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ABSTRACT

Neutral carrier-based liquid membrane ion-selective microelec-
trodes for NH4+ and N03- were developed and used to investigate
inorganic nitrogen acquisition in two varieties of barley, Hordeum
vulgare L. cv Olli and H. vulgare L. cv Prato, originating in cold
and warm climates, respectively. In the present paper, the meth-
ods used in the fabrication of ammonium- and nitrate-selective
microelectrodes are described, and their application in the study
of inorganic nitrogen uptake is demonstrated. Net ionic fluxes of
NH4+ and N03- were measured in the unstirred layer of solution
immediately external to the root surface. The preference for the
uptake of a particular ionic form was examined by measuring the
net flux of the predominant form of inorganic nitrogen, with and
without the alternative ion in solution. Net flux of NH4+ into the
cold-adapted variety remained unchanged when equimolar con-
centrations (200 micromolar) of NH4+ and N03- were present.
Similarly, net flux of N03- into the warm-adapted variety was not
affected when NH4+ was also present in solution. The high tem-
poral and spatial resolution afforded by ammonium- and nitrate-
selective microelectrodes permits a detailed examination of in-
organic nitrogen acquisition and its component ionic interactions.

Ammonium and nitrate are absorbed in greater amounts
than any other ion present in the soil solution. The predom-
inant form ofinorganic nitrogen in a given soil depends largely
on soil temperature, as the process of nitrification is more
strongly inhibited by low temperature than ammonification
(9). Therefore, plant varieties indigenous to warm or cold
climates may be expected to adapt their mineral acquisition
mechanisms to reflect the composition of their native soil
solution.
To date, studies of inorganic nitrogen acquisition have

relied primarily on measurements of the depletion of these
two ions from solutions containing the root systems of intact
plants or excised root segments. This approach integrates
uptake over the entire root system for the duration ofexposure
to the test solution. Alternatively, ion uptake may be studied
with a high degree of spatial and temporal resolution using
ion-selective microelectrodes to measure ion activity gradients

' Supported in part by National Science Foundation (N.S.F.) grant
DMB 87-16363 (R. M. S.), N.S.F. grant DMB 88-06585 (A. J. B.),
U. S. Department of Agriculture grant 88-37264-3857 (A. J. B.), and
funds provided by the Hatch Program (R. M. S.).

in the unstirred layer of solution immediately external to the
root surface (11, 19). Newman et al. (19) have used this
technique in conjunction with microelectrodes selective for
K+ and H+ to investigate proposed mechanisms ofK+ uptake.

Here, we report on the fabrication and characteristics of
neutral carrier-based ion-selective microelectrodes specific for
NH4' and NO3-, and demonstrate their use by investigating
the preference of warm- and cold-adapted barley varieties for
the form of inorganic nitrogen predominant in their native
soils.

MATERIALS AND METHODS

Fabrication of Microelectrodes

Variables that influence the performance of a neutral car-
rier-based liquid membrane ion-selective microelectrode in-
clude: (a) type of glass, (b) tip diameter, (c) type and concen-
tration of silane used to render the tip of the microelectrode
hydrophobic, as well as the silane solvent and application
method employed, (d) type of LIX2 or solvent used to solu-
bilize the neutral carrier, (e) length of the LIX column, (f)
ionic strength and composition of the solution used to back-
fill the microelectrode, and (g) preconditioning of the micro-
electrode (1, 4, 26).

Borosilicate capillary blanks 10 cm long and 2 mm o.d.
with an internal filament (World Precision Instruments, New
Haven, CT, No. 1 B200F-4) were pulled using a David Kopf
model 700C vertical pipette puller. The silanization method
used in the fabrication of these microelectrodes was that
described by Borrelli et al. (4), in which a 2 to 5 mm column
of 2 to 5% (v/v) tri-N-butylchlorosilane (Fluka, No. 90796)
in carbon tetrachloride was injected into the tip of the micro-
pipet. The micropipet was then placed on the surface of a hot
plate (Corning, PC-35) for a period of 5 min. The temperature
ofthe hot plate was adjusted such that a stainless steel-jacketed
chromel-alumel thermocouple (Omega, KHSS- 116G) con-
nected to a digital multimeter (Beckman, HD llOT) read
480°C when lying flat on the hot plate surface.

Because the microelectrodes would not be used intracellu-
larly, the silanized micropipet tips were broken back to reduce
the impedance. Using the method of controlled tip breakage

2Abbreviations: LIX, liquid ion-exchange resin; PVC, poly-
(vinylchloride); THF, tetrahydrofuran; emf, electromotive force;
FPM, fixed primary ion method; FIM, fixed interference method.
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described by Tripathi et al. (27), one edge of a 10-cm-square
piece of glassine-coated weighing paper was held down and
the free end was allowed to hang over the edge of the bench.
The tip of the micropipet was then slowly brushed across the
surface of the paper. In this way, micropipets originally with
tip diameters less than 1 ,um could be broken back to 1 to 3
,um diameters in a fairly reproducible manner.

