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Abstract 

Zinc-phosphorus interactions have been frequently studied using a diverse number of crop species, but 
attainment of reproducible Zn deficiencies, especially severe ones, has been hampered by the use of 
conventional hydroponic solutions wherein contaminating levels of Zn are often near-adequate for 
normal growth. We utilized novel, chelator-buffered nutrient solutions for precise imposition of Zn 
deficiencies. Tomato (Lycopersicon esculentum L. cv. Jackpot or Celebrity) seedlings were grown for 15 
to 18 d in nutrient solutions containing 200, 600, or 1200/xM P, and 0 to 91/zM total Zn. Computed 
free Zn 2÷ activities were buffered at ~< 10 -l°3 M by inclusion of a 100-/zM excess (above the sum of 
the micronutrient metal concentrations) of the chelator DTPA. At total added Zn = 0, acute Zn 
deficiency resulted in zero growth after seedling transfer, and plant death prior to termination. Free 
Zn 2* activities ~< 10-1°6 M resulted in Zn deficiencies ranging from mild to severe, but activities 
<~ 10-~2 were required to cause hyperaccumulation of shoot P to potentially toxic levels. Despite 
severe Zn deficiency (i.e. ca. 20% of control growth), tissue Zn levels were usually much higher than 
the widely reported critical value of 20 mg kg- ~, which may be an artifact of the selection of DTPA for 
buffering free Zn 2÷. Across Zn treatments, increasing solution P depressed growth slightly, especially in 
Celebrity, but corresponding increases in tissue P (indicative of enhanced P toxicity) or decreases in 
tissue Zn (P-induced Zn deficiency) were not observed. The depressive effect of P was also not 
explained by reductions in the water-soluble Zn fraction. Within 40 h, restoration of Zn supply did not 
ameliorate high leakage rates (as measured by K + efflux) of Zn-deficient roots. Similarly, transfer of 
Zn-sufficient plants to deficient solutions did not induce leakiness within 40 h. Foliar sprays of ZnSO 4 
almost completely corrected both Zn deficiency and membrane leakiness of plants grown in low-Zn 
solutions. Hence, maintenance of root membrane integrity appears to depend on the overall Zn 
nutritional status of the plant, and not on the presence of certain free Zn 2÷ levels in the root apoplasm. 

Introduction 

Although it is well-documented that Zn-deficien- 
cy symptoms are often aggravated by high rates 
of P fertilization or by high concentrations of P 
in hydroponic solutions, several different mecha- 
nisms have been proposed to explain this effect. 

Decreased solubility of soil Zn may result from 
enhanced sorption of Zn by hydrous oxides 
(Loneragan et al., 1979; Norvell et al., 1987), 
but would not explain the frequent occurrence of 
this effect in solution-cultured plants. When the 
plant Zn concentration is reduced due to an 
increase in dry matter production stimulated by 
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P, a dilution effect has been invoked (Loneragan 
et al., 1979; Takkar et al., 1976). When the Zn 
concentration is unchanged, but P fertilization 
enhances Zn deficiency symptoms (Boawn and 
Brown, 1968; Boawn and Leggett, 1964; Mil- 
likan et al., 1968), it has been suggested that the 
increased P supply induces a higher physiological 
requirement for Zn; this has been termed a 
'P-enhanced Zn requirement' (Millikan, 1963; 
Millikan et al,. 1968). Christensen and Jackson 
(1982) and Loneragan et al. (1979, 1982) have 
noted that plants showing P-enhanced Zn re- 
quirement often had unusually high concentra- 
tions of P which are potentially toxic, and con- 
cluded that P toxicity symptoms have been mis- 
takenly ascribed to Zn deficiency. This Zn- 
deficiency-induced P toxicity likely resulted from 
enhanced P uptake and accumulation of inor- 
ganic phosphate (Pi) in the above-ground part of 
the plant (Loneragan et al., 1982; Parivok and 
Alekseeva-Popova, 1965; Reed, 1946). In con- 
trast, Cakmak and Marschner (1987) observed 
reductions in water-soluble Zn in cotton leaves 
with increasing P supply, thus favouring the ear- 
lier interpretation that high tissue P levels phys- 
iologically inactive Zn. They postulated that for- 
mation of insoluble Zn phosphates in leaves and 
stems reduces the physiological availability of 
Zn, but no experimental evidence for the pre- 
cipitation was obtained. 

Regardless of exactly how high tissue P levels 
reduce growth, it is clear that Zn deficiency can 
lead to increases in tissue P to potentially toxic 
levels. In a few cases, especially with monocot 
grasses, this appears to be solely due to (i) dry 
matter reductions without concomitant changes 
in P uptake (i.e. a 'concentration effect'), (ii) 
shifts in dry matter root:shoot ratio and in P 
translocation, and (iii) reductions in new growth 
leading to high P concentrations in older leaves 
(Webb and Loneragan, 1988). But in many other 
instances Zn deficiency clearly has led to greatly 
accelerated rates of P absorption per unit root 
mass (or length) (Boawn and Leggett, 1964; 
Cakmak and Marschner, 1986; Christensen and 
Jackson, 1981; Loneragan et al., 1982; Parivok 
and Alekseeva-Popova, 1965). Marschner and 
Cakmak (1986) suggested that Zn deficiency dis- 
rupts the plant's normal ability to regulate P 
uptake by preventing phloem retranslocation of 

P from shoot to root, but the mechanism where- 
by P transport is inhibited was not elucidated. 
Welch et al. (1982) proposed that root cell mem- 
branes of Zn-deficient plants lose integrity, and 
that P accumulates due to nonselective absorp- 
tion, but such an explanation is at odds with 
observations that other essential nutrients rarely 
accumulate in a parallel manner (Cakmak and 
Marschner, 1986; Loneragan et al., 1982; 
Marschner and Cakmak, 1986). 

Evidence suggests that Zn is required to stabil- 
ize macromolecules and cell membranes 
(Chvapil, 1973). Roots of Zn-deficient plants 
have demonstrably leak plasma membranes, as 
evidenced by high efflux rates of K +, NO3, CI-, 
phosphate, and organic metabolites (Alou, 1989; 
Cakmak and Marschner, 1988b,c; Welch et al., 
1982). Loss of membrane integrity has been 
ascribed to peroxidative attack of membrane 
lipids by free oxygen radicals (Cakmak and 
Marschner, 1988a-c). Marschner and Cakmak 
(1986) speculated that there is a physiological 
link between increased membrane permeability 
and hyperaccumulation of P, but did not detail 
the nature of the relationship. Recently, it has 
been suggested that Zn deficiency induces a 
physiological P deficiency which is manifested by 
accumulation of Pi at the expense of the organic 
P fraction, including phospholipids required for 
normal membrane structure and function (Alou, 
1989). At present, it is not known whether the 
role of Zn in membrane integrity includes an 
absolute requirement for Zn in the apoplasmic 
solution analogous to that for Ca, as suggested 
by Welch et al. (1982), or whether mem- 
brane leakiness is a function of cytoplasmic Zn 
status. 

