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INTRODUCTION

There have been a number of investigations carried out on the com-
pound eyes of Lepidoptera (EXNER, 1891: JOHANSEN, 1893: HESSE, 1501
a: DEMOLL, 1909, ’10: JOHNAS, 1911: BUGNION - & POPOFF,. 1914:
ELTRINGHAM, 1919: MERKER, 1929 : NOWIKOFF, 1931: SUGIYAMA, 1933:
COLLINS, 1934: UMBACH, 1934: YAGI, 1938, 50~'53; DAY, 1941), but on
those of the Bombycid moths no morphological studies could be expected
to be found in addition to the contributions by TOYAMA & ISHIWATA
(1899), OKA, A. (1899). IKEDA (1913), SUZUKI, K. (1943), TANAKA -(1943),
and WOLSKY (1949).

Geneticists and biochemists have treated the Bombyc1d eye from
hereditary - point of view on the pigment formation (UDA, 1928, ’30, '32:
KIKKAWA, 1937~’49: KAWAGUCHI & KON, 1937, 88 : MOROHOSHI, 1938,
41: UMEYA, 1938: TAZIMA, 1942: SUZUKI,- K. 1943: KATO, M. 1951:
KAWASE & ARUGA, 1953). :

Those findings are- far from our demand to solve the problems of
function and physiology of the vison of the Bombycid eye.

It is wellknown that the domestic silkworm (Bombyx wmori LINNé)
would have been derived from the wild silkworm (Bombyx mandaving
LEECH)* considering from their morphological and physiological kinships
between the both species (SASAKI, 1898: YAGT, 1922 : KAWAGUCHI, 1923
~'34: KE, 1930 4, b: OMURA, 1939, ’41, ’50: ISHIHARA, 1941, ’43: TAKEDA
& TANAKA, 1952 TAKEDA, 1954). If it is certam the study of modifica-
tion of the tissue in the domesticated eye would ‘give some interesting
problems on the adaptation of vision to the artificial environment.

The author, who has preliminarily reportedion the morphology of B.
mori eye, intends in this paper to give the detailed descriptions on the
structure and function of the eye comparing with that of B. mandarina.

It is pleasure to record here a debt of acknow]edgemen‘c to Prof.
Nobumasa YAGI for hlS kindness in supervising the work and reading
the or1g1na] manuscript. Thanks are also due to Prof. Toichi UCHIDA
and Prof. Tetsuo INUKAI, Hokkaido University, who gave him very
helpful criticisms; to Mr. Senzaburo MIYAGAWA, who:sent some. mater1als
for the author’s use; to Miss Reiko YAMAZAXKI and Shigemitsu TANAKA,
who assisted him throughout the experiment.

* Various scientific names have bzen used for the spzcies; Bowbyx fusca M.,
Theophila mandarina M., Bombyx sp. P., Bombyx mori mandarina, Bombyx mandarina
L., Sericaria wmandoving S., Bombyx (Theophila) mandarine. The name used here is
due to LgecH’s nomenclature (1888). T Lo



No. 4 COMPOUND EYE OF THE BOMBYCID MOTHS 9N17

MATERIALS AND METHODS

Most of the Bombycid moths used for the experiment were bred
from the larvae in the author’s laboratory excepting Ringetsu, Daizo,
and the red-eye mutant.

The moths of B. mandarina were collected from the mulberry farm
in the college yard by a light trap, besides those grown from the Jarval
or the pupal stage.

All the materials are shown in the following:

MATERIALS

1) Bombyx movi
Japanese race Univoltine (Nichi-11, Fujiiroran)*
Bivoltine (Nichi-119)
Chinese race Univoltine (Hekiren, Gominhaku)
Bivoltine (Amoy-moricaud)
Tetravoltine (Ringetsu, Daizo)
Polyvoltine (Binh-dinh)
European race Univoltine (0-15, 0-19, Zebra)
Red-eye mutant (7e)
Yellow-eye mutant (Tdshokuran, the colour of its egg is orange
yellow) .
White-eye mutant (w;, w.)
Japanese bivoltine x Chinese bivoltine (Nichi-119 X Amoy-moricaud)
9) Bombyx mandarina :
3) Bombyx mandarina x Bombyx wmovi (B. mandarvina X Sanminhaku strain)

METHODS

The external observations were performed on the materials fixed by
352 formalin and 70% alcobol mixture, refering the living one.

For the histological observation the compound eyes were sectioned
with paraffin pertaining to the method as in the followings. ‘
1) Fixing, in Sugiyama’s (Distillated water 80, 36% alcohol 15, 35%

formalin 6, acetic acid (cold) 38), Bouin’s or Carnoy’s fluid. The

latter brought the best result. Softening reagents were not used.
9) Inbedding, in m. p. 60~63°C paraffin.
3) Staining, with methylene blue, eosin, Delafield’s haematoxylin, and

Heidenhein’s iron haematoxylin.

* The eye of this strain takes a purplish black coeleuration which can hardly
be discriminated from the normal (black) eye strains.
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4) Depigmentation, with Grenacher’s solution. This was not used for
the observation of pigment migration.
5) Thickness of sectioning, in 5 to 154

I. EXTERNAL MORPHOLOGY

1) Géneral Form

The side view of a com-
pound eye is ovoidal in shape
and crescent from the front.
Observing dorsoventrally, its
surface curves steeply towards -
posterior. General form of B.
mori eye is closely  similar to
that of B. mandarina (Fig. 1).

The size of the eye is
correlated with that of the
body. The vertical and the
horizontal lengths of B. mori
eye (Chinese univoltine) are
1.40 mm and 1.14 mm respec-
tively. The eye of the hybrid
( Japanese bivoltine X Chinese
bivoltine) is larger than that
of the parents (Fig.- 2). - The;
ratio between the vertical and
the horizontal lengths is 1.23
approximately. The radius of
the Bombycid moth eyes is
shown in Table 1. The
‘curvature was calculated as a

part‘ of a.circle. » S Fig. 1~ Shapes of the compound eyes :
-~ The ' curvature in the of Bombyx wmori (left) and B.
holizontal section is more con- - - - mandarina (right). '

1. Dorsal view 2. Lateral view (-
R Ventral view = 4. Frontal view

‘vex than in the vertical. Mi-
nute differences are seen in thé

Table 1. Radius of the curvature of the compound eye {(in 95% reliability)

Species - S Vertical - (v ‘ Horizoﬁ’pal' (I(l)

Bombyx mori 658 ~ 678 593 ~ 607

Bombyx mandarina ) » " 580 ~ 596 o | 558 ~ 570 .
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- Bombyx mori. . - - " B. mandarina B.wman.x B.mori

Japancse hivolting

% Chinese bivoltine Univoltite Bivoltine . Tetravoltine Polyvoltint:

]
1

3 1 3 s Il I Dzt 5 1 L 1 s . : PP

—— 1mm
Fig. 2 . Vertical and horizontal lengths of the compound eyes.
radial length between the sexes or the strains. The both radii in 5.
mandaring are shorter than those of B. mori. In Chilo simplex the both
radii were about 440 (YAGI, 1938), showing very convex typeas compared
Lo L : D " with the Bombycid eyes.
2) Colouration

The colour of the compound eye
is generally purplish black in the
daytime, and the central pupil can
scarcely be identified differing from
other moths, while in the night time
the pale bluish glow appears in the
central part (Fig. 8).

In the red-eye mutant of B )
the colouration is reddish brown in
. the daytime exposing the glow. which
is paler than in the night time.

In the yellow-eye mutant the eye
is orange yellow when adapted to light,
taking grayish black colour at the
margin of the eye. When the dark
. . adapted eye is illuminated, the paler
el . S . glow appears expanding.-

- The white-eye mutant {Photo 2)
shows no change of the colouration at
any condition of hght ‘or dark. The
eye looks like a pearl being bordered
: ; by grayish colour as in the case of
Fig. 3 External appsarance -~ the yellow-eye. The eye of w,, generally
- of. the compound eyes takes white colour and of o, slight

% Il‘)lil; Zgzgizg yellowish or pink.

1. Nermal eye 2. Yellow "+ The latter exhibits a glow in the
Z;’: (ff I;ed;Zfi)(l"'i’ t%e darkness as the yellow-eye does. The
mandaring 777 fixed eyes of yellow-and white mutants

show their own colour as a whole, and
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the black margin caused by the reflection of the chitinous ring under
the peripheral ommatidium is obliterated.

The colourations of mandarina and mori show little difference in the
light or in the dark condition, but rarely the former exposes a coloured
glow of yellowish orange as seen in the eyes of the Noctuid and
Saturniid moths. \

This fact indicates the difference in the construction of the eye in
B mori and B. mandarina. ,

The sexual difference was not recognized in the colouration.

3) Surface Area

The surface area of the compound eye was measured on the enlarged
figure by projection using planimeter after treated with 10% KOH
solution to make the cornea a plane. It is shown in the following table.

Table 2. Surface area of the compound eye

Species 2 (mm?) 3 (mm?)

1. Japanese univeltine 1.862 ~ 2.122 2.115 ~ 2.429

| Z ” biveltine 1.792 ~ 2.036 2.253 ~ 2.567
§ 3. Chinese univoltine 1.575 ~ 1.7% 1.627 ~ 1.885
w 4 » biveltine 1.530 ~ 1.672 1.743 ~ 1.871
§| 5 . tetravoltine 1.156 ~ 1.432 | 1.419 ~ 1.637
';:E_ 6 »s Polyvoltine 1.366 ~ 1.568 1.671 ~ 1.997
7. Eurepsan univeltine 1.686 ~ 1.868 1.843 ~ 2.045

‘8. Japanese biveltine x Chinesz bivoltine 2.168 ~ 2.580 2.460 ~ 2.700
Bombyx mandarina 1.222 ~ 1.382 | 1.384 ~ 1.546

Bombyx mandarinax B. mori 1.341 ~ 1.575 | 1.547 ~ 1.709

1. Fujiiroran 2. Nichi-119 3. Hekiren 4. Amoy-mericaud 5. Ringetsu
6. Binh-dinh 7. Zebra §. Nichi-119x Amoy-mericaud

The area varies according to the races or the strains; Japanese race,
1.90~2.40 mm?: Chin. univol, 1.60~1.80 mm?: Chin. tetravol., 1.20~1.50
mm?®: Chin. polyvol, 1.50~1.80 mm?®: Eurcop. race, 1.80~1.90 mm?*: Jap.
bivol. XChin. bivol., 2.40~2.60 mm? The surface areas of B. mandarina
and B. mandatina X B. mori are 1.30~1.50 mm?® and 1.50~1.60 mm?® respe-
etively. The surface area of the eye of Chilo simplex is 21,9964% in the
female, 26,4944° in the male, so the Chilo moth eye is no more than one
fiftyth of the size of the Bombycid moth eyes.

