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ABSTRACT - Population density of the citrus red mite, Panonychus citri (McGregor), in Japanese pear or-
chards remained low until mid-August, even after inoculation of pear leaves with a considerable number of
adult female P. citri from May onwards. This raised the possibility that pear leaves contain a natural com-
pound that suppresses an increase of P. citri populations. The rate of development from larva to adult was
significantly lower on leaves collected in July than on leaves collected earlier or later, in several years. The
population suppression was caused by molting deterrent activity and ovicidal activity, according to our
close observation in the laboratory. To clarify whether a natural pear compound caused this molting deter-
rence, a methanol crude extract of pear leaves was isolated and added to a newly developed artificial diet,
consisting of sodium caseinate, sucrose, levulose, glucose and inositol. The compound extracted from pear
leaves resulted in the molting deterrence as observed on pear leaves. Based on infrared and NMR spectral
analysis, the compound extracted from pear leaves closely resembled the synthetic acaricide hexythiazox.
Furthermore, the LC50 values of the compound extracted from pear leaves for ovicidal activity of P. citri
eggs and for deterrence of molting to protonymphs were similar to those of hexythiazox. These results
strongly suggest that the molting deterrent extracted from pear leaves was in fact hexythiazox, an acaricide
in use on pear trees, rather than a natural product. This suggestion becomes even stronger, considering that
the molting deterrence was observed in a hexythiazox-spray year, but not in a non-spray year.

Keywords - Acari, Tetranychidae, artificial diet, hexythiazox, molting deterrent, Panonychus citri, pear,
Japan.

INTRODUCTION

Spider mites such as Tetranychus urticae Koch and
Panonychus citri (McGregor) are serious pests of pear or-
chards (Gotoh, 1997; Kishimoto, 2002). However, even
when pear leaves were inoculated with a considerable
number of adult females of P. citri at different times from
May to September, the population density did not increase
on leaves inoculated before mid-August (Gotoh and
Kubota, 1997). This could have been due to spraying with
acaricides by the farmers. One such acaricide that is often
used on pear trees and many other crops is hexythiazox, a
synthetic chemical that has excellent ovicidal and molting
deterrent activities to various kinds of mites. However, in
view of the fact that many plants produce chemicals as de-
fense substances against herbivores (Ujihara et al., 1995;
Leskovar and Kipp Boales, 1996; Banaag et al., 1997;
Konno et al., 2004; Dabrowski and Seredynska, 2007),

another possibility is that pear leaves contain a natural
compound that suppresses an increase in P. citri popula-
tion during spring and summer.

To test the hypothesis that pear plants produce a nat-
ural acaricide, we (1) examined seasonal changes in de-
velopmental success of juveniles of P. citri on pear leaves
collected at different times of year to determine whether
molting deterrent activity is related to hexythiazox spray-
ing, (2) established a bioassay system to isolate and ana-
lyze the compound which has molting deterrent activity
derived from pear leaves, and (3) determined LC50 values
of the compound derived from pear leaves for ovicidal ac-
tivity and molting deterrence to P. citri.

MATERIALS AND METHODS

Mites - Panonychus citri was collected from Japa-
nese holly tree, Ilex crenata Thunb., at Chiyoda
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(36°09’N, 140°14’E), Ibaraki, on 6 May 1993. The mites
were maintained on leaf discs (ca. 16 cm

2
) of bitter or-

ange (Citrus aurantium L.) placed on a water-saturated
polyurethane mat in Petri dishes (9 cm in diameter). Mite
rearing and all experiments were carried out in a cli-
mate-controlled chamber at 25±1 °C and a 16hL8hD
photoperiod (Gotoh et al., 2007).

Developmental success - Pear leaves were col-
lected in the same pear orchard of Chiyoda (field-col-
lected pear leaves) at semimonthly or monthly intervals
from May 1994 to October 2000 except during leaf-fall
periods (Table 1). Ten newly hatched larvae were ran-
domly selected from the stock culture and placed onto
each of 6 to 12 leaf discs (ca. 16 cm

2
) of the field-col-

lected pear leaves. The survivors were counted daily on
all leaf discs until the mites reached adulthood. The sur-
vival rate from larva to adult was defined as (number of
adults emerged/number of larvae inoculated) x 100. Fe-
males in teleiochrysalis stage that developed on the
above-mentioned leaf discs were individually transferred
onto leaf discs made from newly collected pear leaves and
kept with two adult males for mating. After initiating
oviposition, each female was allowed to lay eggs for 5
days. Hatching and survival of the offspring were
checked daily until they reached adulthood.

