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ABSTRACT Experiments were conducted to measure the effect of feeding by the planthopper
Nilaparvata lugens (Stål) on photosynthesis and the translocation of assimilates in rice plants, Oryza
sativaL.Weusedmature japonica riceplants andapplied the 13CO2 feedingmethod toevaluate those
physiological effects. The photosynthetic rate was suppressed by N. lugens infestation, especially at
the lower leaf position, with rates 30% lower than that of control plants at the booting stage. Leaf
nitrogen concentration in infested plants was also lower than that in control plants. After ßowering,
the chlorophyll content and total plant dry weight were reduced by N. lugens. Stem and sheath dry
weights were signiÞcantly reduced by N. lugens infestation, whereas panicle dry weight was not
affected. Little effect was found on disruption in translocation of assimilates, even when 13CO2 was
supplied to the infested leaves. Results suggested that removal of assimilates and reduction in
photosynthesis by N. lugens have the greatest effect on growth and yield of rice plants as compared
with the disruption in the translocation of assimilates. Plant death can occur by N. lugens infestation
if the amount of energy supplied is less than that required for tissue maintenance.

KEY WORDS Nilaparvata lugens, rice, photosynthesis, translocation of assimilates, stable isotope,
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THE PLANTHOPPER Nilaparvata lugens (Stål), a phloem
feeder (Sogawa 1982), is a serious pest infesting rice
in East Asia. Feeding by this species can cause plant
death. N. lugens feeding may reduce yield, even if the
planthopper population density is not high enough to
kill plants (Hirao 1971, Sogawa and Cheng 1979, Wa-
tanabe et al. 1997). The amount of dry matter con-
sumed by N. lugens accounts for 28% of the total dry
matter reduction in rice plants infested at the repro-
ductive stage (after panicle initiation) (Sogawa 1994).
A similar relationship was observed during the vege-
tative stage of rice plants infested with the planthop-
per Sogatella furcifera (Horváth) (Watanabe and
Sogawa 1994). These studies show that planthopper
infestations cause physiological changes that reduce
photosynthesis or alter the translocation of photosyn-
thates. Metabolic changes in rice plants after N. lugens
infestation were also reported (Sogawa 1971, Cagam-
pang et al. 1974).

Ho et al. (1982) and Rubia-Sanchez et al. (1999)
reported that N. lugens reduce the photosynthetic
activity of young plants of some rice cultivars. Wa-
tanabe and Sogawa (1994) reported that photosyn-
thesis of the top leaves decreased with high-density S.
furcifera infestation at the vegetative stage. Because

nymphs and adults of N. lugens prefer to feed on the
lower leaf sheaths just above the water surface (Kuno
1968), the effect of insect feeding on leaf photosyn-
thesis may change along with the vertical distance
from the feeding site to each leaf blade, especially in
mature rice plants. However, no studies have been
done to assess the changes in the photosynthesis pro-
Þles in the canopy of the rice plants at the reproduc-
tive stage.

Disruption of the translocation of assimilates has
been studied in somehomopteran insects (Naito 1977,
Kenmore 1980, Naba 1988, Flinn et al. 1990, Nielsen et
al. 1990). Naba (1988) found that starch accumulation
in the second internode increased as a result of infes-
tation by the leafhopper Nephotettix cincticeps Uhler
feeding on a ßag leaf sheath or topmost internode.
Flinn et al. (1990) reported that potato leafhopper,
Empoasca fabae (Harris), infestation increased leaf
total nonstructural carbohydrate of alfalfa from 49 to
465% over that in noninfested plants. Nielsen et al.
(1990) reported the disruption of translocation by E.
fabae feeding by using a 14C Þxation method. A similar
result was observed in ladino clover infested with
Empoasca sakaii Dworakowska (Naito 1977). Ken-
more (1980) reported that the translocation of assim-
ilates was completely blocked by N. lugens feeding on
rice seedlings. He used the autoradiography method
with 14CO2. Watanabe et al. (1997) estimated that the
translocation of assimilates from stems to panicles was
partially disrupted by N. lugens feeding. They mea-
sured the dry matter weight of each organ in rice
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plants under Þeld conditions at several times during
maturity and estimated dry matter accumulation in-
directly. To clarify the feeding effects of N. lugens on
rice yield and plant death,we need a further andmore
detailed investigationof thechanges inphotosynthesis
and assimilate disruption during the reproductive
stage (after panicle initiation to the harvest).

