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Intact hair cells of young rice (Oryza sativa L.) and maize roots
(Zea mays L.), grown without external nitrogen, were specifically
loaded with 2',7'-bis-(2-carboxyethyl)-5 (and -6)-carboxyfluorescein
acetoxymethyl ester to monitor fluorescence ratio cytosolic pH
changes in response to external ammonia (NH,*/NH,) application.
In neutral media, cytosolic pH of root hairs was 7.15 + 0.13 (O.
sativa) and 7.08 * 0.11 (Z. mays). Application of 2 mm ammonia at
external pH 7.0 caused a transient cytosolic alkalization (7.5 = 0.15
inrice; 7.23 + 0.13 in maize). Alkalization increased with an increase
of external pH; no pH changes occurred at external pH 5.0. The
influx of "*N-labeled ammonia in both plant species did not differ
between external pH 5.0 and 7.0 but increased significantly with
higher pH. Pretreatment with 1 mm 1-methionine sulfoximine signif-
icantly reduced the ammonia-elicited pH increase in rice but not in
maize. Application of 2 mm methylammonia only caused a cytosolic
pH increase at high external pH; the increase in both species com-
pared with the ammonia-elicited alkalization in 1-methionine
sulfoximine-treated roots. The differential effects indicate that cyto-
solic alkalization derived from (a) NH; protonation after passive
permeation of the plasma membrane and, particularly in rice, (b)
additional proton consumption via the glutamine synthetase/gluta-
mate synthase cycle.

Many higher plants suffer from nutrition with ammonia?®
as the exclusive N source (Moritsugu and Kawasaki, 1982).
The cellular mechanism of ammonia toxicity is still not
completely understood. Poor growth at low pH, as ob-
served with various plant species fed exclusively with
NH,*, most likely is caused by effects of low pH rather
than by the ammonium ion per se (Findenegg, 1987). At
high external pH, plant tissues often accumulate ammonia
and the toxic effects emerge as soon as the ammonia level
increases (Mehrer and Mohr, 1989). Also at high external
pH, the NH, ™ /NH, equilibrium shifts in favor of NH,, a
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molecule that readily permeates biomembranes (Kleiner,
1981; Macfarlane and Smith, 1982). 3'P-NMR revealed that
at higher concentrations (5-10 mm) and at high pH (pH 8.0)
NH, diffuses into maize root tip cells and rapidly increases
the cytosolic pH (Roberts et al., 1982). Uncoupling of the
proton pumps inside the cell due to entry of NH; has been
suggested as a toxic mechanism (Lee and Ratcliffe, 1991;
Roberts and Pang, 1992).

Not all plants show ammonia toxicity symptoms under
exclusive ammonia nutrition. Comparative physiological
studies of plants with differential sensitivity to ammonia
may help to identify the regulatory mechanism(s) affected
and to unravel how plant cells cope with this adverse
condition. In the present study we used rice (Oryza sativa
L.) and maize (Zea mays L.), which react differentially to
exclusive ammonia nutrition. Rice plants adapt well to
exclusive ammonia nutrition in flooded rice fields with
reductive conditions (Sasakawa and Yamamoto, 1978; Pat-
naik and Rao, 1979). Many investigations have shown that
rice assimilates ammonia very efficiently (Dijkshoorn and
Ismunadji, 1972; Magalhées et al., 1995). As the pH of the
flood water increases to about 10.0 at noon (Mikkelsen et
al., 1978), the concentration of NH; increases. Under these
conditions, assimilation of ammonia in the rice root might
contribute to the avoidance of toxic effects. In contrast to
rice, the growth of maize considerably decreases with am-
monia as the sole N source (Findenegg, 1987).

Cytosolic pH seems to be a cellular parameter crucially
affected by the entry of ammonia. Therefore, continuous
monitoring of cytosolic pH appeared to be a promising
approach to study the cellular regulations involved. Vari-
ous techniques (NMR, microelectrode, 5,5-dimethyl-
oxazolidine dione) have been applied to measure cytosolic
pH in plant cells, each with specific advantages. Fluores-
cent indicators frequently have been used in various types
of animal cells (Musgrove et al., 1986; Wolosin et al., 1988;
Mozingo and Chandler, 1990) and in unicellular organisms

Abbreviations: BCECF, 2’,7'-bis-(2-carboxyethyl)-5 (and -6)-
carboxyfluorescein; BCECF-AM, 2’,7'-bis-(2-carboxyethyl)-5
(and -6)-carboxyfluorescein acetoxymethyl ester; GOGAT, gluta-
mate synthase; GS, Gln synthetase; MSO, 1-Met sulfoximine.
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(Dixon et al, 1989; Efiok and Webster, 1990), but only
rarely in suspension-cultured cells (Horn et al., 1992; Sa-
kano et al., 1992) and in cells from whole organs of higher
plants (Pheasant and Hepler, 1987; Irving et al., 1992).

We have established a technique to monitor cytosolic
pH changes in intact roots and single root hairs by the
fluorescent indicator BCECF, and we describe the effects
of extracellular ammonia (2 mm) at low and high pH
levels on cytosolic pH in rice and maize, respectively. To
differentiate between NH," uptake and NH, diffusion
being responsible for cytosolic pH changes, the effects of
methylammonia (2 mwm) at low and high external pH
levels on cytosolic pH were monitored. In addition, up-
take of >N-labeled ammonia at low and high external pH
was measured. In the presence of the Gln synthetase
inhibitor MSO (Wedler and Horn, 1976; Leason et al.,
1982), cytosolic pH changes were studied when ammonia
assimilation was blocked.

MATERIALS AND METHODS
Chemicals

BCECF and BCECF-AM were obtained from Molecular
Probes (Eugene, OR). All other chemicals were from Sigma.

