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Pressure Probe and Isopiestic Psychrometer Measure Similar
Turgor'
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ABSTRACT

Turgor measured with a miniature pressure probe was compared to
that measured with an isopiestic thermocouple psychrometer in mature
regions of soybean (Glycine max [L.] Menf.) stems. The probe measured
turgor directly in cells of intact stems whereas the psychrometer meas-
ured the water potential and osmotic potential of excised stem segments
and turgor was calculated by difference. When care was taken to prevent
dehydration when working with the pressure probe, and diffusive resist-
ance and dilution errors with the psychrometer, both methods gave similar
values of turgor whether the plants were dehydrating or rehydrating.
This finding, together with the previously demonstrated similarity in
turgor measured with the isopiestic psychrometer and a pressure cham-
ber, indicates that the pressure probe provides accurate measurements
of turgor despite the need to penetrate the cell. On the other hand, it
suggests that as long as precautions are taken to obtain accurate values
for the water potential and osmotic potential, turgor can be determined
by isopiestic psychrometry in tissues not accessible to the pressure probe
for physical reasons.

The accurate measurement of turgor is essential for under-
standing physiological processes such as osmoregulation (12, 17,
19), cell expansion (8, 18), and stomatal opening (14, 21). With
the recent development ofthe miniature pressure probe (10, 22),
it has become possible to measure turgor directly in the cells of
higher plants. However, turgor can also be measured by deter-
mining the water potential ('A)4 and osmotic potential (4&) of
the tissue and calculating the turgor by difference (9). This
method, generally based on vapor pressure measurements using
thermocouple psychrometers, is presently the most widely used
(3). It is not known whether the two methods give comparable
values. Therefore, we made a comparison ofturgor measured by
both methods in the same tissue.

MATERIALS AND METHODS
Plant Material. Soybean (Glycine max [L.] Merr. cv Wayne)

seedlings were grown from seeds that were disinfected in a 1%
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solution of NaOCl for 3 min, rinsed with flowing water for 1 h,
and sown in vermiculite containing adequate water (5.0 ml of
0.1 mM CaCl2/g of vermiculite, i.e. a 4w of -0.01 MPa). The
seedlings were grown at 29 ± 0.5°C and 100% RH in the dark
until transplanting. After 60 h, each seedling was transplanted to
a 200 ml beaker containing water-deficient vermiculite (0.63 ml
of 0.1 mm CaCl2/g of vermiculite, i.e., a 06w of -0.28 ± 0.02
MPa). For those seedlings to be measured with the pressure
probe, the top of the beaker was covered with a plastic film to
retard evaporation from the vermiculite. The seedlings were
returned to the growth conditions (29 ± 0.5C and 100% RH in
the dark) until use. All seedling manipulation was carried out
under a green safelight (green fluorescent bulb wrapped in green
plastic sheet having maximum transmission at 525 nm and
negligible transmission below 475 nm and above 575 nm).
Turgor Measurement. Pressure Probe. Prior to the measure-

ment of cell turgor with the probe (10, 22), the seedling was
coated with petrolatum and the boundary between the stem and
the plastic film which covered the vermiculite surface was care-
fully sealed with petrolatum. The seedling was covered with wet
tissue paper on the petrolatum to further minimize water loss
from the surface. To insert the capillary, a small window was
made in the wet paper. The seedling was mounted vertically on
a holder to stabilize the stem. On the holder, the seedling grew
at the same rate as it would without having been placed on the
holder. For manipulation ofthe probe, the tissue was illuminated
with green light (light emitted from a tungsten lamp was guided
through a light pipe which had a green plastic filter having
maximum transmission at 525 nm and negligible transmission
below 475 nm and above 575 nm).
The turgor of cortical cells in the mature region of the stems

