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3 cornparat i v e  ' i n v e s t i g a t i o n  o f  t h e  morphology., behav io r  and phys i o togy o f  f 

+ L -+ e I .  

sco l y t i  d spec t ra  l response was cdnducted. The sco l  y t  i d dompound eye was found 
a - 

a P 

t o  bf: an app sift ion eye * o f  t h e  acone%'type;ri t h  a r e  l a t  i ve l y sma l l number 'o f  
t 1 4  4 't ~ 

ommatid i a  (severa I hundked) . The i n i h ' a  I qrgan i z a l i o n  ' o f  t h e  cornpound eye o f  + ' 

then Doug l as-f  i r beet  l e, Dendroc%onus p ~ e u d o t s ~ a e  Hop k i ns, was i ntermed i a te*  
I r 

- between t k e  "open" and--"fu_sed" Lrhabdomeri_c_ arrangehen?s. The pho~o@cep_tor_ ~_ 
i r 

* 8% 

. l a y e f  cons is ts  of. 9 p e r i p h e r a l  rh6bdomeric r i n g  (rha6domere<:1 - 6 )  surrounding 
" .& 

two' c e n t t a  I -and s t  i g h t  l y  srna l l e r  rhabdorneres (rhabdomer-es f and 8): 

i 
-. 
".;, - - 

Behav iora l  t e s t s  us ing  a phbto a c t i c  respoRse ( w a l k i n g  b ioassay)  Md 

e I ec t rophys  i o l og i cs I reco rd  i ngs o f  t h e  ERG o r  mass .response revea l ed  's i m i I a r' 

s p e c t r a l  response p a t t e r n s .  W i t h i n  t h e  wavelength reg ion  examined 
, 

- 
(approx imate ly  400 t o  700 nm), two s e n s i t i v i t y  maxima were de tec ted :  one i n  t h e  

- b.lue r e g i o a ( 4 5 0  nm) and another  i n  t h e  green reg ioo  . (510 . tp 530 nmj. ~ h d s e  

corresponb we1 I* wi'th response peaks repo r ted  i n  o t h e r  i n s e c t s  us i'ng a v a r i e t y  
. - 

1 

o f  i nve;ti g a t i  ve techn'iques and p r p v i  de evi3ence. t h a t  t h e  sco l  y t i  d v i s u a l  
. 

* 4 .  
system c o n s i s t s  o f  tw.0 recep to r  types .  - 

* 0 

~ o r n ~ a . r i s o n  o f  t h e  expeyim&ntai f i n d i n g s  w i t h  j h e o r e f i c a l  cdns ide ra t i ons  

o f  i nsec t  photoreceptors  suppor t s  a morpho lbg i ca  l i n t e r p r e t a t  i 06 o f  these 
-1 

spec t ra  l response peaks. Wi th re ference t o  a waveguide mode l o f  t h e  ommat d i a, 

t h e  p e r i p h e r a l  rhabdomeres i n  t h e  s c o l y t i d  eye a r e  ,pos tu  l a t e d  t o  be t h e  

= receptor"s (optomotor o r  mot i on-detect  i ng subsys-tem) and t h e  c e n t r a  l 

rhatjdomeres t o  be' t h e  b I ue receptors  ( n a v i g a t i o n  o r  t a r i z a t  ion-de/ tect ing 
3 

- 
- 

subsystem). Both these recep to r  types  a re  f u r t h e r  pos tu la ted  t o  possess a UV * 

response peak (apprdx imate ly  360 nm). The waveguide model suggests t h a t  t h e  - , - 
1 f  

UV resp"onse o f  t h e  sma l I,&r b l ue-sens i t i ve rhabdomeres wou l d be cons i dp?? l y 
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w i t h  omrnat i d i a cu t  i n  cross section, reveal i ng rhabdomeri c 
r i n g  s t ructure.  (Scale = 100 vm) Fig. 14: Longi tudinal  
sect  ion through ent  i re  compound eye showing ommati d i  a cu t  i n  
transverse and cross section. Note ordered arrangement o f  
ommatidia as ou t l i ned  by pigment granules. (Scale = 100 urn) 
Cornea (c) ,  acone (ac), r e t i n u l a  ce l  l s ( r c ) ,  rhabdomeres 
(1-1, pigment granules (pg), apodeme (ap), basement . . . . . . . . . . . . . . . . . . . . . . .  membrane (bm). 

Photoreceptor s t ruc tu re  i n  sco l y t  i d compound eye. 
A :  Cross-sect i on through photoreceptor 1 ayer i nd i  ca t  l ng 
rhabdomeri c r i n g  s t ructure.  B: Arrangement o f  d i o p t r i  c 
apparatus and photoreceptor cel  Is. D i  s t a  l rhabdomeres 
( d r ) ,  cent ra l  rhabdomeres ( c r ) ,  cornea ( c ) ,  acone (ac), 
r e t i n u l a  c e l l  ( r c ) ,  rhabdomere ( rh ) .  ( a f t e r  Chu et at .  
1 9 7 6 ) . . . . . . . . . . . . . . . . * . * . . . . . . . .  

Y-tube cho i ce chamber used i n t e s t  i ng phototact  i c response 
of  sco ly t ids  t o  selected wavelength regions o f  the v i s i b l e  . . . . . . . . . . . . . . . . . . . . . . . . .  spectrum. 

Behavioral response o f  D. pseudotaugas t o  selected 
wavelength regions o f  the v i s i b l e  spectrum using Corning 
Glass f i l t e r s .  Fig. 17: Average response o f  males t o  
Fi l t e r  ' A '  when compared t o  F i  l t e r  '€3'. Fig. 18: Average 
non-response o f  males when F i  l t e r  ' A '  and F i  l t e r  '8' are 
compared. Fig. 19: Average response o f  females t o  
Fi l t e r  ' A 1  when compared t o  F i  l t e r  '0'. Fig. 20: Average 
non-response o f  females when F i  l t e r  ' A '  and F i l t e r  '8' . . . . . . . . . . . . . . . . . . . . . . . .  are compared 

Behavioral response o f  D. pseudotsuga t o  selected 
wavelength regions o f  the v i s i b l e  spectrum using Balzer 
f i l t e r s .  Fig. 21: Average response o f  males t o  F i l t e r  
' A '  when compared t o  FI l t e r  '8'. Fig. 22: Average 
non-response o f  males when F i  l t e r  ' A '  and F i  l t e r  '8' 
are compared. Fig. 23: Average response o f  females t o  
F i  l t e r  ' A '  when compared t o  F i  l t e r  '9 ' .  Fig. 24: Average 
non-response o f  females when Fi l t e r  'A '  and F i l t e r  '6' . . . . . . . . . . . . . . . . . . . . . .  arecompared . .  

Behavi ora l response o f  T. l ineatm t o  se lected 
wavelength regions o f  the  v i s i b l e  spectrum using Balzer  
f f l t e r s .  Fig. 25:  Average response o f  ma 10s t o  F i  l t e r  
' A t  when compared t o  Fi l t e r  '8 ' .  Fig. 26: Average 
non-response o f  males when F i  l t e r  ' A '  and F i l t e r  '6'  
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a r e  .compared. F i g .  27: Average response o f  f e m a f s  ta A -  - -  +- 

F i  l t e r  ' A '  when compared t o  F,i l t e r  '9 ' .  F,ig. 28 ) '  Ave rage  
non-response"of females when F i  l t e r  ' A )  and F i  l t e r  ' B '  

b .  . . . . . . . . . . . . . . . . . . . . . . . . .  a r e  compared 56 
." 

29. L i g h t - d e l i v e r y  system used . i n  e I e c - f r o p h y s i o I o g i c a I  
.. , r e c o r d  i ngs f r om sco-l y t  i d compound eyes. The f i be r -op t  i c s  

s a n d  lens  system focuses  a se l$c ted .bandwid th  o f  l i g  t f rom 
F t h e  monochromator o n t o  t h e  i n s e c t ' s  eye . . . . .  Z . . . . .  6 , -  - i 30. . A x p e r  mental  set-up f o r  p r e l i m i n a r y  ERG record' ingsl  f rom ' .  - 

% sco  l  y?f d  compound eyes -: . . . . . . . . . . * . . . . . . . . . .  65 .' . - .  
1 - 

Exper imenta l  set -up f o r  ERG r e c o r d i n g s  f rom s q o l y t i d  compqund 
. . . . . . .  eyes u s i n g  s  igna  I, aweraging , .,, . .  *. . . . .  

\L ' ... 
ERG teco,rd i ngs f r om ma i e  D. ps&dotsugae made w i t h  
p r e l i m i n a r y  e l e c t r o p h y s i o l o g i c a l  set-up. Photographed 
d i  r & t b y  f r om t h e  o s c i  I  loscope. ' WaVe I-ength o f '  I l g h t  s t i m u  l us 
i n d i c a t e d  bejow c,orerespo*nd i ng ERG response. Top t.r~cb.: 
ERG response. ~ d t t o r n  t r a c e :  D u r a t i o n  o f  I i g h t .  s t  imul us 

. . . . .  ( . 7 5  sec ) .  V e r t i c a l  s c a l e :  2 mV/cm . r .  

ERG r e c o r d i n g s  f r om m i l e  D. pseudotsugae made wif$,signal 
averager  gs p a t p o f  e  l  ec t rophys  i o l  og i ca I se t -u t .  

%- 4 
Photographed d i r e c t  l  y  f rom s i g n a l  ~ averager .  Wave Ie f igW-  o f  
1 i ght.s$imu I  us i n d  ic??ed be low cor respond ing  ERG. rdsponse. 
 TO^ t r a c e :  ERG response, B o t t o m - t r a c e :  Dark response... 

w.  . . . . . . . . . . . . . . . . . . . . .  Same s c a l e  as F i g .  32. - 

C 

Typ i ca l  s p e c t r a  l response, c u i v e s  f rom D. pseudotsugae. 
Measurements made w i t h  q u a r t z  l i ght-de l  i ve ry  s-ysPem. 
R e l a t i v e  ERG on-response measured d i r e c t l y  f r om s i g n a l  
averager:  photographs;  c o r r e c t e d  w i t h  convers i on  f a c t o r  

, to  equal  quantum f l u x  a t  each wavelength ( T a b l e  I l l .  
M u l t i p l e  cu rves  f o r  i n d i v i d u a l . _ i n ~ s e c t s  labe l  l ed  b e g i n n i n g  
w i t h  Day 1 b e i n g  $he *tj r s t  day on which a comp l e t e b -  
s p e c t r a  l response cu r% was o b t a  i ned . . . . . . . . . - . .  

'% 
35-38. Averaged s p e c t r a  l  response cu rves  measured w i t h  b o t h  
' 

a c r y  1 i c  and q u a r t z  f  i be r -pp t  i c s  systems. ERG on- 
response measured d i r e c t l y  f rom s i g n a l  averager  o r  
photographs;  c o r r e c t e d  w i t h  canve rs i on  f a c t o r  (Tab le  I I )  
t o  equal  quantum f l u x  a t  each wavelength t e s t e d ;  
no rma l i zed  t o  1.0 a t  maximum response l e v e l .  Average 
va lues  p l o t t e d  + I  s tanda rd  e r r o r  o f  t h e  mean. F,ig: ,354 
D. pseudotsugae males. Fig, 36: D. pseudotsugae -. 
females. F i g .  37: f. paraconfusus males. ' F i g .  38: 
I. paraconfusus females. N = 12 . . . . : . . .  : . . . .  

39. Averaged s p e c t r a  l response cu rves  f o r  D. pseudotsugae 
a t  v a r i a b l e  i n t e n s i t i e s .  Measurements made w i t h  q u a r t z  a 

l 4 
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F igu re  , *:, . 1 Page , 

$3 . e 
<, 

f  i be:-op+i c s  and n e u t r a  I  d k i t y  f: I t e r s j   ERG--&-&-^^ - - -- - 

measured d i'reet l y f rom s igna l  averaged o r  photographs; 
cor?ectgTw i t h  convers ion f a c t o r  (Tab l e  I, I )  t o  equa l  quantum ' a  

'f IGk a? each wavelength and norma l  i zed t o  1.0 ' a t  maxim@ 
3a l  ue (norma l  i n t e ~ s  i t y  1. Average va l u,es p.1 o t t e d  + 1. . . + standard e r r o r  o f  t h e  mean. OD = o p t i c a l  d e n s i t y  af' ' ;"* 

n e u t r a l  d e n s i t y  f i l t e r .  N = 6:. . . . . . . .  .-: . . . .  82 
* - o -9i - -  

Averaged s p e c t r a l  response Furves f o r  I.  paraeonfusus 
at v s r i a b  l e  i n t e n s i t i e s .  Measu~ementst made, w i t h  q u a r t z  
. f  i ber;opt i cs  and neu t ra  l  dens i t y  f i l t e t s .  ERG on-response 

- - . . t  measured d i r e c t  l  y f rom- s i g n a l  a,verager o r  photographs; 
c o r r e c t e d  w i+h canvers ion  f a c t o r  (Tab l e  I  I  t o  equa l Guantum - b 

f l u x  a t  each wavelength and normal ized t o  1.0 a t  maximum 
va l  ue (norma.1 i n tens  i t y )  . Average va l ues $ l o f t e d  ' + l  , .: 
standard e r r o r  o f  t h e  mean. OD = o p t i c a l  d e n s i t y  o f  + 
n e u t r a l  d e n s i t y  f i l t e r .  N = 6. 84 - S  - 

.x 
. . . . . . . . . . . . . .  

. Y 

D.' pseudotsugae speqt ra  l  s e n s i t i v i t y ,  curves. T i  g. 43 : Z - 
I n tens  i ty-response curves f o r  males $ased on averaged" 
spektca l response curves  a j  va r i ab  le i r i t ens i  t ies  ( F i g .  39'); 
wavelength o f  l i g h t  stirnu l us i n d i c a t e d  f o r  each' curve. r 
F i  g. 42: Re l  a t  i ve specframl  sens it i v i  t y  curves f o r  
ma les  as determined f rom intensWy-r'<sponse Curves; 
response l  eve l  s correspond t o  dotted. l  i nes i n  F ig .  4 1 .  . 
F ig .  43: In tens i ty - response curvss  f o ~ r  femades based 
on averaged s p e c t r a l  response curves a t  v a r i a b l e  
i n t b n s i t i e s  (F ig.  39); wavelength o f  l i g h t  s t i m u l u s  .A- 

i n d i c a t e d  f o r  each curve. F ig .  44: R e l a t i v e - s p e c t r a l  
s e n s i t i v i t y  curves  Tor females as determined from i n t e n s i t y -  
response curves; response l e v e l s  correGpond t o  d o t t e d  l i n e s  

87 
- .  

in. F ig .  43. . . . . . . . . . . . . . . . . . . . . . . . .  I -  

8' 

I \ 

I .  paraconfusus spec t ra l  s e n s i t i v i t y  curves. F ig .  45:% , . 
, 

li 
In tens i ty - response curves f o r  males based on averaged 
s p e c t r a l  response curves a t  v a r i a b l e  i n t e n s i t i e s  ( F i g r  40); 
wavelength o f  l i g h t  s t i m u l u s  i n d i c a t e d  f o r  each curve." / 

F i g .  46: R e l a t i v e  s p e c t r a l  s e n s i t i v i t y  curves f o r  A 

- 
/ 

males as determined from in tens i ty - response curves; 
response l eve l  s correspond t o  do t ted-  l i nes i n  F i  g. 45. ,; 
F ig .  47: In tens i ty - response curves f o r  females based 

,i on averaged spec t ra  l response curves - a f  v a r i  ab l e  v 

1 
i ' n tens i t  i e s  ( F i g .  40);  wavelen&tti(of l  i g h t  s t i m u l u s  , 
i n d i c a t e d  f o r  each curve. ~ig;"&: Re l a t i  ve spec t ra  l 
s e n s i t i v i t y  curves f o r  females as determined from i n t e n s i t y -  
response curves; response l e v e l s  to d o t t ~ d  4iftes 

. . . .  . . . .  . . . . . . . . . . . . . .  i n  F ig. .47.  / 8 9 
I 



- 
r ,  r -$ h, . . 

d i s c r i d m a t e  beLtwe& d i  f f e r e n t  wavelsngths o f  
, 

P- 
x, 

t h e  v i s i  b i g  spect rum was es tab  I i shed  as e a r l y  as 1914 when v. Fr i>ch t r a i n e d  . 
P 

the'hoqeybee, Apis meZZifera i., f o  search f o r  food  e c b l o r e d  paper  squares 
- .1* 

- s- 
( v .  F r i s c h  1914). ~ r e v i 6 u s  i n v e s t i g a t i o n s  o f  c o ~ b r  v i s i o n  i n  i n s e c t s  lacked 9 

'46. - 

t h e  r i g o r o u s  p r o o f  o f  a  d e f i n i t i v e  b e h a v i o r a l  cho ice .  
J 

-- . The problem o f  s tudy- ing i n s e c t  senses, i s  t h a t  o n l y  t he1  r b e h a v i o r a l  
. - V r  . 

response and t h e  t ransduced nervous i nformat' i  on from app l  i ed  s t  i mu l i can be 
, 

e / 
detec ted .  . The i nsec fg  ' compound eye i s  f u n c t  i ona l  l  y  d i f f e i e n t  f r om t h e  

\ 
'L , 

v e r t e b r a t e  s i n g l e - l e n s  eye and few i n f e r e n c e s  can be made as t o  t h e  

sensa t i ons  p e r c e i v e d  ,by t h e  i n s e c t s '  - b r a i n  ( B u r t t  1967). However, 
- '. -\ 

i n v e s t i g a t i o n s  have s h o h  t h a t  t h e  v i j u a l  system olF i n s e c t s  i s  s e n s i t i v e  t o  
\ 

'\ 

b o t h  s p e c t r a l  c o n t e n t  and t h k  p l ane  o f  p o l  a c i  zit i on ;  i .e.- i n s e c t s  possess t h e  
\ 

4 

. - 
ab i  I i t y  t o  d i s c r i m i n a t e  cbI&-s\\d t o  nav.igate- w i t h  p o l a r i z e d  I i g h t  . ( ~ e h n e r ,  - 
Bernard  and Ge iger  1975).  ~ h e s e  r h l t ;  a r e  suppor ted  by p h y s i c a l  and .. 

* t h e o r e t i c a l  s t u d i e s  on p h o t o r e c e p t o r  op i c s  (Snyder  1975). \ 
P h o t o 4 a c t i c  behav io r ,  op tomotor  c o n d i t i o n e d  responses have 

-@ 
been used i n  v i s u a l  s t u d i e s  on and I 

6 

morphological-studies have p h y s i q a l  n a t u r e  
\ 

* - 
o f  t h e  p h o t o r e c e p t o r  system. W i t h  t hese  i n v e s t i  g a t  &s i n  t o  v a r i o u s  aspects  

* \  

o f  i n s e c t  v i  s 

o f  t h e  v i s u a l  

way o f  l i f e .  

\ 
ion  which have be-en conducted ove r  t h e  last\50 years,  t h e  n a t u r e  

\ 
response can now be desc r i bed  w i t h  r e f e r e n c e l o  t h e  i n s e c t s '  

However, few s t u d i e s  have been done t h a t  a  v a r i e t y - o f  
i 

techn iques  on t h e  same spec ies .  One o r d e r  o f  i nsec  s  i n  \ 
\ . p a r t i c u l a r ,  t h e  co leop te rans ,  e x h i b i t s  t h e  g r e a t e s t  range o f  s t r u c t u r e  Je t  \ 

7- 

.. 
'\ observed i n  compound eyes ( H o r r i  dge 19751, b u t  few r e p r e s e n t a t i  v& have\been 

r 

s t u d i e d  i n  any de ta  i I .  '- 
'\ - .  - -  > 



Scol y t i d  

North America 

have been l i m  

, 

beet les  have long been recognized as important fo res t  pests i n  

. However, most behavioral and phys io log ica l  studies t o  date 

i t e d  t o  mechanisms of  d ispersal  and host  se lect ion.  O l fac to ry  

response has been shown t o  be the  dominant sense dur ing se lec t ion  and 

co lon iza t ion  o f  the  host t r e e  (Borden 19741, bu t  the r o l e  o f  o ther  sensory 

informat ion has not  been e n t i r e l y  c l a r i f i e d .  For these reasons it was decided 

t o  use several species o f  sco l y t i ds  (Coleoptera: Scolyt idae) f o r  a comparative 

study o f  v isua l  morphology, behavior and e lect rophys io logy as it r e l a t e s  t o  

spect ra l  s e n s i t i v l t y .  The re l a t i onsh ip  between the  v isua l  response i n  

s c o l y t i d s  and t h a t  found i n  o ther  groups i s  o f  special  i n te res t ;  i.e. do 

i t i v i t i e s  t o  re l a ted  insects,  or has 

inf luenced t h e i r  v i sua l  response? 

s c o l y t i d s  e x h i b i t  s imi 

adaptation t o  l i v i n g  w 

l a r  spectral  sens 

i t h i n  a host t r e e  

St ructure o f  the Compound Eye and Opt ic  Lobe 

The compound eye o f  insects i s  composed o f  hexagonally packed ommatidia, 

each o f  which cons is ts  o f  a d i o p t r i c  system and photoreceptor layer (F ig .  1 ) .  

Although the number o f  ommatidia per compound eye ranges from a few dozen t o  

as many as t h i r t y  thousand, each ommatidium has a near ly  constant t h i r t y  c e l l s  

and dimensions o f  15 - 50 pm i n  diameter and 100 - 300 pm i n  length (Mazokhin- 

Porshnyakov 1969). 

The d i o p t r i c  apparatus i s  responsible f o r  t r ansm i t t i ng  l i g h t  t o  the 

receptor layer wi thout  s i g n i f i c a n t l y  a l t e r i n g  i t s  spect ra l  composition o r  

po la r i za t i on .  The o p t i c a l  system cons is ts  o f  an externa l  cornea and a 

c r y s t a l  l ine cone, surrounded by the Semper's cel  I s  'which secreted the cone. 

The morphology o f  the cornea and cone provides one bas is  f o r  the 

c l a s s i f i c a t i o n  o f  compound eyes (Chapman 1969; Meyer-Rochow 1974): 

1. Eucone eye: Transparent r e f r a c t i l e  c r y s t a l l i n e  cone secreted by the 







-- -- 

Sernpe r '  s  ce l  j s . ( Mosd cornpoun d eyes 

- - ---- - - - - - - P -A- 

' - 2 .   cone eye :  C r y s f a  !l i ne conek rep  laced by a group o f  t ran 'sparent  ce l  t s  - , , ' s" 

formed d i r e c t l y  f r om t h e  Semper1s7ce l Is .   an^ d i p t e r a ,  Hemiptera, 

and &&op t e r a  

F. 
3.  Exo'cone eye: C r y s t a  l l i n e  t o n e  rep laced by a c o ~ i c a  l  inward . * "-,. 

" .' > I  . . 
p r o j e c t  i o n  o f  ' $he cor6ea  ( S O W  Co l e o p t e r a )  . 

a 1 
4. Pseudocone eye: C r y s t a  l  l i.ne .cone rep laced by gn e x t r a c e  l  

- 
f i l  l ed  w i t h  I-iqui-d mater ia l . .  (Some D i p t e r a )  

4 1 b 

The 'cornea  and cone a r e  t h e  r e f r a c t i  l e  components which i n f  
:if f 

l  u l a r  c a v i t y  

uence t h e  

p a t h  o f  I  i g h t  b e f o r e  i t  reaches t h e  r e c e p t o r s  (&eyer-~ochow 1974). - The 

recep fq r  l a y e r  o f  t h e  ommatidi  urn c o ~ s i s t s  o f  t h e  r e t i n u l a  c e l  I s  and a s s o c i a t e d  

r h a b d ~ r e s .  +. The r e t h u l ' a  set. ls a r e  ar ranged 4 i ke t h e  segments o f  an orange, 

us'ual l y  e i g h t  per' ommati diurn. OKe o r  two  l o @ i t u d i n a l  su r face2  form t h e  . 
', 

rhabdomeres which a r e  t h e  I  i g h t - a b s o r b i n g  laye'rs,(Bu I  l o c k  and H o r r i  dge 1965).  