Plant Material and Culture

For pH measurements,.rice (Oryza sativa L., IR 36) and
maize seeds (Zea mays L., cv Blizzard) were soaked with 0.5
mM CaSO, (24 h) and then germinated in the dark in a
humid chamber at 22°C for 4 and 2 d, respectively. The
seedlings were transferred to a nutrient solution (1 mm
K,50,, 0.1 mm NaCl, 0.1 mm MgCl,, 0.1 mm CaCl,) lacking
any N for 20 h. For **N influx measurements, the seeds
were germinated in vermiculite for 6 d and then the seed-
lings were cultured for 2 d in N-free nutrient solution (pH
6.0, pH stat controt with 10 mm Ca(OH),). The basic nutri-
ent solution was as described by Wieneke (1992).

Loading of BCECF into Root Cells and Fluorimetric pH
Measurement in Roots

To monitor pH changes in the cytosol by means of fluo-
rescence ratio (Rink et al,, 1982), the pH-dependent fluo-
rescent dye BCECF was chosen because of a pK, (7.0) close
to the cytosolic pH. The fluorescence ratio of BCECF is
insensitive to pH changes in the range 2.0 to 6.5, i.e. in the
vacuolar pH range. The dye is typically used as a dual
excitation indicator, with excitation at 500 nm near the
absorption maximum and a second excitation near the
isosbestic point (439 nm) at 450 nm. The emission was
recorded at 530 nm.

BCECF-AM, the lipophilic acetoxymethyl ester, was used
for loading the root cells. The dye ester crosses the plasma
membrane and is cleaved by cytosolic esterases (Paradiso
et al., 1987). BCECEF is released as the free acid of which the
deprotonated form prevails in the protoplasm. Prior to dye
loading, the roots of the seedlings were mounted into a
capillary tube with the root tip at the bottom. Then, buffer
solution with 5 mm Mes/KOH, pH 5.0, was pumped con-
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tinuously through the capillary tube. The tube was fixed at
an angle of 45° to the beam of the excitation light. The
emitted light was observed at a 45° angle. A long-pass filter
(OG 515, Schott, Mainz, Germany) was used to eliminate
reflected light. The autofluorescence of the root tissue was
determined in continuous flow before the root cells were
loaded with the fluorescent dye. The roots were incubated
(1-5 min) in 10 uM BCECF-AM in buffer solution until the
emission intensity obtained from excitation at 500 nm had
reached about 350 (arbitrary units).

After dye loading the root was washed with 5 mMm Mes/
KOH, pH 5.0, for about 60 min. A decrease of the fluores-
cence ratio during washing from about 2.5 to about 0.9
ratio units (corresponding to a pH =< 6.0) was due to
diffusion of some fluorescent dye into the acidic vacuole
(Brauer et al., 1995).

To localize the dye within the root and the root cells,
dye-loaded roots were washed, plasmolyzed by 1 M sorbi-
tol, and inspected by fluorescence microscopy (Leica Di-
aplan, Leitz, Wetzlar, Germany) with epifluorescence facil-
ity, using filter Ciibeleitz Ploemopak L3 (excitation BP
450-490 nm; dichronic FT 510 nm; emission BP 525/20),
XBO 75-W/2 Xenon lamp, NPL Fluotar 10/0.45 oil, and
NPL Fluotar 40/1.32 oil. In the epifluorescence configura-
tion the excitation light is applied to the probe through the
microscope objective (which in this case also serves as a
condensor).

Cellular pH Measurements by Microfluorimetry in Vivo

Because of dye interference between the vacuole and
cytosol, with roots only relative changes of cytosolic pH
(i.e. not absolute values) could be monitored by the method
described above. Root hairs have the major cytosolic por-
tion at their tips and the vacuole compartment at their base.
Therefore, the pH of the cytosolic cap could be measured
under an inverted fluorescence microscope (Axiovert 135,
Zeiss). The root was mounted in a homemade chamber.
Dye loading and cytosolic pH measurements were carried
out in continuous flow. The autofluorescence of the cyto-
solic caps of rice and maize was measured before loading
and amounted to about 1 to 2% of the fluorescence after
dye loading.

A XBO 75-W/2 Xenon lamp was used for epifluores-
cence. The caps were illuminated with the following filter
combination: excitation filters (BP 436/10 and BP 485/20)
were changed with a fast filter wheel at a frequency of 50
Hz. The light was beam-split to the probe via the dichroic
mirror FT 510. Emitted fluorescence was filtered by a band-
pass filter (BP 515-565) for cutting off excitation light and
nonspecific red fluorescence.

A measuring diaphragm of 5 X 5 um was positioned on
the region of the cytosolic caps. The illumination field
diaphragm was about 2 um larger than the measuring
diaphragm. The cytosolic pH of up to three root hairs was
measured simultaneously. The series of records were taken
from various root hair caps by use of a motorized micro-
scope stage (DC 100 X 90; Zeiss) over a period of about 60
min, with a temporal resolution of about 4 s.
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Calibration of pH-Dependent BCECF-Fluorescence Ratio

The pH dependence of the fluorescence ratio of BCECF
in buffer solutions (50 mm Mes/KOH, pH 5.0-6.7; 50 mm
Hepes/KOH, pH 6.9-9.0) measured with the fluorescence
photometer is shown in Figure 1A. The ratio of fluores-
cence intensity resulting from excitation at 500 and 450 nm
shows a clear pH dependency in the pH range from 6.5
to 8.0.

In vivo calibration was carried out according to the
method of Thomas et al. (1979) using nigericin in the pres-
ence of high K* concentrations to equilibrate the pH gra-
dient across the plasmalemma. The whole root was sus-
pended for 10 min in a medium containing 125 mm KCl
and 50 mm buffer. The pH of the cytosolic cap was equil-
ibrated to the buffer pH range of 4.0 to 8.0 (50 mM Mes/
Tris, pH 4.0-6.3; 50 mM Hepes/Tris, pH 6.7-8.0) by the
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Figure 1. Calibration curves. A, Relating fluorescence ratio obtained
with the fluorescence photometer (excitation at 500 and 450 nm) to
the pH of buffered dye solutions (50 mm Mes/KOH, pH 5.0-6.7; 50
mm Hepes/KOH, pH 6.9-9.0). Measurements were carried out in
capillary tubes of 50 um i.d. B, Relating fluorescence ratio obtained
with the fluorescence microscope (excitation at 485 and 436 nm) to
pH. A, BCECF in buffer solutions (50 mm Hepes/Tris, pH 6.5-8.0)
containing 125 mm KCl. Measurements were carried out in capillary
tubes of 50 um i.d. @, Intracellularly located BCECF; BCECF in root
hair cells of rice equilibrated at 22°C in 50 mm buffers (Mes/Tris, pH
4.0-6.3; Hepes/Tris, pH 6.7~8.0) containing 125 mm KCl and 1 um
nigericin.

