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Effects of juvenile hormone analogue (methoprene)
and 20-hydroxyecdysone on reproduction in Polygonia c-aureum
(Lepidoptera: Nymphalidae) in relation to adult diapause

Satoshi Hiroyoshi!” - Gadi V. P. Reddy? - Jun Mitsuhashi'*

Abstract We investigated the effects of juvenile hor-
mone analogue (methoprene) and 20-hydroxyecdysone
on female and male reproduction in a nymphalid butterfly,
Polygonia c-aureum. This butterfly has a facultative adult
diapause controlled by the corpora allata and brain. Metho-
prene seems to terminate reproductive diapause, although
transplantation experiments indicate that the activity of the
corpora allata does not affect male mating behavior Endo
(Dev Growth Differ 15:1-10, 1973a), suggesting that the
brain may be involved in diapause. We found that expo-
sure to methoprene promoted the development of ovaries
and of the male accessory glands and simplex. On the other
hand, exposure to 20-hydroxyecdysone did not promote the
development of female and male reproductive organs and
eupyrene sperm movement from the testis to the duplex
in the adult stage. Ecdysteroid titer in both sexes was con-
sistently low in adults. These results suggest that imaginal
diapause is largely regulated by juvenile hormone in this
butterfly.
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Abbreviations

CA Corpus allatum

JH Juvenile hormone
MAG Male accessory gland

AGPs  Accessory gland products
JHA  Juvenile hormone analogue
PTTH Prothoracicotropic hormone

LD Long daylength
SD Short daylength

RIA Radioimmunoassay
20E 20-hydroxyecdysone
NPF  Neuropeptide F
Introduction

Inactivity of the corpus allatum (CA) has been found to be
a typical feature of adult diapause (Hodkova 1977a; Tau-
ber et al. 1986; De Kort et al. 1987; Taub-Montemayor and
Rankin 1997). A decline or disappearance of hemolymph
juvenile hormone(s) (JH) due to inactivity of the CA trig-
gers various diapause symptoms, including the inhibition
of ovarian development, the reduction of the synthesis of
accessory gland substances, and the development of fat
bodies in females (Hodkova 1977b; Duportets et al. 1998;
Socha et al. 2004). Male adult diapause is also generally
induced by inactivity of the CA (Pener 1992). Thus, inactiv-
ity of the CA induces and maintains diapause by causing a
decline or disappearance of JH in hemolymph. Conversely,
topical application of JH was found to break diapause in
the Colorado potato beetle, Leptinotarsa decemlineata Say
(Schooneveld et al. 1977). The CA produces and secretes
JHs, which provoke almost all physiological, develop-
mental, and reproductive processes (Khalil Sayed et al.
2006; Jindra et al. 2013; Sldma 2015). These processes are



controlled by the synthesis, degradation, sequestration, and
secretion of JH (Gilbert et al. 2000).

Secretions from the male accessory gland (MAG) con-
tain a variety of bioactive molecules (Gillott 1996, 2003).
Juvenile hormones regulate the secretory activity of MAG
(Chen 1984). In several species of moths, JH or JH acid
is stored in the male accessory glands and transferred to
females during copulation (Shirk et al. 1976, 1980; Pszc-
zolkowski et al. 2006; Hassanien et al. 2014; Clifton et al.
2014; Paroulek and Slima 2014). Sex peptides derived
from accessory glands stimulate the female’s CA to syn-
thesize and release JH, promoting oocyte maturation via
a series of endocrine processes (Richard et al. 1998). The
synthesis of JH by MAG is not confined to Lepidoptera
(Davey 2000). In the mosquito Aedes aegypti (L.) (Dip-
tera), JH synthesized by the male CA is used for internal
endocrinological regulation, while JH synthesized by the
MAG is transferred to females (Borovsky et al. 1994). The
major components of MAG secretions are proteins, collec-
tively named accessory gland products (AGPs) (Ram and
Ramesh 2003). Upon copulation, the transfer of AGPs has
been shown in many insects to trigger profound physiologi-
cal and behavioral changes in females, including enhanced
ovulation, oviposition, cessation of pheromone production,
and reduced mating receptivity (Dottorini et al. 2007). On
the other hand, the inhibition of female sexual receptiv-
ity of the Mexican fruit fly Anastrepha ludens (Loew) was
found to be mediated by factors other than AGPs, such as
the number of sperm stored by females (Abraham et al.
2014).

In males of the Asian comma butterfly, Polygonia
c-aureum L., adult diapause is characterized by inhibition
of the development of the male accessory gland, the sim-
plex, and mating behavior, as well as increased develop-
ment of the fat body (Endo 1973a; Hiroyoshi unpublished
data). This butterfly has seasonal forms, with the summer-
and autumn-forms being controlled by photoperiod and
temperature during the larval and/or pupal stages. Summer-
form butterflies emerge in summer and quickly reproduce
soon with several repeating non-diapausing generations
in the warmer regions of Japan. In contrast, the autumn-
form butterflies that emerge in September through October
enter adult diapause and reproduce in the following spring.
Although autumn-form males and females that are in dia-
pause have inactive corpus allata (Endo 1973a, b), whether
diapause features are directly evoked by CA inactivity has
not been demonstrated. Therefore, we examined the effects
of a juvenile hormone analogue (JHA), methoprene, on the
development of the reproductive organs of both sexes of P.
c-arureum.