The rhabdomeres a r e  formed o f  c l o s e l y  packed .a r rays  o f  rn ic rov i  l  l  i ,  each 
. , - 

t u b u l e  c o n t a i n i n g  seve ra l  hundred rnolec'ules' o f  a  photosensi t , ive pigment.  

l  n s e c t  v i sua 1 lp i gment be longs t o  a  ;c l ass-.of. con juga ted  p r o t e  i n s  ca l l e d  
- 

rhodops i ns, w i t h  r e t i n a  i dehyde as t f i e  chromophore (Gb l  dsrnrth and Bernard  J965) .  

Th i s  i s  t h e  same v i  sua l p igment  t h a t  occu rs  i n  a  l  I' " v e r t e b r a t e  pho to recep to rs .  . .  
I n  a d d i t i o n ,  p h o t o k i n e t i c  studi .es i n d i c a t e  t h a t  t h e  prima;y e v e n t  i n  t h e  .- 

v i s u a l  response o f  b o t h  i n v e r t e b r a t e s  and ver tkbra- tes i s  t h e  conve rs i on  o f  
. - 

1 1-cis r e t i n a l  t o  a1 I - t r a n s  r e t i n a l  by t h e  a b s o r p t i o n  o 
* 

(T;luber. 1975). The a b s o r p t i o n  process- i s  f o l  lowed 6 y  a 
. '% 

cqn f ormat  i ona t changes i n  t h e  p h o + o p < w r t t  mo l ecu  [e and - 

f  a  photon of. J i g h t  

s e r i e s  o f  

d e p o l a r i z a t i o n  i n  t h e  r e t i n u l a . c e l l .  The photochernicak 

d i f f e r s  f r om t h a t  o f  v e r t e b r a t e s  i n  t h e  f i n a l  "sages o f  

c y c l e  gf i n s e c t s  

pho toconvers ion .  I n .  

' v e r t e b r a t e s  t h e  v i  s u a i  pigment separa tes  i n t o  r e t i n a l  dehyde and t h e  p r o t e i n  
-- + 



tl 

opsln.  I n  i nsec ts  t h e  degradat ion s tops  a t  thermostable metarhodopsin 

(Ttluber 1975). The metarhodopsin i s  reconverted i n t o  rhodopsin by t h e  

absorp t i on  o f  another  photon. Th is  photoreconvers ion i s  t h e  b a s i s  o f  t h e  great  

s e n s i t i v i t y  o f  t h e  i n s e c t  compound eye; i.e. t h e  metarhodopsin i s  r a p i d l y  

reconverted t o  rhodopsin by l i g h t ,  m a i n t a i n i n g  t h e  photopigment a t  an opt imal  

concen t ra t i on  (Hamdorf, Paulsen and Schwemer 1973; Hamdorf and Schwemer 1975).  

The recep to r  l aye r  o f  t h e  omrnatidium con ta ins  p 

i n d i r e c t  e f f e c t  on t h e  l i g h t  absorbing p r o p e r t i e s  o f  

Pr imary pigment c e l l s  surround t h e  c r y s t a l l i n e  cone, 

systems o f  ad jacent  ommatidia. The secondary pigmen 

r e t i n u i a  c e l l s ,  p r o v i d i n g  a screen 

pigment ce l l s a re  sometimes presen 

near t h e  basement membrane. These 

gment c e l l s  which have an 

t h e  rhabdomeres ( F i g .  1 ) .  

separa t i ng  t h e  d i o p t r i c  

c e l l s  surround t h e  

ommatidia. Basal i ng  e f f e c t  between 

t a t  t h e  proximal  ends o f  t h e  r e t i n u l a  c e l l s  

t h r e e  types o f  c e l l s  c o n t a i n  r e l a t e d  

pigments, u s u a l l y  ommochromes bound t o  p r o t e i n  molecules as d i s c r e t e  granu les  

(Goldsmith and Bernard 1965). These red, ye l low o r  dark-brown pigments 

s t r o n g l y  absorb i n  t h e  v i s i b l e  and near-UV regions,  p reven t ing  s t r a y  l i g h t  

from pass ing through adjacent  ommatidia. However, t h e  pigment s leeves a r e  

" leaky"  t o  red  l i g h t  and can produce an apparent neural  response t o  

wavelengths longer than 650 nm (Goldsmith 1965). 

The arrangement o f  t h e  d i o p t r i c  system and t h e  m o b i l i t y  o f  t h e  pigment 

granu les  leads t o  another c l a s s i f i c a t i o n  f o r  t h e  i nsec t  compound eye (Cartson 

and Larsen 1972a, 19726) : 

1. Appos i t i on  eye: Close con tac t  between t h e  d i o p t r i c  apparatus and t h e  

rhabdom; 1 i t t l e  o r  no movement o f  screening pigment. ( T y p i c a l  o f  

d i u r n a l ,  o f t e n  f a s t  f l y i n g  i nsec ts )  

2. Superpos i t ion  eye: Short  rhabdom cons iderab ly  separated from t h e  

d i o p t r i c  apparatus b u t  connected by a long ex tens ion o f  t h e  r e t i n u l a  



' ,  ce l I ;  mobi-te sc7reen;~ng pigment: ( T y p i c a l  of n o c t u r n a l  i n sec t spand  
. 

- . -F . 
- - - -p 

a? 

moths) ,- r - ----- 
4 . B ' .  

- rc. - .  c o r r e l a t i o n - o f  d i e [  beh v i ao r  w i t h  i h e s e  t r i o  t y p e s  o f  eyes  i s  no t .  '. -. 
- * .  " .-. . 

+; " B 

a  lway3 found and a 'number  o f  i n s e c t s  possess i n t e m e d i  a t g  o r  d i s t i n c t l y  
. .= 

d i f f e r e n t  s f r u c t u r e s  ( H o r r i d g e ,  W a l c o t t  and loann ides  1970). 

I n  add i t i . qn  t o t h e  v a r i a t i . o n  i n  ornmati d i a l - z t r u c t u r e ,  &he ar rangement  o f  A . 
t h e  rhabdomeres_var i&  f r om b e i n g  sepa ra te  o r  "open" (Snyder  and M i  l  l e r  l 9 7 2 ) ,  

*- 
t o  p a i t i a l  ly_ fused  ( - H o r ~ i d g e  19751, t o  &&cen t  o r , " f used t t  (Menzel 1972) z -++-_ - 

# 

, , 
h 

d , * :  ." 
, .  ( F;~: 2 ) .  The comp l e t e  range o f  r h a b d o e r i  c ~ t r u c t u r e  does occ*  w i$f??n a  

* .  
5 i ng l e  i n s e c t  o r d e r ,  b u t  t h e  fuse'd d'rhapdom i s  i e s ? ~ i & e d  t o  more "advanced 

- 

groyps,  b e i n g  p a r t i c u  I a r l y  common among t h e  ~ ~ m e n o ~ t e r a  (Snyder  1973a).   he' e , 

l  i g h t - c a p t u r i  ng  r e q u i  rements o f  t h e  ornmati d i  a  most ' l  i ke  l  y  determi 'ne t h e  

r h a b d o m e ~ i c  Qrrangement  w i t h  i n  each i n s e c t  group. 

, The o p t i  c  lobes a r e  s e p a r a k  f rom t h e  p h ~ t o r e c , e p t o r  reg; bn o f .  t h e  - . 
compound eye y e t  d i s t i n c t  f r om  t h e  p r o t o c e r ~ b r a l  a rea  o i  t h e  b r a i n  ( F i g .  1 ) .  

' These neurop i l e  masses cons i s t -  o f  f o u r  synap t  i c  l  aye rs  i n t e r c o ~ n e c t e d  by f  i b e r  - 
L 

C 

t r a c t s .  In' most i h s e c t s  t h e s e  l a y e r s  a r e  d i s t i n c t  'gang l  i o n i c  masses named, 
* 

f rom t h e  p e r i p h e r y  inward, t h e  lamina gangl  i o n a r i s ,  medul l a ,  IobuLa and l o b u l a  

p l a t e  (Go ldsm i t h  and Be rna rd  1965). Axons f r om t h e  r e t i n u l a  c e l  I s  pass 

-&A>, t h rough  t h e  basement @mbran.e and t e r m i n a t e  i n  e i t h e r  t h e  l a m i n a l g a r q l i o n a r i s  
.. c- 

( t h e  s h o r t  f i b e r s )  o r  t h e  medul la.  ( the .  l o zg  f i b e r s ) .  'The  c o m p l e x i t y  g ~ t h e s e  
. 8' 

neu rop i  l e  massesp h a s  s lowed i n v e s t i g a t i o n s  o f  t h e i r  n e u r a l  connec t ions ,  b u t  : 
8 rir\ 

i n t r a c e l  l u l a r  marking,exper iments ha've begun t o  r evea l  a  h i g h l y  'o rdered 
- - 

-.."' 
/ ar-rangement (Menzel and B l a k e r s  1976). The s h o r t  f i b e r s  appear t o  connect  

B 

f o r  p r o c e s s i n g  o f  op tomoto r -  i n fo rmatLon .  The long f 
. - r, - - 3 < -  * rema in i ng  rhabdomeres t o  t h e  rnedu l l a  where $ o l a r ~  z a t  

- 

one set* ,o f  rhabdomeres i n  .each ~mrna t i d i um  t o  o p t i c a l :  c a r t r i d g e s  i n  t h e  lamina . - 
'. - *. 

i b e r s  c o n n e d  t h e  
> c 

i on  i n f o r m a t i o n  i s  



- .  

r 

. ..- 
Cross sec t i ons  through ommatidia i n  t h e  reg ion  o f  
t h e  photoreceptor  layer  i n - representa t  i ve types o f  
i n s e c t  compound eyes. A:' O$eh rhabdom. B: P a r t i a  
fused rhabd0.m. C: Fused rhabdom. a 

R e t i n u l a  c e l  l  ( r c ) ,  rhabdomere ( r h ) .  





analyzed (Boschek 1972; St rausfe ld  and Campos-Ortega 

s e n s i t i v i t y  and pa t te rn  detect ion r e s u l t  from neural 

10 

1972). Spectral 

i nterconnect ions i r~ the 

medulla and lobula. Chromatici ty coding, i n  p a r t i c u l a r ,  appears t o  be b i ~ s e d  

on the neural mechanism o f  co lo r  antagonism, the same process as i s  u t i l i z e d  

i n  the ver tebrate  v isua l  system (Kien and Menzel 1977a, 1977b). 

Behavioral Studies o f  Insect Spectral Response 

Behavioral invest igat ions o f  insect  v i s i on  r e l y  on e i t h e r  learned c r  

inherent response pat terns.  Although the response o f  any ind iv idua l  i n ~ e c t  t o  

a given s i t u a t i o n  may no t  be consi sten* (Kimmins l97O), behavioral  reacl.ions 

have the advantage o f  invo lv ing  the e n t i  r e  organism i n  r e l a t i o n  t o  the 

envi ronment, 

I : Condi t ion i nq Experiments 

Ear ly  s tud ies on the spect ra l  sensitivity o f  insects usual ly  r e l i e d  on 

condi t ioned responses; i .e. t r a i n i n g  insects t o  d i s t i ngu i sh  between d i f f e r e n t  

wavelengths independent o f  i n tens i t y .  Von Fr i sch  (1914) used t h i s  method t o  

demonst r a t e  t h a t  A. me ZZifem possessed co lo r  v i s i on. Although h i s 

conclusions were l a t e r  substant iated by o ther  techniques (Goldsmith 1960), 

v. F r i sch 's  s tud ios neglected a bas ic  aspect o f  behavioral i nves t iga t ions :  

human sensory responses cannot be used $0 determine insect 's  response choices. 

Von Fr i sch  had based h i s  r esu l t s  on the assumption t h a t  honeybees could  

d i s t i ngu i sh  between colored cards presented along w i t h  grey cards; i .e.  the 

human percept ion o f  chromatic versus achromatic. Since the number o f  

receptor types i n  insects and t h e i r  spect ra l  s e n s i t i v i t i e s  were unknown, i t  

I 

cou ld  no t  be assumed t h a t  "white" o r  "grey" as perceived by humans were no t  I 
I 

d i s t i n c t  co lo rs  f o r  them. Even i f  "white" i s  def ined as the  uni form and 



-. 
t o t a l  ' r e f  l e c t  iok. o f  i n c i d e n t  sun l i gh t ,  ?. under, ,. d i f f e r e n t  day l  i g h t  c o n d i t i o n s  a 

-- -- 
E 

"white" s u r f i c e  w i l  l  r e f l e c t  : l igh t .o f  d i f f g r e n t  specTral composi t ions 
7 . .  p' A 

.- 
- - , 6 '  . I *  1 

5 
a .f4 

.d w 
(Mazokh i n-qorshnyakov 1969). A &eh'a; i o r a  I  t e s t  o f  c o l o r  ,v i  s i-on must evoke 'a ,- A 

-. . - 
' 1 0 ,  

response which.demonstrates t h a t  t h e '  i n s e c t  i s  d i s t i ngu i sh i .ng  between 

, 5 

wave I  enGth reg ions  presented s imu l  taneously,  even a t  v a r y i n g  r e  l a t  i ve . .  
(I" 

I infens i t  ies .  I f  t h e  i n s e c t  cannot  d i f f e ~ e n t - i a t e  between some comb i n a t  ions o f  
-e * k 

wave length  and ,i n tens  i ty , then those wavelength reg ions  a r e  p o t  -perce  i ved as 
4 - - 

d i f f e r e n t  c o l o r s .  
- . . 

"- 

Mwry- i nsec-fs a r 8  n o t  ,L i t a b  ~&,?or 2 0 n d  i t i-on i ng s t u d i e s  s i nce they  cannot 
/ '4% 

r *., - * 
be t r a i n e d  t o  d isp lay .  c o n s i s t ~ n t  response p a t t e i n s .  S o c i a l  insectsesuch as - 

a. 
-9 

- =* - 2 4  

Eees, wasps and a n t s  can be cond i t i oned  f a r r l y  e a s i l y ,  b u t  o t h e r s  o n l y  w i t h  =- 
.s . . 

. d i  f f  i c u  l t y .  ~ e s ~ i t e  these I im i ta t i ons ;  c o n d i t i o n i n g  expe;irn'ents have prov ided , 
' - 

, F 
. - 

much i n fo rma t  ion on t h e  -spectyal response o f  A. rne~iifera i n  p a r t j c u  l a r ,  - 
.-A +-* 7'- 

- 
=% 

i n d i c a t i n g  That t h i s  species a t  l e a s t  possesses t r i c h r o m a t i c  v i S i o n  (Daumer 
rsS. 

I - 9 
' a  P u . - 

1936) .  The h&eybee was t h e  f i r s t  non-ver tebra te  .i.n which t h e  v isua ' l  system 
.- st- -, 
- - 4 

was successfu l  l y ana l yzed f o r  spec t ra  l  s e n s i t i v i t y .  Y 
e..Rj 

* 

l i  : Pho to tac t  i c Response ~ x ~ @ k  i ments 3 -. 
Spect ra l  s t u d i e s  on species wfiich cannot be cond- i t ioned can be conducted 

, -* 5 

b y  u t  i I i z i n g  t h e  spontaneous behav i s r a  I response t&a rds  d i f f e r e n t  wave l  e n ~ t h s  

o f  i i gh t :  Th i s  techn ique was u'&d tp t e s t  - t he  responses o f  t r o p i  ca I. - F 

* 

b u t t e r f  I i e s  t o  co lo red  i m i t a t i o n  f l owers  (Sw iha r t  1969, 1970). S i m i  l a r  

1 I 

j ' tua ies have i n d i c a t e d  t h e  presence 6f 'cmlor d i s c r i m i n a t i o n  i n  species o f  . . 
*s 

- 
% 

apnias ( V q e r i k i e  195C)), f I i e s  (Kug le r  r956) and 'beet les  ( N o t l e  1959). 
- t 

In fo rmat ion  on t 5 e  c o l ~ r  pe rcep t i on  o f  i n s e c t s  i s  ob ta ined by 

b 

s r e s m t i n g  two o r  more . s?ec i ra l  choices under c o o d i t i o n s  t h a t  res+ri+ct t h e i r  . 
- * *  

t e ~ j y  i o r  t o  a v i sub l r e s p o i e .  Th i s  techo i que was emp l oye,d with t h w r u i  t f l  y, . - 
- .  .~. 

& -. & 

P' 2z %% 

;:~sssphiZa rneZano_mster i, , io Se'term i ne wh i-ch spec t ra  l  reg  i ons i t can' 
. . 

. . PF- *; r '  

. . .-- - 
-1 



& - 2  . ., - - 
- -- - - .  6 

0 Y C  
, 'P" i 12 

,- .. 
d - 

- distingtli;h i ~ a m i  l t o n  1922). W r e  recent  s tud ies  on t h i s  samespec ies  ha& ' 
... s 

conf  Limed t h e  presence of dichramat i c v i s  ian w it.b +@!EL nf , sespbnse- in-$he , - --- 
P ' 

2 > .i : 
-% r .  

1. 
near-UV ' ( 3 5 0  - 400 Am)- and green (475 - 500 nm) reg ibns  (SchUmperl i .19?34& 

P , * %  
Pho to tac t  i c  response ha& been used w i t h  a v a r i e t y  o f  i nsects  t o  demonstrate 

the  presence o f  c o l o r  u j s i o n  ( ~ ~ ~ e n h i x  I ) .  
' -- 

< , .  . a  

I I - I  op-jbrn67or ' ~ e s ~ o r s e -  Experiments 
t ' 3  

H Y .  - - -. 
~ h e % ~ h a ' v i & r a i  response o f  an i n s e c t  t o  a moving pat te fn  forms t h e  bas i s  

- - L 
r 

J -6 

o f  optom%tor.studies. E a r l y  experipenyts repor ted  e v i  dence o f  c o l o r  v i s i o n  . 
1 '  - " 

. - based-on -response5 to a  r o t a t i n g  drum w i t h  a l t e r n a i i n ~  v g r t i c a  l co lo red  .and 
&.e / .- - - - 

grey s t r i p e s  ( ~ c h  r i e p e r  1927). More c a f e f  u l  ana t y s i s  has revea led t h a t  c o l o r  
r 

, 

di  f ferences p lay n o -  r o l e  i n  optornotor responses ( K a i j e r  19683&, Cont ras t  
t - .  Z 

I ,  

' ' sens i t:i vi$q:?s t o  p'roduce responsis in, optomdtor :experiments, . %* 
2 + 

- 
N. 

bu t  t h e  *fornofor i n f o r m  i s  p r q w s s e d  i n  t h e  lamina gangl i o n a r i s  which 
- .  r L  , 

rece ives  nevra l  s i g n a l s  o n l y  from g reen-se 'hs i t i ve -~ecep to rs  (Ka ise r  1972;- 'i 
=" 

Kai s e r  a n d  L i  ske 1.972). The mot ion-detec t i  ng system o f  insec ts ,  t h e r e f o r e ,  . 
i s .  c o l o r  i n s e n s i t i v e .  . ' - - 

-,- * * .: - I -  _ 
.I . G.; ' 

,a , .*. 
9 .  .. . 

~ l e c t r o p 6 ~ s  i o l o q i  ca l  S tud ies  o f  l nsec t  Spect ra l  Response 
L 

'6- 

4' +.Fa# . 1 

5 .  
D i r e c t  recording o f  f h e  neura l  respohse s p t h e  compound eye iq l i g h t  of 

* , -  

5 known i n t e h s i t y  and s p e c t r a l  composi t ion minirni;es i n te r fe re rTce  by other, 
( 

s e n w r y  systems. E k c t r o p h y s i o l o g i  ca I  s tud ies  overcore the  main disadvantage ' -* 
C 

> _  

o,f behaviora l  s tud ies ;  t h e  l a t te r - canno t  separate t h e  c o n t r i  b u t  ions o f  .sensory 

responses ,' motor system an3 c e n t k  l  nervous system t o  t h e  ove.ra l l  behavior .  
- - 

t t .  

1 * -  + *> - - p - q  :/ 
A ~ a T y S i s  o f  t h e  e l 6 c t r i c a T  response t o  vlsual-sf i rnuTT o f f e r s  TnfoFmWion o n -  

* 
II= 

ti?e7.mechan i sms under l y ing  t h e  v i  sua l process (Burkhard t  1977'). * 
.e* I- '< 

The techniques o f  e l e c t r o p h y s i o l c g y  have changed g r e a t l y  s ince t h e  e a r l y  ' 



s t u d i e s  on gras8hc$pers ( C r e s c i t e  l I  i and Jahn l 939 ) ,  p a r t i c u  l  a r i  y w i t h  t h e  . 

. devefdpment o f  s i n g l e  c e l  I- r e c o r d i n g  t echn iques  i ~ u r k h 2 q 4 L k d  Butrum 19601. 
& 

-? 
S i ng l e  ce l  l c.ecord i ngs measure t h e  graded e  l e c t r i  ca l  changes w i t h i n  one -., .- 

* ga 
r e t i n u l a  c e l l  and, w i t h  t h e  a d d i t i o n  o f  mark ing  pt-ocedures, p e r m i t  t h e  p r e c i s e  , -* 

5. 

a s s o c i a t i o n  y o f  -+pectral response w i t h  , i n d i y  iJ;a I rhabdomeres (Menze I and 
, + -4. c* 

~ l a k z r ~ ,  1976). I  n  c o n t r a s t ,  t h e  ERG ( e l e c t r G r 6 t  i nugram) o r  mass .response 

rep resen ts  t h e  summat i o n  o f  %a l l ne rvous  p o t e n t i a l  s  i n  t h e  r e g  i o n  o f  t h e  
d 

r e c o r d i n g  e l e c t r o d e ,  i n c l u d i n g  b o t h  t h e  graded resporke  o f  t h e  r e t i n u l a  c e l l  

and t h e  a c t i o n  p o t e n t i a l s  f rom t h e  o p t i 6  lobes (Go ldsmi th  and Bernard  1965): 
' %. 

Because o f  t h e  ease w i t h  which i t  can be recorded, t h e  ERG f ias been w i d e l y  

used in' i n s e c t  v i s i o n  ( ~ ~ ~ e & i x  I ) .  

he d e t e r m i n a t i o n  o f  average s p e c t r a  I  s e i s  ,. i$&v . i y y  f o r  t h e  
0 ' 

wever, s i n c e  many c e l  I s  c o n t r i b u t e  t o  t h e  i ' d ~  respoqse, . .  . . 
J 

ca re  must be taken  t o  ach ieve  c o n s i s t e n t  r e s u l t s .  I n  most ?"sects t h e  p a t t e r n -  
. - .- . 

*- 

o f  ERG wavefopm i s  s im i  t a r ,  b e i n g  c h a r a c t e r i z e d  by a  t r a n s i e n t  " pn -e f f ec t " ,  . . a  . 
% ? 2 - .YP i 

, graded p la teau ,  and a  t r a n s i e n t  " o f f - e f f e c t "  ( F i g .  3 ) .  The p r i n c i p a I ~ . f e a t u r e s  

o f  t h e  ERG a r e  e v i d e n t  o v e r  a  range o f  l i g h t .  i n t e n s i t i e s ,  b u t  v a r y  i n  magnitude 

depen#ing on t h e  p o s i t i o n  o f  t h e  f e c o r d i n g  e l e c t r o d e  (Y inon  1 9 f 0 ) .  

