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ABSTRACT
The study of phosphate influx in roots of intact barley

(Hordeum vulgare L. var. Bonanza) revealed the presence of two

distinct regulatory processeé for phosphate absorption.

One of these processes, which was elicited in response
to phosphate deprivation, in the form of enhanced phosphate
uptake, became evident between 11 and 13 days after germination.
At 16 days the uptake rates of these plants had reached a maxi-
mum value at 2.43ﬁmol/g.f.Wt./hour which compared to a value of
O.39ﬁmol/g.f.wt./hour for phosphate sufficient plants. Simul-
taneously, differences between the respective treatments were
also noted in growth rates and phosphate pools.

A second regulatory process brought about a rapid
reduction of phosphate influx upon the provision of orthophosphate
to plants previously starved of phosphate during the phase of
enhanced uptake. Within hours of supplying inorganic phosphate
to these plants influx was reduced by greater than 50% and during
this period influx values Were linearly correlated with root
orthophosphate concentrations. The time scale of this second
response is suggestive of an allosteric inhibition of influx by
internal orthophosphate'levels.

Both regulatory systems studied represenﬁed physiological

adaptations which would better enable plants, under field conditions,



ii

to obtain a sufficient phosphate supply. Severe phosphorus
dggxiyationveventually resulted in a morphological response such
as.the production of longer, narrower roots providing the plants

a greater surface area, presumably for greater phosphate absorption.
At a later time, an increased formation of root-hairs resulted in

even greater surface area modification.
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I. INTRODUCTION

There is now considerable evidence to suggest that the
active or energy dependent uétake of distinct inorganic ions by the
roots of higher plants, is subject to independent negative feedback
control (Cram, 1976). This control is thought to be elicited in
response to changes of the internal concentration of the particu-
lar nutrient, which ultimately exerts control over the root uptake
process.

The investigation of the mechanism underlying the control

of uptake would appear, a priori, to be more complicated in the cases

2.._
4

of the diversity of the end products of their metabolism. This may

of metabolized ions, such as SO , NO3—, H2P04_, etc., by virtue
consequently account for the more extensive investigations of this
aspect of uptake of non-metabolized ions. Thus, feedback control
mechanisms have.been proposed for potassium (Humphries, 1951; Johansen
et. al., 1970; Young et. al., 1970; Glass, 1976; Jensen and Pettersson,
1978), Na' (Pitman et. al., 1968), C1~ (Cram, 1968; 1973; Mott and
Steward, 1972), and Br (Sutcliffe, 1954; Cseh et. al., 1970). In

the case of an ion which is metabolized, control of influx might

be achieved via concentrations of the ion itself or one of its
metabolic products. Sulfate uptake for example, has been shown to be

reduced by prior feeding with the sulfur-containing amino acids



cysteine and méthionine (Hart and Filner, 1969; Ferrari and
Renosto, 19723 Cram, 1976). Similar results have been obtained for
the influence of NH4+ and amino acids upon nitrate uptake (Heimer
and Filner, 1970).

Plants grown in low phosphorus regiﬁes consistently
display elevated rates of phosphate uptake (Humphries, 1951; Bowen,
1970; Barber, 1972; Cartwright, 1972; Clarkson et. al., 1978) and
analysis of total phosphate concentrations in these plants reveals
that influx and phosphate content are negatively correlated
(Barber, 1972; Clarkson et. al., 1978).

Living orgénismé’might be imagined to possess long- and
short—-term mechanisms by which they are able to modify their rates
of ion uptake through biomembranes. The "carrier" systemsAresponsible
for transport across natural membranes are thought to be composed
of protein molecules (Mitchell, 1967). On a long-term basis "carrier"
degradation or synthesis could effect changes of transport rates.
A much more rapid, direct enzymatic control mechanism could be

"earrier" activity or energy supply

elicited by allosteric control of
for the specific transport phenémenon in question. Fluctuation of
nutrient levels within plants could act as the signal for nutrient
uptake regulation through the mechanisms described above. The present

study is directed toward a better understanding of the signals and

mechanisms which govern phosphate uptake in barley (Hordeum vulgare

(L.) c.v. Bonanza).



In higher plants internal orthophosphate concentration
is much more susceptible to fluctuations in phosphorus supply
than the organic phosphorus concentration (Bieleski, 1968; Nassery,
1971). Because of the flexibility of the inorganic phosphate
level its absolute magnitude within plant cells represents a good
candidate for effective regulation of phosphate uptake. With
this in mind the analysis of inorganic and organic phosphate
levels within the plant was conducted simultaneously with measure-
ments of phosphate uptake rates under different external phosphate
regimes. The plant chosen for this study, namely barley, is one
of economic value and representative of the cereal crop plants

raised in Canada.



II. METHODS

1. Hydroponic Plant Growth

A, Seeds

Seeds of barley (Hordeum vulgare (L.) c.v. Bonanza)

purchased from Buckerfields, Vancouver, were surface sterilized
for ten minutes in 1% hypochlorite and after several washings

with distilled water were germinated in sand at 27+2C.

. B. | Choice of Phosphate Levels and Growth Regimes

Many workers in previous studies have employed phosphate
levels which were unnaturally high (Cartwright, 1972; Clarkson et.
al., 1978; Bieleski, 1968; Barber, 1967). It was considered worth-
while in the present. study to use phosphorus levels which were more
representative of soil solution phosphorus concentrations (Bieleski,
1973). These criteria are met by a lSuM orthophosphate level in
hydroponic media. Planté were therefore grown in either full
nutrient solution (+P) or nutrient solution in which no phosphorus
was supplied (~P, see Table 1). Because of the large volume of
circulated growth medium it was necessary to monitor and top up
phosphate levels to 15uM only twice daily. Both +P and -P growth
media were replaced in full every four days. Plants wefe grown in

an environmental regime which consisted of 16h days at 27+2C and



irradiance of 3.0 mW cm—z, and 8h nights at 19+2C.



Table 1. Composition of hydroponic growth media

- Concentrations are uMolar

-P 111.2 KNO3 0.11 MnSOa.HZO
83.3 Mg(NO3)2 0.11 ZnSOA.7H20
27.8 MgSO4 0.03 CuSOA.SHZO
55.6 Ca(N03)2 0.03 H2M004
2.7 KC1 0.11 FeEDTA
1.4 H3BO3
Buffered to pH 6.25 with 10uM Na3Citrate: Citric Acid

+P as -P plus

5.0 NaZHPO4

10.0 NaH2P04



2. - Determination of Phosphate Influx Method

A, Root Wash Period

The cell wall or free space of plant cells contain sub-
stantial ion reservoirs which possess half-lives for ion exchange
of the order of 1-3 min (Walker and Pitman, 19763 Cram, 1973;

Dainty and Hope, 1959). Prior to influx experiments of relatively
short duration, designed to estimate initial plasmalemma fluxes,

it is necessary therefore to standardize thelcell wall phosphate
status of roots grown in differiﬁg phosphate regimes. Otherwise
the possible transfer of phosphorus within the root free space to
;be uptake solution would change the specific activity of phosphate
in the uptake solution and introduce uncertainty to the calculated
flux.

By loading the root with 15uM 32P—labelled orthophbsphate
and subsequently transferring these roots to non-labelled 15uM ortho-
phosphate a measure of the half-life of cell wall exchange can be
made. This was done by measuring release of 32P to the non-labelled
wash medium at intervals of time up to 30 min after transfer. The
estimated value of the half-life for cell wall ion exchange can
be used to determine the appropriate duration of the standardizing
prewash.

