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Abstract

This Expert View provides an update on the recent development of new microsensors, and briefly summarizes some
novel applications of existing microsensors, in plant biology research. Two major topics are covered: (i) sensors
for gaseous analytes (O,, CO,, and H,S); and (ii) those for measuring concentrations and fluxes of ions (macro- and
micronutrients and environmental pollutants such as heavy metals). We show that application of such microsensors
may significantly advance understanding of mechanisms of plant-environmental interaction and regulation of plant
developmental and adaptive responses under adverse environmental conditions via non-destructive visualization of
key analytes with high spatial and/or temporal resolution. Examples included cover a broad range of environmental
situations including hypoxia, salinity, and heavy metal toxicity. We highlight the power of combining microsensor tech-
nology with other advanced biophysical (patch—-clamp, voltage-clamp, and single-cell pressure probe), imaging (MRI
and fluorescent dyes), and genetic techniques and approaches. We conclude that future progress in the field may be
achieved by applying existing microsensors for important signalling molecules such as NO and H,0,, by improving
selectivity of existing microsensors for some key analytes (e.g. Na, Mg, and Zn), and by developing new microsensors
for P.

Keywords: lon flux, microelectrode, micro-optode, MIFE, tissue CO,, tissue O,.

Introduction

Microsensors are useful tools in many areas of plant biology
where they are utilized to measure concentration profiles of
various gaseous or ionic analytes and the kinetics of their
changes. Microsensors are also widely used to study kinetics of
fluxes of analytes between tissues and the environment. In both
cases, the measurements are considered as non-destructive. The

small size of the microsensors and their fast response time make
them highly powertul tools to study temporal concentration
changes of the analyte in question, or its flux from the spe-
cific tissue. Such techniques can also be used to ‘map’ ion or
gas profiles around the plant tissue. This Expert View provides
an update on the recent development of new microsensors,
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and briefly summarizes some novel applications of existing
microsensors. We hope that such information might inspire
new research lines and assist in addressing some long-standing
questions in the field of plant biology.

Microsensors have high spatial resolution due to the small tip
size. As a rule of thumb, the spatial resolution of a microsensor
is equal to the diameter of the tip. This is mainly due to phys-
ical impact considerations since microsensors with larger and
reinforced tips can be constructed to have the same low con-
sumption rate of the analyte but the physical impact on the
plant tissue is considerably higher. At present, the smallest
Clark-type O, microsensors have tip diameters of ~3 um
(Table 1) meaning that gradients in O, can be resolved not only
at the tissue level (Weits et al., 2019) but also to some extent at
the cell level. This is also true for ion-selective microelectrodes
that typically have a tip diameter of 3—4 pm and thus allow
the kinetics of ion exchange from the single cell (Tegg et al.,
2005) or isolated cellular organelles to be quantified (Pottosin
et al., 2009).

Generally, microsensors exhibit fast responds to concen-
tration changes in analytes compared with their macrosensor
counterparts. Fast diffusional equilibration of concentration
gradients around the sensor tip is the main reason for the rapid
responses. For Clark-type gas sensors, the tiny membrane sep-
arating the sensor interior from the environment and the close
proximity of internal electrodes to the membrane are essential
for the fast response. Clark-type O, microsensors can be made
with a response time of <200 ms, for example enabling layer-
specific measurement of photosynthetic rates in millimetre

thick microbial mats (Lassen et al., 1998). Most ion-selective
microelectrodes using liquid ionophores [liquid ion exchan-
gers (LIXs)| have similarly fast response times.

Here we restrict our focus to microsensors for inorganic
analytes since microsensors for organic compounds, including
phytohormones, have recently been reviewed (Sadanandom
and Napier, 2010; Walia et al., 2018). Microsensors for inor-
ganic compounds may be divided into (i) gaseous analytes with
emphasis on O, and CO,; and (ii) ionic analytes mainly to
quantify fluxes of essential macro- and micronutrients and en-
vironmental pollutants (e.g. heavy metals) between plant tissues
and the environment using microelectrode ion flux measure-
ments (the MIFE technique), with the key developments pre-
sented in Box 1. We use the term ‘microsensor’ whenever the
sensor is combined into a single unit. This is the case for an
amperometric sensor where the anode and cathode are fused
into one sensor or for a voltametric sensor where the reference
and measuring electrode are combined into a single unit. The
term ‘electrode’ is used when an external ‘reference’ is needed.
In addition to the microsensors covered by this Expert View,
other microsensors are available, some of which could be of po-
tential use in plant biology. Examples include a spherical light
sensor with a typical diameter of the light-sensing sphere of
only 70 um (Lassen et al., 1992), but the N,O (Andersen ef al.,
2001) or CH, (Damgaard and Revsbech, 1997) microsensors,
both with tip diameters down to 20 pm, might also be of
interest to plant biologists. Interestingly, the NO or H,O,
microsensor has not yet been introduced in plant biology (see

