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ABSTRACT

Net fluxes of NH4+ and N03- into roots of 7-day-old barley
(Hordeum vulgare L. cv Prato) seedlings varied both with position
along the root axis and with time. These variations were not
consistent between replicate plants; different roots showed
unique temporal and spatial patterns of uptake. Axial scans of
NH4' and N03- net fluxes were conducted along the apical 7
centimeters of seminal roots of intact barley seedlings in solution
culture using ion-selective microelectrodes in the unstirred layer
immediately external to the root surface. Theoretically derived
relationships between uptake and concentration gradients, com-
bined with experimental observations of the conditions existing
in our experimental system, permitted evaluation of the contri-
bution of bulk water flow to ion movement in the unstirred layer,
as well as a measure of the spatial resolution of the microelec-
trode flux estimation technique. Finally, a method was adopted
to assess the accuracy of this technique.

Investigations of nutrient acquisition have relied primarily
on techniques that integrate uptake over the entire root sys-
tem. Unfortunately, this approach fails to reveal which regions
of the root are actually involved in the uptake process. The
localization of uptake along the root axis will assist in the
correlation of root development, structure, metabolism, and
transport processes. Because a progression of root cell matu-
ration is observed as one moves basipetally from the apical
meristem, it is reasonable to expect that cellular biochemistry
and metabolic requirements may also vary with position along
the root axis. In support of this expectation, it has been
demonstrated that longitudinal gradients in respiratory activ-
ity (18) and nitrate assimilatory enzyme activity (21) occur
along root axes of barley and maize, respectively. We, there-
fore, sought to discover whether the transport of inorganic
nitrogen, as both NH4' and NO3-, also exhibits a gradient
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along the root axis and follows these previously observed
variations in metabolism.

Inorganic nitrogen occurs in the soil solution in two forms:
the ammonium cation and the nitrate anion. The charge of
the ion strongly influences whether transport will be thermo-
dynamically favorable or require the expenditure ofadditional
metabolic energy; it also determines which mechanism(s)
might be used to maintain electroneutrality at the root-soil
interface (12). Once transported into the cell, the energy cost
of assimilation to glutamate differs between NH4' and NO3-;
the reduction of NO3- to NH4' requires the equivalent of an
additional 15 ATP (25). Furthermore, the assimilation ofeach
ion affects cytoplasmic pH differently; the incorporation of
NH4+ generates H+, whereas the reduction of NO3- results in
a net alkalinization of the cytosol. It has been suggested that,
to maintain electroneutrality during transport and to regulate
cytoplasmic pH during inorganic nitrogen assimilation, H+
or OH-/HCO3- ions are exported to the rhizosphere (12, 23).
Indeed, it is generally observed that plants grown with NH4'
as the sole nitrogen source acidify the external medium.
Conversely, when NO3- is the sole source of nitrogen, an
alkalinization of the external medium occurs. In view of the
differences between NH4+- and NO3--based nutrition, it seems
likely that factors such as respiration and energy availability,
enzyme activity, maintenance of electroneutrality, and plant
nitrogen requirements would influence where along the root
axis transport of each ionic form predominates. We have,
therefore, endeavored to describe patterns of NH4' and NO3-
uptake along the apical 7 cm of 7-d-old intact barley roots.
At this stage of development, the different anatomical regions
have reached their maximum longitudinal separation along
the root axis (31).

Previous techniques developed to study ion uptake along
the root axis have virtually all relied on the use of isotopic
tracers or an element such as bromine that is generally absent
from plant tissues. Typically, after exposure to a solution
containing the tracer, roots were either segmented and tissue
levels of tracer determined (10), or whole roots were used for
autoradiography (28, 31) or scanned with a Geiger-Muller
counter (28, 31). All of these techniques measure ion accu-
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Table I. Nutrient Solutions
Composition of nutrient solutions used in the growth and pretreatment of barley seedlings before

experimental use. Concentrations are given in qM.

Salt Solution A Solution B Solution C Solution D(1/20 MJS) (1/20 MJS(-N)) (1/20 MJS(NH4+)) (1/20 MJS(NO3))
KNO3 300.0 300.0
Ca(NO3) 200.0
NH4H2PO4 100.0
K2SO4 150.0
(NH4)2SO4 150.0
Ca(H2PO4)2 200.0 200.0 200.0
MgSO4 50.0 50.0 50.0 50.0
KCI 2.5 2.5 2.5 2.5
H3B03 1.25 1.25 1.25 1.25
FeHEDTAa 1.0 1.0 1.0 1.0
MnSO4 0.1 0.1 0.1 0.1
ZnSO4 0.1 0.1 0.1 0.1
CuSO4 0.025 0.025 0.025 0.025
MoO3 0.025 0.025 0.025 0.025

8N-(2-hydroxyethyl)ethylenediamine-triacetic acid.

mulation along the root axis for the ion or analog used as a
tracer. None, however, provide a dynamic view of uptake
along the root because the profile produced is merely a
representation of net tracer accumulation at the conclusion
of the exposure period.
We have four concerns regarding previous experimental

techniques and the characterizations of ion uptake along the
root axis that emerge from their application: (a) the use of
excised roots, (b) a nutrient-deficient regimen used to grow
plants for experimentation, (c) the lack of a recovery period
from movement and handling before the start of an experi-
ment, and (d) the static representation of ion uptake along
the root axis based on net accumulation of tracer. In studies
in which ion uptake along the root axis is examined, each of
these points strongly influences the experimental results and
their interpretation. These concerns will be addressed in more
detail in "Discussion."
Our experiments were based on the demonstration by New-

man et al. (20) that net ion fluxes may be estimated from the
measurement of ion activity gradients in the unstirred layer
of solution immediately external to the root surface using
ISMs2. We shall refer to this method as the MFET. It is
important at this point to distinguish between the unstirred
layer and the zone of ion depletion around the root; the size
ofthe unstirred layer is determined by fluid movement around
the root, whereas the zone of ion depletion is influenced both
by fluid movement and by ion uptake. The zone of ion
depletion is the region between the root surface and the radius
at which the ion concentration reaches 99% of the bulk
solution ion concentration and will hence be referred to as
the diffusion boundary layer (1). The development of NH4t-

2 Abbreviations: ISM, ion-selective microelectrode; MFET, micro-
electrode flux estimation technique; MJS, modified Johnson's solu-
tion; MJS(-N), nitrogen-free modified Johnson's solution;
MJS(NH4+), ammonium-based modified Johnson's solution;
MJS(NO3-), nitrate-based modified Johnson's solution; emf, electro-
motive force.

and N03--selective microelectrodes (13) has made it possible
to measure NH4' and NO3- uptake along the root axis with
improved spatial and temporal resolution. Although the
MFET promises to be a powerful tool for investigating ion
uptake by intact roots, several important issues have not been
addressed previously, including the effects of transpiration-
driven bulk water flow into the root, the nature ofthe diffusion
boundary layer, the spatial resolution, and the accuracy of
the technique. An evaluation of the MFET was, therefore,
conducted to clarify these points.

