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STRUCTURE AND FUNCTION OF TI-IE EYES OF NOCTURNAL INSECTS

ABSTRACT
The structure and function of three different types of insect photor e ceptors, all belonging to nocturnal species, were inv estigated and compared wi th each other.
The stemmatal eyes of sawfly larvae (Per ga sp :Hymenoptera) are lll1ique
in that a 2.5 fold increase of sensitivity is not accompanied by a significant decrease of acuity.

Single cell recordings reveal a high polarization

s ensitivity, the structural basis of which (the organization of the rhabdom)
is s tudi ed by electron microscopy.
The apposition eye of the carcass rove-beetle (Cr eophilus erythro-

cephalus : Staphylinidae) has actually the structure of a diurnal insect,
but s hows s ome modifications to the dim-light environment .

A 10 fold in-

crease of s en s itivity is accompanied by a decrease of acuity and profound
s tructural changes affecting particularly the interretinular spaces.

From

the banded organi zation of the rhabdom a high polarization sensitivity was
predictable, but was very small when tested by single cell recordings.
El e ctri cal coupling between retinula cells is offered as one explanation.
The clear-zone eye of the Australian Christmas beetle (Anoplognathus

pallidicollis : Scarabaeidae) shows the highest degree of both structural
and functional adaptation to a dim-light environment.
i s involved controlling the adaptational state.

A circadian rhythm

Electrophysiological results

and optomotor experim~nts show that sensitivity is increased at night at the
expense of acuity.

From the angular distribution of eye-shine, refractive

i nde x studies of the dioptric system and ray tracing through dioptric apparatus and clear-zone, it is concluded that Anop l ognathus represents the parti ally-focused type of clear-zone eye.
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PREFACE

A.

The Environment
Nocturnal insects do not live in a lightless environment.

If it were

completely dark at night, as it is in caves or the deep-sea, more insects
than just a few species would have developed luminescent organs and presumably more species than certain cave forms would show degeneration of
photoreceptors.

Almost all nocturnal insects have well-developed eyes which

can be taken as evidence that their eyes are not superfluous and are used
for vision in dim light.
Ac cording to SIEDENTOPF and SCHEFFLER (1965) several sources contribute
to the brightness of the night sky: galactic and extragalactic light sources,
micrometeorites and zodiacal light, emission from inter-planetary gases and
airglow of upper and lower atmosphere.

Stellar and inter-planetary sources

show little annual fluctuations in intensity, but there are, of course,
great variations in the brightness of the night sky owing to the lunar cycle
and to the varying degree of cloud coverage at night.
The moon is the principal 'source' of night light, for it reflects a
small amount of sunlight (7%) from its dark surface rocks, the remaining
93% being absorbed (KOPAL, 1963).

At full moon the intensity reaches

1/450,000 of the intensity of sunlight, corresponding to 0.25 lux or 1/4
s tandard candle at 1 metre (RUDAUX and deVAUCOULEURS, 1959).

Due to rough

'
surfaces, shadows etc. at half moon the intensity
drops to 1/ 12 of the ful 1

moon value.
In addi ti'on to the enormous changes of brightness associated with sunset,
there are changes in the colour temperature resulting in spectral variation
of the sky brightness (ROZENBERG, 1966).
- 11 -

Reddening of the sky at the zenith
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is a regular occurrence, but 'blue' increases again (SIEDENTOPF and
SCHEFFLER, 1965; MEGRELISHVILLI, 1946) until the sun has reached a position
of 9-11° below the horizon.

However, by the close of twilight (-18°), the

sky is considerably redder even than at the time of its maximum reddening
during sunset (SIEDENTOPF and SCHEFFLER, 1965) .

The reddening is, however,

subject to very strong variations, both seasonal and daily (ROZENBERG, 1966).
Moonlight, i.e. sunlight reflected from the surface of the moon, too,
is redder than direct sunlight, since moonrocks selectively absorb wavelengths
between 380 and 390 nm (HENDERSON, 1970).

Moonlight appears bluish rather

than reddish to human observers which is known as the Purkinje phenomenon
and the colour changes at low intensities are not apparent to the naked eye
or photometers designed to quantify human visual sensation.
Light from most regions of the night sky is also partially linearly
polarized, which is not surprising since moonlight is merely reflected sunlight.

But, again, the polarization pattern of the sky is not detectable

by the unaided human eye.
It is important to know that these optical phenomena exist, for we
cannot assume that insects do not see them or are unaffected by them as we
are, unless we are able to prove it.

B.

Why a Nocturnal, Life?

The vast majority of noctun1al insects are herbivores.
scavengers

There are some

e.g. carrion beetles, or parasites e.g. mosquitos, but actual

predators are very rare, e.g. flightless carabid beetles.

There are no

known flying predatory insects active at night, but at the same time there
are thousands of herbivores in the air.

- 12 -
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The night appears to be the safest time of the day for a herbivorous
insect to feed.

Though undoubtedly olfaction (in moths) and other non-

vi sual senses play important roles in some species of nocturnal insects, all
require vision to manoeuvre through tree-tops or to find glittering water
surfaces at night while on the wing.

Such behaviours can be mediated by ru1

eye as long as it is sensitive enough to detect intensity changes.

The eye,

of course, should have a certain degree of resolution, but this requirement
is more crucial to predatory rather than to herbivorous insects.

Since there

are hardl y any nocturnal predatory insects it appears that no satisfactory
s tructures have yet been evolved confirming high sensitivity without loss
of acuity.
C.

Adaptation of In sect Eyes
How does the nocturnal insect cope with the dim-light situation?

Th e real dilemma is not just to increase sensitivity, but how to increase
sensitivity and still retain the best possible acuity and movement percept i on.

So far there are six known possibilities by which nocturnal insects

i ncrease the efficiency of their eyes and meet the requirements of dim-light
vision.
1)

The whole eye can be enlarged, thus allowing more light to be
captured by more photoreceptive elements.
Nocturnal insects do have very large eyes, which in some
species touch or even fuse on top of the head, e.g. Lampyridae, Lymexilidae.

This situation, however, is also

observed in some diurnal insects, e.g. dragonflies.
2)

The diameter of the corneal lens can be increased to allow more light to
fall into one ommatidium, but at the same time the ommatidial length
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has to be increased.

Otherwise the interommatidial angle would

become larger and acuity and movement perception would decrease.
The relatively low degree of efficiency in this kind of
adaptation is illustrated by the fact that doubling of the
corneal diameter results in a fourfold increase of corneal
area, allowing only four times as much light to enter the
ommatidium.

Though this adaptational principle is found in

various eyes of nocturnal insects, there is an upper limit
of corneal size (between 30 and 40 µmin diameter).

Since

each ommatidium receives an overall brightness impression
of a tiny area of the environment, but does not see an
image, the limitations of the corneal sizes are set, again,
by requirements for acuity (BARLOW, 1952).
3)

A tapetum, reflecting the light in such a way that it passes through
the photoreceptive elements for a second time, is found in a number
of nocturnal arthropods.

The tapetum, consisting in spiders and crustacea of guanine
platelets, is formed from air-filled tracheae in insects.
This tracheal tapetum is the reason for eye-glow in certain
nocturnal beetles and Lepidoptera (e.g. butterfly-glow;
MILLER and BERNARD, 1968) if light is shone onto their
heads at night.
4)

Dioptric system and receptors can be separated by a clear-zone devoid
of pigment.
This alone, ·without changes of the optics of the dioptric
system would increase sensitivity (HORRIDGE, NINHAM and
DIESENDORF, 1972) and appears to be the principle by which
the clear-zone eyes of the Australian freshwater yabbie
function (WALCOTT, 1973).

Insects have achieved various

improvements on this model by having developed inhomogeneous

- 14 -
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dioptric systems with either cone or cornea turned into a
lens cylinder, characterized by a radial gradient of refractive index with lowest value at the periphery (EXNER,
1891).

Together with the clear-zone this allows one re-

ceptor to sum -up light from a great number of neighbouring
facets.
S)

Receptors of nocturnal insects could use all wavelengths of the
spectrum equally rather than having narrow spectral sensitivities
as in many diurnal forms.

Indeed it appears that nocturnal insects have broader
spectral sensitivity curves and extend their colour vision
into the red, which for most diurnal insects is invisible
(MENZEL, 1974).

One simple way to achieve this is to in-

crease the width of the rhabdom, since that would facilitate
the absorption of longer wavelengths (SNYDER and MILLER, 1972).
6)

Receptor cells could be electrically coupled.

This would presumably

lower the threshold at which the cells respond to light and could
increase the signal-to-noise ratio.

Electrical coupling has been shown to exist in the drone
bee (SHAW, 1969), which is diurnal, but there is evidence
that electrical coupling is more wide-spread (SNYDER, MENZEL
and LAUGHLIN, 1973).

Coupling of receptor cells seems to be

common in mesopelagic fishes (LOCKET, 1970), which live in a
similar dim-light environment to insects.

The extent to which

electrical ~oupling is present in nocturnal insects is not
known.

Neuronal 'superposition', i.e. coupling of several

primary inputs at the optic ganglion level, possibly occurs
in nocturnal insects, but has not yet been investigated.
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This synopsis gives an idea of what insects can do to increase the
efficiency of their eyes, bearing in mind that limitations are set by the
requirements for acuity and movement perception.

A nocturnal insect need

not have adopted all the features listed in the compilation above , but may
,

have developed any mechanism preferentially.

There are also some exceptions ,

notably the Skipper butterfly which has a clear-zone eye, inhomogeneous
optics and a well-focused (superposition) eye, producing a real, erect
image, yet it is diurnal (HORRIDGE, GIDDINGS and STANGE, 1972).
Because of the change of brightness during day and night most insects
have developed mechanisms by which they can control the amount of light
reaching the photoreceptor.

Migration of pigment granules both in retinula

cells and pigment cells is usually involved and was already known to EXNER
( 1891).

Additional adaptational features discovered only during the past

decade, reviewed by WALCOTT (1974), concern movement of retinula cells,
changes in shape and size of crystalline cone and the production of a
crystalline thread during light-adaptation.

D.

Ins eat Speai es Used i n this I nvestigation
For this study three species of nocturnal insects with three different

types of eyes have been chosen to demonstrate how photoreceptors have become
adapted to vision in a dim-light environment.
The larval eye of the sawfly

Per ga

(Chapter I) has been chosen as

one example because it. combines a simple organization (one lens, relatively
few retinulae, little structural change on dark-light-adaptation) with surprisingly good vision, demonstrable in behavioural experiments.
The apposition eye of the rove beetle Cr eophilus (Chapter II) is

- 16 -
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interesting because this is a structure primarily developed for vision in
a bright environment.

Now serving an insect that lives almost constantly

in a dark environment, it shows some degree of adaptation.
The clear-zone eye of the Australian Christmas beetle Anoplognathus
(Chapter III) has been selected to be the third example because of its
extraordinary adaptation to a dim-light environment and its extensive
structural changes during dark-light-adaptation.
Suitable sawfly larvae for experiments were · available between September
and December; they were followed by the Australian Christmas beetle (December to March) and the carcass rove beetle Cr eophi l us ery throcephalus
(~larch to May) .
Occasionally the eyes of other insects were examined, but, with the
exception of the Mayfly Atalophlebia costalis, which has both a clear- zone
and an apposition eye (see Appendix), they have not been dealt with in this
present study.
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CHAPTER I

STRUCTURE AND FUNCTION OF THE LARVAL EYE OF THE
SAWFLY (PERGA sp.: HYMENOPTERA)
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THE LARVAL EYE OF THE SAWFLY PERGA sp.

A.

SUMMARY

The visual properties of the stenunata of 4th and 5th instar sawfly
larvae have been investigated by means of intracellular electrophysiological recordings, interference-, light-, scanning electron and transmission electron microscopy, and ray tracing techniques.
1.

Sawfly larvae as part of their defence reaction turn their heads
towards an approaching object (Fig. la,b).

An object must subtend

at least 4° of arc to elicit a behavioural reaction.

This limit does

not change over a range of 3 log units of brightness.
2.

Each larva possesses one pair of lateral ocelli (Fig. le) consisting
of a biconvex lens, a clear-zone of corneagenous cells devoid of pigment granules and a retina made up of groups of 8 retinula cells with
a central and fused rhabdom (Fig. 4a,Sa).

Each eye can receive light

over a total angular range of approximately 210° (Fig. 19).
3.

The larvae are strictly nocturnal in their feeding habits and it was
found that a circadian rhythm controls the sensitivity of single
units, which at night show an increased sensitivity by 2-3 log units
(Fig. 9).

4.

Migration of pigment during the night is predominantly radial and
directed towards the periphery of the retinula cell (Fig. Sb,c,6),
thus producing a 'Schaltzone' around the rhabdom.

Vertical pigment

movement occurs after exposure to bright sunlight for several hours
(Fig. 7).
5.

Two different waveforms were found in electrophysiological recordings.
Both occurred after resting potentials of 40 - 70 mV, but one was a
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depolarization response on stimulation with short flashes of light
(Fig. 8), the other type was a hyperpolarization response (Fig. 10).
Throughout the study only depolarizing units were taken into consideration.

Hyperpol~rization was by far the more frequent type in the

few cases where the eyes of 6th larval instars were penetrated
successfully, while with 4th instar larvae conditions were reversed.
6.

Horizontal and vertical angular sensitivity curves for light- and
dark-adapted units were derived from intracellular electrophysiological recordings of 32 units.

A wide range of acceptance angles

was found with 4.5° being the narrowest and 31° the widest angle
measured (Fig. 13).

The difference between the mean values for

light-adapted units (11.46° ± 5.1 S.D.) and dark-adapted ones
(13.83° ± 6.8 S.D.) is not statistically significant (t-test)
(Fig. 14).

A histogram did not reveal any apparent inhomogeneities

of the samples (Fig. 15).
7.

The biconvex lens consists of three horizontal layers of different
refractive index (distal: 1.55; middle: 1.53; proximal: 1.48), each
of which is optically homogeneous (Fig. 16).

The distal layer is re-

stricted to a narrow outer fringe, the middle and proximal layers
forming most of the lens.
8.

Ray tracing through the dioptric system shows that there is a small
region of highest resolution where light is well focused to a spot
(Fig. 17), but ~hat towards the outer edges of the cup-shaped eye
the focusing becomes less accurate and the illuminated area grows
larger (Fig. 18).
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9.

In both light- and dark-adapted 1..D1its a polarizat ion sensitivity of
up to 10:1 was determined electrophysiologically (Fig. 11).

Electron

microscope studies of the rhabdom show a system of h i ghly orientated
microvilli which is thought to be responsible for the polarizat i on
sensitivity (Fig. 4a,Sa).
10 .

Flicker fusion frequency occurs at about 20 stimuli per second
(Fig. 22c).
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B.

INTRODUCTION

In insects three main classes of photoreceptors can be distinguished
morphologically:
a)

compound eyes (most adult insects; many larvae of hemimetabolous
forms),

b)

dorsal ocelli (many both hemi- and holometabolous insects),

c)

stemmata or lateral ocelli (many larvae of holometabolous
insects).

The past decade has seen a profusion of anatomical and electrophysiological studies on compound eyes and to a lesser extent on dorsal ocelli,
e.g. GOLDSMITH and RUCK, 1958;
CHAPPELL and DOWLING, 1972.

RUCK, 1961;

METSCHL, 1963;

GOODMAN, 1970;

By contrast with these two types of insect

photoreceptors very little is known of the visual properties of stemmatal
eyes.

Early anatomical investigations (GRENACHER, 1879;

GUNTHER, 1912;

CORNELI, 1924) were followed by behavioural observations

(e.g.FRIEDERICHS, 1931;

SCHLEGTENDAL, 1934) and supplemented by ERG-

studies (ISHIKAWA and HIRAO, 1960;
ever, no

HESSE, 1901;

JOKUSCH, 1967;

BARRER, 1971). How-

intracellular electrophysiological investigations have yet been

published.
Australian sawflies have been the subject of early natural history
papers (e.g. EVANS, 1,?.34;

McKEOWN, 1944) and recent morphological and

ecological studies (CARNE, 1962, 1965;

TAIT, 1962).

The present physio-

logical study deals with problems related to larval sawfly behaviour
(CARNE, 1962;

MEYER-ROCHOW, 1972) and aims to supplement or possibly ex-

plain some earlier findings.
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C.

MATERIAL AND METHODS

From September to January sawfly larvae, feeding on eucalypt trees,
were collected locally. The material was identified by E.F. RIEK of the
C.S.I.R.O., Department of Entomology, Canberra, and comprised individuals
of Perga affinis. P. turneri and Pergagrapta bella. The three species do
not differ in behaviour or biology and sometimes form interspecific or
even intergeneric colonies (EVANS, 1934).
by the specialist.

They can be distinguished only

The age of the larvae was determined by using tables

on the widths of the head capsules (TAIT, 1962) and distribution of age
groups throughout the year (CARNE, 1962).

It was found that 3rd, 4th, 5th

and 6th larval instars were represented. As the eyes of 3rd instar larvae
were too small for successful recordings and those of 6th larval instars
possessed too tough a basement membrane to be penetrated with ease, experiments were restricted to 4th and 5th larval instars.

The animals were

maintained as previously reported (MEYER-ROCHOW, 1972).
(1)

Scanning Electron Microscopy.

Larval heads were either dehydrated in

a graded series of acetone and coated under vacuum with palladium-gold
(30:7 0) or used uncoated.

Observation was carried out at an accelerating

voltage of 8kV using a Jeol-JSM-U3 scanning electron microscope.

Photo-

graphs were taken with a polaroid Polapan camera equipped with land film
type 52.
(2)

Transmission Electron Microscopy and Light Microscopy. Decapitation

and halving of the heads was followed by fixation with cold Karnovsky's
paraformaldehyde-glutaraldehyde mixture (2 hours) and 1% osmium-tetroxide
buffered with sodium cacodylate (~hour).

The preparations were dehydrated

in a graded series of acetone, embedded in Epon 812 and hardened for three
days at a temperature of 65°.

The specimens were then cut with a glass

knife on a Reichert microtome.

For light microscopy lµm sections were

stained with toluidine blue for a few seconds on a hot plate.

Gold sec-

tions for electron microscopy were double stained with uranyl-acetate
(8 min) and lead-citrate (4 min) and observed with a Hitachi 100 at a
Voltage of 75 kV.
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Observations on the state of adaptation were made on l arvae which had
been kept under. artificial light conditions of approximate l y 1,400 lux,
white light (day), and 0.1 lux (night).

The larvae were fixed shortly

before others of the same group were tested electrophysiologi cally.

To

get the two extreme adaptational states the eyes were f i xed either at
night in complete darkness or after exposure to bright sunli ght for two
hours .

Fi xation with boiling water discoloured the pigment and therefore

could not be used as an instant fixative.
( 3)

Interference Micro s copy .

A Zeiss double beam interfer ence micro-

scope was use d to examine fre sh sections of 5 stemmata wh i ch had been cut
wi th a Le it z f r eezing microtome with blade cooled to -2s 0 c. The sections
were trans fe rred from the knife edge to a clean glass slide with a fine
brush.

They were placed in small drops of a mixture of distilled water and

gl ycerol (n 1= 1.335) and r1 , the phase difference in this embedding medium
was measured in degrees by means of an Ehringhaus compensator and converted
i nto dec i mals according to a given table.

The section was then transferred

into pure plycerol (n 2 = 1 . 476), the second embedding medium. The measuring
procedure was repeated and
was also converted into decimal values. The

S

refractive index of the structure of interest, n t , can be calculated,
s r

irrespect i ve of the thickness of the section using the equat i on:

(4)

Ray Tracing .

Snell's law of refraction n /n = sina /sina and a
1 2
2
1
scale diagram of the stemma in longitudinal section along the axis were
used to trace 11 equally-spaced parallel rays striking the surface of the
lens .

This was repeated at various angles from O0 to 105 0 to the axis.

The percentage of rays falling onto one -photoreceptor in relation to the
ang l e of incidence was .~sed as an indication of the acceptance angle.
(5)

EZ. ectrophysioZogy .

4th and 5th larval ins tars were decapitated rapid-

ly wi th a pair of scissors to prevent spitting and s mearing of repugnatoral
fl uid over the i r tiny eyes.

A small incision above the eye was made with

a sharp razor blade, so that the eye itself stayed completel y undamaged and
any microelectrode had to penetrate the basement membrane before it reached
t he retina.

-
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The preparation was placed on a piece of filter paper moistened with
cockroach Ringer (PRINGLE, 1938).

This was mounted at the centre of a

device, which allowed the stimulating light to be moved in horizontal or
vertical arcs around the eye.

The light source was a 100 Watt tungsten

filament lamp whose characteristic spectral ennnission had earlier been
measured (BUTLER, 1971).

The brightness of the light source, fixed behind

a pinhole was controlled within 3.5 log units by a set of calibrated
neutral density filters.

Measurements with a pinhole light-meter (3 mm

diameter; Minolta pinpoint receptor) made at the location of the preparation gave a value of 1,600 lux, which provides an approximate idea of the
absolute maximal brightness.

An

electrically operated shutter delivered

flashes (1 sec, 0.2 sec, SO msec) at intervals of 3.2, 4 or 5 sec.
All fibre-filled glass electrodes (2.5 Mol KCI-solution) were examined
under a microscope at 400x in order to select those with finely tapered
tips.

These had a resistence in the tissue of about 120-200M.O.

Standard

microelectrode recording techniques were used (high impedence capacitycompensated preamplifier, cathode ray oscilloscope).

Usually the CRO-

output was fed into a two-channel paper recorder, but when the shape of
the response was to be investigated, conventional filming of the responses
from the

oscilloscope screen was used.

Successful and stable penetration of a cell was characterized by a
resting potential of more than 40mV.

The lamp was moved either horizon-

tally or vertically and always passed through the optical axis (defined as
the position for greatest response) of the unit.

Prior to or after each

run the light was brought to the optical axis and the responses to light
flashes changing in intensity by the corresponding grey filter units were
recorded.

From this 'neutral density series' a sensitivity curve (as in

Fig. 9) was obtained.

Using the sensitivity curve of the same cell the

relative sensitivity at_ each position of the lamp was calculated and a
curve of angular sensitivity drawn (Fig. 13).

The width of the angular

sensitivity curve at the 50% level is defined as the acceptance angle 6p .
Only values of vertical acceptance angles were used for the comparison of
dark- and light-adapted eyes.

These did not have to be corrected for

errors resulting from differences in the vertical position of the stimulus
(BURKHARDT and STRECK, 1965).
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D.
1.

RESULTS

Behaviour
Sawfly larvae belonging to the 3 species Perga affinis . P. turneri,

and Pe rgagrapta bella live in colonies of about 40 individuals.

Larger

aggregati ons of up to several hundred members can be formed when different
col onies meet and subsequently fuse, even if the larvae represent different age groups and different species (EVANS, 1934).

The aggregations

spli t up at night when the larvae become active and feed singly on eucalypt leaves .

At dawn they form the typical resting clusters, using 'tapp-

ing ' for communication, and stay together motionless for the rest of the
day (Fig. 1 in MEYER-ROCHOW, 1972).
Only in times of starvation may the larvae be found actively searching for food during the day.
one branch to another.

Migrating colonies can be seen moving from

Communication is maintained by close bodily con-

tac t and tapping behaviour (MEYER-ROCHOW, 1972).

Tagging experiments

sugges t that the same individual leads the group during different migratorial periods (CARNE, 1962).
When the host tree has become entirely defoliated the whole sawfly
colony may move to another unattacked tree even if that is more than 50
fee t away.

Migrating sawfly larvae cover the distance on the ground in a

straight line.
Wild larvae exhibit a strong defence reaction, the first step of
which i s raising of the head and tail and turning towards the intruder
(Fig . la,b).

The second step is 'spitting' of regurgitated eucalypt sap

and the third twitching of the abdomen and rearing back of the head, far
enough to touch the abdomen, at the same time allowing the first pair of
- 28 -
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legs to lose contact with the leaf.

Although this response can be elicited

repeatedly the larvae quickly fatigue with the vigorousness of their defence reaction.

There is also a strong caging effect making larvae less

aggresive in captivity.
Unfortunately, the optomotor response exhibited by sawfly larvae is
not consistent enough to be used for acuity and sensitivity measurements
in striped drum arrangements.
blue plasticine ball (5 mm
per second up to 7 cm
heads (Fig. la,b).

However, small manual movements of a dark

in diameter), oscillated approximately 4 times

away from the eye, cause some larvae to turn their

Converted into degrees of arc this means that a circu-

lar object of a diameter of 4°, relative to the position of the eye, is
detected and elicits a response.

The 4° limit is maintained throughout

the day between illumination levels of 20,000 and 20 lux as measured with
a photometer in natural environment.

Below the latter value the head-

turning response ceases altogether and the entire behaviour of the larva
changes (start of nocturnal activity, e.g. spreading out, feeding, etc.).
2.

Structure of Stemnata
Unlike the situation in the larvae of tiger-beetles (FRIEDRICHS,

1931), ant-lion (JOKUSCH, 1967) and cabbage caterpillars (BARRER, . 1971),
where there are six lateral ocelli on either side of the head, sawfly
larvae have only one pair of stemmata (Fig. le).

Each stemma possesses a

biconvex circular lens, which increases in· diameter from 0.18 mm
3rd larval instar to 0~35 mm

in the

in the 6th and final stage before pupation

(Fig. 3).
Below the cornea is a structure of long cylindrical cells, devoid of
pigment, which are usually described as corneagenous cells and which,
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indeed, as seen in the electron microscope, show a vast number of toothlike projections into the corneal cuticle suggesting synthetic activity.
As in the case of Trichiocampus virrrinalis (Fig. 2) the nuclei of the corneagenous cells lie below the nuclei of the retinula cells (Fig. 7a), i.e.
closer to the basement membrane than the retinula cell nuclei (CORNELI,
1924) .
The retinula cells form columns of eight units (not 4 as reported by
CO~~ELI, 1924), which are isolated from neighbouring columns of eight by
the long narrow necks of corneagenous cells.

Irregularities affecting

shape, size and organization of the rhabdom are more common than in most
compound eyes, but in general the rhabdomeres of the eight retinula cells
fuse centrally to form a characteristically butterfly-shaped rhabdom
( Fig. 4a,Sa).

This is approximately 12-15 µrn wide at its distal end and

half this width at the proximal end.

The microvilli (0.08 µm in diameter)

of the rhabdomeres (Fig. 4c) are arranged in such a way that they produce
two connected systems of perpendicularly orientated microvillar fringes
thus forming the basis for the perception of plane polarized light (MOODY
and PARRISS, 1961) (Fig. 4a,Sa).

The rhabdom terminates some 50 µm above

the basement membrane and the retinula cells form bundles of 8 axons. When
they finally penetrate through the basement membrane groups of only 5 axons
or bundles of up to 16 or more can be seen (Fig. 4b).
All axons join together to form one large sternmatal nerve 0.1 mm

in

diameter, which leave~ the eye in dorso-posterior direction (Fig. 4d). The
optic nerve of the sternma, in contrast to the situation in dorsal ocelli,
does not enter the brain directly.

Sawfly larvae have three optic ganglia

which, according to PANOV (1960), degenerate during pupation and are replaced by adult organs.

The role of the transparent hairs and their holes
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in the black head cuticle (Fig. le) which possibly let some light pass
through, is not yet understood.
3.

Structural Changes on Dark-Light-Ada.ptation.
In dark-adapted stenunata densest pigment clusters are found at the

proximal end of the retinula.

In the distal 2/3 of the retinula cells

pigment granules move radially away from the rhabdom and produce a
"Schal tzone" presumably of lower refractive index, around the rhabdom
(Fig. Sb,c).

When adapted to bright sunlight for 2-3 hours, vertical

movements of pigment within the retinula cells are found in addition to
the dominant radial pigment movement (Fig. 7b,d) which in this case is
directed towards the rhabdom.
The only histological difference between eyes fixed at night in a
dark room and those fixed during the day after alaptation · in a shady but
light-flooded room is the distance of pigment granules from the rhabdom
at the distal end of the retinula (Fig. 6a,b).

The effect of this pig-

ment movement on light propagated along the rhabdom, however, must be
very small, since in this stage of light-adaptation pigment granules do
not approach the rhabdom closer than an average of 2-3µm (compare KIRSCHFELD and FRANCESCHINI, 1969, who state that pigment granules must be
within O.Sµm of the rhabdom to have an effect on light propagation).
Sawfly larvae in their natural environment seek the shade of
branches and leaves to protect themselves from direct sunlight, and
therefore preferentia1ly aggregate at the middle and lower parts of
the trunk of their host tree.

Experimental exposure to adapting room-

light simulates natural brightness conditions well, but does not take
into account any effects of ultraviolet light (UV) on adaptation. However, this was of no consequence, for it was hoped to correlate histology with electrophysiology and since the stimulating lamp used in
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the latter experiments emitted very little UV, all animals had to
be light-adapted in the same UV-free way.
A wide variation in the dimensions of the corneagenous clear-zone is
seen among different individuals of the same age group but no correlation
with the adaptational states seems to exist.

The width of the clear-zone

as wel 1 as number and size of some intracellular components are probably
more influenced by moulting cycle, age, food and health conditions of the
larvae than by the adaptational state.

For example, larvae fixed soon

after moulting (in the evening) show a drastic increase of small vesicular
material in the corneagenous cells which otherwise is seen mainly in lightadapted material (Fig. 21).

Retinula cells in light-adapted stemmata

appear to contain more mitochondria than do dark-adapted eyes.
4.

Electrophysiology

{a)

General observations
The intracellular responses recorded from 4th and 5th larval instars

were typical retinula cell receptor potentials with an initial peak at
'on' and a sustained depolarization plateau during continued illumination
(Fig. 8).

All measurements were made on the initial peak, which did not

overshoot zero membrane potential and had a rise time of about 3msec. With
resting potentials of 40-70 mV a depolarization response of up to 50 mV
was observed.
Depending on the . adaptational state of the eye the threshold for the
response lies between 3.5 and 4 log units (dark-adapted) or 1.5-2 log units
(light-adapted) below the maximum intensity of the stimulator (Fig. llb,c).
With flashes of very low intensity (3.5-2.5 log units below maximum intensity of stimulus light) small humps of up to 2 mV above noise level were
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observed topping the depolarization (Fig. 8a,b).

These miniature poten-

tials are interpreted as quantum bumps like those reported by SCHOLES (1965;
page 132)for the locust.

Increasing the light intensity of the stimulus

makes the quantum bumps ·disappear, but gives rise to the initial peak (see
above) and after 'off' causes a delayed return of the response to the
level of the resting potential (Fig. 8c,d).

With stimuli 3.5-3 log units

above threshold a characteristic'off response' (Fig. 8e,f) comparable to
but less pronounced than that observed in the dragonfly ocellus by
CHAPPELL and DOWLING (1972}, follows the depolarization plateau.
In some cases a small overshoot below the resting potential, following the 'off' of the stimulus, was observed (Fig. lOa,llc,d).

This extra

miniature-hyperpolarization could reach up to 4 mV (10% of the maximum
response) when light of high intensity was used or the stimulus lamp was
swung into a far-off-axis position.

This effect did not appear to be

caused by damaged cell membranes, for the properties of units showing
this effect were otherwise normal.

The observed negative overshoot at

high intensities and in response to stimulus lights off axis could be
attributed to lateral inhibition (which is highly speculative at this
stage) or to current flow due to the ERG.
Hyperpolarization responses of up to 30 mV, sometimes close to a
mirror image of the depolarization response, were frequently seen (compare Fig. 8c with Fig. llb).

Although recorded in smaller numbers from

4th and 5th larval instars this sort of response was the only type to be
found in two successfully-penetrated eyes (several units) of 6th instar
larvae.

The responses were best following penetration of a cell, being

indicated by a drop of 40-60 mV resting potential.

Characteristically

they showed a slightly slower recovery after stimulus 'off' than the
depolarizing units.

On the other hand they exhibited an initial peak

and plateau like depolarizing responses.
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ERGs picked up from pigment or corneagenous cells or from degenerating
retinula cells since MEINERTZHAGEN finds all three optic ganglia in the
process of degeneration in the 6th instar (personal commW1ication).

Pol-

arization sensitivity of these units was very small if present at all.
The angular sensitivity did not seem to be considerably larger than that
of depolarizing W1its (Fig. 22a).
(b )

Th e affect o f the state o f adaptation
The curves obtained by plotting the relative intensity of the light

s timulus against the resulting depolarization (in mV) are of sigmoidal
shape and similar to those reported for other insects (e.g. bee, NAKA and
KISHIDA, 1966) (Fig. 9).

The steepness of the curves varies for different

W1its within a certain range, but as there is no significant difference
between light-adapted and dark-adapted W1its in this respect, neural
adaptation appears W1likely.

Most light-adapted units seem not to have

r ea ched their full depolarization saturation, because the intensity of the
stimulating lamp was not high enough.

The range between thresholds and

s aturation varies between 2.5 and 1.5 log W1its.

Thoroughly dark-adapted

cells are 500 to 1000 times more sensitive than fully light-adapted ones
(Fig. llb, c) .
An

interesting finding is that animals kept for several hours in a

darkened room during the day never showed the characteristic sensitivity
of dark-adapted W1its recorded from at night.

Furthermore, when animals

were kept in the light during the night they did not show the characteristic response of . lig~t-adapted cells studied during daytime.

Excessive

light on dark-adapted animals at night causes the threshold to rise by
about 1-1.5 log units, decreasing the peak response and lowering the
resting potential (Fig. 8), in extreme cases, from 60 mV to 35 mV.

These

observations suggest that a circadian clock regulates the major part of
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the adaptation (compare section 3. on structural changes upon dark-lightadaptation) and that bleaching or other metabolic phenomena have a smaller
effect.
Dark-adapted units that have been exposed to bright stimulus light
for two minutes, afterwards need about 50 sec

at flash intensities of

-3.5 log units to recover fully from bleaching (Fig. 12a).

If two sens-

itivity curves are plotted, one before conducting any further experiments
such as angular sensitivity, polarization runs etc. and the other after
these have been carried out, the result is two almost exactly parallel
sensitivity curves with slightly shifted thresholds.

The difference is

attributed to minor adaptational changes during the experiments.
(c)

Angular sensitivity
Measurements were taken from 32 units which had been selected on the

criteria of stable resting potential and a peak response of more than 15 mV.
These cells provided 53 measurements of angular sensitivity, 30 from LA
cells and 23 from DA ones.

In many cases one unit survived long enough

(ca. 10 min) to make both a horizontal and a vertical run.

Acceptance

angles ranged from 4.5° to 25° in the light-adapted state and from
31 ° 1.·n the d ar k -a d apte d state.

s0

to

The visual field was more or less symm-

etrical in most cases (Fig. lla).

Where it was not (Fig. 12b) the 50%

sensi tivity level was used in the same way as in a symmetrical distribution to define the acceptance angle.
Although no difference between horizontal and vertical acceptance
angles of the same adaptation state was found, only the vertical acceptance angles were used to compare the two ext remc at.laptat

i 011;1 l s ta tc· ;

( 1: i J'..

as vertical runs need not be correctet.l for errors resulting from t.li r·r~r-
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ences in the position of the stimulus (BURKHARDT and STRECK, 1965).

The

light-adapted eye was found to have an acceptance angle of 11.46° ± 5.1
S.D . (Fig. 14).

In the dark-adapted state an acceptance angle of 13.83° ±

6.8 S.D. was measured (Fig. 14).

Statistical analysis Ct-test) reveals no

significant difference between these two values.

Taking non-corrected

horizontal and vertical acceptance angles together, again, no statistical
significant difference between light-adapted (11.53° ± 5.3 S.D.) and darkadapted units (12. 78° ± 6.7 S.D.) exists.

However, the total range of

accep tance angles appears to be wider in dark-adapted cells (26 degrees)
compared with a range of 21 degrees in light-adapted units (Fig. 13).
To prove that the material is statistically homogeneous and therefore
can be treated collectively the distribution of acceptance angles is plotted
in a histogram arrangement (Fig. 15).

In both cases (light-adapted and

dark-adapted) there is only one peak with a steep fall towards small angles
and a smooth slope towards larger angles.

All units selected for calcula-

tions must have been of the green-sensitive type, since the stimulating
lamp was emitting very little UV.

Both wavelengths, UV and green have been

shown to be most readily detectable by larval sawflies (WEISS et al. 1944).
(d)

Polarized light
Most of the cells in the stemmatal retina of sawflies are highly

sensitive to the plane of polarized light (Fig. lld).