Micropipets were then back-filled with either 0.5 M NH4Cl
or 0.5 M KNO3 and 0.1 M KCI for ammonium- and nitrate-
selective microelectrodes, respectively. The micropipet tips
were viewed under a compound microscope during this pro-
cedure. Once the back-filling solution had advanced to the
tip, a syringe was connected to the back of the micropipet via
a length of tygon tubing. At this point the appropriate LIX
was front filled according to the method of Rink and Tsien
(21). The tip was advanced into a drop of LIX at the end of
a capillary tube and suction applied until a resin column 200
to 800 ,um long was achieved. Microelectrodes were subse-
quently stored tip down for 6 to 12 h in a solution similar to
the back-filling solution, as a preconditioning treatment be-
fore use.
The ammonium-selective ion exchange resin was pre-

pared using 10% (w/w) of the macrotetralyde antibiotic non-
actin (Fluka, No. 74155), 1% potassium tetrakis(4-chloro-
phenyl)borate (Fluka, No. 60591), and 2.5% PVC (Fluka, No.
81392), suspended in 86.5% dibutyl sebacate (Fluka, No.
84838). The mixture was diluted with 1 to 3 times its weight
of tetrahydrofuran (Fluka, No. 87369) to solubilize the PVC.
During the preconditioning period some of the THF diffuses
out of the LIX and into the aqueous solution on either side
of the liquid membrane, causing the resin column to shrink
and become more viscous.

Nitrate-selective microelectrodes were fabricated using
an ion exchange resin consisting of tris(substituted 1,10-
phenanthroline) nickel(II) nitrate in p-nitrocymene (2), mar-
keted by Orion (catalog No. 920702) for use in nitrate
macroelectrodes.

Electronics

Ion-selective microelectrodes were inserted into a micro-
electrode holder (World Precisions Instruments, Inc., MEH-
2S) and connected to the preamplifier of one channel of a
high input impedance (1012 Q) differential electrometer
(World Precision Instruments, Inc., F-223). A double-junc-
tion reference electrode (Fisher No. 13-639-273) was con-
nected to the preamplifier ofthe second channel. To minimize
leakage of interfering ions into the test solutions, the outer
body ofthe reference electrode was filled with 0.4 mM MgSO4,
to which was added a nonionic hydroxyethylcellulose thick-
ening agent, Natrosol 250 (Aqualon Co., Wilmington, DE) at
6 g L'. The inner body was filled with 2.0 M KC1 saturated
with AgCl, and made more viscous with the addition of
Natrosol at 10 g L-'.

dissociation constant of KD = 6.25 x I0O- (18), at a temper-
ature of20°C and 1 atm pressure, a 1.0 mM solution ofMgSO4
will be roughly 87% dissociated into Mg2' and SO3- ions (17,
25). The solutions were kept at a constant temperature of
20°C in a jacketed beaker connected to a circulating temper-
ature-controlled water bath. Solutions were stirred constantly
with a magnetic flea propelled by a turbine-driven magnetic
stirrer (Thomas Scientific, No. 8612-B50).

Typically, microelectrodes were made in groups of eight,
and the best selected from the group for experimental use.
Selection was based primarily on three factors: slope (mV
decade-'), drift (mV min-'), and response time. A preliminary
test consisted of measuring the microelectrode response in a
solution in which the concentration was increased from 10 to
100 and finally to 1000 Mm by the addition of aliquots of
concentrated solutions of the ion of interest. Once a micro-
electrode was selected, it was calibrated again between 1 and
1000 AM in the following sequence: 1, 2, 5, 10, 20, 50, 100,
200, 500, and 1000 MM.
The selectivity of the microelectrode against potentially

interfering ions was determined by the fixed interference
method (1, 8), in which a known amount of interfering ion
was added to the calibration solution and the calibration
performed as outlined above. The potentiometric selectivity
factor (K'ijOt) was determined from the Nicolsky-Eisenman
equation (1, 6)

K,L -t (a/l I/ZJ)1 0ziF(Ej-Ei)/2.303RT (1)
where i is the ion of interest, j is the interfering ion, E, and Ej
are the component potentials due to the ion of interest and
the interfering ion respectively, zi and zj are the valence of the
ion of interest and interfering ion respectively, ai and aj are
the activities ofthe ions in solution, Tis absolute temperature,
R is the universal gas constant, and F is the Faraday. When
Ei is equal to Ej, Equation 1 reduces to

Pot=a/atz/zJ
ii (2)

In the case of dilute solutions, ion concentrations may be
substituted for ion activities (1). This is fortunate in that ion-
selective electrodes measure activities while solutions are gen-
erally mixed according to concentration. The concentration
of the ion of interest (Ci, virtually equivalent to its activity,
ai) at which Ei equals Ej is determined by extending the linear
portions of the calibration curve to their point of intersection
and reading the value of log Ci from the abscissa. The activity
(concentration) of the interfering ion (aj) is known and held
constant in the fixed interference method.

Microelectrode response in the presence of interfering ions
is dependent on the particular conditions in the test solution,
including ionic strength, pH, and the ionic composition of
the solution. Consequently, values of KP'jO are only meaningful
when the solution characteristics are specified, and are best
used as rough estimates of the degree of interference rather
than as mathematical correction factors.

Calibration of Microelectrodes

Microelectrode calibrations were conducted by adding in-
creasing amounts of the ion of interest to solutions previously
adjusted to an ionic strength of 4.0 mm with MgSO4. Using a

Barley Culture

Seeds of two barley cultivars, Hordeum vulgare L. cv Olli
and H. vulgare L. cv Prato, were germinated in the dark at
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28°C on paper moistened with a solution of 200 ,tM CaSO4.
After 24 h, germinated seeds were suspended above light-
tight, 1.5-L containers filled with 200 juM CaSO4 into which
air was bubbled, and placed in a growth chamber receiving
light at a PPFD of 300 ,mol m-2 s-' for a 16 h photoperiod.
Day and night temperatures were 18 and 1 5°C, respectively.
Net flux experiments were performed using seedlings 6 to

7 d from the start of germination in the case of Olli, or 4 to 5
d with Prato, as the seedlings had similar root and shoot
lengths at these times.

