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Growth, nitrate uptake and respiration rate
in bean roots under phosphate deficiency
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Abstract

The decrease in inorganic phosphate concentration in bean (Phaseolus vulgaris L.
cv. Zlota Saxa) roots induced decrease in respiration rate. The decrease observed in
ATP pool in phosphate deficient (-P) roots was greater than it would result from the
decline in respiration and possible involvement of alternative pathway, suggesting an
increased energy utilization for growth and ion uptake. Indeed, relative growth rate
was higher in -P plants until 12 d of culture and later dropped to the rate similar to
the control. Net nitrate uptake rate was higher in -P plants than in +P plants at the
beginning of phosphate starvation, then during the prolonged culture it decreased
rapidly in -P plants and after 19 d it was 8 times lower than that in the control. The
decline in ATP production during prolonged phosphate starvation influenced
NO; uptake more than root growth.
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Introduction

In the roots, growth, maintenance and ion uptake are three major energy-requiring
processes in which respiratory energy is utilised. Anion uptake can be assessed as
judged from nitrate uptake as its energy cost is the largest. It is assumed that little
respiratory energy is involved in the uptake of cations (Van der Werf er a/. 1988).
The energy involved in ion uptake depends on the number of active root-membrane
passages per ion and the proton-ion and proton-ATP stoichiometries (Bouma et ol 1995).
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Decrease in inorganic phosphate concentration affects tissue respiration activating
the alternative pathway and thereby influences the ATP content in cells (Rychter and
Mikulska 1990, Rychter ef al. 1992). On the other hand, one of the most pronounced
effects of phosphate starvation is the increase in fresh and dry masses of roots
{Rychter and Mikulska 1990, Rao ez al. 1993, Ciereszko er al. 1996, Kondracka and
Rychter 1997) but uptake and assimilation of NO; calculated per root mass or root
surface area unit is lower in phosphate deficient plants (Rufty ef a/. 1990, 1993),

Growth and respiration are integrated by the sharing of common carbohydrate and
adenylate components (de Visser 1987), while jon uptake, assimilation and
respiration are integrated by electron transfer and ATP consumption and production,
respectively. The energy that drives nitrate uptake derives from the proton gradient
maintained across the plasma membrane by H -ATPase (Crawford 1995); uptake of
i mole of nitrate consumes 1 to 2 moles of ATP (Imsande and Touraine 1994).

The aim of paper was to examine the relationship between ATP concentration,
respiration rate, growth rate and nitrate uptake rate in roots of bean plants grown on
phosphate deficient medium.

Materials and methods

Plants: Phaseolus vulgaris L. cv. Ziota Saxa were grown on 3 dm’ containers
{6 plants per pot) filled with either a complete or phosphate-deficient Knop nutrient
solutien {Rychter and Mikulska 1990). The culture medium was continuously aerated
and changed every 3 d. The cotyledons were removed when seedlings were 8 d old.
Plants were grown in a growth chamber under 16-h photoperiod and photon flux
density of 150 umol m™ s, Day/night temperatures were 24/20 °C and air humidity
was 80 %. Plants at the age of &, 11, 13, 15 or 19 d were taken for determinations.
The period of phosphate starvation was 4 d less than the age of plants.

Root respiration: Oxygen uptake by the roots of intact plants was measured
polarographically at 20 °C, using a Clark oxygen e]ectrode (Y51, USA). Roots (1 -
depending on the size) were sealed into the 90-cm’ cuvette containing a nutnent
solution identical to that for growing of the plants and was air-saturated before the
start of the measurements. Salicylhydroxamic acid (SHAM), dissolved in dimethyl
sulfoxide (DMSO), and KCN, in distilled water (pH was adjusted to 7.0) were added
directly to the cuvette at a final concentration 1.7 and 1 mM, respectively. When the
effect of SHAM was examined, the next reading took place after a 60-min
preincubation of the roots with the inhibitor. The appropriate concentration of each
inhibitor was estimated from titration curves.

Inorganic phosphate was determined in dry material after homogenization and
extraction with 10 % trichloro-acetic acid (TCA) using method of Fiske and
Subbarow (Rychter and Mikuiska 1990).
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ATP level was measured in the whole root system of a single plant. Roots were
rapidly blotted with filter paper, weighed and ground in a cool mortar containing
1 em® of 10 % perchloric acid (PCA) per 1 g tissue, to which 1 mm? of concentrated
PCA was added per 10 mg of fresh root mass (Rychter et a/. 1992). The ground
material was centrifuged at 5 000 g for 5 min. The PCA was then removed from
supernatant by partitioning in a trioctylamine/freon solution. After centrifugation the
top layer, consisting of the neutralized extract, was decanted and stored at -20 °C.
ATP was determined using the luciferin-luciferase reaction according to Pradet
(1967).

