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ABSTRACT

Exposure to 1 millimolar ammonium pretreatments increased V.. for
phosphorous uptake in dark-grown decapitated maize seedlings without
a statistically measurable change in K,.. Sulfate uptake also was stimu-
lated. The stimulation in phosphorous uptake due to ammonium pretreat-
ment was greater in seedlings grown without phosphorous than in those
grown with 25 micromolar phosphorous. The stimulus was not expressed
unless the entire root system was pretreated with ammonium, and pre-
treatment of a part of the root system inhibited phosphorous uptake by
the remaining part unless it also had been pretreated. Pretreatment with
the amino acid analogs p-fluoro-DL-phenylalanine and L-azetidine-2-
carboxylic acid (AZ) restricted phosphorous uptake in seedlings that
were pretreated with ammonium and in those that were not, but the effect
of ammonium pretreatment was not completely eliminated by the analogs.
In general, translocation of the entering phosphorous was affected simi-
larly to uptake by experimental treatments. Enhanced translocation,
however, was not sufficient to account quantitatively for the increase in
uptake, and an increased uptake was still evident when translocation was
completely prevented by 50 micromolar AZ pretreatment.

Many agronomic studies on the banding of nitrogen (N) and
phosphorous (P) fertilizers have shown that N increases the
absorption of fertilizer P. While there are a number of soil related
factors and interactions between the plant and soil that contribute
to this effect (7, 16), it is recognized that the phenomenon is
partially attributable to physiological reactions of the plant itself
(16). Among the earliest studies to arrive at this conclusion was
that of Cole et al. (5) who eliminated soil related factors and
found up to 3-fold increases in P uptake by N pretreated maize
plants grown in solution culture. They suggested a link between
synthesis of N intermediates such as glutamine and the energy
supply needed for anion uptake.

Other studies sought to explain the phenomenon by suggesting
that N increased the rate of transfer of P across the root symplast
to the xylem. Leonce and Miller (13) hypothesized that ammo-
nium may increase the rate at which a phosphorous-carrier
complex released P into the xylem. Later observations that N
pretreatment stimulated P translocation to the tops relatively
more than P uptake, led to the suggestion that the N effect was
exerted on two quite distinct P transport systems: the initial
uptake across the plasmalemma and the subsequent lateral move-
ment of P to the xylem (21, 22). It was postulated that some N

intermediates, presumably synthesized during the pretreatment
phase, influenced these two processes.

We have shown that the stimulation of P uptake could be
induced in decapitated maize seedlings by pretreatments with
either nitrate or ammonium. In presence of ammonium, the
stimulus took 6 to 8 h to develop and did not decay rapidly (20).
Development of the stimulus therefore did not require partici-
pation by shoot-related processes. The present paper describes
experiments designed to characterize further the nature of the
stimulation of P uptake and translocation in these seedlings in
which growth and functions of the root system is sustained by
flow of materials from the endosperm (8).

MATERIALS AND METHODS

General Procedures. Corn genotypes DeKalb XL-45 and Pi-
oneer Sargent were used in the experiments described here.
Ammonium pretreatment increased P uptake and translocation
to the xylem in both genotypes, but Pioneer Sargent tended to
have lower translocation rates. Procedures for growing the seed-
lings and for pretreatment conditions have been described (20).
The basal solution identified as sulfate-medium (20) was used in
all experiments reported in this paper. It contained 1 mm CaSOs,
500 uM K,SO,, 250 um MgSO,, 25 uM KH,PO,, trace elements
at two-fifths the concentration in Hoagland solution, and 1 mg
Fe L' as FEEDTA. Methods used for attaching xylem exudate
collectors, handling of seedlings during the pretreatment and
uptake phases, and subsequent analytical techniques were the
same as those described previously (20) except where noted
otherwise. Phosphorous uptake was obtained by dividing the
quantity of *2P removed from the ambient solution by its specific
activity, and translocation of exogenous P was determined by
dividing the quantity of 3?P in the xylem fluid collected during
each 0.5 h interval by the specific activity of the ambient solution.
Translocation of the P previously accumulated in the tissue prior
to exposure to the labeled solutions (endogenous P) was deter-
mined by subtracting the exogenous P from the total P in the
xylem. All data are presented per unit root fresh weight and are
the means of four replications of four plants each unless otherwise
noted.

