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1.1 Introduction

Root hairs are an excellent model cell for studies of ion transport in higher plant roots.
They are accessible, extending out from the surface of the cell, so they are easily impaled
with the micropipette(s) necessary for electrophysiological characterization of ionic
currents. Imaging, including fluorescence microscopy is unimpeded by other cells, and
external probes, such as ion-selective microelectrode and oxygen electrodes can be
brought directly to the surface of the cell. After impalement, the micropipette tip location
can be confidentially assigned to the cytoplasm, especially in younger (10–100 µm)
cytoplasm-rich root hairs based on injection of fluorescent molecules. Alternatively, the
root hair can be impaled in the vacuole by impaling at the vacuole-dominated base of the
root hair, as indicated below. Root hair tip growth is relatively fast (about 1 µm min–1), so
that ion transport measurements can be made in the context of a dynamic, physiologically
competent, growing cell (see Mulder, this volume). Much of this chapter will describe the
electrophysiological properties of root hairs, and review studies of ion transport in which
root hairs played a crucial role. However, to highlight the breadth of advantages that root
hairs confer as a model cell, a case study (electrical properties of in situ vacuoles) will
introduce the versatility of root hair research.

1.2. In Situ Vacuolar Electrophysiology using Root Hairs.

In plant cells, the vacuole often comprises 80 to 90% of the cell volume. It must play the
central role in ionic homeostasis. Yet, much of our understanding of the nature of ion
fluxes across the vacuolar membrane relies on vacuoles isolated from their normal
milieu, the only way to access them for patch clamp (Sakmann and Neher, 1995) or other
direct transport measurements. How transport properties change as a consequence of
removal from the cell is unknown, but vacuolar properties may change dramatically.
Growing root hairs are an ideal system for measuring the electrical properties of the
vacuole in situ, because of the accessibility of the cytoplasmic and vacuolar
compartments in a dynamic growing cell.

The electrical network of the root hair shown in Figure 1 indicates the complexity of
plasma membrane and vacuole electrical properties in series, and the technique that
allows the electrical properties of the vacuole to be measured in situ: voltage clamping
while the cytoplasm is maintained at a virtual ground to isolate the electrical responses of
the vacuole from those of the cytoplasm. An example of the impalements is shown in
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Figure 2. The experiments uncovered increased ionic conductance in response to
hyperosmotic stress in root hairs (Lew, 2004).

In situ measurements could be done in other cells, from other organisms. That root hairs
can be used is provident, since they are often an integral part of the root system, and play
a role in ion and water uptake during the growth and development of the plant. Research
on root hairs enlightens our understanding of diverse aspects of plant physiology, and is
relevant to the physiology of crop yield. They are accessible to a broad array of
techniques in support of scientific enquiry.

For electrophysiological research, the electrical properties of the root hair are crucially
important.

2.1 Electrical Model of the Root Hair

The electrical properties of cells, including root hairs, are normally described in the same
terms as those used in electronics: Voltage, current, resistance, capacitance and
impedance (which is related to both resistance and capacitance). The first three electrical
properties are related through Ohm’s Law, which describes the voltage created by a
current passing through a resistance: E (voltage) = I (current) • R (resistance). An
equivalent electrical circuit for the root hair is shown in Figure 1. The voltage across the
plasma membrane is normally about –180 mV (negative inside), the resistance is
normally about 20–40 MΩ (MegaOhms). The actual magnitude of the voltage varies
dependent upon the state of the cell and the composition of the extracellular medium.
Some of the voltage difference is caused by the asymmetric distribution of ions on either
side of the plasma membrane. These ions will contribute to the voltage based on their
relative permeability through the plasma membrane. Permeability will be affected by ion
transport trhough the membrane. There is a relation between resistance (R) and ionic
permeability (P), but not a simple one, since since resistance depends upon both the
permeability and concentrations of each of the contributing ions (Schultz, 1980). In root
hairs, K+ permeability dominates. If K+ were the sole permeant ion (which it is not), the
voltage at net zero current would be described by the Nernst potential: ENernst =
(RT/F)•ln(co/ci), where R is the gas constant, T the temperature, F the Faraday constant,
and, co and ci are the ion concentrations outside and inside, respectively. At room
temperature, the Nernst potential can be simplified to (in mV) : ENernst = 55•log10(co/ci). In
addition to asymmetric distributions of ions, the plasma membrane H+–ATPase generates
a outward H+ current which also contributes to the voltage (Felle, 1982; Lew, 1991). The
relative contributions in Arabidopsis root hairs can be estimated from the effect of
metabolic inhibitors which deplete cellular ATP (Lew, 1984): The H+–ATPase
contributes about –135 mV, the Nernst potential about –45 mV  (Lew, 1991).

The fourth electrical property, capacitance is the ability of the root hair to hold charge,
just as a battery is capable of holding charge. Capacitance determines the net imbalance
of positive versus negative ions in the cell required to generate a voltage difference (cf
Noble, 1991). The net charge, Q (in coulombs) is related to capacitance (C, coulombs
volt–1) by: Q = C • ΔE, where ΔE is the voltage difference. The charge, Q, depends upon
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the volume of the cell: Q = Vroot hair • cion • F, where Vroot hair is the root hair volume, cion is
the concentration of ions resulting in the net charge imbalance, and F is the Faraday
constant (96,480 coulombs mole–1, to convert concentration to charge). Assuming root
hair dimensions (cylindrical) of 15 by 87.5 µm for the epidermal part and 10 by 75 µm
for the hair, the root hair area is 6.57•10–5 cm2, and the volume is 21.35•10–12 liters. The
root hair capacitance is about 66  picoFarad ( based on the specific capacitance for
biological membranes, about 1 µF cm–2, multiplied by the root hair area). The net charge
imbalance required to create a voltage difference of –180 mV would be: cion = (66•10–12 •
–0.18V)/(21.35•10–12 • 96,480), or 5.8 µM, a very small ion concentration difference.
Thus, very small net charge movements across the membrane will have large effects on
the voltage difference: A single ion channel with a flux of 1•106 molecules sec–1 (1 pA
current) would have to remain open only 12 seconds to cause this large a voltage
difference in the root hair. In a ‘real’ root hair, there are an ensemble of transporters
functioning simultaneously, yet the potential is remarkably constant.

Capacitance has another impact on electrophysiological measurements. It affects the time
dependence of voltage changes in response to changes in ionic current flow across the
membrane. Formally, we first take the derivative with respect to time of the basic
equation, Q = C • ΔE: dQ/dt = C • (dE/dt). Since current (I, coulombs sec–1) is equal to
dQ/dt, then I = C • (dE/dt). Substituting Ohm’s law, E = I•R (or I=E/R), we obtain E/R =
C • (dE/dt). This last equation can be solved to yield: E = Ae(–t/RC), where A is the voltage
at time zero. The solution describes how a change in voltage will occur, as an exponential
change over time. The rapidity of the change will depend upon the product of the
resistance and capacitance of the cell (R • C, with units of time, often abbreviate as t = R
• C, the time constant). For the root hair, the time constant, R • C, is about 2–40 msec.
This becomes important in some measurement techniques, such as the discontinuous
voltage clamp, which rely upon differences in time responses to separate the resistance of
the cell from the resistance of the microelectrode impaled into the cell. It can also be
important in instrumentation, because it places limits on the measurability of fast events.
The fifth electrical property is impedance, a measurement of resistance that accounts for
the effect of capacitance on time-varying changes. It is normally used in the context of
the frequency dependence of changes in voltage or current.

Ion transport across the membrane, as long as net charge movements are occurring, is the
fundamental act that can be explored in electrophysiological measurements.

