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Calcium acetate induces calcium uptake
and formation of calcium-oxalate crystals
in isolated leaflets of Gleditsia triacanthos L.

R. Borchert

Department of Physiology and Cell Biology, University of Kansas, Lawrence, KS 66045, USA

Abstract. During treatment of isolated, pecled leaf-
lets of Gleditsia triacanthos with 0.5-2 mM
[*3Calacetate, saturation of the cell-wall free space
with Ca** occurred within 10 min and was fol-
lowed by a period of 6-10 h during which there
was no significant Ca-uptake into the protoplast,
but apoplastic Ca*?* was periodically released into
the medium. Later, Ca®* was absorbed for 3-4 d
at rates of up to 2.2 umol Ca?*-h™!-(g FW)™!
to final concentrations of 350 pmol Ca?*-
(g FW) 1. The distribution of absorbed Ca** be-
tween cell wall, vacuole and Ca-oxalate crystals
was determined during Ca-uptake. Wheras intact,
cut leaflets deposited absorbed Ca?™* as Ca-oxalate
in the crystal cells, peeled leaflets lacking crystal
cells accumulated at least 40-50 pmol-(g FW) !
soluble Ca®* before the absorbed Ca?* was pre-
cipitated as Ca-oxalate. These observations indi-
cate that the mechanisms for the continuous up-
take of Ca?", the synthesis of oxalate and the pre-
cipitation of Ca?" as Ca-oxalate are operational
in the crystal cells of intact leaflets, but not in
the mesophyll cells of peeled leaflets where they
must be induced by exposure to Ca?*. The precipi-
tation of absorbed Ca”** as Ca-oxalate by the crys-
tal cells of isolated Gleditsia leaflets illustrates the
role of these cells in the excretion of surplus Ca?™*
which enters normal, attached leaves with the tran-
spiration stream.

In addition to acetate, only Ca-lactate and Ca-
carbonate lead to Ca-uptake, but at rates well be-
low those observed with Ca-acetate. Other small
organic anions (citrate, glycolate, glyoxalate, ma-
late) and inorganic anions (chloride, nitrate, sul-
fate) did not permit Ca-uptake. Acetate-'*C was
rapidly absorbed during Ca-uptake, but less than
20% was incorporated into Ca-oxalate; the rest
remained mostly in the soluble fraction or was me-
tabolized to CO,. Acetate, as a permeable weak
acid, may enable rapid Ca-uptake by stimulating
proton extrusion at the plasmalemma and by serv-

ing as a counterion during Ca-accumulation in the
vacuole, but is unlikely to function as the principal
substrate for oxalate synthesis.

Key words: Acetate — Calcium uptake — Calcium
oxalate crystals - Crystal-cell induction — Gleditsia.

Introduction

Calcium-oxalate crystals are common in cells and
tissues of higher plants, yet the mechanisms in-
volved in calcium accumulation and crystal forma-
tion, and the role of calcium excretion with respect
to the mineral economy of the whole plant have
received only little attention (see reviews by Arnott
and Pautard 1970; Franceschi and Horner 1980).
In the course of the growing season, the leaflets
of Gleditsia triacanthos L. (honey locust) accumu-
late large quantities of calcium-oxalate crystals in
a highly specific temporal and spatial pattern (Bor-
chert 1984). The time course and pattern of crystal
formation in Gleditsia leaflets indicate that differ-
entiation of crystal-forming cells (crystal cells or
crystal idioblasts) might be induced by high con-
centrations of extracellular Ca?* in the leaf tissues.
When isolated, peeled leaflets of Gleditsia seed-
lings are floated on 0.3-2 mM Ca-acetate, increas-
ing numbers of Ca-oxalate crystals are deposited
in the mesophyll in a characteristic, concentration-
dependent, spatial pattern (Borchert 1985). Crys-
tals are not induced by Ca-chloride or nitrate.
Three phases were identified in the induction of
crystals: an initial period of adaptive aging, during
which Ca?* is not required and crystal induction
is not possible; a 48-h induction period, during
which exposure to 1-2 mM Ca-acetate induces the
differentiation of mesophyll cells into crystal cells;
and crystal growth, which begins 72 h after the
start of crystal-cell induction (Borchert 1985).
Cells of terrestrial plants, like those of all eucar-
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yotic organisms, maintain very low cytoplasmic
concentrations of Ca?* (Marmé and Dieter 1983;
Hepler and Wayne 1985). Elimination of surplus
Ca?*, which enters plants with the water absorbed
by the roots and is left behind when water evapo-
rates in transpiration, must therefore represent a
major physiological problem for these plants. As
inducible sinks for the orderly excretion of surplus
Ca?* in inert form, crystal cells may represent the
solution of this problem and thus play a role in
the plant’s Ca-metabolism which has not been fully
recognized in the past.