(hypocotyl base) was measured by inserting the probe tip into
the stem and noting when the oil in the probe was pushed back
by the entry of solution from a cell. Although the tip ofthe probe
could not be seen, the entrance ofthe solution was instantaneous
and was diagnostic for the penetration ofa cell. The cell solution
entering the tip of the microcapillary during the first penetration
was used to form the solution/oil boundary (meniscus) at a small
distance from the stem surface so that the position of the bound-
ary was observable under a microscope. As the probe penetrated
deeper cells, the tip tended to fill with solution from intervening
cells. Thus, upon penetrating a new cell, the volume of solution
entering the probe was negligible and only enough to push the
boundary within the microcapillary. The position of the bound-
ary could be changed with the aid ofa small motor which moved
a metal rod in the oil reservoir of the probe.
Using this adjustment, the boundary was returned to the same

position it occupied before the tip entered the cell. At this
position, the boundary was moved back and forth slightly to
make certain that the probe remained in hydraulic contact with
the cell solution. Plugging of the tip could be readily detected
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because the boundary could not be moved and big changes in
pressure occurred upon only slightly moving the metal rod.

Before penetrating the cells, the pressure probe was calibrated
with a test gauge. Outputs of the transducer were linearly related
to the pressure applied (69 mV/MPa) (Fig. 1). Since both as-
cending and decending pressure gave the same linear relation,
the pressure probe did not exhibit any hysteresis. The response
time was only a fraction of a second.

Psychrometer. A thermocouple chamber (1, 5) was coated with
melted and resolidified petrolatum (2) and loaded with one
hypocotyl segment about 1.5 cm long from the mature region of
each of four stems. The 4,6w was measured by the isopiestic
technique (5). This measurement was immediately followed by
a measurement of 41, in the same tissue using the same technique
after freezing at -70C and thawing (9). Turgor was calculated
by subtracting 45 from A. No correction was made for dilution
of the protoplast solution by water imbibed in the wall because
the entire wall volume was only 3.9% of the cell volume (11),
which could be neglected. The measurements of &w required 3
to 4 h and those of#, 2 to 3 h.

RESULTS

Figure 2 shows that y6w and A4s decreased in the mature region
of the stems after transplanting the seedlings to the drier vermic-
ulite. The 4,V, decreased until it reached -0.7 MPa after 30 h and
then increased. The transient decrease of 4'. below that of the
vermiculite was due to the fact that water was drawn from the
mature region into the elongating region because the zone of
elongation had a much lower y46 than the mature region (7).
After long times, the i1V, of the tissue approached the 0I4 of the
vermiculite. The As decreased more slowly than the /41 after
transplanting. Turgor, which was the difference between 0w and
4As, decreased and then increased after 30 h. This experimental
system therefore provided a range of turgor over which the
comparison of the pressure probe and psychrometer could be
made.
When the microcapillary tip ofthe pressure probe was inserted

into a cell, the tendency for cell solution to enter the tip could
be prevented by increasing the pressure of the oil in the probe.
As the cell solution/oil boundary was returned to its original
position in the tip, the required pressure should have been equal
to the turgor of the cell provided that the amount of cell solution
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FIG. 1. Calibration of transducer output (y) of the pressure probe
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FIG. 2. 4W and 4,6 in the mature region of soybean stems measured
with the isopiestic psychrometer before and after transplanting the seed-
lings from wet to relatively dry vermiculite. 4,'. of the vermiculite is
shown by the dashed line.
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FIG. 3. Recorder tracing ofthe output from the pressure probe during

typical turgor measurement in three cells. Probe tip enters cell at arrows.

Rise in pressure occurs as operator returns cell solution to original
position in the tip. Meniscus is moved slightly to assure hydraulic
continuity ofcell solution in probe and in cell (ripples in trace). Generally
stable pressures while tip is in cell indicate no leakage occurred during
the measurement. Pressure is lowered before moving to next cell to
conserve oil in tip. See text for details.

removed from the cell was negligible (see "Material and Meth-
ods" and [16]). Figure 3 shows the initial rapid rise necessary to
make this adjustment in a typical cortical cell from the mature
region of the stem and indicates that the turgor was 0.3 MPa in
the first cell. To make sure that the probe and the cell were
hydraulically connected, the meniscus was moved back and forth
around the original meniscus position. This is represented by
ripples in the figure. If an object became lodged in the capillary
tip, the solution/oil boundary would not move and the pressure
would rapidly rise or fall by a very large amount. We determined
the turgor, averaging the ripple-changes ofpressure, in an average
time ofless than 30 s. After the turgor was measured, the pressure
was decreased and the tip of the microcapillary was moved to
the next cell. Immediately after the tip ofthe capillary was moved
deeper, we could determine whether it had entered a cell because
the meniscus would rapidly move into the probe, and the process
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could be repeated.
We measured the turgor in cortical cells located 100 to 500