2.2 Electrophysiological Measurements

Voltage differences and resistances are measured by inserting microelectrodes into the
cell.  Microelectrode construction and use is described by Thomas (1978), Purves (1981)
and Blatt (1991). Ion-selective microelectrodes are described in detail by Ammann
(1986). The Plymouth Workshop Handbook (Ogden 1994) includes contributed chapters
describing a variety of experimental techniques and analysis. Volkov (2006) is a recent
compilation of microelectrode (and other) techniques.
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Impalements with a single microelectrode can be used to measure the root hair voltage,
but measurements of resistance and capacitance are complicated by the fact that current
injection occurs through the same micropipette as the measurement of voltage. Since
micropipette tips have high resistances (often 20–40 MΩ), the tip resistance obscures any
measurement of the resistance across the root hair plasma membrane. Therefore, the
‘standard’ for measurements of voltage and resistance is impalements with two
microelectrodes (Etherton et al., 1977).  One microelectrode is used to inject current,
while the second microelectrode monitors voltage changes. This is a feasible approach
with root hairs (Lew, 1994, 1996, 2004), but technically challenging. With a single
microelectrode, it is possible to use a technique called discontinuous voltage clamp to
obtain estimates of both voltage and resistance (Finkel and Redman, 1984), a technique
used successfully in a characterization of Nod factor effects on multiple ion transporters
(H+–ATPase, K+ and anion channels) of clover root hairs (Kurkdjian et al, 2000), part of
the signaling pathway prior to root nodulation (Kurkdjian, 1995), which also involves
intracellular Ca2+ spiking (Kanamori et al., 2006)(see Bisseling, this volume and
Cardenas et al., this volume). The discontinuous voltage-clamp technique relies upon the
differences in the response times of the microelectrode and cell, which in turn depend
upon their resistance and capacitance (the time constant R • C described above). In
general, it is difficult to assure that resistance and capacitance of the microelectrode
won’t be changed during the impalement; this is not a problem with multiple
impalements. Double barrel micropipettes offer the ability to impale only once, yet be
able to inject current and monitor voltage in separate microelectrodes. Their fabrication
and technical aspects of their use are described by Lew (2006). Current and voltage
measurements are normally performed using voltage clamp, to characterize the voltage
dependence of ion transport.

2.3 Cable Properties and Electrical Coupling

When current is injected into an Arabidopsis root hair, and the voltage deflection
measured in that root hair (root hair I) and the adjacent root hair (II), the voltage
deflections in root hair II are quite large (ca 50% of the deflection in root hair I)(Lew,
1994). This is direct evidence for electrical coupling between adjacent root hairs,
presumably due to ion flux through the plasmodesmata. The cells act like an electrical
cable, through which ionic currents flow freely from cell to cell; essentially an ionic
syncytium. The universality of ionic syncytia is not known. Their biological significance
is unclear. Electrical signals will readily propagate cell-to-cell, but ionic compositions
would likely be heterogenous, because of the time required for ion diffusion through the
relatively long distances of an interconnected network of multiple cells.

Technically, cell to cell electrical coupling causes problems with quantitation of voltage
clamping. Voltage clamping requires clamp fidelity, in which the voltage is clamped to
the same value throughout all regions of the cellular space. Because ionic currents flow
between adjacent cells, a complete space clamp cannot be achieved. It’s a technical
drawback that must be acknowledged, and won’t be solved until a quantitative map of
cable properties (including sub-epidermal cells) is created.
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2.4 Beyond Potential and Resistance

There are a number of electrophysiological techniques available beside intracellular
microelectrodes. These include electrophysiological techniques for the measurement of
cytoplasmic ion activities, for the measurement of diffusive ion gradients extracellularly,
which can be converted into ion fluxes, direct measurements of turgor with a pressure
probe, and even measurements of other molecules, such as O2 and metabolites such as
auxin. These techniques will be described in the following sections.

2.4.1 Ion-selective microelectrodes

Ion-selective microelectrodes are normally constructed by placing an ion-sensitive liquid
ion-exchanger (Ammann, 1986; Thomas, 1978) in the tip of the microelectrode. To avoid
displacement due to turgor when the microelectrode is impaled into the cell,
polyvinylchloride (PVC) is often included with the ion-selective cocktail so that the ion-
exchanger is held firmly in place (Felle, 1993). The resistance of the resulting membrane
is very high, so a high input impedance electrometer (>1015 Ω) must be used for
measurements. The ion-selective microelectrode usually exhibits a close to Nernstian
response to the ion it is specific for. When the ion-selective microelectrode is impaled
into a cell, it measures both the cell potential and the Nernst potential for the ion. To
separate the two voltages, the cell must be impaled with another microelectrode to
measure the cell potential. This may be a separate impalement, or a double barrel
microelectrode can be used (Miller and Wells, 2006). Root hairs are very suitable for
these types of measurements, since the cytoplasmic compartment can be impaled with
ease, obviating the need for any indirect assignment of tip location, based for example, on
the measured activity of the selected ion.

2.4.2 Extracellular measurements of net ion fluxes

Not only can ion-selective electrodes be used to measure intracellular (and extracellular)
free ion concentrations, but with modifications to the measuring technique, they can be
used to measure ion fluxes. This is done by measuring the ion concentration at two
distances from the cell or tissue being examined. The fundamental basis for inferring flux
from two measurements of ion concentration (c1 and c2 measured Δx distance apart) is
that a diffusive gradient will be created, either inward or outward depending on whether
influx or efflux is occurring. This technique was one of the methods used by Felle and
Hepler (1997) to demonstrate a tip-localized Ca2+ influx in growing root hairs. The
method has been described in detail (Volkov, 2006). The general procedure of measuring
diffusive gradients created by net fluxes across the cell membrane has been extended to
include a wide variety of substances that can be sampled using microelectrode
technology, including oxygen.

2.4.3 Measurements of turgor
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Measurements of the cell hydrostatic pressure (turgor) would not normally be considered
an electrophysiological technique. However, the required micromanipulation methods
used to impale the cell are the same, and turgor is closely allied with transport of both
water and ions across cellular membranes (both the plasma membrane and vacuolar
membrane). In this technique, micropipettes are pulled to coarser tip, to minimize the
obstruction to mass flow through the tip. The micropipette is filled with a low viscosity
silicone oil, which improves the ease of hydraulic flow and does not mix with the cell
cytoplasm. Upon impalement, the internal pressure of the cell pushes the oil/cytoplasm
meniscus into the micropipette. Pressure is applied to the micropipette via a piston: the
pressure required to ‘push’ the meniscus back to the tip is the initial turgor of the cell.
The pressure is measured with a transducer in contact with the silicone oil. Typical
turgors of Arabidopsis root hairs  are about 680 ± 200 kiloPascals (Lew, 1996). Turgor is
regulated rapidly: within 40–50 minutes of a hyperosmotic treatment that causes a rapid
decrease in turgor, the turgor recovers to near its original level. At least in Arabidopsis,
turgor recovery occurs in concert with activation of the plasma membrane H+–ATPase
and uptake of osmotically-active ions (mostly K+ and Cl–) (Shabala and Lew, 2002).

3.1 Ion Transport in Root Hairs

Having summarized some of the cell biophysical techniques used to measure the
physiological dynamics of root hairs, what roles would ion transport play in the growth
and differentiation of the root hair?

