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Summary. The spectral absorbance by the visual pigments in the compound eye 
of the moth Deilephila elpenor was determined by microphotometry. Two visual 
pigments and their photoproducts were demonstrated. The photoproducts are 
thermostable and are reconverted to the visual pigments by light. The concentra- 
tions of the visual pigments and the photoproducts at each wavelength are deter- 
mined by their absorbance coefficients at this wavelength. 

P 525: The experimental recordings (difference spectra and spectral absorbance 
changes after exposure to monochromatic lights)were completely reproduced by 
calculations using nomograms for vertebrate rhodopsin. The identity between ex- 
perimental recordings and calculations show: One visual pigment absorbs maxi- 
mally at 525 nm (P 525). The resonance spectrum of the visual pigment is identical 
to that for a vertebrate rhodopsin (lma x at 525 nm). The photoproduct of this pig- 
ment absorbs maximally at 480 nm (M 480). I t  is similar to the acid metarhodopsin 
in cephalopods. The relative absorbance of P 525 to that of M 480 is 1:1.75. The 
quantum efficiency for photoconversion of P 525 to M 480 is nearly equal to that 
for reconversion of M 480 to P 525. Wavelengths exceeding about 570 nm are ab- 
sorbed only by P 525, i.e. P 525 is completely converted to M 480. Shorter wave- 
lengths are absorbed both by P 525 and M 480. At these wavelengths a photocqui- 
librium between the two pigments is formed. Maximal concentration of P 525 is 
obtained at about 450 nm. 

P 350: A second visual pigment absorbs maximally at about 350 nm (P 350), 
and its photoproduct at 450 to 460 nm. In the region of spectral overlap a photo- 
equilibrium between the two pigments is formed.The visual pigment and the photo- 
product are similar to those in the neuropteran insect Ascalaphus. 

Introduction 

The discr iminat ion of wavelengths by  a visual  system requires a t  
least two types  of receptors with different spectral sensi t ivi ty  maxima.  

* The work reported in this article was supported by Deutsche Forschungsgemein- 
schaft, Schwerpunktsprogramm Rezeptorphysiologie Ha 258-10, and SFB 114, by 
the Swedish Medical Research Council (grant no B 73-04X-104-02B), by Karolinska 
Instituter, and by a grant (to G. HSglund) from Deutscher Akademischer Austausch- 
dienst. 
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Three groups of receptors have been identified in insects. One group is 
maximally sensitive in the ultra-violet region of the spectrum (about 
350 nm), another group in the blue region (about 440 nm), and a third 
in the green region (about 520 nm). The number of receptor types can 
be determined by training experiments or elcctrophysiologieal recordings. 
Such measurements have shown that some compound eyes, e.g. the 
frontal eye of Ascalaphus (Gogala, 1967), have only one receptor type. 
At least three receptor types occur e.g. in the honey-bee (Daumer, 1956; 
Autrum and yon Zwehl, 1964). A visual pigment with a spectral absorp- 
tion corresponding to the ultraviolet spectral sensitivity has been identi- 
fied in Ascalaphus (Gogala, tIamdorf, and Schwemer, 1970; Hamdorf, 
Schwemer, and Gogala, 1971; Sehwemer, Gogala, and tIamdorf, 1971). 
The photoproduct of this pigment is thermostable, and it is reconverted 
to the visual pigment by blue light. 

The present study concerns the question of whether similar pigments, 
maximally absorbing at other wavelengths, exist in insects; and parti- 
cularly whether such pigments contribute to the discrimination of wave- 
lengths. A sphingid moth (Deilephila elpenor) was chosen for the experi- 
ments because several facts suggest that  the eye of this species is well 
suited for investigations on the visual pigments in insects. Firstly, the 
rhabdoms form a large part of the receptor layer in this "superposition" 
eye. This fact indicates that  the eye contains a large amount of photo- 
pigment. Secondly, most of the screening pigment, which obstructs 
measurements on the visual pigment, can be dissected away from the 
receptors. Finally, electrophysiological mass recordings (HSglund and 
Struwe, 1970) indicate the presence of three types of receptors with 
different spectral sensitivity; one type maximally sensitive in the ultra- 
violet, a second in the green, and possibly a third receptor type sen- 
sitive in the blue region of the spectrum. From this result can be con- 
cluded that  the eye contains at least two visual pigments. 

