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Swummary. A pressure chamber was used to measure matric potentials of frozen

and thawed leaves.

Significant matric potentials were demonstrated in sunflower

(Helianthus annuus L.), yew (Taxus cuspidata Sieb. and Zucc.), and rhododendron

(Rhododendron rosewm Rehd.).

Matric potentials were particularly negative in

rhododendron and were correlated with the amount of cell wall present and with
the volume of water outside the leaf protoplasts at comparable matric potentials.
It was concluded that matric forces in leaves are associated mainly with cell walls,

at least within the physiological range of water contents.

Calculations indicated

that the water potential of the solution in the cell wall could be estimated for living
tissue from the sum of matric and osmotic potentials acting on water outside the

protoplasts.

The availability of water to soil-grown plants
is determined in largest part by the interaction of
water with the surfaces of soil particles and by
the effects of soil solutes. It has been convenient
to group the surface forces, usually adsorptive and
capillary forces, in a single term, matric potential
(2,9,15,16). Plants, like soil, have large areas
of surface which may interact with water, e.g., cell
walls and particles or organelles in the protoplasm.
Wiebe (17) has shown that matric forces exist in
fleshy stems (asparagus) and storage organs (pota-
toes and mangels) but he concludes that they are
small in these organs over the physiological range
of water contents. Matric potentials have heen
postulated for plant leaves (6, 16,17) but they have
not been measured. In this report, I show that
plant leaves have significant matric potentials and
present evidence that the matric potentials which
are observed are associated mainly with the cell
walls.

A pressure chamber (12,13) has been used to
estimate leaf water potentials (4) and, in certain
instances, the hydrostatic or adsorptive forces
affecting water in the xylem of the intact plant
(4,7,12,13). Basically, measurements are made
by applying pressure to a leafy shoot until sap
appears at the cut end of the shoot, which extends
outside the chamber and is exposed to atmospheric
pressure. The pressure necessary for the appear-
ance of sap represents the amount by which the
water potential of the leaf cells must be raised to
equal the potential of the xylem sap at atmospheric
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pressure. This paper reports matric potentials
measured by a similar technique but using frozen
and thawed plant tissues rather than live material.

Measurements of matric potential with a pres-
sure chamber were based on the equation describing
the state of water in plant tissue in terms of the
component potentials affecting the total water
potential, Yo, of the system at equilibrium and
constant temperature:

Yo = Y + Yo + P + P (D
where the subscripts p, ¢, s, and m signify the
effects of pressure, gravity, solutes, and matrix,
respectively. It is known that plant cells, when
frozen and thawed, are disrupted (11) with re-
sultant loss of turgor (5). Water in the system
is then affected only by matric and osmotic poten-
tials (gravitational effects are negligible in the
excised shoot). If pressure is applied to frozen
and thawed tissue in the pressure chamber, the
potential of the released cell sap rises until it
equals the osmotic potential of the same solution
at atmospheric pressure, at which point the sap
appears at the cut end of the shoot. The resultant
pressure is a function of matric forces alone: the
solute concentration of the bulk solution derived
from the cells does not affect the measurement,
and the pressure and gravitational components of
equation I are essentially zero.

Although the distinction hetween matric and
other types of forces is arbitrary, matric potential
has been defined as that arising from forces ex-
erted by adsorbed water, adsorbed solutes, and
surface tension (2). However, it is difficult to
measure matric potential as a function of these
parameters. Since they vary as a function of
water content which is easily determined, matric
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potential has usually been studied in systems with
varying water contents (10,16) and this is the
approach adopted here.

Materials and Methods

Three species having leaves and stems of widely
different anatomy were chosen for study: sunflower
(Helianthus annuns L.), vew (Taxus cuspidata
Sieb. and Zucc.), and rhododendron (Rhododendron
roseumm Rehd.). Two year old yew and rhododen-
dron were grown in soil in the greenhouse. Sun-
flower was grown from seed in soil in a controlled
environment room (temp, 30-31° day and 27-28°
night; relative humidity, 45-55 9%, : light, 2500 ft-c).

Matric potentials were measured with a pressure
chamber (12,13) in leafy shoots 20 to 30 cm long
(rhododendron and yew) and leaves (sunflower)
that had been frozen at —20° and slowly thawed.
The chamber was slightly modified by bubbling the
incoming nitrogen gas through water in the bottom
of the chamber to prevent drying of the tissue. A
baffle prevented the water from splashing on the
tissue.

