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ABSTRACT

Sunflower (Helianthus annuus L. cv Asmer) and maize (Zea
mays L. cv Eta) plants were grown under controlled environmental
conditions with a nutrient solution containing 0, 0.5, or 10 milli-
molar inorganic phosphate. Phosphate-deficient leaves had lower
photosynthetic rates at ambient and saturating CO2 and much
smaller carboxylation efficiencies than those of plants grown with
ample phosphate. In addition, phosphate-deficient leaves con-
tained smaller quantities of total soluble proteins and nbulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco) per unit
area, although the relative proportions of these components re-
mained unchanged. The specific activity of Rubisco (estimated
in the crude extracts of leaves) was significantly reduced by
phosphate deficiency in sunflower but not in maize. Thus, there
was a strong dependence of carboxylation efficiency and C02-
saturated photosynthetic rate on Rubisco activity only in sun-
flower. Phosphate deficiency decreased the 3-phosphoglycerate
and ribulose-1,5-bisphosphate (RuBP) contents of the leaf in both
species. The ratio of 3-phosphoglycerate to RuBP decreased in
sunflower but increased in maize with phosphate deficiency. The
calculated concentrations of RuBP and RuBP-binding sites in the
chloroplast stroma decreased markedly with phosphate defi-
ciency. The ratio of the stromal concentration of RuBP to that of
RuBP-binding sites decreased in sunflower but was not affected
in maize with phosphate deficiency. We suggest that a decrease
in this ratio made the RuBP-binding sites more vulnerable to
blockage or inactivation by tight-binding metabolites/inhibitors,
causing a decrease in the initial specific activity of Rubisco in the
crude extract from phosphate-deficient sunflower leaves. How-
ever, the decrease in Rubisco specific activity was much less
than the decrease in the RuBP content in the leaf and its concen-
tration in the stroma. A large ratio of RuBP to RuBP-binding sites
may have maintained the Rubisco-specific activity in phosphate-
deficient maize leaves. We conclude that the effect of phosphate
deficiency is more on RuBP regeneration than on Rubisco activity
in both sunflower and maize.

plants was due to inhibition of nonstomatal processes rather
than to stomatal factors despite a decrease in stomatal con-
ductance. The carboxylation efficiency and the apparent
quantum yield for CO2 assimilation were two parameters
strongly affected by phosphate deficiency, leading to an in-
crease in the relative mesophyll limitation of photosynthetic
rate. Similar effects on carboxylation efficiency and quantum
yield in phosphate-deficient leaves of spinach, soybean, and
sugar beet have been observed in other studies (4, 11, 19).
Under conditions of a nonlimiting supply of RuBP, the

amount and specific activity of Rubisco determine carboxyl-
ation efficiency (24), defined as the initial slope of the curve
relating A to C1, i.e. dA/dCj when A = 0 (10). Phosphate-
deficient leaves produce smaller amounts of RuBP and Rub-
isco (4, 19), and the Rubisco has a lower specific activity ( 11)
than do leaves grown with adequate phosphate. Low specific
activity may be a direct result ofphosphate deficiency because
Pi ions are known to activate many Calvin cycle enzymes.
For example, Parry et al. (16) showed that Pi is required for
the full activation of Rubisco in vitro, probably by facilitating
carbamylation of Rubisco (6). However, Rao et al. (18) re-
ported that the effect of phosphate deficiency on photosyn-
thetic rate acted through RuBP regeneration rather than Rub-
isco activity. Assessment of the regulation of photosynthesis
in phosphate-deficient leaves, therefore, requires understand-
ing of the carboxylation reaction and the autocatalytic Calvin
cycle.
Both ATP and NADPH, which are products of the light-

driven reactions ofthe thylakoids and are required by different
reactions ofthe Calvin cycle, affect the synthesis ofRuBP and
thus influence the rate of carboxylation as do the amount and
activity of Rubisco. In the present investigation, we analyzed
the relative importance of Rubisco activity and RuBP regen-
eration as causes of the reduced carboxylation efficiency of
sunflower and maize plants grown under continuous phos-
phate deficiency.

