
Journal of Experimental Botany, Vol. 42, No. 241, pp. 1003-1011, August 1991

Stomatal and Mesophyll Limitations of
Photosynthesis in Phosphate Deficient
Sunflower, Maize and Wheat Plants

J. JACOB1 and D. W. LAWLOR

Department of Biochemistry and Physiology, AFRC Institute of Arable Crops Research, Rothamsted Experimental Station,
Harpenden, Herts. AL5 2JQ, UK

Received 9 November 1990; Accepted 6 March 1991

ABSTRACT
The effects of phosphate deficiency on the composition and photosynthetic CO2 assimilation rates of fully expanded leaves of
sunflower, maize and wheat plants are described. The regulation of photosynthesis by stomatal and mesophyll characteristics of
leaves of different phosphate status is analysed and related to structure. Phosphate deficient leaves had small concentrations of
inorganic phosphate, Pi, in the tissue water. Rate of photosynthesis in leaves and stomatal conductance were smaller in plants
grown with inadequate phosphate when measured under any given light intensity or CO2 partial pressure. Despite the decrease in
stomatal conductance (and without evidence of patchy stomatal closure), the relative stomatal limitation of photosynthesis was
similar in the plants grown with deficient or abundant phosphate. However, the mesophyll capacity for photosynthesis was greatly
limited by phosphate deficiency. Leaves deficient in phosphate had larger numbers of small size cells per unit leaf area than leaves
with adequate phosphate. The total soluble protein content of leaves decreased with phosphate deficiency in all three species;
however, the leaf chlorophyll content was decreased only in sunflower and maize and not in wheat. These results suggest that
stomatal conductance did not restrict the CO2 diffusion rate, rather the metabolism of the mesophyll was the limiting factor. This
is shown by poor carboxylation efficiency and decreased apparent quantum yield for CO2 assimilation, both of which contributed
to the increase in relative mesophyll limitation of photosynthesis in phosphate deficient plants.

Key words: Apparent quantum yield, carboxylation efficiency, phosphate nutrition, photosynthesis, stomatal and mesophyll
limitations.

INTRODUCTION
Phosphate is a major mineral nutrient for plants and a
constituent of many structural and functional components
in the cell; its importance for growth and metabolism has
been reviewed by Clarkson and Hanson (1980) and
Bieleski and Ferguson (1983). One of the most important
effects of phosphate deficiency is in the reduction in the
photosynthetic CO2 assimilation capacity of leaves and
in decreasing the rates attained in particular environments
(Terry and Ulrich, 1973). Orthophosphate deficiency in
the chloroplasts may limit photosynthesis (Machler,
Schnyder, and Nosberger, 1984) by affecting translocation
of carbon from the chloroplasts (Walker and Sivak, 1985;
Sivak and Walker, 1986); inadequate supply of Pi prevents
the efflux of triosephosphates from chloroplasts (Heldt
and Rapley, 1970) and therefore synthesis of sucrose
(Stitt, Huber, and Kerr, 1987). Phosphate deficiency also

decreases the ATP supply and the rates of synthesis of
RuBP, the substrate for carboxylation (Rao and Terry,
1989) and hence directly decreases CO2 assimilation by
leaves. If there is insufficient phosphate in the cytosol,
the reserve pool in the vacuole is mobilized to maintain
the concentration required for metabolism. Thus the
phosphate pools are in dynamic equilibrium though the
details of its regulation are not well understood.

Phosphate deficiency decreased the CO2 assimilation
by leaves reducing the carboxylation efficiency and appar-
ent quantum yield (Brooks, 1986; Lauer, Pallardy, Blev-
ins, and Randall, 1989) by its influence on metabolism
and also by decreasing stomatal conductance (Rao and
Terry, 1989). However, it is not clear if the main limitation
to photosynthesis is in stomatal conductance or metabolic
processes and details of the mechanisms by which phos-
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phate deficiency affects CO2 assimilation are not well
understood.

