
Iron, Silica, and Aluminum Stresses and Varietal Resistance in Rice:
Effects on Whitebacked Planthopper

M. Salim and R. C. Saxena*

ABSTRACT
Certain physicochemical stresses affect the susceptibility of plants

to insects. The objective of this study was to determine the effects of
different levels of Fe, Si, and Al on the establishment of Sogatella

furcifera (Horvath) on resistant IR2035-117-3 (IR2035) and suscepti-
ble Taichung Native 1 (TN1) rice (Oryza saliva L.) cultivars under
glasshouse conditions in natural daylight of 12 h, 29/21 °C (day/night),
and minimum 70% relative humidity. Insect population increased on
rice plants grown in culture solution containing low (0.02 mg L~') or
high (40 mg L~') Fe than on plants grown in standard culture solution
(Fe at 2 mg L~'). Increased Si (400 mg L-') reduced intake and
assimilation of food, growth, adult longevity, fecundity, and popula-
tion increase by 5. furcifera on susceptible TN1 plants. Addition of
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Al to culture solution at 90 mg L~' adversely affected insect biology.
Regardless of the mineral stress, the difference between the resistance
of IR2035 and susceptibility of TN1 cultivars remained distinct. Plants
affected with low or high Fe stress had apparently less allelochemicals
than did control (unstressed) plants. Mortality of S. furcifera first
instars was greater on TN1 plants painted with steam-distillate extract
of Fe-stressed or control IR203S plants than on TN1 plants painted
with TN1 extract or acetone. Iron and Al stresses significantly de-
creased the growth and biomass of rice plants. Resistance of rice
plants to S. furcifera can be improved by application of Fe at optimum
(2 mg L-') and Si at high (400 mg L~') rates.

DEVELOPMENT of high-yielding rice cultivars has
revolutionized production, but increases in pest

incidence and the prevalence of physicochemical
stresses frequently threaten production stability. In bi-
ology, stress is considered as any factor that disturbs
the normal functioning of an organism (Levitt, 1980).

The whitebacked planthopper (S. furcifera) is an
Abbreviations: RGB, randomized complete block.
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important pest of rice in South and Southeast Asia.
Under favorable conditions, the insect produces sev-
eral generations per crop and causes hopperburn (Pa-
thak, 1968). It is becoming a major pest in Bangladesh,
China, India, Nepal, Pakistan, Taiwan, and Vietnam
(Khan and Saxena, 1986a). Whether the shift in pest
status in those countries could be linked to deterio-
ration of crop lands or nutritional disorders due to
increased cultivation intensity and opening of sub-
marginal lands for rice cultivation is not clear. Re-
cently, Salim et al. (1990) demonstrated that sus-
ceptibility of rice plants to the planthopper increased
if plants were grown under salinity stress.

Iron toxicity is linked to several nutritional disor-
ders of rice, such as bronzing (tiny brown spots appear
on green leaves starting from the tips, followed by
general browning of leaf blades and death of lower
leaves) in Sri Lanka (Ponnamperuma et al., 1955),
Aka-gare Type i (leaves first turn dark green, then
small reddish-brown spots appear near the tips of older
leaves, followed by browning and death of leaves) in
Japan (Baba and Tajima, 1960) and Akiochi (plants
are vigorous initially, but growth declines during
heading, followed by death of lower leaves and dis-
coloration of panicles) in Korea (Park and Tanaka,
1968). High concentrations of Fe in the soil solution
decrease absorption of P (Ishizuka and Tanaka, 1969).
Deficiency of Fe occurs more frequently on neutral to
alkaline upland soils, while Fe toxicity is found only
on lowland rice (Yoshida, 1981). Impaired translo-
cation of Fe from root to shoot in high-pH rooting
media is one of the causes of Fe deficiency (Tanaka
and Navasero, 1966). Deficiencies of Fe affect shoots
and roots of plants almost equally (Clark, 1982).

Silica content in plants also influences vulnerability
to pests (Yoshida, 1975). Rice plants with low Si are
susceptible to insect attacks (Yoshida et al., 1962). 
high Si content contributes to stem borer (Chilo zo-
nellus Swinhoe) resistance in maize (zea mays L.)
(Sharma and Chatterji, 1972) and to fruit fly (Dacus
cucurbitae Coquillet) resistance in muskmelons (Cuc-
umis melo L.) (Chelliah, 1972).