- The i n t e % r p ~ e t a t i  on o f  t h e  ERG waveform i s  t h e  b a s i s  f o r  s p e c l r a  l  
4 

C 

- s e n s i t i v i t y  c a l c u l a t i o n s .  Us ing  a  v a r i e t y  o f  exper imenta l  techn iques ,  i t  - has 'i 

been shown t h a t  t h e  on- and o f f - e f f e c t s  a r i s e  f rom The h f n i n a  l a y e r  o f  t h e  
r 

o p t i c  lobe a n d  t h a t  t s u s t a i n e d  p  I a teau  resu  I ts.  nu I a  ce I I - 

\ 

depol a r i  z a t  i o n  ( H a r t  l i n k  Wagner and MacNichol 1952; E  ichenbaum and Go ldsmi th  
--- - 

1968;-Alawi and Pak 1971).  T h i s  a n a l y s i s  i s  c o n s i s t e n t  w i t h  t h e  understandi .ng 
h 

t h a t  t h e  spread o f  r e c e p t o r  p o t e n t  i a  I s  f rom t h e  r e t  i :u?$ c e  t I  s  t o  t h e  o p t i c  lobe 

i n i t i a t e s  F h ~ ~ v i s u a ~  a c t i o n  p o t e n t i a l s  (Menzel and B l a k e r s  1976). The r e c e p t o r  

t p o t e n t i - a l  i t s e l f  i s  a  graded d e p o l a r i z a t i o n  r e s u l t ' i n g  f om t h e  summation o f  



Typ i ca l ERG waveform recorded w i t h  un i nsu l a ted  
m i  croe l ect rodes p I aced subcornea l l y i n  t h e  i n s e c t  

F igure  3: 

compound eye. , 
' - 
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u n i t a r y  v i s u a l  e v ~ t s ,  i .e. t h e  absorp t i on  _ .I_ o f  photons bJ t h e  v i s u a l  P i $ k n t  

teading t o  conforrna+iortaI changes i n  +he chmmophore-mohzcnk gftre r e m t t m - - -  - 

on- and o f f - e f f e c t s  a re  a t s o  p r o p o r t i o n a l  t o  t h e  recep to r  response,and they  

p r o v i d e  a  convenient  method f o r  measuring spe&ral s e n s i t i v i t y  (Laugh l  i n  197.5). 
- . v 

E lec t rophys i 0 1  og i  ca l  s t u d i e s  have' cor robora ted t h e  pos tu  l ated d i  chromat i c  

v i s u a l  systems i n  insec ts .  S ing le  c e l l  record ings  have 

recep to r  types o f  t h e  honeybee w i t h  sens i t i v i  t y  makima 

- \\ 
A 

i n  t he  neak-uv ( 360 nm) , t h e  b  1 ue (420 - 460 nm) and t h e  green (520 - 530; nm) 
/ 

* 
reg ions  (Autrum and v. Z ~ e h  l  1964; Gr i  bak in  1972). However, e  Ie t t rophys  i o  logy 

d o e s ~ o t  - answer the  quest ion  o f  how a  s i n g l e  v i s u a l  pigment func t i ons  t o  

p rov ide  d'i f f e r i  ng spec t ra  l  responses. The compdete ana l y s  i s  o f  t he  insect. 

photoreceptor  depends as much on t h e  o p t i c a  l  p r o p e r t i e s  o f  t h e  .ommmat i d i  a  .as 
d - 

on t h e  nature  o f  t h e  photopigment. A t h e o r e t i c a l  approac8 t o  t h e  p r o p e r t i e s  04 - A 
t h e  e n t i r e  v i s u a l  system i s  requ i red  t o  understand. the i nsec ts '  spec t ra l  , 

o p t  i ;a l  P r o p e r t i  es o f  l  nsec t  Photoreceptors 
- i. 

There have been a  number o f  s t u d i e s  on t h e  o p t i c s  o f  t he  compound eye, " - .. 
?, 

b u t  u n t i  l  r e c e n t l y  a t t e n t i o n  has been d i r e c t e d  a t  t h e  d i s p t r i c  apparatus 

i *  
( M i l l e r ,  Bernard and A l l e n  1968; Meyer-~o&ow 1974). However, t h e  o p t i c a l  

propect"rs  o f  t h e  rhabdomere have an even g r e a t e r  e f f e c t  than t h e  d i o p t r i c  
3 

system on the  spec t ra l  and p .o la r iza t ion  s e n s i t i v i t i e s  o f  t h e  ommatidia. 
1 q  

4 

The i n s e c t  rhabdornere, canx be descr ibed as a  long narrow cy l  i nder, 
- - 

s l  i g h t  l y  tapered p rox ima l l y i  w i t h  a  diameter on t h e  o r d e r  o f  ,a wavelength - - o f  - 
.c 

v i s i b l e  l i g h t .  The composit ion o f  t he  r e t i n u l a  c e l l s  and t h e i r  associated 

rhabdorneres i s  such t h a t  a  d i e l e c t r i c  c o n s t g ~ t  determines t h e i  r e l e c t r i c a l  
> 

i 

parameters and t h e  r e f r a c t i v e  index o f  t h e  rhabdomre i s  g r e a t e r  than t h e  



1 7  

surrounding medium (Varela and Wiitanen 1970). As a r e s u l t  o f  these physical  

proper t ies ,  the  insect  photoreceptor can be considered as a d i e l e c t r i c a l l y  

loaded waveguide. Therefore, i i gh t  propagation and absorption w i t h i n  

rhabdomeres can be explained by a mathematical model der ived from the behavior 

o f  electromagnetic f i e l d s  i n  wavegui des (Snyder 1966, 1972). Maxwel 1 I s  

equations r e l a t i n g  plane wave propagation i n  c y l i n d r i c a l  coordinates form the 

bas is  o f  t h i s  model. Snyder and Pask (1972) have developed so lu t ions  of 

Maxwel 1's equations w i t h  approximations t o  fac i  l i t a t e  the study o f  insect  

photoreceptors. Thei r  r esu l t s  permit  the physical  p roper t ies  o f  the rhabdomere 

(diameter, length, r e f r a c t i v e  index and arrangement o f  the photopigment 

molecules) t o  be re l a ted  t o  the waveguide model and the  d i f f r a c t i o n  p roper t ies  

o f  the ommati d l  urn. The 1 i g h t  propagat ion cha rac te r i s t i c s  o f  absorbing o p t i c a l  

f i b e r s  can then be used t o  describe insect  photoreceptors. 

I : L i  aht  Propagation i n  Opt ica l  Fibers 

A l i g h t  propagating cy l i nde r  w i t h  r e f r a c t i v e  index greater  than the 

surrounding medium behaves as an o p t i c a l  waveguide (Sn i t ze r  1961; Snyder, Pask 

and M i  t che l  l 1973). However, the t o t a l  i n te rna l  r e f l e c t  ion observed i n  o p t i  ca 1 

f i b e r s  i s  c-1 lcated by the small cross-sect ional  area of  insect  rhabdomeres. 

When the d i  a m t e r  o f  the  cy 1 i nder i s comparab l e  t o  the wave length o f  l i g h t  

being propagated, only ce r ta i n  electromagnetic f i e l d  d i s t r i bu t i ons ,  o r  modes, 

w i  l l s a t i s f y  Maxwel its equations f o r  the boundary condi t ions.  In  t h i s  case, 

the l i ght  i s  propagated i n  pat terns known as waveguide modes (Fig.  4 ) .  These 

M d a  l patterns have been observed in s i tu ,  i n  ~ V O  on i 1 1 umi nated rhabdaneres 

of  A. r n s Z Z i f i l v t  (Vare la  and W i  i tanen 1970) and Droaophila spp. (Franceschini 

and K i  rschfe 1 d 197 1 ) , di  r e c t  ev i  dence t h a t  insect  photoreceptors ac t  as 

waveguides. 

The p a r t i c u l a r  modes which propagate i n  a c y l i n d r i c a l  waveguide are 
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Eigure 4: 
. . \ \ 

Cross-sect ional  l i g h t  i n t e n s i t y  p a t t e r n s  assoc ia ted 
w i t h  t h e  f i r s t  s i x  commonly ob'served rqdes i~ r 

e & 

c y l  i n d r i c a l  b p t i c a l  waveguides. 
( a f t e r  Snyder 1974a) 

e .' r( 
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spec i f ied  by the waveguide parameter, V, which i s  defined as: 

where A i s  the wavelength o f  l ight ,  P i s  the c y l  inder radius and n and n 
1 2 

are the indices o f  r e f rac t i on  o f  the cy l inder  and the  external  medium, 

respect ive ly  (Snyder and Pask 1972). The speci f i ca t i on  o f  V describes the 

modal cha rac te r i s t i c s  o f  l i g h t  propagation w i t h i n  the cy l inder ;  1.0. which 

modes may propagate. For insect  photoreceptors w i t h  an open rhabdom, 

ca lcu la t ion  o f  V indicates t h a t  mode 1 predominates a t  v i s i b l e  wavelengths 

(Snyder and Pask 1973; Stavenga 19751. 

A property o f  waveguide modes i s  t h a t  only a f r ac t i on  o f  the t o t a l  l i g h t  

energy a t  any wavelength i s  propagated w i t h i n  the cy l inder .  The remaining 

po r t i on  i s  propagated along but  outside the op t i ca l  f i b e r  (Snyder 1966, 197%). 

The f r ac t i on  o f  the l i gh t  energy propagated w i t h i n  the cy l tnder a t  any 

wavelength depends on the value o f  V. This cha rac te r i s t i c  i s  c r u c i a l  t o  t he  

understanding o f  photoreceptors, since on l y the l i gh t  energy w l  t h i n  the 

rhabdomere i s  ava i lab le  f o r  absorption by the photopigment. As wavelength 

increases, the f rac t iona l  power o f  a mode w i t h i n  the rhabdomre decreases 

(Snyder and Pask 1973). This at tenuat ion o f  l i g h t  p ropagat im a t  longer 

wavelengths occurs most sharply a t  the cu t -o f f  point, Vc, f o r  t h a t  p a r t i c u l a r  

mode. Calculat ions f o r  the open rhabdom s t ruc tu re  o f  Cattiphorvr spp. 

( p  = 1 um f o r  the 6 larger  rhabdomeres and 0.5 urn f o r  the  sma l l e r  cen t ra l  

rhabdomere; n = 1.349 and n = 1.336) reveal t h a t  f o r  wavelengths longer than 
1 2 

650 nm very l i tt le  l i g h t  energy i s  confined w i t h i n  the smal l e r  rhabdomere 

(Snyder and M i  l l e r  1972). The frequency response o f  the smal i e r  rhabdomere i s  

a f fec ted  comparat i ve l y more than t h a t  o f  the larger  rhabdomeres for those 

wave lengths t ransmi t ted by the d i o p t r i  c apparatus. 



I i : L i  aht Absorpt i on by Photoreceptors 

A photoreceptor d i f f e r s  from an ideal op t i ca l  f 

photoreceptor i s  l i g h t  absorbing, whi le an op t i ca l  f 

i ber 

iber  

As a mode propagates along an insect rhabdomere, l i g h t  i s  

i n  t ha t  a 

i s  l i g h t  propagating. 

absorbed by the  

photop i gment. The f rac t i on  of l i gh t  absorbed i n  a un it length o f  rhabdomere 

depends on the concentration of pigment, c, the absorption spectrum o f  the 

pigment, a(A), and the f rac t i on  of  modal Power w i th in  the  rhabdomere, q ( X )  

(Snyder and Pask 1973). Thus, the power absorbed, dP/P, i n  a d i f f e r e n t i a l  

length, dR, can be expressed as: 

The d i  f ference between the above expression and the equivalent one f o r  a 

photopigment in  so lu t ion  (Dar tnal l  1962) i s  the modal term, r t ( A ) .  i n tegra t ing  

t h i s  expression over the length of  the rhabdomere, R, produces a descr ip t ion 

of  the t o t a l  power absorbed, PA, from mode 1 (Fig. 4) f o r  a t y p i c a l  dipteran 

rhabdomere w i t h  c i rcu l a r  cross-sect i on (Snyder and Pask 1973) : 

-c*af X)-q( X I * &  
PA = P W  ( 1  - e 1 

On I y l i gh t  absorbed by the photop i g m n t  can lead t o  the  v i  sua l response, 

The spectra l sens i t l v i  t y  , S( A 1 ,  o f  the insect photoreceptor i s proport  i ona I t o  

the l i ght absorbed (Burkhardt 1964, 1977) Theref ore, the spectral  sensi ti v i  ty 

of  a r e t i n u l a  c e l l  can theo re t i ca l l y  be described, w i th in  a constant of 

proport ional  i t y ,  by the expression (Snyder 3974b) : 

From the appearance o f  the waveguide parameter, n( X I ,  i n  the  above expression, 

It i s  apparent t h a t  the spectral  s e n s i t i v i t y  o f  the r e t i n u l a  c e l l  depends on 

Other factors besides the absorption spectrum and concentration o f  the 
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.. ," i -  " 4/ . _ . - photop i g k o t .  The phys ica  1 p rope,d ies  of fhk 'rhabdomeces (diameter, length.: 

"6 .. 
4 % .  

- 
r - andre f r ;a2c t ive  index)  del&rrni$'n(.A) a n d t h e ~ d i W r a c t h m  

",.' -. 
a 

d i o p t r i  c  apparatus a re  cons.$dered i n  P(  A ) .  , 
.i 

' I 

I n  a d d i t i o n  t o  thesed cons ide ra t i ons ,  t h e  i n s e c t  photoreceptor  d i  

from o p t i c a l  f i b e r s  i n  +hat  t h e  rhabdomere i s  an iso t rop ic ,  i .e.  +rn I i g h t .  , 

absorp t ion  occurs whei t h e  e l e c t r i c  v e c t o r  o f  t he  l i g h t  i s .  p f i l e l  t o  t h e  - 
l o n g i t u d i m l  a x i s  o f  t h e  m ic rov i  l  l  i (Snyder 1974a i s  f o r  t h i s  

- 
/ 

d i r e c t i o n a l  s e n s i t i v i t y .  i s  t h e  d i ch ro i sm o f  t h e  pho/l-opigment molecules ( t h e  

a l ignment  o f  t h e  pigment w i t h i n  t h e  m i c r o v i l l a r  me brane) and t h e  b i r e f r i n g e n c e  . ni 
P ! 

egu l a r i  t y ,  o f *  t h e  membran6 mollecu l a r  s t r u c t u r e ) .  
/'. ' 

i n d i c a t e d  t h 8 t  t h e  micr.ovi.1 l  i a re  f l u i d -  9' 2 

/' 
I  i k e  rnernbran;~ r o l  led  i n t o  a  c y l  indrica1.-she1 I ( K i r s h f e l d  and Snyder 1975). 

w 

o f  t h e  membrane causes t h e  chromophore t o  p r e f e r e n t i a l  l y  

/' 
a l  lgn wiqh i t s  long a x i s  a long t h e  mic rov i - l  l i  -(Snyder and Laugh l in  1975). 

, . > 

The an i s o t r o p i c  na tu re  o f  t h e  i n s e c t  rhabdomere ' leads\ to an expans ion  o f  
- 

t h e  p r e v i o u s - ~ e x p r e s s i  on f o r  spec t ra  l  sens i ti v i t y .  More l i g h t  i s  absorbed when , 

t he  e l e c t r i c  vec to r  i s .  para1 l e l  t o  t h e  mic roy i  l  l  i ( x - a x i s )  than when it i s  
/ - r*. . p e r p ~ n d i c u q l a r  ( y - a x i s ) ;  t h e r e f o r e ,  more x -po la r i zed  6bdaI power, Px(A), +%an 

- ,  

y - p o l a r i z e d ,  P ( A ) ,  i s  absorbed (Snyder and Sammut 1973). The measured sp,ectral 
Y I '  

* - 
s e n s i t i v i t y  o f  a  r e t i n u l a  ce l  l  corresponds t o  the'summed p o l a r i z e d  componevts, 

lead ing  t o  the  express ion :  

where A i s  t h e  d i c h r o i c  s e n s i t i v i t y  o f  t h e  rhabdomere (Snyder 1974a). 

l  1 1 r App l  i c a t i o n  o f  a ~ a v e ~ u  i de Mode l t o  l  nsec t  ~ h o t o r e c e ~ t o r s  

Experirnentar ly,  s p e c t r a l  s e n s i t i v i t y  i s  determined by c o n v e r t i n g  
P 

e l e c t r o p h y s i o l o g i c a l  measurements i n t o  recep to r  s e n s i t i v i t y ,  S(X) ,  us ing  t h e  
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- 
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i n t e n s i t y - r e s p o n s e  c h a r a c t e r i s t i c s  o f  t h e  r e t i n u l a  c e l l .  The parameters  o f  
4 

- t h i s  sen5 i t i v if; t a n  be shown t o  depend on t h e  
- 

Cons ide r i ng  t h e  open rhabdom system o f  t h e  t y p i c a l  d i p t e r a n  compound eye, 

s u f f i c i e n t  exper imenta l  i n f o r m a t i o n  i s  a v a i l a b l e  t o  examine t h e  appl  i c a t i o n  o f  
- 

L 

a waveguide model t o  t h i s  t y p e  o f  pho to recep to r  system. l n t r a c e l l u l a r  

"L- * B  
r e c o r d i n g s  f r om i n d i v i d u a l ' r e t i n u l a  c e l  I s  i n -  CaZZiphora spp. r evea led  t h B  

presence o f  t h ~ e e  r e c e p t o r  t y p e s  : green (GI,  b  h e  (B). and ye l  lowgreei (YG) 

- C 

-(Furkhar.dt  1 ~ 6 2 ) , e a c h w i t h b o t h a U V a n d a v j s i b l e s e n s i t i v i t y m a $ m a  ( F i g .  5 a ) .  
2 ' . -L 

C o r r e l a t i o n  o f  e l e c t r o p h y s i o l o g i c a l  r e c o r d i n g s  w i t h  i n - h - a c e l l u l a r  mark ing  
F. 

* t e chn iques  i n d i c a t e s  t h a t  r e t i n u t a _ c e l l s  1 - 6 ' a r e t h e  green r e c e p t o r s  ( F i g .  5b) * 
4McCann and A r n e t t  1972; S t a ~ k ,  rvanyshyn and ' ~ r e ~ n b e r g  1977) wh'i l e  - 

m ic rospec t ropho tomet ry*  has es tab  I  i shed t h a t  rhabddmeresbH- 6 have a d i f f e r e n t  

a b s o r p t i o n  s p e c t r ~ z  than  rhabdomeres 7 and 8 measured t a g e t h e r  ( Langer and - 
6-  

~ h o r v (  1966). T e s e  c e n t r a l  rhabdomeres ( 7  and 8; have an a b s o r p t i o n  spect rum 
* 

/' * .  

/h maxima a t  450 nrn and 530 - 540 nm, whi l e  t h e  s ~ r r o u n d i n ~  rhabdomeies ( l  - 6)  
L 

* \ 

have maxima a t  about  500 nrn. Bb th  groups a l s o  haye a secondary maximum i n  t h e  
'. *> 

k 
* -. UV around 560. nm. %lased on t hese  f  i nd i ngs, it has been suggested t h a t  t h e  . 

v i s u a l  p igment  i n  t h e  c e n t r a l  rhabdomeres i s  d i f f e r e n t  f rom t h a t  w i t h i n  t h e  o u t e r  

s';x (Menze l 1974; H o r r i d g e  and Mimura 1975).  However, a t t emp ts  t o  . isola ' twan-d 

separa te  more than  one photopigment  have been unsuccess fu l .  Only  a  s i n g l e  
, . 

chromophore-prote i n  comp l e x  be l ong i  ng t o  t h e  ~ h o d o p s  i n  group has been found t o  

occu r  i n  i n s e c t  - pho to recep to rs .  The a b s o r p t i o n  spect rum o f  t h i s  p igment  i n  
a .  

s o l u t i o n  ( F i g .  5c; s o l  i d  ~ u r v e )  i s  r e l a t i ' v e l y  c o n s t a n t  between i n s e c t  
- \  

VerTebrate p h o t o p i g m e n t s e x h i b i t  s i m i l a r  a b s o r p t i o n  maxima i n  so lu t ion. ;  an 

a-peak i n  t h e  v i  s i b  l e  r e g i o n  and a @-peak .between 340 anb 380 nm i n  the'UV 

( G r i b a k i n  and Govardovsk i i  1975) .  However, t h e  h i g h  UV-absorpt ion o f  t h e  lens  
' i. 
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rsabdorner i c  s t ruc tu re '  and theoretics l spect ra  I  
s e n s i t i v i t y  curves based on t h e  waveguide model f o r  
omrnatidka o f  t hesd ip te ran  type. A: S ing le  c e l l  
record ings  o f  spec t ra l  s e n s i t i v i t y  from Ca'&Z+hora 
spp. ~aximum-response i n  t h e  v i s i b l e  r e g i o n a _  
normal ized t o  u n i t y .  B = blue, G = greeB and YG = 
ye l low-green receptors.  . ( a f t e r  Burkhard t  1.662 
B: Cro%-sect ion u f  d i p t e r a n  open rhab,d~m ( ' l e f t )  
and l o n g i t u d i n a l  arrangement o f  rhabdomeres ( r i g h t ) .  

I- 

r 
( a f - t e r  b l a m e d  and T ru j i l l o -Cenoz  19681 
C: Theoret i ca l  spect ra  I  s e n s i t i v i t y  curves f o r  theM'  
d j p t e r a n  rhabdorn; s o l i d  l i n e  i s  e x t i n c t i o n  spectrum 
o f  photopigment i n  s o l u t i o n ;  a p p l i c a t i o n  o f  waveguide 

\ "model p r e d i c t s  curves f o r  rhabdorneres 1 - $ . a n d  7. 
( a f t e r  Snyder 1974a) ' L~ - % 

I - i 4 
' - 5  

- 

. 





and o c c u l a r  media i n  ve r teb ra tes  suppre5ses t h e  @-peak. - . &  . > - > .  - -- 
-- - 

App I y  ipg t h e  inathemati ca I express ions f o r  s p e c t r a l  s e a s i f  i y i t y  ded ued 
1 1 d 8 

. - 

from t h e  w a e g u i  de mode l o f  t h e  i nsec t  photbreceptor '  t o  the f    art i . 6 ~  l a r  phys i t a  I  
a . I * "  

cbnf i gu ra t i on .  b f  t h e  d i p t e r a n  rhabdom p r o v i  des an i n t ~ r p r e t a t i o r i  f o r  t he  : 
- .. 

exper i m n t a  daf  a  cons i s t e n t  w i t h  t h e  presence o f  on l y  one photop i gment. The - - 
-\ -... - - - I 

+ - -  - ---.-. , 
e f f e c t  o f  c o n f i n i n g  a  phdtopigment w i t h i n  a narrow ~ $ 1  i nde r  i s :  ' 

- 
O 1 t o  shijFlt t h e  v i s j b l e  absorp t ibn  peak t o  s h o r t e r  wavelengths, and. 

i I 

4 P . . 
- - . - +:?-: %b increase t h e  UV peak a b ~ 8 ~ t i o n  r e l a t i v e  t o  t h e  visible,-, ./ - 7 T 

., 3 - 
-2 - - .- : '' ' The-sma I  l e r - t h e  d iameter -  o f q h e  rhabdomere, t he  l a r g e r  these e f  fe& 4Snyder 

*e -. , 
" 2  and Pask 1973). Measurements o f  t h e  phys i ca l  dimensions o f  t he  dibpteran - 
' -$-- 

rhab.domeres (Melamed and T ru j i l l o -Cenoz  1968; Boschek 1971) and o f  t h e  i nd i ces  

o f  r e f r a c t i o n - f o r  thi? rhabdoperes and t h e  r e t i n u l a  ce l  I s  ( S e i t z  1968) p e r m i t  - . - 
- t he  c a l c u l a f i o n  b f ~ t h e  waveguide para&ter ,  ~ i h f .  Neg lec t i ng  t h e  d i f f r a c t i o n  . 

d - - - - 
e f f e c t s  o f  t h e  d i o p t r i c  apparatus; i.e. l e t t i n g  P ( A )  = 1, t h e  s p e c t r a l  

" ,  

- .  % e n s i t i v i t y ,  . S ( h ) ,  f o r  rhabdomeres 1 . -  6  can be determined. The t h e o r e t i c a l  c r  

,+"4 - : - 
.- 'curves (F ig .=  5c) a're i n  c l o s e  agreement w i t h  t h e  ERG measuremenTs (F ig .  5a) ,  

rhabdomeres 1 - 6 corresponding d i t h  t h e  green recep to rs  and rhabdomere 7  w i t h  

I - the. b  l  ue' one. Th i s  i n t e r p r e t a t i o n  i s  supported bYz* the  frequency 'o f  record ings  
-, 

. ' d u r i n g  e  Iec t rophys  i o l o g i c a  I stud'ies, t h e  green recep to rs  be ing  recorded from .,' i -  

, < 

f - ive t imes more o f t e n  than-  t h e  other; types (Burkhard t  1962'). D i r e c t  r e ~ o r d i n ~  - , 
* * ,. 

- o f  spec t ra  I  sens i t i v i  t y  curves f rom hosophi2a  mutants l  ack i  ng rhabdomere 8  
0 

I 
- 

- f u r t h e r  cor robora tes  t h e  b  t ue and UV s e n s i . t f v i t y  o f  t h e  7 t h  ce l  l  ( S f a r k  1977). 

The enhanced UV ~~~~~~ivG+of rhabdorwre 7  (F ig .  5c)  i s  ma in ly  due t o  -i+s 
% 

phys i ca l  p r o p e r t i e s ,  i n  p a ~ t i c u l a r  i t s  smal l  diameter.  