. The significant difference between sample means of surface areas of
the eyes was tested by the method of Analysis of Variance (in 5% level
of significance) and the results are as follows;

Between sexes; - male>female

" races; Japanese>European>>Chinese
,, Strains; in Japanese, non-significant: in Chinese, non-
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significant between univol. and bivol.:
e ; . bivol.>tetravol
.  species; B. mori>B. mmdarinaX B. movi> B. mandavina
Jap. bivol.x Chin. bivol.>B. mandatina X B. mori
- The surface area of the male moth eye is wider than that of the
fernale. Such a sexual difference is observed in general moths, on the
contrary, in mosquitoes the female eye is wider than the male’s (SATO,
1950, ’58 a, b). : ‘
4) Size and Number of the Facet
The shape of the facets generally takes a regular hexagon (Photo 10)
without difference between the sexes or the strains, but irregular shapes
are seen at the marginal region of the eyes.
The diameter of the facets in B. mori-is 97 to 294 as shown in Table
3.

Table 3. Sizes and number of the facet

N _ Subject Diameter of Ai‘ea of | Number of Facet number
\ the facet the facet the facets per 1mm?
‘ Sex () N
Species \ ? [ 3 Q f 3 2 3 ? 5
|
Japanese . 27 T~ (276~ | 00—snlgorroq3,692~ 4,362~
univoltine 28.6  28.4/499 530‘495 524774 009 4,558 1948 | 1,963
o 27 5~ [28.4~ 3,568~ 4,134~ :
. biveltine 28 1 29.5492~512524~568 4,056 4,710 1,992 | 1,835
Chinese 26.1~ [27.5~ |, /3,368~ 3,209~
| univoltine |  97.4] 25 pAd4~400498~527 3,848‘ 3,684 2141} 1,961
N o 278~ 127.9~ o ra]2,810~ (3,376~
S| bivoltine 8.4 3s.q004~524500~581% %0553 370 | 1,883 | 1,931
. [26.5~ [26.4~ 2,343~ 3,064~ |
% - - , , ,
g tetravoltine| 0550 (P04 uss~517453~502> 7 3004 2,050 | 2,084
g . lo7.0~ |27.2~ 2,749~ 3,405~ .
S| Polyvottine F-0% JZ2 lag1~s10473~510> "0 S AP 2,012 | 2,03
European 27 .9~ 28.4~ N o eral3,163~ 3,376~
univeltine 203 29.6906~560524~568""3" 503" 5 74 1,876 | 1,832
|Japanese
biveltinex [26.1~ [26.7~ 4,705~ [5,114~
Chinese 27,9 o778~ 1801463~498 " " gng" 5 Tgay 2,171 | 2,083
bivo}ltine
. 1939~ 249~ .o nel3,343~ 13,662~
‘Bowmbyx wmandarina 2 6 25.0371 393|381~405 3 475 3.792 2,618 2,544
: . log.7~ |27.0~ 2,811~ 13,175~
Bombyx,mingfzzgz_‘ o7 5 27.8463 491474~500 3,303 3,500 2,097 | 2,058
Reliability in } 99% 99% 95% R

The strains used are the same as those in Table 2.

The significant difference of the facet diameter between the male
and the female is negative except Japanese divoltine, chinese univoltine,
Jap. divol XChin. divol and B. mandarina, whose diameters are larger in
the male than in the female, and it is recognizable that the more the
voltine, the lesser the diameter. The facet diameter of Jap. bivol. XChin.
bivol. is reduced than that of the parents; the female 96.6x ,the male 272
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# (mean value). This will be of hybrid rigor, by means of which the area
of the eye increases. TOYAMA & ISHIWATA (1899) and IKEDA (1918) re-
ported that the diameter is about 204 in the lesser length than the
author s measurement.

The facet diameter in B. mandarina eye is 24.9¢ in the female, 94.6x
in the male; in B. mandarinaX B. mori, 2714 in the female, 27.4¢ in-the
male ;'the former is lesser than that of B. mori, the latter mediates ‘the
parents’. The area of the facet (s) is calculated by the follovvlng formu]a

3y 3 :
, T2

Where @ is the length of a side of a regular hexagon.

The facet areas of the eyes are about 500u® in B. mori, 400u1* m B.
mandarmrz 4804° in B. mandarinegxB. mori, as shown in Table 3.

The sexual difference between the areas is not evident in the majo-
rity of the strains, while in the minority it is evident.

‘ It seems to- be interesting fact that a component unit of tissuves
differs according to the sexes.

The number of the facet in B. mori eye (Table 3) varies as the foll-
owings; 38800~4500 in Japanese race, 3000~3500 in Chinese uni- and
bivoltines, 2600~3200 in Chinese tetravoltine, 3000~38700 in -Chinese
polyvoltine, 3300~3600 in European race, 5200~5400 in Jap. bivol. x Chin.
bivol. The number varies 3400~3700 in B. mandarina, 3100~3300 in- B.
mandavinaX B. mor.; the former species contains mors numbers of ommas-
tidium than in B. mori, the latter hybrid shows a middle value between
the two species.

The facet number per unit area (1 mm?) of the eyes is 1800~2000
in B. mori, 2500~2600 in B. maendarinag and about 2100 in B. mandarina
x B. mori, without sexual difference (Table 3). _

The wild silkworm moth seems to have a capa01ty to form more
acute image than the domestic silkworm does.

The statistical s1gn1ﬁcance of differences in the facet number betweén
the sexes in each species or the interspecies were tested by the preced-
ing method with 59 level of significance and the results are as follows;

“male>female, Jap. bivol (Nichi-119)>Chin. univol (Hekiren)> Europ.
univol (Zebra)>Chin. polyvol. (Binh-dinh)>Chin. bivol. (Amoy-moricaud)
> Chin. tetravol. (Daizo), Jap. univol > B. mandarina, = Jap. bivol. > B.
mandavina X B. mori> Chin. tetravol. R

II. INTERNAL MORPHOLOGY

1. GENERAL STRUCTURE OF THE COMPOUND EYE
The Bombycid moth eye belongs to the eucone type, on which very
'many descriptions have been ‘made since the last century (GRENACHER,
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1875, 77, 79: EXNER, 1891: PHILLIPS, 1905: HESSE, 1901, ’02, '08:
KIRCHHOFFER, 1908:.BEDAU, 1911: ZIMMERMANN, 1914: OGUMA, 1917:
JOHNAS, 1924: NOWIKOFF, 1931: AINO, 1933~°36: SUGIYAMA, 1933:
WEBER, 1933: UCHIDA H., 1934: UMBACH, 1934: COLLINS, 1934: YAGI,
1938~'53: DAY, 1941: KOYAMA, 1952 a, b, ’53 a, b).

The eye of B. mori, of course, develops from the optical disc of the
larval lateral occelli, and in this case WOLSKY (1949) observed two par-
tial discs (Anlagen), one of which lied on the anterior and the other on
the posterior. The margin of the eye touches to the ocular sclerite
(SNODGRASS, 1935) which is bordered by the ocular suture. The whole
mass of ommatidia is supported by the blackish chitinous broad ring
(Photo. 5), which is in role of the suspender of the basement membrane.

The axial section of the eye shows a fan-like shape as in the general
case of moth eye, and the angle of this fan will be considered as the
visual angle of the one side eye. The visual and the ommatidial angles
are shown in the following table.

Table 4. Visual angle of the eyes (in 95% reliability)

Species » Vertical Horizental ‘ Ommatidium
B. mori ~‘ 139 ~ 145° 136 ~ 140° ’ 2.12 ~ 2.26°
B. mandarina 134 ~ 142° 132 ~ 138° 2.03 ~ 2.19°

The calculated visual angles in the vertical and horizontal sections
are about 140° in B. mori and 135° in B. mandarina. The horizontal head
angle and the vertical visual one are about 980° and 270° respectively
by calculation. The angle subtended by each ommatidium is nearly 2.10°
in the Bombycid eye, on the contrary to RAMSAY’s description in a
dragonfly’s eye (30/). ‘

9. STRUCTURE OF THE OMMATIDIUM (Fig. 4)

a) Cornea _ ' ' ‘ v

The outer chitinous lens or cornea is transparent taking a hexagonal
shape. superficially and concavo-convex in the cross section. The cornea
is composed of three layers which: are assumed to be correlated to the
general ‘layers of cuticle, namely, epicuticle, exocuticle, and endecuticle.
The outer layer is about 5z, the middle one about’ 8¢, the inner one
about 9u, totally the cornea 154 at the center and 10¢ at the edge, in
thickness (Table 5). The outer layer is stainable with Heidenhein’s iron
haematoxylin. The wavy lines are seen in each Iayér'(Fig. 5). The
corneal curvature of the inner surface (63~65x¢ .in ‘B. mori: 53¢ in" B.

~* His ébservation has being confirmed by  the auther.
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Fig. 4 Longitudinal (left) and cross (right) section of the emmatidium of B. mori eye.

D : Dark adapted, - L: Light adapted

Bp: Basal pigment Bpn: Basal pigment cell nucleus Bm: Basement membrane
Cr: Cornea . Cc: Crystalline cone Ic: Iris cell

Icn : Iris cell nucleus Nc: Nerve cord Rs: Reflective substance
Rn: Retinular nucleus Rpc: Retinular pigment cell

Rpn : Retinular pigment cell nucleus ) '~ Rh: Rhabdome

Rhn : Rhabdome nucleus Se: Semper’s cell Tr: Tracheole

Tt: Tracheal tapetum

mandaring) is lesser than that of the outer one (about 19 in B, mori:
182 in B. mandarina). The refractive index of the lens was measured by
Becking & Chamberlin’s method (1925) and the focal length (f) was com-
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Table 5. Mesurement of the cornea (in 99% reliability)
Thickness of the corneaRadius of the curvature
Spscies :
Center () Edge ) Outer () Inner ()
Jap. univel. (Nichi-17) 15.27~15.33|10.65~10.79(18.56~19.24/64 .53~65. 07

, bivel. (Nichi-119) 15.57~15.99(10.21~10.47 —_ —
Chin. univel. {(Gominhaku) 14.68~14.84] 9.37~ 9.47|19.73~20.2764.70~65.26

N bivol. (Amoey-mericaud) [15.28~15.78|11.44~11.78 -— ———

§ tetravol. (Ringatsu) 14.11~14.25( 9.14~ 9.33 _— —_—

2 polyvel. (Binh-dinh) 10.68~10.88| 8.16~ 8.46(18.42~18.78/63.15~63.65

§‘ Europ. univol. (0-15) 15.52~15.6812.21~12.45 -_— —

N | White-eye mutant (;) 15.19~15.4111.18~11.32] —— —
Jap. bivel.x Chin bivol. 13.43~13.87] 9.43~ 9.87 —_ —
Bombyx mandarina 13.72~13.96| 963~ 9.8317.49~17.9152.67~53.33
Bombyx mandarinax B. mori |13.09~13.26 9.50~ 9.76, e —_—

puted from the dimensions of the lens by application of the following
formula:.
1 1 1 —1)i
Fro-n(ier -5
pu=the refractive index of the entire cornea
7; and 7,=the radii of curvature of the external and internal surfaces
respectively, and f=the thickness of the lens.