In a previous study (7), we showed that the decrease in A'
by leaves of phosphate-deficient sunflower, maize, and wheat

' Abbreviations: A, net CO2 assimilation rate; RuBP, ribulose-l,5-
bisphosphate; C1, leaf internal CO2 partial pressure; Ama, C02-satu-
rated photosynthetic rate; 3PGA, 3-phosphoglycerate.

MATERIALS AND METHODS

Sunflower (Helianthus annuus L. cv Asmer) and maize
(Zea mays L. cv Eta) were grown under controlled environ-
mental conditions in plastic pots containing washed sand, as
previously described (7). After germination, the plants were
irrigated daily with modified nutrient solution that contained
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0, 0.5, or 10 mm Pi. The flux of photosynthetically active
radiation (400-700 nm) was 350 to 400 umol quanta m-2 s51
for 16 h a day, RH 75 to 85%, and air temperature 22°C day
and 20°C night. Measurements were made on the third, fully
expanded leaf.

Gas Exchange

A, by intact leaves, was determined as described by Lawlor
et al. (12) using an open gas exchange system at saturating
light intensity (1200 ,.umol quanta m-2 s-'). The response of
A to Ci was measured and an asymptotic function fitted
because it gave high R2 values (7). There was no evidence of
"stomatal patchiness" in leaves of sunflower (7) or soybean
(1 1) plants grown with different levels of phosphate nutrition.
Therefore, carboxylation efficiency (10) was calculated by
taking the first order differential dA/dCi at A = 0. Amax was
calculated from the A * Ci response function.

Protein and Rubisco Assay

After the gas exchange rates were measured at an ambient
CO2 concentration of 35 Pa, the leaves (which had been
illuminated for at least 2 h) were immediately freeze clamped
(12). The Rubisco was extracted at 0 to 4°C from a known
area of leaf in 4 mL of a buffer (100 mM Bicine-NaOH [pH
8.0], 20 mM MgCl2, 1 mm EDTA [sodium salt], 50 mM
mercaptoethanol, two to three drops 40 mM PMSF, and 0.02
g acid-washed PVP) and assayed according to the method of
Joseph et al. (8). The initial specific activity of Rubisco was
determined immediately from the amount of 14C fixed into
acid-stable products as described by Lorimer et al. (14). The
reaction was carried out for 45 s in a stoppered 02 electrode
vessel (Hansatech Ltd, Kings Lynn, U.K.) containing the
assay medium (100 mM Bicine, 20 mM MgCl2, 0.33 mM

RuBP, and 10 mm NaH'4C03 [1.85 MBq mL-']), at 25°C. At
the end of 30 and 45 s, 100 uL of the reaction mixture was

taken and rapidly injected into a scintillation vial containing
300 AL 4 N HCI. To measure the total carboxylase activity of
Rubisco, the extract was preincubated in the assay medium
containing no RuBP but with or without 10 mm Pi before
adding RuBP to start the reaction (16). The preincubation
was done at two different temperatures (25 and 40°C) and for
two different durations (4 or 30 min) with the objective of
activating Rubisco by facilitating the carbamylation of the
RuBP-binding sites before actually starting the assay. An
aliquot of the crude extract was used to determine both the
total soluble proteins (3) and the amount of Rubisco, the

latter by separating the subunits on a 15% SDS-PAGE based
on the modified method of Servaites et al. (21). Freeze-dried
purified Rubisco from sunflower and maize leaves was used
as standards.

Determination of RuBP and 3PGA

RuBP and 3PGA were extracted in 3% (v/v) perchloric
acid from leaf samples freeze clamped immediately after gas

exchange measurements. The amount of RuBP was deter-
mined by 14C incorporation into acid-stable products using
purified Rubisco and H4CO3- as described by Badger et al.
(2). The reaction was carried out in 625 AL total volume
containing 500 AL assay medium (100 mm Bicine-KOH [pH
8.2], 20 mm MgC12, 14 mm NaH"4CO3 [1.85 MBq mL-']), 25
AL purified and activated Rubisco (50 jig), and 100 AL extract.
Replicated assays were run at 25°C for 1 h and terminated by
adding 1 mL of 4 N HC1. The radioactivity incorporated into
acid-stable products was then determined as described earlier
(14). 3PGA was determined according to the method ofUsuda
(23). The reaction was run in a total volume of 1025 AL
containing 625 AL assay medium (60 mm Hepes [pH 8.0], 20
mM MgCl2, 0.2 mm NADH, 5 mm ATP, 5 mM phosphocrea-
tine, 10 units creatine phosphokinase [EC 2.7.3.2.], 5 units
NAD-glucose-3-phosphate dehydrogenase [EC 1.2.1.12], and
5 units PGA-kinase [EC 2.7.2.3.]) and 400 ALL extract. The
recovery of the above two metabolites was >80%. The data
are not corrected for recovery.