Tanaka (1958) reported that the 14C assimilated in
the upper leaves is translocated mainly to the panicles
during maturity, but 14C assimilated in the lower
leaves is mostly translocated to lower parts of the
plants and roots. This observation suggests that the
effect of disruption of translocation on plant produc-
tion, such as the accumulation of carbohydrate into
panicles, may depend on the positional relationship
among the source, planthopper feeding site, and sink.

Watanabe et al. (1997) constructed a rice growth
model to evaluate N. lugens infestation during grain
ripening. They divided the canopy of the rice plants
into Þve leaf layers, with the lowest leaf layer sub-
jected to N. lugens feeding. However, the effect of
feeding on photosynthesis for each leaf layer and
translocation of assimilates between leaf layers was
not incorporated into the model (Watanabe et al.
1997). An understanding of the changes to the phys-
iological processes of rice plants caused by N. lugens
could improve our ability to forecast plant growth and
yield under insect infestation. In this study, we used
the stable isotope 13C to measure the changes in pho-
tosynthetic rate of each leaf within a plant and the
changes in assimilate translocation from leaf blade to
other organs of the rice plant infested with N. lugens.
We also measured the dry weight of each organ and
the nitrogen or chlorophyll content of the leaves.

Materials and Methods

Two experiments were conducted at the Kyushu
National Agricultural Experiment Station, Nishigoshi,
Kumamoto, Japan (328 539 N, 1308 459 E). The Þrst
experiment, conducted in 1993, examined the effect of
feeding by N. lugens on the photosynthetic rate. The

second experiment, conducted in 1995, examined the
effects of N. lugens feeding on the translocation of
assimilates.

The japonica type rice ÔReihoÕ is susceptible to N.
lugens and was used for the Þrst experiment. The
japonica type rice ÔHinohikariÕ, which is also suscep-
tible to N. lugens, was used for the second experiment.
Rice seedlings were transplanted in pots containing
high humic volcanic ash soil fertilized with 10 g-N, 10
g-P, and 10 g-Km22. The insectswere reared onReiho
seedlings under two 40-W ßuorescent lamps in a room
at 258C, 70% RH, and a photoperiod of 16:8 (L:D) h.

For theÞrst experiment, 30-d-old seedlings ofReiho
were transplanted singly in 200-cm2 pots on 8 August
1993. Plants were grown under natural temperature
and daylength conditions in a greenhouse with a glass
roof and wire net sides to prevent natural pest infes-
tations. At the booting stage (66 d old), 100 fourth- to
Þfth-instar N. lugens nymphs were released on each
plant enclosed in white nylon mesh and allowed to
feed for 11 d, from 13 to 23 September. Based on the
Þeldobservation, 200ormoreN. lugensperplant cause
plant death (Watanabe 1994). We set the density of
100 nymphs per plant with the expectation of severe
infestation but not the death of plants. Control plants
were covered with nylon mesh but not infested with
N. lugens. There were Þve replicates for each treat-
ment and control.