In the present investigations, we grew two C3 species
(sunflower and wheat) and one C4 species (maize) under
different levels of phosphate supply, because the require-
ment of phosphate may depend on the type of metabolism.
The effects of phosphate deficiency on the composition
and CO2 assimilation characteristics of leaves are exam-
ined and we specifically analyse the effects of phosphate
status of the leaf on photosynthetic rate and the contribu-
tions of stomatal and mesophyll components of the
assimilatory system to it.

MATERIALS AND METHODS
Plant material and growth conditions

Hybrid sunflower (Helianthus annuus L. cv. Asmer), maize {Zea
mays L. cv. ETA) and spring wheat (Triticum aestivum L. cv.
Sicco) were sown in plastic pots containing washed sand. Three
to four seeds were sown in each pot and germinated in a
glasshouse. Pots were watered daily with demineralized water
for 12-15 d and then moved to a controlled environment (CE)
cabinet. The conditions during the light period were 350-
400 jtmol quanta m ~ 2 s ~ * photosynthetically active radiation
(400-700 nm) for 16 h, relative humidity 75-85% and air tem-
perature 22 °C; the night temperature was 20 °C and relative
humidity 85-90%.

Treatments

One day after transferring the plants to the CE cabinet,
nutrient solutions containing three different concentrations of
phosphate were added to groups of plants. The contents of
KH2PO4 and NaH2PO4 in standard nutrient solution (Edwards
and Walker, 1983) were manipulated in such a way that the
final solution had a concentration of 0, 0-5 or 10 mol PO4 m~3.
Plants were supplied with the solution daily. Twice weekly the
pots were flushed with excess demineralized water and drained
to prevent accumulation of nutrients in the growth medium and
then flushed with nutrient.

Measurements

Observations were made when the third true leaf attained full
expansion.

Leaf Pi content: This was determined as described by Kitson
and Mellon (1944). Concentration of Pi in the leaf water was
calculated from measurements of Pi and the water content of
the leaf. Total phosphate was estimated after digesting the leaf
with a hot mixture of concentrated nitric and perchloric acids.

Leaf chlorophyll and soluble protein contents and cell size:
Chlorophyll content was determined as described by Arnon
(1949) and total soluble protein content of leaf as described by
Bradford (1976). Mean leaf cell size was determined according
to Lawlor, Kontturi, and Young (1989).

CO2 response and carboxylation efficiency: The response of
photosynthesis to leaf internal partial pressure of CO2, Ch was
studied as described by Lawlor et al. (1989). An asymptotic
curve (y = a + brx) was fitted to the CO2 response data since it
gave very good coefficient of determination (R2). The CO2
saturated photosynthetic rate, /4mal(C|), was obtained directly
from the function (/4mai<c,)= a). The carboxylation efficiency,
dA/dQ, was calculated as the initial slope of the curve (Ku and
Edwards, 1987) which was obtained by taking the differential

quotient of y = a + br* at y = 0; i.e. dy\dx= -a\a.r = dA\dCx. This
analysis assumes uniform stomatal behaviour in all treatments.
The presence of stomatal closure in small areas of the leaf on
which gas exchange was measured (patchiness) was tested by
use of an infiltration method in which leaves were immersed in
solutions of different proportions of ethanol and petroleum
ether containing crystal violet or waxoline blue (Willis and
Jefferies, 1963).

Light response and quantum yield: Photosynthetic response to
varying photon flux density incident up on the leaf was studied
using the above system. An asymptotic curve was fitted for the
light response data. The apparent quantum yield for CO2
assimilation, <j>, defined as the initial slope of the curve when
y = 0 was then calculated as <f> = — alnr. The light saturated
photosynthetic rate, /4max(1ight), was obtained directly from the
function (Am,MUghl) = a).

