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PTINFaoDTFXORERE
Protective coloring of the pupa in the common

swallowtail butterfly

Q: FESARBREIARZHRZEFRRMULE. BETROMARZL TV
EEWDTIH, EABRIEZRRLIEDTIN?



A: ZTNFaw (FIT7T7/\) O FFORECICEEZESEIZREER
IKDOWTHRLE U 77 /N\FavnUrFiCiFREeREBERNHD
FIN BARTRIZERIYBRORETHINTIFPIHYDFEDR
TEONMDXI L. BBEEEIENICREBEDOKBETILKEDODNDET, *
NIFHEREOEREICEDMDICK WMREE (DET7Z5—Y 1) IKBR>TW
5L£5T9Y,
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PO XRULED, ZnlEDZE@FB MDD EFEATLUE, ZF5H5 584F
% BAKRZOHEBRZEFER L. RBARZTRRIRGEZE > o T4EY
FOMEZRIT TV UIch RIFBEETIDRECDOEEZMIEL T
DTY,

Q: | head that you were studying for butterflies at home after
mandatory retirement from the professorship of Kumamoto
University. | wonder what kind of research you were doing
then.

A: | had been studying the environmental factors
influencing/determining the coloration of pupae in common
swallowtail butterfly (Papilio xuthus). There are two types of pupa
color: green type and brown type. The green pupa is usually found on
green twigs of orange trees, and the brown one on withered
brownish twigs of the orange trees. Therefore, the pupal coloration
that mimics the surrounding color may let them camouflage to
escape from predatory animals, for example, birds.



People who had raised the common swallowtail butterflies
starting from the larvae stages might wonder how the coloration of
pupa could be determined knowing the coloration is not destined to
a single one. When | was a first-year student in junior high school, |
tried to find out the mechanism of the protective coloration. | first
guessed that larvae of the butterfly have an ability to recognize the
color surrounding the larvae on pupation stage to mimic the color as
a chameleon does. Therefore, | tested the possibility by placing a
variety of colored paper sheets one by one whether the coloration of
pupae would be affected. The results were negative in supporting
the possibility, however. Accordingly, this interesting subject will
have been left unexplored until | retired from the professorship at
Kumamoto University over five decades later.

After | retired from Kumamoto University as mentioned above |
moved to Kyoto University to continue my molecular biological study
on the bacterium Escherichia coli. On this occasion | reopened the
research at home mainly at night to explore the mechanisms
underlying the coloration of pupa in response to the environmental
conditions on larval development of butterfly.

Z7I\NF3oL Common swallowtail butterfly 2



PTNFaoogFr£n28
Two types of pupae of the common swallowtail butterfly

Q: EBRICFESTFITINFIavDHRIZIEARICLTES=DTIH?

A: REBRZARLDEL ICHZ2EFHEEDSEICIENZ I TFORVWEEHLH
D ZZTTZTNFavDMPHREZREL T BEDLDICHZT T F DM
RZ/N\TITYDOERD, BHEHBETFAMOEEICEVR LI, %R
FTSRAFYIDORTEBLTWRULD, ZDEERICIFEN 700 LLDH)
HZEFABLER U

Q: How were you able to obtain the larvae of common
swallowtail butterfly for your study at home?

A: Larvae of common swallowtail butterfly feed on leaves on trifoliate
orange trees. There is a long hedge of trifoliate orange along the
front approach to the Yoshida Shrine, which locates close to the



head office of Kyoto University building. So, | collected eggs and
larvae of common swallowtail butterfly there everyday and also some
cutoff-shoots with leaves to feed them, and brought them back with
me to home in Uji City by trains everyday. Thus, the number of
larvae | raised in plastic boxes amounted up to 700 in total.

FPTINF 3T DERGHR
A final instar larva of the common swallowtail butterfly

Q: EARBERZY>TEOTIHM?

A COMETREREZODMARETES LS BEMARREMRZEDT (T, —
BRETHEAZSBHFEEL T THELICWEEZTWE L, PYF2
PHEETHTEDIMEZBIELILDTIT.,. ZNBTFIYFaT7HREZR
KT EICIRBERSTENSTY,

RIS Tc LR Y FFICBRDGROEBRRBEEREICEDL SBEE
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BEFUk, BRRUCKSHRIETFFICRIFTHBERNOBRYELT
BT 27 DICTRIEZ U TH S, U FFICRZGEFAZHEUTRAVWTEHEER
PDFET, ZF5VWSIHPRZIOEEBICIES TRIFHIBWESICRY TF
LY ORZNIETET, KEICEFESZDIFTTTHFFICRIBEREZLEHKL
F U7

COWSERTEZEDZ &F BIROBEIUANDERGFETRALICLTEL
ZETY, TING, BEDHBRN T Z | HRRFLIXRICUTRER
Ufco BABSE 200 L7 RATUfce IF7AVHEEXRBEZToLA4RDS
ORXTMD6 TAM (2004 - 2005 F) RlF>Ea L TEREZ 26°C ICRR
5FXUlce AP ZFE SRR TREZHOERKRZE> THRREZHI &
NRETY, MEESEENRE (RX?) OEGNMNECS I EE6HDD
57T9Y,

Q: Now, what kind of experiments have you done in resuming
your old research on the protective coloration of pupae once
you had stopped some decades ago?

A: | tried to design experiments that even amateurs can perform at
home simply using materials and tools that are available as low-cost
household products. | thought that this way of designing should
encourage amateurs to perform experiments at home without being
restricted to use expensive equipment for professionals.

First, | tried to examine if color environment influences the
pupal coloration by placing the final instar larvae on a sheet of
colored paper. As illustrated in the Figure, a sheet of
visiting-card-sized glossy photo-paper with smooth surfaces on both
sides, which had been painted in a differing color of choice by use of
an inkjet printer, was fixed to a wire terminus and the other end of
the wire was set in the glass bottle. Larvae that have finished the final
evacuation (gut purge) prior to pupation, were characterized by



bustling around to finally perch on a fixed-spot for pupation. |
placed such a bustling larva on each of the colored card, which had
been connected to a wire at an end and stood in a bottle, and
covered with a transparent polyethylene bag to restrict the bustling
larvae within the handmade apparatus. Each bottle was numbered
and the pupation phase progress of larva was individually recorded.
These experiments were all performed under 200-lux intensity of
white fluorescent light and room temperature were kept constantly
at 26°C throughout the experimental period for 6 months from April
to September in 2004 and 2005. | should emphasize that, for a
biological experiment in general, a certain number of subject
individuals to be used should be proper enough for statistical
analysis, as the population is not always homogeneous. They might
be mingled with somewhat physiologically abnormal animals, for
example, having diseases.

