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For noninvasive in vivo measurements of intra- and extracellular ion concentrations, we produced transgenic Arabidopsis
expressing pH and calcium indicators in the cytoplasm and in the apoplast. Ratiometric pH-sensitive derivatives of the green
fluorescent protein (At-pHluorins) were used as pH indicators. For measurements of calcium ([Ca2�]), luminescent aequorin
variants were expressed in fusion with pHluorins. An Arabidopsis chitinase signal sequence was used to deliver the
indicator complex to the apoplast. Responses of pH and [Ca2�] in the apoplast and in the cytoplasm were studied under salt
and “drought” (mannitol) stress. Results are discussed in the frame of ion flux, regulation, and signaling. They suggest that
osmotic stress and salt stress are differently sensed, compiled, and processed in plant cells.

How plants sense and respond to various environ-
mental stimuli, such as touch, wind, cold, light, oxi-
dative stress, high salinity, and drought, has become
an area of intense investigations in the past decades.
Many cellular compounds such as Ca2�, lipids, H�,
cyclic nucleotides, and inositolphosphates are listed
as messengers used by plants to forward and compile
cellular signals (Sanders et al., 1999).

The cytoplasmic free Ca2� concentration ([Ca2�]cyt),
in particular, has been found to play a central role in a
wide range of cellular events (Trewavas and Malhó,
1998; Knight, 2000; Sanders et al., 2002), although its
alleged universality has been critically questioned re-
cently (Plieth, 2001; Scrase-Field and Knight, 2003).

The proton activity ([H�]) is an extremely impor-
tant factor as well. [H�] is involved in cell signaling
either directly or in cross talk with plant hormones or
calcium (Gilroy and Trewavas, 1994; Ward et al.,
1995; Blatt and Grabov, 1997; Roos, 2000; Felle, 2001).
Therefore, the cells exert tight control over [H�]
(Felle, 1987).

The apoplast is the first plant compartment en-
countering environmental signals. It has been sug-
gested that the apoplast is involved not only in the

response but also in the perception and transduction
of various environmental signals in cooperation with
the plasma membrane (Hoson, 1998). pH and cal-
cium concentrations in the apoplast have been mea-
sured in many plants by selective electrodes
(Zieschang et al., 1993; Felle, 1998), by collecting
apoplast fluid (Dannel et al., 1995; Mühling and Sat-
telmacher, 1995; Cramer and Jones, 1996; Lohaus et
al., 2001) or by impermeable fluorescent dyes (Hoff-
mann and Kosegarten, 1995; Mühling et al., 1995;
Taylor et al., 1996; Sakurai, 1998a, 1998b). However,
little in vivo information on the change of apoplastic
pH and [Ca2�] is available from whole and undis-
turbed (i.e. not infiltrated) plants under abiotic stress.
Such knowledge can help to understand the role of
the apoplast in more detail. To overcome drawbacks
of other methods, we started to develop a novel
approach: the design of transgenic plants that simul-
taneously express their own [Ca2�] and pH indica-
tors at the desired location. We expressed modified
pHluorins (Miesenböck et al., 1998; Moseyko and
Feldman, 2001; Plieth et al., 2001) and aequorin (AQ;
Knight et al., 1991, 1997a) as fusion proteins in the
cytoplasm of Arabidopsis (Fig. 1, A, E, and F). For
studying extracellular ion dynamics, we also targeted
pHluorins and an AQ variant with low calcium af-
finity (Kendall et al., 1992) as fusion proteins to the
apoplast by using an Arabidopsis chitinase signal
sequence (Fig. 1, B–D). A series of experiments were
performed to characterize the indicators (Figs. 2–4)
and to demonstrate that the produced self-reporting
plants are able to monitor changes of pH and [Ca2�]
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in the cytoplasm and in the apoplast (Figs. 5–7). Salt
(NaCl) and drought stress were studied in particular
with this novel technique (Figs. 6–10) to discover new
aspects of ion flux, regulation, and signaling.

RESULTS

Before expression in plants, recombinant indicators
were expressed in bacteria and properties verified in
vitro.

Characterization of AQ Variants in Bacteria

For comparison of native AQ and LAAQ, both AQ
variants were expressed in bacteria. Bacteria were
reconstituted at room temperature for 30 min with 10
�m coelenterazine (CTZ) in Luria-Bertani medium
and then stimulated with 1 mm CaCl2 solution. The
kinetics (data not shown) were similar to what has
been shown previously (Jones et al., 2002). Relative
luminescence of initial response was lower in LAAQ-
expressing bacteria in comparison with native AQ.
The measured relative luminescence indicates that
less LAAQ than AQ is discharged during Ca2� entry
into the cells. This verifies that LAAQ is, because of
its lower Ca2�-binding affinity, the better choice for a
higher [Ca2�] range as is expected in the apoplast.

Characterization and in Vitro Calibration of
Modified pHluorins

Modified At-pHluorins isolated from bacteria were
characterized fluorometrically. Ratiometric At-
pHluorin (ratioGFP) has pH-dependent spectra with
isoexcitation point at 428 nm (Fig. 2A). The excitation
maxima of ratioGFP are at 395 and 475 nm, and the
emission maximum is at 508 nm. Its kd is 6.73 � 0.03,
and its optimal dynamic range is in the interval 5.6 �
pH �7.8, which makes it suitable for both cytoplas-
mic and apoplastic pH measurements (Fig. 2B).