MATERIALS AND METHODS

Barley Culture

Germination and Growth

Barley seeds (Hordeum vulgare L. cv Prato) were imbibed
in the dark at 28°C on germination paper moistened with 500
,M CaSO4. After 24 h, germinated seeds were suspended above
light-tight, 1-L containers (3M Velostat No. 4015) filled with
l/2o strength MJS (15) (Table I, solution A). This nutrient
solution contained both NH4' and N03-, at 100 and 700 MM
respectively. Each container held three seedlings, and the
solutions were aerated continuously. The containers were
placed in a growth chamber set for day/night temperatures of
20 and 15°C, respectively. The seedlings received light at a
PPFD of 300 ,umol m-2 s-I for a 16-h photoperiod (06:00-
22:00 h).

After 3 d in 1/20 strength MJS, the seedlings were transferred
for 2 d into 1/2o MJS(-N) (Table I, solution B). This solution
contained neither NH4' nor N03- but maintained equivalent
concentrations of all other ions with the exception of H2P04-
and SO42-, which increased from 100 to 400 ,M and from 50
to 200 Mm, respectively (Table I).

Pretreatment Solutions

Plants were inserted into the experimental chamber at
approximately 21:30 h on the evening before the experiment.

735



Plant Physiol. Vol. 99, 1992

A particular pretreatment solution was circulated through the
chamber for approximately 12 h, until the start of the exper-
iment the following morning. In the case ofNH4' axial scans,
the pretreatment solution was 1/20 MJS(-N) (Table I, solution
B). This was to ensure that at the start of the experiment
plants would take up NH4' at a significant rate. Although
some reports have appeared suggesting that NH4+ uptake may
be substrate inducible (9), our experiments have failed to
show that pretreatments with NH4' are necessary for signifi-
cant initial rates of NH4+ uptake. In contrast, to be able to
distinguish between changes in net NO3- flux due to axial
position versus changes in net flux due to the induction of
NO3- uptake, the plants were exposed to NO3- sufficiently in
advance of the start of the experiment to ensure a fully
induced N03- transport system (G.H. Henriksen and R.M.
Spanswick, unpublished). Therefore, plants to be used for
NO3- axial scans were pretreated for 12 h with 1/2o MJS(NO3-)
(Table I, solution D).

Microelectrode System

Microelectrode System Improvements

Several modifications were made to the experimental sys-
tem (Fig. 1) previously described (13). The shoot was illumi-
nated using two low voltage lamps (Wild HeerBrugg Ltd.,
model 1052) giving a PPFD of 150 umol m-2 s-' perpendic-
ular to the leaf surface. This configuration prevented illumi-
nation of the root system, as well as inadvertent heating of
the solution in the experimental chamber and subsequent
temperature-dependent variations in microelectrode response
(13). In addition, light levels were kept low to minimize
transpiration and consequent ion uptake due to bulk water
flow (see "MFET Theory").
A brass, telescoping (4-6 cm), signal-driven shield was

extended over the microelectrode holder and the shaft of the
microelectrode itself, to within 5 mm of the solution surface.
The stainless steel experimental chamber (Fig. 2; 13, fig. 1)
was connected directly to the chassis ground of the electro-
meter, as was a braided wire shield surrounding the cable

ELC TRI

^ j D""SOLUT10": U U cror y ~~~~~~SOLUTCARADA-C - r----- -'EXPERIi
EXPERIMENTAL FANED SOL-UNETINC_ mT j DC$CR t CLCCT~~~~~~~~~~OD NIt--

i U AT N U

- 1LICAGEJHE CICLATING

'~~~~~~~~~~~CP TURRIN RIE

VIRRAT ION ISOL ATION TARLE

e;TOCONTROL CARLY

\CCODO U C

MA___- IPU- IMIT--iLITRDr AE

IICAL
RENTAL

DRA
OIO

Figure 1. Schematic of microelectrode system. Elements in the
system used to measure net ion fluxes into roots using ISMs in the
unstirred layer of solution immediately external to the root surface.

Figure 2. Detail of rack and pinion positioning system. Chamber
position, and thus root position with respect to the microelectrode
tip, was adjusted by means of a rack and pinion mechanism.

between the motor-driven micromanipulator (Marzhauser,
model DC-3K) and its control panel. These modifications
dramatically improved the signal to noise ratio and, in con-
junction with the addition of a 10 ,uV-resolution digital mul-
timeter (Keithley Instruments, model 175) connected to the
differential output of the dual electrometer (World Precision
Instruments, model FD223-G), improved the accuracy of the
MFET.
A 30.5-cm-long rack and pinion slide with an associated

platform (Edmund Scientific Co., Nos. F3 1 and 241 and Nos.
F31 and 240) was attached to the stainless steel chamber,
allowing the chamber to be moved along the x and y axes to
facilitate positioning of the microelectrode tip along a 10-cm
length of root (Fig. 2). To reduce friction during chamber
movement, both the steel portion of the chamber bottom and
the stage of the inverted microscope were covered with Teflon
pressure-sensitive sheeting (Scientific Specialties, Randalls-
town, MD; No. S325 10). A scale on the rack with 0.01-inch
(0.254 mm) graduations provided a means to return reliably
to axial positions at which measurements had previously been
made. Unique features along the root surface visible at high
magnification were also found to be useful in returning to
previous measurement positions.

Finally, the solution delivery system was modified to in-
clude a loop whereby a pretreatment solution could be cycled
through the experimental chamber (Fig. 1). The addition of a
peristaltic pump (Harvard Apparatus model 1201), in line
with a 3-L reservoir, enabled a particular pretreatment solu-
tion to be circulated through the chamber at a flow rate of 50
mL min-' for at least 12 h before the start of the experiment
the following morning. The benefits of this arrangement were
twofold: the plant had ample time to recover from movement
and handling (3) and a nutrient solution pretreatment could
be administered in advance of experimental measurements.

Microelectrode Fabrication

NH4+- or NO3-selective microelectrodes were fabricated in
groups of eight the evening before an experiment as described
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previously (13). In brief, micropipets were pulled from 2.0-
mm, o.d., capillary blanks and then silanized for 5 min on
the surface of a hot plate. After the micropipets were back-
filled with an appropriate solution, they were front-filled with
either NH4+- or N03--selective liquid ion-exchange resin and
then stored overnight tip down in a solution similar to that
used for back-filling. On the following morning, several mi-
croelectrodes were tested, and the best was selected for cali-
bration. Selection was based on a combination ofthree factors:
slope (mV decade-'), drift (mV min-'), and response time.