In the analysis of Ca-uptake during crystal in-
duction described in this paper, it was found that
acetate and to a lesser extent lactate and carbonate,
but not other anions, facilitated the absorption and
accumulation of relatively large quantities of Ca®™*
by isolated, peeled Gleditsia leaflets.

Material and methods

Experimental material; microscopic observation of Ca-oxalate
crystals. Seedlings of Gleditsia were grown and leaflets were
peeled as described in Borchert (1985). For microscopic obser-
vation and microphotography in polarized light, leaflets were
fixed, destained, and imbedded as also described in Borchert
(1985).

Measurement of Ca-uptake. For short-term (2448 h) measure-
ments of Ca-uptake, peeled leaflets were aged at 25° C for 12
or 24 h under constant illumination (400 mmol-m~2-s™*; fluo-
rescent F40PL Plant Light; General Electric, Cleveland, O.,
USA) on 0.1 mM Ca-acetate (40 leaflets per 10-cm-diameter
Petri dish containing 15 ml solution). Normally, 10 leaflets per
experimental treatment were used. Sets of 10 peeled leaflets
weighed between 36 and 45 mg. The fresh weight of 10 peeled
leaflets was assumed to be 40 mg in all calculations, because
weighing peeled leaflets for each experiment was found to be
impractical, and the leaflets varied not only with respect to
size (fresh weight and leaf area), but also with respect to the
fraction of leaf surface actually pecled. Leaflets were treated
in small (6 cm diameter) disposable plastic Petri dishes contain-
ing 2 or 3 ml experimental solution with 10-10°-15-10° cpm-
ml™! *°Ca (added as CaCl,; Amersham Corporation, Arl-
ington Heights, I1l., USA) and shaken at 100 rpm under contin-
uous light (see above). Two 10-ul aliquots were pipeted at the
indicated times onto 1-cm? pieces of filter paper, which were
then inserted into 3-ml Nalgene Filmware tubes (Nalge Co.,
Rochester, N.Y, USA) containing 1 ml scintillation liquid
(Scintiverse E; Fisher Scientific Co., Fairlawn, N.J., USA).
Samples were counted in a liquid scintillation counter (Packard
Tricarb; United Technologies Packard, Downers Grove, Iil,,
USA). Using a program written in BASIC, the following values
were calculated on a microcomputer for each sampling time
from the disappearance of *3Ca from the experimental solu-
tions: Ca-uptake as pM Ca®* -(10 leaflets)™! and uM Ca’*-
(g FW) ™! (equivalent to the [Ca®*] in mM in the tissue), rate
of Ca-uptake as pmol Ca?*-h~1-(g FW) !, and percent up-
take of *>Ca in the original experiment solution. In each experi-
ment, individual treatments were done in duplicate, and experi-
ments were repeated at least three times. In important experi-
ments, errors were calculated from three or four identical exper-
imental treatments in one experiment.
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For measurement of long-term Ca-uptake (3—6 d), 10 leaf-
lets per experimental group were floated under constant illumi-
nation (see above) on 25-150 ml experimental solution in stop-
pered 125- or 250-ml Erlenmeyer flasks and stirred at 100 rpm
with magnetic stirrers. Two 50-pl aliquots were taken at the
indicated times, added to 1 m! scintillation liquid in 3-ml Nal-
gene Filmware tubes, counted, and evaluated as described
above.

Uptake of [**C]acetate. Methods for uptake of [**Clacetate
(Na-acetate; Amersham Corp.) were identical to those de-
scribed above for Ca-uptake. To determine the release of **CO,
during long-term uptake of acetate, a 3-ml plastic cup contain-
ing 5 cm? filter paper soaked with 0.5 ml 20% KOH (w/v) was
suspended in the air space of a tightly sealed (Parafilm plus
rubber stopper) Erlenmeyer flask; at the end of the experiment,
the filter paper was dried, placed into 5 ml scintillation liquid,
and the radioactivity counted as described above.

Distribution of **Ca and [**C]acetate in tissue fractions. After
the determination of the uptake of Ca2* or acetate, leaflets
were washed for a minimum of 6 h in 10 ml of the washing
solutions described in Results. Aliquots (2 mi) of the washes
and, ultimately, the washed leaflets were added to 4 ml scintilla-
tion liquid and counted in 7-ml scintillation vials as described
above. To verify the formation of Ca-oxalate crystals in the
leaflets during long-term uptake experiments, groups of leaflets
were treated like the corresponding experimental groups, but
without radio isotope, and were examined microscopically as
described in Borchert (1985).

Results

During the experimental induction of calcium oxa-
late crystals in isolated Gleditsia leaflets, crystal
formation was observed to begin 3 d after exposure
of the leaflets to the inductive Ca-solution (Bor-
chert 1985). In the present study, uptake and accu-
mulation of Ca®* during the induction period pre-
ceding crystal formation has been analyzed, but
the criterium for optimum induction remains crys-
tal formation following induction.