Relative stomatal and mesophyll limitations of photosynthesis:
Relative stomatal limitation, RSL, was calculated from equation
13 of Farquhar and Sharkey (1982) as

where Ao is the assimilation rate that would occur if resistance
to CO2 diffusion were zero (i.e. when C; = Ca, where Ca is the
ambient concentration of CO2) and A is the rate that actually
occurs at the C{ corresponding to the normal Ca. Since the sum
of the limitations differs from unity (Farquhar and Sharkey,
1982) we defined relative mesophyll limitation, RML, as

where As is the assimilation rate in the phosphate sufficient leaf
at a given C, and AA is the rate in the phosphate deficient leaf
at the same C,. RML is thus a measure of the capacity of the
mesophyll to assimilate CO2 at a given C;. The RML of a leaf
grown with full phosphate is, therefore, zero.

RESULTS
Plant growth

Phosphate nutrition significantly affected plant growth
(Table 1). Phosphate deficiency reduced plant height by
52%, leaf area per plant by 95% and shoot dry weight
per plant by 93% in sunflower. The respective reductions
were 57%, 89% and 90% in maize and 53%, 91%, and
93% in wheat.

Leaf composition
Total and inorganic phosphate contents of the leaf

decreased with decreasing concentration of phosphate in
the nutrient solution (Table 2). The concentration of Pi
in the leaf water decreased as the phosphate content per
unit leaf area decreased.

Phosphate deficiency decreased the specific leaf weight
by 17% in maize and 6% in sunflower, but had little
effect in wheat (Table 3). Phosphate deficient leaves con-
tained more and smaller cells per unit leaf area. The mean
volume per cell was reduced by 31 % in sunflower, 11 %
in maize and 9% in wheat. The leaf chlorophyll content
decreased with phosphate deficiency in sunflower and
maize and the mean chlorophyll content per cell decreased
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TABLE 1. Effect of phosphate deficiency on plant growth in sunflower, maize and wheat

1005

Concentration of PO4 in
nutrient solution
(molm"3)

Sunflower
10
0-5
00

LSD (/> = 005)

Maize
10
0-5
00

LSD (/> = 0-05)

Wheat
10
0-5
00

LSD (P=005)

Plant height (cm)

46
35
22

2

103
93
44

5

68
48
32
3

Leaf area per
plant (cm2)

895
203
41
45

708
405

79
65

232
30
21

3

Shoot dry matter
per plant (g)

60
1-5
0-4
0-6

40
21
0-4
0-6

2-8
10
0-2
0-4

TABLE 2. Effect of three different concentrations of phosphate in the nutrient solution on the
total P and Pi contents per unit leaf area and concentration of Pi in the leaf tissue water

Concentration of PO4 in
the nutrient solution
(mol m~3)

Sunflower
10
0-5
00

LSD (P = 005)

Maize
10
0-5
00

LSD (P = 005)

Wheat
10
0-5
00

LSD (.P = 0-05)

Total P content
of leaf
(mmolm"2)

7-20
1-95
181
108

4-80
0-63
0-51
0-88

5-90
1-83
0-97
1-31

Pi content
of leaf
(mmol m~2)

1-65
0-29
0-21
0-22

0-58
019
011
014

0-65
0-38
0 21
0-71

Concentration of Pi in leaf
tissue water
(molm~3)

7-81
1-83
1-20
111

4-51
1-60
101
0-89

400
1-60
1-21
0-93

by 36% and 45% in phosphate deficient sunflower and
maize leaves, respectively. The ratio of the mesophyll
surface area, Ames, to the leaf plan area, Alea(, calculated
assuming that the mesophyll cells were spherical, slightly
increased in the phosphate deficient sunflower (8%) and
maize (9%) leaves, but not in wheat. Phosphate deficiency
decreased the total soluble protein content of the leaves
in all the three species.

Stomatal conductance

Stomatal conductance, gs, decreased with phosphate
deficiency in all the three species studied (Fig. lb). Assess-
ment of stomatal apertures by dye infiltration did not
show any difference across the area of the leaf used for
measuring gas exchange rates. Hence, we consider that
stomatal aperture was not patchy in any treatment. Lauer

et al. (1989) also reported similar results using autoradio-
graphic techniques in soybean leaves grown with different
levels of phosphate nutrition.