BIEDEREE
A hand-made experimental apparatus.



ERERIEOEDARTHREDOY FFOANEANICEZL TH UL,
BEiF 48 HRHLIMN 4L (8%) TUI. THRLEEKOEBEYTFF
DREEEEBRRO I EDDONMD X U .,

The results showed that out of 48 larvae used, 44
metamorphosed into green pupae and 4 into brown ones regardless
of the color of card on which the larva was placed, i.e., the brown
pupae corresponded to only 4% of the total.

HOHE: WB WS BEOHRIEOEED LO 7T /\F 3 ¥ ORERY £,

Figure legend: The green type of pupae of the common swallowtail
butterfly on smooth surface cards of various colors.

Q: BEAEDHENKRIBOERD LTRBZEDYFXICEScE5TY
M. RENYSYSULEEBRTREABRIENRIZDTIH?

A Y RR—/)8— (No.100) O&E#H%E 200 LY ADHD T TE> THE



Ufco T BEBEWIEIC27 EBAEE (100%) BEHOYFFITRD
FUlko ZULUT. HREETYRR—N—DHEDOEREDER (L) D
AR TREEEN 80% THREEMN 20%TL,. INSDIEHSEHERD
REDNS OMBRIMNBERZELSETVWSEFERTCEEXI, TDELS
BREBRDSEBEAZIFOENSHBIEWNMEEY R ERIY FFDOERIREI
FEBARTHBIZEHBDOMDET,

RERY FFOREIFRSHEIF> TWcBRDIHTT, —H. BE
Y FFXOBEIEIXASZVERNM T XTORKICTELEHTT, XTF7=
VEREFEFOVYEWST I/ EBHIHSEOMDILERGZEL TERI N
2UEMTY, Y RR—/—OHENENS OEBFRBIIKICEET 2 &
AZZVBROBENIFEIND EEZISNET,

Q: You obtained the results above using the glossy
photo-paper with smooth surfaces on both sides. | wonder
what’s about when you used paper with coarse surfaces?

A: Yes, | used cards of sandpaper (No.100), as shown in the Figure, in
place of the colored smooth surfaced glossy paper cards under
otherwise the identical conditions including 200-lux intensity of light
and room temperature at 26°C. In this condition, surprisingly, all of
27 larvae used metamorphosed into the brown pupae by 100%.
When | used filter paper cards, which had moderate rough surfaces
in the both sides, i.e., the conditions corresponding to the in-between
surface features with respect to the above two conditions, the larvae
metamorphosed into the brown pupae by 80% and the green pupae
by 20%. From these results one may conclude that the larvae sense
surface tactile stimuli on the site for pupal settlement. Also, one
may exclude a possibility that smell substances generating from the
leaves of the trifoliate orange trees influence the pupal coloration.

The green color substance of the green pupae has been shown to
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be the remains of the green substance present in the final instar
larvae. The brownish coloration of the brown pupae is due to
melanin, which is newly synthesized upon pupation from tyrosine via
several synthetic steps. Accumulation of the tactile stimuli having
received from the coarse structural surface on the settled site is
considered to induce melanin synthesis in the larvae.

B RR—N—LEDEBERTFF
The brown type of pupa on a sandpaper card.

Q: MERBIFEITRERLZDTIHN?
A giROOOWBICEE (Z2TF) HHD. ZDFEEICIIEMENEZT

WEY, ZORIEDRITICIIEBRIMZ R 2Mighd . BIEHI AN IC
> TE< EZDRBD R ZE > THICIRESNSDTY, XD
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ETERAUELSICECDTY, ZDORIFEDMICEIRERDBIEIC (FHEMRIEL
ZRUBDEFRSNDMMENGDETIT L. WHICERAIENHDET, KIC
BAREEN T THEICRSETOEEDL S ICIREDEENEDLZDTY
VT ORERESSEMICHMSBRLBEDERT, ULich> TEIKICA > TWL
HEEAEOHMECPHEOBIELIS DMBRHMEEETH D EHDHD
x9. HRAICEDEEM (RRICKEDERE) 28I SMULIITDOTE
HORBIER Y FFOEDREICIIERLBVDTRBVWNEEISNET,
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7INF 3T DRI
A larva in the prepupa stage.

Q: Which organ of the final instar larvae is particularly
responsible for sensing the tactile stimuli on the coarse
structural surface during pupal settling?

A: The larva has a pair of antennae at the mouth side and the
antennae have apical bristles connecting to the sensory cells that
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transmit mechanical tactile stimuli to the brain. You can imagine the
function similar to the cat’'s whiskers. The final instar larvae also
possess other bristles besides those near the mouth in the front of
head, which may also supposedly have the same function, and also
those of unknown function on the thoracic appendages.

Among the three candidate for sensory organs involved in
coloration of pupae, the antenna bristles no longer attach to the
pupation card in the prepupa stage as shown in the above photo.
Accordingly, the rest of two sensory bristles should play important
roles in determining coloration of pupae. Prepupae remove their
abdominal legs, which degenerate in adult butterfly, from the
pupation card as shown the photo, therefore bristles of these legs
do not presumably effect the pupal coloration.

Q: TN TRYFFICLRBBFAOVILYILDY S IHTY FXFDEHRE
>TLERW, tORERFEFIERGVOTIN?

A BEZAMMDRERFHRARNTHBLL TREFWTFEREAR, ZEFNTRIC
HDHEZRARTHE U, UFFICRIEEZBEOFICEWVNTERL
THEDTY, TBENRBMOBMTIEYTFFD 80%HEHEET, XD
D 20%MMRERTUce —77 200 LY ADH 7% HTTWRICIEIORAR

BIETIEYFFD 8RHBERTED D 2% FRERTLLD T, 200
WO ZADKRBBEREOERZIMZA2EBEZLTWVWSIENDIMD I LT,
LU T RDFEWHDKICIIBERY FFOHREZMA B EIFTE
FBATUT

Flet Yy RR—=/NN—DERZFE > F2RFICIE. 1,000 )LT RDEWHKEFE ST
HBEROYFFIE 100%TUIE, TROLEMERBNERIEDEEIC
I 1,000 JLZ AW iEtThbEeEeflbdFTOHRZIMWZ S5 & IETERL
DTY,

Q: You have shown above that the coloration of pupae for
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common swallowtail butterfly will be determined by the surface
structure of the settling site for the larvae to be
metamorphosed whether the surface structure is smooth or
coarse. One may wonder if any other environmental factors
remain to be checked in determining the color.