Table 1. Calcium-oxalate-crystal formation in peeled Gleditsia
leaflets as a function of Ca-concentration and total available
Ca?" in the experimental solution. Ten leaflets per treatment
were floated for 6 d on variable volumes of Ca-acetate contain-
ing the indicated amounts and concentrations of Ca?*. Scoring
of crystal formation: 0-—no crystals present; 1-few, scattered
crystals; 2-many crystals along the veins, but few in the meso-
phyll; 3—crystals in up to 50% of mesophyll area; 4-mesophyll
densely packed with crystals (see Fig. 1 B)

[Ca%*] Total Ca?* (umol)

2.5 5 10 20
0.25 mM 0-1 1-2 1-2
0.5 mM 0-1 2-3 34 4
1.0 mM 1-2 34 3-4
2.0 mM 3 3-4
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Fig. 1A~-C. Distribution of calcium oxalate crystals in peeled,
cleared Gleditsia leaflets, as seen in polarized light. x 240; bar =
100 pm. A Untreated, partially peeled leaflet with small termi-
nal veins (top) and major vein (bottom). Birefringent guard cells
of stomata and minute calcium oxalate crystals, located in the
lower epidermis, are visible in the unpeeled leaf portion at right.
B Ca-oxalate crystals induced in the palisade parenchyma under
optimum experimental conditions (seec Table 1). C Formation
of many, relatively large Ca-oxalate crystals in the unpeeled
portions of a leaflet (right half including vein) and of relatively
few, small crystals in the peeled portion (lef?)

Optimization of crystal formation. Crystal forma-
tion on small, constant volumes of experimental
solutions of variable [Ca%*'] was observed to be
irregular. Since crystal formation is likely to vary
as a function of both [Ca®*] and total Ca?* in
the medium, crystal formation was determined us-
ing variable volumes of experimental solutions
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Fig. 2. Calcium uptake from 1 mM [*’Ca]acetate by peeled
Gleditsia leaflets during the first 30 min of experimental treat-
ment. Curve A, freshly peeled, 25-d-old leaflets; curve B, freshly
peeled, 45-d-old leaflets. Ten leaflets were placed into 2 ml ex-
perimental solution, two 10-pl aliquots were taken at the indi-
cated intervals, and Ca-uptake was calculated from the disap-
pearance of “°Ca from the experimental solution as described
in Material and methods

(Table 1). Combinations of 0.5-2 mM Ca** and
2pmol Ca?* per leaflet (=50 pumol Ca?*-
(g FW)™ 1) were found to be optimal for crystal
formation (Fig. 1A, B) and were therefore used
in long-term Ca-uptake studies.

Uptake of Ca from Ca-acetate. In measurements
of Ca-uptake by plant tissues, ionic binding of
Ca®* by the negatively charged cell-wall matrix
must be distinguished from Ca-uptake into the
protoplast (Macklon 1984). When placed on 1 mM
Ca-acetate, peeled, aged or non-aged Gleditsia leaf-
lets rapidly absorbed Ca?”* into the cell-wall free
space (Fig. 2). Within 10-12 min [Ca?*] in the tis-
sue reached 15-35 pmol-(g FW)~!. Consistently,
initial Ca-uptake by older leaflets (40-50 d old)
was significantly lower than by young (22-27d
old) leaflets (Fig. 2). In numerous Ca-uptake ex-
periments, [Ca?*] in young leaflets measured 30
or 60 min after initial exposure to *°Ca was in
the range of 20 to 35 pmol-(g FW) ™! (sources of
variability in the experiments are discussed in Ma-
terial and methods), and only Ca-uptake above this
range may therefore be considered as Ca-uptake
into the protoplast.

Uptake of Ca from 0.5 and 2 mM Ca-acetate,
measured at 12-h intervals, was rapid for 3 d and
then began to level off (Fig. 3A: I, II). The maxi-
mum rate of Ca-uptake was 2.2 pmol Ca®*-h~!-
(g FW)~ ! and the final [Ca2?*] in the tissue was
between 250 and 350 umol- (g FW) ™! in all experi-
ments (compare Table 2).

