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ABSTRACT

 

—Diapause pupae of 

 

Papilio xuthus

 

 show color polymorphism, represented by diapause-
green, orange, and brownish-orange types that are each associated with specific pupation sites. We
investigated the role of the site of pupation on the induction of the development of orange types (or brown-
ish-orange types), and the endocrine mechanism underlying the control of color polymorphism in short-
day pupae. All short-day larvae of the wandering stage developed into orange or brownish-orange type
pupae when they were placed in rough-surfaced containers after gut-purge. Utilizing a pharate pupal liga-
tion between the thorax and abdomen, the endocrine mechanism underlying the control of color polymor-
phism was shown to involve a head-thorax factor (Orange-Pupa-Inducing Factor: OPIF) that induced
orange types in short-day pupae. OPIF was bioassayed using the ligated abdomens of short-day pharate
pupae. OPIF was extractable with 2% NaCl solution from 5th-instar larval ganglia complexes following the
mesothoracic complex (TG

 

2,3

 

-AG

 

1–7

 

), but it could not be extracted with either acetone or 80% ethanol solu-
tion. OPIF may not exist in the brains of day-0 pupae or in brain-subesophageal ganglion and prothoracic
ganglion complexes of 5th-instar larvae. The short-day pharate pupae responded to OPIF in a dose-depen-
dent manner.
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INTRODUCTION

 

Pupae of three lepidopteran families, the Pieridae,
Papilionidae and Nymphalidae, show color polymorphism
that is dependent on background color (Poulton, 1887;
Bückmann 1960, Smith, 1978). Physiological mechanisms
underlying the control of pupal polymorphisms were shown
to involve hormonal factors (Ohtaki, 1960; Hidaka, 1961;
Bückmann and Maisch, 1987).

Recent investigations of the yellow/black pupal poly-
morphism exhibited by the peacock butterfly 

 

Inachis io

 

(Nymphalidae) have shown that pupal melanization is con-
trolled by a pupal melanization reducing factor (PMRF) that
exists in the central nervous system of larvae and adults

(Bückmann and Maisch, 1987; Koch 

 

et al

 

., 1990; Starnecker,
1997; Starnecker and Bückmann, 1997). Additionally, PMRF
is thought to stimulate the incorporation of lutein into the
pupal integument of 

 

I. io

 

 (Starnecker, 1997), though details
of the regulatory mechanism have not been elucidated.

The coloration of pupal bodies in certain papilionid spe-
cies is determined by environmental cues surrounding the
site of pupation, such as background color, texture, humid-
ity, curvature, and photoperiod (Ohnishi and Hidaka, 1956;
Hazel and West, 1996; Smith, 1978; Honda, 1981; Shi-
mada, 1983). It has been reported that the development of
brown pupae in 

 

Papilio xuthus

 

 is determined by a neurohor-
mone, the so-called browning hormone, which is secreted
from the prothoracic ganglion in the pharate pupal stage.
Pharate pupae are thought to develop into the green pupae
in the absence of the browning hormone (Hidaka, 1961;
Awiti and Hidaka, 1982).
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In order to analyze the function and structure of hor-
monal factor(s) involved in pupal color polymorphism of 

 

P.
xuthus

 

, we have been focusing on the biochemical aspects
of hormonal factor(s) producing brown-type pupae. In our
previous studies, we reported a neuropeptide (Pupal-Cuti-
cle-Melanizing Hormone: PCMH, or PCMH-active factor)
involved in the production of brown-type pupae that exists in
the brain (Br), subesophageal ganglion (SG) and protho-
racic ganglion (PG) complex of 

 

P. xuthus

 

 pupa (or in the Br-
SG complex of 

 

Bombyx mori

 

 adult), and that may trigger the
first step of pupal cuticle melanization in 

 

P. xuthus

 

(Yamanaka 

 

et al

 

., 1999, 2000).
Pupal diapause in 

 