Leaf Chi and Pi Contents

LeafChl was determined according to the method ofArnon
(1) and Pi according to the method of Kitson and Mellon (9).

RESULTS

Gas Exchange

Leaves of plants grown without Pi had significantly smaller
A at ambient and saturating CO2 partial pressures than did
those grown with 10 mm Pi when measured at saturating light
intensity (Table I). In sunflower, A decreased by about 82%
and Amax by 80% and in maize A was reduced by 86% and
Amax by 83% with phosphate deficiency. Phosphate deficiency
markedly decreased the carboxylation efficiency also (Table
I); the reduction was 62% in sunflower and 79% in maize.

Table I. Photosynthetic A at Ambient C02 (35 Pa), Am,,, and the Carboxylation Efficiency (dA/dC) of
Sunflower and Maize Plants Grown with 10, 0.5, or 0 mM Pi

[Pi] in the Sunflower Maize
Nutrient Solution A Amax dA/dC, A Amax dA/dC1

mM 'UmoIm-2 S-1 pmol m-2 s-1 Pa-' pMol m-2 s-1 pmno/ m-2 s-' Pa-'
10.0 28.2 41.2 2.09 23.7 26.2 7.81
0.5 15.3 26.5 1.03 14.1 15.1 4.03
0.0 5.2 8.4 0.79 3.2 4.5 1.66

LSD(p=o.05) 3.7 4.1 0.21 2.8 2.6 0.63
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Soluble Proteins and Rubisco

The [Pi] in the leaf water was calculated from simultaneous
measurements of Pi and leaf water content (7). The lower the
concentration of phosphate supplied in the nutrient solution,
the lower the calculated [Pi] in the leaf water. Low [Pi] gave
smaller amounts of total leaf soluble proteins and Rubisco
(Fig. 1, A and B); however, the proportion of protein as

Rubisco remained relatively unchanged at 40 to 44% in
sunflower and 34 to 37% in maize (Fig. IC).
The initial specific activity of Rubisco extracted from the

two species grown with three different levels of phosphate
nutrition is shown in Table II. The lower the [Pi] in the
nutrient solution, the lower the initial specific activity of
sunflower Rubisco. However, there was no effect of Pi nutri-
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Figure 1. The relation between [Pi] in leaf water and the total soluble
proteins (A) and Rubisco content (B) and the percentage of total
soluble protein as Rubisco (C) in sunflower (0) and maize (X). Bars,
LSD between mean values for each species at P = 0.05.

Table II. Initial Specific Activity of Rubisco in Crude Extracts from
Leaves of Sunflower and Maize Plants Grown with 10, 0.5, and 0
mM Pi and the Effect on the Total Activity of Incubating Crude
Extracts with Mg2+ and HCO3- for Different Periods at 250C

Total Activity after
[Pi] in the Nutrient Initial Specific Preincubating at 250C for

Solution Activity
20 min 40 min

mM MmoI C02 mg-' Rubisco min-'
Sunflower

10.0 1.22 1.06 (13)a 0.95 (22)
0.5 0.98 0.95 (3) 0.72 (27)
0.0 0.79 0.35 (56) 0.31 (61)

LSD(p=o05) 0.13 0.12 0.15

Maize
10.0 1.15 1.09 (5) 1.06 (8)
0.5 1.05 0.89 (15) 0.67 (36)
0.0 1.02 0.99 (3) 0.92 (10)

LSD(p=0.05) NSb NS 0.21
a Figures in parentheses indicate percentage of reduction from the

initial specific activity. b Not significant at P = 0.05.