Maintaining osmotic balance of the root hair during cellular expansion is essential to
maintain a constant turgor. With growth rates of 1 µm min–1, a root hair of 8 µm diameter
will increase its volume about 50 fl min–1. If osmotic balance is to be maintained by ion
influx, the root hair must take up about 25 fmol min–1. Root hairs may also be a pathway
for ion uptake to support the osmotic balance of other cells within the plant body. Thus
ionic balance is crucial to the root hair. In addition, it is common for plant cells to
accumulate ions selectively. That is, K+ accumulation is preferred to Na+; Ca2+ is actively
excluded from the cytoplasm; Cl– is normally taken up as the counterion.

Ions may also play a role in signalling. Ca2+ influx to maintain a tip-high Ca2+ gradient
during tip growth of the hair has already been noted (section 2.4.2). It may act as a
mediator of the vesicle fusion required for continued cell expansion, and is known to
activate both kinases and phosphatases in the cytoplasm. Protons are crucial to the life of
the cell. Not only in the context of cytoplasmic pH regulation, but modulation of
extracellular pH, and as a signalling molecule analogous to Ca2+ during onset of
nodulation (Felle and Herrmann, 2000). The ubiquitous role of protons is further
supported by the central role of the H+-ATPase in nutrient transport (Palmgren, 1998,
2001; Sondergaard et al., 2004).

3.2 The Plasma Membrane H+-ATPase
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The plasma membrane H+-ATPase is a P-type active ion pump (Lauger, 1991) common
in walled cells of the plant and fungal kingdoms, and many of the algae. Due to the
electrogenic nature of the ATP-dependent H+ extrusion, the H+-ATPase contributes
significantly to the negative-inside potential of the cell, a driving force for uptake of a
number of nutrients. In Arabidopsis root hairs, direct evidence for the role of the H+-
ATPase was based upon the depolarizing effects of an inhibitor of P-type active pumps,
vanadate, and cytoplasmic ATP depletion by cyanide (Lew, 1991). The magnitude of the
depolarization, about 135 mV from an initial value of about –180 mV is evidence for its
dominant role (Lew, 1991). The gene(s) for the H+-ATPase have been cloned from a
number of species, it is known to exist in various isoforms (Michelet and Boutry, 1995).
A number of gene sub-families (Arango et al., 2003) exhibit differential expression that
suggests different functional roles (Moriau et al., 1999; Lefebvre et al., 2005). In
Nicotiana plumbaginifolia, one of the genes (pma4) of a sub-family that appears to be
expressed in tissues that have a role in ion uptake is strongly expressed in root hairs of
seedlings, implicating root hairs as a major site of ion uptake for young roots (Moriau et
al., 1999). The voltage dependent conductance of the membrane before and after
vanadate inhibition of the H+-ATPase is relatively unchanged at voltages from -200 to 0
mV (Lew, 1991). Thus, the pump exhibits a voltage-independent ‘constant current’
activity. Estimates of the current density are problematic due to the problems discussed
regarding the root hair cable properties and cell-to-cell coupling, but it appears to be quite
high, indicating a high level of H+-ATPase activity in root hairs (Lew, 1991).

It is unclear whether root hair H+ ATPase  activity is regulated by intracellular ions, such
as calcium (known to activate the Neurospora crassa H+ ATPase [Lew, 1989]) or
protons, one of the substrates for the enzyme (although the H+ ATPase does not appear to
regulate cytosolic pH [Felle, 1996]). Experiments ionophoresing either Ca2+ or H+ ions
directly into the root hair revealed no compelling evidence for regulation by either ion.
Increasing cytoplasmic [Ca2+] rapidly inhibits cytoplasmic streaming; only at higher
levels does Ca2+ depolarize the potential and inhibit cell-to-cell coupling (Lew, 1994).
Increasing cytoplasmic [H+] causes a rapid increase in vacuolar area (Lew, unpublished)
but has no effect on the membrane potential and minimal effects on cell-to-cell coupling
(Lew, 1994).

The plant hormones auxin (Tretyn et al., 1991; Ayling et al., 1994) and cytokinin
(Silverman et al., 1998) affect the membrane potential of root hairs. Exogenous, but not
intracellular injection, of cytokinin hyperpolarizes the potential, consistent with H+-
ATPase activation, and stimulates root hair growth (Silverman et al., 1998). Auxin either
depolarizes (Ayling et al., 1994; Tretyn et al., 1991) or hyperpolarizes the potential,
dependent on the auxin concentration (Tretyn et al., 1991). In addition to effects on the
electrical properties, auxin is implicated in root hair initiation (Masucci and Schiefelbein,
1994).

Because of the central role of the H+-ATPase in nutrient uptake, its regulation is of
considerable interest (Palmgren, 2001). The fungal toxin fusicoccin is known to activate
the H+-ATPase and does so by activating an endogenous transduction pathway of H+-
ATPase phosphorylation to cause binding of a 14–3–3 protein (cf Kanczewska et al.,
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2005). Root hairs presumably contain the appropriate signalling components, since
fuscoccin hyperpolarizes the potential of  Limnobium stolonifera root hairs (Ullrich and
Novacky, 1990). There is a recent report of fusicoccin activation of a MAP kinase
cascade in tomato leaves (Higgins et al., 2006). A MAP kinase cascade directly activates
the H+-ATPase in the fungus Neurospora crassa in a pathway separate from activation of
gene expression (Lew et al., 2006). It is part of a turgor regulating system in the fungus; a
similar system may exist in higher plants (Shabala and Lew, 2002). In plant root hairs, it
is likely that continuing research will reveal a web of pathways controlling H+-ATPase
activity, either directly or via regulation of expression of H+-ATPase gene(s).

As noted above, on the basis of inhibitor studies, the H+-ATPase is a major contributor to
the membrane potential of the cell. The potential is one component of the proton motive
force (pmf), which is the sum of the potential and pH differences between the inside of
the cell and the extracellular environment: pmf (mV) = ΔVoltage + 55 • ΔpH. Either the
potential, the pH difference, or both, can be used to drive the uptake of other nutrients
and ions into the cell. Of these ions, K+ and Cl– are accumulated to high levels inside the
cell.

3.3 K+ Transport

K+ is an essential nutrient, actively accumulated from the soil solution, which normally
contains low concentrations (0.3 to 5 mM) compared to 100-200 mM in the cell.  Much
of the identification of K+ transporters has relied on functional complementation of yeast
K+ transport mutants using cDNA library screens (Fox and Guerinot, 1998). There are at
least five K+ transporter families which include K+ channels, co-transporters, and anti-
porters (Maser et al., 2001; Ashley et al., 2006).

Uptake through channels would be energized by the negative-inside potential of the cell
(Gassmann and Schroeder, 1994; Maathuis and Sanders, 1993, 1995). If the potential is
about –170 mV and internal [K+] is 100 mM, then active accumulation through the
channel can occur at soil solution [K+] greater than about 0.1 mM. One example of an
inward channel is AKT1, known to be expressed in Arabidopsis roots (Legarde et al.,
1996).  The akt1 mutant exhibits reduced potassium uptake (using 86Rb as the radioactive
tracer) and apparently lacks the inward K+ channel (Hirsch et al., 1998; Ivashikina et al.,
2001) as measured by patch clamp. Direct evidence for its role in K+ uptake in intact root
hairs was obtained by using extracellular ion-selective microelectrodes to monitor K+

sequestration after oligochitin-elicitor treatment. The elicitor first induced K+ release,
followed by re-uptake in wildtype root hairs, but re-uptake was delayed in the akt1
mutant (Ivashikina et al., 2001). The kinetics of the inward K+ channel (AKT1) are
modulated by AtKC1, a regulatory subunit (Reintanz et al., 2002); it is regulated by a
Ca2+-activated protein kinase pathway (Xu et al., 2006; Li et al., 2006).

