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Summnary. The pressure membrane apparatus was used to study the matric poten-
tial (imbibition pressure or moisture tension) of plant tissues and of several organic
colloidal preparations.

The moisture release curves of aqueous 2 % agar, 12 % gelatin, and filter paper
were smooth parabolic curves between matric potentials of -0.1 and -15 bars. When
logarithms of the matric potentials were plotted against logarithms of the moisture
content, the data yielded straight lines for agar and filter paper.

Slices of fresh tissue lost little water after 2 days in the apparatus at maximum
pressure of 15 bars. Osmotic forces in conjunction with cell membranes are able to
retain moisture against pressure of this magnitude. After the cells were disrupted
by freezing and thawing, up to 90 % of the original moisture was removed by a 15
bar pressure, with lesser amounts removed at lower pressures. The results gave a
parabolic relationship, and straight lines could be fitted to log log plots of data from
potato tuber and young asparagus stem slices. Sections from the tips of asparagus
stems held less moisture at all matric potentials than more basal sections.

The method permits the study of the matric potential of tissues independently of
the osmotic potential. As meastured, however, the matric potential is a composite of
matric potentials of colloidal substances in the protoplasm and cell walls after dis-
ruption of cells by freezing and mixing of the contents. The value is therefore only
an approximation of the matric potentials occurring in the living tissues.

The condition of water in plant cells can be
described in terms of the relationship

== 7r + qIp + mn
in which if is the water potential, qf, the osmotic
potential due to solutes, tp the turgor pressure or
pressure potential, and qlm the matric potential due
to adsorptive forces of colloids. The relative con-
tributions of the osmotic and matric potentials to
the water potential have not been extensively stud-
ied. Instead, in most discussions on the water
relations of mature, vacuolate cells, it is tacitly or
explicitly assumed that the adsorptive forces are
quantitatively of minor importance relative to
osmotic forces, and -often they are not mentioned.

The rationale for neglecting the contribution of
surface forces in discussions of the diffusion pres-
sure deficit (DPD) is that the proportion of cyto-
plasm is small in the vactuolated cells which are
generally chosen for discussion and that the con-
tribution of adsorptive forces would therefore be
minor. Also, it is c-ommonly observed that when
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frozen tissues (e.g., vegetables purchased from the
grocery store) are allowed to thaw, a considerable
portion of the plant sap drains away in response to
gravity alone. The water retained against gravi-
tational force in such thawed material would pre-
suimably be held by adsorptive forces. If the thawed
tissue is subjected to pressure in a hydraulic press,
most of the water is pressed out, leaving onlv a
moist residue. These observations suggest that on
a qtuantitative basis, surface forces account for a
minor, if undetermined, portion of the cells' water
potential.

In soils, by contrast, sturface adsorptive forces,
generally here called soil moisture tension, pF, or
matric potential, provide the major waterholding
force in the soil as it dries. Only when the salt
content of the soil is elevated do osmotic forces
become relatively more important.

The pressuire membrane apparatuis has long been
used for measuiring the matric potential, as distinct
from osmotic potential, of soils at various soil
moistture contents, i.e., for determining the water
release cturves of soils (6,7, 9, 10). This paper
reports the use of this apparattus in determining the
matric potenitial and water release curves of several
biological colloids and plant tissuies.
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Materials and Methods

Fresh potatoes, Solonl amil ttuberosituim I., anId
asparaguis, A4sp(artaguts officiiltlis L., were puirchased
from local (StuLttgart, Germaiyv) grocers. Man-
gels or feed beets, Betai .z,ulgaris L. w,ere putrchased
in spring from local farmers after storage over-
vinter in uindergroulndl caches. P'otato tubers and
manlgel roots were peele(l aind( Cllt inlto slices about
1 cm thick, place(d in single layers in plastic bags
into a (leep freeze at --340 for 24 houirs, or longer
uintil nee(led. Enough sectionis were cult at oIne
time, from a sinigle maIngel root or a given batch
of potatoes aInid storecl in the (leep freeze tuntil
nee(le(I for (letermiinationis to be ma(le at each par-
ticuilar presstire on suiccessive 2-day intervals. The
asparaguis shoots were peeledI leaving a squlare
tapering core from which 4 sections were clut, with
approximate measuirements from the apex: 1, (api-
cal section) 0 to 6 mm; 2, 6 to 15 mm; 3, 15 to 25
mm; anld 4, (basal section) 100 to 110 mm. These
sectioins were also frozen at -340 uintil tused.

Moisture release cuirves were also determined
for aquteouis 2 % agar gel and aqueouis 12 % gelatin
gel, 1)oth prepared wvith boiling wvater, and for filter
plaper.

The pressture membrane apparatus tused was of
commiiiiercial malntufactture, similar to that described
by Richar(ls (8). aialysismembranes, type Lsg6O,
wvere puirchasedl from Afembranfilter GmbH, Got-
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tingein, Germany. Nyloll cloth wvas tise(d instead ot
metal screen to providle drainiage uind(er the mem-
brane.

