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A comparaTlve lnvesflgafaon of The morphology, behavuor and phy51oLogy off;‘ifb

sco|y+:d specTral response was conduc%ed The scolyTxd compound eye was foundu“ﬂw

3, . v st 1
r

)

o be an apposlflon eye iof The acone~+wpeﬁwifh a relaflvely small number ‘of .
v . ‘p.' . 3

-,ommaTldna (several hundred) The lﬁTeﬁna| organlzafxon of The compound eye of

the: Douglas fir beetle, Dendroctonus pseudotsugae Hopklns, was lnfermedlafe

E+;

s cep+or u |

e e

_betweenmjhe,Topen"Agdeﬂiused” rhabdomerxc arrangemenTs AHT, ij_]w

*;4'\

Iayer!consisfs‘oﬁ'e'peripheral rhabdomerfc rtng (rhabdomeres*] = 6) surroundlng
ST g )

two' central ‘and stightly. smaller rhabdomeres (rhabdomeres 1 and‘8).
Behavioral fests using a phoTogeCTic'response’(walking bioassay)*éqdi

elecTrophysioIogicél recordings of the ERG or mass.response'revealed’similarﬂf“

spectral response paTTerns WlThun The wavelengTh regaon exam|ned

’

- (approx1ma+ely 400 to 700 nm), TWO'sen51+|y|+y maxima were de+ecTed:'one insjhe

- bdue regwou«(450 nm) and another in the green;region (510 +o 530 nm). These?‘
conrespond well'wnTh response peaks reporTed in oTher InSeCTS usung a varnefy

=
e

of |nves+|gaTIVe techniques .and ppovtde evndence that the scolyT|d V|sual"

P

system consists of Two recepTor types. “'f : _
Comparison of The'experiménTal findfngs with theoretical considerations’

of insecT/phoforecepTors‘gupporfs'a morpholbgical interpretation of these
' 3 . C R .
-spectral response peaks. With reference to a waveguide model of The;ommafidia!

the peripheral rhabdomeres in the scolytid eye are.postulated to be the green
* receptors (optomotor orﬂmoTion—deTeCTIng'subsysjem) and the central

rhabdomeres To’be‘fhe blue receptors (navigation or potariza+ion—dé+ec+ing

suhsysTem). Both these receptor types are further posTufemedrfo possess a-UV

response peak (approxxmafely 360 nm). The waveguide model 9ugges+s ThaT-The

/,

uv response of the smaller blue-sensitive rhabdomeres wou | d. be cons&def“bly
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)

grea+er*+han that of the gfeen-sen51#+ve—enes = This— <f
// COnJUﬂCTIOH with the phyana¢=arrangemqu of +he rhabdomeres (QIChFOIS A‘,~,v,w;;~~;,

__'phoToptgmenT and b|refr1ngence of the mlcrovrllar membrane) ls.c <idered to

)J Vo ‘ . £y
C . x

" ' be The physnologtcal baSIs of po|ar|zaTuon deTeCTlon Thlselnferpre aT|on of

P
- s N L

the specTral sen5|T1v1T|es of The scolyTrd\CQTbound eye prov;des a unCTTOnaI

- : I

1'model,of The 4nsec+ pho#orecepTor based on. only one pho*op:gmenT rhodopsnn)‘.\’g

Vw;fh +¢sAabsorpThon sgeefrum alfered gnder The consTralnT of. bel
» i

in-a cnyndrncal dleIecTrnc wavegelde

o In relation +0’The d!spersal flight of scelyflds,vfhe blye reeepfore

webid be reIaTed fe the navnga}nenal reqb1remen+s dbr;ng The;{n;”;al ZTages of -

:‘

ghconf¢nedff”fif,

fllghT and The green recepTors +o The de+ec+|on of spafwal lnformaflon durlu
i 3 ; "~
hosT,seleCTlon.f 1n generaJ‘ The role of specT;al response in scq}yfx .Shopld

e

be consndered an lmporTanT source of sensory 1nforma+xon durnn > oTh dnspersai

flight and host s_,elec,ﬂog.‘
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Structural organization in typical insect compound eye.

A: Longitudinal section through compound eye indicating
arrangement of optic lobe. B: Longitudinal section through

one ommatidium of acone type. Ommatidium (om), lamina
ganglionaris (1a), medulia (me), lobula (lo), lobula plate

(Ip), cornea (c), Semper's ceils or acone (sc), pigment

cells (pc), retinula celis (rc), rhabdom (r), basement

membrane (bm). Dioptric apparatus (l), photoreceptor

fayer (1) o o v v v o vt v e e e e e e e e e e e e e e 3

Cross sections through ommatidia in the region of the
photoreceptor layer in representative types of insect

compound eyes. A: Open rhabdom. B: Partially fused

rhabdom. C: Fused rhabdom. Retinula cell (rc),

rhabdomere (rh) . . . « v v v ¢« v vt e e e e e e e e e 8

Typical ERG waveform recorded with uninsulated microelectrodes
placed subcorneally in the insect compound eye . . . . . . . . 14

Cross-sectional light intensity patterns associated with the
first six commoniy observed modes in cylindrical optical
waveguides. (after Snyder 1974a) . . . . . . . . .. ... . 18

Comparison of electrophysiological measurements, rhabdomeric
structure and theoretical spectral sensitivity curves based

on the waveguide mode! for ommatidia of the dipteran type.

A: Single cell recordings of spectral sensitivity from
Calliphora spp. Maximum response in the visible region
normalized to unity. B = blue, G = green and YG = yel low-green
receptors. (after Burkhardt 1962) B: Cross-section of dipteran
open rhabdom (left) and longitudinal arrangement of rhabdomeres
(right). (after Melamed and Trujilio-Cenoz 1968) C:
Theoretical spectral sensitivity curves for the dipteran
rhabdom; solid curve is extinction spectrum of photopigment in
solution; application of waveguide model predicts curves for
rhabdomeres | - 6 and 7. (after Snyder 1974a) . . . . . . . . 24

Scanning electron micrographs of the compound eye of scolytids.
Fig. 6: D. pseudotsugae male; right side of head with

compound eye. (Scale = 500 wm) Fig. 7: D. pseudotsugae

male; several ommatidia near ventral margin of right compound
eye. (Scale = 50 wm) Fig. 8: I. paraconfugus @ale; left side
of head with compound eye. (Scaie = 500 ym) Fig. 9:

I. paraconfusus male; several ommatidia near ventral margin of

left compound eye. (Scale = 50 wm) Fig. 10: T. lineatum maie;

left side of head with compound eye. (Scale = 250 um) Fig. 11:
P. lineatum male; close view of divided compound eye; dorsal
section above, ventral section below. (Scale = 100 wm) . . . 35



figure

15.

17-20.

21-24,

25-280

Light micrographs of the internal structure of the compound
eye of male D. pseudotsugae. Fig. 12: Longitudinal

section through entire compound eye showing arrangement of
ommatidia and supporting apodeme structure. (Scale = 100 um)
Fig. 13: Transverse section through part of compound eye
with ommatidia cut in cross section, revealing rhabdomeric
ring structure. (Scale = 100 um) Fig. 14: Longitudinal
section through entire compound eye showing ommatidia cut in
transverse and cross section. Note ordered arrangement of
ommatidia as outliined by pigment granules. (Scale = 100 um)
Cornea (c), acone (ac), retinula cells (rc), rhabdomeres
(r), pigment granules (pg), apodeme (ap), basement

membrane (bm). . . . + ¢« ¢ ¢ ¢ + v s s s 4 4 e 4 4 s e e e

Photoreceptor structure in scolytid compound eye.

A: Cross-section through photoreceptor layer indicating
rhabdomeric ring structure. B: Arrangement of dioptric
apparatus and photoreceptor cells. Distal rhabdomeres

(dr), central rhabdomeres (cr), cornea {(c), acone (ac),
retinula cell (rc), rhabdomere (rh). (after Chu et al.

1976) &« & &+ o o o o o o 4 o o o s e o 4 e s s 8 e 4 s s s .

Y-tube choice chamber used in testing phototactic response
of scolytids to selected wavelength regions of the visible

SPECTIUM ¢« & o ¢« o = o o o s o o o & o o o o o s o s o o s o

Behavioral response of D. pseudotsugae to selected
waveiength regions of the visible spectrum using Corning
Glass filters. Fig. 17: Average response of males to
Filter 'A' when compared to Filter 'B'. Fig. 18: Average
non-response of males when Filter 'A' and Filter 'B' are
compared. Fig. 19: Average response of females to

Filter 'A' when compared to Filter '8'. Fig. 20: Average
non-response of females when Filter 'A' and Filter 'B'

are compared . .« « . ¢ s s s s s s s e s s e e 4t e e e

Behavioral response of D. pseudotsugae to selected
wavelength regions of the visible spectrum using Balzer
filters. Fig. 21: Average response of males to Filter
'A' when compared to Fllter 'B'. Fig. 22: Average.
non-response of males when Filter 'A' and Filter 'B!

are compared. Fig. 23: Average response of females to
Filter 'A' when compared to Filter 'B'. Fig. 24: Average
non-response of females when Filter 'A' and Filter 'B'

are compared . . . .« .« s s s s s s s e et et e e e e e .

Behavioral response of T. lineatum to selected
wavelength regions of the visible spectrum using Balzer
filters. Flg. 25: Average response of males to Filter
*At when compared to Fliter 'B'. Fig. 26: Average
non-response of males when Filter 'A' and Filter 'B'
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Figure

29.

T

32

are: compared

Fig. 27:
~ Filter 'A' when- compared to Filter 'B'.

Flg 28}

A

v 4,;'

Average response of femaies ta

~Average

non response”of females when F|I+er 'A} and F|I+er 'B'

are compared .

scolyffd compound eyes

Experlmenfal seT—up for ERG recordlngs from scoly+|d compound
eyes using signal. averagtng

&

..
4

'iLighf—deIivery,sysTem used -in electrophysiological

recordings from scolytid compound eyes.
+and lens system focuses a selected: bandwidth of

',\"fhe monochromator onfo the insect's eye

The- fiber-optics
ll%pf from

jExperémenTa! se+ up - for pretlmlnary ERG recordlngs~from,

ERG recordlngs from maLe D. pseudotsugae made with
Phofographed

preliminary elecfrophySIOlogxcal set-up.
dir&etty from the oscilloscope-
indicated below correspondlng ERG response.
Bottom trace:

-ERG regponse.

33,0

‘averager as par# ‘of electrophysiological set-up..
Photographed directly from signal averager.

35738,

normalized to 1.0 af maximum response
values plotted #1 standard error of the mean.
D. pseudotsugae -
"Fig. 38:

(.75 sec).

Vertical

scale:

Duration of
2 mV/Cm

Wavelength of | tght stimulus
TopAtrqge‘

ligh*-stimulus

‘7-‘.

ERG recordlngs from ‘male D. pseudotsugae made w1¥ﬁ,sngnal

"
L&

g
Waveleﬁg#ﬁ of

lightsstjmulus indicated below: correspondlng ERG. response.

Top: trace:

ERG response.

Same scale as Flg 32

z

Bottom trace:

« &>

Dark respense.-

Typical specfral response, ctrves from D. pseudotsugae
Measurements made with 'quartz | ight- delivery system.

- Relative ERG on-response measured directly from signal
averager:photographs; corrected with conversion factor
.to equal quantum flux at each wavelength (Table |1).
Multiple curves for individual-
with Day 1 being e f}rsf day on which a complete™

spectral response curve was obtained .

Jinsects labelled beginning

Averaged spectral response curves measured with both

acrylic and quartz fiber- ODTICS systems.

ERG on-

response measured directly from signal averager or
photographs; corrected with conversion factor (Table |1I)
to equal gquantum flux at each:wavelength tested; -

D. pseudotsugae males.

females.

Fig. 37:

I. paraconfusus females.

39.

Fige 36:
I. paraconfusys males.

fevel.

Average <
Figt «35¢.

Averaged specfral response curves for D. pseudotsugae

at variable

1n+en5|+|es

xii

Measurements made with quartz

72

4

6w

79



 fiber~optics and neutral density. ?ﬁt+ere ERGwﬁﬁ-;espensq"f =

d.

40.

PR
L N

g

measured directly from signal averaged ‘or photographs;’

‘correcfﬁd‘WITh conversion factor. (Fable 1.1)" 4o equal quanTum
“fitx at each wavelength and normalized to 1.0 at maXImwm

value (normaf intensity). Average values plotted 1 fll

'—sfandard error of the mean. - 0D = opflcal density Qf
~‘heu+rar denéiTy'filTer N T P T

) ) _!’; -
Averaged specfral response curves for I paraconfusus '
at variable intensities. Measuremenfs»made with guartz

';flber -optics.and neutral densufy filters. ERG on-response
measured’ dlrecfly from signal averager or phoTographs, Coe
corrected with conversion factor (Table |1) to equal ‘guantum -

- flux at each wave length and normalized to 1 0-at maximum

T 4-44)

45-48.

e a2 A AT
i

value  (normal intensity). Average values ploTTed Sl
standard error of the mean. 0D = optical density of
neuTraI density fiITer{- N =6. s

.
LA

D.’ pseudotsugae spegfral senSITIV|+y curves.. TFig. 41:
Intensity-response curves for males Based on averaged
spectral response curves at variable IﬂTenSITIeS (Fig. 39);
wavelength of light sflmulus indicated. for each’ curve
Fig. 42: Relative specfral sensitivity curves for
males as determined from intensity-résporise ¢urves;
response levels correspond to dotted lines in Fig. 41.
Fig. 43: Intensity-response curvés for females based
on averaged spectral response curves at variable .
intensities (Fig. 39); wavelength of light stimulus -
indicated for each curve. - Fig. 44: Relative -spectral

sensitivity curves for females as ‘determined from tnTensrTy—”'

response curves; response levels correspond to dotted lines

in Fig. 43 e e e e e e e .

I. paraconfusus spectral sensitivity curves. Fig. 45:
Intensity-response curves for males based on averaged
spectral response curves at variable intensities (Flg: 40)
wavelength of .light stimulus indicated for each curve.
Fig. 46: Relative spectral sensitivity curves for -
males as determined from intensity-response curves;
response levels correspond to dotted-lines in Fig. 45.
Fig. 47: Intensity-response curves for .females based

on averaged spectral response curves-at variable /
intensities (Fig. 40); wavelengfh of light stimulus /
indicated for each curve. Flg “48: . Relative spectral/
sensitivity curves for females as determined from |nTen5|Ty—
response curves; response levels correspond to - do?#ed lines -
in Fig-47. .« v o oo v 0 e e e e e e e e e e / .
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Ihégabilify”¥ lnéé%fs fo'disonfmjhaTetbeiween Qifferenf WaVELehg%hs of
" the visfb$§ spec#rum was esTablished as'early'aspj914 when v.»FﬁLsCh %rafned,ﬂfw
The‘hogeybee' Apzs meZZLféra L fo,search for food oﬁfooiored~paper squares

(v. ﬁg)sch 1914). Prevuous |nvesT|gaT10ns of color vision in insects Iacked
the rigorous proof of a def|n|T|ve behavnoral cho;ce

The problem of sTudylng |nseCT senses, is ThaT only Thelr behaVIoral
-response and the Transduced nervous information from applied stimuli can be
- . : o . e .
deTét#ed The insecfé' compound eye is funcflonally d|fferenT from +he

H -

verTebraTe s|ngle—lens eye and few |nferences can be made as fo tThe
' sensaflons perce|ved by the lnseCTs “brain (BurTT 1967). However,

1nvesT|gaT|ons have shohn that the vnsual sysTem of lnsecTs is sens;Ttve to
\ .
both*spectral content and Tﬁe\plane of polarization; i.e. insecTs possess the

ability fo discriminate colors and to navigate with polarized light (Wehner,

. Bernard and Geiger 1975). These.re.UITS are supporTedrby:physiCal and -
: Theofefical sTudfes on phoToreoepmor op ios (Snyde% 1975). - | A - hh{
Phofogaomic/behayior; opfomofoh response ahd oondifioned }espohges have,r
been used in viéual studies on insecTs. Micr pecfhophofomefky ahd h,"
morphologlcal sTudles have ylelded valuable |nform\j|on on the phySIqal nature
'rof The phoTorecepTor sysTem T With These invesflga+| \\ into various aspec¢e>

\ . ‘
of insect vision whlch have been conducted over'The last\50 years,. the nature

of the visual response can now be described with reference\to the insects'

way of life. However, few studies have been done that encompass a variety of

éﬁﬁﬁ%vesffgafive techniques on the same species. One order of insecXs in
e parchuIar, the coleopterans, exhibits the greatest range of sTrucTuRe yet
, : , j .
. A

-

observed 'in compound eyes (Horridge 1975), but few represenfafivee have\gien

‘studied in any detail." ' T o SN



Scolytid beetles have long been recognized as important forest pests in
North America. However, most behavioral and physiological studies to date
have been |imited to mechanisms of dispersal and host selection. Olfactory
response has been shown to be the dominant sense during selection and
colonization of the host tree (Borden 1974), but the role of other sensory
information has not been entirely clarified. For these reasons it was decided
- to use several species of scolytids (Coleoptera: Scoiytidae) for a comparative
study of visual morphology, behavior and electrophysiology as it relates to
spectral sensitivity. The relationship between the visual response in
scolytids and that found In other groups is of special interest; i.e. do
scolytids exhibit similar spectral sensitivities to related insects, or has

adaptation to living within a host tree influenced their visual response?