Outward K+ channels (GORK) are also expressed in root hairs (Ivashikina et al., 2001).
Because the voltage-sensitive gating of this outward K+ channel is affected by
extracellular [K+] (activation shifts to more positive voltages at higher [K+]), it is possible
that the channel functions in K+-‘sensing’ and may have a role in the polar growth of the
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cell (Ivashikina et al., 2001). Alternatively, the outward channel may maintain the
potential within well-defined limits: at low external [K+], the potential will be more
negative, hence the channel would activate at more negative potentials should the
potential depolarize; at high external [K+], when the potential is more positive, activation
at a more positive potential would avoid excessive K+ loss from the cell.

Another K+ permease family plays a role in K+ uptake: KT/KUP. In Arabidopsis, 10 of
the 13 AtKT/KUP genes are expressed in root hairs  (Ahn et al., 2004), which is indirect
evidence for the role of root hairs in K+ uptake. Functional complementation of the genes
in an E. coli mutant deficient in K+ uptake demonstrated the protein products function in
K+ transport (Ahn et al., 2004). A knock-out mutant of the AtKT3/KUP4 member (Ahn et
al., 2004) of the KT/KUP family causes a ‘tiny root hair’ (trh1) phenotype, specifically
the absence of root hair elongation after initiation (Rigas et al., 2001). Whether the
phenotype is caused by a disruption of K+ transport is unclear, since elevating
extracellular [K+] did not rescue the phenotype. However, even in wildtype, elevated
[KCl] causes a decrease in root hair length, a response also observed in the already short
root hairs of the trh1 mutant (Desbrosses et al., 2003).

Much of the research described above has relied upon characterization of the ion
channels with the patch clamp technique. Root hairs are special as a model system for
examining issues related to transport of K+ and other osmotically active ions because
uptake can be examined in the context of cellular growth, in situ. Time-dependent inward
and outward currents, inhibitable by quaternary ammoniums (tetraethylammonium and
tetrapentylammonium) and Cs+ (‘standard’ K+ channel inhibitors, Hille, 1984) have been
measured in intact root hairs using a discontinuous single-electrode voltage clamp
technique (Bouteau et al., 1999), vindicating in vitro characterizations. The inward K+

current does appear to have a role in cellular expansion. To maintain turgor during
growth, the root hair must accumulate osmotically active substances. K+ uptake plays a
role:  inhibition of the inward K+ channel with tetraethylammonium inhibits an inward K+

current and Arabidopsis root hair growth (Lew, 1991). The inhibition of growth is
transient (growth resumes after about 4 minutes), so K+ uptake is not an obligatory
mechanism for maintaining the internal osmolarity at a level sufficient to ‘drive’ cellular
expansion.

Net K+ influx was measured in growing Limnobium stoloniferum root hairs using the
vibrating ion-selective probe technique (Jones et al., 1995). The root hairs have TEA-
sensitive inward (and outward) K+ currents (Grabov and Bottger, 1994). Root hair growth
is inhibited by Al3+ (half-maximally at about 7 µM), but K+ influx continued after
inhibition of growth by 20 µM Al3+ (Jones et al., 1995). Aluminum does inhibit inward
K+ channels of wheat root hairs (half-maximally at about 8 µM; Gassmann and
Schroeder, 1994). So, Al3+ levels sufficient to inhibit an inward K+ channel measured on
root hair protoplasts with the patch clamp technique do not affect K+ influx in intact root
hairs, even though growth inhibition is observed. The conclusion is that there is no one-
to-one correspondence between K+ uptake and growth. This may be unfortunate for
scientists but certainly beneficial for plants subjected to diverse stresses during their
growth and survival, such that multiple mechanisms for maintaining growth are crucial.
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Because of their large size, the electrical properties of Limnobium root hairs are easily
measured (cf Ullrich and Novacky, 1990) with a technique uncommon in higher plant
electrophysiology: the sucrose gap (Purves, 1981). The sucrose gap electrically isolates
two regions of the root hair, so that the voltage dependence of ionic currents can be
measured by voltage clamping. With this technique, Grabov and Bottger (1994)
identified TEA-sensitive inward and outward K+ channels which were active at potentials
more negative and more positive than the normal membrane potential, respectively.
Modifying the redox potential of the root hairs by adding the electron acceptor
hexacyanoferrate III to the external solution activated the inward K+ channels and
inhibited the outward K+ channels. The physiological role of redox modulation is not
known, but it may be related to a redox system located on the plasma membrane that
mediates iron uptake (Moog et al., 1995; Robinson et al., 1999). Redox modification
(with reductive agents) is known to control root hair morphogenesis (Sanchez-Fernandez
et al., 1997).

Other factors beside redox poise may regulate K+ transport. Many K+ channels are
regulated by ATP. It would not be surprising to uncover a linkage between ‘energy
charge’ of the cell and ion transport, both direct effects (for example the ATP dependence
of the H+-ATPase activity) and indirect effects (regulation of channel activity). Such an
‘energy charge’ linkage exists between the Na+-K+ ATPase and K+ channel activity in
renal proximal tubules (Tsuchiya et al., 1992). In yeast, Ramirez et al (1989) reported
altered K+ channel activation by cytoplasmic ATP in a H+-ATPase mutant (pma1–105) .
In higher plants, there is no direct biochemical linkage between K+ uptake and the H+-
ATPase (Briskin and Gawienowski, 1996), but indirect linkages may eventually be
discovered. Certainly, nutritional status regulates potassium transport (Ashley et al.,
2006). Root hairs are a relatively ‘simple’ system in which to explore such regulation.

K+ uptake alone cannot account for osmotic balance in growing cells; it must be
accompanied by a counterion to assure the maintenance of electrical balance. Cl– is the
major anion actively accumulated in plant cells.

3.4 Cl– Transport

In growing Arabidopsis root hairs, Cl– influx was measured directly with the ion-
selective vibrating probe  (Lew, 1998). Cl– uptake cannot be passive through a Cl–

channel, because the negative inside voltage of the cell would electrophoretically ‘expel’
the chloride anion from the cell. Instead, uptake relies upon a nH+/Cl– symport, so that Cl–

uptake is coupled to the proton motive force generated by the H+-ATPase. Evidence for a
symport mechanism is based upon measurements of the electrical potential and pH, both
cytoplasmic and extracellular, in Limnobium root hairs (Ullrich and Novacky, 1990). The
extracellular addition of Cl– causes a large depolarization of the potential (about 60-100
mV) along with acidification of the cytoplasm and alkalinization of the extracellular
medium. This is consistent with cotransport of more than one H+ with each Cl– ion: the
net positive charge influx would cause the depolarization. The pH changes are consistent
with the fact that HCl is being transported. More extensive experiments supporting the
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presence of a H+/Cl– symport were performed by Felle (1994), who measured Cl–

accumulation directly with an intracellular Cl–-selective microelectrode in Sinapis alba
root hairs. Felle (1994) also measured pH with a H+-selective microelectrode as well as
the potential and resistance of the root hair. A shift to an acid extracellular pH (from 9.5
to 4.5) was sufficient to increase intracellular [Cl–] about 2.5 fold, even though the
membrane potential depolarizes under these conditions. This indicates a kinetic
dependence of H+/Cl– symport activity on the ΔpH component of the proton motive force,
separate from the ΔVoltage component.