According to farmer’s spraying records, hexythia-
zox was sprayed on the trees on three occasions during
the study period: on 8 July of 1995 and 1997 and on 3 July
of 1998. However, we cannot rule out the possibility that
the farmer failed to record some sprayings.

Hexythiazox has ovicidal and molting deterrent ac-
tivities, inhibits hatching and causes lower survival of im-
mature mites hatched from F1 eggs (Yamada et al., 1987).
In a citrus grove, hexythiazox was found to remain active
for about 50 days (Yamada et al.,1987).

Artificial diet - Because of the possibility that a
compound in pear leaves could prevent mites from molt-
ing from the quiescent stage to the next active stage, a
meridic diet was used for mites from the protonymph
stage to deutonymph stage. In preliminary experiments,
three meridic spider mite diets, KR (Kantaratanakul and
Rodrigues, 1979), vdG (van der Geest et al., 1983) and
HB (Hare and Bethke, 1988), resulted in low develop-
mental rates from protonymph to deutonymph (Table 3).
As a result, we attempted to improve the HB diet, which
resulted in the highest developmental rate. The improved
composition of the IU diet (Ibaraki University diet) was
as follows: sodium caseinate 4,000 mg, sucrose 4,500 mg,
levulose 750 mg, glucose 750 mg and inositol 25 mg. The
KR, vdG and HB diets were prepared as originally de-
scribed. The IU diet was prepared as follows: all compo-
nents were dissolved in approximately 80 ml of distilled
water, pH was adjusted to 6.0-6.5 by 0.16N KOH and
then the volume was increased to 100 ml by adding dis-
tilled water. Thereafter, the diet was autoclaved at 120 °C
for 20 min. The diet was offered to the mites through a

parafilm membrane. A piece of parafilm, sterilized by im-
mersion in 70% ethanol, was stretched across the top of a
3 cm in diameter and 2 cm in height sterile Petri dish. One
ml of the diet was applied to the membrane and a second

piece of sterile parafilm was stretched over the diet and
sealed against the side of the Petri dish. Care was taken
that no air bubbles were trapped underneath the second
membrane. A steep ridge of the Petri dish (“diet con-
tainer”) was surrounded by a piece of wet tissue paper and
the diet containers were placed in another Petri dish (9 cm
in diameter and 1.5 cm in height) filled with water to con-
fine the mites on the diet area. Twenty newly emerged
protonymphs of P. citri were randomly selected from the
stock culture and placed onto each of 10 diet containers.
The survivors and their stages were recorded every day on
all diet containers until the mites reached deutonymphs.
Deutochrysales that had not molted to deutonymphs
within three days after reaching that stage were scored as
“dead.” The diets were renewed on the 7th day if experi-
ments were continued more than 7 days.

Bioassay - Ten ìl methanol crude extract (0.1 g
fresh leaf equivalent/ml, 10%, w/v) from pear leaves col-
lected in 17 July of 1994 and 1998 was added to the artifi-
cial diet, and 10 ìl methanol was added to the control diet.
As the extract became more pure, extract added to the ar-
tificial diet was gradually reduced from 10 ìl to 1.5 ìl.

Protonymphs were used to evaluate the molting de-
terrent activity of the extracts from all fractions obtained
at each purification process. Mites were randomly se-
lected from the stock cultures and then transferred to the
diet containers. The survivors and their stages were re-
corded every day on all containers until the mites reached
deutonymphs as mentioned above.

Extraction and analyses - Pear leaves (ca. 1-2 kg)
were collected on 17 July 1994, 18 September 1994, and
17 July 1998 at Chiyoda, Ibaraki. Sampling dates were
determined on the basis of the results of developmental
success experiments on field-collected pear leaves. The
collected leaves were rinsed with distilled water, and then
the midribs were cut out and discarded. Aliquots of fresh
leaves (10 g) were quick frozen in liquid nitrogen, packed
in vinyl bags and stored at -20 °C until use.