After the planthopperswere removed, eachplantwas
exposed to 13CO2 for 20 min. The 13CO2 was introduced
usingaproceduresimilartothatofKitagawaetal.(1992).
Each plant was enclosed in a 21.4-liter acrylic chamber
andplaced in awater tankwithwater at the sameheight
as thepot topreventair leaking fromthebasalpartof the
chamber (Fig. 1). Two acrylic chambers, containing an
infested and a control plant, were connected with vinyl
tubes. An air pump and a 1.0-liter glass ßask were also
connected to those chambers so that the air could cir-
culate within them. Ba13CO3 powder (200 mg) was
placed inside the ßask. The air inside the chamber was
circulated at 6.0 liters/min to reduce the normal CO2

concentrationbeforefeedingtheplants13CO2.Fivemin-

Fig. 1. The 13CO2 feeding in rice plants. (A) experiment 1. Each plant was enclosed in an acrylic chamber. The 13CO2

was circulated by an air pump connected to the chambers. (B) experiment 2. Each leaf blade was placed in a chamber.
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utes later, 1.5 ml of 10% lactic acid was injected into the
ßask to generate 13CO2, followed by 1 ml of lactic acid
appliedtwiceat5-min intervals.Twoandahalfmilliliters
of 25% lactic acid was injected to convert the remaining
Ba13CO3 to13CO2.Feedingof 13CO2wasmadeat.1,200
m mol m22s21 PAR (photosynthetically active radia-
tion).

Each leaf was clipped immediately after the 13C
feeding. Leaf area was measured using a leaf area
meter (AAM-7, Hayashi Denko, Tokyo). The leaves
were oven dried at 808C for 48 h and weighed. All leaf
samples were ground to a Þne homogeneous powder
with a high-speed vibrating sample mill. The 13C con-
centration of each leaf was determined with an infra-
red 13C analyzer (EX-130S, Japan Spectroscopic, To-
kyo). The total leaf nitrogen content was determined
usinganNCanalyzer(SumigraphmodelNC-80, Sumi-
tomo Kagaku, Tokyo).

For the second experiment, 2-d-old seedlings of
Hinohikari were transplanted singly in 100-cm2 pots
on 25 June 1995 and grown inside a controlled green-
house at 258C and 70% RH under natural daylength.
Tillers were clipped at the maximum tillering and
booting stages to retain a main stem. Four days after
ßowering on 17 September, Þve leaves, from the ßag
leaf (terminal leaf) to the Þfth leaf (counting from the
ßag leaf downward),werekept onamain stemand the
other leaves were trimmed. Twenty-fourth instar N.
lugens were enclosed on the Þfth leaf sheath using
cylindrical cages (6 cm diameter and 17 cm high).
Hoppers were removed after 6 d. Control plants were
caged but not infested. We used a SPAD-502 chloro-
phyll meter (Minolta, Tokyo) to measure the relative
amount of chlorophyll in each leaf after leaf infesta-
tion. Because the SPAD reading, which is an index of
chlorophyll content, is associated with leaf nitrogen
content, it has been widely used to estimate leaf ni-
trogen content (Takebe and Yoneyama 1989, Turner
andJund1991,Pengetal. 1996).After infestation,both
infested and control plants were divided into three
groups, with 13CO2 fed to the ßag leaf, third leaf, and
Þfth leaf, respectively. Each leaf blade that was to be
supplied with 13CO2 was placed into an acrylic cylin-
der (2 cm diameter and 40 cm long) and fed 13CO2.
Two chambers, each containing an infested leaf and a
control leaf, were connected with tubes and 13CO2

was fed to each simultaneously. Fifty milligrams of
Ba13CO3powderwasused,witha1.5-h feedingperiod.
The procedure for generating 13CO2 in the ßask was
the same as described in the Þrst experiment. Forty-
eight hours after feeding, the 13C concentrations on
treated and untreated leaf blades, sheaths and stem,
panicle, and roots were measured. There were Þve
replicates for each treatment and for the controls.

The natural abundance of 13C is 1.11 atom% of the
total carbon atoms in the plants. We calculated the
“13C atom% excess” in the plant, which refers to the
extra distribution of 13C in the plants after 13CO2

exposure, as follows:

13C atom% excess 5 13C atom% of sample

2 13C atom% of natural abundance,

where 13C atom% 5 (number of 13C atoms/total num-
ber of carbon atoms) 3 100. The natural abundance of
13C was estimated for plants not fed 13C. For the Þrst
experiment, we calculated the 13C mg excess in each
leaf, which is given as follows:

13C mg excess 5 dry weight of each leaf (mg)

3 13C atom% excess of the leaf/100 3 (13/12).