To obtain an estimate of plasmalemma influx it is necessary

to distinguish the active uptake from passive adsorption in the cell



wall. .The half-life for cell wall exchange can be used here to

obtain the necessary separation.

B. Phosphate Iﬁflux

Rates of orthophosphate uptake were determined after a
5 min prewash in SOﬁM CaSO4 at 30C. The uptake solution was
identical to the +P growth medium with 32P—labelled orthophosphoric
acid'and/or 86RbCl2 added. Eiﬁher'lO min (shorpéperm) or 24h (long
term) uptake periods were used. In all but one experiment the |
uptake solution was vigorously stirred and aerated. Uptakes were
performed at 30C in solution volumes (1.6 1) where nutrient deple-
tion was negligible. The uptake period was followed immediately
by a 5 min desorption period in cold +P solution at 4C. Thereafter
plant samples were spun in a'bésket centrifuge to remove extra-
neous water. These samples were weighedfinto‘glass vials to obtain
fresh weights and fihally ashed at 500C. The resulfant ashed samples
were dissolved in 10 ml distilled HZO and their radioactivity was

determined by Cerenkov counting (Lauchli, 1969; Glass, 1978a) with

an Isocap/300 liquid scintillation counter.



3. Efflux Analysis

Efflux determination was performed after feeding plants
in a constant 32P/P +P nutrient solution for five days. These
plants were then placed in non-labelled +P solutions at 30C and
an irradiance level of 3.0 mW cm_z. In order to estimate efflux
uncompliéated by plant reabsorption of isotope, standard procedure
is to replace the efflux medium with fresh non-labelled solution
at regular intervals. By this methodology isotopic flux from the
medium back to the cytoplasm is presumed to be zero. At the end
of the efflux analysis fotal phosphate content as well as isotopic
content remaining in the root tissue, was determined. Tﬂis
enabled subsequent calculations of the pattern of efflux according

to standard methodology (Walker and Pitman, 1976).
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4. Determination of the Plants' Phosphate Concentrations

A, Total Phosphate Concentrations

Fresh‘root and shoot samples were weighed, ashed,
dissolved in 10ml distilled water, and assayed for total phosphorus
by the method of Eibl and Lands (1969). Values expressed through-

out the text are in umol/g.f.wt.

B. Inorganic Phosphate Concentrations

Inorganic phosphorus pools of both shoots and roots were
obtained by a variation of the method of Daley and Vines (1977).
Samples were plunged into boiling water for two min, then were
rapidly frozen, thawed, and placed in boiling baths for 5 min,
twice in succession. Using samples of glucose-6-P and ATP, it was
established that this method,as claimed by Hulett (1970), caused

no hydrolysis of organic P bonds.
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5. Double Labelled Uptake Determination

'32P and 86Rb were used simultaneously to determine
phosphate and potassium influxes (Lauchli and Epstein, 1970)
respectively. The separation of these isotopes was.obtained by
anion-exchange chromatography of the ashed samples. Dowex-1x8-100
was primed in one hundred times its volume of 5M NaOH. 2 ml Pasteur
pipette columns were then pouréd and washed three times with deionized
water. 2 ml of wet Dowex-1x8-100 resin has an exchange capacity of
2.8 milli-equivalents. By the means described in Table 2 a suitable
regime was defined for use on biological samples. The separation
of 86Rb andv32P by this method was equally effective whether these
isotopes were present in carrier—free solutions or in solutions

more representative of the natural distribution of potassium and
phosphate. Samples were counted before and after exposure to

the defined regime. Initial counts gave estimates of 86Rb + 32P
activity. Counting of the eluate obtained after anion-exchange

chromatography gave 86Rb activity. 32P counts were obtained by sub-

tracting the latter activity from the combined 86Rb + 32P radio-

activity.
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Table 2. Determination of regime required for elution of all
86Rb and retention of all 32P from anion-exchange columns. 10 ml
of solutions shown (A to F) were applied to the columms and
eluate collected 1., without further column washing. 2. after
elution with 10 ml HZO' 3. after elution with a further 10 ml

of HZO'

Efficiency of elution of 86Rb or 32P expressed as %

of known counts applied to column

86

Rb
Treatment A. Carrier-free B. +0.1IM K c. H0.IM K + 32P + 2.0mM P
1. 75.5 80.7 81.6
2. 24.0 ' 20.3 18.4
3. 0.5 nil nil
32§
D. Carrier-free E., +2.,0mM P F., +2.0mM P + 86Rb + 0.1IM K
1. nil nil nil
2. nil nil nil

3. ' nil nil nil
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6. Determination of Root External Protein
The eosin protein staining technique of Williams
(1962) was used to determine root external protein. The procedure

is presented in Table 3.
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Table 3. Eosin staining

technique

Treatment

Duration (min)

Weighing of root samples

2 distilled water rinses

0.1 N HC1

5 distilled water rinses

0.2% eosin

5 distilled water rinses

0.1 M KC1 + KOH (§H =
13.0) 3 ml. volume

Optical Density measure-

ment at 520 nm.

1.0

0.5

0.5
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III. RESULTS AND DISCUSSION

1. Effect of Phosphate Level on Growth

Fresh weights of barley plants were monitored for a 20
day growth period (see Figure 9). There were no differences between
+P and -P seedlingS'up to day 11 (o = 0.05), beyond which stage‘the
fully nourished plants exhibited exponential growth rates while the
phosphate starved plants increased their mass at a linear rate
(Treatments significantly different at 12 days and older, a = 0.05,
see Table 4). By day 20 the ratio of +P to -P plant weights was
in excess of two but no qualitative morphological differences were
~apparent between the treatments. The diameters of roots in the +P
and -P plants are shown in Figures 1 to 8. Phosphate stress has
been previously shown to result in decreased root diameters (Bowen
et. al., 1974). Increased root-hair development became apparent in
-P roots only well after day 20 (see Figures 7 and 8),.

Beyond day 13 -P plants demonstrated statistically signifi-
cant (d = 0.05) root:shoot ratio increases (see Figure 10) when
compared to +P plants. By day 20 for example, -P plants had favoured
root growth to such an extent that the root:shoot ratio equalled 2
compared to 0.5 for +P plants. This preferential growth enabled the
-P plants to form almost as much root mass as the fully nourished
plants (Figure 11). 1In the soil environment where phosphate supply

may be limited and depletion zones sharply localized due to the
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Table 4. +P and ~P growth equations

A, +P exponential growth equation from day 5 to 20.
y = 0.1072e2° 743 1 = 0.9967
‘B. ~P linear growth equation from days 12 to 20.

y = -1.1667 +0.13983x, r = 0.9679
y = plant size (g.f.wt./plant)
x = age of plants (days)
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relative immobility of phosphate, increased surfaceAarea and soil
exploration would be an adaptive advantage (Harley, 1969).

