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Abstract Geoelectrical methods are increasingly used to investigate soil-plant interactions in an
agricultural context. For this, it is essential to quantify root electrical properties, since they influence the bulk
electrical signal of vegetated soil. This quantification has to be done at the root segment scale with attention
for the variability of root properties in time and space as well as within and across plant species. In this study,
we investigated the frequency-dependent electrical properties in terms of conduction and polarization of single
root segments of Brachypodium (Brachypodium distachyon L.) and Maize (Zea mays L.). A sample holder

to investigate the electrical properties of root segments was designed and tested on ideal resistors. We found
that it is suitable to assess the electrical properties of crop root segments of 1-5-cm length in a frequency
range between 1 Hz and 45 kHz. The system was then used to obtain the complex electrical response of
Brachypodium and Maize root segments at 10 different ages. It was found that the electrical properties of the
root segments varied with age and species. This variation was linked to root anatomy based on the microscopic
analysis of root sections.

Plain Language Summary Electrical geophysical methods are increasingly used to investigate
soil-plant interactions in an agricultural context. For this, it is essential to quantify the electrical properties of
roots alone without the soil, since they influence the overall electrical signal of soils in agricultural farms. This
quantification has to be done at the root segment scale with attention for the variability of root properties in
time and space as well as within and across plant species. In this study, we investigated the frequency-dependent
electrical properties of single root segments of Brachypodium and Maize plants. A sample holder to investigate
the electrical properties of root segments was designed and tested on ideal resistors. We found that it is suitable
to assess the electrical properties of crop root segments of 1-5-cm length in a frequency range between 1 Hz
and 45 kHz. The system was then used to obtain the electrical response of Brachypodium and Maize root
segments at 10 different ages. It was found that the electrical properties of the root segments varied with age
and species. This variation was linked to root anatomy based on the microscopic analysis of root sections.

1. Introduction

Root system architecture, extension, and physiological status play a fundamental role for agriculture and ecosys-
tem productivity. Roots provide water, nutrient, and anchorage to plants by developing into soils or substrates.
Under limited resources or adverse environmental conditions, the ability of plant root systems to explore their
environment to capture sparsely distributed resources (i.e., plasticity) is crucial for plant development and
survival. While the understanding of the genetic and molecular mechanisms for root response to their environ-
ment has been improved substantially (Bennett et al., 1996; Marchant et al., 1999; Miyazawa & Takahashi, 2020;
Slovak et al., 2016; Su et al., 2017), the characterization of plant root system development in situ (i.e., root pheno-
typing) is lagging behind due to the inaccessibility of roots and the complexity of root zone processes. Several
noninvasive techniques such as magnetic resonance imaging, X-ray computed tomography, and positron emission
tomography have been used to investigate root systems in well controlled environments (Atkinson et al., 2019). In
field conditions though, there is currently no reliable method to noninvasively investigate root system architecture
and its functioning with sufficient accuracy.
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Geophysical techniques are increasingly used in agricultural contexts to monitor environmental variables (e.g.,
soil water content, salinity), soil-root interactions and to help agricultural management (e.g., impact of irrigation
and fertilizer application on agricultural production) (Allred et al., 2008). Various studies have used electrical
geophysical methods to investigate water dynamics in the root zone (Beff et al., 2013; Garré et al., 2011, 2013;
Michot et al., 2003; Srayeddin & Doussan, 2009). Techniques, such as electrical capacitance measurements,
electrical resistance measurements, electrical resistivity tomography (ERT), etc., have all been used to investigate
root systems in the past decades, as summarized in the reviews of Ehosioke et al. (2020) and Liu et al. (2021). For
example, Amato et al. (2008) used ERT to establish a quantitative site-specific relationship between soil electrical
resistivity and root biomass of Alnus glutinosa trees. Similar correlations were reported for tree roots in a citrus
orchard (Rossi et al., 2011) and coffee roots (Paglis, 2013). However, these methods do not yet allow to character-
ize root functioning or to measure different root traits like angles, root ages, or root hydraulic conductivity, which
play a major role in resource acquisition (e.g., Barrowclough et al., 2000; Lynch, 1995; Meunier et al., 2018). It
is also not yet known how electrical properties of individual root segments are related to these root traits and how
their combination results in the electrical signature of the whole root system. A better understanding of the elec-
trical signature of roots is therefore important not only to improve the information content and reduce inaccuracy
of electrical measurements in soil in general but also to obtain insights in root properties noninvasively.

Spectral-induced polarization (SIP) allows to measure polarization of materials in addition to electrical conduc-
tion. The estimated property is the complex electrical resistivity in which both magnitude (resistivity) and phase
shift are measured for a range of frequencies. The imaging extension of SIP is referred to as electrical impedance
tomography (EIT). Electrical impedance here refers to the effective resistance to an alternating current due to the
combined effect of ohmic resistance and reactance. SIP and EIT have been successfully used in biogeophysical
investigations involving microbial processes (Abdel Aal et al., 2004, 2006; Atekwana & Slater, 2009; Atekwana
et al., 2006; Kessouri et al., 2019), structural characterization of wood (Martin, 2012; Martin et al., 2015),
mapping of tree roots (Mary et al., 2016), and characterization of crop roots (Ehosioke et al., 2020; Kessouri
et al., 2019; Tsukanov & Schwartz, 2020; Weigand & Kemna, 2017, 2019). Despite the significant improvements
presented in these recent studies, there is still a knowledge gap regarding the electrical response of fine roots at
the segment scale. Improved understanding of root electrical properties is essential to help account for the effect
of roots in the estimation of soil moisture content of vegetated soil and to improve noninvasive characterization
of root systems. However, available experimental setups need to be adapted to allow the determination of the
complex electrical resistivity of roots and root segments without incorporating the response from the plant stem.