Next, we calculated the “Þxed 13CO2 per unit leaf area
per second” (mmol13CO2/m

2/s), which is an index of
the photosynthetic rate in each leaf, is given by which

Photosynthetic rate in each leaf

5 Þxed mmol 13CO2/leaf area (m2)/1,200 (s).

The total photosynthetic rate of the plant was calcu-
lated as follows:

Canopy photosynthetic rate

5 total Þxed mmol 13CO2/total leaf area (m2)/1,200 (s).

For the second experiment, we calculated the dis-
tribution of 13C excess in each plant organ 48 h after
13CO2 feeding, which is given by:

13C% excess in each plant organ

5 13C mg excess in each plant organ/

total 13C mg excess in the plant 3 100.

For the Þrst experiment, we evaluated the infesta-
tion effects on leaf area, photosynthetic rate, and ni-
trogen content in each leaf within a split-plot design
with treatments (TR) as a main factor, and leaf posi-
tions nested within treatment (LP) as a second-stage
factor using PROC GLM (SAS Institute 1990). The
effect of the treatments was tested against the inter-
action between the treatment and the replication
(TR 3 R), and the effect of 13C-fed leaf position (LP)
and the interaction TR 3 LP were tested against the
interaction between the replication, treatments, and
leaf position (R 3 TR 3 LP). WilcoxonÕs two-sample
test was used to compare the total photosynthetic rate
and the total nitrogen content for the controls and the
infested plants.

For the secondexperiment, the SPADreading value
was analyzed within a split-plot design with treat-
ments as a main factor, and the leaf positions nested
within treatment as a second-stage factor. The effect
of the treatments was tested by TR 3 R, and the effect
of leaf position was tested using the interaction R 3
TR 3 LP.

The total weight of tagged 13C and the percentage
of 13C remaining in the fed leaf (after arcsine trans-
formation) were analyzed within a split-plot design
with treatments as a main factor, and 13C-fed leaf
position nested within treatments (LP9) as a second-
stage factor. The effect of the treatments was tested
against TR 3 R, and the effect of 13C-fed leaf position
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was tested using the interaction R 3 TR 3 LP9. We
used WilcoxonÕs two-sample test to compare the dry
weight of the controls and the infested plants.

Results

In the Þrst experiment, N. lugens nymphs became
adults during the infestation period. Hoppers fed near
the stem base. The leaf area, photosynthetic rate, and
nitrogen content in each leaf differed signiÞcantly
according to leaf position (Table 1). The total leaf area
of infested plants was reduced to 89% of the leaf area
of the controls, but the differences between the con-
trols and infestedplantswerenot signiÞcant(Table1).

The total photosynthetic rate of infested plants
(11.55 6 0.86 [mean 6 SE] mmol13CO2/m

2/s) was
lower than that of control plants (16.74 6 0.41) by
WilcoxonÕs two-sample test (P , 0.05). The photo-
synthetic rate of individual leaves decreased gradually
from the top to the bottom leaves in both the control
and the infestedplants (Fig. 2).Theplanthopper feed-
ing had a signiÞcant effect to alter the photosynthetic
rate. Leaf N concentration decreased from the top to
the bottom in infested and control plants, and the
treatment effect was also signiÞcant (Fig. 3; Table 1).

In the second experiment, the SPAD readings at
each leaf position decreased from the top to the bot-
tom of both control and infested plants (Fig. 4, F 5
305.45; df 5 4, 112; P 5 0.0001). Nilaparvata lugens
infestation signiÞcantly decreased SPAD readings
(Fig. 4, F 5 22.61; df 5 4, 14; P 5 0.0003). Nilaparvata
lugens infestation also signiÞcantly reduced total dry
weight, with results of 5.46 6 0.09 (mean 6 SE) g in
infested plants and 5.75 6 0.10 g in controls (Wilcox-
onÕs two-sample test, P , 0.05). That difference of dry

weightwasmainly causedby theweight differences of
leaf sheaths and stem of infested plants and those of
control plants (2.39 6 0.05 g in infested plants and
2.56 6 0.06 g in controls, WilcoxonÕs two-sample test,
P , 0.05). The dry weight of other organs, panicle,
leaves, and roots was not signiÞcantly different be-
tween the infested plants and the controls.

