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Effect of Zinc on Iron-Stress-Response
Mechanism of Two Soybean Genotypes
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Abstract. Zinc-toxicity enhanced the Fe-stress-response mechanism in Hawkeye (Fe-efficient) but not
in PI-54619-3-1 {Fe-inefficient) soybean plant. Hawkeye plants were more effective in reducing the pH of
the culture sotutions and in taking up Fe than the PI plants. The drop in solution pH seems to occur cycli-
cally in response to Fe insufficiency induced by high zinc levels. The severity and nature of stress
symptoms induced by high levels of zinc depends on the plant cultivar.

Introduction

Heavy metals may cause various degrees of Fe deficiency to developin plants. Rosell
and Ulrich [1] reported that increasing the Zn supply to sugarbeets from 0 to 12 ppm
in the nutrient solution resulted in a reduction in Fe concentration in beet leaves from
%00 to 90 ppm. Zinc toxicity in crop plants also causes chlorosis of the leaves which
can be alleviated by increased supply of Fe; in this case, however, the zinc-induced
chiorosis is not correlated with a decreased transport of Fe to the levels [2]. Tt is
suggested that chlorosis may arise from Fe/Zn competition for an Fe-requiring step
in the biosynthesis of chlorophyll.

Plant species and cultivars differ in their ability to utilize inorganic Fe and Fe-
chelates for Fe nutrition. Marschner et al. [3] reported that the so called Fe-efficient
plant species are able to lower the pH of the nutrient medium and to increase the
reducing capacity of the root surface under Fe stress conditions, upon which Fe avail-
ability and absorption increase rapidly.

The objective of the study reported here was to determine if the Fe-stress-
response mechanism (lowering the pH) is enhanced more in Fe-efficient than in Fe-
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inefficient cultivars when they were grown at various levels of Zn in solution cultures,
thereby affecting the absorption and transport of Fe to the plant tops.

Materials and Methods

Soybean seeds Glycine max (L.) Merr. of Fe-efficient Hawkeye (HA) and Fe-
inefficient PI-54619-5-1 (PI) genotypes were sterilized prior to planting by a treat-
ment with 75% Ethanol (V/V) for three minutes followed by extensive rinsing with
distilled water. The seeds were inoculated with Rhizobium japonicum in the form of
commercial preparation (Agway, Inc. Syracuse, N.Y.}. The inoculated seeds were
germinated on prewashed sand. Seven days after, three seedlings were transplanted
into 3.8 L plastic pot containing half strength Hoagland solution No.1 (N as NO3
only). Fourteen days after planting and thereafter, the solution was changed to the
treatment solutions. Three levels of Zn (0.1, 0.5 and 1.0 mg L!) were used with
Hoagland solution No. 1 to prepare the solution Treatment. The treatment solutions
were adjusted to pH = 6.0 with KOH. The pH of the cuiture solution was measured
daily without any pH adjustment after that. Plants were grown in open glasshouse on
a 16 hr/8 hr day/night regime. Illumination was provided by daylight, supplemented
with incandescent lamps. Eight days after treatment, plants were harvested and tops
and roots separated. Root samples were rinsed twice with deionized water to remove
surface contaminants. Plant material was dried in a forced air oven at 75°C for 48
hr. Dry weights were recorded and the dried materials were ground in a stainless
steel Wiley mill using a 30 mesh screen. Iron and Zn determinations were made by
atomic absorption spectrophotometry. The data were statistically analysed [4].

Results and Discussion

A - General observations

Plants of the Fe-efficient genotype (HA) showed no symptoms during the
experimental period, except a slight chlorosis observed on those plants treated with
the highest Zn level (1.0 mg L1}, In contrast, plants of the Fe-inefficient genotype
(PI) developed chlorosis after about five days of treatment except for those plants
grown at the lowest Zn level (0.1 mg L),

At harvest, there were pronounced differences between HA and Pl plants at the
medium and the high Zn treatments. Hawkeye plants grew very well whereas PI
plants were severely chlorotic.