A mean polarization

sepsitivity of 6.1 ± 2.1 S.D.:1 was found, when the height of the responses was converted, using the intensity function for the run, into
sensitivity at each position of the polaroid.

In two cases, out of 9 cells

tested, polarization sensitivities of up to 10:1 were recorded.

No appa-

rent difference in the relative sensitivity of the cells to polarized light
was detected in the two extreme states of adaptation.
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(e)

Fl icker fus ion f r equency
As in other slow moving, non-flying insects flicker fusion frequency

i s low.

The electrophysiologically recorded response from retinula cells

is indistinguishable from noise level at about 20 pulses of light per
sec ond .
5.

Dioptr ic system and ray t racing
Ray tracing can effectively illustrate the path of light within the

dioptric system before it reaches the photoreceptor.

Therefore this

me thod was used to hopefully explain the wide range of acceptance angles
fo und.
Rays can easily be traced through media of different refractive index,
usi ng Snell's law of refraction, if the refractive indices are known. Longitudi nal sections of the corneal lens of the stemma, observed under the
i nterference microscope, reveal that it basically consists of two layers
of different refractive index (Fig. 16a,b).

The larger of the two

forms

the outer and central part of the biconvex lens and has a refractive index ·
of 1.525.

The inner layer consists of a 50µm thick (4th larval instar)

concave-convex lens-layer with an index of 1.482.

Neither of these layers

shows a radial gradient of refractive index, appearing optically homogeneous in transverse section (Fig. 16c,d).

A refractive index of 1.545 is

found along the outer margin of the distal region, but the transition to
th e value 1.525 is smooth, unlike the situation between 1.525 to 1.482,
where the change is ahl'upt.
The opaque edges of the body cuticle project into the transport lens
between the middle and proximal layer (Fig. 16a,b) and form a permanent,
s tiff aperture of about 0.15mm in the 4th larval instar.
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index of the corneagenous clear-zone could not be measured without difficulty, but the clear and watery consistency, similar to that of clear-zones
in compound eyes, indicates that a value of 1.35 is sufficiently accurate.
Eleven equally spaced rays were traced through the dioptric system
and corneagenous zone until they reached the photoreceptor layer (Fig.17,
18).

The procedure was repeated for various angles to the axis and it was

found by geometrical ray tracing that the stemma receives light over a
total angular range of about 210° with a 50% value of about 140° (Fig. 19).
Predictions on the acceptance angles were made by considering the number
of rays falling onto the distal end of one rhabdom in relation to the angle
of incident light.

Photoreceptors situated more towards the periphery of

the cup-shaped eye have very much wider acceptance angles (16.4

0

in Fig.20)

than those that have a more central position where light is well focused
(3.6° in Fig. 20).
Although these theoretically-derived values are somewhat smaller than
the experimentally-obtained acceptance angles, they illustrate in principle
that the stemma of the sawfly has a limited region of most acute vision,
corresponding to a narrow acceptance angle ('focal fovea'), and a larger
part where light is poorly focused and acuity diminishes, i.e. acceptance
angles increase towards the stemmatal periphery.

The explanation for the

small discrepancy between theoretical and electrophysiologically-measured
acceptance angles must be sought in the fact that the corneagenous clearzone is not perfectly clear.

It was assumed to be as clear as water, so

that scattering and other optical phenomena could be neglected.

As the

clear-zone does contain vesicles, cell borders etc. (Fig. 21) there will
undoubtedly be some scatter, increasing the acceptance angle.
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From ray tracing it became evident that only a small portion of the
eye, the focal region of the biconvex lens, could have high resolution

with acceptance angles of about 4°.

Therefore the probability that cells

were penetrated in parts ·of the eye where acceptance angles were wider was
high (Fig. 15).

On the other hand the chance to hit the most peripheral

cells with the largest acceptance angles was, again, reduced, the more as
the emphasis lay on recording from the centre of the eye.

Thus the wide

range of acceptance angles is explained by the structural organization,
especially the dioptric system of the sternma.
E. DISCUSSION
l.

Visual Orientation
Sawfly larvae were chosen for the experiments as these are known to

show visual behaviour according to earlier investigators.
CARNE (1964) reported that hungry Australian sawfly larvae leave their
host tree, when it is defoliated, and head in a straight line towards the
nearest unattacked tree within SO feet, thus demonstrating some sort of
ability to estimate distances.

Unfortunately it is not known how sawfly

larvae select their particular host species from among many other eucalypts,
but scent may be important. When, at greater distances, an upright human
figure is mistaken for a tree, the colony can be made to follow sinuous
paths

by moving from one side of the colony to the other.

Considering

that sawfly larvae have green-sensitive retinula cells (WEISS et al., 1944)
the colour of the leaves might perhaps provide some information on whether
the tree is suitable or not.

However, the green colour cannot be the · only

attraction as the larvae keep on walking through the grass and also ignore
small green bushes, which are not their taste, on their way to the new
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dorado.
Since some lepidopterous larvae, e.g. Lymantria which also has stemmata , have been shown to possess a limited capacity for form percept i on at
intermediate distances (30 cm: HUNDERTMARK, 1939), presumably sawfly l arvae
too, are capable of discerning shape.
2.

Acuity
DETHIER (1942), analyzing the optical properties of the dioptric

apparatus of the stemma of Isi a i sabella, finds a minimum angle of resolution of 1.0 x 10- 2 radians and he proves experimentally that a clear image
can be formed by the corneal lens.

Such images, in his case of news

µrin t s , formed by the stemmatal lens, demonstrate the value of an immaculate and precise lens system for acute vision, but do not show what the
insect actually sees.

To solve this problem

logi ca l approaches are more useful.

behavioural and electrophysio-

HUNDERTMARK (1937) found that the attrac-

tiveness of patterns increased with angular width

up to a maximum of be-

tween 23° and 35°, and in sawfly larvae it was found electrophysiologically
that the acceptance angle (mean values for dark- and light-adapted eyes) was
about 12°.

The material, tested for homogeneity (compare results section

5), allowed averaging but the range of individual acceptance angles was
wi de, and of the 53 acceptance angles measured electrophysiologically, 8
(i .e . 15%) fell into the '4-6° 1 category.

In agreement with the behaviour-

a l observations 4° appears to be the limit of resolution.
Ray tracing proves the existence of a 'focal fovea' (a small region
of most acute vision with narrow acceptance angles), which could be called
a true fovea if there were more photoreceptive elements per unit area than
in other parts of the eye.

Although this is not the case there is one
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" (1964) emphasizes that narrow
important functional consequence. GOTZ
angles are advantageous at high environmental light intensities a s they
i ncrease the ability of the eye to detect small movements.

This means that

i n sawflies (as in preying mantids,MALDONADO, 1970) there i s a region more
f unctionally specialized than the rest of the eye to perceive movement s
during daylight.

This would concur with the observation that the worst

enemies of sawfl y larvae are parasitic wasps, which when discovered early
enough can be chased away by spitting regurgitated eucalypt juice at them
(CARNE, 1962 ) .
3.

Circadian Rhythm and Acceptance Angl es
KIESEL (1894) has reported that the eye-glow of the nocturnal moth

Plusia

ganma disappears during the day even if the animal is continuously

kept i n complete darkness.

In the beetle Tenebrio it was found that a

circadi an rhythm controls pigment movement and thus the adaptational state
(WADA and SCHNEIDER, 1968).

In the Australian Christmas beetle, Anoplog-

nathus , c e ll movements together with the occurrence of eye-glow are regulated by a circadian clock (MEYER-ROCHOW, see page 159). Working on the ERG
of Dytiscus , JAHN and WULFF (1943) reported that not only does the waveform of the ERG response change with the time of day (positive ERG during
the day ; n egat i ve at night), but sensitivity and flicker fusion are also
highl y dependent on the adaptational state, which itself is a function of
time of day .
In sawflies, very clearly, the sensitivity, as well as the characteris tics of the intracellular responses, depend on the time of day.

The

i ncreas e of sensitivity during the night may be partly due to the occurrence of a "Schaltzone" around the rhabdom.

This "Schaltzone " would lower

the refractive index of the medium surrounding a light guide (rhabdom
column) which has a higher refractive index.

In Pier i s larvae the diff-

erence between the refractive indices of the rhabdom and Schaltzone was
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found to be approximately 0.05 (BARRER, 1971).

Since in Per ga larvae

there was little anatomical difference between eyes fixed at night and eyes
fixed during the day in a shady room, sensitivity may be increased in a
f ashion not yet understood.

JAHN and WULFF (1941) reported similar sens -

i tivity changes for Dy tiscus, where they were governed by a circadian
II

r hythm but not related to the position of the pigment, and HOGLUND (1966 )
also found similar sensitivity changes in Celerio , where pigment movements
ar e too slow to cause the observed changes in sensitivity to different
i llumination intensities.
Sawfly larvae lack changes in aperture or cell movements exhibited
by other insects (WALCOTT, 1969) even under conditions of extreme adaptation i.e. bright sunlight and darkness.

The principal anatomical diff-

erence be tween dark- and light-adapted rhabdom is the position of the
re tinular pigment granules.

However, in contrast to some adult insects

wi th similar anatomical changes, e.g. the cockroach (BUTLER, 1971) no
statistically significant difference in acceptance angle between darkadapted and light-adapted animals was found.

Because of the very large

di ameter of the rhabdom (at the distal end up to 14µm) the increase of
propagated light modes in relation to larger angles of inGidence is
i nsignificant in terms of the total visual field, if adaptational changes
are predominantly caused by radial pigment movement (SNYDER, personal
communication).

It is possible however, that the stimulating light was

not s ufficiently bright to saturate light-adapted units fully (only once
was a response of more than 30 mV recorded in a fully light-adapted unit,
but dark-adapted ones frequently gave more than 40mV).

Therefore, one

cannot rule out changes in angular sensitivity altogether.

However, it

i s certain that a change in sensitivity by a factor of 2.5-3 log units must
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not necessarily affect the acceptance angle, as has been demonstrated both
behaviourally and electrophysiologically.
4.

Polarized Light
In 1951 WELLINGTON et al. have tested behaviourally that Neodiprion

larvae orientate primarily with reference to the polarization pattern of
the sky.

The structural bas.is for the perception of plane-polarized light

in the stemrnata of sawflies has now been described and actual polarization
sensitivi ty of single visual cells has been demonstrated electrophysiologically.

A surprisingly high polarization sensitivity of up to 10:1,

previously reported only for crustaceans (SHAW, 1969), was measured.
According to SNYDER (1973) such a high polarization sensitivity based on
the described organization of microvilli is possible only if all retinula
cells, or those of a single system (either the inner or outer four cells)
are of one and the same spectral type.

Since WEISS et al. (1944) have

found that sawfly larvae show two peak responses to different spectral
colours (365nm and 515nm), presumably there will be 4 UV and 4 greensensitive cells in the retinula of sawfly stemrnata.

Electrical coupling

of retinula cells,as is most likely to be the case in Creophilus erythro-

cephalus,appears unlikely since the larval eye has a relatively large
aperture and apparently no need for electrical coupling (see page98).
5.

R.e fractive Index
Optical propertie~ of stemrnatal lenses of two larval Lepidoptera have

been investigated previously: Isia isahella (DETHIER, 1942) and Pieris

brassicae (BARRER, 1971).

In agreement with the observations on sawfly

larvae (Hymenoptera) reported in this paper, the corneal lenses were found
to consist of three layers, with the outermost being the narrowest and the
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one with highest refractive index.

Variations occur in the thicknesses

of the middle (exocuticle) and inner layers (called endocuticle by
DETHIER, 1942, but mesocuticle by SANNASI, 1970).

In Isia isabella the

inner layer is the largest, whereas in sawflies it is the middle layer.
In all three cases the epicuticle has the highest refractive index and the
innermos t layer the lowest (see table).

Such an arrangement increases the

refractive power of the lens.
Refractive index of stemmatal lens

Pieris brassicae

Isia isabella
Outer layer

1.57

1.56

Perga affinis

1.565

1.545

Middle layer

1.53

1.541

1.525

Inner layer

1.52

1.491

1.482

(DETHIER, 1942) (BARRER, 1971)

(MEYER-ROCHOW)

It appears that in larval eyes there is less variety of the organization of dioptric systems ·as compared with adult insects.
6.

Stemma and Compound Eye
Among those nocturnal insects investigated so far, sawfly larvae

appear to be unique in that they can increase sensitivity by 2-3 log units
in the dark without losing acuity.

They seem to have achieved, with a

single lens system, what adult nocturnal insects have tried to gain with
cell and pigment movements as well as with complicated optical structures
such as lens cylinders.
al. 1944;

Behavioural observations (CARNE, 1962; WEISS

WELLINGTON et al. 1959) suggest that the little stemmata of

sawflies are capable of polarization sensitivity, motion detection and
form and colour perception.

Their flicker fusion frequency limit is no

lower than that of the stick insect and other slow moving insects
- 44 -
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(KAESTNER, 1972).

The similarity of the intracellular electrophysiological

r esponse to that of an adult photoreceptor (dorsal ocellus, CHAPPELL and
DOWLING, 1972; compound eye, NAKA and EGUCHI, 1962) is striking and has
already been discussed (results section 4).

Why do sawfly larvae then throw away this entire structure during
pupation?

Why let it degenerate and form a compound eye?

Obviously

there must be some advantage of having a compound eye.
Fast-flying insects, such as the adult sawfly, would be better served
by an eye that has good acuity in any region and not only in one particular
spot of the eye.
a s ingle lens.

A multiple lens system can achieve this more easily than
A fast-flying insect needs a high flicker fusion frequency

and may also require better colour and form perception as well as binocular
visi on.

For example, adult sawflies seek flowers for nectar, and females

se l ect the correct host tree and a particular place on it to depo3it the
eggs .
In general, it appears that the sternrna of the sawfly is a simple,
yet extremely efficient, photoreceptor, but to convert it into a structure
f ulfilling the requirements of a flying adult is evolutionary more difficult than to replace it by an entirely new structure - the compound eye.
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FIGURE

1

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 1

On being disturbed sawfly larvae turn
their heads towards the presumed predator and regurgitate a drop of eucalypt
fluid (a, b)

Scanning electron micrograph of larval
head (c) showing position of the two
stemmata (arrows).

The head capsule is

black and only the long bristles are
transparent.

The latter possibly allow

light to enter the head.
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a.

b.
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FIGURE

2

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 2

Original drawing of the larval eye of the
sawfly Trichiocampus viminalis by CORNELI
(1924), which shows an organization similar
to that of Perga sp. Biconvex cornea and
retinulae are separated by a corneagenous
clear-zone (cz).

The nuclei of pigment cells

(pz) and corneagenous cells (bcz) are situated
just above the basement membrane.
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FIGURE

3

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 3
Scanning electron micrographs of stemmata
from 3rd (a), 4th (b) and 6th (c) larval
instars.

The corneal lens has a convex face

with numerous little humps (d) on the surface,
which may serve the same function as the corneal nipples in Lepidoptera (BERNHARD, GEMNE
"
i.l
and SALLSTRuM,
1970).

and (c) is the same.
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FIGURE

4

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 4
The typical shape of the rhabdom in the cross section and the
arrangement of microvilli show
graph (a).

up well in this electron micro-

The inner four cells numbered 1,2,3,4 form a system

i n which two opposing cells have their microvilli aligned perpendicular to the microvilli of the other two; and in the outer
four cells numbered 5,6,7,8 a similar arrangement can be seen,
the only difference being here that the rhabdomeres have no
direct contact with each other.

When the axons penetrate the basement membrane, they still contain a few pigment granules and mitochondria (b).
(c) appear to contain amorphous material.

Microvilli

Whether they are of

lammellar or tubular origin could not be decided.

Frontal section through the head capsule and stemmata of 4th
larval instar

(d).

The optic nerve leaves the stemma in a

dorso-posterior direction, and there are three optic ganglia
in the larva, which degenerate during pupation.
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FIGURE

5

THE LARVAL EYE OF THE SAWFLY PERGA sp .

Fig. 5
The typical organization, as described in Fig. 4a,
of the rhabdom can be seen clearly in this electron
micrograph (a).

Longitudinal sections of rhabdom column in two
extreme states of adaptation.

In the sun light-

adapted state (b) pigment granules clearly surround
the rhabdom.

In the dark-adapted state (c) the pig-

ment granules have moved away from the rhabdom to
produce a clear 'Schaltzone'.
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FIGURE

6

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 6
Transverse section through room lightadapted (a) and fully dark-adapted stemma
(b) cut at the same level.

In (b) the

pigment granules have moved radially away
from the rhabdom so causing more light to
be propagated along the rhabdom and increasing sensitivity by a factor of 2-3
log units.
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FIGURE

7

THE LARVAL EYE OF THE SAWFLY JJERGA sp.

Fig. 7
Longitudinal sections through a dark-adapted sternma (a,b)
which had been fixed at night under dark red light and a
light-adapted sternma (c,d), exposed to bright sunlight
for 2-3 hours.

In (a,b) the pigment of the retina (Ret)

has taken a proximal position.

The change in widths of

the clear-zones between (a) and (c) is artefactual.

Ax

Axons, Cut= cuticle, C = biconvex corneal lens, NC
nuclear layer of corneagenous cells, NRet - nuclear layer
of retinula cells.
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FIGURE

8

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 8
Form of intracellular electrophysiological
response

to 1 sec. flashes of increasing

light intensity (dark-adapted unit).

In (a)

and (b) quantum bumps can be seen; (c) and
(d) show the development of an initial peak
at 'light on' and (e) and (f) show small
negative-going potentials at 'light off'.
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FIGURE

9

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 9
Relative sensitivity curves of 13 selected units from
animals in different states of light-dark-adaptation .
Black squares are of thoroughly dark-adapted larvae
(time: 21.00 - 24.00), while those of white squares
are from room light-adapted animals (time: 11.00 13.00 ) .

The position of the relative sensitivity

curve on the log flash intensity axis is a measure
of the unit's physiological state of adaptation.
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1Q
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THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 10
(a)

Form of intracellular depolarizing response

with small negative overshoot after 'light off'.
(b)

Form of negative-going hyperpolarizing

response, which is also seen after penetrations
of cells, but possibly represents a large ERG.

Fig. 12
(a)

Record of a dark-adapted unit that had been

exposed to brightest stimulus light (0.0 log units)
for two minutes, afterwards being allowed to recover
at flash intensities of -3.5 log units.

Saturation

at this low intensity is reached within SO sec.
(b)

Record of an extremely asymmetrical visual field.

The stimulating light is moved

s0

between each flash

from anterior to posterior and back.
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FIGURE

11

THE' LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 11

Electrophysiological record of the visual field
and sensitivity of a unit in which the stimulating
light is moved 3° vertically between each flash (a).
The threshold in light-adapted units (b) lies around
-1.5 log units, whereas in fully dark-adapted cells
the threshold lies below -3.5 log units (c).

In

dark - adapted units saturation is reached 1 log unit
below maximal light intensity and if the intensity
of the stimulus is further increased the response
height will drop and the unit can react with a small
negative overshoot (c), (d).

Electrophysiological

record of a unit where the plane of the planepolarized light was rotated 10° between each flash
(d).

The filters of the neutral density series re-

presented the following decreasing steps (in log
units):
0.0; 0.1; 0.2; 0.4; 0.6; 0.8; 1.0; 1.5; 2.0; 2.5;
3.0; 3.5;
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FIGURE

13

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 13
Vertical angular sensitivity curves of.
light-adapted (LA) and dark-adapted (DA)
units.

The vertical axis is relative

sensitivity, plotted against the angle
subtended by the light source to the
optical axis of the unit.
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FIGURE

14

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 14
Mean vertical angular sensitivities of the 15
light-adapted (LA) and 12 dark-adapted (DA)
units of Fig. 13.

The vertical axis is relative

sensitivity, plotted against the angle subtended
by the light source to the optical axis of the
unit.

Acceptance angles, defined as the 50%

response level, for LA (11.46

0

± 5.1 S.D.) and

DA (13.83° ± 6.8 S.D.) eyes are not significantly
different.
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FIGURE

15

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 15
Histogram of the distribution of acceptance angles of units
found in light-adapted stemmata (LA) and dark-adapted stemmata
(DA).

There appears to be only one class of receptor accept-

ance angles with a wide range of values, and isolated very
wide acceptance angles of receptors appear to be evenly
scattered.

A comparison of light- and dark-adapted vertical

acceptance angles (no angular correction necessary, BURKHARDT
and STRECK, 1965) reveals no statistically significant difference Ct-test) although the mean values are different
(LA: 11.46° ± 5.1 S.D. and DA: 13.83° ± 6.8 S.D.)
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FIGURE

16

THE LARVAL EYE OF THE SAWFLY PERGA sp .

Fig. 16
Interference micrographs of longitudinal
sections through stemmatal cornea under
different phases of compensation (a,b).
The same with transverse sections (c,d).
The corneal lens consists of basically
two layers each in itself homogeneous.
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FIGURE

17

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 17
Rays striking the surface of the eye at angles
of o0 (a) and 10° (b) to the axis are sharply
focused at a level roughly at the distal end
of the rhabdoms.
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FIGURE

18

THE LARVAL EYE OF THE SAWFLY PERGA sp.

Fig. 18
Rays striking the surface of the eye at
angles of 35° (a) and 45° (b) to the axis
are not well focused by the larval dioptric
system and a wide overlap exists.
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Fig. 19
The

total visual field of one stenuna, as

derived from geometrical ray tracing, extends
over 200° with a 50% value of 140°.

Fig . 20
Acceptance angles (derived from geometrical
ray tracing) of a peripheral unit (a) and a
centrally situated unit.

At the periphery

acuity is poor and the acceptance angle large,
but towards the centre of the cup-shaped stenuna
there is an area, where acuity is high and the
acceptanced angle narrow ('focal fovea').

- 63 -

THE LARVAL EYE OF THE SAWFLY PERGA

<>·<> 10 0 1.

I

90

~<>

/

<>

<>

/

80
70

/<>

60

<>

/r-----------/ 1
<>

/
<>

/

40
30

:

--~~- 69°~~~-

<>

10 0°

so

I

20
10

80°

60°

40°

20°

0°

angle of incidence

b.

a.

9

8
7
number
rays

of

6
\

s
\

•

50%---/
~·:

5 5°

,- . I

45
-

8 20

4,

s
so% - -

.,

3
2
1

35 °
an~le of incidence -

,
/

/!
•

4
3
-1.8 °
2
1

/

50

0 ()

THE LARVAL EYE OF THE SAWFLY PERGA

FIGURE

21

THE LARVAL EYE OF THE SA\ffLY PERGA sp.

Fig. 21
The clear-zone consists of cells of equal size which
are devoid of pigment or other larger cell components.
Occasionally a few electron dense cells are seen (a)
scattered between the rest.

In light-adapted material

or soon after the moult (b) the corneagenous cells are
closely packed with tiny vesicles, sometimes being
surrounded by a membrane and then forming multivesicular
bodies.

In dark-adapted material there are fewer vesicles,

but those that occur are usually larger and of irregular
shape in comparison to (b).

Undoubtedly the vesicles and

cell membranes will have some scattering effect on the
light passing through the clear-zone .
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FIGURE

22
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Fig. 22
a)

1

eutral density series of hyperpolarizing responses,

followed by angular sweeps (4° steps) of the stimulus
flash (SO msec.) around the eye (H
V

=

=

horizontal;

vertical; 3 . 2 sec interval between each response)

and polarization run (P) .
b)

De- and hyperpolarization response of two different
units to a light flash of SO msec.

Almost ident-

ical in shape they appear to be mirror-images.
c)

From intracellular responses (depolarization) to
3 different flicker frequencies of light flashes
it is concluded (by extrapolation) that fusion will
occur at a frequency of approximately 20

- 65 -

THE LARVAL EYE OF THE SAWFLY PERGA

a.

If 1111:

"f I 11 J /II

Ilrrrr: 11 rr rm,m j11n !

It

11 t!1 !l: !:l: /I!;:!: q~v

I

nd

C.

p

V

H

/o
10 0

*

80

60

40

20

1

5

10

.15

20

Hz

THE LARVAL EYE OF THE SAWFLY PERGA sp.

F.
BARRE R, P. (1971).

REFERENCES

Functional studies on insect photoreceptors with

s pecial reference to lepidopteran larvae. Ph.D. - Thesi s, London .
II

11

BERNHARD, C. G., GEMNE, G. and SALLSTROM, J. (1970).

Comparative ultra-

s tructure of corneal surface topography in insects with aspect s
Z. vergl. Physiol., §I_, 1-25.

on phylogenesis and function.
BURKHARDT, D. and STRECK, P. (1965).
eine Ri chtigstellung.
BUTLER, R.G . , ( 1971).

Z. vergl. Physiol., ~, 151-152.

Studies on the compound eye of the cockroach

Periplaneta americana .
Un i versity, Canberra.
CARNE, P.B . (196 2).

Das Sehfeld einzelner Sehzellen:

Ph.D. - Thesis, Australian National

The characteristics and behaviour of the sawfly

Perga affinis (Hymenoptera).
CARNE, P.B. (1965).

Austr. J. Zool., .!Q_, 1-34.

Distribution of the eucalypt-defoliating sawfly

Perga af finis (Hymenoptera).

Aust. J. Zool,, 13, 593-612

CHAPPEL L, R.L. and DOWLING, J.E., (1972).

Neural organization of the

me di an oce llus of the dr agonfly I. Intracellular electrical
acti vity.

J. Gen. Physiol., 60, 121-265.

CORNE LI , W. (1924).

Von dem Aufbau des Sehorgans der Blattwespenlarven

und der Entwicklung des Netzauges.
DETHIER, V.G. (1942).

The dioptric apparatus of lateral ocelli I.

The corneal lens.
EVANS , J . W. (1934).

Zool. Jhb. (Anat.) 46, 573-605.

J ·. Cell. comp. Physiol., 12_, 301-313.

Notes on the behaviour of the larval communities of

Perga dorsalis Leach (Hymenoptera, Tenthredinidae.)
Ent. Soc. London,~' 455-460.

- 66 -

Trans. Roy.

THE LARVAL EYE OF THE SAWFLY PERGA sp.

FRIEDERICHS,H.F. (1931).

Beitr~ge zur Morphologie und Physiologi e de r

"
Z. Morph. Okol.
Tiere , 21

Sehorgane der Cicindeliden (Col.).
1-172.

GOTZ, K.G. ( 1964).

Optomotorische Untersuchung des visuellen Sys t ems

einiger Augenmutanten der Fruchfliege Drosophila . Kyperne t i k,

I,

77-92.

GOLDSMITH, T.H. and RUSK, P. (1958).

The spectral sensitivities of the

dors al ocelli of cockroaches and honeybee s - an electrophys i ological s tudy.
GOODMAN, L.J. ( 1970).
oce llus.

J. Gen. Physiol., !!_, 1171-1185.
The structure and function of the insect dorsal

Adv. Insect Physiol., J_, 97-196.

London and New York.

Academic Press.
GRENACHE R, H. (1879).

Untersuchungen Uber <las Sehorgan der Arthropoden

i nsbesondere der Spinnen, Insekten und

Crustaceen.

G8ttingen:

Vandenhoek and Ruprecht.
II

GUNTHE R, K. (1912).

marginalis .
HESSE, R. (1901).

Die Sehorgane der Larve und Imago von Dytiscus
Z. wiss. Zool., 100, 60-115.
Untersuchungen Uber die Organe der Lichtempfindung.

Z. wi ss. Zool., 70, 349-473.
H~GLUND, G. (1966).

Pigment migration,light screening and receptor

s ensiti vity in the compound eye of nocturnal lepidoptera.
Acta Physiol. Scand. 69, 1-56.
HUNDE RTMARK, A. (1937).

Das Formenunterscheidungsvermggen der Eiraupen

der Nonne (Lymantria monacha L.).

Z. vergl. Physiol., 24, 42-57.

ISH IKAWA, S. and HIRAO, T. (1960). Electrophysiological studies of vision
in the larval silkworm Bombyx mori I.

Electroretinogram of

s temmata. J. Sericult. Sci.,~. 8-14 (in Japanese).

- 67 -

THE LARVAL EYE OF THE SAWFLY PERGA sp.

JAHN , T.L. and WULFF, V.J. (1941).

Retinal pigment distribut ion in

relation to a diurnal rhythm in the compound eye of Dyti scus .
Proc. Soc. Exp. Biol. N.Y. 48, 656-660.
JAH~ , T.L. and WULFF, V.J. (1943 ) .

Electrical aspect s of a diurn a l

rhythm in the eye of Dy t i scus f asci ventr is . Phys iol. Zool.
~' 101-109.
JOKUSCH, B. (1967).

Bau und Funktion eines larvalen Insektenauges

Untersuchungen am Ameisenl8wen (Euro l eon nos t r as Fourcroy,
Planip., Myrmel.)
KAESTNE R, A. (1972).

Z. vergl. Physiol., ~' 171-198.

Lehrbuch der speziellen Zoologie - Insecta:

Allgemeiner Teil 1.3, Stuttgart: Gustav Fischer.
KIESE L, A. (1894).
Auges.

Untersuchungen zur Physiologie des Facettirten

Sitz. math. naturwiss.

KIRSCHFE LD, K. (1966).

V. 103, 97-139.

Discrete and graded receptor potentials in tne

compound eye of the fly Musca.
tion of the compound eye'

From 'The functional organi za-

291-307.

KIRSCHFELD, K. and FRANCESCHINI, N. (1969).

Pergamon Press, Oxford.
Ein Mechanisms zur Steuerung

des Lichtflusses in den Rhabdomeren des Komplexauges van Mu sca .
Kybernetik

i,

13-22.

~lcKEOWN, K.C. (1944).

Insect wonders of Australia.

Angus and Robertson,

Sydney.
MALDONADO, H. and BARROS-PITA, J.C. (1970).
eye I.

A fovea in the praying mantis

Estimation of the catching distance.

Z. vergl. Physiol.,

67, 58-78.
MEYER-ROCHOW, V.B. (1972).

Verst~ndigungsweisen bei koloniebildenden
II

Blattwespen - und Kafer - Larven.
METSCHL, N. (1963).

Z. Tierpsychol. ~. 451-455.

Elektrophysiologische Untersuchung·e n an den Ocellen

van Ca lliphora.

Z. vergl. Physiol., .±z_, 230-255.
- 68 -

THE LARVAL EYE OF THE SAWFLY PERGA sp.

MOODY, M.F. and PARRISS, Y.R., (1961).

The discrimination of polarized

light by Octopus. a behavioural and morphological study.

Z. vergl.

Physiol., 44, 268-291
NAKA, K.I. and EGUCHI, E. (1962).
insect photoreceptor.

Spike potentials recorded from the

J. Gen. Physiol., ~, 663-680

NAKA, K.I . and KISHIDA, K. (1966).
dark and light adaptation.

Retinal action potentials during

In: The functional organisation of the

compound eye, ed. C.G. Bernhard, Pergamon Press, Oxford 251-266.
PANOV, A.A. (1960).

The structure of the insect brain during successive

stages of postembryonic development III.
39, 55-68.

Optic lobes.

Ent. Rev.

(translated from Russian).

PRINGLE, J.W.S., (1938).

Proprioception in insects.

J. exp. Biol.,

£, 102-113.
RUCK, P. (1961).
III.

Electrophysiology of the insect dorsal ocellus I, II,

J. Gen. Physiol., 44, 605-657.

SANNASI, A. (1970).

Resilin in the lens cuticle of ·t he firefly,

Photinus pyralis. Linnaeus.
SCHLEGTENDAL, A. (1934).

Experientia

26, 154.

Beitrag zum Farbensinn der Arthropoden.

Z. vergl. Physiol., 20, 545-580
SCHOLES, J. (1969).

The electrical responses of the retinal receptors

and the lamina in the visual system of the fly Musca. Kybernetik

§_, 149-162.
SHAW, S.R., (1969). Sense-cell structure and interspecies comparisons
of polarized - light absorption in arthropod compound eyes.
Vision Res. 2_, 1031-1040.

- 69 -

THE LARVAL EYE OF THE SAWFLY PERGA sp.

SNYDER, A.W. (1973).

Polarization sensitivity of individual retinula

cells, J. comp. Physiol., 83, 331-360.
The anatomy of the sawfly Perga affinis Kirby

TAIT, N.E. (1962).

(Hymenoptera: Symphyta).

Aust. J. Zool., 10, 652-683.

TUNSTALL, J. and HORRIDGE, G.A. (1967).

Electrophysiological invest-

igation of the optics of the locust retina.

Z. vergl. Physiol.

~. 167-182.
WADA, S. and SCHNEIDER, G. (1968).

Circadianer Rhythmus der Pupillen-

weite im Omrnatidium von Tenebrio. Z. vergl. Physiol., ~' 395-397
WALCOTT, B. (1969).
adaptation.

Movement of retinula cells in insect eyes on light

Nature (Lond.), 223, 971-972.

WEISS, H.B., McCOY, Jr. E.E. and BOYD, W.M. (1944).

Group motor

responses of adult and larval forms of insects to different wavelengths of light.

N.Y. Ent. Soc. J. ~' 27-43.

WELLINGTON, W.C., SULLIVAN, G.R. and GREEN, G.W. (1957).

Polarized

light and body temperature level as orientation factors in the
light reactions of some hymenopterous and lepidopterous larvae.
Canad. J. Zool., 29, 339-351

- 70 -

CHAPTER II

THE APPOSITION EYE OF THE CARCASS ROVE
BEETLE

(CREOPHILUS _ERYTHROCEPHALUS

- 71 -

F: STAPHYLINIDAE)

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

A.

SUMMARY

The anatomy of the compound eye of Creophilus erythrocephalus (Staphylinidae : Coleoptera) and structural changes in dark-light-adaptation have
been investigated by electron microscopy.

Their functional consequences

have been studied by means of intracellular electrophysiological recordings
from retinula cells.
1.

In spite of being active in the dark Creophilus erythrocephalus has
an apposition eye.

Each of the more than 1,000 ommatidia in one eye

consists basically of (a) a thick (SO µm) cornea, (b) a crystalline
cone of 'acone' type, (c) seven (plus one basal) retinula cells, which
together form the fused and central rhabdom and (d) two principal pigment cells (surrounding the crystalline cone) and numerous accessory
pigment cells (Fig. 1-8).
2.

In dark-adapted state the cornea retracts a little and the crystalline tract becomes wider (Fig. 10a).

A thickening of cone cell exten-

sions occurs just above the rhabdom.

Screening pigment migrates to a

more distal position and the intercellular spaces between the retinula
cells swell considerably and produce a palisade of extracellular origin
around the rhabdom (Fig. 12).

This has functional consequences for

the amount of light transmitted along the rhabdom column.
3.

The eye is rich in irregularities (Fig. 13-14).
ify anomalies of compound eyes has been made.

An attempt to classThe number of cone cells

and principal pigment cells varied, in some cases, from 1 - 5 and
0 - 3 respectively.

Basal retinula cells did not always contribute to

the rhabdom.
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4.

Interferometrical observations (Fig. 15) reveal the extreme optical
homogeneity of the entire corneal cuticle of the eye.

No layers of

different refractive index or optical separation of adjacent ommatidia
can be found.

The refractive index of the cornea is 1.469; that of

the crystalline cone is 1.36.
5.

Exposure to intense light appears to cause a rapid ageing of retinula
cells, which is indicated by an increase of onion- and multivesicular
bodies.

6.

Units from dark-adapted eyes are approximately 10 times more sensitive
than those from light-adapted animals (Fig. 19).

7.

Dark-adapted units have larger acceptance angles (7.037°± 1.23 S.D.)
than light-adapted units (S.135°± 0.99 S.D.) as measured electrophysiologically (Fig. 20-22).
Miniature responses, representing quantum bumps, were recorded from
units during stimulation with flashes of light of intensities just
above thresbold (Fig. 17a,b).
A

spike-generating unit in the retina, inhibited by light, was found

once (Fig. 17g).
Although the rhabdom is one of the 'banded' type (Fig. 16a,b) polarization sensitivity was found to be unexpectedly low: 2.31 ± 1.54 S.D.
Only 2 cells out of 14 tested for polarization perception exhibited a
high polarization sensitivity (in one case of up to 7.2

l, Fig. 23).

It is believed that in these cases recordings have been made from the
eigth (basal) retinula cell, which appears to be specialized forevector detection.
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11.