Tissue analyses: Six randomly chosen plants of ages 8, 11, 13, 15 or 19 d were
harvested, separated into shoot (leaves and stem) and roots, blotted with filter paper,
and weighed. Dry mass was determined after drying the plant tissues for 48 h at
80 °C. Relative growth rate (RGR) was determined as the slope of the natural
logarithm of plant dry mass against time {Van der Werf et a/. 1988). Total nitrogen
was determined in dried plant material using a modified Kjeldahl method (Van der
Werf ef al. 1988). The N content was determined colorimetrically by autoanalyser.
The net rate of nitrogen uptake per unit root mass (NNUR) was calculated from the
RGR, the total plant organic plus inorganic nifrogen concentration, and the relative
amount of root biomass (Van der Werf e/ al. 1988). Nitrate uptake was determined by
measuring its disappearance from the nutrient solution at 3-d intervals. Nitrate (NO;y)
content in the medium was determined colorimetrically after reduction to nitrite by
addition of 5 % salicylic acid in sulphuric acid and 2 M NaOH (Cataldo ef al. 1975).

Statistics: Each value shown in the figures and tables is the average = SD of
6 determinations performed on plants grown in at least 3 independent experiments.
The RGR and NNUR functions were approximated using an FEasy Plot Computer
Program.

Results

Inorganic phosphate (Pi) concentration in roots and shoots of control (+P) plants
growing on adequate phosphate supply remained constant during the experiment
(Table 1). In shoots of 8-d-old plants growing on phosphate deficient medium (-P)
the phosphate concentrations were similar to the control, but decreased during the
prolonged culture. In the shoots of 19-d-old plants Pi content deceased to about 13 %
of that in control plants. In the roots of -P plants the phosphate concentration was
noticeably lower just at the beginning of the culture and after 15 d of culture on
phosphate deficient medium declined to about 6 % of that of control (Table 1).

The rates of root respiration of +P and -P plants were similar at the beginning of
the culture but afler longer period decreased more in -P than +P roots, in 19-d-old
-P roots the rates of O, uptake were about 60 % of the control (Fig. 1).
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Table 1. Inorganic phosphate concentration [mg g"'(d.m.)] and shoot and root dry mass [g plant™] of
plants cultured on phosphate sufficient (+P) or phosphate deficient (-P) medium. Means + $SD; n =09,

Plant part Plant age Phosphate Dry mass
[d] +P -P +P P
Shoot 8 2021 +2.11 2291+ 147  0.06 £0.01 0.05+ 0.01
11 2973+ 4.62 9.04 +£1.61 0.22+0.02 0.20 £ 0.02
13 16.66 £ 2.44 5301037 0.28+0.02 0.26 + 0.01
15 19.72£2.99 446+ 146  0.66 +£0.07 0.50 £ 0.08
19 18.01 £ 1.71 240 +0.31 1.03£0.13 0.52 £ 0.05
Root & 18.00+ 1.16 722+ 114 0.01£0.00 0.01£0.00
11 18,50 £ 3.86 337+1.24 0.06 +0.01 0.07 £0.02
13 19,19+ 3.44 2.52+£047 0072001 0.09 £ 0.01
15 20.36£3.46 208+0.87 0154003 0.18 £ 0.04
19 20.12 +3.62 1.23+020 0.20%0.05 0.22 £ 0.06
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Fig. 1. Root respiration rates of bean plants cultured on phosphate sufficient (+P) or phosphate
deficient (-P) medium. Means + 8D, n = 5.

Oxygen uptake of roots of +P and -P plants after 11 d of culture was inhibited
30 - 40 % by KCN. This inhibition was similar during the whole cultivation period of
+P plants. In -P roots the inhibition of respiration by KCN decreased with prolonged
culture on phosphate deficient medium, in 15- and 19-d-old plants was only 18 and
12 %, respectively (Fig. 2). The remaining, cyanide insensitive respiration was
inhibited by addition of SHAM (results not shown).

Oxygen uptake was also measured at various concentrations of SHAM in absence
of KCN. No stimulation of O, uptake was observed in the presence of low
concentration (1.7 - 3.5 mM) of SHAM, indicating no induction of O,-consuming
peroxidase activity (data not shown). SHAM reduced the total respiration of 11-d-old
+P and -P roots by 10 and 20 %, respectively. In 16-d-old -P plants SHAM reduced
root respiration by 30 % (Fig. 2). In plants cultured on phosphate deficient medium
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the increase in sensitivity of respiration to SHAM was accompanied by the decrease
in its sensitivity to KCN, whereas in phosphate sufficient roots the level of inhibition
by both KCN and SHAM was similar during entire culture period. These results may
indicate the increased participation of the alternative pathway in respiration of
-P roots as compared to the control, and therefore a decreased rate of ATP production
by mitochondrial respiratory chain.
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Fig. 2. KCN inhibition and SHAM inhibition of root respiration of bean plants cultured on
phosphate sufficient (+P) or phosphate deficient (-P) medium. Means £ 8D, #= 5.