Structure of the Compound Eye and Optic Lobe

The compound eye of insects is composed of hexagonally packed ommatidia,
each of which consists of a dioptric system and photoreceptor layer (Fig. 1).
Although the number of ommatidia per compound eye ranges from a few dozen to
as many as thirty thousand, each ommatidium has a nearly constant thirty cells
and dimensions of 15 - 50 um In diameter and 100 - 300 ym in length (Mazokhin-
Porshnyakov 1969).

The dioptric apparatus is responsible for transmitting light to the
receptor layer without significantly altering its spectral composition or
polarization. The optical system consists of an external cornea and a
crystalline cone, surrounded by the Semper's cells which secreted the cone.
The morphology of the cornea and cone provides one basis for the
classification of compound eyes (Chapman 1969; Meyer-Rochow 1974):

1. Eucone eye: Transparent refractile crystalline cone secreted by the
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Semper's cells. (Most compound eyes) o 'mjr‘ri v

2. Acone eye: Cryslalllne cone replaced by a group of lransparenl cells
- formedldlreclly from The Semper s cells. (Many Dlplera, Hemlplera
and Cdkeoptera)

-

3. Exocgne eye Cryslalllne COne replaced by a coqucal inward C s ~.§;

prOJecllon of’ lhe cornea (Some Coleoplera) e »‘lfx

i

.

4} Pseudocone eye: Crystalllne,cone replaced by an extracellular cavity

filled with Tiquid material. {Some Diptera)
The'co;nea and cone are the refractile comaonenls which influence the
path of Iight before it reaches the receptors (MeyerrRochow 1974).- The

receptor layer of the ommatidium consists of ‘the retinula cells and associated

rhagdoweres. The retinufa eells/arelarranged‘llke the segmenTs of an orange,i

hueually eighl per- ommatidium. Ofe or two loé@iludlnal surfaces form the .
rhabdomeres which are the lighft-absorbing layers.(Bullock and Horridge 1965).

The rhabdomeres are formed of cloeely'packed;arrays of.mlcrovllli, eachr

Tubule conTalning~several hundred molecules of a pholosensltjve pigment.-

Insect Vlsual plgmenl belongs to a‘classwof conJugaled prolelns called

-

>< rhodopsins, wnTh reTlnaldehyde as lhe chromophore (Goldsmllh and Bernard 1965)
This is the same visual plgmenl lhal occurs in all verlebrale pholoreceplorslw
In addition, pholoklnellc sTudles |nd|ca+e That The prlmary event in lhe ~

vnsual response of both lnverlebrales and verTebrales |s The converS|onrof
11-cis re+lgal to all-trans retinal by the absorpllon of a pha+0n Qfellghl
(Tauben,l975). The abeorpllon proceesils'followed by a serlee of |

conformallon31 cnanges in the pnolop;gwenlrmolecube andjleadselo‘a’dradéd,

depolarization in the retinula cell. The.pholochemlcal,cycle of insects
differs from that of vertebrates in the final Stages of photoconversion. In -

"vertebrates the visual pigmenllseparales into retinaldehyde and the protein-
- N ~ 3 :

-

-

@ . B3

-



&)
opsin. In insects the degradation stops at thermostable metarhodopsin
(T4uber 1975). The metarhodopsin is reconverted into rhodopsin by the
absorption of another photon. This photoreconversion is the basis of the great
sensitivity of the insect compound eye; i.e. the metarhodopsin is rapidly
reconverted to rhodopsin by light, maintaining the photopigment at an optimal
concentration (Hamdorf, Paulsen and Schwemer 1973; Hamdorf and Schwemer 1975).

The receptor layer of the ommatidium contains pigment cellis which have an
indirect effect on the light absorbing properties of the rhabdomeres (Fig. 1).
Primary pigment cells surround the crystalline cone, separating the dioptric
systems of adjacent ommatidia. The secondary pigment cells surround the
retinula cells, providing a screening effect between ommatidia. Basal
pigment cells are sometimes present at the proximal ends of the retinula cells
near the basement membrane. These three types of cells contain related
pigments, usually ommochromes bound to protein molecules as discrete granules
(Goldsmith and Bernard 1965). These red, yellow or dark-brown pigments
strongly absorb in the visible and near-UV regions, preventing stray |ight
from passing through adjacent ommatidia. However, the pigment sleeves are
"leaky" to red light and can produce an apparent neural response to
wavelengths longer than 650 nm (Goldsmith 1965).

The arrangement of the dioptric system and the mobility of the pigment
granules leads to another classification for the insect compound eye (Carlson
and Larsen 1972a, 1972b):

1. Apposition eye: Close contact between the dioptric apparatus and the
rhabdom; |ittle or no movement of screening pigment. (Typical of
diurnal, often fast flying insects)

2. Superposition eye: Short rhabdom considerably separated from the

dioptric apparatus but connected by a long extension of the retinula
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Ty A'oell‘ mob|le screeang pngmenf ‘ (Typaoal of nocfurnal insects and

. o e

mo*rhs) \'Lr:;—;—r r S

-l

W'Qorreiafton of dlel behav1or pafterns with These Two Types of eyes |s noT

[N

always found, and 7 number of lmsecfs possess ;nTermed:aTe or dlsflncfly

*

dufferenT sTrucTures (Horrldge, Walcot+ and loannides 1970)

In addTTron’To “the variafion in ommaTidiaL;sjruofure ighe arrangement of -

Y'JThe rhabdomeres varnes from being Separafe or "open" (Snyder and Miller 1972),

, To parflally fused (Honrldge 1975), to aﬂ%acenf or "fused" (Menzel 1972) 'Twuaf‘ =

L
& s "
(th 2). The CompleTe range of rhabdomerlo sTrucTure does ooour wu’ﬁln a i
. single insecf order buT The fus d:rhapdom is res*@ggfed To more advanoed
groyps, be|ng parTncularly common among The Hymenopfera (Snyder 1973a). Tne" e

lighTioapTurlng requirements of the ommaTIdla most likely deTermVne the

rhabdomeric arrangemenT within each insect group; -

. The optic lobes are separate from the phatoreceptor regibh ofs The

compound eye yet diefincf from The proTocerepral area of The brain‘(Fig. 1.
- 'These neuropule masses con5|s+ of four: synapflo layers lnTerconneCTed by flber‘—

tracts. In° mosT rnseofs these Iayers are dISTIﬂCT gangl:onlc masses named,

e

from the periphery inward, the lamina ganglionaris, medulla, lobuta and fobula

pLaTe (Go]dsm?fh and Bernard 1965). Axons from the reTinulaiceIIs,pass“

through the basement ﬁémbrane andlmerminafein eTTherMThe'Iamina‘gapglionaris
(Tne ehorf fibere);orrfne‘medufWa‘(Thé‘IoégAfiberé;;:;The tomple*rmyzéf“fhese
neuropile masseefhae s lowed invesmigafions.of their neural connections, but %

InTracelfUlar,markfng+experimen+s have begunrfo reveal avnighlywordered

anrangemenT (Menzel and Blakers }976) The short flbers appear 1o connecf

one set,of rhabdomeres in each ommafldlum to opflcal carfrldges in The lamlna

for prooe55|ng of—opfomoTorrinformaTLon. Th% longwfjbers connecT The .-

. -~ Tk ) .
PR RN ko . . . L
remaining rhabdomeres to the medulla where polarization information is
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s Figfﬂre 2 éross secﬂonsv‘fhrbugh ommatidia in the régidn of.

- ) . = _Tthe photoreceptor layer in -representative types of
‘ . ‘insect compound eyes. . A:" Open rhabdom. B: Partially

. . ‘ "fused rhabdom. C: Fused rhabdom. -
Retinula cell (rc), rhabdomere (rh).
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: 10
analyzed (Boschek 1972; Strausfeld and Campos-Ortega 1972). Spectral
sensitivity and pattern detection result from neural interconnections in the
medul la and lobula. Chromaticity coding, in particular, appears to be based
on the neural mechanism of color antagonism, the same process as is utilized

in the vertebrate visual system (Kien and Menzel 1977a, 1977b).

Behavioral Studies of iInsect Spectral Response

Behavioral investigations of insect vision rely on either learned cr
inherent response patterns. Although the response of any individual incect to
a given situation may not be consistent (Kimmins 1970), behavioral reactions
have the advantage of involving the entire organism in relation to the

environment,

l:+ Conditioning Experiments

Early studies on the spectral sensitivity of insects usually relied on

conditioned responses; i.e. training insects to distinguish between different
wavelengths independent of intensity. Von Frisch (1914) used this method to
demonstrate that A. mellifera possessed color vision. Although his
conclusions were later substantiated by other techniques (Goldsmith 1960),

v. Frisch's studies neglected a basic aspect of behavioral investigations:
human sensory responses cannot be used to determine insect's response choices.
Von Frisch had based his results on the assumption that honeybees could
distinguish between colored cards presented along with grey cards; i.e. the
human perception of chromatic versus achromatic. Since the number of
receptor types in insects and their spectral sensitivities were unknown, it
could not be assumed that "white" or "grey" as perceived by humans were not

distinct colors for them. Even if "white" is defined as the uniform and
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ToTaI reflecfloﬁ of incident sunllghT ,under d1fferen+ dayllghT condlfrons a o

"thTe" sunface_wrll refiecT lgghT of d|fferenT spec+ral comp051T|ons ; o

(Mazokhinjﬁorshnyakov 1969) A behaVIoral TeeT,ofrpe!br,VIsyon must evoke a oo

e N

response whieh;demonsfrafes ThaT ihefinsecf ie disfinQUESthg beTween‘ WO ‘

wavelengfh reg|ons presenTed 5|mul+aneously, even at varylng re[aTlve

- - - -

’|nTensxT|es. If The lnsecT cannot dlfferen*nafe befween some comblnaflons of ~

Ty - a

vwavelengTh and An*ensify, Then those wavelengTh regions are no+fpefceived as

R . P - B : - t R

diffeFenT colors;

Maﬁy~|nsecfs aré not sukfabke foragond|+lon:ng studies 5|nce they. cannoT ;ri L2

- - e e
a .

be Frained to dlsplay Cons¢s#enf response paT*erns. Social ;nsecfsgsuch as;

- -
s *

bees, wasps -and anTs can be cond1+xoned falrly easuly, but oThers ohiy with COE

-

dif?icul*y Despffe These Ilmnfaftons, cond|+lon|ng experimenfs haVe prOV|ded

- . o

much nformaflon on TheuspecfraL response of A meZZaféra in parfjcular,

ET oSN

rndxca*lng that this specxes at IeasT possesses Trlchromaflc vus:on (Daumer .

e L8 v

1956): The honeybee was the first ndn—verfebrafe in which the vﬁsual'ﬁysfem
‘ﬁfi . _ . =l o : 4 i

s .
et

‘was successfully analyzed for specTral sen5|+1vr+y A

Y . N B R T ] . ° A
li: Phototactic Reegpnse Experiments -

Ty . . - - . . . R .

Spectral studies on species which cannot be conditioned can be- conducted

by ufiii;ing The spon+aneous'behaviera|‘response feﬁards’differenf waveleng+hs i

of light. ~This fechnlque was used fo test -the responses of froplcal - ' o

<

_ butterflies to colored imitation flowers (Sw;har+ 1969 1970).¢ Similar

$tudies nave indicated the presence 6f'to¢or discriminafibn in species of

- - ) Tow

aphids (MQerikie‘1950) fiies. (Kugler T956) and beefles (NoTle 1959).

InformaTxon on The co!or perceanon of indects is ob+a|ned by
’“resenfing Two or -more spec;ral ch01ces under CODdITlOﬂS that resfrgcf their

berayior to a visual reeggnse. This technique was employed with fhe!grunf flyy

- L e
urosophtla melanoguster L., TGO determine thCh spectral regions it can-

- 2w ., ) N -
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disfingdisﬁ kHamWiTon 1922) “More recenT studiés on +his'same;species have

P

confgrmed the - presence of dlchromafnc vnsLon WlThsﬂ&ﬂﬁiiﬁfﬁesmmﬁﬁilﬂ»¢h641

S

near=- UV (350 - 400 nnﬂ ‘and green (475 - 500 nm) reglons (SchUmperll 49?3& ﬁe

PhoToTacTnc response has been used w1+h a varleTy of insects to demonsTraTe

‘4+he presence of color VJSIon (Appendlx l)

| _
’SenSITlVIi%ﬁJS of ten chxenT to p?oduce cesponses - op+omo+or experlmenfs,

_£1ec+ropﬁysiolodjcal‘STudies of Insect Spectral Response

- "‘/

vIII. ;pTomofor Response ExperlmenTs

EZE] : . - ' )
. 66»' - . e

”TnézgénéVTcrad'response of an insect *o a moving paTTeﬁhi}orms the basis
L= - 2 - - . ¥ . '

,,w" .S Co . ‘, L » - - - ) A v - -
of opTomoforosTudies; Early experimenTs‘reporTed evidence of color vision
. - '\ \ .t .

based_on - responses $o a ro+a%lng drum w;Th aITernaTJng ver+|cal colored and

- PR e
. e . —-

grey s+r|pes (Sch|1eper 1927). More careful=anaFys|s has revealed ThaT color

dlfferences play no- role in opTomoTor responses (Ka|ser 1968)M Confrasf

-‘ 4

- - /\.

but the opTomoTor nformet\on is processed in The Iamuna gangllonarls whlch

receives neural signals only from green- sensitive recepTors (Kalser 1972

ey

Kaiser and Liske1972). The mo+|on—defec+|ng sysﬁem of insects, Therefore;“

T ae

Is' color insensitive. - ;

= o

7 ' oot 4@#

Dnrecf recording of the neural response o?“fhe compound eye *o I|gh+ of

VA»Pnown lnfenstfy and specTral composrTnon mlnlmnzes |n+erference by ofher

- responses,’ motor system and central .nervous system to the overal!l behavior. -
'S E e B .

- - - _‘,m:/
F

r .

sensory systems. EPecTrophyS|olog|cal sTudles overcome The main. dlsadvanfageb

-

-1 e,

~

of Behavioralrsfudles; the latter_cannot separaTe The conTrnbuTlons ofasensory‘a

g : .o .. , o S E
&{?ﬂ?@is'of the eléctrical response to visualsstimuli offers information on-

“fhe mechanisms ufderlying the visual process (Burkhardt 1977).

e *

" ~The techniqués of elecfrophysiology‘ha&e changed greaflyﬁsince the early

- - » s -

&
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sTudles on grasshoppers (CreSCITelli and . Jahn 1939), parfnculariy w:#h The
yfdeveiopmenT of stngle cel I recordlng Technlques CBurkhardiLand,Autrum,1960).,,
-
L
Single cell necordtngs measure the graded electrical changes wnThln»one R

: ’ C o . K LR -
reTinuIa cell and, wiTh,The addiTionrof'marking procedures, permiT the precise = -

4 . -
association of~$pec+ra! response with lndﬂv,gual rhabdomeres (Menzel and .

yai
. 3 -

Blakgrs ]976) ~In- conTrasT the ERG" (eIecTroreTlnogram) or mass response

represenfs The summafxon of aII nervous poTen*xals |n the region of The

'recording,elecTrode, including both the graded resporrse of The}reTJnula cell

“. and the action potentials from the optie Iobes_(Goldsmjfh and Bernard 1965):
R Y ° s - “ ) : ’

Because of‘Tne ease with which it can be reeorded, the ERG has been widely

used in invesfigaTir;s‘of_insecf vision prpéd%RQ £).

The ERG‘WS

-entire ommatidium.

he deferminafion of average spectral segsijyf¥y for the
owever, since many cells gonfrﬁbuTeﬂfoxThe ERG respopse,
care must-be Taken'TovaChieve consistent resulTs; In mosT‘?nsecTs The paTTern°

of ERG waveform is sfmilar belng characTer|zed by a transient ”on effecT” a
- %‘ 5'."
graded pIaTeau, and a +ranS|enT "off effect" (Fig. 3) The prlnCIpal fea#ures

of the ERG are evident over a range of Ilghf |nTenStT|es, buT vary in magnitude
depending on the position of the recording.electrode (Ylnon 1970) .