'ihabdomere' 8 l  i e s  beneath rhabdomere; 7, wh i ch absorbs much- o f  t h e  i n c i  dent  - + '  

%'i l i g ' i t  (Snyder 19745: S t a r k ,  I vanyshyn and Hu 1976). Therefore;  t h e  UV ' 

5- serls i ~i v i t y -  o f  rhabdorrere E +i s reduced as compared t o  t h e  ce l  l  above. However, 
- 



' - t he  phys i ca I-arrange@nk-of 

dependent on the  i r d  i ch r@i c  

I . - , 4 - ' .  - .  . .;p 
27 

these two rhabdomeres leads to o t h e r  e f f e c t s  

s e n s i t i v i t i e s .  I n  p a r t i c u l a r ,  rhabdomere 7  a c t s  -. - 

as a  p o r a r i z a t i o n  f i l t e r  enhancing t h e  p o l a r i z a t i o n  s e n s i t i v i t y  o f  rhabdomere 
, . 

8  (Snyder 1 9 7 3 ~ ) .  I n c l u d i n g  t h e  d i c h r o i c  s e n s i t i v i t y ,  A, o f  'rhabdomeres 7 and 
'•÷ 2 d 

8  i n  t h e  express ion  f o r  s p e c t r a l  seng ' i t i v i t y ,  S(A), leads t o  a  t h e o r e t i c a  l  

* .* * . measuie of t h i s  p o l a r i z a t i o n  s e n s i t i v i t j ,  S (SnyTer f974a).  The e f f e c t  o f  
PO 1 

=-'a= 
;p lacing one rhabdomere on t o p  o f  another  i s  t o  increase t h e  S o f  t he  lower 

/ PO 1 

-rhabdomere. ' The longer t h e  top  rhabdomere, the- 'greater  t h e  e f f e c t  (Snyder 

' - 1 9 7 3 ~ ) .  - . - ,  
3 

Th is  a n a l y s i s  o f  t h e  d i p t e r a n  v i s u a l  system p rov ides  a  b a s i s  f o r  
- 

- . - - 
---. 

 ory ye I  a t  ion  o ~ ~ k - n d  t h e o r e t  i ca I data. The i n s e c t  o m m a t ~ d i l r p '  n$+-'- . . d " ' . . 
b 

cannot be considered as-a  loose c o l  l e c t i o n  o f  recep to rs  s h a r i n g  a  common 

d i o p t r i c  apparptus, b u t  must be viewed as an i n t e g r a t e d  ,un i t .  R h a b d ~ ~ r e s  
b 

1 P 6 o f  t h e  d ip te ran  v i s u a l  system most I-i k e l y  'form t h e  mot ion-detec t ing  o r  

' 1' 

optomotor subsystem, s ince  t h f s  ,vi+ua.l j u n c t i o n  has been shown t o  i n v o l v e  o n l y  
* . .. % YiL- - 
r e- 1 .  

gkeen receptors  ( K a i s e r  and ~ i skce  1972T;"Menzel 1974). However, po~ar izat io i  
- 

- s e n s i t i v i t y  wi - th in rhabdomeres 1 T 6 i s  destroyed due t o  neura l  supe rpos i t i on ;  - 
a 

i . e .  summation o f  i n f o r m a t i o n ~ f r o m r h a b d o m e r e s ~ r P i ~ t h m i c r o v i l l i  a l i g n e d  i n  . 

d i f f e r e n t  orieaz- ions ( K i r s h f e l d  and Snyder 1975). Rhab.dorperes 7  and 8, . - . , 4-% 

'.% 

a l though a l s o  s e n s i t i v e  t o  t h e  b l u e  and ye1 low-green reg ions  o f  t h e ' v i s i b l e  

spectrum, probab ly  func t ion '  p r i m a r i l y  as p o l a r i z a t i o n . d e t e c t o r s  through t h e i r  
--2 

UV s e n s i t i v i t i e s .  The longer 7 t h  rhabdomere measures t h g  t o t a l  i n t e n s i t y  . - o f  
-* - -2 

-$ .% <. 
UV i I  luminat ion ,  b,uk i s  r e l a t i v e l y  i n s e n s i t i v e  t o '  t h e  b ~ a n e  o f  p o l a r i z a t i o n  

due t o  i t s  length and smal 1 d i c h r o i c  s e n s i t i v > t y  (Snyder and Sammut 1973; 
1 . 

Snyder 1 9 7 3 ~ ) .  The s h o r t  8 th  ce l  l  remains s e n s i t i v e  t o  t h e  p lane  o f  

p o l a r i z a t i o n ,  comple t ing  t h e  i n fo rma t ion  requirements f o r  an e f f i c i e n t  
-- :?"- 

p@ l a r i  z a t  ion de tec to r .  Behav iora l  invest iga?ions w i t h  A. meZ-l i fer~ and t h e  - 
I 



d e s e r i  an t ,  Catagtyphis bicotor F., have cdnf i rmed t h a t  p o l a r i z a t i o n  . . 
sens ' i t  i v i t y  .,- is' c o n f i n e d  t o  t h e  UV reg ton and t h a t  t h i s  i n fo rma t ion  -- . - i s  - used - ppp f o r  

- 

& m .- *z* 
n a v i g a t i o n  f Y 4 ' r ~ c h f e  l d  1973; Duel l  1 and WeRner 1973; Wehner, Bernard and-.@eiger 

\ 

!& 

975'i: The separa t ion  o f  mot i o n - d e t e c i i  ng and nav iga t ionA f unc t  ions  between 
1 - 

t h e  green recep to rs  (yhabdomeres 1 - 6 )  and t h e  UV receptoros trfiabdomeres 7  

and 8 )  r e s p e c t i v e l y ,  3 s  c o n s i s t e n t  w i t h  synapTic connect ions o f  t h e  i n d i v i d u a l  * 

r e t i n u l a  c e l  I s  t o  s p e c i f i c  r e g i o n s ' o f  t h e  o p t i c  lobe. I n  A. meZlifera t6.e 
" 

+** 
bxons f rom' the  green recep to rs  a r e  r e l a t i v e  l  y shor t ,  t e r m f n a t  i ng  i n  t h e  lamina 

9 - 

l ayer ,  whi l e  t h e  UV recep to rs  have longer T i  bers  which p r o j e c t  th rough t h e  , 

lamina t o  t h e  medul la (Menzel and B lake rs  19765. PreIimina~y.investigations 
' .  

w i t h  d i p t e r a n s  i n d i c a t e  s im i  l a r  f u n c t i o n a l  in te rconnect ions .  (Boschek 1971; 
, I  

p -%' A, 

~ a r n ~ o s - ~ r t e ~ a , a n d  S t r a u s f e  l  d  1973; Ecker t ,  B  i shop and Dvorak i 9 7 6 )  2 -  
.<- 

P ,  

The s p e c t r a l  s e n s i t i v i t i e s  o f  i n s e c t  compound eyes (Appendix I )  r e f l e c t  t h e  .- 
0 I 

i n t e g r a t e d  f u n c t i o n i n g  o f  a t  l e a s t  two v i s u a l  sObsSY5tems, a g reen -sens i t i ve  

mot ion-detec t  i ng sysfkn and a  UV-sens i t i ve nav iga t  iona I  system: These a re  
* * . ' 

p robab ly  t h e  p r i m i t i v e  f u n c t i o n s  o f  t h e  i n s e c t  v i s u a l  proCes4 s ince  They . 

appear t o  be present  i n  a l  l groups -so f a r  i nves t i ga ted .  C o l o r  v i s i o n  v wo@i d  
+ I .  - . + 

% -  

r e q u i r e  n e u m  l cdnnect ions between t h e  UV and green receptors,  as we l l as 
i 

process ing  of  the  color-coded' in.format ion. The requ i  red  chromat ic  in te rneurons  

have been recorded from t h e  medul la and lobu la  reg ions  o f  t h e  honeybee's 
L 

o p t i c  lobe ( ~ " i e n  and Menzel 1977a, 1977b), comple t ing  t h e  neura l  mechanisms *. .- 
- .  

necessary f o r  co I  o r  - p e r c e g t i  on. A c  lose assoc ia t ion-  i s e v i d e n t  between t h e  " 1  

0 

a 
presence o f  t r i c h r o m a t i c  v i s i o n  and those i n s e c t  g r w p s  which po l l i ' na te  

P 

f lower ing p-l an ts  ( spec i  P ica  I l y  t h e  ~ e p  f doptera  and Hymenoptera) (Appendix I j . - h5-6 
\ 

In  these i nsec ts  t t i e  s p e c t r a l  i n fo rma t ion -p resen t  i n - f h e  v i s i b t e  p o r t i o n  o f  
.. , 

t h e  s p e c t r a l  s e n s i t i v i t y  curves i s  apparent ly  u t i l i z e d ;  i . e .  t h e  b l u e  rekep to r  
- c 

found i n  A. me2l;fera p o s s i b l y  evolved from one o f  t h e  UV sens iri ve 

.fi 



3 .  

, , 4% 

rhabdomeres ( G r  i bak in  .l972). 

The waveguide model o f  t h e  i n s e c t  photoreceptor  p rov ides  an expLa ina t ion  - - + 

f o r  t h e  s p e c t r a l  and p o l a r i z a t i o n  s e n s i t i v i t i e s  oQserved i n  t h e  compound eye 

i n  te"rrps o f  tKe .absorpt ion ' spectrum o f  t h e  photop i iment  and t h e  phys i ca I  
'-.% 

/ *.h 

p r o p e r t i e s  o f  t h e  rhabdom. T h i s  model is c o n s i s t e n t  w i t h  t h e  evidence t h a t  

Ln l  y  one photop i gment appears i d  occur  i n  i n s e c t  photoreceptors  (Go l dsmi t h  

and Bernard 1965; Tzuber 1975) b u t  does n o t  exc lude t h e  p o s s i b i  l i t y  o f  more - 
i - 

than one ( ~ o r r i d i e  a n d - ~ i m u r a  1975). I n  ' the l a t t e r  case, t h e  waveguide e f f e c t s  

wou l d  a c t  i n  t h e  'same manner as descr ibed except  t h a t  a{ A )  ,J t h e  absorp t ion  . 

spectrum o f  t h e  photop i-gment, woy l d  d  i f f e r  f o r  some -rhabdomeres. - 
t 

The s t r u c t u r e  o f  t h e  i n s e c t  compound,eye has a l lowed t h e  development o f  

a  >v i  sua l system e f  f i c  i e n t  l  y adapted f o r  bo th  n a 5 g a t  iona I *  and optomotor s 
1 

f unc t i ons .  E v o l u t i o n a r y  adap ta t i on  has e labo ra ted  these b a s i c  f u n c t i o n s  t o  

serve t h e  d i f f e r i n g  needs o f  var ious  i nsec t  groups; s p e c t r a l  s e n s i t i v i t y  i s  

i n s e n s i t i v e  t o  t h e  p lane o f  p o l a r i z a t i o n  s ince  t h e  responses from a  number o f  
m 

& 

rhabdomeres w i t h  d i f f e r i n g  microv4.l l a r  o r i e n t a t  ions a re  summed, arrd . p o l a r i z a t i o n  
-&. $ 9  

s e n s i $ i v i t y  i s  i n s e n s i t i v e  t o  s p e c t r a l  s e n s i t i v i t y  because. t h e  po la r i za t?on  

de tec to rs  a re  o n l y  UV sensitive.,,Motion d e t e c t i o n  i s  i n s e n s i t i v e  t o  bo th  .. 

spec t ra l  and p o l a r i z a t i o n  s e n s i t ' i v i t y - a s  i t  i s  con f i ned  t o  t h e  green receptors .  



i 
c. 

30 

q 5  OBJECT l  VES 

My ob jec t i ve -was  fo  conduct a  comparat ive i n v e s t i g a t i o n  o f  t h e  morphology, 
" I  

behavior  and phys io logy  o f  s c o l y t i d  s p e c t r a l  response. S p e c i f i c a l l y ,  t h e  

spec t ra l  response o f  several  species o f  c o l y t i d s  would be examined w i t h  bo th  . ' b. *. "2 

,a behaQi&a I bioassay and ,e I ec t rophys  i o  ibg i6a  I techn iques. Rather than study 
% * 

v i  sua l response i n  r e  l  a t  ion t o  d i  spersa I  and + o s t  s e l e c t  ion, as has been done 

p r e v i o u s l y  (Graham 1959; A t k i n s  19661, 1 proposed t o  minVmize t h e  i n f l uence  o f  
C' 

o t h e r  "senses on s p e c t r a l  response b y  us ing  'a behav io ra l  cho ice  procedure. 

E l ec t ro re t i nog ram (ERG) reco rd jngs  would- then be used t o  determine r e  l a t i  ve 
J 

spec t ra l  s e n s i t . i v i t i e s  i n  t h e  v i s i b l e  region '  and these compared w i t h  t h e  

i 

behav iora l  s p e c t r a l  responses'and w i t h  s e n s i t i v i t y  maxima found i n  o t h e r  i n s e c t  

groups. The morphology as revealed by scanning e  l,ectron microscopy'  and I  i g h t  

microscopy wou l d  pro" i de i nformat  i'b'n on t h e  arrangement o f  t h e  photoreceptor .  
/ 

l aye r  f o r  comparison o f  t h e  sco l  y t i  d  compound eye w i t h  o t h e r  i nsec ts  aqd 

w i t h  a  t h e o r e t i c a l  model o f  i n g e t  -- v i s i o n  ... 



- - - 

Wherever po5si b  le, several  species of:scolyt ids were used i n  each p a r t  o f  
/ 

these i n v e s t i g a t i o n s .  Doug las- f i r  beet les ,  Dendroctonus pseudots%ae Hopkins, , 
5' 

ambros i a  bee t les ,  T ~ p o d e n d r m  Zineatwn--(O l  i ve r )  , and Ca I  i f o r n  i a  f i ve-sp i ned - 

L 

ips, Ips paraconfusus Lan i e r ,  were t h e  species se lec ted  f o r  study. 
J 

D. pseudotsugae and T. Zineatwn were co l  lec ted . f rom southern B. C. f d r e s t s  
1. a ,-: - 

e 

i n  Douglas-f i r  ba rk  and con i fe rous duf f ,  regpec t i ve l y ,  and a l  lowed t o  emerge 

i n  t h e  lab. I. paraconfusus were reared.  in, ponderosa p  i ne logs and co l l ec ted  
a .h 

, upon emergence. The afresh l y  emerged adu I t s  were sexed, p  laced on bark ch ips  o r  
?.. 

dampened t i s u e .  i n  g  Lass j a r s  and kept  in -  a  r e f r i g e r a t o r  a t  a p p r ~ x i m a t e  l y 5OC 

u n t i  4 p q u  i red f o r  te 's t  i ng. Un less t h %  gopu l  a t  ion was weakened by paras i tes .  o r  
. * 5 

disegse, t h e  bee t les  would remain vi&rous f o r  up t o  s i x  months. * 



b r p h o l b g i c a l  s t u d i e s  o f  compound eyes were among t h e  e a r l  i e s t  - 

i n v e s t i g a t i o n s  o f  i n s e c t  v i s i o n  (Grenacher 1879; Exner J 8 q l ) .  Fol lowing the  

deve lopment o f  t he  e l e c t r o n  microscope, t h e  f i n e  s t r u c t u r e  ' o f  t h e  ommati d  i urn 

was examined and many va r  i a t  i ons i n  organ i t a t  i ons descr i  bed: 

Among t h e  coleopterans,  t h e  d i v e r s i t y  o f  ompa t id ia l  s t r u c t u r e  i s  - 
p a r t i c u l a r l y  g rea t .  The f i r e f l i e s  and r e l a t e d  fami l , ies  (Lampyridae, 

T . 
- Canthar i  dae, Lyc i  dae, E I  a t e r i  dae) have exocone eyes w i t h  o r y s t a  I  I i n& t r a c t s  - 

connect ing t h e  cornea and t h e  prox imal  rhabdomer ic . layer  (Hor r i dge  1969a). 

Some o f  th% less advanced f arni t i es ( ~ a r a b  i dae, ~Carabae  i dae, Dyt  i sc  i dae, 

e y r i q i d a e )  have e longated r e t i n u l a  - --- c e l  1s-w i th  t h e i r  n u c l e i  ad jacent  t o  t h e  cone 
I .  - ,. 

-and  t h e  rhabdorneric l a y e r  some d i s tance  below (Hor r idge 1969b; Hor r i dge  and 

. . G i  ddings 1971 1. I n  t h e  D y t i s c i  dae t h i s  arrangement i s  f u r t h e r  rnodi*f i e d  i n t o  a  

" t i e r e d  rhabdorn" by t h e  separa t i on  o f  d i s t a l  and prox imal  l aye rs  o f  I 

rhabdomeres (Hor r  i dgei e t  al .  1970). Among t h e  more advanced co  leopterans t h e  

s t r u c t u r a l  v a r i a t i o n  i s  even g r e a t e r :  s o m e ~ ~ u ~ c u l i o n i d a e ,  C le r i dae ,  

Cerambyc i dae, Dermest i dae possess acone eyes and open rhabdoms ( Agee and 

l e r ,  Rappel and ~e  i g i e ~  1970) ; o t h e r s  (Staphy l  i n  i dae: 

eucone eyes and fused rhabdorns (Meyer-Rochow 1972); and s t i l l  
b 

i..a . ,  
I  l  idae, S c o l y t i d a e )  Ra;e a  p a r t i a l l y  fused khabdomeric r i n g  

- E i d e r  1970: Bu t  

S i l ph i dae) have 

o t h e r s  (Cocc i ne 

s t r u c t u r e  (Home 1972; Chu, N o r r i s  and Car lson A 1976). 

A l  though some o f  these om?at i d i  a  I  arrangements a re  un ique t o  c o  leopterans,  
0 

u:_ 9 * :  

* 

t he  rhabdoms d i  sp lay t h e  same 'range of s t r u c t u r e  as seen i n  o t h e r  i n s e c t  
* b  

I 

orders  ( F i g .  2 ) .  The rhabdomeric r i n g  strucfura: i n - p a d i c u l a r  has been 

observed i n  o t h e r  insec ts ,  i nc  l  ud i  ng t h e  mosquito, Aedes aegyp t i  ( L. 1, 
t . (Hor r i dge  1975). (Brarnmer 1970) and t h e  g i a n t  water  bug, Lethocerms sp .' 

P 
F r p h o  l og i ca l F h t a  on the  compound eye o f  sco l  y t  i d s  i s  l i m i t e d  t o  a  v w y  



few species (Chapman 1972; Chu and N o r r i 3  1976; Chu e t  aZ. 1976). Since t h e  I 

s p e c t r a l  response o f  t h e  i n s e c t  i s  c l o s e l y  r e l a t e d  t o  t h e  photorecebtor  

.s t ruc ture ,  an i n v e s t i g a t i o n  o f  t h e  morphology o f  s c o l y t i d  compound eyes i s  

necessavy f o r  t h e  i n t e r p r e t a t i o n  o f  beha$iora 

resu4 t s .  

Methods 

I :  Scanning E l e c t r o n  Microscopy 

I  and e lec t rophys ioEpg ica l  

The e x t e r n a l  morphology o f  t h e  compound eye o f  severa l  species o f  

i ned by a  scann i ngpe l e c t r o n  microscope (SEMI : The insec ts  
v. 

s c o l y t i d s  was exam 

were prepared f o r  

t 

Rochow 1972 I. *  h he 

i n v e s t i g a t i o n  f o l  lowing standard SEM procedures (Meyer- 
. r k  

whole i nsec ts  were cleaned o f  su r face  d e b r i s  w i t h  acetone 

and g lued t o  SEM mounts w i t h  Acheson E lec t rodag 415. They were coated wi-th 

go1 d  i n  a  Var ian v a c u u m ~ e ~ a p o r a t o r ,  and examined w i t h  an ETEC Autoscan SEM.. 

Photographs were taken w i t h  t h e  a t tached 35 mm camera. . 
D. pseudotsugae, I. paracmfusus and 21. Zineatwn were used f o r  these 

i nves t i ga t i ons ,  . 
0 

L .  
f 

I I  : L i g h t  Microscopy 

n 

The i n t e r n a l  morphology o f  t h e  compound eyes o f  s c o l y t i d s  was i n v e s t i g a t e d  
z 
G - 

us ing  whole-head p repa ra t i ons .  The procedure was adapted from o t h e r  l i g h t  

microscopy s t u d i e s  on co leopterans  (Home 1972). -The  heads were d issec ted  

d i r e c t l y  i n t o  cacody la te-buf fe red  3% g lu tara ldehyde at room temperature and 

f ixed , f o r  4 hours, They were pos t - f  i xed  i n  cacody la te -buf  f e red  1 %  osmi um 

t e t r o x i d e  f o r  2 hours. A f t e r  washing i n S a  s e r i e s  o f  cacody la te  b u f f e r  and 

d i s t i l l e d  water  mix tures ,  t h e  heads were dehydrated i n  i nc reas ing  concen t ra t i ons  

o f  ethanol  and embedded i n  A r a l d i t e .  Sect ions approximate ly  1 pm t h i c k  were 



s t a i n e d  w i t h  potass i um permanganate and s l i des prepared. These were examined 
C 

w i t h  a Ze i  ss phase microscope and photographed w i t h  t h e  a t tached  35 rnm camera. 

c- :< 

D. pseudotsugae prov ided  t h e  on l y  s u i t a b l e  s l ides f o r  l i g h t  microscopy. 

The t h i c k e r  c u t i c l e  o f  I.  pdracmfusus and T.  Zineatwn prevented cornp l e t e  

p e n e t r a t i o n  by t h e  f i x a t  i ve and subsequent l y produced poor  -sec+ions. 

Resu l t s  and Discussion 
I .. 

I : Scann i ng E l e c t r o n  ~i croscop.y 

The SEM micrographs (F igs.  6 - 11) revea l  e x t e r n a l  l y  a' r e l a t i v e l y  s imple 

emarginate compound'eye w i t h  a v a r i a b l e  number o f  f ace ts .  Other  s t u d i e s  

(Chapman 1972) i n d i c a t e  t h a t  ommat id ia l  number ranges f rom approx imate ly  150 

per  eye i n  T. Zineatwn t o  around 300 i n  D. pseudotsugae. The r e  l a t  i ve l y sma l l 

number o f  f ace ts  i s  c o n s i s t e n t  w i t h  an a d u l t  l  i f e  t h a t  i s  spent  

w i t h i n  t h e  bark  o r  wood o f  a hos t  t r e e .  

The o v e r a l l  shape o f  t he  compound eye i s  e l l i p s o i d a l ,  w i t h  t h e  long a x i s  
d 

perpend icu la r  t o  t h e  s.ubstrate when t h e  i n s e c t  i s  wa lk ing  (Figs'. 6, 8, 10). 

Th i s  o r i e n t a t i o n  and t h e  r e l a t  i ve pbs i t i o n  o f  the. compound eye t o  t h e  antennae 
-4 

are s imi  l a r  i n  t h e  t h r e e  species examined. No f h c t - i o n a l  s i g n i f i c a n c e  has 
P 

been p o s t u l a t e d  f o r  t h e  d i v i d e d  eye o f  T. Zineatwn4Fig. 10) o r  +he p a r t i a l l y  
< b 

d i v i d e d  eyes i n  o t h e r  species,  i n c l u d i n g  Dryocoetes autograph& (Ratzeblrrg) 4 

(Chapman 1972) and XyZebow ferrmgineus ( F .  (Chu e t  aZ. 1976). - 

The i n d i v i d u a l  f a c e t s  ;are s l i g h f l y  hexagonal towards t h e  c e n t e r  o f  t h e  - 

cpmpound eye b u t  t h e  margins a re  curved near  t h e  pe r iphe ry .  The f a c e t  lens'  
9 

&. 