Our research was originally prompted by a 
report that Zn deficiency was a possible agent of 
'tomato (Lycopersicon esculentum L.) plant de- 
cline' in the Imperial Valley, California (Van 
Maren, 1987). The reported symptoms affecting 
the older leaves were similar, although not iden- 
tical, to those described by Reed (1946) and 
Lingle et al. (1965), but differed from the more 
classic symptoms of little-leaf and rosetting 
(Chapman, 1966; Hoagland et al., 1936). It can 
be difficult to differentiate between symptoms of 
Zn deficiency and P toxicity (Loneragan et al., 
1979), and Zn deficiency alone can produce dis- 



tinctly different symptoms in a given species 
(Loneragan et al., 1982). 

Zinc deficiencies are notoriously difficult to 
impose using conventional nutrient solution cul- 
ture, largely because of the ubiquitous presence 
of Zn as a laboratory contaminant coupled with 
very small plant requirements for Zn. A recent 
tabulation of yield data from a number of hydro- 
ponic studies revealed that achievement of se- 
vere Zn deficiencies has been extremely rare; 
most studies have obtained relative yields of 
> 50%, or even 70%, of control growth in the 
absence of added Zn (Parker et al., 1992a). 
Traditional nutrient solutions may provide plants 
with nutrients in the approximate ratio in which 
they are found in soil solution, but typically at 
higher concentrations, and it is particularly dif- 
ficult to lower concentrations of some of the 
trace metals to deficient levels (Bell et al., 1991a; 
Norvell, 1991; Parker et al., 1992a). Plant uptake 
of a metal seems to depend primarily on the 
activity of the free metal ion (Chaney, 1988; 
Halvorson and Lindsay, 1977; Parker et al., 
1992a), which can be maintained at a low level 
by absorption on exchange resins and/or by use 
of chelating agents (Checkai et al., 1987). Re- 
cently, Chaney, Bell, and co-workers have 
pioneered the use of 'chelator-buffered' nutrient 
solutions wherein a chelating agent such as 
EDTA (ethylenedinitrilotetraacetate) is supplied 
in excess of the concentration of all micronut- 
rient metals, thus buffering their free activities to 
appropriately low levels (Bell et al., 1991a,b; 
Chaney, 1988; Chaney et al., 1989). The re- 
quired concentrations of chelating agent and mi- 
cronutrients can be readily determined using a 
computerized chemical equilibrium model such 
as GEOCHEM-PC, which has been specifically 
developed and modified to perform such compu- 
tations for plant nutrition research (Parker et al., 
1992b). Except for some preliminary results re- 
ported by NorveU (1991) and Parker et al. 
(1992a), the chelator-buffering approach has not 
been utilized for imposition of Zn deficiencies. 

The objectives of this research were to 
evaluate the effects of different levels of Zn and 
P on the growth, Zn and P nutritional status, and 
symptoms of two tomato cultivars that have been 
classified as sensitive (Jackpot) or tolerant 
(Celebrity) to the tomato plant decline disorder 
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observed in the Imperial Valley, California (Van 
Maren, 1978). Free Z n  2+ activities were buffered 
with an excess of the chelating agent DTPA 
(diethylenetriaminepentaacetate), and the hy- 
pothesis that apoplasmic Zn is required for main- 
tenance of root cell membrane integrity was 
experimentally evaluated. 

Methods 

General 

Tomato (cv. Jackpot or Celebrity) seedlings 
were hydroponically grown in a controlled- 
environment growth chamber, with the tempera- 
ture constant day and night at 25 _+ 0.5°C, and 
the relative humidity at 65-+3%. The total 
photoperiod was 16 h d-~, and the light intensity 
was symmetrically ramped up to, and down 
from, a 10-h period at a full intensity of 
5801zEm 2s- ' .  Seeds were germinated in 
washed quartz sand moistened with 5mM 
CaSO 4. After germination and emergence, the 
seedlings were irrigated once with a nutrient 
solution containing basal P and Zn concentra- 
tions (see below), and with deionized water 
thereafter. When the plants had two true leaves 
(approximately one week after emergence), the 
seedlings were transferred to 2-L polyethylene 
containers (one plant per container) filled with 
continuously-aerated nutrient solution, and 
grown for an additional 15 or 18 d. The contain- 
ers and covers were suitably shielded to exclude 
light from the solutions and root systems. 

Solution speciation was calculated using the 
GEOCHEM-PC program (Parker et al., 1992b). 
Formation constants for metal-DTPA complexes 
were obtained from the tabulations of Smith and 
Martell (1976-1989), and were adjusted to zero 
ionic strength using the Davies or Helgeson 
equations (Sposito and Mattigod, 1980). All 
other formation constants were from Lindsay 
(1979). Solutions were formulated to obtain 
computed free Cu 2+ and M n  2+ activities (de- 
noted by parentheses throughout) consistent 
with those reported by Chaney et al. (1989). The 
DTPA concentration was chosen to give a 
100 p,M excess of DTPA above the sum of the 
Cu, Fe, Mn, and Zn concentrations, and was 
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thus 1 4 8 / x M + Z n  T. The nutrient solution 
composition was: NH4NO3, 2 .5mM; KCI, 
l m M ;  CaCI2, 2 .0mM;  MgSO4, 0 .5mM; 
MnCI2, 23 /zM [ log(Mn2+)=-8 .1] ;  CuCI2, 
4 .9 / zM [log(Cu 2+) = -14.7]; Fe(NO3)3, 20 tzM 
[log(Fe 3+) = -21.5];  H3BO3, 3 /zM;  Na2MoO 4- 
2H20,  0.1/~M; pH = 7.0. The basal P concentra- 
tion was 200/zM (added as NazHPO4), 
with treatments of 600 and 1200/zM in some 
experiments. Zinc was added as ZnCI2, with 
treatments initially selected based on a reported 
critical free Zn 2+ concentration of 10-"~8 
(Chaney et al., 1989), and then adjusted slightly 
after the results of several preliminary experi- 
ments. Across all experiments, total added Zn 
ranged from 0 to 91.2/xM. 

Double-deionized water (DDW) and reagent- 
grade salts were used to prepare all solutions. 
The stock solutions of NH4NO3, CaCI 2, MgSO4, 
KC1, and Na2HPO 4 were purified with am- 
monium pyrrolidine dithiocarbamate to remove 
contaminating levels of trace metals (Wallihan 
and Bradford, 1977). Micronutrient-chelate 
stock solutions were prepared by dissolving 
DTPA and NaOH (three times the molarity of 
DTPA) in water and, after complete dissolution 
of DTPA, addition of the appropriate micronut- 
rient metal salts. 

