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Abstract The relationship between Fe'*-induced bronzing and stress ethylene production
(SEP) was investigated both in detached rice (Oryza sativa L.) leaves and in whole plants.
Fe** was applied to the detached leaf through a transpiration stream and' to whole plants
through roots in culture solution. The SEP from detached leaves differed with leaf ‘p0sition,
growth stage, and genotypé. Correlation between SEP and bronzing was significant for the
leaves of 16 tested genotypes (r=0.659"), but the iron concentration increment (ICI) of the
detached leaf ~orrelated neither to the bronzing nor to the SEP, suggesting that leaf tissue
tolerance, not ICI, controls the bronzifig devuwopment and the SEP. ‘When the whole plant
was treated by increasing Fe** concentration in culture solution, the SEP was negligibly
small. By partially or entirely de-rooting the plant, however, stress ethylene was evoked by
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the Fe** treatment, indicating that roots limited the Fe**-induced SEP.
Key words Stress ethylene; Iron toxicity; Rice

Iron toxicity is a nutritional disorder of rice plants associated with high Fe*™ level in
flooded soil, which is widely distributed in tropical lowlands. The leaf symptom characterized
© by bronzing and yellowing is usually used to -indicdte the toxic intensity. .

. Genotype difference in tolerance for iron toxicity is thought to be caused by the differ-
ence in Fet* oxidation in rhizosphere! ™% However, Jayawardena et al.¥ failed to find any
correlation beétween plant tolérance, leaf iron conceritration, and root osiaphthylamine
oxidizing power, and suggested that genotype difference in tlie tolerance was attributed to
the leaf tissue tolerance rather than to the root ability to resist the entry of excess Fe** into
plants. This suggestion was suppotted by the experiments of Yamanouchi et al.”, in which
Fe** was applied directly to detached leaves through cut end via transpiration stream.

~ Laige inconsistency about genotype difference in tolerance for iron toxicity have been
reported. The tolerance seems to vary with culture media (solution or soil), soil property,
growth season, and nutritional status®®. We reported that Fet* stimulates etliylene produc-
'tion in detached rice leaves™. But the Fe**.nduced stress ethylene production (SEP) has
not yet been understood in terms of plant age, leaf position, and genotype. In addition, no
information is available on the relationship ~ between SEP, bronzing, and tissue Fe
concentration. Understanding the relationship may help to characterize those tolerant
genotypes.

Since SEP is often concomitant with visible injuries, it has been suggested as an indica-
tor of injury from a wide range of environmental stresses®™. In practice, diagnosis during
period of “invisible” injury is more necessary but difficult than diagnosis after visible inju-
ry. In studies on air pollution (e.g., SO, and 0,) damage, stress ethylene formation during
invisible injury has been regarded as a measurement of latent lesions or cellular disturbance®'.
This paper aims to determine whether there is a relationship between SEP, tissue iron

concentration, and bronzing development.
1 Materials and methods

1.1 Plant cultivation and treatments
« Seeds were obtained from the 'International Rice Germplasm Center and the Plant
Breeding, Genetics, and Bjochemistry Division of the International Rice Research Institute.
Experiment 1: Twelve pregerminated seeds of each variety were sown in a circular row in
a 4-iter plastic pot which contained 3.5kg of Maahas clay soil fertilized with 5g of complete
fettilizer (14% N P K) and 10g of corn starch. The plants (genotype: IR5 and IR20) were
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grown in a screenhouse (28 —32C , natural light). Tillers were cut several times, leaving only
the mair culm to grow. At 40 days after sowing (DAS), 1g of ammonium sulfate was ap-
plied as topdressmg The first, second, and third leaf from the top were cut at the length
of 20cm from the leaf tip at different stages during 30—84 DAS, and then the cut end of
each leaf was dipped .into 5ml of 3.52mmol/L. FeSO, (pH 5. 0)in a test tube (2.5%20cm),
about 3cm of cut end was under the solution ‘surface. Incubatxons were done in a growth“
chamber (28 T, 70%RH, 12h 195.3umol m? s? llght/ 12h datk) sing complétely
randomized design with 3 replications.

' Experiment 2: 16 genotypes were grown, the second and thxrd leaves .were cut at 55
DAS and treated; each step was done in the same way as in experiment 1.

