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ABSTRACT

Malate efflux from leaf cells of the Crassulacean acid metaboUsm
plant Kalanchoc daigremontiana Hamet et Perrier was studied using
leaf slices submerged in experimental solutions. Leaves were harvested
at the end of the dark phase and therefore contained high malate levels.
Water potentias of solutions were varied between 0 and -5 bar using
mannitol (a slowly permeating solute) and ethylene glycol (a rapidly
permeating solute), respectively. Mannitol solutions of water potentials
down to -5 bar considerably reduced malate efflux. The slowly per-
meating solute mannitol reduces both water potential and turgor poten-
tial of the cells. The water potential of a mannitol solution of -5 bar is
just above plasmolyzing concentration. Malate efflux in ethylene glycol
at -5 bar was only slightly smaller than at 0 bar, and much higher than in
mannitol at -5 bar. Tissues in rapidly permeating ethylene glycol would
have turgor potentials similar to tissues in 0.1 mM CaSO4. The results
demonstrate that malate efflux depends on turgor potential rather than
on water potential of the cells.

In previous reports (15, 18) it has been shown that malate
efflux from leaf slices of the CAM3 plant Kalanchoe daigremon-
tiana is greatly reduced when the water potential of the medium
is lowered, in the nonplasmolytic range, by addition of mannitol.
Slowly permeating mannitol would lower both water and turgor
potentials. A distinction between these two parameters of water
status can be made by comparing effects of slowly and rapidly
permeating solutes (8). In contrast to mannitol, rapidly permeat-
ing ethylene glycol will only transiently reduce turgor potential,
although the water potential will be lowered. A use of this
approach in studies of malate efflux from K. daigremontiana leaf
slices is reported here. The results suggest that the malate efflux
from the leaf slices is affected mainly by turgor potential.

MATERIALS AND METHODS

Maintenance of Experimental Plants. Plants of K. daigremon-
tiana Hamet et Perrier were grown in a greenhouse for about 6
to 10 months and then kept in a growth chamber for at least 3
weeks. The growth chamber had 12 hr light/12 hr dark, 25 C
during the light phase and 15 C during the dark phase, and 60%
relative humidity. Light of 12 klux at the level of the plants was
obtained from Philipps HPLS lamps.
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3 Abbreviation: CAM: Crassulacean acid metabolism.

Experimental Leaf Material. Leaves were always harvested in
the early morning at the end of the dark phase so that they
contained high levels of malic acid. Initial malate levels of the
tissue are given in the legends of the figures.

Leaf slices, 2 mm wide, were obtained by cutting leaves with
very sharp and frequently renewed razor blades. Leaf slices were
submerged in experimental solutions (2 g fresh wt/100 ml). All
solutions contained 0.1 mm CaSO4 and mannitol or ethylene
glycol as indicated in the figures. In a cryoscopic determination
the water potential of 0.1 mm CaSO4 gave somewhat less than
-0.05 bar. This is referred to as 0 bar in the text.
Experimental solutions with the leaf slices were kept in the

dark at 25 C in a shaking water bath.
Analytical Methods. Malate was determined enzymically fol-

lowing the procedure of Hohorst (10). Since leaf slices changed
their fresh wt to different degrees in the various solutions used,
all results are expressed per g of initial fresh wt of the leaf slices
before incubation.

All points shown in the figures are averages of duplicates or
triplicates.

RESULTS

Figure 1 shows that malate efflux from K. daigremontiana leaf
slices is high in solutions of high water potential and low in
mannitol solutions of low water potential. This has been demon-
strated before (15, 18), but it has been criticized that it might be
related to a wounding artifact. Figure 1 proves that this effect is
not an immediate consequence of slicing. The rate of malate
efflux changes at any time after slicing if the tissue is transferred
from a solution of 0 bar to a mannitol solution of -5 bar water
potential (Fig. 1), or vice versa (unpublished data).