The following proceduire was uise(d to determille
the water content associate(d with a particular matric
potential The apparatuis, nlyloIn draiin cloth, and
membrane were assembdled. The frozeni or fresh
plant material or agar was placed on the membrane,
coveredl with a layer of sheet rubber and theni wsith
the sponlge ruhber, to inisuire goo(d conitact between
tissuies and(l memnbrane. The lid was close(I andl
tightened, and compressed air was a(lmittedl to the
apparatuis. The entire assemblyx proce(dLure re(lliire(l
less thain 5 miniuites. Selectedl pressuires raniging
from 0.1 bar (Kg, cmM2) to 15) bar were ulse(l, and(
wvere each appliedl for 48 hoturs. Sap, or water
from the agar, began to ruin otut of the (Iraiin wvithill
a few minultes (or after frozeni materials thawed).
The initial rapid rate decreased after about 6 li,)mrs.
In most iinstances no water couild be collected after
24 houlrs andl it is presuime(d the materials vere near
equilil)rilim with that particuilar pressture. After
48 houirs the materials were removed, placed iIn
tared stoppered bottles, weighed, oveni drie(d at 105°,
and reweighed to determiine the w-ater conitenit as a
percenit of the dry weight. Microorganisms thrived
on the tissuies, so results obtained oni materials left
in the atpparatus for more than 2 days wotuld be
(loltl)tftul validity.

WATER CONTENT in 0/0 of Dry

Figure I

WATER (
Figure 2

FIG. 1. (left) Water contenit of several biocolloidsas a function of the matric potential.
FIG. 2. (right) Water content of frozen and thawed potato tuber, mangel root and asparagus stemil tissuies a., a

funictionl of the matric potential.
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Results

The water retention of agar at various matric
potentials is given in figuire 1. As the pressure was
progressively increased, less and less water was
held by the agar. The logarithms of the matric
potential, when plotted against the logarithms oI
the water content, give a straight line, and the data
conforms to the Fretundlich adsorption equation
(2, 10).

About 140 % water remained in agar which had
been in the pressture membrane apparattus for several
days at 15 bar pressture. Contact with the mem-
brane prevented lateral shrinkage, so water loss
was accompanied by decrease in thickness. Agar
at this moisture content feels only slightly moist to
the touch, and is flexible or pliable, somewhat re-
sembling leather. It becomes brittle at moistulre
contents below 50 %.

In a serial variation of the proceduire, agar and
thawed potato sections were subjected at successive
48 houir intervals to stepwise pressuire increases.
Samples were taken at 24 houir intervals for dry
weight determinations. At each pressuire increase,
water moved ouit until a newv equilibriuim was
reached. The resuilts were identical to those re-
ported in figuire 1. Microorganism growth makes
this method generallv unsatisfactory.

At matric potentials between 0 and -1 bar, the
frozen and thaved agar consistently held less vater
than uinfrozen agar. At lower matric potentials of
-4 bar or less, the water contents of thawed andl
of uinfrozen agar were abouit the same. When
agar is frozen and thawed it becomes spongy, filled
with air buibbles, and water conduictivity is reduced.
Consequiently, thawed agar loses water only slowly
in the pressutre membrane apparattus utnless it is
continuouisly pressed against the membrane bv the
sponge ruibber pad mentioned earlier.

Gelatin and filter papker gave water release
curves similar to those of agar. Filter paper held
mulch less water at all potentials.

Living (tunfrozen) tisstues showed little change
in moistuire content after 2 days in the pressure

membrane apparatuts at 15 bars pressure (table 1).
Intact cells, with membranes and osmotic stubstances
are able to retain most of their water against a
pressure differential of this magnittude.

After the cell membranes had been disrupted by
freezing and thawing, the plant materials readily
lost sap. Their moistuire retention curves resemble
those of agar (figure 2). Tissues with a matric
potential of -15 bars contained on the average
only abotut 10 % of their original moisture. Log -
log plots of the data gave straight line relationships
for potatoes and asparagus, anid a cturvilinear re-
lationship for mangels. The starch grain conteint
of the potatoes probably accounts for their lower
water holding capacity, compared to the other tis-
sties. The apical, more meristematic sections of
asparagtus shoots held less water at all potentials
than did the more basal sections with vactuolated
cells. Intermediate sectioins, 6 to 25 mm from the
apex, retained intermediate amounts of water and(1
are not reported in figure 2. Most of the differ-
ence in water retention occuirred between 0 (lyving)
and -0.1 bar MP, and cotuld probably be associate(d
with membrane disruiption on freezing, and loss of
vacuiolar sap.