To determine the distribution of absorbed
Ca®* in the leaf cells, the following washes were
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Fig. 3A-D. Long-term Ca-uptake by Gleditsia leaflets (A) and
distribution of absorbed Ca®* in three major cell compartments
(cell-wall, vacuole, Ca-oxalate crystals; B-D). A Uptake of Ca
by peeled leaflets from: I. 0.5 mM Ca-acetate (a———a); IL.
2 mM Ca-acetate (o~——0); III. 2 mM Ca-lactate (e———e); IV.
2mM Ca-chloride (a———a); V. saturated (0.16 mM) Ca-car-
bonate (ob———0). Uptake of Ca was measured with leaflets float-
ing on 25-100 ml stirred solution in 150-or 250-ml Erlenmeyer
flasks. Aliquots of 50 ul were taken at the indicated times, and
Ca-uptake was calculated from the disappearance of *°Ca as
described in Material and methods. B Distribution of *°Ca in
major cell compartments after treatment of peeled Gleditsia
leaflets with 2 mM Ca-acetate for 2-6 d. Leaflets were incu-
bated on *°Ca-solutions as described for A above, sampled
at the indicated days, and washed in the following washes as
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Table 2. Uptake of “*Ca and '#C-acetate by peeled Gleditsia
leaflets during the formation of calcium-oxalate crystals. Data
are the means of five replicates taken after 5d incubation of
10 leaflets on 50 ml 0.5 mM Ca-acetate

45Ca SD 14c SD

Solute uptake 12.9 1.5 31.4 2.8
(umol)

[Solute] in the tissue 3233 36.6 776.4 75.0
(umol)-(g FW)~*

used (Fig. 3B-D): (1) 3 mM Na,-ethylenediamine-
tetraacetate (Na-EDTA), which effectively binds
cell-wall-bound Ca?*, but cannot penetrate the
plasmalemma to chelate soluble Ca?* within the
protoplast; (2) 95% ethanol+ 10 mM Ca-chloride
(to displace **Ca) releases all soluble Ca** from
the various cell compartments by rendering mem-
branes permeable. In view of the quantities of ab-
sorbed Ca’?, it is likely that most soluble Ca?*
is stored in the vacuole; (3) 2 N HCI dissolves Ca-
oxalate crystals and thus releases Ca2* insoluble
in the ethanol wash. Between 83 and 96% of the
previously absorbed “°Ca was recovered in the
washes in most experiments. Throughout the peri-
od of Ca-uptake by peeled leaflets, cell-wall-bound
Ca?* constituted the smallest and, as expected,
rather constant fraction of absorbed Ca?™ ; soluble
Ca?”* increased moderately to 40—-50 pmol Ca?*-
(g FW)~*, but Ca?™ precipitated as Ca-oxalate in-
creased dramatically with time (Fig. 3B).

During peeling of Gleditsia leaflets most crystal
cells located in the bundle sheath of major veins
are removed with the lower epidermis (Fig. 1A).
The number of Ca-sinks in peeled leaflets is thus
significantly reduced until new ones have formed
during experimental induction of crystal cells (Bor-
chert 1985). If Ca-uptake by unpeeled leaflets is
made possible by means of longitudinal cuts with
a razor blade rather than by peeling, the number
of functional Ca-sinks should not be affected and
cut leaflets should effectively convert absorbed
Ca?" to Ca-oxalate in the existing Ca-sinks. Com-
pared with peeled leaflets, Ca-uptake by cut leaflets
was relatively low, and the soluble fraction re-
mained very small — usually below 15 pmol Ca?®™ -

described in Material and methods. Left bars: cell-wall-bound
Ca?*, washed out with 3 mM Na-EDTA. Center bars: soluble
(mostly vacuolar) Ca**, released by 95% ethanol +10 mM Ca-
chloride. Right bars: insoluble Ca?"* (Ca-oxalate) released by
2N HCI+10 mM CaCl,. After this wash, only minute
amounts of Ca?* remained in the leaflets. C Distribution of
Ca in peeled leaflets treated with 2 mM Ca-chloride for 6 d.
D Distribution of Ca in unpeeled leaflets with two parallel,
longitudinal cuts, treated with 2 mM Ca-acetate
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Fig. 4. Uptake of Ca by peeled Gleditsia leaflets from 2 mM
[**Calacetate between 24 and 48 h after peeling. Curve A.
2 mM Ca-acetate (o0—=n); curve B, 2 mM Ca-chloride (0—o).
Leaflets were aged for 24 h on 0.1 mM Ca-acetate, then treated
on 3 ml experimental solution per 10 leaflets. Two 10-ul ali-
quots were taken at the indicated times and Ca-uptake was
calculated as described in Maierial and methods

(g FW) ! — throughout the experiment (Fig. 3D).
The absorbed Ca** was deposited mostly in ex-
isting crystal cells along the veins, where small Ca-
oxalate crystals grew notably during the experi-
mental treatment; only few crystal cells were newly
induced in the palisade parenchyma.

