J.C. Bose and the whole experimental setup has been constructed and developed 
completely in the laboratory. The results indicated a striking difference in the spatial voltage distribution pattern between the 
non-excitable and the excitable plant. Since Mimosa is an excitable plant having specialized mechanoreceptor cells, the 
change in spatial voltage distribution in the different layers of petiole, following excitation (uniform electrical stimuli) of a 
sub-petiole has been also studied, as an additional segment of the present research. In the present study a notable difference 
in the intensities of the transmitted excitation was also found upon electrical stimulation of one of the sub-petioles of the 
excitable plant M. pudica.  
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The electrical phenomena in plants attracted 
researchers since the 18th century1. In history, the 
initiation of research in the field of plant 
electrophysiology is marked by pioneering works of 
Bertholon, Burdon-Sanderson, Darwin, Sibaoka and 
J.C. Bose1-4. Extensive research concerning
electrophysiological signals in plants was 
significantly developed by the end of 19th century
when Acharya Jagadish Chandra Bose, the father of
Biophysics, began his series of plant 
electrophysiological research. He made significant
discoveries in the field of plant physiology and plant
biophysics. It is also known that his research ideas
and analysis were around 60 years ahead of his time5.
He performed numerous experiments to study the
electrical nature of conduction of various stimuli in
plants.  He also conducted extensive research on plant

growth, plant movements and studied their nature of 
responses to various environmental and artificially 
generated stimuli6. Bose also showed that plants 
possess electromechanical pulse, memory and 
learning ability and are capable of exhibiting 
intelligent behaviour7,8. In a nutshell, J.C. Bose made 
a revolutionary attempt to correlate several features 
associated with the plant kingdom with identical 
characteristics found in the animal world8. In the 
recent past, some experimental and modelling 
research works have focused on determining the 
relationship between intracellular and extracellular 
potential in plant cells in order to clarify the 
characteristics of extracellular measurement by 
developing a multi-channel plant physiological signal 
recording system9,10. A recent review has documented 
the series of research conducted in the past few years 
concerning plant electrical signals from a novel, 
interdisciplinary perspective, which is needed to 
improve the efficient aggregation and use of plant 
electrical signal data and to expedite interpretation of 
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plant electrical signals11. There are some extensive 
reviews concerning the characteristics of electrical 
signals in plants and their corresponding 
physiological significance and their role in plant 
communication12,13. Some present day research have 
focused on explaining how voltage-activated (Ca2+) 
channels could fulfil a physiological function in non-
excitable cells and tissues of animals14,15.  Recent 
advances in the field of plant electrical signalling 
have revealed that in the model plant Arabidopsis 
thaliana, a family of 20 glutamate receptor-like 
proteins (GLRs) shares similarities to animal 
ionotropic glutamate receptors in sequence and 
predicted secondary structure16-18. Another recent 
study has documented isolation of a novel single-
domain Na+-selective voltage-gated channel in 
photosynthetic eukaryotes19. Some recent review 
works have highlighted Bose’s revolutionary 
discoveries pertaining to plant electrical signals, 
propagation of action potential in plants and plant 
perception20,21. 

J.C. Bose had demonstrated through his
experiments that the various modes of stimulation 
which effectively initiated nervous impulse in animals 
led to impulse generation in the excitable plant 
Mimosa pudica as well22. He conducted similar 
experiments using other excitable plants like 
Neptuniaoleracea, Biophytum sensitivum, Averrhoa 
Carambola and Mimosa Sphegazzinii. After 
establishing the fact that stimulation in Mimosa gives 
rise to an impulse like that of nervous tissue in 
animals he continued his experiments to precisely 
localize the position of conducting tissue (nerve like) 
in the petiole of the Mimosa plant. In order to localize 
the conducting tissue in the petiole of Mimosa, Bose 
constructed a specialized Electric Probe (glass tip 
electrode) which was insulated except at the tip. The 
probe was intruded gradually in a direction 
perpendicular to the diameter of the petiole. Bose 
periodically applied uniform stimuli (electrical) on the 
third sub-petiole of Mimosa due to its connection with 
the upper phloem. From this experiment, Bose found 
that there were different intensities of transmitted 
excitation in different tissue layers of the petiole22.    