Ecliptic At-pHluorin (eclipticGFP) displayed a ra-
tiometric behavior in the emission mode with an
isoemission point at 490 nm (Fig. 3A). The excitation
maxima of eclipticGFP are at 398 and 477 nm, and the
emission maximum is at 510 nm. Its kd is 7.25 � 0.02,
and its optimal dynamic range is in the interval 6.5 �
pH � 8.0, which makes it suitable especially for
cytoplasmic pH measurements (Fig. 3B).

The spectra (Figs. 2 and 3) show that all modifica-
tions made to produce At-pHluorins hardly altered
spectral properties and/or pH dependency when
compared with original pHluorins from Miesenböck
et al. (1998). In addition, when fused to AQ, the
emission spectra were negligibly broadened by 3 nm
in half band width, and peaks were shifted by about
1 nm toward the blue. Also, the pH dependence of

Figure 1. Schematic structures of the gene cas-
settes. A, Fusion construct from pCM2. B, Apo-
plast targeting construct: insertion of chitinase
signal sequences (66 bp) upstream of GFP5 giv-
ing pchitGFP5:AQ. C, Fragment exchange (Cla-
Xho) to yield pH sensitivity and (XhoI-PstI) for
insertion of low-affinity AQ (LAAQ), leading to
pchitratioGFP:LAAQ. D, Same as C but insertion
of ecliptic pHluorin fragment giving pchite-
clipGFP:LAAQ. E and F, Replacement of Cla-
Xho fragment for introducing pH sensitivity and
introduction of point mutation for increased sol-
ubility. This produced cytoplasmic expression of
ratioGFP (E) and ecliptic green fluorescent pro-
tein (GFP; F), i.e. psmratioGFP:AQ and psme-
clipGFP:AQ, respectively.
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At-pHluorins did not significantly alter when fused
with AQ and chitinase propeptide. Moreover, the
NaCl concentration (0–200 mm NaCl) at constant pH
had negligible influence on the fluorescence ratios
(data not shown).

Luminescence. In Vivo Reconstitution of AQs

Plants expressing the GFP5:AQ fusion in the cyto-
plasm and in the apoplast were in vivo reconstituted
with two different CTZ derivatives. Figure 4 shows
absolute luminescence during the first hours of re-
constitution. The time courses demonstrate that max-
imal basal luminescence in the cytoplasm (Fig. 4A) is
reached after 4 h. The apparent binding constant of
cp-AQ is pkCa � 6.4 compared with pkCa � 5.9 of
native AQ (Plieth and Trewavas, 2002). As a conse-
quence, basal luminescence produced by cp-AQ de-
cays, even with the low resting level of free [Ca2�] in
the cytoplasm (Fig. 4A, circles), whereas basal lumi-
nescence from native AQ is stable here (Fig. 4A,
squares). A much higher [Ca2�] is present in the
apoplast. Hence, even luminescence from native AQ

decays and cp-AQ luminescence dissipates within 5 h
in this compartment (Fig. 4B). We found that basal
luminescence even from LAAQ is not stable in the
apoplast when reconstituted with native CTZ and
also decays below minimum detection level within
2 d (data not shown). Nevertheless, there is a time
window of more than 12 h for [Ca2�] measurements
after in vivo reconstitution of targeted AQ with na-
tive CTZ.

[Ca2�] Response to Cold in the
Cytoplasm and in the Apoplast

The in vivo response of luminescence from AQ
expressed in the apoplast to cooling was compared
with luminescence responses reported by AQ ex-
pressed in the cytoplasm (Fig. 5). These responses,
too, show that AQ has successfully been targeted to a
compartment different from the cytoplasm. At first
glance, the data suggest that [Ca2�] is slightly low-
ered in this compartment during cold period. How-
ever, AQ luminescence is temperature dependent
(data not shown), and the decrease of luminescence

Figure 2. A, Excitation spectra of ratiometric GFP at different pHs
(emission wavelength � 508 nm). Curves were normalized by
F(428ex; 508em). B, Corresponding calibration curve for fluores-
cence excitation ratio R(395ex/475ex; 508em); dissociation con-
stant, i.e. midpoint of the fitted curve � pKd � 6.9 � 0.03; optimal
dynamic range for pH measurements is between 5.6 and 8.0.

Figure 3. A, Emission spectra of ecliptic GFP at different pHs (exci-
tation wavelength � 400 nm). Curves were normalized by F(400ex;
490em). B, Corresponding calibration curve for fluorescence emis-
sion ratio R(400ex; 490em/510em); dissociation constant, i.e. mid-
point of the fitted curve � pKd � 7.25 � 0.02; optimal dynamic
range for pH measurements is between 6.5 and 8.0.
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with lowered temperature in Figure 5C might well
originate from this effect.

Fluorescence. Expression and Localization of the
Indicator Complex

The expression level of indicator protein—as scru-
tinized by fluorescence—seemed to be higher in the
apoplast expressing lines than in the cytoplasmic-
expressing lines. This can be explained with the per-
manent export of indicator in apoplast-targeted lines
and extracellular accumulation. Confocal laser scan-
ning microscopy (CLSM) revealed staining of the cell
wall (supplemental data).

The in vivo spectra taken from ratiometric pHlu-
orins expressed in roots (Fig. 6) are slightly different
compared with the in vitro spectra (Fig. 2) because of
slight autofluorescence in the plant specimen and
different emission bands (fluorescence emission
wavelength Fem � 508 � 5 nm in Fig. 2 and Fem �
535 � 25 nm in Fig. 6). However, the spectra clearly

indicate compartments of different acidity: pH � 6.3
in the apoplast and pH � 7.2 in the cytoplasm.