Growth studies performed"with‘numerous species under
various phosphorus regimes have shown positive correlations between
growth and Pi supply. The magnitude of growth response is depen-
dent upon the species involved (élarkson, 1967; Piggott, 1971;
Rorison, 1968; Asher and Loneragan, 1967; Bradshaw et. al., 1960) .
Root to shoot ratios often increase in plants grown in low phosphate
environments (Hackett, 1968; Asher and-lLoneragan, 1967), but this
is not always the case (Troughton, 1977). Increased root growth,
however, might have occurred if Troughton had used lower levels
of phosphorus (Bradshaw et. él., 1960). The root:shoot ratios of
a number of grasses grown at different P-levels are comparable to
the barley data obtained (Figure 10). Because root-hair formation
is retarded in hydroponic culture (Bole, 1973), it is of particular
interest that root=hairs were observed to develop under severe
P-deficiency and only once has this phenomenon been previously
reported (Brewster et. al., 1976). Root-hairs enable plants to
increase their P-uptake from the soil environment wheré available
phosphate is strongly localized and diffusion is often limiting

the uptake process (Barley and Rovira, 1970).
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Figure 1. 5 day old root tips (8 times life-size)

Figure 2. 10 day old root tips (8 times life-size)



= 19

Figure 3. 15 day old root tips (8 times life-size)
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Figure 4. 20 day old root tips (8 times life-size)
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Figure 5. 25 day old root tips (10 times life-size)

Figure 6. 30 day old root tips, +P above, -P below
(26 times life-size)
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Figure 7. 40 day old +P root tip (16 times life-size)

Figure 8. 40 day old -P root tip (30 times life-size)
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‘Figure 9. Plant growth vs. age
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Figure 11.

Root mass (g.f.wt./plant)

1.5

1,0

Growth of roots

- 24 -

A
A 4P
A ~P A
A
A
A A A
A 4
A
; . N
10 15

AGE (days)

20



- 25 =

2. Characterization of Phosphate Influx

A, Determination of Root Wash Period

The kinetics of 32P release from roots exposed to labelled
medium for 10 min are shown in Figure 12. Greater than 96% of
the rapidly-exchanging 32P fraction had effluxed by 5 min. In
subsequent experimentation therefore, a 5 min wash period was
adopted as standard procedure wherever it was necessary to estimate
intracellular, as opposed to extracellular phosphate or 32P-phosphate

content.
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Figure 12, Efflux of 32P from Rapid Exchange Phase
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B. Temperature and pH Optimums.

Transport of phosphate into the symplasm from the environ-
ment is probably an enzymatic process (Epstein, 1976) and the '"carriers"
which catalyze vectorial phenomena are therefore susceptible to
changes in environmental temperature and pH. These physical para-
meters co;ld feasibly alter the rate of phosphate uptake by
modifying the molecular configuration of spécific enzymes or by an
effect on the general energy metabolism in toto (Boyer, 1970). The
temperature at which barley rbots express their optimum P-uptake -
rate is approximately 30C (see Figure 13). The optimum pH for
phosphate uptake within a reasonable soil range of 5.0 to 7.5 was
6.25 (Figure 14). Plants in general preferentially absorb mono-
valent ions over divalent or trivalent ions (Epstein, 1976) and Hagen
and Hopkins (1955) have hypothesized that phosphate uptake 'is
directly proportional to the amount of monovalent orthophosphate
present in the medium as determined by medium pH. Although pH does
control H2P04—:HP042— ratios, this relationship did not appear to
be the only effect of pH upon orthophosphate uptake in the present
study. Dunlop and Bowling's (1978) study with white clover indi-
cated that pH may affect phosphate uptake in ways other than its
control on the absolute amount of available monovalent orthophosphate.

All phosphate flux determinations were subsequently performed
at 30C in media buffered to pH = 6.25 by lOﬂM Na_citrate and citric

3

acid.
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Flgure 13. Temperature Curve of Phosphate Uptaké at pH 6.25

7.5 p
&

=]

£

25.0 b
3

L ¥)

00

~

"

Q

—

[o]

=]

[=1

2.5 F
o

X

vl

)

o ]
T
A

A 2 L 1 i | o
10 20 30 C 40 50

Temperature (C)

Figure 14, pl Curve of Phosphate ‘Uptake at 30C
6.0 o

4.0 P

P-Uptake (nmoles/g.f.wt./h + 102)

5.5 6.0 6.5 7.0 7.5 8.0
pH

8.5



-29 -

5. Phosphate Efflux Kinetics

The efflux kinetics of well nourished five day old
Bonanza barley plants are shown in Figure 15. The data revealed
a rather straightforward separation into three phases of efflux.
Considerations of the size and the kinetic constants of exchange
for these phases have led workers to the conclusion that these
phases represent a series arrangement of the cell wall, cytoplasm,
and ‘vacuolar fractions (Walker and Pitman, 1976). Most work in
root ion exchange previously published, however, has dealt with
non~metabolized ions such as K+, Na+, Cl_, etc. (Cram, 1973;
Walker and Pitman, 1976). A priori it was anticipated that t@e
kinetics of phosphate efflux would be complex. Not only would the
Pi fraction be expected to show the standard triphasic pattern |
but organic fractions could be expected to overlay this basic form.

By contrast the striking similarity to previously reported
kinetics lead to the conclusion that the observed kinetics describe
the exchange of a single P species - most probably inorganic phos-—
phate since under the present conditions of growth it would represent
the major P-fraction. Furthermore the enzymatic reactions which
would release labelled orthophosphate from metabolized forms are
probably not limiting exchange. If such reactions were restricting
efflux the exchange process would almost certainly be much more
complex. As such it is reasonable to believe that the three phases

represent cell wall, cytoplasmic and vacuolar exchange of Pi.
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Calculation of the P-content of the fraction with the
lowest exchange rate gave a maximum pool size of 11.97umol/g.f.wt.
(see Figure 15). Although this value includes non-exchanging
components such as stable DNA (Bieleski, 1973), the majority of
the exchanging phosphate probably arises from the vacuoles of
cells and the root xylem if a comparison can be made. to non-
metabolized ions (Jeschkle, 1973). This estimate is entirely
consistent with the literature values whicﬁ place vacuolar P-levels
in this range (Bieleski, 1973).

The second fastest exchanging phase has a magnitude of
1.27umol/g:f:wt. and an exchange half—life of approximately 45 min
which is comparable to the half-life of cytoplasmic exchange for
other ions (Walker and Pitﬁan, 1976).

The free space phase containéd 2.38um§l/gﬁf{wt. and had
a half-life of approximately 2 min which is again.similar.to values
obtained for other ions (Walkef and Pitman, 1976). These data
provide confirmation that a five min wash period is sufficiqnt to
release the bulk of free space 32Pa as well as validating the use
of a 10 min flux period to estimate plasmalemma influx.

These three phases are consistent with the belief that
only a single phosphate species is being exchanged and that compart-—
mental barriers are the plasmalemma and tonoplast. The terms 'pool"
and "coﬁpartment" as defined by Oaks and Bidwell (1970) denote the

situation where different portions of a compound are metabolically
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isolated from one another, whether or not this is due to their
physical separation in cell organelles. Smith (1966) has shown that
in excess of 90% of the soluble phosphate-esters such as sugar—.
phosphates are present in the cytoplasm. The terminal P-groups of
ATP turn over with a half-life of 2-20 sec and most P-esters have
half-lives of less than 30 min (Bieleski, 1968; Johnson and Bluff,
1967; Loughman, 1960; Weigl, 1963). In addition if as has been
suggested, the greater proportion of phosphate is in the form of
orthophosphate, it is not unreasonable to assume that the magnitude
of P-esters would not limit the exchange of Pi at the membrane level.
Very little is known about the turnover of Plipids and RNA which
contain over 75% of the metabolized éhosphate in plants (Bieleski,
1973). Although the half-lives of these compounds may vary consider-—
ably, if the magnitude of 32P—ester to 32Pi conversion is many fold
higher than that of 32P—lipids or 32P—RNA, then the latter's contri-
bution to the cytoplasmic exchange phase would be negligible. DNA
is not expected to contribute any exchangable 32P. RNA and P-lipid
turnover could be of importance in the slowest exchange phase,
however the large vacuolar Pi—content (Bieleski, 1973) would render
this unlikely.

