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Cotpound oyu of n!n of Qgg xg 1]; &JI_LL N,
Wor, Qmya saliforaices califgrafgus ¥. Morn, Magaceshyle
*rg"n; m Bray. and w W Nerbst,
" Nerth. mrw ucm‘vumn vare quuw Ny e,
uonrski h\toruronco. ud soqmnng olectndh nicroscopus
Using 2 gonionotric ftold of viow' ibﬂarotus. ongles of
visua? fields wero deternined then ploztod on Mollweide
homolographic projectjons. Tﬂﬂs 1nc1uded deriving a
farmula to calculate monpscopic. stereoscopic, and bl1nd .
regions both in ste*adians and as a peﬂentage surfoce .
aroa of the homolographs Eyes of A ‘Schwarzi adults have
both the largest monoscopic and- blind areas; those of
C. tranquebaric& adults, the largest stereoscopic areas
of the visual fielj ’ ) |

fIntergeneri_\;tatistica1:ana1yses were made using
data from visual field areps and from measurements of eye
structures, CoqpoFﬂegns based on eye size showed two n~{

groubs;'Sma]l e&es.-noctuinal A. schwarii and nocturnal

4Q. californicus, and large eyes, crepuscular M. carolina

and diurna] 6. tronquebarica qoults. Three cotegorfes for

eye function were 3hown: scotopic A, A. schwarzi and M.

cgrolina; scotopic 8, g.vCalifornicus; and photopic, C.

trancuebarica adults. ‘Photopic eyes also occur fn these



S - ' ‘
ined: C. clfr!g $aTlo. C jnbg;
im ms mug. c. !g andy rgmm ‘ouun.

.'13 scotopic A; the apotypic state is. photcp{F R i!glg;

adults have second8r1ly evolved scotopic A eyls
€icindelid eye structure and*function was c6mpa;ed

w1th that of two representatiVes of thetr probable fT?ter

taxon, the Carabidae. Adult nocturnal Pterostichus

.melanarius IT1iger are small- eyed and in the scotobic B

functional category; diurnal Elaphrus americanus DeJean

are large-eyed and photopic. It 1s concluded that scotopya
and.photopy'have'evolved thrgugh paral]elism in these
sister taxa. ' ' ‘ »

' A1l beetle eyes examined are eucone End have a "sub-
corneal_tayer“}betyeen cor al/ﬁgnses and crystalline cones.
They have a distal rhabdomere composed of hfcrovilli only . .
from rétinuli cell seven:-a more proximal.%;ectangular
.fused rhabdom formed from six retipula cells, and a basal
eighth retinula ce1i w1fh a spherical ;habdomere. Eye§.
of diurnal and crepuscu]ar'beetles are large and bqlbohs
with inferfacetal mechanorecepfors.

The cel]ular fine structure of photopic eyes of

-

0 s.’
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C. t:an;Lgbarics was further examined by scanning.®lectron
and transmission electron micrbssopies. The subcorneai,
layer has lamellae of endocutjcle consisting-of uicro-
fiﬁriis having a chitin core with protoin deposits aiong,
~ their lengths. In syrfaét view this layer consists of
 concave po‘%zons}_ Extensions of the crystaiiinovfhread

form intér-‘

retinula cells 1/2, 3/4, 5/6, and 741.- Twn‘;rinary pig- | o
ment. cells are de'void of pigment granules, but Qre ric-n in,.

rough endoplasmic reticulum. Proximal to each retinula

tinular fibers@ontatning microtubules between

céll nucieus are two basa] bodies, one perpendicuiar to the

other. The proximal basal body extends two fibrillar feet y
which fuse to form a horizontally banded ciliary rootlet

which extends the retinula length peripheral to the rhabdom
Hultivesicular and onion bodies are near the proximal

rhabdom apd onion bodies are‘aiso in some of the 16 second-

ary pigment cells. Other secondary pignent cells contain

pigment granules and some contain vesicles surrounded by
microtubules.

Interfacetal mechanoreceptors W&ve a single biopolar
fnnervation with a typic;l dendritic sheath, tubular bony,
-.c¢ilium, outer and inner.sheéth cells, and‘an axon su}rounded
by a neurilemma sheath celi.

Structures are discussed in relation to their func-

tion in the eye. It is postulated that the opsins of visual

>
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pigments may bn'xynthosizod-in oit@ir the primagy pigment .

and/or rct;nu1a cells. Visual protoihs are probabdly

v ;\herolygod fn multivesicular and. onfon bodfes. Liptd

* droplets surrounding the ocular sclerite may store vitamin
. . . R . » » .

Al' the precursor of the visual ¢hromophore.
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“When we reflect on these facts, here given much
too briefly, with respect to the wide, diversi-
fied, ang gradhated range of structure in the
eyes of the lower animals; and when we bear in
mind how small the number of all living forms
must be in comparison with those which have
become. extinct, the difficulty ceases to be very
great in bel{eving that natural selectfon may
have converted the simple apparatus of an optic
nerve, coated with spigment and invested by trans-
parent membrane, into an optical instrument as
perfect as is possessed by any member of the
Articulate Class.”

-~ Darwin (1859)
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1. General Introduction ‘
Eyes stimulated by virious wavelengths of ligﬁt (
elicit neuronal responses and provide animals with vision.
Adult insects have evolved a coapOund eye conposcd of func-
t1ona1 groups ternod onnatidia. each with a lens lnd rotinal
structural component. Selected reviews on insect oyo ‘struc-
ture 1ncluda:Fornindoz-Norin; 1958; Ruck, 1964; Trujillo-
Cendz, 1966; Gribakin, 1969 (in Russian); and Trujillo-Cenodz,
1972. Reviews discussing structural and physiologiéal
aspects of insect vision are: Buddenbrock, 1935; Goldsmith,
1964; berhhard. 1965; Wolken, 1968; Mazokin-Porshnyakov,
1969; and Goldsmith and Bernard, 1974. Neurop;ysiological
central nervous system information procesging for vision,
1nc1ud1ng intensity-evaluating systenms, colour-selecting
systems, and pattern recognition systems are rev1ewed‘1n

the proceedings of a symposium by Wehner (197,2) which I
reviewed elsewhere (Kuster, 1973). Current biophysical
exp]anatiqns of photoreceptor optics are\;::>ussed by
Bernhard et al. (1972), and in the proceed¥ngs for a work-
§hop by Snyder and Ménze] (1975). 1Included in theA1atter
+ treatment is an explanation of the mechanism for polarized
light detection in compound eyes. Biochemical and.physio-

logical aspects of visual pigments involving the chromophore,

11-cis retinal (vitamin A] aldehyde), bonded to an opsin



(protein) as the photoahcm1cal intermediate in the trans-
duction mechanism to all-trans retinal plus opsin are
discussed in the proceedings of a symposium edited by
Lander (1973). A comprehensive review dn.nost'apsects

of insect vision 1s in a recent book edited by Horridge

" (1975).

No scientist by training or inclination, can experi-
_ment and be critical in all the heterogcnoou§ aspects of
vision research. Considering this premise, the first part
of this.thesis answers questioné concerning structure and
function of cicindelid compound eyes as an adaptation to
the environments in which they live. Eyes of males of one
species of each of thq four North Aucriéan genera of )

"\ .3
Cicindelidae (Coleoptera) were examined. Beetles used were

adults of Amblycheilg,schwarzi W. Horn; Omus californicus

californicus W. Horn; Megacephala carolina mexicana Gray;

Cicindela tranquebarica Herbst. Since adults of Cicindela

lepida Dejean and §1c1nde1a belfragei Sallé have apparently
become secondarily creﬁqscular. their eye structures are
also described to determine 1f these eyes have evolved in
response to this behavioural adaptation.

The question arises as to why tiger beetles were
chosen fbr a detafled examination of eye structure and func-
tion from an evolutionary approach. This bias is based on
my hypothesis that since there is a behavioural transforma-

tion series from a plesiotypic (ancestral) nocturnal to

crepuscular to t e‘apotypic (derived) diurnal diel activity
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within the four North American genera of cicindelids

(Chapter 2), that there may also be a parallel transforma-
tion series in struS*ure and function of their compound
eyes. [ therefore believe this to be an appropriate family
to work with in attempting to infer evolution of eye struc-
ture and function in relation to.diel activity.

The only détailed research on larval stemmata.and
adult compound eye structure and function of some‘species
of Cicindela is that by Friedrichs (1931). On questioning
the structural attributes of eyes of individuals of other
cicindelid genera, he wrote (translated from German):

"It would be particularly interesting to establish

in what manner the eyes of these nocturnal and

crepuscular cicindelines have been adapted to their

way of 1ife: it may well be assumed that super-
position [scotopic] eyes with pigment displacement
have been formed, while the day-running or flying
cicindelines possess apposition [photopic] eyes

(1ike Cicindela)."

To answer some of Friedrichs' questions, this presenta-
tion provides the following:

1. Descriptions of a method for quantifying stereo-
scopfc and monoscopic yisual field areas and a
discussion o% their béiaQioural significance
(Chapter 3).

2. Descriptions of the cellular organizationr of
these beetles based on histological examination
(Chapter 4),

3. Descriptions of the relationships between visual
fiéld areas and eye structure to eye size groups

(Chapter 4).



4. Descriptions of the relationships between eye
structure and function by gfouping struEtures of
these compound eyes into scotopic and photopic

"functional categories (Chapter 4).

5. Descriptions of the relationships between eye
size groups, functional eye categories, an& diel
time of activities in terms of a reconstructed
phylogeny of the Cicindelidae (Chapter 4).

Structure and function of cicindelid eyes are then

compared to eyes of individuals of their probable sister
group, the Carabini, to determine if carabids with s1m11a}
diel activity have evolved similar eye structures. To
answer this question, eyes of adults of nocturnal

Pterostichus melanarius I11¥ger, and diurnal Elaphrus

americanus Dejean are described. Eye structure is then

related to eye size groups and eye functional categories
of the cicindelids and the phylogeny of these sister taxa
(Chapter 4).

From examination of the fine structural cellular

organization for vision in eyes of Cicindela tranquebarica
Herbst adults, conclusions are made in Chapter 5 concerning
function of this derived cicindelid eye.

Although Eakin (1966; 1972) discussed évo]utton of
the structure of invertebrate photoreceptors at the class
level, and Wolken (1975) considered evolution of photo-
processes and photoreceptors in invertebratedgnd vertebrate

phyla, most literature on insect compound eye structure and
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function, gives only descriptions of single species.
Studies on eyes are therefore required in closely related
genera and species. By intergeneric and 1Atcr3pec1f1c
'compar1sons of cicindelid and carab}d beetle compound eyes,
this investigation begins to £f111 this void 1n‘un¢trstand-
ing the evolution of {nsect eyes. Although not as detailed
as this study, there have been other contributions toward
this end. Scott (1937) discussed the relationship of eye
shape and number of ommatidia to diel activity and feeding
behaviour for several families in many insect orders.
Pritchard (1966) compared angles of visual fields, inter-
ommatidjal angle, diameter of cofnea] lenses, and pigment
distribution of adult anisopteran dragonflies belonging to
64 Australian species. These observations were discussed
in relation to their role in prey capture and diel activity.
Japanese workers have estimated diel activity of insects '
based on internal structures of insect eyes: several families
of Lepidoptera (Yagi and Koyama, 1963a; 1963b); bombycid
and saturniid moth genera (Koyama, 1964); genera of
lamellicorn leaf-chafer beetles (Gokan, 1973); and
cerambycid beetle genera (Koyama et al., 1975). By examin-
ing compound eye structure, Yagi (1953) determined the
taxonomic position of the Hesperiidae (Lepidoptera). Yagi
(1951) stated that the pseudopupil provides valid evidence
for the relationship of various families of Lepidoptera.

He postulated that thg origin of a species begins from the

di fferences of the sense organ which perceives the mate and



since visual cues are dod1nant.in bufterf1y courtship, the
origin of a species begins with a change in eye structure!
From a reconstructed phylogeny of the brachyceran and
cyclorrhaphan Dfptora.,wada (1975) used 48 species of 26
families to discuss evolutionary trends of'two.rotinal

* structural types. However, he did not correlate diel
activity or mechanisms of prey capture to eye structure

as this study attempts to do.

<



2. Taxonomic and Ecological Considertations
\

Within the order Coleoptera, suborder Adephaga, there
are four North American genera of Cicindelidae (Anblzchoilg;.
Omus, Megacephala, and Cicindela) grouped into thé tribes
Megacephalini and Cicﬁﬁdelini (Schaupp, 1883; Horn, 1908-
1915; translated by‘H1111s, 1969; Loﬁg. 1920; 1926; Drah!iy.
1930; Arnett, 1946; Hatch, 19§3; and Arnett, 1968). How-

ever, earlier workers include Amblycheila and Omus in the

tribe'antichorini, Megacephala in Megacephalini; and Cicin-

dela in Cicindelini (Lacordaire, 1843; 1854; and Thompson,
1857). The dendrogram (Fig. 1) represents a regznstructed
phylogeny, based on the classification of Horn (1926), to
show cladistic relationships of the taxa studied by me. The
compound eye structure and function is incorporated into
thi; phylogenetic framework (Section 4.4.6).

Adults of genera included in the subtribe Omina are
nocturnal and have relatively small heads and small eyes
(Schaupp, 1883; Vaurie, 1955), while adult megicepha]ines
are crepuscular with large heads and bulbous eyes (Horn,
1908-1915). Secondarily, adult omines are incapable of
flight. Adult cicindelines are diu?na] and have large heads
with prominent eyes and are generally capable of fljght
though there are some exceptions (Leng, 1902; Hofn. 1908-

1915; and Arnett, 1968).
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Adults of Amblycheila are nocturnal (Snow, 1877;

Brous, 1877; Scﬁaupp, 1383; Horn, 1908-1915; Vaurie, 1955;
and Kuster, 1976), however, during warm and humid days they
have been obServed to leave their self-dug holes or the1r

shelter 1in kangaroo rat burrows (Williston, 1877; Horn,

1908-1915; trans1ated by Lawton, 1972). Amblychei]a?adu1t§
- are flightless and inhabit semi-arid regions at high alti- _
tude (Vaurie, 1955) Adu1ts of AA. schwarzi W. Horn (Fig. 2)
were 1dent1f1ed using the Keys of Horn (1926) and Vaurfe
(1955). On a June night salitary adults were coilgcted
among boulders in the quartz, monzonite granife, canyon wash
‘of Upper Covihgfon Flat in Joshua Tree N;tional Monument,
Riverside County, CaHifornia (Kuster, 1976).

- Adults of Omus are generally nocturnal (Edwards, 1875;
Schaupp, 1883; Leng, 1902; and gorn, 1908-1915), but are
diurnal during the spring matfng season (Horn, 1908-1915).
Mark, release, and recapture records of adult 0. audouini
Reiche and of 0. dejeani Reiche indicate that these beetles
are active during all hours (Maser and Beer, 1971). Adults
hide under stones, wood, bark, or soil, usually on dry sub-
strates far from water (Horn, 1908-1915). Adults of Omus

califo}hicus californicus W. Horn (Fig. 3) used here were

identified using keys of Horn (1926; 1930). Specimens were
trapped by pitfall in Sonomp County, California, 4 km south-
east of Anguin, by D.H. Kavanaugh, and I collected others
at near darkness in June at the forest/beach interface of

McClures Beach, Point Reyes National Seasﬁbre, Marin County,

Y



Figs. 2-5. Dorsal aspect of four adult cicindelid beetles
used in this investigation.

Scale = 5 mm

Fig. 2. Amblycheila schwarzi W. Horn.

Fig. 3. Omus californicus californicus W. Horn.

Fig. 4. Megacephala carolina mexicana Gray.

Fig. 5. C(Cicindela tranquebarica Herbst.
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California.

As their name denotes, adults of Megacephala have
large heads, and large eyes. These beetles are active-dur-
ing twilight hours (Horn, 1908-1915) and many are attracted
to lights (Graves and Pearson.'1973); In the mid-summer
mating season, they may-be diurnal (Horn, 1908-1915). Dur-
ing periods of repose, 1nd1v1dua1s inhabit holes dug by
themselves along grassy meadows, or natural cracks in the
edrth, They make little use of their wings (Horn, 1908-

1915). Adults of Megacephala carolina mexicana Gray (Fig. 4)

were identified using keys of Horn (1903; 1926). During
July, specimens were collected at dusk by G.E. Ball in the
state of Oaxaca, Mexico, 10 km north of Valle Nacional.
Adults of Cicindela, the most devived cicindelid
genus, are brightly colored beetles w%th targe heads and
" prominent eyes (Schaupp, 1883; Leng, 1902; Horn, 1908-1915;
Bradley, 1930; and Wallis, 1961). They are active on cle
warm days, but during the night and on cloudy days. hide in
shallow burrows dug in the substrate (Davis, 192?5 Species
have radiated into open sandy, clay, or alkali habitats
along ocean shores, lake shores, river banks, and mud flats
(Léng, 1902; Horn, 1908-1915; and Wallis, 1961). The prin-
cipal diurnal species used in this study was Cicindela

tranquebarica Herbst (Fig. 5), but eyes of adult C. limbata

nympha Casey, C. limbalis Klug, C. repanda repanda Dejean,

and C. longilabris Say were also examined. Specimens were

identified using the keys of Wallis (1961) and Willis (1968).
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Adults were collected from May to September in open sandy
areas on sunny days at Edmonton’, Devon, and Bon Accord,

Alberta. Since adult Cicindela lepida Dejean exhibit bf-

modal activity rhythms of day and Jﬂilight.'fheir eyes were
also studied. G.J. Hilchie collected specimens at twilfght

and'1n daylight on sand dunes at Empress.,A]berta.

Eyes of Cig?ndela~belfrage1 Sallé adults were also
examined to,he?laﬂf’y their taxonomic position. Earlier
h

workers placed this taxon and Cicindela pilatei Guerin-

Ménéville in a separate genus, Dromochorus (Guérin-Ménéville,

1845; Salle, 1877; Lacordaire, 1854; Thompson, 1857;
Gemminger aue de Harold, 1868; Casey, 1897; Leng, 1902?
Lantz, 3905; Schilder, 1953; and Rivalier, 1954). OQther
workers considered these two species to belong to Cicindela

(Schaupp, Th83; Horn, 1886; Horn, 190841915; 1926;\Leng,

{QZQ; and Bradley, 1930), but the subgenus Dromochorus js
now accepted by Arnett, 1968; Gaumer and Murray, 1971; and
Graves and Pearson, 1973. These adult beetles are crepuscu-
lar and flightless, running at dawn and twilight in grass
near sandy roadsides in the southern United States (Jones,
1884; Knaus, 1900; Leng, 1902; Lantz, 1905; and Graves and

Pearson, 1973). Specimens of Cicindela belfragei Sallé were

collected by R.R. Murray in Hamilton County, Texas, 7.5 km
north of Hami]ton.

For comparison of eye structﬁre and function in rela-
tion to diel time of activity and to phylogeny, two carabids

were also studied. I collected brachypterous, nocturnal
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Pterostichus melanarius I11iger adults by pit fall during

July in mixed boreal forest leaf litter along the Mcintyre
River on the campus of Lakehead University, Thunder Bay,
Ontario. Eyes of i more derived carabid, Elaphrus lmcricinus
Dejean were also ek;m1neq. Like most adults ™ Cicinaela.
these beetles are helio;hilous and capable of flight. In
July, on the sandy shores of Black Sturgeon Lake, 144 km
north of Dorion, Ontario, I collected several 1nd1v1duals.'
Bbth carabids were 1d;nt1f1ed using the‘keys of Lindroth
(1961; 1963). L |
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3. ‘xalcu1@t1on and Significanzl of Visual Field

5reas of Some cicindelid Beetle Compound Eyes

3.1 Introduction

Although insect compound eyes are ifmmobile and later-
ally positioned on the head, they huvelthe capacity for
_both monoscopic (monocular) and stereoscopic (binocular)
viston, Depth bercebtion, or binocular visfon is usually
achieved via over1dp of visual f1e1ds of both eyes. Esti-
mation of‘depth is more precise when the image of the object .

is projected on symmetrical visual cells in the left and

L
d

right eye. It is therefore assumed that predatory insects
attack when the victtm is centered between~thei; eyes
(Mazokhin-ior%hnyakov, 1969; Horridge, 1977a).

Man; experimental methods have been devised to q;antify
visual field areas and to demonstrate binocular visual

ability in insects. Baldus (1926) shone light into eyes

of nymphs of the dragonfly species Aeschna cyanea Mull. and

from the position of bilateral 5Zeudopupils, drew visual

axes of individual ommatidia extending from the eyes to

the protracted labium, He showed that maximum depth per-
ception occurred between the extended labial hooks and
concluded that focal ledyth for binocular vision had evolved™
with labium 1engtg,$05%rovide an efficient prey capture
mechanism. fﬁﬁ?;/using pseudopupils, Seitz (1968) concluded

\
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that adults of Calltgho%a erythrocephala Meig. (Calliphoridae)

have. a visual field of 190° horfzontally and 198° vertically.

Using angular measurements from serial paraffin sections,

Butler (1973a) demonstrated that adults of Periplaneta

americana L. (Blittidaa) have a vertical visual field of

198° with a 40° dorsal overlap, and a hogjzontal visual

field of 240° with a 65° anterior and 56° posterior overlap.
Mazokin-Porshnyakov (Table 8; 1969) summarizes angular values
of binocular visual fields of seven insects obtained by |
various authors.

Hocking (1964) examined hand-cut sections from the
estimated horizontal axis of adult eyes of 28 species of
insects in 13 orders. Using an ocular goniometer, he meas-
ured horizontal axiaf angles and vertical axial angles of
these eyes. Via trigonometric manipulations of these angles,
he calculated the horizontal field of view, horizontal
binocular field, and vertical binocular field. Of the
insects investigated, the mean angle of vision in a hori-
zontal plane was 157°, 68% forward; 32% backwards. Gener-
ally, he concluded that an angle of blindness exists
posterforty extending nearly 40° on either side of the mid-
line. Between the frons there are 20° of binocular vision
and 10° dorsally and 3° to 4° below the insect khead. The
1nsecg's mean total field of vision in steradians is 10.5
and'tﬁ; mean binocular visual field is 1.6 steradians (12.56
steradians = 1 unit sphere).

Maldonado and Barrés-Pita (1970) concluded that female
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mantid eyes have an area for fine estimation of Igstance
for prey capture. This area is termed the "fovea" b§
angogy to the structure in vertebrate eyes. Individuals

of the mantis Stagmatoptera biocellata were mounted between

goniometers; ome behind and one lateral to the insect. The
eye was symmetrically illuminated by bifurcated Fiber-lite
and the angles of the pseudopupil was observed, then mapped
on eye surface projections. Once pseudopupii area was deter-
mined, various regions of the eye-were painted and success-
ful prey capture responses recorded. Additional experiments
by Barros-Pita and Maldonado (1970) concluded that the fovea
had a smaller radius of curvature and a greater concentration
of ommatidia. They postulated that the fovea of one eye
working with the complementary fovea of the other eye
enabled precise estimation of catching distance through
binocular vision. Further research by Lévin and Maldonado
(1970) concluded that the fovgal regions of the mantid eyes
are generally precisely aligned Qith the victim before
successful prey capture. Horridge (1977a) reviews the func-
tion of foveae in other predatory insect eyes and Sherk
11978) relates fovea position to adult prey capture
mechanisms in dragonflies.

Investigations of ommatidial and interommatidial
angles have clearly demonstrated binocular vision by insect
eyes. By plotting interommatidial angles in vertical and

horizontal planes of eyes of adult Apis mellifera L. (Apidae),

Baumgartner (1928) and Portillo (1936) discovered that the
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angles are smaller in the centre and iarger at the periphery
of‘ghe eye. Resolving power of central ommatidia is two to
th;;e times ﬁ1gher than that of peripheral ommatidia. For

a review of angular dimensions of fields of vision and
interommatidial angle values for various 1nse§ts. see

Autrum and Widerman (1962). Using measurements from eye
sections, Goldsmith (Table III; 1964) indicates overlap of
adjacent ommatidial visual fields. Bernhard et al. (Table I,
1972) tabulated the interommatidial angle (angie of
divergence) and acceptance angle. (opening angle of the
ommatidium) of many insects. Methods to obtain these data
include: eye-scalps, pseudopupils, and intracellular electro-
physiological recordings. These authors concluded that
visual fields of neighbouring ommatidia overlap since the
ommatidial acceptance angle is greater than the inter-
ommatidial angle. Burkhardt et al. (1973) proposed a mathe-
matical model for the structure of visual fields of insect
eyes based on interommatidial angles between adjacent
ommatidia. Frontal areas of the visual field were projected
from measurements of "critical angle" for one and both eyes

of Aequiaster polytechnicus Bu. (Diopsidae); for*both eyes

of A. lindaueri Bu., A. exheri Bu., and A. frischi Bu.
adutts. Only angles of visual fields and not visual field
areas were calculated.” These researchers suggested that
maximum depth perception occurs at the distance equal to
half the span between the eyes projected in the forward

direction. Current methods for calculation of interommatidial
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angle and width of field of view of an ommatidium are
explained by Horridge (1977b). Other investigators have
determined the visual field of individual retinula cells and
proven an electrophysiological basis for angular sensitivity
(Washizu et al., 1964; Burkhardt et al., 1966; Tunstall and
~~Horridge, 1967; Horridge et al., 1970; Eheim and Wehner,
1972; Horridge, Giddings, and Stange, 1972; Snyder, 1972;
Goldsmith and Bernard, 1974; and Horridge et al., 1976).
‘ Future models for determining absolute visual field
angles and areas will probably be based on the concept of
"neural superposition" (Kirschfeld, 1967). This term is
used when axons of different ommatidia that see the same
point of visual space are }eceived by a single lamina car-
tridge. Accurate limits of monoscopic and stereoscopic
perception will be calculated from detailed examination of/
central neuronal interconnections of both eyes in the lamina
ganglionaris, medulla, lobula (and Tobula plate). Sugh
histological information will then be coupled with simulta-
neous intraneuronal electrophysiological recordings from
both eyes initiated by varied wa?elength. intensity, and
ané]es of electromagnetic radiation.

