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Abstract. Water potentials of leaves from well-watered plants were measured. There were
species-specific differences in both the total and the osmotic potentials of pea (Pisum sativum),
tradescantia (T'radescantia versicolor), rose (Rosa hybrida), bitter lemon (Citrus aurantium) and
olive (Olea europaea). With tradescantia the potential measured after the destruction of turgor
by freezing was less negative than before, a result which suggests that the value obtained is
not identical with the real osmotic potential of the leaf. Detached leaves of all species showed
less negative water potential readings, and those of pea even a less negative osmotic potential,
when cut into five pieces than when measured intact. Application of vaseline to the cut surface
of the leaves reduced this effect with rose and olive, though not with tradescantia and pea.
Measurements were also made of the water potentials of comparable leaves of tradescantia
and bitter lemon, attached to and detached from their plants; when bitter lemon leaves were
detached and watered through their petioles which protruded outside the thermocouple chamber,
their potential became considerably less negative than when the same leaves had been attached
to well watered plants. However, similar leaves whose cut petioles were introduced into the
thermocouple chamber registered an even less negative potential.

The results are consistent with the hypothesis that when a leaf is cut off a plant, and even
more 8o when it is cut into sections, the water previously held by matrix forces becomes avail-
able to dilute the “spilled” cell sap and to be absorbed by adjacent cells and thereby to increase
their turgor and render the net water potential of the leaf less negative. Similarly, the apparent
negative turgor of the succulent tradescantia leaves is likely to be due to dilution of the osmotic
component by cell wall water. The discrepancies between the readings of attached and detached
leaves indicate a considerable whole-plant matrix component, and the results as a whole sug-
gest that thermocouple psychrometer readings carried out on detached and even more on cut-up
leaves may be artifacts and that it is desirable to determine water potentials on leaves attached
to their plants.

The work was supported by a Government of Israel Fellowship and was conducted at the De-
partment of Pomology and Viticulture, Faculty of Agriculture of the Hebrew University of
Jerusalem, Rehovot, Israel.

The thermocouple psychrometer is reputed to measure accurately the
water potential of plant leaves as long as they are not under extreme water
stress (Bovyer and Knrpring 1965, Barrs 1968, Boyer 1969). But it is
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considered necessary for measurements with the conventional apparatus
that a leaf should be cut out of its lamina and immediately placed in the
thermocouple chamber for vapour equilibration and subsequent measure-
ments. Boyer (1968) found that water potentials of detached leaves of
Helianthus annuus L. which were left intact were not significantly different
from those of cut-up leaves, but MANOHAR (1966) had shown that the leaves
of both Pisum sativum L. and Tradescantia versicolor L., when measured by
a psychrometer based on the Peltier effect (SPANNER 1951) consistently
indicated a less negative potential when cut up than when left intact, and
Barrs (1968) refers to other similar reports. The leaf water potential of
a number of morphologically different species was therefore examined in
more detail (Part A). An extension of the work became desirable in which
the effect of retaining the leaf on the plant during measurement was com-
pared with the effect of severing it from the plant (Part B).

Terminology

The term ‘“‘excision” may be applied both to detaching leaves from plants
and to cutting them into pieces. In order to avoid confusion, I therefore will
refer to ‘““detached” and “cut-up’ leaves respectively.

Leaf water potential (y) depends on three components: the osmotic po-
tential (x) which may be considered the prime mover, the matrix potential
(wm), about which little is known (W1EBE 1966) and the turgor potential (P).
7 and gy, are invariably negative, whilst P, representing the pressure of the
cell contents against the cell wall, is usually positive. The resultant value,
the net vy, is always less than zero (SLATYER and Tavior 1960). It follows
that a greater force is required to move water of lower potential (a po-
tential further removed from zero) but this has proved an unwieldly con-
cept, and 1 will refer to low potentials as ‘“more negative’”” and to high
potentials as ‘less negative’.

By ‘‘greater succulence’” I mean a higher fresh to dry weight ratio.