Nutrient solutions were replaced every three 
days. The pH of the fresh solutions was adjusted 
to 7.0, and was monitored and adjusted twice 
daily, or three times a day as the plants grew 
larger; daily variation in pH was 0.3 units or less. 
At  termination, the plants were harvested and 
separated into component tissues (generally 
roots, stems, older leaves, and younger leaves). 
The roots were rinsed briefly with DDW to 
minimize precipitated salts occasionally observed 
on root surfaces. The samples were dried at 
60°C, weighed, ground to pass a 20-mesh sieve, 
and subsamples digested in a mixture of nitric 
and perchloric acids. Zinc was analyzed by 
atomic absorption spectrophotometry (AAS), 
and P by a spectrophotometric vanadate-molyb- 
date method (Berg and Gardner, 1978). 

Preliminary experiments 

Initial experiments were conducted using the 
cultivar Jackpot to determine a suitable range of 
solution P concentrations and free Zn 2+ ac- 

Table 1. Nutrient concentrations (dry matter basis) of Jack- 
pot tomato leaves and roots grown in chelator-buffered 
nutrient solutions in a preliminary experiment. Means and 
standard errors are pooled for 9 plants grown at log 
(Zn 2+) =-10.9, -10.6, or -10.3 (three replications each). 
Solution [P] was 200 txM 

Element Leaves Roots 

N (%) 6.54 +_ 0.15 4.85 _+ 0.06 
P (%) 1.01 ± 0.06 1.16 ± 0.04 
K (%) 3.80 ± 0.20 5.81 ± 0.24 
Ca (%) 2.45 -+ 0.06 0.41 --- 0.02 
Mg (%) 0.46 --+- 0.02 0.45 -+ 0.01 
S (%) 0.67 ± 0.03 0.37 --- 0.01 
Fe (mg kg -~ ) 128 --- 4 93.8 ± 8.1 
Cu (mg kg ~ ) 18.5 ± 1.0 20.0 -+ 1.4 
Mn (mg kg ~) 201 ± 15 927 ± 89 

tivities. Solution P ~< about 100/zM resulted in 
unstable concentrations due to rapid depletion 
via plant uptake, so that 200/zM P was selected 
as our basal concentration. Added Zn ranged 
from 0 to 91.2/zM, with a corresponding range 
in log (Zn 2+) of ' - ~ '  to -10.3  (the former 
indicates the uncertainty in free Zn 2÷ in solu- 
tions nominally, but not actually, containing 0 
Zn). At  0 added Zn, deficiency was so severe 
that the seedlings grew only imperceptibly after 
transfer, and the tops became completely nec- 
rotic prior to termination. There were no further 
yield increases with increasing log (Zn 2+) above 
-10.6, so four treatments resulting in computed 
log (Zn 2+) values of -11.5  to -10.6  were select- 
ed for most subsequent experiments. Leaves and 
roots from the higher Zn treatments of one 
preliminary experiment were digested and ana- 
lyzed for Ca, Mg, K, Fe, Cu, and Mn using 
AAS, and for P as described above. Tissue N 
and S were determined using a Carlo-Erba NA- 
1500 C-N-S analyzer. Results suggested that 
these elements were present at normal, physio- 
logically relevant concentrations (Table 1), al- 
though tissue Mn levels were higher than necces- 
sary. It is unlikely, however, that leaf Mn 
reached toxic levels; few species suffer adverse 
effects until leaf concentrations exceed 
200/xgg -~ (Edwards and Asher, 1982). 

Experiments 1 and 2 

Both experiments consisted of a complete fac- 
torial design with four levels of Zn, three levels 



of P, and three replications, arranged in a com- 
pletely randomized design. The experiments 
were identical; the cultivar Celebrity was grown 
in Experiment 1, while Jackpot was grown in 
Experiment 2. The four Zn levels were imposed 
by adding total Zn at 5.7, 11.4, 22.8, or 45.6/xM 
to yield log (Zn 2+) values of -11.5, -11.2, 
- 10.9, and - 10.6, respectively (correspondingly 
denoted as Zn through Zn4). The three P levels 

1 

were 200, 600 and 1200 txM P, denoted as P~, P2, 
and P3, respectively. The excess DTPA needed 
to buffer the free trace metal activities is pre- 
dicted to form complexes with Ca, and Ca thus 
'controls' the free activity of DTPA. Because P 
also forms solution complexes with Ca, total 
solution Ca required slight adjustment to main- 
tain constant free-metal activities at the two 
higher P concentrations (e.g. 2.2mM CaCk at 
P3)- 

Water-soluble Zn and P were determined by 
extracting dried, ground samples (generally 
0.15 g) with 10 mL of 1 mM 2-(4-morpholino)- 
ethanosulfonate buffer (MES) at pH 6.0, with 
5 h of shaking (Cakmak and Marschner, 1986). 
Samples were filtered through a 0.45-/xm mem- 
brane filter, and soluble Zn in the filtrate de- 
termined by AAS. The filtrate was then decolor- 
ized by addition of activated carbon and centrifu- 
gation, and soluble P was determined by the 
vanadate-molybdate method. The solid remain- 
ing on the filter was washed with DDW to 
minimize entrained soluble P and Zn and, along 
with the filter membrane, was then digested in 
nitric and perchloric acids; insoluble Zn and P 
were determined as described above. Blanks 
were run every 16 samples to check for contami- 
nation at each step (extraction, decolorization, 
and digestion). This sequential method was care- 
fully evaluated during preliminary experiments, 
and it was established the the charcoal treatment 
did not introduce any contamination or loss of 
soluble P. Total recoveries of both Zn and P 
were equal to those from a conventional nitric- 
perchloric digestion. 

Experiment 3 

Jackpot seedlings were grown for 15 d at either 
Zn~ or Zn 4 and the basal P concentration of 
200 txM, and then used for collection of root 
exudates. At the end of the dark period on day 
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15, plants were removed intact from the pots, 
and the root systems soaked in 0.4 mM CaCI 2 for 
15rain. The plants were then transferred to 
smaller plastic containers containing aerated, 
500-mL solutions containing 2.0mM CaC12, 
200 txM Na2HPO 4, 3/xM H3BO3, and 113 gM 
Na3-DTPA, at pH 7.0. Added Zn was either 5.7 
or 45.6/xM to yield computed log (Zn 2+ ) values 
of - 11.5 or - 10.6 (Zn 1 or Zn4). A third exudate 
collection treatment consisted of the Zn T = 
45.6/xM solution but with the CaC12 omitted 
[log(Zn 2+) =-9 .6 ] .  Five combinations of pre- 
culture and exudate collection conditions were 
thus imposed: ZnlZnL, ZntZn4, Zn4ZnL, 
Zn4Zn 4, and Zn4Ca0, where, for each, the first 
notation indicates the preculture treatment and 
the second denotes the conditions during exu- 
date collection. There were three replications 
per treatment. 