P. xuthus

 

 is regulated by photoperi-
odic conditions. Larvae reared from the egg stage under
long-day or short-day conditions developed into non-dia-
pause or diapause pupae, respectively (Ishizaki and Kato,
1956; Ishizaki, 1958; Hidaka and Hirai, 1970). Additionally,
diapause pupae of 

 

P. xuthus

 

 exhibit color polymorphism, as
represented by diapause-green, orange, and brownish-
orange types (Ishizaki and Kato, 1956; Ishizaki, 1958).
About half of the specimens reared under darkness, high
humidity and low temperature at the young larval period
developed into orange-type pupae, which invariably enter
diapause (Ishizaki and Kato, 1956). Field observations dur-
ing late autumn revealed that pupae pupating on a rough
surface, such as a dead twig or wooden wall, tended to
develop into orange and brownish-orange types, while those
that pupated on the fresh twig of a food plant tended to
develop into green types (Ishizaki, 1958). However, it is still
not clear how underlying physiological mechanisms control
and influence the coloration of diapause pupae in 

 

P. xuthus

 

,
and there is little information concerning the relationship and
difference between the brown type of non-diapause pupae
and the orange type (or brownish-orange types) of diapause
pupae.

The present study aims to determine the environmental
conditions inducing the development of orange types (or
brownish-orange types) in diapause pupae of 

 

P. xuthus

 

. A
further goal of this research is to establish methods for the
extraction and assay of a factor from the nerve cord of 5th-
instar short-day larvae that induces orange-type pupae
(hereafter designated as the Orange-Pupa-Inducing Factor:
OPIF).

 

MATERIALS AND METHODS

 

Insects

 

Adults of 

 

P. xuthus

 

 L. were collected near towns within the
Yamaguchi prefecture. Female adults fed on an 8–10% sucrose
solution at 25

 

°

 

C were allowed to oviposit on leaves of 

 

Fagara ail-
anthoides

 

 at intervals of four days. Larvae were reared on leaves
of 

 

F. ailanthoides

 

 under either long-day (LD) conditions (alternating
16 hr light and 8 hr dark periods, 16L:8D) at 23

 

°

 

C, or short-day (SD)
conditions (8L:16D) at 20

 

°

 

C. Under LD conditions, larvae devel-
oped into non-diapause pupae (LD-pupae), whereas under SD con-
ditions they developed into diapause pupae (SD-pupae).

 

Expression of pupal colors of SD-pupae

 

Fifth-instar larvae of

 

 P. xuthus

 

 entered the wandering stage
after gut-purge. Larvae of the wandering stage were selected from
the stock cultures under SD conditions, and placed in transparent
plastic containers at 25

 

°

 

C. After pupation, SD-pupae were classified
into three types with respect to body color: diapause-green, orange,
and brownish-orange (Fig. 1A). Additionally, the assay and classifi-
cation of OPIF activity involved short-day pharate pupae being
ligated between the thorax and abdomen with a cotton thread. The
ligated abdomens of pupae belonging to the orange type were clas-
sified into one of four grades with respect to the degree of orange

 

Fig. 1. (A)

 

 Classification of the pupal body colors of SD-pupae in

 

P. xuthus

 

, showing the color types of diapause-green (left), orange
(middle) and brownish-orange (right). 

 

(B)

 

 Classification of the
orange coloration of the ligated abdomen in 

 

P. xuthus

 

. Grade 3 rep-
resents an orange type, whereas grade 0 represents a diapause-
green type. Intermediates were classified as either grade 1 or 2,
depending on the degree of orange coloration. Grades 3, 2, and 1
resulted after injection of an extract containing 50, 30, and 10 TG

 

2

 

-
AG

 

1–7

 

 complex equivalents in a 2% NaCl solution derived from day-
0 last instar SD-larvae of 

 

P. xuthus

 

, respectively. A coloration corre-
sponding to grade 0 resulted after injection with H

 

2

 

O.
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coloration (grades 0 to 3). Grade 0 represented the diapause-green
type, whereas grade 3 represented the orange type. Grades 1 and
2 were classified according to the degree of orange coloration of the
cuticle (Fig. 1B).

