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Introduction

' lh rcc  quar tc r  o {  a l l  a r t im; rJ  spec ics  a re  a r th ropoc ls  and o f  a l i  the  cn t i rc  a r th ropods thc  vas t
nlajori ty arc iusects ( Hexapoda). Al l .hor-rgh at lcast 20 ordcrs of hcxapocls are lrei1g

rccognized, 1. l te largcst by far lvi th almost 50% of al l  described inscct spccics contair.rcd in i t ,  is
thc order t t f  thc Colcoptcra. N4cmbers of thc Coleopl-era show an extraordinary and rentark-
ab lc  d ivers i ty  w i th  rcgard  1o  rnorpho log ica l  and b io log ica l  fea tures .  Dcsp i te  thc  a lmost  to ta l
absel lcc oI parasi l . ic specics, a gt-eat nrany dif ferent l i fe sl.ylcs arc rcprcscntecl in thc beetle
taxon and th is  has  fo r - rnc l  i1 .s  ro f lec t ion  in  thc  s t ruc tu ra l  and func t iona l  o rgr in iza t ion  o f  thc
compound eyc  and t l - rc  photoreceptors  o f  these an imals .  WhaL has  ius t  bccr r  s ta ted  abou l .  thc
Co leoptera ,  gcnera l l y ,  : rppJ ics  cqua l l l '  wc l l  to  sonte  o I  the  r r ra jo r  fami l i cs  and supcr fami l ies
within thc Coleopl.era and sonre attcmpts to sys tcn-r at ical ly aual l 's61 t.he various spccics'
compor tnd  cye  types  anc i  rc la te  the  la l t r : r  to  thc  bce t lcs 'cco log ica l  and l i [ c  s ty le  adapta t io r - rs
h : rvo  bccn made in  the  pas t .  (ceram byc idac  :  ( ]okan & Hosobuch i ,  1979r )  ;  cucr r io idea :
Wachni:rnn. lg77rl)).

' f  hc - ' s t lper fan i l y  Scarabaco idea (c f .  F l r i t ton ,  1970 j ) )  con ta ins  somc o f  the  most  consp icuous ,
notorjous, and cvcn popular bcctles of the worlcl  in gencral and in , lapan in part icuiar.

Numcrous species arc known to zrtt :rck trees, damagc fol iage, degraclc grasslands, and spoi l
ro<rts (Cassis et al. ,  19924)), whilc othcrs bury and rcrnove dung (- l-yndale I l iscoc, 1983s) ;  Sato &
I l i ram: r tsu ,  1993" ) ) ,  ac t  as  po l l ina tors  o f  p l : rn l .s  (dc  los  Mozos pascua l  &  c3no.  19917)  :  M ico  &
Galan1.c, 19988)) or scrve to entcrtain young ancl old folk (Meycr-Rochow, 1979r))).  1'hc superl ' :rrn-
i ly conl.ains sol i tary as well  as highly gre.qarious, evcn sub social spccics (I ' Ial f f  ter, 1997r0)) th:rL
may or  m: ly  no t  bc  ab lc  to  p roduce sounc l  th rough s t r idu la t ion  ( \4cyer -Roc I ' row,  1971r r ) ) .
Scarabar:rt id spccies frcqucntly dif fer ecological ly fronr cach othcr b-v possessing di[ [erclt
da i l y  ac t i v i t y  m: rx ima,  (e .g .  Montcs  de  Oca & Ha l f f tu r ,  1995r : ) )  a t  dawn and dusk  ( :c repuscu-
la r ) ,  n igh t  ( :noc turna l )  o r  d : ry  ( -d iu rna l ) .  Spcc ics  wh ich  are  prec lomin : rn t l y  ac t i vc  a t  n ig l - r t ,
bu t  n lay  occur  dur ing  thc  day  as  we l l  a rc  tc rmcd noc to-d iu rna l ,  wh i le  those usua l ly  ac t i ve
dur ing  the  day ,  bu t  no t  to ta l l y  inac t ivc  a lso  a t  n igh t . ,  may bc  tc rmed c l iunro-n  oc turna l .

Food procurcment (whcthcr that revolvcs arouncl leaves, pcl l lcn, petals, sap, pectar, f l i i ts,
fr lrest or frui1. trces, vcgertables, animal facces carcasses, or feathers), migration and orientat ion
(short,  mediunt, as well  as long distancc), prcdator avoiclance, nt:r1.c rccognit ion and r i tuals :  i tr
:r l l  of thcsc 1.:tsks vision is frequcntly involvccl- Optonrotor responses (Franl.sevicl ' r  el  al. ,
1971 r ' r ) ,  Mcycr - l lochow & Hor r idge,  1975 '4 ) ) ,  d i rec t iona l l y  scns i t i ve  ne  urons  (Fran tsev ich .
l97015) )  anc l  ( in  the  gcr rus  Le t l t rus :  Fran tscv ich  a l  a / . ,  lgTTt " ) )  even complcx  fo rms o f
astroo r i  en t.a 1. ion havc bcen reported. F-lying Mel,olont,hn arc bcl icved to be able to sr- 'c the
horizon up to :r distancc oi 3 km in twi l ight anrl  appear to f ind the I ' r ighcst regigls within
scctrrrs <rf 50 degrccs rnos1. attract ivc (Schncidcr, 195217)). l t  f tr l lows 1.haL:r study of cye desigp
and eyc  f t r r tc t ion  in  rc la t ion  to  eco log l ' ,  pho l . i c  cnv i ronmcnt ,  da i l y  ac t i v i l . y  n tax i rnum anc l
phylogcrlet ic al l ini t .y of a girrcn specics ought. 1o bc ru:warcl ing. With that goal in mincl wc
chose 78  ra ther  d iverse  ( in  more  than one r . l ,ay  )  spcc ics  o [  1 .hc  supcr fami ly  Scarabaeo idea,
whose eycs  fo rm t l ' r c  sub jec t  o l  th is  contpr t ra l i vc  invos l ig : r t ion .

I iar l icr i t t  ves t. igations by l igl ' r t  microscopy thror.rglt ,  to n:rrrre Llrt  a fcrv, Scl 'rultzc (1868"r)).
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Clrcnacher  (1879" ' ' ; ,  K i rchhof fc r  (1908r r r )  anc l  f3ugn ion  and Popof f  (1914" r )  have revea led  the

structurc of thc compound cyes of some spocies of the fol lowing beetle genera belonging to thc

slrperf amily Scarabaeoidea : Melolontha, Scarabaeus, Geotrupes, Trichius, Cetonia, IIoplia, and

PhyLtopertfut.  Yagi & ( iokan (1964:'z)) surveyed the correlat ion between outer curvatures of

corneal facets and activi t ies o[ 53 species of scarabaeid beetles and in (1973) Gokan2i]) presented

a report on the rclat ionship between compound eye structurc:rnrl  act ivi t ies of 52 specics of

f eal chal 'ers. Mic rospec troprhotonr etr ical clata (Meyer-Rochow, 1975t')) and optical measure-

ments  on  scarab beet le  eyes  were  prov ided by  N4eyer -Rochow & Hor r idge (1975 '1 r )  and Cavcncy

(1986"r) advanced arguments for the signi l icance of eye structurc studies in phylogenetic

cxaminations of polyphagan bcetlcs. Cavcncy & Mclntyrc (1981"'r;  providcd a dctai led account

of the lcns systcms of supcrposit ion eycs in scarabaeid beetles and Cavcncy & Scholtz (1993' l?))

userd results from ommatidial explorat ions in asscssing cvolut ionary trends in the Trogidac.

Screcning pigment, apcrture and scnsit ivi ty in thc clung beetle superposit ion eye werc

scrul. inizccl by W:rrrant & Mclntyre (1990'?{r)) ;rnd the same authors rclatecl pupi l lary action in

thc dung bcctlc Copd.s el.phenor to ecological qucstions (Warrant & Mclntyre, 19962e)).

E lcc t ron  mic roscopy  was invo lved in  thc  fo l low ing  cxamin : r t ions  o f  scarabaeo id  eycs :

I?epsimus manicutl ts (Florr idge & Giddings, 1971:| ' ))),  Lely' t ,rus (Frantsevich el al. ,  197716)),

Sericesthis gem.i,nttLa (Meyer-Rochow, 1976irr j  ,  1977't t t ' , ,  Anopkry.nathus Dall idicol l i .s (Meyer-

Roclrow & Horrir lge, 197514)), EuoniLiceLlus a|r icanus (Meyer-Rochow, 19783'r)),  AnomaLa

rufocuprea (Gokan, 1982 alta)), Maladera orientalis and Paraserica gricea (Gokan, 1982 b35)),

Allomyrina clichotomus and EophilLts chinensis (Gokan et al., 1986 a:tt')), Prosopocoilus inclinatus

(Gokan et al. ,  l996b37)1, Maladera castanea (Mcyer-Rochow & Gokan, 1987"n)), Trox mit is (Gokan

et al., I9B7:\tr)), Serica takagii and S. nigrouariata (Gokan et al., l917ar'), Ceotrupe.s aurata (Gokan,

l9B9 arr)),  Aph.odius harol.di,anus (Gokan, 19Bg b4'?)),  Ochorkrcus tnru:ulaLus (Ciokan, I9Bg cai)),

Onthophug'us lenzi i  (Gokan, 1990d4)), O. l tost icus (Gokan & Meyer-Rochow, 199045)), Bolttocerosoma

migroplap'iaLun (Gokan, 1997r"'), Acsalus usiutic:us, I'Latycerus acticollis, Figulus boninensis,

Nipponoclorcus rubrofemoratus, Lucanus maculifemoratus, L. gumunas (Gokan et al., l999a7)),

Cyl indrocauLus patal is (Gokan I9981'r)),  Nicagus . iaponlczs (Gokan & Masuda, 1998'n)).

Rcsults and data of eye studies of somc addit ional othcr than the :rforern en t i  oncd specios

have been obtained by us in the last Iew years, but prior to this paper none of these results

h:ivc bccn publishcd anywherc elsc in a scicnti f ic journal. In order to have the largest possiblc

base for the corrrparative rrorphological analysis ancl the cross-correlat ions with dai ly act ivi ty

maxima eind phylogcnctic posit ion of thc spccics (as outl ined above), we are col lcct ivcly

examinin.q structural rcsults from thc publ ishcd soLlrccs (scc citat ions abovc) and our own

hitherto unpublishcd rnaterial of scarabaeoid beetle eyes.