In agreement with KIRSCHFELD (1972) it is concluded that a two-channel
analyzer system, like the banded rhabdom, offers the advantage of a

polarization-independent system if receptor cell outputs are summed.
Hence electrical coupling of retinula cells 1-7, useful for dim light
conditions and eyes with tiny apertures, most likely appears to be the
reason for the low average polarization sensitivity.
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B.

INTRODUCTION

The compound eyes of beetles have been important objects for the inve stigation of insect vision ever since GRENACHER (1879) and EXNER (1891)
started to work out their structure and optical properties.

With the de-

velopment of the electron microscope the fine structure of these organs
was examined and a number of new discoveries were made, e.g. a tiered rhabdom in Dytiscus (HORRIDGE, 1969a) and a crystalline thread in Photuris
(HORRIDGE, 1969b).

The latter beetle has been the subject of an interfer-

ence microscope study of the refractive indices of the dioptric apparatus
(SEITZ, 1969).
The function of beetle compound eyes was tested in optomotor experiments (SCHLEGTENDAL, 1934;

MeLLER-RACKE, 1952;

HASSENSTEIN, 1951) and

also electrophysiologically (HORRIDGE, WALCOTT and IOANNIDES, 1970). Structural changes on dark-light-adaptation, known since EXNER (1891), were
supplemented by findings of circadian rhythm in Tenebrio (WADA and
SCHNEIDER, 1968) and of cell movements in Dytiscus (WALCOTT, 1969).

These

were comprehensively summarized by HORRIDGE and GIDDINGS (1971) who found
i t difficult, due to the lack of knowledge of the eyes of

various beetle

families, to give a distribution of eye types in Coleoptera.
The eyes of Staphylinidae, with more than 25,000 species the second
largest family of beetles on earth, have not been studied since KIRCHHOFFER (1908).

He described the eye of Staphylinus caesareus, being a typi-

cal insect photoreceptor o.£ the apposition type with acone crystalline cone
and fused rhabdom.
The general pattern of a fused rhabdom in insect apposition eyes is
that of a long cylindrical column in which the retinula cells fit together
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like segments of an orange (GOLDSMITH, 1962).

The central rh abdom is a

compos ite rod of densely packed tubular cell protrusions called rhabdomeres.
However, a few remarkable exceptions exist.

The staphylinid beetle

Creophilus er ythrocephalus fo r example has a horizontally banded rhabdom
owing t o alternately arranged plates of microvilli, which interdigitate.
This pattern has been reported in two other insect species belonging to different orders (MEYER-ROCHOW , 1971 c),and is tYPical for the crustacean photorecept or .
The rhabdom of the crus tacean compound eye is characterized by layers
of microvilli, arranged alternately in directions at right angles, but always i n transverse orientation (PARKER, 1895).

This gives the rhabdom a

horizon tally banded appearance if cut along its long axis.
It has been suggested by SHAW (1969a) that the banded structure may
have evo l ved as a very efficient analyzer for the plane of polarized light.
He produces as evidence for t hi s theory intracellular recordings from crab
retinul a cells which show a polarization sensitivity of up to 11:1.

SNYDER

(1973) in his theoretical paper on polarization detection by arthropod
photoreceptors confirms that th e banded structure is one way to achieve a
high polarization sensitivity .
Since no functional data on insect eyes of the crustacean type is yet
available, it remains obscure why a banded rhabdom occurs sporadically in
Vari ous orders of insects and in species with completely different modes of
l iving.

A

functional approach by means of intracellular electrophysiolog-

ical recordings, therefore, would seem to be useful.
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C.

MATERIAL AND METHODS

Adult beetles of Creophilus erythrocephalus were caught locally, feeding on the carrion fauna of mammalian carcasses.

During the day the beetles

were found only under the carcasses, whereas at night they were also seen
creeping at distances of several feet from the carcass.

Usually they were

used for experiments within four days of capture.

Scanning Electron Microscopy.

(1)

Whole individuals were air-dried and,

following MEYER-ROCHOW (1971a), stuck on a stub with an ordinary glue and
coated under vacuum with palladiwn-gold (30:70) to a thickness of about
200

R.

Observation was carried out at an accelerating voltage of 15 kV using

a Jeol-JSM-U3 Scanning Electron Microscope.

Photographs were taken with a

Polaroid Polapan camera using Land film type 52.

Transmission Electron Microscopy and Light Microscopy.

(2)

Decapitation

and halving of the heads with a sharp razor-blade was followed by fixation
in a solution of 1% osmium-tetroxide buffered with 0.1 molar collidine-s
(pH 7.4).

One drop of Kodak Photo-Flo was added to 2 ml

of buffered fix-

ative to reduce the surface tension and help the fixative to penetrate
more easily without spoiling fine structures (MEYER-ROCHOW, 1971b).

The

same fixation procedure was used in various other species of insects, e.g.

Ct enolepisma, Allomachilis frogatti (MEYER-ROCHOW, 1971c) and mayflies (see
Appendix).
The preparations were dehydrated stepwise in a graded series of . acetone, embedded in Epon 812 and hardened for three days at a temperature of
6S

0

c.

The specimens were then cut with a glass knife on a Reichert ultra-

microtome.

For light microscopy 1 µm sections were stained with toluidine

blue for a few seconds on a hot plate.

Gold sections for electron micro-

scopy were double stained with uranyl-acetate (8 min) and lead-citrate
(4 min) and observed with; Hitachi 100 at a voltage of 75 kV.

Dark-adapted animals were either fixed in the described way during the
night under dissecting illwnination of weak dark-red light or, for light
microscopy, were rapidly fixed in boiling water (BALL, 1968;
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Light-adapted eyes were treated likewise.
(3)

Interf er ence Micros copy .

A Zeiss double beam interference mi cro s cope

was used to examine fresh sections (8
Lei t z free zing microtome.

µm

thick) which had been cut with a

Its blade was coiled to - 2s

0

c.

The thi ckne ss

of t he sections was checked by turning t i1e calibrated micrometer knob of a
Zeiss Photoscope to focus and defocus the edges of the cornea.

The sec-

ti ons were transferred from the knife edge to a clean glass slide with a
fine brush. They were placed in small drops of a mixture of distilled water
and glycerol (n = 1.338) and carefully covered with a thin glass slip.

The

refrac tive index of interesting structures of the eye was calculated from
the equation:

where nstr i s the refractive index of the structure, dis the thickness of
the sect i on and n

1

is the refractive index of the embedding liquid.

r, the

phase diff erence, is measured in degrees by means of an Ehringhaus compensator and converted into decimal values according to a given table.

A

detailed account of the whole procedure is found in MEYER-ROCHOW (1973 ) .
(4)

EZectrophysioZogy .

split i n half.

Adult beetles were decapitated and the head was

The top part of the eye was diagonally cut away (along the

dotted line in Fig . 16d) to expose the retinula cell layer.
The preparation was placed on a piece of filter paper moistened with
cockroach r i nger (PRINGLE, 1938).

This was mounted at the centre of a

device , which allowed stimulating light to be moved in horizontal or vertical arcs around the eye.

The light source was a 100 Watt tungsten fila-

ment lamp fixed behind a pinhole, the brightness of which was controlled
withi n 3.5 log units by a set of calibrated neutral density filters. Measurements with a pinhole lightmeter (3 mm

diameter; Minolta pinpoint re-

ceptor) made at the location of the preparation gave a value of 1,600 lux,
which provided an approximate idea of the absolute maximal brightness.
el ectri cally operated shutter delivered flashes (0.5 sec
intervals of 3.2 or 5 sec.
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All fibre-filled glass electrodes (using DAVID KOPF Ins trwnents Vertical Pipette Puller) were examined under a microscope at 400 x in order to
se l ec t those with finely tapered tips.

These had a resistance in the

tiss ue of about 80-160Mn when filled with 2.5 Mol KCl conducting fluid.
Standard microelectrode recording techniques were used (high impedance
capacity-compensated input, cathode ray oscilloscope).

Usually the CRO-

output was fed into a two-channel paper recorder, but when the shape of
the r es pons e was to be investigated, conventional filming of the responses
from the oscilloscope screen was used.
Succes s ful and stable penetration of a cell was characterized by a
resti ng potential of more than 30mV.

The lamp was moved either horizon-

tally or vertically and always passed through the optical axis (defined as
the pos ition for greatest response) of the unit.

Prior to or after each

run the light was brought to the optical axis and the responses to light
f l ashes changing in intensity by the corresponding grey filter units were
recorded.

From this 'neutral density series' a sensivity curve (as in

Fig. 7) wa s obtained.

Using the sensitivity curve of the same cell the

relative sensitiv~ty at each position of the lamp was calculated by a Digital PDP 8e-computer and a curve of angular sensitivity drawn. The acceptance angle is defined as the angular width of this function at SO% sensitivity .
The values of horizontal acceptance angles were not corrected for
errors r es ulting from differences in the vertical position of the stimulus
(BURKHARDT and STRECK, 1965), because the deviation from the horizontal
did not exceed 20°.

- 79 -

THE EYE OF CREOPHILVS ERYTHROCEPHALUS
D.
1.

Structural, Observations

( ,1)

General organi zation

RESULTS

The compound eyes of CreophiZus erythrocephaZus,lying at the sides of
the head, are flat, oval in shape and consist of roughly 1200 ommatidia
(Fig . la).

Over most of the eye the facets are arranged hexagonally with

very sparse and short hairs between them (Fig. le).

It is mainly the four

marginal rows of orrunatidia which consist of very irregular, tri-, tetra-,
and pent agonal facets (Fig. le).

The cuticle around the eye contains num-

erous minute holes (5 µmin diameter) of unknown function.
Each orrunatidium, 300 µmin length, consists of the dioptric apparatus
(cornea and cone) and of the photoreceptive elements (retinula cells with
rhabdom), which are not separated by a clear zone either in the dark- or in
the light-adapted state (Fig. 2).

Thus the eye can be classified as a typ-

ical 'apposition-type' of eye, characteristic of daytime-active insects.

(b)

Cornea, cone and pigment cells
The cornea, including the short corneal cone, is about SO µm thick and

(in trans verse sections) shows various concentric rings (Fig. 3a,b) which
according to BOULIGAND (1965) arise from the helicoidal crystalline structure of the chitin. The cornea functions as a biconvex lens and its external curvature is 35 µm whilst the inner is 6 to 7 µm.
Attached to the corneal cone we find the crystalline cone. This is of
the 'acone type' (GRENACHER, 1879) in that the Semper nuclei occupy about
two thirds of the cone cell space and no crystalline material is produced.

The nuclei lie in the middle of the cells, are ovoid in shape and measure
about 12 µmin length.

At the distal end of the cone the four cells diverge
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a little, leaving a gap between them which is filled with electron dense
material and shows a nwnber of axial rods (Fig. 3c).

These structures seem

to at tach the crystalline cone to the corneal cone and may be identical
with rods of similar appearan~e which have the same function in the giant
water bug (WALCOTT, 1971).
and amorphous material.

The cone cells are filled with small vesicles

The cells seem to take a stabile position when

arrange d in such a way that two cells abutt on each other separating the
other two (Fig. 4b).

According to laws of fluid mechanics this indicates

material of low viscosity or liquid properties surrounded by a membrane
(WOLF, 1968).
Proximally the cone tapers to a narrow thread which widens again for a
short distance beneath the nuclei of the principal pigment cells.
occurs more prominantly i~ the dark-adapted state.

This

The two principal pig-

ment cel l s surround the cone over all its length like a sleeve which, over
most of the area, is less than S µm wide.

Here the cytoplasma of the prin-

cipal pigment cells is interspersed with great numbers of microtubules
(Fig. 4a inset), but contains only few pigment granules.

A considerable

number of pigment granules is found at a level where the two very large
nuclei of the principal pigment cells appear and the cone starts to narrow
(Fig. Sa).

Deeper within the retina the two principal pigment cells become

smaller until they finally disappear and the four cone cell processes thicken again, still containing vesicles (Fig. Sb).

When the rhabdom has its

appearance in the middle they start to diverge and then form thin extensions which can be traced a5 far as the basement membrane.

Crystalline cone

and principal pigment cells are surrounded by 8 to 10 accessory pigment
cel l s, the pigment granules of which are of the same size as those of the
Principal pigment cells.
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Retinula cells and rhahdom
The seven retinula cells contribute their rhabdomeres equall y to the

rhabdom.

They are generally separated from each other by intercellular

spaces which are of functional significance during dark and light-adaptation (see page85).The spaces seem to be electron-empty, but may contain
hemolymph.

Only occasionally two retinula cells are separated by an access-

ory pigment cell process.

The nuclei of the seven retinula cells can be

fo und at different levels, but are always within the distal half of the
ommatidium.

At the proximal third of the ommatidium an eighth (basal) ret-

inu la cell with its nucleus just above the basement membrane occurs (Fig.
6a) .

At this level tracheae can be found occasionally (Fig. 6b).
Just above the basement membrane the extensions of the four cone cells

swe ll a little.

Some contain a few large vesicles while others contain

only microtubules (Fig. 6b).

Where two extensions meet they may form

desmosomes between them (Fig. 6b inset).

Bundles of 8 axons (about 10 µm

i n diameter) penetrate the basement membrane, beneath which two adjacent
bundles fuse to form a larger one of 16, about 6 µmin diameter

The axons

at this level contain a few pigment granules and mitochondria, apart from
the usual microtubules.
The rhabdom is remarkable in that it shows horizontal bands of alternately arranged plates of microvilli.

Before such an arrangement (Fig. 8d)

was found in species belonging to three different orders of insects (Fig. 9),
i.e .

Thysanura, Coleoptera and Lepidoptera (MEYER-ROCHOW, 1971c), this

organization was thought to occur only in decapod crustaceans (WOLKEN, 1971).
The banded type of rhabdom, lSOµm to 200µm long and about 2.8µm in
diameter (con stant from distal to proximal) (Fig. 8d) has alternately
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arranged plates of microvilli.

One half-plate, 0.6 µm thick, consists of

about 9 horizontal rows of microvilli (Fig. 8e), aligned in the same plane.
Usually microvilli of two half-plates abutt on each other half-way across
the rhabdom, but occasionally some appear to run right through to the opposing cell (Fig. 3,in MEYER-ROCHOW, 1971c).
In all cases the microvilli are orientated perpendicularly to the axis
of the ommatidium.

Each microvillus, containing fine granular material,

is separated from its 6 neighbours by a unit membrane (Fig. 8e).
Over most of its length the rhabdom is composed of 7 retinula cells.
Only close to the basement ~embrane does an eighth (basal) retinula cell
appear, contibuting its rhabdomere to the central rhabdom column (Fig. 6a).
No detectable difference in size, shape and organization between the basal
ce ll and the other 7 retinula cells exists (Fig. 6a).

This type of arrange-

ment, therefore, is in strong contrast to the crab Grapsus, where the
eighth cell alone makes up 20% of the rhabdom and possesses microvilli
orientated in two orthogonal directions parallel to those of retinula cells
1 to 7 (EGUCHI and WATERMAN, 1973)

(d)

Intracellular components
Various developmental stages of an intracellular microsporidian para-

site, which was described in detail by MEYER-ROCHOW (1972~), were found
throughout the eyes of several individuals, but particularly occurred in
accessory pigment and retinula cells (Fig. 8a).
The distal half of each retinula cell contains pigment granules which
are slightly smaller (ca. 0.5 µmin diameter) than those of principal and
accessory pigment cells (approximately 0.8 µmin diameter) (Fig. Sb).
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few occasions well developed pigment granules were found to be almost entirely surrounded by 4 to 5 iamellae which appear to be part of the endoplasmic reticulum.

(Fig. 8c).

The retinula cells contain a- large number of mitochondria, which are
equally distributed over the whole length.

Their sizes vary around 1 µm.

Oni on- and multivesicular bodies were present mainly in light-adapted materia l (Fig. 8b).

Multivesicular bodies comprising 10 to 60 small vesicles

of 0.05 µm (counted from sections) were found.
Desmosomes were regularly present at the edge of two adjacent rhabdomeres,where they border on the cell-plasma of their retinula cells (Fig.
6a ,b).

Desmosomes were developed, too, where the basal thickenings of two

cone cell extensions touched.

2.

Dark- Light-Adaptation

{a)

Cell movements
In the dark-adapted state the crystalline cone contracts a little.

Re tinula cells and rhabdom move to a more distal position where they meet
a thickening of cone cell extensions (Fig.lOa).

Rather a narrow light

path is situated between the cone and its corresponding thickening. This,
however, is not as narrow as the lightguide, i.e. crystalline thread, in
the light-adapted state (Fig. 10b).

The unusual thickening in the DA-state

can be explained by the limited mobility of the large voluminous nuclei of
the principal pigment cells, w~ich lie close to the crystalline thread.
When in the dark-adapted state the cone contracts and possibly raises the
retinular cells the above mentioned nuclei tend to obstruct their movement.
Consequently the con_e cell extensions may develop the observed thickenings.
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In the light-adapted state hardly any thickening can be observed. Instead the cone extensions form a crystalline thread of about 30 µmin length
and 2 µmin width which is closely surrounded by dense screening pigment
(Fig. lOb).

(b )

Extrace llular spaces
Dramatic changes during dark- and light-adaptation occur at the rhab-

dom level (Fig. 11).

KIRCHHOFFER (1908) already described a "Schaltzone"

around the rhabdom, but unlike the "Schaltzone" or 'palisade', e.g. observed by electron microscopy in the locust (HORRIDGE and BARNARD, 1965)
as part of the retinula
origin.
1968).

cells, in Creophilus it is of intercellular

These conditions are reminiscent of the crab Carcinus (HORRIDGE,
Only occasionally it was found in Creophilus that the space between

two rainula cells was occupied by a process of an accessory pigment cell.
The extracellular spaces between the retinula cells swell enormously (DA) so
that each cell is connected with its corresponding rhabdomeres merely by
a narrow cytoplasmic isthmus (Fig. 10c,lla,c,12b).

The fringe of plasmic

material along the rim of each rhabdomere does not exceed 0.3 µmin width.
The difference in sizes of the extracellular spaces between dark- and lightadapted ey.es is most pronounced distally (Fig. lla, c) and not noticeable
at the proximal end of the rhabdom.
In the light-adapted state, after three hours of adaptation under
bright lamp-light (1800 lux), four of the seven large intercellular spaces
had usually disappeared almost . completely.

The remaining three were still

present, but had diminished in size too (Fig. 10d).
appeared when adapted to direct sunlight.

However, they dis-

Whether this phenomenon had

something to do with the UV-part of the spectrum

(no UV in lamp-light) or

is merely a reaction to the brighter light of the sun is not yet known.
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Extracellular spaces between sunlight adapted retinula cells are certainly
very small and retinula cell plasma is in contact with the corresponding
rhabdomere via a wide 'bridge' (Fig. 12a).

(c)

Intracellular phenomena
There appears to be some effect on the position of pigment granules.

Because of the large extracellular spaces at the distal end of the rhabdom, pigment granules seem to be condensed and at the same time pushed
peripherally in dark-adapted retinula cells.

In light-adapted cells pig-

ment granules are more evenly distributed throughout the cell and can more
closely approach the rhabdom.
served.

Migration of proximal pigment was not ob-

Multivesicular bodies were found more often in light-adapted mat-

eri al whereas a slightly increased number of mitochondria seemed to be
present in dark-adapted retinular cells.
While adaptational features of the cone resemble the situation found
in the waterbug Lethocerus (WALCOTT, 1971) and the flour beetle Tenebrio
(ECKERT, 1968), the formation of a clear palisade or 'Schaltzone' around
the rhabdom on dark-adaptation is shared with e.g. locust (HORRIDGE and
BARNARD, 1965) and cockroach (BUTLER, 1971).

The great difference, how-

ever, is that here the palisade is of extracellular· origin (Fig. lOc,d;
12a,b).
3.

Structural Irregularities
Despite the extraordinari!Y regular pattern which compound eyes ex-

hibit, inconsistencies do occur in all insect eyes.

However, no attempt

has so far been made to classify them. Anomalies may concern a) the whole
eye, orb) just one ommatidium, the structural unit of the compound eye.
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By nature they can be classified as
1)

structural,

2)

physical,

3)

ch 0mical, and

4)

functional.

Physical inconsistencies for example can be found by studying the refractive index of the dioptric apparatus; those of chemical origin affect the
composition of visual and screening pigment and functional anomalies signi f y for instance the partial or complete failure of adaptation (BERNHARD
and OTTOSON, 1960).
The eyes of staphylinid beetles like Cr eophilus er ythrocephalus and

Sartallus s ignatus (see MEYER-ROCHOW, 1972b) are rich in structural incons istencies.

The distribution of the corneal hairs is very irregular as i s

the shape and size of marginal facets.

Marginal ommatidia, being the

l argest, have the thickest corneal facets and longest cones as in the bee
(PERRELET, 1970).
Crystalline cones consisting of 1 to 5 cells were found (Fig. 13).
In cones of 5 cells, extensions of all five reached as far as the basement
membrane (Fig. 14a,b).

Sometimes cones of four cells were found to have

up to 8 extensions which was achieved by splitting of some of the processes.

Principal pigment cells occurred in numbers of from Oto 3

(Fig. 13a).

A fusion of two adjacent rhabdoms with twice the normal num-

ber of rhabdomeres was observed once.

In Creophi lus the eighth (basal)

retinula cell did not always contribute to the rhabdom (Fig. 16c).
Although appearing usually oriented very regularly the arrangement of
microvilli, just like that of the facets, could vary from the ideal hexagonal pattern.

Despite the various structural irregularities the affected
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ommatidia did not seem to be functionally impaired.
4.

Refractive Indices
The refractive index of the cornea could be measured without diffi-

culty.

It was found to be 1.469.

The corneae of the two staphylinid

beetles CreophiZus erythrocephaZus and SartaZZus signatus (see MEYER-ROCHOW,
1972b), are consistant with each other in showing a uniform optical density
throughout the entire eye-cuticle (Fig. 15a,b,c).

Neither a pronounced

horizontal layering of different refractive index, as in the fly (SEITZ,
1968) and the bee cornea (VARELA and WIITANEN, 1970), nor a peripheral
gradient of refractive index as in the firefly (SEITZ, 1969) and Cybister
(MEYER-ROCHOW, 1973) was found.

There is no optical separation of corneae

of different facets (Fig. 15a,b,c), with the exception of the outermost
region where each corneal facet seems normally to be surrounded by a border
of slightly less dense material.

Interference rings, appearing on trans-

verse sections of the proximal region of the cornea (Fig. 15a) are due to
the curvature of the small corneal cone (Fig. 15b,c).
Measurements on the refractive indices of cone cells and of the rhabdom could only be made in CreophiZus as the amount of pigment present in
the eye of SartaZZus did not allow any accurate recordings.

In CreophiZus

the refractive index of the crystalline cone (Fig. 15d,e) was found to be
1.358 and that of the rhabdom 1.350 (Fig. 15f).

However, these data must

be regarded as tentative, for 1). the crystalline cone is of fluid nature
and does not necessarily retaiD the sectional thickness of 8 µm, and 2).
the rhabdom columns are so small that they are only just resolvable by the
light microscope (Fig. lOa,b;ll)
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Electr ophysiology

(a)

Gene1 al observations

CREOPHILUS ERYTHROCEPHALUS

1

The intracellular responses recorded from retinula ce ll s were t ypi ca l
insect photoreceptor potentials with an initial peak at 'on' and a sus t ained
depolarization plateau during continued illumination (Fi g . 17 ) .

Al l meas-

urements were made on the initial peak, which did not overshoot zero membrane potential.

Wi th resting potentials of 25-SOmV a depol ar izat i on re-

s ponse of up to 45mV was observed.
Depending on the adaptational state of the eye the th reshol d of the
r esponse lies between 2 (light-adapted) and 3 log units (dark-adapted) below the maximum intensity of the stimulus (Fig. 19).

With flashes of very

low intensity ( - 2.S and -3 log units) small humps of up to 2mV above noise
level were observed topping the depolarization (Fig. 17a,b) .

Thes e minia-

ture potentials are interpreted as quantum bumps like tho se r eported by
KIRSCHFELD (1966) for Musca and SCHOLES (1965) for the locust.

In c reasing

the light intensity of the stimulus causes the quantum bumps to disappear,
but gives rise to the initial peak (Fig. 17c,d).

A delayed return of the

response to the level of the resting potential (long after-potential) was
more commonly found and more pronounced in dark-adapted units when stimulated with very bright light (Fig. 17e,f;20a).

However, after-potentials

occasionally occurred in light-adapted cells, particularly if the interv~ls between the stimulus flashes were brief (Fig. 20b).
The ERG consisted of a typical hyperpolarization of a few mV.

No

further observations or measurements were conducted on th e ERG.
Positive spikes in the retina were observed once (Fig. 17g).

As

depolarizing units of the normal sort were impaled both shortly before and
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after the spike-generating unit, it is believed that the origin of the
spikes was in the retina, including basement membrane, and that the spikes
were not the result of rhythmic synchronous discharges of the optic ganglia.

However, they may originate from an eye muscle as in the fly (page 285

=PATTERSON, 1973), but such a muscle has not yet been found in Creophilus.
The spikes followed a resting potential of about 25mV, reached a height of
+6mV and resembled those observed in the retina of the locust by SHAW (1968).
They were strongly inhibited by light-flashes (Fig. 17g) and showed a clear
rebound effect (Fig. 18a).

It is not known which cell produced the spikes,

but this particular cell could be held for about 80 seconds.

(b)

The effect of the state of adaptation
The curves obtained by plotting the relative intensity of the light

stimulus against the resulting depolarization (in mV) are of sigrnoidal
shape (Fig. 19) and similar to those reported for other insects (e.g.
honey bee: NAKA and KISHIDA, 1966).

The steepness of the curves of diff-

erent units varies within a certain range, but no significant difference
between dark- and light-adapted cells was detected.

Thoroughly dark-

adapted units were found to be about 10 times more sensitive than fully
light-adapted ones.
After 3-4 hours in total darkness the beetles were prepared for
recordings under dim red light between 8 p.m. and 1 a.m.

During the

experiments with dark-adapted insects background illumination was kept
below 0.3 lux.

Experiments with light-adapted animals were conducted

during the days on beetles that had been kept under artificial light of
2500 lux for 3-8 hours.

In this case background illumination throughout

the experiment was kept at 5 lux.
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Visual fields
~leasurements were taken from 20 units which had been selected on the

cri teria of stable resting potential and a peak response of more than lOmV
(Fi g. 20).

In fact 13 of these units gave responses larger than 30mV.

In

many cases one unit survived long enough (10-15 min) to make several horizontal and vertical sweeps of the light source around the eye.

Usually

two horizontal and two vertical runs of the same cell were averaged.

This

al lowed 11 angular measurements for the light-adapted eye (7 vertical, 4
horiz ontal) and 13 for the dark-adapted (7 vertical, 6 ho rizontal )
(Fi g. 2la,b).
The visual field is circular and no difference exi sts between vertical
an d horizontal receptive fields.

Acceptance angles in the light-adapted

state ranged from 3.9° to 7.1° and the mean value of the 11 measurements
was 5.135° ± 0.99 S.D. (Fig. 22a).

In the dark-adapted state a mean accept-

ance angle of 7.0 37° ± 1.23 S.D. was measured (Fig. 22b) with extreme
·

va lues ranging from 5.6

(d)

0

0

to 9.2 .

Po Zari zed light
Of 14 cells tested for polarization sensitivity 12 units were less

sensitive than 4:1, only 2 cells exhibited a higher polarization sensitivity (up to 7.2:1) (Fig. 18b;23).

Averaged over all 14 measurements

polarization sensitivity was 2.31 ± 1.54 S.D.

Beetles tested for polari-

zation sensitivity were studied in the dark and in the light (however,
without previously being as thoroughly adapted as in the angular measurements), but no statistically significant difference was detected.

The

height of the response (in mV) in all cases was converted via the intensi ty response function for the run on that unit into% sensitivity at each
position of the polaroid (Fig. 23).
- 91 -

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

E.
l.

DISCUSSION

Eyes of StaphyZinid Beetles
The structure of the eye

of CreophiZus erythrocephaZus can be com-

pared with that of SartaZZus signatus

as has been done by MEYER-ROCHOW

(1972b).

CreophiZus erythrocephalus , 16 to 18 mm

long, and SartaZZus signatus,

only 3 mm, belong to the same coleopteran family.
eyes correspond

The structure of their

in the following features:

1)

biconvex lens,

2)

crystalline cone of 'acone type',

3)

narrow crystalline thread and thickening just above the rhabdom,

4)

seven retinula cells plus one basal cell, and

5)

almost the same corneal refractive index and optical properties
of the cornea.

This means that the gross structure is the same.

However, considera-

ble differences exist in rhabdom, retinula cells and their axons.

The

rhabdom is not only very much shorter and wider in the smaller beetle, it
also shows no horizontal bands as in the large staphylinid.

In SartaZlus

the relation o·f rhabdomere to retinula cell plasma is about 4: 1, in Creo -

phiZus it is the reverse.

While in SartaZZus, axons, containing many pig-

ment granules, form bundles of 8, in CreophiZus, where on the contrary they
do not contain many pigment granules, they form bundles of sixteen.
It is surprising that in SartaZZus, which is five times as small as

. _~1,.;ophi Zus , the structural components of the eye were not proportionately
reduced.

The whole eye is smaller (about four times) and there are fewer

facets (see Table), but the diameter of one ommatidium and that of the
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rhabdom have actually increased by a factor of 1.2 and 10 respectively.
There seems to be a limit of size beyond which ommatidia of smaller dimensions do not appear to exist.

This would agree with the findings of DEANE

(1932).

Although concentric rings appear in transverse sections of fixed
corneae (Fig. 3a,b), the same structure is found to be completely optica lly homogeneous when fresh sections are observed by interference microscopy (Fig. lSa,b,c).

This favours the idea of BOULIGAND's (1965) who con-

siders the rings or spirals in fixed material to be artefacts caused by
st apled rotating layers of chitin-protein microfibrils. Not even corneae
of adjacent ommatidia show any optical border. Such an extreme uniformity
of optical density of the cornea has not been described before, and although
the occurrence of a peripheral gradient (common in corneae of clear-zoneeyes (EXNER, 1891] was not anticipated, one could have expected a threelayered arrangement as is found in corneae of other apposition eyes (fly:
SEI TZ, 1968; bee: VARELA and WIITANEN, 1970)
The artefactual whirls which can be seen occasionally in the rhabdom
of staphylinids (and other insects) are thought to be caused by poor fixation.

Their existence supports BUTLER (1971b) who concluded from disrupted

rhabdoms that the fine structure of the rhabdom is of lamellated origin as
i n the vertebrate photoreceptor.

WOLKEN (1971) tried to trace the two

forms of organization (microvilli

for the invertebrate and lamellae for

the vertebrate photoreceptor) back to one common origin.

Depending on how

the photoreceptive membranes were packed, they would either produce a tubular or lamellar structure.

From electron micrographs of highly mangnified

microvilli (Fig. Be) there seems to be no doubt that the microvilli are
membraneous retinula cell processes, each surrounded by a unit membrane
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(80 to 100 ~ thick) and isolated from its six neighbours by a narrow intercellular space (PERRELET and BAUMANN, 1969).

The membranes can easily

break and then make wrong connections again; this could explain the observed whirl and irregularities in disrupted rhabdoms.

The hexagonal shape

of the microvilli makes possible the most efficient form of construction.
2.

Structural Changes on Dark-Light-Adaptation
The structural changes with light- and dark-adaptation are very simiII

lar to those described for the bugs Notonecta (LUDTKE, 1953) and Lethocerus
(WALCOTT, 1971).

The strange thickenings of the cone cells proximal from

the narrow crystalline thread, however, are unique to the eyes of the two
staphylinid beetles and Tenebrio (ECKERT, 1968) and have already been explained in the results section.

Most likely the microtubules which can be

readily found in principal pigment cells as well as in crystalline threads
are responsible for the cell movements and structural changes which occur
during dark-light-adaptation.
In both adaptational states large cone cell nuclei lie identically in
the pathway of the light and screening pigment densely surrounds the crystalline thread, but the relatively small change of the aperture of the
crystalline cone undoubtedly has some effect on the angular sensitivity of
the dioptric system.

What this means for the acceptance angle of a retin-

ula cell will be discussed further below.
Whether the thickening of the cone cell extensions just above the
rhabdom is of functional significance itself or only an attendant phenomenon of the adaptation is not known.

The increase of size of the inter-

cellular spaces between the retinula cells in the dark-adapted state on
the other hand is quite clearly of functional importance.
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cellular spaces, containing hemolymph of low refractive index, surround a
s tructure of higher refractive index such as the rhabdom.

This would mean

that light within the optically denser material (the rhabdom column ) is
more completely internally reflected.

In Ctenolepisma and Al l omachilis

(own unpublished observations), in the cockroach (NOWIKOFF, 1932) and
locust (HORRIDGE and BARNARD, 1965) this is achieved by a palisade ( =
perirhabdomal vacuoles= Schaltzone) around the rhabdom, which in contrast
to Cr eophilus is of intracellular origin.
Multivesicular bodies and vesicular lamellar bodies have been reported
to form more commonly after increased period_s of exposure to light (EGUCHI
and WATERMAN, 1966;

WACHMANN, 1969).

This was confirmed in our material.

The origin as well as the function of all these inclusions is still rather
speculative.

BURTON and STOCKHAMMER (1969) presume that pinocytotic ves-

i cles from the rhabdom microvilli give rise to multivesicular bodies and
i ndeed multivesicular bodies were found to aggregate into larger organells
(WACHMANN, 1969; and personal observations).

WACHMANN describes GoZgi-

apparatus and endoplasmic reticulum being associated with "grana" without
s tating whether these grana are related to, or developing into pigment
granules.

In our material (Fig. 8c) a pigment granule of 0.6 µm diameter

was found to be almost circumscribed by four lamellae which could belong
to a Golgi apparatus or derive from endoplasmic reticulum.
BUTLER, ROPPEL and ZEIGLER (1970) in their comparison of the eyes of
one day and nine day old carpet beetles, have found onion bodies and other
i nclusions of retinula cells almost exclusively in the nine day old indivi duals.

Relating this finding with the above mentioned observation that

i ncreased periods of light exposure produce more of the discussed cell
organells, one can conclude that exposure to light causes rapid ageing of

- 95 -

THE EYE OF

CREOPHILUS ERYTHROCEPHALUS

the retinula cells.
3.

Functional Consequences of Anatomical Changes on Adaptation
The existence of adaptation indicates some functional importance.

Firstly, pigment migration and the small widening of the crystalline funnel
would allow more light to reach the rhabdom in the dark-adapted state.
Secondly, the extracellular palisade or 'Schaltzone' changes the refractive
index of the medium around the rhabdom column and must be an effective regulator of transmitted light in the rhabdom, since it is not further away
from the rhabdom than 0.3 µm (for mechanism of light flux regulation see
KIRSCHFELD and FRANCESCHINI, 1969, and SNYDER and HORRIDGE, 1972).

Con-

s equently the sensitivity of the eye is 10 times greater in the dark than
i t is in the light. This closely resembles conditions in the cockroach
(BUTLER and HORRIDGE, 1973).
In the locust (as in Creophilus the significant adaptational change
i s in width of the palisade around the rhabdom) an acceptance angle of
3.4° in the light-adapted and 6.2° in the dark-adapted state has been reported (TUNSTALL and HORRIDGE, 1967).

Creophilus

The cockroach,

though resembling

in sensitivity and structural changes on adaptation, has been

r eported to have an acceptance angle of 2.3° in the light and 6.9° in the
dark-adapted state (BUTLER and HORRIDGE, 1973).

This threefold increase

of acceptance angle in the dark-adapted cockroach eye, therefore, is significantly larger than that of Creophilus (1.4 times) and that of Loc~s"~
(1.8 times), although in the cockroach no change of the aperture of the
dioptric system has been observed.
HORRIDGE and SNYDER (1972) provided the theoretical explanation for
the surprisingly large change in the cockroach by correlating mode propagation along the rhabdom and aperture of the latter with each other.
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as all light entering the rhabdom is equally available to each individual
retinula cell, the difference between light and dark-adapted visual fields
in the cockroach should be even larger than their result, if it is remembered that Butler light-adapted his experimental animals behind window-glass,
thus leaving 3 UV-sensitive cells dark-adapted (BUTLER, 1971 on selective
adaptation).
The possibility of there being spectrally different retinula cells in

Creophilus has not yet been investigated.