Matric potentials were determined as a function
of the water content of the plant tissue by placing
a frozen and thawed plant sample in the pressure
chamber with the cut stem protruding through the
top of the chamber. Several aliquots of cell sap
were expressed by raising the pressure around the
plant sample. After each aliquot was removed,
the balancing pressure was determined and repre-
sented the matric potential at that water content.
Following the measurement of matric potentials,
the total water in the sample was determined by
drying at 100° and adding the water loss during
drying to the volume of cell sap in aliquots col-
lected while the sample had heen subjected to
pressure.

The average cell wall volume of the leaf meso-
phyll cells was determined after staining fresh leaf
cross sections with Schiff reagent by the PAS
method (8). The average volume of the proto-
plast and protoplast plus cell wall was computed
from measurements taken from photomicrographs.
The volume occupied by the cell wall was the dif-
ference between the 2 values.

Pressure applied to living plant material is re-
lated to the volume of water in the cells at constant
temperature (1) by

PV =mnk (IT)
where # is the number of moles of solute within
the cells and % is a constant (liter bars mole™).
Scholander, et al. (12,13) showed that, in the
pressure chamber, living choots approximate this
relationship and demonstrated that the data from
leafy shoots having zero turgor fitted a lincar form
of equation (II):
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where ©° is the initial volume of water in the cells
and v is the volume of water removed from the
shoots at successively higher pressures. A plot of
1/P versus 7, when extrapolated to 1/P equal to
zero, indicates the total volume of liquid that can
be expressed by pressure. It has been suggested
(12, 13) that this volume represents the volume of
water within the leaf protoplasts.

The following procedure was used to determine
the volume of water which occurred outside the
leaf protoplasts in living shoots: Measurements
of water volume within the protoplasts were made
according to equation IIT by expressing sap from
living shoots at successively higher pressures.
After an aliquot of sap was removed, the corre-
sponding balancing pressure was determined when
the shoot had come to equilibrium (4) at the new
pressure. The volume of water occurring outside
the protoplasts was then calculated from the dif-
ference between the volume removable by pressure
(equation IIT) and the total water volume in the
sample (obtained by drying the leaf tissue at 100°
without the main veins and adding to the weight
loss the volume of sap which had been removed by
exposing the shoot to high pressures).

Results and Discussion

Figure 1 shows the matric potentials of sun-
flower, yvew, and rhododendron at different water
contents. Before the samples were frozen for de-
termination of matric potential, the cut ends of
the stems (rhododendron and yew) or petioles
(sunflower) had heen placed in water until the
water potential of the tissue reached —1 to —3
bars (4). The data indicate that rhododendron
had a measurable matric potential, —0.8 bhar, even
though no sap had been removed from the sample
and the water potential of the sample when living
was —1 to —3 bars. Matric potentials as low as
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Fic. 1. Matric potentials of frozen and thawed leaves
from sunflower, vew, and rhododendron measured at
various water contents. The water potentials of the
samples were —1 to —3 hars hefore freezing.
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—23 bars were recorded for rhododendron after
73 9% of the water in the sample had been removed.
Both yew and sunflower had less negative matric
potentials than rhododendron. Matric potential in
these 2 species could not be detected with the pres-
sure chamber when the frozen samples had a water
content corresponding to —1 to —3 bars in the
living tissue but matric potential became more nega-
tive after a small amount of water had been ex-
pressed from the tissue (in a separate experiment,
yew and sunflower having water potentials of —10
and —7 bars had —0.6 and --0.3 bar matric poten-
tials, respectively). These data indicate that all
3 plant species have significant matric potentials
when the water potential of the living tissue is
within the range normally met in nature and that
matric forces in rhododendron are significant even
in plants that are well watered.

The exudate that was obtained from the once
frozen samples in the above experiment was clear
but colored light to dark brown. Apparently,
soluble compounds were expressed in the sap but
cell organelles and denatured proteins were re-
tained in the leaf matrix. Thus, the pressurc
chamber measured matric potentials arising both
from cell walls and from any solid material derived
from the protoplast.

Matric potentials are affected by the configura-
tion of the matrix as well as the moisture content
of the system. Deformation of plant tissues is
known to occur in the pressure chamber (4). The
extent to which differences in configuration may
have affected measurements of matric potentials
is not known. However, determinations of water
potentials (4) and osmotic potentials (Boyer, un-
published data) with the pressure chamber at high
pressures agree fairly closely with measurements
made with a thermocouple psychrometer, where
deformation does not occur.