Kinetic Studies. The effects of N pretreatment on kinetic
parameters K,,, and Vpnax were determined using detopped seed-
lings of genotype Pioneer Sargent. Seedlings were grown on basal
medium and prepared as described above, but exudate collectors
were not attached. After detopping, assemblies of seedlings were
pretreated for 16 h in basal medium containing either 0 or 1 mM
added as (NH,),SO.. The seedlings were then exposed for 3 min
to basal medium containing 1.5, 2, 3, 5, 10, and 25 uM P as
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KH,POQs, and then to identical solutions labeled with 32P for 20
min. After a 3 min desorption period in unlabeled uptake solu-
tions, the roots were blotted dry, divided into root and seed
piece, weighed, ashed, and 3P contents determined by liquid
scintillation procedures. During the uptake and desorption pe-
riods, a small absorbent pad was kept over the cut ‘stump’ of
each seedling to collect exudate. This was ashed with the plant
material to enable total >2P uptake to be determined. All solutions
were maintained at 28° C and aerated continuously.

Initial P Status of Seedlings. The effect of the initial P status
of the Pioneer Sargent seedlings was examined by comparing
seedlings that had been grown continuously in P-free basal
medium (—P) with seedlings grown in basal medium containing
25 um P (+P). Pretreatment solutions containing either O or 1
mM N as ammonium sulfate were also made up in —P and +P
media. All solutions used during the P uptake measurement
phase of the experiment contained basal medium plus 25 uM
KH,PO;, labeled with 3?P.

Comparison of Phosphate and Sulfate Uptake. Seedlings of
Pioneer Sargent were grown as described above except that the
basal solution contained 100 uM MgSQO,. Concentrations of
major cations similar to those occurring in the normal sulfate
medium were maintained by using chloride salts instead of
sulfate salts. Pretreatment solutions contained either 0 or 1| mM
ammonium. Sulfate and phosphate uptake were then measured
by transferring seedlings back into —N basal culture solutions
containing either 100 uM *SO,~2 or 25 uM H,*?PO,~. Uptake
rates were calculated from the amount of labeled S or P which
accumulated in the plant material and paper pads used to collect
the xylem exudate. Tissues were prepared for scintillation count-
ing by methods outlined by Clarkson et al (3).

Divided Root System Experiments. Following germination of
Pioneer Sargent seeds in paper wraps (20), the primary root axis
was excised at the base of each seed. This encouraged growth of
two to four seminal roots per seedling. Two d later seedlings
were selected and excess roots removed so as to leave each
seedling with only two roots, each 4 to 6 cm long. One of these
was trained through a hole in the wall of a dual compartment
culture vessel. Both compartments were filled with aerated basal
solution which was renewed each day. Seven d after germination
had been initiated, solutions were drained from the culture
vessels, holes in the walls of the culture vessels through which
the trained roots passed were sealed with silicone grease, and
aerated solutions containing N pretreatments were added. These
pretreatments (referring to solutions in the compartment con-
taining the seed (main root) and that containing the trained root,
respectively) were: —N—N, +N+N, —~N+N, +N—N, where +N
refers to | mM ammonium added to the basal solution. Seedlings
were not decapitated in this experiment, and there were seven
replicates of each pretreatment. After 20 h, these pretreatment
solutions were replaced by aerated basal solution. The trained
root compartments contained *>P-labeled solutions and the main
root compartments contained 3?P-labeled solutions. Uptake from
the labeled solutions continued for 2 h, guttation fluid being
collected on paper pads during this period. The trained root was
then cut from each seedling and both trained root and main root
desorbed in unlabeled basal solution for 3 min, blotted dry, and
weighed separately. The whole seedling together with the wick
used to collect guttation fluid was oven dried, ashed, and 3*P and
3P determined by dual label liquid scintillation procedures.
Solution samples from each compartment of each culture vessel
were also counted to check for cross-contamination of uptake
solutions. No contamination was found.

Inhibitor Studies. Three experiments were conducted in which
amino acid analogs were added to pretreatment solutions. The
DeKalb XL-45 genotype was used in these studies. There were
two replications of each pretreatment, and each culture contained
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FiG. 1. Dependence of P uptake rates on external P concentrations
by decapitated, dark-grown Pioneer Sargent maize seedlings which had
been pretreated for 20 h in | mM ammonium (open symbols) or not
pretreated (closed symbols). Ve = 0.546 (—N) and 0.875 (+N) gmol
g~! fresh weight h™' . K,,, = 2.47 (=N) and 3.51 (+N) um P.