All electrophysiological record-

ings must have been conducted on non-UV sensitive retinula cells, for the
stimulus light was hardly emitting any UV at all.

Because up to three inter-

cellular spaces remained large in material adapted to ordinary lamp-light,
MEYER-ROCHOW (1972b) suggested that this phenomenon could either be an intensity effect or indicating the presence of three UV-sensitive cells.

In

any case: since artificial light was used for light-adaptation, with regard
to UV, no discrepancy exists between stimulus and adaptation source.

It is

not understood how the width of the extracellular spaces would be controlled
if two neighbouring cells were of different spectral types and could be
selectively adapted.

4.

Banded Rhabdom, but Low Polarization Sensitivity
On structural grounds SHAW (1969a) predicted a high polarization sens-

i tivity for each retinula cell in a banded rhabdom, and showed experimentally
that polarization sensitivities of up to 11:1 could be measured in retinula
cells of crab eyes, which have a typically bande.d rhabdom.

The low average

polarization sensitivity of 2.31:1 in Creophilus erythrocephalus, therefore,
is surprising.
Since SNYDER and PASK (1972) have shown that a long light-guide of
small diameter (in this case the crystalline thread) does not destroy polarization information, the reason for the low polarization sensitivity in
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Creophilus must be sought elsewhere.
Two main explanations can be offered.

Polarization sensitivity is

based on the perpendicular arrangement of orthogonally orientated microvilli,
correctly predicted by MOODY and PARRISS (1960).

This pattern although con-

stant in transverse sections at any plane, could be destroyed if retinula
cells were twisted screwlike around their long axis as reported in the moth

Manduca (CARLSON and LARSEN, 1972).

It is not known whether there is a

simi lar twist in the retinula cells of Creophilus, but it is unlikely that
there is, since Manduca is the only example so far recorded, and longitudinal sections (Fig. 16a) through the rhabdom in Creophilus did not reveal
any helical organization.

5.

Electrical Coupling of Retinula Cells
Secondly, retinula cells could be electrically coupled as SHAW (1969b,c)

has shown for pairs of cells in the drone bee retina.

However, this would

only reduce polarization sensitivity, if cells with perpendicularly orien- .
ted microvilli or all the 7 cells together were coupled.

If two opposing

cells were electrically coupled the effect should be an amplifying rather
than a reducing one.

At this stage the site of coupling between two cells

in the retina of Creophilus is still a matter of speculation. · But in . 1970
by means of intracellular recordings from meroblastic cells of the egg of
the teleost Fundulus BENETT and TRINKAUS (1970) demonstrated the existence
of electrical coupling by way of intercellular junctions. They emphasize
that communication by way of extracelluiar space could allow signalling over
a greater distance than junctional communication.

Consequently this would

mean for the retinula cells of Creophilus that structural changes during
dark-light-adaptation (variation of width of extracellular space; changes of
membrane resistence (Fig. 24» could control the degree of electrical coup- 98 -
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ling assuming that electrical coupling is achieved in the same way as in

Fundulus (see above), but so far no evidence could be produced for this
notion.

RAV IOLA and GILULA (1973) conclude that "there is now considerable

evidence that gap

junctions in the vertebrate eye represent a pathway for

intercellular communication; thus, cone cells are likely to be electrically
coupled to each other ... turtle cone ·cells (Baylor et al, 1971)".
One possible reason for electrical coupling in Creophilus could be
that under twilight conditions light quanta are summed up at the receptor
level to lower the threshold, thus increasing sensitivity.

The principle

of combining several receptors to one optical unit is also found in vertebrates, e.g. the deep-sea fishes Scopelarchus and Cataetyx (LOCKET, 1970;
MEYER-ROCHOW, 1972c) and would have to be of even greater importance in an
eye with a small aperture, e.g. Creophilus.

Interestingly enough nocturnal

sawfly larvae (Perga sp.) which have a single stemmatal lens with a wide
aperture, exhibit a very high polarization sensitivity (see page 36).
This suggests that retinula cells in Perga are not electrically coupled,becaus e the wide aperture of the lens allows enough light to reach the photore ceptor and no summing-up of quanta is required.

Another good reason for

electrical coupling of retinula cells was suggested by GEMPERLEIN and
SMOLA (1972): it could improve the signal-to-noise-ratio.
6.

Behaviour
Both species of carcass rove beetles examined seem to be nocturnal in

s ome of their activity.

UV as well as polarized light are strongly reduced

though present (see page ll)during natural night-light.

Points of the dis-

cussion concerning the perception of these kinds of light are based on anatomical and physiological facts rather than on behavioural grounds.

The

beetles do not manifest optomotor reactions to any stripe width whatsoever
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and they seem to be lead to carcasses by their very good sense of smell exelusively.

"
According to JORSCHKE
(1914) insects with a good sens e of smell

have eyes with poor vision and vice versa.

This, however, whether true or

not does not touch the conclusions reached, for they are non-specific and
can be applied to the eyes of other insects too.
7.

Cone lusion
In conclusion it can be said that Creophilus ery t hrocephalus like many

other insects increases the sensitivity of its photoreceptors during the
night at the expense of acuity.

Owing to the narrow aperture of single

ommatidia even in the dark-adapted state, electrical coupling of retinula
ce lls to one optical unit appears to be advantageous, even though it reduces the polarization sensitivity.

In fact this could be the reason for

having a banded rhabdom: in contrast to WATERMAN and HORCH (1966), who
hYPothesi ze a two- channel intraretinal system fore-vector perception,
KIRSCHFELD (1972) concludes that three analyzers are required and t hat one
of the advantages of having a two-channel analyzer could lie in the realiz ation of a polarization-independent system, achieved by sununing receptor
ce ll outputs.

It appears that this is what Creophilus does at the retinu-

la cell level, but, with the exception of the eighth (basal) cell.

This

ce ll, ideally positioned (SNYDER, 1973), seems to serve particularly as a
polarization detector.
However, banded rhabdom organizations in insects and crustaceans may
only be structurally homologou? and need not be functionally identical.
Other possible coupling mechanisms may exist: e.g. in crayfish MULLER (1973)
finds that retinula cells sensitive to the same orientation of thee-vector
are coupled electrically and exhibit a polarization sensitivity of about
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3.5:1, a value which is surprisingly low with regard to SNYDER's (1973)
theoretical evaluation of polarization sensitivity.
No clue can be given for the occurrence of a banded rhabdom in this
insect species or for the extracellular origin of the palisade, but the
latter may be linked in some way to the presence of a banded rhabdom structure.
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Eyes of Staphylinidae
(MEYER-ROCHOW 1972b)
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Width of rhabdom
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FIGURE

1

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 1

a)

Scanning electron micrograph of the eye of

Creophilus erythrocephalus.

The eye is flat,

reaching only a height of 0.18 mm in relation
to its surroundings. It consists of roughly
1200 facets and is surrounded by tiny pores of
unknown function (arrows).

b)

The general arrangement of the facets is hexagonal.

Corneal hairs, although very scarce

are sometimes found between facet borders.

c)

Facets of irregular shape and size (e.g.
asterisk) are found within the marginal 0.1
mm of the eye.
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FIGURE

2

THE EYE OF CREOPHILVS ERYTHROCEPHALUS

Fig. 2

Structural changes, affecting crystalline cone and screening pigment, occur in the upper half of the ommatidium
exclusively.

In the light-adapted state (a) there is a

narrow crystalline thread, pigment is more randomly distributed and principal pigment cells, containing masses of
microtubules, reach further proximally than in the darkadapted state (b).

The rhabdom is made up of alternat-

in g microvillar plates oriented perpendicularly to each
other (bottom left).

If not noted otherwise, the scale on each photograph
represents 1 µm, with the exception of the semi-schematic
drawing (Fig. 2), and Fig. lSb,c,d,e where it is 10 µm.

Th e abbreviations used are:
AcPc

=

8~1 =

Basement membrane;

C

=

Accessory pigment cell;

Cornea;

CoR

Ax= Axon;

BasRetC

CC= Corneal cone;

Basal retinula cell;
CoC = Cone cell (s);

Cone cell root= cone cell extensions;

CoRTh = Cone root thickening;
thread or tract;

N = Nucleus;

PrPC

Principal pigment cell;

RetC

Retinula cell (s);

CrTr
PGr

Crystalline
Pigment granule;

ProxP = Proximal pigment;

Rh= Rhabdom;

Tr= Trachea (e).
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FIGURE

3

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 3

a)

Corneal lenses in transverse section (light
micrograph).

They seem to be isolated from

each other by a structureless cuticular space.

b)

Concentric dark and light rings indicate
rotating layers of chitin - protein fibrils.

c)

Distal part of crystalline cone (acone type).
Between the four cone cells dense microrods
can be seen (arrow).

It is assumed that they

attach the cone cells to the cornea.

Two

principal pigment cells, containing microtubules, surround the cone cells.
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FIGURE

4

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 4

a)

Cone cells with the four Semper-nuclei, showing
their electron dense nature.

Cone and principal

pigment cells, which contain numerous microtubules (inset), are surrounded by accessory
pigment cells.

b)

While the cone narrows the principal pigment
cells gain in size.

The arrangement of the four

cone cells is typical for liquid material surrounded by thin membrane.

c)

Semper -nuclei can be seen over a large area in
only one transverse section although this section
cuts the cones at various levels due to the curvature of the eye.

Nevertheless due to the large

size of the nuclei they show up over the entire
area.
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FIGURE

5

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. S

a)

Transverse section of a light-adapted animal,
showing narrow crystalline thread surrounded
by two principal pigment cells with their
voluminous nuclei.

b)

In the dark-adapted animal the four cone cells
form a thicker and shorter thread and widen
again at a deeper level, where the two principal
pigment cells become smaller and finally disappear.

c)

The rhabdom appears in the middle of the four
cone cell processes.

The principal pigment

cells gradually disappear.
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FIGURE

6

TIIE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 6

(a)

The four cone cell extensions (arrows) can
be traced passing within intercellular spaces
as far as the basement membrane.

At the prox-

imal third of the rhabdom an eighth (basal)
retinula cell normally appears.

Sometimes this

eel 1 does not contribute with its rhabdomere to
the rhabdom like the other seven retinula cells.
Desmosomes are developed between those retinula
cells which form the rhabdom.

(b)

Just abo ve the basement membrane the endings of
the cone cell roots thicken.

They contain large

vesicular spaces (left arrow) and a number of
microtubules (right arrow and inset) and form
desmosomes if they touch (inset).
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FIGURE

7

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 7

a)

Eight axons penetrate the basement membrane,

b)

but soon two adjacent bundles become combined to form one with 16 axons.
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FIGURE

8

THE EYE OF CREOPHIWS ERYTHROCEPHALUS

Fig. 8
a)

~licrosporidian parasites (NiP), which are described in
detail by MEYER-ROCHOW (1972a), were found most frequently
in accessory pigment - and retinula cells.

The trophoid

=

a::webid s ta ge of the parasite, shown here, was identified
i_, ~-

it s cirnracterist ic shape and the clear feeding space

;1round it .

\\·i1ether the mul ti-lamellated process (arrow)

into an accesso r y pigment cell body was caused by the
parasit e and indicates a defense response of the retinula
cell is not clear.
b)

Retinula cell inclusions such as onion bodies, multivesicular and lamellar bodies were more readily found in
light-adapted material.

The origin of bodies with loosely

distributed vesicles (arrow) is unknown.
c)

Pigment granule surrounded by four to five lamellae which
seem to be connected with the endoplasmic reticulum.

d)

Longitudinal section of rhabdom column showing the 'bands'
(0.6 to 0.8 µmin thickness) which consist
larly oriented microvilli.

of perpendicu-

Two half-plates abutt on each

other roughly in the middle.
e)

Rhabdome ric bands in high magnification (x 120,000) showing tubular arrangement and hexagonal packing of microvilli.

Each microvillus is surrounded by a unit membrane.
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FIGURE

9

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 9

Semi-schematic stereogram of known types of banded rhabdoms

a)

Typical regular arrangement of the crustacean rhabdom,
showing interdigitation of 5 rhabdomeric plates
(after HORRIDGE, 1968).

b)

..:. ~=--·,,~.:?;::,Ls .c-rogatti.

Unlike (a) microvilli are also

found in the region where no conical shaped rhabdomeric plate projects towards the middle of the
rhabdom.

c)

Creophilus erythroaephalus .

Similar to (a), but

plates vary slightly in thickness and length .

d)

Pie ris rapae . Half plates abutting on corresponding
ones at differing levels.

Thickness, however, very

constant except that some layers are exactly twice
the typical thickness.
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FIGURE

1Q

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 10

a)

In the dark-adapted ommatidium the crystalline cone
is shorter, characteristic thickenings occur distally
from the rhabdom (arrow) and the screening pigment has
moved to a more distal position.

b)

In the light-adapted state a narrow crystalline thread
(arrow), enveloped by screening pigment, is found.

c)

In the dark-adapted state the seven intercellular
spaces increase considerably in size and almost isolate the rhabdom column from the retinula cell plasma .
Four cone cell extensions (arrows) pass along the
intercellular spaces.

d)

Transverse section of an ommatidium light-adapted
with bright lamp-light, and cut at the same level
as in (c). Intercellular spaces have become strongly
reduced in size and retinula cell plasma touches the
rhabdom in various places.
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FIGURE

11

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 11

a), b), c), d ).

Light mic rographs of transverse sections through
light-adapted (a,b) and dark-adapted eyes (c,d).
a) and c) illustrate conditions just below the
crystalline thread, whereas b) and d) represent
the middle of the retina.

One important adapta-

tional feature is the width of the perirhabdomal
palis ade, which in the dark is very much wider.
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FIGURE

12

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 12

a)

In the light-adapted state, as shown in electronmic rograph (a), all membranes (solid arrows) of two
adj acent retinula cells (Ret 1, 2 or 2, 3) move apart
on l y to give room to cone cell extensions (broken
arrows).

Retinula cell membranes again come into

c lose contact at the edge of the rhabdom (Rh), where
they form des mosomes (circles).

b)

In the dark-adapted state cell membranes (solid
arrows) of two adjacent retinula cells (Ret 1,2 or
2,3) move apart further and separate over a longer
distance as compared to (a).

The extracellular pal-

isade around the rhabdom is only broken by seven
narrow bridges of cytoplasmic material connecting
the retinula cells with their corresponding rhabdomeres.

Cone cell extensions appear to pass loosely

a lon g th e intercellular spaces (broken arrows).

No

difference in abundance of mitochondria (M) was detected, but pigment granules (P) appeared to be
denser at the very distal end and in the more central
region of dark-adapted cells.
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FIGURE

13

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 13

a)

The eye of Creophilus erythrocephalus is especially
rich in structural inconsistencies.

Crystalline

cones of five instead of four cells and a varying
number of principal pigment cells, here three, can
be found.

b)

The eye

of Allomachilis frogatti is also rich in

irregularities, e .g. cones of 3 cells.
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FIGURE

14

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 14

a)

A crystalline thread made up of 5 cell extensions instead of 4 passes between two principal
pigment cells.

b)

Five cone cell roots (arrows), passing within
extracellular spaces, can be traced to a level,
where the eighth (basal) cell occurs.
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FIGURE

15

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 15

a)

Interference micrograph of an 8 µm thick transverse
section of the cornea of Creophilus erythrocephalus.
The corneal cuticle is almost completely optically
homogeneous.

Interference rings, showing at the

bottom, are due to the curvature of the corneal cones.

b)

Longitudinal section of the cornea, once more exhibiting the homogeneous nature of the corneal cuticle.
Outermost fringes are difficult to be distinguished
from edge effects, but may indicate a narrow area of
different refractive index.

c)

The same section as in (b) $ µm thick) under different background illumination after turning the compensator.

d)

Crystalline cone (acone type) of Creophilus erythro-

cephalus observed under the interference microscope.

e)

Cone cells, fully compensated for.

Because of the

liquid nature of the cone, the phase difference measured between (d) and (e) is likely to be too small.

f)

Rhabdom columns under the interference microscope
only just being resolvable.
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FIGURE

16

TI-IE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 16

a)

Longitudinal section of rhabdom column showing the
'bands' which consist of layers of perpendicularly
oriented microvilli.

b)

Rhabdomeric bands in higher magnification showing
tubular origin and hexagonal packing of microvilli.
Each microvilli is surrounded by a unit membrane and
contains electron-dense amorphous material.

c)

Close to the basement membrane an eighth (basal)
cell appears and contributes its rhabdomere to the
rhabdom like the other seven cells.

In cases where

groups consist of only seven retinula cells are found,
a neighbouring cell with a large nucleus (N) is usually
present.

It appears that this cell is an eighth cell

out of place and therefore not contributing to the
rhabdom. (Cell borders retouched).

d)

Scanning electron micrograph of the eye of Creophilus

erythrocephalus.

The dorsal part of the eye, along

the dotted line, was removed to expose the retinula
cell layer into which the glass electrode was inserted.
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FIGURE

17

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 17

a) - g)

Form of intracellular electrophysiological responses
to 0.5 sec. flashes of increasing light intensity.

In

a) (-3 log units) and b) (-2 log units) quantum bumps
(miniature potentials) can be seen topping a small sustained depolarization.

c) (-1 log unit) and d) (-0.6

log units) show the development of an initial peak at
'on' and e) (-0.2 log units) and f) (maximum intensity)
demonstrate the appearance of a small negative bump
after the initial peak and a longer after-potential
after 'light off'.

g) (-0.6 log units) shows a spik-

ing unit in the retina, which is inhibited by light,
but at the same time shows some degree of depolarization.
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FIGURE

18
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Fig . 18

a)

If the spikes of 0.5 sec. periods are counted
before and after the stimulus, and this is made
for twelve 0.5 sec. stimulus flashes, interrupted
by intervals of 5 sec. darkness, then a statistically
significant increase of spikes shortly after the stimulus is observed (rebound effect after inhibition).

b)

Histogram of the distribution of polarization sensitivity of 14 cells.

Only 2 cells have a polariza-

tion sensitivity higher tha~ 4:1.

An

average polariza-

tion sensitivity of 2.31 ± 1.545 S.D. was found.
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FIGURE

19
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Fig. 19

Relative sensitivity curves of 8 darkadapted units (s olid lines, black circles)
and 8 light-adapted units (broken lines,
black outlined squares).

Dark-adapted

eyes are about ten times more sensitive
to light than light-adapted ones.
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FIGURE
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Fig . 20

a) - d)

Responses to 50 msec . flashes, 5 seconds apart ,
at 2° intervals through the receptive field centres
of dark-adapted retinula cells (a,c) and lightadapted cells (d,b).

Very often large after-

potentials can be observed in dark-adapted
units (a).

However, if the interval between two

stimuli is diminished (in b) from 5 seconds to
3.2) after-potentials can also sometimes occur.

In the light-adapted eye sensitivity and acceptance angle are reduced by comparison with the
dark-adapted eye.

H

= horizontal,

sweep across visual field.

V

= vertical

Neutral density fil-

ters following highest response to brightest
light were reducing the intensity of the stimulus
by

0.1,

2.5,

0.2,

3.0 and

0.4,

0.6,

0 . 8,

3 . 5 log units .
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FIGURE

21
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Fig. 21

a)

Angular sensitivity curves of 11 lightadapted units.

b)

Angular sensitivity curves of 13 darkadapted units.

Th e vertical axis is relative sensitivity,
plotted ag ainst the angle subtended by the
li gh t s ourc e to the optical axis of the
unit.
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FIGURE

22
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Fig. 22

a)

Average angular sensitivities of 11 lightadapted retinula cells with S.D. bars.
acceptance angle of 5.135

0

An

± 0.99 S.D. was

found .

b)

Average angular sensitivities of 13 darkadapted retinula cells with S.D. bars.
acceptance angle of 7.037
found.

- 124 -

0

An

± 1.23 S.D. was

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

a.
10 0 ..(

Sensitivity

LA animal

80

I
*
I

60

40

I

I

*

*

1/ I

20

l\ 1

I /,,;tr

*-I i'

i I
-l o

- 60

- 40

-20

00

20

40

60

ao

b.
100 %

*

Sensitivity

1/

DA 80

animal

*

60

*

1/

40

*

\i,~.I\"-t

I/ *

20

vi

I

I

-1 0

- 80

- 60

- 40

- 20

00

20

40

&''

8

10

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

FIGURE

23

THE EYE OF CREOPHILUS ERYTHROCEPHALUS

Fig. 23

a) and b)
Responses from a retinula cell with a
high (a) and a low (b) polarization
sensitivity to flashes of plane
polarized light with the plane of
polarization rotated by 10

0

between

each flash.
Calibration mark: lOmV.
run as in Fig. 20.
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Fig. 24
Semischematic drawing of retinal organization in darkadapted (left) and light-adapted eyes.
In Fundulus -blastomeres (BENNETT and TRINKAUS, 1970)
current passes from cell to cell via specialized juncIf Creophilus

tions and through the extracellular space.
functions similarly, then, according to R

1

= ~

E

(where

'ITr2

pis material constant, 1 is length and r is radius of
cylindrical conductor), a widening of extra-cellular space
would result in a decrease of resistence and increase of
current flow along the extracellular space, provided the
resistence of membranes abutting on the intra - cellular
cavi ty (R 1 and R2) is low compared to the remaining part
of membranes.
Communication by way of extracellular space could allow
signalling over a greater distance than junctional communication and signalling substances analoguous to hormones
or neurosecretion could also be transmitted.
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CHAPTER III

THE CLEAR-ZONE EYE OF THE AUSTRALIAN CHRISTMAS BEETLE

(ANOPLOGNATHUS PALLIDICOLLIS BLANCH.: SCARABAEIDAE)

- 134 -

THE CLEAR-ZONE EYE OF ANOPLOGNATHUS

A.

SUMMARY

The structure and function of the eye of Anoplognathus pallidico llis
have been investigated with various techniques, including electron microscopy, intracellular electrophysiology, ray tracing and optomotor reaction.
1.

Dioptric structures (cornea, crystalline cone) and rhabdom layer are
separated by a wide clear-zone (340 µm).

The seven retinula cells

whose nuclei are just below the crystalline cone, cross the clear-zone
as narrow bundles of irregular spacing.

On the proximal side of the

clear-zone the retinula cells form seven-lobed rhabdoms, which for
half of their lengths are envel?ped by a tracheal tapetum.

An eighth

retinula cell occurs just above the basement membrane, but has no
rhabdomere (Figures 3-19).
2.

Migration of distal screening pigment causes eye-glow in the darkadapted state, which can be found only at night.

If the dark-adapted

animal is exposed to bright light (30.000 lux) for only 5 seconds, the
eye-glow disappears within 10 minutes and the eye becomes light-adapted,
i.e. develops a narrow crystalline tract and shows migration of screening pigment into the clear-zone
3.

(Figures 20-26).

Behind eye slices of dark-adapted beetles a blurred, real erect image
can be observed.

This image is produced by the joint action of many

crystalline cones, which function as lens cylinders having a high
central (1.442) and a low peripheral refractive index (1.365)(Fig. 28).
4.

Cornea and to a lesser degree crystalline cone absorb short wavelengths more completely than long ones; however, the transmission is
never reduced by more than 30% (Fig. 27).
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5.

Ray tracing reveals that with an optical system like that of Anoplog-

nathus efficient summing of light rays at the photoreceptor level can
be achieved, but that the erect image must be extremely fuzzy because
of caustic curve phenomena, and therefore is not likely to be of any
value to the beetle (Figures 29-31).
6.

From ray tracing it was possible to predict that the acceptance angle
of a single retinula cell would be 12° in light-adapted and 20-22° in
dark-adapted eyes.

A value of 24° for the acceptance angle of dark-

adapted units was predicted from observations if the angular distribution of eye-shine was used as a measure (Figures 32-35).
7.

Electrophysiological recordings from single retinula cells show that
the mean acceptance angle of 13 light-adapted units is 12.57° ± 1.966
S.D. and that of 10 dark-adapted ones 20.3

8.

0

± 3.36 S.D. (Fig. 40).

The existence of a circadian influence on adaptation was confirmed
electrophysiologically and it was found that sensitivity at night increases at least 1000 fold compared with the light-adapted eye during
the day (Figures 36-39).

9.

As was predicted from the structural organization of the rhabdom polarization sensitivity, tested by intracellular recordings, is low
(approximately 1.5 : 1), whether the animal is light- or dark-adapted.

10.

Optomotor experiments show that a dark-adapted beetle does not respond
to stripes narrower than 18° repeat period, but that light-adapted
beetles still give responses at stripe widths of 10° (Figures 41-44).

11.

Optomotor experiments show that acuity is reduced in dark-adapted eyes,
but sensitivity (by involvement of a circadian rhythm) is increased
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by 3 log units at night (Figures 45,46).
12.

It is concluded that the eye of AnopZognathus is functionally intermediate between the scattered light model (HORRIDGE, NINHAM and
OIESENDORF, 1972) and the superposition type of compound eye (EXNER,
1891), and t?at -of the three different types of photoreceptors studied
in this investigation- it represents the highest degree of adaptation
to a dim-light environment (Fig. 53).
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B.

INTRODUCTION

The eye of the Australian Christmas beetle represents a type most
frequently found in compound eyes of nocturnal insects and crustacea.

It

has been known since SCHULTZE (1868) and GRENACHER (1879) that in this group
of arthropods there is, between the cones and the receptor layer, a transparent, watery region devoid of pigment originally called "Glask8rpe rrawn"
but now termed 'clear-zone' (HORRIDGE, 1971).

These authors as well as

later workers like KIRCHHOFFER (1908), GlJNTHER (1912), and BUGNION and
POPOFF (1914) studied clear-zone eyes without reference to illumination and
were unaware of any structural changes on dark-light-adaptation.

Independ-

ently they figured eyes with a crystalline thread between cone and retinula
cells (not knowing that this indicates eyes having been fixed in the lightadapted state) or they showed no crystalline tract at all, again, unaware
that this proves the eyes have been fixed in the dark-adapted state.
The first person to think of a functional consequence of the clearzone between cones and receptor layer was EXNER (1891).

From his observa-

tion on the erect image seen behind eye slices of dark-adapted firefly
eyes (EXNER, 1891) and from his earlier study of the lens cylinder in the
cornea of the water beetle Hyd.:rophilus (EXNER, 1885;1890) he concluded that
rays, entering through a patch of many facets in a DA eye, were focused to
form an erect image.

This was considered to lie at the receptor level and

to be significant for vision.

The process by which the real erect image

was formed, was called "superposition" and thought to be based upon the
joint action of the optical inhomogeneities ·in the dioptric system of each
ommatidium (EXNER, 1891).

Erect images have since been seen by various

independent investigators in fireflies, a few water-beetles, Scarabaeidae
and moths.
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It sounded plausible that eyes with a clear-zone between cones and the
receptor layer should function as superposition eyes only at night.

In the

light-adapted state in which the distal pigment surrounds the crystalline
thread the eye should function as an appositio~ eye.

The existence of eye-

glow in many clear-zone eyes (first described by KLEEMAN, 1792; cited by
KUNZE, 1972) was regarded by EXNER (1891) as proof for his superposition
theory, for it showed that parallel light entered the dark-adapted eye
through many facets.
However, EXNER's postulation of a superposition image in any clearzone eye due to optical inhomogeneities in cornea or cone was repeatedly
II

criticised, notably by DeBRUIN and CRISP (1957), KUIPER (1962) and DOVING
and MILLER (1969).

Sununarizing evidence for and against EXNER, HORRIDGE

(1971) showed that there are other alternatives by which the existence of
eye-glow could be explained, even if it originates from only one facet
illuminated.

Also other mechanisms such as light guides crossing the

clear-zone have been found, e.g. in Ephestia (FISCHER and HORSTMANN, 1971;
HORRIDGE and GIDDINGS, 1971a) and it has been recognized that clear-zone
eyes are of differing types and contain more than one optical system
(HORRIDGE, 1974).
The only two examples to date, where the actual mechanism by which
EXNER's erect image may arise, has been demonstrated, are the well-focused,
i.e. superposition eye of the Skipper butterfly (HORRIDGE, GIDDINGS and
STANGE, 1972) and the partially-focused eye of the water beetle Cybis te r
(MEYER-ROCHOW, 1973a).

However, a well-focused clear-zone eye with struc-

tural changes on adaptation . remains to be found in a truely nocturnal insect, since Skipper butterflies in spite of having a clear-zone eye are
diurnal and show almost no pigment migration and certainly no retinula cell
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movements.
The Australian Christmas beetle was chosen for the present investigation because of several reasons:
1)

It has its activity peak, judging from the number of flying

animals, shortly after sunset for a period of about 2 - 3 hours.
2)

It is closely related to beetles in which EXNER (1891) saw the

original erect image by examining eye slices, e.g. Tropinota hirtella and

Cetonia aurata (Scarabaeidae).
3)

The Australian Christmas beetle shows pronounced pigment and

retinula cell movement as well as eye glow during dark-adaptation at night.
4)

It allows electrophysiological single cell recordings from

retinula units, and
5)

it responds with head-turning movements to a striped pattern of

adequate stripe width rotated around it.
Furthermore this beetle is of economic importance, for frequently it
becomes a pest to eucalypt trees.

Therefore knowledge about its visual

properties would seem desirable.
The first step of the investigation was concerned with the structure
of the eye and the changes of organization that take place during darklight-adaptation.

Light-, transmission electron- and scanning electron

microscopy were employed for this part of the analysis.
The question: "How does the dioptric structure of the eye of the
beetle produce the fuzzy erect image seen behind eye slices?" was studied
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by means of ray-tracing through two-dimensional models of eyes, using
measurements of the distribution of refractive indices and spectral transmission in the components involved.
To solve the problem:

"What use is the blurred, but real erect image

for the beetle's vision?", optomotor experiments and observations on the
angular distribution of eye-shine were carried out and supplemented by
intracellular electrophysiological recordings of single cells to determine
their angular sensitivity in relation to the adaptational state.

C.

MATERIAL AND METHODS

Australian Christmas beetles (Anoplognathus pallidicollis) were caught
locally during the summer months.

The beetles were usually used for exper-

iments within three days of capture.

If not stated otherwise in the re-

sults section, dark-adapted specimens were exclusively observed at night.
Light-adapted material comprised individuals that had been collected
during the day for immediate experiments and beetles that had been adapted
for several hours to white, artificial light of 1,800 lux.
(1)

Scanning Electron Microscopy.

Whole-mounts of beetle heads were air-

dried, stuck on a stub with Tarzan's Grip and coated under vacuum with
palladium-gold (30:70) to a thickness of approximately 200 j,

For the study

of the internal organization of the eye, the latter was divided into 3 or
4 pieces with a sharp razor blade.

These eye pieces were boiled in In-KOH

for varying durations (between 2 and 10 minutes).

Remaining, undisolved

pieces were dried and subsequently underwent the same procedure as wholemounts.

Observation was carried out at an accelerating voltage of 15 kV

using a Jeol-JSM-U3 scanning electron microscope.

Photographs were taken

with a polaroid Polapan- camera using land film type 52.
(2)

Light Microscopy.

Rapid fixation with boiling water was used, when-

ever it was necessary to preserve a particular adaptational state instantaneously.

Post-fixation with a 0.1 molar collidine-s buffered solution of

1% osmium tetroxide was followed by standard dehydration, embedding
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(Araldite) and cutting techniques (REICHERT ultra-microtome).

1 µmun-

stained sections were observed under phase contrast using a Zeiss Photoscope and Microneg film (12 DIN) for photography.
(3)

Transmission Electron Microscopy.

Best results were obtained when

pieces of Anoplognathus eyes were prefixed for 2 hours in a mixture of 7.5
ml Karnovsky's aldehyde (PEASE, 1964), 5 ml cacodylate buffer and 12.S ml
aqua dest., and postfixed (after washing in 50% buffer - 50% aqua dest.)
for half an hour in 50% buffer plus SO% of 2% osmium tetroxide.

The mat-

erial was dehydrated, embedded and cut in the usual way (compare light
microscopy).

Silver and gold sections were double stained with uranyl

acetated (15 min) and lead citrate (2 min) and observed with a Hitachi
100 at a voltage of 75 kV.
(4)

Interference Microscopy.

Fresh, 8

µm

thick sections were cut with a

Leitz freezing microtome (blade celled to -25°C) and examined in a Zeiss
double beam interference microscope.

The thickness of both transverse and

longitudinal sections was checked by turning the calibrated micrometer knob
of a Zeiss Photoscope to focus and defocus the edges.

The section was

transferred with a fine brush and placed in drops of a mixture of distilled
water and glycerol (n = 1.338).
thin glass slide.

They were then carefully covered with a

The refractive index of any interesting structure of

the eye was calculated from the equation

where n

is the refractive index of the structure, dis the thickness of
str
the section and n is the refractive index of the embedding medium. r, the
1
phase difference was measured in degrees by means of an Ehringhaus compensator and converted into decimal values according to a given table. The
underlying principles of refractive index determination using the Zeiss
instrument have been dealt with in greater detail by GAHM (1962, 1963,
1964).
(5)

Ray Triacing.

A bundle of 20 parallel, equally spaced rays was drawn

to strike the crystalline cone across its face at angles of 0, 5, 10, 15,
20, 25 and 30°.

Errors in ray tracing were limited by using large diagrams
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(32 cm in length) of the crystalline cone, sectioned longitudinally along
the axis.

The distribution of refractive index, known from interference

studies, was added to the drawing.

For simplification 'layers' of equal

refractive index were drawn, implying that there is continuous transition,
since n=f(r).

As a result of this transition, a ray entering such a 'layer'

parallel (a very close to 90°) to its adjacent layers (inner with a high outer with low refractive index) would be 'bent' towards the region with
higher optical density.

The path of such rays was calculated using the

equation
R=---n_ _ __
n2 - nl
sina---6~r--where R is radius of ray curvature,

(MEYER-ROCHOW and MEGGITT,1974)

n is

the mean of the inner (n ) and
2
outer (n ) refractive index, 6r is the thickness of the 'layer' and a is
1
angle of incidence. The initial refraction of a ray when entering the cone

was always calculated according to Snell's law of refraction.

To predict the acceptance angle from ray tracing all rays leaving the
cone proximally were extended across the clear-zone in a large scale diagram of the whole eye in longitudinal section.

Rays originating from a

parallel beam of light shining onto the eye's surface were then cotmted
at the photoreceptor level and plotted against the angle that the rays
subtended with the ommatidial axis.

Additional information on ray tracing

procedures is given in the corresponding results section.
(6)

Microspectrophotometry.

Fresh, transverse sections (15 µm thick) of

both corneal and cone layers were placed on a quartz slide in a drop of
glycerol.

The transmission of the central part of cornea or cone (meas-

uring diaphragm 3.2 µm) was recorded as a function of wavelength using
the UMSP 1 Zeiss microSpectrophotometer.

Chart paper in the recorder and

the monochromator of the instrument operated synchronously.

Care was taken

that the reference beam passed only through embedding medium (glycerol)
and quartz slide and not through any components of the eye.
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(7)

Eyeshine Experiments.

The experimental set-up (Fig. 1), consisting

of a microscope mounted on a turntable and a Xenon arc lamp, shining onto
the eye in the plane of the observing direction by means of a small splinter of silvered cover-slip, has been described in detail by HORRIDGE,
GIDDINGS and STANGE (1972).

Photographs of the eyeshine were taken on

Kodak Tri X film in a Zeiss 35 camera attachment with a 45° prism and
focusing side tube.
For quantitative measurements the light was chopped by a sector disc
to a flicker frequency of 16.67 Hz., while a PIN photodiode (HewlettPackard 5082-4220), scanned horizontally across the patch of eyeshine, was
reverse biased by 9 V.

Its output current was led into a 10 9 MQ resistor

at the input of a FET differential amplifier (Zeltex ZA 801).

By means of

a double-T-filter in the feedback loop this amplifier operates selectively
at the flicker fusion frequency with a bandwidth of 1 Hz.

After further

amplification the signal was rectified and displayed by an XY-plotter as
a function of the position of the photodiode.

A shift of the scanning line

of the photodiode was achieved by moving the eye with a calibrated micromanipulator for a known distance, e.g. 30 µm.

This arrangement was linear

within 5% referred to light intensity over a range of 100-fold and gave a
sensitivity comparable to that of a photomultiplier with a resolution of
30 µm with respect to the position at the surface of the eye (HORRIDGE,
GIDDINGS and STANGE, 1972).
(8)

Optomotor Experiments.

