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This paper describes a modified noninvasive microtest electrophysiological technology (NMT) for vacu-
olar H+ flux detection. In this NMT system, the vacuole isolation procedure and buffer slope were mod-
ified, and the measuring errors from small spherical geometry were corrected. The trends in changes of
vacuolar H+ flux (DH+ flux) after ATP or PPi supply calculated by NMT were consistent with the activities
of V-ATPase and PPase measured by traditional methods. These findings indicate that our modified NMT
is an appropriate method for vacuolar H+ flux detection.

� 2011 Elsevier Inc. All rights reserved.
Traditionally, H+ transportation across tonoplast vesicles has
been detected by pH fluorescence quenching in vitro [1]. However,
although more complicated and fussy for isolation of high purity
tonoplasts, it is not sensitive enough to accomplish a real-time
detection of weak H+ fluxes across membranes. Recently, a nonin-
vasive microtest electrophysiological technology (NMT)1 has been
widely used in studies of plant electrophysiological processes [2].
The distinctive advantages of NMT for detecting vacuolar H+ current
include: (a) noninvasion to reduce fluctuation caused by mechanical
damage; (b) high sensitivity to weak electric currents such as H+

flux; and (c) real-time dynamic detection for the whole process
[3]. Although Ca2+ fluxes in vacuoles of red beet (Beta vulgaris L.)
have been calculated by NMT [4], little effort was made in using
NMT to investigate the dynamic process of vacuolar H+ flux. In this
study, NMT was modified to detect vacuolar H+ fluxes and to record
its dynamic change processes under NaCl shock conditions.

First, vacuoles must be isolated from plant tissue, and we sim-
plified the isolation procedure according to the characteristics of
NMT. Since the operational area, including samples and electrode,
is visible in NMT, we can distinguish and choose the appropriate
vacuoles in the isolation solution. Therefore, it is not indispensable
to obtain high purity vacuole collections using the traditional
ultracentrifuge method [1]. A simplified procedure was then de-
vised from the traditional method with the following modifica-
ll rights reserved.
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tions: (i) The suspension solution of released vacuoles was
loaded on a layer consisting of 8% Ficoll-400, 25 mM hydroxyme-
thylaminomethane–HCl (Tris–HCl) with pH 7.5 and 0.5 M manni-
tol, instead of on the top of a four-step discontinuous gradient.
(ii) The suspension solution was centrifuged at 1000g for 30 min
at 4 �C using a swinging bucket rotor instead of an ultracentrifuge
at 90,000g for 2 h. (iii) Intact mature vacuoles were collected from
the top layer instead of the interface between the 1.5% and the 7%
(w/w) Ficoll-400 layer using an ultracentrifuge. The target vacuoles
were immersed in the test solution and loaded on the test chamber
for further H+ flux measurement.

Then, we modified and normalized the distance between the
electrode probe and the vacuole based on the NMT system (see
Supplementary Information 1). The NMT system lacks a real-time
scale, and the distance between the electrode probe and the small
spherical sample is hard to maintain in different tests, leading to
amplified measuring errors [5,6]. Therefore, in this study, the dis-
tance between the probe and the vacuole was recorded and calcu-
lated with analysis software Axiovision Rel 4.1. The H+ flux data
were not used for further analysis until the distances were less
than 2 lm. When the diameters of vacuoles were more than
20 lm, and the moving range of the electrode probe was 10 lm
with its size ranging from 2 to 4 lm, the measuring error from
small spherical geometry was therefore very limited [5,6].