Merteri :r ls and Methods

1' l-rc bcctlc m:lterial used or relerred to in this investigation ls l istcd in Tablc l .  Specimens

Ior  wh ich  no  ' ioca l i1 .y '  i s  g iven  were  co l lec ted  a l .  v : r r ious  unspcr ; i f ie r i  l r>ca t ions  in  Japan.

lndividuals of beetles, w hr 'ss gysr becamr part of this study, wcrc dccapit:r tcd unde r l igtrt

or clark <:oncl i t . ions cithcr:rt  thc sccnc of capturc or in thc labor:rtory. I , 'ol lor,ving sever:rncc of

t f ie  head,  thc  l : r t l . c r  was  sp l i t  in  ha l f  a long thc  sag i l . ta l  p lane in  bu l fc r  so lu t ion .  Wi th  s rna l le r

17
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Table 1 l - is t  of  the species matcr ia l  used in t l ' r is  invest igat ion

Furn i ly
Sublami ly l ,oca i i l  v

Lucanidae

Aesal i r rae

Figul inac

Lucaninac

Passal idae

Aulacocycl inac

Macrol in inae

l ,cptaulacinae

Trogidae

Geotrupidac

Ceratocanthidae

I lybosor idae

Scarabacidae

Ochodaeinae

Scarabaeinae

Aphodinae

Graphyr inae

Melolonthinae

Aesalus usiaclius Lewrs

tr'igulus boninensis Nakanc ct Y. Kurosawa
Lur ' onus  gdmunus  S , -w rd r  e l .  \ .  \ \ ' a l a r ra l re

L. macul ifemoratzrs Motschulsky

N ip ponodorcus rubrof emoratus S hellen van Vollen hovcn
Pkttycerus aiticotlis Y. Kurosawa

Prosopor:o ilus inclinatus (Motschulskt )

Ceracupes yzzl K. Okamo

Cy lintlrocaulus patalis (Lew rs)

A t:eraius grandis Burmeister

A. hlkidai Kon, Ueda el J<,rhki
Leptaulax formosanlß v arr Doerburg

Nicagus japoniczs Nagel

Trox mitis Ralthasar

Bo lb oceros oma n i.gro;l> Iagiahtm Waterho use
Geotrupes aurata M otschttlsky
(). Iaeais tr iatus Motschulsky

Cyphopishtes gestroi (R. Paulian)

P haeoc hrous emarg inatus Castclnau

Oc hodaeus macu l(ttus Waterhous

Paraphytus dentifrons (Lew is)

CoPris acutidens Motsctrulsky

C. brachyPterus Nomura

Onlhophugus lenzii Harold

O. poslicus Erichson

Euonitice Llus africanus (IIarold)

A p hod ius haro ldiunus Bal lhasar

A nthy\na pectinata Lew ts

APogonia am[da Lcwis

Melolontha jopon lca Burmeister

M. melolontha I-innacus
Heltol>hylla y'lcea Motschulsk y

Ho lotric h ia h iotonen sis Bren s kc

S oD hro p s flrmosana (Moscr)

Ectino holt lia ob duc ta (Motschulsky)

HoPlia r:ommunis Waterhouse

Mttladera cas lanea (A rrow)

Formasa

Formasa

Mala ysia

Formasa

Maiaysia

New Zcaland

Austral ia/S. Af r ica

Swi tzer lanc l

Formosa



Morphokrgical  Conrpar isons of  Conrpound Dyes in Scarabaeoidea 19

.b'amily
Sub{ami ly Local i ty

Rutel inae

Varlginac

Trichinae

Cetonrnae

Mal. japonica (Motschulsky)

MaL or ienlal  is  (Motschulsky)

Mal. secretu (tsrenske)

Paraserica gdcea (Motsc hulsky)

Serica bool.ts Waterhouse

S, nigrouariata Lew is

S. tahagii Sawada

Secricania leuisii Arrow

Ser. mimicu Lew ts

Ser icesth is gem inata Boisduval

Adttretus lenuimaculutus Waterhouse

Anomala a urotts ide s Ohaus

A. exPansa (H. Bates)

A. octiescostata (tsurmeister)

A. rufocuprea Motschulsky

B lito|ert ha orienta lis (Waterhous)

Mime. la flauilabris (Watcrhouse)

M. te st(tceip e s (Moscl-rulsk,v)

Phy I loPert ha intermixta (Arrow)

Pol>ilLia jafonica Ncwman

P, cyanea llope

P. lutimaculata Nomura

Progtt p er tha pu bico I li s (Waterhouse)

Re?simus mantcalus Sw arlz

Anoplognathus pttllidicollis BlarLch

N ip p onoua lgus angustico I Lis (!Vaterhouse)

| [ybrolaLgus thoracicus Mc:ser

Lasiotric hius succinctus (P allas)

Paratrich ius doen itzi (iIarold)

I'. tliuers[co la (Bourgoin)

Lucelonia roeLofsi (Harold)

Oxycetonia jucunda (Falderman)

Dicronocep htrlus bourgo ini PaLlillaud-e

R h.omborrhina spleTld.ida Moser

T ae.ni o de,r a b i fa s ciat a Kr a atz

CoeLodera peniciLlala fr-trmosana Nktser

Euselates proxima (tsourgoi n)

Ps eudo c ha Ic o t hea s pa t hu lif era (Ba,lcs)

A l lomyr in u d ic ho lr,tn u Linnaeus

I)oP h ileurus c hinensis Felclerman

I I exo don ret icu kt lttm Oliv ier

Austral ia

Formosa

I.-orrn osa

Formosa

Formosa

Austral ia

Austral ia

Formosa

Formosa

Formosa

Fornrosa

N{alaysia

Formosa

Formosa

N/alaysia

IVl:rdagasc:rr

L)ynastinae
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speclmens the head halvcs were f ixcd and processed in the way dcscribecl bclow, but in lärger
specimcns the eycs were carcful ly cl issecterl  out from thc surrounding trssue and removeci.
Most eyes wcre f ixed u'hol ly through inrrnersion for at least 2 hrs in Karnovsky,s pref ix:rt ivc
solut ion buffcrcd with sodium cac.dyrate to pII 7.4. pref ixat ion was i  olrowecr by 2 r-rrs of
f ixat ion in 1% osmium tetroxicie solut ion at room temperature. After dchydration in a graded
series of ethano.l  and QY-1, the cye specimens were embeddecl i '  Epon glz resin. Golden .r
si lvery sections were cut from lhe embedclecl cyes ultramicrotomy ancl double stained with
trranyle acctate (20 min) ancr lcad citrate (10 rnin). observations 1.ok prace undcr a Jeor-T7 .r
JEM-100CX transmission electron microscope. Scmithin scctions, ca. lpm thick, werc staincd
with Azur-B and observed undcr an ordinary l ighl microscope at approprrate nragnif icat irns.

For the analyses and rncasurements central anrl  representativc areas of the eyes lr .ere
cltosen, since special ized onrmatidia (for polarization vision) are present at the dorsal r inr oI
some, i f  not al l ,  scarab beetle eyes (LabharLet aI. ,  1992t 'a); Meyer & I-abhart 19g3sr)) and rcgional
modif icat ions of structurai and functional p:rrameters i l r  insects, general ly, äre common
(Stavenga, 199252)).

Results and Discussion

l .  External aspect of the compound eye
In thc compound eyes of most specles of

'peninsula' 
that encroaches onto 1.hc elre-5u1136s

"canthus" occurs (Fig. 1). The canthus appears
col l isions and the cornea from scratches r iuring
beetlcs to shield the large ventral eye regions fronr
(Cavcney & Mclntyre, l  gB l  rc)).

As pointed r-rut by Hoiloway (1g6g5j)) and cavcney & Mcrntyre (1gglrn)) the degree of
variat ion that the cänthus displays in the various specics is considerable and a few species
considcred primit ive have no canthus whatsoever. In this study the fol lowing scarabaeoir is
u'ere lacking it entirely : Aesalus asiaticus, Platycerus at:tr)t:ollis, Nicagus laponicus oI the
Lucanidae, Trox mitis of the -lrogid 

ae, ochotlrteus maculatus, Aphod.ius huroldianus, Hexod.on
reticulatum of tho Scarabaeidae. Al l  of these spccies, with the exception of Hexodon in whicl.r
the eycs are kidnev-shaped and not protrudinc (r ' ic.2), reprcsent beeles that arc diurnal ly
acl. ive and possess eyes which are somewhat protruding and l-rcmisphcrrcal in shape. At the
other extrenle werc the cer' t trupes species, in which the canthus completely divictcs the eyc into
sep:rrate, narrow dorsal and wide vcr-rtral parts (Holloway, 1g6gfl) ;  Gokan 19g9 aar), 199746)). The
facel 's in thesc species are regular and hcxangular irr  shape and form parts of larger eycs
conrprising numerous omnratidia. In eyes with fewcr ommatidia, however, e.g. Htzxod,on a,<1
cerucupes, the facets ;rrc conspicuously more irregular (Fig. 3). A cornparrson .f  the outer
curvaturcs of facets involving 53 species of scarabaeid beetlcs has alrcady been publishcd
(Yag' i  & (]okan, 19642')).  Frorrr that inl ,est igation we know that in nosr nocturnal or nocto
diurnal species the surface of the eye is snroot.h with<>ut any facetal bulges or elevzrt ions so that
the curvaturc of incl iviclual facets is iclcntical to that of the whole cyc. ln diur.al specir:s, orr
thc othe| hand, thc eyes are strongly faceted and indlvidual facets dispJ:ry incrr:asecl dcer-ees
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the superf:rmily Scarabaeoiclea a cuticular
from the front an<l is known by the nalne
to have evolved to protcct the cye from
fl ight or landing and in thc various dung
abrasion during burrowing in soi l  and dung
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Figs.  1,  2-  Sr: l t rn ing c lcclrotr  rn i r : rogr:rphs oI  two kincls oI  conr;rouncl  cyc i r r  t |e Scarabaeoic lca.
t r i ,q.  i  (x 140),  Cyphopishl . ts gesLnt i ,  thc eyc is almost cnl i rc ly scp: i ratccl  into c lorser l  (D)
and ventrnl  (V) rogions bl i  thr :  r : :Lnl t t t rs (ca).  I , - ig.  )  ( . , : .4Q),  I lexodon rel icu. lutum.,  t l ro i :yc is
l . ic l { ing thc canl . l t l ts  ancl  : rppcars k idney,sl-raped.