In preparation for nitrate or ammonium flux experiments,
several plants were transferred from aerated 200 Mm CaSO4 to
aerated solutions consisting of 100 AM Ca(NO3)2 plus 100 M
CaSO4 at least 12 h before the experiment. This was to ensure
that the nitrate transport and reduction systems would be
fully induced by the start of the experiment (10, 15).

Flux Measurements

Microelectrodes used in plant experiments were calibrated
between 50 and 1000 Mm, in solutions containing Ca2.iit 200
Mm, and adjusted to an ionic strength of 4.4 mm with MgSO4.
To determine unknown ion activities in the unstirred layer of
solution, a linear regression was performed on the five data
points from the calibration and the resulting equation used
to convert emf measurements to ion concentrations.
The experimental cuvette (Fig. 1) consisted of a 2.5-cm-

thick stainless steel plate (9 cm by 18 cm) into which was cut
a 4.5 cm by 14 cm chamber open on both sides. A piece of
glass was fitted on the bottom side. The exposed steel surface
on the bottom was coated with teflon. The stainless steel plate
was drilled to allow a solution of polyethyleneglycol to circu-
late through the interior ofthe plate. The cuvette was attached
to a micromanipulator (Sobotka, Farmingdale, NY) and sit-
uated on the teflon-covered stage of a Bausch and Lomb

Figure 1. Stainless steel experimental cuvette. Cooling/heating so-
lution flows through the cuvette interior and influences the experi-
mental solution temperature through conduction. Experimental solu-
tions flow into the chamber at one end and out at the other end. The
cuvette is positioned on the stage of an inverted microscope and the
barley root and microelectrode tip are viewed from below.

PhotoZoom inverted microscope. A motor-driven microma-
nipulator (Marzhauser, DC-3K) was used to position the tip
of the ion-selective microelectrode at the desired radial dis-
tances from the root surface.
Root diameter and root axial location were measured using

a calibrated eyepiece reticle at 40x magnification. The radial
distance of the microelectrode tip from the root surface was
determined at lOOx using the same eyepiece reticle. Illumi-
nation of the root and microelectrode tip was supplied solely
by room lighting; the microscope light remained off during
the course of the experiment to avoid heating the solution in
the cuvette and illuminating the root with strong light. The
cuvette volume was 130 mL. Using solutions buffered at pH
4 and 8, the time required to flush the cuvette volume
thoroughly was determined to be 6 min.
The solution delivery system included a loop whereby

aerated solution could be cycled through the cuvette. This
feature enabled us to insert a seedling in the chamber several
hours before an experiment and thus allow sufficient time for
recovery from movement and handling. This ensured that
transport functions dependent upon a normal membrane
potential would be operating. The cycled solution consisted
of 100 Mm Ca(NO3)2 and 100 AM CaSO4.

All experimental solutions contained both the ion of inter-
est and Ca2' at 200 Mm and were adjusted to an ionic strength
of 4.4 mm using MgSO4. In NH4' net flux experiments, NH4'
was supplied as either (NH4)2SO4 or NH4NO3. In NO3- net
flux experiments, N03- was supplied as either Ca(NO3)2 or
NH4NO3.
At the start of an experiment, the first test solution was

allowed to flow into the cuvette for 8 min. Because prelimi-
nary experiments showed that the diffusion profile becomes
established within a few minutes of the cessation of solution
inflow, measurements were begun within 10 min. The first
potential reading was taken with the ion-selective microelec-
trode in the bulk solution (at least 5.0 mm from the root
surface), then readings were taken at 100, 50, 25, 50, and 100
,Mm from the root surface, and finally again in the bulk
solution (Fig. 2). Two to 3 min were allowed at each radial
distance for a stable reading to be established. Following the
conclusion of the first cycle of seven potential measurements,

Figure 2. Typical stripchart recorder tracing of two cycles of net flux
measurements. Each cycle (seven potential measurements) takes 10
to 15 min and produces two net flux values. Four cycles are com-
pleted before the experimental solution is changed. Response time
of the microelectrode after positioning is less than 10 s.

3 min

I 10mV

100 50 25 50 100Mm 10 50 25 s0 l00Mm
Bulk Bulk

Solution Solutlon
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the cycle was repeated three more times, then new solution
was allowed to flow into the chamber and the entire process
repeated for the new test solution. Each experiment involved
six changes of solution. In control experiments, all six changes
ofsolution were ofthe same composition. Alternatively, when
net flux of NH4+ or NO3- was being tested in the presence of
NO3- or NH4', respectively, only the third and fourth solu-
tions contained equimolar concentrations (200 ,uM) of both
ions. The first, second, fifth, and sixth solutions were identical,
consisting of the ion of interest; NH4' in the case of Olli
experiments, and NO3- in Prato experiments. At the conclu-
sion of an experiment, the microelectrode was recalibrated
between 50 and 1000 ,M.