A rotatory striped drum of 28 cm in diameter

was used for all experiments (Fig. 2).

Observations were always carried

out in a dark room, but drum illumination (SO Watt tungsten filament lamp;
50 cm above the centre of the drum) as well as stripe widths were variable.
The stimulus consisted of drum oscillations with an amplittlde of
approximately± 45°.

In order to obtain the maximum response for all

interesting combinations of stripe width/illumination intensity, different
oscillation speeds were used.

The speed and direction of the drum were

recorded by asymmetrical cardboard teeth which projected from the bottom
of the drum and passed over two connected photocells.

The latter were

illuminated by a narrow beam of light from a 6 V battery.

The brightness

at the centre of the drum was measured in lux by a Minolta exposure meter
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with plane diffusing screen, and the intensity of black and white stripes,
also seen from the centre, was measured in ft. L. by an SE I-meter (Salford
Electrical Instruments) and converted into cd./m 2 if necessary.

The in-

tensity of the lamp was regulated with a potentiometer (dimmer switch),
a procedure which change? the colour temperature of the light source (i.e.
relatively.more longer wavelengths present at low intensities).

Emission

of green and red light (Cinemoid filters of known transmission) was measured by a VSI Radiometer (Kettering model 65A) at various intensities
(0.3 - 2,000

lux).

Since there is good evidence that motion detection

is mediated by green-sensitive retinula cells (e.g. ECKERT, 1971; MENZEL
1973) and green was present throughout the intensity range almost to the
same degree as red (see Table 1), it is believed that the change of colour
temperature did not obscure behavioural responses to drum movements at
different intensities.
The beetle was held horizontally with plasticine at the centre of
the drum.
2 mm

2

The turning responses of the test animal were recorded by a

flag, consisting of paper ashes, passing through a lightgate.

The

flag was attached to a 4 cm long hair of a sheep dog which, glued to the
top of the beetle's head, was led across the back of the beetle to pass
through the composite miniature unit of two photocells (Texas type LS 221)
in opposition to each other.

A parallel beam of infrared light produced

by a 6 V 45 watt tungsten lamp and a thick glass filter is used to excite
the photocells.

The photocells responded only to their own stimulating

light source and their performance remained unaffected irrespective of the
intensity of the drum illumination.
(9)

E"lectrophysiology.

The beetles were decapitated, the mouthparts were

removed and the head was split in half.
to expose the rhabdom layer.

The posterior part was cut away

The preparation was then placed, frontal end

downwards, on a piece of filter paper moistened with cockroach Ringer
(PRINGLE, 1938).

All ~xperiments were carried out using the same electro-

physiological set-up and stimulus source as in the studies on the eyes of

Creophi"lus

(see page78) and larval sawflies (page 26).

Successful and stable cell penetrations by fibre-filled glass electrodes of 60 - 160 MQ resistence in the tissue, were characterized by a
resting potential of up to 30 mV.

The stimulus lamp was moved either
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horizontally or vertically and always passed through the optical axis (defined as the position for greatest response) of the unit.

Prior to or

after each run the light was brought to the optical axis and the responses
to light flashes changing in intensity by the corresponding grey filter
units were recorded.

From this 'neutral density series' a sensitivity

curve was obtained, which was used to calculate the relative sensitivity
at each position of the lamp or the polaroid (with the aid of a PDP Se
digital computer).

From the resulting curve of angular sensitivity the

acceptance angle, defined as the angular width at the 50% sensitivity level,
was determined.
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TABLE 1
Spectral emission in relation to varying source intensities
Green
erg/cm 2 sec
165,000
145,000
96,000
66,500
40,000
21,500
10,000
1,600

Cinemoid filter No. 39

lux

2,000
1,600
1,100
600
140
40
14
0.4

i::

0

,,-(

o\O

.-i

U')

Vl

·r-l

s

Vl

0
.-i

i::

ell
H

E-,

0
0
.-i

700 nm
500
wavelength·

Red
erg/cm 2 sec
194,000
162,000
105,000
71,000
40,000
21,000
8,400
1,800

Cinemoid filter No. 14

lwc

2,000
1,600
1,100
600
140
40
14
0.4

o\O

.-i

Vl
Vl

· r-l

0
.-i

0
0
.-i

500

wavelength
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FIGURE

1

THE CLEAR-ZONE EYE OF ANOPLOGNATHUS

Fig. 1

Arrangement for measuring the angular distribution
of eyeshine.

A photocell can be traversed in the

image plane of the microscope.

A tiny mirror de-

flects a parallel beam upon the eye, which can be
observed from any angle with the narrow objective.

(Reproduced from HORRIDGE, GIDDINGS
and STANGE, 1972: Fig. 21)
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FIGURE

2
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Fig. 2
Optomotor set-up: semischematical section and block diagram.
The animal is held in plasticine at the fixed centre (F.C.) of
the striped drum.

For recordings of the head movements a light

flag (F), made of a sheep dog hair and black paper ashes, is
attached to the top of the head and led across the beetle's back,
where it cannot be seen by the insect.

A composite miniature unit

of two photocells in opposition to each other (F.P.), housed in a
probe, is used to record movement of the flag.

The light source,

producing a parallel beam of infra-red light by a black glass filter (G), and the photocells are mounted on the same stand, and can
be moved relative to the flag by means of a calibrated lathe cross

(C.L.B.).
The illumination intensity of the lamp (L) is regulated by a
calibrated dimmer switch (D.S.).

The striped drum is oscillated

either sinusoidally about the trough by a solenoid operated electromechanical transducer driven from an ultra low frequency oscillator (ULF), or manually at various speeds over a range of approximately± 45°.

The drum movement is recorded by asymmetrical

'teeth' (D.T.), which project radially from the bottom of the drum
and cast a shadow on a pair of matched photocells (D.P.).

These

are arranged in opposition to each other, and illuminated from
above by a microscope lamp (D.L.) giving an almost parallel beam
which falls vertically on the photocells.

The output from the

photocells is fed into a two-channel recorder.
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D.
1.

RESULTS

Structure of the Eye
The structural organization of the eye of Anoplognathus (in transverse

section) is summarized diagrammatically in Fig. 3.

The main structural

changes during dark-light-adaptation are outlined graphically in Fig. 4,
showing the ommatidia in longitudinal section (see also Table II).

(a)

General features
The compound eyes of Anoplognathus pallidicollis lie at the sides of

the head; they are large (2.2 mm in diameter), hemispherical in shape, partially divided by a frontal lobe called canthus and consist of roughly 6,000
ommatidia (Fig. Sa).

The surface of the eye is completely smooth

and in

"
"
contrast to various nocturnal Lepidoptera (BERNHARD, GEMNE and SALLSTROM
1970), has no corneal nipples, no interfacetal hairs, and no detectable
corneal curvatures of individual facets (Fig. Sc,d).
The radius of curvature of the eye is 0.95 mm, with the individual
facet curvature being of the same value.

Transverse sections through the

cornea reveal the very high degree of order, in which the hexagonal facets
are arranged across the entire eye (Fig. 6).

Only near the edges or the

canthus of the eye does the ommatidial pattern be~ome disturbed (impossibility of covering a hemisphere with hexagons without distorting them:
GEMPERLEIN, 1969).

The only difference between dorsal and ventral part

is that the ventral ey~ area is slightly larger.
Each ommatidium, approximately 600 µmin length, consists of the dioptric apparatus (cornea and cone, together 130-140

µm

long) and of the

photoreceptive elements (rhabdomeres of retinula cells, forming rhabdom
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colunm).

Rhabdom layer and dioptric structures are separated by a clear-

zone, approximately 340 µm wide in the dark-adapted state (Fig. 15c).
Anatomically, therefore, the eye represents a type called 'superpositioneye' by EXNER

(1891).

Since one cannot automatically infer from the

structural organization that the eye will produce a superposition image it
is better to use the term 'clear-zone eye', as was suggested by HORRIDGE
(1971).
(b)

Cornea and cone

Cornea and crystalline cone make up the dioptric system, of which
there is a great diversity among beetle eyes.

Beetles provide examples of

almost any known structural organization in insect photoreceptors (MEYERROCHOW, 1974).
The cornea, including the short corneal cone, is about 85 µm thick
and, in transverse section, shows a spiral pattern (Fig. 6a).

This pattern

is known to arise from a system of progressively rotating directions of
chitinous growth planes (BOULIGAND, 1965).

The external curvature of the

cornea is 0.95 mm (the same as that of the eye), while the inner is 15 µm
(Fig. Sd).

Therefore, in respect to one ommat.idium the cornea can be

called 'plano-convex'.

The crystalline cone is attached to the cornea and

is formed by four cells (Fig. Sb), whose nuclei are situated peripherally
at the distal end of the cone just beneath the cornea (Fig. 7a).

Accord-

ing to GRENACHER (1879) the cone is of the 'eucone type'.
The centre of the cone is a structurally homogeneous, dense, coneshaped core, secreted intracellularly towards the axis during development.
In cross section the edges of the four cells, if they can be seen at all,
always meet at right angles in the middle (Fig. 7d), according to laws of
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fluid-mechanics signifying the solid nature of the inner core (WOLF, · 1968).
The latter is surrounded by a coat of 10-15 parallel layers of endoplasmic
reticulum.

The layers are spaced approximately 0.12 µm

apart and consist

of a pair of opposed membranes each of which is covered on the outside with
dense granules (Fig. 7c).

First noted by HORRIDGE and GIDDINGS (1971b) in

Repsimus, this structure has now been fotmd in a number of beetles, e.g.
Se ricesthis, Onthophagus (personal unpublished observations) and Anoplognathus.

The layers are most regular close to the central core, and tend to

become somewhat looser in appearance, and developing a slightly wider spacing towards the periphery of the cell.

Here, still within the narrow cyto-

plasmic rim of the cone cells, the layers of the endoplasmic reticulum
border at a circumferential monolayer of mitochondria.
The material of which the solid central core in cones of the eucone
type consists is not yet known.

However, the association with glycogen

(PERRELET, 1970) and the presence of endoplasmic reticulum and mitochondria,
both indicating metabolic activity (FAWCETT, 1967), suggest that a glycoprotein is responsible for the substance.

This agrees with reports of

mucopolysaccharides and proteins in Pieris cones (KIM, 1964 in BARRA, 1971)
and material rich in sulphydril (SH) and disulphide (SS) in cones of Collembola (BARRA, 1971).

(c)

Crystalline tract and pigment cells
Towards the proximal tip of the corie the central solid core tapers

progressively, but the . surrounding layers of endoplasmic reticulum and the
mitochondria persist to the very end.

Here the cytoplasmic zone continues

as a narrow strand, called crystalline tract (Fig. 8b,c), which changes
its length and diameter according to dark-light-adaptation (see page 158).
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Two principal pigment cells envelop the length of the cone like a
sleeve, and, in the light-adapted eye, continue to surround the crystalline
thread (Fig. 8b,c) as far as the retinula cell bodies.

There are some

variations in the size of pigment granules both in principal and accessory
pigment cells and the range of diameters of pigment granules is 0.3 to 0.9
µm.

Their different sizes and different inertia may result in an unvolun-

tarily selective movement of certain pigment granules on dark-lightadaptation.

This might explain the finding that in the very distal part

of the principal pigment cells pigment granules were smaller (0.5 µm,
average of 15 granules) and in the proximal, nuclear region of the same
cell they were larger (0.7 µm, average of 15 granules) than those of neighbouring accessory pigment cells (0.65 µm, average of 15 granules), where
no changes were observed.

Both types of pigment cells as

well as the

cytoplasmi c fringe around the crystalline cone are interspersed with great
numbers of microtubules, each approximately 0.01 µmin diameter and oriented parallel to the ommatidial axis (Fig. Sa).
The crystalline tract is always made up of its four co.mponent cell
extensions, exhibiting a pattern in cross section (Fig. Sb), characteristic
of material of low viscosity or liquid properties surrounded by a thin membrane (WOLF, 1968).

(d)

Retinula ce lls and rhabdom
As in Repsimus (HORRIDGE and GIDDINGS, 1971b) there are 7 retinula

cells which have distally-situated nuclei and long cell bodies (Fig. 9).
The latter stre tch across the space between cone and rhabdom layer by
forming thin bundles, each of which approximately 1.5 µmin diameter and
separated from its neighbour by some 10 µm (Fig. 10a).

Although all 7

retinula cells contribute equally to the rhabdom, one cell on the distal
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side of the clear-zone usually appears to be smaller and s l i ghtly more
osmiophilic than the rest.

This has also been seen in Se ricesthis (un-

published observation), but at present no functional significance of the
observation is known.
Towards the centre of a group of 7 retinula cell bodies their cell
borders curl and meander in a way which sometimes gives rise to patterns
reminiscent of a distal rhabdom (Fig. 9).
ported for example in Dyti scus
roughly at the same region.

A distal rhabdom has been re-

(HORRIDGE, 1969a) where it is located

At this level the cone cell roots still show

up well, but proximally become progressively thinner until they finally
disappear halfway across the clear-zone.
Retinula cell bodies at the nuclear plane, do not contain pigment
granules, but are crowded with microtubules, which continue, densel y
packed, into the retinula cell columns.

Microtubules are even found in the

large, voluminous electron-transparent cells, forming the clear-zone . Here
groups of microtubules are mainly seen close to the cell border in proxi mity to the retinula cell threads (Fig. 10c).

Each retinula cell bundle

s tands out, faintly stained in contrast to the surrounding watery cells
(Fig. 10b), if standard electron microscope or light microscope techniques
are applied (lead- or toluidine blue stain).

The spatial distribution of

retinula cell columns bridging the clear-zone and the number of accessory
cells surrounding them is rather irregular as compared e.g. with Ontho-

phagus

and Euoniticellus, where each column is neatly surrounded by six

large clear-zone cells of equal size.
The rhabdom layer is divided into two regions, each about 40 µm
thick.

Distally the rhabdoms are separated from each other by the cyto-
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plasmic material of retinula cells, containing some mitochondria and Golgi
bodies, and the clear cytoplasm of accessory pigment cells (Fig. 11, 12).
In the proximal half of the rhabdom layer the accessory pigment cells disappear and become replaced by tracheoles of 1.5 µmin diameter (Fig. 13).
The centrally fused rhabdom is made up of rhabdomeres of the seven
retinula cells throughout the entire rhabdom layer.
rhabdom exhibits an

In cross section the

asymmetric shape, reminiscent of that in Melolontha

(GRENACHER, 1879) and not unlike the leaf of a chestnut tree

(Fig. 12).

Cytoplasmic fingers protrude between the seven rhabdomeric lobes and as
in other insects the rhabdomere consists of parallel oriented microvilli,
i.e. membraneous retinula cell processes, each surrounded by a unit membrane (0.006 µm thick) and isolated from its 6 neighbours by a narrow
intercellular space of similar dimensions (Fig. 11).
Only at the level of the appearance of the basal (eighth)cell, which
has no rhabdomere, the microvilli of neighbouring cells show some degree
of constant orientation to each other (Fig. 13).

Otherwise rhabdom

patterns are usually irregular and microvilli of rhabdomeres belonging to
the same rhabdom are not arranged in any constant angular relation to each
other.

Therefore the behaviour of Anoplognathus is unlikely to be con-

cerned with the plane of polarization (see page 214).

(e)

Tracheal tapetwn and basal cell
The tracheoles surrounding the rhabdom are circular in cross section

and have a fairly constant diameter of 1.5 µm.

The tracheoles are believed

to be responsible for the eyeshine observed in the DA-eye at night.

The

helical ridges of the tracheolar walls are separated regularly with air
spaces of 0.25 µm between them, but do not fonn transverse plates as in
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certain moths (MILLER and BERNARD, 1968), where they function as fusiform
interference filters and determine the colour of the eye-glow .

The colour

of the eye-glow in the Australian Christmas beetle is a yellowish white.
A tracheal reflecting layer around the rhabdom serves two main
purposes:

a) it enhances the efficiency of the rhabdom as a light guide

by reducing the refractive index of the medium around it, and b) it reflects the light back, so that it can be used for a second time by the
photoreceptor.
In contrast to the closely related Repsimus (HORRIDGE and GIDDINGS,
1971b), Anoplognathus

has a basal retinula cell, which appears in the

centre of the rhabdom about 10-15 µm above the basement membrane (Fig. 13).
The cell body of the basal cell, including its nucleus, lies just above
the basement membrane where there are only 1 or 2 tracheoles between
neighbouri ng retinula cells (Fig. 14a).

The basal cell does not have a

rhabdomere and is surrounded by the other 7 retinula cells, which at this
level have no rhabdomere either, but are filled with pigment granules. The
basal cell does not possess any pigment granules, but has some mitochondria
and multivesicular bodies like the other 7 cells.

All eight retinula

cells contain clusters of microtubules, which increase in number, once
axons are formed below the basement membrane (Fig. 14b,c).
Each axon bundle consists of 8 axons and a few (4 or 5) tracheoles
and is contained in a sheath formed by a typical glial cell (Fig. 14b).
An

occasional pigment ~granule or mitochondrium may be found for a short

distance below the basement membrane.

By the time they enter the lamina,

they have combined into thick strands (Fig. 15), each consisting of groups
of 8 axons of at least (estimate from light micrograph) 40 ommatidia.
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Whether this can be regarded as a sign for adaptation to a dim-light environment is not yet known.
(f)

Dark-light-adaptation
The positions of the cells in different states of adaptation are best

seen in longitudinal sections through the eye.

In the dark-adapted state

the 7 re tinula cell bodies lie close to the tip of the crystalline cone
whose aperture is about 10 µrn.

The crystalline tract is absent .

All the

pigment contained in principal and accessory pigment cells is concentrated
i n dense clusters between the cones (Fig. 16a).
In the fully light-adapted state a 1-2 µm wide crystalline thread
appears, extending to a maximum length of 80 µm (Fig. 16b).

The retinula

cells are correspondingly shorter, having moved to the proximal end of the
thread.

Pigment granules also change position in the light-adapted eye

and move proximally. Thus cone tip and tract are closely surrounded by
pigmen t which has left the region between the crystalline cones.

The

distribution of the pigment in .t he eye is most important in considerations
of t he possible paths of the light in dark- and light-adapted eyes.

While

the distribution of distal pigment varies according to adaptational state,
t here are no obvious changes in the position of proximal pigment, i.e.
that , contained in the retinula cells just above the basement membrane
(Fig. 17d,e).
It i s believed that the position of the pigment in the light-adapted
s ~ate is responsible for the disappearance of the eyeshine (see page178)
and t h at correspondingly its position in the dark-adapted state is associat ed wi th the presence of eyeshine.

In the dark-adapted situation more

l i ght can enter the eye and moreover it does not have to pass down the
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long thin light-guide of the light-adapted state.

Light reflected from

the tracheal tapetum leaves the eye through the same wide multi-faceted
aperture, by which it entered without being absorbed or obstructed by pigment granules (law of the reversibility of light paths).
(g)

Adaptational mechanism and circadian rhythm
A dark-adapted eye can easily be stimulated by a bright light to

adopt its light-adapted structure.

A means of testing directly the in-

fluence of the position of the distal pigment on the eyeshine, is to fix
fully dark-adapted eyes (exhibiting maximum eyeshine) after different exposure times to a bright light and to look at the structural changes in
relation to the duration of exposure.

If a bright light of approximately

30,000 lux is shone onto a dark-adapted eye (Fig. 18a) for 5 minutes at
night, the crystalline tract reacts by an extension of about 20 µm (Fig.
18d).

After a 10 minute exposure to the same bright light source the eye-

shine has disappeared (see page179)and the crystalline tract has become
40 µm long (Fig. 18c).

After 15 minutes of exposure to light the cryst-

alline thread having a length of 65 µm (Fig. 18f) has almost reached the
maximum performance of a LA-eye during the day (Fig. 18c).
Th.e minimum exposure to light necessary to elicit movement of retinula cells and migration of pigment was tested by shining the bright light
onto a dark-adapted beetle for only 5 seconds.

Fixation one minute after

the experiment does not produce any detectable structural changes (Fig.
17a).

Five minutes later, however, there are the first signs of a comm-

encing light-adaptation (Fig. 17b) and after 10 minutes, when the eyeshine
has disappeared, the crystalline tract has reached a length of 25 µm (Fig.
17c).

Surprisingly the reverse cannot be induced:
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three days in a dark cupboard and fixed instantaneously at noon on the
third day has a crystalline thread of 60 µm length and pigment in the lightadapted state (Fig. 18b).

Apparently a circadian rhythm prevents the adap-

tion of a dark-adapted position of pigment and retinula cells during the
day, whether the insect is kept in the dark or not.
Apart from the movement of distal pigment granules no other obvious
intracellular phenomena have been observed in cells on the cornea/cone side
of the clear-zone in connection with dark-light-adaptation.

Some diff-

erence, however, has been found in the cytoplasm surrounding the rhabdom.
In the light-adapted eye (20 minutes sunlight) a slight increase of mitochondria, as in the locust (HORRIDGE and BARNARD, 1965), and multivesicular
bodies (EGUCHI and WATERMAN, 1967·; WACHMANN, 1969) was noticeable.
After exposure to bright sunlight for 1 hour, which immobilized the
beetles, strange 'giant' Golgi bodies in almost any of the retinula cells
were found (Fig. 19) .

Golgi bodies of this size have not been reported

before in any insect eye.
The mechanism of both pigment and retinula cell movement is still a
matter of speculation, but from the presence of microtubules in those
cells or parts of cells (crystalline thread) that move most, one may conclude that microtubules are associated with movement.

Indeed it is notice-

able that microtubules are always aligned in the direction of the movement.
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TABLE II
1be Eye of Anoplognathus paZZidicoZZis
Morphological data
Size of beetle
Size and shape of the eye
Number of facets
Diameter of facet
Length of one ommatidium
Interommatidial angle

ca. 20 mm
2.2 mm in diameter,hemispherical
approx. 6000
30 µm
600 µm
ca. 1.5°

Anatomical data
Thickness of corneal lens
Length of crystalline cone
Length of crystalline thread DA
Length of crystalline thread LA
Width of clear-zone DA
Width of clear-zone LA
Number of retinula cells

85

so

Width and shape of rhabdom
Diameter of microvillus
Diameter of pigment granule
(primary and accessory pigment cell)
Diameter of pigment granule
(retinula cell)
Number of axons within one bundle

µm
µm

absent
70-80 µm
ca. 350 µm
ca. 260 µm
7 + 1 {basal cell without
rhabdomere)
seven-lobed, approx. 10-12 µm
0.08-0.09 µm
0.5-0.7

µm

0.8-1.0 µm
8

Optical data
Outer radius of curvature of lens
Inner radius of curvature of lens ·
Refractive index of corneal cuticle
Refractive index of crystalline cone
Refractive index of clear-zone
Refractive index of rhabdom
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FIGURE

3
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Fig. 3

Transverse sections of the onunatidium of Anoplognathus
taken at different levels.
a)

Crystalline cone surrounded by principal and accessory
pigment cells.

b)

Crystalline tract and nuclei of the two principal
pigment cells.

c)

Retinula cell . bodies and cone cell roots.

d)

Retinula cell extensions on the distal side of the
clear-zone just before crossing the latter.

e)

Rhabdom, not surrounded by tracheoles at this level.

f)

Basal (eighth) retinula cell appearing in the centre
of the rhabdom, which at this level, is surrollllded by
equally-sized tracheoles.
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FIGURE

4
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Fig. 4

The ommatidium of Anoplognathus in the dark-adapted (left)
and light-adapted (right) state.
Below the thick plano-convex cornea are the four tapered crystalline cone cells with their distally located nuclei.

The dense

solid core of the crystalline cone is secreted intracellularly
from the four cells.

The cone cells extend as a crystalline

thread, which varies in length with the state of dark-lightadaptation.

This thread ends in the region of seven distal

retinula cell nuclei.

A pair of primary pigment cells (PrPC)

and numerous accessory pigment cells surround each cone and
crystalline tract.

The pigment distribution in these cells is

largely dependent on the state of adaptation.

The seven

retinula cells cross the clear-zone as a narrow thread, which
widens at the proximal side of the clear-zone.

Here the

retinula cells form a fused, seven-lobed rhabdom, which over
the proximal half of its length is surrounded by a · tracheal
tapetum.

An eighth (basal) retinula cell occurs just above

the basement membrane, but does not contribute to the rhabdom.
Bundles of eight axons penetrate the basement membrane.
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FIGURE

5
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Fig. 5

a)

Scanning electron micrograph of the whole eye.
The eye is partially divided by a 'canthus' into
a dorsal and ventral hemisphere.

b)

Scanning electron micrograph from the inside of
the eye.

The depressions (arrows) indicate the

locations of the four cone cell nuclei.
c)

The outer surface of the cornea is completely
smooth.

Individual facet curvatures and inter-

facetal hairs are absent.
d)

Corneal lenses viewed from the inside of the eye.
The inside surface of each corneal lens is covered
with wrinkles and strongly convexly curved.

- 163 -

THE CLEAR- ZONE EYE OF ANOPLOGNATHUS

THE CLEAR-ZONE EYE OF ANOPLOGNATHUS

FIGURE
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Fig. 6

a)

The dark and light spirals, seen in transverse
sections of the cornea, indicate rotating layers
of chitin-protein fibrils.

b)

Facets of irregular shape are commonly seen at
the margin or near the canthus of the eye.

c)

Over most of the eye the facets form regular
hexagons as seen in this light micrograph of
a transverse section throu gh the cornea.
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FIGURE

7
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Fig. 7

a)

Just below the cornea the four nuclei of the
cone cells can be seen.

b)

Irregular crystalline cones, e.g. those made up
of only three instead of four cone cells, are
extremely rare.

In the common situation the four

central borders of the crystalline cone cells form
a typical cross.

c)

Endoplasmic reticulum with lined-up glycogen
granules from the edge of the solid core of the
crystalline cone (small black rectangle ind.)

d)

The crystalline cone (Co), made up of four cells,
is surrounded by the two principal pigment cells
(PrPC 1 and PrPC 2) and a varying number of accessory
pigment cells (AcPC).

Both types of cells contain

screening pigment granules.
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FIGURE

8
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Fig. 8

a)

Microtubules (arrow heads) are present in
accessory pigment cells (AcPc) as well as in
principal pigment cells (PrPC) and cone cells
(CoC) .

b)

A crystalline thread (arrow heads), in which
two of the four cone cell extensions are
separated by the other two, is present only in
the light-adapted state.

c)

The narrow crystalline thread is surrounded by
the two principal pigment cells (PrPC
with their nuclei (N

1

and N ).
2
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FIGURE
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Fig. 9

At the level of the seven retinula cell (RetC) bodies
with their nuclei (N) the cone cell extensions (arrow
heads) break up into four separate narrow strands containing microtubules.

In the centre of the seven

retinula cells (numbered 1-7) their meandering cell
borders very often give rise to mesh-like patterns
not unlike microvilli in transverse section (inset).
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FIGURE
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Fig. 10

a)

Narrow columns of retinula cells traversing
across the clear-zone.

The distance between

each retinula cell group is far from being
constant and varies between 4 and 20 µm.

b)

Cone cell roots (arrows) between the seven
retinula cells (numbered 1-7) disappear halfway
across the clear-zone.

c)

Microtubules in accessory pigment cells.
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FIGURE

11

THE CLEAR-ZONE EYE OF ANOPLOGNATHUS

Fig. 11

The rhabdom consists of rhabdomeres of the
seven retinula cells (numbered 1-7).

Each

rhabdomere consists of microvilli i.e. fingerlike projections of the retinula cells, which
are packed hexagonally (inset).

Each micro-

villus is surrounded by a unit membrane (arrow
heads) and separated from its six neighbours
by a narrow extracellular space (inset).
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FIGURE
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Fig. 12

The rhabdom layer is divided into two zones
of equal size: in the one closer to the clearzone individual rhabdoms are not isolated from
each other by tracheae (Tr), but in the on·e
closer to the basement membrane (Fig. 13)
tracheae, forming a tapetum, surround each
rhabdom column.

In cross section the seven-

lobed, fused and central rhabdom very often
resembles a leaf of a chestnut tree.
retinula cells are numbered 1-7.
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FIGURE
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Fig. 13

Tracheoles (Tr) of constant diameter and regularly
spaced ridges (inset) surround the proximal half
of the rhabdorn layer.

Here the eighth (basal)

retinula cell appears in the centre of the rhabdorn
but does not contribute to it.
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FIGURE
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Fig. 14

a)

Just above the basement membrane the seven
retinula cells contain pigment granules and
clusters of microtubules.

The basal cell,

still located centrally (BasRetC), does not
contain pigment, but microtubules.

In spite

of the presence of microtubules neither pigment
nor cell movements have been found in this region
(See Fig. 17d,e).

Tracheoles (Tr) have become

strongly reduced in number at this level.

b)

The basement membrane is penetrated by bundles
of 8 axons (numbered 1-8), each surrounded by
a glial cell.

c)

Axonal microtubules in higher magnification.
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FIGURE
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Fig. 15

Axon bundles of a large number of ommatidia
combine to separated strands which enter the
lamina.
CZ

clear zone;

Ax

combined axon bundles;

Ch

chiasma.

Rh= rhabdom;
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Fig. 16

a)

Phase contrast light-micrograph of fully darkadapted eye at night.

The retinula cell bodies

are situated immediately below the cone and the
screening pigment forms dense clusters between
the cones.

b)

Phase contrast light-micrograph of fully lightadapted eye during the day. The retinula cell
bodies have moved approximately 80 µrn proximally
and are connected with the crystalline cone by
a narrow crystalline thread of cone-cell extensions.

Screening pigment has left the distal

position and moved proximally to surround the
crystalline thread.

c)

Longitudinal section through the entire darkadapted eye.

A wide clear-zone separates the

dioptric apparatus (cornea, cone) from the receptor layer (rhabdom).
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Fig. 17

a)

Situation one minute after a 5 seconds
exposure to light of 30,000 lux.

b)

Situation five minutes after a 5 seconds
exposure to light of 30,000 lux.

c)

Situation ten minutes after a 5 seconds
exposure to light of 30,000 lux.

d) and e)

No difference was detected in the

position of proximal pigment between lightadapted (d) and dark-adapted (e) eyes.

f)

Interference micrographs of the rhabdom suggest
that each rhabdom can be regarded as optically
homogeneous.
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Fig. 18

Phase contrast light-micrographs of material rapidly fixed
in boiling water.
a)

Fully dark-adapted ommatidia fixed at night

b)

Ommatidia of an eye which was dark-adapted for three
days, but fixed during the day.

c)

Fully light-adapted ommatidia fixed during the day.

d)

Ommatidia fixed immediately after 5 minutes exposure
to light of 30,000 lux (Xenon arc lamp).

e)

Fixed immediately after 10 minutes exposure to the
bright light.

f)

Fixed immediately after 15 minutes exposure to the
bright light.
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Fig. 19

a)

Electron micrograph of transverse section through
the rhabdom (Rh) of a dark-adapted eye.

At this

level, i.e. a few microns proximal to the clearzone, the retinula cells (numbered 1-7) contain
very few intracellular structures.

b)

In the sunlight-adapted eye, cut roughly at the
same level, the rhabdom (Rh) is surrounded by mitochondria (M) and almost each retinula cell (numbered
1-7) contains 'giant' Golgi bodies (arrow).
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Optics

2.

To understand the optics of the compound eye it is necessary to examine
the physical properties of the dioptric apparatus.

This can be done by

measuring optical constants such as refractive indices or spectral transmission from fresh sectioned material and then calculating the theoretical
path of the rays through the dioptric structures.
eye slices and their imaging qualities.

Another way is to study

A third and more elegant method

is to use the principle of reversibility in observations of the angular
distribution of eyeshine.

(a)

Eyeshine
During dark-adaptation light will be reflected back out of the eye

and cause eyeshine in eyes with a reflecting tracheal tapetum (LEYDIG,
1864).

This phenomenon, first described by KLEEMANN, 1792) (cited in

KUNZE, 1972), was discussed by EXNER (1891) in relation to his superposition theory.

Since eyeshine, caused by illumination of a parallel

beam of light, makes possible an experimental approach to the intact eye,
it has recently been used by KUNZE (1972) and HORRIDGE, GIDDINGS and
STANGE (1972) to test both the optical properties and EX.NER's theory of
superposition in Ephestia and Skipper Butterfly respectively.

(i)

Qualitative features

The eyeshine of a fully dark-adapted Anoplognathus, at night,
covers an area of approximately 1.4 mm in diameter, corresponding
to 40-50 facets across (Fig. 20a). Although the patch of eyeshine
is larger than that in any other insect reported so far, the
underlying principle (diffuse reflexion of incident light at
proximal tapetum) is the same as in certain other nocturnal
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insects (EXNER, 1891; KUNZE, 1972; HORRIDGE, 1972; HORRIDGE,
GIDDINGS and STANGE, 1972).
On

prolonged illumination with a bright light the following changes

beco.ne apparent
1)

The intensity of the eyeshine eventually diminishes to zero;

2)

The size of the patch decreases, but does not become considerably smaller than 1 mm in diameter, corresponding to
about 30 facets (Fig. 20e); and

3)

The area of each facet through which light leaves the eye
from the inside, becomes reduced.

After about 10 minutes the eyeshine disappears and the eye is dark.
It was shown by HtlGLUND (1966) that in moths the cause of eyeshine
disappearance during exposure to light is the invasion of distal
pigment into the clear-zone.

In the Australian Christmas beetle,

too, there is a close correlation between brightness of eye-glow

and position of distal pigment, but in addition there is also a
profound movement of retinula cell bodies (see page 157 and Fig. 16a,b).
In the dark-adapted state, with pigment retracted to the most distal
position (i.e. between the cones) one receptor of the rhabdom layer
receives light which has entered the eye through many facets.
Because of the tracheal tapetum and the reversibility of ray paths,
those facets, which have admitted light will light up.
In the light-adapted eye the same receptor would receive light only
through the facet and crystalline thread directly 'above' it; light
entering neighbouring facets is now absorbed by the screening pigment, which in this adaptational state closely surrounds each crystalline thread.

The light has no chance of being reflected by the
179
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tracheal tapetum and leaving the eye the same way (along the crystalline thread light guide) it entered.

(ii)

Partial iUumination of the eye

A narrow, parallel beam of light shining upon only part of the
patch which lights up at night in Anop"lognathus, or light entering
the eye through one facet only in experiments with other clear-zone
eyes (KUNZE, 1972; HORRIDGE, GIDDINGS and STANGE, 1972), illuminates
the whole patch from within.

This finding eliminates the light-guide

theory of DOVING
and MILLER (1969) and leaves us with two 'possible
"
exaplanations:

a) the superposition theory (EXNER, 1891) and b)

scattered light (HORRIDGE, NINHAM and DIESENDORF, 1971).

Refractive

index measurements and ray tracing (see page 185) reveal that in

Anop"lognathus it is a mixture of both.

A mathematical evaluation

of this type of eye, adequately termed partially-focused eye, has
been published by HORRIDGE and DIESENDORF (1973).

(iii)

Minirrrwn duration of i"llwnination

If at night the dark-adapted eye is illuminated by a bright source
of light (approximately 30,000 lux) for 5-10 seconds, the eyeshine
starts to become fainter until it disappears completely in spite of
being returned to a dark environment (Fig. 21).

This observation is

compatible with that on structural changes, where it was found that
an exposure to light for only 5 seconds triggers pigment and retin-

.
ula cell movement (see page 158).

(iv)

Dark re-adaptation

A comparison between structural changes and eyeshine observations
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reveals that pigment and cell movements following 6-10 min. of continuous illumination, continue for some 10 minutes after the eyeshine has
disappeared.

This is not surprising, considering that the eyeshine is

associated only with the number of facets whose cone cells have completely exposed tips.

Eyeshine can be expected to disappear long before

the crystalline thread has reached its total length.

A relatively small

proximal movement of pigment and a subsequent reduction of cone-tip
aperture have a profound effect on the eyeshine.

Dark-readaptation and

re-installation of eyeshine in the same night takes about 2 hours.

If

light is then shone onto the eye for the second time during the same
night, the eyeshine disappears faster than the first time (Fig. 22a).
That the eyeshine did last several minutes at all and did not disappear
more rapidly could be due to the relatively high room-temperature (30°C.
or above) during the observations.