A change of external pH (Fig. 7) induced no change
in fluorescence ratio of cytoplasmic-expressed
At-pHluorin. The pH indicator expressed in the apo-
plast, in contrast, reported a strong dependence of
apoplastic pH on external pH (Fig. 7). This demon-
strates that the indicator complex is located in a
compartment that has direct access to the outer me-
dium and confirms successful targeting of the protein
to the extracellular space.

Free Calcium Concentration in the Apoplast
([Ca2�]apo) and Cytoplasmic Free Calcium
Concentration ([Ca2�]cyt) Responses during
“Drought” and NaCl Stress

Changes of [Ca2�]apo and [Ca2�]cyt were deter-
mined in response to repeated periods of NaCl stress

Figure 4. Development of basal AQ luminescence during in vivo
reconstitution of Arabidopsis roots with different coelenterazine
(CTZ) derivatives. Squares, Reconstitution with native CTZ; circles,
reconstitution with cp-CTZ. Addition of CTZ at t � 0.6 h to 10 �M

final concentration. Note: Absolute luminescence (�10,000) is given
here, which is luminescence of each integration interval divided by
total luminescence produced by the specimen. Relative lumines-
cence (�10,000) is given in all other figures, which is luminescence
of each integration interval divided by luminescence still remaining
in the specimen. A, Reconstitution of AQ expressed in the cytoplasm.
B, Reconstitution of AQ targeted to the apoplast.

Figure 5. Luminescence response to cold from Arabidopsis express-
ing AQ in the cytoplasm (A and B) and in the apoplast (C and D). A
and C, Relative luminescence; B and D, corresponding temperature
measured in parallel.

Ca2� and pH Dynamics

Plant Physiol. Vol. 134, 2004 901



(i.e. 100 mm NaCl) and “drought.” The latter was
mimicked by isosmotic mannitol.

Osmotic (“Drought”) Stress

Repeated 30-min periods of mannitol treatment
were applied to roots. The results (Fig. 8A) indicate
that the [Ca2�]apo is hardly affected by this treatment
(Fig. 8A, gray curve). Apart from tiny responses dur-
ing mannitol washout, there are no significant
changes in the [Ca2�]apo signal. The [Ca2�]cyt, in con-
trast, is drastically affected, and pronounced
[Ca2�]cyt transients are observed (Fig. 8A, black
curve). This experiment produces two different kinds
of stimuli: first, a hyperosmotic stimulus when man-
nitol is applied and second a hypo-osmotic stimulus
when mannitol is washed out. The very first hyper-
osmotic treatment is a weak stimulus giving a
[Ca2�]cyt transient with small amplitude (at t � 0.5 h;
Fig. 8, A and C). All following hyperosmotic treat-
ments (t � 1.5, 2.5, and 3.5 h; Fig. 8A) do not give
spectacular [Ca2�]cyt transients anymore, suggesting
that some kind of adaptation must have happened.
The hypo-osmotic-triggered [Ca2�]cyt response, how-
ever, is much more pronounced indicating that this
stimulus is more critical. In both cases (hyper- and
hypo-osmotic shock), the [Ca2�]cyt is brought back to
base level by cellular Ca2� clearance mechanisms
after the transient. [Ca2�]cyt does not stay on elevated
levels as is the case for NaCl treatment (described
below).

NaCl Stress

Repeated periods of NaCl treatment give drastic
transients and prolonged alterations of the [Ca2�]
level in both compartments (Fig. 8, B and D). The
very first NaCl treatment leads to a permanent in-
crease of the cytoplasmic [Ca2�] ([Ca2�]cyt) after a
short transient peak (Fig. 8D). The following wash-
out, however, produces a further permanent increase

(Fig. 8B) that is not seen during mannitol treatment
(Fig. 8A). These two increased [Ca2�]cyt levels alter-
nate during the rest of the experiment as NaCl solu-
tion is replaced by water and vice versa. The
[Ca2�]apo is markedly affected by NaCl as well (Fig.
8B, gray curve). During the very first NaCl treatment,
a distinct increase in [Ca2�]apo occurs. The following
treatments bring also about an increase or at least an
elevated steady state of [Ca2�]apo during NaCl peri-
ods and a decrease during washout (water). To dis-
criminate NaCl stress and osmotic response, we
switched between mannitol and NaCl solutions with
same osmotic pressure (Fig. 9). This brings about a
uniform osmotic stress. The very first transition from
mannitol to NaCl (t � 1.5 h; Fig. 9) resulted in an
elevation of [Ca2�]cyt as was observed before (t �
0.5 h; Fig. 8B), but with a negligible transient peak.
The subsequent change from NaCl to mannitol (t �
2 h; Fig. 9) unexpectedly produced a [Ca2�]cyt tran-
sient, but no change of the reached steady-state level.
All subsequent transitions from mannitol to NaCl
and vice versa caused similar alterations between
two [Ca2�]cyt states—with intermediate tran-
sients—as has been observed with NaCl-water treat-
ment (Fig. 8). The same treatment of the apoplastic
expressing plants (Fig. 9, gray curve) confirmed that
external Na� caused a drastic increase in [Ca2�]apo
and gave a similar kinetic pattern as with NaCl-water
treatment (Fig. 8B, gray curve).