addition of 1 uMm nigericin. Each buffered external pH
equilibration was realized with a separate root. The mea-
surements were carried out in continuous flow by position-
ing the cytosolic caps of about 15 different root hairs. Each
pH equilibration comprised 150 single signals for each of
the excitation wavelengths (485 and 436 nm) from which
the fluorescence ratio was determined. The fluorescence
emission was measured at 515 to 565 nm. In a further
experiment the pH dependency of BCECF (1 um) was
analyzed for the pH range 6.5 to 8.0 in buffer solutions (50
mM Hepes/Tris, pH 6.5-8.0) that contained 125 mm KCL

The pH dependence of buffered dye solutions and for
intracellularly trapped BCECF as obtained with the fluo-
rescence microscope are shown in Figure 1B. The curves
resemble that obtained with the fluorescence photometer in
Figure 1A. However, the ratio values in Figure 1A are
lower than in Figure 1B. This was caused by using other
excitation wavelengths and by working with different
types of excitation lamps. The ratio of energy output of
longer to shorter wavelengths was lower using the xenon
discharge lamp (fluorescence photometer, Perkin-Elmer)
compared with the DC-operating xenon high-pressure
lamp (fluorescence microscope, Zeiss). Since intracellular
and extracellular BCECF revealed the same pH depen-
dency between pH 6.75 and 8.0, unknown pH values
within that range were calculated by interpolation of the
calibration curve.

Effect of BCECF Concentration on the Fluorescence Ratio

High concentrations of fluorescent dyes may cause an
“inner filter effect,” particularly in the case of a relatively
long path length (Tanke et al., 1982). The root hair diameter
usually varies between 5 and 17 um (Dittmer, 1949). To
simulate this short optical path length, we examined the
effect of increasing BCECF concentrations on the fluores-
cence ratio by using capillary tubes of 50 um i.d. Dye
solutions of various concentrations were buffered with 100
mwM Mes/KOH at pH 6.0. Because there was no change of
the fluorescence ratio with increasing concentrations of
BCECEF from 2 to 100 um (data not shown), and since our
loading conditions were controlled, we could exclude a
concentration effect on the fluorescence ratio caused by
high dye concentrations inside the root hair cell.

Application of Ammonia and Methylammonia to Root
Cells at Different pH Levels with and without
MSO Pretreatment

Cytosolic pH changes were studied on a root segment of
about 1.5 cm in length, starting from the area where root
hair development begins. Measurements were made on
root hairs about 5 mm away from the calyptra. After the
dye was loaded and the roots were washed for about 60
min with 5 mm Mes/KOH at pH 5.0, the effects of 1 mm
(NH,),S0O, and of 2 mm (CH,)NH,Cl on cytosolic pH were
investigated with 5 mm Mes/Tris or 5 mM Hepes/Tris at
various pH levels. The effects of the various buffer solu-
tions on cytosolic pH were recorded as a control.



454 Kosegarten et al.

The same experiments were done in the presence of
MSO. For this purpose the roots were pretreated with 1 mm
MSO for 5 h (Fentem et al.,, 1983) in 5 mm Mes/KOH (pH
5.0), and measurements were then carried out in the pres-
ence of MSO as described above.

Influx Measurements with '>*N-Labeled Ammonia

"NH,* was produced from cyclotron-produced >NO,~
(Wieneke, 1992) by reduction with Devarda’s alloy in a
small apparatus under strongly alkaline conditions. '*NH,
was flushed by N, gas flow into a trap with 5 mm H,SO,
and the solution was finally adjusted to about pH 5.0. No
'8F contamination could be detected.

Experimental sets with four plants each were preincu-
bated for 10 min in 5 mm Mes/KOH buffered nutrient
solution (pH 5.0) with 2 mm (NH,)CI and then for 10 min
in N-free solution with various pHs, buffered at pH 5.0
with 5 mm Mes/KOH, and at pH 7.0, 8.4, and 9.4 with 5
mwm Hepes/KOH. N-labeling was carried out on 80 mL
(rice) or 130 mL (maize) of aerated ['*N]ammonia-labeled
nutrient solution at the various pH levels for 10 min fol-
lowed by a 3-min exchange in unlabeled nutrient solution
with identical pH. In one experiment uptake rates were
examined in buffer solutions with 5 mm Mes/Tris at pH 5.0
(experimental set with six plants). Plant roots were then
excised and measured for >N by ordinary y-counting
(Wallac 1480, EG & G, Munich, Germany). Calculations of
uptake are based on specific activity and on corrections to
an arbitrary starting point for isotopic decay. The length
and the diameter of the root hairs were determined to be
474.73 *+ 146.36 and 6.66 * 0.3 um, respectively, for rice
and 141.83 * 55.34 and 11.22 * 1.52 um, respectively, for
maize (*=sp, n = 100).

Statistics and Presentation of Data

Figures 4, 5, and 7 show original curves of whole roots;
at least five equivalent experiments were conducted. Sta-
tistical information is given for the ratio level before
(NH,),SO, was added, for the cytosolic pH change after
addition of (NH,),SO, at pH 7.0, and for the pH response
after 10 min. The curves in Figure 6 represent average
curves obtained from about 15 root hairs of one root; this
experiment was repeated three times. The mean cytosolic
pH levels were calculated from 45 root hairs (n = 45). Mean
values of three repetitions (Table I) and four repetitions
(Table II) are given. All other experiments were carried out
twice and gave the same results.