Experiment 3: The plants were grown in culture solution to study SEP in whole -
plants. Pregerminated seeds were sown on a sheet of nylon net stretching on a styrofoam
plate (25 x32cm) with 80-holes (1.5cm diameter). One seed was sown in each hole. The plate
was held in a 7.5-liter plastic tray with complete nutriesit solution (pH 5.0) according to
Yoshida et al'"l. The plants were grown in a phytotron glasshouse (27/21 C, day/night) for
3 weeks. The plants were then transferted to the cultute solution containing 0 and
5.28mmol/L of Fe** (FeSO,) and grown in a growth chamber (27/21C, 12h 390.6umol m?s?
lighit/12h dark, 70%RH). The solution was renewed every day. The roots and shoots were
separately sampled at various days after treatment for ethylene prodﬁction and Fe content
measurement. \ ‘

Experiment 4: The plants were normaly grown for 3 or 4 weeks in a screenhouse
(28—32 C, natural light) in the same way as in experiment 3, then partially or totally
derooted by cutting roots at different length from the tip, placed in the test tubes
(2.5%20cm) containing 40ml of 0 or 5.28mmol/L Fe*™ in nutrient solution, and then incu-
‘bated under room condition for 24h(25—28 C, ca. 10h room light per day). The second
and third leaves from the top were detached (20cm from the tip) to measure ethylene pro-
duction and Fe content. Total root length was measured by Comair root length scanner.
The degree of root-cutting was expressed as percentage of cutting length out of the total
root.

1.2 Measurement of ethylene production

Ethylene production of the plant was determined according to Peng and Yamauchi™.
‘SEP (nL g' fresh weight h™) was expressed as:

C,H, in treated tissues —C,H, in untreated tissues.

1.3 Determination of Fe concentration
About 0.1g of dried (80 T, 3 days) and ground sample was predigested overnight with
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10ml of concentrated nitric acid in a 125-ml flask. The predigested sample was then heated

slowly to remove red fumes from the solution and cooled. Three ml of 60 — 62%  perchloric

acid was then added. The mixture was heated again until it became clear, and then coolec.

The solution was then filtered and diluted to 100m! with deionized water. The Fe

concentration was determined by atomic absorption spectrophotometry (Perkon Elmer 3100).

ICI (ug Fe g dry, weight) was expressed as: ' ' '
Fe in treated tissues—Fe in untreated tissues.

1.4 Scoring of bronzing intensity

The detached leaves were treated with 3.52mmol/L of Fc++ for 24h, then the
SEP was determined. After ethylene measurement, the leaves were transferred to test tubes
with distilled water and incubated at 30 C in the dark for another 2 days, then ‘bronzing
was. scoréd. Symptom scoring and stress ethylerie determindtion were not made at the same
time because 1-day treated leaves had mo obvious symptoms other than a grey color scat-
tered on the green background. Scoring was done using the International Rice Testing
Program's scale for iron toxicity"!.

1.5 Statistical analysis ‘
The plants in the phytotron and screenhouse and tlie treatments in the laboratory were
laid out in completely randomized design with 3 replications. IRRISTAT was used for the

correlation analysis.
2 Results

2.1 SEP in detached rice leaves and genotype differences

The SEP in detached leaves of two typical genotypes, IR5 (susceptible to the tox101ty of
iron) and IR20 (tolerant) was determined. The leaves of IR5 produced higher stress
ethylene than those of IR20 when they were treated with 3. 52mmol/L of FeSO, Especially
for the second and third leaves from the top, the genotypxc difference is very significant
throughout the growing period (Fig. 1 A, B, C). This result suggested that the SEP
might reflect the toxicity intensity. Unexpectedly, the ICI in the leaves (Fig.1 D, E, F) was
- not associated with the SEP. :

The hypothesis that SEP may measure leaf injury caused by Fe** was further tested by
using the 2nd and 3rd leaves of 16 genotypes at 55 DAS (Fig. 2). Significant correlation
was obtained between the SEP and the bronzing (r=0.659"). The ICI correlated with neither
the SEP nor the bronzing. '

2.2 SEP in whole plants and tlie role of roots
From the 16 tested genotypes we chose two genotypes that were even more typical than |
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Fig. 1 Stress ethylene production (SEP, A, B, C) and iron concentration increment (ICI, D, E, F) in detached

leaves from 2 rice genotypes. Different positional leaves were excised from the plants at indicated growth stages,

then treated with 3.52mmol/L Fe*™ for 24h (Bars represent standard errors).
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(SEP), iron concentration increment and
The 2nd and 3rd leaves were detached from 55day-
old plants, treated with 3.52mmol/L Fe** for 24h,
and then ethylene was measured. The treated leaves
were then transferred to distilled water, incubated for

another 2 days, and then scored for bronzing and

Fe uptake.
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Fig. 3 Stress ethylene production (SEP) and iron accumulation in the whole rice plant. Three-week-old
plants were treated with 5.28mmol/L Fe** for 0—10 days (Bars represent standard errors). -
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Fig. 4 Stress ethylene production (SEP) and iron concentration increment (ICI) in leaves from desooted

rice plants, Three-week-old plants grown in culture solution were de-rooted at various degrees and treated
_with 5.28mmol/L Fe** in nutrient solution for 24h. SEP and ICI in the second and third leaves were

then determined (Bars represent standard errors).