In this backdrop, an experimental research has been 
conducted to comparatively study the pattern of 
spatial voltage distribution across different tissue 
layers in both, a non-excitable plant – the alligator 
weed Alternanthera philoxeroides ([von Martius] 
Grisebach) and an excitable plant – the sensitive plant 

Mimosa pudica (Linnaeus), by following 
experimental principles similar to that of Sir J.C. 
Bose23. Apart from this, as an additional part of the 
present study, an experiment has been conducted. 
Since Mimosa is an excitable plant having specialized 
mechanoreceptor cells, the change in spatial voltage 
distribution in the different layers of petiole, 
following excitation (uniform electrical stimuli) of a 
sub-petiole has been studied and compared to that of 
Bose’s experimental findings on the localization of 
the transmitted excitation in different tissue layers of 
the petiole of Mimosa22-24. For the present 
experimental study, the whole electrophysiological 
set-up and the electrical probes (glass tip electrode), 
similar to the one designed by J.C. Bose, has been 
constructed in the laboratory. It is also worthwhile to 
mention that while such electrophysiological 
investigations are now mostly done at the cell level of 
plants, in the present study, the experiment has been 
restricted to electrophysiological study at the tissue 
level only. 

Materials and Methods 

Experimental design 
In the study, the non-excitable plants Alternanthera 

philoxeroides were collected from the campus garden 
(Indian Statistical Institute, Kolkata) and the excitable 
plants Mimosa pudica (full grown plants) were 
procured from a local nursery. Before starting the 
experiments both, the non-excitable and the excitable 
plants were acclimatized in the laboratory conditions, 
inside a customized plant acclimatization chamber. In 
the present experiment, for studying spatial voltage 
distribution in the non-excitable plant a total of 5 
A. philoxeroides plants were used. For studying the
spatial voltage distribution in the excitable plant a
total of 5 plant segments (stem with petiole and
leaves) from 2 separate full grown M. pudica plants
were used. During the experiment the mean recorded
ambient temperature was 28C. In the experiment,
for studying the spatial voltage distribution
pattern across the tissue layers, the sites of
investigation were the stem of the non-excitable plant
A. philoxeroides and the petiole of the excitable
plant M. pudica22. After completion of the electrical
study across the tissue layers, cross-sections of the
stems and petioles were obtained from all the plants
used in the experiment using a microtome constructed
in the laboratory25.  The cross sections were used for
identifying the possible regions of the varying spatial
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voltage across the different tissue layers of the stem 
and petiole and for correlating with the approximate 
depth of electrode tip insertion. The tissue cross 
sections of stem of A. Philoxeroides and petiole of 
M. pudica were observed under both, a standard
commercial petrological microscope (model: Leica
DMLP, available with the Geological Studies Unit,
Indian Statistical Institute, Kolkata) and a specially
designed multi-modal polarizing microscope
constructed in the laboratory, for obtaining better
structural details of the whole tissue cross sections25.
The approximate depth from surface (epidermis) of
each of the tissue layers of the stem and petiole of
A. philoxeroides and M. pudica, respectively, were
analysed using standard image analysis software.
The cross section diameters of the different tissue
layers of the stem and petiole were measured
under the microscope at magnifications 25X and
100X, respectively.

In the present study, the whole experimental 
apparatus designed in the laboratory for studying 
the spatial voltage distribution pattern in the 
non-excitable and excitable plant consisted of three 
main parts: i) the electrodes (specialized glass-tip 
electrodes and the reference electrode), ii) the manual 
micro-manipulator system for insertion of the tip 
electrodes and iii) the electrical signal detecting 
system. The detector system was made up of a pre-
amplifier, differential amplifier and linear amplifier. 
The high input impedance of the pre-amplifier 
ensured minimum voltage drop within the plant 
system while the signals were measured.    