In the clear-zone eye of Ephestia

low temperatures increased the degree and rate of light-adaptation, but
high temperatures slowed it down (DAY, 1941).
In a few instances, e.g. after the 3rd dark-readaptation, or after
illumination with bright red light for half an hour, the centre of the
patch of eyeshine darkened with a circle of about 10 facets still shining (Fig. 22b).

No explanation for this observation can be offered at

present.

(v)

Angular distribution of eyeshine

As the observer moves around the eye of a DA-Anoploqnathus, the patch
of glowing facets remains constant in size until it becomes too weak in
intensity to observe (Fig. 23,24).

Secondly the patch becomes asymm-

etrical with its peak of intensity on the far side of the observer
(Fig. 25), and thirdly it follows the observer round the eye by less
than 1/3 the change in angle of observation.
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Similar characteristics of eyeshine have been found in the Skipper
butterfly, where, for example, light emerged from each facet in a
way which was not symmetrical with reference to the axis of the
ommatidium (HORRIDGE, GIDDINGS and STANGE, 1972).

However, while

in the Skipper butterfly the most remarkable feature of the eyeshine
was that almost all of the light was contained within an angle of
±

s0

relative to the direction of illumination, in the Australian

Christmas beetle the angular distribution is very much wider (Fig. 26).
From a plot of percentage maximum intensity of eyeshine versus angle
of observation, a value of 24° for the acceptance angle of one receptor cell in the dark-adapted state was predicted (Fig. 26) .This
value is in good agreement with the 18° limit of resolution tested
in optomotor experiments and the 20° measured electrophysiologically
by micro-pipette recordings from single receptor cells (see page 212).
This wide angular distribution of eyeshine coupled with the large
size of the patch from which the light is emitted, indicates that in
the dark-adapted eye of the Australian Christmas beetle the light
cannot be regarded as being well-focused upon the receptor layer.
Undoubtedly there is summing up of light entering many facets in a
small receptive area of a few rhabdoms according to EXNER's principle,
but the real erect image seen behind eye slices in which the rhabdom
region is removed, is fuzzy and blurred and by far not as sharp as
that of the firefly and Skipper butterfly (see photographs by EXNER,
1891 and HORRIDG~, GIDDINGS and STANGE, 1972, respectively).

(b )

Microspectrophotometr y
In order to fulfil _its function as an efficient window for the omma-

tidium, the corneal lens and the crystalline cone have to be highly trans- 182 -
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parent and preferably colourless.

These requirements are met both by

cornea and cone in the Australian Christmas beetle.
Microspectrophotometry of the central part of the cornea (15 µm thick,
fresh and transverse sections; 3.2 µm measuring diagphragm) shows that
transmission is almost the same throughout the visible spectrum (Fig. 27a).
Absorption is least in the longer wavelengths and increasingly large towards UV, but nowhere in the visible spectrum does the absorption exceed
30%.

Similar results have been obtained for the cornea of dung-beetles

(MEYER-ROCHOW, 1974) and dragon-flies (KOLB, AUTRUM and EGUCHI, 1969).
The crystalline cone is of extraordinary transparency and in contrast
to the moth Manduca (CARLSON and PHILIPSON, 1972) exhibits even less absorption over the whole range of the visible spectrum thru:i the cornea
(Fig. 27b).

Therefore one can conclude that light emitted from the cone

tips into the clear-zone will be almost unaltered in spectral composition.
Birefringence in insect corneae first noted by STOCKHAMMER (1956),
is probably a widespread phenomena, but of little functional consequence
owing to its small value, e.g. -0.0012 in the cornea of the fly (SEITZ,
1969).

The production of two rays and the formation of double images is

avoided because the optical axis of the cornea, which can be compared with
a negatively birefringent uniaxial crystal, runs parallel to the axis of
the ommatidium (see review by MEYER-ROCHOW, 1974).

c)

Refractive indices
The cornea was folIDd to be optically homogeneous with a refractive

index of 1.467, measured from transverse and longitudinal fresh sections
of 5 animals (Fig. 28).

The crystalline cone, oh the other hand, is op-

tically inhomogeneous and shows a radial gradient of optical density most
- 183 -

THE CLEAR-ZONE EYE OF ANOPLOGNATHUS

convincingly in transverse sections (Fig. 28).

The highest refractive in-

dex (1.442) was found in the centre, the lowest (1.365) at the periphery.
The refractive index of the retinula cell colunm could not be measured
since the latter did not contrast enough with the clear-zone, which had a
refractive index of 1.355.

The rhabdoms, viewed in transverse section

(Fig. 17f), were found to have a refractive index of 1.369 and were enveloped for half of their lengths by air-filled trachea with a refractive
index close to 1.
The difference between central and peripheral refractive index in the
crystalline cone of Anoplognathus is relatively small compared with that
found in the Skipper butterfly, where it is responsible for the superposition image (1.54 - 1.36: HORRIDGE, GIDDINGS and STANGE, 1972).

In fact

the value of the Anoplognathus cone is not much larger than that of the
moth Ephestia, which is considered to be too small to produce a sharp
superposition image (1.43 - 1.37: HORRIDGE, 1972).
However, it is the distribution of refractive indices rather than the
mere difference between central and peripheral values that determines
whether there is a focus and how sharp this is.

According to FLETCHER,

MURPHY and YOUNG (1954) the ideal distribution of refractive index for an
axially symmetrical lens cylinders follows
n 0 sech (Tir/2f)
.
where n is the refractive index on axis, r is the radius of the cylinder
0

and f is the focal distance.

The required difference between central and

peripheral refractive index for a given length of focus (SO µm) and a given
diameter of the lens cylinder (20 µm) to produce a sharp image is 1.03 x
n

p

(n

p

=

refractive index of peripheral region), calculated after the
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equation above by FLETCHER, MURPHY and YOUNG (1954).

This factor used in

connection with the experimentally-obtained value n =1.365 for the Austrap

lian Christmas beetle would give a value of 1.41 for n, the refractive ino

dex of the centre.

This means that the drop of refractive index between

centre and periphery of the crystalline thread, as small as it may appear
to be, is actually larger than that required to produce a sharp focus, supposing the distribution were ideal.
As in Cybister (MEYER-ROCHOW, 1973a) and Repsimus (MEYER-ROCHOW, 1974),
the peripheral drop of refractive index in Anoplognathus is steeper than
required by the equation above (Fig. 29).

Although perhaps based on the

structural impossibility of an ideal distribution, the observed organization is advantageous to catch and bend light appropriately, which strikes
the ornrnatidiurn at night angles to the axis.

According to MEYER-ROCHOW and

MEGGIT (1974) the radius of curvature for a ray passing through the lens
cylinder is
R =---n__

where n is the mean value of n

2

(refractive index of inner layer) and n,

(refractive index of outer layer), a is the angle of incidence and 6r is the
thickness of the layer.

It is obvious from this equation that the "bend-

ing effect" of the lens cylinder is larger the greater the difference
n

2

- n

1

and the smaller 6r.

Therefore a steep peripheral drop of refrac-

tive index is desirable if emphasis lies on increasing the sensitivity.
d)

Ray tracing
Parallel, equally-spaced rays, traced through the dioptric system and

across the clear-zone, illustrate in principle the distribution of light
within the eye.

Of course, being a two-dimensional representation of the
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three-dimensional eye and ignoring diffraction, scattered light, absorption
and birefringence effects (all presumably taking place to a minor extent in
the dioptric apparatus) ray tracing nevertheless has proved to be of great
value as a supplementary aid in understanding what happens to the light
before it reaches the photoreceptor (EXNER, 1891; MATTHIESEN, 1886;
HORRIDGE, 1972; HORRIDGE, GIDDINGS and STANGE, 1972; MEYER-ROCHOW, 1973).

(i)

Distribution of rays in the cone

Twenty equally-spaced parallel rays were traced through the in0

homogeneous cone at various angles to the ommatidial axis from o
to 35° in

s0

steps (Fig. 30,31).

The rays entered the lens cylinder

coming from the thick homogeneous cornea.

The refraction at the

inner (proximal) surface of the cornea was considered, but the
initial refraction at the outer surface of the cornea was purposely
neglected.

It has long been appreciated that the lack of a convex

outer surface on each facet means that the optics are similar in
whatever medium - as long as it is homogeneous - the animal is
(for discussion see IOANNIDES and WALCOTT, 1971).
Rays entering the lens cylinder at a small angle and close to its
axis focus somewhere at the tip of the cone or even outside; rays
entering the dioptric system farther away from the axis or at a
larger angle focus near the middle of the cone (Fig. 30).

This

effect, is most pronounced in an optical system with the properties
of a lens cylinder in which the gradient of refractive index is not
linear, e.g. the cornea in Cybister (MEYER-ROCHOW, 1973a) or the
crystalline cone in Anoplognathus.
According to the superposition theory (EXNER, 1891) light entering
the dioptric apparatus would be focused at the lower (proximal) end
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of the lens cylinder and would leave the cone at an angle and
direction directly related to that of the incident ray (called
the Exner line by HORRIDGE, 1972: Fig. 7).

The rays would then

converge and form another sharp focus at the receptor level.
Ray diagrams show clearly that in Anoplognathus there is no sharp
focus in the cone (Fig. 30,31).

Rays entering the lens cylinder

peripherally are focused more strongly than rays which enter the
dioptric structure closer to its axis (caustic curve).

A theoret-

ical treatment of lens cylinders reveals the same result (MEYERROCHOW and MEGGIT, 1974).

Rays at greater angles to the axis are

progressively less successful in reaching the clear-zone.

Theim-

portance of the position of the pigment and the diameter of the
effective aperture at the tip of the cone have been demonstrated
for Cybister (~IBYER-ROCHOW, 1973a).

(ii)

Effect of adaptational state

Meaningful predictions from ray tracing on the acceptance angle in
relation to its adaptational state can be made only if the position
of screening pigment is considered.

Rays entering the clear-zone

are counted for dark-adapted and light-adapted states separately
and plotted in relation to the incident angle a, thus giving an idea
of the amount of light which is received in the specific adaptational
state by a single facet (Table 3, Fig. 22).
In the light-adapted state light has to travel down the crystalline
tract, which functions as a light guide with its own optical properties (SNYDER, 1972), and which is surrounded by screening pigment.
In ray tracing this is compensated for to some extent by counting
a) only those rays that leave the cone proximally through an aperture
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of 2 µm, corresponding to the opening diameter of the crystalline
tract and b) at an angle allowing the light to be totally reflected
in the light guide.

Loss of light along the retinula cell column is

not accounted for.
In the dark-adapted model the distribution of the angle

B,

at which

rays cross the clear-zone, in relation to their angle of origin relative to the ommatidial axis (a) is an _important measure.

The relation

between a and B illustrates where and to what extent rays converge.
The plot in Fig. 33a shows that for any value of a the values of B
scatter about a mean and, secondly, as a increases the values of B
move to the right on the graph, meaning that they also increase and
are bent into the quadrant below that of origin.

This could be ex-

pected from an eye showing any degree of superposition.

Ideally the

rays would have to be directed in only one direction from each cone
tip.

The relation between a and B would then be a curve called the

Exner line (HORRIDGE, 1972, Fig. 7) and a parallel beam falling on
the eye would then be focused as a small spot on the receptor layer.

(iii) Distribution of rays across the clear-zone
Calculations of rays at the photoreceptor level provide an estimate
of the acceptance angle of one receptor in the dark-adapted state.
Again, a caustic curve results if rays are traced across the clearzone: rays entering peripheral facets are focused more strongly than
those entering central ones (Fig. 34).

In fact this is the reason

for the asymmetry of the eyeshine when observed at an inclination.
From plotting the number of rays reaching one unit of the photoreceptor layer against the angle that the beam of light subtends with
the ommatidial axis, a prediction of the acceptance angle can be made
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(Fig. 35).

The angle corresponding to the 50% level of the number

of rays is 22°, a value which is in good agreement with that obtained
from eyeshine experiments (24°,page 18l)optomotor experiments (18°,
page 224)and electrophysiological recordings (20°, page 212). From
Fig. 34 it is clear that one dark-adapted photoreceptor receives
light entering the eye through a patch of about 50 facets in diameter.
If the incident rays are equally spaced the density of rays in any
region in the ray tracings is an indioation of the intensity of light
in the real situation.

Therefore it is of interest to see that the

density of rays on the receptor that faces the parallel beam is greater than the density emitted from its corresponding cone into the clearzone, (Fig. 33b).

The cause of this lies in the summation illustra-

ted in Fig. 34, which in turn is the consequence of the relation
between a and 8 shown in Fig. 33a.

The spot focused on the receptors

in Fig. 34 is about 10-12 receptors wide and should be compared with
Fig. 51 from optomotor and physiological experiments.

(iv)

Th e aperture of the rhahdom

The rhabdom in order to make use of the light available must be able
to accept light over a wide angular range.
dom columns therefore must be large.

The aperture of the rhab-

The rhabdoms in the Australian

Christmas beetle have 7 large lobes and a diameter of about 12 µm.
Over half of their length they form a fairly continuous layer with
no pigment granules or tracheaeisolating individual rhabdoms from
each other.

Tracheaeonly appear closer to the basement membrane

which stands in contrast to many other clear-zone eyes, e.g. Repsimus
(HORRIDGE and GIDDINGS, 1971) and Skipper butterfly (HORRIDGE, GIDDINGS
and STANGE, 1972).

In the Skipper each rhabdom is isolated from ad-
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jacent ones by tracheoles and pigment and has a diameter of 4-5 µm.
HORRIDGE, GIDDINGS and STANGE (1972) have measured an effective aperture of the Skipper rhabdom columns of at least 40°.

It appears like-

ly that the rhabdoms in Anoplognathus, not being separated from each
other by tracheae,absorb light irrespective of its direction of origin
and would therefore have an even wider angular acceptance curve.

If

this were not so, the extensive summation of light from a large area
of the cornea could not occur.
In such a structure there is no question of an image at a particular
level.

The information conveyed by the photoreceptors to the nervous

system depends on their fields of view and these are the result of
the summation of rays on the receptor layer.
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TABLE III
Number of rays leaving the cone proximally,
in relation to inclination
Number of rays
angle to the axis

entering clear-zone
through aperture of 12 µm

entering crystalline tract
through aperture of 2 µm

%

00

so

%

= 100
15 = 94
16

12

100

= 58
4 = 33
7

100

12

75

15°

9

= 56

200

7

44

0

25°

4

25

0

30°

2

12.5

0

=
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Fig. 20

a)

Maximum eyeshine, covering an area of approximately
40-50 facets across, is exhibited by the beetle at
night if a beam of parallel light is shone onto the
eye and the eye is viewed in the direction of the
light.

The patch of eyeshine becomes smaller and

decreases in intensity until it disappears completely.
b)

Situation after 2 minutes exposure to the bright
light (30,000 lux).

c)

Situation after 4 minutes

d)

Situation after 6 minutes

e)

Situation after 8 minutes (the area of each facet
through which light leaves the eye from the inside
has now become noticeably smaller).

f)

Situation after 10 minutes : the eyeshine has now
completely disappeared.

The bright dot in the centre

of the photograph is surface reflection from the cornea
and has nothing to do with the eyeshine.
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FIGURE
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Fig. 21

After a 5 seconds exposure to the bright light of
a Xenon arc lamp, the dark-adapted eye, exhibiting
eyeshine, is brought back into dim red light and
a photodiode is scanned across the patch of eyeshine
to record the decrease of brightness.

After an

initial latency of 2-4 minutes, the intensity of
the eyeshine decreases rapidly.

A similar observa-

tion on the initial latency during light-adaptation
has been made in Lethocerus by WALCOTT (1971).
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Fig. 22

a)

If a bright light is shone onto the eye for the
second time in the same night, i.e. after darkreadaptation (triangles) the eyeshine does not
last as long as the first time (squares).

b)

After prolonged illumination with red light and
after the second dark-readaptation a central
region of dark facets was observed occasionally
within the eyeshine.

The intensity distribution

as recorded by the photodiode is seen below.
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Fig. 23

Under increasing angles of view a) 15°,
c) 25°,

b) 20°,

d) 30° the eyeshine becomes gradually

weaker until it disappears at a certain angle.
The dark shadow in the upper left corner in b),
c) and d) is the antenna of the beetle, which
comes into view, but does not obstruct the eyeshine.
The bright spot in d) is surface reflection and has
nothing to do with the eyeshine.
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Fig. 24

Three-dimensional models of the light
intensity of the eyeshine as seen at
0

angles of a) 2

and b) 18

0

from the

direction of the parallel incident light.
The scale is 50 µm.
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Fig. 25

The light intensity of the eyeshine at
different angles to the direction of the
parallel incident light, as recorded by
the photodiode scanned across the patch.
With increasing angle of view a tendency
of the eyeshine to move with the observer,
at the same time shifting its peak to the
opposite, i.e. far side of the patch, is
observed.
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Fig. 26

If the area circumscribed by each curve in
Fig. 25 is measured with a planimeter and plotted
against the angle between observing direction and
the incident beam of light, the acceptance angle
can be predicted with fairly good accuracy and is
found to be 24°.

The value is likely to be a

fraction too large, since the small mirror (see
0

Fig. 1) obstructs the line of sight by 2

(corr-

0

esponding to o in this figure and Fig. 25) when
the microscope is exactly on the axis of the
illuminating beam.
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Fig. 27

Spectral absorption in the cornea a) and
crystalline cone b) is largest for light
of shorter wavelengths, but does hardly
exceed 25% in either of the two.
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Fig. 28

Interference micrographs of the dioptric apparatus.
a) and b) Longitudinal section through the cornea under
different degrees of compensation resulting in
different backgrolllld colours.

c) and d) Cornea in transverse section, photographed
at different degrees of compensation.

e) and f) Transverse section, and
g) and h) longitudinal section of the crystalline cone
observed at different degrees of compensation,
clearly showing optical inhomogeneity of the
structure.
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rig . 29

Periphera l drop of refractive i ndex in lens-cylinders
of Cybiste y, a),

Reps i mus

b), and Anop log na -6z us c).

The expe rimentall y- derived curve (continuous line)
is always s te epe r than that calculated after FLETCHER,
~IURl'IIY and YOU G (1954) nece ssary to give a sharp
focus;

even if focal length and the distribution of

refractive indices are modified as in a), where black
circle means f=SO µm and n = 1.724; hollow circle means
0

f=60 µm and n 0 = 1.724; black triangle means f=SO µm
and n 0 = 1.731; and hollow triangle means f=60 µm and
n

0

=

1.731.
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Fig. 30

Rays can be traced through the lens cylinder (crystalline
cone) if the distribution of refractive indices is known.
Twenty equally spaced rays entering the cone at a) o0 to
the axis,

b)

s0

to the axis and c) 10° to the axis have

been traced through the structure by using the equations
(1)

n /n
1

2

=

sinS/sina, and

(2)

(further details see pagel42).
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FIGURE

31
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Fig. 31

Twenty equally spaced rays entering the cone
at a) 15°,

b) 20° and c) 25° to the axis.
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Fig. 32

Black squares: Ornmatidial acceptance curve (not
receptor acceptance curve) of the dark-adapted eye,
based on ray counts of rays leaving the cone
proximally.

Black triangles:

Receptor acceptance curve of dark-

adapted tmits as measured electrophysiologically
(see Fig. 40).

Hollow squares:

Ommatidial acceptance curve in the

light-adapted state based on ray tracing.

Hollow triangles:

Receptor acceptance curve of light-

adapted units (see Fig. 40).

The fact that the receptor acceptance angle in the darkadapted state is almost half as wide as the ommatidial
acceptance angle suggests that a partial focusing upon
the receptor layer occurs.
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Fig. 33

a)

The angle a, outside the eye, is plotted against
the angle

S,

inside the eye. For each value of a

20 equally spaced rays were traced through the lens
cylinder and it was found that firstly the number of
rays (each black dot represents one ray) reaching
the inside of the eye decreases with increasing a
and that secondly rays tend to be directed into the
half of origin (+values of S).

b)

Angular sensitivity function of a single receptor in
a dark-adapted eye based on ray tracing (Fig. 34).
The result of ca. 20° is derived from counting the
rays per unit length at the photoreceptor level.

In

a three-dimensional evaluation ommatidia outside the
plane of the paper would also contribute their rays,
and the convergence upon the central receptor would
yield a very much higher number of rays than 20,
estimates being in the order of 36.
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Fig. 34

Longitudinal section through the eye of Anoplognathus ,
traced from Fig. 16c, showing the convergence of parallel
rays towards one photoreceptor.

The caustic phenomenon

is obvious: rays entering the clear-zone at larger angles
are more strongly focused.
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FIGURE

35
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Fig. 35

An acceptance angle of 12° for the lightadapted eye can be predicted, if rays are
coW1ted that would leave the cone through
an aperture of 2 µrn in relation to different
angles to the axis.

An acceptance angle of 22

0

for the dark-

adapted eye is derived from coW1ting the
nwnber of rays falling into sectors of S
degrees at the receptor level.
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3.

Electr ophysiology
From the point of view of what the insect sees th e mo s t important

measurement is the angular sensitivity curve of a s ingl e ret i nul a cell.
HORRIDGE, GIDDINGS and STANGE (1972) have pointed out that the angul ar
sensitivity curve, for a clear-zone eye with a symmetrical organi zation
like that of the Skipper butterfly (also applying to the Australian Christmas beetle) is the same as the curve of the distribution of light on the
receptor layer (Fig. 35).

This allows direct comparison of electrophysio-

logical results with ray tracing.

Whether the insect, in fact, makes full

use of the acuity measured electrophysiologically, or by ray tracing, can
be te s ted in optomotor reactions (see page 224).

(a)

Gener al observati ons
The intracellular responses from retinula cells in the rhabdom layer

show a depolarization of about 10 mV with an initial peak on illuminat i on
with bright light and a sustained depolarization plateau during continued
exposure to light ( Fig. 36).

Directly preceding the initial peak very

often there is a single spike,in response to stimulation with a flash of
light,similar to that observed in other insects, e . g. drone bee (SHAW,
1969) and dragonfly (LAUGHLIN, personal communication).

WULFF and MUELLER

(1973), from their observations on the lateral eye of Limulus, hypothesize
that the initial spike and perhaps the plateau originate in the rhabdomeric microvillus membrane deep within the retinula cell and that the dynamic phase originates in non-rhabdomeric membrane.

If this is also true for

Anoplognathus one may expect variations in the shape of the response depending on from which part of the cell recordings were made.
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Sometimes responses did not show the sharp initial peak, but rather
resembled retinula cell responses in Dytiscus (HORRIDGE, WALCOTT and
IOANNIDES, 1970).

Resting potentials and depolarization responses then

were not in any way different from the other situation in which the resting potential usually did not exceed 40 mV and depolarization responses
centered around 10 mV.

Presumably the responses were not larger because

the volume of cytoplasm which surrounds the rhabdom and is responsible for
generating the depolarization response is small.

Intracellular recordings

were only possible from the rhabdom region and all attempts at recording
from the retinula cell bodies across the clear-zone (on the distal side)
were unsuccessful.
Depolarization responses to flashes of light, following penetration
of a cell, sometimes tended to build up a stairways pattern (Fig. 36f)
restoring the original potential level.

Bad impalements of cells may be

the main cause of this effect, but it is possible that with each flash of
light the retinula cell contracts but a fraction (see page 157, shortening
of retinula cells on light-adaptation) and that this causes the electrode
to slip out of the cell.
With flashes of very low intensity, e.g. -3.5 log units (Fig. 36a)
small humps of up to 0.7 mV in size were found sitting on top of the depolarization.

These miniature potentials were only observed in dark-adapted

animals at night and are interpreted as quantum bumps like those reported
by KIRSCHFELD (1966) for Musca and SCHOLES (1965) for the locust.

Increas-

ing the light intensity of the stimulus causes the quantum bumps to disappear, but gives rise to the initial peak (Fig. 36c).

A delayed return of

the response to the level of the resting potential and a small negative
afterpotential were more conunonly found and more pronounced in dark-adapted
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units, when stimulated with very bright light (Fig. 36d).

The effects were

also seen in light-adapted eyes if the intervals between the stimulus
flashes were reduced below 2 sec.

(b}

EZectroretinogram
The electroretinogram or ERG consisted of a negative, biphasic or

positive response, characterized by the absence of the initial peak, by a
relatively slow rising phase and a longer afterpotential.

Although high

impedence electrodes with tip diameters below O.lµm were used, the ERG responses as in Dytiscus, another clear-zone example ·(HORRIDGE, WALCOTT and
IOANNIDES, 1970) were usually larger than the average intracellular response and sometimes reached 20 mV.

The reason may be that in clear-zone

eyes stimulated with a flash of parallel light, the wider acceptance angle
of units causes a greater number of retinula cells to respond with potential
changes, which affects a larger region and produces higher ERG.
It appears that the form of the ERG depends on from where it is recorded, i.e. distal retinula cell bodies, clear-zone, rhabdom layer etc.
Although it was possible to find both hyper- and de-polarization responses
during the day, positive ones were more frequent.

At night the situation

was reversed, confirming the interesting finding of JAHN and WULFF (1943),
who found a circadian rhythm in Dytiscus manifested in different forms of
ERG.
No analysis of the effect in Anoplognathus was carried out and no
further observations or measurements were conducted on the ERG.

{c)

Spi kes in the retina
Positive spikes in the retina were observed twice (Fig. 36c).
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first instance they were found between the responses to flashes of light
as well as on top of the normal depolarization.

In the second case, owing

to the brief duration of the stimulus flash, it is not possible to say
whether the spike generation was inhibited by light, as in Creophilus (see
page 89 and MEYER-ROCHOW, 1973b) and locust (SHAW, 1968), or whether, again,
the spikes were equally abundant during the normal depolarization response.
Although there are only a few different cell types present, from which
recordings could be made,i.e. retinula cells, basal cell, pigment cell,
tracheal and glial cell, the source responsible for the spike production is
doubtful.

Whether the central position of the basal cell, which has no

rhabdomere, bears any physiological relation to the similarly situated
eccentric cell of the eye of Limulus, where it is a spike-producing second
order neuron (e.g. FUORTES, 1959) cannot be decided unless the spiking cell
is marked by injecting intracellular dye.
Recently PATTERSON (1973) has published similar looking spikes, which
originated from the eye muscle of the fly Calliphora.

It cannot be ruled

out that in Anoplognathus an eye muscle is also responsible for the spikes,
but anatomically no such structure has yet been found in Coleoptera.

(d)

The effect of the state of adaptation
Depending on the adaptational state of the eye the threshold of the

response lies between 1.5 (light-adapted) and 4-4.5 log units (dark-adapted)
below the maximum intensity of the stimulus.

The curves obtained by plott-

ing the relative intensity of the light stimulus against the resulting depolarization (in mV) are of sigmoidal shape (Fig. 37) and similar to those
reported for other insects (e.g. honey bee: NAKA and KISHIDA, 1966).

The

steepness of the curves for different units varies within a certain range,
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but no significant difference between dark and light-adapted cells was
detected.
Eyes, whether they were kept in the dark all day or not, never exhibited a maximum sensitivity if tested during the day.

A threshold . of -4 or

even -4.5 log units, extrapolated from curves in Fig. 37 was exclusively
found at night.

After 3-4 hours in total darkness the beetles were pre-

pared for recordings under dim red light (approx. 750 nm) between 8 p.m.
and 1 a.m.

During the experiments with dark-adapted insects background

illumination was kept below 0.2 lux.

Experiments with light-adapted

animals were conducted during the _days on beetles that had been exposed to
lamp light of 1,800 lux for several hours or were freshly caught from the
trees and used immediately.

With light-adapted beetles background illumina-

tion was kept at 25 lux.

(e)

Visual fields
Measurements were taken from 14 units which had been selected on the

criteria of stable resting potential and a peak response of more than 5 mV;
in fact most of the cells gave responses of up to 10 mV.

Cells and their

angular responses were discarded if .it was not possible to get their characteristic neutral density responses in addition to the angular responses
of their visual fields.
In a number of cases a unit survived long enough (approximately 10
minutes) to make both vertical and horizontal sweeps of the light source
around the eye,

plus the categorical neutral density series (Fig. 38a,b).

This is why altogether 10 angular runs for the dark-adapted eye (5 vertical,
5 horizontal) and 13 for the light-adapted eye (6 vertical, 7 horizontal)
were measured.
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There exists a considerable difference between receptive fields in the
dark-adapted and light-adapted state (Fig. 39,40).
state acceptance angles (for definition see page 79

In the light-adapted
) range from 10° to

16° (Fig. 39a) and have _a mean value of 12.57° ± 1.966 S.D. (Fig. 40).

In

the dark-adapted eye they range from 16° to 25° (Fig. 39b) and have a mean
.

0

value of 20.3

± 3.36 S.D. (Fig. 40).

While the visual field in the light-

adapted eye can be regarded as circular (mean acceptance angle for vertical
12.08°; for horizontal 13.00°), it appears to be oval in dark-adapted tmits
(Table 4: mean vertical acceptance angle 18.3° ± 2.88; horizontal 22° ±
3.16).

One possible reason for the larger horizontal acceptance angle

could be that values of horizontal runs were not corrected for errors resulting from differences in the vertical position of the stimulus (BURKHARDT
and STRECK, 1965).

However, since care was taken that the deviation from
0

the horizontal did not exceed 25, corresponding to an error of only 10%,
the e.ffect may have other causes.
It appears that as the light-gathering area in the dark-adapted state
becomes larger due to distal pigment migration, the opaque canthus (see
page 164) increasingly obstructs vision.

The canthus forms an opaque hori-

zontal bar halfway across the equator of the eye (Fig. Sa) and, therefore,
would be more ·e ffective in reducing vertical visual fields than horizontal
ones.

Thus receptors up to 50 facets away on either side of the canthus

would have a circular visual field in the light-adapted state and an oval
one with long horizontal and short vertical axis at night.
The position of the canthus and its effect on the visual field suggests
that the partition of the eye into a dorsal and a vertical hemisphere is of
some behavioural consequence.

Whether the dorsal and ventral parts of the

eye, which do not differ structurally, have different spectral sensitivity
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peaks (as reported for example in drone bee: AUTRUM and v. ZWEHL (1964) and

Ascalaphus: GOGALA (1967) has not yet been investigated.
(f)

Polarized l~ght
Six complete polarization sensitivity runs, three each on dark and

light-adapted eyes, including the categorical neutral density series, were
made.
Polarization sensitivity, in all cases is very low (Fig. 38c,d).

The

mean values for polarization sensitivity of dark (1.496 ± 0.564 S.D.:l)
and light-adapted units (1.556 ± 0.166 S.D.:1) do not differ significantly.
The height of the responses (in mV) in all cases was converted via the
appropriate intensity response function (V/logI curve) into% sensitivity
at each position of the polaroid.
A low polarization sensitivity could be predicted from the unordered
arrangement of microvilli over most of

the rhabdom length, and electrical

coupling of retinula cells, therefore (if it occurs at all) can hardly be
regarded as the prime cause for the low polarization sensitivity.
In bee (SNYDER, MENZEL and LAUGHLIN, 1973) and Creophilus (see page 97
and MEYER-ROCHOW, 1973b) however, electrical coupling of retinula cells
does seem to reduce polarization sensitivity.
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TABLE IV
Individual acceptance angles
Light-adapted· animals
Vertical:

10.0°
11.5°
12.5°
13.5°
13.0°
12.0°

Hori zontal: 13.0°
16.5°
10.5°
0
11. s
13.0°
16.0°
10.5°

mean: 12.08° ± 1.24 S.D.

mean: 13.0° ± 2.45 S.D.

Vertical+ horizontal values:

mean= 12.57° ± 1.967 S.D.

Dark-adapted animals
Vertical:

16.0°
23.0°
17.0°
17.0°
20.0°

mean: 18.6° ± 2.88 S.D.

Horizontal: 21.0°
25.0°
24.0°
17.0°
23.0°

mean: 22.0° ± 3.16 S.D.

Vertical+ horizontal values:
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FIGURE

36
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Fig. 36

Form of intracellular electrophysiological
responses to 0.5 sec. flashes of increasing
light intensity (dark-adapted unit).

In a) and b) quantum bumps can be seen;
c) and d) show the development of an initial
peak and the disappearance of the quantum bumps.
e) shows the response of a spiking unit in the
retina and inf) a 'stairways'-pattern, following
penetration of a cell, is produced during the
neutral density series.
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FIGURE

37
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Fig. 37

Relative sensitivity curves of 12 selected
units from animals in different states of darklight-adaptation.

Black squares are of thor-

oughly dark-adapted beetles (time: 20.00 - 24.00);
white squares and dotted lines represent lightadapted units tested during the day.
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FIGURE

38
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Fig. 38

Responses to flashes of 20 msec, delivered 4 seconds
apart by a lamp that is moved through the receptive
field centres of dark-adapted (a,c) and light-adapted
0

cells (b,d) in steps of 5 .

Owing to the slow speed

of the beam on the oscilloscope screen, the depolarization responses appear as vertical lines.

In the

dark-adapted eye (a) sensitivity is increased and the
admittance function is twice as wide in both vertical
(V) and horizontal (H) planes as compared with the
light-adapted eye (b).

Polarization sensitivity of

the units, however, is almost equally non-existent
whether dark (c) or light-adapted (d).

In each neutral

density series (nd) the line furthest to the right
represents the response to the brightest flash of
light.

The decrease of stimulus intensity (and response)

towards the left i s caused by neutral density filters
which reduce the intensity stepwise to -0.1, -0.2, -0.4,
-0.6, -0.8, -1.0, -1.5, -2.0, -2.5, -3.0, -3.5 log units

of maximum intensity.

The marker in a,b,c and d rep-

resents a pulse of 10 mV.
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FIGURE

39
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Fig. 39

Angular sensitivity curves of 13 light-adapted
and 10 dark-adapted units.

The vertical axis

is relative sensitivity, plotted against tne
angle subtended by the light source to the
optical axis of the unit.
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FIGURE

4Q
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Fig. 40

~lean

angular sensitivities of dark (black

asterisks) and light-adapted (white asterisks)
units of Fig. 39.

The acceptance angle, de-

fined as the 50% response level, of darkadapted cells (20.3

o

± 3.36 S.D.) is almost

twice as large as that of light-adapted
units (12.57 ± 1.966 S.D.).
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4.

Behaviour under Field Conditions
In its mode of living the Australian Christmas beetle Anoplognathus

sp. is similar to that of other seasonally abundant foliage feeding Scarabaeidae.

Like Mefofoniha , the European cock chafer, and Repsimus, Anopfog-

nathus appears to have its peak of activity shortly after sunset, lasting
for about 3 hours.

At this time of the day large numbers of beetles can

be seen in the air, usually heading towards feeding trees.
On approaching a branch to rest, a beetle does not fly in a straight ·
line towards the object, but circles around or flies up and down before it
settles .

Occasionally flying beetles bump into the observing person or,

more often, bump into lightly-coloured walls.

They are strongly attracted

by all sorts of bright artificial lights and can easily be caught from
street lamps.
Usually if there is a number of similar trees of the same species
one finds that some trees are preferred and contain larger proportions of
beetles than others. This, presumably however, is based less on vision than
on scent.
SQ-INEIDER (1952) has observed in field studies of 2 species of Melo-

lontha that during crepuscular swarming the height of a silhouette over a
horizontal range of 50° determines the direction of flight.

Unequivocally

the beetles can distinguish vertical differences more easily than differences in horizontal dimensions.
It is speculated by COUTOURIER and ROBERT (1955) that Melolontha orientates with reference to the polarization pattern of the twilight sky, but
evidence among Scarabaeidae has so far been produced only for GeotPUpes
(BIRUKOW 1953).

This beetle, however, belongs to the dung-beetle group
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where rhabdoms with their well-oriented microvilli have quite a different
structural organization (personal observation).
In spite of its activity at night, Anoplognathus also sees in bright
sW1light, for the beetles can drop off the branches at the approach of a
hand.
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5.

Behaviour in Op tomotor Experiments
When f i xed in the centre of a drum, marked with black and white stripes,

Australian Christmas beetles re s pond to movements of the drum with a following reaction of the head.

The response, in all three planes, depends on

the angular velocity of the stimulus, stripe width and contrast.

The re-

sponse can be used to measure visual acuity in relation to light intensity,
assuming that the decrease of the response as the stripes are progressively
narrowed or the light is dimmed is caused by the failing ability of the
eye to resolve them.