Chloride channels would function in Cl– efflux from the cell. Nod factor signaling
includes a transient depolarization of the potential which occurs concomitant with the
appearance of Cl– in the extracellular medium and a decrease in cytoplasmic [Cl–]. The
Cl– efflux is believed to be caused by a Ca2+-activated Cl– channel in the root hair (Felle
et al., 1998). Anion channels from root epidermal cells have been characterized using
patch clamp (Diatloff et al., 2004), the channels are permeable to a wide range of anions
(including citrate). Organic anion selective channels are regulated by extracellular Al3+

and the phosphate nutritional status of the plant; these and other physiological roles of
anion channels in roots (e.g., osmoregulation) have been recently reviewed by Roberts
(2006).

3.5 Nitrogen (NH4
+ and NO3

–), Sulphate and Phosphate Transport.

Although they are not normally accumulated to high levels in the plant, nitrogen species
(usually NH4

+ and NO3
–), sulphate and phosphate are essential ionic nutrients and must be

actively imported by the cell.

Ammonium uptake must involve multiple mechanisms which would depend upon pH,
and thus the relative contributions of the unprotonated ammonia (NH3) and protonated
NH4

+. The two forms are interconvertible by the following reactions: NH3(aq) + H2O <–>
NH4

+ + OH– (pKb 4.75) and NH4
+ <–> NH3 + H+ (pKa 9.25). At neutral pH, the dominant

form would be the ammonium ion (NH4
+), but NH3 may still play a role as a membrane-

permeable form. However, the addition of NH4
+ extracellularly causes depolarization of

the potential in barley and tomato root hairs (Ayling, 1993).  This is consistent with
positive charge entry into the cell and implies that NH4

+ is the transported form. Because
K+ channels are often significantly permeable to NH4

+, the ammonium ion could be
transported by an inward K+ channel, but ammonium transporters have been identified in
root hairs (Lauter et al., 1996). The LeAMT1 was discovered by screening a root hair-
specific cDNA library of tomato; its functional identification was based of rescue of a
yeast mutant deficient in ammonium transport (Lauter et al., 1996). Four AMT genes that
are expressed in roots have been identified in Arabidopsis (Loque et al., 2006), some are
expressed in response to nitrogen deficiency, and have been assigned a role in high
affinity uptake by analyzing T-DNA insertion mutants.  When the tomato genes
LeAMT1;1 and LeAMT1;2 are expressed in oocytes, the addition of NH4

+ caused inward
currents, consistent with uptake of the positively charged ammonium ion (Ludewig et al.,
2003).
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In general, NH4
+ is a preferred nitrogen species, because NO3

– must be reduced to
ammonium for production of amino acids, but NO3

– is more common in the soil solution.
As an anion, it is expected that active accumulation would rely on a nH+/NO3

– symport.
Using Limnobium root hairs, Ullrich and Novacky (1990) examined the effect of NO3

– on
the membrane potential and cytoplasmic pH. Nitrate addition depolarized the potential,
but, unexpectedly, it caused an alkalinization of both the cytoplasm and extracellular
solution. This is not consistent with a nH+/NO3

– symporter, which should acidify the
cytoplasm, but could be due to rapid reduction of NO3

– in the cytoplasm, consuming the
imported H+. Using Arabidopsis root hairs, Meharg and Blatt (1995) voltage clamped to
assess the voltage dependence of the ionic currents induced by NO3

– transport. They
observed larger NO3

–-induced currents at voltages more negative than the normal
membrane potential and at acid extracellular pH, supporting the presence of a voltage
dependent nH+/NO3- symporter. Nitrate (NO3

–) transporters have been cloned (cf Wang
and Crawford, 1996; Wang et al., 1998; Lauter et al., 1996), some are preferentially
expressed in root hairs (Lauter et al., 1996). Heterologous expression of a nitrate
transporter (CHL1) in Xenopus oocytes caused pH dependent inward currents consistent
with a nH+/NO3- symporter (Tsay et al., 1993). Mutations in both the Arabidopsis CHL1
(NRT1) and NRT2 nitrate transporters minimize the membrane potential changes
observed after additions of low levels of NO3

- (Wang and Crawford, 1996; Wang et al.,
1998).

As is true for other anions, phosphate appears to be taken up via a nH+/Pi symporter
(Ullrich and Novacky, 1990). Phosphate transporters have been cloned, and do appear to
be expressed in root epidermal cells, including root hairs (Daram et al., 1998; Liu et al.,
1998). The promoter for the phosphate transporter gene has been proposed as a
biotechnological tool since it causes induction of heterologous genes in roots, including
root hairs (Schunmann et al., 2004).

Sulfate is normally reduced in photosynthetic tissues, but must first be transported into
the plant. A number of genes encoding sulfate transporters have been cloned from a
variety of plant species and function established by heterologous expression in yeast (cf
Yoshimoto et al., 2002). The transporters are expressed in root hairs, and are induced
sulfate deficiency (Maruyama-Nakashita et al., 2004). Sulfate deficiency also induces
expression of enzymes responsible for reduction of SO4

–, but since most reduction and
assimilation occurs in the leaves, regulatory mechanisms are complex (Hopkins et al.,
2005), and include sulfate transport into vacuoles as a mechanism controlling
cytoplasmic concentrations (Kataoka et al., 2004) (the regulation of sulfate assimilation
was recently reviewed by Kopriva et al., 2006).  The transport mechanism is as yet
uncharacterized in situ, but since sulfate is taken up as the anion, a nH+/SO4

– symport is
very likely, and supported by the observation that uptake is stimulated by acid pH when
plant sulfate transporters (SHST1 and SHST2 from Stylosanthes hamata) are expressed
in yeast (Smith et al., 1995).

4.0 Ion Transport and Root Hair Morphogenesis
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As a tip-growing cell, root hairs offer the ability to explore potential roles that ion
transport may have during root hair initiation and elongation. As osmotically active
agents accumulated to high levels, K+ and Cl– may function to maintain intracellular
osmolarity during growth. In addition,  transported ions may act as a second messenger
during signal transduction. Hormones and other intracellular components of signal
transduction may regulate ion transport as part of their regulation of morphogenesis.

4.1 Ca2+ Transport and Root Hair Morphogenesis.

Ca2+ is very important to the physiological function of plant cells, primarily because of its
role as a second messenger. The importance of Ca2+ in signal transduction will be detailed
elsewhere in this book (Gilroy, calcium in root hair growth; Barker and Esseling,
endosymbiotic N-fixing Rhizobium-legume association; Cardenas et al., root hair
imaging).

4.2 Control of Root Hair Morphogenesis by Ionic Nutrients

Besides the signaling role of Ca2+, other ions also affect morphogenesis, or more
accurately, root hair initiation and growth appears to be induced under conditions of
nutrient deficiency. The general role of root hairs is believed to be an increase in the soil
volume in near proximity to the root, increasing the effective zone of diffusive supply of
ions to the root (Jungk, 2001). Root hair length and/or number are increased by nutrient
deficiencies (Peterson and Stevens, 2000): for example, phosphorus (Bates and Lynch,
1996, nitrate (Jungk, 2001), potassium (Desbrosses et al., 2003), iron (Moog et al., 1995),
and manganese (Konno et al., 2006). The regulation of root hair initiation and growth
under nutrient deficiencies is unclear, and the ‘sensing’ of nutrient deficiency is unlikely
to be localized specifically to root hairs. However, Shin et al. (2005) suggest that reactive
oxygen species may play a role in response to nutrient deficiencies, H2O2 is induced
within 30 hours of nutrient deprivation, and absent in Arabidopsis root hair mutants (for
potassium and nitrogen, but not for phosphorus deprivation), so it is possible root hairs
have a role in sensing potassium and nitrogen deficiencies. The hormone auxin may
control root hair formation in response to iron or phosphorus deficiency, since root hair
and transfer cell formation is inhibited in auxin mutants (axr2), completely for iron
deficiency and partially for phosphorus deficiency (Schikora and Schmidt, 2001).