9, 1 1 ) .  

the? ven 

sur faces  a re  smooth, w i t h  no evidence o f  corneal  n i p p l e s  o r  r i d g e s  (F igs .  7, 
r 

I n t e r f a c e t a l  hai,rs a r e  absent, except  fo; those i n  t h e  area betweem 

ided eye i n  T. Ziizeatwn ( F i g .  10).  . Y 
t r a l  and do rsa l  s e c t i o n s  o f  t he  d i v  

apparent sexua I d i  f f e r w c e s  i n  the '  compound eyes we r e  observed. 
' *  



.< 

F igures 6  -' 1 1 :  Scanning e l e c t r o n  micrographs o f  t h e  compound 
eye o f  s c o l y t i d s .  F ig.  6:  D. pseudotsugae 
male; r i g h t  s i d e  o f  head w i t h  compound eye. 
(Sca le  = 500 um) Fig.  7 :  D. pseudotsugae male; 
several  o ~ a t i d i a  near v e n t r a l  margin o f  r i g h t  
compound eye. (Scale = 5% urn) Fig.  8 :  
I. pa$aconfusus malef; l e f t  s i d e  o f  head w i t h  
compound eye. (Scale = 500 um) F ig .  9 :  . 
I. paracmfusus pa l e  ; seve r a  l  ommat i d  i a  near 
v e n t r a l  margin o f  l e f t  compound eye. (Scale = a 

50 um) F ig .  1 0 : , - T .  Zineatwn'male; l e f t  s i d e  
o f  head w i t h  compound eye. (Sca le  = 250 urn) 
F ig.  1 1 :  T.  Zineatwn male; c lose  view o f  
d i v i ded compound eye; dorsa l s e c t i o n  above, 
v e n t r a l  sec t i on  below. (Sca le  = 100 pm) 





However, i n  o t h e r  spec ies  o f  s c o l y t i  ds considerah l e  sexual d i m r ~ i s ~ ~ o c c c c ~ s  

irt t he  e x t e r n a l  morphology o f  t h e  compound eye (Chu and N o r r i s  1976). 

I I  : L i q h t  Microscopy . . \ 
, 

The i n t e r n a  l  s t r u c t u r e  o f  t h e  compound eye o f  -D. pseudotsugae i s  ,* - 
cons i s t e n t  w i t h  a  we l  l developed v i s u a l  system, desp i te  t h e  r e  l  a t  i ve l  y  sma l  l  i* . 

number o f  ommatidia. - 
- 

The ommatidia o f  each compound eye a re  conf ined i n  a  d i s c o i d  space 

+beneath the  c u t i c l e  by ,an under l y ing  and c o n c e n t r i c  apodeme p r o j e c t i n g  
d 6. 

downward from -- t h e  marg i n5 o f  t h e  eye (F ig .  12) .  The c u t  i c u i  a r  apoderne 'forms 

t h e  suppor t i ng  s t r u c t u r e  f o r  t h e  ommatidia, except  f o r  a  c e n t r a l  opening where - 
t h e  basement membrane completes t h e E i n n e r  l i m i t s  o f . f h e  eye. i n  F ig.  13, t h e  

apodewhe i s  c u t  t r a n s v e r s e l y  and appears as a  s o l i d  s e c t i o n  o f  c u + i c l e  below 
1 . a 

th; -ommat i d  i urn. .- - , -  , 
. - ' ,.'* 

-. - 
. . 

L i g h t  en te rs  ,the3 compound eye through t h e  d i  o p t r  i c  apparatus composed o f  
, - 

co~Aea 'and 'cone. The c u t i c u  Par lens i s  t h i c k l y  b iconvex an-d i n .  l o n g i t u d i n a l  
* ' I  

sect ion '  can be' re- lved i n t o  many layers  o f  c h i t i n - p r o t e i n :  f i b r i  I s  (F ig .  13) .  

Thede f i b r i l s  c o i  I  around t h e  ommatidia-l a x i s - a n d  d i r e c t  o f f - a x i s  l i g h t  i n t o  

t h e  ommatidium (Nevi l l e  and Luke 3969): D i r e c t l y  below t h e  cornea i s  a  .cone 

,\ 
4% 

o f  t h e . a c o  e  type,  v i s i b l e  as a  nons ta in ing  reg ion  beneath t h e  lens (F igs .  12, 

13) .  The cone apposes t h e  lower sur face o f  the  Igns d i s t a l  l y  and the  r e t i n u l a  

c e l l s  p rOx imal ly .  E l e c t r o n  microscopy has shown s c o l y t i d  cones t o  b 
- 4 

? - I 

approximate ly  hour-g lass i n  shape w i t h  a  homogeneous m a t r i x  o f  g ranu le - f i - l  led 

c i s t e r n a e  (Chu e t  a t .  1976). ~ i c q s ~ e c t r o p h o t o m e t r ~  i n d i c a i e s  t h a t  t h e  d i o p t r i c  
/' 

apparatus f u n c t i o n s  as an e f f i c i e n t  window f o r  t h e  ommatidium, w i t h  l i g h t  - 
t ransmi ss ion  g r e a t e r  than 70% th roughout  t h e  v i s i  b  l e  spectrum (Meyer-Rochow - 

1974). The l i g h t  i s  focused a t  t.he leve l o f  the  .photoreceptor  ce l Is-; sha rp l y  

when l ight -adapted and p a r t i  a  l l y  when dark-adap.ted, o p t  i m i  z i n g  reso l  u t i o n  over  
I 



Figures  12 ; -14: L i g h t  micrographs o f  t h e  i n t e r n a l  . j t ~ u & ~ &  -4 
, ,-. 

o f  the-- compound eye of ma 1 e D. ~ ~ e u d o t s ~ ~ a e .  . - - 
F i g .  12: Long i tud ina l  s e c t i o n  th rough % e n t i r e  
compound eye showing arrangement o f  ornrnatidia 
and sup-port ing apodeme-structure.  (Sca le  = 

.- 
100 ~ r n )  F ig.  13: Transverse s e c t i o n  through 
p a r t  o f  compound e y e r  i t h  o m y u t  i n  
c ross  secTign, r e v e a l i n g  rhabdom i c  r i n g r  

8 : t s t r u c t u r e .  ( S c a l e =  1 0 0 u 1 )  F ig .  . 
' - . L o n g i t u d i n a l - s e c t i o n  t h r o u g h ' e n t i r e  compound . - a 

- e y e  showing om%atidia c u t  inr t ransve rse  and 
a - 

c ross  sec t i on .  Note ordered arrangement o f  
qmmatidia as out1 ined by pigment granules.  . 

,a ( 9 c ? l e  5 100 urn)" , 
cornea , atone,-(ac), r e t i n u l a  c e l  IS-(;C), 

- 
rhabdomeres ( r ) ,  $iogment gf%nules (pg ) ,  
apoderne (ap 1, basement rnemb6ane l brn) .* 

A 





a wide range o f  l i g h t  I  eve 1s ( Meyer-Rochow 1974). 

* & 7 

~ u r r o u i i d i n ~  each ommatidi um and sh i e  I d  i ng  it from i t s  neighbours a re  t h e  
& - - - - *'4. *"  t- --. pi&nertt ce t 16.  Several a r e  a t tached t o  t h e  base o f  each lens 2nd appear as 

*- 
darK-s$ain ingtgranules around t h e  coqe and a long t h e  length  o f  each ommatidium 

P - i  'b 
=_.-  . . 

(F iqs .  12 - ,14) .  V a r i a t i o n s  i n  t h e  amount o f  pigment a r e  e v i d e n t  i n  d i f f e r e n t  - 
4 .  

.G 

; i n s e c t s d ( F i g s .  12, 131, poss- ib ly  r e l a t e d  t o  age d i f f e r a n e e s b e t w e e n  t h e  -- ? . - 
$3 "t, 

, i n d i v i d u a l s .  . . The compound eyes o f  a  number o f  co leopterans 'have sparce . . *  - 
. - pigment e a r l y  i n  t h e  a-du l t  stage, w i t h  t h e  q u a n t i t y  i nc reas ing  as t h e  i n s e c t  ' 

\ =- 

, matures ( B u t  l e r  e t  aZ. 1970). a -  

- 
e i g h t  r e t i n u l a  ce l  I s  

C 

The photorecepfov  l  aye r  i n  s c d  y t  i d  eyes conta  i ns  
1 -e. . *  

p e r  dma=?idium, w i t h  t h e  rhabdomeres-arranged as a per  
, . 

c e n t r q l  rhabdom (Chu et.aZ.1976) (F ig .  15a). Al though 
U .  

- 
i p h e r a l  r i n g  around a  

most" o f  t h e  ommatidia 

a re  sect i-oned d iagona l l y ,  t h i s  arrangement i s  v i s i b l e  i n  those c u t  i n  c'ross ,, 
,.A > 

s e c t i o n  ( F ~ C J .  14). The cyfoplasm o f  t h e  r e t i n u l a  c e l  I s  forms t p e  l i g h t  area 
- 

L -' . bstween t h e  p e r i  phera l  and c e n t r a  l rhabdomeres 'as we l l  as between them and t h e  
, . 4 ,* 

surrounding pigment c e l l s .  T h i s  rhabdomeric r i n g  s t r u c t u r e  co r robo ra tes  t h e  

i n t e ~ n a l  d . morphology seen i n  X. f e rmg ineus  (Chu e t  aZ. 1976; Ghu and N o r r i s  

_ 1976) and i n  the  cocc i  ne t l  i d, AdaZia p m c t a t a  L. (Home 1972 1. These I a t t e r  

s i u d i e s  p rov ide  s u f f i c i e n t - e v i d e n c e  t o  produce a  three-d imensional  
' 7 

~ e c B n s t r u c t i o n  o f  t h e  major ommatidial  components ( F i g .  15b). Whether o r  n o t  
> 

f l  
~ b i s  rhabdomeric arrangement can be r e l a t e d  t o  a  spec ia l i za tSon  o f  v i s u a l  

. funcrfon remains t o  be c l a r i f i e d .  However, t h e  development o f  such a  
.. 

d i ST i ncT i ve ommat i d  i a  l  structu@e suggests t h a t  t h e  compound eyes 0% sco l y t  i ds . . 
. . 

a r e  n S t  as s imp le  as t h e  s ~ a l l  number o f  f a c e t s  m igh t  f i r s t  i n d i c a t e .  



Fi gure 15: ~ h o t o ~ e b e p t o r  s t r u c t u r e  i n  sco I y t i  d\ cb;pound eye. 
A :  Cross-sect ion through photoreceptor  l ayer 

" t 
i n d i c a t i n g  rhabdomeric. r i n g  s%ructur;e. B: . 

--  Arrangement.. o f  d i o p t r i  c ap+paratus-:md photoreceptor  - ?. 
c e l  Is. > 

D i s t a l  rhabdomeres ( d r )  , cen t ra  l rhabdomeres ( c r )  , 
1 cornea ( c ) ,  acone (cc ) ,  r e t i n u l a  c e l l  ( rcT,  , 

'rhabdomere ( r h ) .  ( a f t e r  Chu e t  aZ. ' 1976) 
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BEHAV l  ORAL RESPONSE OF SGOLYT I  DS 'TO SELECTED NAVELENGTH 

REG1 ONS OF THE V I  S 1 BLE . SPECTRUM 
F Pi 

d - F  

Care fu l  l y  designed behav io ra l  experiments have p r o v i  bed evidence o f  c o l o r  

v i s i o n  i n  severa l  - i nsec t  spec ies? Color-mix ing and d i s c r i m i n a t i o n  - t e s t s  w i t h  

A. mel l i fera ( D a u ~ r  1956; Autrum and von Zweh 1- 1964) and C bicoZor (Wehner . " 

- 
and Toggweil 'er 3972; Mazokhin-Porshnygkov 1974) i n d i c a t e  t h a t  these species * 

b, \I 

.have we l l developed t r i c h r o m a t i c  v i s i o n .  ' W h e t h e r p r  n o t  o t h e r  spec ies  possess 
- 

4 _. 

c o l o r  v i s i o n  i s  n o t  as we I  I estab-l i she$@. The behavi o ra  l  a c t i o n  spectrum o f  a 

v a r i e t y  o f  d ip te rans  has been i nves t i ga ted ,  e s t a b l i s h i n g  t h a t a t h i s  o r d e r  can 
,, 

a l s o  d i s h r i m i n a t e  c e r t a i n  wave length regions.  

Among coleopterans,  p h o t o t a c t  ic -&sponse has been used t o  s tudy  t h e  v i  sua l  
-.. . 

behav ior  o f  a number o f  species.  Among the  more re~en-t . .~studies,  t h e  wa lk ing  ' 

?>%* 

response has f r e q u e n t l y  been u t i  I  i zed t o  i nd i ca fe  s p e c t r a l  p re fe ren&  (Ka ise r  

1974). I n v e s t i g a t i o n s  w i t h  t h e  b b l l  wgevi-I, Anthanomus grmdis  Boheman, 

(Hol t ingsworth,  W.right and L i n d q u i s t  1964) and t h e  a l f a l f a  weevi I ,  Hypera 
,-' 

postica (Gyl I enha l ) ,  (Meyer 1976) employed the  wa lk ing  response t o  determine 

G 

s p e c t r a l  p re ference and found. two wav i length  regions t o  be p a r t i c u l a r l y  

a t t rac-k ive :  t h e  near  U V - v i o l e t  (below 425 r im)  and t h e  blue-green (500-; 525 nm). 

A* p?e I i rni.nary s tudy w i t h  Dendroctonus pmderosae Hopk i ns and Ips monthus 
?-. . 

Hopkins suggests s imi  l a r  s p e c t r a l  p re ferences (Schbnherr 1971 * 1. 

A wa lk ing  b ioassay procedure was adapted t o  - i nves t i ga te  t h e  behav io ra l  
. 

7 

response o f  s c o l y t i  ds t o  se lec ted  wave fmg th  reg ions  o f  t h e  v i s i b k  *ctrum. 

. Spec 

eq ua 

- '. 
t r a l  p re  

I  i n tens  

c. 

ference was based on t h e  rB i a t i  ve a t  
. m 

i t y  wave length  bands presented two a  

t r a c t  i veness o f  a  s e r i e s  o f  



4 

- . 44"  
G 

6 ,  

I  : Choice Chamber - 

The bioassays were conducSed i n  a  Y-tube cho ice  chamber s ' t m i t a r - o n e s  
" 

used i n  o t h e r  p h o t o t a c t i c  i n v e s t i g a t i o n s  ( H o l l i n g s w o r t h  , - et aZ; 1964). The 

f ,  

chamber ( F i g .  16) i s  cons t ruc ted  o f  b l a c k  P lex ig las 's ,  exc&pt f o r  t h e  c i r c u l a r  

windows o f - o p a  l  g lass .  i n  t h e  end wa l  l s o f  t h e  response arms. The i n t e r i o r  i s  

d i v i d e d  i n t o  a  re lease area, where t h e  i nsec ts  are h e l d  f o r  dark-adaptat ion,  

and two response' arms. The re lease area i s  separated f rom t h e  r e s t  o f  the. . - 

chamber b y  a st i d i n g  p a r t i f  ion. The apparatus has a  removab l e  l  i g h t - t i g h t  l id, 

a l s o  made o f ' b l a c k  P l e x i g l q s ,  w i t h  two c i r c u l a r  ho les  approx imate ly  h a l k w a y  

a long t h e  response arms. Measurements o f  l i g h t  i n t e n s i t y  w i t h i n  +he seated - 
- 

' 
chamber were made by i n s e r t i n g  a  YSI -Ket te r ing  radiometer  probe t6 rough these 

? .l 

t \, ' 

ho les.  When the  rad iomet& Qas 'not be i ng used, t h e  ho les  were p  1 ugged w i t h  
t' . -%% 

rubber s toppers.  . . 
r; 

The l i g h t  sources f o r  t b e  i n i t i a l  s e t  o f  bioassays;were tungs ten microscope 

lamps and W i  I d  t ransformers.  For t h e  second s e r i e s  o f  t e s t s  these were 

rep laced by quar tz- iodid 'e gul  b.s and a  v a r i  ab I ?  vo l tage  t rans former .  Opt i c a  I 
C - 62 

f i l t e r s  were used t o  i s o l a t e  se lec ted  wavelength reg ions  from t h e  lamp ou tpu t .  

These f i l t e r s  were h e l d  i n  f  i l t e r  ho lde rs  immediatety behind t h e  opal g lass  

windows ( F i g .  1 6 ) .  Between these and t h e  lamps were c o o l i n g  f i l t e r s  t o  min imize 

heat  t r a n s f e r  i n t b  t h e  chamder. These were c l e a r  P l e x i g l a s s  con ta ine rs  t h r ~ u g h  

which a  cons tan t  f l ow  o f  c o l d  water  was maintained. The i n t e r i o r  o f  t h e  choice 
.I 

J chamber was he I  d  a t  approxi  mate l  y  25OC b; var; i ng t h e  f low r a t e  o f  t h e  w a d  
l., 

The f i  l t e r  holders, coo l  i ng  f f l t e r s  and lamps were covered by a  .black P l e x i g l a s s  ---- < 

hood l  ined w i t h  r e f  l e c t a n t  a l  uminum f o i  l t o  r e f l e c t  as much l  i g h t  as *possib le 
- 

i n t o  t h e  chamber. 

The l  i g h t  i n t e n s i t y  w i t h i n  t h e  response arms was equal i zed  t o  1.6 x  l o 3  

ergs/cm2/sec w i t h  t h e  rad  iometer.  Th i s-  i ntens i t y  was se l  ec ted  because it was 
- 



't 
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" F igure 16: Y-tube choice chamber used i n  t e s t i n g p h o t o t a c t i c  
response o f  s c o l y t i d s  t o  se lec ted  wavelength reg ions  
o f  t h e  v i  s i b l e  spectrum. 
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found t o  be s u f f i c i e n t  t o  q l i c i t  a  wa lk ing  response from a t  l e a s t  several  
- - -  

i nsec ts  w i t h  t h e  l e a s t  a t t r a c t i v e  f i l t e r s .  The l i g h t  i n t e n s i t y  was regu la ted  

b y  moving t h e  lamps c l o s e r  t o  o r  f u r t h e r  from t h e  opal g l a s s  windows, except  

f o r  t h e  s h o r t e s t  wave length  f i l  t e r s  where i t  was necessary t o  ad j u s t  the* 
- 

trans-former vol tage.  I --. 
I I :  O p t i c a l  F i l t e r s  

8 * 
" *. 

Two s e t s  o f  o p t i c a l  f i t t e r s  were:u?ed t o  i s o l a t e  s e l e c t e d  wavelength 
0 

reg ions  f o r  t h e  b ioassay t e s t s .  The, i n i t i a l  t e s t s  used seven Corning Glass 

f  i l  t e r s  : t h r e e  band-pass f i l  t e r s  and f o u r  cu t -o f  f f i l  t e ~ s  (Tab l  e I I .  A I  though , 

the  bandw'idth o f  these f  i l t e r s  i s  very  broad, t h e  i n i t i a l  ' se t  o f  t e s t s  was 
**': % 

p r i m a r i l y  t o  determine whether o r  n o t  s c o l y t i d s  e x h i b i t  a  c o n s i s t e n t  spec t rg l  

preference. For these p r e l i m i n a r y  t e s t s ,  t h e  median wavelength f o r  t h e  c u t - o f f  

f i l t e r s  i s  assumed t o  be half-way between t h e  c u t - o f f  p v e l e n g t h  and 650 nm 0 

. P 

( t h e  longest wavelength v i s i b l g  t o  most i n s e c t s ) .  T h i s  i s  t h e  wavelength 

r e f e r e d  t o  when d i scuss ing  t h e  Corning f i l t e r s .  

The second se t .o f  b ioassays used Ba lze r  i n t e r f e r e n c e  f i l t e r s  and quar tz -  

i od ide  lamps. The .much narrower bandwidths o f  these f i l t e r s  ' ( ~ a b  l e  I  ) a l  lows 

f o r  more accura te  assessment o f  

I  I  I  : Bioassay Procedure 

The exper i  menta l procedure 

each o f  t h e  two f i l t e r  types,  a  

o r d e r  o f  p resen ta t i on  o f  any f i 

With each p a i r  o f  f i l t e r s ,  
\ 

each sex) were tested, --The 6 

4 

s p e c t r a l  preference: 

was t h e  same f o r  bo th  set; o f  bioassays. W i th in  

I p o s s i b l e  p a i r e d  combinat ions were tes ted .  The 
--- 

t e r  p a i r  was random. -- 

e t s  e a e h  ( two  groups of 
/ 

groups o f  one sex were t e s t e d  a l t e r n a t e l y ,  f i v e  

t imes each, p r o v i d i n g  a  t o t a l  o f  100 t r i a l s / s e x / f i l t e r  p a i r .  For each b ioaj~a3c-- - - -  
/- 

/--- 

a group o f  t en  i n s e c t  e  chamber w i t h  

- 

- 

-5-/ 
- A: /> - _ _--- 

A/--- ' 

/-- 



Table I :  Spec t ra l  c h a r a c t e r i s t i c s  o f  o p t i c a l  f i l t e r s  uked i n  
behav io ra l  t e s t s .  

a 
Fi  l t e r  Maxi mum Transmi s s i  on Median wav9 length  Bandw i d t h  
TY pe o r  Cut -o f+  P B i n t  f o r  Cu t -o f f  F i l t e r s  (nm) 

(nm) (nm) 

- .  
CORN l NG GLASS, 

Bandpass 

CORN l NG GLASS, 
Cut-of  f 

BALZER, 
Ban dpass h 

a Medi an wave length between c u t - o f f  p o i n t  and 650 nm. . 

.Approxi mate bandw i d th  mas cam spectrqphotomete r, 

C 
Approxi mate bandw i d th  y ~pec t ropho tomete r .  

I 

? \ 



t he  s l i d ing  p a r t i t i o n  c l osed. The l i d /was rep l aced and ' th6  i nsec ts  dark- 

adapted f o r  5 minutes. Then t h e  p a r t i  + ion  was opened art& l e f t  open for 3 . : , - 

- -- 

minutes. A t  t h i s  t i m e  t h z  l i d  was removed and the  i nsec ts  counted as f o l l o w s :  p 

t h m e  ,near an end window o r  wa lk ing  d i rec t - l y  towards i t  were considered as , 

d i s p l a y i n g  a p o s i t i v e  p h o t o t a c t i c  response t o  46at f i l t e r ;  those remain ing in  
,/ 

-the' - r e  l ease area o r  near' t h e  entrance t o  t h e  response arms were regarded as . 

non-responders. - :' 

Between t e s t s  t h e  i n s e c t s  were he I d  i n  p e t r i  d ishes  a t  worn temperature. - , ?b - - -- 

A f t e r  each s e r i e s  o f  t e s t s  w i t h  one group o f  insec ts ,  t h e  inte;ior of;  t h e  
* * 

1 $ i 

., 5hoice chamber was'swabbed w i t h  acetone t o  e l i m i n a t e  any po3s ib le -  i n t e r f e r e n c e  

The i n i t i a  

D. p s  e udots ugae 

response. , - - . - 
9 -<. ; * /  . 

I t e s t s  w i t h  -- -- 
- -- 

. ,I . The t e s t s  - 
-* 

a n d w t u m .  In t h i s  second s e t  ok t e s t s ,  I. p a r a c o n f ~ y - - - - - -  
w-- 

was a I so t r i e d :  b u t  wou I d  n o t  respond* c o n s i s t e n t  I y. T h i s  i b t t e r  species i ns tead  
/- - - 

d i  sp l ayed a t h  i grnotact i c response/ remain i n g  in t h e  r & w e a r c a  orJnear  t h e  
- _-- 

-7 / ,/ --- 

s t a r t  p f  t h e  response arms and m a i n t a i n i n g  con tac t  w i t h  t h e  w a l l s  o f  t he  chamber. .' 

Th is  .behavior has been observed i n  o t h e r  s c o l y t i d s  ( ~ t k i n s  1966) and c a n -  , 
> -x 

-.---= - -- 
p~edomi  na te  over  a p h o t o t a c t  i c response. /----- 

// /-- - -/<+<--- 
Resul ts  and Discussion - f 

/ 
_/-- 

/-- 

/- 

- - 
-1 

1 : Spect ra l  ,Response w i t h  Corn i nq Glass F i  I t e r e  ,cY 
- . - - 

The bioassays us ing  the  Corning Glass f i l t e r s  i n d i c a t e  t h a t  D. psembtsugae 

does respond s e l e c t i v e l y  +o d i  f f e r e n t  wavelength r e i ' o n s  o f  t h e  v i s i b l e  

/ 
1, 

- // speqtrum: The average response was c a l c u l a t e d  from the  t o t a  l number o f  - -- 
- 

- - - 

i nsec ts  approach i ng .a p a r t  i cu l a r  f i i t e r  , summed over  c e s &  m s  - 

/ 

o t h e r  f i l t e r s ,  and expressed as a percent .  The average non-response ,' however, 



compared 

when the 

wave leng 

transmi t 

The 

5 0 

i s  the percent o f  the t o t a l  number o f  insects remaining i n  o r  near the release 

area f o r  any p a i r  o f  f i  l t e r s  being compared. 