(a)

Gener al observati ons
In the first half hour individual Anop l ognathus beetles reacted quite

di fferently to drum movements.

Supposing the stripes were spaced wider

enough to be readily perceived and reacted to, some beetles show a relatively fast return to the resting position of the head after having followed the stripes (Fig. 41b).

Beetles which showed head tremor (Fig. 41c)

were not used for further experiments.
never observed.

Rapid nystagmic flick-backs were

Most beetles followed the stripes as far as they could and

then held the head in the new position until a reverse stimulus caused it
to move back to the starting point or beyond (Fig. 41d).

Very often in the

first half hour the clamped beetle made vigorous movements to all sides
(freeing attempts) irrespective of the movement of the drum (Fig. 41e).
After being fastened with plasticine at the centre of the drum for one hour,
the beetles' responses to drum movement became much more consistent, comprising following movements and a very slow return phase.

From then on the

beetles could be used for hours, or even a day or two, provided adequate
intervals to prevent fatiguing, were left between the experiments.
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(b)

Revo lving sp eed of the stimulus and r esponse amp li tude
Seven experiments were made on the relationship between speed of

stimulus and response height.

With a stripe repeat period of 36° and an

illumination of 1,600 lux, corresponding to a modulation factor of 0.835
the peak of the response lies at 130°/sec drum-speed (Fig. 42). With slower
speeds the response drops more steeply than with faster drum movements,
where a SO% level is reached close to 210°/sec.
Similar curves have been reported for other insects, e.g. the locust
with a peak value of 30° (THORSON, 1966a,b), Chlorophanus weevil with a
0

peak at so /sec (HASSENSTEIN, 1958), the crab Ocypode with 100°/sec.
(stripe width A=22.s 0

,

KUNZE, 1964), the bee with 200°/sec. (KUNZE, 1961)

and the fly with 300°/sec. (McCANN, and MacGINITIE, 1965).

In an open-loop

arrangement FRANTSEVICH, MOKRUSHOV, YUSHINA and SUPRUNOVICH (1971) report
that in Geotrupes (Scarabaeidae) the maximum reaction to a projected landscape turned around a tethered beetle with a clear-zone eye, occurs at
0

about 140 /second.
KUNZE (1961), working with the honey bee, and GtlTZ (1964) studying

Dr os ophila , found that with increasing stripe repeat period the peak of the
curve shifts to the right, i.e. higher drum speeds, and conclude that W/A
is a constant for a particular species.

In Anoplognathus the value for

this constant is about 4 Hz., from which the optimal drum speed using a
pattern of 1s 0 (light-adapted test animals) can be predicted to be 60°/
second.

In one experiment, in which a 15° pattern was used, the optimal

drum speed was found to lie around 77°/second (Fig. 42).

(c )

Acuity by op t omotor respons e
Several authors have pointed out the importance of high precision
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patterns, particularly if the acuity of animals with a narrow acceptance
angle is to be determined.

For example, with regular stripes of 3° width

a spatial subharmonic in the range of 15-50°, with contrast even as low as
0.1% of the fundamental becomes significant, if the acceptance angle of the
receptors is

s0

(McCANN· and MacGINITIE, 1965).

The stripes I

have used to measure acuity did not have repeat periods

0

narrower than 8, and acceptance angles of the receptors (even in the lightadapted state) were not smaller than 9° (see page 212).In additioD I

used

oscillatory movements of± 45°, thus decreasing the effect of spatial subharmonics even further.

For 8°, 10°, 12° and 15° stripe repeat period I

used patterns painted in black ink on white cardboard with greatest care
and accuracy.

For patterns of wider stripes alternating black and white

equally-spaced strips of adhesive tape were used.
In all cases the amplitude of the response was used as a measure of
stimulus effectiveness.

Usually with each striped pattern and illumina-

tion several drum-speeds were tested in order to obtain the maximum response.

This was then measured in the way described.

This procedure en-

sured that the observed changes in response amplitude were not due to the
relation w/\

=

canst., but were the actual consequence of decreasing stripe

repeat period or illumination intensity. The constants of the contrast of
the striped patterns used are given in Table 5.
Light-adapted animals, tested during the day, start to respond to
stripes, if their repeat period is 10° and the light intensity is 1,600 lux.
The response reaches a level of 10% of the total response at A 12

0

(= stripe

repeat period), provided the light intensity is about 1,000 lux (Fig. 43).
The 10% value is noticeably above noise level and should be called 'minimum
response' to distingu~sh it from the threshold, which is found by extrapolating the response curves towards smaller values of A.

For most consid-

erations threshold and minimum response can be used interchangeably.
The threshold moves towards longer wavelengths of the pattern as the
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light intensity in the striped drum is lowered.

This phenomenon has also

been observed in other insects, e.g. Skipper butterfly and Pieris (Fig.
47, 48), and cannot be simply explained by the failure of the eye to see
higher order spatial subharmonics of low contrast, since the response to
wider stripes gets smaller also.

Responses of light-adapted beetles to

parallel black and white stripes are increasing until a repeat period of
A=36° is reached.

With larger wavelengths a decrease in response amplitude

is observed.
Dark-adapted Australian Christmas beetles because of circadian rhythm
have to be studied at night (see page 158). A direct comparison with the
reactions of light-adapted beetles, using the same light intensities, is
not possible, because a dark-adapted beetle would rapidly become lightadapted (in spite of circadian rhythm; see page 158),and a light-adapted
beetle would not respond at all at light intensities, where a dark-adapted
beetle remains dark-adapted.

Therefore during experiments with dark-

adapted animals only low illumination intensities were applied, starting a
series with 0.4 lux and terminating it with 40 lux.

Some of the animals

tested, were rapidly fixed in boiling water after finishing the experiments,
and the eyes were sectioned to confirm that the adaptational state had
never gone further than illustrated in Fig. 17c.
An idealized series of responses, combined from two sets of experiments, is shown in Fig. 4lf, where the amplitude of the response increases
proportionately to li~ht intensity.

In the actual experiments with dark

and light-adapted insects two series, one for dark, one for light-adapted
animal, similar to the one in Fig. 41f, were obtained, both reaching from
zero response to maximum response.

But,in one case (dark-adapted) light of

o.4 - 40 lux intensity, in the other light of 40-1,600 lux was used.
- 226 -

THE CLEAR-ZONE EYE OF ANOPLOGNATHUS

At light intensities of 1.5 lux and 14 lux even to the widest stripes
light-adapted animals give little or no reaction (Fig. 43), but dark-adapted
animals respond maximally (Fig. 44).

The threshold in dark-adapted animals

has shifted to a value of about A=l8°, i.e. a shift of
comparison to light-adapted animals.

s0

to the right in

The peak response, too, has moved to

the right: from 36° in the light-adapted state (Fig. 43) to a value between
45° and 75° in the dark-adapted state (Fig. 44).

It becomes obvious from

these measurements(summarized in Table 6,) that light-_a daptation increases
acuity, i.e. sharpens resolution of the eye, and that the beetle in fact
uses the improved acuity made possible by the change of the receptive field
(see page 212).0n the other hand, sensitivity of the eye is greatly improved
at night, with the eye in the dark-adapted state.
(d)

Sensiti vity versus acui t y
A plot of light intensity on the abscissa and size of the response

(in per cent of maximum) on the ordinate, gives a good measure for comparing
sensitivity changes in relation to differences in acuity.

If we take 20°

as the lower limit of acuity in dark-adapted eyes, as is suggested by optomotor experiments and electrophysiology (see page 226), a 10% value of the
response at this stripe repeat period can be detected down to an intensity
of 1 lux (Fig. 45).
If we now take 12° as the lower limit of acuity in light-adapted eyes,
as is also suggested from optomotor experiments and electrophysiology on
light-adapted beetles (see page 225)a 10% value of the response at this
stripe repeat period can only be detected down to an intensity of 1,100
lux (Fig . 46).

The gain of sensitivity in the dark-adapted eye, therefore,

is 1,000 fold, but is accompanied by a loss of acuity from approximately
12° in the light-adapted to about 20° in the dark-adapted state.
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There is no doubt that loss of acuity and gain in sensitivity are related to the structural changes taking place on adaptation (see page 157).
In the Skipper TaY'(J,ctrocera papyria, which shows very little anatomical
changes on adaptation, acuity and sensitivity were affected to a far lesser
degree than in Anoplognathus (Fig. 47a,b).

However, both Skipper and Austra-

lian Christmas beetle have a clear-zone eye and can therefore still see in
relatively dim light.

To test quantitatively that clear-zone eyes have this

advantage over apposition eyes, optomotor experiments in the same apparatus
were carried out with Pieris rapae, the cabbage butterfly, which has a
typical apposition eye (NOWIKOFF, 1931).

The responses of Pieris to all

widths (from 3° to 8°) fall off when the illumination is lowered below 320
lux (Fig. 48a), and they become very small or nil below 40 lux, a value,
where dark-adapted Skipper and Anoplognathus almost always give maximum
responses.

(e )

Circadian rhythm
Sensitivity of visual units as well as structural organization of the

eye and eye-glow all have been shown to be linked in some way to a circadian
rhythm (see page /58).Behaviourally one can also show that a circadian rhythm
is involved in the response to a fixed stripe repeat period at constant
illumination (0.4 lux).

In a dark room with only the drum illuminated by

0.4 lux, a beetle does not respond to any stripe width at 5 p.m.

Between

8 p.m. and 9 p.m., when the eyeshine has developed fully, a clear response
is given to various stripes within the acuity of the dark-adapted beetle
(Fig. 48b).

Here again, the change can readily be attributed to structural

changes affecting position of retinula cell bodies and pigment distribution
around cone and crystalline tract (see page 157).
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The relationship between stirrrulus and response

(f}

If a sinusoidal or square wave intensity distribution like that of the
striped black and white pattern used, is seen by ommatidia with acceptance
angles 6p much narrower ·than the stripe repeat period A, the modulated signal or contrast transfer becomes reduced, becau.s e the intensity fluctuation
at the receptor becomes weaker.
Gerz (1964, 1965) analyzed the contrast, which would be seen by ·a
single receptor when stripes are moved across its visual field.

Assuming

that the angular sensitivity curve of a receptor approximates to a normal
Gaussian distribution of width 6p at the 50% level, he defined the contrast
from a sinusoidal patter as
I
m =

max

- I

min

, where

2 I

I

=

I

max

+ I

.

min

and I is the brightness of the stripes.

2

Viewed through a window, determined by 6p, the contrast modulation of a
sinusoidal striped pattern at the receptor would then be
m
a '

me

[•xp

C;:2 ) \+Y]

where

A = the stripe repeat period in degrees (GOTZ, 1964).

The relation also holds for sharp black and white stripes, for which
the 2nd term of the Fourrier series has a spatial period one third of the
fundamental (BUTLER and HORRIDGE, 1973).

As this and higher Fourier terms

generate negligible modulation in a receptor which is already near threshold
for the fundamental, the acceptance angle is numerically an approximation
to the narrowest stripe repeat period, to which the insect responds. Evidence
that the relationship A*=6p describes the behaviour of the insect adequately
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" (1964, 1965), who introduced A* as a symbol for the
has been given by GOTZ
limiting pattern wavelength ('Grenzwellenl!inge'), by McCANN and MacGINITIE
(1965) and TUNSTALL and HORRIDGE (1967).

All these investigations had been

carried out on insect species with apposition eyes.
When computations from the function of contrast transfer for various
values of 6p are compared with curves obtained experimentally from Anoplog-

nathus , which has a clear-zone eye, two main differences are noticeable:
the curves obtained experimentally achieve maximum contrast transfer only
at high light intensities and their slopes are steeper than the theoretical
equivalents (Fig. 49).

The same conditions have been reported for the

clear-zone eye of Galathea (HACKING, 1967).
The observed difference between the curves could be related to the
facts that (a) the acceptance angle curve is not ideally Gaussian, (b) the
optomotor response is not linearly related to contrast transfer function,
(c)

the contrast transfer function is based on a sinusoidal pattern, but a

square wave pattern was used for the experiments, or that (d) measuring
the amplitude of the response is an unsatisfactory parameter.
On the other hand theoretical and experimental curves exhibit a remarkable conformity: both curves are of sigmoidal shape and show how the
contrast between stripes, as seen by the cell, increases with increasing A,
and do so more quickly for cells with narrower angular sensitivity curves.
This basic agreement between the two curves suggests that the mechanisms of
contrast transfer are common to both apposition and clear-zone eyes, and the
difference in steepness of slope between them appears to be of minor importance.
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(g)

Role of interommatidial angle
In most insects the acceptance angle 6p exceeds the interonunatidial

angle 6¢, e.g. in fly (6p= 2.5°; 6¢= 2°: SCHOLES, 1969), in the locust

Locusta migratoria (6p= 3.4° light-adapted, 6.6° dark-adapted;~ =1° ± 0.3:
TUNSTALL and HORRIDGE, 1967), and in the middle part of the honey bee eye
"
(6p= 2.6 0 : LAUGHLIN and HORRIDGE, 1971: 6¢= 0.9 0 : BAUMGARTNER,
1928) thereby

indicating overlap between adjacent onunatidial fields.
In Anoplognathus, whose eye is hemispherical, the average interommatidial angle in the middle part of the eye is 1.5° ± 0.31 S.D., while
the acceptance angles in both adaptational states are very much larger light-adapted 12°, dark-adapted 20°.

The extent of overlap of the visual

fields in adjacent onunatidia, based on the correct angular relationship of
the receptors, is illustrated graphically for both adaptational states
(Fig. 50,51).

Taking 10° as the threshold wavelength A* at which a behavi-

oural response is given in the light-adapted state (Fig. 43) and separating
two acceptance angle curves by this value, results in an overlap of 58%
sensitivity level (Fig. 50).

Correspondingly, if 18° is chosen as the

limiting value for pattern wavelength A* at which a dark-adapted animal
ceases to respond, again, an overlap of about 58% sensitivity level can be
read off Fig. 51.

The common figure for overlap of visual fields in both

adaptational states suggests that the limit of acuity, made possible by the
receptive fields, is approached at this value.

" (1964) for zero output modulation ma and
According to Fig. 14 in GOTZ
an acceptance angle 6p of 12° the corresponding A is found to be 7.8°.
0

This means a stripe repeat period of 7.8° or less cannot be resolved by the
light-adapted Anoplognathus beetle.
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In the dark-adapted eye the corresponding A is approximately 14°.
0

Since these values are for an output/input modulation factor of O, we can
calculate the actual value of m /m, using the critical wavelength obtained
a e
from optomotor experiments (Fig. 43,44).

In both light and dark-adapted

eyes the critical contrast m* is found to be 0.016, using the value 0.8 for
a

II

me (see Table 5) and Fig. 14 in GOTZ (1964).

Since this value is of the

same order as reported for other insects, e.g. Drosophila

II

(GOTZ, 1964),

Musca (McCANN and MacGINITIE, 1965) and locust (THORSON, 1966a,b; TUNSTALL
and HORRIDGE, 1967), it can be concluded that contrast recognition in clearzone eyes does not differ in principle from that in apposition eyes.
It becomes evident from the calculation above that as in fly and locust,
where intensity changes less than 1% are responsible for the optomotor re-

"sponse, AnopZognathus has good movement perception, provided the object is
larger than the appropriate acceptance angle.

A narrow interommatidial

angle is doubly advantageous for the perception of small movements: it
reduces the possibility of interference pat~en1s behind the facets, which
II

II

would begin at a pattern wavelength of A>2~¢ (GOTZ, 1964; GOTZ and GAMBKE,
1969), and secondly it allows more ommatidia to be stimulated by a small
movement of a large object.

FRANTSEVICH (1970) has shown in several species

of scarab beetles with clear-zone eyes that the reaction to movement is virtually independant of the brightness of the environment, a fact of great importance for crepuscular and nocturnal insects.

Studies on directionally-

sensitive neurons in the optic lobes of the clear-zone eye of MeZoZontha
and Geotrupe s reveal that these scarabaeid beetles possess binocular receptive fields with opposite orientation of preferred directions in each half
of the binocular field (FRANTSEVICH and MOKRUSHOV, 1971). Since in Anoplog-

nathus the overlap of the visual fields of the two eyes occurs only in the
rostral region just above the canthus (see page 150) movement detection
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supposedly is most efficient in the front.
On the basis of the present experiments with Anoplognathus it cannot
be decided whether motion is detected by adjacent or separated pairs of
onunatidia, and it is also impossible to say which of the models postulated
by REICHARDT

(h)

(1957) or BARLOW and LEVICK (1965), describe the process best.

Painted eye experiments
If it is merely the aperture, i.e. the acceptance angle of a receptor,

which determines acuity, it should be possible to reduce it in the darkadapted state with opaque paint and test acuity with the smaller 'pupil'.
Four animals were studied successfully.

All had the eyes painted with

photographic opaque red, with the exception of an area approximately 20
facets in diameter.

The responses were not encouraging because directional

vision seemed to have vanished completely.

Responses, which were only

arousal responses and not related to the direction of the drum could not be
evoked by movement of the stimulus pattern at illumination intensities<
1,600 lux.

Undoubtedly such a relatively high intensity would inevitably

cause structural changes of the eye towards light-adaptation.
The smallest stripe repeat period that caused a definite reaction, consisting of vigorous head movements for a period of time which exceeded that
of the stimulus (like in Fig. 41e),was 15°. If one eye was completely
covered with paint and the other left with a 'pupil' of 20 facets, a tendency to turn towards the side of the eye with the 'pupil' irrespective of
the direction of the drum movement, was observed, confirming FRANTSEVICH,
MOKRUSHOV, SUPRUNOVICH and YUSHINA (1970) who worked with one-eyed Geotrupes.
Again the limit of stripe repeat period, evoking a reaction, was 15° at an
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intensity of 1,600 lux.

Beetles with eyes having paint-free areas of 100 facets or more in
diameter do follow the stripes if these are 25° wide and the illumination
is set at 1,100 lux.

It appears that as in the locust (KIEN, 1973) more

than just one pair of ommatidia are necessary to elicit a turning response.
In Anoplognathus an area of just under 100 facets in diameter is essential
under the described experimental conditions to convey information on the
direction of movement.
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TABLE V

Contrast constants of black-and-white striped stimulus patterns
stripe repeat period A

I min (black)
I max (white)

r

m
N
v,l
V,

I min (black)
I max (white)

f
m
I min (black)
I max (white)

r

m

100

15°

20°

25°

1. 0
10.0
5.5
0.81

2.0
14.5
8.25
0.758

1. 3
13.0
7.15
0.818

1. 4
13.5
7.45
0.811

1. 0
14.0
7.5
0.867

0.64
16.0
8.3
0.925

)

0.2
1.6
0.9
0. 778

0.2
1.6
0.9
0. 778

0.22
2.12
1.16
0.810

0.26
2.5
2.1
0.809

0.09
1. 0
0.545
0.835

0.115
3.8
1. 958
0.941

)

)

0.,,

0.02
0.088
0.054
0.629

0.01
0.062
0.036
0.722

0.033
0.14
0.08
0.673

0.030
0.14
0.08
0.875

0.018
0.14
0.079
0. 772

0.016
0.24
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0.886
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TABLE VI

Mean values of optomotor responses of 5 dark and 3 light-adapted beetles
(Head movements recorded in mm)
~

I

DA

m

nr-

stripe repeat period (in deg.)

m

N

vi

lux

10

12

15

40

0

0

+

2 .1 ±1.11

7.25±3.28

14

0

0

0

2.07±1. 24

6.4 ±2.07

1. 5

0

0

0

1.0 ±1.54

0.4

0

0

0

0

°'

20

25

36
11. 35±2 .0

45

)>
;;,o

75

N

11.33±2.06

9. 83±2. 71

7 .66±1.03

8.86±2.75

8.88±2.86

4 .61±2 .34

6. 08±1. 86

6.66±3.22

6.3 ±0.98

2. 36±1.21

2. 75±1. 84

2.2 ±1.30

2.

±1.41

0

zm
m

-<
m
0
"Tl

z>
0

'"'CJ

LA

r--

0

lux

10

G)

12

15

20

25

36

45
X

1,600

0.75±0.96

2.63±1.41

3.0±1.20

5.6 ±1.63

15.2 ±1.93

16.16±4.87

14.5

1,100

0.5 ±0.58

2.0 ±0

2.5±1.0

4.0 ±1.41

10.25±2.36

15.33±2.52

-

1. 5±1. 29

2.0 ±0

6. 88±1. 03

14.5 ±2.29

7.33
1. ox

320

0

1. 33±0. 58

40

0

0

0

+

3.0 ±2.53

7.78±3.94

14

0

0

0

0

0.5 ±0.7

3.5 ±1.0

o

=
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X
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FIGURE
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Fig. 41

Individual variations in head-turning response of

Anoplognathus to± 45° oscillations of a striped
drum (a)
b)

The beetle follows the drum to a certain level
and after

the drum has stopped moving

slowly

turns its head back to the normal position.
c)

Constant head tremor appears to drive the head
back to its original posture much faster as in (b).

d)

The head remains in the 'new' position when the
drum stops, unless a stimulus in the opposite
direction brings it back.

e)

Typical arousal response, consisting of vigorous
head movements, which are unrelated to the direction of the drum movement.

f)

Combinat i on of the responses of a dark-adapted and
a light-adapted animal.

At any given stripe repeat

period the amplitude of the response is strongly
related to the adaptational state and the environmental light intens ity.
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a.

b.
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Fig. 42

The size of the response depends on the speed
of the drum and the stripe repeat period.

Six

tests with a stripe repeat period of 36° tested
under a constant light intensity of 1,600

lux

yield a peak response at a speed of 130°/sec
(hollow squares).

Black squares represent the

mean value of this 36

0

curve (hollow squares)

converted into per cent of the peak response of
this curve.

In the one run where a stripe re-

peat period of 15° was tested (at 1,600 lux) the
peak shifted to 80°/sec.
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Fig. 43

Amplitude of the optomotor response, at
different light intensities of a lightadapted beetle to a± 45° oscillatory
movement of the striped drum, the latter
consisting of equally spaced black and
white stripes of variable repeat periods.
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Fig . 44

funpli tude of the optomotor response, at
different light intensities, of the head
of a dark-adapted beetle to the same striped
drum as in Fig. 43.

Sensitivity has become

increased at the expense of acuity.
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Fig. 45

A plot of amplitude (per cent of maximum
response) against light intensity shows that,
if we take 20° as lower limit of acuity in
dark-adapted eyes, a 10% value can be detected
down to 1 lux.

The dark-adapted eye, there-

for, is 1,000 times more sensitive than the
light-adapted eye (Fig. 46).

- 241 -

~o

100 ,
90 1

-!

DA- animals

.~

t

so,
701

i

601

so,
40 1
30
20

~

~·

~

0/

m
()
r

m

)>
;;'O

• 45°

~

I
o-

0

36°

A

zm

-<
m
0""T1
)>

z

A

25°

0.,,

r

0

C)

z
v~v

V

/v

10 1

N

0

m

..

~

I

oe

V

0.4

'
1

t

I

1. 5

• 1~
10

40

f •
100

20°

Lux

~

:I:
C

V>

THE CLEAR-ZONE EYE OF ANOPLOGNATHUS

FIGURE
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Fig. 46

If we take 12° as the . lower limit of acuity
in light-adapted eyes and plot amplitude
against light intensity as in Fig. 45, a
10% value of the response can be detected
only down to 1,100 lux.

If this is com-

pared with the situation in the darkadapted eye (Fig. 45) it gives the latter
a sensitivity increase of 3 log units over
the light-adapted eye.
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Fig. 47

Responses of light (a) and dark-adapted (b)
Skipper butterflies (Taractrocera papyria)
to movement of the striped drum at various
illuminations and stripe repeat periods.

In

the Skipper the difference between the responses of dark and light-adapted animals is
less pronounced than in Anoplognathus, but
both insects have clear-zone eyes and are
therefore much more sensitive to light than,
for example, Pieris (Fig. 48), which has an
apposition eye.
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Fig. 48

a)

Pieris has an apposition type of compound eye
and shows a rapid decline of response amplitude
at light intensities below 160 lux.

At 40 lux

the response reaches only the 20% level, a value
which is reached by dark-adapted Anoplognathus
at an intensity of 0.4 lux.

b)

The increase of the response amplitude towards
the night to different stripe repeat periods at a
constant light-intensity of 0.4 lux develops
parallel to eyeshine and is, presumably, largely
based on structural changes (see Fig. 16 and
Fig. 18).

A circadian component seems to be in-

volved.
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Fig. 49

Calculated contrast transfer functions for

" (1965),
various values of 6p after GOTZ
dotted lines, compared with optomotor responses of Anoplognathus, continuous lines.
The slope of the experimentally-obtained
curves is steeper than those of calculated
values, but the two sets of curves agree in
principle and show how the contrast between
the stripes, as seen by the ommatidia, increases
with A, and does so more quickly for cells with
narrower admittance functions.
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Fig. 50

Overlapping of the visual fields of light-adapted
onunatidia.

The top figure shows, semi-schematically,

the structural background, i.e. pigment distribution,
long crystalline threads, clear-zone, rhabdom layer
etc.

The interonunatidial angle 6¢ is 1.5°.

A stripe

repeat period of A*=l0°, determined behaviourally as
the lower limit at which responses are given in optomotor experiments, results in a visual overlap of 58%
(arrows) between two receptors spaced about 6-7 reo

ceptors (10) apart.

A* is slightly smaller than the

acceptance angle 6p which, from electrophysiological
measurements, is known to be 12°.

Rays striking the

eye at larger angles (e.g. ray b) do not reach the
receptor but are absorbed in the screening pigment
surrounding cone and crystalline tract.
C=cornea, Co= cone, CrT= crystalline tract, RetC=
retinula cell, Rh= rhabdom, Tr= tracheal tapetum,
A:x= axons.
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Fig. 51

Overlapping of the visual fields of dark-adapted units.
The top part of the figure shows,

semi-schematically,

a longitudinal section through the dark-adapted organization of the eye of Anoplognathus: pigment granules
(P) are clustering between the cones (Co) and a crystalline tract is absent.

Light reaches the rhabdom (Rh)

even if it strikes the cornea (C) at a large angle
(e.g. ray b).

The interommatidial angle is 6~ = 1.5°.

A stripe repeat period of A*= 18°, determined behaviourally as the lower limit at which directional responses are given in optomotor experiments, results in
a visual overlap of 58% between two receptors spaced
about 12 receptors apart (arrows).

A* is slightly

smaller than the acceptance angle 6p, which, from electrophysiological measurements is known to be approximately

20°.
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E. DISCUSSION
1.

The Superposition Principle
From ray diagrams of the dioptric system (pagel85) and observations

on the angular distribution of eyeshine it has become evident that the
examined clear-zone eye sums up light at the photoreceptor level in the
dark-adapted state.

Consequently the sensitivity of the eye at night is

increased by at least 3 log units.

However, measurements of the optomotor

response to equally spaced black and white stripes and direct recording of
retinula cell responses with microelectrodes reveal that at the same time
the receptor acceptance angle is approximately 20°.

This is smaller than

that reported in the dark-adapted clear-zone eye of Dytiscus (40°:
HORRIDGE, WALCOTT and IOANNIDES, 1970), but larger than that of the
Skipper butterfly (7°: HORRIDGE, GIDDINGS and STANGE, 1972).

The only

other clear-zone eye on which there exist electrophysiological data on
angular sensitivity of single retinula cells, is that of the Yabbie Cherux

destructor: here WALCOTT (1973) has measured an acceptance angle of 24° in
the dark-adapted state.

All clear-zone eyes appear to fall within the two

extremes: (a) ideal superposition (EXNER, 1891) and (b) scattered light
eye (HORRIDGE, NINHAM and DIESENDORF, 1972), and Anoplognathus must be
considered intermediate.
In comparison to the apposition-eye, even an unfocused clear-zone eye
(particularly if it has an optimum width of the clear-zone) has improved
sensitivity

HORRIDGE, NINHAM and DIESENDORF,(1972).

The advantage of a

partially focused clear-zone eye like that in Anoplognathus over the unfocused type is that it yields a higher intensity amplification and at
the same time improves acuity (DIESENDORF and HORRIDGE, 1973).

The follow-

ing factors are involved in the change from an unfocused (scattered light
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type) to a partially focused eye: (a) an increase in aperture, (b) a reduction in spread from the cone tip, (c) an optimum width of the clear-zone
and (d) an optimal relationship between a (angle at which light strikes the
facet relative to its axis) and S (angle at which rays leave the cone tip
to cross the clear-zone).
To what degree a clear-zone eye is focused directly depends upon the
relationship between a and

S.

S remains zero as a increases.

In the unfocused eye the average value of
The perfectly focused situation~scribed

by the Exner line (HORRIDGE, 1972) presumably cannot be attained, because
there is always some divergence from the cone tips, even if only due to
diffraction.

The existence of intermediates such as Anoplognathus sugg-

ests that the evolutionary path nocturnal insects have taken to ensure
maximum sensitivity coupled with best possible acuity is as outlined above.
The patch of facets which admits light in ray tracing agrees with the
area lighting up in the eyeshine experiments (50 facets in diameter) and
therefore provides a measure of the aperture of the eye in the dark-adapted
state. The individual acceptance angle of each ommatidium (Fig. 32) is
large (36°)

by comparison with that of the receptor (20°), a feature of

an eye which is partially focused.

This partial focusing in Anoplognathus

is achieved by an inhomogeneous crystalline cone, which refracts the rays
in such a way that they converge to a focal region.
The extremely blurred, real and erect image that can be seen behind
eye slices is caused by this optically inhomogeneous lens cylinder, but
its primary function is to collect as much light as possible and it seems
that the erect image is less significant for vision than is the mere summation of light.
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A lens cylinder can theoretically produce a sharp focus, if the light
consists of a parallel beam travelling parallel to the axis of the structure, and if the axially symmetrical distribution of refractive index
follows
n(r) = n 0 sech (nr/2f),

where

n 0 is the axial refractive index, r is the radial distance from the axis
and f the focal length (FLETCHER, MURPHY and YOUNG, 1954).

In all three

cases where this formulated distribution of refractive index was compared
with that found experimentally from interference microscope investigations,
the graph derived experimentally shows a steeper drop of refractive index
at the periphery than that suggested by the ideal focal distribution of n

(Cybister: MEYER-ROCHOW, 1973a;

Repsimus: MEYER-ROQ-IOW, 1974; Anoplog-

nat hus, see page 183).
MEYER-ROCHOW and MEGGITT (1974) emphasized that it is not simply the
difference between inner and outer refractive index of the lens cylinder,
but the rapid decrease of refractive index in a small peripheral area
(dn/dy) which determines the bending of the rays.

Therefore a steep peri-

pheral drop of refractive index in the lens cylinder would be advantageous
in directing rays, incident at high angles to the axis, towards the focal
region of the eye.

However, for large values of a it is very difficult to

keep the spread of B from the cone tips narrow.
An

afocal optical system which preserves the light passing through

cornea and cone is one means of keeping the spread small (DIESENDORF and
HORRIDGE, 1973) but it is apparently not realized in those insects examined
so far.

In the partially focused eye of Anoplognathus the spread of rays

from the cone is regulated by screening pigment around the lens cylinder.
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This pi gment absorbs all rays that are heading in the wrong direction.
This certainly improves acuity, but would reduce sensitivity if the receptor admittance angle 6p did not become wider, for sensitivity increases in
proportion to 6p

2

(DIESENOORF and HORRIDGE, 1973).

The conflict between

good acuity and high sensitivity at the same time is obvious.
The width of the clear-zone,too, is a compromise.

A large clear-zone

allows the aperture to widen so that in the dark-adapted state more light
is admitted and the sensitivity rises.

At the same time the focused 'spot',

in Anoplognathus some 10 re ceptors wide, spreads over a greater number of
r eceptors so that angular sensitivity is lost, whereas with a narrow clearzone a greater ratio of S/ a and greater maximum values of these angles are
necessary to maintain sensitivity.
2.

Adaptational Changes in Acuity and Sensitivity
Frorn what iias been said in the previous section we can assume that

the acui ty and sensitivity demonstrated by the beetle at night provides
its best possible answer to the dilenuna between tnese two parameters.

Al-

most all insect s investigated so far sJ1ow increased sensitivity in the
dark and narrower acceptance angles in the light-adapted state.

But while

this change is usually small in insects which show little structural
changes on adaptation (e.g. sawfly larva, see page 35)

it is large in

insects that exhibit pronounced anatomical changes like Anoplognathus whose
acceptance angle becomes almost twice as wide in the dark .

A direct corr-

elation between acceptance angle and size of ommatidial aperture has been
described in Lethocerus by WALCOTT (1971), where the eye is of the apposition type.

The study of size of eyeshine patch in Anoplognathus provides

an example of direct observation of the change of aperture during lightadaptation in a clear-zone eye.
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During the change from light to dark-adapted states changes in optomotor response have been related to corresponding changes in optical field
dimensions and temporal changes in screening pigment position, in the
apposition eye of the fly (McCANN and MacGINITIE, 1965) and in the clearzone eye of the Skipper butterfly Taractocera papyria
and STANGE, 1972).

(HORRIDGE, GIDDINGS

In both cases the increase in sensitivity in the dark-

adapted state is associated with a decrease in acuity.

While in Tarac-

tocera, as in Anoplognathus, only the distal pigment seems to be involved,
it is the proximal pigment that is held responsible by DeBRUIN and CRISP
(1957) for producing similar changes in acuity and sensitivity in various
clear-zone eyes of crustacea, e.g. Leander serratus, Leander squilla,

Pandalus montagui and Praunus f7,exuosus.
HASSENSTEIN (1954) failed to demonstrate any difference when comparing visual acuity of light and dark-adapted clear-zone eyes of Leander

serratus and L. seticaudata, but considered his observations preliminary.
However, some clear-zone eyes exist that do not show changes of acuity
following dark-light-adaptation, as was demonstrated for the Skipper

Toxidia peroni, but then they also do not exhibit any structural changes.
Since in Anoplognathus no movement of proximal pigment could be detected the observed changes can be attributed to migration of the distal
pigment, movement of the retinula cell bodies and length and diruneter of
the crystalline tract.

But this does not seem to be the whole story, for

it was observed in dark-adapted sawfly larvae (see page34)

as well as in

dark-adapted Anoplognathus by recording from retinula cells with microelectrodes that sensitivity could be reduced by about 1 log unit, if bright
stimulus light was shone onto the eye for 500 msec and the interval between
the flashes was less than 4 seconds.

The previous sensitivity was gradually
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restored within 10-20 seconds in complete darkness.
Whether it is because of the speed of any possible underlying structural changes or because of their small magnitude that they did not show up
in rapidly fixed material is unknown.

Certainly the obvious changes like

extension of crystalline thread and pigment movement should not only take
much longer than the electrophysiologically observed fine-adaptation, but
also, once triggered off (see page 180) continue even if the eye is returned to complete darkness.

The situation is therefore probably diff-

erent from the bee, where very fast anatomical changes on adaptation to
different light intensities were only possible to be detected with a new
rapid fixation technique (KOLB and AUTRUM, 1972).
BERNHARD and OTTOSON (1960) who compared the increase in sensitivity
during dark-adaptation of nocturnal lepidoptera with diurnal forms, found
that in diurnal species no appreciable pigment migration accompanied the
sensitivity cnange observed.

This led the authors to hypothesize a two-

step adaptational mechanism, consisting of (a) a photochemical process
akin to that which mediates the rise and fall in threshold of visual cells
in the human retina and (b) vertical migration of distal screening pigment.

Jnoplognathus appears to be reminiscent of the clear-zone eye of Celerio,
ti

for which HOGLUND (1966) stated that pigment movements were too slow to
cause the rapid changes in sensitivity to different illumination intensities.

It appears that a coarse control of adaptation is achieved by the

structural changes described above (see page 157) setting a range in which
fine adjustments in the order of up to 2 log units can take place to meet
inunediate special requirements.
Naturally this means that one cannot be sure that the beetle tested
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electrophysiologically during the day in a relatively dark room and with
its pigment in the light-adapted position, is in the same state of sensitivity adaptation in which it would be in bright sun light.
applies to the striped .drum experiments:

The same

the beetles anatomically repre-

senting completely light-adapted specimens at 1,600 lux, may in fact be of
a different excitatory state than those performing in bright sunlight.
All data on light-adapted eyes, therefore, have to be correlated with the
intensity of the adapting light.