RESULTS AND DISCUSSION

Microelectrode Characteristics

In evaluating the performance and applicability of NH4'
and NO3- ion-selective microelectrodes, we investigated sev-
eral characteristics: (a) limit of detection, (b) slope (mV dec-
ade-') within the anticipated concentration range, (c) amount
of drift (mV min-'), (d) practical response time of the elec-
trode, (e) influence of pH, (f) effect of ionic strength, (g)
influence of temperature, and (h) selectivity of the electrode
against potentially interfering ions (8).
The limit of detection was determined in the course of

constructing a calibration curve. The two linear portions of
the curve were extended to their point of intersection and the
concentration of the ion at this point, which corresponds to
the limit of detection, was determined from the abscissa (Fig.
3; 8). In the case of NH4+-selective microelectrodes, the low
end of the calibration curve had to be extended to include
submicromolar ammonium concentrations. The limit of de-
tection of a typical NH4+-selective microelectrode was found
to be approximately 1 ,.M, while for NO3-selective micro-
electrodes it was 30 ,uM (Table I).

In the context of the present experimental system, the
calculation of net fluxes from ion activity gradients in the
unstirred layer of solution was facilitated by construction of

+ t

I 40 mV

E+E' S *NH4+ electrode

- N03 electrode /
3~~~~~~~

S * * - -7/ --

-8.00 -7.00 -6.00 -5.00 -4.00 -3.00

log [NH4+] or [N03 ]

Figure 3. Typical calibration curves for NH4+ and NO3- microelec-
trodes. Ionic strength was adjusted to 4.4 mm with MgSO4. The limit
of detection was determined from the intersection of the linear
portions of the curve.

Table I. Characteristics of NH4+- and N03-Selective
Microelectrodes

Electrode Slope Limit of Drift(100-1000 ALM) Detection

mV/decade JM mV/10 min
NH4+ 57.6± 1.1 (n=78) 1 1.4±0.9(n=6)
N03- 57.3 ± 1.3 (n = 99) 32 0.1 ± 0.1 (n = 8)

a regression line with a high correlation coefficient. Any type
of equation that accurately fits the calibration points may be
used to determine unknown ionic activities from potential
readings. Correction for electrode drift over the course of the
experiment is made easier, however, if the calibration curve
is linear in the range of the anticipated activities. Conse-
quently, the lower limit of the useful working range must be
raised to a point where the microelectrode response to changes
in concentration is still linear. The slope ofthe microelectrode
response in the anticipated experimental concentration range
was determined from a regression line constructed using the
calibration points between 50 and 1000 ,M. The regression
line fitted to the calibration points always had a correlation
coefficient greater than 0.99. NH4+ and NO3- microelectrodes
showed slopes of 57.6 and 57.3 mV decade -', respectively,
in this concentration range (Table I).
At the conclusion of a calibration procedure, the micro-

electrode was left in solution ([NO3-] or [NH4+] = 1000 AM)
and the drift measured over a period of 10 min. Typical NH4'
microelectrodes had an average drift of 1.4 mV over a 10 min
period, while NO3- microelectrodes showed little drift, gen-
erally 0.1 mV in 10 min (Table I).
The practical response time of an ion-selective electrode is

defined as the time required for the potential of the electro-
chemical cell to come to 90% of the final value from the
moment at which the concentration of the ion of interest is
changed (8). Due to the nature of the calibration protocol and
the procedure for measuring net fluxes, the practical response
time of NH4+- and NO3--selective microelectrodes was eval-
uated in a less rigorous manner.

In stirred calibration solutions, the time from the addition
of a small aliquot of concentrated salt solution to the achieve-
ment of a stable reading is largely dependent on the rate of
mixing. With the stirring speed held constant, several micro-
electrodes were calibrated in succession. Response time was
then evaluated as the time required to achieve a stable reading
after the addition of the last aliquot of solution. In general,
roughly one minute was required, in the case of both NH4'
and NO3- microelectrodes.
During the course of an experiment, however, the solution

in the cuvette was static and the microelectrode was moved
through the diffusion profile. In this situation, the practical
response time was a function ofthe time required to reposition
the microelectrode in addition to the time for the electrode to
respond to the change in concentration. The time required to
move the tip of the microelectrode from the bulk solution to
the 100 ,m position was approximately 40 s. Only a second
or two was needed to move the tip between positions within
the unstirred layer. Figure 2 shows the response time of the
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microelectrode to be only a few seconds in an unstirred
solution.

Effect of pH

In experiments characterizing microelectrode response to
changes in pH, the solution pH was monitored using a con-
ventional combination pH electrode (Fisher, No. 13-620-252)
and a digital pH meter (Orion, model 601A).
The effect of pH on electrode response can be considered

in terms of the electrode's selectivity against H+ or OH-. In
this context it was deemed more appropriate to use the fixed
primary ion method (1) rather than the fixed interference
method (8). Repeated calibrations in several solutions ad-
justed to different pH (FIM) would be more likely to introduce
error and electrode variability than holding the ion concen-
tration constant and varying the pH of the solution (FPM),
through the addition of small aliquots of concentrated buffer
solution. The concentration of the ion of interest was held at
200 jsM and the initial ionic strength adjusted to 4.4 mm. The
pH of the solution was varied using aliquots of 1.0 M Mes or
1.0 M Tris. Variation in the ionic strength ofthe solution over
the course of the experiment was calculated to be less than
4.5%.
Ammonium-selective microelectrodes exhibited an in-

crease in the emf in response to a ten-fold increase in [H+].
In this respect, an increase in [H+] does produce a response
similar to that expected from an increase in [NH44]. However,
the effect of increasing [H+] seems only significant between
pH 6 and pH 8 (Fig. 4). This suggests that the effect is due
rather to an increase in [NH44] resulting from a shift in the
equilibrium between NH44 and NH3 (pKa = 9.40 at 20°C).
Were the offset due to an increase in [H+], one would expect
an increase of the effect in the lower pH range.
Over the range of pH tested (pH 5.0-8.0), NO3- electrodes

exhibited minimal sensitivity (Fig. 4). A 10-fold increase in
[OH-] (or decrease in [H+]) produced a change of +0.6 mV
in the microelectrode response. This is interesting because it

suggests that the influence of pH does not concern the selec-
tivity of the NO3- microelectrode against OH-. Were OH-
ions competing with NO3-, an increase in [OH-] would be
expected to produce a negative offset, as is observed by
increasing [NO3-] (Fig. 3).