 

Staging of pharate pupae

 

Pharate pupal stage (stage P1–6) was determined by observ-
ing the development of antennal buds and eye pigment visible
through the head capsule, as described by Hidaka (1961).

 

Dissections of pupal brains and larval nerve cord systems

 

Three-hundred brains were obtained from day-0 LD-pupae and
day-0 SD-pupae of 

 

P. xuthus

 

 by dissection in 0.9% NaCl solution,
transferred into ice-cold acetone, and stored at –85

 

°

 

C until use.
Seven-hundred and sixty parts of nerves, representing brain (Br),
subesophageal ganglion (SG) and prothoracic ganglion (TG

 

1

 

) com-
plex, mesothoracic and metathoracic ganglia (TG

 

2,3

 

), and all
abdominal ganglia (AG

 

1–7

 

) complexes, were obtained from day-0
last (5th) instar short-day larvae (SD-larvae) by dissection in 0.9%
NaCl solution, and then transferred immediately into ice-cold ace-
tone and stored at –85

 

°

 

C until use.

 

Preparation of crude extracts from pupal brains and larval
nerve cord systems

 

A batch of 100 brains of day-0 LD-pupae and day-0 SD-pupae,
as well as 100 Br-SG-TG

 

1

 

 and TG

 

2,3

 

-AG

 

1–7

 

 complexes of day-0 last
instar SD-larvae, were homogenized in 1.5 ml of ice-cold acetone
with a Teflon homogenizer and centrifuged for 10 min at 12,100

 

×

 

g

 

at 4

 

°

 

C. Each resulting supernatant (hereafter referred to as the ace-
tone extract) was lyophilized and stored at –85

 

°

 

C until use. Each
pellet was re-extracted with 1.5 ml of 80% ethanol, centrifuged for
10 min at 12,100

 

×

 

g

 

 at 4

 

°

 

C, and then the resulting supernatant
(hereafter referred to as the 80% ethanol extract) was lyophilized
and stored at –85

 

°

 

C until use. Finally, each pellet was extracted
with 1.5 ml of 2% NaCl solution at 95

 

°

 

C for 5 min, cooled rapidly
on ice and centrifuged for 10 min at 12,100

 

×

 

g

 

 at 4

 

°

 

C. After centrif-
ugation, the resulting supernatant was applied to a Sep-Pak C18
cartridge column (Waters) for desalting. After washing with 10 ml of
distilled water, the column was eluted with 50% acetonitrile solution.
The eluate (hereafter referred to as the 2% NaCl extract) was
lyophilized and stored at –85

 

°

 

C until use.

 

Bioassay of OPIF activity

 

SD-larvae of the wandering stage were placed in rough-sur-
faced transparent plastic containers, the insides of which were cov-
ered with white kitchen towel paper (Nepia, Japan) (referred to as
rough-surfaced paper containers). Larvae at stage P2 were ligated
between the thorax and abdomen with a cotton thread, as
described by Hidaka (1961).

Ten 

 

µ

 

l of samples containing the equivalent of 50 brains, 50 Br-
SG-TG

 

1 

 

complexes, and 50 (30, 10, or 5) TG

 

2,3

 

-AG

 

1–7

 

 complexes
were injected into each ligated abdomen when the region of the

pharate pupa anterior to the ligature reached stage P4. The injection
was made from the dorso-lateral intersegmental region between the
6th and 7th abdominal segments, and the wound was sealed with
paraffin wax. After pupation, the larval cuticle was removed in 0.9%
NaCl solution using fine forceps, and pupae were classified into one
of the four grades. An average orange-coloration degree (AOD) was
obtained from the responses of four ligated abdomens. When pupae
classified as belonging to the orange type were not further classified
into one of the four grades representing the degree of orange color-
ation, pupae were classified into the three body color types of dia-
pause-green, orange, and brownish-orange.