IR5 and IR20 for the further study. IR26 was very sensitive and Suakoko 8 very tolerant

»
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to iron toxicity as evaluated both by bronzing symptoms and SEP. Unexpectedly, in
the whole plants of these two genotypes cultured in nutrient solution, ethylene production
from the shoot was not much affected by the Fe** treatment, it was even inhibited in the
root (Fig. 3 A, B). Iron concentration increased to 1600ug g'DW in the shoots and to
40000ug g'DW in the roots 10 days after treatment. Little difference in the SEP, iron
concentration, and bronzing intensity between IR26 and Suakoko 8 was identified. The SEP
and bronzing development also showed little difference between the other tested genotypes
such as IR5, IR20, IR8, IR42, IR46, Mashuri (data not shown). ,

When the plants were partially or entirely de-rooted, and then grown in the solution
with excess Fe* ™, stress ethylene could be evoked in the leaves. Iron concentration increased
with increasing the percentage of root cutting. The leaf of IR26 produced more stress
ethylene than that of Suakoko 8 did, although ICI was similar between the two genotypes

(Fig. 4).
3 Discussion

Stress ethylene production was usually considered as a response of plants to adverse
conditions. Stress ethylene can be evoked by free radicals such as O,y OH, or ferryl
radicals!. Those radicals also can be quickly elicited by the oxidation of Fe** in plant
tissues!*'%. They may attack plant cells, i.e., damage membrane, nick DNA, inactivate
enzymes and proteins, break up cellular integrity, etc!"*". Stress ethylene has been suggested
to be an indicator of extent of injury or a measurement of latent lesions or cellular
disturbance in various environmental stresses, especially in SO, and O pollution®'¥. Our
sfudy indicated that there existed significant correlation between bronzing intensity and SEP
by using the detached leaves of 16 genotypes (Fig. 2). The leaf tolerance may contribute to

- genotype difference. The difference may come from both apoplastexcluding capacity™ and
symplast mechanisms to cope with ferrous toxicity. Oxidation of ferrous without free radical
production by phytoferritin might be one way for the symplast to detoxify ferrous effects!,
and the other way would be the free radical scavenging systems, e.g. superoxide dismutase,
peroxidase, and catalase. 4 ‘

It must be noticed that the SEP from the detached leaves differed not only with
genotype, but also with leaf position and growth stage (Fig.1 A,B,C). A question was,
thus, raised as to why the first leaf, which usually showed less bronzing symptom®, pro-
duced similar or even more stress ethylene than the lower leaves, which showed heavier
bronzing symptom as usual. One explanation is that bronzing symptoms may not reflect the
in situ injury in this topmost elongating first leaf, or in some genotypes that failed to show
leaf symptoms even though plant growth was already severely inhibited by Fe* ¥,
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Bronzing symptom is thought to" be caused by pfecipitation and deposition of ferric
compounds®”. Therefore, it should be noted that the location of the precipitation appears
to be critical for the toxxc1ty to the tissue™®. When Fe'™ uptake is slow, the cell wall and
associated polysaccharldes are supposed to have enough capacity to exclude Fe** from the
symplast'”. Oxidization of Fe** in the apoplast may also cause bronzing symptom, but
intercellular injury might not occur because the ehclted free radicals do not have enough
time to enter the celll). In this case bronzing symptoms may not relate to the injury of the
tissue. This could also be the reason why the SEP from the solutioncultured whole plants
was little influenced by the Fe** treatment, here the rate of ICT was less than one-tenth of
that in detached leaves (Fig. 1, F1g 3). This notion was further confirmed by treating the
de-rooted plants. When the root was partially or totally cut, resulting in an increased
Fe** uptake,, stress ethylene was evoked by Fe*™ treatment (Fig. 4). Apparently, once the
exclusion capacity of the apoplast is overcome due to a fast Fe** accumulation, Fe** may
enter the symplast, then bronzing symptom, injury and SEP can occur in parallel pattern
even though they may not be induced simultaneously.. This apqpears to-be the case in de-
tached leaves and in de-rooted plants.

As long as rice plants are grown in well-nourished soil without root damage, roots keep
Fe** uptake at a slow rate. If roots are mechanically injured like by transplanting or
toxic soil, excess Fe** will enter the plant at a high accumulation rate. Then the SEP may
depend on leaf tolerance. It has also been suggested that iron oxidation in the rhizospere
may hinder the uptake of essential nutrients®?. Moreover, the high Fe** level in the rice
roots (Fig. 3D) may impair the normal functions of the roots per se. Consequently, both
plaque and perturbation of root function can retard nutrient uptake, indirectly affecting
shoot growth®d, Therefore, root function is also an important factor that accounts for rice

. to cope with iron toxicity.
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