Thus, an acceptance angle of 12 0 would

have to be mentioned in connection with the brightness of the stimulating
light in the physiological experiments and the illumination of the striped
drum set-up in behavioural investigations (in both cases approximately
1,600 lux).

Under identical experimental conditions, i.e. 1,600 lux and

striped drum arrangement, beetles with eye structures comparative to

"
Anoplognathus yield similar results: MOLLER-RACKE
(1954) reports that
Cetonia aurata and Tropinota hirta only start responding when the stripe
repeat period A is at least 15°33'.

However, it is quite possible that

at higher light intensities the sensitivity further decreases and the
acceptance angle may become even slightly narrower.
A very narrow acceptance angle such as that found in certain apposio

0

tion eyes, e.g. dragon fly (1.2 -1.8 : HORRIDGE, 1969b) and worker bee
(2.5°-2.7°: LAUGHLIN and HORRIDGE, 1971) seems incompatible with a dioptric system containing a lens cylinder, which should have a wide admittance function.

Clear-zone eyes can have narrow receptor acceptance angles

(in the light) if their dioptric elements are optically homogeneous,
e.g. 6p in the yabbie 4° (WALCOTT, 1973), but virtually all acuity is lost
at night, because there is hardly any focusing of light entering through a
patch of facets and increase of sensitivity is due primarily to scattered
light (see page 13).
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3.

Movement Per ception

Acuity as measured by the optomotor response of the insect to parallel
black and white stripes turned around its head, is quite different from
movement perception. Under optimum conditions the optomotor response can be
correlated with extremely small angular movements, i.e. in the order of a
few minutes of arc or less for Locus t a (THORSON, 1966a,b) and Musca (McCANN
and MacGINITIE, 1965).

From the work of HASSENSTEIN (1951, 1958) on the apposition eye of the
weevil Ch l orophanus and the resulting minimum mathematical model describing
the relation between stimulus input and reaction (REICHARDT, 1957;
REICHARDT and VARJU, 1959) it became evident that perception of motion depended on ommatidial pairs and the temporal, not spatial, relations between

"
periodic intensity variations within them (GOTZ,
1964).

Whether these omm-

atidial pairs consist of adjacent facets or whether every 3rd., 4th. or 5th.
form a functional motion detecting unit is relatively unimportant and would
make no difference to REICHARDT's model.

" (1964) showed that in
Since GOTZ

order to follow the movement of a pattern the wavelength of the latter has
to be greater than twice the interommatidial angle (see page 231) this angle
becomes an important behavioural parameter.
Theoretically a nocturnal insect could enlarge its ommatidial aperture
by increasing the interonunatidial angle.

Apparently it does not do this,

because with larger 6~, interference patterns behind its ommatidial 'windows'
would upset its directional response to moving stripes.

A small inter-

ommatidial angle on the other hand, correlated with a large number of
ommatidia (a) reduces interfering patterns, and (b) being correlated with a
greater number of facets per unit area allows more ommatidia to be stimulated by small movements of a large object.
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from many ommatidial pairs enables the insect to detect patterns of low
intensity and contrast, provided the object is larger than the acceptance
angle (:,lcCANN and MacGINITIE, 1965).
It appears that for Anoplognathus and presumbaly for other nocturnal
insects as well, the detection of small movements is very important.

A

fairly crude acuity, high sensitivity and well developed far-vision allow
the beetle to control its flight position by checking its body posture
against contrasting vertical or horizontal edges such as the skyline or the
rim of a forest.

Field observations by SCHNEIDER (1952) on the flight

orientation of Melolontha (1 hour after sunset) show that a silhouette,
e.g. the horizon is seen by the beetle up to a distance of 3 km and that
the most attractive part of the silhouette is the highest region within a
sector of 50°.
4.

Circadian Rhythm
EXNER (1891) noted that in certain noctuid Lepidoptera no pigment move-

ments occurred when the eye was isolated from the head.

He also reported

that localized pigment migration in the eye occurred after illumination of
a particular part of the eye, if the eye was left attached to the head.
Similar observations have been reported for other insects by DEMOLL (1911),
DAY (1941) and DUPONT-RAABE (1950) and with slight modifications for the
crustaceans Palaemon by v. FRISCH (1908) and Callinectes by LUDOLPH,
PAGNANELLI and MOTE (1973), and have been interpreted as evidence for a
nervous regulation of pigment migration.
KIESEL (1894) showed that the eye-glow of the nocturnal moth Plusia
gamma disappears during the day even if the animal is kept continuously in
complete darkness, and in 1968 WADA and SCHNEIDER found that in the beetle
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Tenebrio a circadian rhythm controls pigment movement.

JAHN and WULFF (1941)

reported that in Dytiscus a circadian rhythm controlled the sensitivity
independently of the retinal pigment distribution in the compound eye.
In Anoplognathus, too, a circadian rhythm is involved, but functions
in only one direction: a dark-adapted eye at night can be turned into one
(by exposure to bright light) whose structure reveals that it has become
typically light-adapted; but eyes of a light-adapted animal, during the day,
do not become dark-adapted, even if the animal is kept in complete darkness.
The observations on circadian rhythmicity suggest that pigment migration and structural changes are normally under hormonal control.

This has

been convincingly demonstrated by KLEINHOLZ (1936, 1962) for the crustacean

Palaemonete s, whose dark-adapted eyes become light-adapted if sea-water
extracts of light-adapted eyes or extracts of ganglia from the central
nervous system were injected.

In Periplaneta, the cockroach, the physio-

logical clock controlling activity rhythms has been located in the optic
lobes (BRADY, 1969), but whether this holds for the rest of the arthropods
as well is unknown.
A diurnal rhythm of sensitivity, measured electrophysiologically, has
been found in the larval eye of the sawfly (see page 41) and is also noticeable in the eye of Anop lognat hus.

A strong day/night sensitivity difference

coupled with a change in ERG waveform and completely independent of pigment
position, was observed by JAHN and WULFF (1943) in Dytiscus.

After a study

of pigment movements in nocturnal Lepidoptera, TUURALA (1954) concluded that
pigment movements are under neither hormonal nor nervous control.

He post-

ulates that the prime factor is the reaction of the photochemical substance,
which in turn is influenced not only by light but also by oxygen consumption
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and other general metabolic phenomena.

It appears that in insect eyes there

exists not only a great variation in structural organization, but also that
various ways have evolved to control adaptation and pigment migration .
5.

Anatomy of the Eye
The homogeneous plane-convex cornea of the eye of Anop l ognathus is

extraordinarily thick compared with most apposition eyes.

The thickness

does not seem to contribute, at least not in a positive way, to the optical
performance of the cornea.

It therefore seems that the thick cornea is a

sort of armour, a protection for the more delicate structures beneath it,
which to an insect whose visual acuity is as poor as that of Anoplognathus
is a real selective advantage.

Clear- zone eyes are of striking diversity and even within Scarabaeoidea
gr eat variations exist.

In dung beetles (personal unpublished observations)

the rhabdom organization is quite different from that of Anoplognathus and
more closely resembles the situation in Dytiseus (HORRIDGE, 1969a), where
the microvilli are regularly oriented in a St. Andrews Cross pattern. Dung
beetles in contrast to Anop l ognathus also have a well developed basal cell.

Repsimus on the other hand, similar to Anop lognathus in that it has a sevenlobed rhabdom, lacks the basal cell.

The role of this basal cell, whose

nucleus is just above the basement membrane, is not understood.
Since in Anop l ognathus the basal cell has no rhabdomere it cannot act
as a receptor for very high light intensities, as was suggested for the
basal cell in Skipper butterfly (HORRIDGE, GIDDINGS and STANGE, 1972).
Owing to its lack of rhabdomere it cannot play an important part in the
perception of polarized light, for which basal cells in the retinae of
other insect s seem to be specialized (SNYDER, 1973).
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Limulus is roughly at the same position, but of different origin, i.e.
second order neuron, so that in Scarabaeidae we may regard the basal cell
to be part of an evolutionary trend towards rudimentation.
The diameter of the rhabdom is directly related to the width of the
acceptance angle (KIRSCHFELD, 1971).

Therefore it is not surprising to find

a broad rhabdom in Anoplognathus , whose acceptance angle in the dark-adapted
state is 20°.

The degree of variation in Scarabaeid beetles concerning the

extent of tracheal tapetum, on the other hand, is surprising.

In dung

beetles (personal unpublished observation) there is no tracheal tapetum at
al 1; in Anoplognathus it reaches halfway along the rhabdom and in Repsimus
it envelops each rhabdom column over the entire length.

In Lepidoptera

there is a close correlation between tracheal tapetum and occurrence of
corneal nipples (Fig. 52) (to prevent ghost images produced by reflected
light: MILLER, 1972), but in scarab beetles corneal nipples have not yet
been reported.

Ghost images may be prevented, at least in Anoplognathus,

by the rough and wrinkled inner surface of the cornea (see Fig. 5d).
It is remarkable that in Scarabaeidae basal cells are best developed
in species with no tracheal tapetum, e.g. dung beetles and least developed
in Repsimus, where the tracheal tapetum is largest.

Whether there is a

real correlation between basal cell and tapetum cannot be decided before
the structures of more species of scarab beetles have been investigated.
The changes on dark-light-adaptation (see page 157)are very similar
to those described in Dytiscus by WALCOTT (1969), where they affect length
and aperture of crystalline thread, positions of pigment granules and retinula cell bodies.

In addition changes in retinal fine structure as a

consequence of excessive light have been reported by a number of investigators, notably EGUCHI and WATERMAN (1967), TUURALA and LEHTINEN (1967)
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and WACHMANN (1970), but Golgi bodies as large as those shown in Fig. 19b
for light-adapted retinula cells of Anoplognathus have not been reported previously.

Their presence suggests that a high rate of metabolic activity

takes place as a response to exposure to bright light, presumably to restore
bleached visual pigment.

WACHMANN (1969) presumes that for Pteronemobius

little grana associated with Golgi apparati represent visual pigment (or
more possibly the first step in its synthesis), which eventually via multivescular bodies reaches the microvilli as single vesicles.
It seems certain that microtubules are associated with changes of shape
of the cell type they are contained in.

It is remarkable that cells which

move the most are the richest in microtubules, but their precise function
is unknown.

Although pigment granules are very often found together with

microtubules in the same cell, pigment granules also show migration if no
microtubules are present, e.g. radial pigment migration in retinula cells
of sawfly larvae (see page 31) and the cockroach (BUTLER, 1971).

There-

fore the movement of pigment granules seems to occur independently of the
presence of microtubules, leaving the latter associated with changes of the
shape of the whole cell.
6.

Speculations on Colou.r Vision
It is known that by the end of twilight, i.e. position of the sun -18°

(see page 11) the sky is considerably 'redder' even than at the time of its
maximum reddening during the day (SIEDENTOPF and SCHEFFLER, 1965; ROZENBERG, 1966).

Therefore it might seem reasonable that eyes of nocturnal

insects perceive the longer wave-lengths of the spectrum, by extending the
spectra l sensitivity of retinula cells over a wider range of the spectrum.

- 260 -

THE CLEAR-ZONE EYE OF ANOPLOGNATHUS

One convenient means of achieving a wider spectral sensitivity would be
to electrically couple several cells of different and narrow spectral sensitivity curves at night (thereby increasing sensitivity and at the same time
expanding the spectral range) and to decouple them during the day, thus maintaining colour vision.

Other possibilities are to synthesize a retinene for

each cell not with a narrow but with a wide spectral absorbance characteristic, or perhaps to deposit different visual pigments in a single cell.
Direct evidence obtained from eyes of nocturnal beetles by electrophysiological recordings of single retinula cells is non-existent, but for
diurnal insects it can be stated that with few exceptions, e.g. Papillio
(SWIHART, 1970) and Heliconius (SWIHART and GORDON, 1971) the visible spectrum
of insects is shifted 100 nm towards shorter wave-lengths as compared to that
of vertebrates (BURKHARDT, 1964).

The analysis of visual pigment in insects

(GOLDSMITH, 1958; BRIGGS, 1961) showed that in all orders investigated, retinenes were foW1d.

These are thought to mediate colour vision by being

coupled to different proteins, thus varying the spectral sensitivity of individual receptors (BURKHARDT, 1964).
STRUWE (1973), recording intracellularly from retinula cells of the
clear-zone eye of Manduca, found a very broad spectral sensitivity curve
with responses of SO% or more of the maximum (at 530 nm) over a spectral
range from 330 to 620 nm, and tentatively attributed this to electrical
coupling of retinula cells.

However, in trying to elucidate the degree of

electrical coupling between different retinula cells in the clear-zone eye
of Dytiscus HORRIDGE, WALCOTT and IOANNIDES (1970) carried out simultaneous
intracellular recordings with two microelectrodes in two different retinula
cells of the same omrnatidium, but failed to find any evidence for electrical
coupling.
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Colour discrimination should be reduced whether electrical coupling, different visual pigment in one retinula cell or a retinene with a broader spectral absorbance is present.

"
Indeed, MOLLER-RACKE
(1954) showed that nocturnal

beetles with clear-zone eyes like Dytiscus and the Scarabaeid Melasoma populi
are colour blind.

Another hint that the concept of nocturnal beetles having

a wider spectral sensitivity with less prominent peaks than diurnal insects
is correct, is obtained from the results of WEISS, McCOY and BOYD, 1944 who
studied the attractiveness of coloured lights between 365 and 720 nm.

Of

all insects tested the scarab beetle Popillia japonica had the smoothest
curve over the whole spectrum.
sponse.

Only at 720 nm did this approach zero re-

The even more nocturnal Lampyrid Chauliognathus marginatus had a

clear maximum at 606 nm, but again showed zero response to lights of 720 nm.
For the nocturnal insect there is clearly a dilemma involved in perceiving
more abundant radiation of low energy (longer wavelengths) and less abundant
light of high energy (shorter wavelengths).

The structure and biochemistry

of the visual pigment s~em to put the limit of perceptible wavelengths at
about 650 nm.

Clearly a radiation of approximately 750 nm, which was used

for dissecting dark-adapted beetles and preparing them for experiments, would
have little effect on the adaptational state.
In addition to those scarce electrophysiological and behavioural results which suggest the perception of longer wavelengths in nocturnal insects
than in most diurnal forms, there is theoretical evidence that a rhabdom of
a large diameter tends to absorb a greater proportion of longer wavelengths
(SNYDER and MILLER, 1912).

This would explain the large rhabdoms in Ano-

plognathus and dung beetles and the even larger rhabdoms in the totally nocturnal firefly (HORRIDGE, 1969c) and Sericesthis geminata (MEYER-ROCHOW,
unpublished).
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F.

CONCLUSION

The structure and optics of the eye of Anop l ognathus appear to be
more specialized for environments of low light intensities than those of
the larval eye of the sawfly Per ga (Chapter I) and the carcass rove-beetle

Cr eophi lus er ythrocephal us (Chapter II) (Fig. 53).

Compromising between

maximum acuity and maximum sensitivity, a specialized optical system, based
on the inhomogeneous crystalline cone, "bends" the light rays so that rays
from a relatively large area of the cornea are roughly focused together
upon the receptors beyond the clear-zone.

Sensitivity, but at the expense

of acuity, is further increased by a rhabdom of large diameter and a
tacheal tapetum.
Both structural and physiological changes on dark-light-adaptation,
partially controlled by a circadian rhythm, ensure that the eye of

Anop l ognathus performs optimally whether it is day or night.

The ability

of the eye to detect small movements of large objects, sensitivity and
acuity are the three main parameters which seem to determine the various
structural, optical and physiological adaptations seen in the eye of

Anop fo gnathus .
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FIGURE

52
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Fig. 52

Scanning electron micrograph of the eye and its
surface in Taractrocera papyria.

a)

The eye seen from above, with the stump of the
antenna at the top of the picture.

b)

The facets are usually arranged in hexagons, but
occasionally pentagonal facets are found.

The

surface of each facet is densely covered with
corneal nipples (inset), which reduce surface reflection and prevent 'ghost-images' of light
which is reflected at the tracheal tapetum back
out of the eye.

c) and d)

Stereo pair of facets with tilt of 20°

for determination of the radius of curvature of
the facets.
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FIGURE

53
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Fig. 53

Angular sensitivity curves for dark and lightadapted cells in the retina of (a) Anop l ognathus,
(b)

larval sawflies Per ga sp. and (c) the carcass

rove beetle Creophi lus erythrocephalus.

Clearly

the Australian Christmas beetle Anop l ognathus (a)
shows the most dramatic changes between dark and
light-adaptated units.

This beetle has the largest

gain in sensitivity accompanied by an equally large
increase of acceptance angle during dark-adaptation.
Sawfly larvae (b) show a smaller increase in sensitivity during dark-adaptation, but no change in
acceptance angle.

Creophi lus (c), however, does

show a change in acceptance angle, but has the
smallest sensitivity gain.

Note that the degree

scale on the abscissa is not the same for the three
insects.
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A. SUMMARY

The male imago of the Mayfly Atalophlebia costalis has four eyes: two
lateral eyes of apposition type and two dorsal eyes of clear-zone organization.

Both structures have been investigated by light and electron micro-

scopy.

The lateral eye appears to be a typical insect photoreceptor with
hexagonal facets, 'eucone' crystalline cones and centrally-fused rhabdoms.
The dorsal eye shares certain features with clear-zone eyes of decapod
crustaceans, e.g. square facets, proximal pigment migration and optically
homogeneous cornea and cone.

Having larger facets than the lateral eye,

and in addition, having developed a wide clear-zone and a tracheal tapetum,
the dorsal eye seems to have evolved towards a dim-light receptor of high
sensitivity.

On the basis of structural dissimilarities it is speculated that
acuity and sensitivity have been alloted to the two different eyes and that
the insect uses them independently according to environmental brightness
conditions.
B.

INTRODUCTION

By comparison with other insects mayflies show a number of peculiarities.

a)

These hemimetabolous insects undergo a final moult as a flying

adult; therefore one has to distinguish subimago from imago.
done by comparison of their genitals.

b)

This is best

Male adult mayflies, both sub-

imago and imago, have four eyes: two large dorsal eyes, which are of the
clear-zone type, and two smaller lateral ones being of apposition organization.

c)

The facets of the dorsal eye are not hexagons as in most other
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insects, but squares - a feature shared e.g. with certain crustaceans.
The eye of mayflies are challenging objects, but the most detailed
investigation into their structure is still that of ZIMMER's (1897).
developmental study was published by GRABENHORST (1930).

A

These observa-

tions have been supplemented by STREBLE (1960) (Fig. 1) and MEYER-ROCHOW
(1971), but no electron microscope study has been published to date.
Apart from fixation problems it is a fact that 6 different types of
eyes in just one species have to be studied, which makes it difficult to
obtain comprehensive results of the organization of the eyes of adult
mayflies.

The six types are: 1. The eye of the female subimago;

eye of the female imago;
4.

3.

6.

The

The lateral eye of the male subimago;

The lateral eye of the male imago;

imago;

2.

5.

The dorsal eye of the male sub-

The dorsal eye of the male imago.

In the present preliminary

approach only the lateral and dorsal eyes of the male imago have been
studied.
C.

MATERIAL AND METHODS

Nearly fully-grown larvae of AtaZophZebia costaZis were collected from
local creeks in January and kept in the laboratory aquarium, where they
hatched into the flying stages, i.e. subimago and imago.

They were fixed

and processed for light and electron microscopy in the usual way (see page
77)

and MEYER-ROCHOW, 1971).

Acetone-dried material was used for scanning

electron microscopy.
D. RESULTS
The eyes of male imagines of AtaZophZebia costaZis are divided into
dorsal eyes (diameter of approximately 1 mm) and lateral eyes (diameter of
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approximately 0.5 mm) (Fig. 2a,b).

The two eyes on each s ide are not

totally spearated. They are contiguous and a significant visual overlap
between some ommatidia in the lateral and some in the dorsal eye should
exist (Fig. 2a,b,c).
a)

The dorsal eye
The facets of the dorsal eye form squares of a side length of 20-25 µm

(Fig. 3a), while those of the lateral eye are arranged in the usual insect
fashion, i.e. forming hexagons of 12 - 15 µm diameter (Fig. 2c).

Irregular

facets are developed where the two eyes touch or near the edge of the eye
(Fig. 2d).

Interfacetal hairs and corneal nipples are absent. The cornea,

being biconvex

but more strongly curved at the outside, with outer and

inner radius of curvature of 20 µm and 40-50 µm respectively, is approximat e l y 20 µm thick and according to STREBLE (1960) divided into a distal
: on e of hi gh refractive index and a proximal region of low refract i ve i ndex.
Between cornea and crystalline cone distal projections of the two principal pigment cells abutt on each other.

The border between. the two cells

is always in line with the same diagonal of the square ommatidium; none has
been observed perpendicular to the preferred direction (Fig. 3b):
As in other more primitive insects, e.g. Apterygota (Ctenolepisma:
MEYER-ROCHOW, p~rsonal unpublished observation) and certain Heteroptera

(Gelas toaoris oaul atus: BURTON and STOCKHAMMER, 1969) the principal or primary pigment cells not only surround the crystalline cone but also cover
the top of it, thus occupying the space between cornea and cone.

There have

been speculations whether these cells secreted corneal material or not ever
since HESSE 1901 introduced the term 'corneagenous cells' .

Corneagenous

cells were s upposed to be in close contact with the cornea and pigment-free,

- 281 -

THE DIVIDED EYE OF THE MALE MAYFLY

thus distinguishable from pigment cells.

However, in his comparative study

of the eyes of Collembola PAULUS (1972) concludes that corneagenous and
primary pigment cells are homologous.

The nuclei of the four cone cells occupy the distal 1/6 of the cone,
where the latter has a width of 15 µm (Fig. 4a).

The crystalline cone,40

µmin length, lacks a solid inner core, characteristic of the 'eucone type'
(GRENACHER, 1879), and appears much more 'fluid' than that of Scarabaeidae
(see page 151).

The cone cells, however, are presumably of a higher visc-

osity than those of the acone-eye of Creophilus (see page 80), because in
transverse section their cell borders meet at right angles (Fig. 4b,c).
This signifies the stable state of more viscous substances surrounded by
thin membranes such as cell ~alls (WOLF, 1968).

Under the light as well as the electron microscope (Fig. Sa) the cone
is observed to be completely homogeneous, consisting only of fine granular
and vesicular material.

Therefore it appears most unlikely that there is a

radial gradient of refractive index.

If there is no such gradient either in

cornea or cone, it would be difficult to explain the occurrence of a clearzone on the basis of EXNER's superposition theory (1891).

Cone and primary

pigment cells, both lacking pigment, are surrounded by 8 small secondary
pigment cells (Fig. 4b), with screening pigment of an average granule diameter of 0.5 µm.

Very little screening pigment is present if compared for

example with scarab beetles.

The cone tapers progressively and is only 3 µm wide where it meets the
retinula cell bodies (Fig. 4d, Sb).

The nuclei of the 7 retinula cells are

situated on the distal, i.e. cone side of the clear-zone.

The retinula cells

fonn a narrow 2-3 µm wide thread of seven cells (Fig. 4e,6c).
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threads cross the clear-zone the four thin cone cell roots, previously contained in the centre, move peripherally between the retinula cells (Fig. Sb).
The retinula cell threads are highly refractile (STREl3LE, 1960) and the cone
cell roots contain microtubu_les (Fig. 6c).

The clear-zone is at least 120 µm wide and appears to consist largely
of extracellular space, described as 'gelatinous' by ZIMMER (1897) and presumed to consist of hemolymph by STREBLE (1960).

On the proximal side of

the clear-zone the retinula cells swell to a size of 5-6 µm (Fig. 4f) and
produce astonishingly regular menorah-shaped rhabdoms (Fig. 7a, b; 8b).

At

this level light-adapted retinula cells are surrounded by secondary pigment
cells containing a large number of pigment granules of 0.4 µm diameter
(Fig. 7a).

Closer to the basement membrane a tracheal tapetum is developed

(Fig. 8b, 9a,b).

In addition to the regular shape of the rhabdom, it is the almost identical orientation from one ommatidium to the other of the menorah-shaped
rhabdom which is striking (Fig. 7a).

This degree of regularity is not

present in the moth Erebus, although it has similarly-shaped rhabdoms (Fig.7
in FERNANDEZ-MORAN, 1958).

The base of the 'candelabra' rhabdom in Atal-

ophlebia is formed by the 7th cell, which lies in one corner of the ommatidial square, more peripherally than the other six cells (Fig. 8a, 9a),and
turns into an axon at a level where the remaining retinula cells re-organize
to form a six-lobed symmetrical rhabdom (Fig. 9b).

Axon bundles, when pene-

trating the basement membrane, usually contain 7-8 axons (Fig. 10a).
b)

The lateral eye
The lateral eye is smaller and during development presumably functions

at an earlier state than the dorsal eye (GRAl3ENHORST, 1930).
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arranged hexagonally and have a diameter of 12-15 µm.

The cornea is 10-15

µm thick and biconvex.

As in the dorsal eye the principal pigment cells meet above the cry s talline cone just beneath the cornea, but in contrast to the regular orientation of the dorsal eye, the direction of the border between the two principal
pigment cells is not constant in the lateral eye.

Unlike the principal pig-

ment cells in the dorsal eye, those of the lateral eye do contain pigment
granules.

The crystalline cone is made up of four cells whose nuclei are situated
at the distal end.
type.

The cone is approximately 8 µm wide and of the 'eucone'

A checkerboard pattern of unequally stained cone cells reminiscent

of that described for the bee by SKRZIPEK (1971) is found in transverse
sections of the crystalline cone.
The lateral eye is of the apposition type and no clear-zone is developed.
The rhabdom is a centrally situated composite rod of 1-2 µm diameter, not
unlike that of the locust (HORRIDGE and BARNARD, 1965).

The number of

rhabdomeres (which corresponds to the number of retinula cells) is difficult
to determine, but it appears that there are at least eight.

Axon bundles of

up to 12 have been found (Fig. 10b), but could have originated from the
dorsal eye.
The separation into lateral and dorsal eye is continued well into the
organization of the optic ganglia: there are two laminae, two chiasmata and
even two medullae internae and externae (GRABENHORST, 1930; STREBLE, 1960).
The ganglia connected to the dorsal eye are more complex than those belonging
to the lateral eye.
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E.

DISCUSSION

While 1ve know something about the functional significance of the
di\·ided eye in the Whirligig beetle Gyrinus (BENNETT, 1967), at thi s s tage
we can only speculate about functional consequences in the male mayfly.

In

Gyrinus both dorsal and lateral eyes are of the clear-zone type, adapted to
see either in air or water respecitively, but the situation in mayflies is
more complicated, because the dorsal eye contains a clear-zone while the
lateral does not.

The orrunatidia of the dorsal eye, regardless of the fact that they are
square in cross sections, are twice as large as those of the lateral eye,
a situation which is also met with in dragonflies (EXNER, 1891).

Dragon-

flies, while on the wing, charge at other insects from above; good acuity
and narrow interommatidial angles (see page 231) on the ventral side are
therefore advantageous.

Male mayflies do not .feed, but they pursue females

in the same fashion as the dragonfly catches its prey.

It seems that the

lateral eye with its smaller ommatidia is the structure providing more acute
vision and that the dorsal eye has evolved towards a dim-light receptor of
hi gh sensi t i vi t y .

Although dorsal and lateral eye occupy different loca-

tions of the head, they do not have entirely separated receptive fields:
a considerable visual overlap exists.

This is important if the two struc-

tures are meant to compliment each other's performance.
The structural differentiation into apposition eye (lateral) and clearzone eye (dorsal) enhances the presumed functional dissimilarity of the two
s tructures.

If indeed mayflies allot acuity and sensitivity to two differ-

ent eyes and use them independently according to environmental brightness
conditions, there is no need for pronounced anatomical dark-light-adaptations
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like those found for example in scarab beetles (see page157 and HORRIDGE
and GIDDINGS, 1971).
This notion receives support from the finding that in the dorsal eye
principal pigment cells lack screening pigment and that the amount of pigment
granules contained in the secondary pigment cells is small.

The lateral eye,

on the other hand, has dense layers of screening pigment around its crystalline cone.
Changes during dark-light-adaptation in insect clear-zone eyes usually
affect the position of the distal screening pigment, the length of the crystalline thread and location of retinula cell bodies (see page /57 and HORRIDGE
and GIDDINGS, 1971), i.e. the site where these changes take place is the
distal side of the clear-zone.

In contrast to this common situation in in-

sects, it is the proximal pigment . which migrates in the mayfly.

STREBLE

(1960) reports that following dark-adaptation all the retinular screening
pigment has moved below the basement membrane.

Personal observations

suggest that he means pigment contained in accessory pigment cells rather
than in retinula cells.
The crystalline cone appears to be optically homogeneous.
make it difficult to imagine how any image could be produced.

This would
Most probably

the dorsal eye in the dark-adapted state increases sensitivity by summing up
light at the receptor level which enters the eye through many facets and is
distributed from the cone tip into the clear-zone by a Gaussian curve.

Hence

the dorsal eye of the male mayfly appears to follow the scattered light model
of HORRIDGE, NINHAM and DIESENDORF (1972).

Since in the dark-adapted state

all proximal pigment is retracted to a position below the basement membrane,
the light is reflected at the tapetum and traverses the rhabdom for a second
time; thus sensitivity is further increased.
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position of the di s tal screening pigment and the shape of the cone do not
change significantly, but owing to proximal pigment movement the rhabdoms
become isolated from each other and presumably develop a narrower aperture .
The tracheal tapetum becomes . screened and loses its reflecting effect becau se
of the movement of proximal pigment towards the clear-zone.
STREBLE (1960) states that the ommatidium of the subimago of Cl oeon
stretches from 235 µm to 370 µm after its final moult into the imago.

He

presumes that hemolymph is pumped into the clear-zone, raising the dioptric
system to a height which is necessary if the erect EXNER image is to fall
upon the receptor layer.

Since no cell borders other than those of the seven retinula cells are
found in the clear- zone, MEYER-ROCHOW (1971) conforms to the hypothesis of
a hemolymph filled clear-zone.

STREBLE's suggestion that the optical prop-

erties produce EXNER's superposition effect, however, cannot be accepted.
Structurally, and with regard to changes upon dark-light-adaptation, the
dorsal eye of male mayflies

resembles the compound eye of Chera,x des t ructor

(l'l'ALCOTT, 1973) more closely than those of other insect orders.

No explanation can be offered at this stage for the regular orientation
of the rhabdom: if it were connected in any way with polarization sensitivity
the change of the asymmetry into a symmetrical organization just above the
basement membrane would be a puzzle, since this would effectively prevent
any polarization sensitivity.

Equally enigmatic is the duplicity of the

optic ganglia.
In conclusion the lateral eye of the male imago of At alophlebia cos t -

a l is appears to be a typical insect apposition eye with a fused, central
rhabdom.

The dorsal eye, on the other hand, shares some features with clear- 287 -
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zone eyes of decapod crustaceans: a) its facets are squares as e.g. in the
shrimp ScyZZarus (EXNER, 1891); b) as in the crayfish (BERHARDS, 1916) darklight-adaptation causes changes in the position of proximal pigment; and
c) as in most crabs and shrimps investigated (CARRICABURU, 1968) cornea and
cone are optically homogeneous.
The separation into dorsal and lateral eye still awaits a convincing
demonstration of a division of functions.

With both eyes on one side intact

one cannot conclusively locate high acuity in the lateral and high sensitivity in the dorsal eye.

Therefore (supposing intracellular recordings are

not possible), the visual perfonnance (i.e. acuity, sensitivity, colour
discrimination etc.) of the two eyes should be tested separately by studying
the behaviour of animals in which dorsal or lateral eyes have been painted
black.
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FIGURE

1
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Fig. 1

Longitudinal sections through the ommatidia of Cloeon dipterum.
a)

Ommatidium of the lateral eye.

b)

Ommatidium of the dorsal eye after last larval moult.

c)

Ommatidium of the dorsal eye in the male imago.
reproduced from STREBLE, 1960.

C=cornea;
cell;

K(Kz)=crystalline cone (cell); H=primary pigment

N=accessory pigment cell;

Rand Rt=retina;
(hemolymph);

Sz=retinula cell;

Rh=rhabdom;

retinular pigment;

Kt=retinula cell nuclei;
Ft=thread;

T=tracheae;

V=vesicles;

Bm=basement membrane;

- 289 -

L=clear-zone
Rp=

Tz=tracheal cell.

JHE DIVIDED EYE OF THE MALE MAYFLY

~
...-.....,.,.....,--...,.___-_ C

ff---,
L--

,....
I~.

;i )

'. ,1

.1

.:

..

..

,•

>.r ;.\,:

----llh

T

·.• \I .

. :.· ' .

I-

.• : . i·

I

'I t

I

'•'.

I

i,
·,

a

b

THE DIVIDED EYE OF THE MALE MAYFLY

FIGURE

2
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Fig. 2

Scanning electron micrographs of the eys of the
male l\layfly Atalophlebia cos ta Us.
a)

A considerable overlap, as indicated by the dotted
line, between the receptive fields of the dorsal and
the lateral eyes exist.

In addition to the four com-

pound eyes there are three large ocelli.
b)

Dorsal and lateral eye in higher magnification.
The border between the two eyes is contiguous.

c)

The dorsal eye consists of square facets, while
the lateral eye consists of smaller, hexagonal ones.

d)

Facets lying at the edge of the eye, develop
irregular shapes.
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FIGURE

3
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Fig. 3

a)

Cross section through the squares of the
corneal lenses in the dorsal eye. Scale as
in b).

b)

In 'primitive' insects the two principal pigment
cells project into the space between crystalline
cone and cornea.

The orientation of the border

between the two principal pigment cells is
identical throughout the eye.
The scale is 10 µm.
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FIGURE

4
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Fig. 4

Light rnicrographs of transverse sections through the eye, cut
at various levels.
a)

The scale is 10 µrn.

The four cone cell nuclei occupy the distal region of
the cone .

b)

The crystalline cone is surrounded by two principal pigment cells whose cell borders are just visible (arrows),
and 8 accessory pigment cells, whose nuclei are seen at
the four sides of the cone-square.

c) and d).

The crystalline cone tapers progressively (arrow)

and, at its end, is surrounded by the nuclei of the seven
retinula cells.
e)

The retinula cells form narrow columns (circles), which
cross the clear-zone.

f)

190-200 µrn below the surface of the eye the retinula
cells increase in size and form the rhabdorn.
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FIGURE

5
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Fig. 5

a)

Electron micrograph of crystalline cone
and surrounding pigment cells.

b)

Just above the clear-zone the extensions
of the crystalline tract (CrTr) move (arrows)
from the centre to between the retinula cells
( RetC).

- 293 -

THE DIVIDED EY E OF THE MALE MAYFLY

THE DIVIDED EYE OF THE MALE MAYFLY

FIGURE

6
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Fig. 6

a)

Transverse section through crystalline cone
region of the lateral eye.

The cone cells are

stained to differing degrees.

b)

The lateral eye is of the apposition type and
has a centrally fused rhabdom.

c)

In the dorsal eye narrow retinula cell colunms
of seven cells cross the clear-zone.

Four

extensions, containing microtubules, of the
crystalline thread are found between the
retinula cells (arrows).
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FIGURE

7
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Fig. 7

a)

The menorah-shaped rhabdom is surprisingly
regular in both organization and orientation.

b)

The base of the 'candelabra' is formed by
the seventh retinula cell whose cell body
lies in the bottom corner of each group.
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FIGURE

8
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Fig. 8

a)

Transverse section just above the region
where the rhabdom is formed.

The seventh

cell, further proximal to form the base of the
'candelabra' (b), lies out of place, but has
a narrow finger-like protrusion towards the
centre of its retinula cell group (arrows).
The seventh cell contains pigment granules.

b)

The typical shape of the rhabdom.
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FIGURE

9
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Fig. 9

a)

Almost over its entire length each rhabdom
is surrounded by tracheoles.

b)

At a level, where the seventh retinula cell
has turned into a large axon, the other
retinula cells re-organize to form a sixlobed symmetrical rhabdom.
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FIGURE

1Q
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Fig. 10

Bundles of eight (a) and of 12 axons (b) .
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EPILOGUE

In the recent concentration of compound eye researcl1 on the central
mechanisms, i.e. neural proce~sing of information in optic ganglia and
brain, the retina is in danger of being ignored.

The author hopes to

have demonstrated that there is still much of interest and value to be
learned about this important aspect of insect vision.
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