Table 6. Focal length and refractive index of the lenses

Species Focal length Refractive index
B. mori (Nichi-11) 43.9 # 1.350
B. mandarina 37.5 1.374

The focal length of the lens in B. wori (43.9z) is longer, while the
refractive index (1.8350) is lesser compared with those (37.5¢: 1.374) in B.
mandarina. The image formed behind the cornea is. shown in Photo 1.°
b) Crystalline part ,

Under the cornea there lies a layer of Semper’s cell® which is com-

* This name was used firstly by CLAPAREDE (1859). For. the cell corre-
sponding to Semper’s csll in the Bombycid eye, various namss have been given ;
Corneagen, cerneagsnous cell, crystalline cell,- and hypodérmis cell (GRENACHER,
1879: WATASE, 189CG: ROSENSTADT, 1896: Hgsse, 1901 a: BERNHARDS, 1916:
ImmMs, 1930: AINO, 1933—’36: SUGIYAMA, 1933: UcHIipa, H., 1934: SNODGRASS,
1935: YAGI, 1938), but what is called cerneagen or corneagenous cell consists of
two cells, so the author considers that the name ef Semper’s ars more fitted for
the cell. Then, the name of crystalline cell must be given to each cell composing
the crystalling cone.
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posed of four flat cells as in the general ommatidium being attached by
the crystalline cone ploXimal]y where exists the iris cell sidewards.
Semper’s cell is 1 to 2# in "thickness, and its nucleus is stainable with
pigments (Fig. 5, Photo 7, 11).

‘ The crystalhne cone takes a bullet-like form and plays an important
part in condensing the coming light from the upper corneal lens.  The
cone body is covered with the crystalline sheath (about 1z in thickness),
and the latter end connects to the distal part of the rhabdome.’ »

The pale coloured granules were found on the surface of the cone
body in the sheath when observed by the casting dim light (Photo 37~
40). In the Hespériid eye the same granules was discovered by YAGI
(1953), but any descriptions were not recorded on the granules in the
Heterocerous eyes. The reflective granules are rich in B. mandarina,
and much more abundant in the hybrid between the silkworm races
than in the pure race of B. movi. : .

The granules are insoluble with alcohol or xylol and stamable with
various pigments, being assumed to the dissimilar substance to “weisses
P1gment” named by LEYDIG (1868) in the Crustacean’s eye, or “Irlstapetum-
zellen” observed by GRENACHER (1879) in the iris pigment cell of the
insect eye. Further researches must .be done” for: the question whether
this substance is an artifact or not in all the moth eye. Any way it is
certain that the substance plays an 1mp0rtant photorpﬂectwe role in the
Bombyc:1d moth eyes.

Table 7. Measurement of the crystalline cone (in 99% reliability)
Length of the cone |Width of the cone |Thickness of

YS pscies () (#) | the sheath
the. whole[ the body Jthe whole| the body- (in a\.fera%;;

54.03~ [43.50~ [17.32~ |15.31~

Jap. univel. (Nichi-11) 56.70  44.59  17.78  15.59 1-05
L s 162,52~ [55.27~  [18.30~  [16.41~ ‘

- bivel. (Nichi119) ™% %es 48 Tas.7a 1800 1659 083

Chin. univel. (Gominhaku) 66.50~  48.66~  20.22~ - 8.20~ |- 4

68.13 50.32 20.64 18.60f

§ ’ bivol.(Amoy-mericaud) - 64&;- 1252:.94;3.30 16.55;5.9’5 15. 005.27 0.80
&|  tetravol. (Ringetsu) R L L (g B X
§ polyvol. (Binh_dmh) 53.19;421 40.55:13.05 14.08;;.4212.645.86 0.75
|Europ. univol. (G-15) 6 68;35 . 59.7‘3;0 2718.05;5 ” 57— | 116
White-eye mutant (wy) 53 89;; 4 43'43;9: 69 17 831; 17 4 97"5' 17 1.47
Jap. bivel.x Chin bivel. |/t 287: 7252 67% 3 17 351“; . 13 701~3 oo 185
Bombys mandarina > 385;.98146'114;.35- R g 075 :
- Bombyx mandarina X B. mori 70.05~ 53,92~ 19.04~ 14 .65~ 2.99 -
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Generally the size of the cone is assumed to be about 50# in the
length and 15 in the width. Eutopean race is. the largest (60x: 164),
Chinese polyvoltine race is the smallest (40¢: 13u), and the other races
stand in these two races.

No evident difference on the sizes of the cone between B. movi and
B. mandarina could be recognized.

SUZUKI, K. (1943) reported that the colour of the cone in the black
eyve of B. mori was dark brown, that of the red-eye slight reddish brown,
of the pink-eye paler reddish brown, and of the white-eye celourless.
According to the author’s observation on living materials, all' the cone
body itself of the moth eyes 'is colourless. The author . experienced
sometimes ‘that the colour of the iris pigment penetrates into the cone
body in the course of paraffin inbedding of the materials.” It is quite
probable that the diffusion of pigment through the paraffin will occur
in the tissues, and the cone will be stained by the colour of the adJacent

pigment cell. ‘

e) Iris cell

- The iris cell (primary pigment cell or distal
pigment cell) consists of two cells which con-
tain pigment granules and cover the crystal-
line cone. The pigment, being reddish brown,
distributes homogeneously on the cone surface.
The size of the granule in B. mori is about
0.632, and 057z in B. mandaring, both lesser
than that of the retinular pigment. The
nucleus (2~4#) is seen in each iris cell (Flg
4,5, Photo 3,13).

When the moth is putted in the light, the
iris pigments migrate downwards to accumulate
at the base of the cone leaving one layer of
the pigment in thickness, and in the absence
of light all the pigments move upwards along
the cone surface until the basal end of the
cone is opened. Coincidently the nucleus
moves up and down with the migration of the
pigment. The reason of holding one layer in
thickness of pigment granules is assumed that
the light coming from the adjacent cones is
Fig. 5 Longitudinal obstructed to make the cone have more con-
section of the crystal- centrative function of light. No reflective
line part of B. mori substances could be observed in the iris cell
eye (light adapted) of the Bombycid eyes differing from the case

of the butterflies and mantis. -
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d) Retinular part

In. succession to the cone, the iris cell and the rhabdome are en-
veloped by the retinular pigment cell which terminates at the top of the
rhabdomere, where the retinular nuclei are situated. The retinula is
composed of seven to eight cells* each of which unites compactly
making a rod (rhabdome, Photo 8). The retinular nuclei do not move
up and down in the retinular part. Such a phenomenon seems to be of
interesting fact that has never been observed in the other nocturnal
moths (AST, 1920: NOWIKOFF, 1931: SUGIYAMA, 1933: YAGI, 1938). The
immobility of the above nuclei is similar to the conduct of the same
nuclei in the eye of diurnal Lepidoptera. Retinular cells are truly the
nerve-end cells as shown by MULLER (1829) and SHULTZE (1868), their
views having been confirmed by GRENACHER (1879) and HICKSON (1885).

At the basal part of the retinula near the basement membrance, a
nucleus (rhabdome nucleus) can be seen and no pigment appears there
(Photo 21, 51). The contractile fiber found in the eye of Coleoptera by
LEYDIG (1934) was not recognizable in the Bombycid eyes. The retinular
nuclei of the eye in B. mandasine are more easily stained than that in
B. mo?i by Heidenhein’s iron haematoxylin.

The retinular pigment cell (secondary pigment cell or proximal pigm-
ent cell) is composed of six elongated cells (Photo 6, 15, 16). In cross
section each cell takes an appearance of a regular triangle surrounding
the rhabdome. The nucleus of the retinular pigment cell is about 5~6u
in length lying at the middle part of the crystalline cone when adapted
to the dark and moves downwards beneath the cone in the light.

The pigment cell contains densely purplish pigments (0.65~0.68%)
and not any reflective substance.

The colouration of the retinular pigments in the red-eye, the yellow-
eye and the white-eye mutants are reddish brown, yellow, and colour-
less, respectively. The pigment colour in B. mo#i is rather paler than
that in B. mandarina. When the eye is exposed to light the retinular
pigments move downwards and reach to the top of the rhabdomere,
while in the dark condition they migrate upwards until the proximal
end of the cone is uncovered (Fig 4, Photo 26).

The detailed descriptions on the migration of the pigment will be

.reviewed in Chapter IIl.

Quite recently three kinds of pigments i. e. orange, red, and purple

were discriminated by KAWASE & ARUGA (1953) in the eyes of the Bom-

_‘* The members who have recognized that the number of each retinula in
insect eyes consists of seven to eight cells' are: BucgnioN & Pororr (1914),
UcHipA H. (1914), ZIMMERMANN (1914), Nowikorr (1931), OcuMa (1917), ImMmS
(1930), AiNo (1933), Sucivama (1933), SNoDGRASS (1935), Yacr (1938), WIGGLES
WORTH (1950), SaTo (1950), etc.
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bycid moth, but, as the author has pointed out proceedingly that there
are four pigments i e. iris, retinular, basal and nerve pigments in the
Bombycid eyes, he is unable to decide whether any one of three will be
contained in any one of these four tissues.