Microelectrode Calibration

Once selected, the microelectrode was calibrated between
50 and 1000 AM in the following sequence: 50, 100, 200, 500,
and 1000 AM. Calibration solutions consisted of 200 AM
CaSO4, 1. 1 mM MgSO4 to adjust the ionic strength to approx-
imately 4.4 mm, and the ion ofinterest added in small aliquots
as either (NH4)2SO4 or Ca(NO3)2. A similar calibration was
performed at the conclusion ofthe experiment. Linear regres-
sions were calculated for each calibration curve and the
regression coefficients compared to determine whether the
microelectrode response had changed significantly during the
course of the experiment. The difference between the slope
values from the initial and final calibration regression equa-
tions constituted one component in the calculation of the
total MFET uncertainty (see "MFET Accuracy Estimation").
This difference was never observed to exceed 1 mV decade-',
corresponding to an inaccuracy in the net flux calculation of
<0.1% (from Eq. 24). Therefore, the initial and final electrode
slopes were averaged when calculating ion concentrations
from emf readings.
Although it is not possible to ensure against microelectrode

drift during the course of the experiment, it is possible to
compensate for electrode drift when calculating ion concen-
trations from emf readings. This was done by recalculating
the intercept of the regression equation each time the micro-
electrode tip was repositioned in the bulk solution; the under-
lying assumption is that the bulk solution concentration re-
mains virtually constant during the 90 min between solution
changes. This assumption was verified by removing aliquots
of solution from the experimental chamber at the beginning
and end of several 90-min periods and measuring their N03-
concentration with a NO3--selective macroelectrode (Orion,
model 93-07). A t test with 95% confidence limits revealed
no significant difference in NO3- concentration between the
two groups of samples.

Experimental Protocols

Transpiration Experiments

Because bulk water movement toward the root surface
affects MFET results (see "MFET Theory"), experiments were
conducted to estimate typical transpiration rates. Root sys-
tems of intact 7-d-old seedlings were inserted into 50-mL
Erlenmeyer flasks containing experimental solution. The
seedlings were supported by foam plugs around the caryopsis
and sealed into the flasks with high vacuum silicone grease
(Dow Corning). Flasks containing plants were weighed with

a digital analytical balance (Fisher, model XA 100) before
placement under environmental conditions identical with
those experienced by the plants during MFET experiments.
The PPFD at the leaf surface was 150 ,umol m-2 s-', the
ambient temperature was 23.6 ± 0.2°C, and the RH (40.5 ±
3.0%) was determined using a sling psychrometer. Weights
were recorded at 15-min intervals during the course of 2 h,
and weight loss was plotted as a function of time. Weight loss
was found to be linear with time (r2 > 0.99), and it was
assumed that weight loss was due only to transpiration. This
assumption was supported by control experiments performed
on flasks without plants. At the conclusion ofthe experimental
period, root and shoot lengths were estimated, and root fresh
and dry weights were measured. Transpiration rates based on
root surface area (L m-2 s-') were then calculated.

Net Ion Flux Measurements

Net ion flux experiments were begun after the plants had
been exposed to the pretreatment solution for 12 h. At the
start of an experiment, solution was allowed to flow into the
experimental chamber (130 mL volume) for 15 min at a rate
of 70 mL min-'. For NH4+-based experiments, the solution
consisted of 100 lM (NH4)2SO4, 200 AM CaSO4, and 1.1 mM
MgSO4. When the ion of interest was NO3-, the solution
contained 100 AM Ca(N03)2, 100 lM CaSO4, and 1.1 mM
MgSO4. After the solution inflow was stopped, a period of 2
to 3 min was permitted for electrode settling before an emf
reading was taken in the bulk solution. The microelectrode
tip was then moved in a direction perpendicular to the root
axis along a radius (Fig. 3). The tip of the microelectrode was
positioned at 100, 50, 25, 50, and 100 Am from the root
surface using the motor-driven micromanipulator and a cali-
brated eyepiece reticle; an emf reading was made at each
position. After the second reading at 100 ,tm, the tip was
moved back into the bulk solution, and a final emf reading
was taken to complete one cycle of ion concentration meas-
urements. The temporal resolution of the MFET (approxi-
mately 15 s) is the sum of both the time necessary for tip
movement between positions (approximately 10 s) and the

_K D,* ( c2- c,) ,__
J {,,0 In (r2Ir1) ,,

/-,- ,5S, ROOT

I -, ~~POSITIONS
i'- ,- ELECTRODE TIP

ON RADIUS

Figure 3. MFET. The MFET uses activity (concentration) measure-
ments (c, and C2) in the unstirred layer of solution to calculate net
ionic fluxes at the root surface (Jro). D*O is the self-diffusion coefficient
of the ion of interest. K, a units conversion coefficient, is used to
express Jr,ot in units of nmol m-2 s-'. Ion concentrations are measured
at two radial distances (r, and r2) from the root center. The root radius
is given by rrot.

737



Plant Physiol. Vol. 99, 1992

time required for the electrode to respond to a change in ion
concentration (approximately 5 s).

It is possible to improve MFET accuracy by using ion
concentration measurements at more than two locations to
arrive at an estimate of net ion flux. In this method, measure-
ments at several positions are used in a linear regression; the
slope of the regression line is then used to calculate the net
ion flux (see "MFET Theory"). However, this improvement
is only realized if electrode drift is low and root uptake rates
are relatively constant over time. To minimize the influence
of electrode drift, and because fluctuations in ion uptake were
observed within relatively short periods, we chose to use pairs
of measurements closely spaced in time. In-going measure-
ments made at 100- and 50-,tm positions were paired, as were
out-going measurements at 50 and 100 Atm, so that each cycle
of measurements yielded two estimates of the net ion flux
into the root.
The rack and pinion slide (Fig. 2) was used to reposition

the chamber so that net flux estimates were obtained at five
locations along the apical 7 cm of root. These five cycles of
measurements were completed within 90 min and were fol-
lowed by a 12-min flushing of the chamber with fresh exper-
imental solution before beginning the next set of measure-
ments. Four such 90-min measurement periods constituted a
complete experiment.

MFET Theory

The MFET uses ion activity measurements (equivalent to
concentration in dilute solutions), taken at several positions
in the diffusion boundary layer, to estimate the net flux3 of
ions (J) into the root. The conversion of concentration gra-
dient data into flux estimates requires assumptions about the
mechanisms ofion transport to the root surface and the nature
of the diffusion boundary layer, as well as the geometry of the
root; different assumptions yield different flux estimates from
the same data. We shall first derive the relationship between
flux and concentration gradients for three cases and then use
experimental observations to choose the case that best de-
scribes the conditions in our experimental system. In all three
cases, we make the following simplifying assumptions: roots
exhibit morphological and physiological cylindrical symme-
try, and uptake is constant along an infinite length of root.
Although this second assumption is clearly violated in real
root systems, it will be shown that a relatively short (approx-
imately 1.0 mm) length of root may be treated as an infinite
cylinder.