Homann (1928) was the first to use techniques similar
to those used here. He suspended the cephalothorax of adults
of Epiblemum sp. and of Evarcha sp. (Araneae: Salticidae)
on a universal joint between two perpendicular goniometric
rings. Observed through a microscope, the cephalothorax

was rotated through 180° and angular measurements of the
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three pairs of ocelli were recorded after each 10° rotation.
Visual field angles then were plotted on a henispherica]
proJection * The hemisphere represented the cephalothorax
Qith the visual fields occupying areas on the hemispnere.
Although no mathematical detail; were given concerning the
derivation of the projection, 1t appears to be pseudo-
orthographic with one standard parallel and mer1d1an He
made no attempt to quantify visual field areas. HOWever,
he graphed frontal, dorsal, and lateral §ter oscopic and
monoscopic areas of the visual field, 'and importantly,
demonstrated differences In visual abilities between these
two genera of salticid spiders,

The purpose of the following experiments is to provide
a method of comparing visual field areas of eyes of indi-
viduals of] the four North American genera of C1c1nde1idae.
A model is'presented which maps visual field areas of one
and both compound eyes on Mollweide homo]ographs. Formulae
are derived to compute surface areas of monoscopic, sterep-
scopic visual fielcs, and blind regions both in steradians,
and as a percentage of surface area of the unit sphere
homolographs. This technique transforms the shape of any .
- compound eye into a spherical representation for qualitative
and quantitative comparisons of visual field areas. Since
none of the eyes are spherical, and this model is based on
a unit sphere, the results have inherent mathematical dis-
tortion. But this distortion can be assumed to be constant

AN
for each eye examined and since the experimental treatments
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- are similar, this model can be used for intergeneric com-
parisons. The areas of visual fields of individuals of

gonofa of tiger beetles are discussed in rclatioﬁ to eye
size and shape, antonna{‘lcngth; other structural ratios,

and pertinent behavioural ict1;1t1cs.

3.2 Materials and Methods ,

For scanning electron microscope (SEM) examination of
eyes, beetle heads were washed in Tide R laundry detergent,
rinsed in distilled water,‘then fixed in 5% formalin. After
dehydration in ethanol, heads were cleared in xylol and
afr-dried overnight (Hollenberg and Erickson, 1973). The
heads were carbon and gold coated to a thickness of 15 to
20 nm using an Edwards lZf vacuum evaporator, then examined
with a Cambridge Stereoscan S4, Scanning Electron Microscope
(SEM) at accelerating voltages.of 20 to 30 kV. Observations
were recorded on Kodak Plus-X Pan Professional PXP-120 roll
film. Number of ommatidia were cognted frﬁm enlarged SEM
photomicrographs and from double repficas of celloidin
casts of eyes made from a silicone rubber mould (Lawko,
1971). Measurements of structures were made with an ocular
micrometer in a Wild M5 dissecting microscope. f

Visual field angles were determined u;1ng a "gonio-
metric field oépview" apparatus. This ingtrument was
designed by Dr. W.G. Evans, Department of Entomology, to

measure angles of infrared detection of sense organs on

Melanophila acuminata De Geer (Bruprestidae). Modifications
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to this instrument made visual field angle measurements

possible. A gonfometer is an instrument for measuring
angles and 1n this apparatu{'(rig. é), }vo disc ganiolotors
of 360° were used. To oObtain an¢1cs of visual fiolds. throo
4‘1: heads (bh) from each :poci of the four geners were
1ndiv160011¥ mounted on a pin o#’tho horizontal bar (Nd).
The 0° reading, both 6n the ocular"gonioucto} (og) and
stage gonfometer (sg) were rolordod when the cross hairs

fn the ocular lens (01) were positioned at the exact centre
‘ (o;) was then
A

each 10°

of the compound eye.~ The ocular goniomet
X
rotat1d fn 10° increments throulh 180°.

rotation of the ocular gonifometer. (og), was rotated
10° using the horizontal bar (hb) to once again place the
centre of the eye on the éﬁzss hairs. The vertical bar (vb)
was rotated unti] the margin of the last facet at the‘ocular
sclerite was in the centre of the cross hairs. The angle

of rotation indicating the v1§ha1 field angle was recorded
directly_fron the stage goniometer (sg) as indicated by the
pointer (pt). Two rotation;‘of gho vertical bar (vb)ain
opposite directions were necessar} so that two readings

were recorded for each 40° rotation of the ocular goniometer
(0og). The ;yo angles represent one visual field angle
above, and one angle below the centre of the eye which are
separated by 180°. For example, at rotation of the ocular
goniometer (og) equal to 20°, the stage goniometer (sqg)

_angles represent the angle of the field of vision 20° below

- e
the centre of the eye (i.e., towards the mouth of the beetle)
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Fig.

Goniometric field of view apparatus, showing
beetle head (bh); horizontal bar (hb); -vertical
bar (vb); pointer (pt); stage goniometer (sg);
ocular lens (ol1) with cross hairs; and ocular
goniometer (0g).

Scale = 10 cm
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and 1ts’180° complement'(the angle of the field of vision
20° above the centre of the eye towards the posterior vortei
of'the beetle head). 1In tois way, visual field anglesg for
the total circumference of the eyes were recorded from the
stage goniometer (sg), after the rotation of the ocular
goniometer (og) and ‘Qe compound eye through 180° in 10°
increments. }

The visual field angles were. then piottod on Mollweide
homolographic projections (Mollweide, 1§06; 1807). A
homolograph is an equal-area map projection_;apable'of ;how-

ing tho entire surface of a unit sphere in the‘form of ao

ellipse (Fig. 17). A1l latitudes are represented as

straight lines which are more widely spaced at the equator
than at the poles. Distances of latitudes from the-equator
are determined by the laws of equal surfaces, and their
valugs have been tabulated (Deetz and Adams, 1945) between
é‘e limits 0 at the equator and 1 for the pole. The central
meridian is one half the length of the equator. All merid-
fans are parts of e]]ipt}za] arcs except the meridian of
90° on either side of the'central meridian which appears~
in the projection as a circle. The mathematical description
and theory for construction of the Mollszido'homolograph
projection are given in Melluish (3931);7Ma1nwaring (1942),
and Deetz and Adams (1945). Wj

Such representations ofcptgdal flelds‘w;re drawn for
one eye and then bdﬁh eyes. “Tio projectjons were drawn for
both eyeJ

-il

one.d!sp]aying‘forward visual field areas; the



26
“

other, dorsal visual field areas. The surface areas of the
visual field area of one e}e and monoscopic, stereoscbpic.
and bl1ind regions for the two proJechons of both eyes were
quantified in steradfans and as a percentage surface area
of the unit sphere homolographs. A steradian 1;-; unit of
measurement of solid angle that is expressed(af’the solid
angle subtended ’at the centre of the sphere by a portion
of the surface whose area is equal to the square of the

radius of the sphere. One steradian,= :

- w of the solid

angle around a point, and there are 4 _’Qadians on the
surface of the unit sphere of radius eédai.;s one (Weast,
1975). | | |

To calculate the visual field areas from the homolo-
graphs, the following formulae were derived: From Fig. 7,

the surface arga..of an infinitesimal str1¥ centered on the

coordinatd t~) on the unit sphere (radius = 1)
= cos B - dedé¢
From Fig. 8, the surfacp area of the stippled strip

®
= A(e]ezn °]¢2)

= [ [ cos 6 - dede



0<¢q <¢p<2m

L <6,<6,<3
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- (¢, - ¢]v)(s1n 8, - sin 8y) -

Applying this formula to the homolographs, surface areas in

steradfans of 10° strips

N L

) - average longitude b fverage longi tude
' angle of ¢; in radians angle of 4, in radians

' sin sin
latitude - latitude
angle 92 angle 6.I

where ¢, and ¢2 are evaluated at latitude 6, and 62; where
92 = 91 + 10° and where 01 and ¢2 were measured directly

from the goniometric apparatus (Tables 3 and 5).

] Ae,+1o° _ [ 4a(8g) + ey(8,) . 6,(8y) + ¢,(0,) )
-~ ey z Z T80

+ (sin 8, - sin e])

Surface areas in steradL:ns of one eye visual field area or

monoscopic, stereoscopic, or blind regions
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= sum of surface areas of'cach 10°\str1p
from -90° to +90°

. 2-80° . ,-70° +90°
A‘goo + A-soo e« 00 + A+800

+90° (104+10)°
= . A ° '
T j--go. (IOJ)

b

A2

Surface areas of the visual fields as percentages of the
surface area of the unit sphere surface area where the sur-
face area of a unit sphere = 4rx

" J00 *90° (10J+10)° ¢
" L. o

3.3 Results

The character state of compound eye size has been used
by several.autho;s (Chapter 2) to characterize genera of
Cicindelidae. Adult eyes of the two nocturnal genera,

Amblycheila and Omus are comparatively very small (Figs. 9,

10); eyes of the crepuscular genus, Megacephala (Fig,
11) are large, and adults of the diurnal genus, CPcindela
(Fig. 12) have the largest and most bulbous eyes. The

vertex (v) of.C. tranquebarica is very concave (Fig. 12)

while the vertices of adult M. carolina is sligh ncave

(Fig. 1), But 0. californicus (Fig. 10) and A.



Figs.

Fig.
Fig.
Fid.

Fig.

9-127 SEM of the frontal aspect of heads of four

10.

11.

12.

cicindelid beetles, showing varfation imn eye

size and degree of convexity or concavity of
the vertex (v).

Scale = 500 um

Amblycheila schwarzi.

Omus californicus.

Megacephala carolina. L

Cicindela tranquebarica. B o
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adults (Fig. 9) have convex vertices. Eyes of A. schwarzi

adults (Fig. 13) are almost spherical while 0. californicus

eyes are elliptical in shape (F1;> 14). Eyes of adult
M. carolina (Fig. 15) and of C. tranquebarica (Fig. 16;

Kuster, 1975) are cordate, with the indentation positioned
at the vertex. Figs. 13-16 show that representative com-
pound eye§ of all four genera are convex and outer surfaces.
consist of convex, hexagonal corneal lenses (1). A ring of
cuticle, the ocular sclerite (os), defines the border of
the eyes.

Table 1 shows that adults.of nocturnal cicindelids
have fewer ommatidia thanrg;ve dults of diurnal-crepuscular
beetles. Adults of A. schwarzi /have long antennae and

fewer ommatidia per mm of antennal length than nocturnal

0. californicus adults; M. carolina adults fewer than diurnal

C. tranquebarica adults. Eye size is related to other struc-

tural ratiir in Table 2. 1In representatives of nocturnal
genera, eyis span less than one-third the head widths, but
in crepuscuﬂar and diurnal genera, eyes occupy approximately
one-half the head widths. From values comparing eye height
to head height, neither eyes of A. schwarzi nor 0.

californicus adults extend® above the vertex while both

eyes of M. carolina and C. tranquebarica do. It is possible

therefore to assume that both C. tranguebarica and M.

carolina adults see above the head, but that vision above

the vertex is less in eyes of A. schwarzi and 0. californicus

adh1tsf Ratios of head width to pronotum width indicate



Figs.

Fig.

Fig.

Fig.

13-16. Lateral view of compound eyes of cicindelid

13.

14.

16.

beetles, showing hexagonal corneal lenses
(1) and ocular sclerites (os).

Scale = 200 um

Amblycheila schwarzi.

Omus californicus.

15.

Megacephala carolina. ’

Cicindela tranquebarica.
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.that neither adults of A. schwarzi nor 0. californicus can

see behind their pronota. However, both ropresontatives
of M. car olina and C. trang"bar1ca have this ability. None
of these adult tiger beetles can see behind their elytraH
margins. | p |

Table 3 1ists mean visual fielq angles which were
- measured using the gonfometric field of view apparatos for
the left. compound eye of :kree 1nd1v1duals of one species
fn each cicindejid'genﬁs; SFruttura] reference pofnts are
1od1cated on the table and 0° reprosents the horizontal
centre of the compound eye. Data were plotted on Mollweide
homolograph projections (Figs.‘17-20).‘ The larger the data
point, the wider the field of vision, so comparatively, the

gradation A. schwarzi, 0. californicus, M. carolina, C.

tranquebarica represents the smallest to the largest visual

field area of one eye. Data from Table 3 were then plotted
on homolographs representing the forward visual field fog
both compound eyes (Figs. 21- 24) Centres of the left and
right eyes are labelled CL ond CR résoectively. and struc-
tural reference points are indicated. For' one and both eye
] hono]ographs, Table.4 quantifies forward visual field areas
in sferadi:ns and also as a percentago surface area of the
unit sphei%. ‘Monoscopic, stereoscopic, -and blind surface
areas are ‘tabulated., An exaople follows to clarify .visual
field area calculations. The surface area in steradians of

the 10° strip bounded by 6y = 0° and 62 = +10° for Cicindela

Tab 3, Fig. 20
tranquebarica (Table g )
4

L d
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Table 3. Mean visual field angles for the left compound
eye of one species of each of the four North
American genera of cicindelid beetles.

Angles of the Visual

Field for One Eye '
Degrees of D of
Rotation g ——— «— — n
adhir

Vertex
A 1} | c. ¢ L} 0 A
+90 128 122 148 143 143 148 122 128 +90
+80 117 118 145 142 138 144 115 126 +80
+70 116 117 140 143 132 134 111 127 +70
+60 111 117 146 153 133 126 104 122 +60
+50 108 115 146 153 121 113 101 113  +50
+40 11 }12 154 155 119 116 98 112 +40 '
+30 106 t¥1 142 146 119 118 94 99 +30
+20 102 101 134 156 120 114 92 97 +20
+10 97 106 123 142 120 114 89 89 +10 .
0 92 103 106 125 118 110 94 80 0
-10 92 110 104 122 120 1111 96 97 -10
-20 90 116 98 116 125 113 90 94 -20
-30 89 111 95 114 112 111 89 93 -30
-40 88 96 92 116 110 106 92 92 -40
-50 85 107 95 117 ~109 109 96 88 -50
-60 86 ‘107 95 118 112 106 93 86 -60
-7Q 85 104 97 104 113 102 94 83 . -70
- -80 90 101 105 103 111 105 99 - 86 -80
Mouth -90 93 102 106 102 102 106 102 93 -90 Neck

{>>
]

Ambjycheila'schwarzi

[
"

Omus californicus

Megac@pha]a gcarolina -

jo
[ ]

C1c1ndeia tranquebarica

longitude to the left of 90°

- 3 L2
—
[ ]

, = longitude to the right of 90°

e



Figs. 17-20. Mollweide homolographs of total visual field
of left compound eyes of one representative
species of each of the four cicindelid
beetle genera. Centre of left eyes repre-
sented as CL.

Fig. 17. Amblycheila schwarzi.

Fig. 18. Omus californicus.

Fig. 19. Megacephala carolina. .

Fig. 20. (Cicindela tranquebarica. .

il 0
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Figs. 21-24,. M?llweide homolographs of frontal visual
f

Fig.

Fig.

Fig.

Fig.

21,

22.

23.

24,

elds of both compound eyes of cicindelid
beetles. Centres of right (CR) and left
eyes (CL) are indicated. Stereoscopic
visual field area stippled, bTind area
black; and remaining area monoscopic.

Amblycheila schwarzi.

Omus californicus.

Megacephald carolina.

Cicindela tranquebarica.
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Table 4. Surface areas of the unit sphere homolographs
of forward visual fields for each of the four
cicindclid beetle eyss.
' o . "i . . L
A
' ’ Perceny
Visual Area of Arey of
Field . Steradfans Unit Sphere
Amblycheija schwarzi
One Eye monoscopic .5.63 " 44.79
' stereoscopic frons 0.54 4.30
stereoscopic behind 0.57 4.53
. 6.74 5§3.62

Both Eyes monoscopic X2 : 16.27 - 89.65
sterwoscopic frons 4,30
stereoscopic behind . 0.57 4.53
blind frons 0.06 0.48
plind behind : . 0.13 1.04

. 12.57 100.00
Omus californicus -

One)Eye monoscopic : 5.46 43.43
stereoscopic frons 1.29 10.26
stereoscopic behind 0.33 2.63

7.08 56.32

Both Eyes 10.92 86.87

1.29 10.26

: ~0.33 2.63

blind beh hd 0.03 0.24
—aYe —2.cT

12.57 100.00.

o
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‘ o b e
TabTe.4. Continued.
> - ‘ é* A_—-——M . ..c
s " Percent
T, Visual - Area in Arva of
e Fleld / Steradians Unit Sphere
One Eye  memoscapic . . 4‘»' | 4.5 35.88
steresscopic frons : .9 15.19
stereoscéopic hﬂhmj 1,64 ey
) ' —_—
_ - .o f’ 8.06 64.12
“Both Eyes “-Mi‘lcopicix’z - - gg% n;:
‘ $CcOP s . .
'3: copi! g:nd 1,64 13,08
’ 12.57 %~ 109.00
- \ 1 i
L :
giqndelg tr u i " \j
One Eye 'aonucopic h 'e.' L e 3.8) 30'.31
stcroucop‘lg frons R 1.8 23.0
- st‘rco:tppic &ohind - = 2,02 16.07
; ) 8.76 69.69
Both Eyes -ono!topic XZ e 7.62 i 60.62
stereoscopic’ frons . 2,93 0~ 23. 0
stomccopig.bompd Y _2.02 16.07
©12.57 100.00



S

o,+lo

01080 ¢ 2,08,) 0y(03) + 4,(0,) |
- A (J MAALL LGN/ LALIML/ AL Ly I

-

T S

A

(sin:QZ - sin o,).

(.

(_T___IZS - 142 ——T—M + 12 ) 1%6 3_(11@ 10‘4- sin 0°) -

4.4085 - 0.1736

0.7648 Sr . ‘_ .

&

g
The surface area in steradians of the visual field of the

left eye of Cicindela tranquebarica (Fig. 20) from -90° to
+90°

¥30' -70° . .+90° '
90 * Agoe - * Ago .

A

-90’ (10 +l°)‘

T k/‘” * |

0.0554 + 0.1696 + 0.2874 + 0.3979 + 0.4859
o + 0.5632 + 0,6438 + 0.7098 + 0.7345

. + 0.7648 + 0.7906 + 0.7458 + 0. 6716
‘ o + 0.5891 + 0.4886 + 0. 36d7 +0.2184
"+ 0.0780

o, 'T‘
8.7521 = 8.76 (frem Table 4 due to summation of
three visuul areas)




The surfa of the visual field of the- 1eft eye of

barica as a percentage of the unit sphere

'4):

Cicindela

surface is

100 7+90‘ (loJ+lo)°
T Ltgee Mr0p®
10

- 18 (s.76)

- 69.69%

In th1s way each visual field area was calculated for each
eye (Tables 4 and 6) .

From forward yisdlﬁ field homolographs (Figs. 21-24)
and Table 4, adults of the two nocturnal gemera have larger
monoscopic and snal1eéfstpreoscop1c areas of the visual
field, and also ethbf%’so;e b11nd?.}eas A. schwarzi
adults are blind above the mough Qnd Tike 1¢d1v1duaTs of

0. californicus, also arewblind!in the~n,s;p:\cr lateral v

direction. Both adults of M. carolina and Q,;tranquebgr ca

do not have blind areas in their forward visual field.

Stereoscopic areas in the forvarq;.ﬂatafal. and postcrior

¥

directions increase as' monoscepic Gecreases as a pcréontagc
of surface apea of the visual field. C. ;rtnguegarica
adults have the largei?J:;Z;J stefcostqgjc area of the i

visual field of any of the bcctlcs oxlnincd

| Tablc 5 tabulltos nean dorsal visual field anqlos for

[



" o . . . ® g - P
: | oo | " 539 -

. po
. .

Table 5. Mean dorsal visual field anglés for the left
c.ipound eye of one species of each of the four
North American menera of cicindelid beetles.

Angles of the VYisual N
s | Field for One Eye . -/~
Degress . . R Degrees
°f‘ . - ¢ a . . '_ °f
Rotation g * b - 7 >  Retatioen
) - - izi s
< -
Neck, |
[ . ’?Q' |
AL 0.0 M.C. T oC. M 0. A
+ 0 80 .94 110 118 118 (110 94 80 0
+10 89 -89 114 120 120 /111 96 97 +10
+20. 97 92 114 120 125 (113 90 94 +20
+30 - 99 94 118 119 112 /1117 89 =93  +30
+40 112 98 116 119 110 (106 ' 92 92  +40
+50 113 101 113 121 v 109 (109 96 88  +50
+$0 1227 ¥4 126 133 e 112 106 93 86 +60 -
+70 127 111 134 132 r 113 2102 .94 83  +7Q
+80 126 115 144 138 t 111 105 ° 99 86 +80.
90 128 122 148 143 e %02 ‘106 1p2 93 90
-80 117 118 145 142 x 103 105 101 90 -,ﬂ
-70 116 117 140 143 104 97 104 85 -70
-60 111 117 146 153 118 95 107 ' 86 -850
-50 108 115 146 153 117 95 107 85 -50
-40 111 112 154 155 116 92 96 88 -40,
-30 106 111 142 146 114 9§ 111. 89  -30
-20 102 101 134. 156 116 98 116 90 -20
-10 977 106 123 142 122 104 1190 92 -10
0 92 103 106 125 125 106 103 92 0 <
, i (,
: Mouth
A. = Amblycheila schwarzi ’
0. = Omus californicus
H. « NMegacephylp carolina .
C

. ® Cicindels tranquebari .
-——ihr-——:i?l' ~
_.13- longitude to,. the lef® of 0% . A
"9, = longitude to the right of 0° - '

.
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L
s. 25-28. Mollweide homolographs of dorsal visual fields
of both compound eyes of cicindelid beetles.
Centres of right (CR) and left eyes (CL) are
tndiceted.  Stereoscopic visual field area
stippl€d; b)lind area black; and remaining area
monoscopic . Y :
. 25. Amblycheila schwarzi. .
j. 26. Omus californicus. -
). 27. Megacephala carolina. 5 f‘
J« 28. Cicin;ela tranquebaricy. )
A
4 & \
- -
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Table 6. !%rface_areas'of the unit sphere homolographs 4
v of dorsal visual fields for each of the four
c1c1ndo1:d beetle eyes. '
‘ o . Percent
Visual % Area in Area of ;
Field o, Steradians Unit Sphere
- .3@‘ L
, Amblycheila schwagi&s~.; S Y
. C . -ut.’ ‘v e
One Eye monosCORA®. 4 . ~ 5.63 44.79
<. Ster scopic verteéx 1.03 8.19
T G stereoscopic mouth:§g neck 0.08 0.64
o 6.74 53.62
Both Eyes monoscopic X2 - . ' .27 89.65
: stereoscopic vertex” 1.03 8.19
stereoscopic mouth to neck 0.08 0.64
blind vertex A 0.04 0.33
blind mouth to neck 0.15 1.19
. s 12.57 100.00
. - :
Omus californicus
One Eye  monos@opic o 5.46 43.43
stereoscopic vertex . - . 0.91 " 7.248
stereoscopic mouth to neck 0.71 5.65
.. 7.08 56.32 -
Both Eyes monoscopic X2 N 10.92 86.87
stereoscopic vertex 0.91 7.24
stereoscopic mouth to neck 0.7 5.65
blind vertex , : 0.02 0.16
blind mouth to neck 9.01 0.08
12.57 100.00




Continued. ¥ ‘. %

a . » : ".’.‘, ": b

L

. Percent
Visual Area in ° Area of
Field, Steradians Unit Sphere
" ﬁ
o Megacephala carolina
Ong®Eye monoscopic 4.51 35.88
» stereoscopic vertex 2.60 20.68
- stereogcopic mouth to neck 0.95 7.56
o 4 4 8.06 64.12
-%8oth Eyes monoscopic X2 9.02 71.76
stereoscopic vertex 2.60 20.68
stereoscopic mouth to neck °0.95 7.56
‘i ‘ 12.57 100.00
Cicindela tranquebarica

One Eye monoscopic 3.81 30.3
stereoscopic vertex 3.13 24.90
stereoscopic mouth to neck 1.82 14.48
8.76 69.69
Both Eyes monoscopic X2 7.62 60.62
stereoscopic vertex » 3.13 24.90
stereoscopic mouth to neck 1,82 14.48
12.57 100.00

=

+
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the left compound eye of three 1nd1vidu;ls of each gonusl' o
These data were obtained by a 90° rotafion of each viq%’J“y
field l’lc given in T'ablmo that, for example, dutn

for 90° in Table 3 now ar ulap ‘oiulrononts for 0° 1n
Table 5. These data from Table § werg plotted on Nollweide
homolographic projections to show dorsal areas.of the visual
f1e1d (Figs. 25-28). Table 6, 11ke Table 4, quantifies
dorsal visual fleld areas in steradians and also as a per-
cbatagn surface area of tho unit sphere e

i Figs '25-28 and Tab{o 6 preévide dagg to prove that
adults of both A. schwarzi and 0. g.lifornicu; have 1|rgo
;flatoral monoscopic arels of the visual field. Stereosdapic
vision at the vertex and dbetween the uouth and Mck are _ .

'\anitod Thqsc beetles havc blind arcas.at the vcrt‘x and
botwocn the nouth and neck. Dorsal vi;ual field areas for
adult M. carolina and C. tranquebarica show they have smaller

lateral monoscopic areas of the visual field than the’
nocturnal beetles, but increased stereoscopic vision at
the vertex and between the mouth and neck. No blind areas
are indicated. Visual fields between mouth .and neck are ‘

- {mpossible and their appearance in the homolographs must be

assumed to be the result of plotting.non-ipher1c11 eyes.

This blind area is presumably small. . . : -

3.4 Discussion and Conclus1ons

_Unlike fast flying diurnal ldu!tt of gigigdglg
gggg‘ggglggg; or crcpuscular egacgghglg gg;gljl‘ adnlts.

. C . . '
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both fl{ghtless nocturnal adults of Omug 51111.;51;|g and
“Amblygheila schwarzi have small eyes. !.couclul. that

Wt

nocturnal cicindelids have not used tho strategy o
fpgreased eye size to cnhanco visual porcoption in dnrknlst.'
since aye size is larger tn diuraql beetles, Number of .
ommatidia 1s larger in adults of A schyarzi~than of Q.

californicus; of M. grgling than C. gtranqugbaricy adults,
which shows that ommatidial awmber is not linked to the

phylogeny of these beetles. A. schwarzi adults have rela-
tively long antennae as do adult M. ggvolina céiparcé to
californicus or C. tranguebaricy adults. Since thy
visua)l ability of A. schwarzi adults {s oxtro.ciy weak
(W4111s6n, 1877; Snow, 1877; Gissler, 1879; aid Hérn. 1908-
1915), these authors suggest that these bcetlos have an

\

lagufc sengse of touch. chichy concontrated in tMir long
and constantly vibrating antonnaed My field observations
support this hypothcs1s as thuso beetles appear to feel and
smell their environment (lustcr. 1976). The ratio of
lntunna! length to on-at!dill number shews that there are
colparatively fewer ommatidia per mm antemnal Tength in
those beetles with long antennae.