A: Yes, you are right. | have checked other possible factors | can
think of. First, | checked the effect of light, that is, | have repeated
the above experiments under otherwise the identical conditions
except the experiments were performed in a dark box during
pupation. The larvae metamorphosed to brown pupae by 80% even
on the glossy photo-paper with smooth surfaces while the rest to
green pupae by 20%. | should emphasize that under 200-lux intensity
of white fluorescent light the value was only 8%, suggesting that the
light would suppress the synthesis of melanin. In support of this
possibility, One-lux intensity of white fluorescent light could not
suppress the high frequency of brown pupae generation.

Since the larvae placed on glossy photo-paper with smooth
surfaces under 200-lux light became brown pupae only by 8% and all
of the rest were green ones, we can suspect that the 200-lux light
suppresses the generation of brown colored pupae.

| should also emphasize that all of the larvae settled on
sandpaper cards metamorphosed into the brown pupae by 100%
even under 1000-lux intensity of white fluorescent light. Even
excessive amounts of the strong mechanical tactile stimuli received
from the coarse structural surface were accumulated, the induction
of the melanin synthesis was not suppressed even by such strong
light.
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Q: BEEDXERESTIN?

A BESRANTHI UL, HRMOEBMZE DT LEREE—HEICKZEA
2Ty arR—N—ZBREDPRICANTHE U, BEEORANICIFAEL
e TADVWTWER LSS, JBER T100%ICB > TWEEYITY,
RIEDIZE. BENEVWEH/ERIEDRIBEDRLUE (40%). KDL
EREOXNBRERTIFBERIE 80%TLENS, TO0REEIFATZVER
DERZENHUICEEZAFT,

Ut tzFzeHde, MERBEAZZVEROEMZREL T,
200-lux DX & TO0NDEREIFIAZTZVEROEHRZIH TS EER TS
EE

Q: How was the effect of humidity?

A: In the dark box of plastic in case of larvae on the glossy
photo-paper with smooth surfaces, | placed damped sheets of tissue
paper with water in the box to increase the humidity. Since many
drops of water were recognized on the inside surface of the box,
humidity should have reached to 100% inside. In this case, the larvae
metamorphosed to brown pupae by 40% in contrast to 80%
obtained when | did not placed water-damped sheets of tissue paper.
The results suggested that 100% humidity environment suppressed
the synthesis of melanin.

In conclusion, the larvae that received strong mechanical tactile
stimuli from the coarse structural surface were stimulated to
synthesize melanin, whereas the 200-lux intensity of light or the
saturated humidity suppressed the melanin synthesis as shown in
the figure below.
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Q: BENLBEREBBHENEHRTIR. NZEDLSICEBEULESRE
WOTL&SH?

A: COELSICHATEDZDTIFBRVWTULLDD.  MERBOIBHRH NN
ICEBSINTHZBME (WEE, LEWME, BRA) 28X 5 EZFDEHRN
ERIC 2 DWRICIHES N TRILEY D BRESh. ZORILEVDEE
ICIRIC & > TR S NEEMIE TOA S ZVBEROEREZFET S &
ICRZDTLELD, —ABWH (200 L7 ALULEDORE) PEWVEE
(100 %) FZDEEZETIESELEEZONETT., ZDLDIC3IDDIR
BERET FFOBEREICHANICESEL TWSDTT,
HUMRERIBOBBEIFRMEE (FIER U LANIVICHE > EZITE. FBEBE
DY FFOMANEND ZEITEFELTL I,
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Q: The results you have obtained are somewhat complicated
How would you clear them up and explain in a collective view?

A: | made a working hypothesis to explain the results in the following
way. When mechanical tactile stimuli are transmitted to the involved
brain via sensory cells with bristles and if the amount of accumulated
stimuli will exceed a certain threshold level, the brain cells would send
certain direction to an endocrine gland to start secreting some
hormone. The hormone will reach the cuticle cells of the larvae via
blood stream and induce the synthetic pathway of melanin. In this
line of information transmission pathway, the role of light intensity
stronger than 200-lux or high humidity (100%) could lower the
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threshold level of accumulated stimuli that enable the brain cells to
direct the endocrine gland to secrete hormone. Thus, these three
factors are thought to cooperate in controlling the coloration of
pupae.

Please note that if the level of accumulated stimuli in the brain
cells fluctuates above and below the threshold level, either the brown
colored or green colored pupae would generate accordingly in
support of my above hypothesis.

Hypothesis

g
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% ' Sandpaper ——= y Brown
= ©
Light £ / ]
5 ilterpaper g Brown
s/
g / Smooth paper
/
§ N Green
< )
Time
Sandpaper —— y Brown
Dark

\\\;\+

Accumuration of tactile signal

\ y Brown
Time

Figure legend: The horizontal axis represents the time required for

the larvae to metamorphose to a pupa after the final evacuation
followed by taking off the larval skin (ecdysis). The vertical axis
represents the accumulated level of tactile signals. The vertical
dotted line shows the time the girdle formed. The red horizontal line
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shows the threshold level of tactile signals required for induction of
the melanin pigment synthesis. When tactile signals accumulate
beyond the threshold level, the synthesis of melanin pigment is
induced. Note that the threshold level differs when the larvae were
placed under the strong light or kept within the dark box throughout.

Q: ZO&SHEBEERER THRERICEHERTEDLSICHBL D
TEN?