Mm below the surface ofthe stems. The length and width of these
cells were 300 to 370 Mm and 55 to 70 um, respectively. The
volume was 700 to 1450 pl (the vacuole occupied more than
80% of the total volume) and the diameter of the capillary tip
was about 2 to 4 ,um. When the tip was located 20 to 40 Mm
inside a cell, the volume of glass introduced into the cell was
estimated to be only 0.4 to 1.7 pl. Because the ripples in pressure
were made with only 5 to 10 pl of volume change, it is safe to
assume that manipulation of the probe did not affect the cell
environment significantly (16). Leakage of cell solution caused
by penetration ofthe cell could be readily detected because turgor
decreased instead of remaining constant. Leakage occurred only
rarely. The location of the capillary tip in the cell should not
have influenced the turgor measurement because pressure should
have been identical throughout the protoplasm and would be
detected whenever the tip penetrated the plasmalemma. The
turgor of neighboring cells usually was similar, as shown in Figure
3. However, turgor sometimes differed randomly between corti-
cal cells.

Both the psychrometer and the pressure probe gave similar
values of turgor in the stems throughout the experiment (Fig. 4).
As turgor decreased during the first 20 h (Fig. 4A) after trans-
planting to vermiculite having low A (Fig. 2), the pressure probe
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FIG. 4. 4,, measured with the pressure probe and isopiestic psychrom-
eter in the mature region of soybean stems. Individual pressure probe
and psychrometer measurements are shown during dehydration in the
first 20 h after transplanting (A) and rehydration during the next 60 h
(B), as in Figure 2. Small dots indicate turgor of individual cells measured
with the pressure probe, and open circles indicate turgor of excised tissues
from four seedlings measured with the isopiestic psychrometer. In (C)
and (D), the average turgor was calculated for single seedlings with the
pressure probe (10-60 cells per seedling) using the data in (A) and (B)
and plotted with the turgor measured with the isopiestic psychrometer.
The regression equations were y = 0.84 x + 0.02 (r = 0.954) for the data
in Figure 4C and y = 0.86 x + 0.05 (r = 0.881) for the data in Figure
4D. Dotted lines indicate the hyperbolic confidence band around the
regression equations at p s 0.01. The isopotential position is shown by
the diagonal line.

readings, which were for individual cells, were scattered about
the psychrometer measurements, which gave volume-averaged
turgor for the tissue as a whole (4, 20). A similar behavior was
observed as turgor recovered between 20 and 80 h after trans-
planting (Fig. 4B). The turgor in control seedlings transplanted
to vermiculite having high A did not change (data not shown).
To make the pressure probe readings more comparable to the

psychrometer measurements, we averaged the turgor of the in-
dividual cells (10-60 cells for each seedling) and plotted the
averaged turgor of individual plants with corresponding psy-
chrometer measurements (Fig. 4, C and D, using data from Fig.
4, A and B, respectively). A regression equation and the hyper-
bolic confidence band around the regression equation were cal-
culated for P c 0.01 using the Working-Hottelling formula (13)
which assumes a normal distribution of the data measured with
both techniques. Figure 4, C and D, shows that both the regres-
sion and the isopotential line are within the calculated confidence
band.
To evaluate intrinsic errors of each technique, error propaga-

tion in the measurement of the average 4,, with the isopiestic
psychrometer was also calculated from the standard deviations
of y6w and 4As (16) and was compared with the standard deviation
obtained for the tissue 4, from measurements of individual cells
using the pressure probe. In plants grown for 70 to 75 h after
transplanting, the ',, = -0.31 ± 0.04 and As = -0.77 ± 0.03
MPa (average ± SD; n = 12 measurements on four seedlings at
each measurement) with the psychrometer. The ,, calculated
from the difference was 0.46 ± 0.05 MPa (average ± propagated
error). In corresponding seedlings, the pressure probe gave a 4,,
= 0.39 ± 0.07 MPa (average ± SD; n = 155 cells from four
seedlings). Thus, the accuracy of the average 4,, determination
was similar with both techniques. It should be noted that the SD
values incorporate the biological variation between different
seedlings and are, thus, an upper limit. The use of different
seedlings for the comparison between the techniques was neces-
sary because the probe measurements damaged the tissue so that
the seedlings could not be used afterwards in the psychrometer.