Table 1. Selected examples of recent application of microsensors and microelectrodes for various gaseous or ionic analytes in

plant biology
Analytes Electrode type/tip size/technique Examples of recent application in plant biology
Oxygen (O,) 0.1-0.5 pm (carbon fibre) O, dynamics in plant tissues (Mori et al., 2019; Weits et al., 2019;

1-100 pm (Clark-type)
50-500 pm (glass fibre)

Carbon dioxide (CO,) 30-50 um
Hydrogen sulfide (H,S) 10-100 um
Nitric oxide (NO) 15-100 um
Hydrogen peroxide 10 pm

(Ho05)

Nitrate (NO3) NMT technique
Ammonium (NH,") NMT technique
Potassium (K*) MIFE technique

Sodium (Na*) MIFE technique
NMT technique
Calcium (Ca*) NMT technique

MIFE technique
Hydrogen (H") MIFE technique

Cadmium (Cd?*) NMT technique

Lead (Pb*) NMT technique

Alova et al., 2020; Brodersen et al., 2020; Pedersen et al., 2020)

Tissue CO, dynamics and CO, fluxes (Pedersen et al., 2018;
Brodersen et al., 2020; Colmer et al., 2020)

H,S intrusion in seagrasses (Brodersen et al., 2017, 2018; Johnson
etal., 2018)

See Meng et al. (2017) for an example in medicine

See Kulagina and Michael (2003) for an example in medicine or
Koren et al. (2016) for an example in microbiology

Sa et al. (2019) influence of ectomycorrhiza; Tang et al. (2019)
interaction between NO3;™ and NH,*

Effects of brassinosteriods (Anwar et al., 2019); effects of Si (Sheng
etal., 2018)

Hypoxia tolerance (Gill et al., 2018); ROS regulation (Wang et al.,
2018); nanoparticles (Wu et al., 2018)

Screening for SOS1 activity (Wu et al., 2019); salinity tolerance in
rice (Liu et al., 2019); effects of ATP (Zhao et al., 2016)

Effect of B (Zhou et al., 2017); salt tolerance in cereals (Wang et al.,
2018)

Effect of GABA (Su et al., 2019); salinity tolerance in Cucurbitaceae
(Huang et al., 2019); B and Al toxicity (Li et al., 2018)

Interaction between Zn and Cd (Wu et al., 2019);
hyperaccumulators (Zhang et al., 2016)

Effects of NO (Wu et al., 2019)
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Box 1. Key developments in microsensors for the plant biologists

e Oxygen (O,) Molecular O, can be measured with amperometric or optical microsensors.

A current application of the world’s smallest Clark-type O, sensor with a tip diameter of only 3 pm
revealed the existence of stem cells enveloped in a hypoxic niche of the shoot apical meristem of
Arabidopsis (Weits et al., 2019); see Box 3.

e Carbon dioxide (CO,) A novel amperometric CO, microsensor with a tip diameter of 35 nm has
recently been used to ‘unlock the doors to a secret chamber’ inside roots and leaves of plants.
The CO, microsensor enabled acquisition of tissue CO, dynamics in leaves of C; and CAM plants
(Pedersen et al., 2018) or tissue-specific CO, concentrations in waterlogged roots (Colmer et al.,
2020); see Box 2.

¢ Sulfide (H,S) A H,S microsensors with a tip diameter of 25 pm was used under challenging
field conditions to demonstrate intrusion of toxic H,S into belowground tissues of a seagrass
(Brodersen et al., 2017). In the laboratory, measurements of tissue H,S dynamics have revealed
key environmental conditions resulting in H,S intrusion (Johnson et al., 2018).

¢ Nitric oxide (NO) NO plays a key role in a number of signalling processes during abiotic stress
responses in plants (Yu et al., 2014). However, even if the NO microsensor (tip diameter down to
15 pm) is commercially available, it has not yet been applied to plant tissues.

e Essential macro- (K, Ca, Mg, NH,, NO;, and SO,) and micro- (Cu, Zn, Cl, and Ni) nutrients
Commercial liquid ion exchangers (LIXs) are available for these nutrients as well as some other
ions of interest (H*, Na*, Cd?*, Pb?*, and Li*). Microelectrodes are prepared on a daily basis and
have a shelf-life of 10-12 h without any significant changes in their characteristics. The electrode
tip diameter is typically 2-3 pm, and net ion fluxes can be measured by the MIFE system with
high temporal (~5 s) resolution from a broad range of plant systems—from root (e.g. epidermis,
cortex, or stele) and leaf (mesophyll or epidermis) tissues to single cells (e.g. stomatal guard
cell, pollen tube, or root hair) and isolated organelles (vacuoles or chloroplasts). Thus, the
MIFE technique represents a powerful tool for revealing and quantifying the role of specific ion
transporters in plant adaptive responses to salinity, waterlogging, osmotic stress, chilling, acidity,
elicitors, and oxidative stress, as well as to understand the signalling cascades mediating plant-
environment interactions.