B~ pH changes
The soybean genotypes responded differently to Zn levels in affecting the pH of
the growing media. Hawkeye plants decreased the pH of solution culture when
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grown at high Zn levels, while the pH of the PI growing media increased in the eight
days period (Fig. 1). The HA plants apparently released enought H' ions from their
roots when they were under the stress of high Zn level. The pH of their root zone was
lowered which favors Fe solubility and uptake. The reduction in pH was most pro-
nounced at the highest concentration of Zn in solution and seems to oceur cyclically,
probably in response to Fe deficiency stress. The Fe-inefficient genotype PI plants
were not able to reduce the solution pH even at high Zn level. These plants
developed visual symptoms which were probably due to an Fe insufficiency.
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Fig. 1. pH of solution cultures as affected by soybean genotypes and zinc level

As aresult of NO3 absorption, OH™ ions are excreted by plant roots which may
result in an increase in solution pH and a decrease in Fe solubility and availability for
plants. Both genotypes, however, were able to take up and translocate adequate
amounts of Fe at the lowest Zn level in solution culture without suffering Fe defi-
ciency. These results are in agreement with those reported by Ambler et al. [5]. They
concluded that Fe-stress-response in plants is an adaptive response to Fe deficiency,
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which causes metabolic changes that favor Fe uptake and utilization. The release of
H* ions from roots of Fe-efficient plants is probably one of the factors involved in the
Fe-stress-response [6].

C - Dry matter

At the lowest Zn level (0.1 mg L), both HA and PI soybean genotypes pro-
duced the same amount of dry matter (Table 1). Dry matter production decreased
with increasing Zn level for both genotypes, but the reduction was greater in the PI.
Initially, the HA plants did not show Fe deficiency symptoms, but at later stage of
growth the plants at the highest Zn level showed some Fe deficiency chiorosis.

Table 1. Dry matter yield and phosphorus, iron, and zinc content of soybean plants at different zinc
levels in solution culture.

Zn Dry matter P Fe Zn
level HA P1 HA P1 HA P1 HA P1
pefml g/plant Yo pelg
Tops

0.1 0.76 a 0.76 a 0.89 a 0.71a 98.33 a 81.67 a 80.00 ¢ 63.33c
0.5 0.67b 0.61 b 083b 0.68 a 81.67 b 63.33b 11333b 10167 Db
1.0 0.65b 0.55¢ 08lb 0.61b 6333 ¢ 41.67¢ 151.67a 121.67a

0.1 .20 a 0.18 a 1.08 a 1.04 b 1000.00 b 986.70c  100.00 ¢ 5833 ¢
0.5 119 a 0.15b 1.16 a 1.12ab  1000.00b §210.00b 168.33b 161.67b
1.0 0.16 b 0.12 ¢ 1.26 a 1.17 a 141670 a 1433.30a 530.00a 303.33 a

* Values are means of three replicates. Means for a given plant part within a genotype followd by the same
letter are not significantly different at P = 0.05 according to Duncan’s Multiple Range Test. Under-
scored values are not significantly different at P = 0.05.

The difference observed in response between HA and PI plants suggests that
HA plants were able to take up enough Fe to withstand the adverse effect of increas-
ing Zn on Fe uptake and translocation. The Zn effect observed in this study is in
apreement with the observations of Lingle et ¢l. [7]. They reported that Zn may be
acting as a metabolic poison to some key essential to Fe absorption.

D~ Iron content

Increasing levels of Zn in the growing medium reduced significantly Fe content
of both HA and PI soybean plant tops. At any given level, HA plant tops contained
significantly higher amounts of Fe than those of the PI. This may explain why the PI
soybean plants developed Fe deficiency chlorosis and produced less dry matter than
those of HA soybean plants. The greatest top dry matter production was obtained
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when Fe content of plant tops was the highest (Table 1). There was a highly positive
correlation between top dry matter production and Fe content of plant tops (r =
0.89, Fig. 2).

0.8 1y =0.39+ 0.004x . HA
r =0.89 o o P
0.7 }
<
Q
a
s
co.6}
'—.
X
o
[TT]
=
zo.s|
[=]
0.4 1 1 e, 1
30 50 70 %0 1o

Fe CONTENT (ng /9 )

Fig. 2. Relationship between iron content and dry weight of soybean plant top

Increasing Zn level in solution culture increased Fe retention in the roots and
affected its translocation to the plant tops. Hawkeye plants were able to overcome
this inability effect of Zn and translocated more Fe to the plant than did PI plants
{Table 2).