A ShERDICRIBED LT FFICB2EEHZ L THRR (1BR) ZHICEW
ERICEEHORBICHYY RR—=/INN—DINFEZRALLGZGER>ZEDTDEZD
MRBENTHEDOT FFHELLBDEY, ZOHIICH Y RR—/—D L
THFF IR BERHZ LU TEFRZERICEVWCERICSOLERBO/NT ZERAL
EEZCRBEDOYFINDRIBDEY, THLE, TREFBLA
BRBET T FOBEREICERITZDTY,

ESICHREEDEER TG DZ2NEVWHDYIDBEZERZPD UL
SYIDBEZDHMRNENRKUIce TRbDE. &RIEZAERD THIE (A
&£3) DRAT—ITHEHRRYFFTOEBEREICEETSDTI,

Q: | wonder if these environmental stimuli/factors affect
differentially in determining the pupal coloration before and
after the girdle formation with silk strings?

A: When | inserted a small T-form piece of sandpaper to separate the
surface of smooth paper and the head-and-thorax portion of larvae
that had just finished the girdle (body band) formation with silk
strings on the smooth paper, increased number of brown pupae was
generated probably because of the sandpaper insertion. Conversely,
when sandpaper was used for pupation site, insertion of a small
T-form smooth piece decreased number of brown pupae was
generated. The results indicate that tactile signals can affect the
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pupal coloration even after the girdle was formed, i.e., in “prepupa
stage.”

Furthermore, the same was true for the effect of lightening in
the prepupa stage, i.e. intense lighting decreased the pupal
coloration even after the girdle was formed toward prepupa stage.

TEFRYY KR—/(—
T-form sandpaper

FEIRAR

Smoothpaper

BIDERER  JORMED L THEARZNFFRBDBREMD & 2By RR=X
—DINRZRTEER,

Figure legend: Insertion of a small T-form sandpaper piece between
the smooth paper card and the head-and-thorax position of the larva
just after the girdle formation.

Q: ASZVEBEOSHRHIFESNZIDIMEFETLELESH?
A BEREOYFFICARZIMEOERICEWVERNESTSEFEITFTTRAT
KBDIEHRDODEZRRS 2~3KERITIT DT, DR EDHBFNETICAS

TUBREAHISIENRESNTVWBEILDEEZISNE T, ZLTH
BORZBRWTHY FRICBR B THEXIZVERFESNEITSNET
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DT, YFFOEDOHEF 24 FEERICITVWE U,
KERICFES Y FFREETRET S <1 OBRICIEPEL X UL,

Q: When is the synthesis of melanin pigment induced?

A: Since some see-through pale black pattern is observed under the
larval skin in the dorsal part of the brown-type prepupa 2 to 3 hours
before they start taking off the larval skin, melanin synthesis should
have been induced before that stage. As the synthesis of melanin
will continue and melanin is accumulated throughout the pupal stage,
therefore | judged the color-type of pupae 24 hours after the larvae
took off the skin.

All the pupae used in the experiments metamorphosed to adult
butterflies after about 10 days without diapause.

Q: BARTIEWORMEICEZDTLELSH?

A: ZOBMICEZSHIciE. ATHRERBOEVBANXDOTTHBE LK
MREZBERLBTNEBDEEA, KBEXOBERDY XLHIHED RSN
BRETHRZAET T % EhBOERNICHRNEET (EBNREE) N TEX
T ZOESBEBRFETHREDIY FFICRIFHETZRANEK U,
DRBETRETH 1 KECEICBERI VR ZHIITEESTHERELILLE
N CARBRIEZ I TRABRITICOTERZRITTWSELSTUT,

36 COWMBZE> e ZDERBERD S, KEnHRIFIRICTE D EREDTH
fEZz LT, ERF 24 BEICHFRZAKICEE THE ORETROBOHS
ZRTCHERICED ENHORZHRWTY FFICRDIENbIMDFELUT,
FRb5, THIlE ORETREONZ+7EVOTTVWEDTY, TIHDS,
BT ORBRISEAFROFHERFBRELBDZDTY, —A. BXZRT>E
BRUTEB UL 36 EOHRIF. TFFICRIEREIFEHELHE L TUT,
EEULWEAREIDTERVDTINSHATI N,

21



Q: In nature, what time of the day do larvae become prepupae?

A: To answer the question, | raised the larvae under natural light, but
not under any artificial light, in harmony with the inherited circadian
rhythm (biological clock). Then, | carried out a plan: | kept watching
the larvae for the time course of metamorphosis every hour for a
whole month by setting up an alarm clock that forced me to wake up.
This job was really a hard one as if | was tortured for
sleep-deprivation.

The observations in 36 larvae revealed that the larvae in the final
instar stage finished the final evacuation in early night and formed a
girdle at midnight. The larvae thus entered the prepupa stage
stayed unchanged overnight and next daytime until early evening
when each of them started to take off the larval skin to
metamorphose to a pupa. Thus, the larvae in the prepupa stage
received sunlight sufficiently during daytime before metamorphosis
in nature. Therefore, The experiment performed in dark box was
obviously the artificial conditions, which differs from those in nature.
On the other hand, 36 larvae were raised under constant exposure to
artificial light (200 lux), the larvae formed girdles randomly in terms
of time as expected because the inherent biological clock did not
seem to work in harmony in the absence of natural alternating
day-and-night rhythm.

Q: ZnTE. BARTREDRERFHIY FFORERICHE O ELBEER
DTL&ID?

A TNZIRANRBHICIE. BARARERBURBETERZ Y > THRITNIEA
DEEFAR, BRIEDTTHEULHRENREE T Y RR—/II—DEK
ZHEOTHERULTHXR U, HREOEHETIFHBERIE 10%TUL AN

HY RR=/)\—DERTIE 60%TLIZ, ZDZ&ldE. BREBTIEFYFF
ICRZBEANFEBE THZD, HAE THEINMNBERAEICROEETH S
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ZEZERLTVWBDTY, RBELRS, BRRTIERETOREIBE DK
Kz 1 BR+2ICAVTTVWET U, ARDEED 100%IC3D Z & IFERR
ICIEBZICHDELADTINS, HFFICRZIBHOMERBNRLEE
REBEERICKRZDTI,

BARZIERLHARULTHELELD, NITFIFPINVDFREDNRIFE
FEHNYILY Y L TWEITH, #infz/RISBETY SIS L TWET (5
R—IDEEZER), ULEh>T. BARTREYFFICBZIGEGANSD
RERBOEBEDEVNTY FFTOBENREINIER. HIREDENLS
ENBRERICHENDIDTY,

Q: Well, what is the most influential factor in natural
environments that determines the protective coloration of
pupa?