The time course of long-term Ca-uptake as de-
scribed in Fig. 3A indicates that Ca-uptake pro-
ceeds steadily at relatively high rates for several
days. However, measurement of Ca-uptake by
aged and non-aged leaflets at 1- or 2-h intervals
showed that during the first 10 h of treatment with
1 or 2 mM Ca-acctate, periods of Ca-uptake alter-
nated with periods during which a large fraction
of the previously absorbed Ca®* was released into
the experimental solution (Fig. 4). When leaflets
were aged for 24 h and treated with Ca-solutions
in the morning, there was always a moderate re-
lease of Ca®™ between 12:00 and 14:00 h and an
almost complete release of previously absorbed
Ca** during the late afternoon (17:00-19:00 h)
of the leaflets’ first day of exposure to Ca?™*. Leaf-
lets placed on Ca-acetate during the early after-
noon showed only the second period of Ca-release.
Essentially the same time course of Ca-absorption
was observed with leaflets placed on 1 mM Ca-
acetate right after peeling (data not shown). Dur-
ing the following days Ca-uptake from Ca-acetate
proceeded at high, rather constant rates (Fig. 4 A),
but leaflets treated with Ca-chloride eventually re-
leased all previously absorbed Ca** into the medi-
um (Fig. 4B).
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Fig. 5. Distribution of **C absorbed from 0.5 mM Ca-acetate
in various fractions of Gleditsia leaflets after 5 d of experimental
treatment. Bars A-C: acetate-**C located in the cell-wall (4),
in the soluble fraction of the protoplast (mostly vacuole; B),
and in Ca-oxalate (C) (washes as described in Fig. 3B); bar D:
14C remaining in the leaflets after the last wash; bar E, *C
in CO, trapped by KOH in the airspace above the experimental
solution

The role of acetate in the induction of calcium-oxa-
late crystals. Enhancement of Ca-uptake by acetate
(Fig. 3, Table 2) indicates that acetate may make
Ca-uptake possible by serving as a counterion
which permeates the plasmalemma in its proton-
ated form, enters the vacuole, and balances the
charges of Ca?™ accumulating in the vacuole. Ace-
tate might also function as a substrate for oxalate
synthesis, and acetate-'*C should then be incorpo-
rated preferentially into the acid-soluble Ca-oxa-
late fraction. In either case, 2 mol of acetate should
be taken up for each mole of Ca?* absorbed. A
comparison between the uptake of 4°Ca and
['*CJacetate shows that acetate uptake during 5 d
of treatment was approx. 25% higher than the pre-
dicted stoichiometry (Table 2).

The distribution of absorbed *°Ca and acetate-
14C in the various tissue fractions was compared
using the washes described above (Fig. 3B); in ad-
dition, retention of **C in the acid-washed leaflets
and release of '*CO, into the gas phase of the
experimental vessel was determined (Fig. 5). In
contrast to the distribution of “3Ca observed after
treatment with Ca-acetate (Fig. 3B, 6 d), very little
14C was found in the cell-wall fraction, but a major
part remained in the soluble protoplast fraction;
less than 20% !*C was incorporated into Ca-oxa-
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Table 3. Uptake of Ca by peeled Gleditsia leaflets from solutions
of the Ca-salts of various organic and inorganic anions. Leaflets
were aged for 24 h on 0.1 mM Ca-acetate, then placed on
3ml 2mM Ca-solutions adjusted to pH 6.8 with Ca(OH),.
Uptake of “°Ca was measured as described in Material and
methods

Experimental treatment  pmol Ca?t - (gFW) !
after ...
3h 9h 24 h
Organic onions:
A Acetate 36 71 131
B Lactate 39 47 53
C Glycolate 14 14 22
D Glyoxalate 15 14 17
E Citrate 24 13 12
F  Malate 15 8 11
G  Ascorbate 25 20 13
Inorganic anions:
H Chloride 26 10 0
I  Nitrate 15 5 0
J Sulfate 12 4 0
K Ca-uptake by cell walls 20-28

after 30 min

late, but substantial amounts were retained in the
acid-washed leaflets (presumably in starch, suberin
and other polymers synthesized during treatment)
or metabolized to CO,.

Effect of various anions on Ca-uptake. In earlier
work it had been found that formation of Ca-oxa-
late crystals could be induced in peeled Gleditsia
leaflets by Ca-acetate and Ca-carbonate, but not
by inorganic salts such as Ca-chloride, nitrate or
sulfate (Borchert 1985). The effect of various inor-
ganic and small organic anions on Ca-uptake was
therefore studied (Fig. 3, Table 3).

Uptake of significant amounts of Ca** during
the crystal induction phase occurred, in addition
to acetate, only with lactate and carbonate
(Fig. 3A, 111, V); rates of Ca-uptake from solu-
tions of these latter salts were notably lower than
from acetate, and with Ca-carbonate there was a
distinct lag phase before any measurable Ca-up-
take occurred (Fig. 3A, V). Both anions induced
the formation of numerous Ca-oxalate crystals. No
Ca’?" was absorbed from Ca-chloride during the
first 4 d; the small amount of Ca?* taken up dur-
ing days 5 and 6 (Fig. 3A, IV) remained mostly
in the soluble fraction and was not precipitated
as Ca-oxalate (Fig. 3C).