The objective of this paper is to investigate how the complex electrical properties of root segments change with
age, type of root (primary roots), and plant species. For this, a novel SIP sample holder was developed and vali-
dated. Subsequently, SIP measurements were made on Brachypodium (Brachypodium distachyon L.) and Maize
(Zea mays L.) root segments of different ages.

2. Electrical Polarization of Plant Roots

It has been postulated that polarization occurs both at the outer root surface (root-soil interface) and in the inner
root system (Weigand & Kemna, 2019). In general, polarization is due to the presence of the cell membranes
that act as capacitors. Polarization at the outer root surface depends on the concentration of ions in the external
fluid while that of the inner root system depends on the ionic composition of the cellular fluid (Weigand &
Kemna, 2017, 2019). This implies that the complex resistivity magnitude and phase spectra could be useful for
noninvasive characterization of roots. Mary et al. (2017) and Weigand and Kemna (2017) have shown that SIP
measurements are promising for root system characterization as they both reported a low-frequency (<1 kHz)
polarization of a coarse root in the laboratory and a crop root system in a rhizotron, respectively. Tsukanov and
Schwartz (2020) found a linear correlation between root biomass and electrical polarization at low frequencies
(<1 kHz), and also demonstrated the relationship between root polarization and root cell membrane potential.
Most studies have focused on low-frequency polarization and therefore the mechanisms responsible for polariza-
tion at high frequencies (>1 kHz) in roots are yet to be understood.

Ehosioke et al. (2018) and Kessouri et al. (2019) reported strong polarization at high frequencies (=10 kHz) for
Maize (Z. mays L.) roots, suggesting that polarization in roots is not limited to low frequencies. Some studies
(e.g., Bera et al., 2016; Repo et al., 2012) have shown that current pathways in roots are different at low and high
frequencies because the cell membrane does not allow current passage at low frequencies (Figure 1b). As cell
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Figure 1. Cell-based conceptual model describing polarization mechanisms in root segments. (a) Schematic illustration of a
plant cell showing the extracellular and intracellular components. (b) Low-frequency current path (apoplastic pathway) in the
root through the apoplastic space filled with extracellular fluid (ECF), without crossing the cell membrane. (c) Illustration of
counter-ion polarization mechanism in root segments occurring at low frequencies (e.g., Weigand & Kemna, 2019). Counter-
ion polarization is based on the strength of the electrical double layer (EDL), which depends on the ionic composition of the
ECF and the electric potential distribution at the cell membrane. (d) High-frequency current path (symplastic pathway) in
the root with current crossing both extracellular and intracellular cell components and the cell membranes. (e) Illustration

of interfacial polarization mechanism in root segments occurring at high frequencies based on Wang et al. (2011). This
involves a process of dissociation/association occurring at the cell membrane, which depends on the ionic concentration
gradient between the ECF and ICF (X"* is a conceptualized cation, K, K, ., and K  are the dissociation, association, and
internalization rate constants).

membranes become more conductive at higher frequencies, current passes through the entire cell (Figure 1d).
Therefore, the impedance response is determined by the ratio of the two current pathways within the root and the
frequency of the alternating current. This explains the different polarization behavior at low and high frequencies
reported in different studies (e.g., Ehosioke et al., 2018; Kessouri et al., 2019), which corresponds to counter-ion
and interfacial polarization mechanisms in biomaterials as described by Schwan and Takashima (1991) and
Kao (2004). Counter-ion polarization due to ionic diffusion in the electrical double layer (EDL) adjacent to
charged surfaces typically occurs below 20 kHz (Kao, 2004; Schwan & Takashima, 1991). Interfacial polariza-
tion occurs due to restricted movement of ions in the intercellular space as a result of complex structural proper-
ties of biological tissue, which creates high conductivity zones within a matrix of low conductivity material (e.g.,
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cell interiors surrounded by cell membranes). Interfacial polarization typically occurs in the kHz-MHz frequency
range (Kao, 2004; Schwan & Takashima, 1991).

Conceptual models have been proposed to describe polarization in roots (e.g., Kessouri et al., 2019; Weigand &
Kemna, 2019) based on the work of Wang et al. (2011), which outlined the dual effect of cell membrane surface
potential including the EDL formation and transport across the cell membrane through an active binding site where
dissociation/association occurs. The active binding site (i.e., voltage gated ion channels) of the cell membranes
are closed at low frequencies because a low-frequency electric field produces changes in the membrane poten-
tial difference that are too small to significantly alter the properties of the ion channels (Mathie et al., 2003).
The EDL prevents passage of current through the cell membrane (i.e., the impedance of the cell membranes is
so high that it does not allow current passage). In this case, the current passes through the apoplastic pathway
(Bera et al., 2016; Ehosioke et al., 2020; Repo et al., 2012), as shown in Figure 1b. The total impedance in this
low-frequency case is mainly determined by the ionic composition of the extracellular fluid (ECF) and electric
potential distribution at the cell membrane (Bera et al., 2016; Repo et al., 2012); this is known as “counter-ion
polarization” (Figure 1c). At high frequencies, the applied electrical field at the outer surface of the membrane
changes the transmembrane potential difference that regulates the gating of ion channels and ion fluxes across
the cell membranes (Hille, 2001; Kinraide, 2001; Mathie et al., 2003). The ion channels are opened which leads
to decreased negativity of the membrane surface potential and an increased cation flux into the cell that results
in a weaker EDL (Kessouri et al., 2019; Kinraide, 2001; Kinraide & Wang, 2010; Wang et al., 2011; Weigand
& Kemna, 2019), and a lower polarizability of the EDL. At these high frequencies, current flows through the
symplastic pathway, crossing the entire cell and different interfaces (Figure 1d). In this case, the resulting total
impedance will be a combination of the properties of the apoplast and the ECF, the cell membranes, the cyto-
plasm, and the ICF (Bera et al., 2016; Ehosioke et al., 2020; Repo et al., 2012). The polarization is therefore
considered to be interfacial (Figure 1e).