Designing the electrode 
In the present study, the two types of electrodes – 

the reference electrode and the penetrating tip 
electrodes were constructed using the same material, 
i.e. copper26. The two different glass tip electrodes
used in the study for the non-excitable (Fig. 1A) and
excitable plant (Fig. 1B) were made up of glass
capillary and fine copper wire. The electrode was
encapsulated (except at the tip) within the fine glass
capillary (Fig. 1C)27,28. The diameter of the exposed
tip of the glass tip electrode used for studying the
spatial voltage distribution of the stem of
A. philoxeroideswas 200 µM. Since, the diameter of
petiole of M. pudica is much narrower than that of A.
philoxeroides, a more fine copper wire of diameter 80
µM was used for preparing the glass-tip electrode for
studying the spatial voltage distribution in the petiole
of M. pudica. These tip electrodes constructed in the
laboratory were based on the principles of the
‘electric-probe’ designed by J.C. Bose for his
experiments22. The tip electrodes were designed in a
way so that during the movement of the tip electrode,
only its tip would come in contact with a particular
tissue layer of the plant stem or petiole, at a time. The
insertion of the electrode tip was controlled with the
help of the manual micro-manipulator setup designed
for the present experiment.

Micro manipulator system 
In the present study, two separate micro-

manipulator systems were constructed, one for the 
non-excitable plant (Fig. 2A) and the other for the 
excitable plant (Fig. 2B). 

Fig. 1 — The Designed Electrical Probes (A) Microphotograph of the designed electrode for the non-excitable plant (tip diameter 
200 µM); (B) Microphotograph of the designed electrode for the excitable plant (tip diameter 80 µM); and (C) Schematic diagram of the 
designed electrode with its various parts labelled   
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Non-excitable plant: A two-dimensional 
mechanical displacement system was assembled using 
a rack-pinion set-up bearing Vernier scales, capable 
of moving along both X (vertical height along the 
stem) and Y (horizontal displacement across the stem) 
coordinates. This system was used to precisely insert 
the tip electrode into different layers of the stem of 
the non-excitable plant A. philoxeroides. 

Excitable plant: Since the diameter of the petiole of 
the excitable plant M. pudica was much thinner, a 
highly sensitive micro manipulator system was 
specially designed for the excitable plant using a rack-
pinion set-up bearing Vernier scales (coarse 
adjustment) and a modified screw gauge (fine 
adjustment). The measurement accuracy of this whole 
micro manipulator setup was 1/100 (0.01) mm. Thus, 
this micro manipulator system allowed highly 
controlled displacements of the tip electrode each 
time at a depth of around 50 µM along the Y axis 
having both coarse and fine adjustments. At the end 
of the tip electrode shaft, a precession attenuator was 
added for limiting the lateral displacements of the tip 
electrode and for maintaining proper axis of insertion 
of the electrode tip through the micro manipulator 
system. 

Electrical signal detecting system 
Electrophysiological signals in plants are weak 

electrical signals, which can fluctuate with the change 
of environment. Therefore, development of a 
customised amplifier-detection system is essential29. 
The circuit diagram of the above mentioned system 
has been described in (Fig. 3). Two pre-amplifiers 

(A1 and A2) were constructed using OP-AMP 741. 
As the stem and petiole of the plants contain water 
medium, the non-inverting inputs of the pre-
amplifiers were found to suffer from some instability 
in voltage drop. Accordingly, to prepare the system 
for such an environment, both the electrodes were 
first dipped in water and both the non-inverting inputs 
were grounded with high resistance (1MΩ) so that the 
system became stable even in water medium. At this 
stage, the reference electrode and tip electrodes were 
connected to the A1 and A2 pre-amplifiers 
respectively (Fig. 3). The differential amplifier (B) 
and the linear amplifier (C) were also constructed 
using 741 OP-AMP. The amplifiers were arranged for 
proper voltage offset null. The differential amplifier 
(B) was adjusted for unity gain and the linear
inverting amplifier (C) was set for a gain of
magnitude ten by adjusting the potentiometer (as
shown in Fig 3). Voltmeters V1 and V2 were
connected to B and C respectively. The linearity of
the amplifier system was calibrated each time before
starting the experiment. The linearity (inverted
polarity of the output was converted to original
polarity) of the amplifier system has been graphically
represented in (Fig. 4).