Adaptation for diurnal activity, flight, and fast
running behavigur has roqnirod‘an expansion in the visual

field. Eyes of C. tr !gsg!b!ric and M. caroling adults'
ocoupy more of tuc héad width and exceed the hcad hoight

N

permitting 1argor horizontal and vertical visud] fields ‘than
in adults of 0. gg!ifg:g gus or A. schwarzi. Although none

-
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of these butln have the capacity to.see behind tlnir .
“elytra, adulss of beth §. transusbarica eed . saralim @

can see behind tnir pronota.‘ The 11st of raties (m !)
does not, however, indicate ln sbsolute Hﬂh of visien.
Tiger bestles ¢isplay an slers mﬁml” 8y rears
ing up on the irothoncic legs so that the "bdom s
pressed to the substntc (Sdhciuu. 1987; Willis, 1967)..
Such () sunco may pon‘lt tM beetles to su/non of/xhu—r/
0nv1ronunt in the htcnt and postorior diru:ttons Th, -

more mtorior position and bulbous shape cf eyes of uu)t

L]

g W and N. gw‘llovs for larger ' stereo~"
- scopic anu of the visual Md in thc forward, postnior.

and dorul dirutun than s luonstntyd for tho tateral

flatter snll eyes of o1thcr 6 ch"fgrnig“ or A !.S.DI.IIL
adults. ST ‘- v N
‘  Other workors,havc luur{od visual fiolds of ropn- |
sentatives of Cjgindela adulits. Using ey§ scalps Friedrichs
(1931). calculated the total visual ﬂc‘ld of C. campestris
L. to be 206° in the horuutal direction; 172° vertically.
Approxiuhly 90° of thc forward visual field is binocular,

) coapw“ the vertical visual field of C.

lndn

.. .' " fu.fﬂdﬁ b;iow ﬂn central axie7df
' 'i"'fﬂ*ﬁs tnmfornd intd a sphrical

"'l}'-@ oRs hn. the horizontal visual field :

w ?rbst is 243¢ with a vertical visual
funp of us' (Teble '3).
| o
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with -
of L mnc a‘ h,néo m, uuo unoe »e 8 clnﬂy mﬂm w
rm‘w vissal fie1d experinents, !htu smmitidia sppear go
" function 1n depth (¢ mt«nu) and nuibl.v meveneat
perception frem stis U nco!ud by- npttﬂnl,ﬂlt“h:»

' in Soth eyes.. In the ¢ tnl regien of the m used for o
-onscopic Nuou. the o-otuh hn dnﬂ r .cmm | ::,
aagl’u. Stace hn eamatidia nl' m 'nctIu h nroobtna |
- of the incident 11ght rays, thess “lti“l, ney: bo coubln
of resolving a mere detatled !n.o of the m«u um 1 o
to the Jnsect but thess ommatidia may wot fuaction 15 iy

| porcqtion. Mso. uw of tnir kumr pover of
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-5*.,}-_ by Horn (1908-1915) and’hrochella (197.4‘a) indicate that

they capture some insects and they may have an unusual

( . paralyzing capab111ty for food capture (Iweifel, in Vaoria,
‘,w j§1955). Preda;gn& include skunks.»nocturna] birds((H1]1iston,
' 1877), and spiders (Vaurte, 1955). Lt would seem that their

| limited visual field areas are of 11ttle value in either

predatory or‘ escape behaviours They mlke no attenpt to .
"escape Froi“QhETv human captors. alT:wing ghense;;es to.té
picked‘up as though they were entirely blind (Snow, 1877;
Williston, 1877). I dasenot know if visual cues are invo}ved'

in finding a mate.

- } . -

Adults of Omus are attracted to meaty baits (Schaupp,
1883; Horn, 1908-1915; and Laroche]]e: T§Z4a), but Tittle ‘
else 1stknown of their predatory capabilities. They ar;\\f
prey of several species of birds and mammals (Horn, 1908-
915, Larochelle, 1978a). Skunks (Méphitis mephitis )
‘\é\c'/rebar, and Spilogale putorius L.) eat vulnerable teneraf.

adults, but visual cues seem not to be of valoe in siohting

this potential/d’nger since the beetles seldom e]icit an

appropriate escape response into their burrows (Maser. 1973)
Since adu]ts of Omus become diurnal during the mat1ng season
(Horn, 1908-41915), vision may be involved in seeking ; mate.

Adults of Megacephala run quickly and erratically, but

often crawl on to a stick or other prominence to take flight
(Mitchell, 1905). They have evolved good visual abilities
since they capture a large variety of terrestrial and

-
aerial insects (Horm, 1908-1915; Larochelle, 1974a). Spe-

' 4
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cific predators’of adults of Megacephala crt/not documented’

in the litersture. However, because of their jargo‘éye '

behaviour as is presumably used to 1ocite potentii} mates.
Literature s voluminous on diet and prey finding of
adults'of Cjcinde]q.v These c;rnivorés.nct1v01x hunt 94
variety 5fiiﬁsecti'1n all sgzge; of‘uétlldrégosis and
include some crustaceans in their:dtet'(ﬁftchell.‘1905;
Horn, 1908-1915; Moore, 1906; Wallfs, 1961; and Larochelle,
1974a). Moore (1966) recorded thaf‘distange Tocalization
of C. purpurea‘'0liv. adults for.fofmjcids.was 10 to 13 cm;
C. wepanda Dejean, 8 to 13 cm. aéﬁuﬁf (1925) o§seryed .

adults of C. punctulata 017v. detect Blisius ledcopterus

Say (Lygaeidae),,frop a distance of 5 to 8 cm. C. hybrida
L. adults attack creeping maggots, 8 to 12 mm 1n'1ength,
from a distance of 10 cm‘ZFr;edrichs. 19315: Distance -

localization for adults’ of C. campestris a?d'g. hybrida was

shown to be 20 go 30 cm (Faasch, 1968).  Considering field
o,f\",‘vision, perceptipn of direction, shape, and movement,

wiecimski (1957) investiéatéd pfey capture behaviour of
: : N -

[

C. hybrida L. When prey is sfaqked, adult beetles assume
the alert/}(iigl, align thef ody to the long axis 6f their
prey, thus pTacingJsthe preyf::SeCtly in their §tereosc0p1c
visual field,'then run and attack the‘vfctim. MSﬂes\;;;k
females using similar aggressive be;:‘iour (Faasch, .1968

From préy/capture experiments involving changes in light

intensity, Bauer et al. (1977) reported that a decrease of

Y

sfze 1t is suggestod'thgt vision is used to inftiate escapc-:



e

light 1ntens1ty reducos hunting success of adults of the
diurnq1 carabid, Notioghilus biguttatys. This discovory

. n;:‘;}ti—§yp1y to diurnal cicindclids for which the optimal
- o\pgica] rcsponse of their eyes has been selscted to

correspbrd to their diurnal activity during periods of

.
s

bright Hght,
| Despite their koon cyosiqht. adnlts ‘of _1545!21; are
under extre;e predation pressures from many sodrces asilids
L. (Wallis, 1913, Bromley, 1914 Graves, 1962; Lavigne. 1977),
/  formicids (Larochelle. 1972), arachnids (Day, 1969); also
amph1b1ans and reptiles (Larochelle; 1972; 1974b), birds
(Haser; 1973; Larochelle, 1975a), and mammals (Larochelle,
19755), 'Hquever, beetles in this.ggﬁus have idapted.several
strategies to survive in their vulnerable~d1urna1 niche.
When frightened by sudden movement or by a shadow, or grouﬁd
vibration from one to two meters away (Moore, 1906;
\>’ Friedrichs; 1931), a beetle assumes its alsri stance and
if stinuli;ion continues, it flies downwind. From m&.f
observatiors. upon landing, a beetle faces upwind with both
eyes.now directed at the danger. Using 1ts‘sfereoscop1c
\forward visual field it assesses the approximate distance
\\&of the attacker. If danger ensues, it flies and hides in
"nearby vegetation where its elyteral markings provide crypiic

colouration (Shelford, 1917). When attacked from above, ‘4.

as is the case with the collector's net, it can be concluded

that the bulbous eyes extending above the vertex:;::}ﬂ@
adequate visual perception since these beetles oftenh escape
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functional cato|pr1¢s. apposition cyos charactcristic

c!assificd colpound oycs of 1nsocts 1ato tuo struc

of d\ﬁrnareinsoqts active in bright sunlight; and super-

position eyns qhartctoristic of crepuscular and nocturna1

‘-
[}

insects. In an "ommatidium of an apposition eye, the.
rotinula As in contact with the apex of the crysta]Iinc
cone and a dcnso lax‘r of secondary pigment granules sur-
,'rounds ‘the cone peruitting,on!y light transuitted through
that cone to stimulate the undorlying rhabdon. Pig-ent

mégrations are not pronounced during 1ight and dark adapta-

tion. %hgreque. the image formed by an apposition eye .is

a npsaic conwéseé of apposed light fron~each 1nd1v1dual’
ommatidium (Hﬁlf;ﬁ. 1879). In an oinatidiuu of a-?uperposi-
tion eye, the rhabdom fs.not in contact with tho ‘apex of the
cone, the two structuris -being separated by a transp;rent
cleak _Zone. Secondary pignontvgraﬂ&les are capable of
migra . At night the ptigment migrates distally to expose
the cone apices permitting incident 1ight entering,one

omuati&iuh to-scatter over the clear.zone to stimulate

adjacent rhabdoms (Exner, 13!*)2 In this wai}r;/;uperposi-

)
. y ]
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**‘,.tiou uou1c luge 1e formed uith 1ncruud brightnennut '
' et the expenu of image \ruoluuoa (mmer. !070) Trachgae'
beween retinuh ce?ls ect es ' tepetu to nﬂect.light.;
tlws further 1ncreuing tht 1ntemﬂy -mm\ the oye
'(Bugn‘lon and Popoff, 1914). Y .
Recent'l,y (Golduith .end hrnerd. %'974). tem fgr tl;e

e ) iy Y NS .
' _!unctionﬂ cetegories of insect .conpound eyes heve been

L borrowed from cone and red visual .ston iof the vertebrate

"retine. "Apposition-and superpositioﬂ'eyec are now termed
“photepic” ‘and 'scotopic respectively A good 1xeap16 of
the\function of a photopic eye 1s given by Vdre!e and
Hﬂtenen (1970) for adults\oﬁ_ﬂé_ m!hﬁca L. (- A;
nelliferh L., Apidhe) Parallel Tight reys 1n the corneel
lens are brought to focus at a point about two thirds of
the way down the crystalline cone.. As Tight ;enetretes '

Y

f
beyond the focal point the reys diverge. lateral ’eys are ‘_
absorged by secondary pignent grenu1es. and only the centrel
reys proceed to the rhabdom for phototransduction. There-

‘fo‘e 1n this optice1 arrangenent. each ommatidium colle‘h.
1ight through a narrow angle and Tess ‘than 1" percent o0f the
light striking a rhabdom {1s received through ne1ghbour1ng
corneal Tenses (Shaw, 1969). ) '

In scotopic eyes, the transparent cleer-zooe or
"crystalline tract" is formed either as an extension of\"
Semper's cells (Horridge, 1968; 1969a), or by the distal
nonfrpebdomeric portions of the retinula cells (KuifEr,

]952; Miller 33 11..:1568;-and>06v1ng and Miller, 1969).



hypothesis to thc‘sunﬂ;ygsit[on mosatc

P theory of M 870), postulates that in derk-adapted

rounding cells (de Bru # '; + 1957) ’Thls hypothosis
' ts y . -’1n thc -traes ‘s -~
effective in stinulatfng tﬁdigif a! rotinu!ao ahd that light
| ‘entcrs the rhabdon’only in‘;‘pirpcndicuiar direction. ¢
Houever. Horr1dge (1971) showed that in clear zone scntopic
eyes. 11ght entering many facets is scattered upon severa]

. rhabdons thus increasing light 1ntuns1ty received by each
(Horridqc. Ninham, and Diesendorf, 1972, and Horridge,
1975b). Structural changos 1nc1u¢fng shortening of the

;o Cryital11nc tract, organelle novenent.in retinula cells,

". and pigment migrations for photopic and scotopic eyes during
) light adaptat1on are reviewed by Walcost (1975).

’fw In this chapter, the structure of eyes of one repre-

F iéentat1ve species from each o? the four Norfh Américan

genera of C1t1nde11dae is described us1ng 1ight microscopy
Since adults of C1c1nde1a 1cpida Dejean exhibit a bimodal

diurnal and crepqscular activity, specimens collected at
@ twilight were examined to determine whethey these beetles
have secondar11y evolved scotopic eyes for vision in near

darkness. The ce11u1ar organization for vision of crepu-

scular, flightless adults of Cicindela (Dromochorus)
belfragei Sallé is also analyzed because of their diel

: S
activity, and because of the ranking of this taxon al a
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separate genus by some tlxononist;.(Chlptor 2). To ascer-
tain c.Huhn chanqos in eyes cauud by light d”t‘vation.
histological features of cycs of C. trgngugbtric! Norbst
and C. limbata n _l_g__ Casoy adults are described following
dqu‘adaptation. Eyos of specimens of C. leptdy collected |
"durtng day ’ght4)rc also to‘dGQCribc diel activity
changes 11. hese eyes. Eyes of two carabini; the sister

group to cicindelids (Arnett, 1968) are also studted to

determine if there are similarities in® ure and

function based on diel activity. Carabids exam1q;d were )

adults of nocturnal Pterostichus melanarius Illiger.'aﬁd

diurnal Elaphrus americanus chean.

Eye sfze groups and ?;nctional photopic an&?scotopﬁc
ctﬁggories for these beetle eyes are determined from measure-
ments of structures. These groups and catejories are
related to diel! activity and discussed in relation to
cellular organizat1on in other insect eyes. From a recon-
structed phylogehy of these beetles, an hypothesis is pro-
posed concerning a courseuof evolution of compound eye
structure and function and v1sual‘ab111ty of cicindelid and

-

carabid beetles.

4.2 Matertals and Methods
Tissues used for SEM were 5repared as described in
Section 3.2. Histological material for light microscopy
(LM) was fixed in hot 80 pércent ethanolic Bouin's Duboscq
(Pantin, 1962). Excised eyes were delydrated in tertfary
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butanol then double embedded using Peterfi‘'s cebloidin-  °
pariffin technique (Pantin, 1962). To facll{ﬁito section-
fng of .these hard beetle heads, the knife nnd:wux Ulock,
" were *chilled. Scci}ons werg cut at 10 to 12 pn'using a
. Lg1tz Wetzlar rotary nic;otonc.~ The knif‘ Ul; groun&od to
prevent build up ef static electricity. 'Longftudinai.and
transverse sections were treated in ilturatod mercuiic
chloride containing § gorzent ;éct c acid mordant solution
(Pantin, 1962). Precipitations of) ercurous chloride and
- metallic mercury were "enoyed using ‘Bram's varfation_of
' Lugol's'iodine solution. A 3 percent sodium thiosulfate
solution removed Lugol's solution (Mumason, 1962). Sections
were stained with Mallory's triple stain (Pantin, 1962) an&
mounted with Canada balsam. ® Representative photographs
. were taken using a Carl Zeitz‘U1traphot II microscope on
. Kodak Plus-X, Pan Professional, 10.2 x 12.7 cm sheet film.
Unstained sections were examined using a polarizing petro-
grapﬁic ﬁicroscope and tMé Becke line (Blo#é, 1961) was 8
observed to move into eye structures wiq‘ the higher refrac-
tive index. Using a Carl Zeitz Photomicroscope Il with
Nomarski interference optics'(NlM). some relative refractive
indices (nf of structures were determined. Dark-adapted ¢
beetles were deprived of light for five days before fixation.
" The retinula was assumed to be a cylinder consisting
of three portions: the clear zone, rhabdom zone, and basal
zone. These volumes and volumes of the rhabdom zone of the

basal retinula cell were calculated as cylinders. Volumes



. - 7s
o - % .
of the rhabdom of the retinula rhaddom zoﬁo'vofo calculated
s a soltd rectangle. Coqparativc measurement data were
~“kstatist1ca\ly analyzed usf'% computer programs for One-Way
Analysis of !uricncc and Duncan's New Wultiple Ian.o Test

of Means’ (Sokq\ and Rohlf, 1969).

. t\\ ‘. - ° '
4.3 Results

]
4.3.1 Structure of Eyes of One Species of Each of the

Four North American Genera of cicindelid Adults

4.3.1.1 ‘Gonoral Features

Ommatidia of coahound eyes of insects are ofgan1znd
fnto two distinct structural and functional regfons; the
Tight rocoiving or dioptric apparatus, with associated pig-
ment cells, and the light pcrcc1v1ng apparatus, the rotinula.
with associated pigment cells., Figs. 79-82 are diagraanatic
representative longitudinal secgions of ommatidia. Figs.
29-32 1llustrate longfitudinal sections through compound
eyes of one species from each of the four North Ancr;can
g‘nera of Cicindelidae. These figures show the distal
corneal lenses (1) having a thin corneal layer (t), and
crystalline cones (c). Normally, the dioptric apparatus
of eucone eyes (sensu Grenacher, 1879) consists soleI} of
these two structures. Hongver, in cicindelid beetle eyes,
a third layer has been discovered between lens and cone.
This layer is termed the “subcorneal 1ay;r' (c1) beéause

of fts position and structural similarity to the corneal



Flgs. 29-32. LN of Tongitudinal sections of compeund eyes °
] of ctcindelid beetles. Shown are: thin
cornea) layer (t); cormeal !ous'zi); sub-
~corneal layer (c1); crystallime comne (c); .
retinula (rt); rhaddom (r); dasgl retinula
cell (b); basement membrane (dm); axons (d);
Tamtna !cnglioaaris 19);: secondary riglnnt
.colls s p); and bdasa t,iglont cells (bp).
Note pigment accumulation (pa) in Fig. 32.

Scale = 200 um

Fig. 29. Amblycheila fchwarzi.

Fig. 36. Omus calfifornicus.

Fig. 31. Megacephala carolina.

Fig. 32. Cicindela tranguebarica.
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lens,s'Thcse beetles therefore, have a three laycrcd‘diopiric

apbarqtus. Althdugh not visible in these figures, two

grimary.prment celis (;lso termed pr1nc1pJﬁ pigment cells,

Hauptp1;mentzellen, Forneag;nous pigment cells, and primary

iris cells; Goldsmiph.,1§64),-wh1ch are devoid of pigment

granules-surround gach crystalline cone. Obltque rays

. entering the eye, which cannot be focused by the dioptric
apparatﬁs,.are absorbed 1}tera11bey pigment granules 1in
secondary pigment cells (2p) (also termed Nebenpigmentzellen,
-secondary iris celis, iris pfgment cé11s. and outer pigment

| cells; Goldsmith, 1964). In longitudinal section of the
wholé eye, most of the pigment . appears as an opaque qistal
arch (Zp) surr&unding tha crystalline cones. Secondary
pigment granules are more densely aggregatéd and apéear

black in eyes of nocturnal A. schwarzi and 0. californicus

Qs -
adults, compared to the less dense brown pigment granules

in eyes of M. carolina and C. tranquebarica. The dioptric

-
L4

‘.« apparatus is connected to the retinula by a crystalline
thread which is shrouded by secondary pigment cellis. This
thread . is an extension from each of the four Sempe?'s cells
‘which surround the quadrantslof the crystalline cone.

. -The retinula (rt) extends proximally from the tip of
the crystalline thread to th'e basement méhbrane (bm). A
cluster\of seven neyrons or retinula cells constitute the
retinula. Microvilli of indfvidha] retinula cells consti-

tute a rhabdomere. *ﬁabdomeres of the retinula cells

interdidgitate to form a central rhabdom (r) which appears
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as a so11d'11ne running centrally through the vertical
axis of each retinula. Distal to the basement membrane,
each ommatidium has an eighth or basal retinula cell (b)
having a separate rhabdomere. Basal pigment cells (bp)
containing pigment grgnu]éﬁ surround this basal retinq]a
cell. Phototransduction occurs at the rhabdoms (Hoglund
et al., 1973). Each of the eight retinula cells extends an
axon (a) to interneurons in the lamina ganglionaris (1g9).
Tables 7 andn8 pro#1de measurement data and some

volumes of eye structures. Measurements were taken randomly

from five different ommatidia. »’

4.3.1.2 Dioptric Apparatus and Interfacetal Pegs

The dioptric apparatus consists of the corneal lens,
subcorneal layer, and crystalline cone. In eyes of
nocturnal adults of éf.schwarzi and 0. californicus, it

L

occupies approximately half the ommatidial length and is

longer than the retinula. In crepuscular and diurnal eyes

of M. carolina and C. tranquebarica adults it is approxi-

mately oneithird of the ommatidial length and 1is shorter
than the retinu1a.(Tab1e 7). . .
4.3.1.2.1 Cornea1 Lens
Scanning electron micrographs (F1gsl 33-36) show that
corneal lenses (1) of these beetle eyes are apparently con-
vex distally and hexagonal. Longitudinal sections (Figs.

39,40,41,42) show that Tenses are proximally convex so that
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Figs. 33-36. SEM of convex distal surfaces of hexagonal

Fig.
Figl
Fig.
Fig.

Figs.

33.

34,

35.

36.

corneal lenses (1) of ommatidia, showing
the scratched thin corneal layer (t). Note
cuticular pegs (cp) between some lenses of
eyes of M. carolina (Fig. 35)*gph c.
tranquebarica (Fig. 36).

Scale = 10 um,

Amblycheila schwarzi.

" Oomus californicus.

Megacephala carolina.

Cicindela tranquebarica.

37-38. Same, of cutfcular pegs (cp) of interfacetal

mechanoreceptors of adult eyes of M. carolina
(Fig. 37) and C. tranguebarica (Fig.
Note ecdysial scar (es).

Scale = 1 um
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Figs. 39,40,41,42. Longitudinal soctisns of lamellated (Im) -

Fig.

Fig.

Fig.

Fig.

Figs.

Fig.

Fig.

corneal lénses (1) and crystalliine cones
(c). Note variations in leagth and
siepe of cone sfdes. SUrroundiu:‘tuc
cones are two Semper cells (s) shrouded
by secoadary pigment cells (2p). The
subcorneal layer (cl) is also shown.

Scale -‘20 um

39. Amblycheila schwarzi.
40. Omys californicus.
41. Megacephala carolina.

42. C(Cicindela tranquebarica.

/

43,44, Same, of the extension of four Semper's cells
which form the crystalline thread (ct).

Scale = 20 um

43. Megacephala carolina.

44. Cicindela tranquebarica. ' TN
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clons Q‘qtact 1s made with the distal cencavity of the -
uaderlying crystaliine come (c). Lenses consist of heri-
zonta) lamellae (Fig. 41). Although nof cnienat'c'd. tn‘io
Tame11a¢ bave o verfety of -refractive 1ndices under Nomarskt
interference »cm.', Lontﬁ wd dluiton'of_ ionu are
gives 1a Tadle 7. E3me-of Shagocturss) besties have the * *
Tongest lenses and represent Targer pe cuuni of o-at1-’ .
d1al lengths (Tadle 7). \_’:5

None of the corned! lenses of these beetle eyes have
corneal nipples (Bernhard et al., 1968). Particularly on
eyes of mocturnal adults of A. schwarzi and those of
crepuscular adults of M. carolinm, 1sl| thin corneal layer
(t) over the surface of the lenses (Figs. 33-36). MHisto-
chemically, the thin corneal layer is acidophilic since 1t
stains with phosphomolybdic acid. Yhe surface of the thin
corneal layer is scratched (Figs. 33-36). Table 7 lists
the thickness of this layer.

Thin films of transparent substances such as magnesium
fluoride (HgFZ: n=1,38), applied to camera lenses reduce
reflection from the lens surface by interference. Attempts
were made here to determine if this thin corneal layer acts
as such a thin film. Knowing the refractive index (assum-
ing fixation and dehydration did not induce iny changes)
and thickness of the thin cor:oal layer, the possible inter-
ference ability can be calculated (Fig. 45: modified after
Halliday and Resnick, 1970). If light strikes the lens at

nrar normal incidence (8), a phase change of 180° 1s associ-

I



air
n=1.00

thin corneal
layer

n=135

\5\____/ < corneal lens
? *n>1.35

i = incident ray
r = reflected ray

r1 = reflected ray.
¢ = angle of incidence '
and angle of reflection 4 5

92
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ated with each ray since at the upper and lower §urfaces '
of the film the reflection is from a medium of greater
refractive index. There is no net change in phase produced
by the two reflections (P.r1) which indicates that the opti-
cal path difference—}oévdestructive interference is

13
(m = 1/2)t leading to:
2dn = (m + 1/2)1

where d = thickness of thin corneal 1ayer
n = refractive index of thin corneal layer
m = 0,1,2,...(minima)

Tt = wavelength of 1ight

.Tab1e 9 lists the wavelengths of light which would produce
minimum ref]ection if the thin corneal layer functions as

an antireflecting layer (see discussion; Section 4.4.1).

4.3.].2.2 Interfacetal Pegs
Scattered between lenses (facets) of adult eyes of

M. carolina (fig. 37) and C. trangquebarica (Fig. 38) are

triangular cuticular pegs (cp). There is approximately one.
peg per 20 ommatidia with a total of approximately 210 per
eye in adults of M. carolina and one peg per 15 ommatidia

(total of 260) on eyes of C. tranquebarica adults. Pegs

are slightly taller and wider in eyes of C. tranquebarica

(Table 7). These structures are not present on eyes of either
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adults of A. schwarzi or 0. californicus (Figs. 33,34).

Since the pegs appear to lie on a cuticular articulating
membrane and since there is no ‘hole at the apex, it is
assumed that these structures function as mechanoreceptors.
However 1n‘Fig. 37, a pit is clearly evident on the side of
the peg. From its position it is likely the ecdysial scar
(es) of the dendritic sheath (McIver, 1975).

4.3.1.2.3 Subcorneal Layer

The suﬁ%orneal layer (cl1) is attached to the proximal
surface of the corneal lens (Figs. 39,40,41,42). This layer
is acidophilic, staining with phosphomolybdic acid. Its
thickness varies ITable 7) from 2.33 um in eyes of adult

A. schwarzi, 0. californicus, and M. carglina to 3.49 um

in eyes of C. tranquebarica. The subcorneal layer is
thicker in the diurnal cicindelid than in the nocturnal

and crepuscular tiger beetle eyes. Using a polarized
petrographic microscope and following the Becke 1ine into
media of higher refractive index, the subcorneal layer was
observed to have a higher refrattive index than the corneal
lens, but a lower value than the distal portion of the
crystalline cone. This layer then refracts incident light

tbward the centre of the underlying cone.