 

RESULTS

Degree of orange coloration of pupae and its correlation
with pupation site

 

Table 1 shows that the degree of development of
orange coloration in pupae varies with differences in pupa-
tion site. SD-larvae developed into diapause-green (12.4%),
orange (59.9%), and brownish-orange type pupae (22.7%)
in containers of smooth-surfaced transparent plastic under
constant light conditions at 25

 

°

 

C. A large proportion (95.3%)
of larvae developed into orange type pupae in rough-sur-
faced paper containers under the same conditions, while
less than 5% of pupae placed in the same containers devel-
oped into the brownish-orange type. Furthermore, the
majority of SD-larvae in cardboard boxes under constant
dark conditions at 25

 

°

 

C developed into pupae of the brown-
ish-orange type, with the proportion of diapause-green,
orange, and brownish-orange types being 0%, 3.1%, and
96.9%, respectively.

The results indicate that a relatively large proportion of
SD-larvae, even when kept in smooth-surfaced containers
of transparent plastic, developed into orange type or brown-
ish-orange type pupae under conditions of constant light at
25

 

°

 

C, and no SD-larvae developed into the diapause-green
type pupae when kept in rough-surfaced paper containers or
cardboard boxes.

 

Stage-dependent changes of the effect of pharate pupal
ligation on body coloration

 

Pharate pupae destined to develop into orange type
and brownish-orange type pupae (O-pharate pupae) were
ligated between the thorax and abdomen with cotton thread
at six different stages (P1–6). As shown in Table 2, all of the

 

 

 

Table 1.

 

Color types of pupated SD-pupae observed under different pupation conditions.

Pupation sites Number of  Color type of pupal body (%)

insects  Diapause-green  Orange  Brownish-orange

Constant light conditions at 25

 

°

 

C

Transparent plastic container 137 17(12.4%) 82(59.9%) 38(22.7%)

Rough-surfaced paper container*

 

1

 

 278 0( 0.0%) 273(95.3%) 5( 4.7%)

Constant dark conditions at 25

 

°

 

C

Cardboard box 96 0( 0.0%) 3( 3.1%) 93(96.9%)

*

 

1

 

 Rough-surfaced paper container represents a transparent plastic box, the inner surfaces of which were covered
with white kitchen towel paper, as descried in Materials and Methods. 
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head-thorax parts of O-pharate pupae developed into the
orange type, regardless of the stage of the ligated pharate
pupa, but the color of the abdomen varied depending on the
stage at which the ligature was applied. That is, all pupal
abdomens were classified as diapause-green types when
they were ligated prior to stage P4. The proportion of orange
type abdomens exceeded 50% and approached 100% when
pupae were ligated at stages P5 and P6, respectively.

The results indicate that orange type coloration in SD-
pupae of 

 

P. xuthus

 

 may be induced by a humoral factor(s)
originating from the head-thoracic glands or from the
abdominal ones which is under the control of brain. The
humoral factor(s) seems to be secreted in the O-pharate
pupa at around the P5 stage.

 

Effect of brain extracts of LD- and SD-pupae on pupal
abdominal coloration

 

We investigated whether a humoral factor(s) exists in
the brains of LD- and SD-pupae that induces orange type
coloration in SD-pupae, a so-called orange-pupa-inducing
factor (OPIF). As shown in Table 3, pupal abdomens
injected with the acetone, 80% ethanol or 2% NaCl fraction
derived from the brain extracts were classified as diapause-
green types, except for the abdomens of some pupae that
displayed a spotted melanin cuticle. Such cuticles were
possessed by pupae that had received the 2% NaCl extract.

These results indicate that OPIF activity is not present
in the brain of day-0 LD and day-0 SD-pupae, and that
pupal-cuticle-melanizing hormone (PCMH) activity may exist
in the brain of LD and SD-pupae.