At any one water content (table I), a matric
potential series could be written for the 3 species:
[rhododendron’ > >lyew|>|sunflower|. The low
negative values of matric potential in rhododendron
imply that, per unit water, the leaves of this species
have considerably greater surface area for matric
effects than either yew or sunflower. The rela-
tionship of surface to matric potential may be in-

dicated by a differential form of equation I:
dG = VdP + Mgdh + dw. + dwe

+ da + ¢dO (IV)
where G is the partial molal Gibbs free energy of
water in the system, J is the partial molal volume
of water, P is the local pressure (excluding pres-
sures due to surface tension), Mgdh denotes the
effects of gravity, w. is the osmotic effect of
solutes in the bulk solution, w. is the effect of ad-
sorbed solutes, a is the energy of water adsorption
by the solid phase, ¢ is the surface tension of water,
and O is the area of the air-water interface per
mole of water. The pressure, gravitational, and
osmotic terms in equation IV are analogous to the
same terms in equation I. The last 3 terms in
equation IV show the matric effects of the surfaces
associated with any 3 phase system, solid-liquid-air,
in which water is considered only in the liquid phase.
An increase in surface area per unit of water
generally will affect all 3 surface terms, cause a
decrease in the free energy of water in the system,
and result in a lower matric potential. Thus,
measurements of surface area in rhododendron,
vew, and sunflower should provide information
about the differences in matric potential shown in
figure 1.

It is difficult to measure the surface area of
solid protoplasmic constituents, but the micellar
nature of cell walls makes it possible to estimate
the relative area of cell wall surfaces from meas-
vrements of the quantity of cell wall present, i. e,
the volume of cell wall per total water volume for
each cell. Correspondence between matric poten-
tials and the volume of cell wall would implicate
cell walls as the major source of matric forces.
On the other hand, if matric forces arise mainly
in the protoplast, there should be little relationship
between the volume of cell wall and the matric
potential of the tissue.

These 2 alternatives were tested by computing
the cell wall volume of the photosynthetic tissues
of the 3 species from photomicrographs. Rhodo-
dendron had twice the cell wall volume of sun-
flower and yew when expressed as the percent of
cell wall volume relative to the water volume of
the protoplast plus cell wall (table I). A cell wall
series for the 3 species would be the rame as that

Table I. Matric Poiential at 50 9, Water Content, Average Cell Wall Volume, and Average Volume of Water Outside
Protoplasts in Leaves of Sunflower, Yew, and Rhododendron

Cell wall volumes were obtained from photomicrographs of leaf photosvnthetic tissues.

Matric Avg Avg water
potential cell wall volume outside
at 50 9, volume/total protoplasts/total
water content water volume water volume
in cell in leaf
Sunflower —0.6 har 12 9, 99,
Yew —2.0 14 11
Rhododendron —10 28 26
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written for matric potential and provides evidence
that matric potential arises mainly in the cell wall.

The association of matric potential with cell
wall surfaces was tested further by measuring the
amount of water outside the leaf protoplasts in the
3 species. Thus, at any given matric potential,
more water should be present outside the protoplasts
in species having a greater area_of cell wall than
in those having less cell wall providing matric
forces arise largely in the wall.

The method of measuring the volume of water
outside the protoplasts in living tissue requires
measurements over a range of pressures (equation
IIT) and, in order to base the data on the same
potentials for the 3 species, a similar range of
pressures was used for all measurements (15-35
bars). The data (table I) indicate that the volume
of water outside the protoplasts, when expressed
on the basis of the total water in the leaf, is
correlated with the quantity of cell wall present.
Thus, the same series may be written for the volume
of water outside the protoplasts as for the cell wall
volume and matric potential for the 3 species.

The data collected according to equation III
assume that all the water expressed by the pressure
chamber arises from leaf protoplasts. However,
additional water is undoubtedly expressed from cell
walls when pressures are applied to the tissue,
especially at low pressures. Filter paper has been
shown to lose water most rapidly at matric poten-
tials above —4 bars (17). Below that potential,
water loss was negligible. If the water retentivity
curve for cell walls is similar to that for filter
paper, water loss from the cell walls would have
negligible effect on water volumes measured with
the pressure chamber since they were carried out
at potentials well below —4 bars.