The refractive index of the retinular fluid in B. mori eye is 1.3574
(at 20°C).

e) Trachea :

The tracheoles from trachea in the head are densely distributed at
the proximal part of the rhabdomere, where is called tapetum which
reflects the light comes from outside (Photo 9). - These tracheoles connect
with the tracheal branches underlying the basement membrane. = Seve-
ral tracheoles from the bushes of tracheoles above described extend .to
the crystalline cone through the interstices of the retinular pigment
cells (Photo 54, 56). The tapetal part in B. movi and B. mandarina genera-
1y takes a whitish colouration from outside, while in the latter a certain
moth was observed reddish in colour.

BUGNION & POPOFF (1914) named erythropsin and xanthopsin on
two coloured substances in the tapetal part in the eye of nocturnal
active moth. Quite recently YAGI (1952) discovered. in the eye of a
Scarabaeid beetle that the tapetal pigments turn to guanin which
fluoresces in the night time. Such tapetal substances were not inspected
yvet in the Bombycid eyes by the author.

Even though the existance of tracheal tapetum is a stated fact in
the eyes of nocturnal moth (JOHNAS, 1924: SUGIYAMA, 1933: COLLINS,
1934: UMBACH, 1934: YAGI, 1933: DAY, 1941), HESSE (1901) proposed
that a certain species of the Sphingid moth lacks it.

The pretty stout trachea which supplies the air into the individual
unit of the compound eye, comes from dorsal
tracheal trunk along the posterior part of the
periopticon (Photo 23~25) and enters prima-
rily into the compound bundle layer, then it
divides in the single bundle one and finally
branches out into the tracheoles in each
rhabdomere penetrating through the basement
membrane.

f) Basal pigment

At the basal part of the tapetum the six
pigmental cell can be seen in each ommatidium
(Fig. 8, Photo 84~36). In the light or the
\ dark condition the movement of these

Fig. 6 Semiaiagram- pigments were hardly be recognized in the
. matic figure of the eye of B. mori, while in that of B. mandavina
basal part of the eye the minute movement was observed as in the
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case of the Crustaceans.

In connection with the basal pigment cell, the large nucleus lies
under the basement membrane (Fig. 6; Photo 22). In the moth eye of
Japanese strain (Fujiiroran) the basal pigments are abundant in the cell
and they connect very often with the retinular pigment cell when
adapted to the light (Photo 32, 35). Such phenomenon has never been
reported in nocturnal moth eyes. :

JOHNAS (1911) has pointed out that there are two main types in the
retinular pigment cell, one of which is divided into two parts and the
other is continuous. He considers the latter is a primitive one and the
former is a type of more evolved. Then it will be said the nuclear
pigment cell of Fujiiroran stands in the intermediate type.

g) Nerve

The optic lobe comnsists: of five parts; opticon, internal chiasma,
epiopticon, external chiasma, and periopticon,* in the both Bombycid
moths. The nerve cord starting from the periopticon (Photo 23, 95)
enters each rhabdome being divided into the fine fibrils (Fig. 6). The
nerve cord is coloured superficially with purplish pigments as much as
the surface of the periopticon, in which the assembled nuclei are seen
(Photo 24). Between the periopticon and the epiopticon the densely
pigmented part can be distinguished. This part was called “ocellus
remnant”’ (Photo 25, 41, 43, 45, 55) by IKEDA (1904, '13), but, whether it
is a true remnant of ocellus or not must be ascertained by the further
research. Neither the grain body nor the giant cell which were found
in the larval brain of B. mori by KE (1930 b) and KATSUNO (1953) were
observed in the optic lobe of the adult.

The nervous pigment of the red-eye is reddish and is paler than
that of the retinular pigment.

No pigment can be seen in the nerves of the white-and the yellow-
eyes excepting in the ocellus remnant which takes sometimes reddish
colouration (Photo 41, 43, 45).

The general structure of the ommatidium in B. mandarina is very
similar to that in B. mo7i with a little difference in pigment colour, the
former’s being more darker than the latter’s.

k) Total length of the ommatidium

The length of the ommatidium in the Bombycid eyes is about 340x
in- Japanese race, 270~300« in Chinese race, 330x# in European race, 300«
in Jap. bivol. XChin. bivol. and B. mandarina, 270x in B. maendarinax B.
mori. It seems to show the length of Japanese race is the longest,

* The names are due te the descriptien by Viarpans (1885~ ’87), HICKSON

(7885), LUBBOCK (1888), PAckArRD (1898), Kopkc (1922), Koyama (1953 b), and
YaGr (1953). . . :
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European race’s the next, Chinese race’s the shortest, and that of B.
mandaving as long as the lattle’s. It may be of interesting fact that the
length in the offspring is reduced from the parents’.

The length of each ommatidial part is shown as proportion to that
of the whole ommatidium in Table &.

Table 8. Length of the ommatidia
Retinular [Rhabde-

Species Lens Cone part mere 1 Total

Jap. univel. (Nichi-11) 15.3 (5)| 55.4(16)] 167.0(48)| 98.4(31)I336.1(100)
bivel.- (Nichi-11¢) 15.8 (4)] 63.0018)| 164.8(47)| 108.8(31)(352.4(100)

"¢ | Chin. univel. (Gominhaku) | 14.8 (5)| 67.3(21)| 132.0(42) 102.4(32)316.5(100)
3 -bivol. (Amoey-moricaud)| 15.5 (6)| 65.9(24) 91.2(34)| . 96.0(36)(268.6(100)
8 tetravel. (Ringetsu) 14.2 (5)| 54.6(19)| 122.8(44) 88.4(32)280.0(100)
§ polyvol. (Binh-dinh) 10.8 (4) 53.7(18)| 130.4(45)] 96.4(33)[291.3(100)
R | Euroep. univel. (O-15) 15.6 (5)] 68.1(21)) 146.5(45)| 96.0(29)(326.2(100)
White-eye () 15.3 (5)| 54.2(18) 132.2(45)| 92.1(32)[293.8(100)
Jap. bivel.x Chin. bivel. 13.7 (5)| 73.0024); 122.4(40)| 95.2(31)[304.3(100)

B. mandarina 13.8 (5)| 54.7(18) 132.0(45)| 95.2(32)[295.7(100)

B. mandarinax B. mori 13.2 (5)] 70.2(26)| 109.6(41)| 72.8(28)/265.8(100)

Bracket numbers show the percentage of each length.

The difference of each percentage between the strains is scarcely
recognized though the percentage of the retinular part in Amoy-moricaud
is lesser than that of the other strains.

Ifl. PIGMENT MIGRATION

1. MIGRATION IN THE DIFFERENT SPECIES AND RACES

In this chapter the migration of the pigment in the Bombycid moth
eves will be described with special reference to that in the retinular
pigment. -

Five to ten moths were exposed one hour in the light or darkness
at the temperature of 25°C. After this treatment the moth eye exhibited
a complete adaptation to either of the above conditions.

Process of light adaptation; the dark adapted moths were exposed

in the incandescent lamplight of 2kilolux for 2/, &/, 10/, 20/, and
30/, at the temperature of 27°C.
Process of dark adaptation; the light adapted individuals were putted
in 27°C dark reom for &, 10/, 20/ and 30’
The compound eyes in each process were treated for sections.
. a. B. mori
i) Japamese race (Photo 26~31); Nichi-11, Nichi-119, and Fujiiroran were
used for pigment observation. The degree of adaptability between the
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former two strains differed little, but the rest differed distinctly from
the formers’. ’

The migration in Nichi-11 and Nichi-119 (Photo 26~31)
Light adaptation ‘

9/---------The pigment granules move a little downwards, yet the cone
end is disclosed.

5/.........The pigment granules entirely cover the cone.

1¢/----+---The pigment granules move downwards leaving three fourths
of the retinula.

20/---------The pigment occupies a half of the retinular part.

3(¢/------~-Minority of the pigment granules arrive at the upper part of

: the rhabdome, yet majority remain apart 15#¢ from the
rhabdomere. ’ ‘

Dark adaptation

5/-------The quantity of the pigment granules arround the top of the
rhabdomere reduces, still the granules touching to the latter.

107 eerenee The pigment granules move upwards detouching about 48
from the rhabdomere.

P/  STERTTRES The distance becomes 564 from the rhabdomere.

30/---------The pigment distribution is as same as 5 in the light con-
dition,

According to the above observation, the migration of the pigment in
the both strains is almost completed within 30/ exposure to the light,
but not done in such a short exposure to the darkness.

The migration in Fujiiroran (Fig. 7, Photo 52)

As previously mentioned in Chapter II the eye of Fujiiroran strain
has a peculiar type on the distribution of the basal pigment, and the
whole of the cone is enveloped by the retinular pigment in the light
adaptation. It is certain that its adaptability is lesser than that of the
other strains being somewhat similar to the red-eye mutant. The
pigment barely reaches the position of a half of the retinular part in
30/ illumination and scarcely separates from the rhabdomere in 380/
darkness.

ii) Chinese race: Hekiren, Amoy-moricaud, Daizo and Binh-dinh were

used for the experiments. The pigment migration in Hekiren and in

Daizo are very similar to Amoy-moricaud and to Binh-dinh, respectively.
The migration in Hekiren and Amoy-moricaud (Fig. 8)

Light adaptation

9/--------The pigment granules move downwards a little until the cone
end being scarcely opened.
§/-------The cone is entirely enclosed by the pigment granules, the

proximal end of which is 254 apart from the cone end.
1¢/-------The distance between the proximal end of the pigment and
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Fujiireran Ameoey-moricaud
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Light - Dark -~ : Light - Dars
" Fig. 7 Pigment migration in the Fig. 8 Pigment migration in the
eye of Fujiiroran strain of B. mori. eye of Amey-meoricaud strain of B.
mort.

the cone end is 45¢ which is a half- of the retinular part.

2y ---------The piment granules move downwards until the above- dis-
tance becomes about 60x.
3(¢/---------The pigment granules do not reach the top of the rhabdomere

being apart 254.
Dark adaption
5 ~1(/---The pigment granules scarcely separate from the distal end
of the rhabdomere.

/) SERTRE The proximal end of the pigment granules becomes free from
the top of the rhabdomere.
30/ The distance from the proximal end of the pigment granules

to the cone end is 254.
The migration in Daizo and Binh-dinh
Light adaptation
9/ ~5' ---The pigment granules move downwards in 304 from the cone

end.

10/---------The distance from the proximal part of the pigment to the
cone end is 40u.

Q0 - eeene The above distance beccmes 60x.

L () ARTRTER The pigment granules almost touch to the top of the
rhabdomere.