Materials and Methods

In the present work, the isopiestic technique (Bovyer and KN1PLING 1965)
was used in order to eliminate any error due to lag in water vapour transfer.
The design of the apparatus was similar for the experiments in parts A
and B but in part B it was modified so that the leaves could remain attached
to their plants during measurement. In this case measurements were made
by attaching specially designed thermocouple chambers to the upper and
lower side of a leaf. The two chambers were made of PVC and were insulated
by a double-wall vacuumed glass casing. Instead of immersing the thermo-
couple assembly in a constant temperature water bath, the water of the bath
was circulated under the vacuumed glass casing, in order to achieve the
desired temperature control (to be published elsewhere).

The thermocouple psychrometer assembly employed for recording % or =
of detached leaf samples was almost identical to the one used by Boyer
and KxrpLine (1965) and is shown in Fig. 1. The thermocouples were made
by soldering 0-1 mm thick constantan and chromel-P wires to a 0-5 mm
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thick silver ring of 2 mm inner diameter and 1 mm height. The junction
was mounted on a brass plunger which was sealed into the aluminium
chamber by a soft rubber washer, permitting it to be removed and resealed
rapidly.

Foryma.king an isopiestic determination, the leaf sample was introduced
(its abaxial surface upwards) in the thermocouple chamber whose inner
walls had been coated with silicon grease in order to reduce adsorption of
water vapour (Boyer 1967). A 0-01 ml droplet of water or solution was
introduced on the silver ring with the help of a micro-syringe, and
the plunger was then sealed into the chamber carrying the leaf sample.
The entire thermocouple assembly (Fig. 1) was then immersed in the water
bath maintained at 30° C. No fluctuations in the
bath temperature could be detected with a 5°C
Beckmann thermometer.

For deriving values through the isopiestic tech-
niques, three observations were recorded with the
same assembly, each after attaining a steady state
of vapour transfer between the thermocouple
junction and the chamber carrying the leaf: first
carrying pure water, the second with the dry ther-
mocouple, and the third with the junction car-
rying a NaCl solution with a water potential clo-
se to that of the leaf. The first and third readings
were corrected for the heat of respiration measu-
red by the second reading ¢.e. the dry bulb de-
flection (BArrs 1965) and the y values derived.
A small trial was conducted to study the effects
on the y value of opening the thermocouple
chamber for introducing the ‘“‘water potential so-
lution” on the junction and the effect was found
to be negligible, as also reported by BoYER (1968).

__» TO GALVANOMETER

2¢cm

Fig. 1. Thermocouple psychrometer assembly for making iso-

piestic determinations on detached and cut-up leaves. 1. PVC-
-covered lighting flex, 2. Araldite seal, 3. Brass tube, 4. PVC-co, 10
vered copper wire, 5. Brass plunger heat sink, 6. O-ring seal for

chamber, 7. Araldite seal, 8.Chromel.P/constantan junction, 9.
Silver loop, 10. Thermocouple chamber.

The thermocouple psychrometer apparatus was kept in a growth room
maintained at 25 4 0-5° C. Leaf samples of pea, tradescantia, rose, bitter
orange and olive were used. Excepting rose and olive, the plants were raised
in 15 cm pots in the same growth room under fluorescent light (14 h photo-
period). The rose leaves were obtained from uniform well-grown plants
raised from cuttings growing in a glasshouse, and the olive leaves from
a tree growing on a lawn of the Faculty of Agriculture. Entire leaves of olive
and of trandescantia, a leaf without wings of bitter orange and a leaflet
each of rose and pea formed the leaf samples. The sample leaf was washed
with distilled water, 24 h prior to sampling, to counteract the possibility of
error due tu salt secretion (KLEPPER and Barrs 1968) and the mother
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plants were grown in soil maintained close to field capacity. Olive leaf
samples were obtained a day after rain. The following trials were conducted
using three replicate leaf samples, in each case employing the above method
and materials.