The |nTerpreTaTlon of the ERG waveform is the basis for specfral
lsenS|T|v1Ty calcuIaT|ons Using a varteTyfof experimental fechn«ques, ?T:D?S,
been Sshown fhaT the on< -and off-effects arise from *he samina layer of the
. ) ’ : ‘. ’

optic lobe andZThaT'Tde’susTained glaTeau resulfsrfroﬁkrefinﬁla cell

depolarization (Hartline, Wagner and MacNichol 1952; Eichenbaum,and GoldsmITh

. 1968;.Alawi and Pak 1971). Thi's analysis is consistent with The undersTandlng
ThaT The spread of receptor poTen*iaIs from the reTinu%adteIIs to the optic lobe -
initiates fhe visual action poTenTla]s (Menzel and’ Blakers 1976). The receptor

poTenT!aL itself is a graded depolarlzaTlon resulflng from “the summation of
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Figure 3:  Typical ERG waveform recorded with uninsulated’
Co : - microelectrodes placed subcorneally in - the insect
s compound eye. 4. | - '
T .
. - - A 3 -
3 R ‘ oy < '@

s
~
< . .
- - -
. -
~ PSR
N
. s . P ‘
.
"
"
-
I .
.
-
- ey o
v
T %
PPN
- Bl .
¢
. “
=
-
d ks



i
-
* :
X !
I
t
Vo
. o bl -
S e b .
[ = R B
= "' N
. A==
11
N .
K
.
I Bt
> -
A
3 -
+ 787
=
)
T

x <——-’0N'EFFEC-':’ ‘
PLATEAU

A

PR



-identifi

««.

“unffary visual even+5 i.e. the absoranon -of phoTons by the Visual plgmenf

teading to conforma+vonal changes in the chromophore*mofecnﬁErM"?%e*resu+fan+*4*"f

on— and off-effecTS .are aiso proporflonal t6 the recepTor response and They o

provnde a convenlenT method for measurtng spec#ral senSITIVITy (Laughlln 1975).

EIecTrophysnologlcal sTudles have' corroborated The posTulaTed dlchromaflc

and txichromatic visual systems in insects. Slngle cell recordungs have
xd the Three recepTor Types of the honeybee w1+h senSITIVITy max1ma
\\ -

i in,The.neah—UV:(36O nm)' the blue (420 - 460 nm) and The green (520 -~ 530 nm)

regions (AuTrum and v.,Zwehl 1964 Gribakin 1972). - However, elecTrophysnoIogy~

'does/nof answer the: quesflon of how a srngle vnsual pngmenT funcT|ons To

provide dnfferlng spectral responses. The compIeTe analy5|s of The |nsecT

phoToreéepTor depends as nueh on the opflcal propethes,of The.ommmaTldla as-

on the nature of the phoToplgmenT A theoretical approach 1o The properT|es of

The enT|re visual sysTem is reqU|red To understand the |n5ecT5 spectral

SenSiTiviTieS.

#

Optical Properties of insect Photoreceptors

3

There have been a number of studies on the opTxcs of The compound . eye,rl‘

-
\

] de wntil recently aTTenT|on has been durecTed at the d|op+r|c apparatus.

- &

(Mlller, Bernard and- Allen 1968 Meyer—Ro\how 1974). However, The opTicaI

properTres of The rhabdomenQ§ have an even greaTer effect than the dlopTrlc

sysTem on the specTral and polarlzaflon sensuflvnfles of the- ommaTIdla

The insect rhabdomere,canube described as a long narrow cylinder,

slightly fapered proximaliy; with a diameter on the order of .a waveiength of
- " - N - ) " ) ‘ R
visible light. The composifion-of The réTinula cells-and their associaTed

e

rhabdomeres is such that a dueIecTrlc consTanT determines Thelr eIecTr;caI

parameters and the refractive index of the rhabdomere is greater than the
;‘. . .. "'"t . __~‘ . ] “© i
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surrounding medium (Varela and Wiitanen 1970). As a result of these physical
properties, the insect photoreceptor can be considered as a dielectrically
loaded waveguide. Therefore, light propagation and absorption within
rhabdomeres can be explained by a mathematical mode! derived from the behavior
of electromagnetic fields in waveguides (Snyder 1966, 1972). Maxwell's
equations relating plane wave propagation in cylindrical coordinates form the
basis of this model. Snyder and Pask (1972) have developed solutions of
Maxwel|l's equations with approximations to faciititate the study of insect
photoreceptors. Their results permit the physical properties of the rhabdomere
(diameter, length, refractive index and arrangement of the photopigment
molecules) to be related to the wavequide model and the diffraction properties
of the ommatidium. The light propagation characteristics of absorbing optical

fibers can then be used to describe insect photoreceptors.

I: Light Propagation in Optical Fibers

A light propagating cylinder with refractive index greater than the
surrounding medium behaves as an optical waveguide (Snitzer 1961; Snyder, Pask
and Mitchell 1973). However, the total internal reflection observed in optical
fibers is complicated by the small cross-sectional area of insect rhabdomeres.
When the diameter of the cylinder is comparable to the wavelength of Iight
being propagated, only certain electromagnetic field distributions, or modes,
will satisfy Maxwell's equations for the boundary conditions. In this case,
the light is propagated in patterns known as waveguide modes (Fig. 4). These
moda| patterns have been observed in gitu, tn vivo on illuminated rhabdomeres
of A. mellifera (Varela and Wiitanen 1970} and Drosophila spp. (Franceschini
and Kirschfeld 1971), direct evidence that insect photoreceptors act as

waveguides.

The particular modes which propagate in a cylindrical waveguide are
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specified by the waveguide parameter, V, which is defined as:

V=2m ¥ (n2 - n?)

- 1 2
A

where A is the waveiength of light, p is the cylinder radius and nl and n
are the indices of refraction of the cylinder and the external medium,
respectively (Snyder and Pask 1972). The specification of V describes the
modal characteristics of light propagation within the cylinder; i.e. which
modes may propagate. For insect photoreceptors with an open rhabdom,
calculation of V indicates that mode 1 predominates at visible wavelengths
(Snyder and Pask 1973; Stavenga 1975).

A property of waveguide modes is that only a fraction of the total light
energy at any wavelength is propagated within the cylinder. The remaining
portion is propagated along but outside the optical fiber (Snyder 1966, 1973b).
The fraction of the |ight energy propagated within the cylinder at any
wavelength depends on the value of V. This characteristic is crucial to the
understanding of photoreceptors, since only the light energy within the
rhabdomere is avallabie for absorption by the photopigment. As wavelength
increases, the fractional power of a mode within the rhabdomere decreases
(Snyder and Pask 1973). This attenuation of light propagation at longer
wavelengths occurs most sharply at the cut-off point, VC, for that particular
mode. Calculations for the open rhabdom structure of Calliphora spp.

(p = 1 um for the 6 larger rhabdomeres and 0.5 um for the smaller central
rhabdomere; n1 = 1.349 and n2 = 1.336) reveal that for wavelengths longer than
650 nm very little light energy Is confined within the smaller rhabdomere
(Snyder and Miller 1972). The frequency response of the smailer rhabdomere is
affected comparatively more than that of the larger rhabdomeres for fhose

wavelengths transmitted by fheldiopfric apparatus.



It: Light Absorption by Photoreceptors

A photoreceptor differs from an ideal optical fiber in that a
photoreceptor is light absorbing, while an optical fiber is light propagating.
As a mode propagates along an insect rhabdomere, light is absorbed by the
photopigment. The fraction of light absorbed in a unit length of rhabdomere
depends on the concentration of pigment, c, the absorption spectrum of the
pigment, a(A), and the fraction of modal power within the rhabdomere, n(X)
(Snyder and Pask 1973). Thus, the power absorbed, dP/P, in a differential

length, d&, can be expressed as:

dP = -cra(A)-n(A):ds
P
The difference between the above expression and the aquivalent one for a
photopigment in solution (Dartnall 1962) is the modal term, n(A). Integrating
this expression over the length of the rhabdomere, &, produces a description
of the total power absorbed, PA’ from mode 1 (Fig. 4) for a typicai dipteran

rhabdomere with circular cross-section (Snyder and Pask 1973):

-c-u(A)-n(A)-l}

P, = P(2) {1 -e

A

Only iight absorbed by the photopigment can lead to the visual response.
The spectral sensitivity, S(A), of the insect photoreceptor Is proportional to
the tight absorbed (Burkhardt 1964, 1977), Therefore, the spectral sensitivity
of a retinula cell can theoretically be described, within a constant of
proportionality, by the expression (Snyder 1974b):

s(1) = P() {1 - o S aM ALy

From the appearance of the waveguide paramefer, n{1}, in the above expression,
it is apparent that the spectral sensitivity of the retinula cell depends on

other factors besides the absorption spectrum and concentration of the
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g

iand refrac+1ve index) deﬁermlne n(x) and The\dwrfracfron properTweS‘of The:

‘dlopTrlc:apparaTUS’are cons:dered in PO,

,from.opTicaI flbere in +ha+ The rhabdomere |s aano+rop|c,'i.e.

directional sensif}vi+¢*is +he dichroism of fbeiphoﬁobignenf molecules (the -

. Mﬂ”" T . “ g ¢ .
o pgnﬂﬁ””* S o S22
- ,

phoTopighenT The physical propef#les of fhe rhabdomeres (dlameTer, lengTh

% - 131

/‘: }h

-

absorption occursfwhen the electric vector of the light is.pardliel to the -

longitudingl axis of the microvilli (Snyder 1974a). basis for this

aIugnmenT of The p;gmenf quhln the mlcrOVIIIar me%brane) and the blrefrlngence

I 5 _

L

~ of The membrane‘(T;//regularlTy of” the membrane modecular sTrucTure)

1ike membrane rolled into a cylindricaL’she[},(Kirshfeld and Snyder 1975).

o UITras+ruc+uraL/;y eSTigaTions’ﬁaVe‘indicaTed that The microViJlL are fluid-

~

This arpahgement of the membrane causes the ohromophore To preferenfiallyu

_al|gn w:Th ITS Iong axis along the microvi-lli iSnyder and Laughlln 1975)

>

The anlsoTropsc nature of the insect rhabdomere Ieads?fo an expan5|on of -
The prevuods express:on for spectral sensitivity. More lrghT is absorbed when -

The elegfric Vecror_iS‘oaralleI to the mioroyilll (x axns) Than when |T is
S . 7 / ® -t.;: . -

berpendICUTar (y-axis); Therefore,'more x—polarlzed modal power, P (n, f%an

L

y:ﬁorarized, Py(x), is absorbed (Snyder and SammuT 1973). The measured specTra|

sensitivity of a reTnnula oell corresponds To The‘summedxpolarized components,

leading to the expression:

~cra(A) n(0) 2 et a2/

S(A) = PX(A) {1 - }>+ ?y(x) {1

where A is the dichroic sensitivity of the rhabdomere (Snyder 1974a).

I117: Application of a Wavequide Modei 1o Insect Pﬁoforecebfors

Experimentatly, spectral sensitivity is deTer@ined by converting

electrophysiological measurements into receptor seneifivify,'S(A),’using the
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InTens(Ty response characTerxsT;cs of The reTxnuIa cell The parameTers of o

s ~Th1s sensthV|+y tan be shown to- depend on Theophys+ca+ prope/iles of the
i vysual system. . ' ' L N '
Considering-the open rhabdom system of fhe'Typical dipteran compound eye,

sufficient experimental information is available to examine the application . of

-a waveguide model to this Tyoe of’pnoforecep+or sysTem. lnTrace![UJarwﬁ
: - . o7 ‘ ‘ T e - .
recordings from individual” retinula cells in’CaZZiphora spp. revealed the - ’
presenCe of anee receptor Types' green. (G), que (B) and yellow green (YG)

‘(5urkhardf 1962), each with boTh a UY and a v1s|ble sens:TnvxTy man‘ma (Fig 5a)

!t

fCorreIaflon of elecTrophy5|oIog|caI recordlngs WITh |nTraceIIular marknng ]
Technxques xnd;caTesAThaT reT«nuIa ccells 1 - 6 aré‘fhe green recegTors (Fig. 5b)
(McCann and ArneTT 1972' STark- Ivanyshyn and Greenberg 1977) whlle ' -
mlcrospecTrophoTomeTry has esTabllshed ThaT rhabdomeres\f - 6 have a d!fferenT
.absorpTlon specTra»Than rhabdomeres 7 and 8 measured TogeTher (Langer and
Thore)4/1966) These cenTraI rhabdomeres (7 and 8) have an absorpflon.specfrdh

/K/w/;h maxima at 450 nm and 530 - 540 nm,vwh|le The sﬁrroundlng rhabdomeres,(] ;'6)
have maxima at aboyt 200 nm. BoThjgrouos also haye a secondary maximum in the

e

uv arodnd goOtnm, Z%ased on these findings, .it has been sudgesfed that ‘the
visdaripigmenf in The”cenfral rhabdomeres'is differenf from ThaT niThin The outer
six (Menzel 1974 Horrldge and Mimura 1975) -However, aTTemst.Torfsola%eaan$ l
separaTe more than one phoTop|gmenT have been unsuccessful Only a s;ngle
chromophore- proTeln complex belonging to the rhodopsln group .has been found to
occur in insect photoreceptors. The absorption specTrum of this plgmenT in- .
solution (Fig.'5c; solfd'curve)‘(s reraTTwelf consTanT‘berween |nsecT g{oups

% :
VerTebraTe phoToplgmenTsﬁexhlb:T S|m|Iar abscorption maxima in solution, }an>

a—peak in the visible region and a B-peak between 340 and 380 nm in the UV

(Gribakfn and'Govardovskii\1975). However, the high UV-absorption of the lens



Figure 5:

Iy )

Compar|son .of elecTrophyszologlcal measuremenfs
rftabdomeric structure and theoretical spectral
sensitivity curves based on the waveguide model for

~ommatidia of the:dipteran type. A: Single cell

recordings of ‘spectral sensitivity from Catliphora
spp. Maximum-response in the visible region _.

" normalized to unity. B = blue,.G = green and YG =

yellow-green receptors. . (after Burkhardt 1962)
B: Cro%s-section «of dipteran open rhabdom (left)
and longitudinal arrangement of rhabdomeres (right).

m(afTer Melamed and Trujilio-Cenoz 1968). - .

C: Theoretical spectral sens&Tuvqu curves for The
dipteran rhabdom; solid line is extinction spectrum
of photopigment in solution; application of waveguide

. model predicts curves for- rhabdomeres 1. -6 and 7

(after é‘nyder 1974a> S f“f}‘ .
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and oCedlar media in—verfebra+es suppresses the g-peak.

e,

Applyipgafnefgafhemafical-ekbreesions for spectral seﬁsifi@ity,deLLved,

5 - T
N o ) 5 . ) - ; [

from the waveguide model of the  insect phofbrecepfqrifo the parTLéuIar'bnysiéal

-7 - ’ L e * o
cbnfigurafion.of the dipteran rhabdom provides an inTerprefaTion for the . -~

~exper|men+ar da+a consistent wlfh +he presence of only one phoToplgmenT " The

T m—
\\, - -

effecf of conflnlng a pho+op|gmen+ W|+h|n a narrow cylnnder is:

1. to sh[fT +he v:anle absorpfion peak to shorter wavelengThs, and

S e »

w20 e lncrease The UV peak absorp+ion relative to the visible

AThe smal.ler the duamefer of*the rhabdomere, the larger These effec+s ASnyder

\wf

’

and Pask 1973) Measuremenfs of The physucal dlmen51ons of +he d"pTeran

-

> ,rhabdomeres (Melamed and TrUJ|IIo-Cenoz 1968 Boschek 1971) and of +he lnd|ces

,ef refracfion~forv+he rhabdomeres and the reTinula cells (Seitz 1968) permit
Therca!edlaf}en<@f~+he naveguide paraﬁe{er, ”(X7', Neglecfing4+he diffracffon
effec+e of the diopfrre abparaTJS{'i}e.A{effing P(A) = 1, the spec+ralv

é‘xmsifivify,\S(A), forArhabdoheres»i{4 6 can-ee:de+ermined;"The +heere+icaf

i%urveé'(Figz 5c) are in close agreemenT with the ERG measuremén*s (Fig. 5a),

rhabdomeres 1 -6 correspondrng wWith +he green recep+ors and rhabdomere 7 wu+h

Theublue‘one. ‘This |n+erpre+a+|on is supporfed by the frequency of recordlngs_4

‘during eJecTrophysonog;cal s+ud|es, the green recepfors belng«recorded from

fuve +1hes more often +han +he ofher types (Burkhardf 1962) .. D}rec+ reédrdfng

of :pecfral sensr+xvs+y curves from Drosophzla mu+anTs Iacklng rhabdomere 8

ra ‘ﬁs \.

‘furTher corroborates fthe biue and uv sensr+1vu+y of #he 7+h cell (S+ark 7977)

The enhanced UV senEi}ivf%V;of rhabdomere'7 {Fig. 5¢) is mainly duerio‘r+s

phy:rca! proper:aes in parfichlar i+s small diameter. -

Rhabdomere 8 !oes beneafh rhabdomere 7 wh|ch absorbs much-of the rncidenfﬂf

UV light (Snyder 1974a; Stark,-lvanyshyn and Hu 1976). Therefore; the UV’

» sensitivity-of rhabdomere & s reduced as compared.to the cell above. ‘However, -

- .
.

-a

-
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cannot be considered as‘a Ioose collection, of receplors sharing a-.common

the pnyelcalaarrangementeof thege  two rhabdomeree leads to other effects.