2 l
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Fig' 3' Light micrograph of the cornea ctf Ceracupes yai in transversc section near the surface of
lhe eyc, demonstrat ing the irregular ou ines of the facets (X 450).

of outer curvatures.

Facet sizes (corneal diameters across the surface of the eye) are commonly l imitect to
within 20-30 pm, although in exceptional cases as, for example, in Lucanus maculi femoratus oI
the Lucanidae 38trzrn may bc reached and in ai l  passal id species at least 49um are attained
(] 'able 2). A maximum facet diameter of 59pm is found in Aceruius grarul is (Table 2). In
general,  larger eyes (with some cxceptions) l iave more ommatidla than smalj  cyes, but this
aspect has already been pointed out by Buddenbrock and was confirmcd by Gokzrn (1g73r3)).

2. Lens systems

Grenacher (1B79tor; described a lens systcm with the eucone condit ion from the eyes of
scarab beetles, but according to Caveney (1986'?5)) types other than the eucone onc have been
revealcd from a variety of scarabaeoid eyes. The acone condit ion is met in the genera
Diphyllostoma, Ceruchus, Sinodertdron, Platyceropsis, and Zlsso/ls of the Lucaniclac ; an exocone
syslem occurs in the passalid gcnera odontouenius and, Auracocycrus, Lhe geotrupid
Neoarthyreus and several species of Bolhoceratinae ; eu , cluo_, or exocone can be lound in thc
genus Omorgzs of the Trogidae, and exo- or cluocones are develope cl in plecoma of the
Pleocomidae. In our survey the serme four general cone types were idcnti f ied (Fig. 4), but thc
acone condit ion was seen solely in Cyl indrocaulus paktl is of the Passal idae, whereas cluoconcs
were the rule in Bolbocerosoma nigroplagiutunt of the Geotrupidae.

The exocone type was noticed in four passal id species other than the aforern en t. ion ed ones.
Eucone eyes were present in al l  other species not mentionerl above. rn platycerus actir :o,Lis of
the I 'ucanidae, however, the cone elements do not fusc to form a single cone, but insteacl
renlain separated into four units. This latter aspect is considercd to represent a transrt ional
form bctween aconc and eucone conditions (Gokan et al., LggBaT)).

-f  
he extent of the lens systcm, i .e. cornea and cone together, varies frorn specles to species.

22
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321

Fig. 4. Types of lens systems found in thc eyes of Scarabaeoicr beetles.
l  acone, 2. cuconc, 3. duocone, 4. cxocone (the type number correspor1ds to gre lumber
cntered in i tcm I of Table 4 and Fie. g7).

The rat io of thc thickness of the cornea and total onrmatidial length as well  1s the rat io
between cornea and cone layer thickness correlatc well  with thc bectle's act ivi ty, but a
relat ionship to the bcetle's phylogenetic al ini ty is not obvious (Fig. b). Thus, general ly therc
ts a tendency for thickcr corneas to be scen moro commonly in the diurnal ly act ive specics
rather than the nocturnal ones. Passal idae and l ,ucanidae have thicker or morc extcnsrve lens
systems trrespective of act ivi ty. As a rule in thc rat io of corrrcal thickness to conc layer widgi
(or length), with the exception of the duoconc bectle BolLtocerosoma n.igropLagiatum, diurnally
active specics have smalier cones and nocturnal species llke Cyplrtpishtes gestroi, paraphytus
dentifrons anrl onthophagus lenzii have bigger ones (Figs. 6 and 26). Rcgarding the concs not
oniy size but shape as well  seerns to be concerned or l inked somehou, wilh the bce e's act ivi ty.

Caveney & Mclntyre (1981:6)) gave a ful l  account of the shapes of the cones : dist inguish-
rng and naming four types they i l lustrated bul let-,  skit t le-, hourglass-, and pe:rr-shaped cones.
In the diurnal stag bee|lc La.mprima auruta, thc cones are recluced to small  ovoid structures,
although in anothcr small  st:rg bcetle, Plutycerus acticol l is, i t  is incompletely devclope<-l so that
we thought wc deal with a translt ional concl i t ion between the cucone and the acone t5,pe (see
above)'  In general '  the other diurnal beetles in this inl ,cst igation possessed cone-shapcd (or
according to Caveney & Mclntyre's interprctat ion pear_shaped) cones.

In contrast to this observation, tnost nocturnal or nocto-diurnal species havc bul let-shapecl
cones, which may undergo a sl ight changc in shape between dark- and I i  ght- aclaptattct,
(Mcyer-Rochow, 1999'n)).  Horridge et al.  ( . Ig835i '))  have observed that in Macrogyrus the proxi-
mal t ip of the cone becomes oval at night and atterruated during the day. Sirni lar shape
changes have been describcd from other bectles (Gyrinus nat()tor: Burghause, lg76i;t)).  i .clucl-
ing thc scarabaeid Melolontha m,elolontha (Labh:rrt et al. 1g92sa)). Due to thc s1-rall nurnber of
species whicl ' r  l ' rad their eycs f ixed under r:ontrol led cl;rrk ancl l ight-adapted concl i l . ions in lr is
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Fig.6.  Rat ios of  corneal  th ickness lo cone lengt l - rs in di f ferent lens systcms.
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study, the phenomenon of rhythrnic changes in cone shape wil l  not be covcred in detai l  in this
paper.

The cr-rnc cel ls, known as 'Semper 
ccl ls '  in thc older l i terature, consist of four cel ls per

ommatidium in the usual c:rse, although exceptional ly higher numbcrs l ike thc occasional f lve
ccl ls per ommatidium in the eye of Nicagus or even srx cel ls in some omrnaticl ia of
Cyl inclrutcaulu.s may occur (Gokan, 199BoT)). The dist inct and more sol i<l central ly- located cone
region oI each cel l  is backed by regular up to a dozen layers of endoplasmic ret iculum and even
further peripheral ly located mitochondria. In transverse sections the: sol id central l  y-placed
cone cofe displays conccntr ical l l '  arranged layers of endoplasmic ret iculum around i t  and
further outsicle thc mitochondria. Although this is the standard arrangement of a typical cone,
shape and size variat ions of the cone alfect the surrounding cytoplasmic conrponents of the
cone cel ls. Thus, in the case of the larger cones l ike the bul let,shapcd kind, the conc sheaths
are thinner than those of the smaller cones, because in the formcr the space for the cytoplasm
is rcduced when contpared with that avai lable in the smaller cones (Fig. a). The nuclei of thc
cone ccl ls are also reduced and pushed out to the distal t ip of the cone near the inner surf;rce
of the cornea. In species bearing smaller cones l ike Trox and, Nicagus, however, cone sheaths
arc not only thicker, there is also considerably morc space between distal t ip of the cones and
bottom of the cornea inl,vhich largc cr:ne cel l  nuclci can be accommoclatecl.

As a rule, the proximal extensions of the cone cel ls, known as cone tracts, enter into a
group of ommatidial ret inula cel ls zr long thc ommatidial central axis as a unit,  then spl i t  into
four scparate strands and run down along the inlercel lular spaces between the ret inula cel ls as
far as the bascment membrane (FiSs. 32 etc. arrowheads). A remarkablc and rare case was
recorded lrom the eyes of Anomala octiescostata arrd Hexodon reticulatum: one of thc cone
threads appeared l ightguide l ike and was considcrably thicker than the other l .hree (about 2.b

lrrn in I lexodon) ; i t  also contained higher arnounts of electron dense part icles that ultra-
s t ruc tu r : r l l y  resemblcd  typ ica l  cone.subs tance (F igs .7 ,  B : rnd  33) .

29

I ' igs.  7,  8.  Electron rnicrographs of  t ransverse
l l r rough rnid level  (Fig.  7,  r6200)
swol len conc ccl l  extension (arrows)

sectiorrs of an ommatid ntn of llexodon reticulatum
and proxim:r l  r r :g ion (Fig.  8,  X 11800),  showing a
f i l led wi th highly electron dcnsc natcr ia l .
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Fis.9.  Rct inal  types prescnt in the eyes of  Scarabaeoir i  beet les:  .1.  photopic,  z.  intermediate,  3.
scotopic,  4.  pseudoscotopic,  5.  passal id (or bostrychoir i ) ,  and 6.  the exccpt ional  (or
Cyl indrocaulus) lype.
Numbcrs 1 6 correspond to the r tuml lers entcred in i tern I I  o l ' fable 4 and I . is .87.

3. Retinula Ccl ls and Rhabdom
(a) Retina

Regarding dif ferent types of rct inal organization, Gokan (197323)) has suggcsted four types
in leaf chafers. Frantsevichet at.  (197716); have presented in a schematic drawing the ret inas of
Anoplognathus, Geotrupes, Potosia, and, Lethrus as the regular omn'raticlial structure in
scarabaeid beetles. Bascd on our present f indings, an extra two lypes had to be added (Fig. g).
Retinal consti tut ion and number of ret inula ccl ls in cyes oI the members of gre superfamily
Scarabaeoidea, with the exception of some spccies of passal id and lucarud bee cs, are now
being dcscribed. In the fol lowing types the ret ina is composed of eight rct inula cel ls, onc of
which being the basal cel l  and commonly without i ts own rhabdomere, although a small
rhabdomere may occasional ly occur as, Ior cxample, in Leth,rus. The nucleus of the basal cel l
occupies a rather distal posit ion with regard to the distance from the bascment membrane.
Below this lcvel,  within an ommatidial axon bundle, the basal cel l  axon is surroundecl by the
seven axons of thc remaining ret inula cel ls and occupies a central posit ion. Shapcs of t  l -re cel ls,
location and/or arrangement of the rhabclom vary in some species possibly in relat ion to clark/
i ight ad:rptat ion (not examined in this paper) and accordjng to the specif ic typcs of rct ina (1ow
to be characterized in morc detai l)  between dif ferent species.

65432
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Typc 1 .  The typ ica l  photop ic  type  ( I r igs .  10 ,  11 ,  and 14)

The ommatidial ret inula group is cyl indrical in shape and contains along i ts central axis

a thin rhabdom, which extends al l  the way from the distal t ip to the most proximal region.