tion on the initial specific activity of Rubisco from maize
leaves.
The effect of preincubating the crude extracts of Rubisco

at 25°C with Mg2> and H'4CO3 on the total activity is also
given in Table II. Preincubation for 20 or 40 min considerably
reduced the total activity of Rubisco from sunflower com-
pared with the initial specific activity. The reduction was most
prominent with the phosphate-deficient treatment; after 20
min, total activity was 56% less than the initial specific activity
with the phosphate-deficient treatment but only 13% less with
the phosphate-sufficient treatment. Changes in total activity
with time and phosphate treatment were less marked in maize.
The total activity of Rubisco extracted from sunflower

decreased with the temperature of preincubation, independ-
ently of the phosphate treatment (Table III). The higher the

Table Ill. Initial Specific Activity of Rubisco in Crude Extracts of
Leaves from Sunflower and Maize Plants Grown with 10 or 0 mM Pi
and the Effects of Temperature of Incubation of Crude Extracts with
Mg2+ and HCO3- on the Total Activity

Total Activity at the End
[Pi] in the Nutrient Initial Specific of 30 min Preincubation at

Solution Activity
250C 400C

mM JmoI C02 mg-' Rubisco min-'

Sunflower
10.0 1.61 1.27 (21)0 0.84 (48)
0.0 0.62 0.51 (18) 0.35 (44)

LSD(P=0.05) 0.41 0.38 0.33

Maize
10.0 0.99 0.96 (3) 0.91 (8)
0.0 1.00 0.99 (1) 0.99 (1)

LSD(P=0.05) NSb NS NS
a Figures in parentheses indicate percentage of reduction from the

initial specific activity. b Not significant at P = 0.05.
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temperature of preincubation, the greater the reduction in
total activity in sunflower. However, total activity of Rubisco
from maize did not vary with the temperature of preincuba-
tion (25 or 40C). The amount of Rubisco in the crude extract
from both species, detected after separation by SDS-PAGE,
remained unchanged after preincubation at 25 or 40°C for 30
min (Table IV).
The effect of 4-min activation with 10 mM Pi in the prein-

cubation medium on the total activity of Rubisco is given in
Table V. With Pi, total activity increased by 20% in leaves of
phosphate-sufficient sunflower plants, but without Pi, it in-
creased by only 14%. In the sunflower leaves grown with low
phosphate, total activity decreased after 4 min of preincuba-
tion independently of Pi. In maize, total activity of Rubisco
extracted from phosphate-deficient leaves was significantly
reduced, particularly when Pi was present in the incubation
medium. Including Pi in the assay medium did not affect the
total activity of Rubisco in phosphate-sufficient maize leaves;
however, when no Pi was present in the incubation medium,
total activity was significantly increased in Pi-sufficient maize
leaves.
The carboxylase activity has been related to the gas ex-

change characteristics. In sunflower, both dA/dC1 and Am.
were strongly correlated with the initial specific activity of
Rubisco (Fig. 2A). From the initial specific activity and
amount ofRubisco per unit leaf area, the expected maximum
carboxylase activity ofthe leafwas estimated. This was always
higher than the observed Ama., but there was clearly a positive
relation between them in both sunflower and maize (Fig. 2B).

RuBP and 3PGA

There was less RuBP and 3PGA in the leaf with decreases
in [Pi] in both species (Fig. 3, A and B). In sunflower leaves,
3PGA content decreased 4.7-fold and RuBP 4.3-fold, thus
decreasing the ratio of 3PGA to RuBP (Fig. 3C) when [Pi]

Table IV. Rubisco Content of Crude Extracts from Leaves of
Sunflower and Maize Plants Grown with 10 or 0 mM Pi Immediately
after Extraction and after Incubation with Mg2+ and HC03- at 250C
and 400C for 30 min

Amount of Rubisco in the Extract

[Pi] in the Nutrient Solution Immediately after preincubation
extraction

at 250C at 400C
mM g Rubisco pL-'

Sunflower
10.0 0.83 0.79 0.83
0.0 0.48 0.48 0.45

LSD(p.0.05)
Pi nutrition = 0.32 Temperature (NS)"

Maize
10.0 0.42 0.40 0.46
0.0 0.21 0.19 0.16

LSD(P=O.o5)
Pi nutrition = 0.19 Temperature (NS)
a Not significant at P = 0.05.