Cytoplasmic pH (pHcyt) and Apoplastic pH (pHapo)
Responses during NaCl and “Drought” Stress

The F395 to F475 fluorescence excitation ratio of the
pH-sensitive GFP revealed that “drought” (mannitol)
treatment (Fig. 10A) does not influence pHcyt and
pHapo. NaCl stress, however, resulted in significant
alterations of pH in the apoplast and to a minor
extent in the cytoplasm (Fig. 10B). The pH responses

Figure 6. In vivo spectra of ratioGFP expressed in Arabidopsis roots
(black curve, cytoplasmic expression; gray curve, apoplastic expres-
sion). Curves were normalized by F(428ex; 530em).

Figure 7. pH changes in the apoplast (gray curve) and the cytoplasm
(black curve) of Arabidopsis roots in response to changes in external
pH. External pH was adjusted with 10 mM HEPES (pH 7.6) and 10 mM

MES (pH 6.0) in standard medium (KCl, CaCl2, and MgCl2: 1 mM

each).
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became more pronounced with the number of NaCl
treatments in both compartments. This sort of “sen-
sitization mechanism” (i.e. increasing response am-
plitudes with increasing number of treatments) is
opposite to “adaptation” mechanisms (i.e. decreasing
response amplitudes with increasing number of
treatments) usually observed with other abiotic stim-
uli (e.g. cold; Fig. 5A).

DISCUSSION

For studying ion flux and regulation when the
plants are under abiotic environmental stress, genet-
ically encoded indicator proteins proved to be the
most elegant way (Plieth, 2001). An important advan-
tage is that they can be targeted to many different
organelles, compartments, and tissues by fusion with
specific promoters, signal sequences, or by trapped
enhancers (Kiegle et al., 2000; Plieth, 2001). When
using reporter plants expressing their own indica-
tors, loading problems, as is the case for low-Mr
indicator dyes (Plieth and Hansen, 1996), are circum-
vented, and artifacts resulting from loading proce-
dures are avoided. Measurements can be performed
in unperturbed, whole, intact plants and under
“physiological” conditions; i.e. conditions similar to
what plants experience in the wild. Thus, any study
which makes use of “self-reporting plants” relates
more closely to conditions in the field and deserves
to be called “biologically relevant.”

Scrutiny of Transgenic Lines

The fact that none of our transgenic lines differ in
phenotype from the wild type verifies that expres-
sion of the indicators do not interfere with signal
transduction, growth, and development. It suggests
that neither cellular ion regulation in general nor ion

buffering in particular is affected by the alien Ca2�-
and H�-binding indicator proteins.

Figures 4 to 7 show that the targeted indicator
complex is expressed in a compartment with high
[Ca2�] and low pH compared with cytoplasmic con-
ditions. Both details have been anticipated for the
extracellular space, and there are more details con-
firming correct targeting of the indicator in the
apoplast.

The typical [Ca2�] responses to periods of cold
obtained from apoplastic expressing lines (Fig. 5B)
are completely different from cytoplasmic [Ca2�] re-
sponses (Fig. 5A; Plieth et al., 1999a).

The overall continuing decay of the apoplastic sig-
nal (Fig. 8A, gray curve) indicates permanent wash-
out of Ca2� ions by the perifusion medium which
was not supplemented with extra Ca2�.

The in vivo spectra (Fig. 6) taken from dissected
roots expressing ratioGFP in the cytoplasm (black
curve) and in the apoplast (gray curve) are markedly
different and their F395 to F475 ratios indicate pHcyt �
7.2 and pHapo � 6.3, which is close to what has been
expected. The apoplastic pH has been reported many
times from different species, and the majority of val-
ues varies between 5.3 (Kosegarten and Englisch,
1994) and 6.7 (Dannel et al., 1995).

However, the measured resting apoplastic pH (i.e.
�6.3) was always slightly higher than expected (i.e.
pH � 6.0). Therefore, we reexamined the transgenic
lines by CLSM at high magnification (supplemental
data). In the cytoplasmic expression lines, cell walls
could be easily detected as dark lines between fluo-
rescent protoplasts. The apoplastic expression lines,
in contrast, also showed fluorescence at these loca-
tions. For a better resolution, the cell walls of these
lines were separated from the protoplasts by pre-
treatment with 100 �m cycloheximide and plasmol-

Figure 8. A, Cytoplasmic and apoplastic [Ca2�]
in response to “drought” stress (200 mM manni-
tol versus water) measured by AQ luminescence
from Arabidopsis roots. B, Cytoplasmic and apo-
plastic [Ca2�] in response to NaCl stress (100
mM NaCl versus water). C and D, Close-ups of
A, and B, respectively.
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ysis with 500 mm mannitol. This finally revealed a
clear cell wall staining with GFP.