Ion movement in the diffusion boundary layer can be due
to gradients in electrochemical potential or due to the tran-
spiration-driven movement of water into the root, hereafter
referred to as bulk flow. The emf of an ion-selective electrode
will be due to both the activity of the ion of interest and any
electrical potential differences in solution. It is, therefore,
important to determine whether significant electric fields are
occurring in the unstirred layer and contributing to the meas-
ured emf. The electric field component of the total electro-

'Following standard engineering terminology, we will use "flux"
strictly to mean the amount of material passing through a unit area
per unit time (mol m-2 s-').

chemical potential gradient was estimated and found to be
negligible when compared to the concentration component.
This estimate was based on reported values for ion current
densities (2 ,gA cm-2) around barley roots (30) and the specific
conductivities of our experimental solutions (approximately
300 ,uS cm-'). Therefore, the two transport mechanisms re-
sponsible for ion movement toward the root surface are
diffusion, driven by the concentration gradient, and bulk flow.
Diffusion driven by a concentration gradient is termed ordi-
nary diffusion (1) and will be the only type of diffusion
considered in this paper.
Root geometry may be approximated by a cylinder, with

ion flux assumed to be in the radial direction only. The area
(As) over which the flux occurs is, therefore, 27rrl, where r is
the radial distance (m) from the root center and I is the root
length. For steady-state uptake, ion flow into the root (0, mol
s-') is constant. Because flux (J, mol m-2 s-') is flow per area,
flux is inversely proportional to r. This is in contrast to the
case of planar diffusion, where As remains constant along the
paths ofthe diffusing ions. Under certain limited experimental
conditions, planar diffusion may be an adequate approxima-
tion of the cylindrical diffusion that is actually occurring;
however, such an approach lacks rigor and always introduces
some error (see Eq. 9). Alternatively, cylindrical coordinates
yield correct results regardless of root size and measurement
location.

In contrast to flux, flow is independent of radial position
under steady-state uptake conditions, making it advantageous
to compute flow from concentration gradient data. Flow can
be converted to flux at the root surface by the following
equation: Jrool = ¢/As(rool), where the root surface area, Asroo,)
is given by 27rrro,,l, where rr),O is the root radius. Alternatively,
flow per unit root mass (mol g fresh weight-' s-' or mol g dry
weight-' s-1) can be computed if the root fresh or dry weight
is known (20). To simplify the following derivations, flow is
expressed on a unit length basis (4,, mol m-' s-'), and influx
is defined as positive and efflux as negative.

Case 1: Diffusion Only, Constant Diffusion Boundary Layer

We will first consider conditions similar to those used by
Newman et al. (20) in their derivation, which allow for a
constant diffusion boundary layer and ordinary diffusion as
the only driving force for ion movement toward the root. This
is described by Fick's First Law, which expresses the propor-
tionality between flux and concentration gradient:

J -

J=D Or' (1)

where D*° is the self-diffusion coefficient (m2 s-'), and c is the
concentration (mol m-3). The minus sign normally found is
omitted because, in uptake measurements, influx is defined
as positive. Under steady-state conditions, the law of conser-
vation of mass dictates that the amount of matter entering a
volume must be equal to the amount leaving the volume; in
the cylindrically symmetric case, this constraint has the fol-
lowing expression (1):
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%error = 100(1 - rrO,,ln(r2/ri))r2- r1