The total amount of 13C remaining 48 h after 13CO2

feeding was signiÞcantly different according to leaf
position in plants fed 13CO2 (F 5 24.4; df 5 2, 16; P 5
0.0001), but signiÞcant differences in 13C amounts
were not found between the infested and the control
plants (F51.36; df51, 4;P50.3079).Thedistribution
pattern of labeled assimilates varied depending upon
leaf position of 13CO2 feeding (Fig. 5). About 80% of
13C assimilated by the ßag leaf was translocated into
the panicle, whereas 0Ð5% of 13C translocated when
13CO2 was fed to the Þfth leaf. In contrast, the amount
of 13C translocated into the roots from the 13CO2

feeding site decreased from the bottom leaf to the top
leaf.

The percentage of 13C remaining in the fed leaf was
signiÞcantly different according to leaf position of
13CO2 feeding (F 5 14.32; df 5 2, 16; P 5 0.0003), but
it was not signiÞcantly different between the infested
and the control plants (F 5 0.03; df 5 1, 4; P 5 0.8611).
This means that planthopper infestation does not
block or change the assimilate translocation from in-
fested leaves to other parts of the plant.

Discussion

One-hundred fourth to Þfth instar nymphs of N.
lugens feeding mainly on the leaf sheaths of the Þfth
leaf reduced the photosynthestic rate, especially that

Fig. 3. The nitrogen concentration (mean 6 SE) of each
leaf (experiment 1).

Table 1. ANOVA table for the effect of N. lugens infestation on leaf area, photosynthetic rate and nitrogen content of leaves
(experiment 1)

Source of vairation df
Leaf area Photosynthetic rate Nitrogen content

F P F P F P

Treatments (TR) 1 1.07 0.3762 24.37 0.0159 14.37 0.0322
Leaf position (LP) 4 43.03 0.0001 63.72 0.0001 27.38 0.0001
TR 3 LP 4 2.28 0.0856 1.83 0.1517 1.15 0.3538

Fig. 2. Thephotosynthesis rate (mean 6 SE) of each leaf
(experiment 1).
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of the lower leaves, which was reduced by 30% (Fig.
2 and Table 1). Sato and Kim (1980) reported that the
net photosynthesis of leaves three, four, and Þve were
'60Ð70%, 30Ð50%, and 10%, respectively, of the net
photosynthesis of the ßag leaf in healthy plants under
Þeld conditions. At night, respiration by the lowest
leaves resulted in the consumption of 40% of the pho-
tosynthates produced by the same leaves during the
day (Sato and Kim 1980). Respiration plus N. lugens
feeding may lead to a deÞcit of carbohydrates and
cause senescence and partial death of the lowest
leaves (Figs. 2 and 3).

Photosynthetic activity is highly correlated with
leaf N concentration (van Keulen and Seligman 1987,
Sinclair and Horie 1989, Hasegawa and Horie 1996).
However, our results showed that the reduction in
photosynthesis resulting from N. lugens feeding was
greater than the corresponding reduction in leaf N
content (Figs. 2 and 3). Photosynthesis is more highly
correlatedwith solubleproteincontent thanwith total
nitrogen or chlorophyll content (Makino et al. 1983,
Oritani et al. 1979). More than half of the total soluble
protein is composed of Ribulose-1,5-biphosphate
(RuBP) carboxylaze, which is the main enzyme to
execute CO2 assimilation in photosynthesis (Makino
et al. 1984). Nilaparvata lugens infestation causes an
increase in free amino acids and a decrease in soluble
protein in leaves (Sogawa 1971, Cagampang et al.
1974). Cagampang et al. (1974) also showed severe
reduction in chlorophyll content of leaf bladeswith an
increase in N. lugens density, whereas the total nitro-
gencontent didnot changeoneweekafter infestation.
We conclude that N. lugens infestation accelerates the
decomposition of RuBP carboxylaze to amino acids,
and photosynthesis reduction starts before the reduc-
tion of total nitrogen in the leaf blade.