The complete equation describing the water
potential of the cell wall and protoplast in equilib-
rirm with the surroundings may be written:

olell = pwall + ‘Ihwall + l’hwan +
_—_lppproto + lIlgproto -+ tlhproto + !pmproto (V)
where the superscript, proto, refers to the proto-
plasm. The correspondence in relative terms be-
tween cell wall volume, water outside the proto-
plasts, and matric potential is evidence that matric
potential originates largely within the walls of leaf
cells rather than the protoplast. Therefore, YmProte
probably may be ignored, at least in the physiologi-
cal range of water contents for highly vacuolated
leaf cells. The gravitational terms in wall and
protoplast are equal and therefore cancel. Since
the pressures in the wall include only those other
than pressures caused by surface tension (equation
IV), Y2 is zero and equation V reduces to:
weell = ,wall l’,mwall = lppproto + lp‘pmto (VI)
Thus, calculations of turgor which have ignored
PPt are probably correct (3,6,14). However,
those studies which measured leaf osmotic poten-
tials with psychrometers by freezing and thawing

wall
m

the tissue (3,6) probably measured a combination
of the osmotic potential of the protoplast contents
and the matric potential of the cell walls. In sun-
flower and yew, the matric potentials are fairly
high but in rhododendron, matric potential would
be an important component of the osmotic potential
indicated by a psychrometer.

It.is possible.to test.equation VI from the,data
in this study. Since the water volume outside leaf
protoplasts is measured at a range of pressures and
the plant material comes to equilibrium at each
pressure, the data may be converted to a range of
approximate water potentials for the tissue (4).
Thus, simultaneous estimates may be obtained for
the water potentials of the shoots and the water
volume outside the protoplasts. Matric poientials
for the cell wall can then be estimated from f'gure
1 at these water volumes. Since the osmotic com-
ponent of the solution outside the cells is known
for the 3 species (4), the water potential of the
solution in the wall may be estimated from equa-
tion VI and compared with the water potential of
the tissue as a whole in the pressure chamber.

In rhododendron, for example, pressures equiva-
lent to water potentials of —17 to —31 bars gave
estimates of the water volume outside the proto-
plasts that ranged from 25 to 32 9% in different
samples of tissue. The data in figure 1 show that
the matric potential of samples at 25 to 32 ¢ water
content would have ranged from —20 to —28 bars.
When combined with an osmotic component of —1
to ——2.5 bars in the solution outside the cell (4),
equation VI indicates a range of water potentials
in the wall of —21 to —30 bars. Although each
estimate of wall water potentials is for a different
shoot which was exposed to a range of pressures,
the wall potentials for all of them fall within the
range of water potentials for the tissue in the
pressure chamber.

The same results were found for sunflower,
which had a water volume outside the protoplast
ranging from 3 to 14 9 in different samples. This
represented a range of osmotic plus matric poten-
tials in the walls of approximately —13 to perhaps
—25 to —35 bars, which is fairly close to the range
of water potentials (—15 to —30 bars) of the
tissue. A similar argument was not possible for
yew because matric potentials could not be meas-
ured at high pressures due to a rapid escape of
gas through the tissue.

If appreciable matric potentials arise from water
in the protoplasm, it should not be possible to pre-
dict the water potential of cell walls by estimating
matric potentials solely as a function of water
volume outside the protoplasts. Although estimates
of water potentials and the water volume outside
the protoplasts are only approximate, it would ap-
pear from the data that the water potential of the
solution in cell wails may be accounted for by 2
components in living tissue, matric potential and
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osmotic potential. The sum of the 2 potentials is
similar to the water potential of the tissue when
it is in equilibrium with its surroundings. The test
of equation VI therefore supports the idea that
matric forces arise primarily in the walls of leaf
cells and that those arising in the protoplasm may
be neglected at the higher water contents.

In addition to the limitations already discussed,
the test of equation VI makes 2 other assumptions.
First, freezing and thawing had a negligible effect
on the matric potentials of the cell walls. Thus,
the matric component of the water potentials pres-
ent in living tissue during estimates of water
volume were assumed to le comparable to the
matric potentials measured with frozen and thawed
tissue. Wiebe (17) has shown that freezing and
thawing had no appreciable effect on matric poten-
tials of agar below —4 bars and thus it appears
that this assumption is justified. A second assump-
tion is also made that the release of soluble proto-
plasmic contents to the cell walls after freezing
and thawing did not affect the matric forces which
act there (mainly through changes in the w. term
of equation IV). However, the effect of adsorbed
solutes on matric potentials was not tested.
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