Figure 2 compares the effects of - 5 bar mannitol and ethylene
glycol with a solution at 0 bar. As before, malate efflux is low in
-5 bar mannitol solution and high at 0 bar water potential.
During the first 20 min in - 5 bar ethylene glycol solution malate
efflux is as small as in mannitol. At longer times, however,
malate efflux is much greater in ethylene glycol than in mannitol,
although the rate of efflux in solutions at 0 bar is not quite
attained. The malate efflux at 0 bar decreases with time presum-
ably due to a combination of an increasingly smaller concentra-
tion gradient and a gradual reduction in turgor potential as
malate is lost from the tissue. In the ethylene glycol the malate
efflux is nearly linear with time, possibly because the tendency to
decrease, as observed at 0 bar, is counterbalanced by continued
uptake of ethylene glycol retaining a high turgor potential de-
spite a decrease in malate concentration of the tissue. The slower
efflux in ethylene glycol at -5 bar than in the control (0 bar)
may be due to a slower penetration of ethylene glycol than of
water (21) indicated in Figure 3. A simple way to follow water
movements into or out of a tissue submerged in a solution is to
record tissue weight. At 0 bar, leaf slices rapidly gain weight due
to rapid water movement and equilibration. Subsequently there
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FIG. 1. Malate efflux from leaf slices of K. daigremontiana. Initial
malate level was 108 j.mol malate g-1 fresh wt. Leaf slices were incu-
bated in control solution and in mannitol solution immediately after
slicing. (O- - -0): times of incubation in control solution (water poten-
tial 0 bar); (0-0): times in mannitol solution of -5 bar. Malate efflux
was determined by analyses of aliquots of the external medium.

are only small changes in fresh wt. After 90 min some weight is
lost again. Overlapping with rapid water uptake in 0 bar solution
the tissue gradually loses substantial amounts of malate to the
medium (Figs. 1 and 2), the concurrent water flow explaining
the loss of weight after 90 min. In -5 bar mannitol, leaf slices
rapidly lose a small amount of water and then there is no further
change. This agrees with earlier observations (18) that -5 bar
mannitol is very close to the isoosmotic point of K. daigremon-
tiana leaf tissue, which has accumulated malate at the end of the
dark phase. In -5 bar ethylene glycol, there is initially a similar
small loss of weight, but then weight is gained, presumably
because both ethylene glycol and water are taken up. Even at
200 min, however, the fresh weight of the leaf slices in ethylene
glycol at -5 bar is still smaller than in solutions at 0 bar.

Transfer of leaf slices from mannitol to ethylene glycol solu-
tion of -5 bar increases malate efflux (unpublished results, see
also Fig. 4 legend). Malate efflux is reduced immediately follow-
ing a return of these leaf slices to mannitol solution (Fig. 4).

DISCUSSION

Mannitol in the external solution reduces both water and
turgor potential of the tissue slices. Ethylene glycol, after an
initial phase of adaptation, only reduces water potential, because
it is rather rapidly taken up. There are no direct measurements
on permeation of mannitol and ethylene glycol relative to each
other in K. daigremontiana. In the small cells and the soft tissue
of K. daigremontiana leaves, pressure probe and pressure bomb
techniques cannot be used to measure water relation parameters
directly. However, Figure 3 supports the supposition that ethyl-
ene glycol is taken up much more rapidly than mannitol, so that
an initial reduction of turgor is relieved during longer periods of
incubation in ethylene glycol but not in mannitol. Mannitol is
known to permeate plant cells only to a very limited extent. By
contrast, ethylene glycol appears to permeate rather rapidly in
a large variety of algal cells and higher plant tissues (Chara
[ref. 2] Chlorella pyrenoidosa [ref. 7], tomato roots [ref. 20],
maize roots [ref. 8], cotton leaf slices [ref. 13]). In maize roots
the half-time of exchange of ethylene glycol between the tissue
and the external medium is about 60 min (6).

Malate efflux is large in external media of 0 bar as well as in
ethylene glycol solutions of -5 bar, but small in mannitol
solutions of -5 bar. This suggests that malate efflux is deter-
mined mainly by turgor rather than by water potential. The
efflux can be changed rather rapidly by transfer from solutions
of 0 bar or -5 bar ethylene glycol to -5 bar mannitol and vice
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FIG. 2. Malate efflux from leaf slices of K. daigremontiana in control
solution of 0 bar and in ethylene glycol and mannitol solutions of -5 bar
water potential; measured by analysis of the external solution. Inset and
main graph represent two separate experiments. Symbols of inset refer
to similar solutions as indicated on curves of main graph for same
symbols. Initial malate level of the tissue: inset, 97 ,umol g-' fresh wt;
main graph, 140 ,umol g-1 fresh wt. Initial fresh wt of samples was 3 g.
Data on rim of graphs give final fresh wt of samples (inset, after 180 min;
main graph, after 150 min).
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FIG. 3. Time course of fresh wt changes of K. daigremontiana leaf