RESULTS

Monitoring of BCECF-Fluorescence Ratio in Root
Hair Cells

Fluorescence microscopy of the young roots revealed
that BCECF specifically sequestered into the root hairs (Fig.
2). Dye fluorescence in the root hairs of both species orig-
inated from the protoplasm and not from the apoplast,
which is obvious after plasmolysis (Fig. 2B).
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Figure 2. Fluorescence micrographs of young roots of Z. mays (A)
and O. sativa (B), with root hairs loaded with BCECF. The maize root
(A, tip toward left) is shown at the transition between the elongation
and maturation zones where the root hairs emerge. Only the root
hairs are loaded with BCECF. The rice root hairs (B) were plasmo-
lyzed with 1 m sorbitol, showing that the fluorescent dye is confined
to the protoplast.

Figure 3A shows the fluorescence emission at 530 nm as
related to excitation wavelengths ranging from 400 to 510
nm. Fluorescence of a BCECF-loaded rice root (trace 1) and
fluorescence of the root without BCECF (root autofluores-
cence, trace 2) are shown. The difference spectrum between
both (Fig. 3B, trace 2) agrees well with spectra of BCECF
dissolved in buffers at pH 6.0 and 5.75, respectively (Fig.
3B, traces 1 and 3). After dye loading and washing, the
BCECF-fluorescence ratio (500/450 nm) of roots attained a
constant level of about 0.9 = 0.17 (*sp, n = 5) for rice and
1.0 = 0.23 (+sp, n = 5) for maize. This ratio corresponded
to a pH =6.0 (Fig. 1A) and implied (a) that fluorescence
from BCECF derived from both the cytosol and the acidic
vacuole, (b) that the vacuolar pH of root hairs was lower
than the mixed pH of 6.0, and (c) that because pH sensi-
tivity of BCECF fluorescence is restricted to pH =6.5 (Fig.
1A), changes in BCECF fluorescence could only derive
from the cytosol. Because of the contribution of BCECF
fluorescence from the vacuole, it was possible to detect
only relative changes of cytosolic pH, not to measure ab-
solute values in the roots.

Differential Effects of Ammonia at Different External pH
on Cytosolic pH in Root Hairs of Rice and Maize

The effects of 2 mM ammonia on cytosolic pH of root
hairs were tested at external pH 5.0 and 7.0 (Figs. 4 and 5).
Cytosolic pH was not affected by NH," at pH 5.0. A
change of external pH from 5.0 to 7.0 resulted in only a
minor change of cytosolic pH, but pH increased immedi-
ately after application of NH, " /NH, at external pH 7.0 in
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Figure 3. Fluorescence emission of BCECF (530 nm) depends on
excitation. A, Trace 1, Fluorescence of BCECF-loaded root; trace 2,
Root autofluorescence. B, Traces 1 and 3, Fluorescence of BCECF in
50 mm Mes/Tris and 125 mm KCI at pH 6.0 and pH 5.75, respec-
tively; trace 2, difference spectrum (total fluorescence minus
autofluorescence) of a young rice root. The increase of signal inten-
sity at excitation wavelengths =500 nm is caused by light scattering
of the excitation beam into the analyzing monochromator. The root
was loaded and washed as described in “Materials and Methods.”

both species. The pH peak for rice was attained within 80 s
(Fig. 4, trace 1), and that of maize was reached within 110's
(Fig. 5, trace 1). The increase of the fluorescence ratio in rice
was 1.87 + 0.41 units (+sp; n = 5) (Table I), which then
declined quickly, and 60 * 2.31% (xsp; n = 5) of this
cytosolic pH increase was reduced within 10 min (Fig. 4,
trace 1). In maize roots without MSO treatment, the in-
crease of the cytosolic pH within 1 to 2 min (0.94 = 0.25
ratio units, £sp, n = 5; Table I), as well as the pH restora-
tion after 10 min (Fig. 5, trace 1), was less pronounced than
in rice roots (without MSO treatment). After about 50 min
the same level of fluorescence ratio as observed before
application of ammonia at pH 7.0 was attained in both
species.

Pretreatment of rice roots with MSO resulted in a much
lower increase of the cytosolic pH of 0.91 = 0.37 ratio units
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Figure 4. Time course of ammonia-elicited changes in BCECF-
fluorescence ratio of young rice roots in the presence or absence of
1 mm MSO. The roots were washed after dye loading for 60 min with
5 mm Mes/KOH, pH 5. Trace 1, Root without MSO treatment. Trace
2, Root pretreated with MSO (1 mm, 5 h). First arrow indicates
addition of T mm (NH,),50, at pH 5.0. Second arrow indicates
medium change to 5 mm Hepes/Tris at pH 7.0. Third arrow indicates
same medium including 1 mm (NH,),SO,.

(xsp; n = 5) than in the roots without MSO and in a less
pronounced pH regulation (Fig. 4, trace 2). It is interesting
that MSO pretreatment of maize roots (Fig. 5, trace 2) gave
almost the same alkalization as roots without MSO (0.70 =
0.31 ratio units; *sp, n = 5), and the pH decline curves in
maize roots (with and without MSO) were similar to the
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Figure 5. Time course of ammonia-elicited changes in BCECF-
fluorescence ratio of young maize roots in the presence or absence of
1 mm MSO. The roots were washed after dye loading for 60 min with
5 mm Mes/KOH, pH 5.0. Trace 1, Root without MSO treatment.
Trace 2, Root pretreated with MSO (1 mm, 5 h). First arrow indicates
addition of 1 mm (NH,),SO, at pH 5.0. Second and third arrows
indicate medium change to 5 mm Hepes/Tris at pH 7.0. Fourth and
fifth arrows indicate same medium including 1 mm (NH,),SO,.
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Table I. Increase of BCECF-fluorescence ratio (500/450 nm) in
roots of rice and maize (n = 3), respectively, after exposure to 2
mm ammonia at various external pH levels

The A fluorescence ratio represents the difference between the
ratio level directly before and the maximal fluorescence ratio after
ammonia application. The NH, concentrations as corresponding to
the various external pH levels were calculated according to the
Henderson-Hasselbalch equation.