Seedlings were kept in darkness at 25°C and 
exudates collected for a total of 40 h. Collection 
solutions were replaced with fresh ones after 5, 
15 and 25 h, such that four solutions were col- 
lected for each treatment replicate. At termina- 
tion the plants were separated into tops and 
roots, dried, and weighed. Collection solutions 
were evaporated to dryness on a hot plate, re- 
dissolved in 25 mL of a 0.05 M HC1-0.22 M LiCI 
solution, and then analyzed for K ~ by AAS. 
Cumulative K + released by the root system over 
40 h was then computed. 

Experiment 4 

Based on the results of Experiment 3 and some 
other experiments not presented, a similar root 
exudation experiment was conducted using Jack- 
pot grown at P =  200/xM. There were seven 
preculture treatments: Zn~ through Zn4, a Zn~ 
treatment [Zn T = 91.2/xM; log(Zn 2+) =-10.2] ,  
and Zn~ in combination with one of two foliar 
spray treatments; each treatment was replicated 
three times. All seedlings were grown in Zn 5 
solutions until day 6, transferred to solutions of 
the appropriate Zn treatment and the foliar 
treatments initiated (this allowed the seedlings to 
attain a leaf area sufficient for the sprays to be 
effective), and grown for 12 more days. Foliar 
treatments entailed spraying the plant tops twice 
daily with solutions containing a surfactant 
(Brij-35. 1 m L L  -~) and either 0.1 or 1.0mM 
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ZnSO4, denoted as Zn~Fo 1 and ZnlFo2, respec- 
tively. Root  exudates were obtained using the 
Zn~ collection solution specified in Experiment 
3; only one solution change was made at 15 h 
and the collection terminated at 40h. Plants 
were then separated into leaves, stems, and 
roots, and the leaf samples analyzed for total P. 
Otherwise, procedures for collection, evapora- 
tion, analysis for K +, and plant harvest were 
identical. 

Results 

Experiments 1 and 2 

Deficiency symptoms 
Identical deficiency symptoms were observed 
with both cultivars, but only at Znl and Zn2; no 
symptoms were observed at Zn 3 or Zn 4. The 
symptoms occurred at all P levels, but became 
more severe with increasing solution P. The 
older leaves curled downwards, and had mild 
interveinal chlorosis and a grayish cast, along 
with black mottles. As growth became more 
severely inhibited with time, the black spots 
became necrotic, and the symptoms became 
more severe and spread to the younger leaves. 
The roots did not exhibit any symptoms. Symp- 
toms appeared after only three days in Zn~ 
solutions, and after about one week at Zn 2. 

Growth responses 
Both Zn and P treatments had marked effects on 
growth and dry matter yield of both cultivars. 
For convenience, the total dry matter yield was 
computed and expressed as a percentage of the 
treatment mean exhibiting the highest dry matter 
yield, which was ZnaP 1 for both cultivars (Fig. 
1). The yield responses to Zn could generally be 
fit to quadratic curves, although the response of 
Celebrity at P1 seemed to be better described by 
a linear fit (Fig. 1). With both cultivars, the most 
dramatic Zn-deficiency-induced decreases in dry 
matter occurred in older leaves and roots; the 
younger leaves were the least affected compo- 
nent tissue (data not shown). Based on visual 
observation, increasing P at a given Zn level 
seemed to decrease growth in both cultivars to a 
greater extent than is reflected by the dry matter 
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Fig. 1. Relative total plant dry matter yields vs. free Zn 2. 
activity for two cultivars of tomato grown in DTPA-buffered 
nutrient solutions at three P concentrations (Experiments 1 
and 2). Vertical bars indicate 1 SE where it exceeds symbol 
size. 
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yields (Fig. 1). With Celebrity, the dry matter 
yields were only minimally affected at Zn 1 or 
Zn2; consistent decreases with increasing P 
occurred only at Zn 3 and Zn 4. At the higher two 
P levels the response of Celebrity exhibited an 
apparent downturn between Zn 3 and Znn, but it 
is uncertain whether this decline is a reproduc- 
ible effect or a consequence of experimental 
variation. With Jackpot, the trend was for de- 
creased yield with increasing P, especially if P2 
and P3 are compared to P1 (Fig. 1). The de- 
creases were, however, less pronounced than 
with Celebrity, and somewhat inconsistent across 
the Zn values (Fig. 1). 

Tissue Zn and P 
The trends in tissue Zn concentrations, although 
not the exact magnitudes, were the same for 
both cultivars so that, for brevity, only data for 
Jackpot are presented. Jackpot had higher Zn 



concentrations in the roots and younger leaves 
than Celebrity, but the older leaves and stems 
exhibited no differences across cultivars. Zinc 
concentrations differed markedly across the four 
component  tissues that were separated at harvest 
(Fig. 2). In general, total Zn concentrations 
decreased with decreasing Zn level, but were not 
consistently affected by P level. Total Zn was 
almost always ~>20mgkg -~ (Fig. 2), a value 
that is considered critical for many plants (Chap- 
man, 1966). The Zn 4 treatments yielded the 
highest Zn concentrations in all plant parts, but 
there were few differences among the other 
three levels. The distribution between soluble 
and insoluble Zn was somewhat erratic, and did 
not show any clear trends. When averaged across 
P levels, the roots had the highest Zn concen- 
trations of any of the tissues (Fig. 2). The stems 
exhibited the highest sensitivity to Zn supply, 
with marked decreases in total tissue Zn parallel- 
ing decreasing Zn supply down to the Zn 2 level. 
Only the stems of the Zn~ treatments contained 
the low soluble-Zn levels (5 to 7 m g k g  ~) re- 
ported to coincide with deficiency (Cakmak and 
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Marschner,  1987). Total Zn uptake by the plant 
decreased as the Zn level decreased, and de- 
creased as the P level increased, but the latter 
effect was only significant at the Zn 4 level (data 
not shown). There were no differences in the 
total Zn uptake between the two cultivars. 