Experimental Procedure 
At the time of experimentation, each of the plants, 

at a time, were mounted inside a 5 mL glass bottle 
containing tap water in order to maintain its 
physiological functioning. The probes that have been 
used to study the spatial electrical property of the 
plant tissues were directly connected to the pre-

Fig. 2 — Schematic Diagram of the Manual Micro-manipulator Systems (A) Manual micro-manipulator system for the non-excitable 
plant; and (B) Manual micro-manipulator system for the excitable plant 
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amplifiers (having high input impedance). It may be 
noted that the high input impedance of the pre-
amplifier minimizes voltage drop within the plant 
system at the time of signal measurement through the 
amplifier. The output signal of the pre-amplifier was 
fed to the differential amplifier and finally the output 
signal of the differential amplifier was carried to the 
linear inverting amplifier. The adjustable gain of the 
linear amplifier provided a provision of proper 
handling of very low outputs, if any, from the 
differential amplifier. The changes were monitored 

through a digital voltmeter. The amplifier systems 
were calibrated with the aid of standard voltage 
sources. At the time of recording the spatial voltage, 
the polarity of the inverted output of the linear 
inverting amplifier was converted to its original 
polarity and the 10 times gain factor of the output 
voltage was converted to its original value (Original 
Output = Gain Output/10) in case of all the 
experimental readings. The values of the recorded 
spatial voltage were then subjected to ANOVA 
(Analysis of Variance) and student t test statistical 
analysis, calculated through Python 2.7.6 
programming language. Using the manual micro-
manipulator system, the glass electrode was inserted 
perpendicularly to the diameter of stem and petiole in 
a direction from epidermis to pith, (into the different 
tissue layers), in a step-wise manner and the reference 
electrode was placed by coiling around the stem outer 
surface. The surface electrode was fixed on the stem 
surface using an impedance matching solution 
prepared in the laboratory. The impedance matching 
solution was prepared using 0.9N NaCl solution, 
glycerine solution and Kaolin powder16,30,31. 
Following such directed tip insertion into the different 
tissue layers the corresponding changes  in the  digital  
voltmeter readings were recorded. In order to study 

Fig. 3 — Circuit Diagram of the Electrical Signal Measuring System 

Fig. 4 — Linearity of the Amplifier at 10 times Gain 
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the effect of electrical stimulation on spatial voltage 
distribution pattern across the petiole tissue layers of 
the excitable plant, a uniform and pulastile electrical 
stimulus s (peak-peak voltage = 12.70 V, quantified 
through a digital oscilloscope – Tektronics TBS 2000 
Series) was applied on the lower side of one of the 
subpetioles of M. pudica for a very brief period 
(make-break current for about ≤ 1sec)1,24. The tip 
electrode was intruded perpendicular to the diameter 
of the petiole using the designed micro-manipulator 
system by steps, of about 50µM at a time. The 
uniform electrical stimulus was applied each time the 
electrode tip reached a depth of 50 µM across the 
petiole tissue layers. The change in intensity and 
polarity of the spatial voltage at each of the tissue 
layers in this excited state was recorded accordingly. 
The configuration of the electrical signal detecting 
system for both, the non-excitable and excitable plant 
was maintained in the same order. The position of the 
surface electrode was the same for both the non-

excitable and the excitable plant. The complete 
experimental set-ups for studying the spatial voltage 
distribution pattern in the non-excitable and excitable 
plant have been shown in (Fig. 5A & 5B) 
respectively. As mentioned before, owing to the thin 
diameter of the petiole of M. pudica it was difficult to 
visually monitor proper insertion of the electrode tip 
into the petiole tissue layers. To maintain the visual 
accuracy at the time of tip insertion, a 10X macro-lens 
set up was mounted in front of the junction of 
electrode tip and surface of the petiole (Fig. 5B). 

Results 
The relative diameter of the tissue layers under 

microscope and the corresponding values of the spatial 
potential difference, following insertion of tip of the 
electrode into the stem of the non-excitable plant 
A. philoxeroides and petiole of the excitable plant
M. pudica have been represented in (Tables 1 & 2),
respectively. From the result it was seen that in case

Fig. 5 — (A) The Complete Experimental Setup for the Non-Excitable Plant; and (B) The Complete Experimental Setup for the Excitable Plant 
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of the non-excitable plant A. philoxeroides 
(Fig. 6A), the spatial voltage across the different 
tissue layers of the stem showed positive polarity. 
However, in case of the excitable plant M. pudica 
(Fig. 6B) the spatial voltage across different tissue 
layers of the petiole showed negative polarity. It was 
also evident from the result that in case of the non-
excitable plant (Table 1 and Fig. 6A) there were 
significant differences (P <0.05) among the intensities 
of the spatial voltage across the various stem tissue 
layers. The region where the maximum intensity of 
spatial voltage appeared was around the vascular-

cambium layer of the plant stem. The mean value of 
the maximum attained voltage in the vascular-
cambium layer was +26 mV (Fig. 6A), which was 
significantly higher (P <0.05) than that of the other 
stem tissue layers. In contrast, in the case of the 
excitable plant M. pudica, there were no significant 
differences (Table 2 and Fig. 6B) in the intensities of 
the spatial voltage across the various tissue layers of 
the petiole, under resting state. 