It is encouraging to observe essentially similar patterns
of phosphate efflux to those describing the efflux of non-metabolized
ions. The half-life of cytoplasmic exchange may be of importance in

short-term regulation of phosphate uptake particularly in severely
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P-deficient plants where the vacuole is no longer able to supply Pi
to the cytoplasm (Bieleski, 1968; Crossett and Loughman, 1966;

Greenway and Klepper, 1968).
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4. Enhancement of Phosphate Uptake Rate by Phosphate
Deprivation
A. Phosphate  Uptake

As fully nourished barley seedlings aged their phosphate
uptake rates on a per gram fresh weight basis declined. A similar
trend occurred in -P grown plants until they were 12 days old (see
Figure 16), at whicﬁ time a rapid increase or enhancement of inor-
ganic phosphate uptake was initiated in the low P plants. By day
16 the uptake rate of -P plants was 6.3 times that of +P plants,
however within two days a dramatic decline became evident.

Plants exposed to low amounts of phosphate have often
been shown to express enhanced uptake rates (Barber, 1972; Cartwright,
1972; Clarkson et. al., 1978), however the phosphate levels employed
previously were high in comparison to this study. Clarkson and his
colleagues (1978), for example, supﬁlied barley plants with 150uM:.
phosphate for a period of seven days before transferring his -P
plants to phosphate minus solutions. As such, uptake rates obtained
by these researchers were in some instances an order of magnitude
lower than the present results. +P plants in the present studies
could almost be described as -P by comparison with the former studies.
These results indicate the extent of the regulatory fesponse to
P-status. The present choice of 15uM P, as previously stated, was an

attempt to simulate more natural soil conditions.
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FIGURE 16. P; Uptake Rate vs. Plant Age.
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Clarkson et. al. (1978) obtained four fold differences
in uptake between P-deficient and fully nourished treatments on a
per gram fresh weight basis. Similarly Cartwright's (1972) work
yielded a 2.5 fold increase in the uptake rate of -P plants.

When Pi—uptake per plant is plotted (see Figure 17)
similar rates are witnessed for +P and -P plants at younger ages, but
at day 13 dramatic increases in uptake abilities were initiated
in both treatments. On a per plant basis reduction in uptake rates
as seen in the per gram fresh weight presentation (after day 16) did
not occur. Rather the rates reached a maximum value at day 16,
which was sustained until the termination of the exﬁeriment at day
20. Throughout the period from day 16 to 20 the ratio of uptake
rates (—P/%P) reméined.steady at 4.

The response of barley plants to low phosphorus levels (-P)
in hydroponic culture clearly shows their ability to regulate
phosphate uptake rates in relation to phosphate status. The‘enhance—
ment curve of the -P plantg' uptake rates on a per gram fresh weight
basis can be divided into three regions; a lag stage, an enhancement
stage, and a decline stage. The length 6f the lag and rapidity of
the enhancement stage might be dependent on the balance of nutrient
stores within the seeds used. Changes in the phosphate uptake rates
can be attributed to physiological properties of the plant since the
uptakes were performed under conditions where phosphate diffusion
was not limiting the phosphorus supply to the roots (Polle and Jenny,

1971).



FIGURE 17. P, Uptake vs. Plant Age
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It is interesting to compare the differences in the time
scale of response in this experiment to those exhibited by K-uptake
rates in barley in response to K-deprivation (Glass, 1975), 1In
the latter experiments transfer of plants from K-sufficient to K-
minus solutions produced increased iﬁflux within hours. This
may be  attributed to the major osmotic function of potassium.
Enzyme activation requirements have been postulated to be in the
range of S—IOQM, whereas osmotic requirements necessitate up to
100-200mM K. This large demand for K by contrast to the relatively
low levels of P required may account for the extreme responsiveness
in the control of K-uptake. The rapidity of regulation in the case
of K has led to the proposal of an allosteric control (Glass, 1976;
Pettersson and Jensen, 1978). The time scale of the P-response
makes it difficult to assess the importance of allosteric as opposed
to transcriptional regulation.

On a per . -gram fresh weight basis there was a decline
stage in P-uptake rates. This may be attributed to a rapid decline
in vigour of the plants resulting from P-deprivation althoughTat.
this stage no obvious signs of P-deficiency, other than reduced
- growth by comparison to +P plants, were apparent. The mechanism
involving this response might be either physiological e.g. a

termination of "

carrier" synthesis, etc., or morphological e.g. an
increased relative root growth. Fresh weight analysis indicates

that the roots of -P plants were actively growing during that time
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period éfter P-uptake per plant had reached its maximum level. This
suggests that the vigour of the plant was not severely retarded and
that metabolic energy was available for numerous biochemical
processes. It is unlikely that there would have been an energy
limitation upon the active uptake processes and therefore the
decline in P-uptake per gram fresh weight was probably the result

of a cessation in net "carrier" synthesis.

On a per plant basis the lag, enhancement, and levelling
off stages are of identical duration in both +P and -P treatments.
‘These simultaneous occurrences reveal their developmental origin as
distinct and independent of the phosphorus status. The magnitude
of the enhancement of P-uptake, however, could be attributed to a
critical level of Pi and/or one or more of its numerous metabolites.

Growth patterns already presented showed divergence between
+P and -P grown plants at the period between days 11 and 13 which is
concurrent with the divergence in phosphate uptake rates between
the two treatments. Therefore the morphological responses revealed
through distinct growth patterns are paralleled by physiological
differences in orthophosphate uptake. Although phosphate deficiency
has often been shown to result in elevated P-uptake rates (Humphries,
1951; Barber, 1972; Cartwright, 1972; Bowen, 1970; Clarkson et. al.,
1978), such simultaneous physiological and morphological effects of

phosphate status have not been previously reported.
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B. Total Phosphate and Inorganic Phosphate Levels within

the Plants.

A decline in total phosphate content of -P roots on a per.
gram fresh weight basis, as expected, did occur as the barley
seedlings aged (Figure 18). Such a decline was not evident in the
inorganic phosphate pool (confidence level g = 0.05), although this
pool represented but a small percentage of the total P. The shoots
of P-deficient plants dropped in phosphorus content by over one
half between days 11 and 12, and a subsequent steady decline followed
(see Figure 19). The inorganic phosphorus amounts in -P shoots also
dropped significantly (d = 0.05), but this occurred between days 9
and 11,

The inorganic phosphate content of -P roots remained
constant while a steady decline in total phosphate was present through-
out the investigation period. At as early as day 5 the Pi—content
was at its minimum level and since Pi is considered the most flexible
of P-pools in higher plants (Bieleski, 1973) it is not surprising
that the Pi-level had reached a minimum before the decline in the
root organic phosphate was evident. The subsequent decline in organic
phosphate could be responsibletfor the enhancement of phosphate uptake,
however it is impossible to discern to what extent allosteric and
transcriptional processes were involved. Obviously no allosteric
control could be attributed to the internal orthophosphate whose amount

was essentially constant throughout the experiment. Discounting the
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possibility of developmental uptake processes which would be
independent of the plants' P~status, the timing of the enhancement
of phosphate uptake must of necessity be controlled by the levels

of one or more organic phosphates. Although positive correlations
between phosphate absorption and ATP levels have been reported in
higher¢§lants (Lin and Hanson, 1974) negative correlations between
uptake and organic phosphate content of roots have not. On¥the
other hand, as already discussed, there does appear to be a develop-
mental control over P-uptake and as such the absolute magnitude of a
phosphate;species, Pi included, could govern the extent of Pfuptake
enhancement.