A: To answer the question, experiments should be performed under
natural daylight conditions. In such conditions, when larvae were
placed on smooth paper cards only 10% of them metamorphosed to
brown type, while larvae were placed on rough sandpaper cards 60%
of them metamorphosed to brown type. The results indicated that
the surface of texture at the pupation site was most important for
the coloration in nature, because all the prepupae should have
received sufficient sunlight during daytime and 100% humidity that
was used in the previous experiment is actually rare in nature.
Considering the natural environments with respect to the above
results, the surface structure of green twigs of trifoliate orange trees
is smooth, whereas that of withered brown twigs is coarse (see
photos in b page). Therefore, accumulation of the tactile stimuli
having received from the coarse surface on which prepupae settled
is considered to induce melanin synthesis in the larvae. In other
words, the accumulated level of tactile signals from the texture of
pupation site would determine the pupal color, thus pupae In
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camouflaged color could escape from predatory birds in nature.

Q: WEl. AHOET TPSNF 3 OHRBESENOE VN B3 LiF
BEOYFEICRB) EWS T EERALI EHBDE LIS, ZhIZED
TEH?

A: ZDARDEERRZSHEFEEL (RRZEHR. BRFP) N 1975
FICRRUCHZERHICSIALIEOTL &S, BEELIEBERNTIESE
BRANLHZD ZOFDRICHZTIFOE (BRE) PITYIHDE (B
BETRRBW) ZANTEL ERBENERBEIENSZEDL S BIERE
L7cdTY, HBHEORTIHEVALENZ LREADERIEEL TVWETH
5, KEJERBARZHRELTWET, KERICK> TREENEL B
IeREBWVIBEEEREVWLIEDOTL & 5. 1BYDOBWVWEY FFOEER
ElcBRRWC EF BIFEFVEDORBRBERNSHSNTI R, HEME
DERERIFATIHLBERGETH D BRARDOKGAXDHBRHEIFRELBD I EIC
HERDIBEL S cDOTIH HEFLIEEAKX T TOREKEIP->TESN
Fth, BRZOFFARTESZAHIDLSBHEESIcHERZHLTLED
HUWHRRBIL DT,

Q: | once read in a book that some odor substances of live
plants that give off are said to largely affect the larvae of
common swallowtail butterfly to become green type pupae. Is
the description correct?

A: | would say it is not. The author of the book might have uncritically
cited the work of Prof. Toshitaka HIDAKA (Professor emeritus of
Kyoto University, an expert in entomology) published in 1975. He
found that, when he placed the larvae in the dark boxes together with
live leaves of trifoliate orange (food plant) or ragweed (Ambrosia
artemisiifolia (not the food plant for the butterfly larvae) most of the
larvae became green type pupae, whereas in the absence of those
live leaves the larvae became the brown type pupae in dark boxes.
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Hence he explained his results as odor substances of the living
plants determine pupal color and he proposed the “odor theory.”
However, as you may know that within dark boxes, living plants cease
photosynthesis but continue cellular respiration. Consequently, the
plants effuse moisture and carbon dioxide in the boxes. Since Prof.
HIDAKA did not repeat his above experiments but in the natural
conditions under sunlight, he might have ignored or misunderstood
the effect of humidity as an odor substance of living plants. As you
recall my experiments mentioned earlier, it is clear that odors of
plants are not the determinant of the pupal coloration, if at all. Thus,
the issue of the pupal color determinants is so very difficult one even
in entomology experts.

Jd—kb—JL—7
Coffee break
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PARITPTINDYFFXDRESR
Protective coloring of pupa in the blue streak

butterfly

Q: &£TB T FEIARTZARIZHFNCOWTHEHRAEL TWEEWT
EDTIN., EALZEDDI>TcDTTH?

A PARIZ7TINORECREDTHEAZHRLE L, FARIFPY
INEZTNFaoERULKPZTNFIIRIZBELTWSDTINS, 7T /\
FaVERAULDBRREBRERBEZR > TLWDDTIFBRWLWH E BVWEER
ZIRDIEDTUIH, < ERIRERBZR >TVWSIEZHRELLDT
ER

Q: By the way, | understand that you had also studied about the
blue streak butterfly. Could you tell me what you have found
out in the butterfly?

A: Yes, | have also studied on the pupal coloration in the blue streak
butterfly (Graphium sarpedon nipponum). This species belongs the
Papilionidae family as same as the common swallowtail butterfly
(Papilio xuthus). Therefore, | first imagined that this species also
has the same mechanism of pupal coloration as that of the common
swallowtail butterfly. However | have found out that the blue streak
butterfly has a mechanism quite different from that of the common
swallowtail butterfly.
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FPARXI 7\ Blue streak butterfly

Q: PARIVZTIN\OHBIZAZBRTVWBEIDTIH?

Al DX/ FDETY, A/ FREIARRKTIDTRITICEZZTOZIFZ
NEIPHEZRET DO TIN AELEESD LS ETBHERERASEIC
BODEURCe AKRADHICERAETHEIEDEMMD Y X/ FDMKEZ
EDES>THERIDTIN, TOIEZ) DEZTVWBRAEENDRVDTE
BOIIPHBREEDH D EIFAET LT

AITTI\NDMBIZBEEI X/ TOED LETREDYFXICHEDET,
ROBEDLSICRELRHETI S —Valch>oTWET,

Q: What do larvae of the blue streak butterfly feed on?

A: They feed on leaves of camphor tree (Cinnamomum camphora).
| collected eggs and larvae of the butterfly on basal shoots grown
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from the stump of the trees, as the camphor trees are usually so big.
Though the camphor tree-lined streets are commonly found in the
apartment complexes, these trees are usually not aged enough to
grow basal shoots. So, it took many days to collect hundreds of the
eggs and larvae as | could search them around only on weekends and
holidays by driving my car. Larvae of the butterfly became usually
the green type of pupae on green leaves of the plant. As shown in
the photo below, the pupae camouflaged themselves admirably.

DA/ FDEDLEDTARI TS I\DFERY -+
The green type pupa on a leaf of camphor tree.