Materials and Methods 

Material. The moth Deilephila elpenor (Lepidoptera: Sphingidae) was used for 
the experiments. :No variation between sexes in the experimental results was ob- 
tained. Pupae were kept at 23 to 28 ~ C at 80% humidity until the imagines emerged. 
They were usually used for experiments 2 to 3 days after emergence. The moths 
were dark-adapted for at least one hour before the experiment. Measurements were 
also made on eyes that had been deep-frozen (-- 20 ~ C). The results obtained on such 
eyes were similar to those obtained on fresh eyes. 

Dissection and Mounting. The receptor layer of the compound eye was isolated 
by two parallel cuts with a razor blade. The major part of the dioptric apparatus, 
together with the distal screening pigments, was removed by a cut through the 
cornea. A second cut was made through the receptor layer close to the basal pigment. 
The receptor layer was then easily removed. Measurements parallel to the optical 
axis of the receptors were made on the intact receptor layer. Measurements at right 
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angle to this axis were best made on a small group of receptors cut from the central 
part of the retina. The preparation (intact retina, or a small group of receptors) was 
put in Ringer's solution (Ephrussi and Beadle, 1936) between quartz cover glasses. 
The chamber was sealed by silicone grease. The preparation gave reproducible results 
for more than 24 hours. 

Measurements were made with a one-beam photometer (Zeiss MPM). Ultrafluar 
objectives (enlargement 10 or 32 times) and ultraviolet condenser were used. The 
diameter of the measuring area was usually 30 or 100 tzm. Conversion and recon- 
version of the visual pigments were accomplished by a mercury lamp (Zeiss t tBO, 
150 W). Measurements were made using a tungsten lamp (12 V, 5 A). Monochroma- 
tic illumination was obtained by interference filters (Schott). The filters were 
inserted between aperture and condenser. A filter holder permitted rapid exchange 
of filters. Measurements were displayed on a recorder (Beckman). 

Advantages of the Zeiss photometer are: good stability over time, high amplifica- 
tion of photomultiplier current, and possibility to calibrate the change in current at 
known intervals of intensity of monochromatic illumination. 

Two methods were usually used for pigment analysis: 

1. Di//erence Spectra. a) The receptors were exposed to a monochromatic light 
(e. g. 453 nm) of high intensity. During this "sa tura t ing"  exposure, a photoequili- 
brium between visual pigment and photoproduet was established, as evidenced by 
a constant photomultiplier current during the later part of the light exposure. 

b) They were then illuminated by a series of at least 10 wavelengths (395 to 
636 nm). The photomultiplier current (J0 was measured at each wavelength. The 
light intensity was kept so low that  within the time (5 to 10 see) for registration at 
each wavelength there was no change in current, showing that  the absorbance did 
not change during the measurement. 

c) The receptors were again exposed to a "sa tura t ing"  monochromatic illumi- 
nation of high intensity, different from that  used in a (e.g. 608 nm). During the 
illumination, a new photoequilibirum between visual pigment and photoproduct 
was reached. 

d) The photomultiplier current (J~) during exposure to the series of wavelengths 
was again measured, as described in b. The relation between photomultiplier current 
(J1/J2) and change in light intensity (at each tested wavelength) was calibrated at 
the beginning and the end of each test series by inserting calibrated neutral density 
filters in the measuring beam. The change in absorbance (fl E) at each wavelength 
(caused by the "sa tura t ing"  illuminations in a and c) is given by: 

A E = log (J2/J1). 

2. Spectral Absorbance Change. a) The receptors were exposed to monochromatic 
light (2x)" A constant photomultiplier current during the later part of the light 
exposure showed that  a photoequilibrium between visual pigment and photoprodnct 
was established by this "sa tura t ing"  light exposure. 

b) Exposure to another monochromatic light (~tl, wavelengths between 414 and 
636 nm) from the tungsten lamp. The change in photomultiplier current was mea- 
sured during the light exposure. If the current change was not completed in a given 
time, usually 5 rain, the receptors were exposed for 1 to 2 rain to a high intensity 
"sa tura t ing"  light from the mercury lamp. 

c) Repeated "sa tura t ing"  exposure to ~ ,  as described in a. 
d) Exposure to a second monochromatic light (23, wavelengths between 414 and 

636 nm) as described in b, and simultaneous measurement of change in photomulti- 
plier current. 