Dark adaptation

5’.--------The pigment granules scarcely separate.from the top of the

rhabdomere.

10/~9(/---Separating completely from the top of the rhabdomere, the
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proximal part of the pigment granules reaches the position
of a half of the retinular part. ’
807+ The cone end is entirely disclosed by the pigment.

The both strains (Chinese polyvoltine) seem to have the higher
adaptability to the light and darkness than other strains.

iii) European race: Zebra strain was used for the observation.

The migration of the pigment granules in this race is generally
slower than that in Japanese and Chinese races having a little similarity
to that in Fujiiroran.

iv) Japanese bivoltine X Chinese bivoltine (Fig. 9)
Light adaptation
9~5 ---The pigment granules move downwards until the position of
134 from the cone end.

10/---+-----The proximal part of the pigment granules, becoming very
slender, reaches the distance about 504 from the cone end.

20/------+--At this time the proximal part of the pigment granules
separates a little from the top of the rhabdomere. -

3¢/-+------The downward migration of the pigment granules is ac-

complished entirely.

Dark adaptation

The adaptability to the darkness is very fast, and the pigment
granules migrate upwards in 30’ exposure until the cone end is opened.

Both upward and downward migration of the pigment are completed
with the shortest time in this hybrid as compared with any other
strains of B. mori. _ '

Japanese bivoltine X Chinese biveltine ) Red-eye

L2 o S S S 0 S A O W -.'-'--l- Y )

T N L]

R

A& h\ AA__AA L AR A i & AR 4 4
v 2 5 10 20 300 O 5 100 20 30  Time o 2 5 100 200 30° o 5 10 200 307
Light Dark Light Dark >
Fig. 9 Pigment migration in the Fig. 1¢ Pigment migration in the
eye of a hybrid (Japanese bivoltine eye of the red-eye mutant of B.

X Chinese bivoltine) of B. mori. mori.
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v) Red-eye mutant (Fig. 10, Photo 41, 45): In the light adaptation the
pigment migration of this mutant eye is a little faster than that of
Fujiiroran, but is less conspicuous in the dark condition. as in Fujiiroran.
vi) Yellow-eye and white-eye mutants (Photo 492, 43, 48, 47):

In the white-1 mutant, the colourless granules are hardly seen at
the boundary of each crystalline cone, as the observer can recogunize
the migration of the granules taking the movement of the nucleus as an
indicator of this coactor.

The slight pink and the orange yellow eye, both. are found very
often in the white-2 and in the yellow-eye mutants respectively, can be
used for the observation of the pigment migration. In these mutants
the adaptation of the eyes to the light and the dark is not accomplished
completely, and it is recognized that the coloured granules migrate more
faster than the colourless ones which are contained mixed with the
coloured ones in the retinular pigment cell as shown Photo 492, 46, 47.

b. Bombyx mandarina (Fig. 11)

The fastest migration of the pigment can be seen in this species
either in the light or in the darkness with close similarity to the
migration velocity in the hybrid between the races of B. mo7i.

B. mandarina B. mandarinax B. mori

o -,-!’----[-2-1 IOO%W

i

AAAL AL AU UL A R LAL b L B
0 2 5 100 200 30 0 ¢ 20° 300 Time o oz 5 10 207 30°
Light Dark Light Dark
Fig. 11 Pigment migration in the Fig. 12 Pigment migration in the
eye of B. mandavina. eye of a hybrid betwesn B. mandarina

and B. mori.

¢. Bombyx mandarinaxB. mori (Fig. 12)
The pigment migration in this hybrid appears as same as that in
the hybrid between the silkworm races.
d. Discuss'on .
From the above observation, the difference of adaptability to light or
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darkness in B. moi eye is not so evident between Japanese and Chinese
strains, both having higher adaptability than European race, and it may
be said that the more the voliine is, the faster the pigment migrates.
The migration in the hybrid between the races is accomplished faster
than in their parents. This fact seems to be of hybrid rigor as in the
case of the ommatidial number of the eye. The compound eye of B.
mandarvinag has the highest adaptability to each condition, and it can be
recognized to have more evolved function than that of B. mori.

Recently the relation between the eye colour and the photo-
tropism has studied in Drosophila by KIKKAWA (1943). According to. his
observation, it has been pointed out that the retinal pigment which is
derived from kynurenine group is a kind of photosensible substance, by
means of which the phototropism of insects would be brought photo-
chemically, and so the darker the pigment is coloured, the higher the
phototropism will be occurred.

The velocity of migration of the pigment in the Bombycid moths
seems to0 be analogous with KIKKAWA’s data on the photic sense, because
the darker the pigment, the faster the migration.

PARKER (1932) has indicated that there are seven types in compound
eyes based on the pigment migration. By his classification B. mozi
belongs to the sixth type (Astacus type), while B. mandarina belongs to
the seventh type as in the case of Palaemoneles observed by WELSH
(1930 a, b).

No sexual difference could be observed on the migration of the
pigment in the above experiments.

2. RHYTHMIC MIGRATION

a) Glow, an indicator of the pigment migration

As stated by LEYDIG (1864), EXNER (1891), DEMOLL (1917), FRIzZA
(1998), and YAGI (1951), the glow and the pseudopupil which appear in
the compound eyes of many insects, are patterns caused by the absorp-
tion and reflection of light by the iris or the retinular pigments, and the
shapes of patterns depend mainly upon the distribution of these pigments.

Recently YAGI (1951) has fully described on the pseudopupils of

butterflies which consist commonly of the single central pseudopupil
surrounided by a ring of the six secondary ones.

There are three types of the patterns in moth eyes, in which a single
central pupil, seven pupils and non-pupil types are indentified. The
Bombycid moth eyes are fairly asserted to belong to the last type, though
the central pupil appears faintly. The first type is seen in the wild
silkworm moths (Saturniidae, KOYAMA, 1952, /53 a) and the second is
commonly observed in diurnal active moths.

Generally the pseudopupils belonging to the first or the second types
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Light " "> Dark

Fig. 13 Retinular pigment mi-
gration and external appsarance

turn into the glow in night. The
external appearance of the Bombycid
eyes in the light and in its absence
are in Fig. 8. The central pupil of
the Bombycid eyes scarcely appear
in daytime is caused by the fact
that the light passing through the
cornea is wholly absorbed by the
retinular pigments extending to the
rhabdomere and also by the iris
pigments covering the crystalline
cone. In the process from the dark
adaptation to the light one, there
is a intermediate stage on the shape
and the colour of the glow (Fig. 13).
So the glow can be used as an indi-
cator of the gradient of pigment mi-
gration in the Bombycid moth eyes.

As described in Chapter III the
light adaptation of the eye is per-
formed always faster than the dark
adaptation, and it can be seen the
maximum time necessary for the
completion of the both adaptations
by the following table.

Presumably from Table 9, it is

of the eye.
Table 9. Time of exposure to make the glow appear in the darkness
~ - - .
~ ~_ Sex .
glow Female Male
\\\\ ap- \
" \\ “\._pearance
emper- Complete | Half Non |Complete| Half Non
ature O\ Tm ‘
20: 4 5 1 6 4 0
o 25 5 5 0 8 2 0
16°C 30° 10 0 0 9 1 0
35 10 0 0 10 0 0
. 5 0 5 5 0 5 5
22°C 10 7 3 0 7 3 0
15" 10 0 0 10 0 0
° 5 4 5 1 5 4 1
26°C 10 10 0 0 10 0 0
5 6 3 1 7 2 1
29°C 10 10 0 0 9 1 0
15 10 0 0 10 0 ] 0
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shown that the appearance of the glow is controlled by the tempera-
ture; the higher the latter, the faster the former.
b) Pigment migration in the natural condition

The experiments were carried out during three days of September in
1952 and July in 1953 by using 20 males and females of Chinese univoltine
(Hekiren) and of Chinese tetravoltine (Daizo) on B. mewori, and on B.
mandarina 10 individuals were used for the experiment regardless the sex
(Fig. 14).

Addition to the above experiments the author tried to inspect the
relation of the antennae to the adaptation for two light conditions.

But the obliteration of the antennae showed insignificant effect to
the reaction of light and dark adaptation.

s O wvignt acapt & vork acant 1o
© @ percentage of each adaptation ls
A i o ]
i | @@OOB®00000000000000000@6 |
rwote)] QYOB@O®OOOO0000000000S QOGS
s i::;:‘hyeric pressure : 0
s K]
B 721)-m
7o L T 1 X JololeloloXolololeXolololeloleloX ¥ X Y
e @@GGO OO0 0000000000000 eeRd
Hour ';;3::Isé':gel)1|01I11]21;1;1;12;1;1'81‘9;0;1212213214

Fig. 14 Rhythmic pigment migration in the Bombycid meth eyes (in the nature).
A: 18, September, 1852 B: 18, July, 1958
~ The results obtained from the experiments are as follows.

1. The daily alternate rhythmicity of the light and dark adaptation
is ascertained.

9. The persistence of the light adapted condition in the eyes is
longer in July than in September. This fact will be correlated to
the daylength in each season.

3. No sexual difference can be observed relating to the rhythmicity
of pigment migration in the eye of B. mori.

¢) Pigment migration in the constant condition
i) Bombyx mori

The previous experiment shown in Fig. 14 A is concerned here to
the present experiment, in which the eyes of B. mori were exposed
continuously to the light (200 1ux), and they showed the constant light
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adaptation. The other moths putted in the continuous darkness persisted
the dark adaptation in the natural environment except the light. While
the moths which were confined in the constant condition (the light con-
dition; temperature 20°C, humidity 89% : the dark condition; tempera-:
ture 25°C, humidity 70%) showed no pigment migration at all
ii) Bombyx mandarina

The same experiment as -in the case. of B. mori were carried out
from the 12th to the 14th in August, 1953, keeping the moths continu-
ously in the light or in the darkness with the natural environment. Fig.
15 shows the results of the experiment.