Aluminum solubility is high in soils of pH below
5.5; its toxicity limits the growth of rice in many acid
soils (Sarkunan and Bidappa, 1982). The critical con-
centration of A1 in soils for rice is ~25 mg kg-1

(Tanaka and Navasero, 1966). Aluminum directly in-
hibits the role of P in cell metabolism (Jackson, 1967).
An increase in application of A1 reduces P and Mg
concentration in rice plants (Mohiddin, 1982).

Little is known about mineral stresses and insect
resistance in rice. Our objective was to investigate the
effect of Fe, Si, and AI stresses on the establishment
of S. furcifera on resistant IR2035 and susceptible
TN1 rice cultivars.

MATERIALS AND METHODS

Cultivars Tested
Rice cultivars IR2035 and TN1 were selected for inves-

tigating the influence of physicochemical stresses on the
behavior and biology of S. furcifera. The cultivar IR2035
is an improved line resistant to the planthopper, while TN1
is highly susceptible to the pest.

Plant Cultures

Plants were cultured in hydroponics at 29/21 °C (day/
night) temperature, minimum 70% relative humidity, and
natural daylight of 12 h in a glasshouse of the phytotron at
the international Rice Research institute (IRRI).

Different levels of Fe and AI were maintained through
culture solution made in demineralized water (Yoshida et
al., 1976). Nitrogen, P, K, Ca, and Mg stock solutions (2
L each) were prepared separately in deionized, distilled
water at the following rates: ammonium nitrate (183 g),
sodium phosphate monobasic monohydrate (71 g), potas-
sium sulfate (143 g), calcium chloride (235 g), and 
nesium sulfate (648 g). For the micronutrient stock solution,
manganous chloride (3 g), ammonium molybdate (0.15 
boric acid (1.88 g), zinc sulfate (0.07 g), cupric sulfate
(0.06 g), ferric Chloride (15.4 g), and citric acid (23.8 
were dissolved separately in deionized, distilled water and
then combined with 100 mL of concentrated sulfuric acid
and made up to 2 L of the stock solution with deionized,
distilled water. For low (0.02 mg -I) and high ( 40 m
L-x) levels of Fe, however, the stock solution of micro-
nutrients was prepared without Fe (ferric chloride), and
stock solutions with low and high levels of Fe were pre-
pared separately. To make 4 L of the standard culture so-
lution (containing 2 mg L-I of Fe, and without Si and AI),
5 mL of each of the respective stock solutions were used.
Culture solutions with 0.02 or 40 mg L-~ of Fe, 100 or
400 mg L-~ of Si, and 30 or 90 mg L-~ of A1 were prepared
through appropriate dilutions.

For plant cultures, seeds of IR2035 and TN1 were surface
sterilized with 1 g L-~ HgCI2 solution for 2 min, washed,
soaked in water for 24 h, and then spread on nylon net
stretched on a foam-plastic frame (240 by 300 mm) floating
in a 12-L plastic tray containing 50% standard culture so-
lution (pH 5). Two weeks later, the seedlings were trans-
planted in holes (15 mm diam.) in culture foam-plastic sheets
(310 by 260 by 13 mm) that rested on plastic trays filled
with culture solution with low or high concentrations of Fe,
Si, or Al..Each culture foam-plastic sheet had 30 holes
bored equidistantly in six rows and was glued with epoxy
onto the lower side of a foam-plastic frame (50 mm wide,
20 mm thick) along its inner border. The level of the culture
solution was in contact with seedling roots. The pH of the
culture solution was adjusted daily to 5 using either 1 M
NaOH or 1 M HCI; the solution was changed weekly. Test
plants were stressed for 35 to 75 d, depending on the du-
ration of the experiment. Control plants were grown in the
standard culture solution. The plants were arranged in a
randomized complete-block design with four replicates for
each treatment; each treatment comprised 10 seedlings. Data
for plant height, root length, fresh and dry shoot and root
weights, and plant biomass were subjected to analyses of
variance; means were compared using the Duncan’s (1951)
multiple range test.