Molting and metamorphosis in insects are controlled by
ecdysteroids from the prothoracic glands, whose secretion
is regulated by the prothoracicotropic hormone (PTTH)

from the brain and insulin-like peptides in response to
nutritional signals (Jindra et al. 2013). Post-embryonic
development is highly dependent on two types of lipophilic
hormones: ecdysteroids and JHs (Marchal et al. 2012).
Ecdysteroid level increases as adult females mature, and its
synthesis has been shown to be associated with the matura-
tion of terminal oocytes in the house cricket, Acheta domes-
ticus (L.) (Dinan 1997). Ecdysteroids also modulate male
courtship behavior in the common fruit fly, Drosophila
melanogaster Meigen (Ganter et al. 2011). It is also known
that in the cricket Gryllus bimaculatus De Geer (Hoff-
mann and Behrens 1982) and in the blow fly Calliphora
vicina Robineau-Desvoidy (Koolman et al. 1979) testes
in adult males contain relatively large amounts of ecdys-
teroids compared with other organs or tissues. Gillott and
Ismail 1995 demonstrated that male accessory glands, tes-
tes, abdominal integuments, and adhering fat body secrete
ecdysteroids in in vitro cultures. Although the function of
imaginal ecdysteroids is not well understood, ecdysteroid
titer typically rises in adult insects before they enter dia-
pause, such as has been shown in L. decemlineata (Briers
and De Loof 1981; Briers et al. 1982). In the leaf beetle
Gastrophysa atrocyanea Motschulsky, it has been sug-
gested that ecdysteroids play an important role in the for-
mation of diapause proteins (Ichimori et al. 1990) and, for
D. melanogaster, that they are involved in the termination
of imaginal diapause (Richard et al. 2001). However, the
effects of ecdysteroids on ovarian development of lepidop-
teran adults is unclear. Thus, we also examined ecdysteroid
titers and their effects on the reproduction of both sexes of
P. c-aureum.

The simplex or ejaculatory duct is the largest organ in
the male’s reproductive tracts and constitutes the outer sur-
face structure of the spermatophore in lepidopterans. Sub-
stances derived from the accessory gland, duplex (=semi-
nal vesicle), the vas deferens, and testis are incorporated
into the spermatophore. In this study, therefore, we also
examined the effects of two hormones on the development
of the accessory gland, testis and simplex.

Materials and methods
Insect cultures

Larvae of P. c-aureum were collected in a field in the
Tokyo metropolitan area and in Saitama Prefecture in the
central Honshu (Japan) and reared in the laboratory under
long daylength (LD) conditions (15L:9D) at 21 £ 1 °C.
Only individuals from eggs laid by summer-form adults
were used for experiments, as offspring of autumn-form
females are likely to become the summer-form under any
photoperiodic conditions due to a maternal effect (Hidaka
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and Takahashi 1967). Eggs were surface-sterilized with
a 3% formaldehyde solution for 30 min, washed in tap
water, air-dried, and then placed in a plastic Petri dish
(9 cm dia x 2 cm deep) until hatched. Newly emerged lar-
vae were reared under either LD or SD conditions (short
daylength = 8L: 16D) at 21 + 1 °C, which caused them
to produce summer- and autumn-form offspring, respec-
tively. Larvae were reared in groups of 30-40 on filter
paper in a glass Petri dish (12 cm dia x 3 cm deep or 15 cm
dia x 4 cm deep) containing fresh leaves of Japanese hops,
Humulus japonicus Siebold and Zucc. (Moraceae). The lar-
val density in a Petri dish was reduced after larvae became
4th instar. After adult emergence, females and males were
held in separate cages (17 x 16.5 x 46 cm) covered with
Saran® net in groups of 30-40. Adults were fed 10% sugar
solution ad libitum absorbed on cotton.

Two or three summer-form adults that had been reared
under LD conditions for their entire life, or autumn-form
adults that had been reared under SD conditions during
their immature stages and then kept under LD or SD condi-
tions after emergence until 30 days old, were used to meas-
ure ecdysteroid titers under these regimes.

Determination of hemolymph ecdysteroid titers by RIA
(Radioimmunoassay)

Hemolymph ecdysteroid titers were measured using the
method of Wani et al. (1997). The dorsal part of abdo-
mens of adults of the various ages was pierced with for-
ceps and hemolymph was collected. Samples of about 2
or 3 pl of hemolymph were placed in a tube with 60 or
90 1 of 100% methanol, respectively, and then centrifuged
at 2500g for 20 min (at 4 °C), and the resulting superna-
tant was subjected to RIA (Bollenbacher et al. 1981). The
antibody, Horn-22 serum (Horn et al. 1976), used in this
experiment showed cross-reactivity with both ecdysone and
20-hydroxyecdysone (20E) at a ratio of 1:4.5 (Warren and
Gilbert 1986). The ecdysteroid titer was expressed in 20E
equivalents, since 20E was used as the radiolabeled ligand
in the RIA.