During a 24-h treatment of aged, peeled leaflets
with 2 mM Ca-salts of various small organic acids,
substantial Ca-uptake was observed only with ace-
tate and lactate, whereas virtually no Ca** was
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absorbed into the protoplast from solutions of
other small organic Ca-salts (Table 3A-G); how-
ever, the leaflets retained most of the cell-wall-
bound Ca%* taken up initially (20~28 mM Ca’*).
Calcium propionate was also tested but found to
be toxic to the leaflets. In treatments with inorgan-
ic Ca-salts (Table 3H-J) there was no Ca-uptake
into the protoplast, and wall-bound Ca** was
completely released within 24 h. If leaflets were
transferred to 2 mM Ca-acetate after a 24-h treat-
ment with the above organic or inorganic salts,
Ca-uptake proceded normally on Ca-acetate.

Discussion

Phases of Ca-uptake. The following three phases,
differing in the kinetics of Ca-uptake, could be dis-
tinguished during Ca-uptake by peeled leaflets
from 0.5-2 mM Ca-acetate:

(1) Uptake of Ca** into the cell-wall free space.
Like other plant tissues, young, peeled Gleditsia
leaflets placed on Ca-solutions rapidly absorbed
20-35 umol Ca®™* - (g FW) ! into the cell-wall free
space (Fig. 2; Marré et al., 1982; Demarty et al.
1984). Similar concentrations of negative charges
in the cell-wall have been found in other plant tis-
sues (12 and 16 pmol-(g FW)~1! for beet root tissue
and Atriplex leaf slices, respectively; Liittge and
Higinbotham 1979, p. 94). During the saturation
of cell walls with Ca®*, protons were displaced
and released into the medium, as indicated by a
rapid decline in pH from 6.15 to 5.5 during treat-
ment with unbuffered 1 mM Ca-chloride (data not
shown). .

(2) Induction of the Ca-uptake mechanism. In
other plant tissues, short-term, rapid cation uptake
into the cell-wall free space is normally followed
immediately by a slower, but continuous, active
cation transport into the protoplast (Littge and
Higinbotham 1979, p. 93; Marr¢ et al. 1982). The
kinetics of Ca-uptake into peeled Gleditsia leaflets
differs in two respects from the pattern observed
for cation uptake in other plant tissues: (i) for sev-
eral hours after the initial saturation of the cell-
wall free space with Ca®* there is no measurable
uptake of Ca2* into the protoplast, and (ii) Ca2*
absorbed into the cell-wall is released periodically
during the first 812 h of treatment of freshly
peeled or aged leaflets with 1-2 mM Ca-solutions
(Fig. 4). These observations indicate that certain
components of the mechanism involved in the sub-
sequent long-term uptake of Ca?* into the proto-
plast (Fig. 3) and its storage in the vacuole are
initially not functional, but are induced by the ex-
posure of the leaflets to 1-2 mM Ca?*. Most lik-
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ely, Ca®* released into the medium is displaced
from the cell wall by H* extruded into the cell-wall
space by proton pumps located on the plasmalem-
ma (Liittge and Higinbotham 1979, p. 130; Sze
1985; Romani et al. 1985). In numerous experi-
ments, this release of Ca?" occurred during the
same periods of solar time (12:00-14:00 and
18:00-20:00); Fig. 4), but at different time inter-
vals after the initial exposure of the leaflets to
Ca’™. The periodic activity of proton pumps thus
appears not to be triggered simply by the initial
exposure to Ca?”", but might be also related to
a circadian rhythmicity of ion transport as it is
manifest in the nyctinastic movements of Gleditsia
scedling leaflets and leaves of other leguminous
trees (for a review, see Satter and Galston 1981).

(3) Continuous, long-term Ca-uptake. After the
mechanism for Ca-uptake has become functional,
isolated, peeled, illuminated Gleditsia leaflets are
capable of absorbing Ca®™* at relatively high rates
and of concentrating the absorbed Ca?* more than
500-fold. These observations are in contrast with
the widely held notion, based mostly on studies
of Ca-uptake by isolated roots (Macklon 1984),
that plant cells absorb Ca?* only slowly and in
small quantities.

Precipitation of absorbed Ca** as Ca-oxalate. If
crystal cells are efficient sinks for surplus soluble
Ca?™ as postulated in the Introduction, then Ca*™*
taken up during experimental treatment of plant
tissues containing crystal cells should be rapidly
precipitated in these cells as Ca-oxalate. In agree-
ment with this prediction, Ca®* absorbed by iso-
lated, unpeeled, but longitudinally cut Gleditsia
leaflets was mostly precipitated as Ca-oxalate, and
the content in cell-wall-bound and soluble (vacuo-
lar ) Ca®?* remained low throughout the treatment
period (Fig. 3D). In peeled Gleditsia leaflets, from
which crystal cells have been removed during peel-
ing (Fig. 1A), Ca®?* had been found earlier to ac-
cumulate in soluble form for 3 d before Ca-oxalate
crystals became visible (Borchert 1985). Contrary
to these observations, during treatment of peeled
leaflets with Ca-acetate, there was a progressive
accumulation of Ca-oxalate well before new crys-
tals had appeared (Fig. 3B, 24 d), but leaflets also
accumulated 40-50 pmol- (g FW)~! soluble Ca?*
(Fig. 3B). Thesec data reflect the fact that actually
in “peeled” leaflets variable portions (10-30%) re-
main unpeeled and thus contain crystal cells capa-
ble of precipitating absorbed Ca®* (Fig. 1C). The
observed concentrations of soluble, most likely va-
cuolar, Ca2?* are much higher than values reported
for other plant tissues such as onion roots (2 mM;
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Macklon 1984) and various leaves (2-22 mM;
Jeschke 1976).