The concept that root hairs can play a role in nutrient uptake is supported by their
induction under deficient conditions, but they may not be obligatory for nutrient uptake.
Comparisons of rice mutants lacking root hairs or lateral roots revealed that lateral roots
are more important for silicon uptake (Ma et al., 2001). The density of the root network
ramifying through the soil would be expected to compensate for the absence of root hairs.

5.0 Concluding Remarks

Even if root hairs are not crucial for the survival of the plant, they can play
important roles in nutrient uptake. They are a remarkable model system for intracellular
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manipulations, electrophysiology and cell imaging. It’s probably fair to say that no other
cell type in the plant can be used with such remarkable experimental sophistication in
situ, intact and growing. They are an excellent single cell testtube; in conjunction with
molecular biological manipulations, they can be used to unravel molecular mechanisms
of ion transport that underpin the growth and development of a plant cell.

6.0 References

Ahn SJ, Shin R, Schachtman DP (2004) Expression of KT/KUP genes in Arabidopsis and
the role of root hairs in K+ uptake. Plant Physiol 134:1135–1145

Ammann D (1986) Ion-selective microelectrodes. Principles, design and application.
Springer-Verlag, Berlin, New York. pp 1-346

Arango M, Gevaudant F, Oufattole M, Boutry M (2003) The plasma membrane proton
pump ATPase: The significance of gene subfamilies. Planta 216:355–365

Ashley MK, Grant M, Grabov A (2006) Plant responses to potassium deficiencies: A role
for potassium transport proteins. J Exp Bot 57:425–436

Ayling SM (1993) The effect of ammonium ions on membrane potential and anion flux
in roots of barley and tomato. Plant Cell Environ 16:297-303

Ayling SM, Brownlee C, Clarkson DT (1994) The cytoplasmic streaming response of
tomato root hairs to auxin: Observations of cytosolic calcium levels. J Plant Physiol
143:184-188

Bates TR, Lynch JP (1996) Stimulation of root hair elongation in Arabidopsis thaliana by
low phosphorus availability. Plant Cell Environ 19:529-538

Blatt MR (1991) A primer in plant electrophysiological methods. In: Hostettmann K (ed)
Methods in plant biochemistry, vol 6. Assays for bioactivity. Academic Press, London (xi
and 360 pp), pp 281–321 (ISBN: 0124610161)

Bouteau F, Pennarun A-M, Kurkdjian A, Convert M, Cornel D, Monestiez M, Rona J-P,
Bousquet U (1999) Ion channels of intact young root hairs from Medicago sativa. Plant
Physiol Biochem 37:889–898

Briskin DP, Gawienowski MC (1996) Role of the plasma membrane H+-ATPase in K+

transport. Plant Physiol 111: 1199-1207

Daram P, Brunner S, Persson BL, Amrhein N, Bucher M (1998) Functional analysis and
cell-specific expression of a phosphate transporter from tomato. Planta 206:225-233



Page 15

Desbrosses G, Josefsson C, Rigas S, Hatzopoulos O, Dolan L (2003) AKT1 and TRH1 are
required during root hair elongation in Arabidopsis. J Exp Bot 54:781–788.

Diatloff E, Roberts M, Sanders D, Roberts SK (2004) Characterization of anion channels
in the plasma membrane of Arabidopsis epidermal root cells and the identification of a
citrate-permeable channel induced by phosphate starvation. Plant Physiol 136:4136–4149

Dutta R, Robinson KR (2004) Identification and characterization of stretch-activated ion
channels in pollen protoplasts. Plant Physiol 135:1398–1406

Etherton B, Keifer DW, Spanswick RM (1977) Comparison of three methods for
measuring electrical resistances of plant cell membranes. Plant Physiol 60:684–688

Felle H (1982) Effects of fusicoccin upon membrane potential, resistance and current-
voltage characteristics in root hairs of Sinapis alba. Plant Sci Lett 25:219-225

Felle HH (1993) Ion-selective microelectrodes: Their use and importance in modern cell
biology. Bot Acta 106:5-12

Felle HH (1994) The H+/Cl– symporter in root hairs of Sinapis alba: An
electrophysiolgoical study using ion-selective microelectrodes. Plant Physiol 106:1131-
1136

Felle HH (1996) Control of cytoplasmic pH under anoxic conditions and its implication
for plasma membrane proton transport in Medicago sativa root hairs. J Exp Bot 47:967-
973

Felle H, Hepler PK (1997) The cytosolic Ca2+ concentration gradient of Sinapsis alba
root hairs as revealed by Ca2+-selective microelectrode tests and fura-dextran ratio
imaging. Plant Physiol 114:39-45

Felle HH, Kondorosi É, Kondorosi Á, Schultze M (1998) The role of ion fluxes in Nod
factor signalling in Medicago sativa. Plant J 13:455–463

Felle HH, Herrmann A (2000) pH regulation in and by root hairs. In Ridge RW, Emons
AMC (eds.)  Root Hairs. Cell and Molecular Biology. Springer-Verlag, Tokyo. pp
165–178

Finkel AS, Redman S (1984) Theory and operation of a single microelectrode voltage
clamp. J Neurosci Meth 11:101–127

Fox TC, Guerinot ML (1998) Molecular biology of cation transport in plants. Annu Rev
Plant Physiol Plant Molec Biol 49:669-696.



Page 16

Gassmann W, Schroeder JI (1994) Inward-rectifying K+ channels in root hairs of wheat.
A mechanism for aluminum-sensitive low-affinity K+ uptake and membrane potential
control. Plant Physiol 105:1399-1408

Grabov A, Bottger M (1994) Are redox reactions involved in regulation of K+ channels in
the plasma membrane of Limnobium stoloniferum root hairs? Plant Physiol 105:927-935

Higgins R, Lockwood T, Holley S, Yalamanchili R, Stratmann JW (2006) Changes in
extracellular pH are neither required nor sufficient for activation of mitogen-activated
protein kinases (MAPKs) in response to systemin and fusicoccin in tomato. Planta doi
10.1007/s00425-006-0440-8

Hille B (1984) Ionic channels of excitable membranes. Sinauer Associates, Sunderland,
MA, ix and 426 pp

Hirsch RE, Lewis BD, Spalding EP, Sussman MR (1998) A role for the AKT1 potassium
channel in plant nutrition. Science 280:918-921

Hopkins L, Parmar S, Blaszczyk A, Hesse H, Hoefgen R, Hawkesford MJ (2005) O-
Acetylserine and the regulation of expression of genes encoding components for sulfate
uptake and assimilation in potato. Plant Physiol 138:433–440

Ivashikina N, Becker D, Ache P, Meyerhoff O, Felle HH, Hedrich R (2001) K+ channel
profile and electrical properties of Arabidopsis root hairs. FEBS Lett 508:463–469

Jones DL, Shaff JE, Kochian LV (1995) Role of calcium and other ions in directing root
hair tip growth in Limnobium stoloniferum. I. Inhibition of tip growth by aluminum.
Planta 197:672-680

Jungk A (2001) Root hairs and the acquisition of plant nutrients from soil. J Plant Nutr
Soil Sci 164:121–129

Kanamori N, Madsen LH, Radutoiu S, Frantescu M, Quistgaard EM, Miwa H, Downie
JA, James EK, Felle HH, Haaning LL, Jensen TH, Sato S, Nakamura Y, Tabata S, Sandal
N, Stougaard J. (2006) A nucleoporin is required for induction of Ca2+ spiking in legume
nodule development and essential for rhizobial and fungal symbiosis. Proc Natl Acad Sci
USA 103:359–364