Measurements of ¢ and its Components

Water potential determinations were made on the leaf samples of the
above five species. The individual thermocouple chamber carrying a leaf
sample was then wrapped in aluminium foil and submerged in liquid air for
10 minutes to ensure complete destruction of turgor. After thawing, the
chambers were taken out of their aluminium foil wrapping, the respective
thermocouples again sealed onto them and the = determined. The P of
each leaf was derived by subtracting the x from the ¢ values.

Measurements of ¢ on Whole and Cut-up Leaf Samples

p determinations were made on further leaf samples, each of which was
then cut into 5 pieces by making four equally spaced cuts across each sample
with a razor blade. The cut pieces were rearranged in their respective
chamber to maintain the same geometry as previously and ¢y measurements
were again made.

Measurement of 7z on Whole and Cut~up Leaf Samples

7 determinations of entire leaf samples were first made after destroying
the P with liquid air. The leaf samples were then cut into 5 pieces as men-
tioned above whereupon the determinations were repeated.

Measurements of y on Entire Leaf Samples and After Cutting them up and Vaselining
the Cut-up Surfaces

After determining the y of whole leaf samples, these were cut into 5 pieces
as described before, but their cut surfaces were then coated with vaseline
before determinations were repeated.

Measurements of y on Attached and Detached Leaves

The specially designed assembly was fitted to both surfaces of an at-
tached leaf and v measurements made over both surfaces at the same
time. The petiole was then cut at its proximal end with a razor blade and
the cut end immersed immediately in de-gassed water and v of both surfaces
of the now detached whole leaf was recorded. Soon after detaching the leaf
from its parent plant both its surfaces started recording an increase in y and
it was about 90 min. before the least negative y values got stabilized.

Simultaneously, leaf samples were also obtained from an adjacent leaf
and their y recorded with the help of a conventional thermocouple assembly
i.e. by placing the leaf sample inside the thermocouple chamber.

Results
Part A

Detached Leaves
Differences Within and Between Species

With the species grown under constant conditions in growth room there
was good agreement between net yp measurements made on three separate
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occasions (Tables 1, 2, 4). With those species grown out of doors or in the
glasshouse, successive measurements of the net ¢ differed, although the
plants were freely watered. The successive measurements of the = however
agreed well within all five species (Tables 1 and 3). Some of the differences
between species in both net y and = were large (Table 1), even when they
were grown under comparable conditions.

TasLe 1

MEASUREMENT OF THE WATER POTENTIAL and its components of
detached but otherwise intact leaves with the isopiestic technique
(means of 3 replications).

Water Osmotic Turgor
Species potential (y) potential (i) pressure (P)

(T kg™1] [Jkg™] {J kg=1]
Pea — 843 —1023 + 180
Tradescantia — 800 — 615 — 185
Rose —1223 —1 606 + 383
Bitter orange —1218 —2 406 +1 188
Olive —1 493 —2 646 +1153

Turgor Pressure

The calculated P, derived from net ¢ minus n (P = y — =), which, be it
noted, takes no account of any wm of the less succulent leaves of bitter
orange and olive was appreciably more positive than that of the more suc-
culent leaves of rose, pea and tradescantia (Table 1). With tradescantia,
the most succulent leaf, the calculated P turned out negative, a result open

TanLE 2

EFFECT OF CUTTING-UP LEAVES on their water potentials as measured
with the isopiestic technique (means of 3 replications).

Water potential measure- .
fnen ts [J g‘gﬂ] % increase
Species due to
cutting-up
Same leaf cut
Whole leaf into 5 pieces loaves
Pea — 716 — 633 11.59
Tradescantia — 811 — 318 60-79
Rose —1707 —1205 29-41
Bitter orange —1300 —1206 7-23
Olive —2172 —1903 16-99
Mean () —1 341 —1033
Analysis of | op for B + 24-55; C.D. at 5% — 72-56
variance
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to grave doubt, since the plants were watered freely and the leaves showed
no visible signs of water stress. This phenomenon will be discussed later.