The soltutes extracted from the thawed mangel
root were studied briefly. The freezing point de-
pressions, refractive indices, and conductivities of
different fractions did not change appreciably or
with any consistent trend, and were similar to those
of sap cxtracted from thawed tissule by a cylinder
and piston apparatus in a hydratulic press. Neither
was there any consistent trend when the tissuies
were extracted by 6-houir, stepwise increases to
0.1, 0.3, 1.0 and 15)bar pressuires. The osmotic
pressuires of the sap from different mangel roots
ranged from 14 to 20 bars, as determined by freezing
point depressions.

Since the membrane used is permeable to sugtars
and salts, the dry weight basis changes. Refrac-
tometer readings oni extracted mangel sap gave
stugar contents ranging from 3.5 to 8.0 %. A sugar
content of 5 % was used to calcuilate approximately
the grams of residuie (R) per 100 grams of (Ir;
material.

Table I. lloistutre Content of Frozcn and Thawed Beet Tissues as a Per Centt of the Measutred Dry Weight and
o.f Non-Soluble Residue.

B
colloidal residue
% of dry wt*

46.6 %
62.4
80.5
88.3
91.9
93.6
94.9
49.4

* Residuie = 100 - (0.05) (original % H.,O).

Pm

0

-0.1
-0.3
-1.0
-4.0
-9.0
-15.0
- 15 living

A
original
% H2,0
1066 %
752
389
233
162
127
111
1012

% H.,O
adj usted
A/B

2290 %
1210
4&4
264
176
136
118

2050

---
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R = 100 - (.05) (% H2O)
These vTalues are given in coltumn 3 of table I. The
moisture content as a percent of the nonsoltible dry
weight is given in column 4. In fresh mangel
tissue, more than 50 % of the dry weight is attribu-
table to soltutes and a recalculation of the percent
moistulre on a non-soluble residtue basis gives a valtue
more than twice that of the original valtue. At
lower matric potentials, i.e., at lower moisture
contents, this correction is less important, accouint-
ing for less than 10 % change at - 15 bar. Since
the insoluible residue con1sists of proteins, cellulose,
and other colloidal suibstances, it is the fraction
which is active in the suirface binding of water, andI
there wotuld be considerable juistification for ex-
pressing the water release cuirve on this basis rather
than on dry weight.

Discussion

The moisture release cuirves for biological col-
loids and frozen plant tisstues appear qutalitatively
similar to those of soil colloids (6, 9, 10). They
also resemble the moistulre retention cuirves obtained
by other techniqtues (1, 2, 3, 4, 5). In the energy
range covered, -0.1 to - 15 bars, there is no indi-
cation of a sharp break in the relationsh:p between
matric potential and water content, and the data
generally fit the FreuindIlich adsorption eqtuation.

The matric potential of the frozen plant tisstue
is a composite of the matric potentials of the variolus
cell components. The moistuire release curve of
cell wall cellulose wvould be expected to differ from
that of protein juist as the curves of paper, agar
andI gelatin differ from each other. Each species
of colloid wotuld be expected to have its owIn uiniqtue
moistuire release cLurve, although the cuirves of re-
latedI proteins might be similar. It is also pDssible
that the disrulption of cell strtuetlire wotldC restult in
changes in the matric potentials of the components.
After freezing the vactiolar soluitions ancd cytoplasm
mix and permeate the cell wall. The influence of
ions from the vacuiole on the strtictulre and the
matric potential of cytoplasmic and cell wall colloids
awaits fuirther sttudy. Freezing itself may alter the
moistuire release cturve of cy)toplasmic colloids, as
wvas fotund to be the case with agar. \Vith reserva-
tions thein, it is propose(d that the moistuire release
cuLrve obtained from frozen tissues represents a
first approximation of the composite moistuire re-
lease cuirve of the colloidal substances comprising
the tissuie.

On the basis of the moistuire release cuirves, the
quantitative contribuition of matric potenitial towardl
the water potential of the tissuies can be calcuilated.
At a water potential of about -15 bars, wvhich
approaches wilting range, it is estimated that tissules
suich as the storage roots or asparagtus stems uised
wou1ld have lost from 5 to 20 % of their fullly tuirgid

moisture content. Yet a matric poteintial of -0.t
bar is not approached uintil these same tissuies have
lost at least 50 % of their original moisture contenit.
So in a tissue with a water potential of -15, the
matric potential wouild be between 0 and -0.1,
mulch smaller than the osmotic potential of the
tissuies, which often ranges arouind -10 to -25 bar.

The qm of the tissuies reported above did not
approach -15 bar uintil only abotit 10 % of the
original moistuire content remained. The vegetaftive
tissues of only a few vascular plant species cani
suirvive drying of this degree, or even loss of 50 %
of their moisttire. Suich (lesiccation wouild also re-
stilt in a 10-fold increase in osmotic poteintial,
barring precipitation of solLites, with probable salt-
ing ouit of proteins. It is probably safe to conclude
that cytoplasmic colloids do not contribtute a quiani-
titatively significant portion of the composite water
potential of the tissuies stud(liedl. The matric pateln-
tial wouild probably be of greater importanice in
tissules of higher colloid content, suich as seecds,
meristems, and leaves.
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