The total amount of phosphorus per gram fresh weight
decreased slowly in the roots of P-sufficient plants while a subse-
quent increase in Pi—content ensued (see Figure 20). Total phosphate
in the +P shoots increased rapidly betwgen days 5 and 7, and then
decreased gradually throughout the duration of the experiment (Figure
20). A possible signal for the regulation of P-uptake is the
dramatic 17 fold increase in orthophosphate levels within the +P
shoots whiéh occured between days 11 and 12. This was followed by
a levelling off of the Pi—concentration at approximately 8umol/g.f.wt.
The lack of such a shift in phosphate pool composition could be the
signal for increased P-uptake in -P roots.

In the present study, where all determinations of P-uptake
were performed with intact plants, the shoot's phosphate status could

effect change in the roots' phosphate uptake rates. =~P shoots did
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Figures 18 to 21.. Pj and total phosphorus of aging barley
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show a large decrease in tot;l phosphorus at the time of initiation
of enhanced P-uptake (Days 11 and 12). There is also a drop in
these shoots’ Pi—levels between days 9 and 11. These occurrences
could trigger control through translocation of hormones from the
shoot to the uptake organ. Several studies have shown that hormones
applied to tissues increase their ion uptake rates (Luttge and
Higinbotham, 1979). Excised maize roots, however, did not increase
in 86Rb or 36Cl uptake when auxin was applied (van Steveninck, 1974),
and auxin induced only a 20% stimulation of'SO42_ uptake in beetroot
slices (Neirinckx, 1968). Pursuits in the hormonal control of root
Pi—uptake, per se, have been neglected.

Where hormones have been externally applied to tissues
it is not clear whether increased ion influx was the cause or
the result of increased growth rates. -P plants demonstrated a
preferential root growth at the time of initiation of increased
Pi-uptake rates. However, the -P growth media contained no phosphate,
and therefore increased growth could not be due to orthophosphate
accumulation. Plant growth is thought to be mediated through inter-
actions between the major plant hormones. Since growth implies a
greater demand for all nutrients including inorganic iomns, it is not
surprising to find that increased growth rates in response to hormonal
treatments are associated with higher rates of inorganic ion uptake.
In this manner, the hormonal influence upon ion absorption is an

indirect, general effect providing no opportunity for the control of
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uptake of specific ions. Nevertheless on a short-term basis there
are clear indications that hormones such as IAA and ABA may influence
specific ion transport systems e.g. H+ extrusion (Cleland, 1973) and
K% transport into guard cells (van Steveninck, 1976). 86Rb and 32P
double-labelled experiments performed at various plant ages indicated
complete independence of their influx (see Table 6) and it would
be difficult to attribute this to the general hormonal effects
discussed.

In this study the shoot was designated to comprise the
seed and green tissue of the seedling. The rather large ortho-
phosphate pool which was suddenly formed in the +P shoots is more
representative of the Pi in higher plants than are the levels witnessed
at the younger barley ages (Bieleski, 1973). The breakdown of phytin,
stable orthophosphate uptake and translocation, and a net conversion
of shoot organic-P could. all contribute to this increase in ortho-
phosphate concentration. Phosphate stored as phytin could have
broken down to release large amounts of phosphorus available for the
photosynthesizing tissue in the translocated form of orthophosphate
(Morrison, 1965; Selvendran, 1970). Correlations between phytin hydro-
lysis and Pi increases have been demonstrated in seedlings starved
for phosphorus (Mukherji et. al., 1971; Ergle and Guinn, 1959). The
action of phytase is retarded when phosphate is supplied to the
seedlings (Biachetti .and Sartirana, 1967; Sartirana and Biachetti,

1967) and although these studies were terminated at 6 days growth,
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phytin levels declined gradually during this period until at the
termination of the studylthey were almost exhausted. Hence it is
unlikely that a sudden breakdown of phytin could have occurred at
day 11 of the present study (Figure 21). Pi uptake from the 15uM P
growth media could have accounted for approximately one third of
the increase, i.e. if all Pi taken up was translocated unchanged to
the leaves. Polyphosphates have been found in relatively low levels
in a few higher plants (Miyachi, 1961; Nassery, 1969; Tewari and
Singh, 1964; Vagabov and Kulaev, 1964) and therefore they could be
only -a minor source for orthophosphate. Organic P -sources are the
best candidates for breakdown to supply the observed Pi—levels in
the +P shoots beyond day 11.

Expression of inorganic and total phosphate levels on a
per plant basis gives further insight'intd phosphorus nutrition.
Although the total phosphorus and inorganic phosphate amounts within
the -P plants remained relatively constant throughdut the first 18
days of growth, a drop in-total phosphorus which was not paralleled
in the inorganic pool occurred between day 18 and 20 (see Figure 22).
This implies that phosphorus had effliuxed into the environment and
this may have been due to minor losses of plasmalemma integrity.
Indirect evidence, recently put forward by Menge et. al. (1978),
suggests that leakage of root materials in phosphorus deficient plants
may be a prerequisite for the initiation of root-mycorrhizal fungal

associations. The fact that the number of these associations in a
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given soil environment does correlate negatively with the available
phosphate level may also be explained, however, by the reduced
survival rates of mycorrhizal spores under high levels of P—-application
in modern agricultural practices {(Ducey, 1980). These rhizosphere
'associations, although apparently impossible to form in hydroponic
culture are believed to be essential.for proper plant phosphorus
nutrition in low phosphorus soils (Gerdemann, 1968). Plant phosphate
compensation points.are often in excess of O.SﬁM (Bieleski, 1973)

and could therefore account for some of the -P plants' phosphate loss
(-P medium was changed every 4 days). A rapid increase in the

levels of inorganic phosphate occurtred in the +P treatment between
days 11 and 12 (see Figure 23), which can be attributed to the shoot
phﬁnomenon which has already been discussed at length.

The increase in phosphéte influx in both +P and -P plants

on a per plant basis started and finished at the same time (see

Figure 17). These phenomena per se cannot be attributed to nutritional
status and therefore appear to be developmental in nature. Crop

plant studies have indicated that their P as well as N and K levels
vafy~in a manner which can be timed to distinct morphological stages
within the plants' developmentb(Mengel, 1969; Mengel and Kirkby,
1978). It therefore follows that the initiation of elevated phosphate
uptake in the present study might also be of a predetermined nature,
however the extent of this increase appears to be negatively related

to internal phosphorus levels. A possible candidate for the control
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Figure 22, 'Phosphaﬁe concentration in -P barley plants
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of the extent of enhancement is the concentration of the roots'

internal orthophosphate or organic phosphate at the beginning and

during the P-influx enhancement period. The ratios of P, (+P /
i roots/

- roots) are 10.4 and 15.7 at days 11 and 16 respectively; the

same ratios for organic phosphate are 1.5 and 2.4. Clarkson et. al.
(1978) obtained a +P/-P root total phosphorus ratio of 2.4 and a
-P/4P influx ratio of 3.9. Because Pi is much more flexible in

magnitude than the organic phosphates it could act as a more finely

tuned regulatory signal for P-uptake in roots.
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C. Physiological Characteristics of Enhanced P-uptake.

i. Uptake Isotherms

The kineticbplots, either Michaelis-Menten or Eadie~Hofstee
(see Figures 24 and 25) indicate that the phosphate uptake Vmax of
-P plants had increased (-P Vmax = 1.25umol/.g.f.wt./hour; +P Vmax =
0.32ﬁmol/g.f.wt./hour), whereas there was no significant (a = 0.05)
increase in the -P roots affinity for phosphate, i.e. no significant
decrease in the Km (~P Km ='2;37ﬁM; +P Km = 3.00ﬁM)vof the phosphate
uptake systém occurred.