Furthermore, we corrected the values of H+ flux calculated using
the NMT system. In the NMT system, the H+ flux was calculated
automatically following Fick’s law of diffusion. However, different
from other ions, since H+ always moves with buffer molecules, the
H+ flux value should be corrected in the NMT measurement [7].
According to the formula described by Porterfield et al. [7] (see
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Supplementary Information 2), we obtained the correction coeffi-
cient: 1 + Bt � (LBC/Ka). Here, Bt is the total buffer concentration
in the bulk media, LBC is the linear buffering coefficient, and Ka

is the disassociation constant of the buffer [7]. The test buffer used
in the present study was 2-N-morpholinoethanesulfonic acid
(MES) with pH 6.7; hence, Bt of H+ is 10�6.7, the LBC is 0.25008,
and Ka is 7.94 � 10�7 according to Porterfield et al. [7]. Therefore,
the ‘‘correction coefficient’’ here was calculated as 1.062843. Final-
ly, we corrected the values calculated using the NMT system by
multiplying 1.062843.

To confirm the appropriateness of NMT for vacuolar H+ flux
detection, the transgenic tobacco line (TS15) overexpressing SeN-
HX1 (vacuolar-type Na+/H+ antiporter gene from halophyte Salicor-
nia europaea) was introduced [8]. Vacuoles were isolated from
leaves of TS15 and the wild-type (WT) tobacco plants. The vacuolar
H+ fluxes under normal (0 mM NaCl) and 200 mM NaCl shock con-
ditions were detected using NMT, where DH+ flux (the change of
H+ flux after ATP or PPi supply) was used to indicate the activities
of V-ATPase and PPase, the energy metabolism enzymes.

Under normal conditions after ATP or PPi treatment, as shown in
Fig. 1, the dynamic curves displayed continuously increased net H+
Fig.1. Vacuolar net H+ fluxes in SeNHX1 transgenic and WT tobacco under normal or 200
condition plus supply of ATP (A) or PPi (B), 200 mM NaCl treatment plus supply of ATP (C
measuring periods. The value obtained from NMT indicates net ion flux; the positive va
Measurement of vacuole H+ flux was started 1–3 min earlier before treatments and repe
line; 0, WT and TS15 under normal conditions; 0 + ATP/PPi, WT and TS15 supplied with
treatment; 200 + ATP/PPi, WT and TS15 supplied with 1.5 mM ATP or PPi after 200 m
significantly different at P 6 0.05 by LSD.
influx in vacuoles of TS15 and WT plants (Fig. 1A and B). The mean
net H+ flux also exhibited distinct influx in vacuoles of WT and
TS15 (Fig. 1a and b).

Under 200 mM NaCl stress, the dynamic curves showed that the
net H+ effluxes into cytoplast increased in both transgenic and WT
plants (Fig. 1C and D). However, TS15 exhibited an enhanced mean
net H+ efflux than WT (Fig. 1c and d), indicating higher NHX1 activ-
ities in transgenic plants. This result was consistent with our pre-
vious study that the leaf cell sap osmolality increased after NaCl
stress, due to more Na+ congregating in vacuoles of SeNHX1 trans-
genic tobacco than in those of control [8].

Under 200 mM NaCl treatment, after the ATP or PPi supply, the
dynamic curves showed that the net H+ influxes into vacuoles in-
creased sharply in both transgenic and WT plants (Fig. 1C and D).
The mean net H+ flux was comparable between transgenic and
WT plants after ATP supply, whereas the transgenic maintained a
weak efflux compared with the distinct influx in WT plants after
PPi treatment (Fig. 1c and d).

Furthermore, the activities of energy metabolism enzymes rep-
resented by V-ATPase and PPase were indicated by changes of vac-
uolar H+ flux (DH+ flux) after ATP or PPi supply in WT and TS15
mM NaCl shock conditions. (A–D) Dynamic curves of transient net H+ fluxes: normal
) or PPi (D). (a–d) Mean of net vacuolar H+ fluxes corresponding to (A–D) during the
lues of H+ flux in the figures represent cation efflux or anion influx and vice versa.
ated in six vacuoles. WT, wild-type tobacco plant, TS15, SeNHX1 transgenic tobacco
1.5 mM ATP or PPi under normal conditions; 200, WT and TS15 with 200 mM NaCl
M NaCl treatment. Same letter on the bar top indicates that the values are not



Table 1
Comparison of activities of energy metabolism enzymes by pH fluorescence quenching and vacuolar DH+ flux using NMT in WT and TS15 plants under normal and 200 mM NaCl
shock conditions.