7 dependent or their dichroic sensitivities. In particular, rhabdomere 7 acts

as a‘pofarlzalion filter enhancing the polarization sensitivity of rhabdomere

8,(Snyder‘19736). flncludlng the dichroic Sensllivlly, A, of rhabdomeres 7 and’
® = &

8 |n the express;on for speclral senS:TtvuTy, S(A), leads to arlheerellcal

measure. of this polarlzallon sensxlnvnly, Snol (Snyder 1974a) The effect of

.

placung one rhabdomere on Top of another is To increase lhe Spol of the IOWer

,rhabdomere ) The longer The lop rhabdomere, The grealer the effecl (Snyder

1973¢) .- -

-

This analys;s -of the dipteran V|sual .system provides a bas:s for

- [

Qorrelallon‘of expe%lmenlal andjlheorellcal data.- The |nsecl ommal?drw@ M&%

.
L

dioptric appanalus, but musl be V|ewed as-an |nlegraled unll Rhabdomeres'

1= 6 of The dipteran: vnsual syslem mos T Ilkely‘form the mollon delecllng or

-

optomotor subsystem, since Thts,vnsual Junction has been shown lo lnvolve ondy
.,ﬂ .

% &h_ “

green receplors (Karser ‘and Llske 1972’ Menzel 1974) 'However, polarizallon \

sen5|+|v1Ty wulhln rhabdomeres l RS 6 is deSTroyed due to neural superposnllon;

s

l.e.'summallon of lnformallon from rhabdomeres wﬁlh mlcrOVIlll allgned in

: dlfferenl orleniailons (Klrshfeld and Snyder 1975) Rhabdomeres 7 and 8,

allhough also sensullve to the blue and yellow green reg|ons of The VlS|ble

speclrum, probably,funcllon primarily as polarlzallon.deteclors through their

s

UV sensitivities. The longer 7th. rhabdomere measures thg Tolal lntenslly,of
‘-a-, . -

UV iltumination, buf is relallvely insensitive To The plane of polarization

due to its length and small dichroic sensnllylly (Snyder and SammuT 1973;

Snyder 1973c). The short 8th cell remains sensitive to the planevef

_ polarlzallon, completing the information requirements for an efficient

- g

.pplarization detector.  Behavioral investigations with A.zmellifeia'and the

~ 3.
-
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desert anT Cataglyphﬁs b%color F., have conf|rmed ThaT polaruzaTton

- sensquVITy IS confined to the- UV reg¢on and that Thrs lnformarton s used for

5,

3“: w P .5

‘navigation %Kirschfeld 1973; Duell1 and Wefiner 1973 Wehner, Bernard andﬁ@elger .

1975):\ The Separaflon of moflon-defecflng and naVIgaflon functions beTween

s -

the green recepTors (rhabdomeres [ 6) and the UV recepTors (rﬁahdomeres 7
and 8).re5pecT|vely, is consxsTenT with .synaptic connechons of The ;nd1v1dua|
reTlnuIa cells To spec1f1c reglons of the optic. Iobe - ln A. melliféra The ‘
axons from +he green recepTors are relaTnveI; shorT Termlnaflng in The lamrna

layer, whxle The uv recepTons have longer flbers which prOJecT Through The -

lamina to the medulla (Menzel and Blakers 1976) PrellmznaryanvesTIgaflons

with dipTeranS'indicaTe similar functional anerconnechons (Boschek 197] ]
o Fiah M 7 »‘ jod
Campos OrTega and STrausfeId 1973 EckerT anhop and Dvorak 3976)" . .

" The spectral sensrT;vrfles of insect compound eyes (Appendlx 1) reflect the
integrated functioning 6f at least two visua\USQDSVeTems, a green-sensitive

7mo+i0n—detecting syeféﬁ'and a UV—seneifive navigational eySTemﬁ These are.

[y . . P

’ probably the primiTive’funcTionS of the inseef'v}suaf process since ?ney

- appear ‘1o be presenT in all groups .so far |nvesTxga+ed Color viéidn‘woﬁﬁd
g‘ - o .
require neuraL c@nnecflons beTween the BV and green recepTorS, as well as

processimg of the coIQr—coded information. The required chromatic jnTerneuronS

have been recorded from the medulla and Iobu]a regions of the honeybee's

optic lobe (Kien and Menzel 1977a, 1977b); cdmplefingvfhe neural mechanisms":h

. necessary"for cbldr‘nereepfion ) cibse associaTion is ‘evident between The
presence of Tr|chromaTIC vigian and those - lnsecT graups which pol||naTe

flowerlng pIanTs (specifically the LepldopTera and HymenopTera) (Appendlx 1.

< T
. w

, in these lnsecTs the spectral 1nforma+1on presenT in The visible portion of
the spectral sensiTiviTy‘curves is apparently utilized; i.e. the bIUe receptor

found in A. mellifera possibly evolved from one .of the UV sensitive

A
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rhabdomeres (Gribakin ﬁ972). - ' ' 7 - - .

The waveguide model of the insect photoreceptor provides an explaination

o T

for the spectral and pe|arizaTTon sensitivities ohserved in The compound eye

in Terms of The absorpTxon specTrum of the phoToplgmenT and the phy5|cal

F3 Fa Sx

,properT]esrof the rhabdom. This model ls,con5|STenT with the evidence that

1

Bniy one phoTepigmenT appears fe occur in insect phoTorecepTors (GoldsmiTh l

and Bernard 1965; Tauber 1975) but does not exclude the p055|b1||Ty of . more

- ¢ -

Than one (Horrldge and Mimura 1975) InhThe aTTer case, The wavegu»de effects,

T

would act in tHe 'same manner ae described excepT ThaT afk),ffherabsorpfion
spectrum of’TheAphofopTgmenf,‘wogld:differ for,eomeArhabdgmeree: o

The structure of The insect compound’ eye hastIloned the development of

a vvsual system efficiently adapTed for both nav«gaflonal and opTomoTor Y
funcTtong} EvoluTlonary adapTaT{on has elaborated These basic funchons to

serve the differing needs of various InsecT,groups; specTral.sensiTIV|Ty is

?

inéensiTive to the plane of polarization since the responées from a number of
. [}

rhabdomeres szh drfferlng microwillar, orienTaTtons are summed, and polarlzaTlon

& ’\!-H . z
Sen5|TWV1Ty is |nsen5tf|ve To SpecTraI senS|T|V|Ty because. the polar|za+}on

deTecTors are only uv SensiT|ve.n%MoTton detection is |nsen5|T|ve To,boTh'm

"SpecTraI_and polarizaTion-SensiTﬁviT;7eeliT is confined to the green receptors.

PeN

5

-~
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.5 OBJECTIVES

My obJecTuve -was. fo conddcT avcomparaflve |nvesT|gaTnon of The morphology,
l behaV|or and physuology of soolyTId specTral reSponse Specaflcally, The
spectral response of several speC|es of scolytids would be examlned wcfh boTh
*o»oéhaVToral bioassay and~e|ecTrOphysdo];;JCai.Teohnldues. RaTher Than sTudy o
visuél response |n’re|a+|on to dispersal and host selecf;on, as has heen done
previously (Graham 1959; ATklns 1966) [ proposed/fo minjmize,+he injiuence of
,oTher‘senses on speofral response by‘using'a behavioral choice proceddré(
Elecfronefinogram (ERG) recordjngs would‘fhén be used To'defermine'relafive '
- spocfral sensifivifies'inlfhe visiblo region’and Thesé companedrwifhxfhe
BéhéVioral opecTralvresponéeo‘and wiTn sensitivity maxima fodnd in other insect
groups. Thé,morpnology(as revealed'Gy scanning elocTron’micrOSCOpy’and lighT
mxcroscopy would prov:de lnformaflon on The arrangemenf of The pho#orecepfor

layer for comparlson of the scolyfid compound eye with other |nsecTs and

with a theoretical mode! of zng%pf vision.,

T
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' SOURCE AND MAINTENANCE OF EXPERIMENTAL INSECTS -

Wherever dossible,'several species of;écolyfids were used in each»parT'Of

) /
these investigations. ~Douglas- fir beeTIes, Dendroctonus pseudbtsugae Hopklns,‘\g
. -

ambrosia bee+les Trypodéndron lineatum- (Ollver), and Caleornla fnve sp;ned

ips, Ips paracénfusus Lanier, were the species selected for study. -~ ~ :
. - : . ‘ , o B ]
. D. pseudotsugae and T. lineatum were collected from southern B.C. forests

in Douglas-fir bark and coniferous duff reépecTively, and al lowed To emerge

in the lab. TI. papaconfusus were reared |n ponderosa pine logs and collecTed a
. upon emergence. The ﬁreshly emerged adul+s were sexed placed on bark ChlpS or

. -

dampened - tissue in glass jars and kep+ in"a refrigerator at approximately 5°C

7 until’required for testing. Un less qu»popula#ion was weakenedvby parasites. or
disease, the beefles would remain vﬁgorous for‘ug To six moh+hs} }"
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Cantharidae, Lycidae, Elateridae) have'exocone:eyés wffh,@rysfailiﬁéxffacfs.

32

MORPHOLOGY OF;SCOLYTID éOMPOUND EYES

Morphdfbgica} studies of compound eyes were among the earliésT AR

inves+igé+ioné'of insect vision (Grenacher 1879; Exner 1891):. Following the

development of the electron microscope, the fine sTruc+urefof the 6mmé+idium

~was examined and many wvariations in organizations described.

Among the colebpferans, The divergify of'ommafidiél.sfrhc+ure’is

particularly great. The firefljes and rela{ed families. (Lampyridae,

» k3

-,cohnecfingyfhe cornea and the proxfmal rhébdomeric.layer (Horridge 1969a). .

Some of tKE less advanced famities>(C5radeae, Séqrabaeidae}kDyTiscidae;

Gyrinidae) have elongated retinula cellsﬂwffh their nuclei adjacent to the cone

“and the rhabdomeric layér somg distance below (Horridge 1969b; Horridge and

.Giddings 1971). In the Dytiscidae this arrangemenT isnfurfhéf‘modﬁfiedvinfo a

”Tiéred-rhabdom” by the separation of distal and proximal! layers of N
, Y

) rhabdomeres (Hofridgewet al. 1970). Amohg_fhe more advanced coleopterans the

structural variation is even greafér: some iCchulionidae, Cleridée,
Cerambycidae, Dermesfidaé) possegs acone eyes.ahd open rhabdoms (Agee_and
Eider 1970: Butler, Roppel and ZéigTeF 1970);_0Thers (STaphylihidaéﬁ
Silphidae{ have ‘eucone eyes and fgged.fhabdoms (Meyér—Rochow 1572);'and still
others (Cocciﬁellidae, Scolytidae) ﬁéié%; partially fused }habQOmeric'ring
structure (Home 1972 Chd, Norris and Carls?n 1976) . h

Although some of These 6@Ta+iaia] érrangemenfsvarg unique Téxcq]eppfefans,
the rhabdoms displéy the Same‘range of?s+ruc+ure as seen iﬁ‘éfher ihséc+
orders (Fig.-2). The rhabdomeric ring sTrucr;reiin:paF%icuiar has been‘
observéd in other insects, includigg the mosqujfo,'Aedés aegypti kL.),

’ [
(Brammer 1970) and the giant water bug, Lethocerus sp. (Horridge 1975).

{MgrphologicaIVﬁﬁfa on the compouﬁ% eye of scolytids is limited to a very

~
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few species (Chapman 1972; Chu and Norris 1976; Chu et'al. 1976). Since %he T

spectral response of the insect jS'cIosely related to Thé phoforeéébTafriﬁ

-s%rucfure, an investigation of the morphelogy of scolytid compound eyes is

necessary for the inferpretation of behaVioral and electrophysiotogical

results.

Methods

|: Scanning Electron Microscopy

o
i

The external morphology of the compaund eye of several species of
scolytids was examined by a scanning electron mjcroscope (SEM). The insects
were prepared for invesTiganon fol}bwing standard SEM procedures (Meyer-

i"q

Rochow 1972).yiThe whole insects wéfe cleaned of surface debris with acetone

-and glued to SEM mounTé with Acheson Electrodag 415. They were coated with

©

-gbld in a Varian vaCuum7eV%poraTor;and examined with an ETEC Autoscan SEM..G

@

te

I'1: Light Microscopy . : ’ ' o 7

Photographs wefe taken with the attached 35 mm camera.

+

'D. péeudotsugae,‘I._paraconfusus and T. lineatum were used for these

investigations, -
. = . e

»

The ‘internal morphology ofVThe compound eyes. of scolytids was investigated

3
(53

using whole-head preparations. The procedure was adapted from other light

microscopy studies on coleopterans (Home 1972). - The heads wererdissecTed
direc;ly into cacodylate-buffered 3% glutaraldehyde at room TemperaTuce aﬁd
fixed-for 4 hours. The? Were'posT-fixed in‘cacodylafe—bufféred 1% osmfum
tetroxide for 2 hours. After washing in a series of cacodylate buffer and
distilled water mixTures, the heads were/dehydraTed in incfeasing concenfrafions

of ethanol and embedded in Araldite. Sections approximately 1 um thick were
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stained with poTassjumipermadganaTe and slides prepared. These were examined

@

with a Zeiss phase microscope and photographed with the aTTached”35 mm camera. e

' D.' pseudotsugae provided the only suitable slides for light microscopy.

The thicker cuticle of I. paraconfusus and T. lineatum prévenTed comp lete

penetration by the fixative and subsequentiy producéd poor;sections.

€

Results and Discussion

l: Scanning Electron Microscopy

v

The SEM micrographs (Figs. 6 S 11) reveal externally a ' relatively sfmple

~ emarginate compound'eye with a variable number of facets. Other studies

L]

(Chapman 1972) indicate that ommatidial number ranges fromfapproximafely 150
per eye in T. lineatum to around 300 if D. pseudotsugae. The relatively small
number of facets is consistent with an adult iife fhaf is spent predominénfly

3

. within the bark or wood of a host tree.

The overall shapelofifhe‘compound eye is etlipsoidal, with the long axis

perpéndicular to the substrate when the insect is Walking,(Figé. 6, 8, 100.
This orientation anq_fheige1a+ive position of the. compound eye to the antennae

are similar in the three species examfnéd. No fhnctional signfffcance has
been postulated for the divided eye of I. Ilineatwn (Fig. 10) or the partially

b
S

divided eyes in-other species, including Dryocoetes autqgra?ﬁﬁé (Ratzeburg)
(Chapman 1972) and Xyzébopus ferrugineus (‘F.) (Chu et al. 1976).

The individual f;cefs%are slightly hexagonal fowards the cenfer of the -
compound eye‘buf the margfas arelcurved hear the periphery{ The féce% iens'
surfé;es are smooth, with-no evidence of corneal‘nipp}es or ridges (Figs. 7,’
9, 11). 'Inferfacefal héhrs are absenf, excepT7f0F>+ho;e in the are; between:

the, ventral and dorsal sections of the divided eye in I. .lineatwm (Fig. 10).

No apparent sexual differepces in The‘compound eyes were observed.

Y%



Figures 6 = 11:
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Scanning electron micrographs of the compound
eye of scolytids. Fig. 6: D. pseudotsugae
mate; right side of head with compound eye.
(Scale = 500 wm) Fig. 7: D. pseudotsugae male;
several ommatidia near ventral margin of right
compound eye. (Scale = 50 um) Fig. 8:

I. paraconfusus male; left side of head with
compound eye. (Scale = 500 ym) Fig. 9: -

“I. paraconfusus male; several ommatidia near
. ventral margin of left compound eye. (Scale =

50 wm) Fig. 10:..T. lineatum male; lgft side
of head with compound eye. (Scale = 250 pm) -
Fig. 11: T.. lineatum male; close view of
divided compound eye; dorsal section above;
ventral section below. (Scale = 100 um)
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However, in other.species of scolytids considerabie sexual -dimorphism occurs. - -

: im the exTernal'morpholégy,of the compound eye (Chu and Norris 1976). "

[1:  Light Microscopy - , . o J

The internal structure of the compound eye of ‘D. pseudbtsugae,ié'
consistent with a well developed visual system, despite the relatively smal | s

number of ommatidia.

i [P —

The ommatidia of each Compbund eyé'are confined in:é dfscofé‘space

“beneath Thé cuticle by -an under}ying.and-géncenfric apodeme prbjecfing

B ®.

_downward f;om:The margins of the eye (Fig. 12). The cuticular apodeme forms

the supporting structure for the ohma%idia, excepTifor a central opening where

the basement membrane completes the*inner limits of.the eye. In Fig. 13, the

apodéfne i's cut transversely and appears as a solid section of cuticle below

; 4 . v o
the .ommatidium. - ' I

¥ -

LighT enTersszé’compound exé ThroﬁéhA+hé dioptric apparaTﬁéAcompoéedrof~"
éo?ﬁéalandlcone.;vThe cUTiculﬁr lens is +hickfy bicenQéx and iH;TbngiTudinaf
section can be” resolved into many layers of éthiﬁ-profein;fibfils;(Fig. 13).
fheée;fibrfls coil around The“ommafid{qJ axis and direct éff—axis light into

the ommatidium (Neville and Luke 1969)." Directly below the cornea is a ‘cone

of +he'acg%e type, visible as a nonstaining region beneath the lens (Figs. 12,
13). The cone apposeslfhe‘lower surface of the lgns distally and the retinuia
cells prOXImél}y: Electron microscopy has. shown scolytid cones o be

- #‘

approximately hour-glass in shape with é homoéehebus matrix of granule—filled_’

cisternae (Chu et gl. 1976). MicrBspectrophotomatry indicates that the dioptric
’ ) e, .