Screening pigrnent granules are prcsent throughout the cel l  column with the exception of the
cyc of Anomala octiescostata in which the scrccning pigment grains are restr ictecl to the
proximal part of the cye. In the retinula cells of Plntycerus acticoltis, glycogenous particles

were found. In l lexodon, on the other hand, several unusual features were revcaled. Thus, in
the proximal region of the ommatidiurn in an area that in most other species contains the
proximal end of the cone tract and the thin distal t ip of the basal cel l  without a nucleus at this
rct inal zone, the centre of the axon bundle appcars unoccupied and unusually vacant (Fig. S).

Changcs affect ing thc ret inula cel ls fol lowing aclaptat ions to l ight or darkncss were seen

in l lexodon. Under dark-adapted condit ions the ret ina grew in thickness and consequently the

retinal cel ls oi neighbouring ommatidia contacted each other closely, while the f lattened

secondary pigmenl ccl ls surrounded every onlmatidial group ol ret inal cel ls l ike a hexagonal

boundary plaie (Figs. 13 & 14).

Although al l  spccics with the eyes of this photopic type were entirely diurnal ly act ive, i t

is perhaps surprising to f ind that many species belonging to a variety of taxa (e.g. 10 species of

seven subfamil ies in two famil ies) had eyc structures converging to this type.

Type 2. ' fhe intermediate type (Figs. 15 & l6)

Retinae of this type exhibit  features of both scotopic (Type 3, see below) and photopic cyes

(Type 1, above). Thus, the ret ina possesses ret inular tracts ( in combination with some kind of

clear-zone), but the tract is not as f ine as that found in eyes of the scotopic type and the

rhabdorrt extcnds further distal ly when comparcd with the situation present in the scotopic

eye. On the basis of these characterist i  cs, we ternt this rct ina type intermediate. tryes of

Figulus boninen:'^i-,^ and [,ucanus gamunus^ of the Lucanidae and Maladera orientalis and

Paraserica gricea of the Scarabaeidae are of this type.

Type 3. Thc scotopic type (Fig. 17)

In rnost spccis with this type of cye, thc rct ina is composed of eight ret inula cel ls, seven of

which other than the basal cel l  having their nuclei at the distalmost t ip of the ret ina. The

intercalary region between the distal nuclear part ancl thc proximal rhabdom rcgion is made
up of t l -re ret inular tract, which crosses thc clcar-zone and l inks distal and proximal ret inula

ccl l  scgments. Thc relat ive length of the rct inular tracts varies between species (and also lvi th

dark and l ight adaptzrt ion). In wcl l  developed largc eycs l ike those of some Melolonthinae ancl

Rutelinae it is long, whereas in Cylthopishtes gestroi (Fjg. 1B) and Paraphytus dentifrons (Fig. 26),

both of which having less well  developed eyes, i t  is extremely short anri  in the latter in
part icular i t  looks as i f  i t  is almost lacking altogethcr (Fig. 26).

The distal nuclei migrate distal ly and proximally clepending ()n whcthe r the eye is dark (:

n igh t )  o r  l igh t  ( -da-v )  adapted  (F ig .9 ,3 -D,  L ) .  As  a  consequence the  length  o f  the  re t inu la r
tract undergoing circadian changes alternates bctween two extrernes. In most species t l-rc

basal ret inula cel l  is located in a ccntral posit ion of the ret inula cel l  bundle and terrrnir i i r les

somewhere in the proximal rhabdom region. In thc Scricini of the Melolontl ' r inac, however, the

basal cel1 cxtcnds distal ly outsicle along the ret inula cel l  bundle to as lar as lhe mid region or

31
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Figs'  10-26. Light micrographs of  the cortrpoulrd elres of  var ious specics oi  scarabaeoid beeLles.
Figs.  10 13. I lexodon ret icuLatum. Figs.  t0 (x4Z),  11 (x270),  14 (x4J0),  Iongi tucl inal
sect ions along the dorso vcntrar piane. Figs.  r2 (x320),  13 (x400),  r ransversc sectrons
at tho nrrc lear layer of  f l re ret inula ccl ls in the l ight  adaptccl  (Fig.  lZ)  an<i
dark-adapted (Fig. liJ) statc. Note that flat secondary pigrncnt cells (arrows) surround
cach ornmat id ium. Fig.  14 (x430),  Aph.od. ius hurokl ianus.

1
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Figs.  l5-18. longi t r rd inal  sect i r - r r rs oI
boninensis ( l ' ig.  16,  x 320),
( i , ' ie.  18,  x400)

the eyes of  Lucanus gamunus

Makuleru juponicu (!'ig. 17, r 300),

({r  ig.  15,  t290),  ?- igulus
arfi, CyphopishLes geslroi
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Fig.26 Semi-diagrammatic drawings ol  the longi ,
tudinal  arrangement of  an omniat id ium of
the cye of l)aru|hytus dentifrons, possess
rng an extrenely th ick cone and reduced
r c l i n u l a r  c e l l  t  r a c t

even distal t ip of the rhabdom. Most of the nocl.urnal and nocto-diurnal species, other t lan the
Passalidae, conform to this ret inal type. But, exceptional ly, even some diurnal ly act irzc beetles
like ly'icagzs iaponicus, Trox mi,tis, Och,odaeus macukttus, Onthophagus postir:us and, Serica
n,igrouariala are of this retina type. Whcther, however, clark/light inducec] migrations of
ret inal cel l  nuclei occur in their eyes as well  is not known.

Type 4. The pseudoscotopic type (Figs. 19, 20 & 2l)
Although the form of the ret ina resembles that of Type 3 (see above), the distal ret inula

cel l  t ips closely adhere to the proximal ends of the conc cel ls (Fig. 21). Therefore, no migrations
of ret inula ccl l  nuclei in response to adaptations to l ight and darkness can occur and the ternr
"pseudoscotopic type" was suggested for this condit ion (Gokan 19891r)).

Tl-tis type of retina is developed in Geolrupes aurütus, G. laeuistriata, ztncl Bolbocerosomo
nigroplagiaLum of lhe Geotrupidae, in evcry spccies of Popillia of the Rutelinae ancl all species
of the Vaiginae, ' l r ichinac 

and Cetoninae regardless of their dai ly act ivi ty nraxjma. The
relat ive lengths of thc ret inular tracts, as in Type 3 rel inac, exhibit  consiclerable variat iol (but
not because of dark/ l ight adaptal ion) : in large eyes l ike thosc of Rhontborrhina and Cetonia
the tracts are longer, whcreas in small  eyes l ike those of Valgus they may be remarkably sl ' rort.

Figs.  l9 21. I -ongi tudinal  sect ions.
Fig. 1{) (x 150), Paratrichius d.ctenitzi. Fig. 20 ( x 210), Eusp,lates froxiryta. Fig. 2t (x titx)),
( )cr . t t rupes kteuistr iata,  showing lhe cornea, cone and cone shcath thc lat tc,r  int imal.c lv
connccted with the drstal  part  of  the ret inula cc) ls (zrrrows).
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Table 3.  Morphological  detai ls of  thc eyes of  passal ic l  beet les

Species
Ilody

lcngth
( m m )  ( A )

E y c  ( r n n )

(a  p)  (d  v)
B/Ä (%)

(B)
cr/'l ' (,%)

Aceraius grandis

A. hik idai

LePtaulat fonnosanus
Cerucupes yui

4 5 . 0
29.7
2 6  . 3
29.7

2 . 5
1 . 9
1 . 2
0 . 9

2 . 5
2 . 1
1 . 4
l . l

5 . 6

7 . 0

5 . 1

3 . 7

3 5 . 4

4 3 . 6

2 : t . 1

6 . 3

ar -p ,  a  n  te ro -pos  te r ro r  i d -v ,  do rso  vcn t ra l  ; c1 ,  l c rg th  o f  cone  s t rac t ; ' 1 ,  ove ra l l  l eng th
o f  o m m a t i t l i u m .

Type 5. The passal id type (Figs. 22-25, 27)

This ret inal type is characterist ic of many passal id species with cxocone eyes ancl is also
present in the I lostrychojdea (Caveney 1986) and Photuris (I lorr idge 1969). In this eye the
retinai cel ls are restr icted to the proximal part of an ommatidium and their nr:clei are not
placed dircct ly beneath the cone but ncar the distal ends of the proximally locate<i ret inula
cel ls. A ret int l la cel l  tract, crossing the clear zonc, is thereforc not forming (F igs. 22 25, 27).

1'he proximal t ips of the exocones and the corrosponding ret inal cel ls on the other sicle of thc

cle:rr-zone, arc connected by corre cel l  extensions, also termed cone tract, that forrn a bridge

l inking the two eyc regions. The relat ive lengths oI the cone cel l  extensions varies between

species and in Aceraius hikidai the cone tract reaches a considerablc length. In Ceracupes yui,

on the other hand, the cone tract is extremely short and the proxirnal cnd of the exocones

almost reach the distal t ips of the ret inula cel ls (Fig.27, Table l l ) .

A typical feature of this type of e1,e is that the number of contr ibuting ret inula cel ls pcr

ommatidium may vary considerably even within one and the same eye. In Aceraius grantl is,

for instance, ret inula ccl l  numbers per ornmalidium range from eight to twentyone. No

apparent pzrttern in the distr ibution of the various ommatidial groups was noticed and the

occurrences of dif fcrcnt sizes of ret inula cel l  clusters is seemingly random. In Leptaulax

formosanus retinula cell nurnbers ranged from eight to ten, but irt Ceracupes yui only scven or
e ight were counted. In Aceruius hikidai the cxact number of rct inula cel ls per orn ntat idiurrr

was irrtpossible to determine due to lhe complicated nature of the meandering and twist ing
retinula cel l  borders (! ' ig. t tg). IRemarkable arnounts of what secm glycogenous rnaterial are
seen in the cytoplasm of thc rct inula cel ls (! ' ig.72). A sumrnary of thc morphological data of
the passal id beetles is shown in Tablc 3.

' fype 
6. The exceptional type ( l ' - ig.9)

' l 'his type oI rct jnal arrangemcnt has been f ound so far onl y in thc passal id beetle
Cylindrocaulus patal is (Gokan, 199848)). I t  is characterized by a distal ly placerl rhabdorn ancl a
wide distal part that bccomes strongly and over a relat ivr: ly short distance attenuatecl
proximally. An organization l ike this has never been seen in any other bcctle of the

Figs.  22-25. Longi t t rd inal  sect ions of  thc p:rssal ic l  beet le eyes i r r
F.ig. 22 (x,15), Aceraius grand.is ; l.'ig- 2ll (X 180), ,-1.