250 K. Hamdoff et al. 

e) "Saturating" exposure to ~x etc. 
Variations in the measuring methods are described in connection with the results. 
In the present paper ultra-violet refers to wavelengths about 350 nm, violet to 

wavelengths about 440 ran, green to wavelengths about 530 rim, and yellow to 
wavelengths about 570 nm. 

The following symbols are used in this article: ~ = wavelength, ~tmax= wave- 
length maximally absorbed by pigment, ~ (~) = absorbanee coefficient at wavelength 
4, 7 (~t) = quantum efficiency at wavelength ~, P = visual pigment (rhodopsin), M = 
photoproduct (metarhodopsin), E----absorbanee, A E = absorbanee change. 

Results 

Preliminary Microspectrophotometric Recordings 
A t t e m p t s  were made  d i rec t ly  to  record  the  spec t ra l  absorbance  of the  

pho top igments .  A two-beam pho tome te r  (Chance, Per ry ,  J~kerman, and  
Thorell ,  1959) was used  for the  exper iments .  Recordings  runn ing  f rom 
shor t  to  long wavelengths  were different  ~rom those  made  in the  opposi te  

-AE 

300 

3 ~  

~ 2  

~ 2  

I T t " " - -  
~00 500 nm 600 

Fig. 1. Mierophotometric recordings of absorbance spectrum from one rhabdom in 
Deilephila elpener. Measurement made along optical axis. Diameter of measuring 
area 5 ~m. Direction (arrows) and sequence (1, 2, and 3) of recordings indicated. 
Recordings 1 and 3 not significantly different. Absorbance of photostable screening 
pigment added to absorbanee by photosensitive pigment. Absorbanee change 
(mainly between 400 and 550 nm) due to changes in amounts of photosensitive 

pigments during recordings 
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direction (Fig. 1). This result shows the presence of photosensitive pig- 
ments the amount of which changed during the recording. The reason for 
the change was that  the light intensity necessary for the measurements 
by the double-beam mierospectrophotometer, caused a change in photo- 
equilibrium, and thereby in absorbance, during the measurements. 

Green Absorbing Pigment 

1. Time Course and Amplitude of Absorbance Change 

Onset of illumination along the optical axis of the receptors or at 
right angle to this axis, induced a gradual change in absorbance to a final 
value that  then remained constant as long as the wavelength of the illu- 
mination was unchanged. The rate of change varied with the intensity of 
the adapting light, similarly to the absorbance change in the ultra-violet 
absorbing pigment in Ascalaphus (Schwemer, Gogala, and Hamdorf, 
1971). The amplitude and direction (increase or decrease) of the absorb- 
ance change depended on the wavelength of test light and preceeding 
illumination. An example of the variation in amplitude with wavelength 
is seen in Fig. 2. The receptors were first illuminated by a long wave- 
length (571 rim), then by a short wavelength (453 nm), by a long wave- 
length (593 nm), and finally again by the short wavelength (453 nm). All 
light exposures caused a decrease in absorbanee to a constant value. The 
absorbanee change was equal during the second and fourth light expo- 
sure (453 nm). These exposures could be repeated indefinitely with the 
same result. 

The experiment showed that  long wavelength illumination causes the 
formation of a photoprodnet, and that  short wavelength light reconverts 
the photoproduct to the primary pigment. 