Eight packets of leaves from -20 °C freezer were put
into an eggplant-shaped flask and extracted with 800 ml
methanol for 24 h at room temperature. During the extrac-

tion, the flask was occasionally shaken. The extract was
evaporated to dryness with a rotary vacuum evaporator,
yielding a residue of ca. 4 g. The residue was separated
according to the scheme shown in Fig. 1. The extract was
partitioned into ether, n-butanol and water-soluble por-
tions. The ether portion, whose molting deterrent activity
was determined by bioassay, was chromatographed on a
silica gel column (Fuji Silysia Chemical Co., Ltd., Aichi,
Japan, BW-820MH) and eluted with hexane (80): ethyl
acetate (20). Eluates were collected and analyzed by gel
filtration (Sephadex, LH-20) and HPLC using a
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Table 1. Seasonal changes in developmental success (mean � S.D.) of Panonychus citri from larva to adult when
reared on pear leaves collected at different times of year. Dates in which leaves were possibly sprayed with hexythiazox are
typed in bold face and placed in brackets.



Hewlett-Packard HP1100 apparatus. The biologically ac-
tive fraction evaluated by bioassay was further purified
with a preparative TLC silica gel plate (Wako Chemical
Co., Ltd., Osaka, Japan, silica gel 70 F254) using a sol-
vent system of hexane:ethyl acetate, 80:20. After devel-
opment, eluates with the same Rf value on TLC were
combined.

Infrared (IR) spectra (KBr disk) of the compound

extracted in this study [active ingredient (A.I.) is un-

known] and authentic hexythiazox (99.5% A.I.) provided
by Nippon Soda Co., Ltd. were obtained with a JASCO
Model A-202 instrument (Nihon-Bunkou Co., Ltd, To-
kyo, Japan). Nuclear magnetic resonance (NMR) spectra
of both chemicals were obtained with a Bruker DMX600
with CD3OD as the solvent.

Toxicity test (LC50) - To know the biological activ-
ity of the purified compound and hexythiazox, ovicidal

and molting deterrent activities of the two chemicals were
compared. For testing ovicidal activity, twenty pregnant
females of P. citri were transferred from the stock culture
onto a new leaf disc (ca. 4 cm

2
) of bitter orange placed on

a water-saturated layer of cotton wool in a Petri dish (9

cm in diameter) and allowed to lay eggs for 24 h. Then the
mites were removed, and the eggs were counted on each
leaf disc. Suspensions (2 mg/cm

2
) of the compound and

hexythiazox were sprayed onto the leaf disc with eggs us-
ing a rotary spray tower (Mizuho Scientific Co., Ltd.,
Nagoya, Japan). After treatment, eggs were kept at 25 °C
and a 16hL8hD photoperiod, until egg mortality was as-
sessed after 192 h. Eggs that had not hatched were scored
as "dead". Control leaf discs were sprayed with distilled
water.

For testing the molting deterrent ability of the com-
pound and hexythiazox against the protonymphs, ten
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1
The sampling dates were the dates when pear leaves were collected to examine the developmental rates from larva

to adult. For the oviposition experiment, different leaves were collected at the same field four days later.
2

Mean � S.D.
3

Data were analysed using one-way ANOVA; *: p<0.05; ***: p<0.001; ns: p<0.05. Values in a column followed by
the same letter were not significantly different at the 5% level (Tukey-HSD test).

n, number of females tested.

Table 2. Number of eggs laid by females of Panonychus citri that developed on the field-collected pear leaves during

the first five days of the oviposition period, hatchability, juvenile survival rate and offspring sex ratio on pear leaves col-
lected at different dates.



protonymphs of P. citri were transferred from the stock
culture onto a diet container to which was added either the
compound or hexythiazox. The diet containers were put
in Petri dishes (9 cm in diameter) filled with water and
were kept at 25 °C under a 16hL8hD photoperiod for 92h.
Then, molting to deutonymph or later stages was as-
sessed. Mites that failed to molt to deutonymphs were

scored as "dead." Six to seven concentrations per chemi-
cal with each of four to five replicates were tested. Pooled
data for either eggs or nymphs were subjected to Probit
analysis and LC50 was estimated (Finney, 1971) using
Abbott’s correction for natural mortality (Abbott, 1925).