 

Effect of extracts of Br-SG-TG

 

1

 

 and TG

 

2,3

 

-AG

 

1–7 

 

com-
plexes of SD-larvae

 

We assayed whether OPIF activity exists in the central
nerve system of day-0 last instar SD-larvae. As shown in
Table 4, abdomens that had received the acetone, 80% eth-
anol, or 2% NaCl extracts of 50 Br-SG-TG

 

1 

 

complexes were
classified as diapause-green types, with the exception of
some abdomens that displayed a spotted melanin cuticle.
These cuticles were found on pupae that had received the
80% ethanol or 2% NaCl extracts. The abdomens of pupae
that had received the 2% NaCl extracts of 50 TG

 

2,3

 

-AG

 

1–7

 

complexes were classified as belonging to the orange type,
but those that had received the acetone or 80% ethanol
extracts of TG

 

2,3

 

-AG

 

1–7

 

 complexes were classified as having
a diapause-green type body color.

No OPIF activity was detected in abdominally ligated O-
pharate pupae injected with extracts prepared from Br-SG-
TG

 

1 

 

complexes of SD-larvae. However, slight PCMH activity

 

Table 2.

 

Pupal color types of ligated head-thoracic and abdominal
parts at different life-cycle stages of O-pharate pupae.

Ligated stages of O-pharate pupae

Color type of ligated part P1 P2 P3 P4 P5 P6

Head-thoracic part

Diapause-green 0 0 0 0 0 0

Orange 5 5 5 5 5 5

Brownish-orange 0 0 0 0 0 0

Abdominal part

Diapause-green 5 5 5 5 2 0

Orange 0 0 0 0 3 5

Brownish-orange 0 0 0 0 0 0

Five O-pharate pupae were ligated between the thorax and abdo-
men with a cotton thread at each life-cycle stage. The stage
assigned to each O-pharate pupa (stage P1–6) was determined by
observing the development of antennal buds and eye pigment visi-
ble through the head capsule, as described by Hidaka (1961).

 

Table 3.

 

Pupal color types of ligated abdomens relative to different extracts of brain from LD and SD-pupae.

Source of extract Number of  Pupal color type of ligated abdomen

and eluate fractions insects Diapause-green Orange Brownish-orange Brown*

Brains of LD-pupae

Acetone 6 6 0 0 0

80% ethanol 6 6 0 0 0

2% NaCl 6 4 0 0 2

Distilled water 6 6 0 0 0

Brains of SD-pupae

Acetone 6 6 0 0 0

80% ethanol 6 6 0 0 0

2% NaCl 6 5 0 0 1

Distilled water 6 6 0 0 0

A ten 

 

µ

 

l sample representing an equivalent of 50 brains was injected into a ligated abdomen when the region
of the O-pharate pupa anterior to the ligature reached the P4 stage. Asterisk (*) indicates a brown color type,
and reflects a grade 1 level of cuticle melanization based on the classification of ligated pupal cuticular mela-
nization in non-diapause pupae of 

 

P. xuthus

 

, as described by Yamanaka 

 

et al.

 

 (1999).
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was detected  in pupae that had received the 80% ethanol
or 2% NaCl extracts of Br-SG-TG

 

1

 

 complexes derived from
SD-larvae. On the other hand, OPIF activity was only found
in pupae that had received the 2% NaCl extracts of TG

 

2,3

 

-
AG

 

1–7

 

 complexes of SD-larvae, with no OPIF activity being
detected in the acetone or 80% ethanol treatments.

The results indicate that OPIF activity is present in
TG

 

2,3

 

-AG

 

1–7 

 

complexes of day-0 last instar SD-larvae, but is
absent in Br-SG-TG

 

1

 

 complexes. OPIF activity is detected
when using an extract derived from 2% NaCl solution, but is
not detected when the extract is derived from acetone or
80% ethanol solution.

 

Dose-dependent changes of the response of abdomens
of O-pharate pupae to the crude OPIF-active extract of
TG

 

2,3

 

-AG

 

1–7 

 

complexes

 

Finally, we examined whether the response of the
abdomens of O-pharate pupae is dependent on the dose of
the OPIF-active extract from TG

 

2,3

 

-AG

 

1–7 

 

complexes. The 2%

NaCl extracts representing 5, 10, 30, and 50 TG

 

2,3

 

-AG

 

1–7

 

complex equivalents were injected into the ligated abdo-
mens of O-pharate pupae. After pupation, the abdomen of
each pupa was classified into one of four color grades
(grade 0–3).