slices in control, ethylene glycol, and mannitol solutions. Initial malate
level of tissue was 120 jAmol g-1 fresh wt.
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TURGOR POTENTIAL AND MALATE EFFLUX
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FIG. 4. Malate efflux from leaf slices of K. daigremontiana in ethyl-
ene glycol (--- ) and in mannitol solutions ( ) of -5 bar water
potential, measured by analyzing aliquots of the external solution. Initial
fresh wt of samples was 2 g; final fresh wt was as indicated on rim of
graph. Initial malate level was 117 ,umol g-1 fresh wt. Arrows plus
change of symbols indicate transfer of leaf slices to new solution: slices
kept for the first 60 min in -5 bar ethylene glycol (0) were transferred
to new ethylene glycol solution (O) or to -5 bar mannitol solution (-);
slices kept in -5 bar mannitol from the beginning of the experiment (a)
were transferred twice to fresh mannitol solution (after 60 min: *; after
120 min: A). An experiment similar to that of Figure 1 was also
performed using -5 bar ethylene glycol instead of 0 bar control solution
(unpublished data). Transfer of leaf slices from -5 bar mannitol to -5
bar ethylene glycol 60 min or 120 min after commencement of the
experiment resulted in rapid malate efflux just as shown for transfer to 0
bar control solution in Figure 1.

versa (Figs. 1 and 4). Thus, the efflux of malate depends on the
turgor potential existing at any one time, i.e. transient fluctua-
tions in turgor potential cannot act as a trigger for longer term
changes in malate efflux. In CAM cells the bulk of the malate is
stored in the vacuoles (1, 14, 18); this presents the question of
whether turgor pressure can exert an effect at the tonoplast
(18). Recent investigations by Coster et al. (3) clearly suggest
that turgor can affect membrane processes acting as an absolute
pressure which would also affect the tonoplast. Turgor affects
membranes not merely as a pressure gradient which could exist
only across the plasmalemma and not across the tonoplast.
An effect of the reduced activity of water in solutions of low

water potential on membranes and enzymes in most biological
systems has been considered unlikely by Hsiao (11) for quanti-
tative reasons. This had been previously confirmed experimen-
tally for respiration (8) and protein and sucrose synthesis (7),
but not for processes like solute fluxes through membranes. As
argued above, the present experiments show that malate efflux
from leaf slices of CAM plants is mainly dependent on turgor
rather than on water potential. That the efflux in ethylene
glycol remained somewhat smaller than in the controls may be
due to incomplete penetration of ethylene glycol either in the
bulk of the cells or into all molecular structures of membranes.
Alternatively, low water potentials may have a small effect on
malate efflux.
From inhibitor and kinetic studies (16, 17) we have good

reason to assume that malate efflux is a passive process. Never-
theless, it is of interest whether turgor potential affects metabolic
reactions involved in CAM, as well as malate efflux from the
cells. This can be assessed from the malate degradation in leaf
slices during experiments like that shown in Figures 1, 2, and 4.

Metabolic malate degradation can be calculated as follows:

malateipiiael - (malateend tion + malate einde)

In the light this is about 6 to 9 ,umol hr-' g-' fresh wt, which is
similar to the average rate of about 10 ,.mol hr-' g-' fresh wt
estimated for leaves of intact plants. In the dark this degradation
is less than one-third of that in the light, which appears reason-
able since photosynthetic reactions will utilize malate more
rapidly than mechanisms operating in the dark. There is little
effect on this of mannitol at -5 bar (15), demonstrating that in
contrast to malate efflux metabolism of malate is not affected
by turgor potential.
These responses of malate in CAM leaf slices to water and

turgor potentials are consistent with effects in other species.
Reductions in water potential without concurrent changes in
turgor potential have little or no effect on metabolism (7, 8,
19). Metabolic reactions within the cytoplasm, such as respira-
tion (8) and sucrose and protein synthesis (7) are not affected
appreciably even when turgor as well as water potentials are
lowered. In contrast, turgor potential does affect reactions on
the membrane-cell wall interface, such as ion fluxes (4, 9, 22),
sucrose fluxes (12), urea permeability (5), cell extension (11,
19), and in the present case, malate efflux.
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