Chemical Analyses of Plants

Leaf sheaths of 40-d-old stressed and control plants of
the test cultivars were cut and dried to constant weight at
80 °C for 72 h. The composite samples were then analyzed
for N, P, K, Mg, Ca, Si, Zn, Fe, total free sugars, and
soluble proteins, as described in Salim et al. (1990). The
chemical composition of IR2035 and TN1 plants grown
under different stresses is given in Table 1.

Steam Distillation and Extraction of Rice Plants for
Allelochemicals

Fresh leaf sheaths of 20 rice plants grown in standard
culture solution (Yoshida et al., 1976) and in solution with
mineral stress for 40 d were harvested, coarsely ground,
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Table 1. Chemical composition of Taichung Native 1 (TN1) and 1R2035-117-3 (IR2035) rice plants grown for 40 d in culture
solutions with different levels of Fe, Si, or Al.

Fe concentration, mg L-i Si concentration, mg L-~ AI concentration, mg L-~
Constituent~" 0.02 2 40 0 100 400 0 30 90

N 16.1 10.3
P 5.6 3.3
K 25.0 14.5
Mg 2.5 2.1
Ca 1.1 0.7
Si 9.5 5.8
SP 73.2 59.2
TFS 86.7 94.8

Zn 80 40
Fe 96 105
Ai 146 140

N 13.5 14.2
P 4.3 3.9
K 23.5 22.7
Mg 2.8 2.5
Ca 1.0 0.9
Si 8.3 7.8
SP 55.6 58.3
TFS 49.2 51.0

Zn 66 44
Fe 119 164
AI 230 223

TN1, g kg-~

16.0 8.8 9.5 10.4 9.9 13.0 19.5
2.2 3.3 2.9 2.9 3.6 1.3 0.7

26.8 42.5 24.1 16.2 16.1 21.4 16.6
2.2 2.1 1.9 1.6 2.0 1.9 1.3
1.6 0.7 0.6 0.6 0.8 0.9 0.8
8.2 4.0 26.6 34.0 4.4 5.2 15.1

63.4 45.9 36.7 37.7 59.8 64.8 61.2
69.2 72.3 105.0 89.2 64.8 65.3 34.0

TN1, mg kg-~

51 22 23 25 25 23 41
16! 100 152 145 113 127 115
128 --:[: -- -- 112 133 228

IR2035, g kg-t

16.5 9.6 9.2 8.9 10.9 11.4 18.5
1.3 3.7 3.1 3.0 4.2 1.4 0.8

27.4 16.2 14.5 14.2 17.5 20.0 20.5
2.3 2.4 1.9 1.5 2.8 2.4 1.4
1.1 0.9 0.8 0.6 1.0 1.0 0.9

12.5 6.9 32.0 34.4 5.3 5.5 31.1
63.4 56.5 44.0 44.2 58.3 56.5 58.3
47.6 64.8 56.5 67.7 66.8 67.2 31.2

IR2035, mg kg-I

48 32 22 22 32 30 76
194 139 123 141 144 155 120
106 -- -- -- 155 164 268

~’SP = soluble proteins; TFS = total free sugars.
~:Not determined.

steam-distilled, and then extracted, as described by Salim
et al. (1990). The allelochemical extracts (yellow, oily res-
idues) were weighed (Table 2), sealed with N2 in glass
vials, and stored at -10 °C. For bioassays, the extracts
were diluted in acetone to 4 g L-~ concentration.

Insect Responses

Insects reared on potted TN1 plants for several genera-
tions in the greenhouse were used for studying orientation
and settling responses, intake and assimilation of food,
growth, longevity, fecundity, and population increase on
35-d-old stressed and control plants of IR2035 and TN1.
Tests were conducted at 29/21 °C (day/night), temperature
regime with -- 70% relative humidity in a glasshouse of the
IRRI phytotron under 12-h natural daylight conditions.