2. Difference Spectra 

A difference spectrum between short wavelength (453 nm) and long 
wavelength (608 nm) illumination was determined as described in 
Methods, 1. The difference spectrum (Fig. 3) is characterized by a mini- 
mum at 550 nm and a maximum at 470 nm. Consecutive illumination by 
a short wavelength (453 nm) resulted in an inverted difference spectrum, 
i.e. a minimum at 470 nm, a maximum at 550 nm, and identical isos- 
bestic point (wavelength at which A E = 0). The difference spectra could 
be reproduced indefinitely by alternating short and long wavelength 
illumination. Wavelengths between 608 and 550rim yielded similar 
difference spectra, the isosbestic point was the same while the amplitude 
of ~he maximum and minimum were smaller. Such difference spectra 
have been recorded from Eledone (Kropf, Brown and Hubbard, 1959; 
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Fig. 3. Change in absorbance (dots) by receptors caused by alternating short 
(453 nm) and long (608 nm) wavelength illumination. Average of 2 recordings. 
Difference spectrum calculated (continuous line) from nomograms for vertebrate 
visual pigments with 2max at 525 and 480 nm, with a ratio of absorbaneies at 

2ma x = 1 : 1.75 

Hamdorf,  Schwemer and Tiiuber, 1968). In  this species the visual pigment 
is converted by light to a thermostable photoproduet  tha t  is reconverted 
by  fight to the visual pigment. In  Eledone the photoproduct absorbs 
maximally at  a wavelength about  50 nm longer than the wavelength tha t  
is maximally absorbed by  the visual pigment. In  contrast, Deilephila is 
maximally sensitive to 525 nm (HSglund, Hamdorf  and Rosner, 1973). 
The visual pigment thus absorbs maximally at  this wavelength. Conse- 
quently, the considerable change in absorbance in the blue wavelength 
region (Fig. 3) shows tha t  in Deilephila the photoproduet  maximally 
absorbs at  a shorter wavelength. As in Eledone the photoproduct  is 
stable at  room temperature  and is reconverted to the visual pigment by  
light. The spectral absorbancies of the visual pigment and photoproduct  
partially overlap. The larger amplitude of the maximum at  470 nm 
(Fig. 3) in comparison with tha t  of the minimum at  550 nm indicates 
tha t  the molar absorbance of the photoproduet  is larger than  that  of the 
visual pigment. 

An a t tempt  was made to test  whether the visual pigment is a rhodopsin, 
i.e. retinal bound to a protein, tha t  upon illumination converts to a 
compound similar to metarhodopsin. The experimentally recorded 
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Fig. 4. Spectral absorbance by visual pigment (P 525) and photoproduct (M 480). 
Subtracting spectral absorbance by P 525 from absorbanee by M 480 results in 

difference spectrum shown in Fig. 3 

difference spectrum (Fig. 3) was reproduced by subtraction of two 
nomograms for vertebrate rhodopsins (Dartnall, 1953). The following 
characteristics of the experimentally recorded difference spectrum were 
used to optimize the reproduction. 1. Wavelength at  isobestic point, 
2. wavelength at  A Ema x and A ~min, 3. the ratio between the amplitudes 
of the maximum and minimum (A Emax/A Emi~). Fig. 3 (dots) shows tha t  
the recorded difference spectrum can be well reproduced by nomograms 
for a mixture of one rhodopsin with maximal absorption at  525 nm and 
another rhodopsin (here used as nomogram for a metarhodopsin) absorb- 
ing maximally at  480 nm, with a ratio of the molar absorbancies at  2max 
CCPamax:~ama x = 1:1.75. This ratio is the same as the ratio between the 

molar absorbaneies of vertebrate l l-cis  retinal and all-trans retinal 
(Rauen, 1964). The calculated absorbance spectra of the rhodopsin and 
corresponding metarhodopsin are seen in Fig. 4. The optimizing proce- 
dure has a high accuracy. The wavelengths tha t  are maximally absorbed 
by  the rhodopsin and the metarhodopsin can be determined on about  
~=5 nm and the ratio of the molar absorbancics within about =J=0.1 to 

0.2. The results therefore strongly suggest the presence in Deilelghila of 
a rhodopsin absorbing maximally at  525 nm. Light converts this pigment 
to a thermostable photoproduct similar to a metarhodopsin absorbing 
maximally at  about  480 nm. 
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Fig. 5. Change in absorbance at 453 nm after exposure to wavelengths between 414 
and 636 nm. Average of 3 recordings and standard deviation (dots with bars). 
Calculated change in absorbance (continuous lines) at 453 nm, assuming photoequi- 
librium between P 525 and M 480 (Fig. 3) with ratio of quantum efficiencies ~ 1.0 