Effeets of Cutting the Leaves

With all five species on all occasions the p measured was less negative
when the leaves were cut into five pieces than when they were left uncut.
When expressed in terms of percentage change from the y measured on
uncut leaves, this was particularly pronounced with tradescantia and rose,

TaBLE 3

EFFECT OF CUTTING LEAVES on their osmotic potential as measured
with the isopiestic technique (means of 3 replications).

Osmotic potential () measurements
[J kg™1]
Species
Same leaf cut into

Whole leaf 5 pieces
Pea —1165 — 978
Tradescantia — 598 — 517
Rose —1623 —1 565
Bitter orange —2 522 —2 523
Olive -2 597 —2613
Mean (E) —11701 —1 639
Analysis of variance SEm for E + 21-26; C.D. at 5%, = 62-84

TABLE 4

EFFECT OF VASELINING THE CUT SURFACES on the water potential
of eut-up leaves as measured with the isopiestic technique (means
of 3 replications).

Water potential () measurements [J kg~1]

Species Same leaf cut into
Whole leaf 5 pieces and cut
ends vaselined
Pea — 925 — 831
| Tradescantia —1039 — 711
Rose — 1421 —1434
Olive —1493 — 1493
Mean (E) —1219 —-1117

Analysis of variance SEm for E + 16-64; C.D. at 5% = 49-18
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but the effect, though less striking, was still evident with the other species
(Table 2). Surprisingly, cutting-up also resulted in a significantly less nega-
tive reading for leaves whose turgor had been destroyed by freezing and
thawing ¢.e., in a significantly less negative n, at least with pea and, to
a lesser extent, tradescantia (Table 3).

By contrast, the application of vaseline to the cut edges of leaves pre-
vented the measured net ¢ from becoming less negative with rose and olive,
though not with the more succulent leaves of tradescantia and pea (Table 4).

Part B
The Water Potential of Attached, Compared with Detached Leaves

A comparison was made (Table 5) between the net v of leaves of citrus
attached to their plants and of the same leaves after they had been detached
and the cut ends of their petioles placed in a vessel containing de-gassed
water. It was intended to cut the petioles under water and retain them under
water throughout but it cannot be considered certain that no air entered
through the cut. The potentials both of the attached and of the “watered”
leaves were measured with the modified apparatus where the petiole, intact
or cut, remained outside the thermocouple chamber.

TABLE 5§

THE WATER POTENTIAL OF ATTACHED, compared with detached leaves.

Water potential () measurements [J kg=1]
Species (;I;lg&;:ln%ilgg se:;’r&e::f on adjacent leaf
on attached leaf 1ong wa detached and placed
{cut petiole outside inside chamb.
chamber) IsIce chamber
Citrus Upper leaf surface —3 240 —2905 —1 457
lower leaf surface  —3 010 —2 675
Tradescantia | upper leaf surface —2 830 — 565
lower leaf surface —2 490

A further set of comparisons was made between the y of attached leaves
of citrus (the same leaves as above) and also of attached leaves of trades-
cantia, using the modified apparatus and the potential of the respective
adjacent leaves which had been detached and placed in the conventional
thermocouple psychrometer chamber used in Part A.

The y measurements of the attached leaves were consistently the most
negative. When the petioles of the citrus leaves, previously measured when
attached to their plants, were severed and placed in de-gassed water, the
readings began to rise within fifteen minutes and reached a steady, distinctly
less negative value after ninety minutes. This value was however still much
more negative than that of comparable leaves in part A. By contrast, the
leaves adjacent to the attached ones, when placed in the conventional ap-
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paratus used in Part A, showed a considerably less negative y even than
the leaves imbibing through their petioles while being measured, and the
values of these adjacent leaves were similar to those in part A (Tables 1, 2, 4).

Discussion

Explanations are required for the discrepancies between the measure-
ments of intact and of cut-up leaves, between leaves supplied with water
through the roots and those imbibing water through the cut petiole, and be-
tween those whose cut petioles remained outside the thermocouple chamber.