As with Zn, there were few differences in 
tissue P between the two cultivars, although 
Jackpot tended to have higher P concentrations, 
and higher total P uptake, than Celebrity. In 
Jackpot,  increasing P supply had relatively minor 
effects on tissue P concentration, although the 
overall trend was for increases in tissue P with 
increasing solution P (Fig. 3). More striking was 
the tendency for the lower two Zn levels to 
result in large increases in tissue P concen- 
trations (Fig. 3). This trend was most pro- 
nounced in older leaves, somewhat reduced in 
the younger leaves, and even less marked in the 
stems. The roots did not exhibit significant in- 
creases in P concentration with decreasing Zn 
supply (Fig. 3). The soluble-P fraction increased 
much more than the insoluble fraction with de- 
creasing Zn supply. In the younger leaves and 
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Fig. 2. Soluble and insoluble Zn in four component tissues of Jackpot tomato grown at four Zn levels and three P concentrations 
(Experiment 2). The cluster of three bars at each Zn level represent the three P levels in ascending order as indicated. Error bars 
indicate 1 SE for the soluble and insoluble fractions. 



170 Parker et al. 

Zn4 

Zn3 

Zn2 

Zn~ 

Zn 4 

Zn 3 

Zn 2 

Znl 

0.0 0.5 

~"~ b .~--P~ 
.%.\\\"~ 

Tissue P, Tissue P, 
1.0 I .5 2.0 2.5 3.0 0,0 0.5 1.0 1.5 2.0 

i 

OLDER LEAVES 

I~  Insoluble 

p I ~  Soluble 

YOUNGER LEAVES 
" ' " B 

H 
I 

I I I I I 

H 
H 

2.5 3.0 

ROOTS 

I 

STEMS 

Fig. 3. Soluble and insoluble P in four component  tissues of  Jackpot tomato grown at four Zn  levels and three P concentrat ions 
(Exper iment  2). The  cluster of  three bars at each Zn  level represent  the three P levels in ascending order as indicated. Error  bars 
indicate 1 SE for the soluble and insoluble fractions. 

stems, decreasing Zn caused simultaneous de- 
creases in the insoluble-P fraction, while in the 
older leaves both soluble and insoluble P tended 
to increase with increasing severity of Zn de- 
ficiency (Fig. 3). 

The increases in tissue P at low Zn supply 
were not simply a consequence of stunted growth 
coupled with constant P absorption (i.e. a 'con- 
centration effect') as described by Christensen 
and Jackson (1981) and Webb and Loneragan 

(1988). When total P uptake is computed on the 
basis of root weight, it also exhibits very large 
increases at the two lower Zn levels (Table 2). 
Increasing P supply also tended to increase P 
uptake, but again the effect was less pronounced 
than that of Zn treatment (Table 2). In part, the 
minimal effect of P can be ascribed to the off- 
setting tendencies for increasing P supply to 
increase tissue P concentration, but to depress 
dry matter yields. 

Table 2, Total  phosphorus  uptake  (whole plant)  per gram of root  (dry mat ter  basis) by two tomato  cuttivars grown at three P 
concentrat ions and four free Zn  2+ activities (Exper iments  1 and 2) 

[P], ~ M  P uptake (mmol g-1 root d .m.)  

log (Zn ~÷ ) 

- 1 1 . 5  - 1 1 . 2  - 1 0 . 9  - 1 0 . 6  

Celebrity 
200 2.49 -+ 0.08 1.22 - 0.04 0.94 ± 0.06 0.92 ± 0.06 
600 2.73 ± 0.09 1.44 ± 0.07 1.03 -+ 0.03 0,97 --- 0.01 

1200 3.37 - 0.30 1.47 - 0.06 1,22 ± 0.04 1.03 ± 0.10 
Jackpot  

200 4.18 ± 0.10 1.90 ± 0.11 1.48 - 0.06 1.39 ± 0.02 
600 5.23 ± 0.01 2.73 ± 0.15 1.55 ± 0.03 1.55 ± 0.12 

1200 3.95 +- 0.31 2.61 --+- 0.30 1.49 ± 0.06 1,55 ± 0.02 

--- Standard error  of  the mean  for three replications. 
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Fig. 4. Cumulative potassium release from the root systems 
of Jackpot tomato (Experiment 3). For each treatment, the 
first notation indicates the Zn level during the 15-d preculture 
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Cac~ = omission of Ca from the solution). Vertical bars indi- 
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Experiment 3 

Preculture of Jackpot tomato at Znl resulted in 
plants with very leaky root systems as measured 
by K + efflux, and leakiness was not ameliorated 
by restoring Zn to the sufficient Zn 4 level in the 
exudate collection medium (Fig. 4, upper two 
curves). Plants precultured at Zn 4 exhibited very 
low leakage rates, and these were unaffected by 
lowering the Zn level to Zn~ during the 40-h- 
collection period (Fig. 4, lower two curves). In 
contrast, withholding Ca from Zn-sufficient 
plants during the collection period resulted in a 
distinctly different response wherein leakage 
rates were initially low, but increased dramatical- 
ly after ca. 5 h (Fig. 4, middle curve). These 
results suggested that, although Zn nutritional 
status clearly affects root membrane integrity, its 
temporal behavior is quite different from that of 
Ca which has a unique apoplasmic function in 
membrane stabilization (Hanson, 1984). 

Experiment 4 

Additional K + efflux experiments not presented 
yielded rather variable leakage rates in plants 
precultured at the Zn 4 level, and cumulative 
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effluxes at 40h usually exceeded 100/zmol g-~, 
in contrast to the value of ca. 20 observed previ- 
ously (Fig. 4). We suspected that the Zn 4 level 
may be marginal for tomato (i.e. very near the 
critical level), so that mild deficiencies could 
occasionally occur, and thus included a higher 
level (Zns) in Experiment 4. Because all plants 
were grown at Zn 5 for the first 6 d of the pre- 
culture before treatments were imposed, the 
onset of deficiencies was delayed and the pre- 
culture period was extended to 18d. The dry 
matter yield at Zn 4 was indeed slightly subopti- 
mal and, overall, yields ranged to a low of 33% 
of control at Zn 1 (Table 3). The Zn 3, Zn4, and 
both foliar spray treatments resulted in very 
similar yields (85 to 88%) and cumulative (40-h) 
K + effluxes of 38 to 78/zmolg -1 (Table 3), 
indicating that the foliar treatments were fairly 
effective in correcting Zn deficiencies. In con- 
trast, the Zn~ treatment resulted in a 40-h efflux 
of almost 200/xmolg -I, while plants grown at 
Zn 5 exhibited only miniscule leakage (Table 3). 
The rather high standard errors for many of the 
treatments causing mild deficiencies (Table 3) 
reflect the delayed and somewhat variable onset 
of deficiencies due to Zn accumulated during the 
first 6 d of preculture; within treatments, higher 
dry matter yields always coincided with lower K + 
efflux rates (data not shown). Total-P concen- 
trations in leaves (combined samples of older 
and younger) decreased from over 3% at Zn~ to 
about 1% at  Z n  4 and Zns, while the two foliar 
Zn treatments resulted in values of ca. 0.9% 
(Table 3). 