JorTn.osuTtus, showing retinular region ; Fig. 25
narrowcr c lorsal  ancl  wic lor  verr t ra l  eyc regions.

the l ight-adapted statc.
hi.hidai ; Fig. 24 ( x 340), Leptctula.x

(,)<. lZ!.t), Ceracupos yu.i, showing
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Fig.27. Senr i  d iagramnat ic drara' ing of  a s ingle ommatidiunr r t t :  Ag- Acentr t ts g.randis,  Lf  :
Lc-ptaulax formosanus, Cy - Ceracupe.s yui.
Notc thc di l lerent lengths of  t l te cone tracts in each species.

superfanri ly Scarabaeoidea and evcn elsewherc anongst inse6ts i t  seerns a' unusual feal.ure.
(b )  Rhabdom

The construction of the rhabdon-r need not be
<1istal to proxirnal end. Insteacl,  in numerous specrcs

idcnl. ical fron "top to bottorn", i .e. from
it has been shown to vary, depending or-r
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where along i ts length i t  is being cxamined, via transverse sections, for the degree of
contr iblrt ing rhabdomeres (Mcyer-Rochow & Horridge, 1975'a) ;  Meycr,Rochow, 1976,r) ;
N{einecke, lgBls8) ;  Gokan, 1982a:ra), b35) ;  Gokan et al. ,  rgid6); Anton-Erxleben & Langer, 19BB5e),
Labhart et t t l . ,  199250)). Consequently, the rhabdom pattern displayecl by the various transverse
sect. ions (abbreviatcd RPTS) also varies according to the cl istance from the lens system and
bascment membrane. ' I 'he patterns described in the fol lowing categories are those of
rhabdoms at mid rhabdom level, unless otherwise specif led. ln some specimens dorsal ancl
ventral parts of an eyc are examined separately, but in samples without any further explana-
t ion, observations were carr icd out on rhabdoms of central ly prisi t ioned ommatidia of an cye.
For cclmparatlvc purposes i t  is irnportant to always aim for the sane eyc region as regional
r l i l ferenccs of ommatidial anatomy are common ir-r insects (Stavenga, Igg2.2)). The categories
ol rhabdom organization we learned to dist inguish nr-rmber 15 types. Thesc types are
characterized and described beiow ancl correspond to the numbers given in' fable 2 (Rhabdom

type), Table 4 (I I I  :  Rhabdomeric pattern) and Ir ig. 87 (I I I) .

Type 1. The axial ly fused type
' l-his 

rhabdom type is found to be associated with the ret inal types 1 ancl 6 (describecl

above). The rhabdom is posit ioned on axis of the onrrn:rt idial ret ina and extends fronr thc
distal to the proximal end, except for Cyl incLrocnulus, where i t  is central,  but clocs not lul lv
e xtend the whole length.

The configuration of the rhabdorn in cross sections varies among the cl i f ferent species : in
Aesahts asiat icus (Fig. 28) the conl iguration is almost constant throughout the length of the
rhabdom. In transverse sections of the rhabdom thc microvi l l i  of onc rhabdomere are always
longer than those of the other rhabdonreres and that serme rhabdomere has mlcrovi l l i  in threc
direc t ions.

In Platycerus acticol l is (Fig.29) transverse sections oI the rhabdoni show nearly circular
rhabdom outl ines as well  as shorl and l inear microvi l l i  or ientated along two or 1.hrce cl irec-
t ions, depcnding on the level of sectioning. In Aphocl ius harct ldianus (Fig. 30) the transverscly
sectioned rh:rbdom shows a crossed-pattern throughout i ts entire length which is due to the
orientat ion of the microvi l l i  in two preferred orthogonal direct ions.

In the ventral eye of Anthypna ?ectinata (Figs. 31, 32) nricrovi l l i  of one ccl l  are l lncar ancl
regularly arranged, whercas those o1 the other ret inula cel ls are irrr:gular with no constant
orientat ion apparent (Fig. 32). Compared with the ventral eye, the nt icrovi l l i  of the dorsal eyc
are rather regular and orderly and orientated in thrce main cl irect ions (Fig.3l).

In Anomaltt  oct iescostat(1 (Fig.33) seven ret inula cel ls contr ibute to the formatior-r of the
rhabdom, although proxiural l l '  one of thc cel ls is displaced periphera)ly to the rct ina, i ts
rhabdomere no longcr developcd at this level,  so that the rhabdom is thcn composecl oI six
rhabdomcres. The rhabdom exhibits a charctcrist ic hexagonal pattern wittr  three cl irect ions of
rnicrovi l l i  in transvcrsc section at this level.  Further proximally, the basal ret inulzr ccl l
invaclcs the centrc of the cel l  butrdle, so t l-rat t tre rhabcLom is Lr:rnsfrtrrned into :r C-shape in
cross section, which is a signif tcaut feature o[ this rhabdom when comparisons with o1]rer
specics bearing this rhabdom type arc being rnacle. The rhabclorn occupation rzrt io, ab-
brerviatr:d ROR ancl describing the amount of cross sectional area or;cupiecl by rhabdom and
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cytoplzrsm, amounts l ,o 15% and is largcst in this type of eyc. In Anomala internt ixkt and
Proagoperth,rt pubiocollis the configuration of the rh:rbdom resernbles that of A. ocliescostata.
but the RORs are reduced.

The pattern o{ the rhabdom of Hopti .a communis (Fig. 3a), which is based orr the contr ibu-
t ions of seven ret inula ccl ls with microvi l l i  point ing in three direct ions, resembles that ol
Ectinohoflia obdur:la. In the light-adaptecl eyc of Hexodon reticulatum (Fie. 35) the nricrovilli of
the seven contr ibuting ret inulä cel ls are orientatcd in orthogonal direct ions. ' I-heref6rc.

against the rha.bdornere of one cel l ,  the microvi l l i  of the two facing rhabdomeres run in paral lel
direct ions, wl-r i le the microvi l l i  of the four other ce11s are orientated at r ight angle t9 the f6rmcr
thrce, but paral lcl  amongst each othcr. This pattern of rhabdom organization rescmbles ral
of Aphodius haroldianus (Fis. 30). In the dark-adapted state the clcscribed nricrovi l lar arranse-
nrent changes into a somewhat less orderly patterr-r (Fig.36).

T1.pe 2. The six-Jobed type

This type is associated with thc ret inal types 2 and 3 ancl characterrst ic of r-rocturnal or
nocto-diurnal spccies. I t  is seen in spccies of the Lucanidac, Hybosoriclae, Ccreatochantidae,
Scarabaeinae, Melolonthinae, Rutel inac, and Dynastinae of the scarabaeidae.

Rhabdoms of this category are composed of seven ret inula cel ls and in the dislal port ion
of the rhabdonr region, one cel l ,  lzrrgcr than the others, gives r ise to one singlc large
rhabdomere, known as thc'distal rhabclomcre'.  Thc distal rhabclomcre usually consists of long
microvi l l i  of lesser elt :ctron density ancl i t  frcquently exhibits various patterns, depending on
the spccies examined (Figs.37-40). The proximal rhabdom (also referred to as the ordinary
rhabdom) is, therefore, composed of the remaining six rhabdomeres and shows a six- lobed
outl ine in transverse section. Shape and RORs vary as well  as the precise orieltat ion of the
microvi l l i  does (Figs. 41 50). In Maktdera oriental is,a highly diurnal ly act ive species in spite of
i ts placenlent with nocto-diurnal beetles, the rhabdon'r lobes are short,  consist ing of l incar
microvi l l i  with orientat ions l imited 1o three cl ircct ions (Fie. ag). In contrast to this orgnniza
tion, six lobes formed by deep V-shapeti  rhabclomeres are the rule rn trztnsverse rhabdom
sections of truel ly nocturnal or nocto-diurnal spccies, e.g. Anomala exl)ansa, Phaeochrous
emargin(ttus, Heptophylla pir:ea, and Holotrichia kiotonensis. In entirely nocturnal species like
Copris uclitlens (Fig. 46) or C. brar:hypterus, rhabcloms consist of V-shaped rhabriomeres that
contain signi{ icantly longer microvi l l i .  Consequently, their RORs are extensive. Furthermore,
in Pora.f hytus dentifrons (Fig. a7) and Cyphopishtes gestroi (Fig. a8) the retinula cells are largely
occupicd with rhabdom material,  in which casc the microvi l l i  zrrc l inear ancl orclered in paral lel
arr i tngcmcnts within cach rhabdonere.

Type 3. The seven lobed typc
Lacking thc distal rhabdomere, l .his t5'pe is conrposecl of seven rhabdorneres throughout

and every ret inula cel l  has i ts own rhabdomcre at any level of thc entirc rhabdom, which
therefore exhibits a sevr:nlobed RPTS-outl ine at any depth or level oI sr:r; t ioning. Somewhat
aberrant '  howevcr, are the ommatidia of Anomnkt auror:oir les, which l ' rave a cl istal rhabdomere
that docs not disappcar as in other six- lobecl rhabdom pat. l .erns, brrt  persists to as far as thc
proxirnal rhabdom reachcs. I ts RPTS, therefore, shows t l-re seven-lobecl pal. tcrn togcther wi r
thc distal rhabdomere ( l- ig. bB).
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Figs.28 48 Electron micrographs of  rhabdom(ere)s in t ransverse sect ions,  exhibi t ing di f ferent
out l ines and a var iety of  n i icrovi l lar  organizat ions.' l 'hc 

arrowheads indicate the cone tract .
F'igs. 28 36 Type I (the typc numbcr mentioned here corresponding to the nurnber enlered in item

II I  of  ' I 'able 4 and Fig.87),  the axial ly fused type.
Fig.  28 (X 10200),  Aesalus asiat icus;  Fig.  29 (x 18900),  p lat icerus act icol l is ;  FiC. B0 (X
16200), Aphodius haroldianus ; Fig. 3l (X 18000), Anthypna pectinatu clorsal eye and Fig.
32 (x 14700) ventral  cyc.  Fig.  :13 (x 6300),  Anomakt oct iescostata;  Fig.  34 (x 13b00),
Iloplia commun l.s ; F ig. :15 ( X 1 3500), Haxodott reticukttum lighl-adapted and Fig- 3ti ( x
1 00t)0) dark-adaptcd.
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Morphological  Comparisons of  Conrpound Eyes in Scarabaeoi t lea

Species with the seven-lobed rhabdom pattern are mostly cl iurnal or diurno-nocturnal in

their act ivi t ies. An exception is Pseudochalacotheu, which is an entirely nocturnal beetle, in
s p i l e  o f  b e i n g  a  C e t o n i n e  s p e c i e s .