The orientational response of brachypterous (short-winged)
S. furcifera females was tested using horizontal cylindrical
glass chambers, as described by Salim et al. (1990). Each
treatment was replicated eight times. Chi-square tests were
performed to determine whether observed ratios of females
attracted to stressed and control plants deviated significantly
from the no-preference ratio of 1:1 (Gomez and Gomez,
1984).

In another experiment, three vials containing standard
culture solution (control) and three vials containing culture
solution with low or high level of Fe, Si, or AI were ar-
ranged alternately and equidistantly near the periphery of a
revolving, circular, wooden platform (850 mm diam.). The
mouth of each vial fitted snugly and level with holes in a
circular, foam-plastic sheet. Two tillers of 35-d-old stressed
plants and two tillers of control plants were fixed using
rubberized foam, in each of the respective vials. The entire
assembly was covered with a snug-fitting, cylindrical,
polyester-film (Mylar) cage (900 mm high, 800 mm diam.)
and the settling response of 100 S. furcifera females to test
plants was recorded, as described in Salim and Saxena (1991).
The experiment was replicated four times. Chi-square tests

Table 2. Quantity of allelochemicals produced by Sogatella
furcifera-susceptible Taichung Native 1 (TN1) and resistant
IR2035-117-3 (IR2035) rice plants grown in culture solutions
With different levels of Fe.

Difference Differ~’nce
Fe TNI from IR2035 from

concentration (leafsheath) control 0eafsheatfi) control

mg L- ~ mg kg- 1 % mg kg- ~ %
0.02 39.2 - 13.8 55.9 - 19.9
2~" 45.5 0.0 69.8 0.0
40 34.2 - 24.8 62.8 - 10.0

~’Control.

were performed to determine whether the observed ratios
of females settled on stressed and control plants deviated
significantly from the no-preference ratio of 1:1 (Gomez
and Gomez, 1984).

Intake and assimilation of food by newly emerged fe-
males on leaf sheaths of 35-d-old stressed or control plants
was determined, as described by Salim and Saxena (1991).
The experimental design was a randomized complete block
with four replicates.

To determine insect growth, 35-d-old stressed plants were
placed singly in plastic pots (140 mm deep, 120 mm diam.)
containing culture solution with either low or high levels
of Fe, Si, or AI. The roots of each plant were kept immersed
in the solution, while the tillers emerged through a median
hole (15 mm diam.) in a circular, foam-plastic lid (20 
thick, 122 mm diam.) fixed on the pot. A Mylar sleeve
(360 mm high, 123 mm diam.) was slipped over the foam-
plastic lid up to the base of the pot. A cylindrical Mylar
cage (1 m high, 120 mm diam.) with nylon-mesh top and
side windows enclosed each plant and snugly rested on the
foam-plastic lid within the collar of the Mylar sleeve. Con-
trol plants grown in pots with standard culture solution were
caged similarly. Stressed and control plants were infested
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Table 3. Growth and biomass of Taichung Native 1 and IR2035-117-3 rice plants grown for 35 d in culture solutions with different
levels of Fe, Si, or Al.

Root Shoot weight Root weight
Mineral Concentration Height Tillers length Fresh Dry Fresh Dry

mg L-1 mm no. plant-1 mm mg
TN1

Fe 0.02 567bt 3.7b 170b 1310c 324c 390c 77b
2~ 606a 4.3a 207a 1570a 425a 510a 95a

40 558c 3.4b 171b 1403b 339b 429b 78b

Si 0~ 605b 6.1b 367a --§ -- -- --
100 646a 6.9a 372a ....
400 645a 6.7a 372a ....

AI 0~ 665a 6.7a 241a 1567a 429a 739a 146a
30 585b 5.3b 212b 1448b 364b 704b 145a
90 360c 2.0c 154c 272c 75c 91c 35b

IR2035

Fe 0.02 563b 3.7b 288b 1579b 399b 558b 87a
2~ 603a 4.5a 331a 1897a 465a 627a 94a

40 547c 3.5b 245c 1188c 275c 440c 72b

Si 0~ 647c 6.7b 367a ....
100 664b 7.9a 372a ....
400 679a 7.8a 372a ....