However, in these lines, we also found residual
expression of indicator protein inside the cells lo-
cated in so-called “fusiform organelles.” These or-
ganelles are part of the endoplasmic reticulum (ER)
network (Hawes et al., 2001). This finding is not
surprising because the protein is translocated via the
ER because of the preceding N-terminal chitinase
signal propeptide (22 amino acids), carried along the
secretory pathway, and then excreted to the apoplast
because of the missing HDEL retention sequence. So,
there is locally always some cellular expression with
fluorescence adulterating the global extracellular flu-
orescence ratio. We found this cellular expression
appearing mainly in undifferentiated, meristematic,
and growing cells near the root tip and less in the
fully differentiated, basal tissue. Therefore, for pH
measurements, we chose the fully differentiated tis-
sue of the root hair zone of lateral roots were side
effects caused by residual expression in the ER and
autofluorescence are negligible. The fact that the
“bulk freight” of targeted indicator has reliably been
excreted is demonstrated by the test experiment
shown in Figure 7: A change of external pH does
produce an immediate change of fluorescence ratio.
This shows that the main part of indicator, sufficient
for reliable pH measurements, is located in the apo-
plast. Furthermore, there was no At-pHluorin within
vacuoles detected by CLSM. This is in contrast to
Persson et al. (2002), who also found protein in vacu-
oles when targeted to ER with C-terminal HDEL
sequence removed. For our constructs, this means
that either no At-pHluorin has been trafficked to
vacuoles or any vacuolar fluorescence has been
quenched because of an extremely low pHvac. The
latter, however, is unlikely because other studies
show that GFP is stably fluorescent even in acidic
vacuoles of Arabidopsis (Neuhaus, 2000; Di Sanse-
bastiano et al., 2001; Frigerio et al., 2001).

pH and [Ca2�] Respond Differently to “Drought” and
NaCl Stress Situations

The amplitude of the [Ca2�]cyt response to water
loss (hyperosmotic stimulus) is much smaller com-
pared with that seen during hypo-osmotic stimulus
(Fig. 8A, black curve). This has been observed before
(Pauly et al., 2001) and verifies that shrinking is less
serious for the cells than swelling, which might lead
to rupture if cell wall and/or membrane do not stand
the rising pressure (Takahashi et al., 1997). The de-
crease in [Ca2�]cyt amplitude with repeated mannitol
treatment periods (Fig. 8A, black curve) reflects some
sort of adaptation that also has been observed with
other abiotic stimuli such as cold and gravity (Plieth
et al., 1999a; Plieth and Trewavas, 2002). The apo-
plastic [Ca2�] remains almost unaffected by mannitol
treatment (Fig. 8A, gray curve). This is a surprise
because we expected that a significant amount of
Ca2� ions is shifted from the extracellular space dur-
ing hypo-osmotic treatment into the cytoplasm. This
should give a significant transient fall in the apoplas-
tic luminescence signal. Because the latter fails to

Figure 9. Calcium responses upon drought and NaCl stress (200 mM

mannitol versus 100 mM NaCl versus water) in Arabidopsis roots.

Figure 10. A, Cytoplasmic and apoplastic pH responses upon
drought stress (water versus 200 mM mannitol) in Arabidopsis roots
measured by fluorescence ratiometry. B, Cytoplasmic and apoplastic
pH responses upon NaCl stress (water versus 100 mM NaCl) in
Arabidopsis roots.
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appear, we conclude that the cellular [Ca2�]cyt tran-
sients during mannitol washouts (Fig. 8A, black
curve) are mainly produced by release of Ca2� ions
from internal stores (e.g. vacuole) rather than influx
from the outside.

NaCl, in contrast, produces [Ca2�] and pH changes
in both compartments (Figs. 8–10): The finding that
[Ca2�]cyt is increased during NaCl stress is in line
with observations from Lynch et al. (1989), who ob-
served a [Ca2�]cyt increase in maize (Zea mays) root
protoplasts during NaCl stress. The finding that
[Ca2�]cyt responses to NaCl is markedly different
from “drought” has been anticipated by Shi et al.
(2002), who showed that root growth deprivation is
different under NaCl and drought stress.

There are two differences between NaCl and
“drought” [Ca2�]cyt responses: First, the whole
[Ca2�]cyt is permanently shifted by NaCl toward a
higher level (Figs. 8B and 9, black curves). Second,
the short-term response to NaCl is prolonged when
compared with the [Ca2�]cyt kinetic under “drought”
treatment (Fig. 8, C and D). In particular, these short-
term differences are well in line with Knight et al.
(1997b).

Prolonged [Ca2�]cyt elevations have been seen with
other studies where the cytoplasm has been chal-
lenged with an excess of other monovalent ions,
namely H� (Plieth et al., 1997, 1999b). The main
conclusion drawn in these studies is that calcium acts
as protecting and ameliorative agent. Our assump-
tion is that this can hold under Na� stress, too. The
ameliorative action of calcium may result from vari-
ous cellular interactions.

First, an increase of [Na�] also does affect cellular
calcium buffer systems like H� ions do: Monovalent
ions are able to displace stabilizing Ca2� ions from
their binding sites (i.e. phospho- and carboxy head
groups in membranes, Dawson and Hauser, 1970;
Hanson, 1984; and uronic groups in the cell wall,
DeMarty et al., 1984). Thus, it makes sense for a plant
cell to respond to a strong and dangerous increase of
toxic monovalent ions with an active release of Ca2�

ions into both the cytoplasm (Figs. 8B and 9, black
curves) and the apoplast (gray curves) to counteract
loss of membrane and cell wall integrity even if
enzyme regulation, signal transduction, and, thus,
cellular activity are thereby negatively affected. This
somewhat unspecific role could be designated as an
“emergency brake function” of calcium. Because
there is evidence for a calcium buffer capacity in the
millimolar range in the cytoplasm (Plieth et al., 1997;
Plieth and Hansen, 1998) and the apoplast (DeMarty
et al., 1984; Smart and Trewavas, 1984), the increases
of free [Ca2�] reported here (Figs. 8 and 9) constitute
only a tiny percentage of the total amount of acti-
vated Ca2� ions. Hence, the quantity of calcium mo-
bilized by NaCl seems rather massive.