3. Materials and Methods
3.1. Development and Validation of SIP Measurement Setup

SIP measurements were made using a four-electrode setup where two electrodes are used to inject sinusoidal
current (/,,) into a sample and two other electrodes are used to measure the potential difference or voltage (V).
This provides a complex frequency-dependent electrical impedance (Z;)) expressed as
V.
Zo==Zy+jZ, 4))
I,
where  is the angular frequency, Z’ and Z” are the real and imaginary parts of the complex impedance, and ; is
the imaginary number. The complex resistivity (p*) is an effective material property obtained from the measured
complex impedance using a geometric factor K determined by the positions of the current and potential electrodes

P =KZs = pl,+ jps, = |p| (cos @ + jsin @) = |p|e’? )

where p’ and p” are the real and imaginary parts of the complex resistivity, | p| is the resistivity magnitude, and ¢
is the phase shift.

The SIP measurement system used in this study consists of a function generator, an amplifier unit, a data acqui-
sition (DAQ) card, a computer, and a sample holder (Figure 2). The function generator (model 33511B, Keysight
technologies) was used to generate a sine wave stimulus voltage with adjustable amplitude and frequency. The
voltages at the electrodes were measured with short triaxial cables (0.5 m) and a high-impedance DC coupled
amplifier (ZEA-2-SIP04-V05) as described by Zimmermann et al. (2008). The triaxial cables were used with
a driven shield (Morrison, 1998) to reduce parasitic current leakage and capacitive loads. The amplifier unit
contains a shunt resistor R; (1 kQ) for the current measurement. The voltages were digitized using a 4-channel
USB based DAQ card (NI USB-4431). This is a 24-bit Sigma-Delta-DAQ card with digital antialiasing filters and
high phase accuracy. The oversampling rate is 64 at a maximum sampling rate of 102 kHz. The measurements
were performed in the frequency range between 1 Hz and 45 kHz using a voltage of 5 V. The resolution of 24-bit
(1.2 pV) allows for the measurement of AC voltages with an acceptable signal-to-noise ratio. The cross talk of the
DAQ card is smaller than —90 dB (shorted input). DAQ and postprocessing were performed with custom-made
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Figure 2. The measurement setup. (a) The new sample holder for spectral-induced polarization (SIP) measurements on root segments showing the retracted brass
electrodes and the channels filled with conductive gel. (b) Schematic illustration of the SIP measurement setup consisting of a sample holder, amplifier unit, function

generator, data card, and a computer.

LabVIEW and MATLAB programs, respectively. The LabVIEW program controls the function generator and the
DAQ card and stores each measurement frequency and time series of the voltages u(f).

A root sample holder was designed to determine the complex impedance of root segments of 4-cm length with
a diameter up to 2 mm. The sample holder is a 3D printed rectangular plastic block with four-electrode channels
(1.5 cm apart) on one side that allows for seamless insertion of four cylindrical brass electrodes, and the position-
ing of a single root segment on top of the sample holder perpendicular to the electrode channels (Figure 2a). The
electrode channels are filled with a conductive gel (Rodisonic contact gel, Pannoc Nv, Belgium) to ensure a good
electrical contact between the root and the electrode. The gel is injected from the side of the sample holder and
is pushed into the channel by the electrodes to exclude air bubbles. The root is mounted on the sample holder in
such a way that the contact with the electrodes is established through the conductive gel. The potential electrodes
were kept outside the current path to avoid the influence of electrode polarization. In addition, this design avoids
injuring plants by pushing electrodes into the tissue, which possibly generates induced electrical signals (Julien
et al., 1991; Meyer & Weisenseel, 1997; Roblin, 1985).

Correction of the measured voltages is required to minimize the error due to high contact resistances. The true
sample impedance is given by

Z, =2 3)

It can only be calculated if the true voltage U, and true current /, are known. It is therefore necessary to resolve the

discrepancies between the true and measured current (/, and /,) and the true and measured voltage (U, and U,,)

using an electrical circuit model of the sample and the measurement system (Figure 3). By measuring the current

with a shunt resistor between electrode 4 and the ground, the true current I, can be calculated using the known

impedances Z, and the ground-based measured voltages U, and U, (Zimmermann et al., 2008)
Ui Us  Us

