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Abstract

Effect of phosphorus deficiency on photosynthetic and respiratory CO, exchanges were analysed in primary leaves of
2-week-old bean (Phaseolus vulgaris L. cv. Golden Saxa) plants under non-photorespiratory (2 % O,) and
photorespiratory (21 % O,) conditions. Low P decreased maximum net photosynthetic rate (Pxma) and increased the
time necessary to reach it. In the leaves of P-deficient plants the relative decrease of Pyy.x at 2 % O, was larger than at 21 %

0,. The results suggested the influence of photorespiration in the cellular turnover of phosphates.
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Introduction

Phosphorus is the component of several biological
compounds. It participates in energy conversion and in
transfer of genetic information. Inorganic orthophosphate
(P;)) regulates activity of enzymes and metabolic
pathways as well as the transport processes involved in
the cellular and the whole plant homeostasis (Mimura
1995, Dietz and Harris 1997, Rao 1997, Raghothama
2000, Abel et al. 2002).

P; incorporated into organic phosphates is regenerated
during formation of the phosphorus-free final metabolic
products. Thus, factors accelerating the rate of metabolic
turnover of phosphates may increase the intracellular
availability of P;. A hypothesis was put forward that

Materials and methods

French bean (Phaseolus vulgaris L. cv. Golden Saxa)
plants were cultivated for 2 weeks, in Knop nutrient
medium, complete (control) or P; deficient (-P), in growth
chamber, as described previously (Hauschild et al. 1996).
The nutrient medium, pH 5.7, was continuously aerated
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photorespiration plays a role in the cellular recycling of
P; (Usuda and Edwards 1982, Harris ef al. 1983, Ray and
Portis 1984, Leegood and Furbank 1986, Heber et al.
1989) and that its role is enhanced in phosphate-deficient
plants (Koztowska and Maleszewski 1994, Kondracka
and Rychter 1997, Koztowska-Szerenos et al. 2000).

In the the present investigation we have analysed the
responses of CO, exchange in the leaves of ortho-
phosphate well suplied and of orthophosphate deficient
bean plants (grown on P; deficient medium or mannose
treated) to 2 % O, in atmosphere. The aim of work was to
examine how the elimination of photorespiration
modifies the effects of phosphorus deficiency.

and changed every 4 d. Photosynthetic photon flux
density (PPFD) at the leaf level was 150 pmol(photons)
m? s”'. Photoperiod was 16 h, day/night temperature
23/19 °C and air humidity about 60 %.

To decrease the content of P; in the leaves,

Abbreviations: T’ - CO, compensation concentration; -P - plants grown on the phosphate-deficient medium; P; - inorganic
orthophosphate; Py - net photosynthetic rate; Pyp. - maximum net photosynthetic rate; Rp - dark respiration rate; Tpnmax - light

period necessary to attain Pypayx.
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D-mannose, P;-sequestering factor, was also added in the
transpiration stream to the shoots of control plants
excited from roots. Mannose solutions 10 mM, 20 mM or
50 mM were used and the treatment was initiated at the
zero time of Py measurements.

Soluble organic and inorganic orthophosphates were
assayed by the Fiske-Subbarow method (Fiske and
Subbarow 1925) after homogenization and extraction of
the primary leaves in cold 10 % TCA. Chlorophylls were
extracted with 80 9% acetone and assayed spectro-
photometrically (CE 2501, CECIL Instruments,
Cambridge, England) according to Lichtenthaler and
Wellburn  (1983). Glucose was determined using
Somogyi-Nelson method (Nelson 1944). Sucrose was
determined by the phenol-sulfuric acid method of

Results and discussion

Deficiency of inorganic phosphate in nutrient medium
resulted in the significant decrease in content of
phosphates in the leaves of experimental plants. The total
soluble organic phosphates as well as inorganic
orthophosphate (P;) content in -P plants were
approximately 5 times lower in comparison with
corresponding controls. The alteration of the other
measured parameters of -P leaves (Table 1) presented
signs typical of the phosphorus stress: decrease of leaf
mass and area and increase of chlorophyll (Chl) and
sugar contents.