" apparatus functions as an efficient window for the onimatidium, with light 7 e

-

transmission greater than 70% throughout the visible spectrum (Meyer¥Rochow
1974). The Iight is focused at the level of the photoreceptor cells, sharply
when light-adapted and partially when dark-adapted, optimizing resolution over

-

)T R -
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Figures 12 - 14:

Lo

Light m:crographs of the dinternal. s+ruc¥yre

of “the compound eye of male D. pseudotsugae

Fig. 12: Longlfudlnal section through>entire :v

compound eye showing arrangement of ommatidia

" and supporting apodeme.structure. (Scale =

100 um) ~ Fig. 13: Transverse section through

~part of compound eye with ommat{dia cut in
cross section, reveal ing rhabdom@xic rlng
. structure. (Scale’= 100 ym) Fig.’ -

;Longlfudlna!-secflon Through entire compoundP
"eye showing ommatidia cut i transverse and

cross section. Note-ordered arrangemént. of,
ommatidia as outlined by pigment granules
(Scale =100 ym)™ . A
Corfea ( ), acone {ac), re+1nula cells (rey,

rhabdomeres (r), plgmenT gﬁanules (pgl,”

apodeme (ap), basemenT membrane (bm) .

Y
+

’.-’,:g,. ’

("
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‘ﬂa wxde range of IlghT Ievels (Meyer-Rochow 1974)

Surroundlng each ommaf;dxum and shleldlng xT from ITs nelghbours are- The

e | - e

‘pfémenf Cerls ' Several are aTTached To The base of eaeh lens and appear as

*dark sﬁaln;ng granules around the cone and anng the lengTh of each ommatidium

'individua|s' The compound eyes of a number of coleopTerans "have sparce ..

(Flgs. 12f-,44g; VarlaTlons xn The amounT of plgmenT are evndenT |n different

E

insecTSQ(Figs. 12, ]3), possnbly relaTed To age d|fferencesvbefween the
. . “a,

“,
A

' p|gmenT early in The aduIT sTage, W|Th The quanTtTy lncrea5|ng as the lnsecT

V,maTures (Butler et aZ 19707 . . ‘ -

~ \ . PR A . N = o

' The phoTorecepfor layer in schY%id eyes conTains eight refinula cells

-

' per omma¢1d1um ‘with tThe rhabdomeres arranged as a peripheral rrng around g

<

.

cenTraJ rhabdom (Chu et aZ 1976) (Fig. 15a). ‘Although most of the ommatidia

are secT[oned dlagonally, this arrangemenT is visible in those cut in cgoés :;Q:

B Ayt

section (Fﬁg.'iéSf The cyfopfasmkof the retinula cells forms the light area

’oefween The,peripheral and cenTraI rhabdomeresfas well as between them and the

surrounding prgmenT cells This rhabdomerlc rlng sTrucTure corroborates The
ﬂn+ernal morphology seen in X. ferrugtneus (Chu et aZ 1976 Chu and Norris

1976) and in the coccinerlid,'AdaZza punctata L.f(Home 1972). These lattfer

sTudxes provxde sufflclenTnev|dence to produce a Three dlmensxonal

e

A‘reconsfrucf|on of the major ommatidial componenTs (Fig. 15b). WheTher,or not

k. - ’ )
This rhabdomeric arrangement can be related to a specialnzafion of visual

“function remains to be clarified. However, the development of such a.

-

dis?inc?ive;ommaTidial structuee suggests that the compound eyes or‘sconTIdS'

are ns5t as simple as The small number of facets might.first indicate.

T
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Figure 15:

"

Photoreceptor: structure in scolyfwd compound eye.
A: Cross-section through phoforecepfor layer
indicating rhabdomeric. ring structure. B:

ArrangemenT of dioptric apparaTus and phoTorecepTor '

cells.
DlsTal rhabdomeres (dr), central rhabdomeres (cn),

jcornea (¢), acone (cc), retinula cell (rcJ,
rhabdomere (rh). (after Chu et al. 1976)

AF T
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BEHAVIORALVRESPONSE.OF:SGOLYTIDS)TO SELECTED WAVELENGTH

REGIONS OF THE VISIBLE-SPECTRUM B

Careful ly designed behavioral'experimenfs have proviaedrevidenCé offcdith

b

vision in several -“insect speciesr Color-mixing and discrimination “tests with

-A.’meZZiféﬁ&.{unmér 1956; Autrum and von Zwehi. 1964) and C¢ bicolor (Wehner

and Toggweiler 1972; Mazokhin-Porshnygkov 1974) indicate that these species
. N . h““ . - )

o

have well develdpéd trichromatic vision. Whether or not other species possess
color vision is not as weil established. The behavioraf action spectrum of a
variéTy of dipterans has been investigated, esTéblishing‘ThéTuihfs order can

also distriminate certain wavelength regions.

"Among coleopTéransQ phoTofaéTié”Pééponse has beeﬁrused to study the visual

behavior of a number of species.. Among the more-recentstudies, the walking "
response has frequently been utilized to indicagé spectral preference (Kaiser

1974). lnvestigations with the boll weevil, Anthonomus grandis Boheman,

-

(HollingswbrTh, Wright and Lindquist 1964) and the alfalfa weevil, Hypera .

-
By

postica (Gyllenhal), (Meyer 1976) emp loyed the waIking‘response,Tb defermihe”f‘
. . ) ' %= ’ »
spectral preference and found two wavelength regions to be particularly

attractive: the near UV-violet (below 425 ﬁm)iand the bLue;greeh (500{5'525 nm).

_Aprelianary study wiTh-Dendfoctonus ponderosde Hopkins and Ips montanus
S ' o ) : .

Hopkins suggests similar spectral preferences (Schdnherr 197f[.

Methods

.

A walking bioassay‘pﬁocedure was adapféd‘fo dinvestigate the behavioral

respohse'of scolytids +o>sélec;ed'waveieﬁg+h regions of The'visibleisbecfrum.

»

‘Spebfré1 preference was based on the relative attractiveness of a series of

equal inTensify wavelength bands preseﬁfed fwo at a time.

T : : 3 ' - v

* .
LR 4
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A

The bidassays were COnducfed in a Y-tube choice chamber simi tar to -ones

- used in other phototactic invesTigaTiéns (Hollingsworth et al? 1964). The

fgha&ﬁér (Fig. 16) is conSTrucTed bf black Plexiglass, ex;ébfhfbr'#he cj%@plar

windows of opal é[ass,fnJThe e;d wéll$ of’ the response arms. The interior is
divided into a release éfeé, Qh?re Tﬁe'insecfs aré held for dafk—adapTaTiQn,
and fwo respon§¢“érms.;‘Thé:re]ea§e area jé‘separafed from the réST of Thé
chamber by éi%lidfng partition. The apparatus has a removable liQh+;%igh%,lid,

also made of?black Plexiglass, with two circular holes approximately half;wayyr

" .along the response arms. Measurémenfs oflfighf intensity within ¥he seated

chamber were made by insérfipg a YSI—KeTTerfng radiomeféf probe THroughﬁThese

w
¢ .

holes. When the radiomeTé?'Was'noT_being used, the holes were pﬁugged‘wifh .wff

[ L

The IighT-sOurceS for Thé initial set of bioassays-.were {ungsfen microscope

lamps and Wild tramnsformers. For the setond series of tests these were

-

gﬁ!gs‘and a variale,voiTageeransformer. Optical

¥

‘filTers were used to isolate selec{éa wave length regions from the lamp oquuf,

These filters were held in filter holders immediatety behind the opal glass
windows (Fig. 16). BefWeeﬁifhese‘and.The lamps were coolingjfilTers to minimize
heat transfer into the chamber. These were clear Plexiglass containers through

which a constant flow of cold water was mainTéihed.' The ‘interior of the chaice
. o . R ’ v . e '
chamber was held at approximately 25° by varying the flow rate of the water..

-

The filter hdlders,’coo!ing'ffl+ers and lampsfwere covered by a black Plexiglass
hood lined with refliectant aluminum foil to reflect as much light as bossible -
into the chamber.

" The light intensity within the response arms was equalized to 1.6 X 103

ergs/cm?/sec with the radiometer. This intensity was -selected because it was

e



. L% '-\‘_ 7'» » ) ‘ X T N
©  Figure 16: Y-tube choice chamber used in testing phofotactic
response of scolytids to select
o < of ‘the visible spectrum.

ed wavelength regions,

a4

"

YN
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found to be sufficient to glicit a walking responsé'from at IeasT'sevefal'

insects with the least attractive filters. The ﬁighf intensity was regulated.
by mov.ing the lahps closer to or further from the opal g}aés’wjnﬂows, except

tor fhe'ShorTesTIWave[engTh filters where it was necessary to adjust the”

transformer voltage. ' o S v
. Nl

[1: Opfical Filters
C A '

Two sets of optical fi}Ters’weretu§ed‘To isolate selécted wavelength .

regions for The'bfoassay +e$+s. The initial tests used seven Corning Glass
ffITers:iThree band-pass filTeré and four cut-off fil+§gs (Table 1). A]Though
the bandwﬁdTh of these filters is very broad, the initial 'set ‘'of tests was

pEimarin to determine whether or not scolytids exhibit a consistent spectral

preference. For these preliminary tests, the median wavelength for the cut-of f

filters is assumed to be half-way between the cut-off aVelengTh and 650 nm -
‘(+Ee longest wavekéngfh visible to most insects). Thi:\:;Thg is the aneléng+h

refered to when discussing the Corning filters.
%

The second set.of bioassays used Balzer ‘intferference filters and quartz-
iodide jamps. The much narrower bandwidths of-these fﬂlfersf(Table 1) allows

r]

for more accurate assessment of spectral preference:

[11: Bioassay Procedure

The experimental procedure was the same for both sefé of bioassays. Within .

each of the two filter types, all possible paired combinafions were tested. The

order of presenTaTion of any filter pair was random. T = .

e

e

With each pair,o?xfitfers,‘four groups—gi;¢eﬂ’Tﬁ§gE+s each {fwo:gfoupsfof '

[

‘each sex) were tested. . The fwo groups of one sex were tested alternately, five

times each, providing a total of 100 trials/sex/filter pair. Ffor each bioassay—""

— e

a group of ten insect aced in the release area ot * ’jJSICe chamber with
P = e
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4
Table |I: SpecfralvcharacTerisTIcsrof oprcaI,f?ITers used in
behavioral tests.
. . . - L ” a . ,.
Filter Maximum Transmission Median Wavelength » Bandwidth
Type or Cut-off Point for Cut~off Filters (nm)
(nm) , (nm) ‘ '
CORNING GLASS, 425 , : - 100
" Bandpass 475 ' - 150
525 - L o 75
CORNING GLASS, - 425 550 L 175 b
Cut-off -~ - 525 e 575 1 100
575 " 600 - : ' 75
600 7 625 : 50
"BALZER, 420 - , 10 ¢
Bandpass . 449 o . .- S 10
L 480 - | ” .7 10 \
- 509 i . k . 10 v
523 , : ' : 10:
540 . ' o 9
574 o ’ ... 8
598 : § ' L8
2 Median wavefengfh between cut-off point and 650 nm.
bKApperimafe bandwidth measured with Unicam épecTﬁQphoToméTerz .
¢ Apprgx}mafe bandwi dth measj:;;\;T?ﬁ\Gagy specfrophd*bmefer.
{ v ST C N
Al \
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the sliding partition closed. The Iid was replaced and thé insects dark-

adapted for 5 minutes. Then the par*ifion was opened'andmkefr openrfor'iégré '>—l}ﬂ=

minutes. At this fime the Iid was removed and the insects counted as follows:
" those near an end window‘or welking direc{]y towards it were considered as

displaying a'posiTiNe phototactic response to #hafofilfer;‘fhose remaining in

thé release area or near the entrance to the response arms were regarded as
non-responders.

BeTween TesTs the 3nsec+s were held in peTrl dishes aT Feomrfemperafure R——

Atfter each series of TesTs with one group of |nsecTs, the |n+er|or ofi the

;. K]

IChO|ce chamber was swabbed with acetone to ellmlnaTe any po$snb|e‘[n+erference

—

by an oIfacTory response o

'B‘r

The initial TesTs with the Cornlng Glass filters were 9onduc+ed4w++h ‘"/’

D. pseudotsugae. The TesTs wnTh the Bal’ ers._ were ‘done W|+h

D. pseudotsugae'and//}/étnéa%um. In Thls second set of tests, I. paraconfuﬁuej —

e —

was also tried:but would not respond conS|s+en+Iy ' Th|s’la++er species .instead

/
/

displayed a ThigmoTacT3C‘response/ remaining in;jhg;ﬁeleaSE‘areé"orgneer #heb,‘ﬁ;;){/f
start of the responsé arms and mainTaining contact with the walls of The'chénher. A

This pehavior has been observed in other scolytids (Atkins 1966) and cam— -

s

predominate over a phototactic response.

Results and Discussion

I: Spectral Response with Corning Glass Fllfersf%iff;f/'

~The bioassays usjng‘The Corming Glass filters indicate that Q;gpseudotsugae,—f
does respond selecfively to different wavelenéfh.reé'ons of The,ﬁisLble

_speCTrum * The average response was calculated from The ToTal number of /////// -

' unsecTs approachlng a particular filter, summed over comperTson vnﬁﬁ’“T;’The R ;\f?af'

other filters, and expressed as a percent. The/average non—response, however,

v . . PO
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is the percent of the total number of insects remaining in or near the release
area for any pair of filters being compared.

The average response and non-response to each filter as compared
consecutively to each of the other filters is plotted against wavelength (Figs.
17 - 20). For each pair of filters, the percent response depends on whether
the other filter has a longer or shorter median wavelength and on the absolute
di fference in wavelength between the two filters. The general pattern of
response for each filter as compared to others is slmllar; maximum response to
the shortest wavelength filters (425 and 475 nm) and mfnlmum response to the
longesf‘(600 and 625 nm) (Figs. 17, 19). A secondary or "shoulder" response
is also evident in the wavelength region 500 to 525 nm when the longer
wavelength filters are being compared.

In nearly every case the average response exceeds 50% when any filter is
compared to another of longer median wavelength. The only exceptions occur
when the longest waveleﬁgfh band-pass filter is tested against the shortest
wavelength cut-off filter since this combination has the greatest overlap in
transmitted wavelengths. '

The distribution of average non-response is similar to the response
pattern for most fi]fer sequences (Figs., 18, 20). The non-response réaches a
maximum level of about 20§ when the longest wavelength bandpass filter is
compared with the two shorter wavelength cut-off filters. The overiap in
wavelengths produced by these filter pairs results in a lower percentage of
insects responding to either filter, rather than an eéqual response to both.
Whether or not this decrease in response in the wavelength reglon 525 to 550
nm produces the apparent "shoulder" response (or if it Is an actual secondary
peak of spectral response) would require testing using fiiters with non-

over|apping bandwidths.



Figures 17 - 20:

51

Behavioral response ot D. pseudotsugae to
selected wavelength regions of the visibie

spectrum using Corning Glass filters. Fig. 17:

Average response of males to Filter 'A' when
compared to Filter 'B'. Fig. 18: Average
non-response of males when Filter 'A' and
Filter 'B' are compared. Fig. 19: Average
response of females to Filter 'A' when
compared to Filter 'B'. Fig. 20: Average
non-response of females when Fiiter 'A' and
Filter 'B' are compared.
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i1: Spectral Response with Balzer Interference Fiiters

The bioassays with the Balzer filters and quartz-iodide lamps provide
more precise data on the spectral responses of D. pseudotsugae as well as
comparative information on T. lineatum.

As in the previous tests the average response to each fiiter as compared
consecutively with each of the other filters is plotted against wavelength
(Figs. 21, 23, 25, 27). The spectral!l response curves appear more compiex in
this set of bloassays since the narrower bandwidths of the Balzer filters
reveal several peaks of spectral preference. The similarity of response
between these two species is ev dent, particularly when comparing the shorter
wavelength fllters to the longe - ones (Filter 'B' = 540, 574 and 598 nm). With
these filter combinations, the secondary peak near 523 nm is prominent in the
males of both species (Figs. 21, 25). With the shorter wavelength filters
(notably Filter 'B' = 449 nm) a secondary peak of response around 500 to 525 nm
occurs in both sexes, although still less prominent in the females (Figs. 23,
27). In general, the increasing percent average response with increasing
wavelength of the filter being compared (Fiiter 'B') indicates a greater
attractiveness to wavelengths in the region of 420 to 480 nm. The presence of
the additional response peak around 500 to 525 nm suggesfska secondary spectral
preference at these wavelengths.