The average response and non-response t o  each f i 1 t e r  as compared 

consecuti ve l y t o  each o f  the o ther  f i l t e r s  i s  p l o t t ed  against wave length (Figs. 

17 - 20 . For each pa i r of f i 1 t e r s  , the percent response depends on whether 

the  other  f i l t e r  has a longer o r  shor ter  median wavelength and on the absolute 

d i f ference i n  wavelength between the  two f i l t e r s .  The general pa t te rn  o f  

response f o r  each f i l t e r  as compared t o  others i s  simi lar ;  maximum response t o  

the shortest  wavelength f i  l t e r s  (425 and 475 nm) and minimum response t o  the 1 
I 
I 

longest (600 and 625 nm) (Figs. 17, 19). A secondary o r  "shoulder" response 

i s  a lso evident i n  the wave length region 500 'to 525 nm when the longer 

wave length f i I t e r s  are being compared. 

I n  near ly every case the average response exceeds 50% when any f i l t e r  i s 

t o  another o f  longer median wavelength. The on ly  exceptions occur 

longest wavelength band-pass f i l t e r  i s  tes ted against t he  shor test  

t h  cut -o f f  f l  l t e r  since t h i s  combination has the greatest  over lap i n  

t ed  wave lengths. 

d i  s t r l  but  ion o f  average non-response i s  simi l a r  t o  the response 

pa t te rn  f o r  most f i l t e r  sequences (Figs. 18, 20). The nonuresponse reaches a 

maxi mum leve l o f  about 20s when the longest wavelength bandpass f l l t e r  i s  

compared w l t h  the two shor ter  wave length cut-of f f i 

wave lengths produced by these f i l t e r  pai r s  r esu l t s  

insects responding t o  e i t h e r  f i l t e r ,  ra ther  than an 

te rs .  Thb over lap i n  

n a lower percentage o f  

Bqua l response t o  both. 

Whether o r  no t  t h i s  decrease i n  response i n  the wavelength region 525 t o  550 

nm produces the apparent "shou 1 der" response ( o r  i f it I s  an actual secondary 

peak o f  spect ra l  response) would require t e s t i n g  using f i l t e r s  w i t h  non- 

overlapping bandwidths. 



Figures 17 - 20: Behavioral response o f  D. pseudotsup t o  
selected wavelength regions o f  the v i s i b l e  
spectrum using Corning Glass f i  l t e rs .  Fig. 17: 
Average response o f  males t o  F i  l t e r  ' A t  when 
compared t o  F i  l t e r  'Bt . Fig. 18: Average 
non-response o f  males when Fi l t e r  'A '  and 
Fi l t e r  'B1 are compared. Fig. 19: Average 
response o f  females t o  Fi l t e r  ' A '  when 
compared t o  Fi l t e r  'Bt. Fig. 20: Average 
non-response o f  females when F i  l t e r  'A' and 
F i  l t e r  'Bt are compared. 



AVERAGE NON-RESPONSE ( % )  

t 

AVERAGE RESPONSE ( %  ) 



1 1 :  Spectral Response w i th  Balzer interference F i l t e r s  

The bioassays w i th  the Balzer f i l t e r s  and quartz-iodide lamps provide 

more precl  se data on the spectral  responses o f  D. pseudotsugae as we I l as 

comparat i ve i n  format ion on T. Iineatum. 

As i n  the previous tes ts  the average response t o  each f i l t e r  as compared 

consecutively w i th  each o f  the other f i l t e r s  i s  p lo t ted  against wavelength 

(Figs. 21, 23, 25, 27). The sp t~c t ra l  response curves appear more complex i n  

t h i s  se t  of bioassays since the narrower bandwidths o f  the Balzer f i l t e r s  

reveal several peaks o f  spectral preference. The s i m i  l a r i  t y  o f  response 

between these two species i s  ev dent, p a r t i c u l a r l y  when comparing the shorter 

wave length f J l t e r s  t o  the longe - ones ( F l l t e r  '8' = 540, 574 and 598 nm) . With 

these f i l t e r  combinations, the secondary peak near 523 nm i s  prominent i n  the 

males o f  both species (Figs. 21, 25). With the shorter wavelength f i l t e r s  

(notably F i  l t e r  '8' = 449 nm) a secondary peak o f  response around 500 t o  525 nm 

occurs i n  both sexes, although ;till less prominent i n  the females (Figs.  23, 

27). In  genera I, the increas in l~  percent average response w i th  increasing 

wavelength of the f i I t e r  being compared (F i  l t e r  'B' indicates a greater 

a t t r a c t  i veness t o  wave lengths i n  the region of 420 t o  480 nm. The presence o f  

the add i t i ona l response peak around 500 t o  525 nm suggests a secondary spectra I 

preference a t  these wavelengths. 

The p l o t s  o f  average non-response against wavelength (Figs. 22, 24, 26, 

28) reveal a pat tern s i m i  l a r  t o  tha t  observed i n  the tes ts  using the Corning 

f i l t e r s  (Figs. 18, 20). The level o f  non-response i s  r e l a t i v e l y  constant over 

the wavelength region tested, except f o r  several smal l peaks i n  the p l o t s  o f  

D. pseudotstqas when the wavelengths of the secondary response region ( F i l t e r  

'Bt = 509 and 523 nm) are compared w i th  each other (Figs. 22, 24) .  Since the 

Ba l zer f i l t e r s  t ransmit  a very narrow bandw i dth as compared t o  the Corning 
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F igures  21 - 24: Behavi o r a  l response ,of D. pseudotsugae t o  
s e l e c t e d  wavelength reg ions  o f  +he v i s i b l e  
spectrum u s i n p B a l z e r  f i  l t e r s .  F ig .  21 :; 
Average respons%;of males t o  F i  l t e r  ' A '  *when 
compared t o  F . i l te r  'B' .  F ig.  22: -Average2 
noasresponse o f  males when F i  l t e r  ' A '  and 
F i l f e r  ' 5 '  a r e  compared. F ig.  23: ~ & r a ~ e  
response o f  fzmales t o  F i  l t e r  ',Af when 
compared t o  l i  l t e r  'B ' .  F ig .  2&: Average 
non-response o f  females when F i  l t e r  ' A '  and 
F i  l t e r  'B' are  compared.. 

.5- 





I .  E 
F 

56 5 
- 

i t -  
' * -" 

i & * .n- 

- 8 "  
. ' w r  - -- - 

+. 
-" .*', 

*. 
0 .  1 

. . 6 
1 .  

% 5 ' 3 
Figures  25 - 28: Behav iora l  response o f  T. l ineatwn t o  - s e l e c t e d  wave length reg ions  o f  t h e  v i s i b  l e  r e  . 

**e 
spectrhh, us i o g  Baq ze r  i i 1 t e r s .  F ig.  25 : 

- Average 'response ?of ma les  t o  F i  l t e r  ' A '  when 
compared fo F i  I tgr  'BJ  . Fig .  26: Average 
nbn-response 03 ma lees when F i  l t e r  ' A '  and 

- F i  I t e r  fern  are- cprnpared. F ig .  27: Average 
. response o f  femgles t o  F i  I t e P q ~ '  when - 

7 compared t o  F i  l t e r  'B'. F ig .  24:  Average 
w 

non-response o f  females when F i  l t e r  ' A '  and 
a - F i  l t e r  'B' a re  compared. 
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C 
h 

f  i I  t e r s ,  t h e  "shod l fer" resppnse i n  t h e  reg ion 500 ,to 525 nm is- un ci k3 l l y  9 . .- 
P .  

-- 

- & 

r e s u l t  at over1 a ' ~  i n  transrni t t e d  wave lengths. T h i s  seconda? response peak i s  

" most probably an ac tua l  s p e c t r a l  preference, s imi  raf- t o  t h a t  found i n  o t h e r  
_ I  . 

' f< 

sco ly f  i ds ( S c h ~ n h e i r  1971 and o t h e r  coleopterans (bldl I  ingswor@ e t  a t .  1,964; . 

Meyer 1976). From these behav iora l  respoKses the  spect ra  l  preferences o f  

. : .' = 
* D. pseudotsugae and T. lineatwn appear q u i t e  s imi  l a r  t d  t h e  dual peaked 

-, - r' 

it . 
response curves, o f  many o t h e r  i nsec ts  (Appendix I  1 ,- However, The quest ion 

,- 

remains whefher br n o t  t h e  behaviors l spect?a'l response corresponds t o  the  
- . 2. 

under l y ing  p h y s i o l o g i c a l -  sensory?&~_s"nse. A comparison o f  behav iora l  a j d  
& ' +* 

e l e c t r o p h y s i o l o g i c a i  r e s u l t s .  i s  r e d ~ i r e d  t o  determine t h e  ac tua l  s p e c t r a l  
"a 

s e n s i t i v i t y  o f  s c o l y t i d s .  . 



L LCCTROPtIYS I  OLOGI CAL FILSI'ON'~1. Of  'ICOI Y T  111'; TO SELECTED 

WAVELLNGTH REG1 ON5 Of-  7111 V I S l t3LI ';IJI CTRIJM 

Lir ice the  f  i r s t  e  lect rophysio luc j ica I  s tudies,  a t t e n t i o n  has been centeret l  

on a few species, i n  p a r t i c u l a r  A. rnelliferu (Uauman 1968; Menzel 1974; Menzel 

and Blnkers 19761, C. bicoZor (Wehner and Toqgwei l e r  1972; Duel l i and Wohner 

1073) and Muscn domesticn (L. (Burkhardt  1964; Goldsmith 1965; Snyder and 

M i l l e r  1972). Data from these and other spec it?^^ (Appendix I )  a r e  cons is ten t  

w i t h  both  behavlora l s tud ies  (Mdzokh i n-Porc,hnyakov and Trenn 1972; Bauman 

1974) and t h e o r e t i c a l  models (Snyder 19733; inyder  and Laughl in 19751, 

i n d i c a t i n g  the  presence o f  d ichromat ic  o r  t r i c h r o m a t i c  v i s i o n  i n  most insects.  

Among coleopterans the re  have hean cornparat i vc s tud ies  o f  ERG waveform 

(Yinon 1970) and o f  absolute s e n s i t i v i t y  o f  the compound eye (Hor r idge 1969b, 

1974). However, t he re  are  fcw i r i vcs t i cp t i o r i s  of spect ra l  s e n s i t i v i t y  on 

coleopterans o ther  than some p r e l  lminary s tud ies  on s to red  g r a i n  bee t les  

(Marzke e t  aZ. 1973) and one dc ta i  led stu( ly  on the  w h i r l i g i g  beet le ,  Dineutes 

c i l i a t u s  F. ( k n n e t t  1967). This I  l ~ t t i ? r  5 t t ~ d y  provides experimental evidence 

o f  dichromaf- ic v i s i o n  w i t h  s e n s i t i v i t y  pcaks i n  the  UV-vio let  and green regions. 

The lack o f  any e  iect rophys i o l o q i  co I  da t;l on sco l y t  i ds r e f  l e c t s  t h e  tendency 

u n t i  l recen t l y  f o r  i nves t i qa to rs  t o  conccntrate t h e i r  e f f o r t s  on several  we1 l 

s tud ied  species. 

Methods 

The spec t ra l  response o f  the  s c o l y t i d  compound eye was determined by 

record ing the  e lec t ro re t i nog ram (ERG) i n  response t o  b r i e f  f lashes o f  

se lec ted wavelengths o f  l i g h t  i n  the  v i s i b l e  reg ion of t h e  spectrum. The ERG 

was selected, r a t h e r  than s i n g l e  c c l  l recordings, s ince t h e  s i m p l i c i t y  o f  t he  

former procedure leads t o  more repeatable r e s u l t s .  
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I :  O p t i c a l  Apparcitur - - . - - A  - - - --- 

A J a r r e l  I-Ash quar ter-mete? monochromator w i t h  a qua r t z - i od ide  . I  amp was 
4 

used t o  p rov ide  narrow' bandwidths- of  I i g h t  over  t h e  wave length  range o f  400 t 6  

700 nm. The standard en t rance and e x i t  s I  i t ' s , o f  t h e  monochromator were 

rep l  aced by 2  mm d  i a k t e r  'G i r c u  l  a r  ap&atures. A l  though these i ncreased t h e  
* . c- , , 

6 

bandwidth o f  t he  I i g h t  as compared w i t h  t h e  $ 1  i t s ,  t h e  c i r c u l a r  apera tures  a l s o  

increased t h e  -1 i g h t  i n t e n s i t y  and p e r m i t t e d  t h e  use o f  Q a v e  lengths  which 
0 

. v 

o therw ise  would have been be low t h e  thresh01 d  o f  response f o r  t h e  i nsec ts .  
- < 

A I r g h t - d e l i v e r y  system c o n s i s t i n g  o f  a  c l a d  f i b e r - o p t i c s  b ~ n d l e ~ a t t a c h e d  

t o  t h e  e x i t  apera ture  o f  t h e  monochromator and a  double convex lens a t  t h e  

oppos i te  end focusgd t h e  l i g h t  s t i m u l u s  on to  t h e  compound eye ( F i g .  29 ) .  The 
P .  

f i b e r - o p t i c s  and lens system were h e l d  i n  a  c l e a r  P l e x i g l a s s  mount t h a t  was 

a d j u s t a b l e  . f o r  focusing.  I n i t i a l  l y ,  t h e  l i gh t -de l  i v e r y  appp-atus used an 
-h ,/ 

a c r y l  i c  f i b e r - o p i i c s  bundle and a  g lass  lens. I n  l a t e r  { x~e r imen ts  t h i s  was 

' +  rep laced hty qua r t z  f i b e r - o p t i c s  and q l i z r t z  lens. 
, - i 

The i n t e n s i t y  o f  t h e  l i g h t  s t i m u l u s  a t  each wavelength se lec ted  was t h e  

maximum o u t p u t  o f  t h e  monochromator and assoc ia ted  o p t i c s .  T h i s  i n t e n s i t y  was 

. . medsured a t  t h e  approximate p o s i t i o n  o f  the.;.insect compound eye w i t h  a  

Tek t ron  i x  J 16 d i g i t a l  photome.ter. The outpu? o f  t h e  photometer i n  r a d i o m e t r i c  
I 

un i t s  ( mw/rn2) was conver ted  i n t o  quantum f l  ux ( quanta/sec/cm2 1 us ing  t h e  

w, - E = h  ( e r g s - s e c )  c  (cmhsec) - 

A w * s- 

Th i s  equat ion  produces a  convers ion f a c t o r  represent  i n g  t 6 e  energy pe r  photon . 
(ergs/quanta)  a t  each wavelength. D i v i d i n g  t h e  measuped averaged i n t e n s i t y  a t  

d - 

each wavelength by t h e  appsopr ia te  convers ion f a c t o r  y i e l d s  The qbantum f l u x  

o f  each l i g h t  s t i m u l u s  [Table I l l .  These values were used t o  conve r t  t h e  ERG , . 



Figure 29: L igh t -de l i ve ry  system used i n  e l e c t r o p h y s i o l o g i c a l  
record i ngs f  rom sco l y t  i d compound eyes. The f i ber-  
o p t i c s  and lens system focuses a se lec ted bandwidth 
o f  l i q h t  from the  mcmochromator on to  t h e  i n s e c t ' s  
eye. 
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Tab i e t 1 : Radi a r t  outp wk o f  mon-&romal-or mct quartz- iodt& - , - 

lamp w i t h  assoc ia ted  f i ber-opt  i cs and t i g h i  . de  l i very 
' 

I system. 
- 

1 / _-- / 
- 

/- 

/-- 

--- - 
c - 

Wavelength Conversiona QuART7-F I B%OPF~ c$= 
(nrn) b 

Factor I n tens  i t y  Quantum . l n tens  i tyb Quantum 
(ergs/quan t a  

x 10-121 
(mw/rn2 F l u x  . (mw/rn2 1 F lux  

(quanta/sec/cm ( q uan ta/sec/cm 
. ,- CI 

- - i - x 108) x 108) - 

' -  a 
Energy p e r  photon c a l c u l a t e d  f r o m  the  r e l a t i o n s h i p  E = - h - c  ' 

X 

Measured w j t h  T e k t r o n i x  J 16 D i g i t a l  p h o ~ o w t e r ;  averaged ove r  t h r e e  i 

read i ngs. + a 

i 



, 64 
Z 

measureme&s r e  l a t  i ve number pf photons; a  necessary s tep  i n  _- -- , 

. A  A - L - / M n g a e t u ~ l  ,- specfrat s e n s i t i v i t y .  - A 

/-- 

a __-- - - - 
/ - 

/ 

/ 

- - -- 5 
- t : Insec t  P repa ra t i on  , P .  

- 7- ,/- I n t a c t ,  unanaesthesized i nsec ts  were mounted an--side i n  a  smal 
1 

block.  o f  sof tened p a r a f f i n  w j - t h -  
--- 

ax immobi l ized b u t  one 
/ 

- \ 
compound-qeeexfosed ( F i g .  2 9 ) .  ~ n  insul:ted s t a i n  less-s iee  I e lec t rodes  made 

' 

-- - 
D. 

- f rom #000 i n s s c t  p i n s  were used f o r  t h e  ERG record ings .  .= The e  l ec t rodes were 
- *  1 - 

\ 

;n i formly sharpened t o - a  f i n e  t a p e r  by e ' l e c t r o l y t i c  d i>sso lu t i on  i n  la% HCI.' . - 
/' They gere  he ld  i n  i n s u l a t e d  metal pin-clamps and p o s i t i o n e d  under a  low power 

* 
, , --- --- 

m i  c ~ o s c o p e  us ing  m i  troLrnan i pu l a t o r s .  The a d - i v e  e  l ec t rode  was ' i n s e r t e d  i ?To+ 

. t h e  photoreceptor  l a y e r  approximate ly  i n  t h e  c e n t e r  o f  t h e  compound eye. The 

r_eference,e l gct rodes w6re i n s e r t e d  be low t h e  c u t  i c u  l  a r  l aye r  beyond t h e  marg i n  

o f  t h e  eye. 

The i n s e c t  p repa ra t i on ,  record  i ng  e  iec t rodes ,  m j  cro-mqn i p" l a t o r s  and 

l  i ght-de l  i very system were e l e c t r i c a l  l y  sh ie lded  w i t h  i-4 a  Faraday cage 

. d 
J Lb 

cons t ruc ted  o f  b rass  mesh dn a wooden f r a i e .  The cage an.dxii t s  removab l e  

f r o n t  panel were covered on t h e  a u t s i d e  by two l aye rs  o f  heavy b l a c k  p l a s t i c  
- a 

-- 
- - r at 91 " t o  e x c l u d e a m y  l T g h t  and p laced on a  hol  low ~ o n c r e f e  starnd f;j led w&h sand 

/ - 
-- 

- 7 -  

- 
,- _I,- A - - 

- t o  reduce mechan i~a-1  vikwation, 
/- 

-- 
- - 

&-- 

b7 

I  I  I  : Spectra l  ~espon4e  ~ea;uiements 

- --- .L 

An i n i t i a l  s e t  o f  r e ~ r d i n g s  was made us ing  a r e l a t i v e l y  s imple 
-- - 

/ - 
measurement tech"  i Gue t o  determine t h e  sco l y t  i d  ERG p a t t e r n .   or these 
- - 
p r e l i r n i n a r y t e s t s ,  theacrylic fiber-opticsandglass lens L i g h t - d e l i v e r y  - 

A 1 
d 

system was employed. The s igna l  f.rom t h e  a c t i v e  e lect rode,  was fed i n t o  a2 !.OW 

s 

no i  se pre-amp l i f i e r  and then i n t o  one channel o f  a  dua l -beam osc i l  loscope 

il " ' 

( F i g .  30) .  The o t h e r  channel o f  t h e  o s c i l l o s c o p e  recorded t h e  d u r a t i o n  o f  t h e  



Figure 30: Experirnenta l set-up f d i  p r e  l iminary ERG r e c o r d i n g s o  
from sco 1 y t  i d compound eyes. t 

c* 

1. J a r r e l  I-Ash Mode4 82-405 power supply and '  4 -  ' 
quartz-io,dPde lamp. 

, . 2. Ze i s s  manua l photograph i c  s h u t t e r .  
.i 

3. J a r r e  l l -Ash Mode l 82-405 quarter-meter  
m o n o c h r ~ m a t ~ r .  

4. ~ e k t r o n i x  Type 502' dua I-beam o s c i l  loscope. 





6 7 5 r .  
I ,  <+ t ' - -  d' 

1 i g h t  s t  imu l us by d i  r g c t  connection' t o - a  me*n i ~ a  s h u t t e r  between t h e  lamp * 
ef 

- -  ---- 

d .; . 
and t h e  monochromator en t rance aperature.  ---- - 3 

i 
Cr A f t e r  t h e  des i red  *f ;avel&ngth was se lec ted  on t h e  monochr6mator: -+he 

osc i  l  i oscope and shut te r -  were t r i g g e r e d  manua l I y, t h e  s h u t t e r  d f r a c t i o n  o f  a  4 
-4 

'- 

second a f t e r  t h e  osc i l l  ~ s c o p e .  The resu I t s  were recorded d  i r e c t  l y  from t h e  

, - 
o s c i l l o s c o p e  by a  Po!aro id  camera. , 6 .  

1 

For subsequent spectra ' l  response 

.was mod i f i ed  (F ig .  311, t h u s  improving 
- ---A- - 

s e r i e s  o f  ERG record ings  th'e manual l y  operated s h u t t e r  was 'rep laced by one 
I 

c o n t r o l t e d  by a  r e l a y  c i r c u i t  and a  pu l se  generator .  The-s ignal  from &he p,ulse 
2 - 'tb 

genera-!-or a l s o  t r i g g e r e d  t h e  o s c i  l lascope, :thus i d - o r d  ina*t ing t h e  l i g h t  s t imu  lus  

and t h e  reco rd ing  apparatus. A tower no i se  d  i f  f e r e n t j a  l  pre-amp l i f i e r  was used 

t o  enhahee tow leve l  s i g n a l s  and a  gkound e l e c t r o d e  was added t o  reduce cornrgon 

mode in te r fe rence .  The o u t p u t  f rom t h e  osc i  l.loscope was fed  i n t o  one channel 

o f  a  s igna l averager which was s e t  t p  -$utomatica l l  y  record  a  p r e s e t  number Of 
r 

@ 

ERG responses t o  a  se l e ~ t e d  wav6l"engh. The s igna l  averager p rov ided an . , .  
t 

averaged ERG waveform, thus  improving t h e  s i g n a l  t o  no i se  r a t i o  by t h e  squarf: 
. . !,I 

r o o t  o f  t h e  number o f  s i g n a l s  averaged. A second channel o f  t h e  s i g n a l  - 

averager recorded t h e  "dark  r e s p y "  o f  t h e  insec t ;  i'.e. t h e  response when t h e  

monochromator lamp was tu rned  o f f  b u t  a l l  ~ t h e r ~ e x p e r i m e n t a l  c o n d i t i o n s  

- 

remained t h e  same. T 

P r i o r  t o  reco rd ing  t h e  ERG responses, t h e  i n s e c t  p repa ra t i on  was* , l e f t  t o  
-" . 

r ,  

dark-adapt f o r  a  number o f  hours u n t i l  spontaneous nervous a c t i v i t y  had 
' . #  

* . 8.. stab i 1 i zed. Then a  s e r i e s  o f  8 o r  16 -s t imu l  i o f  approk imate ly  2 5 0  miec d u r a t i o n  

a t  i n t e r v a l s  o f  1 t o 2  minuTes were d e l i v e r e d  t o f h e - t n s e c t t 5  eye. Bn- -- - 

- - 

averaged ERG response was made a t ' l O  o r  25 nm i n t e r v a l s  over  t h e  wavelength 

range o f  400 t o  700 nm. An Snsect p repa ra t i on  o f t e n s e m a  

- 
ned i n  good - 

7.  = 
r 

/ <  
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- F igure  31: ' ; ~ ~ ~ e r i m e n t a l  s e t - u p  f o r  ERG record ings  from sco ly$ id  - compound ayes Gfng ,  s igna l  averaging. 

i 

.* - 1. J a  r r e  l l  -Ash Mode l 82-405 power s upp l  y  and 
a, ; quar tz - i od ide  lamp. 