Table V. Initial Specific Activity of Rubisco in Crude Extracts from
Leaves of Sunflower and Maize Plants Grown with 10, 0.5, or 0 mM
Pi and the Effect on the Total Activity of Incubation with Mg2+,
HCO3-, and Pi

Total Activity 4 min after
[Pi] in the Nutrient Initial Specific Preincubating at 25°C with

Solution Activity
10 mM Pi O mM Pi

mM pMol CO2 mg-' Rubisco min-'
Sunflower

10.0 0.93 1.12 (+20)8 1.06 (+14)
0.5 0.80 0.74 (-8) 0.64 (-20)
0.0 0.42 0.39 (-7) 0.39 (-7)

LSD(p=0.05) (Pi nutrition) = 0.26. Presence of Pi in the acti-
vation mixture (NS)b

Maize
10.0 1.08 1.06 (-2) 1.39 (+29)
0.5 1.16 1.09 (-6) 1.42 (+22)
0.0 1.00 0.79 (-22) 0.88 (-12)

LSD(p=o.05) (Pi nutrition) = 0.24. Presence of Pi in the extract
= 0.24

a Figures in parentheses indicate percentage of decrease (-) or
increase (+) from the initial activity. b Not significant at P = 0.05.

decreased from 5.1 to 1.2 mM. In maize, 3PGA decreased 2.9-
fold and RuBP 4.1-fold when [Pi] decreased from 4.5 to 1
mM. This increased the 3PGA/RuBP ratio at low [Pi] in
maize (Fig. 3C). The ratio was always higher in maize than
in sunflower.
The concentration of RuBP-binding sites in the stroma was

calculated from the amounts of Rubisco and total Chl per
unit leafarea, based on the relation between volume ofstroma
and Chl content of 30 ,L/mg Chl (2, 15) and assuming a
molecular mass of 555 kD for Rubisco and eight RuBP-
binding sites per molecule. The concentration of RuBP-bind-
ing sites in the stroma decreased with decreasing [Pi] in both
species (Fig. 4A). Between the highest and the lowest [Pi], the
stromal concentration of RuBP-binding sites decreased about
1.5-fold in sunflower and 2.3-fold in maize. Similarly, the
stromal concentration of RuBP was calculated. In sunflower,
RuBP concentration in the stroma decreased by 2.7-fold and
in maize by 2.6-fold (Fig. 4B) between the highest and lowest
[Pi]. The ratio of RuBP to RuBP-binding sites was smaller in
sunflower than in maize (Fig. 4C), and this ratio decreased
with Pi deficiency in the former but not in the latter.

DISCUSSION

The A Ci-response curve has an initial linear phase when
Ci is small and A is considered to be limited by the activity of
Rubisco. The slope at A = 0 has been called the carboxylation
efficiency (10). This is followed by a curvilinear phase ap-
proaching an asymptote at higher Ci, when the CO2 supply
exceeds the capacity of the photosynthetic system to provide
RuBP which limits carboxylation (5). Phosphate-deficient
sunflower and maize leaves had low photosynthetic rates and
small carboxylation efficiency (Table I). Similar observations
were reported in different species (4, 11, 19), yet the reason
for the decrease is not clear; it may be related to the smaller
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amount and specific activity ofRubisco (1 1), to the decreased
rate of synthesis or pool size of RuBP (18), or to slower
transport of assimilates out of, or decreased Pi flux into,
chloroplasts (13).
The amount and specific activity of Rubisco and the avail-

ability of RuBP affect carboxylation efficiency and thus the
photosynthetic rate, and all were strongly decreased by inad-
equate Pi nutrition. There was less soluble protein and Rub-
isco in the leaves of the plants grown in low Pi (Fig. 1, A and
B), but their proportion remained unaltered in both sunflower
and maize (Fig. IC), suggesting that similar control mecha-
nisms operated during growth despite differences in Pi supply.
A decrease in the leaf soluble proteins and amount and
specific activity of Rubisco in leaves of soybean grown with
inadequate Pi was reported by Lauer et al. (1 1). They found
the ratio of Rubisco to soluble protein to be constant (34%)
during different Pi treatments, as we have found in our studies
(Fig. IC). Similar observations were made by Brooks (4), but
Rao and Terry (19) reported an increase in the leaf protein
content. The initial specific activity of Rubisco was signifi-