Statistical analysis - One-way analysis of variance
(ANOVA) was used to compare data sets. Means were
checked with Tukey-HSD test (SPSS, 2002). To normal-
ize the data, egg number was log-transformed. Egg
hatchability, juvenile survival rate, molting rates and off-
spring sex ratio were arcsine-root transformed (Sokal and
Rohlf, 1995).

RESULTS

Developmental success - The developmental rate
from larva to adult on pear leaves was significantly lower
in July in 1994, 1995, 1997 and 1998 than in other times
of the year (Table 1). In 1999 and 2000, the developmen-
tal rate was high throughout the year with some fluctua-
tions. The overall developmental rate in 1996 was lower
than that in other years, but the reason for this was un-
clear.

On 13 July 1998 when the developmental rate was
low, the hatchability of eggs laid by females that devel-
oped on pear leaves and the juvenile survival rate (F1 gen-
eration) were lower than they were on leaves collected at
other times (Table 2). In contrast, in July 1999 when the
developmental rate was high, egg hatchability and juve-
nile survival rate were high throughout the year (Table 2).

Thus, pear leaves collected in July in some years conspic-
uously suppressed juvenile survival of P. citri and even
reduced egg hatchability and survival rate in the next gen-
eration. Hexythiazox spraying was positively related to
the lower developmental rate observed on all spraying oc-
casions, except in 1994. However, we suspect that spray-
ing occurred in early July of 1994 but was not recorded
(Table 1), because (1) hexythiazox was commonly used
in Japanese pear orchards in the early 1990s, (2) an artifi-
cial diet to which was added a methanol crude extract
from pear leaves collected on 17 July of 1994 had the
same molting deterrent activity as that from pear leaves
collected on 17 July of 1998, and (3) a discrepancy be-
tween the molting deterrence to P. citri juveniles and
hexythiazox spraying occurred only in 1994.

Hexythiazox was considered to retain residual ac-
tivity for at least ten days in the pear orchard, because the
molting deterrent activity was clearly observed at the 10th
day (1998) after spraying, while it was extremely low at
the 16th day (1995).

Artificial diet - Protonymphs of P. citri success-
fully developed to deutonymphs on the four artificial diets
tested (Table 3). The vdG and KR diets, which were made
for T. urticae, resulted in lower developmental rates from
protonymph to both deutochrysalis and deutonymph than
the HB and IU diets, which were made for P. citri. The
developmental rate from protonymph to deutochrysalis in
the HB diet was similar to that of the IU diet, but the rate
from deutochrysalis to deutonymph was significantly
lower in the former than in the latter (p<0.05, Tukey-HSD
test). Therefore, the IU diet was used for bioassay of the
compound extracted from pear leaves.

Bioassay of methanol extract from pear leaves -
A methanol crude extract of pear leaves collected in July
strongly deterred molting of P. citri protonymphs (Table
4). When methanol extract originating from frozen pear
leaves was added to the artificial diet, most protonymphs
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Table 3. Development and survival of Panonychus citri on various artificial diets.

1
vdG: (van der) Geest et al. (1983); KR: Kantaratanakul and Rodrigues (1979); HB: Hare and Bethke (1988) (so-

dium caseinate 8,000 mg, sucrose 9,000 mg, levulose 1,500 mg and glucose 1,500 mg were dissolved and finally measured
up to 100 ml by distilled water. The pH was adjusted to 6.0-6.5 by 0.16N KOH); IU: the present study.

2
Mean � S.D. Average of 10 replicates. Each replicate consisted of 20 individuals.

3
Data were analysed using one-way ANOVA; ***: p<0.001. Values in a column followed by the same letter were

not significantly different at the 5% level (Tukey-HSD test).



inoculated successfully reached deutochrysales. How-
ever, the molting rate from deutochrysalis to deutonymph
was strongly affected by the amount of extract: the molt-
ing rate was only 5.6% when 5% methanol extract (0.05 g
fresh leaf equivalent/ml) was added to the artificial diet
and 0% when 10% methanol extract was added (Table 4).
In contrast, when added methanol extract originated from
pear leaves collected in September, no influence on molt-
ing was observed regardless of the concentration added to
the artificial diet (Table 4).