Q: PARITPTFNSEARBREBEERERBZR >TVWBDTIH?
A: PARITZTINDZEICITHERBIE Y FFOERREICIIERLIE

ATUTc, 58 (200 1ux) DHBEAFTTIE. BB ERSHEKERICIRD,
BENRERSIFHEERICAD U, KEDBROKICHBERICERD
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ZUTHEKDH B Z EICIEBEDOPTEEROEICIEEDLS I IceiReR
HFFICB-DTY, HHRDOBEDOMIMEIC 6 BT DEIERR (stemmata)
NHEDEIT, D I2EDAIEEZESILEVN I YIIGETED DRI &
200 L7 ZDHEDTTCEVWESED ETHERKERDY FFIchDE U, T
B, JIERENSA > TL 2HARBDREEREICKYTIEDTT,

Q: What mechanism did you find that determines the protective
pupal coloration in the blue streak butterfly?

A: | found that tactile signals were not involved in determining
protective pupal coloration in the blue streak butterfly. Under the
200-lux light, the larvae became green type pupae on white cards,
while they became brown type pupae on black cards. Larvae
became brown type pupae also on gray cards. Surprisingly enough,
in dark boxes, all the larvae became green type pupae regardless of
the card colors.

The larva has six eyes (stemmata), each on both sides of the
head. When all the 12 eyes were painted over with black acryl paint,
the larvae became green type pupae on a black card even under the
200-lux light. Thus, the stemmata receiving the light were critical to
the determination of the pupal coloration.
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I

MOFHE : BWEIEKO LOFEDOY FFEEVWEIKO LDBEDOY FF,
WEEHIC 200 LT ADFHKDTT,

Figure legend: A green pupa on a white card and a brown pupa on a
black card under the 200-lux light.

Q: PARIFZTINDZFEICIZRERDSABKD Y FFOBEREICKY]
BDTI R,

A: F5T9, ZDESBEREZEICLTEZDE. HHOBRAINS DK
DB EEANSDODEBRINSDODRFKDBIDEZRERAML TWSD TIER
WheHIZNE T, EEOBRTIEANRNINTULXRWVWREHIFA 7R
WE9 T,

Q: Do |l understand that light received specifically via stemmata
is essential as the stimulus to determine pupal coloration in

case of the blue streak butterfly?

A: You are right. | would speculate such specific role of stemmata as
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follows, based on my experimental results. The stemmata could be
able to distinguish the strength of light that comes from dorsal side
from that comes from ventral side as a differential. Consequently, in
case of the larvae on the black card, the reflected light strength from
the ventral side should be less than that in case of the white card.
Accordingly, the differential value should differ between the two
cases.

Q: EFEINS LEAHLSDREDEZHINL TVSDTREBVLNEWVSIR
REFESADHULWRERETIH ?

A: Z5TT, EBEDOHULWRHRTT . FARITZT/I\DHRIESEIRICK
UTRARIDOEROERATY FFICRIMENHDET, REFTTEERIC
A5 ZAELTHEX U, 200 L7 RDBEHEE T ZHTIBRICIE
HMEDER EHN S AMOBAICHCBEELEIE 100 LTV A TUR, Ul
No T ENBENSXITSHKEFE 100 LTATT, H$HELSEAINSR
I3 (BROREEEFEBIEOM) (F. HEAHKTIEHK 100 LT XTY
DTREEZRZFEAEDD TEA,

—7. REAROGEIEERNS DK 25 L7 ATLIZOT, BAILKS
DHEFRNSDHDEF 75 LT ATUc, IREDERDEKICIFEERID
5DyIF 60 L7 ATLIDT, BEREINS DI EERIHSDHDEF 40
IWIZXTUlco TRDODEZDEN40IILTAULRLEXS ZVERDFHFE
NEIDBEDTFFICREZDTT,

FVWEIRZE > TERDIEDESE ZERERIC 200 L7 AH5 0.03 77X
XTIKBDESERIERZT oIS, BALSDHEEAINSDHXDED 40
WO AUEDEFICETAZZVERNFTEIND I ENHESMNCHEDEL
fco —7A. BREOHPTEERAEERAOREDEIIBZVDTY H S HRHER
BRICKEDZDTY,
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FHPS5D
AStHK

HIER DR R

BRI S DI EERINS D

Q: Are you the first to propose a new working hypothesis to
explain the differential coloration of the pupae of the blue
streak butterfly in terms of a differential strength of light
between those come from dorsal and ventral sites?

A: Yes | am. Let me describe my experimental results more in details.
Larvae of blue streak butterfly tend to stay on the reverse side of the
card against the light source to become pupae, i.e., the side on which
the light illuminates indirectly. Indeed, when | used an illuminometer
the 200-lux white fluorescent light reached the reverse side of the
card as diffused light via reflection on the wall in the room, the light
value decreased to 100-lux. Accordingly, the larvae should receive
100-lux light from dorsal side. In the case of using white card, the
light value received from the ventral side was 100-lux (the reflected
light on the card plus the light comes through the card), apparently
no or a little difference would be detected when compared between
the dorsal and ventral sides.
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In contrast, the larvae on the black card, they received about
25-lux from the ventral side, i.e., the difference between the dorsal
and ventral sides was 75-lux. When gray card was used, the light
intensity from the ventral side was 60-lux, ie., the difference
between dorsal and ventral sides was 40-lux. Therefore, one may
speculate that the differential value of 40-lux is a threshold: the
difference value of more than 40-lux may allow the synthesis of
melanin in the larvae to become the brown type pupae.

| additionally performed experiments using black cards in a dark
room. | lowered the illumination from the white light source stepwise
from 200-lux to 0.03-lux. When the difference between the dorsal
and ventral sides was more than 40-lux, melanin synthesis occurred
to become the brown type pupae. These results indicated that
melanin synthesis requires the differential value of more than 40-lux.
Lowering the illumination to zero resulted in dark condition.
Therefore, it was reasonable that all the larvae became green type
pupae in dark boxes as described above.

Light Reflected light
source Penetrated light
Dosal incidence light
(]
a
Head
Eyes / < Pattern in
thorax
Thorax
legs

Dorsal and ventral lights.
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Q: BRADKEBEXDTTIREARIEHEIZDTIH?