cantly lower in Pi-deficient sunflower but not in maize plants
(Table II). Hence, there was a strong relation among carbox-
ylation efficiency, Amax, and the initial specific activity of
Rubisco in sunflower (Fig. 2A), suggesting that reduced Rub-
isco activity was a cause of the reduction in photosynthetic
rate with Pi deficiency in sunflower. However, Rao and Terry
(19) found only a slight decrease in the activity of Rubisco in
sugar beet plants grown in low Pi.
The relation between Am. and the calculated maximum

carboxylase activity of the leaf (calculated from the amount
and initial specific activity of Rubisco under optimum con-

centrations of RuBP and CO2) reveals interesting trends. In
both species, there was a strong correlation between these two
parameters (Fig. 2B). However, the calculated maximum
carboxylase activity of the leaf was always higher than Amax,
the difference being more pronounced in sunflower than in
maize. The difference between Amax and calculated maximum
carboxylase activity of leaf is an estimate of mesophyll con-

straints for photosynthesis; it is independent of photorespira-
tion because Am. and carboxylase activity are measured at
saturating CO2. A possible reason for this large difference in
the Pi-sufficient plants, especially in sunflower, is that a
fraction of the Rubisco protein was not functional in vivo. It
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should be recalled that sunflower leaves had much more

Rubisco than maize (Fig. 1B), a consequence ofthe differences
between the C3 and C4 modes of photosynthesis. Probably not
all of the enzyme functioned, as suggested for plants grown
with much nitrogen fertilizer (12). The number of active
carboxylating (RuBP-binding) sites on Rubisco per unit leaf
area is crucial in determining the rate of carboxylation and,
therefore, A. The number of active sites may be related to the
concentration of RuBP, and deficiency of RuBP observed in
phosphate-deficient sunflower leaves may allow open sites to
become blocked by other metabolites. It is generally consid-
ered that the ratio of RuBP to RuBP-binding sites should be
greater than unity for the maximum rate of carboxylation
(22). For example, during the life of the rice leaf, RuBP
concentrations were always greater than the concentration of
RuBP-binding sites (15). We found this ratio to be unity or

more in Pi-sufficient sunflower and maize leaves, but it was
always higher in maize than in sunflower. The ratio decreased
in sunflower with Pi deficiency but was little affected by Pi
deficiency in maize (Fig. 4C). This may explain the drastic
reduction in the initial specific activity of Rubisco in sun-

flower plants grown with low Pi. The fact that in sunflower
the total activity of Rubisco decreased more, the greater the
duration (Table II) and the higher the temperature of prein-
cubation (Table III), also suggests that the RuBP-binding sites
were more vulnerable to blockage or inactivation in sunflower
than maize. Rubisco is regulated by other constituents of the
chloroplast stroma, e.g. Pi. It is possible that the effects of low
Pi on Rubisco activity in our experiments are due to low
stromal [Pi]. However, preincubating the extract with 10 mM
Pi decreased the total activity of Rubisco in maize, especially
in Pi-deficient plants (Table V). In sunflower, Pi increased
the total activity of Rubisco in the.Pi-sufficient plants but not
in the Pi-deficient plants. We are unsure of the reasons for
these effects. Rintamiki et al. (20) found that Pi increased the
specific activity of Rubisco extracted from wheat and pump-
kin but not that of maize.
Our observations of the activation state of Rubisco from

leaves with different Pi status do not agree with those reported
by Brooks (4), who showed that the Rubisco activation was
low in Pi-deficient leaves. From our experiments no such
conclusion can be drawn, because the Rubisco specific activity
did not increase with preincubation, especially with the en-

zyme from Pi-deficient leaves. More experiments with modi-
fied preincubation medium are needed to study the activation
status of the enzyme in these two species.
The decrease in RuBP content of the leaf (69%) and Rub-