Hormone treatment

Autumn-form butterflies that had been reared under SD
photoperiod at 21 £ 1 °C were used in the experiments
to assess the effects of hormone on the female and male
reproductive development in relation to adult diapause.
Two days after emergence, control butterflies were treated
with hormone or solvent by smearing or injection. Treated
and control butterflies were anesthetized with CO, in a
polythene bag before treatment with solvent. A no-solvent,
untreated second control group was neither anesthetized
nor treated with solvent.

Juvenile hormone analogue treatment was done as per
Wu et al. (1987). A JH analogue, methoprene (ZR515,
Zoecon), was dissolved in acetone to provide stock solu-
tions of 1 and 10 pg/nl. After butterflies were anesthe-
tized, 5 pl samples (being 5 or 10 pg of active ingredi-
ent) were applied topically to the ventral side of the
abdomen. The same volume of acetone was applied as
control. In the untreated group, anesthesia and applica-
tion of solvent were not performed. Butterflies were dis-
sected 5, 10, 20, or 30 days after emergence to assess the
reproductive tract for signs of diapause.

To provide stock solutions (1 or 10 pg/pnl) of
20-hydroxyecdysone (20E), we diluted concentrated
material appropriately in 10% ethanol. After anesthetiz-
ing a butterfly, a 1-il sample (being 1 or 10 pg of active
ingredient) was injected into the hemocoele using a Ham-
ilton microsyringe. The same volume of 10% methanol
was applied as a control. In a second, untreated control
group, butterflies were neither anesthetized nor injected
with 10% methanol solvent. In another treatment, both
methoprene and 20E were applied together, each as
described above. Butterflies were dissected in groups, at
5 or 10 days after emergence.

Effects of methoprene and 20E on reproduction

The single testis formed by the fusion of two testes at
the prepupal stage (Hiroyoshi 2016) was dissected out in
saline solution (8.6 g NaCl, 0.33 g CaCl,, and 0.1 g KCI
per liter distilled water). The sample size for treatments
ranged from 11 to 54. The length (L) and width (W) of
the testis was measured with the aid of a calibrated ocular
micrometer under a phase-microscope. Testis volume was
calculated as volume = /6 x L x W2, assuming that the
testis to be an ideal ellipsoid (Nishiitsutusji-Uwo 1959). In
order to determine the development of male reproductive
organs, the dry mass of a pair of accessory glands and the
simplex was measured at each designated age. Of the two
types of sperm (eupyrene and apyrene) found in Lepidop-
tera (Hiroyoshi 1999), we counted the number of eupyr-
ene sperm bundles in the duplex to assess the dynamics of
sperm movement from the testis to the duplex via vasa def-
erentia on day 10 under a phase-microscope.

Ovaries were dissected out in a saline solution under
a binocular microscope 5 or 10 days after adult eclosion.
Diapausing females had small opaque or white-colored
oocytes. Females with yellow, yellowish green, green
oocytes or green eggs were non-diapausing butterflies. The
number of eggs for each ovary was counted. The diameter
of the largest oocyte in each butterfly was measured with
the aid of an ocular micrometer equipped with a phase-con-
trast microscope.



Statistical analysis

Data were analyzed by ANOVA, followed by Tukey’s
method of mean separation, or by Mann—Whitney U test
for ecdysteroid titer, testis size, mass of accessory glands
(g) and simplex, the number of eggs, oocyte diameter, and
the number of eupyrene sperm bundles in the duplex.

Results
Determination of ecdysteroid titer

We found no significant differences in male hemolymph
ecdysteroid titer among summer-form butterflies reared
under LD and autumn-form butterflies reared under SD
or LD over the course of the adult stage (0-30 days old)
(F = 4.553, df =2, P > 0.05) except in 20-day-old males
(Fig. 1). Similar results were found for females (Fig. 2).
We also found no significant differences between males
and females at each particular age (P > 0.05) except
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for 15- and 17-day-old adults. Significant differences
in ecdysteroid titers were detected between summer-
and autumn-form males by Mann—Whitney Utest (Ul-
value = 46170, U2-value = 26730, W value = 82755,
P < 0.001) and between the autumn-form females reared
under SD and LD after emergence (Ul-value = 25056,
U2-value = 43065, W value = 59247, P < 0.0001).
However, we found no significant differences in ecdys-
teroid titer between males and females by Mann—Whit-
ney U test in either summer-form (Ul-value = 16470,
U2-value = 17019, W value = 33306, P = 0.7812) or
autumn-form (Ul-value = 61596, U2-value = 59508, W
value = 122322, P = 0.6867) butterflies.

The average values of ecdysteroid titer in all indi-
viduals were 8.8 ng/ml in the summer-form, 12.8 ng/
ml in the autumn-form under LD, and 7.3 ng/ml in the
autumn-form under SD. Under all three rearing condi-
tions, ecdysteroid titers in P. c-aureum adults were con-
sistently low throughout the adult stage and there were
many individuals showing a titer below a measurable
level.
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Ovarian development

Application of 5 or 50 pg of methoprene significantly
promoted ovarian development (methoprene 5 g vs con-
trol, df = 1, error = 0.02788, z = 9.285, P < 0.0001; 5 pg
methoprene vs no treatment, df = 1, error = 0.02696,
z = —9.525, P < 0.0001; 50 ng methoprene vs control,
df = 1, error = 0.032495, z = 7.982, P < 0.0001; 50 pg
methoprene vs no treatment, df = 1, error = 0.03171,
z = —83.114, P < 0.0001) on day 5. Development varied
strongly with dose, as 5 pg of methoprene did not lead to
development of mature eggs, while 50 wg of methoprene
stimulated egg maturation by day 5 (Table 1). By day 10,
both 5 pg and 50 g of methoprene led to the presence of
mature eggs. Neither the control nor the untreated group
had developed ovaries by day 10, indicating they were in a
state of diapause.

