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ABSTRACT

Effects of calcium on photosynthesis in sugar beets (Beta
vulgaris L. cv. F58-554H1) were studied by inducing calcium
deficiency and determining changes in CO: uptake by attached
leaves, electron transport, and photophosphorylation by iso-
lated chloroplasts, and CQO: assimilation by ribulose diphos-
phate carboxylase extracts. Calcium deficiency had no signifi-
cant effect on leaf CO: uptake, photoreduction of ferricyanide,
cyclic or noncyclic ATP formation of isolated chloroplasts, or
on ribulose diphosphate carboxylase CO: assimilation, when
the rates were expressed per unit chlorophyll. When expressed
per unit leaf area CO: uptake increased by about 15% in
low calcium leaves. The most noticeable effect of calcium
deficiency was reduction in leaf area: low calcium had no effect
on dark respiratory CO: evolution, on leaf diffusion resistance,
or on mesophyll resistance to CO.. We concluded that only
small amounts of calcium are required for normal photosyn-
thetic activity of sugar beet leaves.

Calcium, as an insoluble salt of pectic acid, may act as a
binding agent in the middle lamella between primary cell walls.
More recently, it has been suggested that Ca may be required
for the maintenance and formation of cellular membranes (9).
Membrane permeability may be increased if there is an in-
sufficient supply of Ca (13, 22). Calcium may be required for
normal root and root hair development (17), cell multiplication
and division (4), carbohydrate translocation (8), protein and
nucleic acid synthesis (6, 15), nitrate uptake and assimilation
(11), and auxin transport (5), and may have some role in
abscission (12).

In view of the postulated role of Ca in cell membranes one
might anticipate an effect of Ca on the structure and function
of such highly membrane-structured organelles as chloroplasts
and mitochondria. Ca deficiency has been shown to damage
chloroplast lamellae (14) and to diminish rates of photosyn-
thesis of isolated chloroplasts (16) and intact leaves (3). How-
ever, Baszynski et al. (2) found photosystem I and photo-
system II activity in corn chloroplasts to be affected very little
by Ca, whereas Repka et al. (14) found Ca deficiency dimin-
ished photosynthetic CO. uptake by only 15%. Calcium de-
ficiency has been shown to affect respiration (3, 6, 24). Further
investigation appears to be necessary to assess more fully the
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extent of the effect of Ca on photosynthesis and respiration.
In the present investigation this has been done by following
changes in the CO, exchange of intact leaves and in the photo-
synthetic activities of isolated chloroplasts and RuDP? carbox-
ylase extracts with the onset of Ca deficiency.

MATERIALS AND METHODS

Plant Culture and Analysis. Sugar beets (Beta vulgaris L. cv.
F58-554H1) were cultured hydroponically in growth chambers
to the 10-leaf stage, 28 days after planting, and Ca deficiency
was induced by reducing the Ca concentration of the culture
solution to one-fifth of that of control plants for 19 days
(experiment I) or 20 days (experiment II). In experiment III
Ca was totally withheld for 21 days. Plants were harvested at
2- or 3-day intervals beginning on the first day of treatment.
Measurements of leaf mineral contents and photosynthetic
activities of isolated chloroplasts and RuDP carboxylase ex-
tracts were carried out at each harvest in all three experiments
but gas exchange parameters were determined only in experi-
ments I and II.

Details of the procedure followed in the culture of plants, in
the determination of gas exchange parameters of individual
attached leaves, and in the estimation of the contents of leaf
minerals are as outlined in earlier papers (18, 19, 21). The
composition of the culture solutions for experiments I and II
(expressed in mmole/l) was: 0.5 Ca(NO,)., 4 NaNO,, 0.5
KH.PO,, 2.5 KNO,, 1 MgSO,, and 0.5 NaCl, and, in mg/1,
0.25 B, 0.25 Mn, 0.025 Zn, 0.01 Cu, and 0.005 Mo. Iron was
added as ferric-sodium ethylene diamine tetraacetate complex
to give 2.5 mg of Fe/l. In experiment III the Ca(NO,). was re-
placed with 1 mmole of NaNO,/l. The culture solution used
for control plants differed in composition in that it contained
2.5 mmole/1 of Ca(NOs), and no NaNO,.