A: FITHNTc LS ICHII T ZFESERETIE. ARORMEITHFFITHRD
FURD BRATETARI T T I\OHRIEKBEHD KA BIDOEDETHY
FTRICRBRDIEBENHZEEZSNET, BNICHOKEGH S DEFEIFH
10 AL ATEH. HRICTEWL TEDEANICWBEHRDOEHAIC (FZEH
SOEEN T AL ANHELD FT, BERAINSIEELSDREN EFEB
HEDMDT AL ADAEDNEEDET, ZOKSICEFRANSDRE
EERAINS EDBERIFIFRACICARDEINS, BRAETIFRKOED LTk
BHOYFFICRDEHATEET, KBEOISEERVLAEDE & T,
40 WO XD &) TERL, BRIECEAIOXED Tty ZHHRIFRML T
WBDTIEBRWHEHERIENE T,

Q: What happens really under the natural sunlight?

A: As | said in the above experiments under the fluorescent light,
larvae tend to move to the reverse side of pupation cards to stay for
pupation sites where they can avoid the direct rays from the light
source. Similarly, in nature, larvae presumably determine the
pupation site the reverse side of leaves to avoid the direct sunlight.
Therefore, although the direct rays of the sun was about 100,000-lux
in a fine day, the larva staying on the reverse side of camphor leaves
received about 10,000-lux of diffused light from the sky at the dorsal
side. The ventral light, which was the sum of reflected light from the
leaves plus penetrated sunlight through the leaves, was actually
about 10,000-lux in a fine day. Thus, the light intensity from ventral
side was nearly the same as that from dorsal side. Under the strong
sunlight, larvae presumably recognize the ‘ratio’ of lights of the
ventral side and the dorsal side rather than the differential value of
40-lux. Therefore, all the larvae might become the green type
pupae on green leaves in nature.
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BAXDOTOYF+F
A pupa under natural light.

Q: BERDOYFFREDLSHEIBTROINBZDTIN?

A BEEOYFFIIEARRTIIEH T LW HL., BESINH TR
DMDEREBATU R, R/ FRBRLEBTIDSKICE > THEERER
ULEEBAD, BICHENHLE., AVENMKENICKRSBDNTEELR
T, ZORKHAELLEPRARRICHNICEZFE > TERLIS 200 )L
JADHD T TEREBEOYFFICHADEUL, KRWEEF2~3HTHEI
BODEULEDOT, T FFOBIERDEEDLSICHEDELELLBAURER
FEEBTI N,

Q: | was wondering if one can find brown type pupae of blue
streak butterfly in nature.
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A: You rarely see the brown type pupae of blue streak butterfly in
nature. In fact, to my knowledge, nobody has published a paper
describing about the brown type pupa. Camphor tree is an
evergreen broad-leaved tree, so leaves don't fall drown in winter.
However, in spring as the new leaves start growing, old leaves
sporadically turn red followed by withering and fall down. | tried to
use red leaves and withered reddish brown leaves for experimental
analysis of the pupal coloration. All the larvae became the brown
type pupae on these leaves under the 200-lux light. After 2 to 3
days red leaves withered and turned reddish brown. The pupal
color of brown type was completely the same as the color of
withered leaf as shown in the following photo. It presumably works
as a fine camouflage color for them to escape from predatory
animals in nature.

RWENHD IR/ *
A camphor tree with red leaves.
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MEOLOFARITT/IN\OBERY ;X
A brown type pupa of the blue streak butter on a withered leaf.

Q: ESUVLTHRVWEDLETHBDY FFICKEZDTIH?

A FIFEFELILESICHBEOBEIOMEIC 6 T DEIBEENHD £,
ZUT. ZNZhORBEROFICIEIEORMEENH D, T2 NEMNR.
B, BREBEZRAITZIENTEDZZES5TY, LML, REZREAT DK
MAEIEH D FEAD T, FRWELHNCREBEDETIFREVWARDOEGEE LR
UCLSBBRDOYFFICB>IcbDEEISNFTET, PRIV FFITH
BRICEENRDOBICHEBRZENT 2B UNH DD T ENNTHEET S
ZEEFERBWDTY, ZFUTCTARITZTI/I\OHRIFHICREDHREZL T
BOBICHERENIZEELNHZDTROBICEBEREEZTS>IENTE
5DTY, ZDLSICEBERATHBEAREDEICESMEENHDET
130

Q: How does a larva of the blue streak butterfly become brown
type pupa on a reddish camphor leaf?
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A: The larva has six eyes (stemmata) each on both sides of the head
as told earlier. It is known that there are three types of
photoreceptor cells in each stemma. The cells can receive
respectively the wavelength of ultraviolet, blue, and green. However,
there is no cell that can receive the wavelength of red. Therefore, the
larvae presumably recognized a red leaf as a black leaf, resulting in
the brown type of pupae.

The larvae that are going to stay at the pupation site of leaf
have a behavior to fix themselves to the twig by secreted silk strings
before pupation, so that even if the leaf with a pupa withers, the leaf
will not fall down. In addition, | found that larvae finish the final
evacuation in the morning and form the girdle in daytime, so that the
larvae can see the color of leaf to determine the pupal color during
daytime. Thus, there is such a fine reasonable cooperation between
these behaviors and the mechanism of pupal coloration.

BB 5 5

violet blue green

300 350 400 460 600 550 600 B850 700 & nm

BDERER : S RDOERICH B IBDERTMIRIEZTNZNENR - T - DK
RZERU 2N ROKRZRUEEHERBIIEELZ,
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Figure legend: Three types of photoreceptor cells in the larval eyes
can receive respective wavelength of ultraviolet, blue, and green, but
there is no photoreceptor cell that can receive the red wavelength.

CDFARITZTN\DYFFDREEREEEICDOVWTDIADKERX D
HCIE. Graphium BICEBT 2R DD T FF OREEREEEICDOWN
TERHUICHRXFSETICHD FEATU .

To my knowledge, except my paper published in English
describing about the pupal coloration mechanism in the blue streak
butterfly, there has been no paper reported about the mechanism of
pupal protective coloration in butterflies in the world belonging to
the Graphium genus.

Q: PTNFIavEFPARIFPTINBERBBZPODATYFFDBZERHTW
EDTIhR, ESUTIABERSIBERERBER OLIICBcDT
L&5?