The ATP concentration in roots of beans grown on complete nutrient medium
decreased slightly during the culture (Fig. 3). In the roots of 8-d-old -P plants ATP
level was only 13 % lover than in +P roots. The prolonged phosphate starvation
resulted in the further decrease in ATP concentration, in roots of 15-d-old plants ATP
content was 42 % of the control and in 19-d-old 28 % of the control only (Fig. 3).
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Fig. 3. ATP content in bean roots during the culture of plants on phosphate sufficient (+P) or
phosphate deficient (-P) medium. Means + SD, »=9.

Plant culture on -P nutrient medium resulted in a distinct alterations in growth rate.
No differences in root and shoot dry masses were observed at the beginning of the

culture up to day 13. However, dry masses of stem and leaves of 15 and 19-d-old
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-P plants were lower than those of the control, while root dry mass accumulation was
similar or even slightly greater than in +P plants (Table 1). The ratio of dry
mass/fresh mass did not change with plant age; it was 0.17 and 0.16 in +P and
-P plants, respectively (results not shown).

In 8-d-old +P and -P bean plants the ATP content was similar {18 nmol root™)
(data from Table I and Fig. 3). In control plants the ATP content increased in parallel
with the increase in root mass and reached about 62 nmol root” in 19-d-old plants,
while in roots of phosphate deficient plants it reminded at constant level, about
20 nmol root” independently of root mass.

Dynamics of the increase of root dry mass of +P and -P plants were different
(Fig. 4). The RGR in -P plants was higher than in +P plants at the beginning of the
experiment. During the next 5 d {between day 11 to 15 of culture) the RGR of +P and
-P roots decreased to the same level. After 16 d it was insignificantly lower in
-P plants,

Nitrate uptake from the nutrient solution (measured as disappearance of NO; from
culture mediumy) was constant during the culture for -P plants 16 [mg(NOj3) plant™ d'],
while for control plants it increased during growing period from 18 to 40

[mg(NO,) plant™ d'l].
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Fig. 4. Root relative growth rate of bean plants cultured on phosphate sufficient (+P) or phosphate
deficient (-I") mediuvm. RGR was determined as the slope of the natural logarithm of plant dry mass
versus time (+P - open circles, -P - closed squares). The RGR function of +P: y = -46x + 866
(dashed line)y and of -P: y = -35x + 708 (fill line) were approximated using an Easy Plot Computer
Program.

In control plants total nitrogen content increased during culture period. Up to 15 d
of culture -P plants accumulated the same amount of N as +P plants (Fig. 5). The
decrease in N accumulation in -P plants was evident by day 15. Until the end of
experiment N content in -P plants remained constant and in 19-d-old -P beans was
half of the control.

The net nitrate uptake rate (NNUR) can be considered as rate of ion uptake by the
root. NNUR is calculated as an increase of N-content of the whole plant per root
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mass as function of time. For control roots NNUR showed slight variations from 2.94
to 1.84 during the cultivation period (Fig. 6). The NNUR of -P plants decreased from
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Fig. 5. Total N accumulation by bean plants cultured on phosphate sufficient (+P) or phosphate
deficient (-P) medium. Means £ SD, n=0.

3.64 at the beginning of the culture to 0.24 after two weeks of phosphate starvation
(Fig. 6). The decrease of NNUR of -P plants until day 15 was similar to the dacrease
of the RGR of -P plants (Fig. 4 and Fig. 6) The prolonged phosphate starvation
resulted in a rapid decrease of NNUR for -P plants, and at the end of culture the rate
of NNUR for -P plants was 7.6 times lower than for +P plants (Fig. 6).
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Fig. 6. The net rate of nitrate uptake of bean plants cultured on phosphate sufficient (+P) or
phosphate deficient (-P) medium. NNUR was calculated from the RGR, the total plant nitrogen
concentration, and the relative amaunt of root biomass (+P - open circles, -P - closed squares). The
NNUR function of +P: y = - 0.117x + 3.83 (dashed line) and of -P: y = - 0.371x + 6.72 (fidl line)
were approximated using an Easy Plot Computer Program.

Discussion

ATP concentration decreased rapidly in the roots of -P plants; after 11 d of culture
(7 d on -P medium) it was about half that of the control and dropped to one-third of
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the control in 19-d-old plants (Fig. 3). The cell ATP level reflects both the rate of its
synthesis and utilisation, while the rate of ATP synthesis is highly contrelled by ATP
demand. In -P plants, despite of the high demand due to the increased growth rate,
ATP synthesis may be lower because of decrease of Pi availability for oxidative
phosphorylation and the participation of alternative pathway of respiration.