In case of the excitable plant M. pudica, a 
remarkable variation in both, the intensity and 
polarity of spatial voltage was observed when one of 

Table 1 — Tabular Representation of the Spatial Voltage Distribution across different tissue layers 
of the stem of the 5 non-excitable plants (A. philoxeroides) 

Approximate depth of tip from stem 
surface (µM) 

Values of Spatial Potential 
Difference ( mV) 

Mean±SD 
( mV) 

Range (Max/Min) 
( mV) 

0 (Surface/Epidermis) 9 13 8 8 12 10±0.023 13 /8 
200 (Cortex) 15 22 13 14 16 16±0.035 22/13 
500 (Vascular Bundle) 23 35 22 25 25 26±0.052* 35/22 
900 (Pith) 13 15 19 13 15 15±0.024 19/13 
*P <0.05

Table 2 — Tabular Representation of the Spatial Voltage Distribution across different tissue layers 
of the petiole of the 5 plant segments of the excitable plant M. pudica 

Approximate depth of tip from 
petiole surface (µM) 

Values of Spatial Potential Difference ( mV) Mean±SD 
( mV) 

Range (Max/Min) 
( mV) 

0 (Surface/Epidermis) −7 −7 −6 −6 −6 −6.4±0.008 −7/−6
100 (Cortex) −8 −8 −6 −5 −8 −7±0.013 −8/−5
450 (Vascular Bundle) −8 −8 −6 −5 −9 −7.2±0.017 −9/−5
550 (Pith) −7 −7 −6 −6 −9.6 −7.12±0.016 −9.6/−6

Fig. 6 — Graphical Representation of the Spatial Voltage Distribution across Different Tissue Layers of the Plants Following Insertion of 
the Tip-Electrode (A) – Spatial voltage distribution across different tissue layers of the stem of the non-excitable plant; and (B) – Spatial 
voltage distribution across different tissue layers of the petiole of the excitable plant *ER – Epidermal Region, CR – Cortical Region, 
VBR – Vascular Bundle Region, OR – Pith Region 
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the sub-petioles was excited with a uniform and 
pulsatile electrical stimulus (peak-peak voltage = 
12.70 V), in comparison to the resting state spatial 
voltage distribution pattern (Table 3 and Fig. 7). In 
the excited state condition, when the tip of the 
electrode entered the epidermal region (Fig. 7) there 
was a negative rise in the potential difference 
(12.5 mV). However, under this excited state 
condition when the electrode tip reached the other 
inner tissue layers of the petiole, the polarity of the 
spatial voltage changed to positive (Fig. 7). In the 
cortical region, the potential difference value was 
+9.3 mV. When the electrode tip entered the outer
phloem layer (phloem 1 region) there was a sudden
rise in the positive voltage which showed a value of
+18.3 mV (Fig. 7). However, when the tip electrode
reached the xylem region there was a diminution in
the positive voltage to +4 mV. Once the tip electrode

entered the inner phloem layer (phloem 2 region) 
there was again a rise in the positive voltage which 
showed a value of +22.5 mV (Fig. 7). When the 
electrode tip reached the pith region the spatial 
voltage underwent a diminution to +17 mV. From the 
result (Fig. 7), it was also found that under this 
excited state, the spatial voltage values of the phloem 
1 (+18.3 mV) and phloem 2 (+22.5 mV) regions were 
significantly different (P <0.05) from the spatial 
voltage values of the other tissue layers (epidermis, 
cortex, xylem) of the petiole. 