PROCEDURES USED FOR ISOLATED CHLOROPLASTS STUDIES

Sampling. Two or three leaves of one plant were sampled at
each harvest. The gas exchange analysis was usually carried
out on Monday, Wednesday, and Friday of each week while
the leaves for chloroplast studies were harvested Monday
and Wednesday. The leaf chosen for chloroplast study was
comparable to the leaf chosen for gas exchange analysis but
was taken from a different plant; it was the largest (150-300
cm?’ for a control leaf) of the newly expanded apical leaves and
is arbitrarily designated leaf 2. When two leaves were sampled,
the leaf immediately preceding leaf 2 in order of formation was
selected in addition (leaf 1), and when three leaves were
sampled the leaf following leaf 2 was selected (leaf 3).

* Abbreviation: RuDP: ribulose 1, 5-diphosphate.
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Following measurement of leaf area, the leaf was subsampled
for eventual estimation of Chl content and for determination
of RuDP carboxylase activity by taking 20 discs, each 0.5 cm®
in area, at random over the leaf surface (excepting the mid-rib
and main veins). The remaining leaf was separated into two
halves along but excluding the mid-rib. The two halves were
chopped into 1-cm square pieces and mixed, and a 3-g sub-
sample was taken for chloroplast extraction. The remainder of
the leaf was used for determination of mineral content after
drying at 70 C and weighing. All fresh leaf material was stored
on ice in the dark.

Chloroplast Isolation. The 3-g leaf sample was ground in
15 ml of an isotonic preparative solution using a precooled
mortar and pestle and sand. The composition of the preparative
solution was 0.5 M NaCl, 0.01 M ascorbic acid, and 0.04 M
Tricine (the pH was 8.2 at 20 C). After the slurry had been
filtered through a silk filter, it was centrifuged at 200g for 1
min at 0 C to sediment sand and cellular debris. The super-
natant was decanted and the chloroplasts were separated by
centrifugation at 2500g for 1 min. This supernatant was poured
off and the chloroplasts were resuspended in 0.2 ml of ex-
traction mixture with the aid of a stirring rod wrapped in
absorbent cotton and eventually diluted up to a volume of 2
ml. The Chl content of the mixture plus chloroplasts was
quickly determined (see below), adjusted to about 0.5 mg of
Chl/ml, and the photosynthetic activity of the chloroplasts
determined within 1 hr.

Chlorophyll Estimation. One-tenth milliliter of chloroplast
suspension was diluted to 10 ml with 80% acetone, filtered and
the Chl (a + b) absorbance determined at 652 nm by means of
a Beckman DU spectrophotometer according to the method of
Arnon (1). The total Chl content of the leaf was obtained by
grinding 10 leaf discs in a tissue homogenizer with 80%
acetone, diluting to 25 ml, and determining the absorbance as
before.

Noncyclic Photophosphorylation. Chloroplast suspension
(0.05 ml) was pipetted into 0.45 ml of assay solution contained
ina 10 X 75 mm test tube and illuminated at saturating in-
tensities (5000 ft-c) for 4 min at 20 C using two 300 w G.E.
reflector flood lamps. The final reaction medium after addition
of the chloroplast suspension to the assay solution contained
0.1 M Tricine (pH 8.2), 2 mm MgCl,, 2 mm K:H*PO,, 2 mm
ADP, and 4 mMm K;Fe(CN),. Immediately following illumina-
tion, 1 ml of killing mixture (0.6 M Na.SO, in 0.9 M perchloric
acid) was pipetted into the chloroplast suspension. The samples
were stored at 0 C to await estimation of ATP within 24 hr.

Estimation of ATP. Bromine water (0.03 ml) and 1.5 ml of
ammonium molybdate reagent (50 volumes of 4% (w/v)
(NH,)sMo0:0.,-4H.O, 1.2 volumes hexanol, 40 volumes
methanol made up to 100 volumes with H.O) were pipetted
into 1.5 ml of killed chloroplast suspension and mixed. A
0.5-ml aliquot was dried and the total *P (*Pi + *ATP)
counted. The remainder was poured through a treated celite
column (see (7)) to remove the Pi, and a 0.5-ml aliquot of the
solution containing *ATP was dried and counted.