AI 0~ 663a 6.5a 340a 1561a 385a 839a 155a
30 539b 5.5b 294b l105b 302b 732b 146b
90 285c 1.2c 267c 70c 23c 68c 19c

Within columns, cultivars, and minerals, means followed
multiple range test.
Control.
Not determined.

by the same letter arenot significantly different at the 0.05 probability level by Duncan’s

with first instars in batches of 10 each. The infested plants
were arranged in a RCB design with four replicates. The
pH of the culture solution was adjusted daily to 5.5. Growth
was measured by the number of nymphs that became adults
and the time taken to reach the adult stage. The insect
growth index on stressed and control plants was calculated
as the ratio of percentage nymphs becoming adults to the
mean growth period in days (Saxena et al., 1974).

For measuring adult longevity and fecundity, two 35-d-
old stressed plants placed in a pot containing culture solu-
tion with high or low levels of Fe, Si, or AI were infested
with 10 pairs of newly emerged brachypterous females and
macropterous (long-winged) males and covered with Mylar
cages. Likewise, control plants kept in standard culture so-
lution were infested and caged. The infested plants were
arranged in a RCB design with four replicates. Insect lon-
gevity and fecundity were determined, as described by Salim
et al. (1990).

For determining population increase, four 35-d-old stressed
plants placed in porcelain pots (180 mm deep, 160 mm
diam.) containing culture solution with low or high levels
of Fe, Si, or A1 were infested with five pairs of newly
emerged brachypterous females and macropterous males,
as described above. Control plants kept in standard culture
solution were infested similarly. The infested plants were
arranged in a RCB design with four replicates. Insects, both
nymphs and adults, were counted 40 d after infestation.

Toxicity of Steam-Distillate Extract to First Instars

Single tillers of 35-d-old TN1 plants were painted indi-
vidually with 0.23 mL acetone containing 4 g L-’ steam-
distillate extract of Fe-stressed or control plants of resistant
IR2035 or susceptible TN1 cultivar. The rate of application
of the extract demonstrated cultivar differences in resistance
or susceptibility to S. furcifera (Khan and Saxena, 1986b).
Control tillers were painted with acetone. Treated and con-
trol tillers were infested with first instars in batches of 10
each and mortality was recorded after 72 h. The experiment
was laid out in a RCB design with four replicates.

Data for intake and assimilation of food, growth, adult
longevity, fecundity, population increase, and nymphal
mortality were subjected to analysis of variance and the
means were compared using Duncan’s (1951) multiple range
test at P = 0.05 and the least significance difference test
at P = 0.05 and 0.01 (Gomez and Gomez, 1984).

RESULTS

Effects on Plants

Both low and excess application of Fe reduced plant
growth and biomass of rice plants (Table 3). In rice
plants grown at the low level of Fe, entire leaf blades
became chlorotic. On leaves of plants grown at the
high level of Fe, tiny brown spots, starting from leaf
tip to the base, appeared on lower leaves. In general,
the color of leaves remained green.

Addition of Si at 100 mg L- 1 in the culture solution
increased plant height and tiller number, but further
increase of Si to 400 mg L-1 did not improve plant
growth (Table 3). Silica-deficient plants had droopy
leaves, but plants grown at the high level of Si had
erect leaves.

Aluminum-stressed plants (grown at 30 and 90 mg
L-x in culture solution) were significantly less tall,
and had fewer tillers and smaller roots than control
plants (Table 3). Plants grown at 90 mg L-1 Al in the
culture solution had smaller and dark green leaves.
The higher the degree of stress, the greater was the
reduction in plant growth and biomass.

Insect Responses

In general, insect orientational and settling responses
to plants grown in culture solution with different lev-
els of Fe, Si, and Al did not differ much from re-
sponses to plants grown in standard culture solution.
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Table 4. Intake and assimilation of food by Sogatella furci£era females caged on susceptible Taiehung Native 1 (TNI) and resistant
IR2035-117-3 (IR2035) rice plants grown in culture solution with different levels of Fe, Si, or AI.