The ratio of ~P to +P V max's is approximately 4 and the
~P plants in these isotherm experiments had not reached total P-uptake
enhancement (see Figure 16). The high P-concentration used by
many researchers (Nissen, 1973) and the multiphasic nature of
the orthophosphate uptake isotherms (Barber, 1972; Nissen, 1973)
make it difficult to compare Km and Vmax values. Because of the
multiphasic uptake pattern in plants, only natural soil P-concentrations
were used in the present study for influx isotherm detefminations.
In this matural range (circa lOﬁM), Farrar (1976) working with lichens
obtained comparable Km and Vmax values to the -P treated barley roots
of this study, whereas Carter and Lathwell (1967) working with corn
found values similar to the +P treatment. These workers' results
can be attributed to the phosphorus nutrition of their experimental

plants. Barber, using excised barley roots (analysis by Nissen, 1973)
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Figure 25. Orthophosphate uptake kinetics: Eadie-Hofstee plot
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obtained, in phosphate deficient plants, approximately a 4 fold
Vmax increase over that of well nourished plants and his ~P Km
values were lower than in his +P treatments, though as in the
present study the differences of ‘Km were not statistically signifi-
cant, Cartwright (1972) also showed an increase in the affinity
for phosphate by -P barley plants, although no changes in Vmax were
reported. This could be due to the nutrient status of the plants
employed as well as the P-concentration range over which influx
determinations were performed. At higher external concentrations
of inorganic ions differences in uptake rates between plants which
are apparent at lower concenfrations, may be lost (Glass and Dunlop,
1978). This combined with the multiphasic nature of ion uptake in
plants would suggest that an isotherm determined over a greater
range of ion concentration might overlay the pattern of uptake
which occurs at the lower P~concentrations such as those used in
the present study.

The present study together with those cited now clearly
show that increased P-status may be associated with both decreases
of Vmax values for P-uptake as well as increases of Km although‘

in the present study significant Km differences were not observed.
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ii, Uptake from Stirred and Non-stirred Media

All uptake determinations so far described were performed
in well stirred media and therefore the diffusional limitation on
phosphate supply to the root was reduced to a minimum. Diffusion
is the limiting factor for ion uptake when roots are bathed in
non-stirred solutions of concentration below 10uM (Polle and Jenny,
1971; Bole, 1977). In such an environment an increase in the root
area relative to its weight would contribute to an increased uptake
rate. By comparison of uptake rates in a diffusion and a non-
diffusion limiting system insight can be gained into phyéiological
and morphological contributions to enhanced Pi—uptake rates (see
Table 5).

The fact that the -P to +P uptake ratios were consistently
lower under the non-stirred compared to the stirred conditions
might be explained by presuming that increased uptake rates in -P
plants arise from increased "carrier" synthesis and incorporation
into the plasmalemma.  Under conditions where uptake ;ates are
diffusion limited (the non-stirred treatment) the overlap of
depletion zones (in -P plants) would be anticipated to more adversély
reduce uptake rates than in the +P plants. An analogy can be drawn
to the phenomenon of gas exchange at the stomata of leaves (Heath,
1975). As Raven (1977) has pointed out, however, speculations
regarding "carrier" synthesis will remain tenuous until the isolation

and characterization of these putative molecules.
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or without (WS) stirring. (ymoles/g.f.wt./h.)
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Uptake rates from 2.5uM P solution with (S) stirring

Ratios are shown.

Day

11

14

744,14

335.46

693.33

281.49

548.16

201.61

ratio -P/+P

2.22

2.47

2.73

WS

304.30

207.75

225.12

176.70

161.84

130.52

ratio -P/+P

1.46

1.27

1.24
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The seedlings employed in this and the remaining
experiments of the thesis attained optimum P-uptake rates at eight
days of age, not 16 as in the previous plantlets. Differences in
the age needgd to reach optimum uptake rates does not appear to be
solely dependent upon phosphate stores (see Figures 18, 19, 27 and
28), and other nutrients, although not investigated, may be

involved.
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iii. Double-labelled Uptake Experiment-

Phosphorus deprivation can alter the metabolic cycling
of energy through a limitation upon energy coupling which occurs
via the synthesis and hydrolysis of ATP. The concentrations of
both the ATP precursors ADP and metabolically available ortho-
phosphate rely on a source of phosphorus which could be within the
cell as a storage pool and/or within the roots' external environment.
Even if these sources were depleted it is plausible that an increase
in the rapidity of phosphate cycling through perhaps an increase in
phosphatase activity could prolong the plants ability to maintain
high levels of energy coupling. In fact high phosphatase activities
commonly occur in P-deficient plants (Bieleski, 1973).

In the event that plant ATP supplies became lowered as
a result of phosphate deprivation, the relative effect upon all
the organism's endergonic ion uptake processes might be expected to
be of similar magnitude barring allosteric changes within the '"carriers"
or changes in the number of specific "carriers" during the course
of P-starvation. In order to specificélly ascertain whether the
decline in P- uptake during P-deficiency (Figure 16) was due to
limitation upon energy resources for active transport it was decided
to examine the uptake of another actively transported ionic species,
namely K+. By means of double-labelled uptake experiments the uptake
of 86Rb and 32P was determined simultaneously during this period of

P-uptake decline in -P plants. 86Rb is the isotope of choice for



Table 6.

a 111uyM K solution.

(nmoles/g.f.wt./h.)
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roots are also presented. (mmoles/g.f.wt.)

Uptake rates of P from a 15uM P solution and K from

K concentrations of the

Day

11

14

P uptake

2678.12
886.48

2247.08

867.75

1259.39

699.80

K uptake

889.12
1080.64
410.27
974.55
618.56

901.59

K concentration

0.092+0.021
0.067+0.008
0.080+0.005
0.079+0.003
0.077£0.013

0.085+0.006
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the determination of potassium uptake in higher plants (Lauchli

and Epstein, 1970). While the well nourished plants gradually
reduced their uptake rates of both ions over the time period
investigated, there was no such relationship between the respective
ion uptakes in the -P plants. From day 8 to day 14 phosphate
uptake rates in the =P plants were halved, and while the potassium
uptake decreased considerably by day 11, it had increased again

by day 1l4.

Because of the independence of the two ion uptake rates
it appears that energy supply to the "carriers" which might be
expected to act similarly upon active uptake processes does not
seem to be the overriding cause for reduction in phosphate uptake
rates and therefore a more likely cause of the P-uptake decline is
a net loss of active P-"carriers' on the root surface.