The plots of average non-response against wavelength (Figs. 22, 24, 26,
28) reveal a pattern similar to that observed in the tests using the Corning
fitters (Figs. 18, 20). The level of non-response is relatively constant over
the wavelength region tested, except for several smali peaks in the plots of
D. pseudotsugae when the wavelengths of the secondary response region (Filter
'B' = 509 and 523 nm) are compared with each other (Figs. 22, 24). Since the

Balzer filters transmit a very narrow bandwidth as compared to the Corning
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Figures 21 - 24: Behavioral response,of D. pseudotsugae to
' selected wavelength regions of the visible
spectrum using=Balzer filters. Fig. 21:
Average response of males. to Filter 'A' when
-5 compared fo Filter 'B'. Fig. 22: Average*
. nomzresponse of males when Filter 'A'jand

R . Filter 'B' are compared. Fig. 23: Avérage o
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fllTers, ‘the "shodlder" response in the - reglon 500 To 525 nm is unilkelea e
result of Qver!ap in TransmrTTed wavelengfhs ThLS secondary response peak is

most probably-an acTual specTraI preference, simiflaf, to that found |n oTher

scoly%lds (Schdnherr 1971) and other coleopTerans (Holllngsworfh et al. 1964
Meyer 1976) . “From +hese behavioral responses the specfral preferences of
D. pseudotsagae and T. lineatum appear qu;Te snmu!ar +6 the dual peaked

. - o

response!curves!ofvmany oTher insects (Appendlx l)ﬁ However, - the qgesfudn, ;4"

remains %hefher or not.the behavioral specttal response corresponds Yo the

. . - P ] - ‘ R -

underlying, physiological- sensory®refspdnse. A comparison of behavioral and

. v - (3 P . . - IgA
elecfrophysfoiogical results. is redyired to determine the actual spectral

— ~

sensitivity of eéolyTids.



ELECTROPHYSIOLOGICAL RESPONGSEL OF SCOLYTIDS TO SELECTED

WAVELENGTH REGIONS OF Tk VISIBLE SPECTRUM

Since the first electrophysiological studies, attention has been centered
on a few species, in particular A. mellifera (Bauman 1968; Menzel 1974; Menzel
and Blakers 1976), C. bicolor (Wehner and Toggweiler 1972; Duelli and Wehner
1973) and Musca domestica (L.) (Burkhardt 1964; Goldsmith 1965; Snyder and
Miller 1972). Data from these and other species (Appendix |) are consistent
with both behavioral studies (Mazokhin-Porshnyakov and Trenn 1972; Bauman
1974) and theoretical models (Snyder 1973a; Snyder and Laughlin 1975),
indicating the presence of dichromatic or trichromatic vision in most insects.

Among coleopterans there have been comparative studies of ERG waveform
(Yinon 1970) and of absolute sensitivity of the compound eye (Horridge 1969b,
1974). However, there are few investigations of spectral sensitivity on
coleopterans other than some preliminary studies on stored grain beetles
(Marzke et al. 1973) and one detailed study on the whirligig beetle, Dineutes
etliatus F. (Bennett 1967). This latter study provides experimental evidence
of dichromatic vision with sensitivity peaks in the UV-violet and green‘regions.
The lack of any electrophysiological data on scolytids reflects the tendency
until recently for investigators to concentrate their efforts on several well

studied species.

Methods

The spectral response of the scolytid compound eye was determined by
recording the electroretinogram (ERG) in response to brief flashes of
selected wavelengths of light in the visibic region of the spectrum. The ERG
was selected, rather than single cell recordings, since the simplicity of the

former procedure leads to more repeatable results.
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“1: Optical Appardtus - - O ’

.. A JafrelI-Ash quérTer—meTeé‘ﬁdadchromafbr WSTH a duarfé;iodidg.lamp waé‘
used to provide nérrowibandwidfﬁs\qf light over The WéQelengTh fange'of 400 T&J
700 nm. THe sTandard‘enTrance anq'éxif slfféféf]fhe‘moﬁochrOmaTor were
repléced}by 2 mm diamefer’cjrculér épér$Tures. AlTHough +hése increésed the
® . . . < S - o
" bandwidth of the Ilight ashcompéfed ijh’;he élifé; Théicfrcu]ar aperatures alsd

increased the light intensity and permitted the use ofwavelengths which -

bTherWise'would have been below the threshold of response for the insects.
' ' C ' o <o
A light-delivery system consisting of a clad fiber-optics bundle attached

. To the exit aperature of the monochromator and a double convex lens.at The‘!
opposiTe end foéﬁsgd‘+he I{ghf stimulus onto the compoﬁhd eye (Fig. 29). The
fiber-optics and lens system were held in a clear Plexiglass ﬁbunT‘Thaf,wés

a@éus+ab|e'for focusing."lniffally; the |ight-delivery épp;réfugiuséd an
acrylic fiber-op}ics bundle and a glass lens. fn later q;:erimenfs fhis was

replaéed @§ quartz fiber-optics and gyartz Jgns.?% v : o

3

The-intensity of the light stimulus at éach'waveléngfh selected was the
maximum_oUTpU% of the mondchroméfor'and'associafed opTics[gvThis intensity was
$eésured at Thérapproximafe posjfion of‘ThQﬁjnsecT compound eye with a 7
Tektronix J16 digifél‘bhoféma#er; The Qufpd#'of the pho%omefer in radioméTrib

ks

units (mW/m2)=ﬁas converted into quantum flux (QUanTa/sec/cmZI:Usfng the

+

- relatianship:

E =h (ergsesec) = ¢ (cmisec) - _

A e R

This equation produces a conversion factor representing the energy per photon.

(ergs/quanta) at each wavelength. Dividing the measured averaged intfensity at

-

each wavelength by The‘appropriafe conversion factor yields ?hé'qﬂan+um flux

of each light stimulus (Table I1). These values Were used to convert the ERG . |




Figure 29:

61

Light-delivery system used in electrophysiological
recordings from scolytid compound eyes. The fiber-
optics and lens system focuses a selected bandwidth

of light from the monochromator onto the insect's
eye.
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- 5
C Table Ii:- Radiant oquu+ of monochromaTor'and*qnarTZ rOde& T
* © ‘lamp with associated flber—opflcs andriighf dellvery ‘ .
S system. :
1 N L . »/ ” - . l . 'L,: 4‘7 “ .' . e
Wavelength  Conversion? _ACRY[TE/EHQS;E;;;cs - QUARTZ FIBER-OPTIES— " -
(Am) ( rFaSTor + InTensifyb Quanfbm*‘nh InTenStTyb Quantum / .
STz, (mi/m?) Flux = . (mW/m2) Flux
o L - (quanta/sec/cm -7 (quanta/sec/cm R
et S x 108 x 108)" |
400. - 4.965 .0288 ~58.00 .0348  ™J0.08-
410 - 4.844 . .0353 - 72.86 . ..0380 - 7844 . =
1420 4429 ©.0483 102.1 L0429 . 90.7V .
425 4.674 .0546 116. 8. 04557 ' 97,34 T
430 4.619 .0609 - - 131.8 .0480 - 103.9 -
440 4.514 . .0782  173.2- L0249 & 121,6 - -
450 4.414 L0961 217.7 L0606 - 137.3 .
460 4.318 .134 310.3 L0772 178.8 ’
470 4.226 178 #21.2 0958 »zgg,}/////f/i-
475 4.140 .218 526.6 W12 ~770.5° :
480 4.138 .258 623.5 L1287 309.3
490 4.054 .388°  .957.2 //ngg/ 486.0
500" '3.973 472 1188. : .249 - 626.8
510 3.895 . .522 1340, . .270 693.3
520 3.820 .564 1477. - Je293 767. 1
525 3.784 . .591 1562. ‘ 7 .307 811.4-
530 3.748 .617 1646. U320 856.5
540 3.678 .703 1911, @355 965. 1
550 3.612° .810 - 2243, 395 . 1088,
560 3.547 ©. .908 . 2560. ", 433 1221, R I
570 3.485 .979- 2809, . 466 1337, 7 =
5757 3.455 1.00 2900~ .476 - 1378. o
580 3.425-° - 1.03 12993, .486 . - 1419. £
590 3.367 1.07 3163. -~ .522 . 1551, R
600 3.310 1.13° 3419, - .568 - 1716. P
610 3.256 t.35. 4131, ©.615 - T 1889. - T
620 3.204 1.73 5406. . L771 2407: i
625 3.178 .69 5308. .793 . 2495. < ;
630 3.153 1.64 5208. - .815 2585. SET
640 3.104 1.56, 1 5020. .742  2391. * ¢
650 3.056 1.70 5550. .735 2405. ' i
a Energy per photon calculated-from the relationship E = h-c’
) . . , B
Measured with Tektronix J16 chnTa! phoTomeTer, averaged over Three o

readings. . e

;/?—z | | -
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i /Wgae*ﬂéﬂ/épeﬁral sensmvﬁy. ;" c . -g‘"i“pg‘i f"””;f'; B
T j/lT Ineecl Preparation ; T ?. .
//’ lnlacl unanaesthesized insects were mounted on/;hefr’sldgiln a smal |
block of softened paraffln wntb, eadvand thorax immobllized'bul one
B compound eye exposed ?Flgq—ZQ), Unlnsulaled slalnless sfee ! eleclrodes made
j/ ;m - from #000 insecl plns were~used'for the ERG recordlngs 4The eleclrodes were
// unlformly sharpened +o a flnerlaper by eleclrolyllc dlssolullon in lO%—HCl
//// anem were held nn lnsulaled melal pln clamps and posulloned under a low power

'mlcroscope uslngﬂmlcrOfman|pu|a+ors., The acilve eleclrode was lnserled,lnjobi
The photoreceptor. Iayer approx1ma+e|y in the- cenler of the compound eye i;The
reference eleclrodes were lnserled below the -euticular layer beyond the margin

of the eye.

— The lnsecl_preparalion, recording;eleclrodes, mlcro—manipulalors and

tight- dellvery syslem were eleclrlcally shlelded w1lhln a Faraday cage

RN
L

£
',consTrucled of brass me sh on a wooden frame 'The cage andﬁlls removab le

-

front panel were covered on The outside by two Iayers of heavy black plasllc

" to exclude siray/llghl and placed on a hollow concreteesland'fllled wr%h sand

— - I —7 o

"o reducewmechanlgélfulbfa*Ton. -

e . L . .
T [

PhL: Speclral Response Meaéuremenls‘

- . Lo

An Ianlal set of recordlngs was made uslng a'relatively SImple

measuremenl’lechnlque to deTermlne ‘the SCOIYTId ERG paTTern 7 For These -

preliminary fests, the acrylic flber-opllcs and glass lens light-detlivery
eyslem was employed. The signal from the achve eleclrodeﬁwas fed‘inlo aﬁlow;

-

a

noise pre—amplifier and then into one channel of afdual—beam oscil loscope

(Fig. 30). The other channe!l of the oscilloecope recorded the duration of the =
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Figure 30: Experimental sef-up for preliminary ERG recOrdingsrj?

@' -

from scolytid compound eyes.
1. Jarrell-Ash Moded 82-405 power supply and

quartz-iodide lamp.

2. Zeiss manual phofographic shuTTer
3. Jarrell-Ash Model 82-405 quarTer—meTer )
- monochrgmator. ,
4. TekTronlx Type 502 dual-beam oscrlloscope
R
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ltght stimulus by-direeT cehnecTionfiola-meehanicaﬁgshutfer,peTweegﬂthefLamp;rf¥
. ¢ C T - , =

* .
. : e

and the monochromaTor enTrance aperaTure

AfTer The desured wavelengTh was selecTed on The monochromaTor, *he

oscilloscope and shuTTeruwere triggered manually,'The shutter a frachpn of a

pYal

“second: after the oscflloecope;, The results were recorded directly from the

oscilloscope by a Peraroid camera. = éf L

For subsequenT 5pec+ra| response measuremenTs, he experlmenTal seT \B\

’fwas mod}fledv(Fig. 31), thus smprovnng the re||ab|l|+y o‘ +he daTa - For this

By

series;of.ERG'recordings the manually operated shuTTer'was”repraced by one _

controlted by a refay circuit and arpulse generaTer, The-signal from ghe pulse
T ar = : e Sy

genera%er also Triggered the oscillqscope}:fhus §6—erdina+ihg The,lighr.sf?murué'
and ‘the recording apparatus. A fower noise differeﬁtjal pre-amplifier was used '

" to enhahice low level signals and a ground electrode was added to reduce common

et

mode interference. The oquuT,from The'oscilJescope_was fed inTovohe channel

of a signal averager which was set To guTomaTlcaIly record a preseT number of
¢ '
ERG responses to a selected waveleng§h The signal averager provxded an'
’ 7 . - -

averaged ERG waveform, Thus |mprovnng The signal To noise ratio by the: squage

roof of The number of signals averaged; A second channel of the 5|gna| :

o

/averager recorded the 'dark respon\e of the insect; i.e. the response*when #he>

monochromaTor Iamp was Turned off but alI other .experimental COﬂleIOﬂS
remained The same. 1 - : ‘ ‘ " '4'
Prior to recording the ERG responses, TheAinsecT,preparaTioh_wae?jefT to

h
.,

dark-adapt for a nUmbér of hours until spontaneous nervous activity had

stabilized. Then a Serres of 8 or 16-stimuli of apbre§iﬁa+eTv‘250"meeé'dUEafTéhh T

at infervals of 1 to 2 minutes were delivered to the-.insect's eye. "An~— -
averaged ERG response was made at’ 10 or 25 nm intervals over the wave length

range of 400 to 700 nm. An insect preparation oftfen-remained in geodj‘
:;*; . -

-~

.
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o , : : F|gure 3] ExperlmenTal seTvup for ERG recordtngs from SCO]YTId
T ' R P . compound ayes us¥ng, signal averaging. .
B ‘ o . 1. Jarrell-Ash Model 82-405 power supply and

SO . L ; quartz-iodide. lamp. : o
- « - 2. Relay circuit and shutter, :
LT e IR , 3. Jarre!ll-Ash Model 82 405. i;mnﬁer—mefer .
Sos S we — ~ monochromator. T
) T Differential preamplifier. ‘{QE

“, N E !F/’Tekfronlx Type 561A single- beam oscnlloscope
. o _ ‘ with Iype 3A9 plug~in differential ampljfier.
e o ) 6. Fabri-Tek Model 1024 signal averager.
i o= .= f’7. Tektronix Type "160A power supply, Jype 161
o L, pulse generator and Type 162 waveform generator.

,8.‘ AnaJreWel 50/.1° po\tv%:,supply LA o

£,

i § <
=i
\ -~y
- o a |
H L
L i
>
"\\_/r nd
¥ FE :
PR - o
. .
w - - c,
L ;
(4

*.l.
«.t' W‘v N -
-y

4 Y
-
- An . b
- P
e LY
- . PR
- 4 - o %
’ . - - L v L
- : e - .o — ST e - SR - -
- B -«
= ae
- i -
- -— - - o e
.{ R » '
,
S .
- - 7
-
L - . -
/ P b
e -
~ i
. - . +
o : (.
e -
et
T ox



3 o - : i oo ,
L ’ T - . : |
m R 4 | ! .
- e 'S & " o
o ¥ : .
L. s i [N .,., « ENes ) T -” - “ m..r...,;wnv “A./,.E_ %y, ,;, - ,‘ m
. H3I9OIL . S ‘ 9 e ) N H
“f . r:m N R | , @ww ‘, . . 5@‘“.,% ¢ w ,..v N ) ’ L , _. . ” )

N | A +ANdINO L g ] INdNIY  43IDOIYL |eg— — ohNAs L] Lo?muZmo
SR 143n [ OAV : B A e asind
; . | . SRR S . ONAS ! !

L ; : B a3Av13aa =3,
R LNdNI L83A - - ..,q . : —
©o|7 .7 Tynois A 340050171950 waowwaav: L L = 2N
B A Y S - o , , ,.
a31411dWy o , : s .
- o " "% o . RS . . ,
,. .V U - o W
:  dwv-34d . ,.
: IVIIN3Y3441a: . 8 mm.,:ogzmo
i I . . 43ILINHS
. % [qvnois| S
owa| o
R == <zl y ¢
. i ? Jf\
, A “Yav gz
N ' YIN3 “_L ... A..(((///
* ) W3LSAS' HOLVINOYHDONOW _ 304N0$ LHOI
AHIAINEA T Tac . . T , .
Y 1HoI € - L
. ‘ LR : - "3ilNHS
. . . , OILVINOLNY
.* 5300419313 X * ;
, ONIQH023Y . L S o
o T o . e
. & R : :
S o * ‘.,,_.M.:; A P . ( '
A . . N ; 4



PRSI

“ COﬂlelOﬂ for up to-five days (as |ndlcaTed by sponTaneous nervous ac+|v1Ty)
G, | permlTTlng severat complele speclral response curves #o—be—reffﬂ%kﬁlf~£§rﬁgﬁﬁ—ﬂWf—AJ~‘
VThls procedure, a number of speclral curves. were recorded from both B
D. pseudotsugae and I. paraconfusus Measuremen+5‘were also aTTempTed from

- T. Ztneatum, buT dlfftcullles in embedd|ng This smaller lnsec+ in the wax and

P

-
e

~ lnserTlng the recordlng elecTrodes resulTed in poog ERG recordlngs
¥ AfTer a- séﬁkes of speclral‘response curves ha

been obTalned by The

procedure descrxbed above, modt?sta?lons To The llghT dellvery sysTem were . . :,;lcc;fc

e
L - N ¥ 3
- _‘i:

made in- an aTTempT o - xmprove Transm|5510n in The»near—UV regton. Slnce The

o "

~acrylic fibér- OpTICS and glass - lens both attenuate wavelenglhs below about

R
o

450 nm, tThese were replaced by a quarTz flber opTlcs bundle and a quarTz Ieos

L Allhough Tbe quarTz 6p+|cs increased the 1ight lnTenS|+y in this reg|on onty

o

sllgthy (Table IL) =the better, opllcal quallly of this llghl dellvery sysTem

alloWed for more accurate focusing of the Sflmulus onlo The»compound eye.