The last three solution changes from the pre- 
culture period were analyzed for Zn T by AAS, 
and some increases due to transpirational water 
loss (which was measured) were observed, espe- 
cially in the last solution change. Concomitant 
increases in DTPA concentration presumably 
occurred, however, and computed free Zn 2+ ac- 
tivities were thus consistently very close to the 
nominal values for all treatments (data not 
shown). Moreover, the Zn~ treatment and the 
two foliar spray treatments had identical Zn v 
values, indicating that no downward transloca- 
tion and release of foliar-applied Zn to the nu- 
trient solution had occurred, and that these 
treatments resulted in identical solution free 
Zn 2 + activities. 
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Table 3. Total plant yield, cumulative potassium release from the roots, and total leaf P concentration of Jackpot tomato, all on a 
dry matter basis (Experiment 4). For each treatment, the notation indicates the Zn level during the latter 12d of the 18-d 
preculture, and the use of 0.1 or 1.0 mM ZnSO4 foliar sprays for supplying Zn (Fo~ and Fo 2, respectively) 

Treatment Relative K released (/z mol g 1 ) Leaf P (%) 
yield (%) 

15 h 40 h 

Zn, 33 -+ 3 88 -+ 6 194 -4- 14 3.13 --- 0.14 
Zn 2 66 -+ 4 28 --- 11 83 + 17 1.65 + 0.09 
Zn 3 88 --- 8 16 -+ 11 38 --- 18 1.17 --- 0.02 
Zn 4 85 - 11 37 -+ 18 71 -+ 34 0.98 - 0.08 
Zn 5 100 -+ 3 0.8 -+ 0.2 2.2 --_ 0.2 1.00 -+ 0.05 
ZnlFo 1 87 -+ 3 33 -+ 5 78 - 7 0.93 --- 0.00 
ZniFo 2 87 -+ 12 31 -+ 17 65 -+ 31 0.85 --- 0.00 

-+ Standard error of the mean for three replications. 

Discussion 

Symptoms observed in older tomato  leaves were 
generally similar to those described by Reed 
(1946) and by Lingle et al. (1958), but were 
somewhat  different from those described by 
C a k m a k  and Marschner  (1988b). The latter au- 
thors repor ted that Zn-deficient tomato  exhib- 
ited interveinal chlorosis, reddish-brown patches, 
and white incrustation (exudates) at the leaf 
margins. That  different symptoms were observed 
in our experiments  might be ascribable to differ- 
ences in technique for inducing Zn deficiencies, 
or to a combinat ion of Zn  deficiency and P 
toxicity in our experiments.  Classic Zn deficiency 
symptoms affecting younger shoot growth, in- 
cluding rosetting (Chapman,  1966) or little-leaf 
symptoms (Hoagland et al., 1936), were general- 
ly not evident in our experiments,  especially 
early in symptom development .  Loneragan et al. 
(1982) described two general types of Zn- 
deficiency symptoms commonly  observed in di- 
cotyledonous plants. In addition to the more 
classic little-leaf and rosetting symptoms,  
'mott le- leaf '  symptoms of the older leaves have 
also been noted on several occasions. The latter 
syndrome includes an overall bronze cast along 
with interveinal chlorosis and, eventually, necro- 
sis. As described by Loneragan et al. (1982), P 
toxicity primarily enhances the mott le-leaf  symp- 
toms through development  of necrotic spots, 
such that visual observation is unlikely to pre- 
cisely distinguish between simple Zn deficiency, 
and Zn deficiency in conjunction with P toxicity. 
With respect to the tomato  plant decline, there 
were enough differences in symptoms observed 

in this exper iment  and those described for the 
field-grown plants (Van Maren,  1987) to suggest 
that  this disorder is not closely related to Zn 
deficiency, nor to a Z n - P  interaction. This con- 
clusion is also supported by the minimal differ- 
ences in the responses of the two cultivars to our 
imposed Zn and P treatments.  

This leads to the question whether  our tomato  
plants suffered principally from Zn deficiency, P 
toxicity, or both. At  the lower two Zn levels, 
leaf P concentrations were greatly increased 
(Fig. 3), especially in the older leaves, consistent 
with the findings of others (Bhatti  and 
Loneragan,  1970; Cakmak  and Marschner  1986, 
1987; Christensen and Jackson, 1981; Loneragan 
et al., 1979, 1982; Parivok and Alekseeva- 
Popova ,  1965). The occurrence of P toxicity 
symptoms in leaves with overall P concentrations 
below ~-4% has been attributed to irregular 
spatial distribution of P, with higher concen- 
trations occurring in the visibly afflicted tissue 
(Bhatt i  and Loneragan,  1970). Phosphorus toxic- 
ity has been  associated with tissue concentrations 
ranging f rom 0.8 to 3% in whole shoots, and 
f rom 1.2 to 4.5% in leaves (Loneragan et al., 
1982), and concentrations of 2.4% in leaves and 
2.2% in stems have been reported to be toxic to 
tomato  (Parivok and Alekseeva-Popova,  1965). 
Hence ,  the P concentrations in the leaves of 
Jackpot  grown at Zn 2 and Zn 1 (Fig. 3) are 
generally within the range reported to be toxic 
for tomato ,  and the observed symptoms may 
have been due to a combination of Zn deficiency 
and P toxicity. On the other hand, both older 
and younger  leaves of Celebrity grown at Zn 2 
had P concentrations of  ~< 1% (data not shown) 



suggestive of Zn deficiency only, yet we could 
detect no difference in symptoms between the 
two cultivars. The Zn 3 level did not result in 
elevated leaf P concentrations (Fig. 3), despite 
growth reductions of 19 to 29% in Jackpot and 
17 to 44% in Celebrity (Fig. 1). Hence, it would 
seem that, at least in tomato, rather severe Zn 
deficiencies must be achieved in order to obtain 
accumulation of leaf P to potentially toxic levels. 
Regardless, we differ, at least semantically, with 
Loneragan et al. (1979) who termed Zn de- 
ficiency and P toxicity 'separate disorders' lead- 
ing to both growth reductions and development 
of mottle-leaf symptoms. With a species such as 
tomato, which appears to require high substrate- 
P concentrations for optimal growth, P accumu- 
lation to toxic levels may be an inevitable con- 
sequence of Zn deficiency, especially severe de- 
ficiency, in hydroponically grown plants. Such a 
view is in accord with observations that growth 
reductions, observable symptoms, and high leaf- 
P concentrations can all be corrected solely by 
increasing the Zn supply (Cakmak and 
Marschner, 1986, 1987; Christensen and Jack- 
son, 1981; Loneragan et al., 1982; this study). 