Mean food intake Mean food assimilated
Concentration TN1 IR2035 Difference TN1 IR2035 Difference

mg L-~ -- mg female -~ 24 h-1 mg female -t 24 h-1 --

Fe

0.02 10.7a~" 4.9a 5.8** 0.43a 0.15a 0.28**
2~ 10.2a 4.3a 5.9** 0.34a 0.11a 0.23**

40 10.8a 4.6a 6.2** 0.38a 0.11a 0.27**
Si

0~ 17.3a 4.9a 12.4"* 0.49a 0.17a 0.32**
100 12.8b 3.5a 9.3** 0.49a 0.15a 0.34**
400 10.5b 2.9a 7.6** 0.43a 0.12a 0.31"*

AI
0~ 18.6a 5.7a 12.9"* 0.61a 0.18a 0.43**

30 12.8b 3.8b 9.0** 0.44a 0.10b 0.34**
90 9.5c 2.7c 6.8** 0.40b 0.05c 0.35**

**Significant at the 0.01 probably level by the least significant difference test.
~’Within columns and minerals, means followed by the same letter are not significantly different at the 0.05 probability level by Duncan’s multiple
range test.
~Control.

Intake and assimilation of food was not affected by
different levels of Fe (Table 4). Increase in Si level
decreased food intake on susceptible (TN1) plants, but
not on resistant (IR2035) plants. Intake and assimi-
lation of food decreased on plants grown in culture
solution with high AI concentration.

Both low and high levels of Fe reduced the devel-
opmental period of S. furcifera nymphs on TN1 plants,
but on IR2035 plants the high level of Fe did not affect
the developmental period, while the low level of Fe
decreased the developmental period (Table 5). At the
high level of Si, fewer nymphs became adults on sus-
ceptible TN1 plants, but there was no significant dif-
ference on resistant IR2035 plants. However, the
developmental period at 400 mg L-1 of Si increased
on both susceptible and resistant plants. Nymphal sur-
vival decreased significantly on susceptible TN1 plants
grown at the high level of AI (90 mg L-1), but insect
growth and development remained low on resistant

IR2035 plants, regardless of A1 concentration. The
developmental period was not affected.

Longevity of S. furcifera females increased on plants
grown in culture solution with low or high Fe level
(Table 6). Fecundity was significantly higher on re-
sistant IR2035 plants receiving the low or high level
of Fe, but different levels of Fe did not affect fecun-
dity on susceptible TN1 plants. Regardless of the cul-
tivar used, increase in Si supply decreased female
longevity and fecundity; male longevity also de-
creased on susceptible TN1 plants. Increase in AI sup-
ply to plants reduced adult longevity and fecundity on
TN1 plants. With an increase in AI supply, adult lon-
gevity also decreased on IR2035 plants, but there was
no further decrease in fecundity than that caused by
inherent plant resistance.

Regardless of the cultivar differences, S. furcifera
population was significantly higher on plants receiv-
ing the high or low level of Fe than on unstressed

Table 5. Growth and development of Sogatella furcifera nymphs on susceptible Taichung Native 1 (TN1) and resistant 1112035-
117-3 (IR2035) rice plants grown in culture solutions with different levels of Fe, Si, or Ai.~"

Nymphs becoming adults Developmental period Growth index
Concentration TN1 117,2035 Difference TNI IR2035 Difference TN1 IR2035 Difference

mg L-~ % %

0.02 98a:1: 23a 75** 14.5b 17.2b -2.7** 6.8a 1.3a 5.5**
2§ 95a 20a 75** 15.2a 17.8a -2.6** 6.2a l.la 5.1"*

40 98a 25a 73** 14.6b 17.5ab - 2.9** 6.7a 1.4a 5.3**
Si

0§ 98a 28a 70* 14.7b 17.7b -3.0** 6.6a 1.6 5.0**
100 90ab 25a 65* 15.0ab 18.lab - 3.1"* 6.0ab 1.4a 4.6**
400 85b 20a 65* 15.2a 18.4a - 3.2** 5.6b l.la 4.5**

A!