Since the recordings within each group were consistent, the results must
mean either that all the measurements, except possibly one set, were tech-
nical artefacts introduced by a deficiency in the measuring apparatus, or
that the water potential of the tissue was changed during the preparations
for measuring and all conditions measured, except possibly one, were physio-
logical artefacts.

Let us postulate that there is, in addition to the osmotic and turgor
components of the p, a significant matrix component. This is likely to con-
sist of two parts: the whole-plant ¢, and the leaf yn. Of these, the whole
plant yn, depending on resistance to water flow within the plant (whatever
it may be), is ideally represented by the difference between the readings
of attached leaves and leaves cut off and watered direct through the petiole
(Table 5), although the difference may be an underestimate of the real value
if air entered the system when the leaf was cut off. The leaf yp, is likely to
be determined by the cohesion of the vascular and the cell wall water. This
leads to the consideration of the recorded differences in ¢ between whole
and cut-up leaves.

Several workers, concerned with a wide range of species, have found that
the y as measured with the thermocouple psychrometer becomes less nega-
tive when a leaf is cut into pieces (Barrs 1968, MaxoHAR 1966). No plaus-
ible explanation was advanced until BARrs and KraMER (1969) after the
present series of experiments had been completed, put forward evidence to
support the ingenious hypothesis that the solutes from cells injured during
cutting-up are actively re-absorbed by adjacent intact cells, whose z there-
fore becomes more negative, whereupon they are entered by the now more
dilute external solution; this in turn causes a very considerable increase in
turgor, with the result that the net potential of the leaf tissues as a whole
becomes measurably less negative. Most of our results in part A are in fact
consistent with this hypothesis. But I wish to suggest a modification which
takes into account the g, of the tissues and which does not necessitate the
invocation of active absorption of electrolytes by intact cells. Our evidence
fits the hypothesis that cutting a leaf off a plant severs it from a system
whose inherent resistances result in & considerable (negative) yn,. The almost
pure water in the vascular system and in the cell walls of the leaf is there-
fore now under less stress and is available to “flow out’’ of any cut in re-
sponse to any solute gradient in water potential that may arise. Following
the destruction of turgor when cells are injured by cutting, the solute po-
tential of electrolytes and other soluble constituents lost from the cut
cells is sufficiently negative to cause a flow of the vascular and possibly
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cell wall water out of the leaf through the cuts, to dilute the “spilled”
contents. Since the potential of this ‘“‘matrix water” is appreciably less
negative than that of the “spilled” cell contents this may well result in
a sufficient dilution of the latter, to result in turn in the increase in turgor
postulated by Barrs and KrRaMER (1969) which I agree may be responsible
for the ultimately less negative net y of cut-up leaves.

Admittedly, for this hypothesis to be tenable it would be necessary not
only that the spilled cell contents should at first have a potential more
negative than that of the intact cells (which it clearly has) but also that it
should be diluted by the vascular and cell wall water beyond equilibration
with the potential of the intact cells. It is likely that the protoplasmic
membranes offer sufficient resistance to the influx of water to cause this
imbalance for a short but critical period. The hypothesis offered appears
equally consistent with the evidence available as BarrRs and KRAMER’s.
More work is required to show whether either is correct.

The other results are also not inconsistent with the general hypothesis
that a matrix water factor has to be taken into consideration. For instance,
that the reading of the n should be less negative after the frozen and thawed
leaf has been cut up is surprising but indicates the existence of a residual
matrix component which tends to be eliminated by cutting the leaf.

Similarly, the apparently negative turgor of the tradescantia leaves, an
obviously suspect value, is likely to have arisen as follows: The tradescantia
leaf is distinctly succulent, which is likely to mean (though this needs con-
firmation) that it carries a large proportion of cell wall water. This “matrix
water”’, released on freezing and thawing, mixes with the cell sap and
dilutes it to such an extent that the resultant reading is much less negative
than the original zz; which causes the calculated turgor to appear much less
positive than it really is, and in this extreme case even negative.