Photoreduction of Ferricyanide. One-tenth milliliter of
chloroplast suspension was pipetted into 0.9 ml of assay solu-
tion, shaken, and transferred into a 2-mm glass cuvette by
syringe. The cuvette was placed in a Beckman Model DU
monochromator which supplied a measuring beam of 420 nm
and which was equipped with a Gilford Model 220 absorbance
measuring attachment. The chloroplasts were illuminated with
monochromatic light of 650 nm from a 1200 w DHT pro-
jection lamp and the change of absorbance which occurred on
photoreduction of the ferricyanide was monitored over a period
of 3 to 6 min. The rate of photoreduction was determined using
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the molar extinction coefficient for ferricyanide,
epo cm™ I mm = 1.02.

For further details of this procedure see McSwain (10).

Cyclic Photophosphorylation. Chloroplast suspension (0.05
ml) was pipetted into 0.45 ml of assay solution on ice and
illuminated at 5000 ft-c for 3 min at 20 C. One milliliter of
killing mixture was then pipetted into each tube and the
samples were stored at O C in the dark. The reaction medium
was the same as for noncyclic photophosphorylation except that
it contained 50 pM phenazine methosulfate in place of the
K.Fe(CN),. ATP was determined as before.

EXTRACTION AND ESTIMATION OF RUDP CARBOXYLASE

A chopped leaf sample of from 150 to 200 mg (10 leaf discs)
was ground with 10 ml of preparative solution in a tissue
homogenizer, centrifuged at 30,000g for 20 min at O C, and the
supernatant containing the enzyme extract collected in a
chilled test tube. The composition of the preparative solution
was 40 mMm tris-HCl, 10 mm MgCl;, 0.25 mm EDTA, 5 mm
sodium ascorbate, and 5 mm dithiothreitol; the pH was ad-
justed to 8 with N KOH. The activity of the RuDP carboxylase
was determined by measuring the rate of assimilation of
H"CO;™ by 0.05 ml of the enzyme extract in the presence of
RuDP contained in 0.35 ml of assay solution over a period
of 5 min at 30 C. The composition of the reaction medium after
addition of the enzyme to the assay solution was 60 mM tris-
HCI (pH 8), 6 mMm MgCl., 0.2 mm EDTA, 0.3 mM RuDP, and
50 mMm NaH"CO, (0.1 uCi/pmole). Enzyme activity was
terminated by addition of 0.1 ml of 6 N acetic acid, and the in-
corporated “C counted in a gas-flow counter.

RESULTS

Leaf Minerals. Five days after the Ca supply was reduced to
one-fifth (referred to here as Ca cut-off), the Ca concentration
of newly unfolded leaves decreased from 650 to 200 meq Ca
kg™ dry weight (Fig. 1). The sodium concentration increased
from about 250 to 650 meq kg™ over the same period (Fig. 1),
which suggests that Na was taken up by the leaf as a substitute
cation for Ca as the supply of Ca became depleted. Sodium,
which in these experiments was supplied at the rate of 4.5 or
5.5 mmole/l, was apparently taken up exclusively since the
concentrations of the other major cations, K and Mg, de-
creased with time (Fig. 1). The concentrations of Mn, Cu, Zn,
and P also decreased with time but the concentration of Fe was
unchanged (Fig. 1). The decreases in leaf nutrient concentra-
tions were probably due to the rapid growth of the plants, the
demand for nutrients outstripping supply both in control and
in Ca-deficient plants. Visible symptoms of Ca deficiency such
as leaf cupping appeared about 8 days after Ca cut-off.