Effect of Ionic Strength

The influence of ionic strength on the response of the
microelectrode was determined by performing a series of
calibrations on a single electrode. The ionic strength of the
calibration solutions was adjusted to different values using
MgSO4. During the construction of a standard calibration
curve, the ionic strength of the calibration solution will in-
crease by approximately 37.5% due to the increase in the
concentration of the ion of interest. We tested the influence
of ionic strength on electrode response by increasing the ionic
strength by 74.4%, from 4.3 to 5.4 to 6.5 to 7.5 mM.
Both NH44 and NO3- microelectrodes showed virtually no

sensitivity to these changes in ionic strength, within the range
of concentrations in which the electrode response was linear
(data not shown). Changes in ionic strength do influence,
however, the electrode response near the limit of detection.

Effect of Temperature

Microelectrode response to temperature was determined by
holding the concentration of the ion of interest constant at
200 IM and varying the temperature of the solution by in-
serting the calibration vessel in a temperature-controlled water
bath. Test solution temperature was monitored continuously
using a thermistor (Yellow Springs Instrument Co. Inc., model
404) and recorded, along with the microelectrode response,
on a two-pen stripchart recorder (MFE Corp., Salem, NH,
model 2125B). Solution temperatures were initially 30°C and
were cooled to 10°C. The rate of cooling in the test solution
was 0.2°C min-'.
The potential of the electrode system, E, is given by

E = E0 + (2.303 RT/z,F).(log ai' - log ai") (3)

+

E

0

5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50

pH

Figure 4. Effect of pH on microelectrode response. Curves are from
typical NH4+ and N03- microelectrodes. The concentration of the ion
of interest was held constant at 200 gM, and ionic strength was
initially adjusted to 4.4 mm using MgSO4. pH was varied using small
aliquots of either 1.0 M Mes or 1.0 M Tris.

where ai' and ai" are the activities of the ion of interest in the
external solution and the internal filling solution, respectively,
and E0 is the sum of all the component potentials in the
system with the exception of the emf across the LIX (1). If ai'
< ai", as is normally the case, an increase in temperature
should produce a decrease in the emf of cation-selective
electrodes (where zi is positive) and an increase in the emf of
anion-selective electrodes (where zi is negative). Figure 5
illustrates this effect. The temperature coefficient for a typical
NH44-selective microelectrode is roughly 0.5 mV °C-', while
the corresponding coefficient for a N03--selective microelec-
trode is approximately 1.0 mV °C-'. This is close to the
theoretical value of 0.68 mV °C-', when ai' is 200.00 jM and
ai" is 0.5 M.

It is also important to note that the influence oftemperature
on the potential across the LIX increases as the value of ai'
diverges from the value ofai". Hence, the effect oftemperature
on E is most pronounced in dilute solutions and less notice-
able as the solution concentration of the ion of interest

4
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+

E

a)

+

10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0

Temperature (°C)

Figure 5. Effect of temperature on microelectrode response. Curves
are from typical NH4' and NO3- microelectrodes. The concentration
of the ion of interest was held constant at 200 AM, and ionic strength
was initially adjusted to 4.4 mm using MgSO4. Temperature was
reduced from 30 to 1 00C at a rate of 0.20C min-'.

increases. When ai' = ai", temperature will have no effect on
the emf across the LIX.
Each of the component potentials in the electrode system

will show a sensitivity to temperature, similar to that observed
across the LIX, in keeping with the dictates of the Nernst
equation (Eq. 3; 1). Therefore, changes in temperature outside
the experimental solution must also be minimized, as they
could influence the potentials at the Ag/AgCl electrodes,
included in E0.

Selectivity

In evaluating the selectivity of NH4+ microelectrodes, the
cations tested as potentially interfering ions were K+, Na+,
Ca2+, and Mg2+, due to their proximity in the Hofmeister
series. In general, ions of similar valence pose a more severe
problem as interfering ions. In this regard, 200 ,uM K+ signif-
icantly influenced the electrode response (Fig. 6A). A poten-
tiometric selectivity factor (KIN°H4K; Eq. 2) of about 0.1 was
observed. Similarly, Na+ exerted an interfering influence on
NH4+ microelectrode response (Fig. 6B). In the presence of
3.13 mm Na+, K°4Na was determined to be 0.002. While
equimolar concentrations of Na+ are of little concern, had
our experimental solutions been adjusted to an ionic strength
of 4.4 mm using Na2SO4, the resultant 10-fold excess of Na+
would have caused unacceptable interference with the meas-
urement of NH4' activity gradients.
Both Ca2' and Mg2' exhibited little, if any, tendency to

interfere with NH4+ microelectrode response. Calcium con-
centrations of 200 ,AM, similar to the level present in experi-
mental solutions, had virtually no effect on the calibration of
NH4+ microelectrodes (data not shown). Inasmuch as Mg2'
was present at high concentrations as an ionic strength adjus-
ter, the selectivity of NH4' electrodes against Mg2+ was tested
with [Mg2+] at 1.0 and 1.8 mm. Again, no interference was
observed (data not shown).
The monovalent anions tested for their ability to interfere

with NO3- electrodes were Cl- and HCO3- (Fig. 7). Although
Cl- was excluded from our experimental solutions, it is com-