A Fluorescence Ratio * sp

External NH;
pH Concentration O. sativa Z. mays
m
5.0 —a — —
6.0 1.1 0.24 = 0.03 —
6.5 3.6 0.44 = 0.05 0.08 = 0.01
7.0 11.2 1.87 = 0.41° 0.94 + 0.25°
7.7 54.8 3.47 £ 0.66 1.37 £ 0.10
8.2 163.7 3.62 £ 047 2.32 £ 0.37
8.5 302.0 5.31 £0.37 3.24 = 0.34
9.0 719.9 5.62 £ 0.21 4.20 = 0.03
* ., No alkalization effect. ~ " pn = 5.

decline in MSO-treated rice roots (Fig. 4, trace 2). The pH
peak for rice pretreated with MSO was attained within
105 s (Fig. 4, trace 2), and that of maize was attained within
165 s (Fig. 5, trace 2).

In Table I the cytosolic pH increase after application of 2
mM ammonia is shown for various pH levels in the uptake
solution. The cytosolic pH increased with an increase of the
pH in the outer solution and increased further the more
NH,; was produced at high pH. At all pH levels =6.0 the
cytosolic pH increase in rice was significantly higher than
in maize.

The cytosolic pH of the caps of the root hait cells was
7.15 + 0.13 (*sp; n = 45) for rice and 7.08 * 0.11 (*sp; n =
45) for maize prior to the NH,*/NH, treatment (Fig. 6). As
observed for the root, the cytosolic pH of the individual
root hair cells was not altered by NH,™ at pH 5.0 (not
shown in Fig. 6) but increased immediately after applica-
tion of NH,*/NH; at pH 7.0 in both rice and maize (Fig. 6).
The cytosolic alkalization of the root hair cells yielded a pH
of 7.5 = 0.15 (%+sp; n = 45) in rice and 7.23 * 0.13 (%sD; n =
45) in maize root hair cells after addition of NH, " /NH, at
pH 7.0. The steep increase in cytosolic pH in rice declined
within about 20 min to the normal level, whereas there was
no comparable decline in maize within the same period
(Fig. 6). The same differential MSO effects as observed with
roots were found on single root hairs. For the cytosolic pH
level and the pattern of pH restoration individual differ-
ences were obtained between various root hairs (data not
shown).

Effects of Methylammonia at Different External pH on
Cytosolic pH in Root Hairs of Rice and Maize

This experiment was conducted as a control for the
ammonia-elicited pH changes observed at low and high
external pH (Figs. 4 and 5; Table I). In Figure 7 the effects
of ammonia and of methylammonia (2 mm) at pH 5.0 and
at high pH in the uptake solution (pH 7.0 in the case of
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ammonia and pH 8.45 in the case of methylammonia) on
the cytosolic pH of rice and maize root hairs are shown. As
with ammonia, addition of methylammonia at pH 5.0 did
not affect cytosolic pH. Both ammonia (pK, 9.25) and meth-
ylammontia (pK, 10.7) alkalized the cytosol at high external
pH. The level of cytosolic pH increase was the same for
ammonia application in MSO-treated roots (rice, 0.91 =
0.37; maize, 0.70 * 0.31 ratio units; =sp, n = 5) and for
methylammonia application in the roots without MSO pre-
treatment (rice, 0.97 * 0.22; maize, 0.93 = 0.22 ratio units;
*sp, n = 5).

Uptake of **N-Labeled Ammonia into Roots of Rice and
Maize at Different External pH

Table II shows the effect of external pH on the influx rate
of ’N-labeled ammonia in both plant species. In rice the
ammonia uptake rates were higher than in maize. The
uptake rates did not differ between pH 5.0 and 7.0 in either
plant species but increased significantly with higher pH in
the outer solution.

DISCUSSION

Methodological Aspects of Cytosolic pH Measurement
with BCECF in Root Hairs

Various methods have been developed to measure cyto-
solic pH. Reviews from Kurkdjian and Guern (1989), Guern
et al. (1991), and Felle (1993) describe and compare these
methods in detail. In the present work we have elaborated
a fluorescence technique to monitor continuously cytosolic
pH changes of massive roots and of root hair cells by the
fluorescence ratio of the pH-sensitive dye BCECF (pK, 7.0).
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Figure 6. Ammonia-elicited pH changes in the cytosol of single root
hair cells of rice (*) and maize (O) at pH 7.0 in the uptake solution.
The pH was measured in a fluorescence microscope by positioning
the measuring diaphragm in the region of the cytosolic cap. First
arrow indicates change of medium from 5 mm Mes/Tris, pH 5.0, to 5
mm Hepes/Tris, pH 7.0; at the second and third arrow 1 mm
(NH,),SO, was added.
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Figure 7. Ammonia- and methylammonia-elicited cytosolic pH
changes (ABCECF-fluorescence ratio) of young rice and maize
roots. The roots were washed for 60 min with 5 mm Mes/KOH, pH
5.0. Arrows (from left to right) indicate starting points of the fol-
lowing solution changes: 1T mm (NH,),SO, in 5 mm Mes/Tris, pH
5.0; 5 mm Mes/Tris, pH 5.0; 2 mm CHyNH,Cl in 5 mm Mes/Tris, pH
5.0; 5 mm Mes/Tris, pH 5.0; 5 mm Hepes/Tris, pH 7.0; 1 mm
(NH,),S0, in 5 mm Hepes/Tris, pH 7.0; 5 mm Hepes/Tris, pH 7.0;
5 mm Hepes/Tris, pH 8.45; 2 mm CH3;NH;Cl in 5 mm Hepes/Tris,
pH 8.45; and 5 mm Hepes/Tris, pH 8.45.