isco activity (35-55%) observed with Pi deficiency in sun-
flower shows that the effects of Pi deficiency were greatest on
the content of the CO2 acceptor. Similarly, in maize, Pi
deficiency decreased the RuBP content by >70%, but Rubisco
activity was little affected. Under saturating light conditions,
the stromal concentration of RuBP was 8 to 10 mm in wheat
seedlings (I17). In our studies, this concentration ranged from
1.5 to 4 mm in sunflower and 2.2 to 5.9 mm in maize.
From the above discussion it is evident that the decrease in

photosynthesis in the sunflower plants grown with low Pi
could be related to both decreased Rubisco activity and RuBP
pool size. However, the data show that low Pi decreased A
largely by decreasing RuBP because the ratio of RuBP to
RuBP-binding sites decreased. This could also be a reason for
the reduced specific activity of Rubisco in Pi-deficient sun-
flower. In maize grown in low Pi, A was clearly dependent on
RuBP pool size and not on Rubisco because the Rubisco
activity was not affected. The pool size of a metabolite is
determined not only by the rates of its regeneration and
consumption which, at steady-state are in equilibrium, but
also the maximum size of the pool is determined by the
capacity for its regeneration and consumption. In Pi-deficient
leaves, a decrease in RuBP pool size suggests a new equilib-
rium between synthesis and consumption (i.e. a parallel de-
crease in the absolute rates of the regeneration and consump-
tion of RuBP due to the decreased maximum carboxylase
activity of the leaf and small A). Such a decrease in the above
rates would have resulted in an increased pool size of RuBP
if the capacity to regenerate RuBP were large in comparison
with consumption, i.e. if RuBP regeneration capacity was not
decreased in the Pi-deficient leaves. Hence, the observed
decrease in the RuBP pool size in the Pi-deficient leaves is
due more to decrease in the capacity to regenerate RuBP than
the capacity to utilize it. Theoretically, the transition from
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RuBP carboxylation limitation to RuBP regeneration limita-
tion ofA (5) should occur at a lower CQ when the RuBP pool
size is small. It is possible to calculate this transition CQ in the
C3 species, sunflower, according to equation A 18 of von

Caemmerer and Farquhar (24). The calculations show that
this occurs in Pi-sufficient sunflower leaves at a CQ of 30.7 Pa
which is much above the Ci (21.5 Pa) corresponding to the
normal ambient CO2 of 35 Pa. In phosphate-deficient sun-

flower leaves, the transition from RuBP carboxylation limi-
tation to RuBP regeneration limitation occurred at a CQ of 20
Pa which is below their normal Ci (24 Pa). This suggests that
RuBP regeneration is a limiting factor for CO2 assimilation
in Pi-deficient sunflower leaves at normal ambient CO2 con-

centration of 35 Pa.

ACKNOWLEDGMENTS

We thank Drs. A.J. Keys and M. Parry for supplying purified
Rubisco, Ms. V. Mitchell for helping with measurements, and Ms.
D. Hughes and Ms. H. Weir for producing the manuscript. James
Jacob is a recipient of a scholarship from the Association of Com-
monwealth Universities (London).

LITERATURE CITED

1. Arnon DI (1949) Copper enzymes in isolated chloroplasts. Poly-
phenol oxidases in Beta vulgaris. Plant Physiol 24: 1-15

2. Badger MR, Sharkey TD, von Caemmerer S(1984) The relation-
ship between steady-state gas exchange of bean leaves and the
levels of carbon-reduction-cycle intermediates. Planta 160:
305-313

3. Bradford MM (1976) A rapid and sensitive method for the
quantification of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 72: 248-254

4. Brooks A (1986) Effect of phosphorus nutrition on ribulose-1,5-
bisphosphate carboxylase activation, photosynthetic quantum
yield and amounts ofsome Calvin cycle metabolites in Spinach
leaves. Aust J Plant Physiol 13: 221-237

5. Farquhar GD, Sharkey TD (1982) Stomatal conductance and
photosynthesis. Annu Rev Plant Physiol 33: 317-345

6. Heldt HW, Ja Chon C, Lorimer GH (1978) Phosphate require-
ment for the light activation of ribulose 1,5-bisphosphate car-
boxylase in intact spinach chloroplasts. FEBS Lett 9: 234-240