Photosynthesis
The CO2 assimilation rate, A, decreased strongly as

the [Pi] in the leaf water decreased in the low phosphate
treatments (Fig. la); however, the concomitant decrease
in stomatal conductance, gs, was small (Fig. 1 b) resulting
in increased internal CO2 partial pressure, Q (Fig. lc)
when measured under the normal ambient CO2 level of
34 Pa. In phosphate deficient sunflower plants, A was
reduced by 79%, gs was reduced by 35% and Q increased
by 21%. In maize, phosphate deficiency reduced A by
88%, gs by 48% and increased C{ by 53%. In phosphate
deficient wheat A was reduced by 26%, gs by 46% and
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TABLE 3. Effect of phosphate deficiency on the leaf composition in sunflower, maize and wheat plants

Concentration of P04 in
nutrient solution
(molm~3)

Specific leaf
weight
(gfr. wt. m~2)

Total
chlorophyll
content of
leaf(gm-2)

No. of cells Mean
per m2 leaf chlorophyll
area (x 107) content per

cell (ngcell"

Mean cell
volume
(PD

^ l e

Total soluble
protein
content of
leaf(gnT2)

Sunflower
10
0

LSD (P = 005)

Maize
10
0

LSD (^=005)

Wheat
10
0

LSD (/> = 0-05)

235
222

5

145
121

1

204
201
NS

0-56
0-48
002

0-42
0-26
004

0-50
0-54
NS

723
967
49

152
172
20

98
105

5

0078
0050
—

0-276
0151
—

0-510
0-514
—

27-3
18-9
2-6

42-8
380
2-3

143-9
131-5

118

31 5
340

1-4

8-9
9-7
0-8

13 6
130
NS

12-2
6-7
2-6

5-8
11
2-2

6-28
5-83
1 34

= Ftest not significant at />=005.
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FIG. 1. Effect of calculated Pi concentration in leaf water on A (a), g, (b) and C, (c) in sunflower (O), maize (x) and wheat (*) under ambient
conditions of 34 Pa CO2 partial pressure and lOOOfimol quanta m~2s~' photon flux. Bars indicate least significant difference between the means
at 5% probability.

Cj increased by 13%. An asymptotic curve (A = a + brCi)
best fitted the A.C{ relationship in the three species grown
with different levels of phosphate nutrition (Fig. 2a, b, c).
The C, saturated photosynthetic rate, ^mai(Cl)> and the
carboxylation efficiency, dA/dC{, were estimated from the

fitted curves and are plotted against the [Pi] in leaf water
in Fig. 3a and b, respectively. The lower the [Pi] in leaf
water, the lower the Amax(Ci) in

(Fig. 3a). The decrease in Amai(Ci)

all the three species
between the 10 and

0 mol P04 m 3 treatments was up to 3 times in sunflower,
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FIG. 2. Photosynthesis, A, as a function of internal partial pressure of CO2, Ch of leaves of sunflower (a), maize (b) and wheat (c) plants grown
with 10 (V), 0-5 (O) and 0 ( • ) mol m"3 phosphate concentrations. All curves are of the form y = a + brx and the R2 values in percentage in the
respective phosphate treatments were 92, 85 and 98 in sunflower, 90, 97 and 75 in maize and 97, 87 and 95 in wheat.

5-3 times in maize and 1-4 times in wheat (Fig. 3a). There
was a distinct difference in dA/dC{ between the species
(Fig. 3b), with maize having higher values than the other
two species. The decrease in [Pi] in leaf water reduced
dA/dC-, greatly in maize, but had much less effect on
sunflower and wheat; the reduction was about 4-5 times
in maize, 2-4 times in sunflower and 21 times in wheat
(Fig. 3b).