Substitution of Equation 1 into Equation 2 yields the differ-
ential equation for steady-state radial diffusion in a cylindrical
system:

+ ~~~~~~~~(3)
Or2 rOarclr

It is easily verified that the general solution to Equation 3 is:

c = ,l3ln(r) + /2, (4)

where /31 and /2 are constants determined by the boundary
conditions. At the root surface, where flux is known to be the
flow (4v) divided by the root surface area per unit root length,
the boundary condition is given by:

Jroot = 2T = D*°(d) .r (5)

Substituting Equation 4 into Equation 5 and rearranging
gives:

,= 27rD*0#1. (6)

Equation 4 implies that concentration (c) changes linearly
with the natural logarithm of radius. If c is plotted against
ln(r) (Fig. 4), the slope of the line will be /31, which can be
calculated from two points as:

C2- C1

ln(r2/rl) (7)

Substituting Equation 7 into Equation 6 yields:

C2
-

Cl(827rD*01(/1) (8)

Equation 8 can be used to estimate flow using concentration
measurements at two radial positions. This will be referred to
as the two-point MFET. For convenience, a shorthand nota-
tion indicating the inner and outer distances from the root
surface will be used in this paper; e.g. 50/100 MFET indicates
the two-point MFET with measurements made 50 and 100
,m from the root surface. If more than two locations are

sampled, a least squares fit of the concentration (c) as a

function ofln(r) yields /3, as the slope and 32 as the y intercept,
where ln(r) = 0 (Fig. 4). Although 2 has no direct physical
significance, if both /2 and are known, they can be used to
calculate the root surface concentration and the approximate
size of the diffusion boundary layer. Notice that flow, the
variable of interest, is completely determined by the slope of
the c versus ln(r) line; finding the second constant of integra-
tion (/2) is unnecessary for the MFET.
An expression for the error in net flux calculations incurred

by assuming that planar diffusion is occurring in a cylindrical
system can be derived using Equations 1, 4, 5, and 6. Only
the result is presented below:

Substituting typical values for r,O,t of 225 and 500 ,um for
barley and maize, respectively, the use of planar diffusion
coordinates for the 50/100 MFET will result in a 25% error

in the net flux calculation for barley, and a 13% error in the
flux calculation for maize. If a 20/60 MFET is used with a
maize root (24), the error in the flux calculation will be 7%.
Inasmuch as other elements in the MFET introduce varying
amounts of error into the calculation of net ion fluxes (see
"MFET Accuracy Estimation"), the addition of another
source of error through the inappropriate use of planar dif-
fusion equations is unnecessary and easily avoided.

Case 2: Diffusion and Bulk Flow, Constant Diffusion
Boundary Layer

We will now assume that ion movement due to ordinary
diffusion occurs in conjunction with ion movement due to a

radial flow of water into the root so that Fick's First Law
must be amended with a term representing ions moving with
the bulk flow of water. This can be done by multiplying Jq,),
the volumetric water influx (m3 m-2 s-'), by the concentration
of the ion in solution (1):

J= D +oc
=D*O-:-- + 4J(oC. (10)

The mathematical expression of mass conservation remains
the same; therefore, substitution ofEquation 10 into Equation
2 yields the differential equation for steady-state radial diffu-
sion and bulk flow in a cylindrical system:

a2, I + k, - = 0, (1 1)

where kv = Jv)roorroo

and J.(v)r,o, is the volumetric water influx at the root surface.
The general solution to this equation for non-zero kw is:

C = /3tr-k + A4, (12)

where /3 and 4 are constants determined by the boundary
conditions. By applying the surface flux boundary condition,
as was done in case 1, the relationship between these constants
and the uptake rate is found. These constants can be deter-
mined by a linear regression on two or more data points and
then used to compute flux and flow. The two-point flow
formula is given here:

41' = 27rr,ootJ, (c2vrC k -r_ kw) (13)

If zero bulk flow is assumed, even though significant transpir-
ation is actually occurring, the percentage error in the esti-
mated flux incurred by using Equation 8 instead of Equation
13 is given by:

J + r-ai= 0,
dlr (2) (9)
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% error =

100 -
D*o ( _14)

rro,o,J,,~v)roo ,ln(r2/rl)
C Cl r2.kI -rv.k

Substitution of values into Equation 14 reveals that the per-
centage error becomes larger as the solution concentration
increases. This is expected because more of the ion is carried
per unit water flow when the concentration is higher. If
measurements are attempted in high solution concentrations,
two methods may be used to minimize the error; either
transpiration should be quantified so that Juv)r00t is known
and Equation 13 can be used, or transpiration should be
reduced so that use of Equation 8 results in insignificant
errors.

Case 3: Diffusion Only, Time-Varying Diffusion Boundary
Layer

We now remove our previous constraint concerning con-
stant diffusion boundary layer size. The governing differential
equation in this case is:

02Cc I Oc 1 Oc (15)
dr2 r ar D*° at

The two boundary conditions are: (a) constant flux at the root
surface, a condition that is reasonable in light of the fact that
the bulk solution concentration is more than an order of
magnitude larger than the Km for both NO3- and NH4' (1 1),

and (b) a constant concentration in the solution far away
from the root. The necessity of the vague term "far away
from" arises because the diffusion boundary layer size is
variable; initially, the entire solution is at constant concentra-
tion and there is no diffusion boundary layer. As time (t)
progresses, ion uptake causes a zone of depletion to form; in
a completely motionless fluid, this zone grows indefinitely.
Mathematically, the second boundary condition is expressed
as c -- co as r -- oo, where co represents the bulk solution
concentration. In addition to the two boundary conditions,
an initial condition is required for the solution of the time-
dependent equation. This initial condition is that at t = 0, c
= co everywhere in the fluid. These boundary and initial
conditions, along with Equation 15, are analogous to those
describing the temperature distribution around a cylindrical
heat source in an unbounded material. Carslaw and Jaeger
(5) found a solution to this equation that is fairly complex.
However, they present a simplified solution, valid for t >>
(r)2/D*O. At 20C, values of D*o for NH4' and NO3- have
previously been calculated to be 1.74 x 10'- and 1.67 x 10-9
m2 s-', respectively (13). Therefore, when making measure-

ments 100 ,um from the surface of a root of 225 ,m radius,
(r)2/D*' z 120 s. The simplified solution is, therefore, legiti-
mate for all but the first few minutes of the 90-min measure-
ment period. Making the appropriate conversions between
Carslaw and Jaeger's heat transfer solution and the mass

transfer problem of interest yields:

c = co + 2 [ln(r) - ln(Vt)- ln(FD*O/e)], (16)
2irD*O
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where y = 0.57722 (Euler's constant). The first term in the
brackets indicates that the positional variation of concentra-
tion is identical with that given in Equation 4, whereas the
second term addresses the temporal change in concentration
due to the depletion of the solution around the root. It is
possible to determine whether or not the solution is being
depleted, as predicted by Equation 16, by comparing the
concentration profiles at different times.

RESULTS

MFET Evaluation

To maximize the accuracy of the MFET, an equation
appropriate to the experimental conditions must be used to
convert concentration gradient data into flux estimates. Hav-
ing explored the relationship between flow and concentration
gradients for three sets of conditions, we will now choose the
case that best describes the conditions observed in our exper-
imental system. In so doing, we will determine the appropriate
equation to be used in calculating net ion fluxes, then develop
an estimate of the spatial resolution of the MFET, and finally
generate an expression for calculating the uncertainty inherent
in making measurements of this type.
As explained in the MFET theory, concentration data may

be used to estimate the size of the diffusion boundary layer
(Fig. 4). We have observed experimentally that diffusion
boundary layers do not increase steadily with time; rather,
they are fairly constant. This phenomenon is not expected in
a perfectly still fluid; Equation 16 suggests that the zone of
depletion increases steadily around a root that is removing
ions from solution. The large, fixed diffusion boundary layers
that we observe imply that small convection currents exist in
our experimental chamber. This is likely to be due to minor
temperature gradients between the surface ofthe experimental
solution and the chamber walls, which are maintained at