(curve 1) and 0.5 (curve 2) 

3. Amplitude of Difference Spectra in Relation to Wavelength 

The amplitudes of the maximum and minimum in the difference 
spectrum depend on the wavelengths of t h e "  sa tura t ing"  light exposures ; 
but  the ratio between the amplitudes of maximum to minimum, and the 
curve form, is constant. The relation between amplitude of the difference 
spectrum and wavelength of the " sa tu ra t ing"  light exposure can be 
determined at  any wavelength. Largest absorbanee change, and thereby 
best accuracy of the measurements, is obtained by  measuring at  a wave- 
length close to the maximum or minimum of the difference spectrum. 
The wavelength 453 nm was therefore chosen for a determination (see 
Methods, 2.) of the relation between amplitude of the difference spectrum 
and wavelength of the " sa tu ra t ing"  light exposure. 

The measurement  resulted in the spectral absorbance change seen in 
Fig. 5. The amplitude was maximal after exposure to wavelengths longer 
than  570 nm I t  decreased considerably from 550 nm to a minimum at  
450 nm. 

The result shows tha t  wavelengths longer than 570 nm completely 
convert the visual pigment to its photoproduct.  In  the region of spectral 
overlap between visual pigment and photoproduet  (wavelengths shorter 
than about 560 nm, Fig. 4) the illumination converts par t  of the visual 
pigment to the photoproduet.  The amount  converted varies with the 
wavelength. I t  can thus be concluded tha t  at  these wavelengths a photo- 
equilibrium is formed between visual pigment and photoproduct.  
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4. Test for Spectral Absorbance of Visual Pigment 
and Photoproduct.  Pigment Concentration at Photoequilibrium, 

and Quantum Yield 

The following procedure was used to test: 1. The spectral absorbance 
of the visual pigment and the photoproduct, and 2. the parameters that  
determine the concentration of the pigments at photoequilibrium. 

Experimental Measurements. The spectral absorbance change was 
measured (Methods, 2.) after "sa tura t ing"  exposure to 1. a long wave- 
length (608 rim) that  converts all visual pigment to photoproduct, 2. a 
wavelength (527 nm) close to the isosbestic point (about 520 nm), and 3. 
a short wavelength (453 nm) that  is maximally absorbed by the photo- 
product (608, 527, and 453 nm correspond to ~x in Methods, 2.). The 
spectral absorbance change after exposure to 608 nm is seen in Fig. 6. 
There is a maximum at about 550 nm, and a minimum at about 460 nm. 
Two minima were recorded after exposure to 527 nm (Fig. 6). The ratio 
of the amplitudes of the minima after irradiation by 527 nm was about 
1 : 2. Exposure to 453 nm caused a spectral absorbance change (Fig. 6) 
with a minimum at about 550 nm, and a small maximum at about 490 nm. 

Calculation. The spectral absorbance changes after exposure to (~x) 
608, 527, and 453 nm were calculated by the following method. The ab- 
sorbance change (AE~_&,&) at wavelength ~1 after "sa tura t ing"  ex- 
posure to 2~ is: 

= [P]~" ~p~, + [M]~" ~m~ - -  [P]~ " ~',  ~ - -  [M]~" ~M, ~ (1) 
= ( [ P h ~  - [ P ] ; J  (~P,~, - ~M,~,) 

in which [P] )-x and [M] 2x are the concentrations of visual pigment and 
photoproduct at photoeqnilibrinm after exposure to Xx, and [P]X1 and 
[M] 21 are the pigment concentrations after exposure to X1. 