IL=I;+L+1,=—+

R, Z, Z @

The discrepancy between the measured voltage U,, = U, — U, and the true voltage U, results from the load of the
amplifier Z, and the impedances Z,, and Z ;. The leakage currents I, and I, cause a voltage drop at the contact
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Figure 3. Electrical model of the measurement setup. Z,, U,, and I, are the true sample impedance, true voltage, and true
current, respectively. Z,, and Z,, are the contact impedances at the current electrodes and sample interface, while Z,, and Z ;
are the contact impedances at the potential electrodes. U, and /; are the source voltage and input current, respectively. I, is the
current at the shunt resistor, Z, is the input impedance of the amplifier and the cables, R, is the shunt resistor, and U, is the
measured voltage. U, denotes the ground-based measured voltages, while /; denotes the parasitic leakage currents (modified
from Zimmermann et al. (2008)).

impedances Z,, and Z,
impedances Z,, and Z,; during measurements, the true voltage U, = Us — U, can be calculated as described by

Zimmermann et al. (2008) and Huisman et al. (2016)

Zcz Z&>3
U,=Us|1 -Us |1+ —
2( + ~ ) 3< + Z ) 5)

v v

which is responsible for the voltage difference between U, and U,,. By estimating the

The contact impedances Z , and Z ; usually depend on the measurement object and are therefore unknown. They can
be determined in situ using the method described in Huisman et al. (2016) where a reciprocal measurement is made
with a current injection at electrodes 2 and 3 and a voltage measurement at electrodes 1 and 4. With this additional
measurement to determine Z, and Z ,, the true voltage U, on the sample can now be calculated using Equation 5.

The performance of the measurement setup was evaluated using four ideal resistors (10, 100, 900 kQ, and
4.7 MQ). The resistors were selected based on the range of resistances previously reported for root segments
(e.g., Anderson & Higinbotham, 1976; Cao et al., 2010; Ehosioke et al., 2017). The measured impedance values
for the resistors matched the known impedance values (Figure 4a). In addition, the 10, 100, and 900 kQ resistors
showed no phase response for frequencies below 1 kHz (Figure 4b) as expected for an ideal resistor, with an error
of 0.001 rad at 10 kHz. The 4.7 MQ resistor showed phase errors up to 0.005 rad between 1 and 10 kHz, but this
is small compared to the expected signals from the root segments. The experimental setup and the newly designed
sample holder are therefore suitable for characterizing the electrical properties of root segments.

3.2. Plant Growth and Measurement Procedures

To determine the electrical properties of root segments, 30 Brachypodium (B. distachyon L.) and 30 Maize (Z.
mays L.) plants were grown in plastic tubes of 5-cm diameter and 20-cm height filled with a mixture of fine
and coarse sand with a grain size distribution ranging from 0.1 to 1.0 mm to allow easy cleaning of the roots
prior to the SIP measurements. The plants were watered with tap water at 2-day intervals and they all had three
leaves at the end of the experiment except one Maize plant that had four leaves. SIP measurements were made
on the primary roots (see Appendix A) on 10 sampling days between 8 and 29 days after sowing (DAS). At each
sampling day, three replicates were analyzed (A, B, and C), which resulted in the total number of 30 plants for
each species. Before making SIP measurements, the root was first cleaned with deionized water and dried with
tissue paper. Next, the root was mounted in the sample holder and the diameter was measured with a digital cali-
per. SIP measurements were made using normal and reciprocal electrode configurations as described above. It
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Figure 4. Validation of measurement setup. (a) The measured impedance magnitude and (b) the measured phase response for
the ideal resistors.
was ensured that electrode 1 was always close to the root collar. The axial electrical resistivity of the root segment
p, (Qm) was calculated from the measured electrical impedance using
zD?
y =2, - 6
p aL, (©)
where Z, is the electrical impedance of the root segment, D, is the diameter of the root segment, and L, is the
length of the root segment between the potential electrodes (1.5 cm).
3.3. Microscopic Sections of Root Samples
After each SIP measurement on a root segment, a root sample was excised at the exact measurement location
(at the collar) and preserved in a fixing solution for later microscopic analysis. Maize root samples were fixed
EHOSIOKE ET AL. 7 of 25
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Figure 5. Average electrical responses of several Maize and Brachypodium roots at 8 DAS (a) average impedance magnitude
and (b) average phase.

in methanol before being embedded in paraffin. Due to the small size and fragility of Brachypodium roots, they
were fixed in 4% paraformaldehyde (PFA) and then embedded in paraffin-agar. Thin sections of 5 pm were
obtained from the root samples using a microtome (Microm HM355S, ThermoFisher, Geel, Belgium). The thin
sections were mounted on a glass slide and stained with hematoxylin and eosin (H&E) for easier identification of
the cellular features. The stained sections were scanned using a microscope at 40X magnification (Nanozoomer
S360, Hamamatsu, Herrsching am Ammersee, Germany). The scanned images were analyzed using RootAna-
lyzer (Chopin et al., 2015) to obtain characteristic cellular features.

4. Results and Discussion
4.1. Impedance and Phase Response of Root Segments

The average complex impedance of the Maize and Brachypodium roots at 8 DAS is shown in Figure 5. The
impedance magnitude of Maize roots is relatively low (284 k) compared to that of Brachypodium (5,600 k€).
Therefore, larger phase errors are expected for the Brachypodium roots. The average maximum phase response of
the root segments at 8 DAS is 0.49 rad at 3.9 kHz and 0.53 rad at 6.3 kHz for Maize and Brachypodium, respec-
tively, which implies that the signal is higher than the measurement errors (Figure 4). This indicates that the
observed polarization is mainly from the roots and not due to electromagnetic coupling effects. The polarization
peaks occur at ~10 kHz, which is very high compared to the low-frequency polarization peaks reported by several
other studies for larger diameter roots (Table 1).