Table 1. Effects of P Concentration in the Basal Nutrient Medium and
of 20-h Ammonium Pretreatment on N and P Concentrations in the
Roots of Decapitated, Dark-grown Pioneer Sargent Corn Seedlings

Values are the means of four replicate cultures.

Root Tissue
Phosphorus Ammonium Concentrations
Treatment Pretreatment
Phosphorus Nitrogen

uM mMm umol g~! fresh wt

0 0 24.7 242

0 1 23.8 354

25 0 46.5 225

25 1 369 363
LsD (0.01) 4.2 17

four seedlings. In the first experiment the phenylalanine analog
p-FPA! was used. Pretreatment solutions containing either 0 or
1 mM N as ammonium sulfate were established to provide
concentrations of 0, 10, 20, 50, 100, or 200 uM p-FPA. Following
20 h in these pretreatment solutions, detopped seedlings were
transferred back to basal culture solutions for 1 to 2 h and then
to uptake solutions containing 32P and 200 M phenylalanine.
Phosphate uptake and translocation were then monitored for 4
h

The proline analog AZ was used in two similar experiments.
Pretreatment solutions contained 0 to 100 uM AZ in one exper-
iment and 0 to 50 uM AZ in the other. In both experiments, the
32p uptake solutions contained 100 uM proline. Phosphate uptake
and exudation was measured over a 4 h period.

RESULTS

Kinetic Studies. Over the range of external P concentrations
from 1.25 to 25 uM, pretreatment with 1 mM ammonium in-
creased Vma for phosphate uptake by 57% in Pioneer Sargent
seedlings (Fig. 1) without a statistically measurable effect on K.
Increased capacity for uptake rather than a marked effect on the

! Abbreviations: p-FPA, p-fluoro-DL-phenylalanine; AZ, L-azetidine-
2-carboxylic acid.
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affinity of the uptake system is indicated. In seedlings grown on
25 uM P, the relative response to N pretreatment varied among
14 separate experiments but the stimulation occurred in each.

Initial P Status of Seedlings. Growing Pioneer Sargent seed-
lings without P resulted in root P concentrations about 60%
those of seedlings exposed to 25 uM P (Table I). Total N concen-
tration of the root tissue was increased by ammonium pretreat-
ment, the response being slightly greater in seedlings grown with
25 uM P. Phosphorous uptake was stimulated more by ammo-
nium pretreatment when the seedlings were grown without P
(Fig. 2A). A significant decrease in the uptake due to growth in
25 uM P was evident only in ammonium pretreated plants.

Without ammonium pretreatment, the initial translocation of
exogenously supplied P to the xylem was slightly greater in plants
grown with 25 uM P (Fig. 2B), but after the third hour, the rates
were similar to those grown without P (Fig. 2B, inset). Ammo-
nium pretreatment stimulated translocation of exogenous P in
both low and high P seedlings with the effect being more pro-
nounced on those grown in the absence of P. Exogenous P
translocation approached steady state rates during the 3 to 4 h
period. These rates, as a percentage of uptake, increased from
8.0 to 13.3% as a result of ammonium pretreatment in plants
grown without P, and from 7.8 to 11.3% in plants grown with
25 uM P. The values are lower than those obtained with DeKalb
XL-45 (cf. Fig. 3), but the pattern was the same.

Comparison of Phosphate and Sulfate Uptake. Ammonium
pretreatment also enhanced sulfate uptake and translocation of
the absorbed sulfur (Table II). The stimulation in P uptake in
this experiment (18%) was not as marked as in other experiments
and sulfate uptake was enhanced to about the same relative
extent (19%). A greater proportion of the absorbed sulfate than
phosphate was translocated to the xylem, but translocated sulfur
was not enough to totally account for the stimulation in sulfate
uptake.

Divided Root System. Phosphorous uptake by the main root
was stimulated by ammonium pretreatment of that root only
when the trained root was also pretreated (Table III A). On the
other hand, uptake by the nonpretreated main root was inhibited
if the trained root was pretreated. Uptake by the trained root was
more variable than uptake by the main root but tended to
respond similarly. Thus, both sets of data show that ammonium
pretreatment of a part of the root system was largely ineffective
in stimulating P uptake unless the other part was also pretreated.
Further, they reveal an inhibitory effect on uptake by the non-
pretreated part of the root system if the opposite part was

1321

pretreated. Total P uptake by the entire root system was therefore
greatest only when both parts of the root system were pretreated;
lack of pretreatment of a given part was not overcome by
pretreatment of the other part.