Y s
. 3 2 s

- With- +h|s modlflcallon To the apparalus -another sertes of speclral response

I S o
L Pr

curves were recorded from D. pseudbtsugae and ‘I, paraconfusus o %

] ,’ o , M
“IV:  Spectral Sensitivity Measuremenls,r g;?

. B . 3 . A
LR X » < < M s -, ! ) :
= N - Ta R R S L .;\: PR . . y /
. . . I3 : . A o .

in-order to calculate actual: spectral sensitivity curves, a series of. ERG .

';i . recordings were made over a. range of intensities at each selected wavelength.
el 3 o N - B : - 2,\ B ?{’ X . R . . . R
T . e N £

,;The g&perimenlal procedure for obTainlnd‘These data was the sane as for +heru .
!speofral response measuremenfs,‘excep+‘+Ha+ after recording a spectral response

curve al norma ln+ensiTies:,afseriea of‘neulral‘denelly filters were inserted

in The llghf;bafh and‘sbecrral responses recorded af*#he towered ln#ensl#les:f‘f —n

~Four nsutral density illters af O,D- Iopilcal denSJiy) 0.3, 0.5, - lfogandA2+O —

<

were used to provide an lnlenSlly range of 1: 1/100 The ERG recordlngs were 7
_‘k_\‘_-‘\\\

madte at the same wavelengtns. as used in the speclral response studies, except

Tor certain wavelengths at which the |ight infeneily;fell below The threshold

" >



®

I Specira}‘Reeponse Measurements , . \-.A

-

°’for s+imulus WtTh tde darker filters. Foliowing~+hisﬂ5rocedune, av§e#~ofwfkvefr‘

M

specfral response curves (normal anfqns“iylglus four neuirai,denql+v fll+er<)

N ._;," . C .

5.

was: obTalned from each of a number of D pseudbtsugae and I paraconfusus

. i.i:’ ’

Tx

A%
J
h

Results and Discussion

o

D ek S | :
The |nl+1al seT of ERG recordlngs, phoTographed from a sunglé sweep of

oy .
x *\ e .

- "\v‘

the - osc1||oscope (ng 32) |nd|caTes that The ERG wavefonT of scolyTnds f'

o
5|m1Iar to other |nse¢ts (Ytnon ]970) AlThough Thereu!s~con51derable noise
— > “' o .
in These record|ngs, a'conSISTenT specfral response paffern IS evtdenT The -
. &0

prom|nence of the +ransaen+ "on responSe" and The rela?uon “of 4+s peak

amplnTude fo the elecTrophysuoIoglcél response of . the oanc lobe (Gotdsmnfh

.1965 Laughlln ]975) was suffIC|enT reason +o choose this feaTure of. The ERG :

wayeform forvquantlfafive measuremenfs. The' sugnaJ averager-was then =
P . s » o 4 , :

inbonﬁorafed'infé‘fﬁe experfmenfal seT—up,anﬁ‘a Serfes of epecfralvresponse -

,'r o

curves acqutred »based on The amplnTude of The ERG on- response (th 33), Theiff

5.

apparenT polarlTy reversal of The ERG‘waveform beTween These and The preVIOUS# -

recordings (Flg. 32) results from The,aerTrary_ChoLce Qf;a poLarITy reference
on The oscrlloscope . R R .

Recordlngs were made from bofh sexes of D. ps%ydbtsugae and T. paraconfusus,

xeach lnsecT preparaTlon being TesTed on seg&ral consecuflve days *The on-

:response pexk ampluTudes were. measured at each wavelengTh used. The daTa

were correeTeﬁ\wwfh the appropr;afe conversion facTor (Table k1) add ploTTeq
L 5 "3

as reiaTrve ERGtresp, (,|g 34), The yar|aflon Lﬂ,ThQ‘maxxmum,[esponse .

between insects probabjy,refleéfs placement of the recording elecTrodekwhich

<

. determines The#nymberaoffphoforecepTor_ce!ls in contact with the surface of'r}'

L

the electrode.. The variafien in The'specfrar response curyeérof an individual

.
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preliminary electrophysiological set-up.

ERG recordings. from male D. pséﬁdotsugae made with
Photographed

L - directly from the. oscilloscope. ¢Wavelength of Iight
S “stimulus indicated below corresponding ERG response.

,/7l
/ > Top trace: ERG regpomse. BoTTomlTrace:'Durafioﬁ of
. +. °  light sttmulus (.75 sec). Vertical .scale: 2 mV/cm.
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ERG recordlngs frbm male D pseudotsugae made with
‘signal averager as part of eIecTrophy5|glqg|cal v
set-up. Photographed d;recfly from signal averager.
Wavelength of {ight stimilus indicated below :
corr %pondlng ERG response. Top trace: ERG response.
Bot1dm trace: Dark response. - Same scale- as Fig.. 32.
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Figure 34:

76

Typical spectral response curves from D. pseudotsugae.
Measurements made with quartz light-delivery system.
Relative ERG on-response measured directly from

signal averager photographs; corrected with

conversion factor to equal quantum flux at each
wavelength (Table 11). Multiple curves for individual
insects labelled beginning with Day 1 being the first
day on which a complete spectral response curve was
obtained.
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insect over several days is less Thaﬁ'Thewvarianon between insects. The ~

wifhinrinsecffvaria+1on'prohabTyArefrbcfs‘physicoechemfcaf“changes4aT the

surface of the e[ecTF%de and some physlologlcal deTerloraTJon of the ommaT|d|a

:ﬁowever, a conSIsTenT feaTure of these record\ngs is. the Tendency of the second
| or third seT of measurenenTs to be The'mosT sTabfe (in- ‘terms of novse level in_‘
the dark response) and to exhibit the max i mum ampIiTude of on-resﬁonse at Then‘

shorter waveIengfhshfesfed_(Fjg.v34) Therefore, for comparlsen*of specTraI

resﬁonses the second set of measurements was selected. These curves (Day 2 T e
record;ngs) from both the acrerc and quarTz IlghT delivery sysTems were
K

: comblned and the da+a averaged. Ondy‘#hose ‘insects which had shown no -

W o
S|gnlf|canT deTerloraTnon ?n\response over three, successive specTral curves
were inclyded in the averages. .
The averaged.spectral response curves (Figs. 35 - 38)"8how the similarity

between D. pseudotsugae and I. paraconfusus. Both species-and both sexes «
1{ . _ . . -a . - .

demonstrate the green and blue spec+ral response peaks that have been recorded

Nfrom other insects (Appendix |). The shorter wavelenbfh peak'measured in
These investigations appears.af approximafelyv450Aﬁm;twi+hin the range of;4ZO -

N

hfo 480 nﬁ found in other studies. The variabTTiTy in tThe wavelengfh'maxima

vreporTed from this sens:TnvxTy peak |s greaTer than the range noTed for the UV

beak (Appendlx ). Since the blue response has been identified with the visible
,‘~por+Ion:of the UV—sensiTive;response curve fHamdorf Paulsen and Schwemer .
a ' K

_ : , ' ' , %
- 1973; Burkhardt 1977), the variability in its wavelength maxima prohably reSulTs

%rom physical dffferences in rhabdomeric sTrucfureﬂ The secondary response
pgax in the region of 520 to 530 nm cbrresponds weII W|Th The wavelengTh
. [L‘i 77777

maximum of the green receptor described in other insects (Appendlx ). An

-

‘8cdition, the relative magnitudes of the responses of these two receptoritypes:

arg similar to those measursd in many insects, the shorter wavelength response
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Figures 35 - 38:

. g

o

N L3
Averaged spectral response curves measured with
both acrylic and quartz fiber-optics systems.
ERG on-response measured directly from signal
averager or photographs; corrected with
conversion factor (Table 11) to equal quantum
flux at each wavelength tested; normalized to

4.0 at maximum response level. Average vatues -
-plotted *1 standard error of the mean. Fig. 35:

D. pseudotsugae males. Fig. 36: D. pseudotsugae
females. - Fig. 37: I. paraconfusus males.
Fig. 38: I. paraconfusus females. N = 12.

el
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\lndicaled by The larger smandard errors) may nol reflecl any sngnlflcanl

. maximum vaIue. o

elicit a constant ERG response. -

-~
f

T . "‘; B o ' ‘817

zbeﬁng,COnslderably grealer,in ampl?lude'(BurkhardT 1962 l977) The greaTer

T T TT"T’T""Tﬁ‘TW}R

:-

varlallon |n The amplllude of The green peak in The males of boTh Spegles (as f‘_nfkl

"'*‘ o - - v
o .k

P

B

yarlance belween The sexes. These averaged Speclral response curves are ba%ed ’

on normallzed ERG responses Therefore, grealer variailon in The maxumum

"amplllude of The btue peak among males as compared To The females would resull iifl

=

larger sTandard efrors ln The green reglon after normallzallon To. The

i
il

e,
TRy

“
. .

r
Tw

3 - Dot i o e

* These averaged speclral response curves conflrm ThaT the speclral response e

,l s -#

of at least These two §o@ly+ﬁdsffollows the general pallernuobserved in other

,Tneecls.'iﬁoyeve;; in orderrlotdetermine»The aolualispecléal sensltlvlty;ourw&e,_,,;

measurements we}elmade oT,The'quanlum flux required at each anelengih{to;'

¢

2
a

e ﬁll: ;Speclral Sensillvily Meaeuremenls B A'v; o 7;¢5AJ

L
A

: The above requ;remenls for the- deTermlnallon of speclral sensrllvrlf
" / : ‘;/‘ i

curves wereumelrby recordlng speclral response3§+<Narlable—lnten51+les‘rrTheseief»

5 L
oy i -

ERG responees were corrected fo equal quantum flux and normalized‘forloWTng

the same procedure as-described above.,‘The data were then plotted as‘a'series

of average normallzed;speclralAresponse curves, each,repnesenllng the level of

ERG on?response at suotessively loWér,Tlghl lnTenslTTes (Figs. 39, 40). jéTheSe »

’1

‘lmeasuremenfs prOV|de a set of -ERG response levels for each wavelenglh tested

]

over an lnTens:Ty,gange of 1:1/100 as compared_lo the- maximum oulpuT o% the

monochromaTQrvand:éeeocla%ed'oplich The s:mllarlly beTween these speclral

response curves and the prevcously descrlbed ones (Flgs 35 - 38) Ts readlly

apparent, parflcularly al the h|gher llghT lnTenSITles,: The larger standard

errors in the varrable 1n+en51+y cyrves resull from 1he smaller number of

-t -

Ensec%s averaged. Although partial sets of recordings at-a range'of inlensllles
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Figure 39:

© e -
> g P

Averaged spectral response curvés for D. pseuabtsugae
at variable intensities. .Measurements made with

quartz fiber-optics-and neutral density filtefrs. - .-

ERG on-response measured directly. from signal
j&;erager r photographs; corrected with conversion

Factor (Tabie 11) to equal quantum flux at each” - . A

waveleng®h and normalized to 1.0 at maximum value-
(normal intensjty). AverE@e,Va]ues plotted %1 .
standard error of the mean. OD = optical density

of neutral density #ilter. N =6. .
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Figure 40:

.

14

Averaged specTral response curves for I paraconfusus

at variable

lnTensuTtes

Measuremenfs made with

K}

b

quartz fiber-optics and neu*ral density fl]Ters.;J;
ERG on-response measured directly. from §|gnal

averager or phoTographs, corrected with ¢onversion %

facTor (Table ll) To equal quanTum flux aT each

(norma,l

of neuTra} density filter. N =

lnTenSITy).
standard error. of the mean.

]

Average values plotted %1
0D.=

R
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86
were made from a number of insects, only a few preparations lasted for the
several days required to record at all intensity levels. Only the data from
these complete sets are included in the averages.

These measurements of average ERG on-response for each wavelength were
then plotted against the quantum flux of the light stimulus (Figs. 41, 43, 45,
47). The quantum flux was calculated from the measured light intensity
(Table 1) or, for the neutral density filters, from the retlationship:

D = logyg Io

I

where I, is the normal intensity (maximum output of the monochromator and
associated optics at that wavelength) and I is the intensity with the filter of
optical density D in the light path. These intensity-response curves directly
relate the nervous response of the optic lobe (measured as the ERG on-response)
to the number of photons of that particular wavelength required to initiate the
response. The non-linearity of the intensity-response function is similar to
that measured in other insects (Goldsmith 1965; Minke, Wu and Pak 1975) and
results from the processing of visual information in the optic lobes.

These intensity-response curves contain the information required to
determine physiological spectral sensitivity. With respect to any constant
leve! of average ERG on-response (Figs. 41, 43, 45, 47; dotted horizontal
lines), the quantum flux required to elicit that response is plotted against
each wavelength tested. These curves represent the spectral sensitivity for
that response level (Figs. 42, 44, 46, 48). Each spectral sensitivity curve
indicates the number of photons of light of a particular wavelength required
to produce that level of sensory response. These curves are the experimentally
measured equivalent of the theoretical spectral sensitivity curves based on

the waveguide mode!l of the ommatidium (Fig. 5c) and they summarize the



e

‘Figunesx4f,—

44

»,

2

K

!

-

D pseudbtsugae specTral sensuTnv:Ty curves.

"Fig. 41: lnTensufy response curves for males,‘:

based .on averaged spectral response curves at.

wvariabJde intensities (Fig. 39); wayelengfh of_“f‘ )

light stimulus indicated for each curve .

~ Fig. 42: Relative spectral sensitivity “curves
for mates as deTermlned from |n+e;?|+y response.

curves; responsé levels correspondgto dotted-
lines in Fig. 41. -Fig. 43: Interfsity-response
curves for, females based on averagpd SpecTraI
.response curvesg aT variable intensities (Fig.
-39); wavelengfh of light stimulus indicated for
each curve. Fig. 44 Relative specfral
sensitivity curves for. femakes as detfermined

from intensity-fesponse’ curves; response levels:

correspond to dotted lines in Fig. 43,
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CIL paraconfhsus SpecTral sensitivity curves.;
Flig.-45: “tntensity-response curves for males
‘blased on averaged: specfral‘response curves at
‘Varidble intensities (Fig. 40); i wavelength: of
ight stimulus indicated- for each curve.