DISCUSSION
The close correspondence between turgor readings obtained

with the psychrometer and pressure probe should be viewed
within the context of the way the measurements were made. The
most common errors in psychrometric determinations are caused
by diffusive resistances to water vapor transport between the
thermocouple and tissue, which result in 4',, that are too high (5),
and by dilution of the cell solution with the liquid in the cell
wall after freezing and thawing, which causes 4y6 to be too high
(6). Both these sources of error were minimized in this study.
Isopiestic psychrometry was used for all measurements because
it is not subject to diffusion errors (5). The tissue chosen for
measurement had a small cell wall volume, allowing us to ignore
dilution errors.

For the pressure probe, the most common problems are that
the cells must be viewed under bright light and must be punc-
tured, leading to possible disruption of the true turgor of the
cells. This effect was minimized by using large cells (300-370
Mm long and 55-70 Mtm wide) in which the probe tip would be
comparatively small and the manipulations necessary to main-
tain hydraulic continuity would be the least disturbing. Care was
also taken to prevent the tissue from dehydrating under the light
during manipulation. The coating with petrolatum was especially
important because the seedlings had a rather thin cuticle which
was fairly permeable to water (15). When the coating was not
present, probe readings were more variable and significantly
below the corresponding measurements with the psychrometer,
despite covering the seedlings with wet tissue paper and main-
taining high humidities. We attribute the dehydration of the cells
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in the absence ofa coating to the need to work under bright light
with the pressure probe. Only with the coating did we observe a
1:1 correspondence between the methods.
We grew the tissue and made the turgor measurements at

saturating humidities to avoid the effects of transpiration on the
water status of the tissue. In addition, the comparisons were
made with mature tissue where complications caused by growth
would not be present. In mature hypocotyl tissue, there is no
effect of excision on tissue water status (4). Therefore, the meas-
urements made with the psychrometer on excised tissue could
be compared validly with those of the pressure probe in intact
tissue.
Our measurements involved turgor less than 0.6 MPa. It would

be desirable to make a comparison over a wider range of turgor
before the strict comparability of the methods is known with
certainty. However, in principle, we see no reason why the
comparability should change at higher turgor.

Boyer and Potter (6) compared 6w, 46,, and turgor measured
with the pressure chamber and the isopiestic psychrometer in
mature sunflower leaves, and obtained virtually the same values
with both methods. With the psychrometer, #5 had to be cor-
rected for dilution by the apoplast solution because a significant
fraction of the water in the tissue was located there (about 10%
of the tissue volume). Because neither method required the
penetration of living cells in order to determine turgor, the
correspondence of the probe data with the psychrometer data in
the present study indicates that penetration of the cells by the
probe does not significantly alter the turgor oflarge cells. Because
the three methods rely on different principles of measurement,
it is unlikely that all would be subject to inherent but undetected
inaccuracies that would cause turgor to deviate by the same
amount from the true turgor in the cells. Therefore, the agree-
ment between the methods suggests that accurate measurements
of turgor are possible with each one.
Although the pressure probe can measure turgor directly, it is

not necessarily convenient to use for all plants and tissues because
cell size, location in the tissue, and wall characteristics can limit
the probe for physical reasons. Moreover, in tissues like soybean
hypocotyls, there is the practical necessity to make large numbers
of measurements in order to obtain a representative average for
the tissue. Psychrometers may be used for a wider range of plant
material and include large numbers of cells in each determina-
tion. However, psychrometers provide average values of water
status and may miss differences within a tissue (e.g. between
epidermis and cortex of soybean hypocotyls; [15]). This means
that the differences in the measured quantities within the tissue
have to be taken into account when psychrometer and probe
data are compared. The comparability between the isopiestic

psychrometer and the probe in soybean stems suggests that
accurate turgor measurements are possible in tissues not acces-
sible to the probe, providing that precautions are taken to mini-
mize diffusion and dilution errors.
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