Leaf Chlorophyll. The Chl content per unit leaf area (y, ug
Chl cm™) increased slightly as the leaf Ca concentration (x,
meq Ca kg™) decreased, the regression of y on x (y = 50.6 —
0.017 x, combined data from experiments I and II) being
significant at P = 0.05. One possible explanation of the in-
creased Chl content per unit area of leaf is that low Ca leaves
expanded to smaller areas than control leaves while continuing
to synthesize Chl at high rates. It was apparently not due to
an increase in leaf thickness since the ratio of leaf weight
(fresh or dry weight) to leaf area did not change significantly
with leaf Ca.

CO. Exchange. After reducing the Ca supply to one-fifth,
photosynthetic rates in normal and O.-free air apparently in-
creased to a greater extent in low Ca leaves than in control
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Fi1G. 1. Effects of Ca deficiency on the concentrations of various
elements in the leaf blade. Data are for experiment 1 in which the
supply of Ca was reduced to one-fifth at cut-off. For convenience
the concentrations of Fe, Cu, and Mn are expressed in terms of the
element in its divalent form. Control plants (—Q—).

leaves (Fig. 2A). If the data from experiments I and II are
combined, then a regression of F, or F*, with leaf Ca con-
centration, shows that there was an increase (significant at P =
0.05) in F or F* with decrease in leaf Ca. If, however, the rate
of photosynthesis is expressed per unit Chl instead of per unit
area, the linear regression is not significant. Thus, as there was
an increase in the Chl content per unit area of leaf with de-
crease in leaf Ca, the increases in photosynthetic rate with Ca
deficiency were apparently due to an increased Chl content
per unit area.

As the photosynthetic rate increased following the reduction
in the supply of Ca, so did the light respiration rate, R, (Fig.
2B). There was no significant change in dark respiration, Rp,
following Ca cut-off (Fig. 2B). Mesophyll resistance, r, and
r.*, decreased slightly compared to the control (Fig. 2D),
while leaf diffusion resistance, r;’, decreased in both the control
and Ca-deficient plants (Fig. 2C).

Photosynthetic Activities of Isolated Chloroplasts and of Ex-
tracted RuDP Carboxylase. The rate of photoreduction of
ferricyanide, the rate of formation of ATP by noncyclic photo-
phosphorylation using ferricyanide as electron acceptor, and
the rate of production of ATP in cyclic photophosphorylation
using phenazine methosulfate as catalyst were not changed
significantly with leaf Ca content or with leaf position. There
was, however, considerable variability in measurements from
day to day, the standard deviation being about *+ 20 to 30%
of the mean (Table I). We minimized the problem of day to
day variability by measuring the activities of chloroplasts
isolated from control leaves and Ca-deficient leaves at the same
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Fi1G. 2. Effects of Ca deficiency on various leaf gas exchange
parameters. Data are for experiment 1 in which the Ca supply was
reduced to one-fifth at cut-off. A: Changes in rate of photosynthetic
CO:; uptake in O--free air, F*, and in normal air (21% O.), F; B:
changes in rates of respiratory CO: evolution in the light, R., and
dark, Rp; C: changes in leaf diffusion resistance for water vapor;
ri’; D: changes in COa. mesophyll resistance in O-free air, rn*, and
in normal air, rm. The data for F, F*, and r.” were determined at
35 mw cm™ visible radiation, 25 C, and at an ambient CO. con-
centration of 300 ng cm™. Control plants (—OQ—, —A—).

Table 1. Photosynthetic Activities of Isolated Chloroplasts and
Extracted RuDP Carboxylase

Combined data forexperiments I and II. An analysis of variance
indicated that Ca deficiency had no significant effect on photo-
synthetic activities. The values (with standard deviations) shown
in the table were therefore obtained by averaging the data from
12 leaves of different Ca concentrations in the case of leaf 1 and
leaf 2 and from 4 leaves in the case of leaf 3.

' Photoreduction | Noncyclic ATP lic ATP RuDP
Dhgtoreducton | Nenoyclie ATP | Qylie ATE | carbonpluse
i
umole Fe mg | umole ATP mg | umole ATP mg | umole CO: mg
Chi™! hr1 Chi™! hr? Chl~t hrt Chl™t hr?
Leaf 1 530 + 68 191 + 32 359 + 98 338 £ 51
Leaf2 | 527 &+ 122 | 185 &+ 48 402 + 163 346 + 108
Leaf 3 l 481 + 135 | 193 + 50 386 + 171 319 + 37

time. This procedure was used in experiment III in which we
also withheld all Ca from the culture solution so as to obtain
leaves very low in Ca.