In both the +P and -P plants a relationship between
P-uptake and potassium content of the roots is difficult to ascertain.
Cram (in press), on the other hand showed decisively that KCl fed
to carrot discs resulted in a decreased phosphate absorption. Franklin
(1969) showed that adsorbed cations increased phosphate uptake by
barley roots, whereas conversely, applied phosphate has never been
reported to augment K-uptake rates. In the present study +P plants
consistently showed greater K-uptake rates than -P plants and this

may be attributed to the greater growth rates of the +P plants.
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iv. Determination of Root External Protein

Because of the ubiquitous metabolic roles in which
phosphorus is involved it was of interest to determine if depriva-
tion of this essential nutrient would result in the reduced
synthesis of protein and in particular proteins which would be
exposed to the exterior of the root. Proteins oriented within the
root plasmalemma could be responsible for mineral uptake and for
the structural integrity of the membrane itself.

Eosin is a protein specific stain which penetrates
biological membranes at a very slow rate‘and as such can be used to
measure relapive amounts of root externai protein (Williams, 1962).
At 10 days of age the staining value for -P piants' roots was
20.82+5.04 0.De 5o0nm units/g.f.wt. and that of +P roots was
35.28+9.06. The diameters of the main roots of both +P and -P
plants were 0.45+0.05mm (see Figure 2). At 30 days of age protein
values were 16.61%3.86 and 16.53i1.78 for the -P and +P roots
respctively and while the +P root diameter had not changed from
0.45+0.05mm, the -P root width had decreased to 0.20x0.02mm (Figure
6).

The primary root"s surface area to volume ratio might be
taken as representative of the entire root system, in which case the
calculation of surface area per g.f.wt. root revealed that per unit
area at both days 10 and 30 there was approximately 0.6 times as

much external protein on -P as on +P roots. P-deficient plants seem



- 60 -

to have produced and sustained much less plasmalemma and cell wall
protein. This combined with the apparent increase in density of
phosphate uptake sites (see stirred vs. non-stirred experiment)
would suggest that the -P plants possessed a substantial enrichment
in the membrane proteins responsible for phosphate uptake. Such
an enrichment could be exploited as a source for obtaining a puri-
fication of the phosphate "carrier" in question, a feat not yet
accomplished in plants. The low protein level may also be partly
responsible for the loss of phosphate from the repots of the 20 day
old -P plants (see Figure 22). A leakage of phosphate could have
resulted from a decreased root integrity caused by an inadequate

production of structural membrane proteins.
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5. Regulation of Rapid Decline of Enhanced Pi—uptake

A, Short-term versus Long-term Uptake

~-P plants which demonstrated enhanced P-uptake rates in
short-term determinations (10 min influx periods) did not show as
pronounced an elevated uptake rate when a 24h uptake period was
used (see Table 7). Depletion of 32P—.labelled uptake media was
negligible in both short- and long-term experiments and cannot
therefore have been responsible for this effect. When ~-P plants
were exposed to +P media for 24h prior to short-term uptake deter-
mination the values of P-uptake revealed that the supplied 15uM
phosphate had resulted in a considerable reduction in their P-influx,
dropping the rate to a level similar to that of the +P plants.
Short-term studies of +P and -P plants at days 7 and 8 indicated
that no developmental decline in uptake had occurred. The low
uptake rates which Clarkson and his colleagues (1978) obtained in
their low phosphate plants may be attributed, at least in part, to
the 24h influx determinations employed. Differences in the values
obtained for P-influx through the use of either short- or long=
term assays indicated that the regulation of phosphate uptake in -P
plants was extremely sensitive to internal P—le?els. This control
mechanism, by virtue of the rapidity of its response, could be
further inyestigated only through the use of the short-term assays
in which minimal exposure to phosphate results in a measure of the

initial P-uptake rate.
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Short-term (s.t.) vs. long-term (l.t.) uptake rate

determination

Plant Status at

Assay Employed

Beginning of Assay

Uptake (umol./g.f.wt./h)*

A, 7
B. 7
c. 8
D. 8
E. 7

1 .
F., 7
G. 7
*Mean

day
day
day
day
day
day
day

day

and

-P s.t.
+P s.t.
-P s.t.
+P s.t.
-P plus

s.t.
+P
-P 1l.t.
+P 1.t

standard deviation of

four

2.047+0.226
0.699£0.144
2.587+0.481

0.616+0.104
0.651+0.016

0.732£0.052

0.579+0.039

replicates.,



- 63 -

B. P-uptake Rates and Plant Phesphorus Levels Following

Exposure of Plants to 15uM Phosphate

In order to determine the rapidity of the -P plants'
response to the 15uM P supplied, short=term influx estimates were
obtained after these plants had been fed 15uM P for increasing
time periods. Figure 26 presents the time course of the effect of
15uM phosphate upon -P plants' uptake rates. The rates began
decreasing within 1lh which incidentally is close to the half-life
of cytoplasmic P-exchange (estimated‘ét 45 min, see Efflux Kinetics).
The decline was rapid until 6 hours, beyond which no further redué:.
tion was evident. The uptake determinations for times 10 to 24h
were carried out on the second day of the 2 day experiment, however
the elevated values at 12, 16 and 20h cannot be due to the plants'
diurnal cycle since all procedures were performed within the 6
central hours of the light period. Rate determination of non-treated
+P and -P plants at 0 and 24h revealed only minimal changes.

The total phosphorus content per gram fresh weight of the
treated plants did not show a net gain over the 24h feeding period
(Figures 27 and 28). Rapid growth, causing dilution of absorbed P
and thus maintenance of P at a relatively constant level, best explains
this phenomenon. The fact that P-content decreased in the non-
treated -P plants over the same time.period is in accord with this
explanation. The inorganic phosphorus component of both the shoots

and roots changed considerably as phosphate was supplied to -P plants
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Flgure 26. Phosphate uptake rate vs. time of root
exposure to 15uM orthophosphate
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and although no obvious P-uptake control signal can be attributed
to the shoots, there appears-to be a relationship between the
Pi—content of the root and the P-influx (see Figure 29). The
uptake rate plotted against the root's internal orthophosphate
concentration (Figure 30, feeding curve) brings to light a negative
correlation which wés maintained until 6h of exposure to 15uM P.
After 6h the internal phosphate showed a decline to approximately
0.75umol/g.f.wt. (not shown in Figure 30) while the P-uptake rates
remained at relatively low values. This suggests that beyond 6h
some control mechanism other than direct Pi feedback upon uptake
had also presented itself. ‘Moreover, the inorganic phosphate level
of the 4P roots at the end of the 24h feeding period was lower than
in the treated roots and regulatory processes may still at this
time be actively stabilizing the'better nourished root's physiology.
Evidence therefore supports the possibility of two control mechanisms:
iy in which a rapid feedbéck occurs at the early stage, and
2) a slower mechanism which might act through the degrada-
tive reduction in the number of active phosphate 'carriers'.
Also presented in Figure 30 are the root inorganic
phosphate levels and P-uptake rates of 11 to 16 day old -P plants
during the -P phosphate uptake enhancement phase (see Figure 16).
In this case internal Pi—levels did not correlate negatively with
the enhanced uptake and as such internal orthophosphate could not

have acted as an allosteric regulator of the influx process. The
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Inorganic phosphate concentration during
the period of phosphate loading of -P
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Figure 30. Phosphate uptake rate vs..Pi concentration
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internal Pi—concentration remained at a minimum level throughout
the enhancement stage and hence inhibition of uptake by internal
orthophosphate ‘would, as such, also be at a minimum. It follows
that a possible mechanism for the control of enhanced P-uptake is
through the addition of new "transporter proteins', each of which
was free from allosteric inhibition. This agrees with the argument,
already put forward, that phosphate uptake enhancement resulted
from an increased density of "carriers'" on the root surface. It
does remain possible that during the enhancement phase of P-uptake
a concomitant decline in one or more organic phosphates resulted
in the release of an allosteric inhibition of the uptake process.
This was not further investigated in the present study.