Assuming that  the photoequilibrium (at wavelength A) is determined 
by the absorbance coefficients (~p (~) ; gM (A)) and the quantum efficiency 
(YP (2); YM (2)) of the rhodopsin and metarhodopsin, the concentrations 
are determined by: 

~M(~) " ~ ( ~ )  [M] (~) = 1 - [P]  (~). (2) [P] (A) = ~(~)" ~(~) + ~e (~)" : r  (~) ' 

The spectral absorbance change after exposure to 608,527, and 453 nm 
were calculated by Eqs. 1 and 2 (Fig. 6). Values for the absorbanee co- 
efficients of the rhodopsin and metarhodopsin were taken from the nomo- 
grams for P 525 and M 480 (Fig. 4). The concentrations of the pigments 
were calculated by Eq. 2. The ratio between the quantum efficieneies 
(y~r/Yr) was assumed to vary between 1.0 and 0.5. For comparison with 
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Fig. 6. Spectral absorbanee change (Methods, 2) measured at wavelengths between 
395 and 636 nm after exposure to 608 (upper curve with dots), 527 (middle curve 
with dots) and 453 nm (lower curve with dots). Upper and middle curves: one re- 
cording. Lower curve" average of 6 recordings. Calculated spectral absorbanee change 
(continuous lines) at wavelengths between 395 and 636 nm after exposure to 608, 
527, and 453 nm, assuming photoequilibrium between P 525 and M 480 (Fig. 4) with 

quantum efficiency = 1.0 

t h e  e x p e r i m e n t a l l y  r e c o r d e d  spec t ra l  a b s o r b a n c e  changes  t h e  t h e o r e t i c a l l y  

eMcu la t ed  f u n c t i o n s  were  n o r m a l i z e d  to  1.0 a t  m a x i m a l  a b s o r b a n e e  
change .  

T h e  close f i t  b e t w e e n  ca l cu l a t ed  a n d  empi r i ca l  f unc t ions  d e m o n s t r a t e s  
t h a t :  1. T h e  r e sonance  spec t r a  of t h e  insec t  v i sua l  p i g m e n t  a n d  i ts  

18 5. eomp. :Physiol., Vol. 86 



258 K. ttamdorf et al. 

photoproduct are identical to those of vertebrate rhodopsins. 2. At each 
wavelength the concentration of the insect visual pigment and its photo- 
product, i. e. the photoequilibrium, are determined by their molar absorb- 
ance coefficients. 

The three functions shown in Fig. 6 vary only slightly with the size 
of the quantum efficiency. These functions are therefore not suitable to 
test the quantum efficiency for conversion and reconversion of the visual 
pigment. More accurate information about the quantum efficiency is 
given by the experiment illustrated in Fig. 5. As seen in this figure, the 
calculated functions vary with the quantum efficiency within a large 
wavelength range (460 to 570 nm). Within this range the experimentally 
recorded absorbance changes best agree with the function in which 
YM =~P. I t  can therefore be concluded tha t  the quantum efficiency for 
conversion of the visual pigment is nearly equal to tha t  for reconversion. 

The experiment shown in Fig. 5 gives information also about  the 
variation with wavelength in the concentration of the visual pigment 
in the receptors. In  this experiment the spectral absorbance change 
measured at  453 nm after exposure to another wavelength is: 

A g~x ~4~3,~45~ = ( [ P ] ~ -  [P]~453) (~e,~453--~-M,~453) 

in which (~P,~453- ~M,~453) is constant (c). The maximal spectral absorb- 
ance (4 Em~x) is : 

zJ E m a  x = zJ E~>570_~453 ' 2453 = ( [ t ) ]~>570  - -  [P]~453) " c .  

The concentration of visual pigment after exposure to wavelengths 
exceeding 570 nm ([P] ~ > 570) is 0. Therefore : 

AE AE~x_~53,~53 = [ P ] ( 2 x ) - -  [P]~453 = 1 [P]  (2x) (3)  
AEmax --  AE~>570-~5~, ~453 -- [P]~453 [P]~453 " 

Eq. 3 shows tha t  the concentration of visual pigment in the receptors is 
directly proportional to the recorded values for zJ E/zi Ema x (Fig. 5). 