The results of experiment III are shown in Figure 3. Very
low leaf Ca concentrations were obtained, in some instances
less than 5% of the Ca concentrations of control leaves. The
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F1c. 3. Changes in rates of three different types of photosyn-
thetic activity of isolated chloroplasts with leaf blade Ca concen-
tration. Data are expressed relative to the control rates (= 100).

leaves were highly Ca-deficient in appearance; the leaf blade
was severely cupped and very much reduced in size, some of
the leaves being only 12 to 30 cm® in area. Despite these
obvious symptoms of severe Ca deficiency and despite the low
leaf Ca contents, there was no significant decrease at P = 0.05
in the rates of cyclic or noncyclic ATP formation, or in
ferricyanide reduction. However, the data in Figure 3 could
be taken to indicate that photosynthetic activities were be-
ginning to be diminished by low Ca below 100 meq Ca kg™,
even though this trend was not found to be significant.

The rate of CO, assimilation by the chloroplast RuDP
carboxylase extract was about 320 to 350 umoles of CO. mg™
Chl hr?* with CO, (HCO;") supplied in saturating amounts
(Table I). This compares with rates of CO, uptake which were
about 140 to 180 umoles of CO. mg™ Chl hr* at ambient
CO:; levels of 300 ng of CO. cm™ air which are considerably
below saturation. There was no significant effect of leaf
position or leaf Ca content on RuDP carboxylase activity.

DISCUSSION

The surprising feature of these results is that Ca deficiency,
unlike any nutrient element deficiency we have studied, had
no significant effect on photosynthesis when expressed per
unit chlorophyll, no matter how severe the deficiency became.
This applied to photosynthetic CO, uptake rates by intact
attached leaves, the photoreduction of ferricyanide by isolated
(broken) chloroplasts, cyclic anad noncyclic photophosphoryla-
tion by chloroplasts, and CO, assimilation by crude extracts of
RuDP carboxylase. The leaf blade Ca concentration decreased
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from about 1000 to 100 meq Ca kg™ dry matter with no effect
whatever on photosynthetic activities, and some leaves reached
as low as 17, 29, and 38 meq Ca kg™ with areas of 29, 114, and
12 cm?, respectively, and still retained 80 to 90% of the photo-
synthetic activities of the control. The principal effect of Ca
deficiency was on leaf area which was considerably reduced,
the leaves being severely cupped and distorted compared to the
control leaves. The Chl content per unit area was increased
slightly but significantly by Ca deficiency, presumably because
Chl synthesis was less affected by Ca deficiency than leaf ex-
pansion. Ratios of area to leaf blade weight and of leaf fresh
weight to dry weight were not changed by Ca deficiency.

So the effect of Ca on photosynthesis appears to be small
compared to deficiencies of other elements such as phosphorus
(18), manganese (20), or potassium (19). The actual require-
ment for Ca by higher plants for metabolic activities in general
may be relatively small. Faust and Klein (6) showed that 90%
of the Ca could be removed exchangeably from apple tissue
without affecting its metabolism. Wallace et al. (23) found
that if the concentrations of potentially toxic cations such as
Mg, Cu, Fe, Zn, and Sr in the culture solution were kept low,
Ca was needed in only relatively small amounts. In the present
investigation leaves took up only Na in response to depletion
in the external supply of Ca, partly because Na was supplied
in large amounts. Concentrations of other leaf cations, Mg,
Mn, Cu, Fe, and Zn either decreased or did not increase, so
that toxic concentrations of other cations were not taken up in
substitution for Ca as leaves became more Ca-deficient. Thus
the apparent absence of any effect of Ca on photosynthesis
and respiration may be because only small amounts of Ca are
needed for the metabolic activities of sugar beet leaves, and
because the experimental conditions (high Na supply) were
such that other potentially toxic ions were not taken up in
sufficient amounts to affect either photosynthesis or respira-
tion.
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