~ 0O, optode

CO, microsensor

The novel CO, microsensor, a conventional O, microsensor, and an O, optode hover above the root of a chickpea
seedling. The two microsensors can be moved simultaneously to obtain discrete measurements of O, and CO, in the
diffusive boundary layer enveloping the root. These measurements are subsequently used to calculate fluxes of O,
(consumption) and CO, (production) between the medium and root tissues (see text).
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Table 1) although both analytes serve as important regulatory
or signalling molecules (Slesak et al., 2007; Wany et al., 2017).

Gaseous analytes (O,, CO,, and H,S)
Oxygen (O.)

Most O, microsensors are miniaturized Clark-type sensors
(Clark, 1956). At air equilibrium, a typical signal from a
Clark-type O, microsensor is 100 pA. Thus, this type of O,
microsensor consumes a very insignificant amount of O;
it would take 35 years for such a sensor to consume all O,
present in 1 ml of water initially at air equilibrium at 25 °C
(Gundersen et al., 1998). Nevertheless, the fact that there is
some oxygen consumption by the sensor also makes the Clark-
type microsensors slightly sensitive to stirring (between 1% and
3% for a typical microsensor; Revsbech, 1989). This sensitivity
is a function of the response time; the faster the response time,
the higher the stirring sensitivity.

In contrast to the Clark-type O, microsensor, the O, micro-
optode is neither sensitive to stirring, nor does it consume O,
(Klimant et al., 1997). The O, micro-optode is likewise a mini-
aturized version of its macro counterpart where a fibre glass is
coated with luminophores that emit light when excited with
either red or blue light. The emitted light is, however, quenched
in the presence of O, in a characteristic way so that the O, con-
centration can be determined. Optode-based microsensors for
O, are particularly sensitive at low O, concentrations since the
signal of the sensor increases with declining O, concentrations,
and, by selection of suitable luminophores and polymers, the
detection limit may be brought down into the low nanomolar
range (Lehner ef al., 2015). It should, however, be kept in mind
that an O, micro-optode does not respond as fast as a Clark-
type O, microsensor and a wide range of compounds (mainly
organic) can interfere with the signal. For a plant biologist, the
main disadvantage is the flexible nature of the fibre that makes
is difficult to penetrate plant tissues. This is not an issue with the
Clark-type sensors where the tips can be made very small (e.g.
35 pm, Table 1), and the stiffness of the glass capillaries makes
the sensors particularly suitable for penetrating plant tissues.

A carbon fibre-based O, nanoelectrode is an exciting de-
velopment in the attempt to make the O, sensor even smaller
(Alova et al.,2020).The tip size is an order of magnitude smaller
than that of the smallest Clark-type sensors (Weits et al., 2019)
but the carbon fibre electrode needs further technical develop-
ment in order to demonstrate its potential for extremely high
spatial resolution. So far, its application has been limited to
time series with relatively poor time resolution (6 s; Alova et al.
(2020); the best Clark-type O, microsensor would have 90%
response times of <200 ms (Lassen et al., 1997).

Recent applications of O, microsensors in plant
biology

A custom-built Clark-type O, microsensor was recently used
to reveal a hypoxic niche inside the shoot apical meristem of
Arabidopsis (Weits et al., 2019); see Box 2. The tip of the sensor
was only 3 pum, enabling insertion into 4-day-old seedlings.