20C. Because we observed a fixed diffusion boundary layer,
we concluded that our experimental system would be modeled
best by the application of equations developed in case 1 or
case 2 (see "MFET Theory").
Two equations were developed for conditions of a fixed

diffusion boundary layer; one describes the case wherein only
diffusion is responsible for ion movement to the root, and the
other considers the effects of both diffusion and bulk flow in
transporting ions to the root. If transpiration is quantified,
then Equation 14 may be used to assess the error incurred in
applying Equation 8, which ignores the contribution of tran-
spiration-driven bulk water flow. To this end, experiments
were performed to estimate the bulk flow of water into the
root.

Transpiration experiments indicated a maximum J%v)roo, of
1.4 x 1I0- L m-2 s-' when averaged over the entire root
surface. Applying this value in Equation 14 yields a prediction
of a typical error of 0.6% in our experimental solutions in
which the concentration of the ion of interest was 200 uM.
The predicted error would increase to 5.5% if the local J]v)roo,
were an order of magnitude greater than the average values,
an unlikely condition, even though it has been shown that
water uptake is not uniform over the entire root surface (26).
The effect of bulk flow was, therefore, considered to be

insignificant, and Equation 8, rather than Equation 13, was
used to calculate net ion flow. Net ion flux (Jro,o) at the root
surface can be computed by dividing Equation 8 by root
surface area per unit length (27rrroo,):

KD*° C2 - Cl
Jroot =

rroo,, ln(r2/rl)' (17)

where K is a units conversion coefficient. Having chosen the
equation that best describes the conditions observed with our
experimental system, we will next develop an estimate of the
spatial resolution of the MFET.

Axial Variations in Uptake and the Spatial Resolution of the
MFET

Axial variations in uptake influence the direction of ion
flow by adding an axial (z direction) diffusion component to
the radial component. To investigate the spatial resolution of
the MFET, we will model a hypothetical situation in which
the root surface flux (Jroo,) is constant along a segment of root
and zero along adjacent segments (Fig. 5). If we assume a
constant diffusion boundary layer, the governing differential
equation becomes:

02c 1 dc 012c
Or2 r0r +z2 (18)

As with the time-varying case (case 3), a heat transfer
analogy exists and has been solved by Carslaw and Jaeger (5).

E
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6-

z

0.0

fjt

0.0 e

A a I I
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Figure 5. Spatial resolution modeling. The region of length a, cen-
tered on a root segment of length 1, represents a zone of constant
uptake; the regions of length X on either side represent zones of zero
uptake. The solid line represents the hypothetical root surface flux;
the dashed curve depicts the result of a computer simulation of the
flux as determined by the MFET, using Equation 17. Of particular
interest in determining the spatial resolution of the MFET is the
difference (see arrows) between the actual root surface flux and the
flux determined by the MFET at the axial position centered on a.
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The appropriately transformed result is given as:

= 4Jrol
-D*X)72

X FO[(2m + 1)irr/l; (2m + 1)7rb/l]cos a sin (3
m=O F,[(2m + 1)7ra/l; (2m + 1)7rb/1](2m + 1)2 '

where
(2m + 1)rXaY =- /

(2m + 1)7rz
A= /

O-.

I-

w0
I(9

Fo[x; y] = Io(x)Ko(y) - Ko(x)Io(y),

F,[x; y] = I(x)Ko(y) + KI(x)Io(y),

I-a

2

and where a and b represent the radius of the root and
diffusion boundary layer, respectively, z represents the axial
distance from the end of the segment, represents the root
length, a is the length of the root segment showing constant
uptake, and X represents the lengths of root segments having
zero uptake; I,, and Kn are modified Bessel functions of the
first and second kind, order n. Equation 19 was implemented
on a computer, using subroutines to compute the Bessel
functions (22) so that concentrations at any location (0 < z <
1, a < r < b) could be calculated. The following values were

used: Jroo,, 500 nmolm2 s'; 1, 30 mm; a, 0.225 mm; b, 0.725
mm; D*°, 1.7 x 10- m2 s-l; and a, varied from 0.01 to 1.0
mm. The concentrations calculated by the program were
substituted into Equation 17 so that the flux value that a two-
point MFET would yield could be calculated and compared
with the actual root surface flux (Jroo,).

Figure 6 shows a graphical representation of such a com-
parison. Notice that as the width (a) of the constant uptake
segment is increased, the MFET results provide a better
estimate of the actual root surface flux; when a is 0.84 mm,
the 50/100 MFET reads 95% of the true value of the root
surface flux. We have chosen this value of a (0.84 mm) as

representative of the spatial resolution of the 50/100 MFET,
because other system elements limit the accuracy of
the MFET to approximately 95% (see "MFET Accuracy
Estimation").

It is apparent from Figure 6 that the spatial resolution
improves as the measurements are made closer to the root;
the 10/20 MFET measures 95% of the actual root surface
flux when ai is only 0.27 mm. However, improved spatial
resolution comes at the cost of increased measurement uncer-

tainty, as demonstrated in the following section.

MFET Accuracy Estimation

Although it is desirable to find an estimate of the accuracy
ofthe MFET, an appropriate approach has yet to be described.
Several common techniques for determining measurement
accuracy cannot be used for the MFET; a cylindrical device
with a constant, known uptake rate is not available as a
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Figure 6. Spatial resolution modeling. The width of the constant flux
segment, a, determines the accuracy of the MFET; the axial position
of the microelectrode is centered on the root segment. The width (a)
of the segment exhibiting constant uptake was varied from 0.01 to
1.0 mm, in steps of 0.01 mm. The MFET estimation of the root
surface flux is described as a percentage of the actual root surface
flux and is a function of ai. The solid line represents the 50/100 MFET;
the dashed line represents the 10/20 MFET. Note that, as a increases,
the flux estimate yielded by the MFET approaches the actual root
surface flux. When or is 0.84 mm, the 50/100 MFET reading is 95%
of the actual root surface flux. The 10/20 MFET reads 95% of the
actual root surface flux when a = 0.27 mm. The gain in spatial
resolution achieved by measuring close to the root surface comes at
the cost of an increase in the uncertainty of the measurement (see
"MFET Accuracy Estimation").

calibration standard and performing a statistical analysis on
a group of measurements is also problematic because it is not
possible to know whether to attribute variations in MFET
results to measurement errors or to changes in flux. However,
each of the components used in the net flux calculation has a
measure of uncertainty associated with it. It is possible to
determine, by assessing the uncertainties in the component
measurements, the accuracy of the net flux estimate. It is
necessary to decide on the level of confidence desired in the
accuracy limits when making such an assessment. We have
chosen the conservative level of 95% confidence for the
accuracy calculations, meaning that the value produced by
the MFET will be within the calculated accuracy limits 95%
of the time.

Kline and McClintock (16) showed that the best method
for combining component uncertainties, to arrive at an esti-
mate of the overall system uncertainty, depends on the way
in which the uncertainty is expressed. IfN represents a derived
quantity, which is a function of several independent variables
Ul, U2, . . . Uk, and if buj represents the experimentalist's confi-
dence that some portion (e.g. 95%) of the measurements will
fall within the range uj ± buj, Kline and McClintock (16)
found that 6N, the uncertainty in N that corresponds to the
same confidence interval, is given by:

6N= j ) 2.uja (20)

- 0.84 mm

I/ I
-
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Notice that the uncertainty in any independent variable (buj)
is scaled by the differential change in N for a change in uj. To
use Equation 20 to estimate the accuracy of the MFET, X,
will be expressed in terms of measurable variables (uj).
The concentration terms in the two-point MFET are com-

puted from the electric potentials measured across the
ISM/reference electrode circuit, according to the following
expression that is easily derived from the Nernst equation:

Cl = CojO((E-Eo)/m) (21)

In this equation, concentrations have been substituted for ion
activities, a valid conversion when solutions are dilute and
the activity coefficient is essentially unity. It has also been
assumed, based on the estimation of the electrical potentials
around the root, that the measured emf is entirely due to the