The excitation spectrum of BCECF in loaded hair cells of
young roots (Fig. 3B, trace 2) was identical to that of the
fluorochrome in buffer solutions with a pH range of 5.75 to
6.0 (Fig. 3B, traces 1 and 3). After loading, the fluorescence
ratio (500/450 nm) decreased slowly but steadily (data not
shown), indicating progressive protonation of the dye. This
shift most likely derived from diffusion of cytosolic dye
into the vacuole. As reported for sea urchin eggs (Mozingo
and Chandler, 1990), heterogeneous subcellular distribu-
tion of BCECF impedes exact measurement of cytosolic pH
in compartmented cells. Similar difficulties have been en-
countered during measurements of plant cytosolic
—log[Ca®*] with Indo-1 (Russ et al., 1991).

The pH of higher plant vacuoles ranges from pH 2.0 to
6.0 (Kurkdjian and Guern, 1989; Guern et al., 1991; Ecchev-
erria et al., 1992). We have measured a mixed pH value of
=6.0 of roots (Figs. 4, 5, and 7), which results from BCECF
in the cytosol near its pK, value of 7.0 and from dye in the
acidic vacuole. BCECF is in a pH-insensitive form at the
acidic pH levels of the vacuole (Fig. 1A). Therefore,
changes of the fluorescence ratio measured on whole roots
cannot derive from the vacuole.

Upon application of ammonia at high external pH, in
both species, the internal pH immediately increased (Figs.
4, 5, and 7). As described above, alkalization in the vacuole
due to protonation of NH; cannot be monitored with
BCECEF if the vacuolar pH is lower than 6.0. Because of
restoration of vacuolar pH via tonoplast proton pumps,
vacuolar pH was partially recovered (Bertl et al., 1984) and
did not reach cytosolic pH levels (Gerendas et al., 1990)
when a weak base accumulated in the vacuole. If the ob-
served transient alkalization were caused by protonation of

NHj in the vacuole, then the pH increase in MSO-treated
roots (Figs. 4 and 5, trace 2) should be higher than that
observed in roots without MSO treatment because of a
higher accumulation rate of ammonia in the vacuole (Lee
and Ratcliffe, 1991). Actually, however, the internal pH
increase was reduced upon MSO treatment in rice and did
not change in maize as compared with roots without MSO
(Figs. 4 and 5, trace 2). Therefore, uptake of the weak base
NH, into the vacuole certainly had not increased the vac-
uolar pH to values =6.5, at which BCECF fluorescence is
pH-sensitive (Fig. 1A). On the contrary, BCECF located in
the cytosol is in the pH-sensitive form and, therefore, the
major fluorescence ratio changes observed in roots derived
from the cytosol. However, the invariant vacuolar fluores-
cence output of the pH-insensitive form of BCECF contrib-
uted to the overall fluorescence ratio, leading to an under-
estimation of the cytosolic pH. Hence, exact determination
of the cytosolic pH was only possible with cytosolic caps of
single root hairs (Fig. 6).

The micrographs of Figure 2 demonstrate that specifi-
cally the root hairs of young Z. mays and O. sativa roots
were loaded with BCECF. The esterases needed for cyto-
solic cleavage of the membrane-permeable acetoxymethyl
ester of BCECF may be particularly active and thus pro-
mote preferential accumulation in these rapidly growing
cells. Because of specific sequestration of BCECF into root
hairs only (Fig. 2), the fluorescence ratio changes of roots
carrying the root hairs (Figs. 4 and 5, trace 1) are in accor-
dance with those obtained from cytosolic caps of single
root hair cells (Fig. 6) and thus represent the mean response
of several hundred root hairs. '

We could equilibrate external and internal pH of root
hair cells by addition of nigericin in the presence of high
potassium concentrations. As described for Ehrlich ascites
tumor cells (Thomas et al., 1979), the calibration curve for
BCECF in the root hair cap was similar to that obtained in
dye solution (Fig. 1B). The cytosolic pH of root hair cells
measured in neutral external solution was 7.15 = 0.13 and
7.08 = 0.11 for rice and maize, respectively. This agrees
well with reported cytosolic pH values of various plant
tissues and cells obtained with different techniques, all
being close to neutral between pH 7.0 and 7.5 (reviewed by
Felle, 1988). Depending on intracellular zonation of the
distal part of the root hair cells, we cannot completely
exclude the fact that we have also monitored minor contri-
butions of BCECF fluorescence that originated from the
vacuole. In this case we would have underestimated the
cytosolic pH of the cytosolic portion of the root hair cap. A
promising approach to avoid dye diffusion into the vacuole
seems to be coupling BCECF to dextran (Miller et al., 1992).

Without knowing about the buffering capacity of the
root hair cells, the pH changes monitored with our method
indicated only whether protons are consumed or produced
but was not indicative of the rate of H* release or con-
sumption. The higher cell surface of rice root hairs (rice,
9.99 = 3.10 mm? maize, 5.19 = 1.67 mm? *sp, n = 100)
may lead to higher uptake rates of ammonia, as compared
with maize (Table II). Since rice and maize root hair cells
are highly vacuolated, the cell surface-to-cytosolic volume
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Table Il. Effect of external pH on uptake of "?*N-labeled ammonia
into 8-d-old rice and maize roots grown at pH 6.0 in N-free nutri-
ent solution (n = 4)

The experimental solution was buffered with Mes/KOH and in one
case with Mes/Tris* at pH 5.0.

Plant Species Ext;;nal Uptake Rate = sp
wmol g=7 fresh wt h™ '

O. sativa 5.0 13.49 * 3.24
5.0? 15.58 * 4.30°

7.0 11.34 *2.17

8.4 21.38 = 1.84

9.4 26.11 £ 3.19

Z. mays 5.0 5.10 £ 0.84

7.0 6.12 +1.02

8.4 14.41 £ 0.82

9.4 16.81 = 0.97

ratio is probably similar. Since alkalization of the cytosol
was the same in the MSO-treated roots of both species after
ammonia application (Figs. 4 and 5, trace 2) and also after
application of methylammonia (Fig. 7), the differential cell
surface presumably had no effect on the cytosolic pH in-
crease. The faster pH increase in rice (*MSO) may indicate
a lower buffering capacity than in maize (xMSO).