0§ 92a 25a 67** 14.5a 18,2a - 3.7** 6.3a 1.4a 4.9**
30 80a 22a 58** 14.8 18,5a - 3,7** 5.4b 1.2a 4.2**
90 60b 18a 42** 15.2a 18.6a - 3.4** 3.9c 1.0a 2.9**

*,**Significant at the 0.05 and 0.01 probability levels, respectively, by the least significant difference test.
~’Analysis is based on data transformed to aresin XTM for percent nymphs becoming adults for Fe and Si.
~tWithin columns and minerals, means followed by the same letter are not significantly different at the 0.05 probability level by Duncan’s multiple
range test.

§Control.
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Table 6. Longevity and fecundity of Sogatella furcifera adults on susceptible Taichung Native 1 (TN1) and resistant IR2035-117-3
(IR2035) rice plants grown in culture solutions with different levels of Fe, Si, or Al.~

Male longevity Female longevity Fecundity (eggs laid by 10 females)
IR2035

Concentration TNI IR2035 Difference TN1 IR2035 Difference TN1 tDifference

mg L-I d no.
Fe

0.02 15.6a~ 6.2a 9.4** 18.7a 8.6a 10.1"* 997a 68a 929**
2§ 14.8a 6.1a 8.7** 17.3c 7.8b 9.5** 949a 53b 896**

40 15.2a 6.6a 8.6** 18.2b 8.4a 9.8** 1017a 76a 941"*

Si

0§ 14.6a 6.8a 7.9** 19.7a 8.3a 11.4"* 1349a 85a 1264"*
100 12.6b 6.1a 6.5** 17.6b 7.0ab 10.6"* 1267a 77ab 1190"*
400 12.2b 5.9a 6.3** 16.8b 6.7b 10.1"* 1225a 69b 1156"*

0§ 12.0a 8.1a 3.9** 16.3 9.6a 6.7** 1349a 49a 1300"*
30 10.6b 6.6b 4.0** 15.8a 7.5b 8.3** 1133b 41a 1092"*
90 9.9c 5.6c 4.3** 14.0b 6.5c 7.5** 948c 36a 912"*

**Significant at the 0.01 probability level by the least significant different test.
?Analysis is based on data transformed to log (X) for fecundity on plants grown in culture solutions at different levels of Si.
~tWithin columns and minerals, means followed by the same letter are not significantly different at the 0.05 probability level by Duncan’s multiple
range test.

§Control.

Table 7. Increase in Sogatella furcffera population on susceptible
Taichung Native 1 (TN1) and resistant IR2035-117-3 (IR2035)
plants grown in culture solutions with different levels of Fe,
Si, or Ai.~

Insects at 40 d
after infestation on

Concentration TNI IR2035 Difference

mg L-I no.~

Fe

0.02 570a§ 86b 484**
2¶ 538b 62c 476**

40 586a 99a 487**

Si

0¶ 564a 74a 490**
100 500a 56b 444**
400 363b 45c 318"*

0¶ 758a 35a 723**
30 331b 24a 307**
90 147c 14b 133"*

**Significant at the 0.01 probability level by the least significant
difference test.

?Analysis is based on values transformed to 20/2 for Fe and log (X) for
Si and AL

~Totai number of nymphs and adults recovered from five pairs of
newly emerged males and females caged on plants.

§Within columns and minerals, means followed by the same letter are
not significantly different at the 0.05 probability level by Duncan’s
multiple range test.

¶Control.

control plants (Table 7); however, the magnitude 
population increase was greater on resistant IR2035
plants than on susceptible TN1 plants. Increase in the
level of Si or AI significantly decreased the insect
population.

Toxicity of Steam-Distillate Extract to First Instars

Compared with nymphal mortality of S. furcifera
nymphs on acetone-treated TN1 plants, significantly
more first-instar nymphs died on TN1 plants painted
with the extract of Fe-stressed or control IR2035 plants

Table 8. Mortality of first-instar Sogatella furcifera nymphs on
TN1 rice plants painted with 0.2 mL of acetone solution of
4 g L-~ steam-distillate extract of susceptible Taichung Native
1 or resistant IR2035-117-3 plants grown in culture solutions
with different levels of Fe.

Fe concentration
Cultivar in solution Mean nymphal mortality

mg L-1 %

TN1 0.2 6b?
TNI 2 8b
TN1 40 8b
IR2025 0.02 28a
IR2035 2 31a
IR2035 4 30a
Acetone~ 2c

?Means followed by the same letter are not significantly different at
the 0.05 probability level by Duncan’s multiple range test.