Half light adapt O vignt aaapt & park avapt O~ — =0 Temperature
—t Humidity
- Ay Atmospheric pressure o

oc = '
Percentage of cach adaptation
EEN ol

01 T e ) 1%
A 25 e — &
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Fig. 15 Rhythmic migration of pigment in .B. manddarina eye (in continuous light
and darkness). ’
A: 12, August, 1853 - B': 13, Aug., 33 C: 14, Aug., 53

It is evidence that no pigment migration could occur in the con-
tinuous light condition. Omn the other hand, in the continuous darkness
several moth eyes showed the light or half-light adaptation in short time
at forenoon (11 a. m.). The moths, however, putted in the constant
environment (temperature 25°C, 22°C, and 33°C: humidity 70%, 80% and
65% ,respectively), are maintained the eye of light or dark adaptation.
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From the above experiments it is obvious that the pigment migra-
tion of B. mori eye is controlled simply by the light, while that of B.
mandarina is controlled primarily by the light, and secondarily by the
other environmental factors, among ‘which the temperature would be
most effective.

d) Discussion

A tremendous number of papers have been issued on the rhythmic
activity of animals.* According to MORI’S opinion it is said that the
normal rhythmic activity is maintained under the dual controls, the one
by the periodic changes of environmental factors and the other by the
rhythmic changes of internal physiological conditions which have more or
less intrinsic, hereditary characters. Such rhythmic activities have also
been studied in relation to the retinal pigment migration in the Crustacean’s
eyes (CONGDON, 1907: DEMOLL, 1911: WELSH, 1930~’51: BENNIT, 1932:
BENNIT & MERRICK, 1932).

KIESEL (1894) is the first investigator who has discovered the relation
between the activity and the pigment migration in moth eye. His
observations were reviewed and fully confirmed by DEMOLIL (1911, ’17).
The pigment that took part in this rhythmic response is believed on
good ground by these investigators to be the iris pigment. However,
the rhythmic migration of pigment in the Bombycid moth eyes un-
doubtedly happens in the iris and retinular pigments simultaneously
belonging to the first type of MORI’s classification. In the case of the
rhythmic migration of pigment in B. mo7i eye the periodic change of
light seems to be the main cause, while that in B. mander.na is con-
trolled not only by the light but also by the other environmental factors,
though no intrinsic rhythmicity is necessarily concerned. 4

Accordingly it will be stated that the adaptability of B. mori eye to
the environment has been reduced functionally further from that of B.
mandarina, so called ancestor of the former species. ‘

3. EXPERIMENT ON THE MECHANISM OF THE MIGRATION

It is certain, as proceedingly described, the light is one of the most
effective environmental factors controlling the pigment migration in B.
movi eye. However, the question is still remained on the physio]ogical
mechanism of its migration in B. mo#i eye.

In the course of this study, the author was struck by the fact that

* BonN (1906, ’09), PrgroN (1908), PARKER (1917), SzyMmaNski (1920), BELING
(1929), WAGNER- (1930), WoLr (1920), HoLMQuisT (1931), BUNNING (1935), GRIFFIN
& Wersm (1937), KaLmus (1938 a, b), JoHNsON (1939), YAMANOUCHI (1939),
GUNN (1940), PARK (1940), MoRI (1943~"51), KLEITMAN (1949), TArEDA (1950 ’B4),
MoRrl & MATUTANI (1952),'OH§,AWA & MOoR1 etc. (1952).



Neo. 4 COMPOUND EYE OF THE BOMBYCID MOTHS (123)41

HEAD
THORAX-I

——— THORAX-[

THORAX-I

Fig. 16 'Showing the posi-
© tion, tied with string in
Experiment I.

the imaginal eye develops from the trans-
planted ocelli on the abdomen of B. mor.
exhibited just like the light adapt- struc-
ture even though it was kept in the dark

. room (KOYAMA, 1953b). ‘This fact lead

him to the assumption that there are
some unknown factors concerning the
pigment migration in the absence of the
light.

The experiments carried out to solve
this question 'is described in the follow-
ings. )

Materials: Daizo (the male, 10:
‘ the femadle, 10)
Condition: Temperature, 22°C:

Humidity, 629%)

Expeliment 1. Tying various segments

The completely light or dark adapted individuals weré tied up one

by one in each -segment which
the light or the dark condition.

is shown in Fig. 16 and were - puited in

Table 10. The results got in Exepriment I.

(tiding up by the silk string) .

The position External é.ppear— The conditions | Number of individuals of
No. | ance of .tl'ze eye | given for the

tied up before tiding up | moths Light adapt | Dark adapt
1 Light adapt Light 20 0
2 Light ' Dark : 20 0
HEAD 3| Dark . Dark 20 0
4 Dark » Light 20 0
1 Light adapt Light 20 0
2 Light ,, Dark 1 19
THORAXI | 3| DPark . Dark 3 17
4 Dark ,, Light 20 ' 0
1 Light adapt Light - 20 ) 0
2 Light Dark : 0 20
THORAXIL | 5| pac o Dark 0 20
4 Dark v Light 20 : 0
1 Light adapt Light 20 ) 0
2 Light ,, Dark 0 20
THORAXIIL | 5 1 Do ) Dark 0 20
4 Dark s Light 20 0
! 1 Light adapt Light 10 0
CONTROL | 5 ' fight ., Dark 0 10
3 Dark . Dark 0 ‘10
(mormal) | '\ parx Light 10 0
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The results obtained in this experiment are as follows (see Table 10):

1) The eye always shows the light adaptation in the presence of the
light.

92) No difference is seen in each adaptation between CONTROL and
THORAX-I, THORAX-II or THORAX-IIIL

3) Al the individuals in HEAD-No. 2 and -No. 3 show the light
adaptation in spite of the absence of the light. This will be a
noticiable fact to prove that a certain conductor controlling the
pigment migration exists on the first thoracic segment in the
darkness.

4) In HEAD-No. 2, all individuals loosed the string adapted the
darkness. If any humoral or hormone substance had related to
the migration, the eyes should persist the light adaptation, but in
fact they immediately adapt to the darkness.

EXperiment I1. Spiracle bloeking

There exist nine pair of spiracles on the imaginal body of B. mori,
and in the thorax two pair of ones lie on the first and second segments
(IKEDA, 1913: HARIZUKA, 1947, see Fig. 16). The author carried out the
blocking experiment of the various spiracles in the moth to -see the
relation between the air supply and the pigment migration.

Table 11. The blocking expasriment of the spiracles on the moth body

Blecking treat- External appear-| The conditions | Number of in dividuals of
No. | ance of the eye given for the
ment for before blocking moths ’ Light adapt | Dark adapt
. 1 Light adapt Light 20 0
All spiracles | 5 | Lieht Dark 17 3
on boti sides | 4 Dark ' Dark 20 0
4 Dark ’s Light 20 0
All spiracles | 1 Light adapt Light 20 0
on both sides | 2 Light ' Dark 0 20
of the abdomen| 3 Dark . Dark 0 20
(In 4 Dark Light 20 0
Two pair of . i
? 1 Light adapt Light 20 0
spiracles on 5 Light .. Dark s 15
the thorax after Dark Dark 5 13
having tied up 3 T » :
4 Dark » Light 20 . 0
THRAX-III(III)
One side spi- :
racles on the | 1 Light adapt Light 20 0
therax after | 2 Light ,, Dark 4 16
having tied up| 3 Dark . Dark 4 16
THORAX-III | 4 Dark " Light 20 : 0
(Iv)
, 1 Light adapt Light 20 0
CONTROL | 5 | Tight ., Dark 0 20
3 Dark ' ' Dark 0 20
(normal) 1| Dark . Light 20 0
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From this experiment the following results were got (see Table
11). . ' . : )

1) The downward migration of the pigment is always observed in
the presence of the light as same as in Experiment L

2) The results in (I), (II) and (III)* equal to those in Expt. I-HEAD.
So, it is believed too much to say that the downward migration of
the pigment depends upon the air supply through the thoracic
spiracles. ‘ ‘

3) Im (IV)-No. 2 (light--dark), it was observed that the eye on the
side, which the spiracle had not been blocked, adapted to the light
faster than that on the blocked side, and in (IV)-No. 4 (dark—light)

. the former eye adapted to the darkness faster than the latter one.
The above belief (in the topic 2) has become more reasonable by
this experiment. i

Experiment III. Decapitation

The completely light or dark adapted moths were decapitated anﬁ
were confined in each condition before the tisses had died. In this ex-

. Table 12. The decapitating experiment

External appearance | The conditions given Number of individuals of

No.| of the eye before . e
, decapitating for the moth Light adapt - Dark adapt
1 Light adapt Light 20 0

2 - Light ,, Dark 7 13

3 Dark » Dark 10 " 10

4 Dark  ,, - Light ) 20 0.
'S Light adapt Light 10 0

g Light ,, . . Dark I 0 10

) Dark ’ Dark 0 } 10

Z Dark ,, Light 10 0

periment the author obtained the results as shown in the following
topics (see Table 12). . .

1) The eyes always adapt the light when they are illuminated.

9) Regardless decapitation, about a half of the materials. show the
dark adapted eye when putted in the darkness (No.2 and No.3).
This fact differs from the result in Head tying experiment (Expt. I,
HEAD-no. 2, 3) in which all the moths adapted to the light.

8) In No.2 and No.3, if the opening of wound caused by decapitation
was blocked by paraffin, all the eyes became soon the light adapted
appearance as in the case of Head-tying. It is probable to presume
that in decapitation the trachae in a half number of treated indi-
viduals were ‘not squelched to supply the air, while those in the

* That a few individuals show the light adaptation is considered to be
caused by some bad treatments.
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rest ‘could not supply the air by squelching.

4) Accordingly the upward migration of the pigment in thlS case
will not be dependent upon the effect of the nervous excitement by
the decapitation and also upon the blood supply from the vessel

Experiment IV. One side eye covering

When one eye in a moth covered so as to be inaccessible to light
and the other was illuminated, no light adaptation could be seen in the
latter eye which adapted to. the darkness. ‘

Dlscusswn

There are two opinions concerning the controlling mechamsm of
retinal pigment migration in the compound eye of Ariwopoda; the one*
is supporting that the retinal nerve plays mainly a controlling role of
the pigment migration, and the other® is explained by what the nerve
has no relation to the migration, which is controlled by humoral -or
hormone substances.

In- the latter opimion it is said the migration is brought by the
hormone which is secreted from the sinus gland, though KNOWLES (1950)
pointed out the pigment migration in Crustacea may be controlled not
only by the sinus hormone but also by the nervous one. On the other,
hand, after CONGDON (1907) found that the pigment migration in Crus-
facea was controlled by the temperature too, there has been - presented
another view that the daily metabolic rythmicity in the body has relation
to the migratory mechanism of pigment (MENKE, 1911: BENNIT &
MERRICK, 1932: HENKES, 1952) as in the case of activity in other animals.
However, the physiclogical mechanism on the pigment migration in moth
eves has never fully been clearified.