Leaf sheath and stem dry weight reduction were
signiÞcant inN. lugens infestedplants,whereaspanicle
dry weight was not reduced signiÞcantly. Rice plants
usually donot produce anyneworgans after ßowering
and instead accumulate assimilates in the stem as non-
structural carbohydrate (NSC). Translocation of NSC
to the panicle occurs during the grain ripening period.

Nilaparvata lugens ingests sucrose from the leaf sheath
and consequently reduces NSC accumulation in the
stem. Reduction of photosynthesis by N. lugens feed-
ing may also decrease the accumulation of NSC. The
lack of differences in panicle weight between infested
and control plants suggests that the translocation rate
of NSC from the stem to the panicle may not be
affected by N. lugens feeding as long as a certain
amount of NSC remains in the stem.

Contrary to our observation, the complete blockage
of the translocation of assimilates in infested plants by
N. lugens was reported by Kenmore (1980). The dif-
ference in Þndings may be caused by the different
stage and size of rice plants studied. We used matured
plants while Kenmore (1980) employed 3-wk-old
plants with no tillers. The impact of N. lugens feeding
in his study may be much greater than that in our
experiment. Severe disruption of translocation by in-
sect feeding was observed with alfalfa infested by
potato leafhoppers, E. fabae (Nielsen et al. 1990).
Kabrick and Backus (1990) observed abnormal cell
divisions and swelling in the vascular cambium and
phloemof alfalfa infestedwithE. fabae.Thedisruption
of translocation of assimilates may eventually lead to
hopperburn (Kabrick and Backus 1990). A similar
enlargement of cells in the phloem tissues was re-
ported with alfalfa infested with E. sakaii; however,
disruption of assimilates started before the cells en-
larged (Naito 1977). Necrotic lesions and occlusion in
the vascular tissues by N. lugens were reported in the
rice plant (Sogawa 1982). However, N. lugens usually
do not feed on inner leaf sheaths and internodes,

Fig. 4. The SPAD reading (mean 6 SE) of each leaf.
Control and infested plants, 6 d after infestation (experiment
2).

Fig. 5. The distribution pattern of 13C excess in the plant
parts 48 h after 13CO2 feeding. Plants were divided into six
parts: fed leaf, 13CO2-exposed leaf blade; fed sheath, 13CO2-
exposed leaf sheath; remaining leaf, nonexposed leaf blade;
sheaths and stem, nonexposed leaf sheath and main stem;
panicle; and roots.
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which are normally covered with lower leaf sheaths.
Therefore the N. lugens infestation has a small effect
on assimilate translocation from the upper leaf posi-
tion and internodes to panicles during the grain rip-
ening period. Our results suggest that the removal of
assimilates and reduction in photosynthetic rate of
leaves by the hopper feedings have the greatest effect
on growth and yield on rice plants as compared with
the disruption in the translocation of assimilates. The
results also support the assumption that Watanabe et
al. (1997) introduced in their model: N. lugens feeding
does not change the translocation rate of carbohy-
drates from source to panicle.

The destination of assimilated 13C depends on the
13CO2-fed leaf position (Fig. 5, Tanaka 1958). The
reduction in assimilate production of lower leaves by
planthopper feeding may change the amount of the
carbohydrates that maintain root activity and may
impede the uptake of nutrients from roots. The res-
piration of rice plants might be changed by the plan-
thopper infestation, but our experiments did not show
any information about the respiration. Further inves-
tigation will be needed to clarify those physiological
changes in rice plant caused by N. lugens.
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