E

E

-3.00

log [NH4 ]

Figure 6. Selectivity of a typical NH4+ microelectrode against K+ (A)
and against Na+ (B). Ionic strength was initially adjusted to 4.0 mm
with MgSO4. A standard calibration was performed with a fixed
concentration of the interfering ion in solution. The potentiometric
selectivity factor (K?0t) was determined from the intersection of the
linear portions of the calibration curve (Eq. 2).

monly present in biological solutions and must be considered
as a potential interfering ion when using NO3- electrodes.
Figure 7A reveals that Cl- causes a slight amount of interfer-
ence with NO3- microelectrodes, though the offset occurs
primarily below the working range. With [NO3-] at 100 ,uM,
the offset due to a 30-fold excess of Cl- was -6.5 mV. In the
concentration range where the electrode response to NO3- is
linear, a 10-fold increase in [NO3-] causes an offset of -57.3
mV.

Interference due to HC03- was tested by adding an aliquot
of 0.1 M NaHCO3 to give [CO2/HCO3-i of 200 lsM (Fig. 7B).
The pH of the unbuffered solution was 7.4, giving an actual
[HCO3-i of 183 ,M. Again, in the linear range of the electrode
response, the effect of a nearly equimolar amount of HCO3-
was minimal. Similarly, interference due to SO2- was tested
and found to be negligible when solutions with a 10-fold and
20-fold excess of SO2- were compared (data not shown).

Flux Measurements

Net fluxes were measured immediately upon insertion of
the seedling into the cuvette or after plants had remained in
the cuvette in aerated, circulating solution for at least 4 h to
recover from any shock due to movement and handling.
Net flux experiments involved six changes ofsolution. Each

solution remained in the experimental chamber for approxi-
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Figure 7. Selectivity of a typical NO3- microelectrode against Cl- (A)
and against HCO3- (B). Ionic strength was initially adjusted to 4.0 mm
with MgSO4. A standard calibration was performed with a fixed
concentration of the interfering ion in solution. Initially, [CO2/HC03-]
was 200 Mm through the addition of an aliquot of 0.1 M NaHCO3. The
pH throughout the calibration was 7.4, giving [HCO3-j of 183 gM.

mately 1 h and, during this time, the series of seven potential
measurements (in the bulk solution, at 100, 50, 25, 50, and
100 ,um, and finally again in the bulk solution) was repeated
four times. Each series of seven measurements produced two
net flux values pairing the emf readings at radial distances of
100 and 50 ,um, while moving the microelectrode toward the
root surface, and at 50 and 100 ,um moving the electrode
away from the root (Fig. 2). Consequently, eight net flux
values were determined during each of the six test solutions.
Net flux values were calculated using the following equation

2irD"*K(C2-C1) (4)

Ap ln(r2/ri)

where, X is the net flux (,umol g fresh weight-' h-'), D*° is the
self-diffusion coefficient for the ion of interest (cm2 s-'), Cl
and C2 are the concentrations of the ion of interest (nmol
cm-3) at radial distances r, and r2 (,m) from the center of the
root, A is the cross-sectional area of the root (cm2), p is the
density ofthe root tissue (g cm-3), and K is a units conversion
coefficient (1 1).

Self-diffusion coefficients for individual ions were calcu-
lated from limiting ionic conductivities (20) using the Nernst-
Einstein relation

D*° RTXi0 (S)
1 1ziIF2(5

where X/' is the limiting ionic conductivity (referred to as

"limiting ionic mobility" in earlier literature; 20) of the ion
of interest (Q-' cm2) and the other terms have their usual
meaning (12, 22).
The limiting ionic conductivity values must be corrected

for temperatures other than 25°C, using the empirical quad-
ratic equation

= (25C) + a(T- 25) + b(T- 25)2 + c(T- 25)3. (6)

Equation 6 is valid for values of T between 5 and 55°C. The
constants a, b, and c are specific for each ion (20). In the
absence of constants for NH4+ and NO3-, we substituted the
constants for K+ and Cl- to correct the values of the limiting
ionic conductivities given for 25°C to values appropriate for
experiments conducted at 20°C. A comparison of the con-
stants given for several cations and anions revealed little
difference between neighbors in the Hofmeister series. The
self-diffusion coefficients for NH4+ and NO3- at 20°C were
calculated to be 1.74 x 10-5 and 1.67 x 10-5 cm2 S-',
respectively.
As indicated above, microelectrodes were calibrated im-

mediately before and after the experiment. We observed two
cases in comparing calibration curves constructed roughly six
hours apart; (a) either the curves overlapped, indicating no
change in electrode response over the course of the experi-
ment, or (b) the curves were uniformly offset, the slope
remaining unchanged while the intercept of the regression
line through the points shifted.
Each time the microelectrode was moved into the bulk

solution, corrections for electrode drift were made by recal-
culating the regression line intercept, based on the assumption
that the background concentration of the ion of interest
remained constant (200 AM) during the hour between solution
changes.