Translocation of the exogenous P generally responded to pre-
treatment similarly to uptake (Table III B). There were some
exceptions, however. Translocation by the trained root was sig-
nificantly increased by its pretreatment when the main root was
not pretreated, whereas uptake was not significantly enhanced.
The decrease in P uptake by nonpretreated roots resulting from
pretreatment of the opposite root was accompanied by only a
marginal inhibitory effect on P translocation.

Inhibitor Studies. The relatively long time (at least 6 h) for the
stimulus in P uptake to be initiated by ammonium and its
persistence upon transfer to N-free media (20) suggest a possible
involvement of protein synthesis in its induction. Addition of
the analogs of phenylalanine (p-FPA) and proline (AZ) to root
tissue has been shown to result in synthesis of ineffective protein
(15, 17, 18) and, over longer periods, in reduced protein synthesis
(15). Accordingly experiments involving presence of these ana-
logs during the pretreatment period were conducted with geno-
type DeKalb X1.-45 to determine if induction of the stimulus
would be eliminated when synthesis of functional protein was
impaired. In these experiments, root N concentrations following
ammonium pretreatment were increased (175 + 4 versus 124 +
6 umol g™! fresh weight for ammonium-pretreated and controls,
respectively) with no significant influence of the analogs.

Pretreatment for 20 h with 20 um p-FPA decreased subsequent
P uptake in seedlings that were simultaneously pretreated with 1
mM ammonium and in those which were not (Fig. 3A). There
was no evidence of a recovery in P uptake rate during the uptake
period indicating a relatively long-lasting inhibition, even though
200 uM phenylalanine was present in the uptake solution. Trans-
location of the absorbed P was also inhibited by p-FPA pretreat-
ment (Fig. 3B). Increasing p-FPA to 200 uM did not reduce the
P uptake rate further (Fig. 4A). The increase in P uptake arising
from ammonium pretreatment (Fig. 4A, inset) was decreased by
10 uM p-FPA pretreatment but beyond that concentration there
was no further decline. The increase in exogenous P translocation
arising from ammonium pretreatment was not eliminated even
at 200 uM p-FPA (Fig. 4B), although the tendency was for it to
become progressively less with increasing p-FPA concentration
(Fig. 4B, inset). In seedlings which were not pretreated with
ammonium, translocation of the absorbed P was inhibited by
the p-FPA treatments relatively more than was uptake (Fig. 4C)
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Fi1G. 2. Influence of ammonium pretreatment and pres-
ence of 25 uM P during growth on subsequent P uptake
(A) and translocation of the exogenous P (B) by Pioneer
Sargent maize seedlings. Numbers adjacent to the lines in
(A) are the hourly uptake rates in umol g™ fresh weight
h~!. The inset in (B) shows the mean hourly translocation
rates during each 0.5 h period.
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Table II. Influence of 20-h Ammonium Pretreatment on P and S Uptake and on the Percentage of the
Absorbed P and S which was Translocated to the Xylem by Corn Seedlings

Uptake was from 100 uM sulfate or 25 uM phosphate in the absence of ambient ammonium. Values are the

means of four replicate cultures.

Phosphate Sulfate
Ammonium Uptake

Pretreatment Time Cumulative Deposited Cumulative Deposited
uptake in xylem uptake in xylem

mM h umol g~* fresh wt %* umol g~* fresh wt %*

0 1 0.226 8.3

0 2 0.865 3.1 0.462 8.6

1.0 1 0.284 16.4

1.0 2 1.019 5.3 0.552 17.1

LsD (0.05) 0.032 39

* As percentage of uptake.

Table IIl. Influence of 20 h Pretreatment with 1 mm Ammonium on P Uptake and Translocation of
Exogenous P by the Main Root and a Trained Root of Corn Seedlings during a Subsequent 2 h Period

Values are the means + standard error of seven replicate cultures.