Electrical Resistivity and Polarization Response of Various Species

Reference Species (diameter) Water content (%) Resistivity (Qm) Phase peak (mrad)  Frequency of the peak (Hz)

Schleifer et al. (2002) Ash (20 mm) Saturated 70 70 6

Zanetti et al. (2011) Poplar (6-7 cm) ~50 50 20 0.1

Martin (2012) Oak (20 mm) ~20 166 33 0.01

Mary et al. (2017) Poplar (35 mm) 17 731 9 0.2

This study Maize (8 DAS) (0.82 mm) Saturated 16.5 490 3,900
Brachypodium (8 DAS) (0.24 mm) Saturated 33 670 7,900
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Figure 6. Age effect on spectral-induced polarization of Maize primary roots. (a and b) The average resistivity magnitude
and phase response at 10 different ages, with error bars indicating the standard deviation of the replicates. (c) Average
resistivity magnitude at 1 Hz and 1 kHz. (d) Average phase response at the peak frequency and 1 kHz. (e) Average phase
response at two low frequencies (1 and 10 Hz) showing a different response compared to that at high frequencies. (f) Average
peak frequency.

4.2. Effect of Age on the SIP Signature of Roots

The effect of age on the electrical properties of Maize and Brachypodium roots is shown in Figures 6 and 7,
respectively. For both root types, the resistivity magnitude varied less among replicates at higher frequencies
above 1 kHz (Figures 6a and 7a), while the phase values varied less at lower frequencies below 1 kHz (Figures 6b
and 7b). The resistivity of Maize roots did not show a clear trend with age. At 1 Hz, it seemed to increase up to 18
DAS, after which the resistivity magnitude varied considerably. At 1 kHz, no clear trend was visible (Figure 6c).
A one-way ANOVA test revealed statistically significant differences in mean resistivity magnitude between ages
at 1 Hz and 1 kHz (both p = 0.007). A post-hoc analysis of the ANOVA results showed a statistically significant
increase in resistivity only between 8 and 18 DAS at 1 Hz (p = 0.018) and 1 kHz (p = 0.004). The phase showed
a statistically significant decrease with root age at the peak frequency (p < 0.001) and at 1 kHz (p = 0.035)
(Figure 6d). At low frequencies (1 and 10 Hz), no trend in the phase response of Maize roots was observed, and no
statistically significant difference was found (Figure 8e). The peak frequencies (Figure 6f) showed a statistically
significant increase (p = 0.039), between 8 and 29 DAS. Cseresnyes et al. (2018) also observed an age-dependent
decrease in phase response of intact Maize root systems, which was attributed to stress. The decrease in phase
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Figure 7. Age effect on spectral-induced polarization of Brachypodium primary roots. (a and b) The average resistivity
magnitude and phase response at 10 different ages, with error bars indicating the standard deviation of the replicates. (c)
Average resistivity magnitude at 1 Hz and 1 kHz. (d) Average phase response at the peak frequency and 1 kHz. (e) Average
phase response at 1 and 10 Hz showing a different response compared to that at high frequencies. (f) Average peak frequency.

with age we observed is considered to be due to aging related stress, which is known to influence the dielec-
tric properties of root tissues by altering the relative contribution of the apoplastic and symplastic pathways to
the impedance magnitude and phase shift (e.g., Aubrecht et al., 2006; Cseresnyes et al., 2013; Li et al., 2017).
Brachypodium roots showed no clear trend in resistivity magnitude, but there was an increase of the resistivity
magnitude between 8 and 11 DAS at 1 Hz and 1 kHz (Figure 7c). The phase response did not change with time
(Figures 7d and 7e).

4.3. Microscopic Analysis of Root Sections

Major structural changes are visible in the cortex during early stages of growth. Figure 8 shows microscopic
sections of three replicate Maize roots (plants A, B, and C) at 8 and 11 DAS. The formation of Aerenchyma
within the cortex of the Maize roots is clearly visible at 11 DAS. Aerenchyma are voids formed in the roots due
to nonpathogenic death of cortex cells (Deacon & Henry, 1978; Schneider & Lynch, 2018). Table 2 shows the
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Figure 8. Microscopic sections of three replicates of Maize primary roots at 8 DAS (top) and 11 DAS (bottom) taken at 1.5-cm distance to the seed. EP is the
epidermis, CO is the cortex, ME is the metaxylem, EN is the endodermis, and ST is the stele. Formation of Aerenchyma as a result of dead cortex cells is clearly visible
at 11 DAS, which reduced the number and size of the cortex cells. Scale bar = 250 pm.

Table 2

average size and number of various cell types of the Maize root replicates for both days. The average total root

area was higher at 11 DAS than at 8 DAS. However, the average cortex area decreased. Also, the average number

of cortex cells decreased by 20.6% from 8 to 11 DAS. Interestingly, the average area and number of Aerenchyma

increased by a factor of 16 and 11, respectively, between 8 and 11 DAS.

Figure 9 shows the microscopic sections of three Brachypodium roots for 8§ and 11 DAS. There are no Aere-

nchyma in the Brachypodium roots, but rather a shrinkage of the cortex cells was observed. It is unclear if

Analysis of Cross-Sections of Maize Roots at 8 and 11 DAS

Average area (pm?)