4.3.1.2.4 C(Crystalline Cone
A1l eyes considered here are eucone type. C(Cones con-

sist of four quadrants in transverse section. In longi-
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tudinal sectfon (Figs. 39,40,41,42), they are conical but W
vary in length, width (Table 7), and acuteness. A trans-
parent, thin, Semper cell surrounds each of the four
quadrants of the crystalline cone. Nuclef of Semper's
cells (s) are located beneath the subcorneal layer. These
~four cells surround the crystalline cone and are themsdlves
enveloped by secondary pigment cells (2p) (Figs. 39,40,41,
42).. From Becke 1ine movements, the crystalline cone can
be shown to have a higher refractive index than the corneal
lens and therefore functions in bending the incident light
rays toward the medially s1tuat;d crystal]ine thread. Figs.
46-49 show optical paths fnto the compound eyes. Light was
transmitted through histological longitudinal sections of

the dioptric apparatus.

4.3.1.3 Crystalline Thread

Elongations of four transparent Semper cells, which
extend proximally to the distal tip of t?é\ret+ﬂu{3 ce[ls,
form the crystalline thread (ct). In Iongitudinal seg}ion
(Figs. 43,44), it appears as a thread and has a higher refrac-
tive index than that of the surrounding tissue. In eyes of
adults of the nocturnal genera, it is very densely surrounded
by secondary pigment granules. In transverse section, 16
secondary pigment cells (2p) form a stellar arrangement
around the four quadrants of the threads (ct) (Figs. 50-53).
In Fig. 53 two primary pigment cells (1p) are also visible.

Crystalline threads are longer in eyes of diurnal and



. 46.
. 47,
. 48,

. 49,

Figs. 46-49. Optical.pathi through long1tudinalrsoction;i} -

of the dioptric apparatus. Light 1s trans-
mitted into the corneal lens (1), through
‘the crystalline cone (c) and along the.
crystalline thread (ct). Oblique rays are
absorbed b{ pigment granules in secondary
pigment cells ?Zp). Light was transmitted
antidromically through these sections.
Scale = 50 um,

Amblycheila schwarzi.

Omus californicus.

Megacephala carolina.

tg;fb

Cicindela tranquebaricﬁl
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Figs. 50-53. Yransverse sections through crystalline
' threads (ct), showing secondary pigment cells

... (2p) and in c tranquebarica (Fig. 53), two
: primary pigment ce11s (TpT.

Scale = 20 um

Fig. 50. Amblycheila schwarzi. ‘.

Fig. 51. Omus californicus.

Fig. 52. Megacephala carolina.

Fig. 53. Cicindela tranquebarica.

Figs. 54-57. Same, through distal tips of retinula cells,
_ showing seven retinula cell nuclei (n) and
central fused rhabdoms (r)

Scale = 20 um

Fig.

Fig.

Fig'

Fig.

54.

55.

57.

Amblychefla schwarzi.

Omus californiqus.

Megacephala carolina.

cindela tranquebarica.
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crepuscular beetles (Table 7).

4.3.1.4 Retinula Cells

Dis£a1 transverse sections of the retinula cells
(Figs. 54-57) r?vea] seven nuclei (n) of retinuld cells.
The seven retinula cells of‘ommatidia of A. schwarzi adults
(Fig. 58) and of M.garolina (Fig. $9) consist of a clear
zone (cr) and a rhabdom zone (rr). Retinulae of eyes

of adult 0. californicus (Fig. 59) and of C. tranquebarica

(Fig. 61) consist only of a rhabdom ibng (rr). A1l have a
basal retinula zone (br). Transverse sections through the
rhabdom zone show rectangular, fused rhabdoms (r) in the
centre of the reti a cells (Figs. 62,63,65,66). Two

. retinula ce11s.co ibute microvilli to form'the rhabdom

on the long sides; one cell on each short side. The rhabdom
occupies a greater percentage of retinula cell surface area
and volume jn eyes of adult A. schwarzi (Fig. 62) and

M. carelina (Fig. 65) than in 0. californicus (Fig. 63) or

C. tranquebarica (Fig. 66). In eyes of C. tranquebarica

the retinyla'cytoplasm is distinctly visible (Fig. 66), and

the rhabQom appears as the centre of a."flower" surrounded
by seven “petals", the retinula cells. Fig. 64 is a trans-
verse section through the clear rétinula zone of eyes of

M. carolina adults. In all jour beetle eyes, the seventh
retinula cell (7) does not contribute to the rhabdom at
this level. This highly vacuolated cell (Fig/ 66) is posi-

tioned lateral to the rhabdom. Fig. 65 is a transverse



Figs. 58-61. Longitudinal sections of retinulae, showing

Fig.
Fig.
Fig.

Fig.

58.

59.

60.

61.

clear zone of retinula (cr); rhabdom zone
(rr); basal zone (br); and rhabdom (r).

Scale = 50 um

Amblycheila schwarzi.

Omus californicus.

Megacephala carolina.

Cicindela tranquebarica.

N






Figs. 62-66.

Fig.
Fig.
Fig.
Fig.
Fig.

Figs.

Fig.
Fig.
Fig.

Fig.

62. Amblycheila schwarazi.

v -
- 2
LY

[ ] f

TransVerse sections through clear retinula

zone (cr) of M. gg;.**!. Fig. 64) and rhabdom
zone of the four bee eyes. The rectangular,
fused rhabdom (r) of nocturnal and crepuscular
eyes have large surface areas with limited
retinula cytoplasm compared to the small, .
rhabdom (r) of the diurnal eye. Note retinula
cell seven (7).

Scale = 20 um 0 ¢

63. Omus californicus.

64. Megacephala carolina.

65. Megacephala carolipa.

66. Cicindela tranquebarica.

67-70.

Same, through basal, eighth retinula cells,
showing central spherical rhabdom (r) surrounded
by basal pigment cells (bp). Note basement
membrane (bm) in Fig. 70,

Scale = 20 um

67. Amblycheila schwarzi.

"y

68. Omus californicus.

69. Megacephala carolina.

70. Cicindela tranquebarica.
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section through the clear retinula zone of eyes of M.
caroifha;adults. The clear zone of eyes of A. schwarzi

also consists of seven retinula cells without a rhabdom.

An eighth or basal retinula cell 1s'qista1 to the basement
membrane (bm) and contains a separate rhabdom (r),(figs.
67-70). ,Retinulae of a1i\these beetle eyes are shr8uded

by secondary pigment cells along their lengths. Basal
retinula cells are also surroundéd by-four basal piqment
~.cells (bp). Dimensions of retinula cells and their -rhabdoms
are listed in Table 7. Data in Table 7 show @hat retinulae
of eyes of noc%urnal beetlés occupy about 40 percent of the
;ommapidiél length; 50 percent in diurnar beetle‘eyes. There-
fore, both ommatidia and retinulae are 1on§er jn diurnal
cicindelid beetles. Table 8 shows retinula and rhabdom

volumetric relationships, dfscussed in Section 4.3.5.

4.3.1.5 The Visual Peripheral Nervous Systenm
and the Central Nervous System

,Fach of the‘eight retinula cell axons synapse with an
1htorniuron in the optic lobe. The eight axons from each
ommatidium penetr;te 4 single circular fenestration in the
tracheole-rich basement membrane (bm), and are aggregated
with axons of six adjacent ommatidia in the form of axonal
buQFles (ab) distal to the lamina ganglionaris (1g) (Figs.
71-748). éetween axonal bundles are haemolymph channels (hc)
(Shaw, 1977). Evident from these f?gures,-axons of eyes of

A. schwarzi adults are much longer than those in other beetle



Figs.

Fig.

Fig.

Fig.

Fig.

71-74. Lon§1tudina1 sections through axonal hundles

71.

72.

73.

74.

(ab) of eight axons from eight adjacent
ommatidia as they exit the basement membrane
(bm) and enter the lamina ganglionaris (1g).
Note Tength of axonal bundles of A. schwarzi
(Fig. 71). Pigment granules (p) surround
adjacent axons. Between axonal bundles are
haemolymph channels (hc).

Scale = 40 um

L)

Amblycheila schwarzi.

Omus californicus.

Megacephala carolina,.

Cicindela tranquebarica.
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eyes. Pigment granules (p) in glial cells surround
adjacent axons.

The neuronal pathway through the brain 1§ suggested
in Figs. 75-78. Following synapsis with lamina inter-
neurons, axons are extended to the lamina and cross over at
the first optic chiasmata (1c). then extend to the medulla
(md), the second synapttc site of the optic lobe. .V1suaT
axons again cross over at the second optic lobe. Visual
(2¢c), followed by proximal synapsis in the third region of
the optic lobe, the lobula (lo). Glial cells (g1) surround
the axons. Optic lobes consist of a connective tissue
shgath, the neurilemma (nl), an underfying cellular
perineurium (pn) with glial and neuronal cell bodies, and
a central neuropile of axons and dendr1tes. A large pig-
ment accumulation (p;) is on the ventral aspect of the

interface of the lamina and medulla of the optic lobe (see

4.3.1.6 Summary of Structyral Components

also Fig. 32).

Structures of representative ommatidia are summarized

diagrammatically in Figs. 79-82. )

4.3.2 Structure of Eyes of Cicindela lepida and Cicindela
belfragei Adults

Tables 10 and 11 include measurement and volumetric

data of structures of these beetle eyes.

Fig. 83 of the head of a C. lepida adult collected at



F1gsl

w

Fig.
Fig.

Fig.

<
~d45-78. Frontal sections through optic lobes, showin

2 ~
¥

75.
76.
77.

78.

’

axonal bundles (ab); lamina ganglionaris (1g);
first optic chiasmata (1c); wmedulla gmd : ‘
second optic chiasmata (2c); lobula (10); glial
cells (g1); neurilemma (nl1); and perineurium
(pn). MNote dense pigment accumulation (pa)

on the ventral aspect of optic lobes.

Scale = 100 um

Amblycheila schwarzi.

Omus californicus.

Megacephala carolina.

Cicindeda tranquebarica.







Figs. 79-82. Diagrammatic longitudinal sections of representa-
tive ommatidifa and transverse sections of proxi-
mal rhabdoms of four cicindelid beetles, show-
ing thin corneal la{er (t); corneal lens (1);
subcorneal layer (cl); cyrstaliine cone (¢);
Semper cells (s); crystalline thread (ct):
distal rhabdom (dr) of retinula cell seven
(7); clear retinula zone (cr); proximal
rhabdom (pr) of six retinula cells; basal
retinula cell (b) with rhabdomere (br); second-
ary pigment cells (2p); basal pigment cells

bg); basement membrane (bm); and efght axons
a). :

Longitudinal section scale = 50 um
.Transverse section scale = 20 um

Fig. 79. Amblycheila schwarzi (Scotopic A).

Fig. 80. Omus ca]ifornicus’(Scotopic B).

[
Fig. 81. Megacephala carolina (Scotopic A).

Fig. 82. (Cicindela tranquebarica (Photopic).
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Fig.

Fig.

Fig.

Fig.

83.

84,

85.

86.

SEM of the frortal aspect of the head of a
Cicindela lepida adult, showing large bulbous
eyes . 3 :

Scale = 500 um

-

Same, of a lateral view of the left compound
eye, showing hexagonal corneal lenses (1) and
ocular sclerite (os).. Vertex positioned at thg left.

Scale = 200 um

Same, of convex distal surfaces of hexagonal
corneal lenses (1). Note cuticular pegs (cp)
between some lenses.

Scale = 10 um

Same, of a cuticular peg (cp) of an interfacetal
mechanoreceptor. Note ecdysfal scar (es).

~Scale = 1 um
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‘twillight shows large bq}bous eyes, similar in shape (Fig.
) ' A

84) to those of C. tranquebari "i‘uits (Fig. 16). Because
of their eye size, large sterc;télﬁic visual fields can be
inferred fpr these eyes. Corneal lenses (1) (Fig. 85) and
interfacetal pegs (cp) (Fig. 86) are typical of Cicindela
adults. The thin corneal layer (t) is relatively thin |
(TabIeIIO). From longitudinal (Fig. 87) and transverse
sect{dns (Fig. 88) of the eyé. the cellular organization -
is similar to that of eyes of M. carolina adults
(Fig. 31). A clear retinula zone (cr) is present. The
surface area of the rhabdom (r) (Fig. 89) (Table 11) is
moderately large. o ' >
Eye shape (Figs. 90,91), corneal lenses (1) (th. 92)
and cuticular pegs (cp) (Fig. 93) of eyes' of C. belfragei
adults are similar to thos&® of other Cicindela adults.
Cellular organjzation f’r‘§1sion (Figs. 94,95) is similar

’,,,
to that of C. tranquebarica eyes (Fig. 32). There is no

clear retinula zone. TRe surface area %g the rhabdom (r)
Dy

(Fig. 96) (Table 11) is small. o

4.3.3 Structure of Dark-Adapted Eybs of Cicindela
tranquebarica and Cicindela limbata n*nsﬁa
lau1%s. and Light-Kdapted Eyes of Cicindela
lepida Adults

After dark adaptation for five days, structures of

the eyes of C. tranquebarica and C. limbata nympha adults

were examined. Only minor changes occurred when compared

to light-adapted eyes. In both beetlé eyes, pigment granules



Fig.

Fig.

Fig.

> -

87. LM of longitudinal section of the eye of a =)

88.

89.

Cicindela lepida adult. Shown are: thin corrfeal

Tayer (t); corneal lens (1); subcorneal layer

(c1); crystalline cone (c); clear retinula zone
(cr); retinula rhabdom zone (rr); basal retinula
zone (br); basement membrane (bm); axons (a);
lamina ganglionaris (1g); secondary pigment cells
(2p); and basal pigment cells (bp).

Scale = 100 um

LM of transverse sectibn of the eye. Structural
component abbreviations as above.

Scale = 200 um

Same.'through-the retinula rhabdom zone, showing
retinula cells (rt) and rhabdom (r).

Scale = 10 um
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Fig.

Fig.

Fig.

Fig

90.

91.

92.

. 93,

Scale = 10 um e

SEM of the frontal aspect of the head of a
Cicindela belfragei adult, showing large bulbous
eyes.

Scale = 500 um -

Same, of a lateral view.of the left compound
eye, showing hexagonal corneal lenses (1) and-
ocular sclerite (os). Vertex positioned at the left.

Scale = 200 um

Same, of convex distal surfaces of hexagonal
corneal lenses (1). Note cuticular pegs (cp)
between some lemses.

. RPN
‘e
» v

Same, of a cuticular peg (cp)'of an interfacetal
mechanoreceptor.

Scale = 1 um






Fig. 94.

LM of longitudinal section of the eye of a
Cicindela belfragei adult. Shown are: thin
corneal layer (t); corneal lens (1);.subcorneal
lTayer (cl); crystalline cone (c); retinula
rhabdom zone (rr); rhabdom (r); basal retinula
zone (br); ement membrane (bm); axons (a);
lami nglionaris (1g); secondary pigment cells
basal pigment cells (bp).

LM of transverse section of the eye. Structural
component abbreviations as above.

Scale = 200 um

Same, through the retinula rhabdom zone, showing
retinula cells (rt) and rhabdom (r).

Scale = 10 um
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1\\:;gyndary pigment cells (Zn) mégrated distaﬂ!y around
crystalline concs and proximally around blil] retinula cells
. Teaving 1ittle pigmentation surrounding retinulae.” ]!1.
is assuming that the same pattern of orientation of p'gloillwﬁf
s not altered by fixation and dehydration. ' Shortening of o
the crystalline threads (ct) (Fig. 97) to approximately hatt gﬁéf”
their length in the light-adapted state (Fig. 32) was the
most striking change. No clear retinula zoni was observed
after dark adaptatfon. -

Light-adapted eyes of C. lepida adults-{Fig. 98) ohgy
lengthening of.crystallino threads (ct). shortening, but
not disappearance, Qf the clear retinula zone (cr). A more
even distribution of pigwent granules in secondary pigngkt
cells (2p) also occurred along the length of retinulae . ;
compared to dark-adapted C. lepida eyes collected at twi- E

light (Fig. 87).

. 4.3.4 Structure of Eyss of Pgorostichus nelanarius and
Elaphrus gl£r1c!nu care s -

“The head of a P. melanarius adult (Fig. 99) has a°

convex vertex like that of A. schwarzi and of 0.

californicus adults (Figs. 6,7). Eyes are small and

Sphérical (Fig. 100) as are those of A. schwarzi adults
(Fig. 10). Presumably these eyes have large monoscopic
areas of the visual field. Hexagonal, convex corneal lenses
(1) (Fig. 101) have a thin corneal layer (Table 10), but \
no fnterfacetal pegs. Material (x) secreted from defiiT-//



Fig. 97.

Fig. 98.

+ Zone,

. pigment cells (2p), shortening of clur'retinula‘"h

¥
”

. N
LM of longftudinal section through the dark-
adapted eye of a Cicindela tranquebarica adult.
Note shortening of crystaliTne %Hniiﬂs‘!ct) and
migratign of secondary pigment granules (2p)

distally around the crystalline cones (c)
(contrast Fig. 32). There is no clear retinula

»

Scale = 100 um

Same, of the light-adapted eye of a Cicindela

lepida adult. Note lengthewmdng of crystalline -
threads (ct), more even distribution of secondary- "

zone (cr) (contrast Fig. 87). A
Scale = 100 um







" Fig.

Fig,

Fig.

Fig.

99.

100.

101.

102.

3 of the frohtal aspect of the head of a
Pterostichus melanarius adult, showing rela-
vely Tlat eyes. :

Scale-= 500 um

‘§

Same, of a lateral view of the left compound
eye, showing hexagonal corneal lenses (1) and
ocular sclerite (os). Vertex at the top.

Scale = 200 um

Same, of convex distal surfaces of hexagonal
corneal lenses (1). No interfacetal pegs are
present. . )

Scale = 10 um

. SN
Same, of dermal glands surrounding the eye.
Glands secrete a material (x; which spreads
over the ocular sclerite (0os) and some corneal
lTenses (1). ‘

Scale = 10 um

~—~
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glands (Fig. 102) may be used as grooniu"lubricant to clean
the eye, or may contrjbute to the composition of the thin
corneal layer. These eyes have no gﬁnar retinula zone
(Figs. 103, 104) like eyes of 0. californ!cus adults (Fig.

30), but the rhabdon (r) has a large crvss-sectional surflgc
area (Fig. 105) (Table 11) to that of the rabdom of A;
schwarzi eyes (Fig. 66). .

Althouqhvvorticcs of E. aue$1canus adults are convex,
their eyes are bulbous and extend qbove the vertex (Fig:
106). They are similar in shape (Fig. 107) to eyeggof M.
carolina adults (Fig. 8), and those of other Cicindela adults
(Figs. 9,83,90). It is therefore inferred that these beetles
haveolarge stereoscopic areas of the visual’'field. Hexagonal
. corneal lenses (1) are well defined (Fig. 108) due to their
degree of convexity, and similar to those of other Cicindela
adults (Figs. 38,85,92). Interfacetal pegs (cp) (Fig. 109) -
are p;esent. Tﬁerg is no clear retinula zone (Figs. 110,111)

and thgse eyes have a similar cellular organization .to eyes

of C. tranquebarica (Fig. 32) a,p C. belfragei (Figs. 94,95).
The rhabdom (r) (Fig. 112) has ; small surface area (Table 11).

- | ,!\

4.3.5 Eye Size Groups and Functional Categories of cicindelid
Beetle Eyes Based on Measurements of Structures

a

[ 4

w

From statistical inference using One-Way Anafysis of
Variance and Duncan's New Multiple Range Test of Means, mea-
surement data (Tables 7,8,10,11) were grouped either into

eye size or eye functional categories.



Fig.

Fig.

Fig.

103.

104,

105.

*
e

LM of longitudinal section: of the eye of a
Pterostichus melanarius adult. Shown are: thin

corneal Tayer (t); corneal lens -(1); subcorneal
laye» (cl1); crystalline cone (c); retinula
rhabdom zone (rr); rhabdom (r); basal retinula
zone (br); basement membrane (bm); axons (a);
Tamina ganglionaris (1g); secondary pigment
cells (2p); and basal pighment cells (bp).

Scale = 100 um

LM of transverse section of the eye. Structural
component abbreviations as above.

Scale = 200 um *

Sime. through the retinula ghabdom zone, showing
retinula cells (rt) and rhabdom (r).

Scale = 10 um i
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Fig.

re ‘o

Fig.

Fig.

106.

107.

108.

109.

r

SEM of the fr5nt01 aspect of the head of an

Elaphrus americanus adult, showing large
5u1§ous eyes,

Scale = 200 um

Same, of a lateral view of the left compound
eye, showing hexagonal corneal Menses (1) and
ocular sclerite (os). Vertex po§ftioned at the left.

Scale = 100 um

Same, of convex distal surfaces of hexagonal
corneal lenses (1). Note cuticular pegs (cp)
between some lenses.

Scale = 10 um

Same, of a cuticular peg (cp) of an interfacetal
mechanoreceptor. .

Scale = 1 um
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Fig.

Fig.

Fig.

110.

111,

112,

) ' ®

o
‘\
4

) P,
LM of Tongitudinat Section of th
Elaphrus americanug adult. Show
corneal layer (t]3 corneal lens (1
layer (c1); cyrstalline cone (c);
rhabdom zone (rr); rhabdom (r); ba
zone (br); basement membrane (bm);

eye of an
are: thin

); subcorneal
retinula

sal retinula
axons (a);

lamina gangliomaris (19); secondary pigment

cells (2p); and basal pigment cell
Scale = 100 um

LM of transverse section of the ey
component abbreviations as above.

Scale = 200 um

Same, through the retinula rhabdom

~retinula cells (rt) and rhabdom (r)
Scale = 10 um

s (bp).

e. Structural

zone, showing

. '
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4.3.5.1 Eye Size Groups

When structural measurements are related to eye size,
adults of the four North American genera -of Cicindelidae can
be divided into‘two groups (Table 12): Small Eye Group: eyes
of representative adults of: Amblycheila schwarzi; Omus
cg11fgrn1cg;. Large Eye Group: eyes of representative ;dults

of: Megacephala carolina; Cicindela tranquebarica; Cicindela
lepida; Cicindela belfragei.

For clarification of eye size relationships of
cicindelid taxa, the similarity matrix (Table 13) fis
included. The data for Table 13 are summations of similar.
structures from Table 12. Based on these totals, there are
trends 1in similarities within eye size‘groups and differences
between these two groups among the cicindelids. Note that
of 39 characters, small eyes of nocturnal A. schwarz{ and

0. californicus share 21 characters; large eyes of crepu-

scular M. carolina and diurnal C. tranquebarica adults share

16 characters. Also, eyes of the adults of Cicindela spp.
share several attributes.

Unlike the diurnal and crepuscular beetles, nocturnal
cigjndelids possess small eyes with fewer ogmat1d1a and no
fnterfacetal pegs. Smaller areas of visual fields are
characteristic of these small beetle eyes as demonstrated
by head, fhorax. and elytral ratios, and from forward and

dorsal Mollweide homolographic projections (Chapter 3).

Corneal lenses are long in these beetle eyes, while

~\
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crysta!lfno cones of diunnat7crcuuscuiar Iafge beetle eyes

Loccupy a laroor porcohtago of dL?ptric ‘apparatus lengths.
'Thc dioptric apparatus occupies over half the ommatidial

*length in small-eyed beetles; but only apj}oxin&tcly one-
ihjrd the ommatidial length in the large iyc group. Char-
acteristic of large cicindelid eyes are cryitl}liﬁc threads
aimost twice as long as in the s;all:¢y0 group. Ioiinu]ac
extend only slighily over Jhe-third the ommatidial length
of th; small eye group but over half this length'in.thf

large-eyed bcetlu BlSl'l vetinula zones are longer in the

e o

(e
small eye group. Then 1s also a si‘arity in nocturnal
bcii's co'n'cérﬁqg rhabdom zone volume and retfnula and ik

re

ric- valumes pf opntidia and compound eyes, all of

which are snllor tﬁm “glumes of the long retinulae andlf

. o '
rhabdoms of large ey‘s . " c .
9 , Yo ..
. 4.3.5.2 Eye Functional Categories ~ *HL - > .

When structures ﬁwolve{d with function of\;?i‘cinde‘ﬁd
'i:om.p.ound eyes are stitfstically analyzed, ghree funétional
citegories can be inferred (Table 14): . | |

Functional Eye Categor

Scotopic A: eyes of rep'rnu,-_tative adults of:

" ; Ambiycheila schwarzi

K | Megacephala carolina Y
Cicjndf‘la lepida .
- Scotopic B: eyes ‘of representative adults ,of: |

\ | | | ag__ !'Iifornicu; 3
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Photopic: eyes of roproscntat!v‘ adults 8!: )
Cicindela W' ¢
Cicindely- belfragef -

Fo.lriﬂcntiu of functional eye catnorin of
cicindelid taxa, the similarity matrix (Table 18) 1s included. ,
The data for Table 1? are suppatifons of similar structures ‘
from Table 14, Based on thosc‘to;als. thcrc‘arc trends 16
similarities within eye functional catgg_oriu and diffev- o
ences among thcs; three categories among the.cicindelids.