Kanczewska J, Marco S, Vandermeeren C, Maudoux O, Rigaud J-L, Boutry M (2005)
Activation of the plant plasma membrane H+-ATPase by phosphorylation and binding of
14-3-3 proteins converts a dimer into a hexamer. Proc Natl Acad Sci USA
102:11675–11680

Konno M, Ooishi M, Inoue Y (2006) Temporal and positional relationships between Mn
uptake and low-pH-induced root hair formation in Lactuca sativa cv. Grand Rapids
seedlings. J Plant Res 119:439–447



Page 17

Kopriva S (2006) Regulation of sulfate assimilation in Arabidopsis and beyond. Ann Bot
97:479-495

Kurkdjian AC (1995) Role of the differentiation of root epidermal cells in Nod factor
(from Rhizobium meliloti)-induced root-hair depolarization of Medicago sativa. Plant
Physiol 107:783–790

Kurkdjian A, Bouteau F, Pennarun A-M, Convert M, Cornel D, Rona J-P, Bousquet U
(2000) Ion currents involved in early Nod factor response in Medicago sativum root
hairs: a discontinuous single-electrode voltage-clamp study. Plant J 22:9–17

Lauger P (1991) Electrogenic Ion Pumps. Sinauer Associates, Sunderland MA. xi + 313
pp.

Lauter F-R, Ninnemann O, Bucher M, Riesmeier JW, Frommer WB (1996) Preferential
expression of an ammonium transporter and of two putative nitrate transporters in root
hairs of tomato. Proc Natl Acad Sci 93:8139-8144

Lefebvre B, Arango M, Oufattole M, Crouzet J, Purnelle B, Boutry M (2005)
Identification of a Nicrotiana plumbaginifolia plasma membrane H+-ATPase gene
expressed in the pollen tube. Plant Mol Biol 58:775–787

Legarde D, Basset M, Lepetit M, Conejero G, Gaymard F, Astruc S, Grignon C (1996)
Tissue-specific expression of Arabidopsis AKT1 gene is consistent with a role in K+

nutrition. Plant J 9:195-203

Lew RR (1989) Calcium activates an electrogenic proton pump in Neurospora plasma
membrane. Plant Physiol 91:213-216

Lew RR (1991) Electrogenic transport properties of  growing Arabidopsis thaliana root
hairs. The plasma membrane proton pump and potassium channels. Plant Physiol
97:1527-1534

Lew RR (1994) Regulation of electrical coupling between Arabidopsis root hairs. Planta
193:67-73

Lew RR (1996) Pressure regulation of the electrical properties of growing Arabidopsis
thaliana L. root hairs. Plant Physiol 112:1089-1100

Lew RR (1998) Immediate and steady state extracellular ionic fluxes of growing
Arabidopsis thaliana root hairs under hyperosmotic and hypoosmotic conditions. Physiol
Plant 104:397-404

Lew RR (1998a) Mapping fungal ion channel locations. Fung Genet Biol 24:69-76



Page 18

Lew RR (2000) Root hair electrobiology. In Ridge RW, Emons AMC (eds.)  Root Hairs.
Cell and Molecular Biology. Springer-Verlag, Tokyo. pp 115–139

Lew RR (2004) Osmotic effects on the electrical properties of Arabidopsis thaliana L.
root hair vacuoles in situ. Plant Physiol. 134:352–360

Lew RR (2006) Use of double barrel micropipettes to voltage-clamp plant and fungal
cells. In Volkov AG (ed.)  Plant Electrophysiology. Theory and Methods. Springer-
Verlag, Berlin Heidelberg. pp 139–154

Lew RR, Levina NN, Shabala L, Anderca MI, Shabala SN (2006) Role of a MAP kinase
cascade in ion flux-mediated turgor regulation in fungi: Eukaryotic Cell. 5:480-487.

Li L, Kim B-G, Cheong YH, Pandey GK, Luan S (2006) A Ca2+ signaling pathway
regulates a K+ channel for low-K response in Arabidopsis. Proc Natl Acad Sci USA
103:12625–12630

Liu C, Muchhal US, Uthappa M, Kononowicz AK, Raghothama KG (1998) Tomato
phosphate transporter genes are differentially regulated in plant tissues by phosphorus.
Plant Physiol 116:91-99

Loque D, Yuan L, Kojima S, Gojon A, Wirth J, Gazzarrini S, Ishiyama K, Takahashi H,
von Wiren N (2006) Additive contribution of AMT1;1 and AMT1:3 to high-affinity
ammonium uptake across the plasma membrane of nitrogen-deficient Arabidopsis roots.
Plant J 48:522–534

Ludewig U, Wilken S, Wu B, Jost W, Obrdlik P, El Bakkoury M, Marini A-M, Andre B,
Hamacher T, Boles E, von Wiren N, Frommer WB (2003) Homo- and hetero-
oligomerization of ammonium transporter-1 NH4

+ uniporters. J Biol Chem
278:45603–45610

Ma JF, Goto S, Tamai K, Ichii M (2001) Role of root hairs and lateral roots in silicon
uptake by rice. Plant Physiol 127:1773–1780

Maathuis FJM, Sanders D (1993) Energization of potassium uptake in Arabidopsis
thaliana. Planta 191:302-307.

Maathuis FJM, Sanders D (1995) Contrasting roles of two K+-channel types in root cells
of Arabidopsis thaliana. Planta  197:456-464

Maruyama-Nakashita A, Nakamura Y, Yamaya T, Takahashi H (2004) Regulation of
high-affinity sulphate transporters in plants: Towards a systematic analysis of sulphur
signalling and regulation. J Exp Bot 55:1843–1849

Maser P, Thomine S, Schroeder JI, Ward JM, Hirschi K, Sze H, Talke IN, Amtmann A,
Maathuis FJM, Sanders D, Harper JF, Tchieu J, Gribskov M, Persans MW, Salt DE, Kim



Page 19

SA, Guerinot ML (2001) Phylogenetic relationships within cation transporter
families of Arabidopsis. Plant Physiol 126:1646–1667

Masucci JD, Schiefelbein JW (1994) The rhd6 mutation of Arabidopsis thaliana alters
root-hair initiation through an auxin- and ethylene-associated process. Plant Physiol
106:1335-1346

Meharg AA, Blatt MR (1995) NO3
– transport across the plasma membrane of Arabidopsis

thaliana root hairs: Kinetic control by pH and membrane voltage. J Memb Biol 145:49-
66

Michelet B, Boutry M (1995) The plasma membrane H+-ATPase. A highly regulated
enzyme with multiple physiological functions. Plant Physiol 108:1-6

Miller AJ, Wells DM (2006) Electrochemical methods and measuring transmembrane ion
gradients.  In Volkov AG (ed.)  Plant Electrophysiology. Theory and Methods. Springer-
Verlag, Berlin Heidelberg. pp 15–34

Moog PR, van der Kooij TAW, Bruggemann W, Schielfelbein JW, Kuiper PJC (1995)
Responses to iron deficiency in Arabidopsis thaliana: The Turbo iron reductase does not
depend on the for-mation of root hairs and transfer cells. Planta 195:505-513

Moriau L, Michelet B, Bogaerts P, Lambert L, Michel A, Oufattole M, Boutry M (1999)
Expression analysis of two gene sub-families encoding the plasma membrane H+-ATPase
in Nicotiana plumbaginifolia revelas the major transport functions of this enzyme. Plant J
19:31–41