The chelator-buffered nutrient solutions em- 
ployed in this study resulted in severe Zn de- 
ficiencies, and consequent growth reductions 
(Fig. 1), that are almost never attained using 
conventional nutrient solution methodologies 
(Parker et al., 1992a). The latter approach relies 
on depletion of contaminating levels of solution 
Zn via plant uptake, rendering it extremely dif- 
ficult to predictably and reproducibly impose Zn 
stresses of varying severity (Parker et al., 1992a). 
Chelator-buffered solutions thus represent a 
powerful new tool for investigations of deficien- 
cies of Zn and other trace elements (Bell et al., 
1991a,b; Chaney, 1988; Chaney et al., 1989). In 
our preliminary experiments, zero added 
Zn[log(Zn 2+) = ~-~c'] resulted in deficiencies so 
severe that the transferred seedlings did not 
grow and soon died. We believe that DTPA is 
such a strong chelator for Zn that the seed Zn 
reserves, which normally would be expected to 
suffice for several days of early seedling growth, 
may actually have been withdrawn from the 
plant into the nutrient solution. This observation 
reaffirms the notion that, if the free metal activi- 
ty in solution can be tightly controlled, then 
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biological availability will be affected accordingly 
(Parker et al., 1992a). Our data suggest a critical 
log (Zn > ) value of ca. -10.6 for tomato, which 
is quite similar to values reported for maize (Zea 
mays L.) grown in DTPA-containing nutrient 
solutions (Halvorson and Lindsay, 1977), and for 
barley (Hordeum vulgare L.) reared in solutions 
buffered with HEDTA (N-[2-hydroxyethyl] 
ethyelenedinitrilotriacetate) (Norvell, 1991 ). 
Laurie et al. (1991) also reported Zn deficiency 
in barley at computed log (Zn 2+) values of ca. 
-10  to -11 in solutions containing excess 
EDTA. These values are in accord with esti- 
mates of free Zn :+ concentrations in soil solu- 
tions of alkaline soils where Zn deficiencies are 
fairly common (Norvell et al., 1987). It remains 
to be determined whether this apparent critical 
free Zn activity is consistent across diverse plant 
species (and cultivars), and across different metal 
chelators, and future research in our laboratory 
will address these questions. 

Virtually all of our tomato tissue samples ex- 
hibited total Zn concentrations higher than the 
20 mg kg  ~ value which is widely considered to 
be the critical level in many species (Chapman, 
1966), but exceptions to this critical level have 
also been observed previously. Rahimi and Bus- 
sler (1979) and Ghoneim and Bussler (1980) 
studied Zn responses of a number of crop 
species, and concluded that 'latent deficiencies' 
could occur at leaf Zn concentrations as high as 
35mgkg ~. There is some evidence that the 
water-soluble Zn fraction may be a better predic- 
tor of deficiency than total leaf Zn (e.g. Cakmak 
and Marschner, 1987), but contrary findings have 
also been reported (Ghoneim and Bussler, 
1980). In our experiments, soluble Zn did not 
follow consistent trends and, except in stem tis- 
sue, was always considerably higher than the 5 to 
7 mg kg ~ reported to be the minimum for nor- 
real growth (Cakmak and Marschner, 1987). 

Despite considerable evidence that plant re- 
sponses are best correlated with activities of free, 
uncomplexed metal ions in solution (Chaney, 
1988; Checkai et al., 1987; Halvorson and Lin- 
dsay, 1977), there are some indications that such 
a free-metal model may require some reevalua- 
tion. Because higher plants possess both sym- 
plasmic and apoplasmic pathways for element 
uptake and translocation (Mengel and Kirkby, 
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1987), the possibility of plant uptake and ac- 
cumulation of intact metal-ligand complexes, es- 
pecially via an apoplasmic pathway, cannot be 
ruled out. Bell et al. (1991b) noted differences in 
Cu uptake at similar computed activities main- 
tained by varying Cu T and concentrations of 
different chelators. They speculated that breaks 
in the endodermal barrier at root apices and at 
sites of lateral root initiation might permit pas- 
sive uptake of intact metal-chelates in the trans- 
pirational flow of water. Similarly, at a constant 
log (Cu 2÷) of -10.0,  Checkai et al. (1987) ob- 
served a 9-fold increase in root Cu and a 1.5-fold 
increase in shoot Cu as solution Cu T was in- 
creased from 10 -9.8 to 10 -6.7 M. Although these 
authors attributed the higher plant Cu to en- 
hanced diffusion of chelated Cu across the un- 
stirred layer of water surrounding the roots, the 
increase might be attributable to the uptake of 
some Cu as the intact Cu-chelate. Such a model 
could also account for reports of 'physiologically 
inactive' Zn in field-grown maize (Leece, 1978), 
and may provide a plausible explanation for our 
high leaf Zn values in very Zn-deficient plants 
(Figs. 1 and 2). We postulate that Zn-DTPA was 
absorbed and translocated to leaves where it 
resided intact, with little or no biological activity, 
leading to anomalously high leaf Zn concen- 
trations in concert with severe deficiencies. If so, 
then DTPA may be a poor choice for Zn de- 
ficiency research; its high affinity for Zn necessi- 
tated unnaturally high Zna- values (ca. 5 to 
90 g M )  in our study. A weaker ligand such as 
HEDTA can effectively buffer free Zn ~÷ in the 
required range using ZnT levels of ~ 1/xM (Par- 
ker et al., 1992a), and could thus minimize the 
anomalous uptake of chelated Zn. 

The trends for decreased dry matter yield with 
increasing P supply (Fig. 1) are not readily ex- 
plained. The concentrations of total tissue Zn 
were not suppressed by increasing P supply (Fig. 
2), in accord with a number of previous investi- 
gations (Boawn and Brown, 1968; Cakmak and 
Marschner, 1986, 1987; Loneragan et al., 1979; 
Millikan, 1963). Moreover, the H20-soluble 
fractions were not dramatically reduced by in- 
creases in P supply (Fig. 2), and a decrease in 
the physiological availability of Zn due to pre- 
cipitation of zinc phosphates in the leaves and/or 
stems as proposed by Cakmak and Marschner 

(1987) seems unlikely. Exacerbation of P toxicity 
also seems implausible because the leaf P con- 
centrations did not increase substantially with 
increasing P supply (Fig. 3). We note, however, 
that many roots grown at the P3 level exhibited 
an external accumulation of salts which we qual- 
itatively analyzed and found to be predominantly 
Ca phosphates. This root-surface precipitate was 
not completely unexpected, although the nu- 
trient solutions themselves were always free of 
visible precipitates. During our computations of 
solution speciation using GEOCHEM-PC, we 
did not allow precipitation to occur, but we 
noted that all solutions were at least marginally 
supersaturated with respect to f l -Ca3(PO4)  2 

(Lindsay, 1979): saturation indices [log(lAP/ 
Ksp)] ranged from 0.6 to 2.1 at P1 and P3, 
respectively. It is possible that this incrustation 
of salts on the root surface reduced absorption of 
water and/or nutrients and thus reduced the 
growth rate. Regrettably, there is presently no 
other ready explanation for P-induced growth 
reductions observed (Fig. 1). 