From the above several experiments the downward m1grat1on of the
pigment in B. mori eye is inevitably done in the presence of light even.
if the air supply to the tissues are not shutted off. On the contrary, the
upward migration of the pigment has changed to the downward one in
the absence of light when the tissues are shutted from the air (Table. 10,
11). So, in the darkmess the air supply will be a controlling factor for
the downward migration of the pigment.

If any common humeoral and hormone controls were existent in B.
mori eye, the downward migration should be happened in the cases of
Expt. I, Result.4 (in this case the pigment migrated upwards), Expt. IV
(in this case the covered eye persisted the dark adaptation), and in the

“* DEMoLL (1910, 11, ’17), TrojaN (1913), Bennit (1924).
" yonN Frisi (1908), PARKER (1897, 1932), CasTiE (1927), HoGBEN & SLOME
(1931), WerLse (1932~°51), KLEINHOLZ (1934, ’36, 48, ’49 b), HANSTROM (1937
a, b, ’39), NaGcaNo (1947, 50, ’52), SMmITH (1948). : . :
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compound eye developed from the transplanted lateral ocelli of the larva:
(the " upward migration was to be occurred in the dark -condition,
KOYAMA, 1953). But eitherward migration of the pigment could net
be observed. ' ’ ' )

Thus, in B. mori eye the existence of the hormone control by
common blood cireulation will be questionable in regard to the pigment
migration but the further investigations are requested for the author to:
prove this questlon : ‘

Iv. VISION

1) Visual field

The visual field of the Bombyx moth is extraordinarily large as has
been shown in the previous chapter concerning the visual head angle of
horizontal and of vertical, adding the radiating open angle of both eyes.
The author tried to take the image of a square paper (100cm?) by using a:
microscope through a peice of peeled cornea of a moth eye (Japanese
bivoltine X Chinease bivoltine), and got the image of object and numbers
of lens which participates to the image formation at various.distances as
shown in Table 13. The area of image perception at the cornea. is

Table 13. Number of facets fermed the image of object
(10 cm square paper) and length of object

Distance from | Number of facet fermed image |One side length-
cornea to object - of square
(cm) Horixental Vertical ()
23 13 26 18.3
30 12 23 17.0
44 11 22 13.6
68 9 : 16 T 8.5
80 7 14 7.0
103 3 6 3.8
©133 2 1.0
150 1 1 0.5

elliptic corresponding to the oval shape of the eye, and it becomes smaller
inversely to the distance whereas the size of the image decreases.
Taking the wvalue of the author’s experiment into consideration the
maximum distance of recognition in B. mori eye when exposed to see.
the object (10cm square) will be 150cm. This value is about the same.
with that of the experiment by EXNER (1891) though he -did not mention
the size of object. - L
The constancy of the size of an image in the eye could be retained
if the size of the object would be increased proportionally by receding in
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the distance.

‘The resolving power of an ommatidium, on which BARLOW (1952) has
quite recently reported on the apposition eye is estimated as 2cm beyond
the corneal lens, seeing two points apart in lmm.

2) Image formation

Since EXNER (1891) demonstrated the image formation in the com-
pound eye of Lampyris, his interpretation on the formation of the super-
position image in the eye of nocturnmal insects has been predominated.
The allied method was applied to take a photograph of an image in the
eye of lateral ocelli of Isia isabelle by DETHIER (19483, ’53) and in the
compound eye of Hesperiidae by YAGI (1958). In the latter case the
images from numerous corneal lenses were not superposed but juxtaposed
at the top of the rhabdomere.

In B. mori eye the clear image is formed in tne retinula separately
beneath the pointed end of the cone within the distance of 15~20#¢
(about 1/7 of the retinular length) as shown in Photo 1, 4 and away from
it the image fades. If the image would be superposed in one point as
EXNER interpretes, it must be caught somewhere in the retina in crossing
rays of light, but in the eye of B. mofi the image perception was not
exemplified as in the case of the previous author.

According to the author’s research on the formation of image in B.
mori eye, the light from the cone falls straightwards by the checking
function of the retinular pigment which rejects the biassed rays coming
sidewise between the top of rhabdomere and the end of the cone. Then
the image is focused in each unit ommatidium like a case of butterflies’
eye compositing totally a mosaic image.

V. DEGENERATION OF THE FUNCTION IN THE
COMPOUND EYE OF THE SILKWORM MOTH

There have been many investigations reported on the comparative
morphology and physiology between B. mori and B. mandarina (SASAKI,
1898: YAGI, 1922: KAWAGUCHI, 1923 a, b: KE, 1980 a, b: OMURA, 1939,
41, ’50: ISHIHARA, 1948: TAKEDA & TANAKA, 1952), among which
KUWANA (1936) found out the degeneration of tissue in the sﬂkworm
moth.

In this paper the auther has pointed out several times on the
degeneration of functional parts relating to the optical system comparing
with those of B. mandarina. : :

The foliowing table will show the summary of differences between
the domesticated and the wild silkworm.
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Table 14. Comparison of the eye of B. mori moth with that of B. mandarina

No. Subjects B. mori B. mandarina
Col . £ ol Pale Pale, rarely orange
1 Colouration of glow yellow
Number of facet par - "
2 1mm? 1,800~2,000 2,500~2,600
Reflective substance
3 on the cone surface Poor Abundant
. Non-migratory, Non-migratery,
4| Retinular nucleus Stainable Easily stainable
Pigment grahule colour
3 of ratinula and optic |’ Purple Dark purple
| merve
8 Retinular pigment Migratory More migratory
7 Basal pigment Non migratery A little migratory
Rhythmic migration of .
8 | pigment in.darkness Nen A little

It will be worth to notice that the wild silkworm moth, as shown in
the last colum, has higher adaptability to daily periodic change of
environment than the domesticated one.

SUMMARY

In this paper the structure and function of the compound eye in the
Bombycid moth are described with special reference to the differences
between the domestic (Bombyx mori Linng) and the wild (Bombyx manda-
7ina LEECH) silkworm moths. It is summarized as followings.

EXTERNAL MORPHOLOGY

1) Shape and Size. The side view of the compound eyes is ovoidal in
shape and crescent from the front in either sex. The ventral and
the horizontal widths of the eye are 1.40 mm and 1.14mm in B. mori,
1.10mm and 0.88mm in B. mandarina respectively, and the ratio
between both is about 1.93. The wvertical and horizontal radii
of the curvature are about 670 x# and 600 £ in B. mozi, about 590 ¢
and 565 # in B. mandarina ; the latter is more convex than the former.
The surface area measured on the eyes is as following; B. mori, the
largest 2.40~2.60 mm® (Japanese bivoltinex Chinese bivoltine), the
middle 1.90~2.40 mm?*® (Japanese race), the smallest 1.20~1.50 mm?
(Chinese tetravoltine): B. mandarina, 1.30~1.50 mm?®: B. mandarinaX
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2)

3)

1)

2)

4)

B. mori, 1.50~1.60mm . The area is much wider in. the male than
in the female. ; ;
Colouration. The colour of the compound eye is generally purplish
black in the daytime and the central pupil can scarcely be identified,
while in the night the pale bluish glow appears brilliantly. The red
eye, the yellow eye and the white eye im B. mori mutants does
hardly expose the glow. No sexual difference is recognized in the
colouration. : !

Size and Number of the Facet. The shape of the facets generally
take a regular hexagon. The diameter of a facet is 27~29 # in
B. moyi, about 24 u in B. mandarina, and about 27 u in B. mandavina
XB. mori; the facet area 500 #°, 400 #°, 480 u*, respectively. The
facet number varies as follows; B. mori, the most 5200~5400 (Japa-
nese bivoltine X Chinese bivoltine), the middle 3300~8600 (European
race), the least 2600~3200 (Chinese tetravoltine): B. mandarina, 3400~
8700: B. mandarinax B. mori, 3100~3300. It is more numerous in
the male than in the female. The facet number per unit area (1
mm?) is 1800~2000 in B. mori, 9500~2600 in B. mandarina, and about
2100 in B. mandarinaX B. mori, without sexual difference.

INTERNAL MORPHOLOGY

General Structure of the Compound Eye. The axial section of the
eye shows a fan-like shape, in which the visual angle is 140° in B.
mori and about 135° in B. mandarina, both horizontal head angle and
vertical visual one are about 280° in the former and 270° in the
latter. The angle subtended by each ommatidium is nearly 2.10°.

Structure of the Ommatidium. The outer layer of the ommatidium
is the cornea of comcavo-convex lens. The quater-circular four cells
of Semper’s lie under the former, the crystalline cone is situated
beneath them. Two: iris cells enclose the cone with six retinular
pigment cells which, enveloping the rhabdome in their center,
terminate at the top of the rhabdomere. The rhabdomere surround-
ed by tracheal tapetum touches to the basement membrane, where

_the basal pigment can be seen.

Cornea. It is composed of three chitinous layer, the outer layer is
about 5 u, the middie one about 8 x4, the inner one about 2 x; totally
the cornea 15 u at the center and 10 ¢ at the edge in B. mori. The radii

. of curvature of the inner surface and the outer one are 63~65 # and

19 ¢ in B. mori, 53 4. and 18 ¢ in B. mandarina, respectively;- the
latter’s curvature is more convex than the former’s. The focal length
of the lens in B. mori (43.9 p) is longer, while the refractive index
(1.350) is lesser, than those in B. mandarina (37.5 p: 1.875).

Crystalline Part. Semper’s cell about 2 # in thickness being .com-
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posed of four flatted cells. The crystalline cone takes a bullet-like
form, the size of which is generally about 50 ¢ in the length and

15 ¢ in the width in B. mori: European race is the largest (60 #: 16
‘#), Chinese polyvoltine is the smallest (40 #: 13 x), and B. mandarina

(46 u: 13 ) and B. mandarinaxB. wmari (54 #: 15 p) stand in above
two strains. The reflective granules covering the cone surface in the
sheath are rich in B. mandaring, and much more abundant in the
hybr1d between the sﬂkworm races than in the pure race of B. muovi.
Iris Cell It consist of two cells which’ contam ‘the reddish brown
granules, the size of which is about 0:63 # in B. mori and 0.57 ¢ in
B. mandarina. The nucleus (2~4 #) is seen in each cell. X

Retihular Part. The retinular cell is composed of seven to eight
cells, each of which unites compactly making a rhabdome and
reaches the basement membrane. The retinular nuclei which are
immobile either in light or darkness are situated at the distal end

"of the rhabdomere. The retinular pigment cell consists of six

7)

elongated cells, in which the purplish granules (0.65~0.68 x) are
contamed except the yellow eye and the Whlte one whose granules
are colourless. The pigment colour in B. mori is rather paler than
in' B. mandarina.