/ 
8 

7 
, 

2. Relay c i r c u i t  and shut ter . -  - + 
z. , -  3. JarreII-Ash.Mode1 82-405guarter-meter  

- 
" Y 

i 1  morr oct~ romator . - -. 
9, 

- .a Di f f e - r e n t i a  l  preamp l i f  i e r .  6 :B, 
% 1 T e k t r o n i x  Type 561A single-beam osc i l l oscope  

w i t h  -LTpe 3A9 p lug- in  d i f f e r e n t i a l  a m p l j f i e r .  
a 'r 6. ~ a b r i - ~ e k  ModeL 1024 s igna l  averager. 

- 
< - 7. _ f e k t r o n i x  Type '16OA power s-upply, Yype 161 

- pwl se genera tor  and Type 162 waveform,generator. s, * 
8.- Anatek Mo e l  50/.1 pokw supp ply. 1 - G -'. 

r t 
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- c o n d i t i o n  f o r  up , t o k f i v e  days (as  i n d i c a t e d  by spontaneous nervous a c t i v i t y ] ,  - - 

z I .<, .< #? e:. 

% permi tt i ng s e w r a  4 c m p  Jete spectra4 r e s p o R s  CUFW +e bc+~w&.--+k+?- - -  
- 
t h i s  procedure, a  number o f  spec t ra l  curves were recorded from bo th  

D. pseudotsugae and I. paraconfus&., Measurements were a  l  so  at tempted from - 
8. Zineatwn, b u t  d i f f i c u l t i e s  i n  embeddistg t h i s  sma l le r  i nsec t  i n  t h e  wax and 

i n s e r t  i ng t h e  record  i ng e l  & t rades r e s "  l  t e d  i n  poo record  i ngs. 

r- 

+ ~ f t e ~ r  a  s e h e s  o f  spect ra  I 'responBq curves ha by t h e  

- procedure descr ibed above, mod f 7 j-7-i ons t o  t h e  l  i ghtLde l i very system were 
, ' t 

I 
made i n  an a t tempt  t o  improve t ransmiss ion  i n  t h e  near-UV region.  Since the  

f l *  
. a c r y l i c  f i b e r - o p t i c 5  and g lass  lens both a t tenua te  wavelengths below about 

n' $ 2  

%4 
- 

- r 

450 nm, these were rep laced by a  q u a r t z  f i b e r - o p t i c s  bundle and a  quar t z  l e n s . .  , _ t  -.: * 

> Although t h e  quar t z  8 p t i c s  increased t h e  l  i 6 h t  i n t e n s i t y  i n  t h i s  reg ion o n l y  Y 

-i - 
-< 

s  l  i ghtyiy ( ~ a b  l e  I  I.), -the b e t t e r  o p t  i c i  l  qua l i t y  o f  t h  i s  l  i ght-de l i very system > 

al-lbwed Ifor more accura te  focus ing o f  t h e  s t imy lus  onto  thi! compound eye. 
- I ,  

i A 

- With t h i s  m o d i f i c a t i o n  t o  t h e  apparatus, another  s e r i e s  o f  s p e c t r a l  response . . 
8 %  

t J 

curves were recorded f rom D. pseudotsugae andl l .  pa~confusus .  T 

, .  
-5 

IV: Spect ra l  S e n s i t i v i t y  Measurements , *  .: 
. Y  

C *- . > 

+ s 

. " & . r ', . 
I e 

I n  o rde r  t o  c a l c u l a t e  ac tua l -  spec t ra l  s e n s i t i v i t y  curves, a  s e r i e s  o f  ERG 
?. Y .  

/ 
record ings  were made over  a range 05 i n t e n s i t i e s  a t  each se lec ted  wave length. 

*'% s + %  

The ~ x p e r i r n e n t a l  procedure f o r  o b t a i n  i n 5  these data was t h e  same as f o r  t h e  
- ,  

spectr% l response measurements, except  t h a t  a f t e r  record  i ng a spect ra  l  response 
* +> 

3 '  

ct l rve a t  normal i n t e n s i t i e s ,  a  . s e r i e s  o f  neut ra  I- d e n s i t y  f i l t e r s  were i nse r ted  

i 3 +ze t i ghP . pa th  and specb-a f responses recorded at +he t o w e r e d  f n tens i+ i  es .- - - .  . 

? .  
-, 
4 

were dsed t o  p rov ide  an i n t e n s i t y  range o f  1:1/100. The ERG record ings  were 
------- 

~a" e3t t h e  same wavelengths as used i n  t h e  spec t ra l  response s tud ies ,  except 

f o r  c e r t a i n  waveiengtqs a t  which t h e  l i g h t  i n t e n s i t y  f e l l  below t h e  t h r e s h o l d  
* 



. z f o r  s t imu lus  w i t h  t$je darker  f i  l t e r s .  Fo l lowing t h i s  crocedure, a 9e)  o f  f i v e  - ;, 
/ t . ? 

+ L. 

spec t ra l  response curves ( n o r r n a l - i n t q n S i S y 4 $ l p  f a r  n e u t x d  de~a-s i t - y - f i L f scd - -_ -~  . it 

was obta ined from each o f  a number o f  D. p,seudotsugae and I.  paracmtfusus. 

d 

R&L l  t s  and D i  scuss i on 
-, ? - 

- \  

4 : ~~&.t+-a L" Response Measurements 
\ 

. \ 
\ @& \ ,  

T h e - i n i t i a l  s e t  o f  ERG recordings,  photographed f r o m  a s i n g l e  sweed &F 
r, -- 5 . 3 4  * 

,++ 

the'  o s c i  I  loncope (Fdg. -321, i n d i t a i e s  t h a t  t h e  E R G  wa&f&-rn o f  s c b l y t i  ds i s  
\ 

\ 

I -  d8 

' s i m i l a r t o o t h e r  i r i s e k k  (Yinon 1970). Although t h e r e  i s -&ns ide rab le  no ise  - . +  
i n  these record i rigs=, a '  c o n s i s t e n t  spec t ra l  response p a t t e r n  .i s ev iden t .  The 

prom in en^^ o f  t h e  t r a n s  i e n t  "on-respon~e" and t h e  r e  l aPion 'o f  i ts' peak 
- < 

amp I i tude t o  +he e lec t rophys i o log i ~ 3 . l  response o f  t h e  o p t ? c  lobe (Gof,dsmi t h  ,. . r:X* -.'. 
1965; Laugh l  i n  3975) was s u f f i c i e n t  reason t o  choose t h i s  f e a t u r e  o f ,  t h e  ERG - 
waveform f o r  quant i t a t  j v'e measurements. The. s i gna-l averager was then ' 

3 
? 
I Y 3 

I I inAco@orated i n t o  t h e  e x p e r i m n t a  l set-up and a s e r i e s  o f  i p e c t r a  l ysponsSe - 
: i *', ' ? 

curves aequi red,. based on t h e  amp l.it.ude o f  t h e  ERG on-response (F ig .  33).  The . 
,- 4 - f 

d 
apparent p o l a r i t y  reve rsa l  o f  t h e  ERG. waveform betwein these and thgpprevio;sa ' . -$ < .  - ,  

r 
record ings  (Fig.  32)  r e s u l t s  from t h d  a r b i t r a r y  cho ice  o f - a  p o l a r i t y  re je rence - I 

;c 
, : i =.*;  . 4 , I . . . on t h e  osc i l l oscope .  

2 

. L - I 

9 < 

Recordings were made from boCh se;es o f  D. pseFtsugae and I .  paraconfusus, 
.L h -  f ,..> 

i L * % L; 

f 
'dach i n s e c t  p repara t i on  be ing  t e s t e d  on several  consecut ive days. ,The on- + 
response pe& i m p  I i tudes were measured a t  each wavelength used. ~ h k  *data  

- - 
were c o r r e o t e h i  t h  t h e  app r o p r  i a t e  convers i on f a c t o r  (Tab Le 8 1 J add- plot-ted 

rB ?f 
. 3  5 

as r e i  a t i v e  ERG response ( F i g .  3 4 ) .  The v a r i a t i o n  i n  th-e- maximum reLsPonse 

between insec ts  probab I  y r e f  l e k s  placement o f  t h e  record ing e l e c t r o d e  wh/ ch 
-" 

determines t h e  number o f  pt io toreceptor  ce l  I s  i n  con tac t  w j  t h  t h e  sur face o f  
':*. 

t h e  e lec t rode .  The variat.&gn i n  t h e  spect ra  t response curves o f  an i n d i v i d u a l  



>- 
, F igu re  32: ERG record ings  from male D. psaudotsugae made w i t h  

p r e l i m i n a r y  e l e c t r o p h y s i o l o g i c a l  set-up. Photographed 
d i r e c t l y  from t h e  osc i l loscope.  *Wavelength o f  l i g h z  
s t imu lus  i nd i ca ted  below corresponding ERG response; 
Top t r a c e :  ERG regpo6;sSe. Bottom t r a c e :  Dura t ion  o f  
l i g h t  ~s t r rnu  tus $. 75 sec).  V e r t i c a l  sca le :  2 f i i~/cm. C .  





B Figure  

. % <  
@z 

I 

33: ERG record ings  t r b m  ma l e  D. pseudotsugae made w i t h  
s igna l  avereiger as p a ~ t  o f  e l e c t r o p h y s i g l o ~ i c a  l 
set-up. Photographed d j  r e c t  l y  f rom sibs I' avorager. 
Wavelength o f  l i g h t  s t imu ius  i n d i c a t e d  below 
c o r r  3ponding ERG response. Top t r a c e :  ERG response. 2 k B o t t  m t race: '  Dark response. Same sca le  as Fig.. 32. 

j-3,- ,> l 
I 

- 

- "  I 

3 .  
*% 





Figure  34: Typ ica l  spec t ra l  reslmnse curves from D. pseudotsugae. 
Measurements made w i th quar tz  l i ght-del i very system. 
Re l a t i  ve ERG on-response measured d i  r e c t  l y from 
s igna l  averager Photoor-aphr,; co r rec ted  w i t h  
conversion f a c t o r  t o  e q u a  l quant um f l  ux a t  each 
wavelenqth (Tab le  I1  ) .  M u l t i p l e  curves f o r  i n d i v i d u a l  
i nsec ts  l abe l led beq i nn i nq w i t h  Day 1 be ing  t h e  f i r s t  
day on which complete spec t ra l  response curve was 
obtained. 



DAY 1 
' 

' DAY 3 ----- ' 



- 

i n s e c t  ove r  several  days i s  l ess  than t h e  v a r i a t i o n  between insec ts .  The - .. . 

w i+R i n- i n s e c t  v .a r ia t ion  prodab t r e f  t e c t s  ~ h ~ s  i co-chemrca t-Changes %T ViF - -- - 

- 
\ 

sur face  o f  t h e  electrg.de and some p h 3 s i o l o g i c a l  d e t e r i o r a t i o n  o f  t h e  ommattdia. 
/ 

' -- 
Q ' 4  Mowgver, a cons i s t e n t  f e a t u r e  o f  these red& I ngs, i s  t h e  tendency o f  t h e  second 

\ 

o r  t h  i r d  s e t  o f  measur"ements t o  be i h e  most s tab  te ( i n  f -ems o f  no i se  l eve l  i n  

% 
t h e  dark  response) a i d  t o  ;xhi b  i t t h e  maximum amp l  i t u d e  o f  on-resgpnse a t  t h e  

s h o r t e r  wavelength3 t e s t e d  (F ig .  3 4 ) .   herefa fare, f o r  c o . h p a r i s ~ h f  s p e c t r a l  - 
, * 

r e d o n s e s  t h e  second s e t  of measurements was se lec ted .  These curves (Day 2 ' - 

/ 

reco rd ings )  from both  t h e  ac ry - l i c  and q u a r t z  l i g h t - d e l i v e r y  systems were 
. ? 

W 

combined arid t h e  data ave~aged.  On-ly-'those i nsec ts  which had shown no B 

- - 
7- 

4.  
s i gn i f i c a n t  de te r  i o r a t  ion  response over  t h ree ,  success i ve spec t ra  l curves \ *" 

were inc luded i n  t h e  averages. , *, r I A . f .  

The a v e ~ a g e d ~ s p e c t r a  l  response curves ( F i g s .  35 - 3 8 )  'Stpw .the s imi  l a r i  t y  . 
between D. pseudotsugae and I. paracmfusus. Both s.pec i es -and bo th  sexes - 

T 

demonstrate t h e  green and b l u e  s p e c t r a l  response peaks t h a t  have been recorded 
- < ,  

from o t h e r  i nsec ts  (AppendLx I ) .  The s h o r t e r  wavelength peak measured i n  
* *  

these i nves t  i ga t  ions appears ht approximate l  y  450 :m,' w i t h  i n t h e  range o f  ,420 d' 

Lfo.480 n* found i n  o t h e r  s tud ies .  The v a r i a b l T i t y  i n  t h e  wavelength maxima 
.Q 

repq r ted  from t h i s  s e n s i t i v i t y  peak. is;  g r e a t e r  than t h e  range noted f o r  t h e  UV 

peak (Appendix I ) .  Since t h e  b l u e  response has been i d e n t i f i e d  w i t h  t h e  v i s i b l e  
!, 

?or3  i on- o f  t h e  UV-sens it i ve. response curve  ' i ~ a m d o r f  , Pau l  sen and Sctiwemer 

* @  3 
1973; 5u rkha rd t  19771, t h e  v a r i a b i l i t y  i n  i t s  wavelength maxima probab ly  r e S u l t s  

: r i m  pnys i ca l d / f  ferences i n rhabdomeric s t ruCture .  The secondary responje 
- 

/ 

~ e a k  i n  t h e  reg ion  o f  520 t o  530 nm cbrresponds we1.l w i t h  t h e  wavelength 
t i *  & -- - 

-axT-ur o f  t h e  green r e c e p t c r  descr ibed i n  o t h e r  i nsec ts  (Appendix I ) .  An 
r 

%cs i 7 i m, t h e  r e  l a t  i ve macn i ~ i i d e s  .of t h e  responses o f  these two receptor-_types 

. k  SF^ ~ i - i l a r  t o  those neasursa i n  many insects,  t h e  s h o r t e r  wavelength response 



' ?  a 

Figures 35 - 38: Averaged spec t ra l  response curves h a s u r e d  w i t h  
bo th  'acry l i c and quar t z  f i ber-opt  i 'cs systems. 
ERG on-response measured d i r e c t l y  from s i g n a l  
averager o r  photographs; co r rec ted  w i t h  
convers ion f a c t o r  (Table I I )  t o  equal quantum 
f I ux a t  each wave length tes ted ;  normal i zed t o  
4.0 a t  maximyn response teve I .  Average vat ues _ - 1 
p l o t t e d  51 standard e r r o r  o f  t h e  mean. F ig .  35: 
D. pseudotsugae ma l es. F i g. 36 : D. pseudotsugae 
females. F ig .  37: I .  paraconfusus males. 
F ig.  38: I .  paraoonfusus females. N = 12. 





be'i ng cons i derab l  y  g r e a t e r  i n  amp l i'tude (Burkhard t  1962, 1977). , The, g r e a t e r  -. - - - . -  -%- '  >.- 
v a r i a t i o n  i n  t h e  amp l i t u d e  o f  t h e  green peak i n  t h e  males o f  bo th  s p e ~ i e s  (as. : a --  -3 - 

-- - - -  - - , r 

' . I  
.+- 

*f 

i n d i c a t e d  by the' iargei '  sfanda;d e r r o r s )  'may not r e f l e c t  any s i g n i  f i d a n t  
- 
' 

%f 
- .  

f 
var i ance between? t h e  sexes. These averaged spec t ra  l response; curves a re  b a ~ d  

' 

L .  
A r - .  

on norma l i r e d  ERG responses; t h e r e f o r e ,  g r e a t e r  vayiaf ion  i n  t h e  maxi mum 
s = .  - "  

amp i tude o f  t h e  bkue beak among males as ,compared t o  t h e  fema tes wou 1-d r&u I t  
* .r 

* G  

i h  ' I  a rge r  s tandard e r r o r s  i n  t h e  green reg ion a f t e r  norma l  i z a t  ion t o  t h e  . . 

-. - - - ---L-L- 

' These averaged s p e c t r a i  response curves c o n f i  r m  t h a t  t h e  spec t ra  l r e y o n s e  
r A .'K - P 

of  a; l e a s t  these two s ~ q l y t l & s f o l l o w s  t h e  general pa t te rn .  observed in o t h e r  
. 1 - - 

-* 

. ' insects. f-hgver; i n  o r d e r  td  d e j e r m i ~  +he a c t u a l  spec+;sl sens i  t i v i t y  cw- 
d * 

measurements were made o f  t h e  quantum. f l ux requ i red a t  each wave length  , .  - . d , 3  

< , . 
e l i c i t  a  c o n s t a n t ' ~ ~ G  response. . 6 

; 
I I , 

.; , . 
' I  I  : spect;a I Sens i t i v i  t y  Meas~urements -- +. - 

. , X 
'*- r 4 

The aiove requ i r e m n t s  f o r  t h e  d;te:minat i on o f  speZctra l  .sens W i  v i t $  
/ 

, / ' .- 2 9 

curves  were metw'by r e c o r d i n g  s p e c t r a l  r6sponse gt -var iab l e  i n t e n s i t i e s .  - These ' -  

I - ' A  -.* 
-, 
d' 

w 

ERG responses were co r rec ted  t o  equ'a l  quantum f lwx and normal i zed fo l ' lowing 
. A  

t h e  s a w  procedure as- . iescr ibed above., T h e  data  were then p l o t t e d  a s  p ' s e r i e s  
.I 8 * 

C. A 

of average norma l j zed .spect ra  l  respbnse curves, each. rep;esenting t h e  leve l  o f  

. ,. 
ERG on-response a t  suc?essi ve l y  lowgr i i g h t  in fens  i t i e s  (F igs .  39, 40).  These 

** , 
reasurements, p rov i  de a s e t  of ERG response revels.  f o r  each wave length  t e s t e d  

over  an i n t e n s i t y  g$nge o f  1 :  1/100 as compared. t o  tKe maximum b u t p u t  o'f. t h e  

response curves and t h e  p r e v i o u s l y  descr ibed ones- (Fi'gs. 35 - 38)  f s  read i  l y  
- - - 7 - - 

apparent, p a r t i c u i a r l y  a t  t h e  h i g h e r  l  i g h t  i n t e n s i t i e s ,  The l a r g e r  s tandard * 

errors i n  t h e  v w i  aS l e  i n t e n s i t y  curves r e s u l t  from +he sma l l e r  number o f  
d 

i 2sec ts  averaged. Al ihough p a r t i a l  s e t s  o f  recordings a t  a range o f  i n t e n s i t i e s  



Figure  39: ~ v e r a g e d '  spec t ra  l  respon'se curves f o r  D. pseudotsugae 
- 

a t  v a r i a b l e  i n t e n s i t i e s .   measurements made w i t h  
q u a r t z  f i be r -op t i cs ,and  n e u t r a l  d e n s i t y  f i l t g t s :  , 

ERG 0.n-response measured d i r e c t l y -  f rom s i g n a l  
photographs; c o r r e c t e d  w i t h  convers ion 

l e  I  I  1, t o  equal quantum f l.ux a l  each' A, L L  A 

and norma l  i zed_$o 1.0 a t  maxi mum va l  uga 
(normal i n t e n s j t y ) .  ~ v e r g g e , v a l u e s  p l o t t e d  21 
s tandard  e r r o r  o f  t h e  mean. OD = o p t i c a l  dens i t y  
o f  n e u t r a l  d e n s i t y M i  H e r .  N = 6. 





F r  

, .' 4 

.Figure 40: Averaged spect- ra l  response curves t o r  I. paraconfwus , 
a t  v a r i a b l e  i n t e n s i t i e s .  b@asurements made w i t h  '.' -_ 

1 * t,. 
$ 9  q u a r t z  f i b e r - o p t i c s  and neub-a1 dens i f y  f i l t e r s  ....; :. " b *  " ERG on-cesponse measured d i  r e c t  l y  f rom 3 i gna l  " %. 

l. 

3 - averager o r  photographs; c o r r e c t e d  w i t h  convers ion ', 
f a c t o r  (Tab le  I l l  t o  equal quantum f l u x  a t  each 

5 

wavelength and-normal ized f o  1.0 a t  maximum v a l u e * :  '. 
(norma.l. i n t e n s i t y ) ,  Average values p l o t t e d  21 
standard e r ~ o ?  o f  t h e  man .  OD = o p t  i ca l  dens i'ty 

- - o f  n e u t r a l  densi fy  f i l t e r .  N = , 6 .  
- 
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were made from a number o f  insects,  o n l y  a  few prepara t ions  l as ted  fo r  the  

several  days requ i red  t o  record  a t  a1 l i n t e n s i t y  l eve ls .  Only t h e  data fro,,, 

these complete se ts  are  inc luded i n  t h e  averages. 

These measurements o f  average ERG on-response f o r  each wavelength were 

then p l o t t e d  aga ins t  t h e  quantum f l u x  o f  t h e  l i g h t  s t imu lus  (F igs .  41, 43, 45, 

47). The quantum f l u x  was c a l c u l a t e d  from t h e  measured l i g h t  i n t e n s i t y  

(Table 1 1 )  o r ,  f o r  t h e  n e u t r a l  dens i t y  f i t t e r s ,  from t h e  r e l a t i o n s h i p :  

I 

where I, i s  t h e  normal i n t e n s i t y  (maximum ou tpu t  o f  t h e  monochromator and 

associated o p t i c s  a t  t h a t  wavelength) and I i s  t h e  i n t e n s i t y  w i t h  t h e  f i l t e r  o f  

o p t i c a l  d e n s i t y  D i n  t h e  1 i g h t  path. These intensi ty- response curves d i r e c t l y  

r e l a t e  t h e  nervous response o f  t h e  o p t i c  tobe (measured as t h e  ERG on-response) 

t o  t h e  number o f  photons o f  t h a t  p a r t i c u l a r  wave length  requ i red  t o  i n i t i a t e  the  

response. The n o n - l i n e a r i t y  o f  t h e  in tens i ty - response f u n c t i o n  i s  s imi  t o  

t h a t  measured i n  o t h e r  i nsec ts  (Goldsmith 1965; Minke, Wu and Pak 1975) and 

r e s u l t s  from t h e  processing o f  v i s u a l  i n fo rma t ion  i n  t h e  o p t i c  lobes. 

These intensi ty- response curves con ta in  the  in format ion  requ i red  t o  

determine phys io log i ca l  spec t ra l  s e n s i t i v i t y .  With respect  t o  any constant  

l eve l  o f  average ERG on-response ( F i g s *  41, 43, 45, 47; do t ted  h o r i z o n t a l  

l i n e s ) ,  t h e  quantum f l u x  requ i red  t o  e l i c i t  t h a t  response i s  p l o t t e d  aga ins t  

each wavelength tes ted.  These curves represent  t h e  spec t ra l  s e n s i t i v i t y  f o r  

t h a t  response leve l  (F igs .  42, 44, 46, 48). Each spec t ra l  s e n s i t i v i t y  curve 

i n d i c a t e s  t h e  number of photons o f  1 i g h t  o f  a  p a r t i c ~ l a r  wavelength requ i red  

t o  produce t h a t  l eve l  o f  sensory response. These curves a re  t h e  exper imental  l y  

measured equ iva len t  o f  t h e  t h e o r e t i c a l  spec t ra l  s e n s i t i v i t y  curves based on 

t h e  waveguide model o f  t h e  ommatidium (F ig .  5 ~ )  and they  summarize t h e  
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Figures  45 - 48: paracmfusus spect ra  l sens i ti v i  t y  
+ ' + Zg- 45: ' I ntens.i ty-response c u w e s  f o r  ma les . 