Injection of 20E did not significantly promote ovar-
ian development regardless of quantity (1 or 10 pug) in

comparison with the control or the no-treatment groups
on day 5 (1 pg 20E vs control, df = 1, error = 0.09344,
z=1.227, P = 0.734; 1 ng 20E vs no treatment, df = 1,
error = 0.010390, z = —0.775, P = 0.937;10 ng 20E vs
control, df = 1. error = 0.008679, z = —0.404, P = 0.994,
10 ng 20E vs no treatment, df = 1, error = 0.009344,
z = 1227, P = 0.734) or (1 pg 20E vs control, df = 1,
error = 0.02284, z = 0.600, P = 0.975; 1 pg 20E vs
no treatment, df = 1, error = 0.02086, z = —1.694,
P = 0.436;10 g 20E vs control, df = 1. error = 0.02500,
z = —0.866, P = 0.909; 10 ng 20E vs no treatment,
df = 1, error = 0.0231, z = —1.864, P = 0.335) day 10
(Table 2). However, simultaneous application of metho-
prene (5 ng) and 20E (1 pg) did significantly promote
ovary development compared to the control or the no-
treatment group on day 5 (5 pg methoprene + 1 pg
20E vs control, df = 1, error = 0.01172, z = 10.245,
P < 0.0001; 5 pg methoprene + 10 pg 20E vs no treat-
ment, df = 1. error = 0.01021, z = —9.303, P < 0.0001)

Table 1 Effects of JHA

No. of eggs (mean + SD)* Oocyte diameter (mm) (mean =+ SD)*

. Treatment No. of insects
(methoprene) on ovarian
development of Polygonia Onday 5
c-aureum at 5 and 10 days post JHAS g 34
application
JHAS0 pg 14
Control 29
No treatment 34
On day 10
JHAS pg 34
JHAS0 pg 29
Control 26

No treatment 30

0.00 £ 0.00* 0.387 + 0.149*
0.214 + 0.802° 0.387 + 0.181°
0.00 £ 0.00* 0.128 + 0.025°
0.00 £ 0.00* 0.130 + 0.030°
50.480 =+ 35.548% 0.387 & 0.149*
68.931 =+ 39.864% 0.699 + 0.063*
0.00 £ 0.00° 0.159 + 0.038"
0.00 % 0.00° 0.131 £ 0.021°

A Means followed by different letters indicate a significant difference at the 5% level by Tukey method

after ANOVA. Control is acetone

Table 2 Effects of

No. of insects

No. of eggs (mean £ SD)A Oocyte diameter (mm)

(mean + SD)*

. Treatment
20-hydroxyecdysone on ovarian
development of Polygonia
c-aureum at 5 and 10 days post On day 5
application 20-OHI pg
20-OH10 g

20-OHI pg + JHAS pg
Control
No treatment
On day 10
20-OH1 pg
20-OH10 pg
20-OH1 pg + JHAS g
Control

No treatment

21 0.00 £ 0.00* 0.118 + 0.020*
27 0.00 £ 0.00* 0.133 + 0.023*
16 0.00 = 0.00* 0.225 £ 0.067°
21 0.00 = 0.00° 0.110 % 0.022*
34 0.00 £ 0.00° 0.130 + 0.030*
26 0.00 £ 0.00* 0.166 + 0.061*
18 0.00 £ 0.00* 0.174 + 0.068*
19 27.579 + 33.482° 0.674 & 0.155°
21 0.00 £ 0.00* 0.153 + 0.047*
34 0.00 == 0.00° 0.130 # 0.038*

A Means followed by different letters indicate a significant difference at the 5% level by Tukey method

after ANOVA. Control is acetone



and 10 (5 pg methoprene + 1 pg 20E vs control,
df = 1, error = 0.02465, z = 21.155, P < 0.0001; 5 pg
methoprene + 10 pg 20E vs no treatment, df = 1.
error = 0.02282, z = —23.793, P < 0.0001), further con-
firming that the promotion of ovarian development was due
to application of methoprene and not 20E.