7. Jacob J, Lawlor DW (1991) Stomatal and mesophyll limitations
of photosynthesis in phosphate deficient sunflower, maize and
wheat plants. J Exp Bot 42: 1003-1011

8. Joseph MC, Randall DD, Nelson CJ (1981) Photosynthesis in
polyploid tall fescue. II. Photosynthesis and ribulose 1,5-bis-
phosphate carboxylase of polyploid tall fescue. Plant Physiol
68: 894-898

9. Kitson RE, Mellon MG (1944) Calorimetric determination of
phosphorus as molybdivando-phosphoric acid. Ind Eng Chem
16: 379-383

10. Ku S, Edwards G (1987) Oxygen inhibition of photosynthesis. II.
Kinepc characteristics as affected by temperature. Plant Phys-
iol59: 991-999

11. Lauer MJ, Pallardy SG, Belvins DG, Randall DD (1989) Whole
leaf carbon exchange characteristics of phosphate deficient
soybeans (Glycine max L.). Plant Physiol 91: 848-854

12. Lawlor DW, Kontturi M, Young AT (1989) Photosynthesis by
flag leaves ofwheat in relation to protein, ribulose bisphosphate
carboxylase activity and nitrogen supply. J Exp Bot 40: 43-52

13. Lawlor DW, Pearlman JG (1981) Compartmental modelling of
photorespiration and carbon metabolism of water stressed
leaves. Plant Cell Environ 4: 37-52

14. Lorimer GH, Badger MR, Andrews TJ (1976) The activation of
ribulose 1,5-bisphosphate carboxylase by carbon dioxide and
magnesium ions. Equilibria, kinetics, a suggested mechanism,
and physiological implications. Biochemistry 15: 529-536

15. Makino A, Mae T, Ohira K (1985) Photosynthesis and ribulose-
1,5-bisphosphate carboxylase/oxygenase in rice leaves from
emergence through senescence. Quantitative analysis by car-
boxylation/oxygenation and regeneration of ribulose 1,5-bis-
phosphate. Planta 166: 414-420

16. Parry MAJ, Schmidt CNG, Cornelius MJ, Keys AJ, Millard
BN, Gutteridge S (1985) Stimulation of ribulose bisphosphate
carboxylase activity by inorganic orthophosphate without an
increase in bound activating C02: co-operativity between sub-
units of the enzyme. J Exp Bot 36: 1396-1404

17. Perchorowicz JT, Raynes DA, Jensen RG (1981) Light limitation
of photosynthesis and activation of ribulose bisphosphate
carboxylase in wheat seedlings. Proc Natl Acad Sci USA 78:
2985-2989

18. Rao M, Arulanatham AR, Terry N (1989) Leaf phosphate status,
photosynthesis and carbon partitioning. II. Diurnal changes in
sugar phosphates, adenylates and nicotinamide nucleotides.
Plant Physiol 90: 820-826

19. Rao M, Terry N (1989) Leaf phosphate status, photosynthesis
and carbon partitioning in sugar beet. I. Changes in growth,
gas exchange, and Calvin cycle enzyme. Plant Physiol 90:
814-819

20. Rintamiki E, Keys AJ, Parry MAJ (1988) Comparison of the
specific activity of ribulose-1,5-bisphosphate carboxylase/oxy-
genase from some C3 and C4 species. Physiol Plant 74:
326-331

21. Servaites JC, Torisky RS, Chao SF (1984) Diurnal changes in
ribulose-1,5-bisphosphate carboxylase activity and activation
state in leaves of field grown soybeans. Plant Sci Lett 35:
115-121

22. Sharkey TD (1989) Evaluating the role of Rubisco regulation in
photosynthesis of C3 plants. Phil Trans R Soc Lond B 323:
435-448

23. Usuda H (1985) Changes in levels of intermediates of the Calvin
cycle and reductive pentose phosphate pathway during induc-
tion of photosynthesis in maize leaves. Plant Physiol 78:
859-864

24. von Caemmerer S, Farquhar GD (1981) Some relationship be-
tween the biochemistry ofphotosynthesis and the gas exchange
of leaves. Planta 153: 376-387

807

 www.plantphysiol.orgon September 17, 2020 - Published by Downloaded from 
Copyright © 1992 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org