Figure 8 demonstrates the effect of NO3- on NH4' net flux
in Olli barley. Three seedlings were used as controls (Fig. 8A)
and were exposed to the same solution composition during
each of the six solutions changes. This provided a test of
whether net flux changed over the course of the 6 h experi-
ment due to factors other than the presence of the alternate
ion. Figure 8B shows the effect ofan equimolar concentration
of NO3- (during the third and fourth solution changes) on
NH4+ net flux in three Olli barley seedlings. No change of a
physiologically significant magnitude was observed in the net
flux of NH4+ when Olli barley seedlings were offered NO3- in
addition to NH4+.

Similarly, Figure 9 demonstrates the effect of NH4+ on
NO3- net flux in Prato barley. Again, three seedlings were
used as controls (Fig. 9A) and were exposed to the same
solution composition during each of the six solution changes.
Figure 9B shows the effect of an equimolar concentration of
NH4+ (during the third and fourth solution changes) on NO3-
net flux in three Prato seedlings. Net flux of NO3- remained
relatively unchanged when Prato barley seedlings were sup-
plied both NO3- and NH4+ at 200 ,uM. This is in contrast to
the reports in the literature of significant reductions in NO3-
net flux in the presence of NH4+ (5, 7, 13).
The limitations of both the technique and the microelec-

trodes themselves must be understood before any meaningful
conclusions can be drawn from experiments of this type.
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Figure 8. NH4' net flux in Olli barley. Results of six separate exper-
iments, each involving one Olli barley seedling. Each experiment
involved six changes of solution. Data points are means ± SE of eight
flux measurements in each solution. In control experiments (Fig. 8A)
all six solutions were identical: 100 AM (NH4)2SO4 and 200 Mm CaSO4,
adjusted to an ionic strength of 4.4 mm with MgSO4. In experiments
testing the effect of NO3- on NH4+ net flux (Fig. 8B), solutions 3 and
4 consisted of 200 ,uM NH4NO3 and 200 ,M CaSO4, adjusted to an
ionic strength of 4.4 mm with MgSO4. Plants remained in each solution
for approximately 1 h.

First, the microelectrodes are limited in their sensitivity to
their respective ions. The construction of a calibration curve
with closely spaced points permits their use to their limit of
sensitivity, 1 ,M for NH4+ microelectrodes, and 30 ,M for
NO3- microelectrodes. When linear regression equations are
used to calculate unknown ion concentrations, however, the
practical lower limit must be raised as the electrode response
is not linear near the limit of detection. Concentrations used
to generate the calibration regression line should bracket the
expected experimental range of concentrations.

Second, interfering ions must be considered in calibrating
ion-selective microelectrodes. Sources of interfering ions, in
addition to these deliberately introduced as elements of ex-
perimental injury, include leakage of filling solution from
reference electrodes, salts used to adjust the ionic strength of
solutions, and efflux of ions from the plant itself.

In the case of NH4+ microelectrodes, K+ presents the great-
est interference. Because K+ is readily transported into the

0-

E3

-6
E

x

z

-

3

x
0

-E

N03 Flux in Warm-Adapted Barley
9.00 -

8.00 A.

7.00 T T
T

6.00 1
T

5.00

4.00 e q
3.00

2.00- Controls

1.00

0.00
0 1 2 3 4 5 6

Solution

0 1 2 3 4 5 6

Solution

Figure 9. NO3- net flux in Prato barley. Results of six separate
experiments, each involving one Prato barley seedling. Each experi-
ment involved six changes of solution. Data points are means ± SE
of eight flux measurements in each solution. In control experiments
(A), all six solutions were identical: 100 AM Ca(NO3)2 and 100 ,M
CaSO4, adjusted to an ionic strength of 4.4 mm with MgSO4. In
experiments testing the effect of NH4+ on NO3- net flux (B), solutions
3 and 4 consisted of 200 Mm NH4NO3 and 200 Mm CaSO4, adjusted
to an ionic strength of 4.4 mM with MgSO4. Plants remained in each
solution for approximately 1 h.

plant, its concentration in solution will be changing. Hence,
use of a calibration curve constructed with a constant back-
ground ofthe interfering ion is inappropriate. The [K+] at the
point of measurement of [NH4+] must be determined using a
K+-selective microelectrode in tandem with the NH4' micro-
electrode, and a series of calibration curves constructed to
determine what portion of the NH4+ microelectrode emf is
attributable to K+.

Third, temperature, due to its effect on electrode response,
must be strictly controlled. As suggested by the Nernst equa-
tion, (Eq. 3), temperature will affect electrode response on the
order of 0.68 mV °C-'. Clearly, offsets of this magnitude are
unacceptable, as the technique ofNewman et al. (19) requires
emf readings accurate to ±0.1 mV, (a 0.1 mV error in
determining the difference between the emf at r, and the emf
at r2 causes a 7% difference in the calculated net flux). While
significant temperature differences would not be expected
over the distance between consecutive emf readings, they
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could occur over the course of an entire experiment, and are
quite likely during solution changes.

In addition, examination of the terms in Equation 4 reveals
two ways in which a change in solution temperature must be
taken into account in calculating the correct value of the net
flux (,O). There will be an error introduced into the determi-
nation of the concentrations, Cl and C2, due to an effect on
the slope of the calibration curve for the ion-selective micro-
electrode. In addition, the value of the self-diffusion coeffi-
cient, D*°, varies with temperature. Equation 5 shows tem-
perature exerting an influence on the self-diffusion coefficient
directly, through T, as well as via the limiting ionic conduc-
tivity (X0i), itself a function of temperature (Eq. 6; 20). We
estimate that an error of 1°C in determining solution temper-
ature will also produce a 7% error in the calculation of the
actual net flux at 20C.