Testis development

Treatment of autumn-form butterflies with either 5 pg
or 50 pg of methoprene had no significant effect on tes-
tis development (5 pg methoprene vs control, df = 1,
error = 0.10012, z = 1.634, P = 0.358; 50 wg methoprene
vs control, df = 1, error = 0.10172, z = —1.847, P = 0.815)
5 or (50 g methoprene vs control, df = 1, error = 0.06910,
7= —0.880, P = 0.250; 50 g methoprene vs no treatment,
df = 1, error = 0.06202, z = 0.092, P = 0.9997) 10 days
after treatment (at both time periods) (Table 3). At 10, 20,

or 30 days after emergence, JH treatment groups, the con-
trol, and the untreated group, all showed a similar level of
shrinkage of the testis (Fig. 3), indicating no effect of JH
treatment on testes size. Similarly, treatment with 20E
showed no effect on testes development, either 5 days (20E
1 ng vs control, df = 1, error = 0.10302, z = —2.191,
P >0.180; 20E 10 g 1 vs control, df = 1, error = 0.11213,
z = —2.128, P > 0.205) or 10 days (20E 1 pg vs control,
df = 1, error = 0.08267, z = 0.200, P = 0.9996; 20E
1 wg vs no treatment, df = 1, error = 0.07387, z = 1.227,
P = 0.734; 20E 10 pg vs control, df = 1, error = 0.08404,
z=—1.719, P = 0.421) after treatment (Table 4).

Accessory gland development
The accessory glands of butterflies treated with 5 or

50 g of methoprene were significantly heavier than the
glands in the control or the no-treatment groups on day

Table 3 Effects of JHA methoprene on male reproductive development of Polygonia c-aureum on days 5 and 10 after treatment

No. of insects Testis size (mean &= SD)* Mass of accessory glands (mg) (mean £ SD)* Mass of simplex (mg) (mean + SD)A

Treatment

On day 5
JHAS pg 31 1.481 + 0.348" 0.217 + 0.087°
JHASOug 17 1.456 + 0.338% 0.368 + 0.113%
Control 22 1.540 + 0.336° 0.116 % 0.069"
No treatment 18 1.644 + 0.223 0.142 + 0.096°

On day 10
JHAS pg 26 0.880 + 0.236" 0.369 + 0.113*
JHASO ug 33 1.152 + 0.277% 0.383 + 0.138*
Control 25 1.213 £+ 0.175° 0.160 =+ 0.090°
No treatment 38 1.158 + 0.306% 0.116 % 0.069"

1.800 + 0.458%
1.988 + 0.413"
1.589 + 0.319*
1.589 + 0.346*

2742 4 0.748"
2.753 4+ 0.651°
2.048 £ 0.467°
1.836 + 0.400°

A Means followed by different letters indicate a significant difference at the 5% level by Tukey method after ANOVA. Control is acetone

Fig. 3 Effects of methoprene 2
(JHA) on the testis size in adults
of various ages in Polygonia 1.75
c-aureum. Different letters indi-
cate significant differences 1.5
=1.25
£
E
g 1
%0.75
=
0.5
0.25
0

i N'T
a «= (O «Acetone
b == A +JHASug
ab = X= JHASOug
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20 30

Days after emergence



Table 4 Effects of 20-hydroxyecdysone on male reproductive development of Polygonia c-aureum on days 5 and 10 after treatment

Mass of accessory glands (mg)

(mean + SD)*

Mass of simplex (mg)

(mean + SD)*

Treatment No. of insects Testis size (mm>)
(mean + SD)*

On day 5

20El g 34 1.576 4+ 0.393®

20E10 g 23 1.589 £ 0.314%

20E1 pg + JHAS g 18 1.422 +0.324%

Control 16 1.36 + 0.2156*

No treatment 34 1.540 £ 0.336%
On day 10

20E1 pg 23 1.198 £0.332

20E10 pg 27  1.368 +0.287

20E1 pg +JHAS pg 22 1.188 £0.306

Control 24 1.214 £ 0.264

No treatment 35  1.158 £0.305

0.090 =+ 0.078? 1.640 + 0.425*
0.180 % 0.096° 1.887 + 0.38%
0.266 + 0.101% 2.111 £ 0.164°
0.120 £ 0.103% 1.660 =+ 0.232°

0.116 £ 0.069*

1.589 +0.318"

0.209 £ 0.092 1.887 £ 0.387*
0.209 £ 0.00 2.016 £ 0.438*
0.400 £ 0.157% 2.880 + 0.547°
0.116 = 0.088 1.877 £0.412%
0.142 £+ 0.096 1.836 £ 0.400°

A Means followed by different letters indicate a significant difference at the 5% level by Tukey method after ANOVA. Control is acetone

5 (df = 1, error = 0.02781, z value = 3.297, P < 0.01;
df = 1, error = 0.02578, z value = —3.920, P < 0.001,
respectively) or day 5 (5 g methoprene vs control, df = 1,
error = 0.03177, z = 6.587, P < 0.0001; 5 pg methoprene
vs no treatment, df = 1, error = 0.02919, z = —7.797,
P < 0.0001; 50 pg methoprene vs control, df = 1,
error = 0.02970, z = 7.504, P < 0.0001; 50 g methoprene
vs no treatment, df = 1, error = 0.02692, z = —8.959,
P < 0.0001 (Table 3). At 10, 20, or 30 days after emer-
gence, males in both methoprene treatment groups showed
greater development of the accessory gland than males
in the control or untreated groups, especially on day 30
(5 ng methoprene vs control, df = 1, error = 0.06202,
7=6.046, P <0.001; 50 wg methoprene vs control, df = 1,
error = 0.05759, v = 6.512, P < 0.001) (Fig. 4).
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Injection of autumn-form butterflies with 20E
2 days after emergence had no effect on accessory
gland development by day 5 (1 pg 20E vs control,
df = 1, error = 0.02683, z = 1.118, P = 0.795; 10 pg
20E vs control, df = 1, error = 0.02885, v = —2.095,
P = 0.2) or 10 (1 pg 20E vs no treatment, df = 1,
error = 0.02683, z = -2.519, P = 0.0859; 10 ng 20E vs
control, df = 1, error = 0.02957, z = —3.202, P < 0.012)
(Table 4). In contrast, the simultaneous application
of both 20E and methoprene did significantly affect
accessary gland development on days 5 (5 pg metho-
prene + 1 pg 20E vs control, df = 1, error = 0.03000,
7 =4.856, P <0.001) and 10 (5 pg methoprene + 1 pg
20E vs control, df = l,error = 0.03111, z = 9.174,
P <0.001) (Table 4).
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Simplex development