Discussion 
In the present research, the difference in the spatial 

voltage distribution pattern between the non-excitable 
plant A. philoxeroides and excitable plant 
M. pudicahave been studied on the basis of two
aspects – microscopic structural features and spatial
electrical property. The structure function relationship
between tissue structural arrangements of stem and
petiole and the corresponding spatial electrical
property have also been studied in detail. Since Bose
had clearly stated in his experiments that the
localization of conducting tissue transmitting
excitation in the plant was definitely possible by
means of the specialized ‘electric probe’, in the
present set of experiments in order to study the
difference in pattern of spatial voltage distribution
across different tissue layers in the non-excitable
and excitable plant, related type of electric probes
(Fig. 1B) were constructed in the laboratory by
following the design principles similar to that of
J.C. Bose22. In the present study, the pattern of spatial
voltage distribution (intensity and magnitude of
spatial voltage) between stem tissue layers of non-
excitable plant A. philoxeroides and petiole tissue
layers of excitable plant M. pudica has been compared
because Bose had explained through his experiments
that in M. pudica the anatomical characteristics of the
vascular bundle region, are the same in the stem as in
the petiole22.

Examination of Microscopic Structural Features: 
The difference between microscopic tissue 

structural features of the stem of non-excitable plant 
A. philoxeroides and petiole of excitable plant
M. pudica have been studied in detail. As per the
microscopic examination it was found that the
structural arrangement of the vascular bundle in case
of the stem of non-excitable plant A. philoxeroides

Table 3 — Tabular Representation of the Spatial Voltage 
Distribution across different tissue layers of the petiole of the 

excitable plant M. pudica under excited (sub-petiole)  
and resting states 

Approximate depth of tip from 
petiole surface (µM) 

Mean±SD Values of Spatial 
Potential Difference ( mV) 

Resting State Excited State 
0 (Surface/Epidermis) −6.4±0.008 −12.5±0.072
100 (Cortex) −7±0.013 9.3±0.041 
250(Phloem 1) −6.4±0.015 18.3±0.075* 

400 (Xylem) −7.2±0.017 4±0.057 
500(Phloem 2) −7.8±0.02 22.5±0.147* 

550(Pith) −7.12±0.016 17±0.206 
*P <0.05

Fig. 7 — Graphical Representation of the Spatial Voltage 
Distribution across different Tissue Layers of the Petiole of the 
Excitable Plant under Resting State and Excited State 
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(Fig. 8A) was strikingly different from that of the 
petiole of the excitable plant M. pudica(Fig. 8B). 
However, the epidermis, cortex and pith of both the 
non-excitable and excitable plants appeared 
structurally similar.  

As observed from the stem-tissue cross sections 
under the microscopes used in the study, it was found 
that in A. philoxeroides the vascular contains a single 
phloem strand and xylem (Fig. 8A)25. However, in the 
case of the petiole of M. pudica (Fig. 8B) the vascular 
bundle consists of an outer phloem, xylem and inner 
phloem. This peculiarity of the structural arrangement 
in the petiole of M. pudica was similar to Bose’s 
findings where he had shown that in the petiole of 
M. pudica there are two phloems in each vascular
bundle – one external and the other internal to the
xylem, thus forming a bi-collateral structure21.
Another prominent tissue structural difference
between A. philoxeroides and M. pudica was presence
of a sclerenchyma tissue layer (Fig. 8(B)) surrounding
the vascular bundles in the excitable plant
M. pudica22. The total diameter of the stem of
A. philoxeroides, as measured from the microscopic
tissue cross sections, was in the order of 3600 µM.
The total diameter of the petiole of M. pudica, as
measured from the microscopic tissue cross sections
was in the order of 1049µM. As observed from the
microscopic tissue cross sections, the vascular bundle
region of the petiole of M. pudica was much wider
(Fig. 8B) owing to the presence of outer phloem-
xylem-inner phloem bi-collateral arrangement, in
comparison to the stem of A. philoxeroides having
single phloem strand and xylem (Fig. 8A).

Analysis of spatial electrical property and the corresponding 
structure-function relationship 

In the present study, the striking difference in the 
spatial voltage distribution pattern between the non-
excitable plant A. philoxeroides and excitable plant 
M. pudica was based on the difference in the polarity
of the spatial voltage across the different tissue layers
of the stem and petiole, respectively. In the non-
excitable plant A. philoxeroides (Fig. 6A), the polarity
of the recorded spatial voltage across the different
stem tissue layers was positive whereas, in the case of
the petiole of the excitable plant M. pudica (Fig. 6B),
the polarity was negative. It is meaningful to mention
that this difference in the polarity of spatial voltage
between the non-excitable and excitable plant as
found in the present study was based on the positions
of the surface electrode (reference electrode) and the
tip electrode (Fig. 9) and the configuration of the
electrical signal measurement system.