As shown in Table 5, half of the O-pharate pupae
receiving the 2% NaCl extract of 5 TG

 

2,3

 

-AG

 

1–7 

 

complex
equivalents developed abdomens of an intermediate orange
type. The degree of orange coloration of the abdomen of an
O-pharate pupa increased with every increment in dose of
injected 2% NaCl extract, and the coloration reached the
maximum grade of 3.0 when the 2% NaCl extract represent-
ing 50 TG

 

2,3

 

-AG

 

1–7 

 

complex equivalents was injected into
the ligated abdomens of O-pharate pupae.

The results indicate that the degree of orange colora-
tion of the pupal epidermis resulting from the experimental
manipulation of ligated abdomens of O-pharate pupae
shows a dose-dependent response to crude OPIF-active
extracts of TG

 

2,3

 

-AG1–7 complexes.

Table 4. Pupal color types of ligated abdomens with respect to different extracts of Br-SG-TG1 and TG2,3-AG1–7

complexes derived from SD-larvae.

Source of Extracts Number of Pupal color types of ligated abdomen

and eluate fractions insects Diapause-green Orange Brownish-orange Brown*

Br-SG-TG1 complexes

Acetone 8 8 0 0 0

80% ethanol 8 7 0 0 1

2% NaCl 8 5 0 0 3

Distilled water 8 8 0 0 0

TG2,3-AG1–7 complexes 

Acetone 8 8 0 0 0

80% ethanol 8 8 0 0 0

2% NaCl 8 0 8 0 0

Distilled water 8 8 0 0 0

A ten µl sample representing an equivalent of 50 Br-SG-TG1 and 50 TG2,3-AG1–7 complexes was injected into a
ligated abdomen when the region of the O-pharate pupa anterior to the ligature reached the P4 stage. Asterisk (*)
indicates a brown color type, and reflects a grade 1 level of cuticle melanization based on the classification of
ligated pupal cuticular melanization in non-diapause pupae of P. xuthus, as described by Yamanaka et al. (1999).

Table 5. Dose response and the effect of crude OPIF-active extracts from day-0 last instar SD-larvae on
the development of orange coloration.

Dose: Number of Degree of orange coloration

TG2,3-AG1–7 complex Number of of ligated abdomen AOD

equivalents insects 0 1 2 3

0 (H2O) 8 8 0 0 0 0

5 8 4 4 0 0 0.5

10 8 0 3 5 0 1.625

30 8 0 1 3 4 2.375

50 8 0 0 0 8 3

A ten µl sample containing the desired TG2,3-AG1–7 complex equivalents was injected into a ligated abdo-
men when the region of the O-pharate pupa anterior to the ligature reached the P4 stage. An average
orange-coloration degree (AOD) was obtained from the responses of four ligated abdomens.
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DISCUSSION

All SD-larvae placed in a cardboard box developed into
orange (3.1%) and brownish-orange (96.9%) type pupae
(Table 1). This result is supported by the finding of Ishizaki
(1958), who found that all mature larvae collected from the
field in autumn developed into orange-1 (20.5%) and
orange-2 (79.5%) type pupae when placed in cardboard
boxes. Thus, it appears that the texture of the cardboard
during pupation is an important factor in producing the
brownish-orange type of SD-pupae and the brown type of
LD-pupae (Ohnishi and Hidaka, 1956), but not orange-type
pupae. We found that approximately 95% of SD-larvae
placed in containers of rough-surfaced paper under constant
light conditions at 25°C developed into orange-type pupae,
and less than 5% developed into brownish-orange types
(Table 1). This may be explained by the existence of two
factors, such as a pupal-cuticle-melanizing hormone
(PCMH) and orange-pupa-inducing factor (OPIF), which
have different thresholds for texture or brightness. On the
other hand, it is known that over 90% of LD-larvae kept in
smooth-surfaced containers containing food plants devel-
oped into green-type pupae (Ohnishi and Hidaka, 1956;
Yamanaka et al., 1999), while it has been reported that
67.5% of mature larvae collected from the field in autumn
developed into diapause-green type pupae when placed in
glass cups containing food plants (Ishizaki, 1958). Our data
show that only 12.4% of SD-larvae kept in smooth-surfaced
containers without a food plant developed into the diapause-
green type (Table 1). Therefore, one environmental factor
that may play a role in inducing pupae of the diapause-
green type in P. xuthus could be the smell of a food plant,
but the nature of such a mechanism is not clearly known at
present. These results suggest that the environmental fac-
tors inducing green types of SD-pupae may differ from those
affecting LD-pupae.