There remains the discrepancy between the recorded (less negative) po-
tentials of whole leaves placed entirely in a conventional psychrometer
chamber and the potentials of similar leaves which are more negative
although the cut ends of their petioles, kept outside the chamber, are sup-
plied with water from a beaker. In this case the difference in the placing
of the cut petioles suggests itself as the only probable cause of the difference:
the increase in turgor postulated by Barrs and KraAMER, with or without
our modification due to vascular and cell wall water, would operate within
the chamber, provided it included the cut end of the petiole; when the cut
end is kept outside the chamber the more negative potential, 7.e., the ulti-
mate cause for an increase in turgor of cut leaves placed in the conventional
apparatus, does not occur within the chamber; on the other hand, why the
turgor will not increase despite a virtually unlimited water supply when
the petiole dips into water requires clarification.

It is hence concluded: Many values of u measured by thermocouple
psychrometers are likely to be accurate though different according to the
treatment of the leaf. Cutting the leaf off its plant renders the yp value
obtained less negative, and cutting the leaf into pieces renders it still less
negative. Our tentative hypothesis is that because any cutting treatment is
liable to modify the g, of the vascular and cell wall system the measure-
ment of the potential of an attached leaf is likely to be the only accurate one.
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MaN SIiNGHE MANOHAR, Universita Udaipur, Rajasthan, Indie: Jaky vedni potenecidl?
Rozdily ve vysledcich méfeni neposkozeného a vykfiznutého rostlinného materidlu iso-
piestickym termoélinkovym psyehrometrem. — Biol. Plant. 13 : 247256, 1971,

Byl méfen potencidl listu rostlin dobfe zésobenjych vodou. Jak v celkovém, tak i v osmo-
tickém potencialu hrachu (Pisum sativum), podeiiky (T'radescantia versicolor), rie (Rosa hy-
brida), citroniku (Citrus aurantium) a olivy (Olea europaea) byly druhové rozdily. U podetiky
byl potencidl méfeny po zrulen{ turgoru zmrazenim ménd negativni ne# pfedtim; to naznaéuje,
Yo zjisténd hodnota neni totoZnd se skuteénym osmotickym potencidlem listu. OdFiznuté listy
viech druh@i mdly ménd negativni vodni potencisl, a u hrachu také méné negativni osmoticky
potenciél, jestlize byly rozfezdny na p&t ¢ésti, neZ byly-li ponechdny vecelku. Potfeni feznych
ploch listd vaselinou sni%ilo tento efekt u ri%s a olivy, ne vSak u podeniky a hrachu. Byl také
méien vodni potencial srovnatelnych listi podeiky a citronfku na rostliné a odfiznutych, byly-li
odiiznuté listy citroniku zdsobovany vodou fapiky vyénivajieimi z md&rné komirky termo-
&lénku, jejich potenciadl byl podstatn® ménd negativni neZ u tych# listd na rostlindch dobte
zésobenych vodou. AvSak podobné listy, jojichZ ufiznuté Fapiky byly umistény do komirky
termodlanku mély jesté méné negativni potenciél.

Vysledky odpovidaji hypotéze, e v listu odfiznutém od rostliny nebo dokonce roziezaném
na &asti se uvoliiuje voda, d¥ive vdzand matriénimi silami, Fedi ,,rozlitou’ bunéénou stévu, je
naséta sousednimi bufikami, zvySuje jejich turgor a tim upravuje vodni potencial listu na ménd
negativni hodnotu. Podobn& zjevny negativni turgor $tavnatych listh podeiiky je pravdépo-
dobné pusoben ziedénim osmotické slozky vodou bunéénych stén. Rozdily ve vysledeich u listh
na rostling a odfiznutych svsdéi pro znaénou slozku celorostlinné matrice, a vysledky vcelku
naznadéuji, Ze méfeni termoélankovym psychrometrem na odiiznutych a tim spiSe na rozfeza-
nych listech jsou pravdépodobnd artefakty a Ze je vhodnéjs{ uréovat vodni potenciil neodiiz-
nutych listi pfimo na rostlinéch.