In the present study another notable difference 
between the spatial voltage distribution pattern of the 
non-excitable and excitable plant was observed. In the 
non-excitable plant the spatial voltage recorded across 
the different stem tissue layers, upon penetration of 
the electrode tip was significantly different (P <0.05) 
in each of the tissue layers of the stem (Fig. 6B), 
whereas, in the excitable plant M. pudica there was no 
significant difference in the spatial voltage across the 
different petiole tissue layers upon penetration of the 
electrode tip (Fig. 6B). The probable reason behind 
this difference in the pattern of spatial voltage 
distribution between the non-excitable and the 
excitable plant following insertion of the electrode tip 

Fig. 8 — Microphotographs of the Tissue Cross-sections of the Plants (100X Magnification) (A) – Tissue cross section of the stem of
the non-excitable plant A. Philoxeroides; and (B) – Tissue cross section of the stem of the excitable plant M. pudica E – Epidermis, 
C – Cortex, VB – Vascular Bundle, P – Phloem, P1 – Phloem1 (outer phloem), P2 – Phloem2 (inner phloem), X – Xylem, O – Pith, 
S – Sclerenchyma 
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into each of the tissue layers was generation of 
stimulus-like responses across the different tissue 
layers of the stem of the non-excitable plant. Some 
recent electrophysiological studies have reported that 
in case of non-sensitive plants, insertion of electrodes 
into extracellular space, vessels or inner tissue layers 
of plants can generate electric potential (EP) 
responses due to disturbance of plant tissues32,33. 
Conversely, in the excitable plant M. pudica the 
reason behind no significant difference in the spatial 
voltage values recorded across the different tissue 
layers of the petiole following electrode tip insertion 
was possibly due to the fact that in the excitable plant 
M. pudica electrical potential induced rapid
movements are generated only upon electrical or
mechanical stimulation of the excitatory motor organ
i.e., pulvinus located at the junction of the leaflet-
rachilla, rachilla-petiole, and petiole-stem1,34. Recent
experimental studies have reported that rapid
movements in Mimosa are only possible due to the
electrical or mechanical stimulation of the pulvini
found at the base of leaflet, rachilla, and petiole1,24.
Thus, in the present study under the resting state, i.e.,
in the absence of any form of mechanical or electrical
stimulation of the pulvini there was no significant
variation in the spatial voltage values recorded across
the different tissue layers of the petiole (Fig. 6B).
Research on electrical signalling of non-sensitive
plants have shown that EP generated following
insertion of electrode into plants may propagate as a
systematic signal to distant parts of the plant35. A
recent experimental study demonstrated that a system

potential was triggered upon insertion of a glass 
(Ag/AgCl) microelectrode and this signal was 
propagated along the stele of the stem of the non-
sensitive plant Myriophyllum aquaticum36. In the 
present experimental study, in case of the non-
excitable plant A. philoxeroides, the maximum 
intensity of the spatial voltage following insertion of 
the glass-tip electrode into the stem was recorded in 
the vascular-cambium tissue layer of the stem 
(Fig. 6A) and upon analysis it was found that the 
spatial voltage in this region was significantly higher 
(P <0.05) in comparison to the spatial voltage of the 
other stem tissue layers. This result is similar to the 
findings of other experimental studies on long-
distance electrical signalling in ordinary plants37,38. 
Recent research studies have reported that in plants 
the phloem tissue serves as the ‘cable’ for long-
distance electrical signalling39. Another recent study 
has discussed the role of long-distance sucrose 
transport in phloem through a process called phloem 
loading. The study also provided insights on intra 
molecular interactions in Sucrose/H+ Symporters 
(SUTs) and identified residues that are most likely 
involved in sucrose/H+ symport40. 