Uh_tlcs 1pé‘1udcd 'R the scotopic A functional category

have relatively long antennae which ln} permit increased

touch..and olflctory stimulation in addftion to sight. The
thin cornul laycrs of these oycs are rela ick, but
the subcornu'l hycrs are relativol‘ thin. /a$ of adult .
A. schwarzi, M. !rglinl. and C. lepida have clur retinula
zones and although less than half these ret‘lnula lengths 'are -
rhabdomeric, these rhabdoms have very large surface areas.
Volume of r:habdop zon-os are greater in eyes of A. schyarzi

than those of 0. californicus, its smali-eyed counterpart;

as it 1s larger in eyes of M. carolina than its large-eyed
counterparts, g_.'t;gngugbarica, C. lepida, and C. belfragei.
Percentage rhabdom zemne volume of retinulae are smaller-in
scotopic A eyes dq to tfu presence of clear retingla zones..
Nowever, total volume of the rhabdon per omatidiu- is
Targer in scotopic A eyes as is percentago of rhlbdon vo!uu
to retinula volume since tho"hum has such a large sur-

face area.

v
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Eyes of Q. californicys oduiis are scotopic 8. xnd1v1-
duals of this species havo short antennae and although their:
eyes pPossess many s-all-qycd t!ructurnl stmilarities with
those of A. gschyargi adults (Table 14), lh.y can be grouped
into a-sopqrato fuuctional catogory. Liko acotopic A l’.ﬂ.
these eyes Nave ‘thin subcornoal laycrs. but thianer, thin
corneal layers. Unlike the scotopic A eyes, there is no
clear rctin.la zone. Although almost twice the rotjuula (
‘Tengths are occupied dy thc‘rhlbdol zone, surface, sareas and
volumes of the rhabdom are smaller as is percentage volume
of the rhabdom to retinula roiuio in scotopic B than scotop}g
A eyes. Consequently, pcrg.ntagc volume of tbq.rotinula
around the rhabdom and por‘lntage volume of the rhabdom are

‘largor in scotopic B onuatidia. but total retinula and

rhabdom volumes are less in tWd whole scotoptc B eye. -
Nt
C. tranquebarica and-gk belfragei adults have photopic
eyes. Like adults of 0. californicys, these beetles have

short, antonnae But based on eye size, these: J’os share
strue‘.‘al sinilaritiqa to d?ik of M. clzgiina.ldults'sincc
they are in the 'large eye group (Table 12). Photepic eyes
of~g. tranquebaricy and C. pelfragei adults have thick sub-
corneal layers, but 1ike scoetopic B eyes, have thin..ghin
corneal layefs. no clear rctinula‘zonc, and rhabdons~éccapyfng
almost the complete retinula length. Surfaét areas of Pﬁag o
are the smallest and rhabdom volumes are small gonsidering “
rotinulac lengths. Porc.ntago rh.bdo- voiu-e to ret1nu1a

voIUI. is very small but pcreoutaoo of retinula voluno sur-
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rounding the rhabdom is very large. ~ :3

-

4.3.6 Eye Size Groups and Functioual Cate or1os of earabid
lutlo Iyn Based o Neasuremests of Structures

s, . ‘.'“'t
4.3.6.1 Eye Size Groups p

l_v_n s,g,ctiui 4.3.8, ¢icindelid beetle eyes were phc,d
into two groups baswd on eye size aﬁd fnto three function
categories. To tos&éo‘nvcrﬂluc <f 'gyo strycture and func-
tion bésed on cyl 3120. eyes: of two carabid adults were

.

stat‘lsticany compared to four cicindelid . sister taxa.
; Aocording to the eye size, cicindoluqnmm

_adults hi’v imilar gye structures (Tadble 1§). ﬁ‘of

P. clm’rﬁs fit the small eyv group; E. americamug, the
large eye groln. For chrification of gye ’31u sroups of

caraMd taxs, tal statlarity mitrix (Teo1d 1Y ¥ included. o
The data €wr hﬁo 17 ard summations of sili‘hr struc-
tures from Table 16. Basaed on these totals, there are trends
ifn similarities within eye-size groups and diffcnnc.cs ’
between these two groups among the cicindelids and carabids.
Although eyes of the carabids have fewer ommatidia, .

eyes of diurnal E. americanus adults have more than eyes of

nccturnal P. nlanarius Cornoil Jenses and crystalline

com: are tonger and no 1 ‘

l@rnal anl 9

.etal pegs are present in the

A
1d eyos '8 bcngths of crystanino thrnd;«

s of eyes df 0. gaﬁifornicus and E. americanus-are sinnar.

nnd cry:fallim.thruds of P. ulanarius. and M. carolina ®

ty.t are similar in lengths. ' laul retinula zone lengths
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smad) tycs‘ana noéturnc! bohlvionr. both adults of A. ggg!g:i£~

‘e I

and ? gg_gg,;igg,iavo sfatlar rhabdon volumes por eye but
the crahid has a statisticaily si-ilar Voluac to eyes of

3

C. trangu baric adults’ because rotinulao of this carabid
’ are so short Rhabdoq volume of E. noricgng adults is

oxcoodingly slaIl

- "
/

- - 4,3, 6 2 Eye Fuctlona] Catogorios

o Conparisons of functional aspects of tho qollular .
organization ?or v1sion of cic1nd011d and cartbid beetles \
show sindlariticg (Table 18). Eyqs of-P gllnarius adults ﬂ .

_,aﬁo grouped with ;yos of 0. alifgrajcug adu!ts in the,

cotopic 8 catogory. eyos of E. -nricanus adults in the .

.p,otopjc.catggony_uith €. tranquébarica adults. For clari-
~fication of functional eye categoriJi of cqrahi(’faxa. the
: stmilarity ia{rix (Table 19) 1s 1pclddcd. ‘The data for
'i Tab1b‘1Q‘|ievsuqnat#.qs of sinii;r étructures‘frqn~Table 18.
Based o these totil}, there are tfend. in similarities with-
in tht'efé fuhcttona1 categories and differ ces among these
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‘Shree nuﬂﬁ“ ameng m cicin‘o"ﬁ and caradids,
Thickness of the thin corneal unr places .eyee of :
e. mﬂn clese ¢o “these -of A mmu the sud-
corneal layer of eyes of [ aperiganug sdelts, thu.l tltenr
than that of 2. Wq:&ln te thet. 15 apee of
adult representatives of A. sghmarii. 0. salifernicus. ¢

n. g_g_u_u,_ Mmtcn of rettwulae of P. nalagariug eves
are similar Co those o' 0. S.I.L!!.L!ii!.l while basal zone

diameters of the two caradid eyes arn,aililar. Both lengths '

Yo

v
and uidths of rhabdoms of P, !!l,agrig; eyes are simflar to
those of A. schwarzi adults, but the rhabdon of £. americynuj,
Tike that of C. ranggoggrigg ‘adults, s exceedingly small

[ Y
with minimum surface area and volume.

4.4 Discussion and Conclusions

4.4.1 Dioptric Apparatus .

Adult eyes of representative species of North American
generi of Cictindelidae and Carsbidae have a eucone three
layered dioptric apparatus. Afthough Gissler (1879)

observed corneal lens of adult OIQS’SP. and Cicindela sp.

to be biconvex, and the cornea of adult Ambliycheila sp. to
be convex only interfiorly, I have shown that adult eyes of
species of these genera to have biconvex lenses. Confusion

regarding corneal lens shape possibly resulted because the

lenses of A. schwarzi, M. carolina have relatively thick

AcoinoaI\;:fers which externaIIy abpoar smooth. Thickness

(«



of this layer may be momn‘u'q‘pmt(‘;mn}«wb&do
1n oo fonettion. A thtek Tasorgflf sopster i -iw tme
‘over -ny lenses s that M‘t [ M
emmatidte. Becouse "t conut l.or“"h m Nm )"

. ] .
felifraset sdulits, indtvidua? lemses cn sere ¢tetinctly ,

separated and eptical isslatien Is sstatatned between u.‘ln- .
tent o-utuu. pessidly resulting in enhanced vtoul
acutty. Scratchos on thii layer may result fre® borrou!ng
or less likely from orooail‘ nctiviticsq None cf the thin
corneal layers act as anti-reflecting ceatings (Tedle 9)
within the probable visible spectrum of 328 nm to €28 e
(Menzel, 1975d).. The films are too thick, and + they -;rc
'to function as anti-reflecting layers, they shool! be from
" 606.3 nm'to 1,166.0 nm thick for eyes of A. schwgrzi and
n'»ggr011n|; 812.5 nm to 1,187.4 na for eyes of 0.
cglifornicus and C. tranquebarica adults.

" 1 introduced the term "subcorneal laycr' for a struc-
£ural componeat of some insect ommatidiy. An exteasion of
the corneal lens often termed the “"cormeal process” .
(processys c&ragc!) is observed in many diurnal lepidopteran
eucone eyes (Eltringham, 1919; 1933; Nowikoff, 1931; ;nd
Yagi and Koyama, 1963a). .Coéfusion in terms has led
Goldsmith (1964) to state that in exocone compound eyes

”,

S

(sensu Grenacher, 1879), the “"cone” is an inward prjpcction

of the corneal process and is therefore an'extracellular

4

secretion of the corneal lens, unlike the intracelleular

e



P} umi .
~1ialaee) umr-locm,mm Gescrides the pregdeet M
of the coﬂul\ Tens s the 'umﬁ uu‘ Reyor-Roshew

and Horridge (1978) ceatinve te vee the term corseal come

in descridbing eucone eyes of w pallidicallls
‘Slench (Scarabuo!doo). Osige o 1{ght micrescepe, 8 sroo .
subcerneal layer has been llncrvod bg v.gf sad Keoyame
(1963) 1n lepidepteran eyes "which appears te be ptmtler .
’tc the layer descrided here. (Eyes of adult Iljlgljjlli '
piglittates F. ond Loricera pilicerais F. (Carabidae) alse R
Nave a subcorneal layer which Howe (1’10) terms the "prexisesl
cporneal layer®.

, Becavuse of the confusion in terms of these coapououtl
of lcorneal lenses, I use the terms 1a the following mhaner:
corneal process: (precessus carnege): the og}r.cc!lu\or _
extension of the corneal lens to form the "cone” in exocone
eyes (sqngy Goldsmith, 1964; Neyer-Rochow, 1978).

corneal cone: the proximal conyexity of the corneal lens of

_—

eucone eyes (gensy lqycr-lbcho&. 1972; Meyer-Rochow and

Norridge, 1975). ' .
subcorneal layer: the structurally distinct layer between

the corneal lens and crystalline cone of ouco:c eyes. Pre-



.
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'+ ‘'viously termed the processus corneae (Eltringham, 1919;

£ 1933;.Nowikoff, 1931; and Yagi and Koyama, 1963a), and the

proxiual cornea1 layer (Home, 1976). ‘,

The fine structure of this subcornea] lTayer 1s .

descfibed 1n Sectfon 5.3.2.2.

BN
A

4.4.2 Interfacetal Pegs

Both crepuscuiar'andydiurnal adult cicindelids and

the~djurnal carabid have 1nterfaceta1ﬁpegs between some

- corneal lenses. Nocturnal fiightless cicindelids and the

nocturnal carabid do not have these. Other adult beetles,

capable of flight, such _as Creophilus erythrocephalus F.

and Sartallus*signatus Sharp (Staphylinidae) also have
interfacetal pegs (Meyer-Rochow, 1972) sim1]ar in size th
shape to those qescr1Qed here. According to Nesse (1965;~

1966) for Apis mellifica (= A. mellifera), Chi and Carlson

(1976) for Musca domestica (Muscidae), and Honegger (1977)

for Gryllis campestris L. (Gryllidae), these interfacet&l

hairs function as mechanoreceptors to sense the direction

.and relative Velocity of wind passing over the eyes during

flight. See Section 5.3.4 for a description of the fine
structure of these pegs, and Section 5.4.2 for a discussion
of their probable mechancreceptorifunction as revealed by
electron microscopy.

4.4.3 RetinuWa Cells and Rhabdoms

It 1; important to emphasize that the diffegence in
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retinula and rhabdom structure of the cifcindelid and carabid
eyes investigated is not one of a change in gell number, but
is a difference in cellular organization which results in

varied functional abilities of these eyes.

4.4.3.{ Scotopic A Eyes -
| Retinulae of eyeg‘of adults of A. schwaréi. M.
carolina and C. lepida have a distal clear retinula zone
or crystalline tract (sensu Dgving and Miller, 1969), con-
sisting of seven retinula cells which do not ﬁave a rhabdom
at this 1eve1{ Proximally, the retinula proadens and has
a rectangular fused rhabdom composed of six rhabdomeres.
A third level of retinula organization, the eighth or basal

rhabdomere-bearing retinula cell, is located just distal to

~ . the basement membrane. Such a scotopic A retinula organiza-

tion has also“been observed in adult carabid beetle eyes

such as those of Carabus auratus L. (Kirchoffer, 1905; 1908;

Bernard, 1932; Hasselmann, 1962), Steropus madidus Fab.,

and Eutrichomerus terricola Herbst (Bernard, 1932); Dytiscus

sp. and Cybister sp,.adult§ (Dytiscidae) (Grenacher, 1879;
Exner, 1891; Kirchoffer, 1908; and Hor{fdge{ 1969a). These
proximal fused rhgbdoms are so large they Occupy almost the
complete prox1ma} surface area of the eye. Evolution of such
" a rhabdomeric layer is an adaptatién for receﬁtion of light
from neighbouring ommatidia. From intraretinular electro-
physiological recordings, Horridge et al. (1970) showed

that dytiscid omwmatidia have wide angles of acceptance.
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,Ray’tr;cing in corneal 12nse§ and crystalline cones show
“that visual acuity is poor in Cybister sp. adults.'but
susmation of scattered light across the clear zone could
confer a high sensitivity (ﬁeyef—kochow, 1973). Eyes of
cryptophilus adults of Notonomus sp. (Carabidae) and aqua-

tic adults of Hydrophilus sp. (Hydrophilidae) have a

similar tiered retinula 1ike dytiscids (Horridge and
Giddings, 1971a). Like thése qthér beetle eyg;. ommatidia
of cicindelid adults do have a disiaI rhabdomere associ-
ated with the seventh retinula cell. Aowever it was not
possible to photograph it using light microscopy (see
Section 5.3.5.1).

. Scarab adults, Melontha vulgaris F. (Kirchoffer,

1908), Oryctes rhinoceros (Bugnion and Popoff, 1914),vand

others (Grenacher, 1879) also have scotopic A functional

eyes, Based on research on Repsimus manicatus Lea adults

(Scarabaeidae), Horridge and Giddings (1971a) define the
"neuropteran" type of compound eye ‘s having a crystalline
thread in the light-adapted state only, with retinula cell
bodies extending to the tip of the cone only 'in the dark-
adapted state. Eyes of Anoplognathus pallidicollis Blanch

are also scotopic A and have.a basal retinula cell (Meyer-
Rochow and Horridge, 1975). Although dark and light adapta-
tion experiments were not performed on scotopic A cicindelid
beetle eyes, it is possible to assume that eyes of A. schwarzi,

M. carolina and C. lepida adults are of the neuropteran
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typg.(ggg;g'Horridgeﬁihd'ciddings.‘1971;). Clear retinula -
zoncs in these cicindelid eyes probably functicd as —~— .
suggested by Horridga. Ninhan. and Djesendorf (1972) t o
permit a further 1ncrcase in scns1t1v1ty in the dark-ad pted .
state by al1ow1ng an increase 1n the lcccp}’pcc angl:L f- '
lenses and in thc cross-sectional .}.i of the-rhabdons.:
without prejudice to acuity of the 1ight-adapted eye.

Optical mechanisms of summation of scattered 1ight in clear
zone compound eyes are reviewed by Horridge, 1971; Kunze,
1972; Horridge, Ninham, and Diesendorf, 1972; Diesendorf

and Horridge, 1973; Horridge, 1972; 1974; and 1975b.

o A clear retinula zone is not confined to co\eopteran
compound eyes. Adults of Cloeon sp. (Ephemeroptera)
(Horridge, 1976), and Chrysopa spp. (Neuroptera) (Ast, 1919;
Horridge and Henderson, 1976) also have this retinula

organization, as do some Lepidoptera: Heliothis zea Boddie

(Agee, 1971), Heliothis virescens (Noctuidae) (Agee, 1972);

Ephestia spp. (Pyralidae) (Umbach, 1935; Horridge ‘and
Giddings, 1977b; and Fischer and Horstmann, 1971), and some
hesperiids (Yagi, 1951; Yagi and Koyama, 1963a; and Horridge,
Giddings and Stangc, 1972).

4.4.3.2 Scotopic B Eyes
Like eyes of adults of the .closely-related genus

.
Amblycheila sp. in the same subtribe Omina, scotopic B eyes

of Q. californicus adults are eucone and have a thick diop-

-

tric apparatus and a‘crysta11ine thread, but importantly,
‘e
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\ they have no cIoar rotinlla zonc.» Initﬁad 'thi.rh‘b;é:
\ extends the full la'gtb of the retinula to tha prnxtnal
eighth bgsal retinula col1 Although adcphng;ns nsually
have a neyropteran type of scotopﬂc eye a3 dcfinol by *
¥ \ Horridge and Giddings (19711). these authors state’ that
| sole adephagan eyes have long fuscd rhabdono. In 1on¢io ;
tudinal section, ommatidia of P. melanarius (Scction 4 3. 4).

g;gcr!sgcs grigcggg L.e. grgbu; gllbratu; Pnyk.. and ?»_
Bwoscus cephalotes L. (Carabidae) (Kirchoffer, 1908) also.

have broad fused rhabdoms and no clear retinula zones.

Dorsal and ventral divided eyes of eringg.natof subtriatus

Steph. (Bott, 1928). ertnus subtrjatus (Wwachmann and

Schroer, 1975), Gyrinus natator L. (Burghause, 1976), and,

dorsal eyes of Dineutes assimilis adults (6yrinidad) (Pappas

+and Larsen, 1973) are a]So of the scotopic B functioﬁal

category. Ommatidia of Necrophorus sp. (Silph1dae)

(Grenacher, 1879), and acone eyes of Creophilus crythroén-
phalus F. adults (Staphylinidae) (Meyer-Rochow, 1972);
eucone eyes of Attagenus megatoma Fab. (Dermestjdae)

(Butler et al., 1970); and Anthonomus gz;nd%s Boheman

(Curculionidae) (Agee and Elder, 1970) also do not have a

clear retinula zode, but h}ug_g‘lgingused rhabdom composed

of various numbers of retinula cells.

4.4.3.3 Photopic tyes
Other adult carabid eyes have rhabdoms extended the
full retinula length (Bernard, 1932; Home, 1976). These



T L Vel » ,, _
' ayus havo three 10~0,"1f rhabdoq crganizltion uiuillr toﬂ
_shase of Pytigces mm]__‘ adult eyes (Morridge, 1969a).. "‘ »
“uoncvcr. 1ike cyos of 0. g;litg;nlgg;,tQpics. thers 18 no !

clear rotinuln zona but, 1upnrtantly. the rhabdons have lois .

\

| surfaco area. A grcltov roductioa of rhabdontfft surfys ‘Xlu

area and volume occun tn. phot»ic cyu of ¢1urul ¢y 1n«"i a

adults of the g«ws gicjngolg. Fru‘hhtoluicﬂ iun!u-

o of sdult dveg of §. samgannts Lo S sdnles Lsg..
and C. hybrida L. Kirchoffﬁr (19085) doscribcd ‘these oycs.

and fo- 1908'!19G?|d onnatidia of the first tno species.
Further examination of eyes of C CCIECSSQJS by Friodrichs '
(1931) and Home (1976)<cORTirmed the slcndcr fused cruciform
rhabdom structure. Swiecimski (1957) roported a similar
retinula organization in-eyes of C. hxhrii{igdults.'nnd~lf
have also observed this cellular organization in eyes of

adults of the following diprnal cicindelids: C. trangncblfiga

Herbst, C. belfragei Sallé, C. limhalis Klug, C. longilabris
Say, C. limbata nympha Casey, and C. repanda repanda Dejean.

Since these ommatidia do not have a clear retinula zone or
a broad fused rhabdom, 1ight is not scattereﬁ over adjacent
rhabdoms and the eyes are photopic. Fyes of E. aneriqanus
also are photopit ;nd althéugh E. cupreus are active in the
shade they have photopic eyes (Kirchoffer, 1908; Bauer,
1974; and Home, 1976) as do helioph11us adults of E.

riparius (Bauer, 1974).

Y e
Rhabdom structure of these photopic eyes is similar

-

to that of other diurnal 1n§ect,eyes. Compound eyes of
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, ang £s.1len.£s_snnznn
(llinuiya et u,.. 1”9). and th doruf' sector of the

_drdgon-£1y ‘divided eye g,;gg_; nea M1, (Egucht, 1971)¢i
have a snli*i'uud riubdoq' s ".do ost diurnal lopidoptcn {
(Vagi and Koyama, l”:ia. Noycrokoc ov 7). “Nithin the )
iimncptcn. day-i'lying Apis el11fica (6 A‘. g_l_]_m).
_workers (Sbrzﬁck and Skrzipok. 197 a) and drones (Pornlot. |
MO) Ravé a ﬂowur fuied rhabdom cmoud of eight
rttinula cclls with a Sasal nineth retinula cell. Egzglgg

gol!ctcn! (ncnzol. 1972) and Cataglxphis bicolor F.

(Formicidae) (Brunnort and Wehner, 1973) also have the
hymenopteran cellular organization for visio .  These pho-
topic eyes have a greater spectral sensitivity than scotopic
eyes (revieg: Menzel, 197Sﬁ ‘and have the ability to detect
polarized 1ight (reviews: Snyder, 1973; Wehner, 1976).
Some hemimetabolous iduits also have eyes having a slender
~central fused rhabdo;'composed of eight retinula cells:
Locusta SPe_ (Locustidaé) (Horridge and Barnard, 1965),

Pioronemobiﬁ'lhezdeni Fisch. (Grylljdae) (Wachmann, 1970),

and Periy eta americana L. (Blattidae) (Butlgr. 1973b).

-
\ - -

i
4.4.4 Pigment Cells ‘

In dark-adapted scotopic¢c A eyes of A. schwarzi
agglts. pigment is concentrated in distal portions of the
secondary pigment cells surrounding the crystaiiine cones
and retinulae extend to thesﬁone tips. The clear rétinu]a

zone is devoid of pigment, allowing light to be scattered
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on adjacent rhabdoms for increased light intensity. .Such
a cellular organizntion/eonnitponds to the dark-adapted
scotopic eye of the neuropteran type (!gg;g.uonridge and
 61ddings, -1971a). Light-adapted scotoptc ,". eyes of g_.'
carolina and;’g__f lepida have crystalliine threads to dinect
light to individual rhabdoms, but the long clear zones are
-not surrounded by secondary pigewent granules which sgggests
that light 1: scattered over adjacent rhabdons Dark-

adapted scotopi( 8 eyes of‘g.ne:lifornicus and P. melanarius
and light-adapted photopic eyes of C. tranquebarica, g.

belfragei, and E. americanus adults have distal aggregations

of pigment granules surrounding crystalline cones and e

threads. Like photopic eyes of Apis mellifica L. (Kolb////

and Autrum, 1972), C. tranquebarica and C. belfragei eyes

also have pigment granules along'the retinula length. As
'postulated for these apid eyes (varela and Wiitanen, 1970),
I suggest that parallel Tjght entering photopic cicindelid
and earabid eyes is directed to the rhabdom for photo-
transduction and oblique rays are absorbed at ;he level: of
the dioptric apparatus by secondary pigment granules.
Optical isolation at the retinul} level 1s maintained by
an envelope of pigment along its length which prevents
stimulation of the rhabdom by light coming from adjacent
~ommatidia. This presumably results in finer resolution of
the image seen. |

‘ ?hotomicrographs of optical paths through histological

sections of these beetle eyes, indicate that light intensity
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in clear zone eyes of A. schwargi (Fig. 46) and M. carolina
adults (Fig. 48) is brighter than 1ight at tips of crystal-

line cones of eyes ‘of 0. californicus (Fig. 47) and c

rtnguobarica (Flg. 49). The difference in 1light intensity
may be due to the ability of the former two eyes to scatter
1ncident 1ight over adajcent rhabdoms.

Large pigment aggregations on the ventral aspect of

the lamina g;ngl1onaris and medulla interface are postu-
lated to be reminanfs of six larv31?stemmata similar to

that in other adult insect eyes (Weber, 1933). To prove
this, an analysis of tissue organization of the pharate pupa
would be required. Functiondlly, this pigment and glial cell
pigment may prevent stimulation of retinulae by 1ight enter-

ing the eye qnt1drom1ca11y through thin cuticular regions.

4.4.5 Retinula Ce11 Axons

I did not determine from light m1§roscope studies 1f
axons of similar colour sensitivity in an axonal bundle
" synapse in the same lamina cartridge as observed by

Braitenberg (1967) in eyes of Musca domestica Meig.

(Muscidae). Why the axons are comparatively longer in eyes
of A. schwarzi is not understood, but a similar arrangement
is also observed in nocturnal scotopic B eyes of P.

melanarius and in Steropus madidus Fab. adults (Carabidae)

(Bernard, 1932). Axons of the other cicindelid and carabid
beetle eyes are shorter, and these eyes have a lamina,

medulla, and lobula grossly similar to photopic eyes of the
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honey bee Aglg mellifery L.(R1b1. 1975a), ant, Cat gg yphis

bicolor F. (Rib1, 1975b), and cockroach. Periplaneta’
americana L. (R1b1,.1977). To determine exact neural

" connections, Golgi silver impregnation (Ribi, 1974),
cobalt'ch1gtidc filling (Strausfeld and Obermayer, 1976),
or procion yellow infiltration (Dvorak et al.. 19758) into

axons and interneurones would be rtquirod

4.4.6 Significance of Evolution of Character States of
ciéindelid and carabid Beetle Conpound Eyes

Significance of diffecences in structure and function.
of compound eyes is approached through a phylogenetic
analysis of tiger beetles. Thic is followed by considera-
tion of taxa representing other families of adephagans. A
general pattern is sough ts outlines are explained
in terms of the relation:;::d;:::cen ecologi and diversifi-
cation of evolutionary lineages.

Evolution of character states of cicindelid and
carabid bettle compound eyes are related to the reconstructed
phylogeny (Fig. 113). For readers interested in keys, /f
descriptions, and diagnoses of character states of tiger
beetle taxa, see Schaupp (1883); Leng (1902;1920); Bradley
(1930); and Arnett (1968). ‘For a discussion of character
states determining cleavage points’between tribes, see

{leﬁorb (1908-1915; 1926); Bradley (1930); and Arnetc (1968);
for subtribes, see Thompson (1857); Horn (1908 1915); Leng
(1920); and Wallis (1961); for genera within the subtribe
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0-1”@« u}ordnn (1843); ‘l’honun (1857); Brous
(1071). Scmupp (1883); Casey (ll"); Leng (1902); Bradley
(1939); Arnett (1946;1968); and VYaurie (19\8_)) the genus
mg”_b_q_l_g_. see fhoapson (18§7): Scraupp (1883); Horn
(1900-1915); Armtt (194'6); :h"‘," (1969); tive genus
Cicindela, see Leconte (1857);. sc:t“” (1883); Leng (1902;
11920); Horn (1908-1915); Bradley (1930); Arnett (1946;1968);
Rtvalier (19“). Wallis (1961); and Hiliis (1968).

Ancestral stock of the Cicindelidae were probaphly
related to Carabini of the faiily Carabidae. These primitive
cicindelines invaded an ecological zone probably involving
hunting of relatively large, active;:meavi1y sclerotized
prey, and larvae seizing prey from a fixed.hiding place.
Adults were probably nocturnal hunters and basically ground
beetle-1ike in behaviour. They did not fly actively. Eirly
divergence produced two lines, one of which initially.
retained the plesiotypic small, scotopic A eyes and
nocturnal behaviours (the Hegacepha]\ni); the other acquired
large eyes (ancestors of the Cicindelini).