Table 1. Characteristics of the primary leaves of 2-week-old
Phaseolus vulgaris L. plants grown on phosphate sufficient
(control) or phosphate deficient (-P) medium. For analyses, the
leaves were taken from the growth chamber at the middle of
light period. Means + SD (one-side leaf area was considered in
all calculations and total phosphates soluble in 10 %
trichloroacetic acid).

Parameters Control -P -P/control

Leaf mass [g] 0.81£0.1 0.60+0.1 0.74

Leaf area [cm’] 44.00+50 3350+6.0 0.76
Chl a [mmol m?] 024+0.01 034+0.02 1.42
Chl b [mmol m?] 0.10£0.01 0.14+0.01 1.40
P soluble [mmol m?] 2.81+0.04 0.50+0.01 0.18
P, [mmol m?] 1.94+0.03 0424001 0.22
Sucrose [mmolm?]  1.11+0.03 1.72+0.04 1.55
Glucose [mmol m?] 1.27+0.04 228+0.05 1.80

To characterize the response of Py to the depletion of
cytosolic P;, the leaves of control plants were fed with the
solution of D-mannose, which sequesters cytosolic P;
(Harris et al. 1983). Under 2 % O, the progressive fall of
Py during D-mannose feeding was significantly greater
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Dubois et al. (1956).

For CO, exchange measurements, two attached
primary leaves were enclosed into the thermostated
(25 + 0.5 °C) leaf chamber (volume 580 cm’), included
into the closed gas exchange system of the total volume
1025 cm’, with infrared CO,/H,O analyzer (LI-6262,
LI-COR, Logan, USA). The internal atmosphere of the
gas system contained 2 % or 21 % O, air humidity was
close to 100 % and the gas circulation rate 18.6 cm’ s™.
Photosynthetic photon flux density was 300 pmol m™ s
The CO, concentration during measurements of net
photosynthetic rate (Py) varied between 400 to 300 pmol
mol ™ or dropped to the compensation concentration. Dark
respiration (Rp) was measured at the same range of CO,
concentrations.

than under 21 % O, (Fig. 1). This ultimately led to the
higher Py under 21 % O, than under 2 % O, (Fig. 2).
Phosphate deficiency decreased the rate of Pymay in leaves
more under 2 % O, than under the 21 % O,. It also
elongated the time (Tpnmax) Necessary for obtaining Pamax
(Table 2).

The leaf dark respiration rate (Rp) in both groups of
experimental plants was dependent on the length of dark
period before its measurement. It was the lowest at the
end of the night period. The highest Rp was found in
leaves of control plants when it was measured directly
after reaching Py, under 21 % O, (Table 3).

The CO, compensation concentration of photo-
synthesis (I') was measurable in leaves of both groups of
plants only under 21 % O,. The phosphate deficiency
increased always value of I', especially in the leaves
reaching Py« (Table 4).

Cellular P; plays the key role in regulation of
photosynthesis, respiration and the related processes
(Raghavendra ef al. 1994, Dietz and Harris 1997, Wanke
et al. 1998). Low P; limits plant metabolism and growth
(Fredeen et al. 1989, Rao 1997, Ciereszko et al. 2002).
However, under conditions of insufficient phosphate
plant feeding, the rate of Py was previously found
decreased (Fredeen et al. 1989, Jacob and Lawlor 1991,
1993, Qiu and Israel 1994), unchanged (Foyer and
Spencer 1986, Kondracka and Rychter 1997), or even
increased (Ciereszko et al. 1996). Divergent changes of
Rp, dependent on phosphorus feeding, were also found.
Thus the response of Py and Rp has to depend on
additional factors which determine the actual effect of
phosphorus deficiency. That may be due to the different
efficiency of utilization of endogenous, cytosolic or
vacuolar pools of P; as well as to the modification of
alternative metabolic pathways (Mimura 1995, Dietz and
Harris 1997, Rao 1997).