The accumulation of substantial quantities of
soluble vacuolar Ca2* during Ca-uptake into leaf
tissues lacking functional Ca-sinks in the form of
crystal cells implies that oxalate is not available
in these tissues to precipitate Ca?* and that oxa-
late synthesis may be confined to functional crystal
cells. Also, it is unlikely that acetate enhances Ca-
uptake by functioning as a specific substrate for
oxalate biosynthesis, because the period of maxi-
mum uptake of Ca?* and acetate preceded maxi-
mum oxalate synthesis by a day or two (Fig. 3)
and less than 20% of the absorbed acetate-!*C
was incorporated into oxalate (Fig. 5).

The role of anions in Ca-uptake. The accumulation
of large quantities of soluble Ca?* in the vacuoles
of mesophyll cells must be accompanied by the
uptake of counterions balancing the positive
charges of Ca**. The marked enhancement of Ca-
uptake by acetate compared with other anions (Ta-
ble 3), indicates that acetate may stimulate Ca-up-
take because of its nature as a permeant, weak
acid. In several recent studies (Brummer et al.
1984; Hager and Moser 1985; Romani et al. 1985)
the uptake of weak permeant acids or their esters
was observed to cause hyperpolarization of the
plasmamembrane and an increase in K *-uptake,
presumably by stimulating the plasmalemma pro-
ton pumps through lowering the cytoplasmic pH.
Also, the uptake of divalent cations (not including
Ca?*) followed an electrochemical gradient and
was balanced by the efflux of cations, mostly pro-
tons (Marré et al. 1982). Like other weak acids,
acetate is likely to stimulate plasmalemma H™*-
transfer ATPases which establish an electrochemi-
cal gradient enhancing entry of Ca*™ into the cyto-
sol, but acetate may also serve as a readily avail-
able counterion balancing the charges of Ca** ac-
cumulating in the vacuole or as a substrate for
the synthesis of malate, the counterion commonly
produced by plant cells during cation accumula-
tion (Liittge and Higinbotham 1979, p. 136).

Like acetate, carbonate induces optimum crys-
tal formation and stimulates long-term Ca-uptake
(Fig. 3A), probably by serving as a substrate for
the synthesis of malate. Lactate should enhance
Ca-uptake for the same reasons as acetate, al-
though to a lesser extent because of its larger size
and less lipophilic character. Dicarboxylic acids
such as malate and citrate are not fully protonated
at biological pH and thus, as charged molecules,
cross the plasmalemma only slowly. For example,
citrate (3 mM, pH 4.5) acidified the cytosol of
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maize coleoptile cells noticeably less than acetate
(Brummer et al. 1984). Glycolate, glyoxalate and
ascorbate, selected for testing because they are
known precursors in the biosynthesis of oxalate,
were likewise unable to support Ca-uptake (Ta-
ble 3).

The complete release of cell-wall-bound Ca®™
into the medium during treatment with inorganic
anions (Fig. 4B; Table 2 H-K) must reflect the re-
lease of protons into the cell wall, as it has been
frequently observed during uptake of surplus ca-
tions (Liittge and Higinbotham 1979, p. 137).
However, in my study, proton release was not pre-
ceded or accompanied by a measurable Ca-uptake
into the protoplast and occurred in the presence
of small, permeable anions, indicating other causes
for the inferred proton release than proton/cation
exchange. Several divalent cations (Co?*, Mn?*,
Ni?*, Zn%*) were found to be absorbed from a
2 mM sulfate solution into excised corn roots, but
Ca?* was not absorbed (Marré et al. 1982), just
as it was not taken up by peeled Gleditsia leaflets
from Ca-sulfate (Table 3). The observed resump-
tion of rapid Ca-uptake upon transfer of leaflets
from sulfate and other non-stimulating anions to
Ca-acetate indicates that these anions are not toxic
to the tissue, but merely fail to facilitate Ca-up-
take; this explains the earlier observation that
these anions, unlike acetate and carbonate, do not
induce the formation of crystal cells in isolated
Gleditsia leaflets (Borchert 1985).