To examine the effect of the application of methoprene on
simplex development, autumn-form butterflies were treated
with 5 or 50 g of methoprene, acetone, or were left com-
pletely untreated and were examined on days 5 and 10
(Table 3). The mass of the simplex of the 50 pg metho-
prene treatment was significantly heavier than that of the
controls or individuals in the no-treatment group on day
5(df =1, error = 0.12111, z = 3.299, P < 0.01; df = 1,
error = 0.11256, z = —3.546, P < 0.01, respectively). On
day 10, there were significant differences between either
the groups treated with 5 or 50 pg of methoprene, com-
pared with either the control or the untreated group (5 ng
methoprene vs control, df = 1, error = 0.06202, z = 6.046,
P < 0.001; 5 pg methoprene vs no treatment, df = 1,
error = 0.1500, z = —6.043, P < 0.0001; 50 pg methoprene
vs control, df = 1, error = 0.1500, z = 4.698, P < 0.0001;
50 pg methoprene vs control, df = 1, error = 0.1366,
z = —6.712, P < 0.0001). To examine the effect of the
methoprene treatment over the long term on simplex devel-
opment, animals were examined 10, 20, or 30 days after
emergence (Fig. 5) and we found significant differences
between methoprene-treated groups and either the con-
trol or the untreated group at all ages, especially on day
30 (5 pg methoprene vs control, df = 1, error = 0.06202,
7 = 6.046, P < 0.001; 5 pg methoprene vs no treatment,
df = 1, error = 0.1500, z = —6.043, P < 0.0001; 50 pg
methoprene vs control, df = 1, error = 0.1500, z = 4.698,
P < 0.0001; 50 pg methoprene vs control, df = 1,
error = 0.1366, z = —6.712, P < 0.0001). There were,
however, no significant differences among 20E treatments
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on day 5 (1 pg 20E vs control, df = 1, error = 0.11775,
z=—0.677, P =0.9609; 1 pg 20E vs no treatment, df = 1,
error = 0.09357, z = —0.541, P = 0.9827; 10 ng 20E vs
control, df = 1, error = 0.12608, z = —2.438, P = 0.1039;
10 pg 20E vs no treatment, df = 1, error = 0.10385,
z = —2.680, P = 0.0557) and day 10 (1 ng 20E vs con-
trol, df = 1, error = 0.1246, z = —1.105, P = 0.803; 1 pg
20E vs no treatment, df = 1, error = 0.1138, z = —1.574,
P =0.513; 10 pg 20E vs control, df = 1, error = 0.1246,
v = —1.105, P = 0.80) (Table 4), except for between
the simultaneous application of methoprene and 20E on
days 5 and 10 (5 pg methoprene + 1 png 20E vs control,
df = 1, error = 0.13121, z = 4.196, P < 0.001;0.5 pg
methoprene + 1 pg 20E vs control, df = 1, error = 0.1311,
7= 8.410, P < 0.0001, respectively).

Sperm movement

Application of 5 pg of methoprene significantly pro-
moted eupryrene sperm movement in comparison with
the control group (df = 1, error = 19.803, z = 0.0298,
P = 0.030) on day 10, but this was not the case with the
untreated group (df = 1, error = 19.803, z = —0.747,
P = 0.8778) (Table 5). Similar results on application
of 20E were obtained on day 10 (1 pg 20E vs control,
df = 1, error = 0.1819, z = —3.623, P = 0.030; 1 pg
20E vs no treatment, df = 1, error = 0.1819, z = —1.687,
P = 0.442; 10 g 20E vs control, df = 1, error = 0.1819,
z = —3.623, P = 0.0026; 10 ng 20E vs no treatment,
df =1, error = 0.1819, z = —1.687, P = 0.442) (Table 6).
Simultaneous application of methoprene and 20E did not
affect sperm movement.
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Table 5 Effects of JHA methoprene on sperm movement of Polygo-
nia c-aureum on day 10 after treatment

Treatment No. of insects No. of ESB in the duplex
(average + SD)A

JHAS pg 10 228.0 + 44.880%

JHASO0 pg 12 205.9 & 55.669%

Control 10 173.5 £ 25.774°

No treatment 10 213.2 & 42,570

A Means followed by different letters indicate a significant difference
at the 5% level by Tukey method after ANOVA. Control is acetone