Genotype NaCl (mM) Activities of energy metabolism enzymes (lmol Pi mg�1 protein h�1) DH+ flux (pmol cm�2 s�1)

V-ATPase PPase 1.5 mM ATP 1.5 mM PPi

WT 0 18.72 ± 0.65 a 17.47 ± 1.87 a 0.076 ± 0.012 b 0.017 ± 0.003 a
200 20.93 ± 3.25 a 19.43 ± 1.21 a 0.560 ± 0.078 c 0.410 ± 0.054 c

TS15 0 18.86 ± 2.61 a 18.47 ± 1.84 a 0.083 ± 0.026 b 0.021 ± 0.008 a
200 38.87 ± 2.12 b 20.65 ± 2.75 a 0.900 ± 0.099 d 0.482 ± 0.033 c

WT, wild-type tobacco plant; TS15, SeNHX1 transgenic tobacco line. Vacuole located energy metabolism enzymes are represented by V-ATPase and PPase. Values are
means ± SE (n = 6). Values with different letters in each line are significantly different at P 6 0.05 by LSD test.
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plants with or without 200 mM NaCl treatment. As shown in
Table 1, under normal conditions, WT and TS15 plants exhibited
comparable DH+ flux after ATP (0.076 ± 0.012 and 0.083 ±
0.026 pmol cm�2 s�1) or PPi (0.017 ± 0.003 and 0.021 ±
0.008 pmol cm�2 s�1) supply. Also, under 200 mM NaCl stress,
there was no difference of vacuolar DH+ flux between WT and
transgenic plants after PPi supply (0.410 ± 0.054 and
0.482 ± 0.033 pmol cm�2 s�1). However, the DH+ fluxes after ATP
supply in transgenic plants (0.900 ± 0.099 pmol cm�2 s�1) were
significantly higher than those in WT plants (0.560 ±
0.078 pmol cm�2 s�1). Therefore, the deduced activities of
V-ATPase with 200 mM NaCl treatment were higher in transgenic
than in WT plants.

To validate this conclusion, we also measured the activities of
V-ATPase and PPase using the H+ transportation assay described
by Vera-Estrella et al. [1]. The result also showed that transgenic
plants exhibited higher activities of V-ATPase than WT under
200 mM NaCl stress, whereas there were comparable activities of
ATPase and PPase between transgenic and WT plants in other cases
(Table 1). This was consistent with our results conducted by vacu-
olar DH+ flux detection using NMT. Also, previously, it was con-
firmed that the enhanced salt tolerance of the transgenic plants
was closely related to the higher activity of V-ATPase [9], and re-
search in halophyte Suaeda salsa revealed that V-ATPase activity
contributes more to enhanced salt stress while PPase plays a minor
role [10].

Besides as an alternative method for measurement of the activ-
ities of V-ATPase and PPase, NMT for vacuolar H+ flux detection re-
vealed the dynamic process of H+ flux with different treatments
(Fig. 1). In addition, the enhanced activities of NHX1 in transgenic
plants were directly indicated by net H+ effluxes into cytoplast
which increased after 200 mM NaCl shock (Fig. 1c and d). Espe-
cially, as shown in Fig. 1a–d, NMT can distinguish the slight differ-
ence of H+ flux between transgenic and WT plants under normal
conditions. These results are important for functional analysis of
SeNHX1, which is beyond the capability of H+ transportation assay
with fluorescence quenching [1].

In summary, the suitability and accuracy of vacuolar H+ flux
detection with the modified NMT system were demonstrated in
the present study. This simplified method with a vacuole isolation
protocol and H+ flux detection techniques can be widely used as an
analytical tool for different kinds of ion flux detection at subcellu-
lar and organellar levels.
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