Fourth, as the bulk solution concentration of the ion of
interest changes due to uptake, a means of correcting the
calibration regression line and distinguishing between elec-
trode drift and ion depletion due to uptake becomes impor-
tant. To a rough approximation, the assumption that the bulk
solution concentration remains constant is acceptable when
the cuvette volume is large and the seedling root system is
small. That situation allows easy adjustment of the regression
line intercept and corrects for any electrode drift during
the course of the experiment. When such is not the case, the
ion concentration of the bulk solution must be measured
independently.

Fifth, most studies of ion uptake, using either radioactive
labels or ion-selective macroelectrodes to make bulk solution
depletion measurements, involve perturbations to the plant
material either through handling and transference between
solutions, or through root excision.

In a series of control experiments (Fig. 9A), plants that had
been situated overnight in 200 gM NO3- were inserted into
the cuvette and flux measurements begun within 10 min.
Over the first 120 min, N03- flux showed a steady increase,
similar in nature to the accelerated uptake ofN03- attributed
to the induction ofthe nitrate transport and reduction systems
(10, 15). It is our opinion, therefore, that handling of seedlings
immediately prior to an experiment introduces an element of
variability that is best eliminated by allowing plants sufficient
time for recovery following insertion into the cuvette. Only
in this way is it possible to say that the plant response is due
to the nature of the ambient solution and not to its history of
movement.
Many reports have appeared in the literature concerning

the influence ofammonium on nitrate uptake in barley (3, 5,
7, 13), maize (14, 16, 23), and tomato (24). Deane-Drum-
mond and Glass (5) have suggested that the influence of
ammonium on nitrate net uptake depends on the amount of
nitrate previously available. Using 36C103- as an analog for
NO3-, nitrate influx from a solution of 100 Mm NO3- was not
affected by the presence of 100 to 500 Mm NH4+ ifthe seedlings
had been previously grown at that nitrate concentration. They
observed a stimulation ofNO3- efflux in the presence ofNH4'
and suggested that inhibition of net NO3- uptake by NH4' is
regulated through its effect on NO3- efflux.

In subsequent experiments using '3N03-, however, Glass et

al. (7) were able to show that 500 gM NH4' caused a 50%
reduction in influx, and that NO3- influx across the plasma-
lemma of intact barley plants was independent of pretreat-
ment levels of NO3;. Their uptake medium contained NO3-
at concentrations of either 422 or 750 uM. In addition, they
observed 500 gM Cl- in the external solution to be without
effect on 13N03- influx. This led to the recommendation that
experiments using 36C103- as an analog ofNO3- be interpreted
with caution.

Lee and Drew (13) have also investigated the inhibition of
13N03- influx by ammonium in barley, and found 500 uM
NH4' to inhibit NO3- influx significantly within 3 min of
exposure. They used external N03- concentrations of either
1, 2.5, 15, 25, or 150 Mm. Return to original NO3- influx rates
occurred within 3 min of removal of NH4'. Their study also
suggests that the inhibition of NO3- net uptake occurs pri-
marily through the inhibition ofNO3- influx and not through
a stimulation of NO3- efflux.

In their investigation of warm- and cold-adapted barley
varieties using ion-selective macroelectrodes, Bloom and Fin-
azzo (3) observed an initial decline in NO3- net uptake in the
presence of NH4+ for both Prato and Olli barley, followed by
a partial return to the original rate over 2 to 3 h. They used
equimolar concentrations of NO3- and NH4', in the range of
1 to 200 gM. Although studies making use of ion-selective
electrodes measure net uptake, and thus cannot distinguish
between effects on influx and efflux, the experimental system
used in their study had the advantage of allowing several
hours for recovery after the plant was moved into the experi-
mental chamber.

Similarly, the technique in the present study allowed an
extended period for recovery from movement and handling
before the start of the experiment. In addition, the use of ion-
selective microelectrodes provides much greater spatial reso-
lution, measuring net ionic flux in the vicinity of a small
group of cells, and not integrating ion uptake over the entire
root system. The temporal resolution afforded by this tech-
nique is a function of the response time of the microelectrode
(a few seconds) and the time required for an effect at the root
surface to be propagated by diffusion to the point of measure-
ment (also a few seconds).

In this study, a statistical difference was observed between
the control and NH4+-treated Prato barley plants (determined
by ANOVA, General Linear Model Procedure, SAS), al-
though the magnitude of the difference cannot be considered
physiologically significant. Our results suggest that barley
varieties acclimated to an environment in which one ionic
form of nitrogen predominates, continue to take up that form
in spite of the availability of the alternative form. As in the
Bloom and Finazzo study, equimolar concentrations ofNH4'
and NO3- were used when testing the inhibition of NO3- net
uptake by NH4', as well as the influence of NO3- on NH4'
net uptake.
Our primary purpose in presenting these results was to

describe the fabrication of NH4+- and NO3-selective micro-
electrodes and to demonstrate their applicability in the study
of inorganic nitrogen acquisition using the technique of New-
man et al. (19). More detailed examinations of inorganic
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nitrogen uptake in warm- and cold-adapted barley varieties
are in progress.
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