S -
o Rig. 461 Relative: specfral sensitivitys CUFVES—

for males as determined from intensity- response
gurves; response Ievels correspond..to doTTed
fines in Fig..45. F|g.,47. Intensity- response
rurves for- females based on averaged spectral’
fresponse curves at variable intensities (Fig.
40) ; “wavelength of light stimulus indicated for
jeach curve. Fig. 48: Relative spectral
sensitivity curves for females as determined

i from intensity-response curves; responsellbvels
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TNE&S(gnlar|Ty of the spec sensitivity curves (Figs. 42, 44, 46, 48)

“to The spec*ral response,curves (Flgs; 35-—»38) furfher'confirms~+nevpresence

.

of at’ leasT two phoTorecepTor Types in D pseudotsugae and. 1. paraconf'usus,w

one maxnmally sensxTuve around 450 nm (blue recepfor) and the oTher beTween

11510 and 530 nm (green recepTor) AS Wth The specTral response curves, The ;

“';/’f” specTraI SenSITQVtTy curves: SU@Q@ST IlTTle dtfference between the two SpeCIeS B
[V .
|nvesT|gaTed.‘ The SIlgH#ly broadened ShorTer wavelengTh peak ThaT occurs in

the females of- both species is also apparenT in The specTraI regponse curves '

I

.~from which the spectral sensitivity was calculated (Figs. 39, 40). ThIS.
feature may. or ma§ nolee-Typital'of other scolyfids.i S S AN
The most consistent feature QfMThésé spectral senéiTiviTy cd}vas'ﬁs the

change in the relative heights of the two responéé peaks at different levels
of ERG_response.' AT.hIgher response levels (Figs. 42, 44, 46, 48; ERG response
level = .25,‘.30)'The green peak becomes less prdminenT'Than atlower résppnsefg{"”

IéVer (ERG response level = .15, .20). Whether Th?srchange in relative

w

-amplifudé is.an artifact of the recording technique or indicaTes a drffe{enpéffi
'Tﬁn_dynamjc‘range between the two receptor Types‘réqdires %urThen sTddy. Aside

from -this anomaly, the spectral sensiTiQiTy'as measunedsz_ERG nesponse and. the
'specfrai’bahavion as seen in a walking bioaasay reVeaI a cdnéjs*enf paTTern of
‘yiaual response. " The presenée of fThe response peaks in the blue andigraen‘

regianS»fFom boTn phy5f5logica1 and behavioral STudies,sTrendThens the

eV|dence for at least a dtghromaflc v;sual system |n the SconT|dae

~ — [ —

Y
»le B

g



CONCLUS!ONS )

These lnvesflgaftons prov:de a basis for compar|ng The .spectral response.h'

of scelyflds WITh other insects. The morphologlcal study confnrms The s;m1|ar1+y

. . : L] N
of ommatidial structure in D. pseudotsugae ‘with oTher ‘scolytids and waTh

L

: members of oTher orders. _ The sconTid,compound eye can be described as ah

o

apposnflon eye of The acone type w1Th a- relaleely smaTI number of. ommaTndla

P

but thh a hlghLy organged JDTernaI sTrucTure The arraﬁgemenT of The,_d;weg

g e

phoTorecepTor Iayer |nTo a per|pheral rhabdomerlc r!ng surroundlng Two Qenfral

an efficient light-capturing SysTem.fn
Y The behaviera|>aﬁd eIecTropﬁysiologiceT studies .both reveal similar

spectral response patterns in thé visible region;kwTTh'sehsiTivTTy maxima in

The bl ue (450 nm) and green (510 To'530 nm)Thegions.' These‘beék§ of respohse

correspond well with lnvesflgaflons of other insects. us:ng a var|eTy of
i w3 .

fechnigues (Appendrx 1. The agreemenT beTween data ach|red from The .

phoToTacTIC bioassays and ERG recordzngs is eV|dence ThaT The scolytid v15ua|

'system consists of QTTTeaST Two SpecTraI Subsysfems orTreceQTor'Types.

$

Cemparisonrof these experimental data with the Wavegque mode! of insect

.phoTorecepTorsksuggesTs a possible morphotogical inTerpreTa}ibn of scolytid

a . . ot .
specTrah‘sensLTivity. The rhabdomeric arrangement of scolyﬁide (Figs 15a)

differs from The Typlcal ”opeh” rhabdom of dlpTerans (an in haang
rhabdomeres 1 -6 fused IaTerally intfo a peripheral rlng, surroundlng The

, , ~ 7
central rhabdomeres 7 and 8. In addition, The ceHTraI rhabdomeres are adJacenT

To each oTher along their entire. IengTh in sconTlds, rather Than rhabdomere 7
being above 8 as in the dipterans. Apply|ng the TheoreTlcal analysus of
dipteran spectral sensitivity (Snyder and Miller 1972; Snyder ﬁhdeasK 1973)

to the scolytid receptor types Qeuld suggest that The perihherar;rhabdomeres,

rhabdomeres is rqjermedna#e b%;ween_”openﬂ and "fused! rhabdoms i%g;ﬁrovTﬁei R
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(1 - 6) could be the green receptors and the central ones (7 and 8) the blue
receptors. Consistent with experimental studies on other insects (Appendix )
and with the waveguide description of the ommatidia, these two receptor types
probably also possess UV sensitivity maxima in the region of 350 to 360 nm;
the smaller central rhabdomeres with a greater UV sensitivity than the
peripheral ones. Alternatively, a difference in photopigment between the
peripheral and central rhabdomeres could account for the difference in spectral
sensitivity between these receptor types. Single cell recordings associated
with an appropriate marking technique in conjuction with pigment extraction and
purification procedures are required to determine the relative importance of
waveguide and photopigment factors in scolytid spectral sensitivity.

The scolytid compound eye appears to have only the two receptor types
mentioned, with no evidence of a third type corresponding to the "yel low-green"
receptor of Calliphora spp. (Fig. 5a). The yellow-green receptor of dipterans
has been shown to correspond to rhabdomere 8 (Stark, Ivanyshyn and Hu 1976)
and its spectral sensitivity is strongly affected by its position below
rhabdomere 7 which acts as a UV filter. In the scolytid ommatidium, the central
rhabdomeres (7 and 8) are adjacent to each other and, therefore, have similar
spectral properties to the dipteran rhabdomere 7 alone, absorbing maximally in
the blue region of the visible spectrum (450 nm) and in the UV region (350 to
360 nm).

The sensitivity maxima of the green receptors in scolytids (510 to 530 nm)
is at slightiy tonger wavelengths than that recorded in Calliphora spp. (490 to
520 nm) (Burkhardt 1962). The peripheral rhabdomeres of scoiytids are larger
in diameter than rhabdomeres 1 - 6 in dipterans and, in accordance with
waveguide effects, an increase in diameter leads to the sensitivity maxima of

those rhabdomeres being at longer wavelengths (Snyder 1974a); i.e. a smaller
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‘navigaTiona! informafion based on an anaIySiS of po(arized IighT AIThough The .P"

rnayggaflon (Snyder_1974a). WheTher scolyTIds acTuaIIy navigate uSIng this T

ShifT in The visible absorpi;onrpeak of the- phoiop4gmeniLS—absorp¢+on—speeipumT4~AVf

Add|+gona||y, a dnffenence |n phoTop#gmenT beTween These Two insect gﬁfgpe(

[ S

«)Eould accounT for The sensq+|V|+y maxn@azifcuang aT.dlfferen? wavelengThs.

With reference To the dlspersal and hos+ selection behavtor of scolyTuds,

. the role of/speQTral response musT be conSIdered in conjuction wnTh The o+her1

~

senses. The dispersal flighT of scolyTids has,been'shown to be-ini+ia+edaby

~

an approprlaTe balance of. 1nTernal feedback xnformafxon and enylronmen#ai Aﬂad;;a;

L 3 "

cond1+|ons (Borden 1974) !anlally, fllghT is domtnaTed by an. aTTracTnon

"
;j+owards h:gher InTen51+y IlghT (Shepherd T966§ and durtng Thl§ phase of .
‘fardlsperswon The sconTIds are reIaTlver unresponsuve To oIfacTory STImU||> ; f;tiii
Only afTer a phy5|olog4cally deTermlned amounT of fllghT exerCISe does The a
scoTyTId become respOnSlve to ofher sensory |npu+ (Graham 1959 ATkunS 1966;
.Benneﬂ' and Borden 1971). _ A ‘. .
- ~in reference To the fte(d behav?;: of scediytids, The Two recep+or Types
can tentatively be reIaTed To The dfffertng‘VIsual requnremenTs durlng The Two
phases of The dlspersal fllghf .ﬁhe blue recepTors are- mosT likely assoc1a+ed
wiTh The ianlal resgonse to. open sky above The “Fforest canop; where uv and S ;d

¥y . R @

shorT VISIbfe aneIengThs predom|na+e These* recepTOrs could,also provnde

e

5 ’;g‘

Voo -~ R

"adJacenT arrangemenf of rhabdomeres- 7 and 8 in scolyTnds “wou | d be a fess® precuse

polar|za+ion analyzer than The dupTerans' co%?mar ones, the dichroic . .

sen9|+1v1+y of insect, rhabdomeres has been shown to be sufficient for flfﬂhf
!a!g:g -

information has not been investigated.- Behav:oraJ sTud|e51|n’+he field qﬁﬁj

associated with morphological and phyéiological investigations of fhe dioﬁroic

nature of the scolytid rhabdomere could answer this question.

The green receptor system of scolytids is probably associafed with *their
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opfomofor responses and, Therefore, W|¥h processung spafnal informa#ien:during

flsghf 'Durlng The latter phase of the d|spersal flaghf this |nformafnon .could:

%id‘in se!ecflon of a'sunfable hosf. ther sTudxes Have shown Thaf hosf

se$§§t)ng scolytids dlscrlmlnafe beTween verT;oal and hor|zon+ai Iogs or "log '

‘
£

forms" (Shepherd 1966 P|+man and Vlfé 1969) reqU|r|ng lnpuT from The(V|sua!

.- -

system to supplemenT a- predomnnaTer olfacfory’cho:ce L ey
: The 5|m|lar|+y of specTral response found in The beh&%foral and:*
S - e .

elecfrophyslologscai sTudxes on scolyTlds xs ev;dence ThaT scoin|d V15|on ﬂ

reTa|ns fhe separaflon befween The posTulaTed prlmlTlve funetions of "insect"

, #
vision: -a ‘green sensnTlve moTlon deTechng Sy

a UV-blue sensitive

naV|gaT|onaI sysTem (Gribakin 1972 Burkharth1977) Therefore, %he role or

visua! lnformaTlon during The scoly‘hdsr d|5persal fllghf 1s,probably more -

w

sugnlflcanT than |T }s ThoughT to be at presenT and patterns of. dlspersal and

1nfes+a*ron could be degendenT on visual response.' In fuTure research

- ;’5“5 >
- —_— W -

1nforma+xon on sco\yfld'specfral response should he ﬁncorporafed szh That on

oI#acTory and .other sensory response to undersTand sco1y+nd behaV|or more

o -

completely under field conditions. - o,
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Species

Sensitivity Maxima (nm)

uv Blue Green

ORDER ODONATA
SUBORDER ANI|SOPTERA
FAMILY AESHNIDAE

Aeschna cyanea Muller
Autrum and Kolb (1968)2

Equchi (1971)2
FAMILY LIBELLUL!DAE

Libellula needham
Horridge (1969¢c)?

Hermicordulia tau
Snyder (1973a)?
Laughlin (1975)2

ORDER ORTHOPTERA
SUBORDER CAELIFERA
FAMILY ACRIDIDAE

Locusta migratorta (L.)

Bennett, Tunstall and Horridge

(1967)2

SUBORDER BLATTARIA
FAMILY BLATTIDAE

Periplaneta americana (L.)
Mote and Goidsmith (1970)2

Butler (1971)3

ORDER HEMIPTERA
SUBORDER HYDROCORIZAR
FAMILY NOTONECT!DAE

Notonecta glauca L.
Bruckmoser (1968)2
Bennett and Ruck (1970)2

ORDER COLEOPTERA
SUBORDER ADEPHAGA
FAMI LY GYRINIDAE

Dineutes eiliatus F.
Bennett (1967)2

356-370 412-432 520
356 445-458 475-519

350 415-430 540

345 450-460 580
350 440 510

* 480-515

365 507
(3 UV : 5 Green receptors)

350 420 540-570
370 - 475 520-530
390 520
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“ORDER NEUROPTERA

" SUBORDER POLYPHAGA '+ ¥

FAMI LY TENEBRIONIDAE

Trtbolzum confusum Jacquerun duVaI
Marzke et al. (1973)2

’.,FAMILY ANOB| | DAE:

paszoderma gerricorne (F.)
+ ‘Marzke et al. (1973)?

FAMI LY CURCULIONIDAE
-Anthonomis grandis Boheman
Hollingsworth, Wright and
LIHGQUTéT (1964)+

Hypera postica (Gyllenhal)
© . Meyer (1976)1

FAMILY SCOLYTIDAE

Dendroctonus ponderosae Hopkins
Schénherr (1971)1

SUBORDER PLANIPENNTA

FAMILY ASCALAPH I.DAE

Ascqlaphﬁs macaronius: SCop. .
Hamdorf, Gogala and Schwemer -~
T(1971)2 I

. ‘. : .#ﬁ;"

ORDER LEPIDOPTERA -
SUBORDER FRENATE -
DIVISION MACROLEP|DOPTERA

FAMILY HELICONILDAE

" Heliconius erato Hewitson
* Swihart (1972a)2

Heliconius numata
Struwe (1972)2
FAMILY PAPILIONIDAE

Papilo troilus L.
Swihart (1970)2

FAMILY NYMPHAL|DAE

Morpha amathonte
Swihart (1972b)2

_FAMILY HESPER! IDAE

Epargyreus clarus (Cramer)
Swihart (1969)2

350}360§% 450470 -

b

350-360  475-500

v‘315 36?4’ i 465

*
<400
1350-360 460480
x0T a0
365
* 480 °
* 425

525-575

490-515.

' 500-550

550

490.

535

575

485 -

540

- 500-520 - -

e .
AP



FAMILY SPHINGIDAE

Detlephila elpenor
Hamdor f, H8glund and Langer
(1972)"
H8gtund, Hamdorf and Rosner

(1973)4
Schwemer and Paulsen (1973)%

Manduca sexta (Johannson)
H8glund and Struwe (1970)2
Carlison and Philipson (1972)"
Hamdorf and Schwemer (1975)2

FAMILY NOCTUIDAE

Heliothis zea (Boddie)
Kay (1969)2
Agee (1972)2

FAMILY LYMANTRI { DAE

Lymantria dispar (L.)
Brown and Cameron (1977)2

DIVISION MICROLEPIDOPTERA
FAMILY PYRALIDAE

Plodia interpunctella (Hubner)
Marzke et al. (1973)2

FAMILY GELECHI | DAE

Sitotroga cerealella (Olivier)
Marzke et al. (1973)%¢

FAMILY TINEIDAE

Tineola bisselliella (Hummel)
Marzke et al. (1973)2

ORDER DIPTERA
SUBORDER BRACHYCERA
FAMILY TABANIDAE

Tabanus spp.
Hanec and Bracken (1962) 1!

SUBORDER CYCLORRHAPHA
FAMILY SYRPHIDAE

Eristalis tenax (L.)
Bishop (1974)2
Horridge, Mimura and Tsukahara
(1975)5
Stavenga (1976)"

350

350
345

350-370
350
360

345
350

360-370

350-360

360

350-360

380-420

360

350
*

440~460

450
440

450
450-470
470-480

410-450
*

460-470

440~450

430-460

450
460

99

540-560

525
520

530
530
510-520

520
*

520-540

525-550

500~550

475-550

500~-550

520
550



FAMILY DROSOPHILOIDEA

Drosophila melanogaster Meigen
Schimper!i (1973)1
Minke, Wu and Pak (1975)2
Cosens (1976)3

FAMILY MUSCIDAE

Musca domestica (L.)
Eckert (19711

Stomoxys caleitrans (L.)
Waldbillig (1968)!

FAMILY CALLIPHORIDAE

Calliphora erythrocephala (Meigen)
Autrum and Burkhardt (1960)2
Burkhardt (1962)2.

Langer and Thorell (1966)"

McCann and Arnett (1972)3

Snyder and Mifler (1972)°

Horridge and Mimura (1975)"%

Eckert, Bishop apd Dvorak
(1976)2

Stavenga (1976)"

Phormia regina (Meigen)
Kaiser (1974)!

ORDER HYMENOPTERA
SUBORDER APOCRITA
FAMILY CHNEUMON | DAE

Campoletis perdistinctus (Viereck)
Hol lingsworth, Hartstack and
Lingren (1970)!

FAMILY FORMICIDAE

Formica polyctena Forster
Kiepenheuer (1968)!
Roth and Menzel (1972)2

Formica cunicularia
Mazokhin-Porshnyakov (1974)2

Lasius niger
Mazokhin-Porshnyakov (1974)°

Atta sexdens Forel
Martinoya et al. (1975)2

Myrmecia gulosa F. .
Menzel and Blakers (1975)3

350
360

(1T uv

360

340

345-355
350
360

(1 Uv :

360

350

355
*

345

365

350-360
360

360
365
375

(2 Uv

470 490-500
470-480 500-510

100

1 Blue : 6 Green receptors)

465 490
420 540
470 490-520
470 480-515
470 515
1 Blue : 6 Green receptors)
475 515
490-500
480 500-515
495 510
500
560
500-520
510
520
500
500

: 6 Green reéepfors)



e . 101
CatagZyphts bzcoZor lf L , - C e
Wehner and Toggwel Ier (1972)1 . 350 - TL'ﬂﬁﬁﬁfSﬁOQ 520 ;7:;7
FAMI LY VESP I DAE -‘;, T ; S AN
: . Diag ® o -
Paravespula germanicad F: ST ' ’
- Menzel (19712 : " 374 - 455 530
.‘FAﬁfLY APlDAE L e , ; .
Apis mellifera L. .~ L T |
Goldsmith (1959)1 T T 340-345 440 530-540
Goldsmith (1960)2 . 345 - 440 535
Autrum and von Zweh!- (1964)2 o341 41 530
Gribakin (1969)3 - {3 UV : 1Blue : 5 Green receptors)
" @ribakin (197202 .. e 340 420 o530
Helversen (1972)%° - C 354 440 550
Wehner, Bernard and Gesger T . o ' oo
- (1975)3 (3 UV : 1 Blue : 5 Green receptors) 4
 Menzel and Blakers:(1976)2 - 350 . 440 "~ 540 -
Kiien and Menzel (1977a, 1977b)2 ~ 350 - = 430-460 550
k - o
i
t;,:z, f'
e
£y g 8 e
J N ’ I
- - ¢
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