With regard to the beetlcs' phylogeny, Geotrupidae (Fig.51), Melolonthinac (Fig. 53),
several species of Rutel inae (Fig.5a), Valginae (Figs. 57 & 62), ] ' r ichinae (Figs. 55 & 61) and al l
of the Cetoninac examined possess eyes with the r lescribcd Type 3 rhabdom pattern.

The seven rhabdomcrcs of a given rhabdorn neecl not necessari ly be idcntical in appear-
ancc, but in most cases one rhabdomere exhibits a U-shaped outl ine in cross section and i ts
ni icrovi l l i  are longer than those of the others and appear iess electron dcnse. The cletai ls oI
t .hese characterist ics show variat ions depending on the specics. Thus, in Trichinae alcl
Cetoninae thc ' lobes' arc relat ively long and are conr posed of sorr iewh:rt shorter microvi l l i ,

whereas in Gcotrupidae thc pattern is sl ightly dif ferent due to the appearance of longer

nricrovi l l i  (Fig. 51). Furthcr, in Eucetonia roelofsi (Fig. 56), the iobes are extremely shortened

and ult imately in the Valginae the changcs rcsult in an cntirely horseshoe-shaped configur-

at ion. I t  was nevertheless assignecl to lhis rhabdom catcgory, because of i ts basic and

fundamental agreement with the rhabdorn organizations of thc other species in this anatom-

ical group (FiSs- 57 & 62).

Typc  4 .  The mul t i - lobed type

This type, revealed in Lucanidae and Passal idae, is characterized by cxtensive variat ions

in the numbcr and arrangements of the rhabdomeres (Figs. 68 70) due to the variable numbcr

of contr jbuting ret inula cel ls pcr ommatidium (as stated above). The RPTS, not surprisingly,

shows a wide diversity somelimes cven from one to thc ncxt ommatidium right across the eye

of one and the same species. Increasingly norc complex rhabdoms within this type, looking

at transverse sections, are produced when peripheral rh:rbdom projections become subjected

to ' forking' and 'secondary forking' ( :  spl i t t ing into two arrns). The eyes of severäl lucanid

species in which this phenomenon occurs havc already been described (Gokan et al, ,  I99tl47)).

In A cerrt ius grandis of the Passal idae, the rhabdomeres number eight to twentyone per

ommatidium and consist of l inear microvi l l i  measuring about 64 nm in diameter. RORs of

approximately 63% have been measured in a 15 cel l  ommatidium and 64% in an omatidium

with 21 ret inula ccl ls (Fig. 72). This shows that l i t t le variat ion exists in RORs of cel ls from
smaller and larger ret inula cel l  clusters. ht Aceraius l t i ,kidui (Fie. 73), lvhich has a rhabdomeric
p;rt tern that is similar to that of A. grandis, the RORs could not be measuretl  because the exact

number of the contr ibuting ret inula cel ls pcr ommatidium was impossible to determine with
accuracy, due to the complicated meandering borclers of the cel ls as mentioncd above (Fig. 69).
ln LetauLax Jisrmosanus the RORs and cross scctional patterns of the rhabdorn were far rnorc

variable as in the forrner species (F' iS.7a).

Figs.  37-40. Distal  rhabdomercs.
l,-ig. 37 (X 4300), Phtu:.chrous cmarginatus ; trig. 38 (x 3600), Copris brachypterus ; Frg. '.)l)

(x 4000), Anomala er,panse ; Iig. 40 (x 5,100), Cybhopish,tes sestroi.
! ' igs,41 i18.  Typc 2 rhabdons: t l . rc s ix lobed typi : .

Fig- 41 (X11800),  F lgtz lu.s bonincnsis;  F- ig.42 (X5700),  Phae<tcLtrous emurginatus;  I r ig.43
(x€i600),  Hel tkt l thylkt  Picea:Fig.41 (x3800),  I lc tkstr ichia k iotonensis ;  Fig.  45 (x3300),
llnc'mala cxpo,ns(l : Irig. 46 (x 3400), Cofris ru:tid.ens ; Fi,q. 47 (x 5300), Puraphytus
dentifrons : l'ig. 4tl (X:1800), Cybhot)ish.Lcs Iestroi.
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Figs.49 57. Semidiagramrnatic drawings of rhabdoms in transversc scction
Fig. 49, Maladera orientalis ; Fig. 50, Apogenia amida ', Fig. 51, Geotrupas aurata ventral
eye and Fig. 52, dorsal cyc. I'ig.53. Matolontha melolontha : F|e.54. BLi.t.rtf err.h.tt
orientalis ; Fig. 55, Paratrichius diuersicola ; Fig. 56, Eucetonia roelofst ; Fig. 57,
N ipp onu algus anR.ustico lIis.

Type 5. The Popil l ia type

The common featurcs charactcrizing this rype were encountered in three spccies of
Popil l ia. Thus, at the distal end of the rhabdorn region, one ccl l  is cnlarged ancl more
voluminous than thc others. Within the largcr cel l  an extensive rhabdomere with long
microvi l l i  and noticcably lower electron op:rcity is dcveloped. ' lhe rhabdom generatcd by the
other ret inula cel ls may show a certain variabi l i ty bu1 thc fundamental configurati6n is
identical in the dif fercnt species (Fjgs.63 & 79).
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Morphologrcal Comparisons r,rf Compouncl Eyes in Scarabaeoiclea

Type 6. ' lhc 
trogid type

Nicagus iaponicus and Trox mitis show somewhzrt similar fcatures with regarcl to their
photoreceptor structures. Their rhabcloms of seven ret inula cel ls form a i ive lobed pattern in
transverse sections and typical ly consist of l inear and long rnicrovi l l i  (Fig. B0).

Type 7. Thc Eusclates type

This type of rhabdom has so far been registerecl only in Euselates prodma, CoeLoclera
?enici laLLu and Rhomborrhinu splendido. The rhabdoms in these spccies are fornred from f lve
large V-shaped and two small  rhabdomeres (t- igs. 64, 6b, Bl).

Type B. The Ceracupes type

In the eye of Ceracupes yui of Lhe Passalidae, tl're ommatidial retina consists of seven or
eight ret inula cel ls. Each cel lpossesses a rhabdomere, but the microvi l l i  are rather disorderly
arranged and thc ROR amounts to no rnorc than a mere 20%. h is on the basis of this aspect
(Fig' 75) that this beetle is thought to be diurnal ly act ive (nothing is known about the biology
of this recently described species) and that we l ist i t  under a rhabdom typc separate from those
of othcr passal ids-

Type 9. The Ochodaeus type

This rhabdorn type is given i ts name because i t  has so far been recorcled only from
Ochodaeus maculatus of thc Ochodaedidae. 'l'his 

species is a cliurnally active species, but it
possesses an exceptional ly distal ly-placed rhabdomere wlth microvi l l i  that exhibit  consider-
able less regular arrangements than the microvi l l i  of nocturnal or nocto-diurnal species. The
proximal rhabdom is made up of six rhabdomeres and i ts RP'I 'S resenrblcs t l-re outl ine of a
common butterf ly. The microvi l l i  in this rhabdom are orientated along two orthogonal
direct ions.

Type 10. The spi i t-eye Onthophagus type
'I 'he rhabdom type described under this category is found in the nocturnal clung beetle

Onthophrtgus lenzii. Thts species possesscs an eye that is completely clividccl into dorsal anti
ventral eye parts. The anatomies between the two cyes are remarkably dissimilar :  the ventral
eye has a distal rhabdomerc and i ts proximal rhabdom consists of six rhabdorneres, exhibit ing
a part icular pattern. ln the dorsal eye (Fig. 82) on the other hand, no distal rhabdomere exists
and the rhabdom is composed of seven rhabdomeres, one of which is formed from microvi l l i  of
noticeably reduced electron density.

1'ype 11. The reguLar Onthophagus type
Ottthophagus posIicus is a diurnal dung beetle, which possesses a rhabdom that is dif fcrent

in organization from the former spccies in spite of belonging to a spccies from the same genus.
No distal rhabdorneres arc seen and the rhabdom, which is composecl of seven rhabdomeres,
assuü]es a pentagonal or quadri l ineal outl ine in transverse scction. The microvi l l i  arc nea v
al igned in two orthogonal direct ions and of cqual diameters (Fig. U:]).

Typc 12. The Euonit iccl lus type
This rhabdom type, found in Euonit icel lus ufr icurtus, is exc:eptional because of the presence

of :r distal rhabdomerc in spitc of the beetle's cl iurnal naturc (somewhat l ike ()r:hoclaeus. see
above). The proximal rhabdom, howcver, rcctangular in RPTS observations and not bu1terf ly-
shirped (as in Ochodrteu.s :  sce above), consists of six rhabdomeres with microvi l l i  that are al l  of
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the same diameter, but orientated in trvo orthogonal cl ircct ions. The basal, eighth rct inula cel l
is wi lhout a r lrabdomcre.

Type 13. The pseudornorphous lype
Rhabdorns of this type were seen r 'n thc eye ol the ci iurnal serjcine species s€rlco

u'grouartata (Fie' 84)- The organization of the rhabr. lom in this species dif fers considerably
from that of other sericine species. ln part icular the remarkable variatrons exhibited in RpTS
betwecn dif ferent and even ncighbouring onrmatidia suggest that i t  has to belon.q to the
pseudomorphous rhabdom type.

Type i4. Thc Dicronoccphalus typr:
The rhabdoms seen in the eyc of Dichronor:ephalus bourgoirei make up this type. Hcxagonal

rhabdom outl ines are produced by contr ibutions from scven rhabdonreres as show' in Fi ir .  66.' lype 
15. The -Iaeniodera 

type
Rlrabdoms of this type, characteristic of the eyc of T'aeniotl.era bifasciattt, also consist of

seven rhabdomercs and the RPTS shows a somewhat similar pattern to that encountered in
ochodcrcus- Howevcr, the microvi l l i  in the Taenioclerü type are consistentl l .  1.r,  r inear (t  ig. 67).