Mechanism(s) of Cytosolic Alkalization upon Ammonia
Application at Different External pH in Rice and Maize

Differential effects on cytosolic pH may be expected,
depending on whether NH,™ or NH; are applied to the
tissue. In addition, depending on the physiological state of
the cell and on the cell type, differential cellular pH re-
sponses have been reported when NH, " was added at low
external pH to the tissue (Gerendas et al., 1990; Carroll et
al., 1994). Contrary to the *’P-NMR technique used by
these authors, our method can monitor fast reactions with-
out time delay upon ammonia application; moreover, since
the root hair cells specifically sequestered the dye, the
ammonia effects could be studied in a single cell type.

Whereas cytosolic pH did not change with NH, " appli-
cation at external pH 5.0 (Figs. 4 and 5, trace 1), it increased
immediately upon addition of NH,"/NH,; at pH 7.0 in
both plant species (Figs. 4 and 5, trace 1, and 6). Inhibition
of GS by pretreating the roots with MSO significantly
reduced the ammonia-elicited pH increase in rice but not in
maize (Figs. 4 and 5, trace 2). Three mechanisms, which
could be involved in the transient alkalization, are dis-
cussed below.

At high pH the NH, " /NH; equilibrium shifts in favor of
NH; which readily permeates the plasma membrane
(Kleiner, 1981; Macfarlane and Smith, 1982). After perme-
ation NHj causes cytosolic alkalization by being protonated.

1BNH,*-influx studies of Wang et al. (1993) indicate that
NH,* is the major N form crossing the plasmalemma.
NH," uptake decreases the plasma membrane potential
(Herrmann and Felle, 1995), and it may be argued that
depolarization stimulated the plasmalemma proton pump.

Plant Physiol. Vol. 113, 1997

NH, ™" is readily assimilated in the cytosol of roots via the
GS/GOGAT cycle. The overall reaction for the GS/GOGAT
steps consumes protons (Mengel, 1991; Singh, 1995) during
transfer of the NH, group from Gln onto 2'-oxoglutarate,
producing two molecules of glutamate (Fig. 8). Hence, the
net effect of the GS/GOGAT cycle would be to increase the
cytosolic pH.

Until now conclusive data on uptake rates of NH,* and
NH; at an elevated pH have been lacking. There are data
that are consistent with NH,* uptake (Schlee and Komor,
1986, Wang et al.,, 1993), but others indicate NH; perme-
ation through the plasmalemma (Lycklama, 1963; Ullrich et
al., 1984). In our experiments similar uptake rates of 13N-
labeled ammonia were observed at pH 5.0 and 7.0 in rice
and maize, respectively (Table II). In contrast to pH 5.0,
however, a significant cytosolic alkalization was found in
both species at pH 7.0. At this pH the ammonia equilibrium
concentration of NH; increases to approximately 1% of the
NH," concentration. Therefore, we assume that the cyto-
solic alkalization observed at external pH 7.0 (and not
found at external pH 5.0) results from internal protonation
of NH; rather than from NH,™ uptake. Our interpretation

_GS - reaction_

COOH COOH
I |
HZN—(I:-H HoN-C-H
|
CHZ CH2
I *NH3 + ATP——p + ADP + P,
CHy CHy
| |
COOH CONH3
Glutamate Glutamine

GOGAT - reaction

COOH COOH COOH COOH
O | [ I
HoN-C-H Cc=0 HoN-C-H HoN-C-H
| | i |
CH» CHoy CH,y CH»
(':H + | | + |
CH CH CH
[ 2 [ 2 NAD(PH [ 2 P2
CONH,  coon +H® COOH COOH
NAD{P)®
Glutamine 2 - Oxoglutarate Glutamate

Sum of both reactions:

NH3+20-Glu+ATP+NAD(P)H+H®—> Glu+ADP+P,+NAD(P)®

NAD(P)® reduction:

Substrate - Hy + NAD(P)Y® — Substrate + NAD(P)H + H®

Figure 8. GS/GOGAT cycle. The complete chemical formulae are
drawn without protonation or deprotonation to show that at least one
proton (bold letter) is consumed when two glutamate molecules are
formed and NADP(H) is oxidized.
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is supported by the finding that the increase of cytosolic
pH increased with the amount of NHj; in the uptake solu-
tion (Table I) and that ammonia toxicity to crops increases
with pH and total ammonia concentration (Bennett, 1974).
Also, application of methylammonia at external pH 8.45
(1% of the total methylammonia concentration is CH,NH,)
yielded a sharp cytosolic alkalization, whereas at external
pH 5.0 no pH change was monitored (Fig. 7). Because of the
low affinity of methylammonia to the ammonia transporter
(Kosola and Bloom, 1994), the fast cytosolic alkalization
effect (Fig. 7) probably was caused by CH;NH, being pro-
tonated after diffusion rather than by CH,;NH,* uptake.
Since methylammonia is not metabolized, the increase of
cytosolic pH after application of methylammonia in roots
without MSO (Fig. 7) was the same as after addition of
ammonia under conditions in which GS/GOGAT was
completely inhibited by MSO (Fig. 4, trace 2). According to
the method of Fentem et al. (1983), MSO incubation periods
of 5 h totally inhibit the GS activity, and in our experiments
a longer MSO incubation did not result in other pH effects,
as was found for rice and maize, respectively (Figs. 4 and 5,
trace 2). In contrast to NH; permeation, the uptake of NH,™*
at first should decrease cytosolic pH because of deprotona-
tion of NH,* at the cytosolic pH level. Uptake of NH,™"
decreases the membrane potential (Herrmann and Felle,
1995), but stimulation of the proton pump at elevated cyto-
solic pH is impeded because of lack of protons (substrate)
for the pump (Felle and Bertl, 1986).

From our results we cannot exclude NH, ™ uptake at high
pH. However, the increase of ["*N]ammonia uptake rates
at high external pH (Table II) is consistent with NH, entry
and differs from uptake rates reported by Wang et al.
(1993). In 3-week-old ammonia-grown rice roots they
found with increasing pH a decrease of **N uptake via the
low-affinity transport system. In contrast to our plant ma-
terial, their seedlings were well supplied with ammonia.
We therefore assume that our seedlings had a high demand
for N and hence at high external pH any NHj, diffusing into
the cytosol was quickly assimilated, thus maintaining a
steep diffusion gradient for NHj. Since the ">*NH,* uptake
rate at pH 5.0 in the outer solution did not differ between
the experimental sets in which Mes was buffered with
KOH and Tris, respectively (Table II), a K* effect on the
NH, " uptake rate in our experiments can be excluded.