In the leaves irradiated under atmospheric O, and CO,
concentrations, photorespiration liberates P; from
phosphorylated intermediates of photosynthetic carbon
reduction cycle. Photorespiration increases turnover of
phosphates and may be the factor affecting the balance
between the organic phosphates and the active pool of P;

GAS EXCHANGE IN PHOSPHATE-DEFICIENT LEAVES

within the chloroplast and cytosol (Harris et al. 1983,
Koztowska and Maleszewski 1994, Kondracka and
Rychter 1997, Koztowska-Szerenos et al. 2000). In
addition, it generates several other metabolites (Wingler
et al. 2000), thus may interact with the photosynthesis
and respiration in variety of ways.
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Fig. 1. Responses of net photosynthetic rate (Py) in primary leaves of bean (Phaseolus vulgaris L.) to the depletion of cytosolic
phosphate by D-mannose feeding under 2 % and 21 % O,. In experiments plants grown on phosphate-sufficient nutrient medium
(control) were used. During measurements PPFD was 500 umol m?> s'l, the temperature was 25 £ 0.5 °C. Mean value + SD.
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Fig. 2. Changes in Py 2 % O,/Py 21 % O, ratio in the primary
leaves of bean (Phaseolus vulgaris L.) during depletion of
cytosolic phosphate by D-mannose feeding. Data calculated on
the basis of results presented on Fig. 1.

Results of experiments with plants fed with
exogenously supplied mannose, the cytosolic phosphate-
sequestering compound (Harris et al. 1983) strongly
justify the above assumption. In our experiments, effect
of mannose strongly depended on O, concentration in
atmosphere. Under 21 % O,, the uptake of 10 mM
mannose solution practically had no effect on the Py of

the leaves. The 50 mM mannose decreased the Py by
about 50 %, after 2 h uptake (Fig.1). However, when the
photorespiration was eliminated under the conditions of
2% O,, the effect of mannose was much faster, and
50 mM mannose inhibited the Py in leaves more than
80 % (Figs.1, 2). In the leaves treated with mannose for
2 h even the higher Py under 21 % than under 2 % of
oxygen (inverse Warburg effect) was observed (Fig. 2).
A possibility that mannose feeding have altered Py also
by modifying the stomatal conductance could be
considered, but this possibility was not experimentally
controlled in the presented investigation.

Table 2. The maximum rate of net photosynthesis (Pypax)
[umol (CO,) m? s™'] and the light period necessary to attain it
(TpNmax) [min] in the primary leaves of Phaseolus vulgaris
control and phosphate deficient (-P) plants, measured under
2 and 21 % O,. During light activation and measurements of Py,
the PPFD was 300 pmol m? s', the temperature was
25+ 0.5 °C. Means + SD.

0O, Parameters Control -P -P/control
2 % PNmax 70 * 02 48 + 07 069
TpNmax 68.0+3.0 83.0+3.0 1.20
21%  Pnmax 40+0.3 35+02 0.88
Tpnmax 62.0+4.0 73.0+40 120

403



S. MALESZEWSKI ef al.

Table 3. The dark respiration rate (Rp) [nmol(CO,) m? s™' ] in
the primary leaves of Phaseolus vulgaris control and phosphate
deficient (-P) plants, measured under 2 % and 21 % O,, at the
end of the night period (1), after full light activation of Py (2),
and after subsequent 2 h of dark (3). The temperature during
measurements was 25 + 0.5 °C. Means * SD.

0, Control -P -P/control
2% (1) 0.09 +0.01 0.06£0.01 0.7

2) 0.16 £ 0.02 0.18+0.03 1.1

3) 0.13+£0.02 0.12+0.02 0.9
21 % (1) 0.10 £0.02 0.09+0.01 0.9

2 0.26 +£0.01 0.18+0.01 0.7

3) 0.16 £ 0.03 0.16+0.02 1.0

Table 4. The CO, compensation concentration of photosynthesis
(I) [umol(CO,) mol'] in the primary leaves of Phaseolus
vulgaris control and phosphate deficient (-P) plants measured
under 21 % O,, at the beginning of light period (1), and after
full light activation of Py (2). During measurements PPFD was
300 pmol m™ s™', the temperature was 25 + 0.5 °C. Means + SD.

Control -P -P/control
@9 21+1 25+1 1.2
2) 22+1 315 1.4

The decrease of Py in -P leaves was significantly
lower at 21 % than at 2 % O, concentration (Table 2).
Undoubtedly, this was the result of the two contrary
effects of 21 % oxygen. At atmospheric concentration O,
increases the oxygenase activity of Rubisco and thus
reduces Py. Simultaneously, it may stimulate Py due to
photorespiratory enhancement of phosphates turnover
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