Similar results were obtained by Ambler et al. [8]. They concluded that Zninter-
feres with the translocation of Fe by inhibiting the reducing capacity of the root or
accentuates other reactions detrimental to Fe transport. Cumbus er al. [9] reported
that Zn may act as a competitive cation for Fe in active metabolic transport particu-
larly at the loading site into the stem of watercress plants.

The amount of dry matter produced per unit Fe taken up increased with increas-
ing Zn level in solution culture from 0.1 to 1.0 mg L', which may indicate that the
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adverse effect of Zn on Fe translocation was much greater than on dry matter pro-
duction (Table 2).

Table 2. Total iron uptake, Dry matter/Unit Fe, and Top Fe/Total Fe of HA and PI soybean genotypes
at different levels of zinc in solution culture.

Feuptake Dry matter/Unit Fe
Zn Top Root Total Top Root Top Fe/Total Fe
Level HA Pl HA Pl HA Pl HA PL HA Pl HA Pl
pg/ml ———— g Fefplant mg/ugFe ———
0.1 74.43a* 62.12a 196.67b 177.67a 271.10a 239.78a 10.17 12.24 1.00 1.0 0.27 .26

0.5 54.72b 38.65b 186.67b 185.60a 241.38h 224.25a 12.22 1579 1.00 0.83 0.22 0.17
1.0 4137 2295 231.33a 176.83a 272.70a 199.78b 1579 2399  0.70 0.70 0.15 0.12

* Values are means of three replicates. Values within a column followed by the same letter are not sig-
nificantly different at P = 0.03 according to Duncan’s Multiple Range Test.

E- Zn content

Increasing Zn level in the nutrient solution resulted in increased Zn content in
tops and roots of both soybean genotypes. The Zn content of HA plants was greater
than that of PI plants at any Zn level {Table 1), With increasing Zn level, the total
Zn uptake increased in tops and roots of both HA and PI genotypes. This increase
in total Zn uptake is due to a greater increase inZn content than the decrease in dry
matter with increasing Zn level. The fraction of total Zn translocated to plant tops
decreased with increasing Zn level in the nutrient solution. This may indicate that the
accumnulation of Zn in plant tops is less than the amount accumulated by roots (Table
3).

Increasing Zn content and total uptake with increasing Zn level tended to result
in decreased Fe content and translocation to the plant top. The reduction in dry mat-
ter production that occured may also be due to the presence of high amount of Zn
that could have been toxic to the soybean plants. Another possibility is that Zn may
have interfered with Fe metabolism resulting in the visual symptoms that were
observed at harvest.

The increased Zn/Fe ratio in the plant tops in response to increasing Zn level
suggests the presence of excess Zn and/or deficiency of Fe within the plant where Zn
may compete and/or interfere with Fe in some metabolic function. These results are
in agreement with those of Agarwala et al. [10] and Olsen and Brown [11].

In conclusion, it is clear from the data obtained that the Fe-inefficient genotype
PI was more susceptible to high levels of Zn than the Fe-efficient genotype HA.
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Table 3. Total zinc uptake, dry matter production/Unit Zn, and Top Zn/Total Zn of HA and PI soybean
plants grown at different zinc levels in solution culture.

Zn Znuptake Dry matter/Unit Zn Top Zn/Total Zn
level HA PI HA PI HA PI
pg/ml wg/plant —— mg/pug Zn
Tops
0.1 60.80* 48.13 12.50 15.79 0.75 0.82
0.5 75.93 62.02 8.82 0.83 0.70 0.72
1.0 98.59 66.92 6.69 8.21 0.54 0.65
Roots
(.1 20.00 10.50 10.00 17.14
0.5 31.98 24.25 5.94 6.18
1.0 84.80 36.40. 1.89 3.30

* Values are means of three replicates.

Hawkeye plants were able to tolerate higher levels of Zn without suffering Fe insuf-
ficiency which may suggest some genetic differences between the two genotypes
enabling HA plants to tolerate higher Zn levels. The greater Fe-efficiency of HA
compared with PI soybean plants was related to the development of a low pH in the
root zone. This drop in solution pH seems to occur cyclically in respense to Fe stress
induced by high Zn level and resulted in greater efficiency in the uptake and translo-
cation of Fe to the plant tops.
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