Pretreatment Uptake Uptake by Total
Main Root Trained Root  PY Main Root Trained Root Uptake
umol g~ fresh wt h™!
A. Phosphorus uptake

+NH,* +NH,* 0.88 + 0.09 1.36 £ 0.15 1.12 £ 0.20

+NH,* —NH,* 0.66 + 0.06 0.85 £ 0.06 0.75 £ 0.04

—-NH,* +NH,* 0.44 +0.02 1.19 £ 0.06 0.81 +0.04

—~NH,* —NH/* 0.61 +£0.04 1.07 £ 0.12 0.84 + 0.06

Translocation Translocation Total
by Main Root by Trained Root  Translocation
B. Phosphorus translocation

+NH,* +NH,* 0.18 £0.03 0.17 £0.03 0.35 £ 0.05

+NH,* —-NH,* 0.09 £+ 0.01 0.07 £ 0.01 0.16 + 0.02

—~NH,* +NH,* 0.06 + 0.01 0.17 £ 0.01 0.23 £0.02

—NH,* —NH/* 0.08 + 0.01 0.08 +0.01 0.16 + 0.01
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I E st
S a o+ o+ 5 g 3%%
P4l o - _ J S 10§23 FiG. 3. Influence of pretreatments (20 h) with and with-
= a + 8 T, out 1 mM ammonium, and with and without 20 uM p-
§ g o.a} 1 FPA, on subsequent P uptake (A) and translocation of the
2 3t : exogenous P (B) by DeKalb X1.-45 maize seedlings. Num-
fg 2 o6k bers adjacent to the lines in (A) are the hourly uptake rates
g : in umol g~' fresh weight h™'. The inset in (B) shows the
‘; 2r g mean hourly translocation rates during each 0.5 h period.
.% % 04r 1 The uptake solution contained 200 uM phenylalanine.
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at all p-FPA concentrations employed.

Results of two experiments with the proline analog AZ indicate
an influence on P uptake similar to that of p-FPA. Similar results
were obtained from both and results from the experiment using
0 to 100 um AZ are presented (Fig. 5). Phosphorous uptake by
ammonium pretreated seedlings and by those not pretreated was
inhibited by as little as 5 uM AZ during pretreatment (Fig. 5A)
but significant uptake was still evident at 100 uM. The increase

in P uptake arising from ammonium pretreatment was decreased
by AZ pretreatment but it was not eliminated (Fig. 5A, inset).
Phosphorous translocation was severely restricted at low AZ
pretreatments and was completely eliminated by 50 um AZ (Fig.
5A). All uptake rates were constant during the 5.5 h uptake
period, and there was no indication of a recovery either in the P
uptake rate or the P translocation rate in the presence of 100 um
proline. Again, however, the increase in P translocation arising
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FiG. 4. Effect of pretreatment (20 h) with increasing
p-FPA concentrations with (open symbols) and without
4 (closed symbols) | mM ammonium on subsequent P
uptake rates (A), mean hourly exogenous P transloca-
tion rates during the 3 to 4 h period (B), and the
percentage of exogenous P translocated during that
period (C), by DeKalb XL-45 maize seedlings. The
insets in (A) and (B) show the increase in uptake and
exogenous P translocation rates, respectively, resulting
from ammonium pretreatment.
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from ammonium pretreatment persisted until translocation was
eliminated and the proportion of the absorbed P which was
translocated remained higher for the ammonium pretreated seed-
lings even when translocation was severely restricted (Fig. 5C).

DISCUSSION

The present results confirm other investigations (5, 21, 22) in
illustrating a significant influence of N status of the tissue on P
uptake and emphasize the complexity of the manner in which
the stimulus is exerted. Capacity of the P uptake system, not its
apparent binding efficiency, was increased by ammonium pre-
treatment (Fig. 1) which also increased root N concentrations
(Table I). The stimulus was not specific to P since sulfate uptake
was also enhanced (Table II). At this stage of growth, the roots
increased in fresh weight at about 1%/h. The presence of am-
monium during the pretreatment period did not increase the
growth rate. Because both nitrate and ammonium elicit the
response (20), differential cytoplasmic acidity resulting from
assimilation of the two N ions appears not to be implicated in
the observed effects on P transport unless the mechanism of
enhancement differs between the two N sources—a possibility
which cannot be excluded.