A 7TNFauROBELEDFavOHYREEZSEXLDEVEEYZR
NTHETEBEDY FFICB oL LHEAENET, BERS. RENGF
IVEVWODNTWEF T FIVRAVTAALDEZRNTELEEDT T
BOYFFICBENSTT, DNABRANSTTNFIVETARITY
J\IF 8500 AFIEFLERDBRERNICEVWCAIRUVELL TSI ENHS
NTWET, KRKOLETHFFICBRZIUEZRESEIBIETENZNAIL
DREERERBZHRESIDSHENDICDICESETESLEEZS
NEINR. IDLSBIPBREBPERLEY -V UHIEZ T TERER
(BRERN) 1 ICL>T 8500 FEDREICHRAICELL TEDTI,

Q: It is quite interesting that you have shown different
mechanisms of the pupal coloration between the common
swallowtail butterfly and the blue streak butterfly. How and
why did these butterflies develop into those acquired different
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mechanisms?

A: Larvae of the oldest ancestral butterfly in the Papilionidae family
are thought to feed on short herb plants and form only the brown
pupae on the ground. These speculations were based on the fact
that larvae of the primitive species called gifu butterfly (Luehdorfia
Japonica) feed on the short herb wild ginger (Asarum) and form only
the brown pupae on the reverse side of brown leaves fallen on the
ground. DNA analysis revealed that the common swallowtall
butterfly (Papilio xuthus) and the blue streak butterfly (Graphium
sarpedon nipponum) were diverged each other about 85 million
years ago (corresponding to the dinosaur period). During the
evolution, these butterflies presumably developed independently
each other in terms of time and environments the different
behaviors of pupation on trees and the different mechanisms of the
protective pupal coloration to escape from predatory animals. These
appropriate mechanisms of pupal coloration and behaviors in
pupation might have developed gradually during 85 million years by
the ‘natural selection’ proposed by Charles Darwin.

FPTNFas TFARITFHN
Common swallowtail butterfly  Blue streak butterfly

Papiiio xuthus Graphium sarpedon nipponum

¥7Fav
Gifu butterfly
Luehdorfia jeponica

#HEDF I
Ancestor

T INF 3 IORIDF 3 DR
The phylogenetic tree of butterflies in the Papilionidae family.
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Book: “Butterfly: Mystery of Pupa” by Hiraga Sota.

E2F F* BRMR=E F FLUI (2016)
Library /insect research room /atelier (2016).
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4247 1—#%8

FEIAIRAVIEL—ULUT. HEEBEDIRTOHERECALBKRMOERW &
DK EARH IS EICIBEZF U, FEHIADBALARFREIZERED
HFXDREEHEDLSICVUTREDIDONEVWSHEETLE, HRED
BRELSEBETFINETIFI—YaTY, HEhbBERDVEICEZLT 7
A7—MDELSBERETY, FEIARCOIFWEELWERZHSH
IKLEDTY, MREBELTOMDEBWVERDMICFAIES REL, 2L T
BEOBELGRBEZE > TEHLERRARZEFELISEN LD AL
RICEDFLU, FEolERBIKEES. BES. BESH. FYFILAX
Z.I73Y, BEMTRAIVRBE, ENH—RRETHEIZS5L5HDIE
MO TYT, CABMREFESIARTPICEET—AZIDIDEPH>TH
BEULATESNEOTRABWTLESD, BREFXUREZNMITRIE
B EICEETTI VAMBELEED. 200 LY ADHEXTZ6TAHHA
TR UVICUREBEBTZAIV AV ZU TS SADHEBEYPYFFICHEHE
NTE->TWEBELEWSIEY —RZBEIARBEHRTELXIN? <h
ZTHRERTIR. FHEULEBEHEK SARVE > TWEERFSTA
7999 L (BHE) O&S5E>EDZETT,

COMRFERE2DDRBORXICE EHTEND BERERZ DM
(Journal of Insect Physiology) IcERSIhicEDZ &, FTETE
g « X5, (bYREbRY) bEEShFELE, X175
N BE - -TvITFHAY - LA TV NG ELTEESAD—ATIE
BRUREEEZSTY, FEIALEINEE - B -8  AMBEDIFTR
MHEGbRETWELEE X U, FREBHEMETEHEEMESINS LINK
BTRUESHA Y E—IVZEALEKREHEOERZZHAERLTVWDZ
5TY, MRICEFTIIHIFH/INT—ICERhEEELWAIVYE2L—TUL
feo

(Y. K. i 2017)
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Interviewer’s Notes

After the interview with Prof. Hiraga, | was surprised to find out that
there had remained so many such interesting problems to be
explored even in these common species of butterflies. The subjects
he chose among them to study were the physiological mechanism of
protective coloring of pupae in butterflies so that the pupa can
mimic its color to that of pupation sites resulting in camouflaging to
escape from predatory animals, for example, birds. | was really
fascinated that butterflies behaved as if nature gave them a gift of
fine artist. And Prof. Hiraga explored the behavior in view of
scientific basis. | was deeply stirred by his researcher’s spirit of
inquiry and also impressed that he performed experiments using
experienced skills with the use of apparatus simply consisting of only
household utensils like thermometer, hygrometer, illuminometer,
digital camera, air conditioner, fluorescent lamp, and so forth so that
one could perform experiments at home. He must have enjoyed his
all the experiments he planned including the hard one in which he
had to keep watching the larvae for the time course of
metamorphosis every hour for a whole month by setting up an alarm
clock. Can you imagine the scene he told me episodes where he is
wearing a sleep eye mask under the 200-lux strong fluorescent light
at nights for “6 months” surrounded by many larvae and pupae, and
he had to wake up every hour at nights for T month using an alarm
clock. | just couldn’t help smiling or laughing, but for him it was no
laughing matter overwhelmed by spirit of inquiry. Many butterflies
emerged were flapping round anywhere. The room was like an
insectarium.

He has published two papers in English about the results
mentioned in the interview in International journal ‘Journal of Inset

43



Physiology. In addition, he published a book on his own work,
entitled “Mystery of Butterfly Pupa” in Japanese (2007, TOMBOW
Publishing Co., Ltd.). In this book he did by himself all the editing
including drawings, illustrations, photos, book design, and layout. |
remarkably enjoyed his illustrations of butterflies, birds, fishes,
figures, and others by oil painting. In fact, he has sent his many
large oil painted pictures in exhibition including social messages in
LINK Exhibition, which has been held in the Kyoto Art Museum in
every year. | really enjoyed the interview, in which | was
overwhelmed by his powered enthusiasm on his research.
(Y. K. wrote in 2017)
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