The role and differentiation of crystal cells. The for-
mation of Ca-oxalate crystals in plant tissues has
been studied for many years (for a review, see
Franceschi and Horner 1980), but information
concerning the function of these crystals remains
scarce. In this study it has been demonstrated that
crystal cells act as Ca-sinks and enable plant tissues
to deposit surplus Ca?* absorbed under experi-
mental — and, implicitly, natural — conditions as
Ca-oxalate and to maintain relatively low concen-
trations of soluble Ca®” in the apoplast and va-
cuoles of the tissue. If the capacity of existing Ca-
sinks is insufficient to precipitate most apoplastic
Ca?", the tissue content in soluble Ca?* will rise
and new crystal cells are induced (Fig. 3C; Bor-
chert 1985). The preliminary evidence presented
here indicates that differentiation of crystal cells
involves the induction of mechanisms for the trans-
port of Ca®* across plasmalemma and tonoplast
into the vacuole, the synthesis of organic counter-
ions required for storage of soluble Ca2* in the
vacuole, and, lastly, the induction of oxalate syn-
thesis. Both Ca-uptake and the synthesis of organic

R. Borchert: Calcium-uptake by isolated Gleditsia leaflets

counterions and oxalate depend on an adequate
supply of light energy and photosynthetic prod-
ucts. It should thus come to no surprise that uptake
and precipitation of relatively large quantities of
Ca?™" is possible in isolated, illuminated leaflets,
but apparently not in non-photosynthetic organs
such as roots (Macklon 1984).

The reliable technical help by Russell Beardall and support
by the University of Kansas General Research Fund and a
Biomedical Support Grant are gratefully acknowledged.

References

Arnott, H.J., Pautard, F.G.E. (1970) Calcification in plants.
In: Biological calcification. Cellular and molecular aspects,
pp. 375-440, Schraer, H., ed. Appleton-Century-Crafts,
New York

Borchert, R. (1984) Functional anatomy of the calcium-excret-
ing system of Gleditsia triacanthos L. Bot. Gaz. 145, 184-195

Borchert, R. (1985) Calcium-induced pattern of calcium oxalate
crystals in isolated leaflets of Gleditsia triacanthos 1. and
Albizia julibrissin Durazz. Planta 165, 301-310

Brummer, B., Felle, H., Parish, R.W. (1984) Evidence that acid
solutions induce plant cell elongation by acidifying the cyto-
sal and stimulating the proton pump. FEBS Lett. 174,
223-227

Demarty, M., Morvan, C., Thellier, M. (1984) Calcium and
the cell-wall. Plant Cell Environ. 7, 441-448

Franceschi, V.R., Horner, H.T. (1980) Calcium oxalate in
plants. Bot. Rev. 4, 361-427

Hager, A., Moser, 1. (1985) Acetic acid esters and permeable
weak acids induce active proton extrusion and extension
growth of coleoptile segments by lowering the cytoplasmic
pH. Planta 163, 391-400

Hepler, P.K., Wayne, R.O. (1985) Calcium and plant develop-
ment. Annu. Rev. Plant Physiol. 36, 397-439

Jeschke, W.D. (1976) Ionic relations of leaf cells. In: Encyclope-
dia of plant physiology N.S., vol. 2B; Transport in plants:
Tissue and organs. pp. 160-194, Liittge, U., Pitman, M.G.,
eds. Springer, Berlin Heidelberg New York

Liittge, U., Higinbotham, N. (1979) Transport in plants.
Springer, Berlin Heidelberg New York

Macklon, A.E.S. (1984) Calcium fluxes in plasmalemma and
tonoplast: review. Plant Cell Environ. 7, 407414

Marmé, D., Dieter, P. (1983) Role of Ca?" and calmodulin
in plants. In: Calcium and cell function, vol. 4, pp. 263-311,
Cheung, W.Y., ed. Academic Press, New York London

Marré, M.T., Romani, G., Cocucci, M., Moloney, M.M.,
Marre, E. (1982) Divalent cation influx, depolarization of
the transmembrane electric potential and proton extrusion
in maize root segments. In: Plasmalemma and tonoplast:
their function in the plant cell, pp. 3-13, Marmé, D., Marré,
E., Hertel, R., eds. Elsevier Biomedical Press, Amsterdam

Romani, G., Marré, M.T., Bellando, M., Alloatti, G., Marré,
E. (1985) H* extrusion and potassium uptake associated
with potential hyperpolarization in maize and wheat root
segments treated with permeant weak acids. Plant Physiol.
79, 734-739

Satter, R.L., Galston, A.W. (1981) Mechanism of contro! of
leaf movements. Annu. Rev. Plant Physiol. 32, 83-110

Sze, H. (1985) H*-translocating ATPases: advances using
membrane vesicles. Annu. Rev. Plant Physiol. 36, 175-208

Received 13 February; accepted 21 April 1986