By experimenting with O-pharate pupae kept in rough-
surfaced paper containers, we further investigated whether
the orange coloration of pupae changes by employing a
technique involving a ligation between the thorax and abdo-
men at six different life-cycle stages of O-pharate pupae. As
shown in Table 2, all ligated abdomens of O-pharate pupae
developed into the diapause-green type (or orange type)
when the ligature was applied before the P4 stage, or later
than the P5 stage. Interestingly, the timing of this humoral
factor(s)’s release was similar to that of browning hormone’s
or PCMH’s release in LD-pharate pupae (Hidaka, 1961;
Yamanaka et al., 1999). However, orange-type pupae are a
specific color type of diapause pupae, and there is no report
as yet of LD-larvae developing into orange-type pupae in P.
xuthus. Thus, these results suggest that humoral factor(s)
originating from the pupal head-thoracic and abdominal gan-
glions may play a significant role in the determination of
orange coloration of SD-pupae under the control of brain.

To investigate whether there is a humoral factor(s)
inducing orange coloration (orange-pupa-inducing factor:

OPIF) in P. xuthus, OPIF activity was assayed utilizing a
bioassay system and the ligated abdomens of O-pharate
pupae. As shown to Table 3, OPIF-activity was not detected
in brain extracts of day-0 LD- and SD-pupae. However,
slight PCMH activity was detected in 2% NaCl extracts pre-
pared from the brains of LD- and SD-pupae, as well as in
2% NaCl extracts prepared from Br-SG-PG complexes of
LD-pupae (Yamanaka et al., 1999). However, OPIF activity
was detected in 2% NaCl extracts of TG2,3-AG1–7 complexes
of day-0 last instar SD-larvae, but not in extracts consisting
of Br-SG-TG1 complexes (Table 4). These results show that
TG2,3-AG1–7 complexes and Br-SG-TG1 complexes of P.
xuthus contain OPIF and PCMH, respectively, and further-
more, that the crude administration of OPIF revealed that
the OPIF activity produced an intensity of orange on the
abdomens of ligated O-pharate pupae in a dose-dependent
manner. The crude extracts of TG2,3-AG1–7 complexes
required for the development of orange types were esti-
mated to be in the vicinity of 30 complex equivalents (Table
5).

The results revealed the presence of a neuroendocrine
factor controlling pupal color polymorphisms in diapause
pupae of a Papilionidae species. Our experiments indicated
that the factor was extracted with 2% NaCl, but not with ace-
tone or 80% ethanol solution.

It has recently been shown that pharate pupae of P.
polyxenes destined to develop into pupae of a green type
developed into pupae of a brown type when injected with
crude PMRF extracts derived from I. io (Starnecker and
Hazel, 1999). The PMRF of I. io is a neuropeptide that
reduces black-type pigmentation in pupae of I. io (Star-
necker and Hazel, 1999). Based on our present results, the
timing of secretion and location of OPIF is considered simi-
lar to that demonstrated for PMRF. However, we have no
evidence indicating that OPIF in P. xuthus changes pupal
coloration in other butterfly species.

We are now trying to purify OPIF from TG2,3-AG1–7

complexes of 5th-instar SD-larvae in P. xuthus. Further
investigation of the physiological roles played by OPIF is
needed to clarify the regulatory mechanism of pupal colora-
tion and the differences in regulation between SD and LD
insects. These studies are aimed at clarifying the mecha-
nisms underlying the endocrine control of pupal color poly-
morphism in P. xuthus.
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