In order to determine the alternative pathway engagement in total respiration, the
ratio SHAM inhibition to KCN resistance has been calculated. However, the results
of Hoefhagel ef al. (1995) indicated that electrons can be diverted from the
alternative pathway 1o the cytochrome pathway during SHAM inhibition. It means
that cytochrome pathway does not have to be saturated for the alternative pathway to
be operating (Atkin ef al. 1995) and the degrec of SHAM inhibition may
underestimate the participation of alternative pathway in total respiration, Therefore
it is impossible to determine the exact involvement of alternative pathway and thus to
calculate ATP production (Day et al. 1996). According to that, we can only say that
in our experimental conditions in 16-d-old plants the ratio SHAM inhibition/KCN
resistance of respiration was higher for -P (0.37) than for +P roots {0.17) suggesting
the greater involvement of the alternative pathway in root respiration of -P plants.

Although in -P plants the decrease in ATP content (Fig. 3) was correlated with a
decline in total respiration rate (Fig. 1) and increase of KCN resistance (Fig. 2), the
decrease in ATP content was greater than the decline in respiration and possible
increase of alternative pathway activity. This may indicate the greater ATP utilisation
in -P roots.

Root growth rate (RGR) was higher in 8- to 10-d-old -P bean plants than in the
control (Fig. 4) suggesting that in -P young plants ATP consumption for growth
increased as compared to the control. While ATP content decreased rapidly at day 135,
the RGR of -P roots declined and was similar to the control. It could be concluded
that after 2 weeks of phosphate starvation ATP may be limiting for biomass
production and the increase in root mass of -P plants (Table 1) was the result of
higher RGR at the beginning of the culture, The decreased root growth of -P plants
was observed despite higher C-export from the leaves 1o the roots {Ciereszko ef af.
1996). Higher glucose and fructose content found in the toots of phosphate-deficient
beans seemed to represent non-phosphorylated, probably non-metabolic pool, which
could not be utilized for growth (Rychter and Randall 1994).

Rufty er al. (1993) suggested that during phosphate starvation low ATP might

Y

restrict active NO; influx against an electrochemical potential gradient or limi
synthesis of the membrane transport system for NO;". The absorption of nitrate by
roots of higher plants is active and require an input of energy (Warner and Kleinhofs
1992, Crawford 1995). NO;" transport system is linked to the operation of the
plasmalemma H'-ATPase, and the link between NOy™ absorption and the H™-ATPase
appears to be due to a H' - NO; symport which has flux stoichiometry >1,
(MacClure ef al. 1990a,b). The activity of plasma membrane proton pump can
directly influence NO;™ uptake (Santi et al. 1995). The inhibitors of plasmalemma
ATPase (DCCD, orthovanadate, and DES) decrease nitrate uptake (Kiobus 1990).

In our experiment, we measured NO;™ uptake as its disappearance from mutvient
solution which is only an approximate measurement of NO;™ uptake. According to
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these determinations NO3 uptake from nutrient medium by -P bean roots was
independent from increase of absorbing area of the root; NOy™ uptake per plant was
constant during experiment, while in control plants ion uptake increased with root
mass. NOy™ uptake from culture medium was correlated with total N content in plants
(Fig. 5) and net nitrate uptake rate (NNUR) (Fig. 6).

The stimulation of root growth (RGR) of -P plants at the beginning of the culture
was accompanied by high level of NNUR, both of those processes contributed to the
decrease in ATP pool earlier and to a greater extent than it would result from the
decrease of respiration.

Experiments in which both nitrate availability and plant growth rate were
manipulated independently showed that nitrate uptake rates are determined mainly by
regulatory processes that co-ordinate nitrate uptake and biomass production (Imsande
and Touraine 1994). Therefore inhibition of biomass production would greatly
influence nitrate uptake rate. In our studies we indicated that inhibition of NNUR
during phosphate deficiency occurs prior to the inhibition of RGR.

The decrease in Pi in the tissue changed the energy economy of the root. As the
result of phosphate deficiency lower respiration rate and possible involvement of
alternative pathway decreased the rate of ATP synthesis despite its higher demand for
growth, However, at the beginning of phosphate starvation, stimulation of growth
and higher NNUR was observed. ATP utilisation mainly contributed to significant
decrease in ATP level in 11-d-old plants. After 15 d of culture lower ATP production
during respiration also contributed to the decrease in ATP concentration, Low ATP
level at this period affected more net nitrate uptake rate than growth rate. It means
that during phosphate deficiency, in limited ATP pool, maintaining of root growth
process necessary for phosphate acquisition from outside is the most important and
represent a strategy for plant survival.
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