Discussion

Studies in many insect species have shown that the induc-
tion and maintenance of adult diapause in males and
females is due to the inactivity of hormone production in
the brain and CA, e.g., in Pyrrhocoris apterus (L.) (Hod-
kova 1977a), in the blow fly Protophormia terraenovae
Robineau-Desvoidy (Shiga et al. 2003), and in various
other insects (Denlinger 2002). It is known that transplan-
tation or allatectomy of CA and application of JHA can
induce copulative behavior and development of the repro-
ductive organs. For example, application of JH or JHA onto
diapausing adults induced yolk deposition in the soybean
pest Riptortus clavatus Thunberg (Numata and Hidaka
1984), mating behavior in the Caribbean fruit fly A. sus-
pensa (Loew) (Teal et al. 2000), and calling behavior in
the tephritid fly A. obligua (Macquart) (Chacén-Benavente
et al. 2013). In Lepidoptera, several studies have examined
the effects of hormones on male reproductive development
in monarch butterflies, Danaus plexippus (L.) (Herman
1973, 1975a, b; Barker and Herman 1976; Herman and
Barker 1976; Herman 1981; Herman et al. 1981). These
studies found that the application of JH and ecdysteroid
promotes male accessory gland and tubular gland (=sim-
plex) development in monarchs, and the simultaneous
application of these hormones synergistically promotes this
development. Moreover, Lessman et al. (1989) reported JH
titer in a diapausing generation of D. plexippus to be lower

than that in a non-diapausing generation. In P. c-aureum in
this study, the effects of JHA on male reproductive devel-
opment were similar to those seen previously in monarchs.
However, 20-hydroxyecdysone did not affect the develop-
ment of accessory gland and the simplex in males, unlike
methoprene, which promoted it (Figs. 4, 5). These results
indicate, for the first time for an adult diapausing lepidop-
teran, that 20-hydroxyecdysone did not affect reproduc-
tion of either sex of a butterfly. This difference seems to be
due to differences between our study species and monarch
butterflies, although both belong to the same family, the
Nymphalidae.

No effects of ecdysteroid on male reproductive organ
development were observed, nor were there synergistic
effects of JHA and 20E (Tables 3, 4). Similar results were
obtained for the milkweed bug Oncopeltus fasciatus (Dal-
las) by Bryan et al. (1974). In this study, we found the
development of accessory gland and simplex was not dif-
ferent between adults treated with 20E and the control or
untreated groups (Table 4). This suggests the possibility
that any enhancement of the development of these organs
would be limited to the time near adult eclosion in this but-
terfly, because the male’s reproductive organs, except the
testis, begin to enlarge abruptly during toward the end of
the pupal stage and the first days of the adult stage (Hiroy-
oshi, unpublished data). As demonstrated in our study
(Figs. 1, 2), ecdysteroid titer is generally low in adult lepi-
dopterans (Bollenbacher et al. 1981; Kawasaki et al. 1986).
Although we did not measure the ecdysteroid titer within
the testis, it has been demonstrated that in lepidopterans
the testis can synthesize ecdysteroids when stimulated by
ecdysiotropin (Loeb et al. 1982, 1984, 1988, 2001). Thus,
the effects of the ecdysteroid titer of the testis on male
reproduction should be examined in future studies.

In P. c-aureum, the testis starts to shrink at the end of
the pupal stage, and this continues throughout the adult
stage and appears to be common in lepidopteran species
(Hiroyoshi 2000). In the present study, an application of
methoprene caused a complicated response (Table 3), while
application of 20E did not affect testis size (Table 4). Since
diapause does not affect testis shrinkage (Hiroyoshi 2000),

Table 6 Effects of

No. of insects No. of ESB in the duplex (average + SD)*

Treatment
20-hydroxyecdysone on
sperm movement of Polygonia 20CHI g
c-aureum on day 10 after
treatment 20CHI0 pg
20CHI1 g + JHAS pg
Control

No treatment

10 204.7 4 21.702°
9 243.9 4 31.947°
10 204.2 + 43.228%
10 173.5 + 25.774°
10 213.2 + 42.570%

A Means followed by different letters indicate a significant difference at the 5% level byTukey method

after ANOVA. Control is acetone



we conclude that neither of these two hormones affects tes-
tis shrinkage. However, we cannot exclude the possibility
that a low titer of ecdysteroids might promote testis shrink-
age by itself.

In the spotted stalk borer, Chilo partellus (Swinhoe),
uptake of larval protein by the accessory glands in 8- to
10-day-old adults was promoted by 20E in vitro (Bajaj
et al. 1990; Ismail et al. 1993). Although ecdysteroids stim-
ulated cell division and imaginal differentiation of acces-
sory glands or synthesis of proteins during the pupal stage
in the mealworm beetle Tenebrio molitor L. (Szopa et al.
1985; Grimnes and Happ 1987; Happ 1987; Yaginuma
et al. 1988; Sridevi et al. 1988), the receptivity or function
of hormone changes depends on the stage. For example, in
T. molitor, it has been suggested that commitment to the
production of trehalase in adult accessory glands occurs
during the pupal stage (Yaginuma and Happ 1989). Thus,
the accessory glands may have a sensitivity for ecdys-
teroids around the time of adult eclosion in P. c-aureum.
Although the application of 20E onto 2-day-old adults did
not promote the development of accessory gland and sim-
plex in P. c-aureum (Table 4), it is possible that this stage of
application might be too late. Ecdysteroid titers were low in
both sexes of P. c-aureum in the adult stage (Figs. 1, 2). We
had previously measured ecdysteroid titer in individuals
every 3 h from 1 h after initiation of light to 24 h (data not
shown) and found no differences in titer among times. This
suggests that the low ecdysteroid titer seen in the above
experiments (Figs. 1, 2) was not due to the sampling time,
although in another study, Galleria mellonella (L.) larvae
exhibited a circadian rhythm of ecdysteroids titer (Cym-
borowski et al. 1989).