Second, one more specific effect of Ca2� in the
apoplast is its action on voltage-independent ions

channels (VICs). VICs are believed to be the major
doorway for Na� into the cell (Amtmann and Sanders,
1999). Because Ca2� inhibits VIC-mediated Na� cur-
rents (White and Lemtiri-Chlieh, 1995; Maathius and
Amtmann, 1999; White and Davenport, 2002); thus, it
helps to establish a favorable intracellular K� to Na�

ratio. Hence, calcium is an “ion transport modulator.”
This specific modulator function is not a matter of
Ca2� to Na� ratio in the extracellular matrix but rather
a question of a critical external Ca2� concentration
necessary to be maintained for effective Na� influx
inhibition (Davenport et al., 1997; Tyerman et al., 1997;
Murata et al., 1998; Kinraide, 1999).

Third, Ca2� ions have signaling properties. A
calcineurin-like protein SOS3 has been identified to
play a significant role in NaCl stress response in
Arabidopsis (Liu and Zhu, 1998). SOS3 defective mu-
tants are NaCl hypersensitive. This phenotype is
partly suppressed by increased levels of external
Ca2�. Additional support for this Ca2� calcineurin
signaling pathway has been given by Pardo et al.
(1998). Hence, calcium has a “signaling function.”
The current proposed regulatory pathway for intra-
cellular Na� and K� homeostasis and Na� tolerance
in plants assumes an increase in [Ca2�]cyt under Na�

stress (Halfter et al., 2000; Zhu, 2001) that is needed
to switch kinases and phosphatases related to NaCl
tolerance (Liu and Zhu, 1998; Pardo et al., 1998;
Xiong and Zhu, 2002) and phosphoinositol turnover
(Hirayama et al., 1995), which in turn is related to
[Ca2�] signaling.

It has been shown that calcium activates cell wall
phosphatases (DeMarty et al., 1984). Moreover, it has
been reported several times that apoplastic calmod-
ulin plays an important role in signal transduction
(Sun et al., 1994, 1995; Tang et al., 1996; Ma and Sun,
1997; Ma et al., 1999). Thus, calcium seems to have a
signaling function in the apoplast as well. However,
despite all findings dedicating [Ca2�]apo an impor-
tant role in toxicity alleviation and NaCl stress re-
sponse, no effect of external Ca2� on Na� toxicity
was found recently in Arabidopsis (Essah, 2000).
Hence, no conclusive picture can be drawn yet of
how Ca2� is actually working in the apoplast in
Arabidopsis.

Taken together, extracellular and cellular calcium
perform different tasks. The experiments shown here
provide the first information, to our knowledge, of
how calcium behaves extracellularly and intracellu-
larly in Arabidopsis under NaCl stress. Massive per-
manent Ca2� shifts are broad-spectrum responses
that may address unspecific protection mechanisms,
ion transport, and specific signaling under NaCl
stress circumstances.

MATERIALS AND METHODS

Plasmid Constructs

Standard PCR and cloning techniques (Sambrook et al., 1989; Ausubel et
al., 1999) were employed to engineer the plasmid constructs described
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below. For cytoplasmic expression, we started from a plasmid pCM2
(Moore, 2000), which is a pUC18 derivative equipped with a plant expres-
sion unit consisting of a short CaMV35S promoter and the corresponding
terminator (528 and 193 bp, respectively; Pietrzak et al., 1986). pCM2 con-
tains an in-frame fusion of the GFP gene (GFP5; Haseloff et al., 1997)
downstream linked with AQ cDNA (Fig. 1A).

Because there is a ClaI site in GFP5 383 bp downstream of ATG, and all
relevant mutations that render GFP pH sensitive are downstream of ClaI, we
decided to exchange the second part of GFP5 between ClaI and XhoI with
corresponding fragments produced by PCR amplification from ratiometric
and ecliptic pHluorins (Miesenböck et al., 1998). In this way, pratioGFP:AQ
and peclipGFP:AQ were constructed.

For cytoplasmic expression and better cellular distribution, we intro-
duced the F99S mutation of smGFP (soluble modified GFP) into the gene
constructs by substituting the parts between XbaI and ClaI sites with the
corresponding portion of smGFP (CD3–326, Davis and Vierstra, 1998) ob-
tained by PCR. Resulting plasmids were named psmratioGFP:AQ and ps-
meclipGFP:AQ (Fig. 1, E and F).

For apoplastic targeting, we used the Arabidopsis chitinase signal se-
quence (22 amino acids) from plasmid pBINm-gfp5-ER, which is known to
target to the ER (Haseloff et al., 1997). Omitting the sequence coding for
HDEL at the C-terminal end of the protein interrupts the continuous re-
trieval of the protein from the cis-Golgi to the ER lumen, causing secretion
of the gene product and, thus, accumulation of the protein in the apoplast.
The first part of the gene cassette in pBIN35S-mgfp5-ER, which contains a
66-bp sequence coding for a chitinase signal propeptide (22 amino acids)
together with the first 383 bp of GFP sequence flanked by XbaI and a ClaI
recognition sites, were generated by PCR. The PCR product was used to
replace the corresponding XbaI-ClaI fragment in pCM2, and pH-sensitive
mutations of ratiometric and ecliptic pHluorins were introduced as has been
done with the cytoplasmic expression constructs, resulting in two plasmids:
pchitratioGFP:AQ and pchiteclipGFP:AQ. Finally, we replaced the AQ gene
in these constructs with an engineered AQ with reduced Ca2� affinity
(LAAQ; Kendall et al., 1992) using XhoI and PstI restriction sites. Thus, two
more gene constructs with a 66-bp apoplast signal sequence fused to pH and
[Ca2�] indicator genes, namely pchitratioGFP:LAAQ and pchiteclipGFP:
LAAQ (Fig. 1, C and D), were produced. All gene constructs were confirmed
by sequencing.