Since Mimosa is an excitable plant, having 
specialized mechanosensory effector organs, as an 
additional segment of the present study, the effect of 
uniform and pulsatile electrical excitation (peak-peak 
voltage = 12.07 V) of a sub-petiole on the pattern of 
spatial voltage distribution was also studied1. In the 
present study, when one of the sub-petioles was 
stimulated with a uniform and pulsatile electrical 

Fig. 9 — Photographic Images of the Positions of the Electrodes in the Non-excitable and Excitable Plant (A) – Electrode positions in the 
non-excitable plant: Tip electrode at stem, Surface electrode at a distant region of the stem; and (B) – Electrode positions in the excitable
plant: Tip electrode at petiole, Surface electrode at stem 
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stimulus a notable and significant variation in both, 
the intensity and polarity of spatial voltage was 
observed (Fig. 7). This is contrary to that of the 
resting state spatial voltage distribution pattern 
(Fig. 6B) where no significant variation in the spatial 
voltage across different petiole tissue layers was 
found. Extensive research on electrical signalling in 
M. pudica and mechanical and electrical stimulation
of plant movements have revealed that both
mechanical and electrical stimulation of pulvinus of
M. pudica can lead to the closing of a pinna and the
falling down of the petiole indicating that the pulvinus
plays an essential role in the generation of rapid
movements41-44. These rapid movements are caused
by different processes and components in the primary
and secondary pulvini, which involve voltage-gated
ion channels45. Some experimental studies conducted
in the past have shown that application of an electric
shock in the form of a threshold voltage of 25 V for a
brief period induces fast petiolar movements and leaf
closure in M. pudica1. In the present study, under
excited state, when the electrode tip reached the outer
phloem region (phloem 1 region) there was a
prominent and sudden rise in the intensity of spatial
voltage (Fig. 7), having a value of +18.3 mV.
Conversely, when the tip electrode entered the xylem
region the intensity of the spatial voltage reduced to
+4 mV. However, when the electrode tip reached the
inner phloem region (phloem 2 region) the intensity

of the spatial voltage again increased to +22.5 mV. 
This pattern of spatial voltage distribution across the 
vascular bundle tissue layers under excited state 
(Fig. 7) is similar to the experimental findings of 
Bose’s experiment on localization of the excitation-
conducting tissue in the petiole of M. pudica 
(Fig. 10)22. From the results of the electrical method 
of exploration, Bose had found that there are two 
conducting phloems in each vascular bundle, one 
external and the other internal to the xylem forming a 
bi-collateral structure. Bose had also explained 
through his experiments that after electrical 
stimulation of a sub-petiole the phloem was invariably 
the best channel that conducted the transmitted 
excitation (Fig. 10)22. In the present study a similar 
pattern of results has been obtained. As evident from 
the results of the present experiment, on stimulation 
of a sub-petiole with uniform pulsatile electrical 
stimulus the maximum increase in the intensity of 
spatial voltage was recorded in the two phloem layers 
– outer phloem (phloem region 1)  and inner phloem
(phloem 2 region) resulting in the two graphical
peaks, as visible in the (Fig. 7). Thus, it may be an
indication of the fact that the phloem is the tissue
responsible for conduction of excitation (electrical).

Conclusion 
From the present study, it may thus be concluded 

that in both non-excitable and excitable plants the 
phloem is probably responsible for electrical 
signalling, as evident from the maximum intensity of 
the spatial voltage in the phloem regions (vascular 
cambium region) of both the plants studied. The 
present experimental study also indicated a difference 
in the pattern of the spatial voltage distribution 
between non-excitable and excitable plants following 
insertion of tip-electrode into each of the tissue layers. 
In the non-excitable plant A. philoxeroides following 
insertion of tip-electrode there was a significant 
difference in the intensities of the spatial voltage 
across stem tissue layers. The vascular-cambium 
region showed the maximum intensity of the spatial 
voltage whereas, in the excitable plant M. pudica 
there was no such difference in the intensity of the 
spatial voltage across the petiole tissue layers 
following insertion of tip-electrode. However, in the 
excited state i.e., upon electrical stimulation of the 
sub-petiole of M. pudica, the two phloem regions 
(outer phloem and inner phloem) showed the 
maximum intensity of spatial voltage.  

Fig. 10 — Scanned Image of the Curve showing the different
intensities of Transmitted Excitation in the different tissues of the
petiole of M. pudica obtained from J. C. Bose’s book(22)
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