Within the Hegicephalini, two major lineages deve-
loped: the Omina, whose adults retained small eyes, and
mainly nocturnal behaviour; and the Megacephalina, whose
adults became crepuscular, acqqired large eyes for
stereopsis, but remaingd functionally sébtop1E’A. Within
the Omina, adults are secondarily flightless, ﬁdu]ts of
Amblycheila plesiotypically have\snaI] scotopic A eyes.

However, eyes of Omus adults have’ evolved scotdpic B eyes
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.
caplbh of finer uon reselution for mm ‘during. more
'nquut “urnl «uvity nrh«. .

The Cicindelini beceme divergent and prodably 1afti-
sy diversified fa the shade of tropical forests, where
representatives of many cicindeline genera new live. Carly
11neages were prodadly crepuscular. Prebably ene of the
more recent lincagos lnvod 1uto Qor‘ open araas (1n1t|a!ly.
perhaps, along stroan norgius). lcvalopcd quict fiight\
which could have been a correlate of the superior binocular
vision afforded bx large eyes. .A 1ineage with such proper-

ties could have been ancestral to Cicindela, whose species

. became diurnal, and adapted for-life in open areas. This

taxpn underwent an evolutionary flowering that pro@utgd an

abundance of species on all continents (oxcopt'Angarctfca).
Among the species of Cicindela whose eyes ! cxal:kod.

I found two functional types: the plesiotypic scotopic A;

and the apotypic photopic‘ Given only this 1nfornation,

one wouId be tolpted to think that the taxa with scotopit

A eyes were anccstra] to those w1th the photopic oyos.

However, I believe that the reverse is true, based on the

fol;owing consideration. Photopic eyes and diurnal activity

are characteristic of groups characterized by more primitive

male genitalia, and hence believed to represent more primi-

tive Tineages of the genus. These species and the groups

f
to which they belong (indicated by numbers (Freitag, 1974),

based on Rivalier (1954)) are: Group 1A - C. repanda and

C. linbata;ieroup 18 - C. longl]abris; Group 1C - C.

ttal
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sdults of seme taNd characterized b3 highly devived ‘., ;

genitalia are erepusculer as well c:duml. 0“ hﬂ . .

either phoSepic op gcotopic l‘cyo*r Vlotc oves Gresp | WY  '
”_gnnj,. eyos »ot&‘ﬂ Srowp 11t - §. mg. ms '

. 1empiscata (Grouwp X1) ave sctive both ta fpll 1ight n’ 40
dim 11ght, but their eyes have Rot bee ined Mste-
logically. ’

Secause of the nature of the correlations, I infer
that diurnal actiyity and photopic eyes are plesfotypic in
Cicindgla, and that crepuscular activity and scotopic A '
eyes are apotypic. Therefore, presence of the latter type
of eyes in Cicindely represents an cvolutlon.ry'rcvorsal.

SBasically this phylogenetic framework provid,s [
satisfactory continuity of evolution of eye function through
noctur;al to crepuscular, and diurnal to crepuscular diel
activity transitions. Hewever, one abrupt change from ®
nocturnal to diurnal is involved in the divergeace of the
Cicindelini from the Megacephalin{. It must be mentioned
that within the Cicindelini there are four subtribes con-
taining a total of 16 gemera which are lorc‘priniiivc than
Cicindela (Worn, 1926). Eyes of adults of these genera may
provide a smooth transit:on from ancestral small scotopic
A cyis through large scotopic A oyc§ to still larger pho-
topic eyes of Cicindela adults.

Basgd on earlier classification (Lacordaire, 1843;
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1854; and Thompson, 1857), an alternative reconstructed
ph}iog;py can be provided. This places the crepuscular
Megacephalina as the sister group of the diurnt®l Cicindelini.

Or‘ can then propose that the an?:estof's“ of these two taxa
s wer; crepyscqlar. like the extant members of the Megacepha-
y lina. Tgus i Smooth transition is provided for évo]ut1on
k\“ ;f phqtopic?&yes as suggested above. I believe that Horn's

'hypdthesis is more correct and suggest that in the strict

sensé gncestors of Cicindelini had crepuscular eyes. This

hypothesis shogld be tested by examination of eyes of the
more primitive taxa of Cicindelini. | ‘
Using Horn's classification, s;veral assumptions are
requ$redzfor the following events of evolution of cicindelid
compound eyes: divergence in eye size; divergence in eye
function;‘diwergence in eye size and function; parallel
acquisition of enlarged eyes; and reversion in funct16n
(but not in eye size) to an ancestral condition. Divergence
in eye size alone i; éxhibi;ed by evolution of large eyes ‘
‘in the Megacephalina; divergence {n function alohé, by
acqufsition of scotopic B eyes in adults of Omus; divergence
in eye size and functionrby evolving eyes of ancestral

) 'Cicindelini. Parallel evolution of eye size is exhibited
by indebéndent acquisition of large eyes in both Megacepha-
lina and Cicindelini. Reversal in function is exhibited
by evolution of scotopic A eyes by a highly aerived lineage
of Cicindela, C. lepida. Also, in other highly derived
Cicindela, C. belfrageiq there is a reversal from diurnal
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‘to crepuscular diel activity, without chahge in eye
function.

Table 20 shows that based on my three ‘functional
categories, cellular grganization in adebhagin beetle eyes
has undergone parallgimevolut1on. Parallelism in function

is identified in independent acquisition of scotopfc B

eyes among Cicindelidae (Omus spp.), Carabidae (Pterostichus

melanarius and other taxa), and Gyrinidae (Gyrinus spp.).

Parallelism in eye size and function related to diurnal
activity is shown by Cicindelidae (Cicindela spp.}nand
Carabidae (Elaphrus spp.). All families but Gyrinidae have
living taxa with ancestral scotopicoA eyes. 'The impression
is that parallel acquisition of the derived types of eyes
occurred many times. Reversion to an ancestral functional
condition might be common, through probably less frequent
than parallelism.

It is important to recapitulate that modifications
are based on eye size and on an alteration of cellular
organization not on a change in cell number in ommatidia.
Coadapted to nocturnal activitx are small scotopic A eyes,

" scotopic B eyes to nocturnal but more frequent diurnal
activity; to crepuscular activity, large scotopic A eyes
(exception, 1arge photopic eyes of C. belfragei); and to
diurnal activity, large photopic eyes.

The mechanism used to evolve large eyes from small
eyes is addition of number of ommatidia with- an accompanying

shortening of the dioptric apparatus and increased retinula
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Table 20. Functiohal~eye categories of adephagan beetle

adults.

Functional Eye

Family Category

References

Cicindelidae Scotopic A

Scotopic B
Photopic

Carabidae Scotopic A

Scotopic B

Photopic

Dytiscidae Scotopic A

Gyrinidae Scotopic B

Section 4.3.5.2
Sections 4.3; 5.3

Kirchoffer, 1905; 19908
Friedrichs, 1931 °
Swiecimski, 1957

Home, 1976

" Section 4.3.5.2

Kirchoffer, 1905; 1908
Bernard, 1932
Hasselmann, 1962

bGrenacher, 1879

Kirchoffer, 1905; 1908
Bernard, 1932
Section 4.3.6.2

Kirchoffer, 1905; 1908
Horridge and Giddings, 1971a
Bauer, 1974; 1977

Home, 1976

Section 4.3.6.2

Grenacher, 1879

Exner, 1891 -
Kirchoffer, 1905; 1908
Horridge, 1969a

Horridge et al., 1970
Meyer-Rochow, 1973; 1975

Kirchoffer, 1905; 1908
Horridge and Giddings, 1971a
Pappas and Larsen, 1973
Wachmann and Schroer, 1975
Burghause, 1976
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length. The transition fronfscotopic A to scotopic B eyes

o

involves elimination of the clear retinula zone by extension
of the rhabdom the complete reiinu]a length. Such a struc-
tural modification only involves shortening of the retinula
cells. Changes involved with e]imination of the clear
retinula zone -and reduction of rhabdom surface area and
volume evolve photopic eyes from large scotopic A eyes
and converse relationships are required for the opposite
transition. |

Because slight changes in internal structure have
profound effects on function, it is fairly easy for evolv-
ing groups to move from one adaptive zone to ‘another, and .
back again. Such shifts are generally'correlated with
speciation. This means an increage in diversity when such
shifts occur, and ultimately they 1nvol§e change in eye
function. Thereforé. it seems likely that the ability ;}
eyes to respond quickly to selection is an integral com-
ponent of evolution of diversity among the Adephaga in

particular, and perhaps among insects in general.

»

-



5. Fine Structure of Photopic Eyes of Males of

Cicindela tranquebarica Herbst N
5.1 Introduction - U

Chapter 5 describes the fine"sfructural cellular

organization in eyes of males of Cicindela tran-

quebarica Herbst and digcusses the functional morpholaogy

of this‘derived photopic eye. Also sUggthions for further
research are made. As reported in Section 4.4.3.3, other
authors have histologically examined adult eyes of various
Cicindela. kirchoffer (1905) gave a general description of
eyes of C. campestris L., C. silvatica Latr., and C. hybrida

L., and in 1908 amplified his descriptions to include figures
of eyes of the first two species. From observations of

structure of eyes of C. campestris and C. hybrida adults,

Friedrichs (1931) corrected Kirchoffer's (1908) inaccurate
description on the fo]]owing th;ee boints: the nucleus of
the eighth retinula cell lies proximal, not distal to the
basement membrane; there_are seven not six axons surrounding
each basal retinula cell, and there appears to'be 16 not 17
secondary pigment cells. swiecimski (1957) examined the

eye structure of C. hybrida adults and analyzed the role of
vision in prey capture behaviour (Section 3.4).

1 have examined the cellular organization in

eyes of adults of C. limbata nympha Casey, C. limbalis

193
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Klug, C. repandp repands Dejean, C. longilabris Say (Sec-
tion 4.4.3.3);™¢. lepida Dejeat; and C. belfragel
$al16 (Section 4.3.2). Home (1976) has examined some
aspects of the fine structure of the eyes orfgf\bg!gg;trig
( /adults. Her description deals mainly with the retinulae of
| this insect and she does not give a detdilod account. of
other eyes strué@urig. In the following tfoatneﬁt. struc-
_ tures between thc:qarncal lans and lamina ganglionaris of

¢ the eyes of C. tranquebarica males are described.

.

5.2 Mafe;ials and Methods
. .'For ligﬁt microscopy (LM) wax sections 10 to 12 um
thick, werer-prepared as in Section 4.2. Araldite sections
1.5 um thick, were stained at 80°C with 1% perdodic acid
then with 1% Mallory's Azur Il containing an equ;l volume
of 1% meéhy]ené blue in lz;borax solution (Richardson et al.,
1960), or at room témperql're in saturated Sudan III in 70%
ethanol (de Martino et al., 1968). Sll‘ii were mounted with
Permount and with glycerine respéctively. Representative
photographs were taken with a Carl Zeitz Ultraphot II on
Kodak Plus-X, Pan Professional, 10.2 x 12.7 cm sheet fiim.
Eyes to be-observed by Nemarski interference micro-
scopy (NIM) were fixed, dehydrated, embedded, -sectioned,
and photographed as in Section 4.2. , ]
For SEM examination of their cellular organization, .
eyes were fixed in 3% glutaraldehyde for 2 h and post-fixed
‘for 1 h in 1% osmium tetroxide, at pH.7.4 in Millonig's



- pho h.tc bufftr uith sucrose (Hillonig. 1961) They were
idb r‘!’l through a gradod scr1os of othanols thcn “trans-
ferred to Y002 amyl acetate for~critical point drying with
carbon dioxide in a anton Vacuun pCcP-1 dryor. After dry-
ing, eyes were fractured w1th a razor blade (Carison and
Larsen, 1972a and b; Carlson and eh1. 1974; and Chi and
Carlson, 1975). An altqrnatc method used was to cryofrac--
ture eyes in liquid nftrnqon.(uci. 1974). After critical
: potnt drying, eyes were exposed fo osmium tetroxide vapours
ovcrnfght. Fractured eyes were carbon and gold coated to
"a thickness of 15 to 20 nm using an Edwirds 12E vacuum evapo-
rator and were then examined using a Cambridge Stereoscan
'S4, scanning electron m:prdkcopel(SEM) at accelerating vol-
tages of 20 to 30 kY. Representative photographs were taken
on Kodak Plus-X, Pan Professional, PXP-120 roll film.

For transmission electron microscopy (TEM), eyes were
fixed in 3i'glutara1dehyde for 4 h and bost-f1xed for 1 1/2 h
in 2% osmium tetroxide in Millonig's (Millonig, 1961) phos-
phate buffer with sucrose at pH 7.4 (Perrelet, 1970). After
ethanolic dehydration and propylene oxide treatment, eyes
were embedded in araldite 502.(Luft. 1961). Longitudinal
and transverse sections were cut at a thickness of approxi-
mately 60 nm using glass knives in a Refchert OmU2 ultra-
microtome. Sectfons weré transferred to 200 mesh copper
grids having a 0.25% formvar: (polyvinal %orma]) in ethylene
dichloride support film (Hayat, 1970). VSections»were stained

for 5 h in sathrated aqueous uranyl acetate followed by a



196

/

3 min. stain in 0.02% aqueous lead citrate (Vemable and
Coggeshall, 1965). eriys were examined using a Phillips
EM 201C at 60 kV accelerating voltage. Photon1cfographs
wcf. taken on Kodak Fine Grain Positive 35 mm film.

Eye tissue to be freeze-etched was fixed for 2 h in
3% glutaraldehyde in Millonig's phosphate buffer with syc-
rose apd then transferred to 30% aqueous glycerine. Tissue
was then rapidly fiozon in froonn(lichlorodifluoroncthano)
at its fusion'point o¥ -155°C (Moor, 1971). Frozen material
was then placed on the pre-cooled stage at -150°C of a
Balzers BA 360M high vacuum freeze-etch unit, then fractured
and evaporated with carbon and platinum (Perrelet et al.,
1972). Tissue from thawed preparations was digested using
a 40% solution of chromic acid. Ajax B detergent-washed
replicas were placéd on 0.25% formvar-coateﬁ, 200 mesh copper

grids and examined using a Phillips EM 201C.

5.3 Results

5.3.1 General Features
Figs. 114-117 show the general organization of the
eye of Cicindela tranquebarica males. Fig. 114 is a frontal

section through a left eye. Ommatidia near the frons (fo"

which function in stereoscopic visfon (Section 3.3), are

longest; followed by the cervical ommatidia (co), whi

s
function fn binocular vision (Section 3.3). Shortest™

the medial ommatidia (mo) used for monocular vision (Sé»

®

3.3). Figs; 115-117, illustrate the organization of the



Figs.

Fig.
Fig.
Fig.

Fig.

114-117. Longitudinal sections of eyes of Cicindela

114,

1165,

116.

17,

tranquebarica adults. Shown are: corneal

; subcorneal layer (cl); crystalline
c); crystalline thread (ct); retinula
rhabdom zone (rr); rhabdom (r); basal
retinula zone (br); basement membrane (bm);
axons (a); lamina ganglionaris (1g);
secondary pigment cells (2p); basal pigment
cells (bp); frontal ommatidia (fo); medial
ommatidia (mo); and cervical ommatidia (co).

LM of a wax sectiqn.
Scale = 250 um

LM of an ar&ldite section.
Scale = 100 um

NIM of a wax section,
Scale = 100 um

SEM cryofracture.
Scale = 100 um
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compound eye of this cicindelid beetle. The fine structure

of this oyo {s described in detail in the following sections

and is summarized in Fig. 193.

L

e e ’ - . . ' | | — . P,
5.3.2 Dioptric Apparatus

The dioptric apparatus consists of a biconvex, hexa-
gonal, coréoal lens (1), subcorneal layer (cl), and a cry-
stalline cone (c) (Fig. 118). The thin corneal layer (t)
is only 1.65 um thick (Tab1017; Sectfon 4.3.1.1).

5.3.2.1 Corneal Lens

The corneal lens is 50.6 um long, and 18.7 um in dia-
meter and consists of lamellae (Im) of exocuticle (Fig. 118)
which are best seen in freeze-etch preparations (Fig. 119).
Thin transverse sections through the lens reveal a spiral
conformation of lamellae (Im) (Fig. 120). The spiral is
tiéhter in the centre of each lens. Lamellae havé differing
refractive indices since phase changes in polar1zed 1ight

transmitted through unstained sect1ons can be observed using
NIM.

5.3.2.2 Subcorneal Layer

The subcorneal layer (c1) as defined in Section 4.4.1
is situated between the corneal lens (1) and crystalline
cone (c) (Fig. 121). It is approximately 11.7 um in diameter
and 0.6 um thick. Cryofracture SEM observations of this
layer (Figs. 122, 123), show that both its distal (Fig. 122),



Fig.

-Fig.

Fig.

118.

119.

120.

SEM cryofrecture of longitudinal section of
dioptric appthtus. showing biconveX hexagonal
corneal ‘lenses (1); .lamellae of exocuticle (1Im);
thin corneal layer (t); subcorneal layer (cl);
crystalline cone (c); and secondary pigment
cells (2p).

Scale = 10 um

TEM freeze-etch of longitudina1 section of
corneal lens, showing exocuticular lamellae (Im).

Scale = 0.5 um S

TEM of transverse section through corneal lenses,
showing spiral conformation of lamellae (1Im).

Scale = 1 um



A

Sk Bt TR e

‘ ‘




Fig. 121.

Fig. 122.

Fig. 123.

Fig. 124.

VScalo s | um

LM of longitudinal section through .dioptric
apparatus, showing corneal lens {1); subcorneal
Tayer (c1); crystalline cene (c); crystplline
thread (ct); primary pigment cell nucleus (n);
and secondary pigment cells (2p).

Scale = 10 um : .

SEM cryofracture.of distal surfaces of sub-
corneal layer, showing polygons (po) of
endocuticle.

Scale = 5 um

Same, of subcorneal layer, shonin? polygons (po);
crystalline cone (c); Semper's cells (s’; and
secondary pigment . cells (2p).

Scale = 2 um

~N
Same, of subcormeal layer, showing lamellae of
endocuticle (lnz; crystalline cone (c);
Semper's cells (s); primary pigment cells (1p);
and secondary pigment cells (2p).

é o
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and proximal (Fiq. 123) surfaces consist of the outlines

«® -of 11 “cellular" polygons (po) each approximately 5 um

‘Pa i

.

.. across. The subcorneal layer is lamellated (Fig. 124).

In section these lamellae appear to consist of parabolae of
endo;uticular microfibrils (mf) (Figs. 125-127). Towar&g
the corneal lens (1) (Fig. 125), the lamellae are thicker
and their microfibrils (mf) have what may be brotein (pr)
deposits (Neville, 1975) along their lengths (Fig. 127).

5.3.2.3 Crystalline Cone .

The crystalline cone (c) is concave distally (Fig..
128). It is approximately §3.5 um long and has a maximum
diameter of 25.8 um. Fodr equal-sized quadrants form the
cone, each of which is separated from its neighbour by a
transparent Semper cells (s) (Figs. 123, 124, 128, 129).
The nuclei (n) of these Semper cells lie beneath the lens
(1) (Fig. 125). Thin sections (Figy. 129), show the crystal-
line cone to be granular, particularly peripherally. The

central region of each cone quadrant is less electron-dense

“than their peripheral region. The four Semper cells

surrounding the cone contain mitochondria (m), and micro-
tubles (mt), while primary pﬁgment cells (1p) contain mainly
polysomes (arrows) a@d a few mitochondria (m) (Fig. 130).

A freeze-etched p;;paration (Fig. 131) of a section similar
to that of Fig. 130 shows stippling (arrows) of the primary
pigment cell (1p) unit membranes. This stippling of protein

on the "protoplasmic face" (pf) (Branton g& al.; 1975) could



Fig.

Fig.

Fig.

125,

126.

127.

.

TEM of longitudinal section of dio tric a aratus;

showing lamellated corneal lens (1 1ame ated
subcorneal layer (cl1); two quadrants of the
crystalline cone (c); nuclei (n) of Semper
cells; primary pigment cells (1p); and secondary
pigment cells (2p).

Scale = 2 um

Same, of subcorneal layer, showing lamellae (1m)
consisting of parabolic endocuticular micro-
fibrils (mf).

Same, of lamellae of endocuticle, showing micro-
fibrils (mf; of endocticular lamellae with
protein (pr) deposits along their lengths.

Scale = 1 um
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_Fig_:‘l 28.

Fig.

Fig.

Fig.

129.

130.°

131.

’

SEM cryofractﬁre of a crystalline cone (c), show-
ing concave distal surface, and four quadrants
limited by four Semper cells (s).

Sgcale = 5 um

TEM of transverse section through a crystafline
cone (c), showing the granular appearance of the

four quadrants; Semper cells (s); primary pig-

ment cells (1p); and secondary pigment cells (2p).
Scale = 2 um )

*

Same, showing Semper cells (s) containing
mitochondria (m) and microtubules (mt); and
primary pigment cells (1p) containing polysomes
(arrows); and mitochondria (m). :

Scale = 1 um

L4

Same, freeze-etch. Note granular appearance of
crystalline cone (c) surrounded by Semper cells
(s) and protein (arrows) on the pf face of the
primary pigment cell (1p) unit membrane.

Scale = 1 um
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be intramembranal manfifestations of some kind of desmosome.

5.3.3 Crystalline Thread and Primary Pigment Cells

Closely applied, proximal extensions of the fouf
Semper cells form the crystallinc throld“ Fig. 132 shows
a2 transverse cryofracture section through the crystallinc
throad (ct) with surrounding primary pigment cells (1p).
Approximately 6 socondary pigncnt cells (2p) radfate to
form a stellate pattern around these cells. Transverse sec-
tions of the thread (ct) examined by TEM (Fig. 133) show it
to be of four parts. The surrounding primary pigment cofls
(1p) contain nuclei (n) at the proximal level of the thread
(see also Fig. 121). Septate desmosomes (d)’(Locke. 1965)
occur between primary pigicnt cells (Fig. lq3). Primary
pigment cells do not cbqtaih pigment granul#s. Fig. 134
indicates that the cytoplasm of these cells/is rich in
rough endoplasmic reticulum (rer), which suggests that. they
are active tn protein synthesis. Examination of the cry-~
stalline thread (ct) at H’gher magnffication’ (Fig 135),
shows that u1crotubules (nt) are its major ccllu)ar 1nclu-
sion. Longitudinal sections (Fig. 136) show these micro-
tubules to be aligned parallel to the vertical axis of the
t%road} The crysta{line thread {is approximately 1.2 um
tn diameter. The four strands of the crystalline thread
separate and extend proximally to form inter-retinular
fibers (f) (Waddington and Perry, 1963) between retinhla
cells: 1/2, 3/4, 5/6, and 7/1 (Fig. 137). Microtubules (mt)



Fig.

Fig.

Fig.

132,

133,

134.

135.

SEM cryofracture of transverge section through
a crystalline thread (ct) surrounded by primary
pigment cells (1p) and a steltate arrangement
of 16 secondary pigment cells (2p).

Scale = 2 um

TEM of transverse section through a crystalline
thread (ct), showing four quadrants surrounded

by two primary pigment cells (1p) each contain-
ing a nucleus (n) and cytoplasm rich in rough
endoplasmic reticulum (rerg. Note septate
desmosomes (d) between primary pigment cell
membranes. Secondary pigment cells (2p) contain-
ing nuclei (n) and pigment granules (pg surround
these structures. -

Scale = 2 um

Same, through a crystalline thread (ct) and pri-
mary pigment cells (1p) rich in rough endoplasmic
reticulum (rer).

Scale = 1 um

Same, through four crystalline thread quadrants,
showing microtubules (mt).

Scale = 200 nm
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Fig. 136. TEM of longitudinal section through crystalline
thread (ctg. showing microtubules (mt). The
thread is surrounded by primary pigment cells
(1p) containing rough endoplasmic reticulum
(rer). Secondary pigment cells (2p) envelope
primary pigment cells. .

Scale = 1 um

Fig. 137. Same, of transverse section through distal
v rhabdom (r), showing fnter-retinular fibers
(f) between retinula cells 1/2, 3/4, 5/6, and 7/1.

Scale = 1 um

Fig. 138. Same, through an 1n£gr-ret1nu1ar fiber, showing
microtubules (mt) witthin its cytoplasm. Note
spot desmosome (d) near thé rhabdom (r).

Scale = 250 nm
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are sti1l present in the thread at this ‘level. Spot dasmo-

somes (d) of retinula cells are medial to these inter-
retinular fibers (Fig. 138). .
5.3.4 Interfacetal Pegs

| Scattered betwesen some corneal Jcnsos (l)‘|r¢ interface-
tal cuticular pegs (cp) (F1g. 139) conical in shapc'und approxi-
mately 2.3 um in diaiotor,and 3.1 um high. - In longitudinal sec-
tion (Fig. 140) these pegs (cp) can be seen to have a cuticu-
lar socket ($0) wh1ch.;1ts on an articulating cutucular mem-
brane (mb). .The location of this is speculated. Fig. 147 shows
a dendritic sheath (ds) (=cutfcular sheath, scolopale) and in
Fig. 142, nuclei (n) of the inner (=trichdfep) (1) and outer
sheath cells (=tormogen) (o) (inner and.*outer shoqth;tefn1no-
logy from personal connuni;ation with R.Y.QZach;rukz. Trans-
verse sections of the distaj por}1on show the cuticular peg

(cp) and sock?t (so). Suspension fibers (sf) connect the peg
and socket (Fig. 143). Distally, the dendritic sheath (ds)
. {s surrounded by the cuticular peg (cp) and socket (sp) (Fig.
144). This sensillum has a single bipolar neuron. ?19. 145
shows a d1st§11y located tubular body.(tb). approximately
630 nm in diameter, surrounded by the dendritic sheath (ds).
Thgse structures are surrounded by corneal lenses (1) (Fig.
145). .The tubular body consists of numerous longitudinally
orﬁonted microtubules (mt) interspersed with electron-dense
substance, and is surrounded by a large lumen (1u) (th.

146). More proximally is a ciljuu (ci) (Figs. 147, 148)



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

139.

140.

141,

142,

143,

144,

<

SEW of, a cuticular peg (cp) of an interfacetal
?:ghanorcccptor'situatod between corpeal lenses

Scale = 2 um

A

LM of longitudinal section of a cutfcular pcg
(cp) and socket (so) which sits on an articulat-
ing membrane (mb).

Scale = 10 um

Same, of the dendritic sheath (ds) of an inter-
facetal mechanoreceptor. :

Scale = 10 um

Same, of the inner (1) and outer sheath cells
(o), showing nuclei (n). _
Scale = 10 um

TEM of transverse section through a cuticular .
peg (cp) and socket (so).