The photosynthetic light response also followed an
asymptotic relationship in the three species grown with
different phosphate nutrition (Fig. 4a, b, c). The light
saturated photosynthetic rate, ^mai(iight), and the apparent
quantum yield for CO2 assimilation, <f>, were strongly
decreased by a small [Pi] in leaf water (Fig. 5a, b)
particularly in very deficient maize leaves; ^ma,(iighi) was
decreased by 24% in wheat, 40% in sunflower, but 83%
in maize. The reduction in <f> was about 44% in wheat,
48% in sunflower and 65% in maize.

Relative stomatal and mesophyll limitations of
photosynthesis

The relative stomatal limitation, RSL, and relative
mesophyll limitation, RML, of photosynthesis were com-

puted (Table 4) from the A.C-, response curves of 4-6
separate leaves. These calculations show that RSL did
not increase significantly with phosphate deficiency in any
of the species. The RML (computed based on the assump-
tion that the plants grown with 10 mol PO4 m~3 were
photosynthesizing under optimum mesophyll conditions,
i.e. RML = 0) was greater in plants grown with deficient
phosphate nutrition. Both maize and sunflower exhibited
a larger RML than wheat. RML increased drastically in
phosphate deficient leaves of maize compared to sunflower
and particularly to wheat—both at 34 Pa and saturating
q.

DISCUSSION
Phosphate, as the orthophosphate anion, PO4, is an
essential nutrient for plants and provides the phosphorus
required in many of the structural components of all
living cells, e.g. phospholipids, phosphorylated proteins,
nucleotides etc. Deficient phosphate supply throughout
growth of the plant can, therefore, modify the structure
of the cell. Phosphate is an essential component of the
biochemical reactions of intermediary metabolism; its
involvement in energy metabolism of cells as ATP particu-
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FIG. 3. Effect of the calculated Pi concentration in leaf water on the
CO2 saturated photosynthetic rate, /4max,Cl) (a) and carboxylation
efficiency, dA/dC-, (b) in sunflower (O), maize (x) and wheat (*). Bars
indicate least significant difference between the means at 5% probability.

larly in photosynthesis and respiration ensures a critical
role in all plant functions. Deficient phosphate, therefore,
greatly affects the plant processes at subcellular, cellular
and whole leaf (and other organ) levels of organization.
The work described here is intended to assess the relative
importance of particular structural and functional com-
ponents of leaves in determining their photosynthetic
competence when grown with a range of available phos-
phate. Growth of the three species studied was greatly
decreased by phosphate deficiency and leaf area and dry
matter per plant were reduced to similar extent (Table 2).
Our data show that phosphate deficiency significantly
altered the photosynthetic characteristics of leaves,
decreasing the maximum rates of both CO2 and light
saturated photosynthetic rates (Figs 3a, 5a), the carb-
oxylation efficiency (Fig. 3b) and the apparent quantum
yield for CO2 assimilation (Fig. 5b). In this we substanti-
ate the observations made by Brooks (1986), Lauer et al.
(1989) and Rao and Terry (1989). Leaf area and shoot
dry matter per plant were more sensitive to phosphate
deficiency than photosynthetic rate per unit leaf area.
Similar observation was made in different species (Bouma,

1983; Rao and Terry, 1989). In addition, we show that
the decreased photosynthetic capacity of leaves with
inadequate phosphate was determined mainly by meso-
phyll factors and not by decreased stomatal conductance
and restricted CO2 diffusion.

Phosphorus in leaf tissue and cells
Leaves grown under phosphate deficiency accumulated

small amounts of phosphate per unit area of leaf (Table 2)
with between 1 and 2 mmol of total phosphate m~2 and
about one-tenth of this was inorganic phosphate when
grown with 0 or 05 mol POJ m~3 solutions. This may
be considered the minimum amount of phosphate which
allows a leaf to develop and function. With greater
phosphate supply (10 mol m~3), the amount of phosphate
accumulated per unit leaf area increased in all species,
rather more in sunflower than wheat or maize. Clearly
the phosphate content per m2 leaf was smaller in maize
than in sunflower or wheat. However, when expressed as
concentration of Pi in leaf water, the minimum concentra-
tion was similar in the three species. At greater phosphate
supply, however, sunflower did accumulate greater
amounts of Pi in the tissue water than wheat or maize.
It is generally considered that the average concentration
of phosphate in the tissue is about 90//.mol g"1 fresh
weight (Bieleski and Ferguson, 1983). In the present
studies this concentration was 7-5, 3-5 and -Wjitmolg"1