High resolution tissue O, profiles in roots of chickpea were
also obtained by a Clark-type O, microsensor, revealing the ex-
pansion of an anoxic core as the external O, supply declined
(Colmer et al., 2020); see Box 2. The substantial drop in O, tissue
status inside the vascular cylinder is caused by a combination of
a low tissue porosity resulting in low diftusivity and a higher O,
demand inside the vascular cylinder as compared with the sur-
rounding porous cortex (figure in Box 3). Until now, only a small
number of studies used radial O, profiles in plant roots, and the
emphasis has been on monocots (Armstrong et al., 2019).
Recently, micro-optodes have been used to study O, dy-
namics in the stem of deepwater rice (Mori ef al.,2019) and the
shoot meristem of seagrasses (Pedersen ef al., 2016). Optodes
do not require calibration as often as Clark-type sensors and
are thus particularly useful for studies involving diurnal time
series of tissue O, dynamics. In both studies, the glass fibre was
embedded in a hypodermic needle to enable insertion of the
flexible glass fibre into the tissues; this allowed measurements
to be carried out under challenging field conditions. The de-
ployment of the O, micro-optodes in seagrasses lasted for up
to 24 h and revealed that anoxia during night-time was re-
placed with periods of hyperoxia only 9 h later with up to 50
kPa pO, inside the basal part of the shoot meristem (Pedersen
et al., 2016). In experiments with deepwater rice, continuous
O, measurements lasted even longer (up to 72 h; thanks to the
long-term stability of the O, optode and its excellent tempera-
ture compensation) and showed that the diurnal amplitude in
tissue O, was substantially higher in completely submerged
plants compared with those that were partially submerged
(Mori et al.,2019). Completely submerged plants were severely
hypoxic during the night-time but experienced hyperoxic
conditions during the day, with the tissue pO, up to 35 kPa.

Carbon dioxide (CO.,)

CO, microsensors of the Severinghaus-type (Severinghaus
and Bradley, 1958) have been constructed, but these are based
upon indirect measurements of CO, via changes in pH using
a pH-sensitive transducer embedded in a small reservoir with
bicarbonate and carbonic anhydrase added to speed up hydra-
tion of CO, (De Beer et al., 1997). These sensors are, however,
sluggish at low concentrations and respond to external CO, in
a logarithmic fashion with a poor resolution at high CO, con-
centrations; all these factors severely limited application of such
sensors. The breakthrough in the field was recently achieved
by producing a novel amperometric CO, microsensor with a
linear response to external CO,. This sensor has a typical tip
size of 30 pm and responds linearly from the detection limit

of 0.0005 kPa and up to 5 kPa pCO, (Revsbech et al.,2019).

Recent applications of CO, microsensors in plant biology

CO, exchange of plant tissues with the environment is rou-
tinely measured using infrared gas analysers (IRGAs), and the
intercellular CO, concentration can be inferred based on sto-
matal conductance (Long and Bernacchi, 2003). In stark con-
trast, the tissue concentration can be directly measured with
the CO, microsensor.
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(Licausi et al., 2011).

Box 2. A minute hypoxic niche of stem cells revealed with a 3 pm O, microsensor

In the study by Weits et al. (2019), a customized O, microsensor was used to demonstrate the
presence of a hypoxic niche in the shoot apical meristem of Arabidopsis. The presence of a hypoxic
tissue was inferred early on by hypoxic reporters, namely a group of genes and their associated
transcription factors that normally are only expressed during hypoxic conditions in the tissues

However, actual tissue measurements of molecular O, were lacking, and custom-built
microsensors with a tip diameter of only 3 pm were constructed to obtain convincing O,
measurements in intact tissues. These measurements revealed the existence of a hypoxic group
of ~30 cells within the shoot apical meristem of 4-day-old Arabidopsis. Oxygen partial pressure
(pO,) declined steeply from levels around air equilibrium to 5-7 kPa within a distance of only
10-20 pm. In the hypoxic niche, low oxygen levels control the rate at which new leaves are
produced by promoting the stability of a protein, named ZPR2, responsible for cell proliferation
and differentiation. Hypoxia within the group of stem cells is required to keep the meristem in a
functional state; hyperoxia resulted in cessation of leaf production from the shoot apical meristem.

Customized
microelectrode

hypoxic niche

%w%wﬂ

Data are means +SE, n=5; modified from Weits et al., (2019).

The world’s smallest Clark-type O, microsensor inserted into the shoot apical meristems of a 4-day-old Arabidopsis
seedling (left) and the resulting tissue O, profile (right) revealing a hypoxic niche enveloping the stem cells of the meristem.

50 100 150 200
Distance (um)

The novel CO, microsensor was used in a combination with
a conventional O, microsensor to elucidate leaf tissue CO,
and O, dynamics of a C; and a CAM (crassulacean acid me-
tabolism) plant with high temporal resolution (Pedersen ef al.,
2018).The study showed that during the night, pCO, accumu-
lated inside the leaves of the C; plant and reached 3.5 kPa. In
the CAM plant, fixation into malate kept CO, near the detec-
tion limit of the sensor during most of the dark period until
the carboxylation capacity was reached, whereafter CO, also
increased in the CAM plant. Night-time leaf pO, was below
air equilibrium in both the C; and the CAM plant, with pO,
approaching anoxia in the C; plant. During the day, CO, was
rapidly depleted in the Cj plant but was high in the CAM
plant as a result of decarboxylation of malate. Interestingly, leaf
pO, of the C; plant peaked in the presence of the accumulated
respiratory CO, but declined rapidly as this source of CO, was
again depleted. The temporal resolution obtained in the study
was unparalleled and revealed new insight into the exciting
contrast between C; and CAM photosynthesis as related to
tissue CO, and O, dynamics.