(c) Tracheal Busl.r

l-requently the insect compound eye is suppliecl by a few tracheoles that enter the ret inal
zone through holes or gaps in the bascment fron'r which ommatidial axgn bundles emerge on
their way to the lamina. In some species, thesc tracheoles diverge into innumerous branches,
which may surround an ommatidiurn proximally as far as halfway up ttre rhabdom, thus
forming what has been termed a "thick trachcal bush" (Fig.86). The tracheal layer and in
part icular the tracheal bush can function as an eff icient tapetum in adcl i t ion to i ts rolc in
rcspirat ion. Not al l  species, however, have a cleveloped tracheal bush ancl in manl, species the
tracheoles under'  ncar, or even in thc proximal ret ina of :rn eye ncver branch or divide to fgrm
a tapctum.

As demonstraled in Tablc 2, presence or abscnce of the trachcal bush may be nrore relatecl
to a species' phylogenetic posit ion rather than the dai ly act ivi ty peak of a given specics. Tl.rus,
in Lucanidac, Passal iclae, and Trogidae al l  specics are lacking a dist inct tracheal tapetum, in
Geotrupidae solely the exceptional Bolbocerosoma nigroplagiat?lm possesses i t .  In Scarabaeiclac
a tcndcncy to either possess or not to possess a tracheal bush is apparent at slbfamily level.  ln
Scarabaeinae all species other than thc nocturnal Copris at:tidens and C. brtu:hypterus lack it

Fis' '58' Iilectron micrograph oI an ommatid iurn ol Anomala aurocoitles in transversc section at
mid-rhabdorn levcl .  where the distal  rhabdont (*)  rernains to be prcsent (X4600).

Fig' 59' Light rnicrograph ol the compouncl eye of Pseud.ochalcoth.ea spothulifera in transverse
sect ion through mid- level  of  the rhabdom region (  x 360).

Figs.  60-67. Electron micrographs of  thc rhabclonr i r r  r ransvcrse sectrons.
Figs. 60 62. T-vpe 3 : the sevc:r-lobcd typc. Fig. 60 ( x 360 0), pseurlochak:othr:a
s/>athuli/era i Fig- {i1 (x5000), Puratricttius tloetzitzi; Frg. 62 (xs600), Ilybroaal,{us
lhoracicus ; t'ig. 63 (x5800), the 

'I'vpe 
5 rhabdom or Popillia Lype, Pctpiltia japonica i

! - igs.  64 (y.4200) and 65 (x6300),  thc 1 'ype Z rhabdom or re Euselates type. i . ig,  r j ,4 (x
4200), Coek;dera penicilktta formosana; F-ig_ 65 (X 6800), Rhomltorrhina splentlid.ct. Irig. 66
(x5100) '  the Type l4 rhabdom, the Dic hron ocephalus t ,vpe, Dichronocephalus bourgoini . ,
fig. 67 (r 580()), the Typc 15 rha irdr.rnr, the Taeniociera t.y1te, 7'aeniodern hifast:iata.

46



Morphological  Comparisons of  Compound F)yes in Scarabaeoidca 47

64



4B Gux rt ,r nd N{l t't,.n-Roe I ru u

70

Figs.68-71. Light micrographs of  lhe rhabdoms of  passal ic l  beet les in t ransvcrse sectron.
rcprcsent ing a r .ar iety o{ ornntat ic l ia.
Fig.68 (x480),  Aceraius grandis;Fig.69 (x,180),  , .1.  t r . ik i t ja i ;  Fig.70 (xb50) ,  Le1ttautax
fttrmosanus; !'ig. 71 (x.TS}), Ct:qtcupes yui.
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Figs.72-75. Fllectron micregraphs of thc rbabdom in transverse section.
hgs. 72-74, Type 4 rhabdoms, the multi-lobed typc. Fig. 72 (X 3400), Aceraius granclis ;
Fie. 73 (r 2200) ;  A. hikidai ;  Fig. 74 (x 4000), Lepluulax formosanus ; Fig. 7b (x 2500), the
Type 8 rhabdcrrn, Cerctcubes yuL

tracheal tapetum. In Melolonthinae, T{opl ini lack i t  just l ike al l  species of the Sericini are
lacking i t  in spitc of their nocturnal or nocto-cl iurnal act ivi t ics. Yet, other mclolonthine groups

bcar a tracheal bush. In Rutel inae al l  spccies with the exception of Phytlo4ertha intermixta and
Prortgopertha pubicol l is (which are diurnal ly ar:t ivc and of the photopic type) possess cleve|rpccl

, 4 0
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Figs.76 84. semi-diagrammatic drawings of  r l . rabdoms in t ransversc sect ion,
Figs.76-78: the Tvpe 4 rhabdom, the murt i - lobed type. Fig.  26,  Lucanus
maculifemorrttus (9 cells) : Fig. 77. L. gamunus : Frg. ?8, Prosopocoiltts i.nclinatus: F ig. 79,
thc Tvpc 5 or Popillia tvpc, popi,Iria cyanea. Fig.80, the Type 6 or trogid typc, Nicagus
japonir:us. Fig.81, the Type 7 or Eusclates type, Euserates proüm.l. Fis.82, the Typc
10 or sprit eyc onthophagus type, onthophagus tenzii (d,orsaI cye) ; Fig. g3, the Type rl
or reguiar Onthophagus type, Onthopho.gus postitus; Fig. 84, the .l.vpc 

13 or
pscudomorphous type of rhabdom frc:tn Serica niprouariata.

t racheal  tapeta.  Al l  species of  the Valginac and Tr ichinae, as far  as examjned so f : r r ,  lack thc
tracheal  bush. The cyes of  Dynast inae, except those of  Flexot lon ret iculatum,are equipped with
the tracheal  bush.
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Fig.86. Electron micro1raph of the compound eye r,rf Copris hrachypterzs, displaying a transverse
sect ion throtrgh thc proximal region and showing tracheoles diverge and form the
tracheal  bush of  the ret ina.  Arrowheads show a-t 'on bundle of  each ommatidium ( x 4200).

Con cIu s ion

Compound eyes and their components oftcn possess special adaptations that enable thern

to operate at dif ferent l ight intensit ies (Meyer Rochow, 1999t5)). A structure may exist and be

present becausc i t  f i ts the present requirernents of i ts be:rrer optimally, but i t  may equally well
represent a leftover elcmcnt fror.n some past crer of usefulness and i t  rnay even be a struct l l rc

for which i ts t ime of maximurn purpose has not yct arr ived. Neverthclcss, we can just i f iably

argue that the vast majori ty of structural elements in a given cornpound eye havc bcen shaped

by mil l ions of years of select ivc pressures and thc survival of the { i t test. In fact compouncl

eyes can be so well  adapted to part icular environmcnts that i t  has been possible to draw

conclusions on thc l i festyles of some insect and crusl:rcean species solcly on the basis of eye

examinations (Horridge, 197860) ;  Mcyer-Rochow & Gokan 1gBB6t) ;  Meyer-Rochow & Reid

199462) ) .

In the observations t l-rat led to this publ icat ion, thc relat ionships bctween eye anatomy
(structural organization of lens systems, ret inae, and rhabdoms), clai ly act ivi ty periods, and
phylogenctic alhnit ies in rnernbers of the supcrfamil l '  g6u.uSacoidca al lowed the fol lowing
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Table 4.  Groupings of  species based on thc aforement ionecl  l ive eye
c haracters
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I : Lens systcm
tr : Type of retina

III : Rhtrbclorneric pattcrn

IV : Distal rtrabcl omerc
1.  prcsr :n t

2 .  absent

V : Tr acl.rcal bush
1. prcscnl

2 .  absenl

conclusions to be drawn. Ccrnccrning the lcns system and i ts dioptr ic parts, one can make the
general statement that the corneal is thicker in diurnal species, but that this chzrracter is also
inf luetrced by phylogenctic al ini t ies at the family le vel.  In cornparisons that are based on the
ratio between corneal thickness and crystal l ine conc lengths (-thickness of cone layer),
nocturnal species normally have a broader (- thicker) cone layer. An analysis, relevant in this
context, but concentrat ing on eyc type and design in arthropods general ly (and not only the
Scarabaeoidea), has been published by Warrant & Mclntyrc (19930.r;.

' I 'he phenonrenon of ret inomotoric events in the eye (Meyer,Rochow, 19995t)),  especial ly
whcn i t  concerl ls the classif icat ion of ret inal and r l-rabdom types, has to be constantly born in
mind. Sirtce, howevcr, as stated earl ier our comparisons arc based largely on l ight-aclaptecl
material (unless specif iecl ot.herwise), wc feel this study can provide a real ancl hclpf l l
foundation for thr: eco-anatomical categorization of scarabacoid photorcceptors. Orre further
cons idera t ion  no tewor thy  o f  mcnt ion  re la tes  to  a  spec ies 'da i l y  ac t i v i t y  rn : i x imum.  Obv ious ly
in free I iving species i t  is easy enotrgtr to dccidc',vhcthcr they arc actively f lying, f i :cc1ing, or
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I ig '  87.  Branching patterns among members of  thc Scarabacoidea based on f i r ,e characters of  the
conpound eye.
I .  ' l - -vpe 

oI  lens system, I I .  Typc of  ret ina,  I I I .  Type of  rhabdom, IV.  Dis lat  rhabclomere 0 )
present,  or  (2)  absent,  V.  t racheal  bush (1) prescnt,  or  (2)  absent.  (cf .  a lso Tablcs 2,  4,  and 5).' i 'he 

numerals on thc r ight  s ide indicate thc number of  spccies belonging to each group.

9

3

3

2

4

6

3

3

1

1

3
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Table 5 '  L ist  of  the species grouped in Fig.87 (symbols bcing the same as those
of Table 2.)