Average number

this is due to problems with the microscopic procedures or associated with
structural changes in the cortex with age. Table 3 shows the average size and
number of various cell types in the Brachypodium root replicates for 8 and 11
DAS. Again, the average total root area is higher at 11 DAS than at 8 DAS,
while the average cortex area decreased. The average number of cortex cells

Maize 8 DAS 11 DAS 8 DAS 11 DAS in Brachypodium decreased by 29.5% between 8 and 11 DAS.
Root 515,840 613,519 - - The longitudinal sections of Brachypodium and Maize roots obtained at 11
Epidermis 6,165 7,980 110 126 DAS are shown in Figure 10. The cortex cells of the Maize root are mostly
Cortex 243,742 147,693 544 432 damaged due to the formation of Aerenchyma. The longitudinal section of
Stele 40,947 37.673 750 805 Brachypodium root clearly showed that the cells are continuous without
i damage and no Aerenchyma are present. Since our setup allows for SIP
Endodermis 5,809 5,703 76 78 .
measurement on a root segment of 1.5-cm length, we do not expect major
Rl c LR PR e 7 structural variations in the longitudinal section of the root that will affect
Aerenchyma 9,207 151,055 2 22 our result.
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Figure 9. Microscopic sections of three replicates of Brachypodium primary roots at 8 DAS (top) and 11 DAS (bottom). No Aerenchyma were observed in
Brachypodium. Shrinkage of the cortex was observed, but it is unclear whether it was due to mechanical damage during the microscopic procedure or if it was a
structural change with age. Scale bar = 100 pm.

4.4. Linking Electrical Measurements With Microscopy Image Analysis

In a next step, the results of the electrical measurements and the microscopy image analysis are combined to
obtain insights into factors affecting the electrical properties of a root segment. The percentage change in resis-
tivity magnitude was highest (83.3%) between 8 and 11 DAS for Maize. The microscopy image analysis suggests
that this is linked with the appearance of Aerenchyma in the cortex at 11 DAS
(Figure 8). The direct implication of Aerenchyma formation is the reduction

Table 3 of the total area of living cells, while increasing the wall and void area (the
Analysis of Cross-Sections of Brachypodium Roots at 8 and 11 DAS difference between root area and area of cells). The wall and void density
Average area (pm?) Average number were obtained by dividing the wall and void area by the total root area, and
Brachypodium 3 DAS 11 DAS 3 DAS 11 DAS showed' a spemes—depender}t linear ?OTrelatlon with resistivity magnitude at
1 Hz with Pearson correlation coefficients of » = 0.84 (p = 0.018) and 0.87
Root 319,744 444,826 - - (p = 0.011) for Maize and Brachypodium, respectively (Figure 11). This
Epidermis 17,597 5,246 73 54 suggests that root resistivity at 1 Hz depends on wall and void density in
Cortex 140,809 118,398 169 119 roots, which agrees with the results of Ellis et al. (2013) who found that the
Stele 33.616 64.489 348 314 electrical impedance of a Vicia faba root system depends on tissue density.
Endodermis 6.854 10,993 56 55 This is Pecause at a low frequency of 1 Hz, curr.ent 1§ expected t9 pass
through intercellular spaces made up of walls and voids (Figure 1b) which are

Metaxylem 2,685 5,679 1 3 .. . . . . L.
usually more resistive than the cell interior. This explains why the resistivity
Aerenchyma 0 0 0 0 magnitude of roots in this study is higher at 1 Hz than at 1 kHz (Figures 6
EHOSIOKE ET AL. 12 of 25
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Figure 10. Longitudinal sections of Brachypodium (left) and Maize (right) primary roots at 11 DAS taken at 1.5-cm distance
to the seed. EP is the epidermis, CO is the cortex, and ST is the stele. Aerenchyma are visible in the Maize cortex but absent
in Brachypodium. Scale bar is 100 and 250 pm for Brachypodium and Maize, respectively.
and 7), where the current is expected to cross the cell membranes and pass through the cell interior. The structural
changes such as shrinkage in Brachypodium root or Aerenchyma formation in Maize root would have increased
the wall and void density (Figure 11) which led to increased resistivity at 1 Hz. The structural changes are more
pronounced in Maize roots between 8 and 11 DAS and may have caused a weaker correlation in Maize compared
to Brachypodium.
The relaxation times were obtained for all replicates of Maize sampled between 8 and 29 DAS. The relaxation
time is defined by
1
L @)
where @, is the angular frequency at which the maximum phase shift occurs (e.g., Biicker & Hordt, 2013). A
trend analysis of the decrease in phase and relaxation time with age for Maize root showed a significant correlation
a) Maize b) Brachypodium
35 70
r=0.84 r=0.87
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Figure 11. The relation between resistivity magnitude at 1 Hz and wall + void density in the primary roots of (a) Maize and
(b) Brachypodium.
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Figure 12. Decrease in phase peak and relaxation time with age observed in primary roots of Maize.

(Figure 12) with a Pearson correlation coefficient of r = —0.7 (p < 0.001) and r = —0.57 (p < 0.001) for phase
and relaxation time, respectively. This indicates that there is an age-related decrease in polarization response of
Maize roots at high frequencies above 1 kHz, which agrees with the age-related polarization changes in Maize
root previously reported by Cserenyes et al. (2018). This consistent decrease in polarization with age is probably
due to Aerenchyma formation because of the death of cortex cells that occurred from 11 DAS and increased until
29 DAS (see Figure B1), which would have altered the geometrical properties of the root segment as a cylindrical
capacitor which was described by Dalton (1995).