Trachea. Tracheoles make the tapetum, from which several tra-

_ cheoles extend to the ‘orystalline cone through the interstices of the

8)

9)

10)

‘retinular pigment cells. The tapetal part in B. mori and B. manda-
7ina takes a whitish colouration from outside, while in the latter a

certain moth is observed reddish in colour.

Basal Pigment. It is seen at the basal part of the tapetum. In the
eye of a strain (Fujiiroran) of B. ori, the pigment cell connects very
often with the retinular pigment cell in the light adaptation Such a
fact has never heen recorded in regard to nocturnal moth eyes. ’

Nerve The optic lobe consists of five parts; opticon, internal
chiasma, eproptlcon external chiasma, and periopticon, in the
Bombycid moth. The nerve cord and the periopticon are coloured
superficially with purplish pigments. The remnant of ocellus is seen
between the periopticon and the epiopticon. The colouration of the
nerve is looked to be some relation to that of the retinular pigment.
Total Length of the Ommatidium. It varies as follows; B. mori,
the longest 340~350 ] (Japanese race), the medium 300~320 (Chlnese

" univoltine, European race, Japanese bivoltine x Chinese blvoltlne) the

shortest 270~290 ,u (Chmese bi-, tetra-and poly-voltine): B. manda-
7ina, about 300 p: B. mandarinaxB. mori, about 270 p. The per-
centage of length of each part is approximately 5% (lens), 20%
(cone), 45% (retinular part), and 309 (Rhabdomere).
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1)

2)-

3)

4)

5)

6)

8)
9)

10)

11)

12)

1)

PIGMENT MIGRATION

-The iris and the retinular pigments migrate up and down in light and
- darkness on the contrary to the basal pigment which is immobile in

all the strains of B. mwori, but it is movable in B. mandarna. -

The nuclei of the retinal pigment cells move as the migration of
the pigment granules, while the retinular nuclei which generally
move in nocturnal moth eyes, are immobile.

The downward pigment migration is accomplished faster, without
sexual difference, than the upward one which is very slow in the eye
colour mutants of B: muori. ,

Even in the white-eye the migration of the granu]es (colourless)
takes place. It is confirmed by means of taking the nucleus as an
indicator of the movement.

The adaptability of the eye to light and darkness is much higher
in B. mandarina than in B. mori, in which the hybrid between the
races is the fastest. ,

It is ascertained that the more the voltine or the darker the pigment
is, the faster the migration is performed. This fact coinciding with
the relation between eye colour and phototropism in .Drosophila

- observed by KIKKAWA.

According to PARKER’s classification on the pigment migration, B.
movi belongs to the sixth type (Astacus type), while B. mandarina
belongs to the seventh type (Palaemon type). :

It is recognizable that the higher the temperature is, the faster the
glow appears.

The daily alternate rhythmicity of the light and dark adaptation is
ascertained without sexual difference.

The pigment migration of B, mori is controlled simply by the light,
while that of B. mandatina is controlled primarily by the light, and
secondarily by the other environmental factors, among which the
temperature would be most effective, but in the latter species no
intrinsic rhythmicity is necessarily concerned.

The downward migration of the pigment in B. #mo7i eye is inevitably

~ occurred not .only in the presence of light but also in the absence

of light when the tissues of the compound eye are shutted from the
air supply. So, in the darkness the air supply to the tissues seems
to be related to the downward migration of the pigment in B. mori.
The existance of the hormonal control by common blood circulation
is questionable in regard to the pigment migration of B. mori eye.

VISION

From facet number per unit area of the eye the wild silkkworm moth
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seems to have a capacity to form more acute image than the dome-
stic silkworm does.

9) The area of image perception at the cornea is elliptic, and the
maximum distance of recognition in B. mwori eye, when exposed to
see 10 cm square paper, will be 150 cm. :

3) The resolving power of a facet is estimated as 2 cm beyond the
corneal lens, seeing two points apart in 1 mm.

4y B. mori eye, as in the Hesperiid eye, forms the juxtaposition image in
the retinula beneath the pointed end of the cone within the distance
of 15~20 .

5) The image of B. movi is focused in each unit ommatidium composit-
ing totally a mosaic image not to form a superposition image inter-
preted by EXNER.

6) The compound eye of B. mori is recognized to have more reduced
function than that of B. mandavina.
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EXPLANATION OF THE PHOTOS

PLATE I (B. mori)

Photo 1. Image of a butterfly formed behind the cornea, X350

Photo 2. Compound eye of the white-eye mutant, x12 :

Phote 3. Longitudinal section ef the crystalline pért in the dark adapted eye

(stained), X310 ' '

Phote 4. Image of a human hand formed behind the crystalline cone, X700

Photo ‘5.  Chitinous ring supporting the whole mass of the emmatidia, X15

Photo 6. Longitudinal ssction of the retinular part in the light adapted eye
- " (stained), X330 o : '

Photo 7. Single crystalline cone (stained), x70¢

Photo * 8, Single ommatidium, showing espacially the rhabdome connection.

Phote 9. Tracheal tapetum, %520

PLATE II (B. mori)

Phote 10. . Cormeal facet, x350
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Photo
Photo

Photo

Photo
Photo
Photo

Pheto

Photo
Photo
Photo
Photo
Photo
Photo

Photo
Photo

11.
12.
13!
14.

15,
16.

7.

18.
19.
20.
21.
22.
23.

24.
25.
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Semper’s csll observed through the cornea, X350
Cross section of the crystalline cone in the dark adapted eye, ><350,
Ditto. (stained), X350

‘Cross section of the distal layer of the retinular p1gmﬂ=nt cell in_ the

light adapted eye, X350

" Ditto of the retinular layer under the crystalline cone in the l‘ight

adapted eye (stained), X400

" Ditto of the middle layer of the retinular plgmpnt cell in the dark'

adapted eye (stambd) X400
Single point of light focused b\,hlnd the ‘detached cornPa, X350

PLATE III (B. mori)

Cross szction of the retinular nucleus (stained), X50¢ )
Ditto of the middle layer of the rhabdemers (stained), x 10660

.Ditto. of the proximal layer of the rhabdemere (stained), X 1000

Ditto of the rhabdeme nucleus (stained); x700.-
Ditto of the nuclear layer of the basal pigment cell (stained), X230
Ditte of the periopticon, whers the compound bundle nerve cord is

“connected, x 300

Longitudinal section of the periopticon (stained),‘ % 400
Ditto of the optic lobe (stained), x 250

"PLATE 1V (B. mori)

Downward m1grat10n of ‘the pigment in the eye of J apanese race When eXpos-
ed to the light (9Kile- -1ux), Photo 26~31. X300

Photo
Photo
Photo
Photo
Photo
Photo
Photo

Photo

Photo
Photo
Photo
Photo

Photo
Photo
Photo

26.
27.
28.
29.
30.
31.
32.

33.

34.
35.
36.
37.

38.
39.
40.

2’ exposure,

5’ exposure,

10’ exposure,

20° exposure, "

30" exposurs,

Completely light adapted %110

Light adapted eye of Fujiiroran (longitudinal section), X140

PLATE V

Longitudinal section of the proximal part of B. mori eye (stained
after depigmentation), X500 s

Basal pigment in the nermal (black) eye of B. mori, ><500

Ditte in the eye of Fujiiroran, x500

Ditto in the dark adapted eye of B. mandarina, X500 ‘

Reflective substance which covers the cons body in the eye of Jap-
anese bivoltine X Chiness bivoltine (in dark field), x260

Ditto 1n the eye of Eurepzan race (Zebra), X300

Ditto in the above hybrid eye, showing by the croess spctlon, %150
Ditto in the eye of B. mandarina, <90 ‘
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Phote
Photo
Photo
Photo
Photo
Pheto
Photo
Pheoto

Phote
Phote
Photo
Photo

Photo
Photo
Photo

Photo
Photo

Photo

Bp :
Bpe :
Bpn
Chbl :
Cc

Cr

Eo

Ic

Ien
Ip
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PLATE VI (B. mori)

41. Light adapted eyev of the red-eye mutant'(longitudiﬁal section), X 37

42. Ditto of the yellow-eye mutant (longitudinal sectien), X370

43. Dark adapted eye of w,-mutant (longitudinal sectien), X40

44, Tracheal branch in the compound bundle layer of the nerve cord, X700

45. Dark adapted eye of the red-eye mutant (lengitudinal sectien), X 37

46. Ditto of the yellow-eye mutant (lengitudinal section), X370

47. Ditto of w,-mutant (Iong1tud1nal section), %370

48. Tracheole bush distributed at the part of the ecellus remnant in
the optic lobe, X 1000

PLATE VII

49. Longitudinal section of the crystalhnp part in B. mandarina (light
adapted), : X 600

50. Cross section of the retinular pigment layer in B. mandarina (light
adapted), X 1000 )

51. Longitudinal section of the proximal part of the eye in B, manda-

) rina (stained), X230 l

52. Ditte of the crystalline part in B. mandarinaxB. mori (half light
adapted), X400

53. Ditto in cross section, x400

54. Tracheoles expanding to the crystalhne cone in B wmori (stained), %950

55. Reflective substance discovered in the ocellus remnant of B. mori
(in dark field), X 1200

56. Retinular nuclei and tracheoles in B. mori eye (stained), %950

57. Longitudinal section of the proximal part of wj-mutant eye in B.
mort (stained), x300

58. Iris pigment granules in B. mori eye, %1700

Explanation of abbreviations in the plates

Basement membrane Or : Ocellus remnant

Basal pigment Po : Periopticon

Basal pigment cell Rd : Rhabdoeme

Nucleus of the basal Rdn : Rhabdeme nucleus

pigment cell Rm : Rhabdomere

Compound bundle layer of the Rn : Retinular nucleus

nerve cord Rp : Retinular pigment

Crystalline cone Rpc : Retinular pigment cell

Cornea Rpn : Nucleus of the retinular

Chitinous ring ) pigment cell

External chiasma Rs : Reflective substance

Epiépticon Sbl :  Single bundle layer of the nerve

Iris cell ' ‘ cord

Iris cell nucleus ‘ Sc  : Semper’s cell

Iris pigment ' To : Tracheole

Nerve cord Tr : Tracheal branch

Tt : Tracheal tapetum
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