fresh weight (of leaf) in the phosphate deficient leaves of
sunflower, maize and wheat, respectively. Phosphate ions
in the cell are distributed into different compartments,
namely vacuole, cytosol and organelles. About 85 to 95%
of the total Pi present in the cell is considered to be in
the inactive (non-metabolic) pool and the rest in the
active (metabolic) pool (Bieleski, 1973). The metabolic
pool represents the Pi in the cytoplasm and organelles
and in an actively photosynthesizing cell there exists a
dynamic equilibrium between the active pool of Pi in the
cytoplasm and chloroplasts. Hence a minimum concentra-
tion of Pi in the tissue water is essential to maintain the
functional capability of the leaf. In the present investi-
gation this concentration in the leaf water was about 1
to 1-2 mol Pi m"3 or 01 to 0-2 mmol Pi m~2 leaf area
(Table 2).

To achieve the very small phosphate contents in leaf
tissue, it was necessary to grow the plants under extreme
phosphate deficiency. The effect on size and growth of
the plants was much greater than on the phosphate
content of the leaf. For instance the leaf area per plant
was reduced by 95% and shoot dry matter by 93%
(Table 1) but the total leaf phosphate content was reduced
by only 75% (Table 2) in low-phosphate-grown sunflower.
The results were also similar in the other two species.
Hence, the mechanisms for maintaining the cellular phos-
phate status is much more effective than those determining
growth.
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FIG. 4. Light response curves of sunflower (a), maize (b) and wheat (c) plants grown with 10 (V), 0-5 (O) and 0 ( • ) molm"3 phosphate
concentrations. All curves are of the form y = a + brx and the R2 values in percentage in the respective phosphate treatments were 97, 95 and 98 in
sunflower, 97, 98 and 86 in maize and 94, 96 and 98 in wheat.

TABLE 4. Relative stomatal and mesophyll limitations of photosynthesis in sunflower,
maize and wheat plants grown with different levels of phosphate nutrition
Each value is an average of 4-6 readings, s.e. of the mean is given in parenthesis.

Concentration of PO^ in
the solution (mol m 3)

Sunflower
100
0-5
00

Maize
100
0-5
00

Wheat
100
0-5
00

Relative stomatal
limitation
(%)

17(3)
14(4)
19(3)

6(3)
4(3)
4(3)

17(6)
16(4)
19(8)

Relative mesophyll

at C, = 34Pa
(%)

0
32(5)
45(5)

0
32(4)
65(7)

0
8(2)

21(7)

limitation

at saturating C,
(%)

0
40(4)
69(4)

0
81(6)
87(6)

0
20(4)
22(5)

Leaf composition in relation to phosphate supply
Effects of phosphate deficiency were similar in the two

C3 and one C4 species: small decrease in fresh mass per
unit leaf area, production of smaller cells and, therefore,

more cells per unit area (Table 3). Consequently, the cell
surface to leaf surface area (Ames/AieaI) was greater in
phosphate deficient than phosphate sufficient sunflower
and maize, but not in wheat. Assuming spherical cells
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FIG. 5. Effect of the calculated Pi concentration in leaf water on the
light saturated photosynthetic rate, AmaxOlttu) (a) and apparent quantum
yield for CO2 assimilation, $ (b) in sunflower (O), maize (x) and wheat
(»). Bars indicate least significant difference between the means at 5%
probability.