Crucial for the actual external NH, concentration at the
plasma membrane is the pH in the root apoplast. The
apoplast pH is usually different from that in the bulk
solution (reviewed by Guern et al, 1991), and plasma-
lemma proton pumps contribute much to depress the pH in
the root apoplast (Sentenac and Grignon, 1987; Toulon et
al.,, 1992). Such pumps, however, apparently can be con-
centrated at particular sites (Bouche-Pillon et al., 1994)
where selective transporters for nutrient uptake prevail,
e.g. a high-affinity NH,* transporter (Ninnemann et al.,
1994). Uptake of NH,; presumably does not occur via trans-
port systems but via diffusion of NH;, across the membrane
(Kleiner, 1981). Such diffusion may well occur at microsites
devoid of H"-ATPase and with a relatively high pH (re-
viewed by Guern et al., 1991).

It is apparent from pretreatment of rice roots with the GS
inhibitor MSO that the assimilation of ammonia by the
GS/GOGAT system enhanced the NH;j-elicited, transient
cytosolic alkalization. Increase of cytosolic pH upon appli-
cation of 2 mM NH,"/NH; at pH 7.0 was significantly
higher in rice roots (Fig. 4, trace 1) than in maize roots (Fig.
5, trace 1). Cytosolic alkalization reached a pH level of
7.5 = 0.15 in O. sativa (about 0.35 pH unit increase) in
comparison with 7.23 = 0.13 in Z. mays root hairs (about
0.15 pH unit increase; Fig. 6). Herrmann and Felle (1995)
found an alkalization of about 0.1 pH unit in Sinapis alba
root hairs upon addition of 1 mm NH,* /NH; at pH 7.0. In
view of the differential effect of MSO in rice versus maize
roots, we suggest that the larger alkalization in rice roots
derived from higher efficacy of the GS/GOGAT pathway
as compared with maize roots. In vitro investigations have
shown that the activity of GS in rice roots is much higher
than in maize (Magalhdes and Huber, 1989, 1991). Accord-
ingly, pretreatment of intact rice roots with MSO drasti-
cally reduced the cytosolic pH increase (Fig. 4, trace 2),
whereas MSO applied to the maize root had no significant
effect on cytosolic pH increase (Fig. 5, trace 2). The faster
increase of pH in rice cells may indicate that NH; diffusion
into the cytosol is promoted by a highly active GS/GOGAT
pathway maintaining a steep gradient for NH; entry into
the cells. The higher [**NJammonia uptake rates of rice
versus maize at high external pH (Table II) corroborate this
interpretation.

Cytosolic pH did not change upon addition of NH," at
external pH 5.0 in either plant species (Figs. 4 and 5, trace
1). In contrast to the supposed passive NH; permeation at
pH 7.0 leading to a sudden pH shift, uptake of NH,* at pH
5.0 certainly is controlled by selective transporters (Ninne-
mann et al., 1994). One may speculate that under these
controlled conditions the cytosolic buffer capacity could
balance the NH,-elicited pH changes that occurred.
NAD(P)* produced by the GS/GOGAT cycle will be
quickly reduced, yielding one H*, which balances the pro-
ton consumed by GS/GOGAT. If, however, the rate of
ammonia uptake is high and less controlled (pH = 7.0 in
the outer solution), the reduction of NAD(P)" initially
cannot cope with the consumption of H* via GS/GOGAT,
leading to the observed transient pH increase in the cytosol
of rice root hairs. Moreover, preliminary investigations in
our laboratory have shown that an increase of the cytosolic
pH from 7.0 to 7.5 stimulated the GS activity in rice but not
in maize. This activation may also contribute to the pro-
nounced alkalization in the cytosol of rice roots after ap-
plication of ammonia at pH 7.0 but not at pH 5.0 in the
uptake solution.

Possible Mechanism for pH Restoration

The decline of cytosolic alkalization in rice and maize
root hair cells was much faster in rice (Figs. 4, trace 1, and
6) than in maize (Figs. 5, trace 1, and 6); it was also found
at higher cytosolic pH levels than those shown in Figure 6.
In both species (Figs. 4 and 5) the cytosolic pH was restored
after about 50 min. This reaction was observed in roots and,
with individual differences, in single root hairs (Fig. 6). A



460 Kosegarten et al.

similar pH restoration was found in S. alba root hairs by
Herrmann and Felle (1995). Various mechanisms may be
involved in this pH regulation. The “biochemical pH-stat”
(Davies, 1973, 1986) plays a major role in cytosolic pH
regulation (Kurkdjian and Guern, 1989; Guern et al., 1991),
and we presume that in case of NHj-elicited alkalization,
these reactions contribute to cytosolic pH restoration.
Clearly, further work is needed to unravel this complex
backregulation.

CONCLUSIONS

We have applied the BCECE-fluorescence ratio technique
to measure cytosolic pH changes in single root hairs and to
monitor such changes in roots with populations of hun-
dreds of root hairs. Although contribution of dye fluores-
cence from the vacuole impeded exact determination of
cytosolic pH, relative changes of cytosolic pH could be
obtained readily and, due to high cell number, with high
statistical significance from the respective root segment.
The cytosolic pH changes were largely congruent for single
root hairs and whole roots. Precise measurement of cyto-
solic pH was possible only in the cytosolic cap of the single
root hair but required the aid of sophisticated microscopy
equipment.

A higher, transient cytosolic alkalization upon applica-
tion of ammonia at high external pH was found in rice as
compared with maize. In rice, the cytosolic pH increase
was significantly reduced by MSO. This hints at a more
efficient GS/GOGAT pathway in rice, possibly reflecting
constitutive adaptation to natural NH; overflow.
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