At the microscopic scale, a negative linear correlation (independent of plant species) was found between phase
peak and root area (Figure 13; » = —0.70, p = 0.005). When examined per species, the correlation remained
significant for Brachypodium (r = —0.72, p = 0.05) but disappeared for Maize (r = —0.45, p = 0.18). Larger root
area means that there are more cells in the root which should lead to stronger phase signals at high frequencies
because the current passes through the entire cells, crossing various membranes (Figure 1d), thus a positive corre-
lation is expected. The negative correlation of phase peak with root area observed here is because the root area
increased by 18.9% and 39.1% between 8 and 11 DAS for Maize and Brachypodium respectively, but the area of
the cortex cells decreased by 39.4% in Maize due to Aerenchyma formation that resulted from the death of cortex
cells (Figure 8), and 15.9% in Brachypodium due to shrinkage (see Figure C1). These structural changes severely
reduced the size of the living cells through which the current would have passed (Figure 1d) to increase the phase
signal. A decrease in Phase peak with increasing wall and void density was also observed (Figures 13d—13f)
for the same period which suggests that the decrease in living cells might have led to increase in wall and void
density. The loss of correlation observed in Maize (Figure 13c) might be due to the larger decrease in Maize
cortex area (39.4%) which is more than double that of Brachypodium (15.9%).

Relaxation time correlated positively with root area for Brachypodium roots, but showed a negative correlation
for Maize roots (Figures 13h and 13i) which might be due to species effect on root electrical response. A positive
correlation was found between the phase peak and cortex area in Maize (Figure 14b) between 8 and 11 DAS,
but not in Brachypodium (Figure 14a). In the same period, the wall and void density correlated positively with
Aerenchyma area (Figure 14e). All these are clear indications that the phase response in roots is controlled by
root area with living cells.

4.5. Intraspecies and Interspecies Variability

The impedance magnitude, resistivity magnitude, and phase response of three Brachypodium and three Maize
root segments at 8 DAS with an average diameter of 0.3 and 1.1 mm, respectively, are shown in Figures 15a—15f.
At 1 Hz, the impedance magnitude of Brachypodium roots ranged from 4.5 to 7.4 MQ, with an average of
5.6 MQ and a standard deviation (SD) of 1.5 MQ (Figure 15a), while the resistivity magnitude ranged from
18.7 to 49.9 Qm with an average of 30.4 Qm (SD = 12.9 Qm) (Figure 15b). The Brachypodium roots showed
strong polarization (Figure 15¢) with peak values ranging from 0.45 to 0.58 rad with an average of 0.52 rad
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Figure 13. The relation between phase peak and total area (a—c), phase peak and wall + void density (d—f), relaxation time and root area (g—i) of primary roots of

Brachypodium and Maize.

(SD =0.08 rad) and a mean peak frequency of 6.3 kHz (SD = 1.8 kHz). The impedance magnitude of Maize roots
at 1 Hz ranged from 258 to 317 kQ with a mean value of 284 kQ (SD = 30.4 kQ) (Figure 15d), while the resistiv-
ity magnitude at 1 Hz ranged from 15.8 to 19.0 Qm with a mean value of 16.5 Qm (SD = 2.3 Qm) (Figure 15e).
Maize roots also showed a strong polarization (Figure 15f) and the peak values ranged from 0.47 to 0.54 rad with
an average of 0.49 rad (SD = 0.04 rad) at a mean peak frequency of 3.9 kHz (SD = 1.8 kHz).

The results show that the impedance and resistivity magnitude of the Maize root replicates were less variable
compared to Brachypodium. In addition, the average phase peak values were higher in Brachypodium (0.52 rad)
than in Maize (0.49 rad) with a difference of 0.18 rad. A paired sample ¢-test was used to confirm that the observed
difference between the phase values of both species were not significant (p = 0.053). However, the frequency of
the phase peak was significantly higher for Brachypodium (6.3 kHz) than for Maize (3.9 kHz) (p = 0.007).

We expected that plants of a given species grown under identical conditions would show similar electrical signa-
tures. It is clear from Figure 15 that different plants of the same species showed a similar shape of the SIP spec-
tra, with higher deviations in terms of resistivity magnitude observed in Brachypodium (17 Qm) than in Maize
(2.5 Qm). These variations in resistivity magnitude within a single species could be due to a disparity between
the age of the plants which was determined as DAS and the actual age of each root replicate. Germination did not
occur uniformly among all replicates so that some plants may have been younger at the time of measurement. The
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Figure 14. The relation between phase peak and cortex area (a and b), wall + void density and cortex area (c and d) of
Brachypodium and Maize root segments, respectively. The Aerenchyma area correlated positively with wall 4+ void density
(e) and negatively with cortex area (f) for Maize root segments.
observed intraspecies variability may also be an indication of the varying physical state of each replicate at the
time of measurement. For example, one replicate could have lost more water due to evaporation before and during
measurements. Future experiments should consider pregermination of seeds, selection of uniform seedlings and
thinning the plants about 1 week after planting as a way to obtain a more uniform plant population that will help
to minimize intraspecies variability.
Brachypodium roots had a higher resistivity magnitude and a larger phase peak at higher frequencies compared
to Maize roots. This large difference between the two species is related to morphological and anatomical differ-
ences between the species as shown in Tables 2 and 3. The average area of Brachypodium primary roots was
38% smaller than that of Maize primary roots at 8 DAS and the cortex size and number were also smaller by 42%
EHOSIOKE ET AL. 16 of 25
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Figure 15. The impedance magnitude, resistivity magnitude, and phase responses of; (a—c) three Brachypodium roots, (d—f) three Maize roots of the same age (8 DAS)

grown in the same conditions.

and 68.9%, respectively. However, the size of the epidermis in Brachypodium is 185% larger than that of Maize
at 8 DAS (Tables 3 and 2). The average phase values of both species overlapped at low frequency (<10 Hz) but
showed a large disparity at higher frequencies (Figures 15c and 15f).