I , A  sed on averaged spectra' l 'respons& curves a t  
a r i a b l e  i n t e n s i t i e s  ( F i g .  40) 4 wavelength o f  

9 ' 1 

i g h t  s t imu lus  i n d i c p t e d  f o r  each curve. s 1 '  
i g .  46: Re-l&-i ;e s p & t r a l  s e n s i t i v i t y  c u w e s  - . -- -- , 

r males as determined from in tens i ty - response 
urve5; response leve l  k correspond . to  do t ted  
ines i n  F ig.  45. Fig. 47: In ten-s i ty l response 

- $  4 
4 

urves f o r  females based on averaged spec t ra l  , 

esponse curves a t  v a r i a b l e  i n t e n s i t i e s  ( F i g .  
i 

2 .  
- 

0 ) ;  wavelength o f  l i g h t  s t imu lus  i n d i c a t e d  . for  
each curve. F ig.  4-8: R e l a t i v e  s p e c t r a l  7 

s e n s i t i v i t y  curves f o r  females as determined 
from intensiqy-response curves; response l'evels F 

correspond' t o  do t ted  l i nes i n  F ig .  47. B 
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wavejength-dependent aspec ts  o f  sco l  y t  rd v i  s  ion.- - - 
* 

/' 

T i f E b s i ~ i l a c i t y  o f  t h e  spec&l s e n s i t i v i t y  cu rves  ( F i g s .  42, 44, 46, 48) 
1 

-e 

' t o  $he spe,c?~a l  response cu rves  (Fi'gs. 35 - 38)  f w r t h e r  con f  i r q s  t h e  presence 
.a. 

1 rd 

o f  a t  l e a s t  two p h o t o r e c e p t o r  t y p e s  i n  D. 'pseudotsugae a n d - I .  paraconfwus; 
I 

4 

. I one maximal l y  s e n s i t i v e  around 450 nm ( b l u e  r e c e p t o r )  and t h e  o t h e r  between 
+ % .  - - , "d . . 

510: and 530 nm (g reen  r e c e p t o r ) .  As wi.th t h e  s p e c t r a l  response 'curves,' t h e  

specl-r-2 t sen's i t i  v i ty -curves sciggest i i tt l e  d i  f f e r e n c e  between t h e  "-two species- -- 3 

i n v e s t i g a t e d .  The s  l i g h T l y  broadened s h o r t e r  wave l e n g t h  peak t h a t  occu rs  i n  
..-". ' 

t h e  females o f .  both' spec ies  i s  a l s o  apparen t  i n  t h e  s p e c t r a l  pewonse  curces  ' 
4* 

- f rom which t h e  s p e c t r a l  s e n s i t i v i t y  was c a l c u l a t e d  ( F i g s .  39, 40) .  T h i s  

f e a t u r e  may- o r  ma; n o t ~ b e . t y p i c a ~ l  o f  o t h e r  s c o l y t i  ds. -8 

<' , 
The most c o n s i s t e n t  f e a t u r e  o f  t h e s e  s p e c t r a l  s e n s i t i v i t y  cu rves  i s  t h e  b 

charfge i n  t h e  r e l a t i v e  h e i g h t s  o f  t h e  two response peaks a t  d i f . f e r e n t  l e v e l s  

o f  ERG response. ' A t  h i g h e r  response l e v e l s  (Fi,gs. 42, 44, 46, 48; ERG response - - 
l e v e l  = 2 5 ,  . 30 )  t h e  green peak becomes l ess  p rominen t  than  a t - l o w e r  r e s p o n s e  . 

.* 

l g v e l s  ( E R G  response l e v e l  = .15, . 20 ) .  Whether t h i s  change i n  r e l a t i v e  

amp l  i tud; i s  .an a r t i  f a c t  o f  t h e  r e c o r d  

- 
?h dynamic range between t h e  two  recep 

from - t h i s  anomaly, t h e  s p e s t r a l  s e n s i t  

s p e c t r a l  b e h a v i o r  as seen i n  a  w a l k i n g  

i n g  iechnTque o r  i n d i c a t e s  a  d i f fqrence 'd. 

i 
i, 

t o r  t ypes  r e q u i  r e s  f u r t h e r ,  s tudy .  As ide a - 
i v i t y  as measured by ERG response a n d . t h e  

* 

b ioassay  r e v e a l  a  c o n s i s t e n t  p a t t e r n  o f  

vi 'sual response. a The presence o f  t h e  response peaks i n  ,the b l u e  and green 

r e g i o n s  f  om b,oth phys i610g i c a  l and behav io ra  l s t u d i e s  s t r eng thens  t h e  

ev idence  f o r  a t  l e a s t  a d i s h r o m a t i c  v i s u a l  system i n  t h e  S c o l y t i d a e .  
7 

-- - 

1 
.I- * - 



These i n v e s t i g a t i o n s  p r o v i d e  a  b a s i s  f o r  comparing t h e  . s p e c t r a l  responsee 

o f  s c o l y t i d s  w i t h  o t h e r  i n s e c t s .  ,.The morp t io log ica l  s t udy  c o n f i r m s  t h e  s i m i l a r i t y  
a 

o f  ommat-i d  i a  l  s t r u c t u r e  in-  D. pseudotsugae . w i t h  o%er sco  l y t  i ds and w i t h  

members o f *  o t h e r  o r d e r s .  The s c o l  y t i  d ,  compound eye  can be desc r i bed  as an 

a p p o s i t i o n  eye o f  t h e  acone t y p e  w i t h  a. +re l a t  i m l y  smai l  number o f  orn~at i .d ' ia 
A 

b u t  w i t h  a h  ic$ l.y o r g a n i z e d -  i o t e r n a  I. s t r u c t u r e .  The arraflgernent o f  the- 
-% - 

I 
\ I 

c- p h o t o r e c e p t o r  l a y e r  i n t o  a  p e r i p h e r a l  rh'abdom&ric r i n g  su r round ing  t w o  y n t r a  I 
0 .  

ihabdomeres i s  i y termed i a t e  b@w-een "open7' and "fused!' rhabdoms q r o v h i y s  

* ' - \% 

an e f f i c i e n t  l i g h t - c a p t u r i n g  system. rr ' 
-7 

"he b e h a v i b r a l  aEd e l e c t r o ~ d y s i o l o g i c a l  s t u d i e s  b o t h  r e v e a l  s i m i l a r  . a 

D - 
., 

s p e c t r a l  response p a t t e r n s  i n  t h e  v i s i b l e  reg ion ,  w i t h  s e n s i t i v i t y  maxima i n  

t h e  b  l  ue (450 rim) and green (510  t o  530 nrn) r eg ions .  These peaks o f  resp6nge 

- cor respond  w e l l  w i t h  i n v e s t i g a t i o n s  o f  o t h e r  i n s e c t s . u s i n g  a  v a r i e t y  o f '  
*a 

techn  i ques (Appendix  I 1 .   he agreement between d a t a  a c q u i r e d  f  rom t h e  I I 

p h o t o t a c t i c  b ioassays  and ERG r e c o r d i n g s  i s  ev idence  t h a f  t h e  s c o l y t i d  v i s u a l  

Y 
sys tem cons i s t s  o f  a a e a s t  two  s p e k t r a  l  subsystems o r  r e c e p t o r  t ypes .  

.a 

I .  
6 

Comparison o f  t h e s e  expe r imen ta l  da ta  w'i t h  t h e  waveguide model o f  i n s e c t  

p h o t o r e c e p t o r s  suggests  a  pc-ss i b l  e  rnorphohg  i ca l  i n t e r p r e t a ' t  i on  o f  sco l  y t  i d  
Q 8 

s p e c t r a  1 %  sens idi v i  t y .  The rhabdoqe r i c  arrangement o f  s c o l  y t  i ds ( F i g .  1 j a )  
i ; 

d i  f f e e  f r om  t h e  t y p i c a l  "open" rhabdom o f  d i p t e r a n s  ( F i g .  5b )  : in hav ing  ' , 
t -  . ' I 

rhabdomeres 1 - 6 fused  l a t e r a l  l y  i n t o  a  p e r i p h e r a l  r i n g ,  sueround ing  t h e  
7 4 

- - 

c e n t r a l  rhabdomeres 7 and 8. I n  a d d i t i o n ,  t h e  c e n t r a l  rhabdoberes a r e  a d j a c e n t  
$ 

- 

t o  each o t h e r  a l o n g  t h e i r  e n t i r e .  l e n g t h  i n  s c o l y t i d s ,  r a t h e r  than-.rhabdomere 7 
. >  

b e i n g  above 8 as i n  t h e  d i p t e r a n s .  A p p l y i n g  t h e  t h e o r e t i c a l  a n a l f s i  s  o f  

d i p t e r a n  s p e c t r a  l  sens i t  i v i  t y  (Snyder  and M i  l  l e r  1972; Snyder 'and Paok , - 1973) 
, * 

t o  t h e  sco l  y t  i d  r e c e p t o r  t y p e s  wou l  d  suggest  t h a t  t h e  p e r  i phera I ,  rhabdomeres &' 



( 1  - 6 )  could be the green receptors and the cen t ra l  ones ( 7  and 8)  the b 

receptors. Consistent w i t h  experimental s tud ies on o ther  insects (Append 



R 
Add i tbona I  I  y, a  d  i f f erence i n  photop i  gment. between these t w o  i nsec t  g\ups ' 

- Ld- 

g c o u  i d  account f o r  t h e  s e n s i t i v i t y  maxi a  occu r ing  a t  d  i t f e r e n f  wavelen-gths. %. 
4p-\ 

With re fe rence  . to  t h e  d i spe rsa l  and hos t  -Select ion behav ior  of s c o l y t i d s ,  

a t h e  r o l e  o f  spec t fa  l response must be considered i n  c o n j u c t i o n  w i t h  t h e  o t h e r  + 
0, 

senses, The d  i spersa l f l i g h t  o f  sco j  yt i'ds has been shown t o  be i n i t i a t e d  by - 

an appropr i_ate balance o f  i n t e r n a l  feedback i n f o r m a t i o n  and enuirmrnenhal - 

c: 1 I n. 

c o n d i t i o n s  (Borden 1974). I n i t i a l l y ,  fligh&'t i s  dominhed by a n a ' t t r a c t i o n .  . -4 

towards h igher  i n t e n s i t y  l i g h t  (Shepherd ~ 9 6 6 7  and d u r i n g  t h  i $  p h a s e o f  - y 

t 
I ': 

c - - -  

d  ispers i 'sh t h e  ' s c o l y t i d s  a r e  r e  l a f i v e l y  unrespbns i v e  t o  0'1 f a c t o r y  s t i m u l  i . C 

On l  y  af-te; a  .phys io log ica  I  l  y  determi ned amount o f  f l s i g h t  e x e r c i s e  ,does t h e  ' , , 
- 

s c o f y t i d  b~come respdns' ivg tb o t h e r  sensory i n p u t  (Graham 1959; ~ ? k i  ns 1965; , 
a- . - 

V I  - '  I 
Benneft and Bot'den 19713. . . - 
. . 3P 

. <  - 
J n  rd fe rence t o  t h e  f i e l  d  behav i o r  o f  sco-l y t j  ds, f he twpT.receptor t ypes  

+ .  

, can t e n t a t i v e l y  be r e l a t e d  t o  t h e  d i f f g r i n g  v i s u a l  requi rements d u r i n g  t h 6  .. two - \  

. - .  
phases o f  t h e  - d  i i p e r s a  l fn l  igh i . "  &he b lue  recep to rs  a r e  moat l i k e l y  assoc ia ted  , 

I 3 

w i f h  t h e  i n i t i a l  resgonse t o  open sky above t h e  f o r e s t  canopyLwhere UV and . , 

s h o r t  v  i s  i b'l e  wave lengths  predom i nate . .  ~ h e s e " r e c e ~ t u r s  cou I d  a  l  so p rov ide  
+ 6 

% - ; '. 
' n a v i g a t i o n a l  i n f o r m a t i o n  based on an a n a l y s i s  o f  p o l a r i z e d  l  i g h t .  A l though t h e  - 

. w \ - , Ilk +. 
ad jacen t  arrangement o f  rhabdomeres 7  and 8 i n  sco l  y t i  ds -wou l d  be a  less" p r e c i s e  

. 

p o l a r i z a t i o n  ana lyzer  t han  t h e  d i p t e r a n s '  cdaxih i -  ones; t h e  d i c h r o i c  - 
' 

s e n s i t i v i t y  o f  i n s e c t  r h i b d m e r e s  has been shown t o  be s u f f i c i e n t  f o r  f l i - t  
* *WJ =. * "  

nav~ tga t i on  (Snyder 1974a). Whether s c o l y t i d s  a c t u a l l y  nav iga te  u s i n g  t h i s  -, 
- ,  

- 
in fo rma t ion  has n o t  been i ,nvest igated.  k e h a v i o r a ~  s t u d i e s  ,in t h e  f i e l d  % ,  , 

assoc ia ted  r i t h  morphological  and phy ; io log ica~ inves t iga t i .ons  o f  t h e  d i c h ~ o i c  
. - 

na tu re  o f  t h e  sco l  y t i d  rhabdomere cou l d  answer t h  i 6  ques t ion .  

The green recep to r  system o f  s c o l y t i d s  i s  probably assoc ia ted  w i t h ' t h e i r  
* 



4 / 

95 

a optomotor responses and, t he re fo re ,  w-iYh process ing '  spht  i a  I  in form&ion du r ing  
, . - - 

f l ight.' - D u r i ~ g  t h e  l a t t e r -  phase o f  t h e  d i spe rsa l  f I  i g h t  t h i s  in fo rmat ion  cou Id  
1 . '. -- --- - ------ 

a i d  i n  s e l e c t i o n  .of a  s u i t a b l e  hos t .  Other  s t u d i e s  . K a y ~  shown t h a t  h*ost , ' 

. . 
se I  . c t i n g  sco.lyt ids d i s c r i m i n a t e  between ;ertical ' and h o r i  zonta l  logs o r  " l o g  ' 

, % 
4 

forms" (Shepherd 1966; ?itman and V i t 4  1969); r e q u i r i n g  i r ipu t  from t h e v i s u a l  
5- tf * ' "  - 

sq-x ,- 
system t o  supp lemenl- a  predominate ly  o l  f ac to ry '  choice.  

L . _ .% B 
, . 

The s imi  l a r i t y  o f  s p e c t r a l  response found i.n t he  b e h g ~ i o r a l  an.d ' 

i - 
+ - 

, e l e c t r o p h y s i o l o g i c a I  s t u d i e s  on s c o l y t i d d  i s  evidence t h a t  sco l  y t i d  V i s i o n  9 8. 

-- . . Y . , 

r e t a i n s  t h e  separ;;fion bewee; t h e  pos tu  l at,ed p r i m i t i v e  f u n c t i o n s  o f  i n s e c t  
-> 

I 
vis ' ion: a  green s e n s i t i v e  mot ion-detec f ing  s  a  UV-blue s e n s i t i v e  

- " .:z, - - 
4ariiationa . I sys+em i G r i  bak in  1972; B u r k b c  Therefore,  i h p  r o l e  o f  

'5 - ? - > 

v i s u a l  ' i n f o r m a t i o n  d u r i n g  t h e  s c o I y t i d s r  d i specsa l  f I - i gh t  i s g r o b a b l y  more - .  
4 - * 

s i g n i f i c a n t  than i t  ids thought  t o  be a t  p resent  and p a t t e r n s  o f - d i s p e r s a l  and . 
. C 

i n f e s t a t  ion cou l  d  be de&ndentr on v i  sua l  rerponse. I n  f u t u r e  research - r r  
- - -- - Y e  . I 

i pf ormat i on on s p  l yt ra spect ra  I  response shou l d $e 4 neFporated w i t h  t h a t  on . 
- *- a a 

-r a 

- % omt$a&ory and o t h e r  sensory response t o  understand scol  y t  i d  behav ior  more 

comple te ly  unher f ie!d c o n d i t i o n s .  + 



SurnRary of  spec t ra l  sens i t iui ty.qaki,fi$ o f  i nsegt  . t 

. phol-oreceptors as determined bay a uai-4"ety o f  -+- 

btechn i q e s  . . 
* <  a 

> 

p h o t o t a c t  i c 

* ,E l ect rophys  

spectr2 I ce 

responsz. 

io iogy .  

I I  mapping. 

M i  c rospect rophotqnet ry  . 
Theoret  i ca l mode l l i ng. 

* Wavelengths i n  t h i s  reg ion  n o t  
4- 

i l l v e s t  i gated. % / 



Spec i es S e n s i t i v i t y  Maxima (nm) 

U V B lue Green 

ORLIER 0DoNATA 
SUBORDER AN l SOPTERA 

FAMl LY AESHN I DAE ' 

Aeschna cyanea MU l 1 e r  
Autrum and Kolb ( 1 9 6 8 ) ~  
Eguch i ( 197 1 )  

Libe 2 ZuZa needhami 
H o r r i  dge ( 1 9 6 9 ~ ) ~  

HemicorduZia tau 
Snyder ( 1973a12 
Laugh l i n  ( 197512 

ORDER ORTHOPTERA 
SUBORDER CAE L I FE RA 

FAMl LY ACRlDlDAE 

Cocusta migratorin ( L .  ) 
Bennett, Tunsta l l and Horr  i dge 

( 196712 * 

SUUORDER BLATTARIA 
FAMl LY BLATT I DAE 

ORDER HEM I PTERA 
SUBORDER HY DROCOR l ZAR 

FAMILY NOTONECTIDAE 

Notonecta gZauca L. 
Bruckmoser ( 196812 
Bennett and Ruck ( 197012 

ORDER COLEOPTERA 
SUBORDER ADEPHAGA 

FAM l LY GY R I N I DAE 

Dineutes &tiatus F. 
Bennett  ( 196712 



* - a  ' V .  % ---- 7 *. . a'. .%,& 

- -- 
-7-1 . . \/ 

i.* . + * -- 
'5.. 
- L b 4 , .  

* 6 "  
.I \ 

l.. 
%. f l  -- - I r L  * 

+ c 9 8 

' .' p- , 
- 

SUBORDER POLYPHAGA , 
FAM l LY TENEBR l ON l DAE - L- r 

!&boZiwn cunf'kld;, jacque't i n  duVa l . 
Marzke e$ aZ. (197312 35~0-360~% 450-470 500-529 - '". . 

FAM l LY ANOB I I DL& * 
% 2 P - * .  - - 

. .t . Lasioderma serricorne ( F. l . .  . 
3 7 ; ..,' Maf-zke e t  aZ. ( 197312 350- 360 475-500 525-575 . h* e 

FAM l LY CURCUL l ON l DAE 
e I -  

C 
f .  

:+ . -Anthonom. grandis Boheman 
Hol l i ngswor th ,  W r i  h+ and 

L i n d q u i i P  (19641 9 315-36 490-5 15 
.~- - 

Hypera postica ( Gy l l en ha I )  
0 

* , -. Meyer (1,97611 500-550 
' --\ 

- >  ' , . C 

FAM l LY SCOLYT I DAC 

Dendrocton~ ponderosae Hop k i n s 
Schdnherr  (1971 l1 ~ 4 0 0  500-55< 

-. . - b 
. . 

.ORDER NE UROPBERA 
SUBORDER PLAN l PENN l A 

c 

FAMILY ASCALAPHIDAE 

AscaZaphus macarqntus+ Scop. 
Hamdorf, Gogala and Schwerner 

(3971 l2 

. c ,  

..,' I 
* 

ORDER LEP l DOPTERA 
SUBORDER FREN ATE 
Dl  V l S l ON MACROLEP I DOPTERA 

FAMl LY HELICON1 IDAE 

' He liconius era20 Hew i t s o n  ' 

S w i h a r t  (1972a12 

He Z i  c m i u s  nwnata 
8 

Struwe (197212 365 5 35 

FAMILY PAPILIONIDAE 

Papi Zo t r o i l u s  L .  
Sw i h a r t  ( 1970) 

FAM l LY NYMPHAL I DAE 

Momha amathonte 
S w i h a r t  (1972b I2  

FAMILY YESPERIIDAE , ,  - 

Epargyreus clarics ( Crame r l 
s k i h a r t  ~ 1 9 6 9 ) ~  



f AM I I..Y Sf-'1-1 I N I; I DAE 

I k i  Iephi In e Zpenor 
t lamdorf ,  H8glund and Langer 

( 1972)" 
tiby l und, Hamdorf and Rosner 

( 1973) 
Schwemr and Paul sen ( 1973) 

Mmduca sexta ( J ohannson ) 
HOgl und and Struwe ( 197012 
Cnr lson  and Phi l ipson ( 1 9 7 2 ) ~  
Hamdorf and Schwemer ( 197512 

FAM l LY NOCTU l DAE 

HeZiothis aea (Boddie)  
Kay ( 196912 
Agee ( 197212 

FAM l LY LY MANTR l l DAE 

Lymantria dispar ( L. l 
Brown and Cameron (197712 

Dl VISION MlCROLEPlDOPTERA 
FAM l LY PY RAL l DAE 

PZodia interpmcteZZa (Hubner ) 
Marzke e t  az. ( 197312 

FAMILY GELECHI IDA€ 

Sitotroga cerealelZa (01 i v i e r )  
Marzke e t  at .  ( l 973 I2  

FAMILY TlNElDAE 

Tineo Za bisee 2 Zie Z Za ( Humme I )  
Marzke e t  al .  ( 197312 

ORDER D l PTE RA 
S UBORDE R BRACHY CE RA 

FAMILY TABANIDAE 

Tabanus spp. 
Hanec and Bracken (196211 

SUBORDER CYCLORRHAPHA 
FAM l LY SY RPH l DAE 

Byistali8 tenax ( L. 1 
Bishop ( 197412 
Ho r r i dge  Mimura and Tsukahara 

( 1975)' 
Stavenga ( 197614 



Urosophi In me Iunogaster Me i qen 
!;chijmper l i ( 1973) 
Minke, Wu and Pak ( 1 9 7 5 ) ~  
Cosens ( 1976) 

F AM l LY MCJSC l OAE 

Musca domest-ica ( L. 
E c k e r t  ( 1971 1 

Stomoxys ceZc i t rms  ( L . )  
Waldbi l l i g  ( 1968 )  

FAMILY CALLIPHORIDAE 

CaZliphorcz emjthrocephala ( Me i qen 
Autrum and Bu rkha rd t  ( 1 9 6 0 ) ~  
Burkhard t  ( 196212 
Langer and Thore l  l ( 1966) 
McCann and A r n e t t  ( 1972 1 
Snyder and M i  I l e r  ( 1972) 
Ho r r i dge  and Mimura ( 1 9 7 5 ) ~  
Ecke r t ,  Bishop a ~ d  Dvorak 

( 1976) * 
Stavenga ( 1 9 7 6 ) ~  

Phormia regina 
Ka ise r  (1974 

ORDER HYMENOPTERA 
SUBORDER APOCR l TA 

FAM l LY l CHNE UMON 

(Meigen) 
1 

DAE 

CampoZetis per&stinctus ( V i e r eck )  
Ho l l i ngswo r th ,  H a r t s t a c k  and 

L ingren ( 1 9 7 0 ) l  

FAM l LY FORMI C l DAE 

Formica po Zyctena F o r s t e r  
Kiepenheuer ( 1968) 1 
Roth and Menzel (197212 

Formica cmicu la r ia  
Mazokh i n-Porshnyakov ( 1974) 2 

Lasius n iger  
Mazokh in-Porshnyakov ( 1974) 

Atta sexdens Fore l 
Mar t inoya  e t  aZ. (197512 

Myrmecia guZosa F. 
Menzet and B l a k e r s  (1975)  

350 4 70 490-500 
360 470-480 500-5 10 

( 1  UV : 1 B lue  : 6 Green recep to r s )  

345- 35 5 4 70 490- 520 
350 4 70 480-5 15 
360 4 70 5 15 

( 1 UV : 1 B l ue : 6 Green r e c e p t o r s )  

500 

6 Green recep to r s )  



m 
r 

. . . + 101 
* 

h 
caEagZyphis bicoZor F. 

Wehner and Toggwei l e r  (1972l1 35 0 - - 
%- - - -- 500-520- _ -1- - 

4 ,., % * - 4 

FAM l LY VESP l DAE - + 
' . W  ? *" t 

h 

'. ParavespuZa germmica F . 
Menzel ( 1971 l 2  374 455 5 30 

FAM! CY AP I DAE . . , A  

I .  i 
Apis mZZifera L. ,&" . - 

Goldsmith (19591 340-345 
' Goldsmith (1960)~ 

Autrum and von Zweh 1 ( 196412 

. - G ~ i b a k i n  i196913 
@ r i b a k i n  (1972)~ ., 
He l versen ( 1972 1 .- 
Wehner, Bernard an2 Geiger 

( 19751 
Menzel and B l a k e r s r (  197612 ' 

KCien an.d Menzel C1977a, 1977b12 - 
a 

440 530-540 
440 5 35 
414 5 30 

1 B 1 ue : 5 Green receptors  l 
420 

Y 

530 - 5  , . . 440 550 
d 

1 B l ue : 5 Green recep to rs  l $ 
4 40 5 40 

430-460 550 - =. ' 
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