chemical potential of the ion of interest across the microelec-
trode liquid membrane. In Equation 21, m represents the
slope (mV decade-') of the electrode response, and is deter-
mined during calibration experiments, and Eo is the electrode
response to co, the bulk solution concentration.

Substituting these expressions into Equation 8 gives:

X/ = coD*o 1 0O((E2-E)m) _ 0((E,-EO)/m) (22)
ln(r2/r,) (2

Equation 22 gives X/ as a function ofthe measurable quantities
Eo, E, E2, r,, r2, and m, whose uncertainties can be estimated.
Equation 20 is then applied to find the uncertainty in X, as a
function of the component measurement uncertainties:

2/3=E( + 2.3 6E,cl )+ 2.3 5E2c2
m M(C2 - Cl) M(C2 - cl)

+ (2.3 bm (E + E2c2 -Elel)) (23)\ m \ o+
C l(3

+ rlbri))2 + r2 2-'/
(rl ln(r2/r)) (r2ln(r2/ri))]

This is further simplified because we estimate equal uncer-
tainties in the emf terms (6Eo = 6E, = 6E2= 6E) and in the
positioning terms (5r, = br2= br):

____\/ \~2 2__
a '= + C2+c, 2.3 E 2.3m2)(24)

p2-C, m

E c-Ec
+
+

+;
( C2 - c, ) (r2 rI ln(r2/rl)]

Notice that the fractional uncertainty (60,/,0) is simply the
term in square brackets in Equation 24. Net ion flux (J) is
related to flow (0') through rroo, (Eq. 5). Because the uncer-
tainty in determining rroo, is negligible (approximately ±0.7%),
the uncertainty in net flux, U, can be found simply by
multiplying J by the fractional uncertainty. As shown earlier,
spatial resolution improves as concentration measurements
are made closer to the root surface. However, this results in
large uncertainties in the calculated flux because r2/r, -* 1,
which drives ln(r2/rl) -- 0, and thus drives the entire term
[br/ln(r2/rl)] in Equation 24 to large values.

In summary, we have determined that our experimental

system is best described by equations based on the assumption
that the diffusion boundary layer remains relatively constant
and that ions move primarily by diffusion. Having established
that Equations 8 or 17 are appropriate, we determined the
spatial resolution of the 50/100 MFET to be 0.84 mm and
derived Equation 24 to determine the uncertainty in the net
flux estimates.

Axial Scan Experiments

It was experimentally observed that the diffusion boundary
layer does not change appreciably during a cycle of measure-
ments. This permitted the use of Equation 8, which was based
on the assumption of constant diffusion boundary layer size.
To determine the overall uncertainty associated with net ion
flux estimates, it was necessary to assess the uncertainties in
(a) positioning the microelectrode tip, (b) determining the
emf, and (c) the slope of the microelectrode response. Limi-
tations in optical resolution caused us to estimate the uncer-
tainty in radial positioning of the electrode tip as ±2.0 ,um,
whereas observation of the digital multimeter display led us
to estimate the uncertainties in emf readings as ±0.02 mV.
Ryan et al. (24) recognized that the limit of resolution of the
MFET will be a function of the bandwidth of the electrical
system. We determined the bandwidth of our system to be
approximately 5 Hz, which predicts a thermal noise level of
0.009 mV root-mean-square. The slope uncertainty (±6m)
was estimated for each experiment as half the difference
between the slopes of the pre- and postexperiment calibration
regression lines. Repeated observations have shown that the
accuracy of each ofthese component processes is within these
limits more than 95% of the time. Therefore, the actual net
flux falls within the range J ± UJ >95% of the time. Vertical
error bars were used in Figures 7 through 10 to indicate ± U.
Examination of the relative contributions of bE, bm, and br
to the overall uncertainty calculated using Equation 24 re-
vealed that, in our experimental system, positioning uncer-
tainty (6r) represents the greatest source of error; its influence
on UJ is at least an order of magnitude greater than either emf
or electrode slope uncertainty, bE and bm, respectively.

NH4+ Net Fluxes

Axial scans of net NH4+ uptake along the root axis revealed
a significant amount of variation, both over time and among
replicate plants (Figs. 7 and 8). Plants used in these experi-
ments had been deprived of nitrogen for approximately 64 h
before the start of the experiment. The net NH4+ flux values
determined during the first hour are significantly higher than
those of the subsequent three scans. It is important to note
that, at each position, net NH4' fluxes did not necessarily
decrease consistently during the course of the four axial scans
(Fig. 8). Often, a decrease followed by a significant increase
in net NH4' flux was observed. In several instances, neigh-
boring zones shifted their relative magnitude of NH4+ uptake
with respect to each other. This is evident at positions on
either side of an intersection of the spline-fit lines (Fig. 7).
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Figure 7. Variations in NH4+ net flux along the
root axis. Axial scans of net fluxes of NH4+ were
made at five positions along the apical 7 cm of
intact, 7-d-old barley seedlings. A complete scan
was made every 90 min, and four scans were

conducted on each root. Each panel (A, B, C,
and D) represents a single root from a different
plant. Error bars represent 95% confidence
based on system uncertainty calculations. The
data points have been interpolated with cubic
spline curves.
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NO3- Net Fluxes

As in the case of NH4' axial scans, measurements of net
NO3- fluxes show significant variation over time and among
replicate plants (Figs. 9 and 10). The high net flux values seen

during the first hour of NH4' uptake are absent, however;
plants used for N03- axial scans were given 12-h pretreat-
ments containing NO3- at 300 ,uM and were, therefore, not
nitrogen deprived at the start of the experiment. Variations
in net flux at single positions were also evident during NO3-
uptake (Fig. 10), although, as with net NH4' fluxes, no
particular region along the root axis appeared more subject

Figure 8. Variations in NH4+ net flux over time
at each position. Axial scans of net fluxes of
NH4+ were made at five positions along the apical
7 cm of intact, 7-d-old barley seedlings. A com-
plete scan was made every 90 min, and four
scans were conducted on each root. Each panel
(A, B, C, and D) represents a single root from a
different plant. Lettered panels correspond with
panels in Figure 7. Error bars represent 95%
confidence based on system uncertainty calcu-
lations. The data points have been interpolated
with cubic spline curves.
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to changes in net NO3- uptake than another. Again of note
are points where the spline-fit lines intersect, indicating neigh-
boring positions shifting their relative magnitudes of net NO3-
flux (Fig. 9).

DISCUSSION

It has been demonstrated that significant reductions in both
root respiration and nitrogen absorption result from excision
(2, 17). Evidence suggests that reductions in ion uptake after
excision have more to do with energy availability than with
water flow (17, 27). In this regard, the use of intact plants
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appears judicious when investigating aspects of root physiol-
ogy pertaining to nutrient acquisition or other energy-requir-
ing processes. Whereas the use of excised roots presents prob-
lems in the interpretation of nutrient uptake experiments, the
wide variation in the nutritional status ofplants used in uptake
experiments poses additional difficulties. Clearly, if plants
regulate mineral nutrient uptake according to their metabolic
demands, their nutritional history will strongly affect the
results of uptake experiments. The use of "low salt" roots in
ion uptake studies is attractive because ion efflux is minimal,
owing to the depleted internal storage pools of various mineral
nutrients. However, inasmuch as many of the nutritional
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Figure 9. Variations in NO3- net flux along the
root axis. Axial scans of net fluxes of NO3- were

made at five positions along the apical 7 cm of
intact, 7-d-old barley seedlings. A complete scan

was made every 90 min, and four scans were

conducted on each root. Each panel (A, B, C,
and D) represents a single root from a different
plant. Error bars represent 95% confidence
based on system uncertainty calculations. The
data points have been interpolated with cubic
spline curves.

regimens designed to produce low salt roots withhold essential
mineral nutrients, doubts remain as to whether this height-
ened uptake is representative ofnormal plant function. Wiebe
and Kramer (31) have pointed out, however, that growing
seedlings in a dilute, nutrient-complete solution will also
produce roots in which ion efflux is minimal. Handling and
transplant shock are further disadvantages of many of the
earlier techniques; without sufficient time for the roots to