Scale = 1 um ‘

Same, through dendritic sheath (ds) surrounded
by the cuticular peg (cp) and socket (so). Note
suspension fibers (sf). ,

Scale = 1 um
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.Fig. 145, TEM -of transverse section through- a tubular body
. ~ (tb) surrounded by a dendritic sheath (ds).

SN Corneal lenses (1) surround these structures.

Scale =« 1 um

Fig. 146, Same, showing longitudinally oriented micro-
tubules (mt) and-electron-dense substance. A
]unen (1u) surrounds the tubular body.

Scale = 500 nm

[}

Fig. 147. Same, through“®ilium (ci) surrounded by a
‘ dendritic sheath (ds) and sheath célls (sc).
. Note corneal lenses (1) and secondary pigment
- cells (2p). o

Scale = 2 um

Fig. 148. Same, showfng cilium (ci) containing 11 peripheral
microtubular doublets and five central singlets.
Note dendritic sheaths (ds); inner (i) and outer
sheath cells (o0); four accessory eipthelial cells
(e); microtubules (mt); mitochondria (m); septate
desmosomes (arrows); and lumen (lu).

Scale = 1 um
N\

Fig. 149, Same, through a basal body (bb) of cilium. Note
that the dendritic sheath (ds) only partially
surrounds this structure. :

’4/§za1e = 2 um

Fig. 150. Same, through nucleus (n) of neuron (largest cell)
and inner and outer sheath cells. Cells contain
?itoghondria (m) and rough endoplasmic reticulum

rer).

Scale = 2 um N
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containing 11 peripheral microtubulaf doublets and five
céntra] singlets. The cilium is approiihately 625 nm in
diameter and is enclosed by the dendritic sheath (ds). This
dendritic sheath is $urrounded byvan inner (1) and outer
sheath cell (o), and four accessory sheath cells (e). Sept-
ate desmosomes (arraws) Qfe‘present between the sheath cell
membranes and microtubules (mt) and mitochrondria (m) are
within their cyioplasm. Sheath cells are adjacent to a
large lumen ({;),‘and corneal lenses (1) and secondary pig-

ment cells (2p) are also seen at this level. The cilium

. has é basal body (bb) (:.centr101e, kinetosome; Wolfe,

1972) which lies parallel to the vertical axis of the inter-
facetal mechanoreceﬂtor (Fig. 149). The dgndritic sheath
(ds) only partially surrounds this structure. Nuclei (n)

of the sheath cells and neuron are more proxiha11y located
(Figs.'150, 151). Neurotubules are present in the cyto-
plasm of ghé neuron. Sheath cells contain: mitochondria

)
(m) and rough endoplasmic reticulum (rer). There are no

..septate desmosomes between sheath cells at this level (Figs.

150, 151). Figs. 151, 152 show the axon (s). The axon
(Fig. 153) contains: mitochondria (m), rough endop]ismic

reticulum (rer), nedrotubules (arrows), and what may be a

‘vacuole (v) or a figatibp artifact. Three sheath cells

surround the axon; the third “s probably the basal or neuri-

lemma cell VL}J). ~‘A11 sheaf® cells contain pigment granules
.. *,'v - .

e (p) at Qhﬁgilevel. Because of the density of pigment
P ‘ ,

grangles in secondary'pigment cells (2p) of the eyes, it

-~
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Fig. 151. TEM af transverse section through nucleus (n)
. of one sheath cell and Tumen (1u) of the other.

Note axon (a).
Scale = 2 img

P

Fig. 152. Same, throlgh Tumina {iu) of sheath cells and
axon (a) 6f neyron.

Scale = 2 um

Fig. 153. Same, through axon, showing mitochondria (m);
rough endoplasmic reticulum (rer); and neuro-
‘tubules (arrows); and vacuole (v). Note inner (i) '
and outer sheath cells (o) and the neurilemma : ‘
sheath cell (nu;. A11 sheath cells contain
mitochondria (m); microtubules (mt); rough endo-

~ plasmic reticulum (rer); amd pigment granules

-~ (p). The axon is also surrounded by secondary
pigment cells (2p). S

Scale = 1 ' um







Fig. 154.

4

Ditagrammatic longitudinal section of an inter-
facetal mechanoreceptor of Cicindela

-tranquebarica, showing cuticylar pe? (cp);
e (m

socket (so); articulating membran b); tubular
body (tb); dendritic sheath (ds) enclosing a
cilium (ci); bagal bodfes (bb) of cilium;
nucleated inner (1) and outer sheath cells (o):
lens (1); subcorneal layer (cl1); crystalline
cone (c); Semper's cells (s); and secondary

“axon éai; neurilemma sheath cell (nu); corneal

pigment cells (2p).
Scale = 20 um
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was not possible to trace the axon of the neuron to the
central norvous'system. Fig. 154 shows the principal struc-
tural cblponents of the interfacetal mechanoreceptor sen-

sillum. . .

5.3.5 Retinula and Secondary Pigment Cells

5§.3.5.1 Distal Retinula Cells

The crystalline thread (ct) connects the dfoptric
apparatus to seven long retinula cells. Nuclei (n) of these
cells are loqated distally (Fig. 156). TransQerse cryo-
fracture sections through the retinula at this level (Fig.
156) show seven retinula cells with nuclei (n) enclosing a
central, distal rhabdom (r). The retinula is surrounded by
secondary pigment cells (2p). The seventh retinula cell
(7) appears to be vacuolated. A thin section at this level
(Fig. 157) shows f;at4ppg'dista1 rhabdom (r) consists of
microvilli from on}y:bbéihula cell seven. Distances between
spot desmosomes (d) of adjacent‘retinu]a cei1s, indicate
that retinula cell seven is wider than the other six at
this level (Fig. 158). Fig. 159 shows a freeze-etch sec-
tion through the distal retinula showing pf-and ef ("extra-
cellular or exoplasmic face" of the'wembrang revealed by the
fracture process; Branton et al., 1975), of the microvilli
of ¢he rhabdom. TEM shows the cytoplasm of retinula cell
séven to be rich in mitochondria (m) sug tive of a Eell
active in oxidative phosphorylation (Fig. 160). This part

P
/



Fig.

Fig.

Fig.
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155.

156.

157.

LM of longitudinal section of junction between
crystalline thread (ct) and seven retinula
cells, showing their distal nuclei (n).

Scale = 10 um

[
SEM cryofracture of transverse seg¢tion through
distal retinula zone, showing seven retinula
cells, some with nuclei (n), enclosing a central
rhabdom (r). The seventh retinula cell (7)
appears vacuolated. Secondary pigment cells
(2p) surround the retinula.

Scale = 5 um

Same, TEM.
Scale = 5 um
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Fig.

Fig.

Fig.

Fig.

158.

159,

160.

161.

TEM of transverse section through distal rhabdom
(r), showing spot desmosomes (d) between
adjacent retinula cells. Note that retinula
cell 7 is larger than the others and that it
alone forms the rhabdom.

Scale = 1 um

.Same, freeze-etch, showing pf and ef faces of

rhabdom microvilli and nuclei (n) and mitochondria
(m) of retinula cells.

Scale = 1 um

TEM of transverse section through distal rhabdom

-(r). Note mitochondria (m) within retinula

cell 7.
Scale = 1 um

Same, freeze-etch, showing microvilli_ of rhabdom
(r); nucleus (n) of retinula cell; and inter-
retinular fibers (f).

Scale = 1 um
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of the distal rhabdom has its nac;bqjlli iﬁigaid barhllol
to the longitudinal axis of the retinula (Figs. 188, 160,
161) and these are anroxuatﬂy 900 nm long uitlo nmin
diameter. Thcy contain anorphous natorial 1n thoir 1ua1nc.

5.3.5.2 Proximal Ictinula‘tolls‘l
Transverse scctions through the proxin&! fused rhlb-
dom reveal seven retinula cells: six of similar structure.
but a d1ssim11ar seventh retinula coll positioncd -Jaterally
(F1g 162). Each of the six normal 'ﬂaf""]' colls are rich
in mit8@chondria (m), rough endop]asnic reticulum, polysomes,
and Golgi lacunaé (la) are dispcrsod throughout their cyto-
plasm. Spot desmosomes arc located between adjacont
retinula cells. Some pigment granules (p) are 10catldlnoar
the periphery of these cclls. l" the ret1nu1a is onv.lopcd
by secondary pigment cells (Zp) (Fig. 163). At highdﬂTbagdi 1
fication, this proximal rhabdom (r) (Fig. 164224; rpc;gtgﬂ;p 'Qb
in transverse section. Microvilli of two retinqﬁh lj*4§ 4 { ;
(1.e., 1, 2) each contribute a rhabdoner*:ﬁ‘u 1“'3:“ a?»“'» X

of the rhabdom; but only one ({i.e., 6) lakt?ﬂit olﬁgﬁlgorf “fgi

rhabdon at this level. Qytoplasnic 1nc1usi, ’_. [thosd\bcllj
| . A mE
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Fig. 162. TEN of transverge section through preximg)
’ gone. Shown are six retinyla cellds

rh
(1) :t g & central fused rhaddom (r) with the
s® reSinula cell poesitioned laterally.

Scale.* § um ) " .
. ‘ . .- - ,“

)
Fig. 163. Same, through prog#imal retinula cells, showing
rhabdon (r); mitomhbndria (m); Golgi lacunae
: (Ta): pighent ?runulos (p); and secondary pig-
° ment cells (2p). .

© Scale = 2 um

F19. 164. Same, through proximal, rectangular rhabdoms
(r). Microvilli of two retinula cells congri-.
bute a rhabdomere on each long side of the
rhabdom and one on each.short sige. * Retinula .
cells are numbered 1-6: é} b

Scale = 1 um

D. e

£y » . .

i:iq. 165. Same, through seventh retinula cell, showing

L mitochondria (m); .possible polysomes (arrows);
and vacuoles (v). This cell does not contribute
to the rhabdom at' this level.

Scale = 200 nm
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include: mitochondria (m), possible polysomesg(arrows). and
vacuoles (v). Fig. 166 is a longitudinal section through the
proxlma1 rhabdom (ri. showing'a perpendicular arrangement of
‘adjacent microvilli. Near the-rhabdom (r), multivesicular

bodies (mvb) about 0.5 um in diameter nd,consisting-of a

single unit membrane enclosing a Je number of small

membrane-bound vest&les are presoﬁ g. 167). There {re
extracellular spaces (esp) bctieoh'the bf:ls of microvilli.
Also present in the retinula cytop]ikm are spherical lamellar
or onion bodiqs (on) apprpxjmaté]y.1.2 um in diameter con-
taining concentric membrane.whorls (Fig. 168). These mem-
‘branes are also found in extracellular spaces between reti-
tznula cells associated with modified secondary pigment cells
(2p) (Fig. 169).

5.3.5.3 Ciliary Structures f'l

Proximal to the nucleus of each retinula cell are two
basal bodies (bb) (= centriole, kinetosome) (Fig. 170).
These are aligned perpendicular to each other with the dié-
tal basal bogy (Fig. 171) at right angles to the longitudinal
axis of the ommatidium and the proximal basal body parallel
to it (Fig. 172). The prox1ma1'basal.body consists of nine
"nicrptuUUIar triplet ibts enclosing a central hub. . Eighteen
electron-dense tubules (arfows) surround the triplet sets.
This basql body is approximately 281 nm in d1ameter. Two
fibrillar feet (ft) extend from theAproxinaI basal body and

fuse proximally, appearing in transverse section as an open

5 8 .0 »



Fig.

Fig.

Fig.

Fig.

166.

167.

168.

169.
'+ 'cellular space between retinula cells. .Shown

< Ay

TEM of longitudinal section through proximal
rhabdom (r?. showin perptndicular arrangement
of adjacent microvilild. .

Scale = 1 um

-~ -
-

TEM of transverse section through a multi-@
vesicular body (mvb) containing small membrane-
bound vesicles near the rhabdom (r). Note

extracellular spaces (esp) at the bases of
microvilli,

Scale = 250 nm "

Same, through a spherical lamellar or onion body
(on) within the retinula cytoplasm. These
structures contain concentric membrane whorls.

Scale = 1 um
. Y

Same,,throhgh an onion body (on) in an extra-

also are modified secondary pigment cells (2p).
Scale = 1 um ‘ '
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Fig.

Fig.

171.

172.°

(arrows).

TEM of transverse section through distal retihu]a

cell basal bodies (bb) aligned perpendicularly.
Also shown are! seven retinula cells and the
distal rhabdom (r). :

Scale = 1 um

Same, of a,Histal basal body (bb), showing
mi tubules aligned perpendicular to the
omagridial vertical axis.

Sgile = 250 nm

Same, of a proximal basal body (bb), aligned
parallel to the ommatidial axis. The proximal

~basal body contains nine microtubular triplet

sets (arrows) enclosing a central hub. 18
electron-dense tubules surround the triplet sets

L3

Scale = 250 hm
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circle with less microtubular def1jnt1o; than the basal
‘bodies (fig. 173). Shortly after cntorfng'thc proximal
rhabdom region, a striated ciliary rootlet (cr) is formed
from the ffbrt)lur feet. The rootlet is solid in transverse
" sectiomn 0: ‘approximately 150 nm in diameter (Fig. 174).
'.It extends the length of thg retinula colls peripheral to
1’. rhabdém (Fig. 175). Although not shown here, the root-
let 1s banded horfzontally.

5.3.5.4 Secondary Pigment Cells

Approx1mate1y 16 secondary pigment ce11s (2p) sufround
the cone and retinula. Nuclei (n) lie at differing levels
between the cone region and the middle of the retinula. Pig-
ment granules (g) var} in size but are appro;imately 600 nq
in diameter (Fis. 173).' Some cells contain onfon bodies (on)
which{'perhaps through the proceés of pinocytosis, libsrate_
the onion boqies found in extracellular spaces between adja-
cent cells (2p) (Fig. 177). Some secondary pigment*Cells
contain vesicles (v) (Fig. 179) while others or portions of

4re devoid of pfgnent.‘bq} contain numerous

the same cells

§ ‘paller vesicles (v). Microtubdles (mt) are located within

thcsc cells which could function in transporting these

vesfcles within the cytoplasm of these cells (Fig. 179).
. L

5.3.6 Basal' Ret1nu1g§€]is and Basal Pigment Cells

The eighth or BAx31 retinula %ell (b) 1s positioned

<

L

d1sta1 to tbe fenestrg&ed nucopoTysaccharide. basement m

Y



Fig.

Fig.

Fig.

173.

174.

175.

. e,

I} -

TEM of transvcrsc section through fused
fibrillar feet (ft) within the cytoplasm near
the proximal rhabdom (r).

Scale = 250 nm

Same, through a ciliary rootlet (cr) within the
cytaplasm near the proximal rhabdom (r) proximal
to level shown in Fig. 173.

Scale - 250 nm

TEM of longitudinal section through a ciliary
_rootlet (cr) parallel to the proximal fused
‘rhabdom (r).

Scale = 1 um
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Fig.

Fig.

Fig.

" Fig.

176.

177.

178.

179.

TEM of transverse section through secondary pig-
ment cells (2p), showing nuclei (n) and pigment
granules (p).

"Scale = 2 um

Same, through onion bodies (on) withia second-
ary pigment cells (2p) in the process of
pinocytosis to become located in the extra-
cellular spaces between them.

Scale = 1 um

Same, through secondar pigment cells (2p)
containing vesicles (v{.

Scale = 1 um

Same, through secondary pigment cells (2p)

devoid of pigment granules but containing
microtubules (mt) and vesicles (v) of unknown
chemical composition.

Scale = 500 nm
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brane (bm). This cell contains a spherical rhabdomere (r)
surrounded by pigment granules (p) (Fig. 180). In trans-
verse section, the basal retinula cell 1§ seen to be approxi-
.mately 6 um in diameter and to contain a distal nucleus (n)
and a spherical fused rhabdomere (r) lpproxilatclyrs um ¥n
diameter. The basal retinula cell Qytopla;g is rich in
mitochondria (m) and pigment granules. (p).. The seven axons
{a) of the other retinula cells surround thc basal retinula
cell, They are sheathed by.four basal pignent cells (bp) .
containing pigment granules (p) (Fjg. 181). The rhabdomere
consists of microvilli approximately 125 nm in’ diameter
‘which are oriented paralliel to fhe long axis of the ommati-
dium. Axons (a) comtain pigment granules (p). Tracheoles

(tr) are present at this level of the onna£1d1um (Fig. 182).

5.3.7 The Visual Peripheral Nervous System and the
Central Nervous System

Each basal retinula cell'(b) axon surrounded by seven
rJEinuIa axons (a) penetrates the basement membrane (bm)
together and emerge as a bundle of eight axons (a) (fig.
183). In transverse section the fenestrations of the base-
ment membrane (bm) are clearly visible (Figs. 184, 185). ™
Fig. 186 shows a transverse section through the eight reti-
nula axons (a) from one ommatidium. Axons containing neuro-
tubules (nt) are surrounded by glial ce]ls (g1) which are

fn intimate contact with tracheoles (tf&[ From cryofracture

SEM analysis of these tracheoles (Fig. 187), their epicuti-



Fig. 180.

Fig. 181,

LN of longitid1acl section throu'b besed retinula
ell .

zone, showing basal retinula ¢ b); rhabdomere
r); Basement membrane (bm); und pigment granules
Pl. .

Scale = 10 um /

cells, showing distal nuclei (n); fused spherical

TEM of transverse sectfon throu;h basal retinula
rhabdomere (r); mitochondria (m); pigment .

- granules (p); seven axons (a); and four basal

Fig. 182,

Fig. 183,

71?nent cells (bp) containing pigment granules
p).

Scale = § um
x .

Same, through a basal retinula cell, showing

- rhabdomere (r) and rétinula cell axons (a) contain-

ing mitochondria zn;; neurotubules (nt); and
pigment granules (p). .Note tracheoles (tr).

Scale = 2 um
A ]

TEM of longitudinal section through basal retinula
cells (b) and basement membrane (bm), showing
bundles of eight axons (a) emerging from each
ommatidium. Note tracheoles (tr).

Scale = 5 um

N






_Fig.

Fig:

‘Fig.

Fig.

?19.

184,

185,

]'86 L]

187.

188. .

LM of transverse section through basement mem-
brane (bm), showing bundles of eight axons (a)
Penetrating fenestratfons., . _—

-Scale = 10 -um

Same, TENM.
§calel- 5 um

Same, thr{ugh bundle of eight axons (a), contain-
ing neurotubules (nt), surrounded by glial cells
(g1). Note tracheoles (tr). ] '

Scale = 2 ﬁl
¢

SEM cryofracture of longitudinal section of a
tracheole (tr), showing epicuticular foldings
forming taenidia (td) and spherical bodies ?sb)
on their Tumen surface. .

Scale = 1 yum

L)

TEM of longitudinal section proximal to the base-

ment membrane (bm) showing, glial cells (g1) with

nuclef (n); mitochondria ?m); and pigment granules
p). MNote nucleus (in) of a large monopolar neuron
mn) and tracheoles (tr).-

Scale = 2 ym -
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cuJar 1infng can be seen to be folded 1nto:é%;nfiil (td)
aaproxﬁnatoly zsg‘nn‘in diameter, with their luminal sur-
face’dbvered with spherical bodies (sb) approximately 103 nm
in diameter. The function of these bodies is unknown.
611al cells contain nuc!‘l (n), mitochondria (m), and pig-
ment grquules (p) They are surrounded by largc monopolar |
neurons (mn) (Fig. 188) (Rib{i, 1978). |

| Glul cells (gu. lam mopolar wewrdas and axons
(a) of azf;nina cartridge are nort clearly seen in Fig. 189,
Within the Tamina ganglionaris- (1g), these cartridgos'ioc)
are aligned parallel to the long axis o% the ommatidium and
twist at the first optic chi;émata (1c) before entering the

medulla (Fig. 190).

5.3.8 Adipose Tissue and Lipid Within the Compound Eye
Within the head capsule laterafto the ocular sc1er1te

(os), 1s a large accumulation of adipose tissue (apd which

stafns with Sudan, III (Fig. 191). Lipid deposits (1d) are

also found between the axonal bundles‘ (ab) of “ho eyes ‘

f‘lfig. 192). As prcvious1y mentioned. -some secondary yiguong
cells contain vesicles (Figs. 178. 179). The significance
of th1§ adipose tissue, 1ipid depo&its. and vesicles s
discussed in relation to storage and transport of the visual
pigment chromophors derfved from vitamin A,
- \ o ~

m 5 3. 9 Su!!ggx¥pf Structur;ﬁ;Components

Fig. 193 shows the principal structura] components in

Y



Fig. 189.

Fig. 190.

Fig. 191.

Fig. 192.

- Scale = 100 um

® »

»

TEM of transverse section through lamims
ganglionaris, showing cartridges of axons (a)
surrounded by glial cells (g1), and large mome-
polar neurons ?hn) ‘ W

Scale = 2 um

o

LM of -longitudinal section of axonal bundles (ab)
of six ommatidia entering the lamina ganglionaris
(1g) in optic caftr1dgos (oc). Optic cartridges
twist at the first chidismata (1c).

- -‘.':..

>
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' e
tion through a compound eye
dan III, showing adipose tissue
o the oculat sclerite (os).

LM of obliqu
stained h
(ap) latera

of lengitudinal section throygh proximal porg
on of an eye, showing 1ipid deposits (1d) L
)etween axonal bundles (abg and lamfina ‘
ganglionaris (1g). '

Scale = 20 um

. - -J; ”F lg.:. .
.y, Y .
0 "”Q}’ vy ! e

ot



; '.“‘




Fig. 193. Diagrammatic lengitudinal section of a photopic

#olyyont and Teteral lamellae o

ommatidium of %iiindela tranguebarim howing
spirally lamel ed cornea ens -5

ayer (cl); four quadrants of -crgRuey pudl ¢ -
('c{ surrpunded by nucleated Semp ' &{s);
nyclei and roudh endoplasmic retugy A Drimary
pigpent aell1s' (1 : nted sect iy pigment
cells (2p); fou ystalline. thread’(ct)

containing micr
retjnula cell s
bodies (bb) pe
retinular fibers™
proximal fused r

al and . proximal basal
afly arranged; inter-
c1liary rootlet (cr);
m.(r) compostd of six

" rhabdomeres; four basal pigment cells (bp); basal

retinula cell (b) with rhabdomere (r); basement
membrale (bm); axonal dbundie (ab) of eight axons;
pigmented glial cell (gt); and large monopolar

_ interneuron (mn).

Scale = 20 um; dianeter'enﬁid X3.
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a photopic, ommatidium of a Cicindela tranquebarica male.

&,
5.4 Discussior apd Conclusions
5.4.1 Dioptric Apparatus “ ;E“ : v
e " ":‘ ) 1
Thc”cornoal lon:os of C. tran 2 adults have a

- .

thin cornca? lggcr, This may be opicuticular. and forlod
) A
- from sucrctions fron dermat lands ( 1974), . which.
& 1 9 Lg"lh
!'!bough not figured here, surround the ocular sclerite
(see Section 4.3, “~P. melanarius eyes). - Corneal lenses
Q!%nsst.“?:qxocuticular lamellae of spirany arranged chitin-

>protein complexes (NeviIle. 1975) ‘ =

Beneath each corneal lens lies tire n:w1y describud"
subcorned! laycr. I have"l:a ouserved this layer in other
| cicindelid and carabid beetle eyes (Sections 4.3.1.2.5.
4.3.2 and 4.3.4). Although she did not describe ft‘fn
detail, Home (1976) figured a proximal corneal layer, which
can be termed the subcornea1 layer, in eyes of adult !gglg-
philus biguttatus F. and Lorjggra pilicorMs F. (Carlbidae)
f This-layer may be similar to the grgcessis corneae descr1bed‘

,’.u.sing a 1ight microscope fn eyes of adult diurnal Lepidopte;a
" (Eltringham, 1919; 1433; Nowikoff, 1931; and Yagi and_ |
Koyama, 1963a) (see Section 4.4.1). 4
*  Thin sections through this subcorneal layer of C.
 '§rguggcb£ric eyes show parabolic lamejlae Bouligand (1965)
presented a model for the structure of chitin and protein

‘(arthropodin) complexes of arthhopo¢(l|mollated endocyticle.
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He postulated that the basic unit of the lamellae is the
parabolic microfibril (nicel1e) consist1ng of a chitin core
coated with protein. The subcorneaI lnyer consists of such
microfibrils. There is no evidence of pore ®canals (Lmke.l
1961; Neville gt al., 1969) traversing this endocuticle.
Wheo examimed by cryofracture SEM techniques the surface
of this X orneel layer consists of polygons I postulate
that pr\ t‘ tQh cut1cu1:r pharate adult, )ﬂ of the 16
secondar ignent te]ls are positioned between the d"\hfp'

1nd corn“*‘qh' ‘and. cystal]ine cone and they secrete extra-

8
J’F cellulariy ;pe s:z%orneal layer. These cells then migrate

by
laterall differentiate into secondary pigment cells,
Cuticular’ld osition ¥s differential; less cuticle being

secretl&ve?tut the periphery of the ceI]s; leaving a surface

.

'consisting of polygons.

[]
[ANT

v Several hypotheses can be generated to explain the

function of thés subcorneal layer. Since its refractive

index 1s greater"than that of the lens, but less thad that

of the cryrtalline cone. it could function to behd/incident
light towards the nornal and hence towards'the cr st"gine
cone. This would maintain incident 1ight intensit Pether
than pernitting 1ight rays to be absorbed by secondary pig-
ment granules. Furthermore, since this layer is of. inter-
mediate refractive index, it would reduce refleatian towards
the lens. Because each polygon appears to have a concave
distal surface, eech may funct1on as a small concave lens

which would extend the focal length of 1nc1dent 1ight to a
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point more prox1nil within the crystalline cone. Without

precise measurement of refractive index such as those made

‘ctivc 1ntor'¢r€hcc of 1ight entering the cono. Such
investigations would bo difficult to undortl&n sinco the
surface of each ohdocuticular polygon is of variable thick- Sf
‘ness. _ |

The pater1a1 of the fouf cone quadrants 1s,granu10r:
Fyg (1961) located glycogen in cones of adult Apis mellifica
(Apidae) as d1q380r1 (1971) in those of adult Collembola.
Dev;lopuenta1 work'by Kim (1964) showed that'thg granulir
nature of cones of.cyCS'qf Pieris rapae L. adults (Noctuidae) .
results from a polyidrization of polysaccharides with pro-'.
teins. From examination of thin sectfons and f;edio-ctch
‘prephrat1ons. the chemical composition, cones of Q.;trtngue-
gezlgi also. appear to have depositions similar to the glyco-
gen observed by these workers. Sinte the electron density .
of the glycogen is less dense in the central region of each
cone quadrant, $his could cause 1ight rays to be concentrated
centrally towards thg underlying crystalline thread. There

"13 no ;ovid'cncc of variation in electron dcn;‘lty of .the
glycogen between adjacent'cone quadrants. This is un11ke
coﬁes of A. mellifera adult eyes which Skrzjpek and Skrzipek
(1971b) postulated to function in differengial absorption
of incident polarized 1ight. | )
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5.4.2 Interfacetal anhanorocptors "

Interfacetal nchanonccptor: a‘o pnunt bc.uon
some lenses of’C. tranquebarica eyd8.  Such hatrs were
first .ortcd 4{® eyes of Apis !!n'lforg workers (Apidae)
(Ph1111ps, 1905), but Friza (1928) was first to “observe a'
nerve 7ibril (neutn) fro- hairs of eyes Of 1dium
aegyptium adults (Acridi{go). Many adult lepidopteran eyes |

also have (nterfacetal hairs (Eltringham, 1933; Yag! and @
awa, 1972).
'Scott.11937) ohscrvedg;he presence of these hairs in adult

Koyama, 1933§; Koyama, 1971; and Koyama and

nympha11ds and warker apids (Hynenopterl). Perrelet (1970) -
~ iescr1bed the external structure ot.drono A.

interfé®tal hairs, and Noyer Rochou (!97

ppi]g!_lgx_hrocgpntIA;,F adults (Staphy
(1965) figured these sensilla fo:beyos of A: mellifera. He )
concluded that they were innervated by one neuron which "=~

enters a retinula cell at the level of a retinula cell body.