All gene cassettes (Fig. 1) were finally transferred to the binary vector
pBI121 (Jefferson et al., 1987) using XbaI and SacI. This vector confers
kanamycin resistance in plants and enables stable insertion of the genes into
the Arabidopsis genome via Agrobacterium tumefaciens-mediated transfor-
mation (described below).

Bacterial Expression of Indicator Protein

To verify that modifications did not alter indicator properties, all indi-
cator and fusion cDNAs were also cloned into bacterial expression vectors
(pRSET; Invitrogen GmbH, Karlsruhe, Germany). Indicator proteins were
expressed in bacteria and assessed fluorometrically (Figs. 2 and 3) and
luminometrically. Because bacterial expression of GFPs is sometimes prob-
lematic (Gonzalez and Ward, 2000), and pRSET is leaky expressing when
not induced, we grew bacteria under strong selection (70 �g mL�1 chlor-
amphenicol and 200 �g mL�1 ampicillin) on “Terrific Broth” medium (no.
243820, DIFCO Laboratories, Detroit) for 8 h at 37°C/150 rpm. Protein
production was induced by 1 mm isopropylthio-�-galactoside at 20°C/300
rpm overnight (i.e. 15 h). For protein isolation, bacteria were cracked in 200
mm phosphate buffer (pH 7.5) using either a French press or several freeze-
thaw cycles. Debris was removed by centrifugation and filtering the super-
natant through a 0.45-�m nylon filter. Cleared bulk protein extract was used
for in vitro fluorescence assays at room temperature (Figs. 2 and 3) and
appropriately buffered pH.

Plant Transformation

The floral dip method for A. tumefaciens-mediated transformation was
used (Clough and Bent 1998; http://plantpath.wisc.edu/�afb/protocol.
html)to transform Arabidopsis of ecotype Columbia (Col0, Nottingham
Arabidopsis Stock Centre no. N1092). Seeds from transformed plants were
vapor phase sterilized in accordance with Clough and Bent (http://
plantpath.wisc.edu/�afb/vapster.html) and sown on sterile solid medium

(1� Murashige and Skoog, no. M0222, Duchefa, Haarlem, The Netherlands;
and 0.75% [w/v] agar, no. A1296, Sigma, St. Louis) containing 50 �g mL�1

kanamycin and supplemented with 1% (w/v) Suc. After 3 d at 4°C vernal-
ization in the dark, plates were transferred to a growth chamber and
cultivated at 70% relative humidity, 21°C, and 16-h photoperiod. Kanamy-
cin-resistant F1 transformants were transferred to soil in small pots, covered
with ARACONs (BetaTech, Gent, Belgium), and further cultivated under
same conditions. After selfing, plants of the F2 generation were screened for
fluorescence and luminescence. Lines with highest expression of the indi-
cator fusion protein were selected, and individual F2 plants were used for
further proliferation into F3 to find homozygous lines.

Plant Material

According to Figure 1, B to E, we obtained five transgenic lines express-
ing different indicator proteins: GFP5 and AQ in the apoplast (Fig. 1B),
ratiometric pHluorin and LAAQ in the apoplast (Fig. 1C), ecliptic pHlu-
orin and LAAQ in the apoplast (Fig. 1D), soluble modified ratiometric
pHluorin and AQ in the cytoplasm (Fig. 1E), and soluble modified ecliptic
pHluorin and AQ in the cytoplasm (Fig. 1F).

Plants were used for experiments when grown for 1 to 4 weeks on
vertical 1.2% (w/v) plant agar (no. A1296, Sigma) supplemented with 0.5�
Murashige and Skoog medium (no. M0222, Duchefa) and no sugar.

In Vivo Measurements of pH and [Ca2�]

Because we used a double excitation fluorescence setup (described be-
low), only Arabidopsis lines expressing ratiometric pHluorin were used in
this study for pH measurements. For pH experiments, whole plants were
placed in a plastic petri dish with a thin (0.13-mm) glass bottom. Only fully
developed lateral branch roots were chosen and mechanically fixed to the
glass bottom.

Solutions and Perifusion

NaCl stress was applied by 100 mm NaCl (Merck, Darmstadt, Germany).
Drought stress was mimicked by application of isosmotic mannitol (Merck)
solution (i.e. 200 mm). Osmolarities of both NaCl and mannitol solutions
were checked by osmometry (OSMOMAT 030 Gonotec GmbH, Berlin). All
solutions were unbuffered, if not stated otherwise. During all experiments,
plant material was rinsed with freshly prepared and aerated solutions. For
pH measurements, the petri dish was perifused with a flow rate of 5 mL
min�1. For [Ca2�] measurements, the perfusion rate was 3 mL min�1 in the
luminometer cuvette. Perifusion solutions of different composition were
automatically switched by computer-controlled magnetic pinch solenoid
valves (Sirai, Steinhöring, Germany).