T y p " Spccies -t\ c t- f 'a rnil y S u b f a  m i l y

A

B

Cy I irulrocaulus patalis

Aesalus asiactius

Platycerus acticollis

Aphodius hantldianus

Anthypna pectinata

Ectinohoplia obducta

Holtli.a commttnis

Phy llopertha intermixta

Progopertha Dubicollis
Ilexodon reticulatum

Anomala octiescostata

Maladera orientalis

Paraserica gricea

Figulus baninensis

Lucanus garnunus

Phaeochrous emargina tus

Cyphopishtes gestroi

Paraphytus dentifrcns

Maladera cüstanea

M. jcponica

M. secreta

Serica boops

S. tahagii

Serican ia l.euisii

Ser. mimica

Sericesthis geminata

CoPri,s acutidens

C- brachyPterus

APogrtnia amida

Heptophylla Tticeu
I{olotrichia kiotonens is

SoPhrcps formosana
Adoretus tenuimaculatus

Anomala rufocuprea

A. etpansa

Mimela flauilabris
M. testaceiPes

A llomyrina dichotoma

Eolth iLeurus chinens is

Anomala tturocoides

B liloper lhd. oriantal is

Passalidae

Lucanidae

Scaravaeudae

Scarabaeidac

Lucanidae

Hybosoridae

Ceratocanthidae

Scarabacidae

Scarabaeidae

Aesal inae

Lucaninae

Aphodinae

Graphyrinae

Melolonthinae

Rutel inae

Dynastunae

Rutel inae

Melolonthinae

Figul inae

l ,ucaninae

Scarabaeinac

Melolon thinae

Scarabaeinae

Melolon thinae

Rutc l inac

Dynast inac

Rutei inae

o
o
o
o
o
o
o
o
o
o
c
o
o
o
o
a
o
o
o
(D
qtt,

o
o
c
o
c
o
o
a
@
@
o
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c
c
c
O
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6
@
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Repsimus manicatus

A nop lognathus 0 a I lid ico I lts

Melontha melolontha

M. japonica

Lucanus macu lf emorct /us

N ip p on o dorcu s ru b r o f e m oratu s
Pr o s op o c o i lu s inc I indtu s
Nicagus japonicus

Trox mitis

Ochodaeus maculatus

Onthophagus lenzii

Onthobhagus posticus

Euonilicellus africanus

Serica nigrouariata

Geotrupes aurata

G. lneuistriatus

N tpl>r.nou algus angusti,co ILis

HybrouaLgus thoracicus

Lasiotrichius succinctus

Paratrichius doenitzi

P. diuerslcola

Eucetonia roebfsi

Oxycetonia jucunda

Pseudo c ha lco t hea sI a thu li feru
Popillia jd,oni.ca

I'. cyanea

P. ldtimaculüta

Euselales proxima

Coelodera penicillata

Rhomhorrhina solendida

Dicronocefhalus bourgoini
'I'ae 

n io dera b i_f as c i ata

Bo llxs c ero soma n igr o|Iügiatum

Aceruius grandis

Ac. hihidai

Leqteulu( formosanus
Ceracupes yui

o
o
o
o
o
@
o
C
C
C
o
o
C)
o
o
@
C
o
c
o
o
C
o
o
o
o
o
C
C
o
o
o
o
o
o
a
C

Lucanidae

Trogidae

Scarabaeidae

Gcolrupidae

Scarabaeunae

Geotrupidae

Passal idac

Melolonthinae

Lucaninae

Ochodaeinae

Scarabaeunae

Melolonthinae

Valginac

Trichiinae

Cetoni inae

Rutei inae

Cetonlinae

L
M
N
o
P

a

T

U
V
w
X

mating during lhe day rathcr than at nighl (or vice versa)- But for cryptic species, burrowing
in dung, soi l ,  sand, or t imber i t  is very much hardcr, i f  not outr ight irnpossiblc, to provide
accurate and rel iable data on dai ly act ivi ty maxima.

Wit l-r regard to the rct lnal types, we found t l-rat general ly thc photopic type was restr icted
to diurnal ly act ive beetles, but that this type of cye occurred extensively in a large variety gf
scarabaeoid groups. When RORs wcre nleasured from transversely sectioneci rhabdoms, they
were usually small ,  stemming from rhabdoms that resernbled each othcr rather closely evcn
when phylogenetical ly not closely related species werc looked at. In thc scotopic eye type
(typical oI nocturnal anr. l  crepuscular species) the RORs are general ly increaseri when contra-
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sted with those of diurnal species, but rhabciom patterns are variable and appear to be
fine-tuned to the tasks and activi t ies that the eye is mcant to have in the beetle i t  belongs to.
From RPTS observations, we know of various dist inct forms of rhahdoms and can frequently
:rssociate these rhabdom types with specif ic act ivi t ies.

In the Passal idae both lcns systern and ret inula have their pecul iari t ies and curious
features whcn compared with corresponding anatomlcal elernents in other lanti l ies of the
superfamily. A certain amount of similari ty with the eyes of sonle species of Lucanicls was,
however, dctectcd when RPTS-featurcs were compared.

The entire rcsults of the investigations are summarized in tabulated form in' fables 4 ancl
5 and as a 'branching pattern' with evolut ionary incl inatlon in Fig.87. Although i t  is
impossible to obtain deflnit ive clues for an extensive phylogenetic analysis only from the
present results, wc expect these results to serve as a reference material against which future,
perhaps molecular, studics in beetle evolut ion can be checked.

Abbreviat ions uscd

anl ,  anLenna cc, exocone

brn, basement membrane n . r . ,  uc le l l \  o [  r c t i nu l r  cc

hrc,  basal  ret in ula cel l n .Sc ,  n  uc lnus  o f  Sen rpe r  ce l l

ca,  cantnus rc,  ret lnula cel l

57

cc, crystal l inc cone rh,  rhabdom

cor, cornea rt ,  ret inular tract

rorc,  corncal  cone Sr,  Semper cel l

cs,  cone sheath \ l ) r - ,  s e c u n d r r y  p i g m e n t  c e l l

ct,  cone tract / thread tb,  t racheal  bush

D, dorsal tr, lracheoles

V. vcntral

E ,  eye

Summary

The compound eyes of 78 specics of beetles belonging to the superfamily Scarabaeoidea
were examinecl by l ieht and transmission clectron microscopy. ' Ihe 

f ine structural or ganiza-

t ion was elucidated and correlated with r lai ly act ivi ty maximum and phylogenetic posit ion of
thc beeties. In the superfamily Scarabacoidea the compound eye is commonly encroached
frorn the lront by an opaque, cuticular peninsula termcd "canthus", but this structure is not
present in Aesalus asiaticus, Platycerus ar:ticollis, and Nicagus japonicus af the Luc:rnirjac, T.rox
miti.s of thc 'I'rogidae, 

Or:h,otia.eus mantlu.tlts, Aphctctius harclcliunus ancl llexotlon reticulatum of
thc Scarabaeidae, al l  of which are diurnal ly act ive speeics.

Corneal facets are regularly arranged in the larger eyes."vhich possess many on-rmatidia
that f trrm hexagonal facets, br-rt  in snral ler eyes rvith fclver ommatidia l ike in Cerat:uttes yui and

drh, distal  rhabdomere
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Hexodon ret iculatum the facets may exhibit  more irregular outl ines. Facet sizes are l imitcd in
most spcclcs to 20' 30pm in diameter, but jn some lucanid and passal icl  .species consit lerably
larger facets may occur. In Lucanus maculifemoratus, for ex;rrnple, the facet diameter reaches
38pm ; in passal ids i t  usual ly exceeds 40pm and a maximurn facet diameter of Sgtt m has becn
rneasured in Aceraius grandis.

Although the lens systent is of t l -re eucone type in most groups, the acone type was, for
example, present in Cylind,rocaulus patalis (Passalidae). In passalids other than Cylind.rocaulus
the lens systern is of the exocone type. The geotrupid Bolbocercsoma ntgro.plagiatzz is the sole
species in this study to display a duoconc typc of lens system.

Six ret inal categories werc dist inguishecl. l .  Tl-re photopic type : always associated with
diurnal ly act ive spccies, the rhabdoms of this type arc columnar in shape and strelch from the
distal to the proximal end of the ret ina. 2. The intermediate type : being rntermediate between
photopic and scotopic ret inai types, this kind of ret ina features bott le-shaped rhabdonrs that
extend furt l-rcr distal ly than those of the scotopic type. Retinula ccl1 nuclei are placed distal ly
and a small  rhabdom can be founci at that levcl of the ret ina. 3. The scotopic type:with
rhabdoms occupying only the proximal swollen part of the ret ina, a clear,zone madc up of
narrow rct inular tracts bridgcs the gap between distal ly placed nuclear rct inula segments ancl
proximal rhabdoms. The distal nuclei may change posit ion clepending on l ight- or dark
adaptation. This type of eye is characterist ic of rnany nocturnal, nocto-diurnal, and diurno-
nocturnal spccies. 4. The pseudoscotopic type : resembling in anatomy the scotopic type,
migrations oI ret inula cel l  truclei upon dark/ l ight adaptation, however, are not noticeable. Al l
but one Malaysian species with this kind of eye type are cl iurnal ly act ive. 5. The passai id type
: having been encountercd in all passaliri species with the exception of Cylind.rocaulus, this
type of eye has the ret inula cel l  bodies locatcd on the proxirnal side. There are rrg ret inular
tract.s and the clear zone is occupied by the project ions of the cone cel ls. 6. T|e exceptional
type : represented by the eye of Cyl indrocauLus pataris of thc Passal ir iae, the rhabdom is widest
distal ly and rapidly tapers off proximally, so that the part of the ret ina contains no rhabdom.
Retinular or cone cel l  tracts are nol dcvelopcd.

A variety of rhabdom patterns were identifiable from mid rhabdom transverse scctions.
' lhe 

seven most widely encountered rhabdom outl ines are quite characterist ic and can be used
to dist inguish (a) central and axial,  (b) 6-lobed, (c) 7-lobed, (d) mult i- lobed,. (e) popi l t ia, ( f)  Tntr, ,
and (e) Euse' lates rhabdorn types. Addit ional much rarer, and oftcn outr ight pecul iar forms
that dif fcr from the aforementioned seven, can bc found in further eight species.

Ä felv tracheoles penetrate thc basement membrane and enter the ret ina of many noctur-
nal species to then form a trachcal bush through branching into f iner tracheoles. A l ight-
ref lect ing tapetum is, thus, created. However, sincc a tracheal bush, involved in supplying thc
rct ina with oxygen, is also seen in many diurnal spccies, i ts signi{ icance in relat ion to dai ly
activi ty rnaxima and/or phylogenctic posit ion is not yet entircly clear
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