QHork with adu!t tndividuals of Cataglyphis bicolor F.

cForn1c1dae). Brunnert and Wehner (1973) figured a thin
section of an interfacetal dendrite wripped in a single
sheath ce)l. Fine structure of interfacetal hairs of Mugca
7} domestica Meig. adults (Muscidae) was examined by Chi and
Carlson((191§).. This eensillum is also innervated by a
single b1p61ar neuren. The cilium, however, consists only
of.nine peripheral microtybular doublets. Bassl bodies are .
not described, but there age nine ciliary rootlet micro-
tubules and therefore presumgbly nine triplets comprising



.
, 286
t
.
- ¢

the basa) bodies (Pitelka, 1974). Axons ofiiqtorficctal
hairs of Gryllys campestris L. adults (Grylltdae) extend

forward into the trito- and dcutocorobrl.'and fato tho.

.

subosophagoal- and prothoracic ganglia via a branch of the
..9..!!1 w (Honegger, 1977).

From examination of 1utorf|cct|1 hatr structuro of
nymphalids and apids, Scott (1937) concludgd that these
sensilla are chordotonal, {.e., function as.nod1f1qd auditory
sense organs. Nesse (1968) ﬂtudicd f1ight behaviout follow-
ing interfacetal hair rono§a1 in A. mellifera adults. .His
oxpirinonts provided ovid;nCQ sqggcsting'that they functionvv
in control of sidcw1nd'do!1itibn arising durf‘.ﬁ?light and
in 1966 he postulated th(} }ﬁcy_are involved in rcgulat1:&
flight velocity in honey boo;. ‘Absence of flight in adbits
of grxllug campestris L. (Gryllidae) suggostcd to Honegget
(1977) thct these sensilla have a role 1n controlling eye
c1oan1ng behaviour.

‘ Without b@havioural and eloctrophysiolo&’cal experi-
ments, one must speculate on the function of intorf‘getll
pobs of eycslof C. tranquebarica adults. However, from
sections 4.3.1.2.2, 4.3.2 and 4.3.4 1t can be concjudcd
that of the cicindelids and carabids studied, pegs are ;hafﬁA
actcristic of diurnal bectlis capable of flight. The Bniy
exception are C. belfragei Salld adeits, ‘uMch are scconb\f A
arily fl1¢htl¢ss. but have 1ntcrfacctnl p,gs. .Parhaps in B |
coopﬁrltion with other mind sensitive sensilla on the body B
(Hoil-Fogh. 1949; 1956), sensory 1npuf to brain centres
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" concluded here that oy.s of €. ;;,;,..g,;;;, udu\f: are
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elicit .ffcctor respenses leading %o conponsltory iovclcnto %
and honco to fl1ght stabiltty. “‘.;

5.4:3 Retfaula Cells and Rhabdems
Based on critorio proscntcd in Section 4 atjﬂ. 1%

i
' ot

photopic and probably funcnion similarly to photopic !’
of other diurnal fnsects (qaroll and Uiitancﬂ’“T§76//s tion
4.1), The roctcugular. fuged proximal portion of the rhad-
&ou is simflar to that of 3ygopterans (Ninomiya gﬁﬂ‘lg.
1969); blattids (Butler, 1473b); loéusttds (ﬁorridgi and
larnapd,'4065). gryllids (1achgann. 1970); otl prabids
and c1c1‘dolids (Home, 19765 Sections 4.3.1.4, 4.3.2, .and-

4. 3 4); and apids (scIocto* references: Goldsnith 1962.

. 2 .

.;.

._}_

Vawmgla ang Por‘cr. 1969;. Trrolct. 1970; Skrzipek and - -’

Skrzipek, 19772). ( | R Q
Some of the conclusi‘ns made by Snyder ;& al. (1973)

from a review of the strucfuro and function of the fused

rhabdon of honey bees may ‘e applicable to the rhabdol.of

€. tranquebgrica. They shpwcd that rhabdomeres joined .

tightly together have enha,cod “optical coupling g€ach

rhabdonero functions s an absorption filtcr. the blue and

,ultraviolet rhabdonorcs 1)1 se’ two uavolongths
{ 9% 't?f 'énihancmg spoctnl unﬂtivity

of “the green rotinuIa ceIﬁ Thorc is.no loss fn absolute

‘sensitivity sinco each filtcr acts as a photoelectric trans- ™

cher Therefore, due to this.optical coupling, “each reti-

¢
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1ts mcmt “n v ' Hﬂ« .'mm-q cell
tonﬁcr n h o . the 1n“ has o
tiu in 2 mﬂ field. w view. ‘0 o \
4‘; vould u@_mmmt; in’qﬁzm e
spectral res ," curve rhr rett) \“) «llt ' e :
- BATIEy using 'nnqnular /}utro’uﬂﬂo 'eql Qrﬂn‘
" FolToking such experiments, one’ could st!uhto oiug\c ﬁﬂ- '
‘ nula cells’ uauuvo to [ urncuhr nvouuth tnmm
(1972; 1975) showad that fﬂluia. t"fcnathl ctiwlulu.
osmium tetroxide fixation cavsed the p»t»nﬁct te stain
nore futonuly in stinhtu cells, sqcl tnt M coﬂd L,s.e«_-.j“
tinguish t\m,_!ynl of ntiyuh.cqllo #u g, m. ..” -
specific to o wavelength spximum of efther 340 nm (witre-
violeg) or 530 L1} (green). | ,' | e |
"Horridge and Barnard (1905) sm‘ thet in un-

adutod eyes of Lgcysts m L. (Locntu
nae of tn endoplashic ntiquln collect’ mr"

L&

r‘;

), cuur-’ .

rﬁunhT
Light -7 e

transmitted throggh this uoion 1s nﬂoctu ﬂncnaﬂx to ,

iscreass rhabden so“lrtivity. Under 'Hgbt }mtu cud% 3
Vtion_. the pallisade lisnnn to :fom h;./ug (ncuﬂmf) | ‘
of cndopluﬂc retisulum withtn ﬂ(o cn»)nn. and p"o-r ST
clldntrh’;ur@ te arrom nq rluNol. 0“» Wt ;
eyes show squ' changes ™ lagtide (s-.”" QM nopiiidue. - -
L 1978)) gryiltes (uqﬁnuﬁﬁ“" : . v

- 1972); calliphonll "( freeve-&f

foniu 8."pallisade” of lower n',nctin 1ad
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o farm1cids (Menzél. 1972; B;3=nert andﬂuehnér.—l973); review:
. - . } . ’ . ‘
Walcott R1975). KJlb”and Autrum (1972) showed similar

A}

- c@én&%s in eyes of A. mellifera, Qut.also observed‘ptgmeht-
‘mfdrqtion media}Ty”?Bwﬁrds the rhabdom during.light,adapta-
~tion. Sin;e mitochondrfa:closely sdrrouhd the rﬁabdom and
because,endopla;mic retiéu1um lacunae are dispersed within
the cytbplasﬁ.’fﬁe rﬁibdoﬁ of ‘eyes of g.‘tvtnqnébifica' -

adults examined here can be considered as being similarly
$

light-adapted. The position of mitochondria ih this 1i§hf~) -

adapted state is essentialas an ATP.energ} source for
isomerizat{on of visual pigment during phototransduction.

' Desmgsomes between retinula cell mepbranes are adhe-
sive and possibly assjst in maintaining mié}ovi11ar inter-
didgitation (Eley and Shelton, 1976). Extracellular spaces
between bases of microv{1i1 may be channels through which 7

_thtily& of currént fespons1b1e for depolarization of the
fetinula cell passes through the membranes of the.m%crovi]]i‘

/
(Perrelet and Bauman, 1969).

_ o

5.4.4 Multivesicular Bodies, Onion Bodies, and Their
Roles in Visual Protein Metabolism

The retinula cytoplasm of C. tranquebarica contaihsy

multivesicular bodies (mvb's) and onion bodies. Both struc-
'tures are éharacteristi; of invertebrate photoreceptor cells

(Fernandez-Moran, 1958; Truji]]é-Cenézn 1966; Eguchi and

Waterman, 1967, Hhite, 1968; and Eakin, 1972). Onion bodies

are also found in some secondary pigment cells.
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Exposure to 1ight induces the forme;1dnfof mvb's in

the spider crab Libinia sp. (Eguchi and Waterman, 1967);

“Sin the cricket, Pteronemobius heydeni Fischer (Gryllidae)

(Wachmann, 1969); in the toad bug Gelastocoris ocqlg;us

(Gelastocoridae) (Burton and Stockhammer. 1969); in 1arVa1
mosquito stemmata (Culicidae) (Hhite, 1968); and in the wood
‘louse, Oniscus ase?lus L. (Isopoda) (Puurala ahd Lehtinen,

1971). | A ° S

’ Multives1cu1ar bodies are probably the mavn organel]es
1nvo]ved in protein hydrolysis (Locke and Co]11ns, 1967).

Hork1ng with eyes of the lobster, Homarus vulgaris (Rutherford

and Hbrr1dge. 1965), and the spider crab Ljbinia emarginata

(Egquchi and Waterman, 1967) these authors studied the path-
way by whi®h metabolic products of phototrapsductioﬁ are
transportéd away from.rhabdom microvilli. They conclude

. 4

that cisternae of microvilli produce vesicular spheroids

,fyhich are enveloped by Goagi membranes, whic? in turp give

I

rise to mvb's. M'Jtivesicular ‘bodies are converted into
igR bodies by the incorpoIatidn of Tytic enzymes from

olgi cisternae. Ferritin, a'water soluble protein, caﬂ be

traced through this pathway in larval mesquite stemmata
(White, 1968). Fbllowing phototyansduction in eyes of C.

tranquebarica, ops1n4prote1ns probably are hydrolyzed via

-

the mvb-onion»body sequence similar togthat propo%ed by

these authors. Furthermore, here, on::‘ bodies seem to be

incorporated into some secondary pigment cells and are then

released via pinocytosis 1into the extracellular space be-

~
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.mvb's may not be recyclgld to the rhabdom microvilli.
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tween them. This suggests that pfbtein; fncorporated into

\;;;/6§;?hlate%pat obsin components of visual pigments
- . . ° . .
(pre img a dichromatic visual system) are syhthesized in

Ehe'primary pfgmént cells of C. tranquebarica eyes since
there is a largér accqmglation of rough endoplasmic-reti-
culum there. Usingvtritiated\1euc1ne tn qroﬁe eyes, PerFelqt
(1972) concluded that labelled proteins are first associated -
with polysomes, and rough endoplasmic reticulum. Later the}
appear at the microvilli. Although he concluded that these
proteins contribute to the renewal of Photoreceptor mem-
branes, I suggest this may renreseﬁt the pathway.for'opsins

synth;sis in these eyes.

-

v

Linking of opsins to the chromophore may occur in
Golgi cisternae prior to transport of visual pigments ta-
ghe microvilli. Clearly autoradioéraphic experiments are
required to prove this posfulatg. Proposed st;rage and
transport mézhanisms for the thromophore are discussed in

Section 5.4.8.

5.4.5 Ciliagy Structures

\\( Photoreceptive cells have increased surface area from

\
préliferation and folding of plTasma®' membranes. For the
animal kindgom, Eakin (1966; 1972) proposed a dichotomy in
the evolutionary origin of photoreceptive cell membranes:

1. Ciltary type (coe]enterate-echinoderm-chordjﬁﬁ///

Tine) in which the photoreceptive membranes are usually deve-

.
s
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loped fron tubular or 1alellar outgrowths o) l'ciliun;

<?

2. Rhabdoneric typa (annelid-arthropod nolluscan

Y

line) having 1ncreased surface area arising through micre-

L]
Y

‘villus extensions of the plasm nenbrane. and‘Mch may or
) may not show traces of a ciliary process. Hhen present.
the ciliun s not 1nvolved 1n rhabdom fornition: ‘
_“When Eakin pubiished (1966, 1972) fnsect eyes were
> not knowp to havg.ci!iar& structures. However, srox?mal
to the nucleus in éach retinula cell of eyes of C. tranque- .
barica adu]ts: two basal bodies are aligded pe;psndicdlar
.'to'each other with the distal basal bbdyJ;t right. angles to

~- .. ,the longitudinal axis of the ommatidium. The proximal basal

 bady has two basal fibrillar feet which unite to form a.

-

\ >horizonta11y banded ciliary rootlet exfending the retinula -

1ength. thi]ar ciliary structures are found in eyes of

Megachile rotunda F. adults (Megachilidae) '{Wachmann et al.,
1973);~four-speciés of coccinelids, Hyphydrus ovatus L.

(Dy§1sc1d§s¥{ and Phyllobius ggmbceus‘Gy11enha1 (Curculio-

nidae) (Home, 1972)§_some carabid beetles, and the cicin-

delid, C. dampestris L. (Home;v1976). Developmental studies

by Wachmann and Hennig (1974) using M. rotunda and by Home
. (1975),using Coccinella septempunctata L. (Caccinelidae)
~444—ﬂ6%‘prov1de evidence for ciliafy invelvement in rhabdom

formation. Therefore, insect eyés cannot be classified as

ciliary (sensu Eakin, 1966; 1972). Further developmental
< N

studies should be undertaken since Munoz-Cuevas (1975)

demonstrated ciliary involvement in the dévelopment of micro-
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vi111 in the eye of lschyropsalis luteipes (Arachnida:
Opiliones). Such a cqnc\dsion‘causeﬂ.V|nf)¢teron and
Coomans '(1976) to emphasize the risk of issqning that clgch

phyietfc relqtionships infer a simirity in photordccptbr

LN v

B

design. | .
« .'In {nvertebréte and vortdbritc cf11¢ry photoreceptors, .

membranous surfadls containing visual pigments are restricted

to the dist}l or outer segment aﬁd are cansequently'asso-

ciated with the\micr- ubular cilfum which extends distally

from the distal basa} body (Eakin, 1972). In.these bipolar

cell types, cilia may\have a role in transmission of a

[

generftor Rotential ‘since ATP-ase activity has been

reported in the ciljary xootTet of human retinal rods

(Matsusaka, 1967)/
tion. However, fppsect retinula cells are monopolar and can-
not function Similaxly sinc
the ciliary rootlet is associated with the bhotoreciptive
membrane, not proximal to it and proxiﬁa]. ﬁot distal to the
nucleus. J ' | |
. Home (1975)’conc1udea that cildary stfucturéf tn eyes
y £>\; . i{ |

cellular reorganization during light-dar\ adaptationz

[3Y

e not involved in

'epteﬁpunctatg (Coccinelidae)

Since the basal bodies are nbf associated with a dis-‘
tal cilium, they poSsibly are remnant§ of the basa1‘bodies
reéponsib]e’fo? differentiative mitoses. Ciliary rootlets
may providg.cytosbeleta] support to maintain rh:gdomeric
.ihtePdegitatiohs. <

1 -
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5.4.6 Basal Retinula Cells and Basal'Piépcnt Cells

The b{sal e1ghth\rot¥nulq cells of eyes of C.:tran- .
quebarica adults are similar to the ninth retinula cells
of A. mellifera (Skrzipek and Skrzipek, 1974). In both
1nsectf. the rhabdomaru has ntsrov1111 orientod parallel
~to the onnctidial longitudinal axis.

Possibly the four basal pigment cells are basal swell-
fngs of Senper's cells which have. als® been'reportc.d disvtal"

'Vto tbe basement membrane in adult eyes of . Drosophila sp

(Dnosophf]idae) (Waddington and Perry, 1963); Creophilus

~erythrocepha]us F. (Staphy]inida )- and Megachile rotunda
F. (Megachilidae) (Wachmann et al 1973).

5.4.7 Polarized Light Detection by Fused Rhibdoms

Micnovilli of eyes of C. tF;nquebarica adults form a
proximal, re;tangular, fu§ed rhabdom wjth édjacent sides
having microvilli perpendicularly arranged. Two retinula
cells contribute hicrovilli to each long sid;: one to éach
shor® side. The rhabdom of the honey bee is. similar in .
organization although it consists of e1ght retinula cells,
'two on each side (Skrz1pek and Skrzipek 1971a). Bpth eyes
have a basal rhabdomere -bearing retinula cell. Because of
similarity in microvillar orientation. and photopic orgahiza-
tion, po]arized light detection 1p diurnal cicindeljds may
be simi'lar.,tg that in honey bees. &

It is well'docuMentqd,that many insect eyes detect °

polarized 1ight_hue to the parallel configuration of their
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microvill4 (Goldsnithrqnd Berrdard, 1974). 1In c}cs capable
of polarized Tight &etection. the cnromophores of rhodopsin
molecules e parllld' to the tahgent planes of the micro-
ads to polarized lighg

detection when tho E\.ﬂyq Y s v1br|t1ng tn qne
e | . = plane polarized light)-
is paralle] to the mfcroV\lli (ﬁoody and Parriss, 1961) |

However, such a gedmetry is not maiptained along the reti-

‘nula length in eyes of C. tranquébarica since retinulae

twist along their lengths. Such twisting also occurs in
eyes of adults zygopterans (Ninomiya et al., 1969); apids
(Snyder, 1973; Wehner gi al., 1975); and formicids (Menzel,
1975; Wehner, 1976). _From electrophysiological recordings,
Menzel and Snyder (1974) concluded that because of this
twisting, only the basal ninth retinula cell of the honey
bee functions as a polarized light detector

The proximal rhabdom of scotopic A eyes of the adepha-

gan Dytiscus marginalis L. (Dytiscidae) lacks sensitivity

to plang polarized Tight (Horridge et gl.} 1970). However,
these researchers did not record from efther thk seventh or
eighth retinula cells and were not aware at thatjtime of the
possibility of retinula cell twisting Although no elecgro-
physiological experiments were performed, Wachmann and
Schrdoer (1975) predicted polarized 1ight detection by the
basal eighth retinula cells of the dorsq] and ventral eyes

of the adephagan Gyrinus substriatus Steph. (Gyrinidae).

In view of these conclusions, 1f polarized 1ight is y

~
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[ ]
detected'by tiger beetle eyes, pérhaps.the basal etghth or
distal seventh retinula cells are involved. ,. : |

5.4.8 Synthesis, Storage‘ Transport, and Hetabo1ism of
Visual Pigments /

RetinkI is reported to be the chromophore of 1nsec}/
visual pign.nts (Goldsmith, 1958; Briggs, 1961;'rev1ew;'
Goldsmith, 1972). 1l-cis r&tin&l i's combiaa. h a visual
_protein, an opsin (Karplus, ]'973).’ Pﬁotm réaét:lon .
associated with transduction of a 1ight stimulus via a chemiy
cal intermediate to an electrical response occur at receptor
.s1tes on rhabdomeric microvilli (Langer and Thorell, 1966;
Hoglund et al., 1973)., A summary of the photochemica]

eyents (modified after Wald, 1968) involved in visual excit-

tation follows:

rhodopsin -
ADP .+ P ' light
P .
1somerase : Q§§,,:
11-cis retinal + opsin - all-trans retinal + opsin
NAD+ NAD-H | 30% NAD-H NAD+
11-cis vitamin A] + opsin ™———— all-trans vitdmin A1 + opsi
(fetinol) isomerase
ATP

ADP + P1
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It 1s beliéved'(611mé;r. 1961) that 1nsect§‘do not
synthesize the fat-soluble vitamin A1. but accumulate 8-
carotene primarily through dietary 1ntake This carotenoid
1s then oxiddzed to vttam1n AY Inadequate amounts of '

'vdtan1n AI-in the diet 1nducos pathological conditions in

insect eyes (Aedes aeg;pti L. (Culicidae) (Brammer and White,
1969)); Manduca sexta Johannson (Sphingidae) (Carlsbn'gl
. s :

al., 1967; 1969) . Ghanges alsd occur-4a the thréshold and
spectral absorpifgﬁ’of the rhabd;m when the animal is
deprived of vitamin A] (review: Goldsmith, 1972). ‘
Little is kniyn of storage, transport, or metabolism
of fat-soluble vitamin Ay in insect tissues (Rees, 19773

. ’
Perhaps the fat body serves as a storage organ and ngM’/’/

histochemical examination of e}es of C. tranquebarica

h]

adults, it is postulated that the large adipose accumulation
surrounding the eye and retinula cell axons may also store
this vitamin., Also some seconJ%gy pigment cells in these
eyes contain microtubules w#ich miy possibly be used for "
transport of vesicles within their cytoplasm. Perhaps these
vesicles contain the chromophore (either the alcohol or.
aldehyde)  which is released into the retfnuia cells via
pinocytosis. Skrzpiek and Skrzipek (1971b) reported 1ong"'
cytoplasmic extensions of some secondary pigment cells be-
tween retinula cells of honey bee'éyes. Vesicles were also
observed in the tips of these é;tensions.

Following release of the chromophore, it could combine

. , ]
with opsin proteins via the smooth endop1asﬁic reticulum and
A

\
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be transported to the microvill{ via the Golgi cisternae.
Thcgpﬁsiblc synthesis site gnd hydrolyiis‘of opsins have

een discussed (Section 5.4.4). A pgopos(d\diagran;atic
summary of iyntﬁosil. storage, transport, and metabolic path-
" ways of visujl pigments are roprcsoﬁtod in Fig. 194,

. Oucstioﬁs fnvolving visual piénont metabolism may be
answered by tracing Jovements of labelled vitamin A] and
amino acids using autorahiographic techniques and/or micro-

probe analysis. One such study has been done tracing triti-

ated vitamin A] acqtqtekin the pulmonate snail Helix aspera
(Eakin and Branden?urger. 1968; Brandenburger and Eakin,
1970). Vvitamin Ay (alcohol or aidehyde?) is incorporated
by the smooth endoplasmic reticulum and conjugated with a
protein, This visuai pigment is sequestered into photic
vesicles (80 nm in difameter and peculfar to snail eyes)
which move distally where their contents are liberateg '
close to the microvilli, Extrapolation from these experi-
ments .is difficult since the structur;1 components of these
ey‘s’are quite different. More researchvis required on
chromophore and opsin synthesis, s%orage. and transport
before we can begin to understand the metasolism of insect
visual pigments. 4

5.4.9 Summary : - .

From examination of the fine structural cellular

organization of C. tranquebarica compound eyes, it has been

shown that -more detailed conclusions can be made regarding



Proposed diagrouaotic sy synthosis.
stora?o. transport, and lotobolic pathways of
visual pigments within the compound eye.

Vitamin A stored in adfpose tissue surrounding
ocular sclerite and between retinula cell axons.

Incorporation of vitamin Ay .into 11pid vesicles
in socondory pigment cells. ‘

: Vitamin A] alcohol (retinol) reduced to retinal
tn cytoplasm.

Transport of retinal vesicles into retinula
cells via pinocytosis.

Incorporation of retinal into smooth endoplasmic
reticulum, into Golgi cisternae, and transport
to rhabdom microvillyi.

Conjugation of retinal and opsins.

Phototransduction: Isomerization of 11-cis
retinal to all-trans retinal plus apsin.

Isomerization of all-trans retinal to 1l-cis
retinal. Degradation pathway of retinal unknown.
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Fig. 194,
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Continued.
Synthesis of ops1ns on rough endoplasmic
reticulum in primary pigment cells,

Transport of opsins into retinula cells via
pinocytosis.

Synthesis of opsins on rough ondoplasuic
reticulum in retinula cells.

Incorporation of opsins into smooth endoplasmic
reticulum, into Golgi cisternae, and transport
to rhabdom microvilli.

Conjugation of retinal and opsins.

Phototransduction: Isomerization of 11-cis
retinal to all-trans retinal plus opsin.

Opsins recycled.
Transport of opsins into multivesicular bodies.

Opsin peptides hydrolyzed to amino acids 1n
onion bodies.

Transport of onion bodies into secondary pigment
cells via pinocytosis.

Pinocytosis of onion bodies into extracellular
spaces.
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the function of this .derived photopic eye than were provided
from 1ight microscope studies (Chapter 4): Suggestions for
" further research have been presented which wi*l provide
more inforhation to'enhance‘dur undersfanding of insect

vision. -
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6. Concluding Statement;;' o

L aad
»

An investigation sacﬁ as this one beg{ns to fill the
void in our understand1n§ of evolution of insect compound
eyes through studies of intergeneric, interspecific, and
family sister group comparisons. These results show that
the choice of studying cicindelid and carabid beetles has
been a good one for examining compound eyes from an evolu-
tionary approach!® it is concluded that compound eye struc-
ture and function of these beetles have evolved parallel
to their behavioury1 transformation series ffom nocturnal,

crepuscular, to diurnal diel activity. Furthermore, the
relati;e simplicity.of increase in eye size and alteration
of cellular organization from scotopy to phofopy has
p}rmitted these beet]ei,to increase their adaptive zones.
If the origin of a species begins from the differences of
the sense organs which perceives the mate (Yagi, 1953), it
should be stressed that the plasticity of cicindelid and
carabid beetle compound eyes is an integral component of
their diversity.

From examination of the fine structure of‘photopic
compound eye::2f the derived genus Cicindela, it becomes
apparent that structure and function are interdependent for

the process of vision. It is from an appreciation of the

complexity of the compound eye that even Darwin (1859) chose

273
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the evolution of this sense organ as an example to sub-
stantiate his notion of natural selection within the animal

kingdom.

L #1
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