In addition to providing the first radial concentration pro-
files of CO, in roots (Box 3), the CO, sensor was also re-
cently used to establish fluxes of respiratory CO, between

the roots and the surrounding medium (Colmer et al., 2020).
Based on simultaneous measurements of CO, and O, in the
diffusive boundary layer enveloping the root (figure in Box
1), the CO, efflux can be calculated using a modified ver-
sion of Fick’s First Law (Henriksen et al., 1992). The study
showed that the respiratory quotient of the roots increased
from slightly above 1 with external O, in the liquid medium
at air equilibrium, to ~5 when the external O, supply was
lowered to 3.7 kPa.

Finally, the use of the novel CO, microsensor has revealed
that a dense layer of epiphytes on leaves of seagrasses greatly
depletes CO, as the leaf and the microalgae compete for CO,
during the light (Brodersen et al., 2020). It was also shown that
CO, accumulated near the leaf surface during darkness since
the epiphytic microalgae extend the diffusive boundary layer
and thereby increase the diffusive resistance to CO, exchange
with the surrounding seawater.

Sulfide (H,S)

The chemical equilibrium of sulfides is mainly controlled
by pH so that gaseous H,S dominates at low pH, with the
ionic forms (HS™ and S**) dominating at neutral and high pH.
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concentration profiles were not known.

consumption of O,.

Box 3. Radial O, and CO, concentration profiles in roots of chickpea

The construction of a novel CO, microsensor has enabled measurements of tissue-specific
concentrations of CO; in plant tissues (Pedersen et al., 2018; Colmer et al., 2020). Radial O, profiles
have been taken from roots of monocots or dicots for a number of years, but the associated CO,

Using roots of 7-day-old chickpea seedlings, measurements of CO, and O, revealed very
contrasting radial concentration profiles. For CO,, the concentration increased towards the root
surface since CO, was being produced in respiration and/or fermentation. Inside the cortex, the
concentration profile was relatively flat due to the high diffusivity in the porous tissues and the
concentration again rose inside the stele where porosity was low and where the produced CO,
then had a tendency to accumulate. For O,, the situation was the opposite, with high external O,
concentrations that declined toward the root surface but again showing a flat radial concentration
profile in the porous cortex; the stele was severely hypoxic/anoxic due to low diffusivity and high

Moreover based on concentration gradients in the diffusive boundary layer, the application of
the CO, sensor also enabled measurements of fluxes as CO, diffused from the root tissues to the
surrounding medium. These measurements revealed interesting patterns in the respiratory quotient
when the external O, supply became rate limiting for oxic respiration (see text).
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Cross-section of a chickpea root showing the scar left by the CO, microsensor (left). The sensor penetrated the root
surface and stopped in the centre of the stele. Radial tissue CO, and O, profiles also from a chickpea root measured in
experimental condition mimicking waterlogging (right); modified from Colmer et al. (2020).
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Microsensors are available for H,S as well as for S*~ (Kiihl and
Steuckart, 2000) but, in plant biology, emphasis has been on
H,S since the gas can diffuse and spread quickly in porous tis-
sues and aerenchyma the same way as O, and CO, (Pedersen
et al., 2004).

The study of H,S intrusion into roots of seagrasses has long
had high priority in seagrass research since H,S poisoning is
suspected to play a key role in die-back events observed glo-
bally (Koch et al., 2007). In the sea bottom, sulfides are pro-
duced by sulfate-reducing bacteria, but a microshield of O,
resulting from the radial O, loss (ROL) from the roots can
oxidize sulfides before these enter the belowground tissues
(Brodersen et al., 2015, 2018); see Fig. 1 for an example of
microsensors in action inside a stand of seagrasses. However,
poor O, status of the roots can result in H,S intrusion that
spreads to tissues that are sensitive to H,S poisoning (Johnson
et al., 2018). Recent field studies revealed that deposition of
fine clay particles, resulting in decreased photosynthesis during
the day (due to shading) and high resistance to O, uptake

during the night (due to thicker diffusive boundary layers), can
lead to a critically low O, status of the roots followed by H,S
intrusion that subsequently spreads to the sensitive shoot meri-
stem (Brodersen et al., 2017). Moreover, H,S can also play a
role in breaking seed dormancy (Corpas ef al., 2019) but, to
our knowledge, measurements of internal concentrations of
H.S in seeds are still lacking.