Several studies involving ions which are not metabolized
have demonstrated'negative relationships between the rate of
uptake of a given ion and its internal concentration. The ion
itself would in these cases be the most efficient direct feedback
signal for uptake.

Rapid declines in R.b+ uptake occurred when corn was
supplied with potassium (Leigh and Wyn Jones, 1973) and increasing
potassium nutrition caused decreasing Rb+ uptake rates in sunflower
(Pettersson, 1975) and Lemna minor (Young et. al., 1970). Allosteric
control of rubidium and potassium uptake has been reported in barley
and sunflower (Glass, 19763 1977; 1978b; Pettersson and Jensen, 1978;

1979; Jensen and Pettersson, 1978). Cl  uptake decreases as internal
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Cl™ levels increase in carrot tissues and barley roots (Cram, 1973)
and Br is absorbed more siowly in Br fed beets (Sutcliffe, 1954)
and wheat (Cseh et. al., 1970).

By virtue of their metabolism the study.of the maintenance
of sulfur, nitrogen, and phosphate levels in plants is complicated.
Ivan Smith's work (1975) with cultured tobacco cells indicated
that sulfate uptake rates correlated negatively with iaternal
sulfate levels. If methionine and cysteine were applied externally,
sulfate uptake rates declined in tobacco (Hart and Filner, 1969) and
barley (Ferrari and Renosto, 1972), however conversion of the
S—-compounds to sulfate may‘precede the given effect (Smith, 1975).
Very little evidence has been reported to suggest that -internal
N03_ 3— uptake in higher plants (Smith, 1973; Cram,

1973) and such studies are rendered more difficult because of the

levels regulate NO

ability of nitrate to induce nitrate reductase activity (Jackson et.
al., 1976).

The linear relationship between root Pi-level and P-uptake
rates points to an allosteric control mechanism. The sigmoidal curve
characteristic of allosteric mechanisms (Ferdinand, 1976) .may not
present itself in the case of ‘inorganic metabolites within the plant.
Minimum andvmaximum&Pi—levels may be governed by reversible conver-
sions into organic forms and hence control may appear only as a
linear relationship. The linear transformation of the Hill equation:

log K = log YE%E:X-+ n log |S|
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was employed to evaluate the Hill coefficient (n) or the degree of
cooperativity present in the uptake process (Glass, 1976). An n
value of 1.81 +0.29 (significantly different from 1.0 at o = 0.01
level) was obtained from the slope of the linear relationship
shown in Figure 31. If no cooperativity were present n would have
a value of 1. n values have erroneously been claimed, by enzymolo-
gists, to represent the number of allosteric modifier sites when
it is actually a measure of the degree of cooperativity possessed
by the enzymes involved (Ferdinand, 1976). As such, although the
number of regulatory sites per P-'carrier" was not ascertained,
control of orthophosphate uptake appeared to be a cooperative
process with respect to the roots' internal orthophosphate level.
The rapid 'shutdown' of phosphate uptake could also be
explained by more complicated physiological processes. These
mechanisms would of necessity involve indirect feedback occurring
through intermediates such as hormones and/or organic phosphates.
Because of the need for added biochemical steps in such regulatory
processes their occurrence might seem unlikely, especially in light
of theApossibility of a more direct orthophosphate feedback upon

phosphate uptake.
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Figure 31._ Hill plot (v/Vmax - v against internal
'P{ concentration)
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IV. CONCLUSION

Analysis of short~term phosphate.uptaké in intact barley
c.v. Bonanza has provided consideréble iﬁsight into two processes
which appear to be elicited by distinpt control mechanisms.

The enhancement of potential phosphate uptake rates
through P—deprivation takes place over a period of days which
would be ample time for metabolic processes such as protein synthesis
or degradétion to occur. fhere is evidence for an enrichment in
P-uptake sites on the -P plants' root surface. This enrichment'may
be the end ?ffect of numerous biochemical processes whicﬁ ultimately
result in an adaptivé response to P-deprivation. Con;rol éignals
may be elicited thropgh érowth patterns, or inorganic or organic
phosphate levels of either the plants' shoots or roots. Because of
_the apparent developmental~proceés‘goVerning P-uptake réﬁes;thg
root absolute Pi—qonqentrétion could control the extent of enhanced
uptake.

The decline in potential phosphate uptake rates reveale¢
when phosphate was supplied to plants possessing:elevated influx.
rates, suggests the occurrence of two regulatory systems. The rapid
decline process étarts within one houf, and protein degradation
therefore is not likely to have been its cause., This proéess appears
to be allostefically controlled by the roots' internal orthopﬁosj

phate concentration. The time necessary to elicit decline is
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similar to the cytoplasmic P-exchange half-life and hence vacuolar
P-fluxes may be involved in the triggering of P-uptake decreases.
The process which occurs after 8 hours pretreatment with ortho-
phosphate is distinct from that of the previous time period because
in the latter period the reduction of P-uptake by Pi failed to
demonstrate proportionality to Pi—levels as in the former period.
At the longer exposure times to phosphate supply reduced P-uptake
may be achieved by "carrier" degradation.

The flexibility of the physiological compoﬁent of phosphate
absorption rates enables homeostatic control of phosphate concen-
trations within barley plants.

In the soil environment available phosphate activity is
buffered by adsorption to soil pérticles. This physical association
is also respoﬁsible for the limited mobility of P in soils. The
growth of plant roots into a region of high phosphate such as in
the drilling and banding of P in agricultural practice might lead
to excessive P-absorption with subsequent deleterious effects such
as 'burning' of aerial parts. This applies not only to plants adapted
to low-P soils but even in agriculturally important crop plants
(Bhatti and Loneragan, 1970a, b; Green et. al., 1973a, b; Siddiqi,
1978). Therefore the cépacity to 'shutdown' P-uptake fairly rapidly
in response to increased P-availability is decidedly important under
natural conditions. Those cases cited of tissue damage from excess

P-uptake may reflect either an inability to regulate, as in plants
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adapted through evolution to low-P environments (e.g. heath plants),
or an inability to respond rapidly enough as in the case of crop
plants ‘acclimated to low-P regimes.

Physiological adaptations for increased P-uptake are
less energy consuming than morphological adaptations which of
necessity, require growth. In nutrient limited conditions this
difference may be critical.. Barley ﬁlants grown in -P media revealed
increases in main root surface area only well after the physio-
logical uptake rates had maximized on a per plant basis. Increased
root—-hair development occurs at a still later age as perhaps a
last resort. Morphological adaptations may surface only after
severe P-deprivation, enabling the roots to, in effect 'search' for
localized soil»phosphbrus sources, however there remains the possi-
-bility that the hydroponic environment used in this study unnaturally
retarded root morphogenesis.

The work presented in this thesis has tended to concentrate
upon the physiological basis of plant adaptation to P-deprivation.
It is apparent nevertheless that dependent upon the duration or
severity of the stress, morphological changes may also be initiated,
‘In order to appreciate the full capacity for adaptation to nutrient
stress in plants it is essential to give equal consideration to

both levels of response.
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