4.6. Root Differentiation From Soils

In this study, the average resistivity of the root segments of Maize and Brachypodium at 8 DAS was 16.5 and
30.5 Qm, respectively, while their phase values averaged 0.49 and 0.52 rad, respectively, at 10 kHz. These resis-
tivity values are much lower than typical values for saturated sand (110-225 Qm) and dry sand (400-1,000 Qm)
but similar to that of till (17-28 Qm) as described by Ernston and Kirsch (2006). In field conditions, increasing
temperature and fluid salinity also affects soil resistivity (Kizhlo & Kanbergs, 2009), which might make it diffi-
cult to differentiate roots from soil based on resistivity alone. The phase peak values of Maize and Brachypodium
roots were found to be much higher than that of geological materials, which usually occur within the range of
0.2-20 mrad (Binley et al., 2005; Boerner et al., 1996). Even at low frequency (10 Hz), Maize and Brachypodium
primary roots showed a phase response of 51 mrad (Figure 6e) and 52 mrad (Figure 7e), respectively, which is
still higher than that of most geological materials. This means that fine roots of crops such as Maize and Brachy-
podium can potentially be differentiated from soils based on their polarization strength if sufficient root volume
is present.

5. Conclusions

We presented a sample holder to determine the complex electrical resistivity of root segments in a frequency
range from 1 to 45 kHz. Our results show that the electrical response of fine root segments varies with age and
species. Our microscopic analysis points toward root anatomy as a controlling factor for the electrical signature
of roots. The resistivity magnitude correlated with wall and void density in both species, while phase peak corre-
lated with root area but was affected by wall and void density in Maize. A decrease in relaxation time and phase
observed in Maize was linked with Aerenchyma formation which increased wall and void density while reducing
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the total area of cells. This leads us to conclude that the resistive response of the root segments depends on the
wall and void density while the phase response is controlled by total area of the root with living cells. It is also
clear from our results that fine root segments of crops such as Maize and Brachypodium can be differentiated
from soils based mainly on their stronger polarization response. Further SIP studies targeting roots at the field
scale should be performed and interpretations of the results should integrate the understanding of root electrical
properties at the segment scale. This will provide useful information that will help to better understand the contri-
bution of roots to the biogeochemical dynamics of the critical zone.

Appendix A: Root Systems of Brachypodium and Maize Plants

Brachypodium (B. distachyon L.) and Maize (Z. mays L.) are both monocotyledons belonging to the Poaceae
family, which is a very important family in terms of economic value. The complexity of the monocot root system
depends on the species and the environmental conditions (Hardtke & Pacheco-Villalobos, 2015). However, they
generally have a rather fibrous root system.

Al. Brachypodium Root System

Brachypodium has all characteristics of a monocot root system but with minimal complexity compared to other
monocot species (Chochois et al., 2012; Hardtke & Pacheco-Villalobos, 2015), as shown in Figure Ala. The root
system of Brachypodium consists of one axial primary root developed during embryogenesis without any seminal
root, and postembryonic roots categorized as coleoptile node roots (CNR) and leaf node roots (LNR) depending
on the location of emergence. The lateral LNR are sometimes absent, e.g., when Brachypodium is grown in solu-
tion (Poire et al., 2014). The primary root and CNR are always present and active for the entire life span of the
plant (Hardtke & Pacheco-Villalobos, 2015).
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Figure Al. The root systems of (a) Brachypodium (Brachypodium distachyon L.) and (b) Maize (Zea mays) with the location of the primary roots investigated in this

study.
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A2. Maize Root System

Maize is an herbaceous monocot with an annual cycle (Alarcon et al., 2014). Its root system (Figure A1b) is cate-
gorized into embryonic and postembryonic roots (Feldman, 1994; Kiesselbach, 1999) based on the stage of forma-
tion. The embryonic roots of Maize consist of one primary root and several seminal roots (Hochholdinger, 2009),
while the postembryonic roots of Maize consist of shoot-borne roots and lateral roots. The primary root is formed
endogenously in the embryo (Yamashita, 1991), and it emerges from the base of the seed. The primary root
is essential in the early stages of development. The primary roots may or may not remain functional during
the life cycle of the plant. Some genotypes have active primary roots in their entire life cycle (Kausch, 1967;
Kiesselbach, 1999), whereas other genotypes have primary roots that become inactive after the emergence of
shoot-borne roots (Feldman, 1994).

Appendix B: Microscopic Sections of Maize Primary Roots From 8 to 29 DAS

Figure B1 shows that Aerenchyma first appeared in Maize primary roots at 8 DAS and remained till 29 DAS.
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Figure B1. Microscopic sections of Maize primary roots showing the presence of Aerenchyma from 11-29 DAS.
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Appendix C: Microscopic Sections of Brachypodium Primary Roots From 8 to 29 DAS
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Figure C1. Microscopic sections of Brachypodium primary roots showing visible shrinkage between 8 and 29 DAS.
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Figure C1 shows that significant shrinkage occurred in Brachypodium primary roots between 8 and 29 DAS.
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