lonic analytes

Monitoring changes in intracellular ion concentrations is es-
sential not only for diagnostics of plant nutritional status but
also for understanding mechanisms of plant responses to ad-
verse environmental conditions. Traditionally, cytosolic free
Ca”" has been considered as an important ‘second messenger’
mediating a broad range of adaptive and developmental re-
sponses in plants (Konrad et al., 2018). Recently, changes in
cellular K (Rubio et al., 2020; Shabala, 2017), nitrate (Vega
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Box 4. The MIFE technique for non-invasive ion flux measurements

M

T

The MIFE technique enables measuring kinetics of net ion fluxes across cellular membranes
with high temporal (5 s) and spatial (several micrometres) resolution. Microelectrodes are pulled
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from borosilicate glass capillaries to have a tip diameter of ~2 pm. Electrodes are back-filled with
an appropriate solution and then front-filled with commercially available cocktails. Electrodes

are then mounted on a multi-manipulator providing 3-dimensional positioning and calibrated in
the set of standards, specific for each ion. The plant specimen is immobilized in the measuring
chamber (e.g. Petri dish; panel A), and electrodes are positioned next to the specimen (e.g. mature
epidermis of Arabidopsis root; panel B) at a small distance (typically ranging between 10 um

and 50 pm, depending on the heterogeneity of the tissue). This distance is small for the single-
cell measurements (e.g. isolated protoplast or vacuole, root hair, guard cell, or pollen tube) and
larger for more homogenous multicellular tissues such as root epidermis or leaf mesophyll. During
measurement, electrodes are moved in a square-wave manner (default setting 5 s/5 s cycle) by

a computer-driven stepper motor using a hydraulic manipulator, between the initial position and
another one, 20-50 um further away. Signals from each electrode are amplified and digitized by
MIFE electronics (panel C). The data acquisition is done by the CHART software, and the process
is visualized on the screen (panel D). The difference in electrode recordings between two positions
(measured in milli Volts) is a proxy for a concentration gradient and proportional to the magnitude
of the flux. If an ion is taken up by a plant cell, then the concentration at position 1 (closer to
specimen) will be lower than that at position 2 (further away). Vice versa, if an ion is expelled then
its concentration in the proximity of the cell will be higher. After the conclusion of the experiment,
the values of net fluxes across the tissue boundary (expressed in nmol m= s™) are calculated
from the recorded data using appropriate diffusion geometry profiles (e.g. cylindrical for the root,
planar for the leaf mesophyll, or spherical for the protoplast). The first 1-2 s after the movement
began were ignored to allow for both the movement (0.3 s) and the electrochemical settling of the
electrodes (Shabala et al., 1997).

Box 5. Combining microelectrode ion flux measurements with other electrophysiological and
imaging techniques

The power of the microelectrode ion-measuring technique is increased dramatically when
combined with other electrophysiological or imaging methods. This is illustrated by several
examples below. The first combination of the MIFE and patch-clamp method was published

~20 years ago (Tyerman et al., 2001). Being applied to protoplasts isolated from wheat root cortex,
and combining MIFE H* flux measurements with records of the reversal potential difference
(measured in the current clamp mode in the whole-cell patch configuration), this work has revealed
the critical role of the H*-ATPase pump in generating sustained 40-60 min period oscillations in root
cells (panel A).
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(A) Oscillations in net H* fluxes (red) and resting potential difference (blue) recorded in the current clamp mode from wheat
cortical root protoplasts. The resting potential difference oscillated in phase with the oscillations in net H* flux and was
fully suppressed by vanadate (a known H*-ATPase inhibitor). Based on Tyerman et al., (2001).
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At about the same time, the MIFE technique was combined, for the first time, with the voltage—
clamp method, to understand the role of voltage-gated K* channels in Arabidopsis root responses
to low pH stress (Babourina et al., 2001).

(B) An Arabidopsis root hair with an impaled double-barrelled microelectrode (left) for voltage—clamp and current
measurements and a MIFE ion-selective K* electrode located several micrometres from the root hair surface (right).
From Babourina et al. (2001).