IR and NMR analyses of the compound - The IR
spectrum of the compound was sufficiently consistent
with that of hexythiazox over an entire range of wave
number, including the fingerprint region (data not
shown). Furthermore, the

13
C- and

1
H-NMR spectra of

the isolated compound were also superimposable on those
of hexythiazox. The

13
C-NMR spectra are depicted in

Fig. 2. As shown in Fig. 3B, these signals were assigned
to hexythiazox to C1-C17.
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Fig. 1. Fractionation scheme of pear leaf extract and molting deterrent activity to Panonychus citri [ (++), strong ac-
tivity; (+), activity; (-), no activity].
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Table 4. Development and survival of Panonychus citri on artificial diet containing various concentrations of pear
extracts obtained from leaves collected in July and September, 1994.

1
Mites were reared on the IU artificial diet containing pear extracts of 1-10% (W/V).

2
Mean � S.D.

3
Data were analysed using one-way ANOVA; ***: p<0.001; ns: not significantly different at the 5% level. Values in

a column followed by the same letter were not significantly different at the 5% level (Tukey-HSD test).

Fig. 2. Comparison of the
13

C-NMR spectra of the compound from pear leaves (A) with authentic hexythiazox (B),
which were dissolved in CD3OD.

A

B
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n, Total number of eggs or protonymphs tested.

Table 5. LC50 (ppm; mg 1
-1

) values in Panonychus citri eggs sprayed with and in P. citri protonymphs reared on arti-
ficial diet containing the compound extracted from pear leaves (pear compound) and the synthetic chemical (hexythiazox).

Fig. 3. Chemical structure of hexythiazox (A) and the chemical shifts (�c) of the compound from pear leaves and
those of authentic hexythiazox (B) were given in ppm relative to the residual solvent peak (CD3OD, 49.0 ppm).

A

B



LC50 values in eggs and nymphs - In eggs, the
LC50 value for ovicidal activity of the compound ex-
tracted from pear leaves was 9.232 ppm (mg l

-1
), which

was similar to the value (7.748 ppm) for hexythiazox (Ta-
ble 5). The LC50 value for molting deterrence for the
compound (0.077 ppm) and hexythiazox (0.032 ppm),
were similar (Table 5).

DISCUSSION

The survival and development of arthropod herbi-
vores are known to be influenced by secondary chemicals
(Ryan, 1990; Roininen et al., 1993; Bernays and Chap-
man, 1994) and plant extracts (Rasikari et al., 2005;
Wang et al., 2007). For example, in Hydrangea serrata
(Thunb.) in Kyoto, Japan, the phyllodulcin content was
highest in July when the plants flowered (Ujihara et al.,
1995). In Ibaraki, Japan, the Tetranychus kanzawai
Kishida population crashed in June when hydrangea
flowered without much year-to-year variation (Gotoh and
Gomi, 2000). Although they were not examined on the
seasonal variation in the content of phyllodulcin, these re-
sults suggest that the drastic decline in survival of P. citri
juveniles in July (Table 1) is caused by chemicals con-
tained in pear leaves. However, the cause of year-to-year
variation in effects on juvenile survival rate in P. citri has
remained unknown till now.

The artificial diet described in this study allowed
development from protonymph to deutonymph in P. citri
with survival rates of more than 80% at each trial, but it
failed to allow completion of development. Van der Geest
et al. (1983) showed that T. urticae could complete its life
cycle on an artificial diet. This diet is presently considered
to be the best for spider mites. However, in our study, P.
citri did not grow well on this diet, possibly because the
optimal concentrations of major nutrients (sugar and so-
dium caseinate) were 4 to 10 times higher for P. citri than
for T. urticae (Hare and Bethke, 1988).

In our bioassay experiments, the biologically active
fraction closely resembled hexythiazox based on IR and
NMR spectra (Figs. 2, 3). Hexythiazox inhibits hatching
and molting, but it does not kill adult mites (Yamada et
al., 1987; Yamamoto et al., 1995). These activities are
consistent with the results obtained in this study on devel-
opmental success and hatchability of the F1 eggs reared
on field-collected pear leaves (Tables 1, 2).

Assuming that hexythiazox was sprayed in early
July of 1994, we conclude that the compound extracted
from pear leaves is hexythiazox. At the beginning of the
study, we hypothesized that observed decreases in mite
populations on pear leaves in summer were caused by a
naturally produced molting deterrent. The present results
lead us to reject this hypothesis.
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