Ultraviolet Absorbing Pigment 

The receptors were illuminated by a "saturating" exposure to mono- 
chromatic ultra-violet light (see Methods, 2.). The absorbance change 
during a consecutive "sa tu ra t ing"  exposure to 453 nm is seen in Fig. 7. 
A repeated exposure to ultra-violet light was followed by the same ab- 
sorbance change during exposure to 453 nm. I t  can be concluded tha t  
an ultra-violet absorbing pigment is converted to another pigment, which 
absorbs blue light and is thereby reconverted to the ultra-violet absorb- 
ing pigment. Deilephila has a sensitivity maximum in the ultra-violet 
region (HSglund, Hamdoff,  and Rosner, 1973). The ultra-violet absorbing 
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Fig. 7. Change in transmission caused by alternating exposure to ultra-violet 
(331 and 353 nm) and 453 nm (original recording), c[. Fig. 2. Measurements made 

st 453 nm 

pigment (~m~x = 350 rim) is therefore the visual pigment, and the blue 
absorbing pigment is the photoproduct.  The amplitude of the absorbance 
change at 453 nm varies with the wavelength of the preceeding "saturat -  
ing" ultra-violet light exposure (Fig. 8a). 

The result shows that  both photoproduct and visual pigment absorb 
in the ultra-violet region and tha t  in this region of spectral overlap, the 
amount  of photoproduct formed varies with the wavelength, i.e. there 
is a photochemical equilibrium between visual pigment and photoproduet.  
The concentrations of visual pigment and photoproduct at  photoequilib- 
rinm are determined by the molar absorbance coefficients of the two 
compounds, similarly to the green absorbing pigment. 

The wavelengths that  are maximally absorbed by the photoproduct 
were determined as described in Methods, 2. "Sa tu ra t ing"  exposure to 
372 nm was followed by " sa tu ra t ing"  exposure to a test  wavelength 
(414 to 628 nm). Fig. 8b shows tha t  largest absorbance changes were 
recorded at  450 to 460 nm. I t  can therefore be concluded that  the photo- 
product absorbs maximally approximately at these wavelengths. For 
comparison, the corresponding recordings from Ascalaphus (Schwemer, 
Gogala, and Hamdorf,  1971) are also shown in Fig. 8. The recordings from 
Ascalaphus and Deilephila seen in Fig. 8a are almost identical, and those 
seen in Fig. 8 b are very similar to each other. The ultra-violet absorbing 
visual pigment in Deilephila, and its photoproduct,  are thus similar to 

1 8 "  
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Fig. 8a and b. Spectral absorbance change caused by ultra-violet absorbing 
pigment and its photoproduct, a) Absorbance change (Deilephila) at 453 nm after 
exposure to 5 wavelengths in ultra-violet region (dots). b) Absorbance change 
(Deilephila) at wavelengths between 414 and 628 nm after exposure to ultra-violet 
light (372 nm). Dotted line indicates absorbance change caused by t ) 525 and M 480. 

Broken line in (a) and (b): corresponding absorbance change in Ascalaphus 

those of Ascalaphus. The discrepancy between the recordings from Asca- 
laphus and Deilephila at wavelengths longer than about 500 nm can be 
explained by changes in the photoequilibrinm between the green absorb- 
ing pigment and its photoproduct. 

D i s c u s s i o n  

Several methods have been developed for the study of visual pigments 
in situ (see e.g. Dartnall, 1972). Most investigations have been made on 
vertebrate receptors. The invertebrate visual pigments have attracted 
less attention. 

The vertebrate visual pigments "bleach ", i.e. retinal separates from 
the pigment molecule. For this reason the absorbanee spectra of the visual 
pigments in the outer segments of rods and cones can be determined by 
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difference spectra between unilluminated and bleached receptors, and the 
spectral variation in the optical properties of the receptors can be measur- 
ed after the visual pigments have been completely bleached. Measure- 
ments on the in situ thermostable and photoreversible invertebrate pig- 
ments are more difficult. The spectral variation in the optical properties 
of the receptors can not be separately determined. The absorbanee spectra 
of the visual pigments and their photoproduets can only be deduced from 
difference spectra obtained by  monochromatic illumination of varying 
wavelengths, as described by Hamdorf,  HSglund, and Langer (1972) and 
in the present paper. 