More recently, combination of MIFE and fluorescence dye confocal imaging was used to reveal the
role of the meristem as a potential salt sensor in plant roots (Wu et al., 2018). While SOS1-mediated
net Na* efflux from the elongation zone showed strong correlation with genotypic and interspecific
difference in salt tolerance, tolerant genotypes and species have accumulated much more Na in the
root meristem (panel C).
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(C) Net Na* fluxes measured from the elongation root zone of two bread wheat genotypes contrasting in salinity stress
tolerance (Kharchia 65, tolerant; Belgrade 3 sensitive; left panel). This efflux is mediated by the SOS1 Na*/H* exchanger
and explains the genotypic difference in salt tolerance between bread and durum wheat (central panel). However, the
intensity of CoroNa Green fluorescence dye was much stronger in the meristematic cells in tolerant genotypes (right
panel), indicating high specificity of cellular responses to salinity. From Wu et al. (2018).
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Fig. 1. Microsensors enable in situ tissue measurements of, for example, tissue O, and H,S dynamics under field conditions. The photos show oxygen
and sulfide microsensors inserted into the rhizome of the seagrass, Thalassia testudinum, at 6 m depth in the Caribbean. (A) The electronic amplifier
and two replicate set-ups and (B) details of one set-up with a micromanipulator and microsensor. (C) The type of data that can be obtained from in

situ deployments of microsensors where light and temperature fluctuate over a diel cycle (C, upper panel) and the resulting internal O, dynamics in the
belowground rhizomes of the seagrasses, T. testudinum and Syringodium filiforme (C, lower panel). (C) is reprinted from Holmer et al. (2009), Sulfide
intrusion in the tropical seagrasses Thalassia testudinum and Syringodium filiforme. Estuarine Coastal and Shelf Science 85: 319-326, Copyright (2009),

with permission from Elsevier.

et al., 2019), and ammonium (Liu and von Wirén, 2017) have
been added to the list of known ‘second messengers’. These
signalling molecules then direct changes in gene expres-
sion affecting plant metabolism, growth, and development.
Importantly, such signalling (and consequent transcriptional
and physiological changes) operates in a strict tissue- and cell-
specific manner, prompting the need to monitor changes in
cellular ion concentrations or fluxes with a high spatial reso-
lution. Ion-selective microsensors fully satisfy this requirement.

The most popular type of ion-selective microsensors are
potentiometric electrodes that use LIXs. Such a LIX (also
known as an ionophore) is a neutral macrocyclic ion carrier
that is dissolved in a viscous organic liquid membrane. When
the LIX ‘traps’ the analyte at the interface between the so-
lution and membrane, the charge separation occurs, leading
to changes in a phase boundary potential that is recorded
and then converted into ion concentration. For intracellular
ion measurement, the appropriate LIX must be imbedded
into a membrane matrix, because cell turgor will displace
a liquid membrane from the electrode tip, thereby chan-
ging or eliminating the sensitivity to the measuring ion. The
matrix used is usually a high molecular weight poly(vinyl
chloride), but can include other polymers, such as nitrocel-
lulose for additional strength (Miller and Smith, 2012). Also,
a simultaneous recording of membrane potential is required

for quantification of the concentration of the ion in question.
Thus, such intracellular ion concentration measurements are
conducted by the double-barrelled microelectrodes, with
one barrel containing a specific ion-selective LIX, and an-
other one used for voltage recording. Fabrication of such
double-barrelled microelectrodes is not a trivial task; this
explains the relatively small number of studies using this
technique. Another confounding factor is a difficulty with
impalement, with the electrode tip often being blocked by
the dense cytosol, or the impalement being rapidly lost (in
fast-growing tissues such as root or shoot apical parts).

A very effective way to overcome the above limitations
of the impaled method is to use non-invasive ion-selective
microelectrodes to measure net fluxes of ions across the cel-
lular membranes. Three concurrent systems have been de-
veloped and became commercially available for users: (i) the
MIFE system designed and manufactured by the University
of Tasmania (Shabala et al., 1997; Shabala et al., 2006); (ii) the
SIET (Scanning lon-Electrode Technique) system; and (iii)
the NMT (Nutrient Micro-Test) system (a commercial ser-

vice provided by Xuyue BioFunction Institute in Beijing).

‘While each of these systems uses different hardware and soft-
ware (see Newman ef al., 2012 for comparative analysis), the
major principle is the same. Each method uses ion-selective
microelectrodes that are moved between two positions: close
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to, and further from, the cellular membrane (Box 4). The
system then records the voltage gradient between two posi-
tions and converts it into concentration parameters using the
calibrated Nernst slopes of the electrodes. Net fluxes of spe-
cific ions are then calculated based on specific diffusion pro-
files that reflect the specimen geometry (e.g. cylindrical for a
root or pollen tube, or spherical for an isolated protoplast or
vacuole). The travel range is set by the user and is typically in a
range of 10-50 um depending on the specimen. The time re-
quired for the electrode to move from one position to another
and reach steady readings is typically ~1.5-2 s (Shabala et al.,
1997); this sets up the practical limit on the time resolution of
this method.