pH Measurements

The dish with fixed plant material was mounted on an inverse micro-
scope (Diaphot, Nikon, Düsseldorf, Germany) and perifused at all times
with freshly made and aerated medium. The microscope was equipped with
a 20� objective (Fluor Ph3DL, Nikon) and an excitation ratio imaging device
(TILL Photonics, Gräfelfing, Germany). GFP fluorescence was excited with
light of 395, 428, and 475 nm from a monochromator (TILL), and emission
was measured at 535 nm (emission filter, HQ535/50; dichroic mirror,
500dcxr; AHF, Tübingen, Germany). Fluorescent images were taken every
12 s. The F395 to F475 ratio was used as a measure for pH (calibration; Fig.
2B), and the F428 signal (i.e. isoexcitation point of ratio pHluorin; Fig. 2A)
was taken as control to detect possible artifacts such as movement of the
specimen or pH-sensitive autofluorescence. Macro programming of exper-
iments, image acquisition, data collection, and evaluation were carried out
using the software TillVision version 3.31 (TILL) extended with custom-
tailored software for control of magnetic valves.

Reconstitution of AQ and Ca2� Measurements

Reconstitution of AQ with CTZ was performed in planta essentially as
described previously (Knight et al., 1997a). Synthetic native CTZ was from
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Prolume Ltd. (Pittsburgh), and cp-CTZ was from Molecular Probes Europe
(Leiden, The Netherlands). In brief, CTZ was dissolved first in methanol to
have a 1 mm stock solution and then added to pure water to produce a 10
�m solution for reconstitution. Roots were dissected from plants grown on
vertical agar and incubated in reconstitution medium in the dark. Roots
with apoplastic expression lines were reconstituted for 3 to 4 h. Roots with
cytoplasmic expression were reconstituted longer (i.e. overnight; 8–15 h) if
not stated otherwise.

Reconstituted roots from about five plants were placed in a standard
4.5-mL acryl cuvette (no. 67.755, Sarstedt, Nümbrecht, Germany) equipped
with inlet and outlet for perifusion. The cuvette was fixed in a purpose-built,
light-tight sample housing in front of a chemiluminometer (PMT 9829A,
Electron Tubes Ltd., Ruislip, UK). Luminescence of the specimen was inte-
grated every 12 s.

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes.
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pBINm-gfp5-ER, and Markus Böttcher (Kiel University, Germany) for tech-
nical assistance with CLSM.

Received August 28, 2003; returned for revision October 2, 2003; accepted
November 25, 2003.

LITERATURE CITED

Amtmann A, Sanders D (1999) Mechanisms of Na� uptake by plant cells.
Adv Bot Res 29: 76–112

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA,
Struhl K (1999) Short Protocols in Molecular Biology. Wiley, New York

Blatt MR, Grabov A (1997) Signal redundancy gates and integration in the
control of ion channels for stomatal movement. J Exp Bot 48: 529–537

Clough SJ, Bent AF (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J 16:
735–743

Cramer GR, Jones RL (1996) Osmotic stress and abscisic acid reduce cyto-
solic calcium activities in roots of Arabidopsis thaliana. Plant Cell Environ
19: 1291–1298

Dannel F, Pfeffer H, Marschner H (1995) Isolation of apoplasmic fluid from
sunflower leaves and its use for studies on influence of nitrogen supply
on apoplasmic pH. J Plant Physiol 146: 273–278

Davenport RJ, Reid RJ, Smith FA (1997) Sodium-calcium interactions in
two wheat species differing in salinity tolerance. Physiol Plant 99:
323–327

Davis SJ, Vierstra RD (1998) Soluble, high fluorescent variants of green
fluorescent protein (GFP) for use in higher plants. Plant Mol Biol 36:
521–528

Dawson RMC, Hauser H (1970) Binding of calcium to phospholipids. In
AW Cuthbert, ed, Calcium and Cellular Function. MacMillan and Co.
Ltd., London, 17–41

DeMarty M, Morvan C, Thellier M (1984) Calcium and the cell wall. Plant
Cell Environ 7: 441–448

Di Sansebastiano GP, Paris N, Marc-Martin S, Neuhaus J-M (2001) Regen-
eration of a lytic central vacuole and of neutral peripheral vacuoles can be
visualized by green fluorescent protein targeted to either type of vacu-
oles. Plant Physiol 126: 78–86

Essah PA (2000) Sodium transport in Arabidopsis thaliana. PhD thesis. Uni-
versity of Cambridge, UK

Felle HH (1987) Proton transport and pH control in Sinapis alba root hairs:
a study carried out with double barreled pH microelectrodes. J Exp Bot
340: 354–363

Felle HH (1998) The apoplast pH of the Zea mays root cortex as measured
with pH-sensitive microelectrodes: aspects of regulation. J Exp Bot 49:
987–995

Felle HH (2001) pH: signal and messenger in plant cells. Plant Biol 3:
577–591

Frigerio L, Ombretta F, Felipe DH, Neuhaus J-M, Vitale A (2001) the
C-terminal tetrapeptide of phaseolin is sufficient to target green fluores-
cent protein to the vacuole. J Plant Physiol 158: 400–503

Gilroy S, Trewavas A (1994) A decade of plant signals. BioEssays 16:
677–682

Gonzalez DG, Ward WW (2000) Large scale purification of recombinant
green fluorescent protein from Escherichia coli. Methods Enzymol 305:
212–223

Halfter U, Ishitani M, Zhu J-K (2000) The Arabidopsis SOS2 protein kinase
physically interacts with and is activated by the calcium-binding protein
SOS3. Proc Natl Acad Sci USA 97: 3735–3740

Hanson JB (1984) The function of calcium in plant nutrition. In PB Tinker,
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