JH is necessary to stimulate vitellogenin synthesis in
the boll weevil, Anthonomus grandis Boheman (Taub-
Montemayor and Rankin 1997). In Lepidoptera, it was
first reported that JH induced vitellogenin synthesis in
D. plexippus (Pan and Wyatt 1971). Thereafter, it was
shown that JH breaks ovarian diapause in the nympha-
lids Inachis io (L.) and Aglais urticae (L.) (Benz 1972).
Ecdysone can regulate vitellogenesis in Diptera, since it
affects rates of vitellogenin synthesis in females under
various experimental regimes (Bownes 1989). JH syn-
thesized de novo in CA stimulates ecdysone biosynthe-
sis by the ovarian follicular cells (Gruntenko et al. 2012),
and JH and ecdysteroids act similarly on the yolk protein
metabolism of Apis mellifera L. (Wegener et al. 2013).
Gruntenko and Rauschenbach (2008) suggest that ecdys-
teroids make a bigger contribution to the control of early
stages of vitellogenesis under stress conditions (heat
shock), while JH is more important to the completion
of egg maturation in D. melanogaster. Moreover, simul-
taneous application of methoprene and 20E was found
to protect early vitellogenic oocytes from 20E-induced

resorption in D. melanogaster (Soller et al. 1999). Recent
studies have further clarified that a daily injection of neu-
ropeptide F (NPF) into female adults of Schistocerca gre-
garia elicits an increase of oocyte size (van Wielendaele
et al. 2013). In the present study, 20E did not affect ovar-
ian development in adults (Table 2), although methoprene
did promote ovarian development (Tables 1, 2). How-
ever, we cannot exclude the possibility that 20E promotes
ovarian development in the pupal stage. As the effect of
ecdysteroids on ovarian development in adult Lepidop-
tera is less understood, further research is needed to clar-
ify the function of ecdysteroids in female reproduction.

JH promotes the development and function of male
accessory glands in various insects (Chen 1984; Happ
1992; Gillott 1996). The development of accessory glands,
including the synthesis of proteins by JH has been found
in male adults of several species, including the mosquito
A. aegypti (Ramalingam and Craig 1977), the grasshopper
Melanoplus sanguinipes (Fabricius) (Venkatesh and Gillott
1983), the kissing bug Rhodnius prolixus Stal (Barker and
Davey 1983), the black cutworm Agrotis ipsilon (Hufnagel)
(Duportets et al. 1998), and the red flour beetle Tribolium
castaneum (Herbst) (Parthasarathy et al. 2009). In the
leafmining moth Caloptiiia fraxineiia (Ely), treatment with
methoprene in autumn tended to increase the total protein
concentration when compared with that of untreated con-
trol moths (Lemmen et al. 2016). JH deficiency has been
shown to lower protein synthesis in the male accessory
gland of D. melanogaster (Wilson et al. 2003). In the South
American fruit fly Anastrepha fraterculus Wiedemann,
inhibition of sexual receptivity of mated females is medi-
ated by products in male accessory glands (Abraham et al.
2012). In P. c-aureum, development of MAG and simplex
was promoted by methoprene (Figs. 4, 5; Table 3). This
would be related to suppression of mating in a diapausing
generation of this butterfly, because spermatophores mainly
consist of substances from these organs.

Sperm movement of P. c-aureum was promoted by JHA
(Table 5) and 20E (Table 6), although there were no sig-
nificant differences between treated adults and those in the
control or the untreated group. Although factors regulat-
ing sperm movement in lepidopteran insects are not fully
understood, JH in hemolymph seems not to be involved in
sperm movement, at least in adults, because sperm move-
ment in P. c-aureum was independent of diapause (Hiroy-
oshi and Mitsuhashi 1998). On the other hand, ecdyster-
oids might be involved in sperm movement. In fact, Seth
et al. (2004) demonstrated that the application of sublethal
concentrations of the bisachylhydrazine molting hormone
agonists RH-5849 and tebufenozide (RH-5992) led to dose-
dependent reductions in sperm movement in the Oriental
leafworm moth, Spodoptera litura. In P. c-aureum, apyr-
ene sperm movement starts at the end of the pupal stage,



while eupyrene sperm movement starts around adult eclo-
sion (Hiroyoshi 1997). It has been suggested that the com-
mencement of sperm movement at the end of the pupal
stage is related to a decline in ecdysteroid titer (Shimizu
1989). Thus, a low ecdysteroid titer in the hemolymph and/
or testis would promote sperm movement in adults of lepi-
dopteran insects. However, the role of JH in sperm move-
ment requires further research.
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