~tControl.

(Table 8). Nymphal mortality also increased slightly
on TN1 plants treated with the steam distillate extract
of Fe-stressed or control TN1 plants.

DISCUSSION

Nutritional changes can affect the suitability of plants
for insect establishment. Iron is associated with the
formation of chlorophyll in plants, but is not itself a
part of it. Iron is a catalyst in an organic form or
combined with organic compounds as a component of
redox enzymes (Yamasaki, 1965). Allen and Selman
(1957) reported that oviposition rate of the mustard
beetle, Phaedon cochleariae (F.), declined with 
crease of Fe concentration in watercress (Nasturtium
officinale L.) leaves. We found that both low and high
levels of Fe significantly reduced rice plant growth
and biomass and the level of S. furcifera resistance in
IR2035 plants, while susceptibility of TN1 plants in-
creased.

Silica-cellulose membrane or cuticle-silica double
layer confers resistance to insect pests (Yoshida et al.,
1962). Increased plant toughness and reduced digest-
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ibility of plant tissue by herbivores is attributed to Si
content in plants (Blum, 1968; Rhoades, 1983). In-
creased Si application through culture solution re-
duced growth and survival of 5. furcifera nymphs on
resistant N22 rice cultivar (Kim and Heinrichs, 1982).
In the present study, increase in the application of Si
decreased food intake, growth, adult longevity, fe-
cundity, and population build-up of 5. furcifera on
susceptible TN1 plants, but not necessarily on resis-
tant IR2035 plants. However, assimilation of food in-
gested from TN1 plants grown with high Si was not
affected. Soluble silicic acid in rice plants inhibited
sucking by the brown planthopper, Nilaparvata lugens
(Stal) (Yoshihara et al., 1979), but no significant dif-
ferences were recorded in concentration between sus-
ceptible and resistant cultivars (Yoshihara and Sogawa,
1979). Silicic acid was thus a general sucking inhib-
itor. The exact mechanism of Si-induced plant resis-
tance is not well understood because direct evidence
of participation of Si in essential physiological and
biochemical processes is lacking.

Aluminum is a nonessential element for rice plants.
The exact physiological role of Al in plants is not
known. Mohiddin (1982) suggested that Al could en-
ter the protoplasm and inhibit the role of phosphate in
cell metabolism. Some of the effects on the suitability
of rice plants to 5. furcifera could possibly be due to
P inhibition (Table 1).

Application of the steam-distillate extract of Fe-
stressed or control plants of resistant IR2035 to sus-
ceptible TN1 plants significantly increased the mor-
tality of 5. furcifera nymphs, indicating that plant
resistance to insects is biochemical. Increased nym-
phal mortality on TN1 plants treated with the extract
of Fe-stressed and control TN1 plants showed that
even susceptible plants may possess some defense
chemicals. Reese (1983) stated that even the most sus-
ceptible plants are well defended against insect attacks
when susceptible plants are compared with artificial
diets.

The quantity of allelochemicals produced by rice
plants decreased in Fe-stressed plants, regardless of
the susceptibility or resistance of cultivar used, but
the effect of allelochemicals on S. furcifera was
identical, whether they were extracted from Fe-stressed
or healthy plant. Thus, Fe stress apparently de-
creased only the quantity of allelochemicals pro-
duced but did not alter their nature or quality, which
is hereditarily predetermined and not subject to ex-
ternal influences.

Resistance to S. furcifera in rice cultivars grown in
Fe-deficient, neutral-to-alkaline upland soils can be
maintained or even improved by foliar application of
Fe at an optimum rate (2 mg L"1) and through soil
incorporation of Si at a high rate. Also, though man-
agement can correct the damaging effect of Fe toxicity
on insect resistance of cultivars grown in lowland soils,
a more practical solution is the cultivation of insect-
resistant cultivars that are tolerant of Fe toxicity. Ap-
plication of Al increases resistance to S. furcifera but
decreases growth and biomass of rice plants; there-
fore, it is not desirable to use Al as a soil amendment
for inducing insect resistance.
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