The current Sigma-Aldrich catalogue has >100 entries for
LIXs (ionophores); this includes most of the essential macro-
(K, Ca, Mg, NH,, NO;, and SO,) and micro- (Cu, Zn, Cl,
and Ni) analytes. Toxic elements such as Na* (causing salinity
stress) and heavy metals (Cd, Hg, and Pb) can also be meas-
ured. As a result, the non-invasive ion flux measuring tech-
nology is now accepted as a standard tool for in situ studies
of membrane transport processes in living organisms that has
resulted in >1000 publications. The power of this method is
increased dramatically when combined with other powerful
biophysical methods (Box 5). For example, its combin-
ation with the patch—clamp method enabled understanding
of the role of specific transport proteins in plant responses
to salinity (Shabala et al., 2016; Zeng et al., 2018) and oxi-
dative stress (Demidchik et al., 2010; Pottosin et al., 2018).
Similarly, combination of the MIFE method with TEVC
(two-electrode voltage clamping) has been shown to be a
powerful tool to understand the role of y-aminobutyric acid
(GABA) as an important signalling molecule that negatively
regulates aluminium-activated malate transporter (ALMT)
proteins (Ramesh et al., 2015). A further application of the
MIFE technique to a range of Arabidopsis transport mutants
has moreover revealed that GABA also operates upstream of
H'-ATPase and controls cytosolic K* homeostasis in plant
cells (Su et al., 2019). Combination of non-invasive ion flux
measurements with the single-cell pressure probe has pro-
vided direct evidence for the role of inorganic ion uptake in
plant osmotic adjustment (Shabala and Lew, 2002). Moreover,
the combination of the MIFE, carbon fibre amperometry, and
MRI led to understanding of regulation of endocytosis in the
Venus flytrap (Dionaea muscipula) secretory glands (Scherzer
et al., 2017). By the concurrent use of the MIFE and fluor-
escent dye imaging techniques, the mechanistic basis of cell-
specific signalling and adaptive responses to salinity (Wu
et al., 2018; Wu et al., 2019) and hypoxia (Wang et al., 2017,
2019) and a new technology platform for cell-based plant
phenotyping has been developed and demonstrated (Gill
et al., 2018; Wang et al., 2019).

Conclusions and outlook

Commercially available NO or H,O, microsensors have not yet
been applied in plant biology even though these two analytes play
crucial roles as regulatory or signalling molecules (Slesak et al.,
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2007; Wany et al., 2017). Consequently, we foresee future studies
where indirect discrete measurements of, for example, NO using
fluorescent probes (Hartman ef al., 2019) are supplemented with
direct concentration measurements of the target analyte.

We predict that the novel CO, microsensor holds a great
potential to further advance our understanding of plant tissue
CO, dynamics when it eventually becomes commercially
available. CO, exchange of leaves with the environment is cur-
rently measured using an IRGA and, based on stomatal con-
ductance, the tissue CO, concentration can be estimated. The
inferred tissue pCO, is sometimes checked by means of discrete
sampling of tissue gases and subsequent analysis. However, the
sampling is destructive, remains discrete, and has poor spatial
resolution. Furthermore, the CO, microsensor holds the po-
tential to establish tissue-specific resistances to CO, diftusion.

The two major hurdles limiting application of ion-selective
microsensors in plant biology research is a need for a custom-made
manufacturing of microelectrode probes on a daily basis, but also
the poor selectivity of some of the commercial LIXs. The latter is
especially crucial for salinity research studies, as all commercially
available Na™ ionophores are also highly sensitive to K™ and Ca**
(Chen ef al., 2005). This problem can, however, be overcome by
using custom-made calixarene-based microelectrodes with im-
proved Na' selectivity (Jayakannan et al., 2011). The selectivity
of all Mg and Zn ionophores is also poor and interferes with
other divalent cations present in solution. Currently, the issue is
dealt with by calibrating the electrodes in two sets of calibration
solutions—one for the analyte in question, another one for the
interfering ion—followed by complex computational procedures
accounting for non-ideal selectivity (Knowles and Shabala, 2004).
A possible way forward is to design optical microsensors based on
fluorescence that have much better selectivity as illustrated for Zn
(e.g. by Kumar et al. 2018). Finally, an obvious ommision from
the list of commercially available LIXs is a phosphate ionophore.
Modern agriculture relies heavily on the use of a rock phosphate,
whose consumption has increased 4-fold since the beginning of
a Green Revolution (Childers ef al., 2011). However, rock phos-
phate is a non-renewable resource and may be completely ex-
hausted in 50-200 years (Baker ef al., 2015). Designing a highly
selective phosphate microsensor may be essential in assisting plant
breeders in creating varieties with high P use efficiency, thus
minimizing demands for this nutrient and reducing the environ-
mental footprint of P fertilization on natural ecosystems.
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