recover, the uptake of ions from the external medium is
reduced and perhaps altered along the root axis. Recent work
by Bloom and Sukrapanna (3) has demonstrated marked and
long-term reductions in both NO3- and K+ uptake by intact

Figure 10. Variations in NO3- net flux over time
at each position. Axial scans of net fluxes of
N03 were made at five positions along the
apical 7 cm of intact, 7-d-old barley seedlings. A
complete scan was made every 90 min, and four
scans were conducted on each root. Each panel
(A, B, C, and D) represents a single root from a
different plant. Lettered panels correspond to
panels in Figure 9. Error bars represent 95%
confidence based on system uncertainty calcu-
lations. The data points have been interpolated
with cubic spline curves.
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barley roots in response to gentle physical disturbance; re-
duced uptake was observed for 2 to 12 h, depending on the
nutritional pretreatment of the plants. We have, therefore,
made it a practice to insert plants into our experimental
chamber at least 12 h before the start of an experiment.
Although the spatial resolution of previous techniques has

been generally adequate, it has not been possible to observe
changes in the rate of uptake during the course of the experi-
ment. Inasmuch as these techniques all produce a summary
of total tracer accumulation along the root axis during the
duration of the experiment, little insight is provided concern-
ing variations in uptake with time. In contrast, the MFET
provides a very effective method for observing temporal var-
iations in ion uptake along the root axis. The technique is
noninvasive and nonperturbing and, therefore, allows re-
peated measurements at various positions along the root axis
during an extended period of time.

Current Work

In experiments using the MFET, net NH4+ fluxes measured
during the first hour of exposure were generally greater than
subsequent measurements made at the same position (Fig. 7).
Ammonium transport across the plasmalemma has been ob-
served to cause a sharp depolarization of the membrane
potential (14) and might, therefore, be expected to reduce the
driving force for NH4+ transport. However, the decline in net
NH4+ uptake evident between the first and second axial scans
is not a rapid change but, rather, occurs gradually during the
course of the first hour of exposure to NH4' (Fig. 7); any
membrane potential changes due to NH4+ influx were prob-
ably complete before the first cycle of measurements could
be made. All of the fluxes measured during the first hour are
larger than those during the second hour, except near the root
apex. Goyal and Huffaker (9) observed a comparable decline
in NH4+ uptake in wheat seedlings that were grown without
nitrogen; after declining for 1 h, net NH4' uptake then in-
creased to a steady rate that was still lower than the initial
NH4' uptake rate. Morgan and Jackson (19) also demon-
strated a similar reduction in net NH4+ uptake in nitrogen-
deprived intact wheat seedlings. Using '4NH4' and 15NH4+,
they were able to show that the reduction in net NH4' uptake
was due to an increase in NH4+ efflux; NH4+ influx also
increased, although to a lesser extent. The decline in NH4'
uptake continued for approximately 5 h, whereupon net NH4+
uptake increased to the initial rate during the course of 24 to
34 h.

All of the NH4+ axial scans appear to show a slight decline
in net NH4+ flux with distance from the root apex (Fig. 7). It
seems reasonable to view the root apex as a sink for energy
and raw materials necessary for the production ofnew cellular
material. Support for this lies in the fact that root respiration
levels are highest near the apex ( 18), as are inorganic nitrogen
assimilatory enzyme activities (21). Ammonium is a more
direct source of nitrogen for amino acid and protein synthesis
than nitrate; less energy is required for both transport and
assimilation. In addition, net fluxes of NO3- tend to be low
near the root apex but increase slightly toward the basal
portions of the root (Fig. 9). Cell elongation is driven by
turgor pressure, which, in turn, is effected by a lowering of

the solute potential (,J). Nitrate is able to function both as an
osmoticum and as a mobile ion (25), functions for which
NH4' is unsuitable because of its cytotoxic effects (1 1). The
slight increase in net NO3- flux with distance from the root
apex may be related to accumulation of NO3- in vacuoles or
with increased translocation of NO3- from the root in asso-
ciation with cations.
What is interesting in Figures 7 through 10, however, are

the fluctuations in net uptake during short time intervals and
the asynchrony in uptake along the root axis; whereas one
position shows a reduction in net flux between successive
hours, a neighboring position shows an increase (Figs. 8 and
10). Some positions exhibit an alternation in the direction of
the change in net flux between successive hours; the net flux
increases, decreases, then increases, or vice versa. These ob-
servations suggest that regulation of ion uptake may occur on
a more localized scale than is commonly thought. It appears
that regions along the root axis may vary significantly in
whatever metabolic conditions regulate the uptake of inor-
ganic nitrogen. In the case of NO3-, uptake regulation has
been proposed to be related to vacuolar [NO3j] + [Cl-] (8),
root carbohydrate status (6), and/or cytoplasmic amino acid
pools (4). Clarkson (7) suggested a joint regulation of N03-
uptake, whereby cytoplasmic [NO3-] influences NO3- efflux
and the cytoplasmic amino acid pool influences NO3- influx.
The regulation ofammonium uptake has received less atten-
tion, although it is likely that cytoplasmic amino acid pools
and the availability of carbon skeletons will figure promi-
nently in regulatory mechanisms. Apparently, these condi-
tions vary within relatively short distances along the root axis
and during observably short time periods.

CONCLUSIONS

The MFET enables determination of net ion uptake with
high spatial and temporal resolution and affords a high degree
of accuracy if appropriate precautions are taken: an accurate
micropositioning device and a high resolution optical system
are required to position the microelectrode tip, electrode
fabrication techniques must produce electrodes with low drift
and virtually constant slope, the experimental apparatus must
be electrically shielded to minimize noise and maximize the
accuracy of the emf measurements, the contribution of elec-
trical potentials to the microelectrode emf must be assessed,
and transpiration rates should be estimated to determine
whether Equation 8 or Equation 13 is applicable.
With the MFET we have been able to observe net fluxes of

NH4+ and NO3- along the root axis of intact barley seedlings
with a high degree of spatial resolution. It should be noted
that the spatial resolution of the MFET is limited by the
diffusion of ions in an axial direction and not by the relatively
small tip diameter of the microelectrode. We have demon-
strated (Figs. 5 and 6) that the spatial resolution depends on
the distance from the root surface at which measurements are
made. The MFET appears to be one of the only ways to
detect changes in net uptake along the root axis during
relatively short time periods. Furthermore, aspects ofprevious
techniques that disturb normal root function and, therefore,
cloud experimental results have been reduced; measurements
were made on intact roots that were grown on a complete
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nutrient solution and were given sufficient time to recover

from handling and perturbations before the start of each
experiment.

In 1959, despite the disadvantages of then current tech-
niques, Steward and Sutcliffe (29) suggested that "the point,
or points, of maximum [ion] accumulation may be located at
different distances along the axis of the root, and this may
vary with time... .there are strong indications that cyclical or

rhythmical phenomena, which reflect the periodicity of
growth, may influence the location at any one time of the
maximum accumulation along the axis of the root" (p 454).
The current work reveals the uptake of NH4' and N03- along
the root axis to be a dynamic process, exhibiting significant
variations over relatively short distances and periods of time.
Individual roots showed different patterns of uptake, although
net influxes of NH4' and NO3- were always observed along
the entire apical 7-cm sections measured. Because of the
variations in net fluxes observed between adjacent measure-

ment positions, there appears to be a close regulation of
uptake, due perhaps to the metabolic state of localized groups
of cells. The MFET is one technique that will be of great use

in further describing the dynamics of ion uptake and inter-
actions along the axes of intact roots.
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