Noble PS (1991) Physicochemical and environmental plant physiology. Academic Press,
San Diego, xx and 635 pp

Ogden D (1994) Microelectrode techniques. The Plymouth workshop handbook. Second
edition. The Company of Biologists Ltd, Cambridge, x and 448 pp

Palmgren MG (1998) Proton gradients and plant growth: role of the plasma membrane
H+-ATPase. Adv Bot Res 28:1-70

Palmgren MG (2001) Plant plasma membrane H+-ATPases: Powerhouses for nutrient
uptake. Annu Rev Plant Physiol Plant Molec Biol 52:817–845

Peterson RL, Stevens KJ (2000) Evidence for the uptake of non-essential ions and
essential nutrient ions by root hairs and their effect on root hair development. In Ridge
RW, Emons AMC (eds.)  Root Hairs. Cell and Molecular Biology. Springer-Verlag,
Tokyo. pp 179–195

Purves RD (1981) Microelectrode methods of intracellular recording and ionophoresis.
Academic Press, London, x and 146 pp



Page 20

Ramirez JA, Vacata V, McCusker JH, Haber JE, Mortimer RK, Owen WG, Lecar H
(1989) ATP-sensitive K+ channels in a plasma membrane H+-ATPase mutant of the yeast
Saccharomyces cerevisiae. Proc Natl Acad Sci 86:7866-7870

Reintanz B, Szyroki A, Ivashikina N, Ache P, Godde M, Becker D, Palme K, Hedrich R
(2002) AtKC1, a silent Arabidopsis potassium channel alpha-subunit modulates root hair
K+ influx. Proc Natl Acad Sci USA 99:4079–4084

Rigas S, Debrosses G, Haralampidis K, Vicente-Agullo F, Feldmann KA,  Grabov A,
Dolan L,  Hatzopoulos P (2001) TRH1 encodes a potassium transporter required for tip
growth in Arabidopsis root hairs. Plant Cell 13:139–151

Roberts SK (2006) Plasma membrane anion channels in higher plants and their putative
functions in roots. New Phytol 169:647–666

Robinson NJ, Procter CM, Connolly EL, Guerinot ML (1999) A ferric-chelate reductase
for iron uptake from soils. Nature 397:694-697

Sakmann B, Neher E (1995) Single channel recording. Second edition. Plenum Press,
New York, London, xxii and 700pp

Sanchez-Fernandez R, Fricker M, Corben LB, White NS, Sheard N, Leaver CJ, Van
Montagu M, Inze D, May MJ (1997) Cell proliferation and hair tip growth in the
Arabidopsis root are under mechanistically different forms of redox control. Proc Natl
Acad Sci 94:2745-2750

Schultz, SG (1980) Basic Principles of Membrane Transport. Cambridge University
Press. xii and 144 pp

Schunmann PH, Richardson AE, Smith FW, Delhaize E (2004) Characterization of
promoter expression patterns derived from the Pht1 phosphate transporter genes of barley
(Hordeum vulgare L.). J Exp Bot 55:855–865

Schikora A, Schmidt W (2001) Acclimative changes in root epidermal cell fate in
response to Fe and P deficiency: a specific role for auxin? Protoplasma 218:67–75

Shabala S, Lew RR (2002) Turgor regulation in osmotically stressed Arabidopsis
thaliana epidermal root cells: Direct support for the role of inorganic ion uptake as
revealed by concurrent flux and cell turgor measurements.  Plant Physiol. 129:290–299.

Shin R, Berg RH, Schachtman DP (2005) Reactive oxygen species and root hairs in
Arabidopsis root response to nitrogen, phosphorus and potassium deficiency. Plant Cell
Physiol 46:1350–1357



Page 21

Silverman FP, Assiamah AA, Bush DS (1998) Membrane transport and cytokinin action
in root hairs of Medicago sativa. Planta 205:23-31

Smith FW, Ealing PM, Hawkesford MJ, Clarkson DT (1995) Plant members of a family
of sulfate transporters reveal functional subtypes. Proc Natl Acad Sci USA 92:9373–9377

Sondergaard TE, Schulz A, Palmgren MG (2004) Energization of transport processes in
plants. Roles of the plasma membrane H+-ATPase. Plant Physiol 136:2475–2482

Thomas RC (1978) Ion-sensitive intracellular microelectrodes. How to make and use
them. Academic Press, London, New York, San Francisco. xiii and 110 pp

Torralba S, Heath IB (2001) Cytoskeletal and Ca2+ regulation of hyphal tip growth and
initiation. Curr Top Dev Biol. 51:135–187

Tretyn A, Wagner G, Felle HH (1991) Signal transduction in Sinapis alba root hairs:
Auxins as external messengers. J Plant Physiol 139:187-193

Tsay Y-F, Schroeder JI, Feldmann KA, Crawford NM (1993) The herbicide sensitivity
gene CHL1 of Arabidopsis encodes a nitrate-inducible nitrate transporter. Cell 72:
705–713

Tsuchiya K, Wang W, Giebisch G, Welling PA (1992) ATP is a coupling modulator of
parallel Na,K-ATPase-K-channel activity in the renal proximal tubule. Proc Natl Acad
Sci 89:6418-6422

Ullrich CI, Novacky AJ (1990) Extra- and intracellular pH and membrane potential
changes induced by K+, Cl–, H2PO4

–, and NO3
– uptake and fusicoccin in root hairs of

Limnobium stoloniferum. Plant Physiol 94:1561–1567

Volkov AG (2006) Plant Electrophysiology. Theory and Methods. Springer-Verlag,
Berlin Heidelberg. xxi and 508 pp.

Wang R, Crawford NM (1996) Genetic identification of a gene involved in constitutive,
high-affinity nitrate transport in higher plants. Proc Natl Acad Sci 93:9297-9301

Wang R, Liu D, Crawford NM (1998) The Arabidopsis CHL1 protein plays a major role
in high-affinity nitrate uptake. Proc Natl Acad Sci 95:15134-15139

Xu J, Li H-D, Chen L-Q, Wang Y, Liu L-L, He L, Wu W-H (2006) A protein kinase,
interacting with two calcineurin B-like proteins, regulates K+ transporter AKT1 in
Arabidopsis. Cell 125:1347–1360

Yoshimoto N, Takahashi H, Smith FW, Yamaya T, Saito K (2002) Two distinct high-
affinity sulfate transporters with different inducibilities mediate uptake of sulfate in
Arabidopsis roots. Plant J 29:465–473



Page 22

Figure 1. The electrical networks of the root hair. The plasma membrane and vacuolar
membrane network of resistances (Rm and Rv, respectively), capacitance (Cm and Cv) and
potentials (Em and Ev) are shown to the left. The electrical circuits required to measure the
electrical properties of the vacuolar membrane in situ are shown to the right, overlaid on
a diagram of the root hair.
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Figure 2. An example of in situ measurement of the electrical properties of the vacuolar
membrane. Impalements into the cytoplasm and vacuole are shown in A, as marked. A
photograph of the dual impalements is shown in B. The current voltage relations for the
vacuolar membrane before (circles) and after (squares) a hyperosmotic treatment are
shown in C. These were measured while the cytoplasm was maintained at a ‘virtual
ground’ by the electrical circuitry shown in Figure 1. Note that hyperosmotic treatment
causes a hyperpolarization of the plasma membrane, recorded by both the cytoplasmic
and vacuolar microelectrodes (since the vacuolar membrane is in electrical series with the
plasma membrane). The vacuole membrane response to hyperosmotic treatment is
increased conductance without a change in the positive electrical potential of the vacuole
(C).