and that the mass is uniformly distributed throughout
the cell population, Lawlor et al. (1989) calculated AmJ
Aleaf ratios ranging from 16 (high N supply) to 22 (low
N supply) for wheat. In the present investigations this
ratio was not significantly different in phosphate deficient
and phosphate sufficient (13 compared to 13-6) wheat
leaves. Smaller Amts/Ale&f ratios are reported in wheat by
Parker and Ford (1982) and Deane and Leech (1982). In
our study, sunflower had ratios of 34 in phosphate
deficient and 31-5 in phosphate sufficient leaves because
of the much smaller cell volume and hence greater number
of cells per unit leaf area compared to wheat or maize.
A result of these changes is that the cell surface area
would not provide a greater physical barrier to CO2

diffusion into cells with phosphate deficiency. On the
contrary, a slightly increased CO2 diffusion might result
if the metabolic alterations in the tissue do not alter the
coefficient of diffusion of CO2 across the membranes or
in cell compartments.

The effect of phosphate deficiency was to alter the
composition of the tissue although the response depended
on the species. Thus, the amount of chlorophyll per m2

of leaf area decreased with phosphate deficiency more in

maize than in sunflower but was unaffected in wheat
(Table 3). Also the amount of total soluble protein
decreased with phosphate deficiency very markedly and
almost to the same extent in sunflower and maize, but to
a smaller extent in wheat. The chlorophyll to total soluble
protein ratio increased with phosphate deficiency in sun-
flower and maize because of a greater reduction in soluble
protein than in chlorophyll. Thus the effects of phosphate
deficiency would be to decrease the metabolic capacity of
the tissues, in as far as the maximum amount and rate
of activity of enzymes etc. are related to the amount of
protein and other components.

Photosynthesis, stomatal conductance and phosphate
supply

The [Pi] in the tissue water strongly influenced the
photosynthetic rate, A, and stomatal conductance, gs. A
small decrease in [Pi] in the tissue water near the minimum
values markedly decreased A, gs, Amax{Ci), and ^max(light)

in all the three species studied and we do not consider
patchy stomatal closure was responsible. There was a
similar effect on carboxylation efficiency and apparent
quantum yield for CO2 assimilation. These results agree
with the observations of Brooks (1986) and Lauer et al.
(1989). At larger Pi content, the rate of change in these
photosynthetic parameters was much smaller than at low
Pi content. The CO2 (Fig. 2) and light (Fig. 4) compensa-
tion points were found to increase with phosphate defi-
ciency in all three species studied.

In phosphate deficient plants both A and gs decreased,
but the former was much more affected than the latter
resulting in increased Q (Fig. 1). This suggests that meso-
phyll factors were more sensitive to phosphate deficiency
than stomatal factors and that the stomatal mechanism
was not tightly coupled to the mesophyll to maintain
constant Cv This would lead to a decrease in the water
use efficiency of phosphate deficient plants. This contra-
dicts the proportional changes observed in A and gs by
Wong, Cowan, and Farquhar (1985) in maize and soybean
plants grown with different nutrient supply. However, the
relative stomatal limitation of photosynthesis remained
unaffected by phosphate deficiency in all the three species
studied (Table 4). This shows gs to be of little importance
in the reduction of A. Our data also show that stomatal
limitation was smaller in maize than in sunflower and
wheat at all levels of phosphate studied. Farquhar and
Sharkey (1982) contradict the view of Korner, Scheel,
and Bauer (1979) that stomata limit photosynthesis more
in C4 species than in C3 species.

Lauer et al. (1989) indicated that mesophyll factors
were more limiting to photosynthesis than were stomata
in phosphate deficient soybean leaves. We found that the
relative mesophyll limitation increased drastically with
phosphate deficiency (although, as with the changes in
structural composition, the magnitude depended on the
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species). The major reasons for the increased relative
mesophyll limitation in phosphate deficient leaves are the
reduced maximum potential rate of photosynthesis,
reduced carboxylation efficiency and the reduced apparent
quantum yield for CO2 assimilation. These reflect the
structural and compositional changes in the leaf; the
decrease in proteins and pigments, for example, decreases
the inherent capacity of the CO2 fixing, light harvesting
and energy transducing systems. The causes for these
reductions will be considered in a further publication.
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