The extent of the stimulation in P uptake was similar in the
genotypes Pioneer Sargent and DeKalb X1.-45, although the
latter consistently translocated a larger proportion of the ab-
sorbed P to the xylem (Figs. 2, 3). The stimulus was expressed
in roots containing relatively high P concentrations (Table I), i.e.
under conditions where P uptake presumably was limited by
high tissue P status (1, 2, 4, 10-12, 19). A greater stimulation
occurred, however, with seedlings grown without P and contain-
ing lower tissue P concentrations (Fig. 2; Table I). In seedlings
which had not been pretreated with ammonium, growth in 25
uM P did not restrict P uptake (Fig. 2) even though P concentra-
tions in the roots of these seedlings were appreciably higher than

o]
0 20

100 150

p-FPA concn (pM)

FiG. 5. Effect of pretreatments (20 h) with increas-
ing AZ concentrations with (open symbols) and
without (closed symbols) | mM ammonium on sub-
sequent P uptake rates (A), mean hourly exogenous
P translocation rates during the 3 to 4 h period (B),
and percentage of exogenous P translocated during
that period (C), by DeKalb XL-45 maize seedlings.
The insets in (A) and (B) show the increase in uptake
and exogenous P translocation rates, respectively,
resulting from ammonium pretreatment.

60
AZ concn (uM)

100

those in seedlings grown without external P (Table I). Hence, in
the absence of ammonium pretreatment, the P uptake system
was restricted to a level that was insensitive to further inhibition
by increased tissue P. It is therefore difficult to visualize the
stimulation resulting from ammonium pretreatment under the
high P conditions to be a consequence of enhanced removal (via
metabolic transformation, xylem deposition, or vacuole accu-
mulation) of a P metabolite that acts as a negative effector of P
uptake. This reasoning implies a direct enhancement of the
activity or synthesis of the transport system or a stimulation in
generation of the driving force for uptake.

The complexity of the mechanisms responsible for the am-
monium induced stimulus are further evident from the experi-
ment involving divided-root systems and those employing amino
acid analogs. The divided-root experiment clearly indicates a
requirement for participation of the entire root system in expres-
sion of the stimulus of P transport arising from N pretreatment;
pretreatment of part of the root system did not result in a
significant increase in P uptake by that part unless the other part
was also pretreated (Table III). Moreover, when a part of the
root system was not pretreated, its uptake was inhibited by
pretreatment of the other part. Influences of the nutrient status
of regions of the root system remote from those in which uptake
was being measured have been reported in studies of sulfate
uptake in Macroptilium atropurpureum (3), and of phosphate
uptake in potato (4) and barley (6). In those instances, it was
visualized that creation of a ‘demand’ for the element of interest
in regions remote from the uptake region influenced the uptake
of that element by facilitating its deposition into the xylem or
otherwise depleting a small feedback inhibitor pool (6). In the
present experiments this interpretation would require that the
demand originated in the opposite roots because the shoots had
been excised. It is conceivable that differential rates of energy
supply from the endosperm (8) to the two root parts was affected
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by exposure of a given part to ammonium, and that generation
of the driving force for P uptake or activity of the P uptake
system was directly affected in that way.

Presence of p-FPA and AZ during the pretreatment period
decreased subsequent P uptake in seedlings that were pretreated
with ammonium and in those not pretreated (Figs. 3, 4A, 5A).
Nevertheless, a significant component of the stimulation was
insensitive to either amino acid analog (Figs. 4A, 5A, insets).
Because these amino acid analogs result in synthesis of nonfunc-
tional proteins (15, 17, 18) or in impaired protein synthesis (15),
the data imply a requirement for continual normal protein
synthesis for maintenance of a component of P uptake, or the
existence of two P uptake systems (14, 25) differentially sensitive
to altered protein synthesis.

As in previous studies with other ions (17, 18, 23, 24), trans-
location of exogenous P was restricted more than phosphorous
uptake by the amino acid analogues (Figs. 4B, 5B), with AZ
exerting an especially marked effect (Fig. 5, B, C). Translocation
of endogenous P was also restricted by p-FPA and AZ (data not
shown). The fact that the stimulus in uptake was still evident at
50 uM AZ, a concentration at which exogenous P translocation
was essentially eliminated (Fig. 5), further supports the view that
the stimulation at least partially involved a specific effect on the
uptake process and that it cannot be accounted for totally by
enhanced translocation (20). The data further tend to mitigate
against the notion that the stimulus resulted solely from the
direct lifting of a feedback control on P uptake by enhanced
xylem deposition. However, the possibility of an additional direct
stimulation of the P translocation process cannot be ruled out.
The increase in translocation relative to the increase in uptake
(Fig. 5C; ¢f. Refs. 9, 20) supports the view that both processes
were stimulated, although the increase in P translocation was not
sufficient to account totally for the increase in P uptake.
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