Uncontrolled increases in P uptake by Zn- 
deficient plants (Table 2) have been observed on 
several occasions, and it has been proposed that 
Zn deficiency interferes with P metabolism 
(Parivok and Alekseeva-Popova, 1965; Reed, 
1946), and thus produces a physiological P de- 
ficiency which is manifested by an accumulation 
of Pi at the expense of the organic P compounds 
(Alou, 1989). Our results may support such a 
hypothesis since water-soluble P often increased 
dramatically with decreasing Zn supply (Fig. 3). 
An alternative hypothesis proposed by Welch et 
al. (1982) is that the Zn deficiency-induced loss 
of membrane integrity leads to the accumulation 
of P to toxic concentrations in older leaves; P 
could nonselectively enter the afflicted roots cell 
via mass flow in the transpirational stream and 
thus accumulate in leaves as water is lost to the 
atmosphere. Our experiments do not support 
such a model. For plants grown at Zn 1 and P~ in 
Experiments 1 and 2, the computed theoretical 
transpiration coefficients required to achieve the 
observed total P uptake by mass flow only are 
1980 and 3140g HeO per g of dry matter for 
Celebrity and Jackpot, respectively. These val- 
ues are considerably higher than the normal 
range of 400-800g H2Og -1 (Mengel and Kirk- 



by, 1987). Moreover, we measured transpiration 
coefficients in Experiment 3 of about 870 at Zn 4 
and 1500 at Zn 1. Thus, in Experiments 1 and 2, a 
large fraction of the P uptake at Zn I must have 
occurred nonpassively, and Welch et al.'s (1982) 
explanation of high tissue-P concentrations can- 
not account for our data. Moreover, such an 
explanation is inconsistent with observations that 
Zn deficiency does not consistently lead to high 
tissue concentrations of any other nutrient 
(Loneragan et al., 1982; Cakmak and 
Marschner, 1986; Marschner and Cakmak, 
1986). Apparently, Zn deficiency leads to a 
unique loss of the plant's ability to regulate P 
uptake, and impaired shoot-to-root translocation 
of P may be at least partly responsible 
(Marschner and Cakmak, 1986). 

Nonetheless, the loss of root membrane integ- 
rity in Zn-deficient plants has been reported 
previously (Alou, 1989; Cakmak and Marschner, 
1988b,c; Welch et al., 1982). At present, a likely 
explanation is that Zn plays a protective role 
against superoxide radical ( 0  2 and its deriva- 
tives) attack of membrane lipids (Cakmak and 
Marschner, 1988a,c). Zinc deficiency appears to 
enhance NADPH-dependent reduction of 0 2 
to 0 2 , and/or to inhibit detoxification by super- 
oxide dismutase (SOD) and catalase (Cakmak 
and Marschner, 1988a). Alternatively, it has 
been proposed that Zn deficiency disrupts P 
metabolism, leading to a decrease in the produc- 
tion of phospholipids that are important compo- 
nents of cell membranes (Alou, 1989). Such a 
view is appealing for its ability to reconcile the 
effects of Zn deficiency on both membrane integ- 
rity and P accumulation into a unified physiologi- 
cal model, but is not yet supported by any 
detailed knowledge of the role of Zn in P metab- 
olism. 

Our Experiments 3 and 4 do not address this 
mechanistic question directly, but do suggest sev- 
eral other points. First, the response in mem- 
brane leakiness to changes in apoplasmic Zn 
status appears to be rather sluggish, at least 
compared to the response to withholding of solu- 
tion Ca (Fig. 4). In contrast, Cakmak and 
Marschner (1988b) observed some amelioration 
of leakiness in ~< 27 h when Zn was resupplied at 
4 /xM to deficient plants. But, this concentration 
was five-fold higher than that used to grow Zn- 
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sufficient plants in their conventional nutrient 
solutions, and the free Z n  2+ activity was un- 
doubtedly several orders of magnitude higher 
than that imposed by o u r  Z n  4 treatments. Thus, 
the comparatively rapid response to resupply 
observed by Cakmak and Marschner (1988b) 
may be something of an artifact due to the 
provision of Zn at supra-optimal concentrations. 
The contrasting behavior of Zn and Ca (Fig. 4) 
led us to question the assertion that there is an 
apoplasmic requirement for Zn in maintaining 
membrane integrity (Welch et al., 1982). The 
use of foliar sprays in Experiment 4 allowed us 
to separate the effects of apoplasmic Zn and 
overall plant Zn status on membrane integrity. 
Because there was no apparent downward trans- 
location and leakage of Zn into the nutrient 
solution (see Results), we assume that the Znl, 
ZnlFo 1, and Z n l F o  2 t r e a t m e n t s  all resulted in 
identically low free Zn -~+ levels in the root apop- 
lasm. Our assumption is based, in part, on the 
strong affinity of DTPA for Zn (log K = 20.4 for 
formation of the 1, 1 complex) coupled with the 
large excess of chelator in solution; apoplasmic 
binding sites would be unlikely to compete effec- 
tively for Zn. Only the Zn 1 treatment resulted in 
high K + efflux rates comparable to those ob- 
served in Experiment 3 (compare Table 3 and 
Fig. 4). The two foliar treatments exhibited only 
moderate leakage rates that were similar to those 
from other plants suffering from mild Zn de- 
ficiency imposed by higher apoplasmic Zn 2+ ac- 
tivities (Table 3). Consequently, root membrane 
leakiness seems to depend primarily on overall 
Zn nutritional status, and to be unaffected by the 
free Zn 2+ availability in the apoplasm. Leaf P 
concentrations seem to closely parallel changes 
in Zn status and membrane permeability (Table 
3) but, as discussed earlier, accumulation of P to 
very high levels cannot be a direct consequence 
of leaky root membranes. 

The postulated physiological link (Marschner 
and Cakmak, 1986) between uncontrolled tissue 
P accumulation and Zn-deficiency-induced in- 
creases in root membrane leakiness thus remains 
unresolved, as do several physiological aspects of 
Zn-P interactions. Our results indicate that 
chelator-buffered nutrient solutions may prove a 
useful technique for investigating these and other 
questions. In comparison to traditional hydro- 
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ponic solutions, chelator-buffered nutrient solu- 
tions represent a significant improvement in our 
ability to reproducibly impose Zn deficiencies of 
varying severity that are quite constant over the 
course of each experiment. Future studies should 
be able to utilize this improved precision in 
control of Zn nutritional status to considerable 
advantage. 
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