The results of microphotometric measurements can be influenced by 
the wave guide properties of the rhabdomeres (rhabdoms), and by the 
properties of the dioptric apparatus (Snyder and Miller, 1972; Snyder 
and t tamer,  1972 ; Snyder and Pask, 1972). Such influences are not to be 
expected in the present recordings. Snyder and Miller (1972, Figs. 3 
and 4) showed that  in small rhabdomeres, like in the 7. rhabdomere of the 
blow fly, the 2max of spectral absorbance is shifted to shorter wavelengths, 
whereas in the six larger rhabdomeres the spectral absorbance would be 
nearly identical with the resonance spectrum of visual pigment. Assuming 
that  the index of refraction of the much larger rhabdom of Deilephila is 
comparable to the values of the worker bee and of the fly (Varela and 
Wiitanen, 1970; Seitz, 1968, 1970)microphotometr ic  measurements 
and resonance spectra would not differ. Furthermore, a change in re- 
corded 2max caused by the wave guide properties, would be accompanied 
by an increase in relative absorbance in the ultra-violet region. The re- 
corded spectrum would thereby be considerably different from the re- 
sonance spectrum of a rhodopsin. Such difference was not observed. The 
spectrum of the green receptors calculated from the present measure- 
ments is nearly identical to the electrophysiologieally recorded spectral 
sensitivity (HSglund, Hamdorf,  and gosner,  1973), and to the absorbanee 
spectrum of the visual pigment in solution (Sehwemer and Paulsen, 1973), 
and to the resonance spectra of vertebrate rhodopsin. 

The microphotometrie measurements on fresh eyes were identical to 
those obtained on deep-frozen eyes. This demonstrates tha t  alterations 
in refractive indices due to retinomotor changes have not influenced the 
present results. 

The electrophysiologically recorded sensitivity maximum at 525 nm 
(HSglnnd, Hamdorf,  and Rosner, 1973) shows that  the resonance spec- 
t rum with 2max at  525 nm is that  of the visual pigment (P 525), and the 
spectrum with 2max at about 480 nm tha t  of the photoproduct (M 480). 
The photoproduct  is thermostable and is reeonverted to the visual pig- 
ment  by  light. The concentrations of the visual pigment and the photo- 
product at  each wavelength are determined exclusively by the absorbance 
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coefficients of the pigments, and the quantum yield for conversion of the 
visual pigment to its photoproduct is nearly equal to tha t  for reconversion. 

The absorbance changes after exposure to wavelengths in the region 
about 400 to about 500 nm demonstrate another visual pigment tha t  upon 
illumination converts to a thermostable photoproduct that  is reconverted 
to the visual pigment by  light. The absorbanee maxima are in the ultra- 
violet (;tma x about 350 nm) and in the blue (2max about 450 to 460 nm) 
regions of the spectrum. From a comparison with the electrophysiologically 
recorded spectral sensitivity (tI6glund, Hamdorf,  and Rosner, 1973) can 
be concluded tha t  the pigment with 2max about 350 nm is the visual 
pigment, and tha t  the photoproduct absorbs maximally at  about  460 nm. 
A similar visual pigment and photoproduct occur in Ascalaphus (Gogala, 
t tamdorf  and Schwemer, 1970). 

Microspectrophotometric measurements have recently been made on 
the moth Manduca sexta (Carlson and Philipson, 1972). The results gave 
evidence for four visual pigments with 2max at 350, 450, 490, and 530 nm. 
The recordings were interpreted to demonstrate bleaching products with 
2max at about  370 nm, indicating a mixture of free and bound retinal; 
rarely a ~max was recorded at 325 to 330 nm suggesting the formation of 
retinol. The ultra-violet sensitive pigment was reported to form a photo- 
product with 2r~ax at  290 to 300 nm. The present results on Deilephila 
agree with those obtained on Manduca in showing visual pigments with 
2max at about 350 and 525 nm. A receptor maximally sensitive at  about 
440 nm was demonstrated by electrophysiological recordings (ItSglund, 
Hamdorf,  and Rosner, 1973), and the corresponding visual pigment has 
been extracted (Paulsen and Schwemer, 1973). This visual pigment was 
not shown photometrically in the present study, because in Deilephila it 
absorbs in the same wavelength region as the (in situ) thermostable 
photoproducts of the visual pigments. 

The functional significance of the thermostable, photoregenerated 
visual pigments for the discrimination of wavelengths is discussed in a 
succeeding article (HSglund, Hamdorf,  and Rosner, 1973). 
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